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Foreword

Even if the “weapons of mass destruction” (WMD) and, among them, stocks of organophos-
phorus (OP) agents (also referred to as war gases and nerve gases) were not found in Iraq 
following the US-Iraq war, the relative ease with which these substances can be made from 
harmless precursors and the low cost of their manufacture will continue to fascinate power-
hungry, ruthless dictators, as well as multinational and international terrorists, particularly as 
the close relationship between the OP agents and useful insecticides makes it easy to disguise 
the importation and purchase of small amounts of the precursors. Indeed, the use by Saddam 
Hussein of a nerve gas against the Kurds and his possible employment of the OP agents during 
his war with Iran, and the Sarin attack in the Tokyo underground by an extremist religious 
set magnetized the world with respect to the OP drugs. As these drugs exert their toxicity via 
their cholinergic action on the nervous, particularly central nervous, system, it is no wonder 
that the research in the cholinergic fi eld attracts, and merits, our intense attention. These 
considerations underlie the signifi cance of this book, as Alex Karczmar devotes an entire 
chapter of Exploring the Vertebrate Central Cholinergic Nervous System to anticholinester-
ases (antiChEs), and as he is an acknowledged expert in the fi eld of cholinergic toxicity as 
well as a consultant to the Surgeon General of the U.S. Army.

Another and equally cogent reason for our interest in the cholinergic fi eld is the involvement 
of the cholinergic system in autonomic functions, neuromuscular transmission, control of 
behavior and higher brain activities that are concerned with cognition, learning, memory and 
awareness. Furthermore, many neurological and psychiatric disorders such as presenile demen-
tia, Huntington’s chorea, schizophrenia, Alzheimer’s disease, Parkinsonism, motoneuron 
disease, as well as a number of peripheral disorders, such as myasthenia gravis, involve cho-
linergic dysfunction. Accordingly, for several decades now there is no slackening in the pro-
duction of books and monographs charting the progress of research into cholinergic function 
and its accessible components such as cholinesterases, acetylcholine and cholinergic receptors. 
An early, and still very important, volume is the monumental monograph edited by George 
Koelle, Cholinesterases and Anticholinesterase Agents, which was published in 1963 as sup-
plementary volume 15 of the great Heffter-Heubner Handbuch der Experimentelle Pharmak-
ologie (Handbook of Experimental Pharmacology). Then, to cite just a few of the early to 
recent compendia, there is Le System Cholinergique, edited by G.-G. Nahas, J.-C. Salamagne 
Paul Viars, and G. Vourch in 1962; Ann Silver’s 1974 Biology of Cholinesterases; Alan 
Goldberg and Israel Hanin’s 1976 Biology of Cholinergic Function; my own The Cholinergic 
Synapse, published in 1988 as volume 86 of the successor to the Handbook of Experimental 
Pharmacology and my 1992 The Cholinergic Neuron and Its Target; and Ezio Giacobini’s 
Cholinesterases and Cholinesterase Inhibitors and Butyrylcholinesterase, Its Function and 
Inhibitors, published in 2000 and 2003, respectively. Parenthetically, Alex Karczmar contrib-
uted review chapters to all, except the last, of these books and monographs.

Karczmar’s magnum opus is a very welcome culmination of these efforts, and it covers 
more territory than most of the monographs concerned with the cholinergic fi eld. It is essen-
tially a one-person effort, as Karczmar wrote eight of the eleven chapters of the book and 
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was the coauthor of another chapter. As a result, the book has a homogeneity of approach—
historical and conceptual—as well as a personal bias which adds color and interest to his 
monograph. Jon Lindstrom, Arthur Christopoulos, and Goerge Siegel with Neelima Chauchan 
and Alex Karczmar contribute important and up-to-date chapters on nicotinic and muscarinic 
receptors and on Alzheimer’s disease.

The longest of the eleven chapters deals specifi cally with the physiology and pharmacol-
ogy of the central cholinergic nervous system. With more than 1500 references, it is a thor-
ough historical and conceptual review as it discusses, inter alia, the electrophysiology and 
pharmacology of cholinergic synapses, cholinoception and loci of release of acetylcholine, 
and central functions and behaviors exhibiting cholinergic correlates, including the involve-
ment of the cholinergic system in cognition. The chapter even summarizes recent speculations 
on the metaphysics (in the literal sense of that word!) of the mind-body problem.

The chapter reminds us that the status of acetylcholine as a central neurotransmitter was 
for many years doubtful. Gradually, however, the electrophysiological evidence provided by 
John Eccles and the discovery by this author and his associates of nerve terminal localization 
of acetylcholine established the neurotransmitter—central as well as peripheral—role for 
acetylcholine. Indeed, me and my associates’ work showed that that acetylcholine along with 
other neurotransmitters is specifi cally localized in subcellular fraction enriched with detached 
nerve terminals (synaptosomes) and, within the terminals, in the synaptic vesicles. In addition, 
our discovery of a cholinergic-specifi c surface antigen enabled us to isolate synaptosomes 
derived from cholinergic nerve endings in their pure form by immunoaffi nity chromatography 
as well to enrich the synaptosomal content of acetylcholine; notably, vasoactive intestinal 
peptide (VIP) was enriched 20-fold in parallel with acetylcholine, serving as acetylcholine’s 
co-transmitter. This co-transmitter role of VIP—and other polypeptides—in central choliner-
gic function, if thoroughly understood, might well throw a new light on the pharmacology 
and clinical signifi cance of central cholinergic transmission. Karczmar discusses these matters, 
as well as recent controversies concerning the role of synaptic vesicles in acetylcholine 
release, in several chapters (particularly in a section of Chapter 2 entitled “Classical and 
Unorthodox Hypotheses of ACh Release”).

Other chapters survey, with the same historical perspective and comprehensive treatment 
as the central nerve chapter, cholinergic cells and pathways; metabolism of acetylcholine and 
choline and cholinesterases; antiChEs, war gases and insecticides; muscarinic and nicotinic 
receptors (with contributions of Arthur Christopoulos and Jon Lindstrom); cholinergic ontol-
ogy; and etiology of Alzheimer’s disease (prepared by George Siegel, Neelima Chauhan, and 
Alex Karczmar). Molecular aspects of these subjects are considered as well.

Other chapters with the same historical perspective and comprehensive treatment as 
Chapter II and IX survey metabolic aspects of cholinergic function, muscarinic and nicotinic 
receptors, the organophosphorus anticholinesterases, cholinergic ontology and the etiology of 
Alzheimer’s disease. A complete understanding of cholinergic function indeed requires a full 
integration of its pharmacology, physiology, and molecular biology. As an input to this part-
nership, this weighty monograph from a distinguished expert with a life-long perspective on 
the subject, aided by well-known co-authors, is a monumental contribution of enduring 
value.

Victor P. Whittaker, PhD
Professor Emeritus

Past Director
Arbeits Grüppe Neurochemie

Max Planck-Institut fur Biophysikalische Chemie 
Göttingen, Germany
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1
Introduction: History and Scope of 
This Book

1

A. Why a Book on the Central 
Cholinergic System?

Unlike the Roman Empire, the central cholin-
ergic research rises but does not fall. The history 
of cholinergic research can be traced back to a 
time when shamans, hunters, medicine men and 
mystics collected plants, fungi and animal materi-
als endowed with cholinergic ingredients in order 
to cure mental disease, provide food to the tribe, 
and identify the culprits. From these exotic begin-
nings there arose the research on the central cho-
linergic system that has exploded over the last 150 
years. In this book, my associates and I propose 
to describe these beginnings of the cholinergic 
lore and to shed light on the recent central nervous 
system cholinergic research—research that con-
tinuously points the way toward distant peaks of 
new discovery.

No single review of the whole system seems 
to be available today, which warrants the publica-
tion of this book. In addition, this publication is 
called for, as the discipline of the central cholin-
ergic system occupies today a preeminent and bril-
liant status among the biological sciences.

Some 85 years ago, the Nobel Prize winner 
Otto Loewi demonstrated the chemical, choliner-
gic nature of communication between peripheral 
nervous system and effector organs at the level of 
the cardiovagal junction. Twenty years later, Sir 
John Eccles, another Nobel Prize winner (with 
Paul Fatt and Kyozo Koketsu), proved that Santi-
ago Ramon y Cajal’s neuronal hypothesis trans-
lates into chemical, cholinergic communication 
between central neurons. Eccles also established 
that this communication, initially excitatory, could 
change signals (via an interneuron) and become 
inhibitory in mode (Figure 1-1). These discoveries 

led to explaining how signals travel along defi ned 
central circuitries and culminated with elucidating 
the generation of functions such as respiration and 
behaviors such as aggression; beyond that, we are 
today in the process of defi ning the cholinergic 
correlates of learning and cognition and, most 
excitingly, consciousness or self-awareness. In 
sum, the cholinergic wisdom has outlined a physi-
cal image of animal and human performance, 
whether corporeal or mental. From neuron to 
behavior, cognition, and consciousness—what a 
beautiful road (Table 1-1)!

Several way stations along this path are no less 
unique and important than the total path itself. 
One such way station is the system generating and 
controlling the release of acetylcholine (ACh) 
from the cholinergic nerve terminals, whether 
at the periphery or in the central nervous sys-
tem (CNS). This system, pioneered by Victor 
Whittaker and Eduardo di Robertis (Figure 1-2; 
there is a bit of priority battle here), includes 
organelles; enzymes; transport, uptake, and other 
active proteins; and ions. These elements partici-
pate in ACh synthesis and its component, the 
choline nerve terminal uptake; generation of syn-
aptic vesicles, their cycling and fusion with the 
plasmolemma; ACh’s cytoplasmic movement; and 
quantal ACh release (either from the vesicles, the 
cytoplasm, or both;1 see Table 1-2) into the syn-
aptic cleft or the junction with the effector organ. 
To safeguard teleological release of ACh, the ele-
ments of this most complex arrangement must 
work in perfect synchrony and, yet, in a fl exible 
manner; in fact, this interplay is so intricate that, 
perhaps, a computer program capable of defi n-
ing this miraculous process and predicting its 
outcome—ACh release—at any particular moment 
cannot exist (Karczmar, 1999). Furthermore, this 



Figure 1-1. From left to right: Winifred Koelle (wife of cholinergiker George Koelle), Sir John Eccles, and his 
wife, Helena Tabanikova-Eccles, at the Symposium in Honor of A.G. Karczmar, Loyola Medical Center, Maywood, 
IL, 1986.

Table 1-1. Brief History of Cholinergic Transmission Studies

Period Provenance Individuals Drug and Materials

Second Arab, Egyptian, Shamans and healers Curare, ordeal bean or
 millennium  Roman, South   esere, bella donna,
 BC – present  American, African   nicotine1 (see Chapter

 ethnographic   6 A-1)
medicines

1850–1880 Calabar missionaries, William Daniell, Donald Ordeal bean (esere,
 anthropologists,  Simmons, Hope Wadell  eserine, physostigmine)2

 military men, and   (see Chapter 6 A-1)
seamen

1870–1920 Scotch, German, Thomas Fraser, Robert Nicotine and muscarine;
 and British  Christison, John Balfour,  choline derivatives3

 investigators  John Langley, Oswald   (see Chapter 6 A-1)
(Edinburgh,  Schmiedeberg, William

 Dorpat, Halle)  Gaskell, Walter Dixon
1870–1920 British, German, US Reid Hunt, Walter Dixon, Choline derivatives, 

 investigators  Rudolf Lenz, Roberts  acetylcholine, atropine 
 Bartholow, Heinrich  (atropia), ordeal bean 
 Winterberg  (eserine, physostigmine)4

1870–1910 British and Russian William Gaskell, A.E. Peripheral cholinergic 
 investigators  Smirnov, John Langley  pathways5

1890–1950 International Otto Loewi, Sir John Gaddum, Autonomic synaptic 
 investigators,  Sir Henry Dale, Sir William  cholinergic transmission,
 including Russian  Feldberg, Ramon y Cajal,  cholinesterases;
 and Spanish  Sir Geoffrey (Lindor)  nicotinic and muscarinic

 Brown, Alexander Kibjakov,  receptors6 (see
 Wilhelm Witanowski, Robert  Chapter 6 A-1 and
 Volle, Kyozo Koketsu,  Chapter 8 A-2)

   Syogoro Nishi
1870–1925 US, French (Polish), Max and Michel Isolation, purifi cation,

 and German  Polonowski, Percy Julian,  structurization, and
 investigators  J. Jobst, Otto Hesse, E. and  synthesis of

 E. Stedman, G. Barger  physostigmine and
   physostigmine analogs7

 (see Chapter 7 A-1
   and BI)



Table 1-1. Continued

1850–present International Philippe de Clermont, Organophosphorus
 investigators  A.W. von Hofmann, P.  antiChEs8 (see Chapter

 Nylen, Alexander Arbusov,  6 A-1)
 Willy Lange, Gerhard

   Schrader
1930–1955 International Sir Henry Dale, Rene Cholinergic neuromyal

 investigators,  Couteaux, Sir John  transmission and its
 including  Gaddum, Sir William  pharmacology;
 Chinese, Italian,  Feldberg, Martha Vogt,  desensitization
 Greek, Belgian,  Sir Geoffrey (Lindor)  (receptor inactivation)9

 and Swedish  Brown, P.T. Feng, Paul Fatt
 Bernard Katz, Rodolfo Miledi,
 William Paton, Eleanor
 Zaimis, Daniele Bovet,
 Stephen Thesleff, Alex

   Karczmar
1914–1960 International Sir Henry Dale, Sir Central cholinergic

 investigators,  John Eccles, Sir William  transmission10 (see
 including  Feldberg, Alfred  Chapter 9 A-2)
 Australian,  Schweitzer

Yugoslav, and
Italian

1960–1975 British and US Samson Wright, Kasmir Central cholinergic
 investigators  (Chris) Krnjevic, David  pathways11 (see

 Curtis, Giancarlo Pepeu,  Chapter 2 A-1 and DI)
 H. McLennan, Jose

   Delgado
1940–1960 International George Koelle, M.A. Cholinergic ontogeny,

 investigators  Gerebtzoff, Charles  comparative
 Shute and Peter Lewis,  pharmacology, and
 Pat and Edith McGeer  phylogeny12 (see

 Chapter 8 A)
1950–present British, Australian, David Nachmansohn, Retro- and anterograde

 US, and Italian  Zenon Bacq, Klas Bertil  trophic factors13 (see
 investigators  Augustinsson, K.A.  Chapter 8 CI-1)

   Youngstrom, Theodore
 Koppanyi, G.A. Buzikov,

   Alex Karczmar
1914–1950 International Victor Hamburger, Paul Weis, Cholinesterases14 (see

 investigators  Rita Levi-Montalcini, J.Z.  Chapter 3 DI)
 Young, L. Guth, E.D.
 Bueker, Ian Hendry, Hans
 Thoenen, E. Cohen, Sir
 Henry Dale, David

   Nachmansohn, Klas-Bertil
 Augustinsson, F. Plattner, H.
 Hintner, E. and E. Stedman,
 Bruno Mendel, David Glick,
 R. Ammon, G. Alles,

   William Aldridge

Sources:
 1. Waser, 1983; Levey, 1966.
 2. Holmstedt, 1972; Holmstedt and Liljestrand, 1963; Karczmar, 1967a, 1970a, 1988.
 3. Holmstedt, 1972; Karczmar, 1986.
 4. Holmstedt and Liljestrand, 1963; Karczmar, 1970a.
 5. Holmstedt and Liljestrand, 1963; Karczmar, 1986; Dale, 1953.
 6. Karczmar, 1970a.
 7. Karczmar, 1970a, 1986a, 1986b.
 8. Holmstedt, 1959, 1963, 2000.
 9. Karczmar, 1967a, 1970a; Zaimis, 1976; Couteaux, 1947; Bovet et al., 1959.
10. Eccles, 1969; Karczmar, 1967a, 1970a, 2001b.
11. Koelle, 1963; Machne and Unna, 1963; Karczmar, 1967a.
12. Karczmar, 1963; Changeux, 1985.
13. Hamburger and Keefe, 1944; Levi-Montalcini, 1975, 1987.
14. Dale, 1953; Karczmar, 1967a; Augustinsson, 1948; Koelle, 1963.
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Figure 1-2. Victor Whittaker and Alex Karcz-
mar as Whittaker delivers a lecture in 1976 at 
Loyola University Medical Center, Maywood, 
IL.

system serves as the best-known model for similar 
processes involving transmitters other than ACh.

Some of the steps in the evolution of choliner-
gic research concern the development of sur-
prisingly effective and precise methodologies. To 
refer to just a few techniques, the measurement of 
ACh will be commented on fi rst. Progress extended 
from bioassays capable of measuring micrograms 
of the transmitter,2 to chemical measurements cul-
minating in the gas chromatography–mass spec-
trometry technique that was developed by Israel 
Hanin in the 1960s and which is sensitive to nano-
gram levels of ACh, to a more recently developed 
choline oxidase chemiluminescent method that 
reacts to picomols of ACh (Israel and Dunant, 
1998). Related to these methods was the microdi-
alysis technique carried out by means of intrabrain 
multiple cannulae; this technique, pioneered and 
developed by Giancarlo Pepeu (Pepeu et al., 
1990), permits measuring the release of ACh from 
restricted interbrain sites and relating this release 
to behavioral states of animals. Then there are 
the electrophysiological techniques. The Canberra 
and Japanese schools pioneered the use of micro-
electrodes, micropipettes, and voltage clamp 
methods capable of measuring electric potentials 
and currents at restricted brain sites containing 

just a few neurons; subsequently, a patch-clamp 
system capable of recording currents originating 
in single neurons was developed in Germany.

The cholinergic receptology is another prov-
ince to be made salient. Cholinergic receptology is 
a classical research area originated by John Langley 
(see Table 1-1) as he differentiated pharmacologi-
cally between the nicotinic and muscarinic recep-
tors. Later, receptors were evaluated via quantitative 
structure activity relationships and appropriate 
mathematical formulae by Everhardus Ariens and 
Robert Furchgott (Table 1-2); this approach yielded 
an abstract image of receptors and their subtypes. 
This image became more pragmatic when Peter 
Waser (Figure 1-3, see color plate) of Zurich 
employed radiol abeled cholinergic antagonists, 
principally curarimimetics, to visualize nicotinic 
receptors (Waser, 1983; Waser et al., 1954). Yet, 
it was almost a shock to many when, at the 1959 
Rio de Janeiro Symposium on “Bioelectrogene-
sis,” Carlos Chagas and Sy Ehrenpreis converted 
this receptor image to reality by allegedly precipi-
tating and purifying the nicotinic receptor of the 
Torpedo,3 enabling molecular methodology and 
immunological techniques to be applied to the 
problem. Today, the muscarinic and nicotinic 
receptor subtypes are identifi ed chemically, and 
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their three-dimensional images are of great esthetic 
beauty (see Chapters 5 and 6).

Anticholinesterase (antiChE) drugs developed 
during the cholinergic progress are notorious 
today. Actually, they exemplify the Pandora’s box 
adage: antiChEs save entire populations from star-
vation when they are used as pesticides and insec-
ticides, yet they can be also used as war gases and 
weapons of mass destruction. Indeed, thousands 
have already been killed by Tabun or VX, and 
today’s political life is fi lled with references to this 
matter (see Chapter 7).

Some 35 years ago, the late Edith Heilbronn4

(Figure 1-4, see color plate) decided that cholin-
ergicity deserves a symposium, and she organized 
the First International Symposium on Cholinergic 
Mechanisms (ISCM); it took place in Skokloster, 
Sweden (Heilbronn and Winter, 1970). This was 
most timely; during the 1970s, cholinergic knowl-
edge was in an exploding mode, yet only catechol-
aminergic and serotonergic matters seemed to 
merit the symposium status. It should be added 
that earlier, Edith had organized another sympo-

sium on cholinergic matters, which was more 
restricted than the 1970 symposium as it dealt only 
with “enzymes sensitive to DFP” (Heilbronn, 
1967). Edith’s initiatives were most fruitful, as 
they led to continuing ISCMs; altogether, 11 
ISCMs have taken place, in Germany, France, 
England, Switzerland, the United States, and Italy, 
with the twelfth ISCM booked by Spain. Figure 
1-4 shows cholinergikers, including Edith 
Helbronn, attending the 1983 Oglebay Park, West 
Virginia, United States, ISCM. These symposia 
are attended by 100 to 300 cholinergikers from all 
over the world, from Poland, Finland, Russia, and 
Australia to the United States and India, China, 
and Japan. Each ISCM presents the state-of-the-
art knowledge of cholinergicity, and serves as a 
semioffi cial report of the current research on the 
cholinergic system and its pharmacology (see 
Karczmar, 2004). What this book attempts to do, 
the ISCMs accomplish every 4 years, and the book 
would not be possible without the ISCMs and the 
brotherly and sisterly contacts between these 
authors and the ISCM cholinergikers.

Figure 1-3. Peter Waser, Alex Karczmar, and George Koelle during the 1974 Symposium on Cholinergic 
Mechanisms in Boldern, Switzerland. (See color plate.)
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Figure 1-4. Superimposed note from Edith Heilbronn. From left to right: row 1 (seated): John Blass, George B. 
Koelle, Peter G. Waser, Donald J. Jenden, Israel Hanin, Frank C. MacIntosh, Alex Karczmar, Edith Heilbronn, 
Giancarlo Pepeu, Alan M. Goldberg; row 2: Victor J. Nickolson, Nae J. Dun, Stanley M. Parsons, Agneta Nordberg, 
Ezio Giacobini, B.V. Rama Sastry, Kathleen A. Sherman, Mario Marchi, Michael Stanley, Larry L. Butcher, Fiorella 
Casamenti, Tsung-Ming Shih, Herbert Ladinsky, Silvana Consolo, Kenneth L. Davis, Darwin L. Cheney, Janusz B. 
Suszkiw, Michael R. Kozlowski; row 3: Dean O. Smith, Steven H. Zeisel, Susan E. Robinson, Barbara Lerer, R. 
Jane Rylett, Rochelle D. Schwartz, Joan Heller-Brown, Marie-Louise Tjörnhammer, Britta Hedlund, David S. 
Janowsky, Natraj Sitaram, Linda M. Barilaro, Paul M. Salvaterra, Denise Sorisio, Elias Aizenman, Ileana Pepeu, 
Aurora V. Revuleta, Felicita Pedata, Clementina Bianchi, Lorenzo Beani, Henry G. Mautner; row 4: S. Craig Risch, 
Guillermo Pilar, E. Sylvester Vizi, Thomas J. Walsh, Sikander L. Katyal, Rob L. Polak, Roni E. Arbogast, Jean 
Massoulié, Denes Agoston, Brian Collier, Lynn Wecker, Bruce Howard, Richard S. Jope, Bernard Scatton, Matthew 
Clancy, Paul T. Carroll; row 5: William G. VanMeter, Michael Adler, Peter Kasa, Annica B. Dahlström, Gary E. 
Gibson, Peter C. Molenaar, Ingrid Nordgen, John D. Catravas, Judith Richter, David M. Bowen, Mark Watson, 
Renato Corradetti, Lorenza Eder-Colli, Marvin Lawson, Ing K. Ho, Jack C. Waymire; row 6: Paul L. Wood, Matthew 
N. Levy, Jean-Claude Maire, Frans Flentge, Richard Dahlbom, Pierre Etienne, George G. Bierkamper, Robert G. 
Struble, A.J. Vergroessen, Seana O’Reagan, Robert Manaranche, Maurice Israel, Yacov Ashani, Abraham Fisher, 
Steven Leventer, Alan G. Mallinger; row 7: Anders Undén, Edward F. Domino, William D. Blaker, Peteris Alberts, 
Johann Häggblad, Daniel L. Rickett, Sten-Magnus Aguilonius, Serge Mykita, Hans Selander, Oliver Brown, Henry 
Brezenoff, Sven-Åke Eckernäs, Frederick J. Ehlert, Björn Ringdahl, Volker Bigl, Duane Hilmas, Clark A. Briggs, 
Nicolas Morel; row 8: Bo Karlén, Michael J. Dowdall, John J. O’Neill, Heinz Kilbinger, Wolf-D. Dettbarn, Konrad 
J. Martin, Konrad Löeffelholz, Roy D. Schwarz, Jerry J. Buccafusco, Ernst Wulfert, Howard J. Colhoun, Paul Martin, 
Jack R. Cooper, Crister Larsson, Harry M. Geyer, Michael J. Pontecorvo, William E. Houston, Jurgen von Bredow, 
Yves Dunant. (From Hanin, 1986. Reprinted by permission of Kluwer Academic/Plenum Press.) (See color plate.)
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B. Outline of the History of 
Central Cholinergic System 
Research

1. Brief Story of the Studies of 
Cholinergic Transmission

Central cholinergic research has a brilliant 
story, which is summarized in Table 1-1.5 The story 
begins with the use of plant populations all over the 
world that contain cholinergic drugs, such as 
antiChEs, muscarine, atropine, and curares (for 
details, see Chapter 7 A and Chapter 9 A). We owe 
this story in part to the studies by the Edinburgh 
physicians and pharmacognosists of the Calabar 
bean extract provided by Scotch missionaries 
to the West African province of Calabar (for 
references, see footnotes to Tables 1-1, 1-2, and 1-
3). But other cholinergic drugs, particularly d-
tubocurarine (curari or curare; see Chapter 6-1 and 
2, and section B in this Chapter) and atropine 
(atropia) were known much earlier. Stramonium 
and hyoscyamine plants and their effects were 
known by pharaonic Egyptians and then by Arabs 
(see Levey, 1966, and Karczmar, 1985); nor were 
the Romans foreign to the consequences of eating 
atropine-containing plants, and Lucan describes 
these consequences endured by Roman soldiers 
during their marches in northern Africa at the time 
of the civil war between Caesar and Pompey. Actu-
ally, the Baroque scholar Antoni Storck stated that 
“many” or “all authors wrote: Strammonium dis-
rupts the mind, induces madness, erases ideas and 
memory, brings about convulsions” (Storck, 1757; 
see also Wassen, 1965).

The heuristic tale that began in the 19th cen-
tury and which concerns mainly physostigmine 
deserves special attention. Edinburgh pharmac-
ognosists and an international team of Scottish, 
German, British, and US investigators worked 
with the effects of physostigmine (i.e., the active 
component of Calabar bean extract), muscarine, 
nicotine, and atropine at mostly the autonomic and 
neuromyal periphery, and also occasionally on the 
CNS (in the case of Robert Christison) and pro-
vided a basis for the ultimate demonstration of 
chemical, cholinergic transmission. Additional 
basic research concerned establishing the auto-
nomic parasympathetic and sympathetic path-
ways, and is linked with John Newport Langley 

and Sir Henry Dale. Subsequent signifi cant steps 
in this peregrination toward the proof of chemical 
transmission included establishing the evanes-
cence of the effects of systemically administered 
ACh and the resemblance between the effects of 
ACh and those of the stimulation of such nerves 
as the vagus (Dixon, 1907). Sir Henry Dale’s 
name is forever linked with this segment of the 
cholinergic lore and with the suggestion that there 
must be an enzyme that accounts for this 
short-lived action of ACh (Figure 1-5 and Table 
1-1).

This research culminated during the 1920s 
with Otto Loewi’s demonstration of cholinergic 
transmission at the parasympathetic cardiovagal 
ending (Figure 1-6). The story of Loewi’s dream-
ing about the possible method that could provide 
this proof and then translating the dream into 
reality is well known and quoted jointly with heu-
ristic dreams of other researches (e.g., Kekule’s 
dream of accurately portraying the benzene struc-
ture); yet, there are those who had a different angle 
on Loewi’s dream (Karczmar, 1996). It must be 
noted that in the last three decades of the nine-
teenth century many investigators, in Germany, 
England, Russia, and United States, including 
William Gaskell, H.E. Hering, Muskens and, par-
ticularly, F.B. Hofmann of Marburg (see his 1883 
review) established that, at the mammalian or 
anuran heart the stimulation of distinct nerves 
cause inhibition and excitation (dromotropic 
actions), respectively. Furthermore; in the early 
years of the twentieth century, Reid Hunt and 
other investigators demonstrated the presence of 
choline in tissues, such as the suprarenal gland, 
and soon thereafter, the presence in various tissues 
of a “hormone,” possibly ACh was reported (see 
Dale and Dudley, 1924). Then, Hunt with Taveau 
(1906) and later with J.W. Le Heux (1919: see 
also chapter 3, Section C3) noted that ACh was 
many thousand times more potent at the heart and 
intestine than choline. At the same time, Walter 
Dixon suggested that muscarine may be the neu-
rohumor of the vagus nerve and Thomas Elliott 
opined that adrenaline (epinephrine) acts similarly 
at the sympathetic nerves. Actually, some sixty 
years earlier Emil Du Bois (1843) listed the release 
of a chemical agent as one of the options regarding 
the function of the neuromyal junction. Alto-
gether, the time was very ripe for Loewi’s 
discovery!
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Figure 1-5. (A) Henry Dale in a photo-
graph taken in 1918 at the Lister Institute 
for Preventive Medicine by Sir Charles 
Lovatt Evans. (Reprinted by permission of 
Wellcome Trust.) (B) Sir Henry Dale in a 
photograph taken at the offi ces of the Well-
come Trust, 1959. (Reprinted by permis-
sion of Wellcome Trust Publishers.) 

A

B
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Figure 1-6. Otto Loewi’s photograph and letter of thanks on the occasion of his Festschrift of 1953. 
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The demonstration of cholinergic transmis-
sion existing at parasympathetic sites was later 
expanded to the sympathetic ganglia and to the 
skeletal neuromyal junctions. The demonstra-
tion was based on neurochemical evidence—the 
presence of ACh and cholinesterases (ChEs) at 
the sites in question and the release of ACh at 
the synapse or junction following presynaptic 
stimulation—as well as on neurophysiological and 
neuropharmacological fi ndings. For example, 
appropriate presynaptic stimulation evoked a post-
synaptic (in the ganglia) or endplate (in the neu-
romyal junction) response that, on pharmacologic 
analysis, appeared cholinergic in nature. Actually, 
this research established criteria that must be met 
before a given junction or synapse is considered 
cholinergic; Robert Volle (1966) fully defi ned 
these criteria.

The neuromyal research6 led to the explanation 
of the curarimimetic action and to completing the 
demonstration of cholinergic transmission at the 
periphery. The pioneers of this research were 
Rene Couteaux and George Koelle (Figures 1-3 
and 1-7, see color plate), as they established his-

tochemically a “focused” presence of AChE at the 
neuromyal junction (Couteaux, 1947, 1998). Rene 
Couteaux also determined the postsynaptic origin 
of AChE (its presynaptic presence was stressed by 
Koelle), as it persisted at the endplate following 
denervation, and demonstrated AChE association 
with the basal lamina. An important aside: this 
research also established the phenomena of recep-
tor inactivation (desensitization) and sensitization 
(Thesleff, 1955; Karczmar, 1967b). Ultimately, 
these processes result from allosteric modifi ca-
tions of the receptors and their phosphorylations, 
and these phenomena characterize muscarinic and 
nicotinic receptors both at the peripheral and 
central cholinergic sites.

In parallel, the mid-19th century brought about 
a number of important chemical discoveries and 
synthetic accomplishments, including the purifi ca-
tion of physostigmine as the active ingredient of 
the Calabar bean’s extract and the synthesis of 
physostigmine and its carbamate analogues. While 
the fi rst synthesis of organophosphorus (OP) 
antiChEs dates from the second part of the 19th 
century (see Table 1-1), the 20th century brought 

Figure 1-7. U.J. (Jack) McMahon (left) 
and Rene Couteaux at the ISCM meeting 
in Arcachon, 1998. Jack McMahon is a 
prominent modern investigator of the ultra-
structure of the neuromyal junction. (From 
the Author’s private collection.) (See color 
plate.)
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forth a major expansion of OP synthesis and the 
discovery of their pesticidal as well as toxic 
actions.

Anticholinesterases, particularly of the OP 
type, played an important role as tools in the 
studies of cholinergic transmission. Using these 
antiChEs as tools was conditioned by the belief 
common in the 1940s and 1950s that the OP drugs 
had only one mechanism of action, the inhibition 
of ChEs (Karczmar, 1970a). Furthermore, in con-
trast to physostigmine, the OP antiChE action was 
irreversible in nature, which made it convenient 
for investigators of cholinergic transmission. 
Later, it was found that OP and carbamate drugs 
exhibit actions that are independent of their inhibi-
tory effect on ChEs (see below). Following World 
War II interest in OP agents, research laboratories 
that were instituted in England at several sites by 
the Ministry of Supply and in the United States by 
the Department of Defense (particularly at Edge-
wood Arsenal in Maryland) served as teething 
grounds for a number of prestigious British, 
American, and Swedish researchers, including 
George Koelle (see Figure 1-3), Alfred Gilman, 
Bo Holmstedt, Henry Wills, Irving Wilson, Henry 
Wilson, Amadeo Marrazzi, Bill Krivoy, Steve 
Krop, Bernard McNamara, Lord Adrian, Sir 
William Feldberg, B.A. Kilby, B.C. Saunders, and 
others. Bo Holmstedt (1963, 2000; see Figure 7-
16) presented a detailed account of these events, 
including those that occurred in Germany.

The fi rst demonstration of the presence of 
chemical transmission in the central nervous 
system—which happens to be cholinergic in 
nature—also took place during the mid-20th 
century. The omniscient Sir Henry Dale and his 
students fi rst suggested this presence, and Dale’s 
associate Sir William Feldberg (Figure 1-8) pro-
posed that the selective distribution of ChE sites 
in the CNS provides evidence for the central pres-
ence of cholinergic transmission. And then Sir 
John Eccles, Paul Fatt, and Kyozo Koketsu 
proved the point by pharmacologically evaluating 
responses to Renshaw cell stimulation by spinal 
motoneuron collateral (see Chapter 9 A-2c, and 
Figure 9-4). Subsequently, the Canberra team, 
including David Curtis and Chris (Kasimir) 
Krnjevic, embarked on long studies of the central 
cholinoceptivity (Figure 1-9, see color plate). In 
addition, Krnjevic researched the characteristics 
of central muscarinic responses and proposed that 
these responses modulate central activities of non-

cholinergic transmitters (see Chapter 9 BIII-1 and 
BIII-2). Ultimately, scientists of many nations 
demonstrated the presence of cholinoceptivity 
throughout the brain and the pharmacological 
analysis of these postsynaptic responses served to 
establish the ubiquity of central cholinergic trans-
mission (see Table 1-1).

It must be noted that, at the extreme, the criteria 
established by Robert Volle and others for accept-
ing the presence of cholinergic transmission at any 
site (see above, this section) requires establishing 
that a single neuron or a homogeneous (morpho-
logically) group of neurons release ACh upon pre-
synaptic stimulation. While such criteria have been 
fulfi lled for the neuromyal junction, parasympa-
thetic sites, and the ganglia, they cannot be readily 
met in the CNS. J.F. Mitchell, J.W. Phillis, J.C. 
Szerb, and others (see Pepeu, 1974, and Figure 1-
10, see color plate) collected ACh from cortical 
slabs of stimulated animals and from the animal 
cortex surface following reticular stimulation; this 
procedure would not, of course, meet Volle’s cri-
teria and could not identify specifi c cholinergic 
neurons involved in the release.

Figure 1-8. Sir William Feldberg in 1972. 
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Figure 1-9. Chris (Kazmir) Krnjevic at the Symposium in Honor of A.G. Karczmar, Loyola Medical Center, 
Maywood, IL, 1986. (See color plate.)

Figure 1-10. From left to right: row 1: Doctoressa Ileana Pepeu, Erminio Costa, Marion Allen-Karczmar and 
Leda Hanin; row 2: Israel Hanin, Giancarlo Pepeu, Alex Karczmar. Erminio (Mimo) Costa is a prominent psycho-
neuropharmacologist and one of the founders of the College of Neuropsychopharmachology. He pioneered the 
research on the role of serotonin, GABA, and catecholamines. He also contributed to the concept and measurement 
of the turnover of acetylcholine. (See color plate.)
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The research of Henry MacLennan, Jose 
Delgado, Nicholas Giarman, and particularly 
Giancarlo Pepeu was closer to the mark. To collect 
ACh, these investigators employed the intracere-
brally implanted push-pull cannula developed by 
Sir William Feldberg, and Giancarlo Pepeu devel-
oped microcannulae and improved methods of 
measuring ACh (Pepeu, 1974, 1993; Pepeu et al., 
1990; see Chapter 9 BIII, and Figures 9-14 and 
9-15); the animals used varied from rodents and 
cats to primates. This sophisticated research 
served to establish the cholinergicity of brain parts 
such as the nucleus basalis magnocellularis of 
Meynert (NBM), as its stimulation releases ACh 
at the end of its specifi c radiations. However, to a 
purist, even this evidence does not fully comply 
with the Volle criteria. Actually, even Eccles’ 
classic neuropharmacological demonstration of 
cholinergic transmission existing between the 
motoneuron and the Renshaw cell falls short of 
the purist’s defi nitive proof of cholinergicity, as 
no investigators could demonstrate the release 
of ACh at a single, identifi ed motoneuron 
collateral.

The evidence concerning the presence of cho-
linergic transmission in the CNS closely relates to 
the identifi cation of central cholinergic pathways. 
The descriptions of cholinoceptive sites that 
were obtained during central cholinergic studies 
were helpful; however, a defi nitive establishment 
of central cholinergic pathways depended on the 
development of methods for visualization within 
the CNS of the cholinergic system components. 
The fi rst method, cytochemistry of both butyryl 
and acetyl cholinesterase (BuChE and AChE), 
was developed by George Koelle and Jonas 
Friedenwald. Koelle later adapted the method to 
electronmicroscopy, which he used to identify 
major ChE exhibiting nuclei and networks (Koelle, 
1963). Michel Gerebtzoff, Peter Lewis, and 
Charles Shute provided more continuous pictures 
of the pathways, and they also attempted to obviate 
a problem inherent in the ChE stain methodology: 
the problem with the ChE stain as a marker for 
cholinergic neurons is that ChEs are also present 
in noncholinergic neurons and their nerve termi-
nals. By judicious use of CNS ablation and lesion 
techniques, Gerebtzoff, Shute, and Lewis came 
close to identifying ChE stain sites refl ecting radi-
ations from bona fi de cholinergic neurons (see 
Chapter 2 DI and DII).

However, only ACh may serve as a faithful 
marker of cholinergic cells, via the demonstration, 
whether by means of a bioassay or chemically, of 
the presence of ACh in certain single neurons of 
the CNS. The presence of ACh and other compo-
nents of the cholinergic system (such as ChEs and 
cholineacetyl transferase) in homogeneous popu-
lations at the periphery and ACh release from such 
populations was established early in the 20th 
century, and, in the 1950s, Ezio Giacobini and 
others showed their presence in single autonomic 
neurons, but this feat could not be accomplished 
in the case of single central neurons.

A related demonstration concerned the pres-
ence of ACh in several brain parts, and this was 
carried out via bioassays by British investigators 
such as Joshua Gaddum and William Feldberg and 
Russian scientists in support of Henry Dale’s and 
William Feldberg’s hypothesis of the central 
transmitter role of ACh. A particular break was to 
repeat this demonstration using a chemical method 
for the identifi cation of ACh; this was carried out 
by means of a gas chromatography–mass spec-
trometry (GCMS) method in the 1950s by Don 
Jenden, Bo Holmstedt, and Israel Hanin in Bo 
Holmstedt’s Toxicology Laboratory of the Karo-
linska Istitutet of Stockholm (see Chapter 2 A).

Second best was to show the release of ACh 
from the brain and spinal cord, as described above 
in this section. An even better approach was 
to develop ACh histochemistry to characterize 
as cholinergic certain central neurons. While 
several histochemical methods were developed 
to visualize ACh, the most practical and most 
usable technique depended on the second best, 
immunohistochemistry of choline acetyltransfer-
ase (CAT), the enzyme that synthesizes ACh and 
is therefore a dependable marker of cholinergic 
neurons. This method was developed by the 
McGeers, a husband-and-wife team, and Henry 
Kimura (McGeer et al., 1986; McGeer and McGeer, 
1993; see also Chapter 2 DI, and Figure 1-11, see 
color plate). Later on, in the hands of Marsel 
Mesulam, Bruce Wainer, Larry Butcher, Nancy 
Woolf, and Paul Kasa, this methodology brought 
about one of the few essentially “fi nished” tasks of 
the cholinergic lore: the defi nitive description of 
central cholinergic pathways. Without this accom-
plishment, identifi cation of behaviors endowed 
with cholinergic correlates would not be possible 
(see also section 2, below, and Chapter 9 BV.
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The question of the cholinergic system’s devel-
opmental origin arose following the demonstration 
of central cholinergic transmission and its path-
ways. Interestingly, attempts at ontogenetic recog-
nition of the cholinergic system and the related 
comparative identifi cation of its presence were 
initiated long before Eccles’ proof was given (see 
Table 1-1); in fact, these attempts were intended 
to achieve the same goal: to prove the existence of 
central cholinergic transmission. During the 1930s 
and 1940s, David Nachmansohn and Zenon Bacq 
proposed that identifying the presence of ChEs at 
the ontogenetic onset of embryonic or fetal motil-
ity, as well as their phylogenetic existence in forms 
endowed with motility, would demonstrate central 
cholinergic transmission and its status as a prereq-
uisite for function. Actually, Bacq (1935 and 1947) 
and Nachmansohn accumulated the ontogenetic 
and phylogenetic data to support this proposition 
and, another early cholinergiker, Theodore 
Koppanyi7 (Figure 7-22; Chapter 7 DI) was 
particularly effective in accumulating pertinent 
evidence in the area of comparative pharmacology 
(Koppanyi and Sun, 1926; see also Karczmar, 
1963, and Whittaker, 1963). Though their 
evidence cannot be construed as proving the exis-
tence of central cholinergic synapses, it is impor-
tant to relate function such as motility to cholinergic 
transmission, and this research was a forerunner of 

intense research involving the relationship of func-
tions and behaviors to the cholinergic system.

Subsequent ontogenetic and phylogenetic cho-
linergic research provided unexpected evidence 
for the existence of cholinergic elements such as 
ACh, ChEs, and CAT in nonnervous tissues of 
vertebrates (including ephemeral tissues such as 
the placenta), and their presence in ontogeny long 
before the appearance of nervous system rudi-
ments (see Chapter 8 CI). These phenomena 
remain enigmatic today.

The research concerning development yielded 
still another unexpected discovery: the existence 
of trophic and growth factors. The conjecture that 
nerves may play a trophic role was made early 
(Karczmar, 1946), but it took the technical and 
conceptual ingenuity of Edward Bueker, Victor 
Hamburger, and, particularly, the Nobel Prize 
winner Rita Levi-Montalcini (Levi-Montalcini, 
1975, 1987) to demonstrate the existence of 
trophisms and their capacity to repair neuronal 
damage and growth defi cits (see Table 1-1 and 
Figure 1-12, see color plate). Actually, today the 
phenomenon postulated by Karczmar takes the 
form of anterograde trophism, that is, trophism 
exerted on a target tissue via the release of a 
trophic substance by a nerve terminal.

The original form of trophism described by 
Rita Levi-Montalcini depends on retrograde 

Figure 1-11. Edith McGeer at the 
1986 Symposium in Honor of A.G. 
Karczmar, Loyola Medical Center, 
Maywood, IL. (See color plate.)
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Figure 1-12. Nobel Prize winner Rita Levi-Montalcini and Ezio Giacobini at a Vatican Symposium, 1990. (See 
color plate.)

action on the nerve tissue of a factor present 
peripherally; Hans Thoenen and Ian Hendry deter-
mined the terminology differentiating retrograde 
and anterograde-acting trophics (see Table 1-1). 
Today, many trophic factors are recognized and 
there is an intense search for more, as new 
trophics are discovered continually. This interest 
in trophisms results from their potential as cures 
for human degenerative diseases such as Alzheim-
er’s disease (see Chapter 10), although it may be 
mildly suggested that the applied expectations 
raised by research with trophics has not been sub-
stantiated so far. At any rate, the trophic action of 
cholinergic components may underlie their preco-
cious presence during ontogeny (see Chapter 8 CI 
and CII and Chapter 3 CI).

The story of ChEs and antiChEs fl ickers in and 
out during this history of cholinergic research. 
Cholinesterases are pertinent for the effects of the 
ordeal bean, its extract, and its active ingredient. 
It was postulated by Sir Henry Dale that a ChE is 
a component sine qua non of the cholinergic func-
tion, and physostigmine was used as an antiChE 
in Otto Loewi’s studies of the release of ACh 
from the frog cardiovagal perfusate, although in 
his fi rst communication on this matter (Loewi, 
1921) he did not employ physostigmine (see also 
Loeffelholz, 1981, 1984; Karczmar, 1996). Yet, 

physostigmine was employed by Loewi in his 
subsequent studies as well as by his followers in 
similar situations involving measurement of ACh 
effl ux from stimulated brain. Sir John Eccles took 
up physostigmine in his pharmacological analysis 
of the Renshaw cell responses; Zenon Bacq and 
K.A. Youngstrom synonymized the presence of 
ChEs with function; and George Koelle, Peter 
Lewis, Charles Shute, and Michel Gerebtzoff used 
the histochemical ChE stain in describing cholin-
ergic pathways.

A concerted effort to elucidate the role and the 
nature of ChEs must also be recognized. David 
Nachmansohn described the immense (unique for 
enzymes) rapidity of ACh-hydrolyzing action of 
AChE, and Klas-Bertil Augustinsson spent his life 
characterizing the differential dynamics and sub-
strates of ChEs, their inhibitors, and their animal 
and human distribution. Then, the Stedmans, 
Bruno Mendel, and David Glick differentiated the 
dynamics of AChE and BuChE with regard to 
their substrates and studied their differential dis-
tribution (see Table 1-1; Chapter 3 DI and DII; 
Chapter 7 BI).

This research was the basis of the contempo-
rary studies of Jean Massoulié, Hermona (Mona) 
Soreq, Werner Kalow, and Palmer Taylor. It 
yielded novel notions of variants for both BuChE 



16 Exploring the Vertebrate Central Cholinergic Nervous System

Table 1-2. Fanfares: Acetylcholine Synthesis, Choline Uptake, and Acetylcholine Release (1930 to 
1980)

International Frank MacIntosh, R. Birks,G.B.  Metabolism of ACh and choline,
 investigators  Ansell, Richard Wurtman,  choline acetyl-transferase (CAT),

 Stanislaus Tucek, J. Kazimir  and acetyl-coenzyme1

 Blusztajn, Don Jenden, Lynn
 Wecker, David Nachmansohn,
 Vincent du Vigneaud, Konrad

Loeffelholz
US and Canadian Fred Schueler, Frank MacIntosh, Hemicholinium and uptake of
 investigators  T. Haga, Victor Whittaker, S.M.  choline; vesamicol and neuronal

 Parsons, Michael Kuchev,  ACh transport; active proteins of
 Jeffrey Erikson, Louis Hersh,  the cholinergic neuron2

 Lee Eiden, Nicolas Morel
US, Chinese, and Canadian George Koelle, T.P. Feng, R. Presynaptic regulation of
 investigators  Polak, J.C. Szerb, Yves Durant,  acetylcholine release in the CNS

 Laurent Descarries, Jacopo  and periphery3 (Chapter 9 BII)
Meldolesi

Sources:
1. du Vigneaud, 1941; Jenden et al., 1976; Ansell and Spanner, 1971; MacIntosh et al., 1956.
2. Schrader, 1963; Kuhar, 1978.
3. Koelle, 1963; Szerb, 1977.
4. Karczmar, 1999.

Figure 1-13. Hermona Soreq is a prominent scientist 
from the Hebrew University of Jerusalem. Soreq pio-
neered molecular studies of cholinesterases. Currently 
she studies stress-induced variants of acetylcholinester-
ase. (See color plate.)

and AChE and their polymorphism that include 
several physical forms and dimensionally differ-
entiated subunits. Hermona Soreq (Figure 1-13, 
see color plate), a pioneer in the area of genetic 
and molecular characteristics of ChEs, stresses the 
genetic fl exibility of ChEs that results in produc-
tion of variants—for example, in response to 
stress AChE may be mutationally overexpressed, 

which results in transmittive malfunction (see 
Chapter 3 DIII).

2. Fanfares for the Central 
Cholinergic Transmission 
and Its Correlates

In the light of the signifi cance of the choliner-
gic, particularly central, cholinergic research and 
the continuity of its story (Table 1-1 and above), 
the felicities of its fi ndings are addressed in 
“fanfares” (Tables 1-2, 1-3, and 1-4), which 
concern several areas of cholinergic interest. These 
fanfares are raised with respect to an international 
fi eld of investigators, though not all cholinergikers 
who deserve these accolades can be listed in 
the tables; probably the personal bias of the author 
was involved in the choices of those that are 
listed.

a. Metabolism and Synthesis of ACh, 
and Formation of ACh into a 
Release Mode

David Nachmansohn initiated this story when 
he discovered choline acetyl transferase (CAT; 
originally called choline acetylase by Nachman-
sohn), which is the enzyme synthesizing ACh; 
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Table 1-3. Fanfares: Cholinergic Behaviors and Cholinergic EEG Phenomena (1940 to 1980)

British, US, and William Funderburk, All behaviors have
 Italian investigators  Theodore Case, W.H.  cholinergic correlates1

 Gantt, Sir William Feldberg  (Chapter 9 BIV and BV)
 and Stephen Sherwood,
 Carl Pfeiffer, Daniele
 Bovet, L.R. Allikmets,
 Luigi Valzelli, R. Bartus,

Alex Karczmar
US and British investigators Nancy Woolf, Ben Libet, Self-awareness, organism-

 Alex Karczmar, John C.   environment interaction
 Eccles, Roger Penrose   cholinergic alert non-

   mobile behavior
   (CANMB)2 (Chapter 9

 BV and BVI)
International investigators V. Bonnet and Frederic EEG, theta rhythms, and

 Bremer, D.B. Tower,  rapid eye movement
 K.A.L. Eliott, Giuseppe   sleep (REM)3 (Chapter 9
 Moruzzi and Horace W.  BV-3)
 Magoun, Harold Himwich,
 Franco Rinaldi, R.G.

Hernandez-Peon, Peter
 Andersen and Sven
 Andersson, F.T. Brucke, C.
 Stumpf, Vincenzo Longo,
 Philip Bradley, Joel Elkes,
 Michel Jouvet, H. Jasper,
 R.W. McCarley, J. Allan
 Hudson, Edward Domino,
 Chris Gillin, Taddeus

Marczynski, Mircea
 Steriade, Alex Karczmar

Sources:
1. Karczmar, 1967a, 1970b, 1976; Bovet, 1972; Bartus et al., 1982.
2. Woolf, 1997; Karczmar, 1972; Popper and Eccles, 1977.
3. Longo, 1972; Robinson, 2001; Karczmar, 1976; Jouvet, 1967; Brazier, 1959.

Nachmansohn also identifi ed the coenzyme, 
acetyl-coenzyme A, that participates in the acetate 
transfer to choline. During the 1940s and 1950s, 
Frank MacIntosh discovered the need for choline 
in this synthesis and for the maintenance of ACh 
release during synaptic activity (Birks et al., 
1956). Subsequently, this role of choline was 
clarifi ed when Fred Schueler and John Paul Long 
(Schueler, 1956) developed hemicholiniums, 
agents that block the nerve terminal transport and 
uptake of choline. The release mode includes 
intraneuronal transport and vesicular uptake of 
ACh, which can be blocked by vesamicol (Table 
1-2). Then, there is a vesicular cycling, and, 
perhaps, cytoplasmic cycling, of ACh. Altogether, 
the active proteins involved in the choline uptake, 

ACh transport, and vesicular cycling and fusion 
of the vesicles with the plasmalemma, jointly with 
CAT and AChE, defi ne the cholinergic neuron.

The system underlying ACh metabolism and 
molecular physiology of a cholinergic neuron is 
most complex, yet it functions smoothly and is 
fl exible and adaptable, and it is entirely teleologi-
cal that a single “cholinergic gene locus” regulates 
many of these activities. The description and defi -
nition of this system merits a fanfare, and it must 
be stressed that this defi nition could not be forth-
coming without the development of ultrasensitive 
and precise biochemical and molecular methods 
pertinent for the measurement of the components 
of the cholinergic system and defi nition of their 
molecular and genetic properties.
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Table 1-4. Fanfares: Molecular and Cellular Aspects of Cholinergic Transmission (from 1940 to the 
Present)

Argentinean, British, Victor Whittaker, Eduardo de Robertis, Vesicular and cytoplasmic
 French, and Canadian  S.L. Palay, Paul Fatt,  release of ACh; quantal
 investigators  J. del Castillo, Maurice Israel,  phenomena and elementary

 Yves Dunant, Brian Collier,  events1

 Laurent Descarries, Jacopo
Meldolesi

US and Japanese investigators Earle W. Sutherland, Paul Second messengers and
 Greengard, L.E. and M. Hokin,  phosphorylations2

Yasutoni Nishizuka
British, US, Swiss, Sir Henry Dale, Carlos Chagas, Cholinergic receptors and
 Australian, French, and  Jean-Pierre Changeux,  their subtypes3

 Brazilian investigators  A. Karlin, Jon Lindstrom,
 Peter Waser, Michael Rafftery,
 James Patrick, Ed Hulme,
 Nigel J. Birdsall, Palmer Taylor,
 Sydney Ehrenpreis, Everhardus

Ariens
Australian, US, Canadian John Eccles, Rosamond Eccles, Ionics of cholinergic
 (Yugoslav), and Japanese  Ben Libet, Kris Krnjevic, Paul  synaptic potentials4

 investigators  Adams, Syogoro Nishi and
Kyozo Koketsu

Swedish and US investigators Thomas Hokfelt, Y.N. and L.Y. Jan, Release of noncholinergic
Stephen Kuffl er, Nae Dun  transmitters from 

   cholinergic terminals5

Australian, French, Israeli, Paul Salvaterra, Michael Raftery, Molecular biology of 
 and US investigators  Jean Massoulié, Hermona Soreq,  components of cholinergic

 Jon Lindstrom  system6

British, French, Brazilian, Eduardo de Robertis, Victor Electric organs7

 Argentinean, and US  Whittaker, David
 investigators  Nachmansohn, Harry

 Grundfest, D. Albe-Fessard,
 A. Fessard, Carlos Chagas,

R.D. Keynes
US, French, and Israeli Kyozo Koketsu, Steve Thesleff, Pre-and postsynaptic
 investigators  Jacques Monod, A. Karlin,  modulations; receptor

 Jean-Pierre Changeux,  activation and
 Paul Greengard, Mona Soreq,  inactivation8

Alex Karczmar

Sources:
1. Whittaker, 1992, 1998; De Robertis, 1961.
2. Greengard, 1978; Sutherland et al, 1968; Robinson, 2001.
3. Waser, 1983; Robinson, 2001; Ehrenpreis, 1961; Ariens and Simonis, 1967.
4. Eccles, 1964; Krnjevic, 1972; Adams, 1981; Robinson, 2001.
5. Hokfelt et al., 1979, 1987; Robinson, 2001.
6. Glick and Soreq, 1999; Salvaterra et al., 1993.
7. Whittaker, 1992, 1998; Albe-Fessard, 1961.
8. Greengard, 1978; Greengard and Browning, 1988; Robinson, 2001; Karczmar et al., 1972.
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b. The Processes of ACh Release

First, there is the control of this release, which 
is exerted by cholinergic and noncholinergic recep-
tors of the cholinergic presynaptic nerve terminals; 
this control ranges from the nicotinic autoreceptor 
facilitatory mode leading to “percussive release” 
demonstrated (or almost demonstrated) by George 
Koelle (Table 1-2; see Chapter 9 BII) to the mus-
carinic autoreceptor inhibitory mode described by 
Rob Polak and John Szerb. And this cholinergic 
regulation of transmitter release extends to non-
cholinergic nerve terminals. Furthermore, there is 
the process of ACh release. Among the many con-
troversies that have raged within the cholinergic 
lore, the battle over the mode of this release is the 
most intense: is the release vesicular in nature, as 
classically maintained by Victor Whittaker and 
Eduardo de Robertis, or are there modes of cyto-
plasmic release, as maintained by the unorthodox 
Franco-Italo-Canadian investigators? (See fore-
word, Table 1-1 and Chapter 2 C.)

c. Cholinergic Correlates of 
Behavioral Cognition and 
Consciousness, and Their 
Electrophysiological Counterparts 
That Include the EEG and Evoked 
Potentials

The cholinergic system was the fi rst neurotrans-
mitter system that was related to behavior and 
cognition. The 19th century’s Robert Christison 
(see Table 1-1), via self-experimentation, estab-
lished some of the mental and behavioral effects 
of ingesting a Calabar bean. William Funderburg, 
Theodore Case, Sir William Feldberg, Carl 
Pfeiffer, and Daniele Bovet confi rmed Christison’s 
notion in the mid-20th century and extended it to 
demonstrating the effects of the cholinergic ago-
nists and antagonists on conditioning and learning 
in animals. Today, a remarkable feature of the 
cholinergic system is recognized: this system is 
involved in most measurable functions from respi-
ration to motor movement and endocrine activi-
ties, and in behaviors ranging from memory and 
learning to aggression and addiction; this is true in 
both humans and animals (see Chapter 9 BIV and 
BV). The totality of the behavioral roles of the 
cholinergic system amounts to a syndrome referred 
to as Cholinergic Alert Behavior (CANMB), 

which underlies organism-environment interac-
tion and is instrumental in animal adaptability and, 
speculatively, in the evolution of both humans and 
animals (Karczmar, 1988; see Chapter 9 BVI).

Finally, perhaps even the mystery of con-
sciousness or self-awareness may have choliner-
gic correlates. Thus, Nancy Woolf speculates 
that muscarinic receptors of the small cortical 
pyramidal cells modules are the sites of quantal 
(in physical, not cholinergic sense) events that, 
according to her and Roger Penrose, underlie self-
awareness (see Table 1-3, Chapter 9 BVI, and 
Chapter 11). Of course, since the days of René 
Descartes, neuro scientists have not come to an 
agreement on the nature of consciousness and 
on the special existence of self-awareness; the 
fact that the cholinergic system enters the fray 
shows, again, the vitality and the appropriateness 
of the cholinergic lore (see Chapter 9 BVI and 
Chapter 11).

The electroencephalogram (EEG) and evoked 
potential phenomena relate to and sometimes 
identify cholinergic behaviors. Such phenomena 
as EEG alerting, described by Giuseppe Moruzzi 
and Horace Magoun, have strong and unique cho-
linergic correlates, which were established in 
the 1950s by Harold Himwich, Franco Rinaldi, 
Daniele Bovet, and Vincenzo Longo. As already 
mentioned, the Nobel Prize winner Daniele Bovet 
(Figure 1-14) was interested in the behavioral 
effects of nicotinic and nicotinolytics; also, he per-
ceived that EEG may provide an “organic” coun-
terpart of the behavioral effects of cholinergic 
agents. Accordingly, he induced his associate, 
Vincenzo Longo (Figure 15, see color plate), to 
carry out an EEG and evoked potential (such as 
theta rhythm) evaluation of cholinergic and anti-
cholinergic drugs, a task that Longo performed in 
great detail. These investigators related the so-
called EEG arousal to behavioral arousal and 
alertness; today, there is an intense discussion of 
this relationship (see Table 1-3 and Chapter 9 
BIV-3) Then, there is the sleep-awakening dipole, 
and the component of the sleep mode, the rapid 
eye movement (REM) or dream sleep (see Table 
1-3 and Chapter 9 BIV-3). While in the 1960s it 
was considered that serotonin and norepinephrine 
are solely involved in REM sleep, the preeminent 
role of the cholinergic system for REM sleep was 
stressed subsequently; again, both humans and 
animals REM-sleep cholinergically.
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Figure 1-14. “Murderer’s Row.” From left to right: Ragnar Grant, Charles Lindsley, Seymour Kety, Sir John 
Eccles, Daniele Bovet, and Holger Hyden at the Symposium on Brain and Human Behavior, Loyola University 
Medical Center, Mayood, IL, 1969. 

Figure 1-15. Vincenzo Longo and Alex Karcz-
mar in Rome, 1978. Vincenzo Longo, from the 
Istituto Superiore di Sanità, is a preeminent EEG 
investigator. He related EEG events and evoked 
potentials to behavior and REM sleep. (See color 
plate.)
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d. The Discoveries Concerning 
Molecular and Cellular Aspects of 
Cholinergic Transmission and the 
ACh Release System

The discoveries concerning molecular and cel-
lular aspects of cholinergic transmission and the 
ACh release system defi ne a complex neuronal 
and nerve terminal cholinergic system, and our 
comprehension of this system began in the 1950s 
with the efforts of Victor Whittaker and Eduardo 
de Robertis. In its classical form, the system deals 
with the uptake of choline (Table 1-2), formation 
and axonal transport of vesicles, vesicular uptake 
of ACh, and vesicular cycling, and vesicle-nerve 
terminal plasmalemma fusion; these activities 
relate to and are conditioned by phosphorylation 
mechanisms and second messengers (see Table 1-
4). Recent investigators proposed novel, unortho-
dox alternatives or additions to the classical system 
that include the nonvesicular, cytoplasmic release 
of ACh and/or its release outside of the synaptic 
specializations (Table 1-4; Chapter 2 C). The 
ensuing argument adds to the excitement gener-
ated within this particular area of cholinergicity.

Altogether, the active proteins and other com-
ponents of the ACh release system, as well as 
CAT, acetyl-coenzyme A, and AChE, are the 
markers of a cholinergic neuron. The synchrony 
and harmony of the activities of the system’s com-
ponents are consistent with its genomic regula-
tion, which is carried out and expressed by the 
cholinergic gene locus. Our understanding of the 
function of the cholinergic system is largely due 
to our current knowledge of the molecular and 
genetic characteristics of cholinergic components 
(Table 1-4; see also Chapter 2 B).

Two additional cellular components contribute 
to the smooth, point-to-point regulation of synap-
tic cholinergic transmission, namely, the choliner-
gic receptors and the ionic conveyers of their 
action (Table 1-4; see also Chapter 9 BI and BIII, 
and Chapters 4, 5, and 6). There is a multiplicity 
of nicotinic and muscarinic receptor subtypes 
(see Chapters 4, 5, and 6) and specialized cou-
plings exist between these receptor subtypes and 
the ionic mechanisms that the receptors activate 
during the initiation of cholinergic transmission. 
As pointed out above (section BI of this chapter), 
the unique status of the cholinergic system is well 
represented by complex molecular, genetic, and 

cellular processes that underlie the transmittive 
function of the cholinergic neurons and its 
synchronization.

There are also applied aspects of the choliner-
gic system. There are many uses of cholinergic 
drugs, particularly with respect to peripheral 
diseases such as myasthenia gravis and ocular 
dis orders, and also in mental diseases such as 
Alzheimer’s (see Chapter 10). Another applied 
aspect of the cholinergic story is the development 
of animal models that are useful for developing 
clinical treatment modes (see Table 1-5 and 
Chapter 9 BV-4). Several of these models were 
developed for the study of Alzheimer’s disease, 
including the use of neurotoxins and simultaneous 
blocking of several transmitter systems. Interest-
ing models that concern a number of disease states 
and which have a signifi cant future potential for 
cholinergic studies are models involving immuno-
logical techniques and the use of antibodies.

3. Goofs and Boo-Boos, and 
Recoveries

The success of this brilliant cholinergic pageant 
resulted from the completion of a long sequence 
of steps. This success was achieved because many 
talented individuals were willing to take risks (“to 
take a fl yer,” as expressed by Steve [Bernard B.] 
Brodie [Karczmar, 1989]), thus committing 
several goofs and boo-boos along the way (Table 
1-6). In some cases, the investigators recovered 
from their errors on their own (Table 1-7), and 
sometimes they were correct in the long run, even 
though their experiments were fl awed.

David Nachmansohn proposed that axonal con-
duction—of both cholinergic and noncholinergic 
axons—is carried out by an AChE-ACh system. 
His notion was, in part, generated by his artistic 
sense and by his belief in the unity of all biochemi-
cal-energy-related events. This belief was infl u-
enced by his teachers, Otto Meyerhoff, Keith 
Lucas, and A.V. Hill, and Nachmansohn’s writ-
ings are so well put that one feels like exclaiming: 
“si non e vero, e ben trovato.” Nachmansohn was 
stubborn in defending his very wrong view, even 
after it was documented that noncholinergic axons 
do not contain ACh (Karczmar, 1967a), and he 
was unduly fond of using excessive doses of drugs 
to prove his point (see note to Table 1-6). But 
Nachmansohn compensated for his erroneous 



Table 1-5. Fanfares: Models for CNS Diseases with Cholinergic Implications (from 1960 to 
Present)

US investigators J.A. Simpson, J. Patrick, and John Immunological models for
 Lindstrom, Daniel Drachman,  myasthenia gravis and lateral
 A.G. Engel, S. Appel  sclerosis1

US investigators Rita Rudel, J.E. Somers Chemical models for
   myotonia cogenita2

US investigators Israel Hanin, Toshio Narahashi Effects of neurotoxins including
 AF64A as models for
 Alzheimer’s disease and

   memory disorders3 (Chapter
   9 BV-d)
US and Czech investigators Volia (W.T.) Liberson, Charles Nongoal and stereotypic

 Scudder, Alex Karczmar,  behaviors as models for
 J.O Bures  mental disorders4 (Chapter 9

   BV-d)
Hungarian and US Vahram Haroutunian, Paul Kasa, Neurotransmitter block and
 investigators  D.J. Selkoe, Ben Wolozin,  chemical (beta-amyloid)

 Ken Davis  models for Alzheimer’s
 disease and cognitive

   disorders5 (Chapter 9 BV-d
 and Chapter 10 A and K)

Sources:
1. Simpson, 1960; Patrick and Lindstrom, 1973; Fisher, 2001.
2. Lehmann-Horn and Rudel, 1995.
3. Narahashi, 1974; Hanin, 1996; Karczmar, 1988.
4. Maier, 1949; Karczmar, 1987a, 1987b, 1988; Bures et al., 1983.
5. Haroutunian et al., 1990; Inestrosa et al., 2003.

Table 1-6. Goofs and Boo-Boos (a sample only) 

David Krech, Mark “Difference of  .  .  .  3% in the total cortical  .  .  .  2% in the total subcortical
 Rosenzweig, and  AChE  .  .  .  correlates  .  .  .  with  .  .  .  adaptive behavior  .  .  .  and  .  .  .  learning”
 Edward Bennett  (Krech et al., 1966; Rosenzweig et al., 1958).
Walter Riker, Jay “The data strongly implicate muscle as the principal tissues of ACh origin, 
 Roberts, and Frank  and therefore  .  .  .  in  .  .  .  neuromuscular structure, formation and release
 Standaert  of ACh may not be correlated to synaptic events” (Riker et al., 1957).
Phillipe de Clermont “TEPP tastes so sweet” (Actually, Clermont lived to be 91; Clermont, 1854).
Andrey Zupancic “Identity of  .  .  .  cholinesterases with cholinoreceptors” (Zupancic, 1967).
David Nachmansohn* “You can kill me—you can’t kill the theory” or “To get incredible results you

 must use incredible doses” (Nachmansohn, 1961).
John Eccles “Presynaptic action current (is) responsible for  .  .  .  excitatory action at the

  neuromuscular junction and sympathetic ganglion” (Eccles, 1941–1946; see 
Eccles, 1946).

Corneille Heymans “Les deux actions du DFP, l’inactivation des cholinesterases et les actions
 d’excitation parasympathetique, ne sont pas  dependants l’une de l’autre”

(Heymans, 1950).
Michel Jouvet “Les deux états du sommeil  .  .  .  sont  .  .  .  modulés par des mecanismes

monaminergiques”  .  .  .  “very close  .  .  .  to catecholamines” (Jouvet, 1967, 1972).
Forrest Weight “Recurrent inhibition from major axon collaterals to motoneurons is a

 monosynaptic pathway” (there is no Renshaw cell; Weight, 1968).

*  David Nachmansohn made these pronouncements at the 1960 Rio de Janeiro Symposium on “Bioelectrogenesis,” but these com-
ments did not appear in the 1961 version of the symposium. The symposium’s editor, Carlos Chagas, Jr. (the son of Carlos Chagas
who, along with Osvaldo Cruz, discovered Chagas-Cruz disease in 1890), was a prominent cholinergiker, a pioneer of studies of 
the Torpedo electric organ, and one of the fi rst of three investigators (including Sydney Ehrenpreis and David Nachmansohn) to 
try to isolate the cholinergic receptor (see also Chapter 3).



Table 1-7. Recoveries 

Sir John Eccles, “Cholinergic  .  .  .  Synapses in a Central Nervous System Pathway”
 Paul Fatt, and  (Eccles, Fatt, and Koketsu, 1954).
 Kyozu Koketsu
David Nachmansohn “On addition of ATP to  .  .  .  brain  .  .  .  and electric organs  .  .  .  extracts,
 and A.L. Machado  the fi rst enzymatic acetylation of choline was achieved”

 (Nachmansohn and Machado, 1943).
Corneille Heymans and E. Neil “The Chemical Control and Respiration” (Heymans and Neil, 1958).
Mark Rosenzweig, David “Relate biochemical activities in the cortex to adaptive behavior
 Krech, and Edward Bennett  pattern  .  .  .  plasticity” (Rosenzweig, Krech, and Bennett, 1958).
Michel Jouvet “Potent inhibitory action of atropine  .  .  .  upon PS and PGO spikes”

(Jouvet, 1972).

view by discovering, characterizing, and elucidat-
ing the role of choline acetyltransferase (CAT) 
(EC 2.3.1.6) and acetyl coenzyme A (Table 1-7). 
He was also one of the fi rst to crystallize AChE 
and made the fi rst attempt to isolate and purify the 
nicotinic receptor (Nachmansohn’s unpublished 
data). Considering in toto Nachmansohn’s goofs 
and recoveries, he was one of the most brilliant 
cholinergikers.

Then, there is Sir John Eccles’ heresy (Karcz-
mar, 2001a, 2001b; Table 1-6), as for many years 
he considered and attempted to prove that synaptic 
transmission is electric in nature (Eccles, 1946; 
see Chapter 9 A-2c). It is fi tting to apply the term 
“heresy” to this wrong notion, as Sir Henry Dale 
referred to Eccles’ subsequent change of mind as 
“conversion.” This change of mind resulted in 
experiments on the synapse between the motoneu-
ron collateral and the Renshaw cell carried out by 
Eccles, Fatt, and Koketsu. These experiments 
proved the presence of chemical, cholinergic 
transmission in the CNS and earned Eccles the 
Nobel Prize (Table 1-7). Eccles commented sub-
sequently (1987) that the manuscript that described 
these results and which was submitted to the 
London Journal of Physiology by mail from 
Australia was the fastest-accepted manuscript in 
his experience!

Similarly, while Corneille Heymans, a super-
cilious patrician raconteur and gourmet, may be 
faulted for believing that all the ganglionic effects 
of the OP drugs including di-isopropylfl uoro-
phosphonate (DFP) and tetraethylpyrophosphate 
(TEPP) are independent of their AChE inhibition 
(Heymans, 1950; Table 1-6), he managed to earn 
the Nobel Prize for his demonstration of the 
chemical control of respiration via the chemore-

ceptors of the carotid body and sinus (Heymans 
and Neil, 1958). In fact, in his studies of these 
centers, Heymans stressed their exquisite sensitiv-
ity to ACh. Actually, Lindgren et al. (1952) pro-
posed a neurotransmitter role for ACh at these 
sites, which is a role that ultimately could not be 
justifi ed (Heymans and Neil, 1958). Nevertheless, 
Heymans was at least partially right in his notions 
regarding the OP drugs, as these drugs exhibit 
some actions that are not dependent on inhibition 
of AChE.

Michel Jouvet initially claimed that catechol-
amines and serotonin are the sole transmitters reg-
ulating the balance between slow and REM sleep 
(Table 1-6), yet he was probably the fi rst investiga-
tor to fi nd that atropine blocks REM sleep (Table 
1-7; Jouvet, 1967, 1972). He was also an investiga-
tor who used to “play the monamine game” and 
who pioneered the studies of the multitransmitter 
nature of the pathways controlling the sleep-
wakefulness system (see Chapter 9 BIV-3c).

In experimental terms, Mark Rosenzweig, 
David Krech, and Edward Bennett never “recov-
ered” from their heresy of imputing functional and 
learning signifi cance to 2% and 3% differences in 
brain AChE and to the complex ratios between 
brain BuChE and AChE, as it seems that they 
never recanted these experiments (Rosenzweig et 
al., 1958; Krech et al., 1966; see also Karczmar, 
1969). However, this brilliant interdisciplinary 
team’s notions regarding the fl exibility and plas-
ticity of the brain and the possibility of demon-
strating this fl exibility in terms of neurochemical 
parameters were posited long before these notions 
became a norm.

Andrey Zupancic always held to his claim 
that ChEs are identical with cholinergic receptors 
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(Zupancic, 1967). Of course, his arguments con-
cerning common binding characteristics of the 
anionic centers of ChEs (which ligated ACh and 
nicotinic antagonists such as d-tubocurarine after 
the inhibition of esteratic sites by physostigmine) 
and of “alleged” receptors were interesting and 
were state-of-the-art at the time.

The “goof” of Phillipe de Clermont was that he 
drank in 1854 the potent OP antiChE tetraethyl-
pyrophosphate (TEPP) and erred by not succumb-
ing to this poisonous drug, as this error delayed our 
understanding of the toxic effects of antiChEs 
(Table 1-6). Again, this error was intelligible in 
terms of the state of the art of the time: one of the 
Edinburgh pioneers of the studies of the Calabar 
bean, Robert Christison (see Table 1-1) was simi-
larly rash in consuming amounts of Calabar beans 
equivalent to some 10 mg of physostigmine without 
fi rst testing the bean in animals, again, without 
perishing (see Chapter 7 A). However, both Chris-
tison and de Clermont redeemed themselves, as 
they lived to be 91 and 85 years old, respectively.

Forrest Weight (1968) denied the presence of the 
Renshaw cell some 15 years after the publication of 
Eccles’ papers (Eccles et al., 1953, 1954) and a few 
years after defi nitive anatomical identifi cation of the 
Renshaw cell (Eccles, 1969). What may be said on 
behalf of Weight is that he managed to survive, 
apparently in silence. In his deadly critique, Eccles 
(1969) referred to Weight’s paper as “a most auda-
cious attack” on the Renshaw cell and on the exis-
tence of synaptic transmission at the site.

Finally, the tale of Walter Riker, Jr., Frank 
Standaert, and their associates (Table 1-6) is 
linked, via P.T. Feng as an intermediary, with 
Eccles’ “recovery” from his early heresy when he 
proposed that neuromyal and ganglionic transmis-
sion were generated by “electric action potential.” 
The full story may be reconstituted as follows: at 
the old Peiping Union Medical College, P.T. Feng 
and his colla borators studied the neuromyal toad 
junction, employing physostigmine, guanidine, 
veratrine, and the like. In these studies, they dem-
onstrated that retrograde discharge could be evoked 
by means of these drugs from the toad motor nerve 
endings, and during the 1940s, several investiga-
tors confi rmed this fi nding (see Karczmar, 1967a, 
1967b). Then, during the 1950s, Riker expanded 
the notion, adding a novel interpretation to Feng’s 
fi ndings, as he associated the neuromyal transmis-
sion with Feng’s retrograde discharge and ascribed 

this transmission to currents originating in the 
motor nerve terminal (Riker et al., 1957; Standaert 
and Riker, 1967), which was essentially taking up 
the position embraced some 20 years earlier by 
Eccles.

Ultimately, Arthur H. Hayes and Walter Riker 
(1963) published the data indicating that no more 
ACh is released at the neuromyal junction during 
motor nerve stimulation than during rest. To add 
oil to fi re, Standaert and Riker (1967) opined that 
there was no greater reason to assign the trans-
mitter role to ACh than “to decamethonium, tetra-
ethylammonium, succcinylcholine,” as all of these 
agents exert similar actions at the neuromyal junc-
tion. The error worsened when Riker’s brother, 
William Riker, joined the fray and proposed that 
the same mode of electrical transmission exists at 
the sympathetic ganglia (Riker and Szreniawski, 
1959). These publications sent many pharmacolo-
gists scurrying back to the laboratory to retest the 
transmission mechanism that appeared to have 
been settled since the days of the knights (Sir 
Henry Dale, Sir William Feldberg, and Sir John 
Eccles). They repeated the work of Walter Riker 
and William Riker, and again obtained the classical 
results (see, for example, Krnjevic and Straughan, 
1964; see also Karczmar, 1967a, 1967b). However, 
apart from this aberration, William and Walter 
Riker performed brilliant experimental and educa-
tional work and, ultimately, Walter Riker earned 
the prestigious Sollman Award.

Altogether, the errors made, whether redeemed 
or not by their perpetrators, were almost always 
heuristic. Also, they render the cholinergic lore 
even more interesting than it would have been if 
its progress had always been smooth. Finally, they 
make this historical tale more personal.

C. Scope of This Book

The scope of this book is closely linked to its 
aim to present the cholinergic matters in a histori-
cal perspective, and to describe the growth of cho-
linergic research into its current status—of course, 
this status is not the end of the cholinergic saga, 
since its rise continues. Accordingly, the preced-
ing sections of this chapter summarize the history 
of the cholinergic research and dwell particularly 
on a number of historical high points (the “fan-
fares”). Moreover, Table 1-1 also refers to perti-
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nent chapters in this book that further expand the 
accounts of the cholinergic lore, as each chapter 
includes its own historical section.

To fully appreciate the central cholinergic 
system and its functions, one needs to tackle the 
components of the system. Cholinoceptivity is an 
important component, as it translates cholinergic 
transmission into a trans-synaptic effect and, 
ultimately, into cholinergic function. Aspects of 
cholinoceptivity, such as receptor subtypes, ensure 
multiple specializations of the cholinergic func-
tion and its adaptability to circumstances, includ-
ing the environment; Chapters 4, 5, and 6 deal 
with this preeminent matter. In addition, the 
central cholinergic function depends on and is 
demarcated by the topography of the central cho-
linergic pathways. New methods for identifying 
cholinergic neurons via the immunochemical 
marking of CAT made the delineation of these 
pathways possible, as discussed in Chapter 2. In 
addition, the earlier sections of this introduction 
make salient the importance of the functional 
components and markers of cholinergic neurons, 
and this area is also described in Chapter 2.

ACh metabolism is of course the condition 
sine qua non of the existence of the cholinergic 
system; this metabolism involves synthesis as well 
as catabolism of ACh, and these cholinergic com-
ponents are presented in Chapter 3. The novel and 
important aspects of this area is the question of the 
limiting step of ACh synthesis—is it choline? Is 
it CAT? This particular question generated another 
issue—in view of the agonist actions, under certain 
circumstances, of choline, could its synthesis and 
nerve terminal uptake threaten the homeostasis 
of choline levels? Then there are enigmas with 
respect to the catabolic role of ChEs; is the role 
and tissue presence of ChEs restricted to its cata-
bolic activities?

As mentioned in the earlier sections of the 
introduction, at one time the ontogeny and phylog-
eny of the cholinergic system were exploited to 
demonstrate the existence of cholinergic transmis-
sion and its importance for functions such as motil-
ity. Today, this story may hold only a historical 
interest, and it may be supposed that the knowl-
edge of cholinergic ontogeny and phylogeny 
may not relate to our understanding of the central 
function of the cholinergic system. However, the 
ontogenetic studies revealed that cholinergic com-
ponents appear in development prior to forming 

the rudiments of the nervous system, and the non-
nervous appearance of cholinergic components 
has been demonstrated in phylogenetic research. 
The role of this precocious appearance of cholin-
ergic components and its presence outside the 
nervous system may relate to trophisms. And, vice 
versa, trophic factors are important for cholinergic 
development, and their discovery constitutes one 
of the most interesting cholinergic stories. These 
matters are described in Chapter 8.

Many agents are featured in the cholinergic 
story, including d-tubocurarine, beta-erythroidine, 
and curarimimetics; nicotinic and muscarinic ago-
nists and antagonists; choline and ACh uptake 
inhibitors; and neurotoxins (Narahashi, 1974). 
They are described, as appropriate, throughout 
this book. Yet, antiChEs are perhaps the most 
important—or the most notorious—among these 
agents. Anticholinesterases are very useful in 
characterizing cholinergic function, their role as 
pesticides is extremely important in our agricul-
tural economy, and the use of OP drugs as war 
gases is of major signifi cance. Altogether, these 
compounds and their fascinating history merit a 
special chapter, Chapter 7.

The main focus of Chapter 10 is Alzheimer’s 
disease (AD). Tertiary antiChEs have been used in 
AD for the last 25 years (see Chapter 10 A), and 
this use was initiated by the realization of the 
degeneration of cholinergic neurons in this disease. 
Even with increased awareness that AD is not, 
etiologically, a cholinergic disease, the employ-
ment of antiChEs in this condition (and in 
non specifi c geriatric memory loss) is continued, 
particularly because of the new knowledge 
with respect to their effects in AD. Chapter 10 
dwells on these matters and on the past and present 
understanding of the cholinergic management of 
AD.

It must be noted that cholinergic drugs are, or 
were, employed clinically with respect to neuro-
myal, autonomic, ocular, and central diseases 
(Karczmar, 1979, 1981, 1986a). Current choliner-
gic treatment of peripheral disease is outside of 
the present scope, although it will be briefl y 
referred to in Chapter 10 A and K; the chapter will 
also describe briefl y several uses of cholinergic 
drugs for brain diseases besides AD.

Though many aspects of central cholinergicity 
are introduced and rendered intelligible by Chapters 
2 through 8 and Chapter 10, Chapter 9 expands the 
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realm of the central cholinergic discussion by 
describing characteristic features of the cholinergic 
central nervous system and its pharmacology. These 
features range from pre- and postsynaptic physiol-
ogy and pharmacology, transmittive events and 
phenomena of central ACh release, to “organic” 
functions, such as central electrophysiology that 
include EEG, evoked potentials, REM sleep, sei-
zures, respiration, and endocrine effects. Then there 
are the behaviors; it must be emphasized that cho-
linergic correlates were fi rmly established for a mul-
titude of behaviors, and there may be only very few 
behaviors which were not evaluated for their cholin-
ergicity (see Chapter 9 BIV and BV). Finally, there 
are the matters of consciousness and self-awareness 
(see Chapter 9 BVI). These subjects touch on the 
millennia-old problems of the body-mind dichot-
omy. The novel speculations as to the possible con-
tribution of cholinergic synaptic function to these 
problems constitute an appropriate consummation 
of the long and brilliant cholinergic saga.

D. Envoi

It was suggested at the beginning of this 
chapter (section A) that cholinergicity is unique 
among biological sciences in its importance and 
in the brilliance of the discoveries made in this 
fi eld. A few examples were adduced to support 
this statement, and section B provides additional 
evidence for this notion; section B also alludes, 
however incompletely, to the shining researchers 
who made the cholinergic story so rich and so 
heuristic. But, besides reminding us of the past, 
this introduction illustrates the continuity of the 
progress of the cholinergic story, which extends 
from molecular and cellular cholinergicity to cog-
nition and self-awareness.

Notes

1. The question of cytoplasmic versus vesicular release 
of ACh constitutes an ardent controversy (see the 
foreword and Chapter 2 C-1 and C-2).

2. However, a bioassay utilizing toad lung may measure 
10–17 molar concentrations of ACh (see Chapter 2 
C-2).

3. Apparently, there is something wrong with their 
results, but nevertheless!

4. The late Edith Heilbronn, German-born Swedish 
scientist (see Figure 1-4), pioneered the antiChE 
research, particularly of the OP type. She developed 
many theorems concerning the mechanisms of their 
action and many agents that could serve as their anti-
dotes. Among those, she discovered the properties of 
a fl uoride, NaF, that works as an effective reactivator 
of OP-inhibited phosphorylated AChE. This dis-
covery led to the understanding of many other NaF 
actions, including its “sensitizing” modulatory effect 
(Koketsu, 1966).

5. While this book focuses on the central cholinergic 
system, the research concerning cholinergic periph-
ery is pertinent for the full intelligibility of the prog-
ress of cholinergic research and is therefore included 
in Tables 1-1, 1-2, and 1-3. Table 1-1 shows the 
approximate dates of the initiation of each particular 
area of research, but of course there is no such thing 
as the end of any of the studies in question, as indi-
cated in the table (for example, the period of from 
1850 till the present is suggested as the time of 
studies of organophosphorus antiChEs); sometimes, 
however, the period of a particular study area is 
shown as circumscribed, to indicate the time of par-
ticular intensity or signifi cance of the studies in ques-
tion (for example, in the case of the isolation and 
structurization of physostigmine).

6. One of the pioneers of this research, Rene Couteaux 
(see Couteaux, 1947), died in 2000; he had surpassed 
90 years of age.

7. A leafl et from a Koppanyi Georgetown University 
Medical Center Lecture states that Theodore Koppa-
nyi would claim priority with respect to just about any 
discovery in the cholinergic fi eld that has been men-
tioned; if one doubted it, he could pull out a reprint of 
his that would prove his point. Altogether, Theodore 
Koppanyi may be listed among the most eccentric 
investigators in a fi eld rich in eccentrics. Some of his 
peculiarities are revealed in Karczmar, 1987a.
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A. History of Methodological 
Development Needed to 
Defi ne the Cholinergic 
Neuron, Explain 
Acetylcholine Release, 
and Establish Central 
Cholinergic Pathways

1. What Led to Establishing 
Cholinergic Pathways?

a. Sir Henry Dale and Sir William 
Feldberg and the Existence of 
Cholinergic Pathways

The central presence of cholinergic trans-
mission was fi rst hypothesized by Sir Henry 
Dale (1937). The Stedmans, Paul Mann, John 
Quastel, and Maurice Tennenbaum, Dale’s 
associate William (now Sir William) Feldberg, 
and his coworkers, including Martha Vogt and 
Catherine Hebb, and Josiah Burn and Edith 
Bulbring provided additional evidence for Dale’s 
hypothesis; this evidence included the demon-
stration of the central nervous system (CNS) pre-
sence of acetylcholine (ACh) and choline acetyl 
transferase (CAT), ACh synthesis and ACh 
release in the CNS, and the central and peripheral 
effects of muscarinics and anticholinesterases 
(antiChEs) (Stedman and Stedman, 1937; Feld-
berg and Vogt, 1948; Feldberg, 1945, 1950; see 
Eccles, 1964; Karczmar, 1967; and Barker et al., 
1972; Mann et al., 1938a, 1938b; see also Chapter 
8 A). Also, Henry Dale surmised early the pres-
ence of a ChE from his demonstration of the 
evanescence of the action of ACh (Dale, 1914, 
1937; see also Chapters 7A, 8A, and 9A).

Feldberg was struck with the uneven distribu-
tion of ACh, sites of ACh release and synthesis, 
and activities of ChEs in the CNS; these fi ndings 
led him to postulate that “the central nervous 
system is built of cholinergic and noncholinergic 
neurones,” distributed in an alternative fashion 
(Feldberg, 1945). This was the fi rst step toward 
the notion of a transmitter, including ACh CNS 
pathways; in fact, Feldberg (1945) was perhaps 
the fi rst investigator to employ the term “central 
pathway” to denote “transmission  .  .  .  through the 
mediation of acetylcholine across a number 
of  .  .  .  central  .  .  .  synapses.” The evidence in 
question was obtained via the use of several 
extraction methods and bioassays for extracted 
ACh, although occasionally chemical identifi ca-
tion was attempted (Stedman and Stedman, 1937). 
Also, collecting released ACh whether from the 
cerebrospinal fl uid or via perfusion of appropriate 
spinal or brain sites was helpful with formulating 
Feldberg’s notion (Feldberg, 1945; Bulbring and 
Burn, 1941).

A digression is warranted. Although Zenon 
Bacq had already employed chemical identifi ca-
tion of endogenous ACh in 1935, his method was 
complex and impracticable. Much earlier ACh 
bioassays were employed (see, for example, 
Fuhner, 1918); they were used by Loewi (1921), 
to identify the “Vagustoff” released by the vagus 
nerve, and their use continued for decades. The 
bioassays included Venus heart, frog rectus 
abdominis, and several other tissues, and gener-
ally they were sensitive to ACh concentrations of 
10-8 to 10-10 molar. But one particular bioassay 
was sensitive to ACh concentrations of 10-21 molar 
(Nishi et al., 1967). It involved the toad lung, but 
only the Japanese team of Kyozo Koketsu, 
Syogoro Nishi, and Hiroshi Soeda is capable of 
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employing it successfully (see below, section 
C). Then an immunocytochemical method was 
developed for detection of ACh (Geffard et al., 
1985); of course, this technique would be most 
useful in defi nitive identifi cation of cholinergic 
neurons and pathways, but there was no follow-up 
with regard to its employment. Subsequently a 
number of chemical methods were worked 
out, including radioisotopic, gas chromato-
graphic–mass spectrometric, fl uorometric, and 
polarographic. The gas chromatography–mass 
spectrometry (GCMS) method, discovered by 
Israel Hanin, Don Jenden, and Bo Holmstedt (see 
Hanin and Goldberg, 1976) is commonly used 
today; it is sensitive at a nanogram level.1

Finally, when Maurice Israel and his associates 
wished to prove an unorthodox concept of ACh 
release, they needed an ultrasensitive ACh mea-
surement method to prove their point and devel-
oped chemiluminescense to meet this need (Israel 
and Lesbats, 1981; Israel et al., 1990; see next 
section). Today, this method is widely used in 
industry as it allows researchers to deal with a 
large number of samples.

b. Cholinergic Ascending Reticular 
Alerting System

The evidence concerning several markers of 
cholinergic neurons and their CNS locus did not 
yield a specifi c description of cholinergic path-
ways; it suggested only that there may be many 
such pathways (Eccles, 1964) and that Feldberg’s 
notion of alternative cholinergic-noncholinergic 
areas or sites may be not quite tenable.

The lucky thought of studying pharmacol-
ogical effects of cholinergic drugs on the EEG 
and relating these effects to cholinoceptive sites 
brought about the fi rst descriptions of specifi c 
cholinergic pathways. The alerting EEG effects 
(fast, low-voltage activity and the appearance of 
the theta rhythms; see Chapter 9 BIV-3) of ACh 
and cholinergic muscarinic agonists were noticed 
early by Frederic Bremer and Jean Chatonnet 
(1949). Actually, Bremer and Chatonnet ascribed 
these effects to the direct action of the cholinergic 
agents on a central cholinergic system, while 
Darrow and his associates (1944) stated that these 
phenomena are due the vasodilator actions of 
the muscarinics on the brain vascularization. But 
Joel Elkes, Phillip Bradley, and their associates 

(Bradley and Elkes, 1953), Franco Rinaldi and 
Harold Himwich (1955a, 1955b), and Vincenzo 
(Enzo) Longo and Bernardo Silvestrini (1957) 
obtained similar effects with either ACh or di-
isopropylfl uorophosphonate (DFP) in the rabbit 
and in the cat, and they blocked these effects 
by means of atropine (see also Jasper, 1966; 
Karczmar, 1967). Also, they eliminated the possi-
bilities of the peripheral or vasodilator origin of 
these effects, or of diffuse actions of the drugs in 
question on the cortex, as they obtained these 
effects of ACh or DFP via their carotid injection 
in the cerveau isole preparation but not in the 
isolated hemisphere preparation. Altogether, these 
investigators proposed that cholinergic alerting 
effects are dependent on a cholinergic alerting 
mesodiencephalic system or ascending reticular 
activating system (ARAS; Figure 2-1). A similar 
proposal was made by Kris Krnjevic and J.W. 
Phillis (1963): they proposed the existence of a 
cholinergic thalamocortical pathway concerned 
with projection and augmenting activity as they 
pointed out that ACh-sensitive cortical cells 
respond to thalamic or peripheral sensory stimula-
tion with repetitive after-discharges and changes 
in the EEG. These notions were supported by the 
fi nding of Frank (Hank) MacIntosh and Paul 
Oborin (1953) of the increased release of ACh 
from the cortex during EEG arousal evoked by 
brainstem stimulation. In addition, McLennan 
(1963) proposed, on the basis of ACh release data 
and on the dependence of this release on func-
tional states of the brain that there is a cholinergic 
pathway to the basal nuclei that originates in the 
nucleus ventralis lateralis.

It must be stressed that the very concept of the 
ARAS is based on the important, early discovery 
of Giuseppe Moruzzi and Horace Magoun that the 
stimulation of the reticular formation (within the 
midbrain tegmentum) induces the general activa-
tion, via the thalamus, of the whole forebrain 
including all cortices; they emphasized that this 
stimulation causes cortical arousal accompanied 
by behavioral arousal or awakening (Moruzzi, 
1934; Moruzzi and Magoun, 1949). As valid as 
this discovery is, Moruzzi’s and Magoun’s identi-
fi cation of behavioral and EEG arousal is not quite 
correct (see Chapter 9 BIV-3).

Finally, the anatomical description of ascend-
ing cholinergic pathways based on cytochemical 
and immunochemical methods was fi rst provided 
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by Charles Shute and Peter Lewis and Michel 
Gerebtzoff, and then by George Koelle; recent 
studies of the McGeers, Larry Butcher, and Marsel 
Mesulam are consistent with these fi ndings (see 
section DI in this chapter). Since the investiga-
tions of Bradley, Krnjevic, Phillips, Himwich, 
Elkes, Bremer, Chatonnet, and Rinaldi, as well as 
those of Shute and Lewis, the notions of choliner-
gic alerting actions and their mesodiencephalic 
origin are generally accepted; it should be pointed 
out that this concept of a linearly extended 
cholinergic system is not in accordance with 
Feldberg’s original postulate of alternative choli-
nergic and noncholinergic pathways.

c. Finally, a Defi nitive Description of 
Central Cholinergic Pathways

Histochemical and immunocytochemical 
means to identify AChE and CAT were the most 
effective and successful methods to delineate cho-
linergic pathways. During the 1940s and 1950s, 
several histochemical methods were developed by 

Giorgio Gomori, David Glick, and ultimately 
George Koelle to localize BuChE and AChE (see 
Koelle, 1963; Karczmar, 1963a, 1963b). All these 
methods are based on use of tissue slices and appli-
cation of a substrate (such as a fatty acid ester, for 
example), hopefully specifi c for either AChE or 
BuChE; the substrate, when hydrolyzed by the 
enzyme, yields a colored or black precipitate, or 
still another reagent is added to produce the pre-
cipitate with the hydrolysate; specifi c inhibitors of 
AChE and BuChE are also applied to help, jointly 
with the use of enzyme specifi c substrates in iden-
tifying the enzyme that is being localized. Koelle 
and Friedenwald’s famous microscopic histo-
chemical method (1949) utilizes acetyl thiocholine 
or butyryl thiocholine as substrates as well as 
appropriate inhibitors. This method employs fresh 
frozen tissues or slices rather than fi xed materials 
(making the method histochemical rather than his-
tological) and produces remarkable resolution of 
the morphological location of the enzymes. Using 
his method in rats, rabbits, and cats, Koelle (1954) 
listed a number of central sites and nuclei that 
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1963).
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exhibited “intense,” “moderate,” or “light” stain-
ing, including several components of the limbic 
system, several midbrain and medullary sites, 
several hypothalamic sites, basal ganglia, and 
reticular formation, but, surprisingly, he did not 
refer to ventral horn, although he found some 
staining in the dorsal horn.

While George Koelle stressed that his fi ndings 
identifi ed several brain areas that exhibit intense 
presence of cholinergic synapses, he did not 
describe, on the basis of these fi ndings, the exis-
tence of specifi c cholinergic pathways. On the 
other hand, Koelle (1961, 1963) established the 
important concept of functional (membrane) 
versus storage or reserve AChE (he employed 
quaternary antiChEs to differentiate between the 
two); he also stressed that AChE is present both 
at the membrane of the soma (the postsynaptic 
enzyme) and at the nerve terminals (the presynap-
tic enzyme); also, he modifi ed his original 
microscopic method so that it could serve for elec-
tronmicroscopic investigations.

Koelle’s fi ndings were confi rmed and expanded 
by Gerebtzoff (1959) and Shute and Lewis (1967a, 
1967b); Gerebtzoff’s data may be less dependable 
than Koelle’s, as Gerebtzoff applied Koelle’s 
staining to formalin-fi xed rather than fresh-frozen 
tissues. Shute and Lewis (1967a, 1967b) and 
Gerebtzoff (1959) also employed lesion tech-
niques to identify the brain site origin of AChE. 
Similar to Koelle, Gerebtzoff did not use his data 
to describe specifi c cholinergic pathways. His 
sites of intense staining of AChE corresponded 
to those described by Koelle (i.e., thalamus 
and hypothalamus, basal ganglia, medullary and 
pontine sites, including pontine tegmentum, which 
was later identifi ed as an important source of 
cholinergic radiation, etc.). Gerebtzoff also 
stressed a convergence of “cholinergic and non-
cholinergic fi bres on the Purkinje cell,” and, in 
contradistinction to Koelle, he described the pres-
ence of heavy AChE staining in the spinal ventral 
horn and its motoneurons, as well as in cranial 
motoneurons.

Charles Shute and Peter Lewis (1963, 1967a, 
1967b) also reemployed Koelle’s methods to 
advance signifi cantly the understanding of the 
cholinergic pathways. They realized that “AChE-
containing tracts  .  .  .  cannot be unequivocally 
traced back to their nuclei of origin,” and they 
adopted a novel paradigm to resolve this diffi -

culty: they discovered that “after involvement of 
AChE-containing tracts in surgical lesion, enzyme 
accumulated on the cell body side of the cut and 
disappeared from the opposite side, and that this 
phenomenon would provide a useful method of 
determining the polarity of cholinergic pathways”; 
also, this method allowed tracing a given pathway 
from the neurons of origin to their terminations. 
Finally, Shute and Lewis employed special micro-
methods to be sure that the lesions are applied to 
appropriate sites.

Their studies led them to defi ne two pathways. 
The fi rst is “the ascending cholinergic reticular 
system  .  .  .  arising  .  .  .  from reticular and tegmen-
tal nuclei of the brainstem, and from comparable 
groups of cells in the fore-brain” and extending to 
thalamus, subcortical, and cortical areas, hypo-
thalamus, and limbic nuclei; they identifi ed this 
system with the ARAS (which therefore corre-
sponds to the Rinaldi-Himwich and Krnjevic path-
ways) and with the alerting EEG phenomena. The 
second pathway, the cholinergic limbic system, 
originates from the medial septum and diagonal 
band and projects to the hippocampal formation 
and the dentate gyrus, thence to the medial cortex, 
nuclei of the ascending system (ARAS), and the 
cerebellum. Again, Lewis and Shute proposed the 
involvement of this limbic system in such EEG 
phenomena as the hippocampal theta waves (see 
Chapter 9 BIV-3). It must be stressed how 
modern—that is, comparable to the work, 20 years 
later, of the McGeers, Mesulam, and others—these 
studies appear (Figures 2-2 and 2-3).

Subsequently, Peter Lewis (with Henderson, 
1980) was the fi rst to employ a dual cytochemical 
technique combining AChE histochemistry with 
horseradish peroxidase (HRP) procedures. When 
HRP is injected into the brain it is taken up and 
transported retrogradely to the neurons, which 
supply the area of HRP injection (Kristenson et 
al., 1971); this dual method confi dently identifi es 
the sites of origin of cholinergic pathways, and, in 
the hands of Lewis and Henderson it amply con-
fi rmed the Lewis-Shute conclusions. Since the 
studies of Lewis, Kristenson, and their associates, 
other agents became available to trace back the 
origin of axons and neuronal pathways, including 
certain neurotoxins, fl uorescent and radio-auto-
graphic tracers such as Fluoro-Gold and Fluoro-
Red (see, for example Li and Sakagachi, 1997) 
and [3H] choline (Jones and Beaudet, 1987).
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pathways in question, “endorsed  .  .  .  the con-
cept  .  .  .  of dorsal tegmental projections to most of 
the nuclei fi rst postulated by Shute and Lewis,” 
although she described additional projections to 
the thalamus and the cortex, and stressed the sig-
nifi cance of the nucleus basalis magnocellularis 
of Meynert (NBM) and parabrachial nucleus as 
sources of important cholinergic radiations; these 
notions were supported by the data obtained via 
CAT immunohistochemistry method (Fibiger, 
1982; Woolf and Butcher, 1986; Bigl et al., 1982; 
see also next section). Altogether, the Shute-Lewis 
pathways as modifi ed subsequently are a good 
approximation of the pathways established some 

Essentially, the early studies of Shute and 
Lewis stood the test of time, and the subsequent 
investigators, while expanding on their data via 
using different methodology (such as CAT immu-
nocytochemistry; see below), confi rmed their con-
clusions (Kasa, 1971a, 1971b; McGeer et al., 
1987a, 1987b). In fact, this confi rmation was 
also obtained by investigators using techniques 
similar to those employed by Shute and Lewis 
(see, for example, Krnjevic and Silver, 1965). In 
addition, in her 1985 study Paula Wilson, who 
used improved three-dimensional photography 
and the dual cytochemical technique of Lewis and 
Henderson (1980) to analyze histochemically the 

Figure 2-2. Diagram showing the constituent nuclei (stippled) of the ascending cholinergic reticular system in 
the mid-forebrain, with projections to the cerebellum, tectum, thalamus, hypothalamus, striatum, lateral cortex, and 
olfactory bulb. ATH, antero-ventral and antero-dorsal thalamic nuclei; CAU, caudate; CM, cetromedian (parafas-
cicular) nucleus; CR, cingulate radiation; CU, nucleus cuneiformis; DB, diagonal band; DTP, dorsal tegmental 
pathway; G, stratum griseum intermediale of superior colliculus; GB, medial and lateral geniculate bodies; GP, 
globus pallidus and entopeduncular nucleus; LC, lateral cortex; LHTH, lateral hypothalamic area; LP, lateral preoptic 
area; M, mammilary body; MTH, mammillo-thalamic tract; OB, olfactory bulb; OR, olfactory radiation; OT, olfac-
tory tubercle; P, plexiform layer of olfactory tubercle; PC, precallosal cells; PT, pretectal nuclei; PU, putamen; SC, 
superior colliculus; SLC, supero-lateral cortex; SN, substantia nigra pars compacta; SO, supraoptic nucleus; STR, 
striatal radiation; SU, subthalamus; TH, thalamus; TP, nucleus reticularis tegmenti pontis (of Bechterew); VT, ventral 
tegmental area and nucleus of basal optic root; VTP, ventral tegmental pathway. (Reprinted from Brain vol. 90, 
497–517, 1967, “The Ascending Cholinergic Reticular System: Neocortical, Olfactory and Subcortical Projection” 
by C.C.D. Shute and P.R. Lewis by permission of Oxford University Press.)
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20 years later by employing CAT immunohisto-
chemistry methodology. It should be stressed that 
the pathways in question overlap with the central 
sites, already discussed in this section, of cholin-
ergic receptors, and ACh presence, release, and 
synthesis.

Nevertheless, is AChE histochemistry a depend-
able way to identify the cholinergic pathways? The 
McGeers and Henry Kimura, the pioneers of CAT 
immunohistochemistry, stressed that AChE “also 
occurs in non-cholinergic cells” and they adduced 
as examples “dopaminergic neurons of the substan-
tia nigra, noradrenergic neurons of the locus ceru-
leus and serotonergic neurons of the raphe, which 
all stain intensely for AChE”  .  .  .  and  .  .  .  “are not 

cholinergic” (Mizukawa et al., 1986); similar 
arguments were raised by Nancy Woolf and Larry 
Butcher (1986). In agreement with this notion, 
several investigators who identifi ed simultaneously 
AChE and CAT in brain neurons found that a per-
centage of neurons (usually quite small) exhibited 
only AChE but not CAT (Eckenstein and Sofroniew, 
1981). The matter of the presence of AChE in non-
cholinergic cells relates to the presence of choliner-
gic receptors postsynaptically on noncholinergic 
neurons; this occurrence is characteristic for the 
synapses between cholinergic radiations and other 
transmitter systems and is relevant for the McGeers’ 
reference to transmitter interaction. In addition, 
AChE is present presynaptically on axonal 

Figure 2-3. Diagram showing cholinesterase-containing nuclei of the midbrain and forebrain (indicated by 
stipple) connected with the hippocampus, their projections to the medial cortex, and their connections with the 
ascending cholinergic reticular system. Abbreviations: A, nucleus accumbens; ATH, antero-ventral and antero-dorsal 
thalamic nuclei; BC, brachium conjunctivum; BP, brachium pontis; C, interstitial nucleus of the ventral hippocampal 
commissure; CBL, cerebellum; CC, cingulated cortex (cingular and retrosplenial areas); CU, nucleus cuneiformis; 
DB, diagonal band; DE, deep tegmental nucleus (ventral tegmental nucleus of Gudden); DO, dorsal tegmental 
nucleus; F, formix; FC, frontal cortex (area infralimbica and anterior limbic area); FR, fasciculus retrofl exus 
(habenula-interpeduncular tract); H, habenular nuclei; HF, hippocampal formation; IP, interpeduncular nucleus; LP, 
lateral preoptic area; M, mammilary body; MS, medial septal nucleus; MT, mammillo-tegmental tract; MTH, mam-
millo-thalamic tract; OB, olfactory bulb; OT, olfactory tubercle; PC, precallosal cells; R, dorsal and median nuclei 
of raphe (nucleus centralis superior); SFO, subfornical organ; SH, stria habenularis; SR, septal radiation; TP, nucleus 
reticularis tegmenti pontis (of Bechterew); VT, ventral tegmental area. (Reprinted from Brain vol. 90, 521–540, 
1967, “The Ascending Cholinergic Reticular System: Neocortical, Olfactory and Subcortical Projection” by C.C.D. 
Shute and P.R. Lewis by permission of Oxford University Press.)
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CAT and AChE data agree with the more exten-
sive mapping based on CAT immunohistochemis-
try, and with data concerning other components of 
the cholinergic system. Generally, this is true; 
however, his mappings, whether based on histo-
chemistry or immunohistochemistry, differ in 
several respects from those described by Lewis 
and Shute (1967) on the basis of AChE histo-
c hemistry or by the McGeers, Mesulam, Butcher, 
Woolf, and others on the basis of CAT immuno-
chemistry. Altogether, as AChE histochemistry is 
relatively limited in its specifi city and discrimina-
tory powers, as recognized by Kasa himself 
(1986), it is to the immunohistochemical identifi -
cation of the distribution of CAT that we owe the 
defi nitive progress in this area.

The immunohistochemical tracing of CAT was 
fi rst described by Eng et al. (1974) and Pat and 
Edith McGeer and Henry Kimura in the 1970s 
(McGeer et al., 1974); the McGeers and Kimura 
further developed this method and applied it exten-
sively to the mapping of cholinergic pathways 
(Kimura et al., 1980, 1981); it is a dependable and 
most direct procedure for establishing cholinergic 
pathways, as CAT, per defi nition, identifi es cho-
linergic neurons. The method is based on produc-
ing antibodies to the purifi ed CAT protein, 
preparation of appropriate antisera, and applying 
histochemical staining techniques; it became suc-
cessful only when the purifi cation of the CAT 
protein became adequate and the specifi city of the 
antibodies achieved. Additionally, the McGeers 
and the subsequent investigators (see section IIC, 
below) used lesions, retrograde marking and its 
visualization (Mesulam, 1978), and antiChEs to 
achieve precise mapping of the cholinergic path-
ways. The early, and yet quite advanced mapping 
was fi rst presented by the McGeers and Henry 
Kimura (1980, 1981). They stressed the impor-
tance of brainstem systems, including cranial 
motor nuclei, para brachial complex and tegmental 
nuclei, as well as forebrain systems including 
gigantocellular complex and several reticular 
nuclei; they described thalamic, limbic, and corti-
cal radiations of the brainstem system and the 
presence of cholinergic cortical interneurons. The 
subsequent work of particularly Nancy Woolf, 
Marcel Mesulam, Larry Butcher, Bruce Wainer, 
and Hans Fibiger described in much detail the 
sources of origin and the radiations of both 
descending and ascending branches of the system 
(see below, section DII) and proposed novel, 

terminals of cholinergic neurons, and this presence 
may be taken for marker of a cholinergic neuronal 
soma.

Do these reservations obviate the dependabil-
ity of AChE histochemistry for the tracing of 
cholinergic pathways, as implied in the study of 
Mizukawa et al. (1986)? When AChE histochem-
istry is carried out without the lesions paradigm, 
then the point in question is well taken; however, 
appropriate lesions allow identifying the choliner-
gic neurons, as explained above, and this safety 
factor is reinforced by the use of one of the tech-
niques for retrograde identifi cation of the cholin-
ergic neurons. These arguments are supported by 
the overlap of the pathways based on AChE his-
tochemistry not only with such markers of the 
cholinergic system as cholinergic receptors and 
ACh release, but also with the pathways based on 
the CAT immunohistochemistry; in fact, in the 
1980s, several investigators employed AChE 
histochemistry in conjunction with CAT immu-
nohistochemistry and discovered that the fi ndings 
obtained by two methods coincided to a great 
extent (Mizukawa et al., 1986; Woolf and Butcher, 
1986;see also below, section IID).

Yet, it is apparent that either ACh or CAT with 
coenzyme A (CoA), the specifi c enzyme and 
coenzyme, which are, respectively, involved in 
ACh synthesis (see Chapter 3 B) constitute poten-
tially better markers of a cholinergic neuron than 
AChE. Some attempts at histochemical or immu-
nohistochemical visualization of ACh were made 
(Geffard et al., 1985; see Kasa, 1986); the histo-
chemical technique employs heteropolyanions 
that precipitate and visualize ACh and choline, 
while the immunohistochemical technique uses 
anti-ACh antibodies. However, these attempts did 
not lead to any generally accepted methodology. 
A more successful approach concerned histo-
chemical visualization of the CoA-SH group. This 
approach was fi rst suggested by Barnett (1968); 
the actual technique was developed by Catherine 
Hebb and her associates (1970; see also Hebb and 
Whittaker, 1958) and Paul Kasa (1971a, 1971b), 
and Paul Kasa adapted the method for electron 
microscopy analysis. Using this method, Kasa 
(1971a, 1971b, 1978; see particularly his detailed 
and useful review of 1986) identifi ed ascending 
cholinergic radiations to the several cortical areas, 
the limbic system, and the spinal cord, as well as 
intrinsic cholinergic systems in the cortex. Kasa 
opined that, whenever available, the histochemical 
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specifi c nomenclature for the cholinergic sites of 
origin (see Chapters 1 through 6; Mesulam et al., 
1983a, 1983b).

d. Conclusions

The work of Mesulam, Woolf, and others 
expanded the vision of Shute, Lewis, Kimura, the 
McGeers, and their associates and brought about 
something rare in the cholinergic fi eld: an almost 
defi nitive statement concerning at least one area 
of that fi eld, namely, cholinergic pathways (see 
below, section IIC). This accomplishment helped 
link the cholinergic system with central functions 
and behaviors (see Chapter 9). Furthermore, the 
early work concerning the identifi cation within 
the cholinergic neurons of several components of 
the cholinergic system besides CAT, AChE, and 
CoA-SH, namely, synaptic vesicles and their 
dynamics, choline uptake into the cholinergic ter-
minals, and ACh uptake into the vesicles, and so 
forth, served as a basis for establishing the func-
tional and molecular characteristics of a choliner-
gic neuron (see section B, below).

2. The Story of Cholinergic 
Markers and of the 
Processes Leading to the 
Release of Acetylcholine

a. What Makes a Cholinergic 
Neuron Tick?

Besides the early evidence concerning CNS 
presence of ACh and CAT, additional lines of evi-
dence were established in the 1950s and 1960s; 
these lines helped identify cholinergic synapses 
and cholinergic neurons, defi ne their central sites, 
and explain what makes a cholinergic neuron tick. 
Of course, the primary line of evidence was initi-
ated by Sir John Eccles as he demonstrated the 
presence of cholinergic synapses in the CNS; this 
demonstration included also the fi ndings, impor-
tant for the defi nition of the “ticking” of choliner-
gic neurons, of the cholinoceptivity of a central 
cholinergic neuron and of its release of ACh 
(Eccles et al., 1954; Eccles, 1964; see also Chapter 
9 A and Karczmar, 2001a, 2001b). Canberra’s 
team of David Curtis, Casmir Krnjevic, John 
Phillis, and John Crawford continued this line of 
research, and that of Philip Bradley and others in 

United Kingdom; it is described in more detail in 
Chapter 9 A (see also Eccles, 1964; Karczmar, 
1967).

Another, related line of evidence concerned 
cholinoceptivity of brain sites, that is, the presence 
of cholinergic receptors, whether muscarinic or 
nicotinic (only monotypes of muscarinic and 
nicotinic receptors were recognized at the time), 
and evoked cholinergic potential; this research 
dealt also with the pharmacology of the receptor 
responses. This research, carried out initially by 
the Canberra team, employed the method of elec-
trophoretic application of ACh and drugs such as 
atropine, beta-erythroidine and d-tubocurarine, 
muscarine, and nicotine. Their studies in the 1950s 
and 1960s showed that the central cholinoceptiv-
ity is represented mainly and ubiquitously by 
muscarinic receptors and responses to muscarinic 
agonists that are potentiated by antiChEs. Indeed, 
this early research demonstrated that muscarinic 
receptors are present in the hypothalamus, brain-
stem and medulla, striate, limbic sites, geniculate, 
thalamus, and cerebral cortex (see Eccles, 1964; 
Karczmar, 1967). While today (see Chapter 6 B)
many nicotinic sites are distinguished, during the 
early post-Ecclesian era, besides the Renshaw 
cells only certain geniculate and cortical sites 
were recognized as nicotinic (Krnjevic, 1963, 
1974; Tebecis, 1970a, 1970b). In addition it 
became recognized that cholinoceptive responses 
at cholinergic neurons evoke a “down-the-line” 
activity that results in the release of ACh from 
their axon terminals, this released ACh being 
responsible for the subsequent actions. Sub-
sequently it became apparent that cholinoceptive 
receptors are present on noncholinergic cells, acti-
vation of these receptors resulting in release of 
other than ACh transmitters, and that cholinergic 
receptors are located at nerve terminals of cholin-
ergic and noncholinergic neurons (see Chapter 9 
BI and BIII). It should be added that, as shown 
recently (particularly with regard to the neuromyal 
junction), several proteins (neuregulins such as 
ARIA) and proteoglycans (such as agrin) mediate 
the expression, synthesis, and distribution of the 
cholinergic receptors, and these proteins also 
serve as markers for cholinergic and cholinocep-
tine neurons (see Fishbach and Ropsen, 1997).

It was already mentioned that ACh synthesis 
and its catabolism constituted important items in 
Dale’s and Feldberg’s reasoning concerning the 
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role of ACh as a central neurotransmitter. David 
Nachmansohn provided the crucial evidence in 
support of this notion, as he and Machado (1943) 
discovered the synthetic enzyme choline acetyl-
tranferase (CAT; originally termed choline acety-
lase). Further studies of CAT, its coenzyme A, its 
central presence and distribution, its role, and its 
kinetic characteristics were carried out by William 
Feldberg, Martha Vogt and their associates (see 
above), Catherine Hebb, David Nachmansohn, 
Bernard Minz, John Quastel, and others (see 
Augustinsson, 1948; Quastel et al., 1936; 
Nachmansohn, 1963; Hebb, 1963).

Then the central (and peripheral) existence and 
role of a ChE, which was prophesied, as already 
mentioned, by Dale in 1914, were established by 
a number of distinguished investigators. The dem-
onstrator of the peripheral cholinergic transmis-
sion, Otto Loewi himself, proved Dale’s notion. 
He and Emil Navratil (1924) observed that aqueous 
extracts of the frog heart destroyed the Vagustoff, 
that is, ACh; the characteristics of the active 
extract were those of an enzyme, and Loewi 
termed it “acetylcholine esterase.” Loewi and 
Navratil (1926) demonstrated subsequently that 
the potentiation of the vagal effect by physostig-
mine (they referred to physostigmine as “eserine”) 
is due to physostigmine’s antiChE action. Then 
Stedman et al. (1932) showed that ChEs have as 
their specifi c substrates choline esters, and David 
Glick was probably the fi rst investigator to dem-
onstrate in 1939 the presence of a ChE in the brain 
(see Glick, 1941). For further information on 
ChE-focused investigations, in particular on the 
signifi cance of AChE as contrasted with that of 
ChEs, see Chapter 3 DI (see also Koelle, 1963; 
Augustinsson, 1948, 1963) These investigations 
determined that indeed AChEs are markers of cho-
linergic neurons and are involved in the question 
of “what makes the cholinergic neurons tick”; 
these studies established, however, that this par-
ticular marker is not completely reliable, as AChE 
is present in noncholinergic neurons as well (see 
Chapter 3 DI).

It should be mentioned that at least some of 
these fi ndings were made long before Eccles’ 
demonstration of the presence of cholinergic 
transmission in the central nervous system. As in 
the case of cholinoceptivity, these sites or markers 
were ubiquitous; whenever pertinent studies were 
carried out, the various markers coincided with 

one another as well as with cholinoceptivity (see, 
for example, Hebb and Whittaker, 1958; Hebb, 
1963).

Additional markers were established sub-
sequently, and their discovery was an important 
constituent of the evidence for the existence of 
cholinergic transmission and cholinergic path-
ways. Palay and Palade (1955) described the pres-
ence of synaptic vesicles in the brain, and Victor 
Whittaker (see Whittaker et al., 1964; Whittaker, 
1990) and Eduardo De Robertis (De Robertis 
and Bennett, 1955) simultaneously expanded on 
this discovery as well as described defi nitive and 
elegant centrifugation methods for obtaining 
synaptosomes, that is, nerve terminal preparations 
containing synaptic vesicles.

The neurochemical and cytological analysis of 
synaptosomes, particularly in Whittaker’s labora-
tory, fi rst in Cambridge and then at Goettingen’s 
Max-Planck-Institut, yielded remarkable results 
concerning the composition and dynamics of 
the cholinergic synaptic vesicles, synaptic neuro-
lemmas, and plasma membranes. For example, 
Whittaker and his associates early purifi ed and 
isolated cholinergic synaptic vesicles and subse-
quently developed antisera recognizing the pre-
synaptic plasma membrane (PSPM) to isolate 
in pure form synaptosomes derived specifi cally 
from cholinergic terminals of the Torpedo (see 
Whittaker and Borroni, 1987; Whittaker, 1990). 
Note that the PSPM antigens involved in these 
processes are two gangliosides, Chol-1 alpha and 
beta, that are present in the mammalian brain 
(Ferretti and Borroni, 1986). Whittaker and his 
associates demonstrated also the presence of 
adenosine triphosphate and other entities subserv-
ing the nerve terminal of the cholinergic vesicles 
(Dowdall et al., 1974; Whttaker, 1992).

This analysis constitutes the basis for the sub-
sequent studies of processes related to the release 
of ACh from cholinergic nerve terminals. In the 
modern era, it was shown that these processes 
require specialized protein systems, which are 
concerned with generation of ACh, nerve terminal 
uptake of choline, and vesicular uptake of ACh 
(see several sections of Chapter 3), as well as with 
vesicular transport phenomena and recycling of 
the vesicles; these systems are described in detail 
in sections B and C of this chapter. Furthermore, 
besides defi ning a number of cholinergic markers 
of the cholinergic neurons, the studies in question 
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led also to description of possibly several modes 
of ACh release, which I characterize below as 
classical and unorthodox hypotheses of ACh 
release (section C, below).

B. Morphology, Cytoanatomy, 
and Markers of Central 
Cholinergic Neurons

Is there a specifi c morphology and cytoanat-
omy of cholinergic cells that would distinguish 
them from noncholinergic neurons? Are there any 
cytoanatomical characteristics of a cholinergic 
synapse that would provide the basis for such a 
distinction? Or are the cytoanatomy and/or mor-
phology of either the cholinergic neurons or their 
synapses not suffi ciently specifi c for such a dif-
ferentiation? Are additional cholinergic markers, 
such as the presence of CAT or a choline uptake 
system needed for the identifi cation of a choliner-
gic cell? Answering these questions is important 
not only for the understanding of the characteris-
tics and the function of cholinergic neurons but 
also for the defi nition of cholinergic pathways; 
these matters will be discussed in the two follow-
ing sections.

1. Morphology and 
Cytoanatomy of Cholinergic 
Neurons

Few studies specifi cally focus on the morphol-
ogy and cytoanatomy of cholinergic neurons (see 
Ruggiero et al., 1990; Famiglietti, 1983; Rodieck 
and Marshak, 1992; Martinez-Rodriquez and 
Martinez-Murillo 1994); among these investiga-
tions, the studies of Famiglietti (1983) and Rodieck 
with Marshak (1992) concern only 1 cholinergic 
cell type, namely, the amacrine cells of the retina. 
In some cases (see, for example, Butcher et al., 
1976) the morphology of cholinergic cells is 
referred to only parenthetically; in other cases 
(see, for example, Woolf and Butcher, 1986, 
1989) this morphology may be deduced from the 
photomicrographs included with the studies in 
question. In what follows, the cytoanatomy and 
morphology are described either on the basis of 
specifi c description of the neurons or on the basis 
of the pertinent photomicrographs. Finally, axons 
releasing various transmitters (or axons emanating 

from different nuclei that contain neurons synthe-
sizing the same transmitter) may vary anatomi-
cally, but at this time it does not seem possible to 
differentiate anatomically cholinergic axons from 
noncholinergic axons. It must be stressed that the 
neurons are referred to in this section as choliner-
gic because they were identifi ed as such by means 
of CAT immunohistochemistry or by means of 
additional markers (see below).

Altogether, cholinergic cells come in many 
shapes and sizes. Thus, the alpha motoneurons 
that supply the striated muscle endplates, whether 
located in the ventral horns of the spinal cord or 
in the brainstem, which is the origin of cranial 
nerves, are among the largest neurons of the 
nervous system: these polygonal, multipolar 
neurons may be up to 500 Å in diameter. On the 
other hand, the gamma motoneurons that supply 
the spindles are among the smallest neurons, as 
they range from 18 to 38 mm (Szentagothai and 
Rajkovits, 1955; see also Brodal, 1981). Other 
cholinergic neurons are frequently ovoid, round, 
or oval and elongated; they may be bipolar or 
multipolar, as in the case of the neurons of the 
mesencephalic interstitial nucleus of Cajal and 
nucleus basalis magnocellularis (NBM), respec-
tively. Multipolar ovoid neurons are also present 
in the nucleus reticularis and in the nucleus ambig-
uus (Ruggiero et al., 1990). These multipolar 
neurons are 25 to 40 Å in diameter, although some 
of the multipolar neurons of NBM, other basal 
forebrain sites, and the pedunculopontine tegmen-
tal nuclei are considerably larger; these larger 
neurons are usually hyperchromatic (Butcher 
et al., 1977; Woolf and Butcher, 1989; Mesulam 
et al., 1983a, 1983b; Martinez-Murillo et al., 
1989; Bigl and Arendt, 1992). Smaller (18 to 
25mm) ovoid or fusiform mutipolar neurons were 
found in the parabrachial complex, basal forebrain 
substantia nigra, raphe nuclei, periventricular 
gray, and hypothalamus (Ruggiero et al., 1990; 
Martinez-Murillo, 1989); also, ovoid or fusiform 
neurons are the cholinmergic neurons classifi ed by 
Marsel Mesulam and his associates (Mesulam et 
al., 1983a, 1983b) as belonging to basal forebrain 
sectors Ch1 to 3. Martinez-Murillo and his associ-
ates (1989) were among the few investigators 
who described the cholinergic cells of cholinergic 
complexes of the forebrain, including NBM, in 
more detail (“cell nucleus showed one or more 
indentations  .  .  .  occupied central position and 
was surrounded by abundant cytoplasm rich in 
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organelles  .  .  .  large lipofuscin granules were 
also observed  .  .  .  the dendrites were thick”).

And then there are the amacrine cells of the 
retina. While the amacrine cells of the innermost 
nuclear layer are peptidergic, the starburst amacrine 
cells of the inner plexiform layer are either cholin-
ergic or gabaergic. These large neurons exhibit no 
obvious polarity and unique morphology (Fami-
glietti, 1983; Rodieck and Marshak, 1992); they 
were identifi ed in the retinas of the rabbit, human, 
and primates (see Giolli et al., 2005).

As can be seen, it is diffi cult to decide purely 
on the basis of morphology that a given cell is 
cholinergic. In fact, neurons subserving noncho-
linergic transmitters (i.e., catecholaminergic, 
serotonergic, or peptidergic neurons; perhaps the 
easily distinguished central histaminergic mast 
cells may be an exception) may be similar in shape 
and size to one or another “type” of cholinergic 
neurons.

May we then look to synaptic morphology for 
the differentiation in question? In the 1960s, Gray 
(1969; see also Hutchins, 1987 and Shepherd 
and Harris, 1998) distinguished morphologically 
between synapses subserving excitatory and 
inhibitory transmission; they are referred to as 
Type 1 and Type 2 synapses, respectively. The 
excitatory Type 1 synapses have a wider synaptic 
cleft than Type 2 inhibitory synapses. The post-
synaptic membrane of the Type 1 synapses is thick 
and dense, and occupies a great part of the post-
synaptic area, while the Type 2 synapses exhibit 
dense material both pre- and postsynaptically; 
thus, Type 2 synapses are symmetrical while Type 
1 synapses are asymmetrical. Finally, the synaptic 
region (synaptic or active zone) of Type 1 syn-
apses is longer than that of Type 2 synapses. Cho-
linergic synapses are generally Type 1 synapses 
(see Kimura et al., 1981 and Eccles, 1964; there 
occasionally may be exceptions to this rule, see 
Smiley, 1996), but the Type 1 morphology cannot 
serve for reliable morphological identifi cation of 
cholinergic trans mission, as Type 1 synapses can 
be activated by noncholinergic excitatory trans-
mitters such as glutamate. Finally, the axons and 
nerve terminals are characterized by varicosities 
and boutons (see, for example, Shepherd and 
Harris, 1998), but it does not appear that these 
may be used as dependable markers of cholinergic 
axons and terminals.

Other synaptic markers, the synaptic vesicles, 
may serve well to identify cholinergic transmis-

sion. Following Victor Whittaker’s and Eduardo 
de Robertis’ discoveries (see section IIA, above), 
dynamics of cholinergic vesicles were studied in 
detail; much of the pertinent research took place 
fi rst at the Station Biologique of Arcachon, France, 
and then in Victor Whittaker’s laboratory at Max-
Planck-Institut in Goettingen, Germany. While 
this research was conducted with the Torpedo 
electric organ, the results are consistent with 
those obtained in mammals, including mammalian 
brain. Seen via electron microscopy of peripheral 
or central cholinergic nerve terminals, the ACh-
containing cholinergic vesicles were round or oval 
and had a clear core that exhibited variable degrees 
of density and variable size (Zimmerman and 
Whittaker, 1977; see also Prior and Tian, 1955). 
In mammals, they vary in size from 45 to 50 Å in 
diameter; they are by far larger in the case of the 
vesicles of the Torpedo electric organ (Whittaker, 
1992; Martinez-Murillo, 1989). Vesicles of similar 
form and size are seen in Whittaker’s synapto-
somal preparations (Whittaker, 1992). Occasion-
ally large or fused vesicles are also present; they 
may be the source of the giant excitatory cholin-
ergic postsynaptic potentials (Eccles, 1964). They 
usually form clusters throughout the terminals, as 
well as at the neurolemma of the terminal. Several 
other modes of cholinergic vesicles are also 
present: during the process of exocytosis some 
vesicles fuse with the terminal neurolemma and 
accordingly change in form from ovoid to fl at-
tened; empty vesicles or vesicular ghosts also 
appear as they are formed in neuronal perikarya 
as well as at the nerve terminal after the release of 
their ACh content in the course of vesicular 
recycling (see next section and Whittaker, 
1992). There are also two or more density modes 
among the vesicles, that is, vesicles may vary in 
their “molecular acetylcholine content” (MAC; 
Whittaker, 1990) during the process of cycling 
(see below); the recycling vesicles that contain 
freshly synthesized ACh are denser, while the less 
dense vesicles are present in the axons of the 
electric fi sh (Whittaker, 1992).

On the whole, there is a clear distinction among 
cholinergic vesicles and vesicles containing other 
transmitters. For example, peptidergic and seroto-
nergic vesicles have a dense core and are larger 
than cholinergic vesicles, while catecholaminergic 
vesicles are granular; yet, sometimes clear 
core vesicles of a size comparable to that of cho-
linergic vesicles are present in serotonergic or 
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catecholaminergic terminals (Van Bockstaele and 
Pickel, 1993; Horie et al., 1993; Doyle and 
Maxwell, 1993). It must be also remembered that 
peptides, such as the vasoactive intestinal peptide 
(VIP), are copresent with ACh in cholinergic vesi-
cles (Agoston and Lisiewicz, 1989; see Whittaker, 
1990). Altogether, the total picture of cholinergic 
terminals, cholinergic neurons, and cholinergic 
vesicles as described in this section is quite diag-
nostic for cholinergic nerves and synapses.

2. Neurochemical Systems as 
Markers of Cholinergic 
Neurons and Intraterminal 
ACh Motions

Processes of synthesis of ACh include several 
components such as nerve terminal choline uptake, 
CAT, acetyl coenzyme A and its synthetase, and 
synaptic vesicles and their dynamics; these com-
ponents serve as dependable markers of choliner-
gic neurons and cholinergic nerve terminals. In 
addition, ChEs (particularly AChE) help identify-
ing both cholinergic perikarya and nerve terminals 
of cholinergic neurons. Choline acetyltransferase 
and AChE characterization of cholinergic cells are 
discussed in detail in sections DI–DIII, below, and 
in Chapter 3 B1-3. In this section, the systems 
linked with the vesicular cycling and storage and 
release of ACh are specifi cally considered.

As illustrated by certain aspects of the cyto-
morphology of cholinergic neurons, described 
above, synaptic vesicles undergo a cycle that 
must be subserved by appropriate neurochemical 
systems. As ACh, CAT, and AChE, these systems 
defi ne what it is to be a functional cholinergic cell 
(Weihe et al., 1998); in fact, the systems con-
cerned with vesicular cycling, transport of ACh 
into the vesicles, and ACh synthesis are regulated 
by a single cholinergic locus gene (see Eiden, 
1998; Mallet et al., 1998).

3. “Cycling” and “Recycling” 
Processes

A complicated process concerns formation and 
movement of synaptic vesicles, loading of the 
vesicles with ACh, the fusion of the vesicles with 
an endosomal component and the terminal plas-

malemma, and the vesicular release of ACh. This 
process is referred to as cycling—or recycling, if 
one starts with the empty synaptic vesicles that 
have released their ACh.

a. Formation and Movement

The process begins with the formation of the 
empty vesicles and with their movement. Similar 
to CAT, empty synaptic vesicles are formed within 
the Golgi organelles and are transported antero-
grade-fashion at a fast rate (Kiene and Stadler, 
1987). This fast transport involves microtubules, 
actin fi laments, and neurofi laments; the vesicles 
are bound to these organelles by a family of 
proteins called synapsins (see Whittaker, 1992); 
mRNAs coded for these and other proteins are 
contained in the Golgi bodies of the perikaryon, 
and Whittaker (1992) suggests that these proteins 
subserve generally vesicular transport and related 
processes with regard to both cholinergic and 
noncholinergic vesicles. Phosphorylations and 
dephosphorylations serve to link with and liberate 
the vesicles from the elements of cytoskeleton and 
to mobilize the vesicles for exocytosis.

b. Acetylcholine Loading into 
the Vesicles

At the nerve terminal, a specifi c protein facili-
tates loading ACh into empty vesicles (this process 
was called “concentrative uptake” by Whittaker, 
1992). The protein is referred to as vesicular ACh 
transporter (VAChT; Bahr and Parsons, 1986). 
Phenyl piperidines inhibit this process, (–) 
2-(4-phenylpiperidino) cyclohexanol (vesamicol) 
being the most powerful and specifi c inhibitor of 
VAChT action; it is interesting and teleological 
that vesamicol shows a much higher affi nity for 
empty vesicles (vesicle ghosts) than for loaded 
vesicles (Noremberg and Parsons, 1989; see also 
Whittaker, 1992). Sophisticated mole cular studies 
of VAChT by Varoqui and Erickson (1998) indi-
cated that the vesicular transport of ACh requires 
cholinergic-specifi c amino acids within the N-
terminal portion of VAChT, and that this is the 
site of action of vesamicol. The important aspect 
of the transporter mechanism is that the genes for 
VAChT and CAT are colocalized: “the gene 
encoding the vesicular acetylcholine transporter 
has been localized within the fi rst intron of the 
gene encoding acetycholinetransferase and is in 
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the same transcriptional orientation” (Mallet et al., 
1998). In fact, certain polypeptide factors involved 
in cholinergic ontogeny such as cholinergic 
differentiation factor/leukemia inhibitory factor 
concomitantly increase VAChT and CAT mRNA 
levels. Furthermore, the regulation of expression 
of CAT and VAChT is coregulated by the cholin-
ergic gene locus that contains genes both for CAT 
and for VAChT (Mallet et al., 1998; Wu and 
Hersh, 2004; Lim et al., 2000; for further details 
of this coregulation, see Chapter 3 B-1); thus, 
CAT and VAChT gene transcriptions share 
common promoters (Mallet et al., 1998) . It should 
be stressed that the transporter in question is not 
necessarily specifi c for cholinergic neurons and 
vesicles (Cervini et al., 1995; Mallet et al., 1998) 
and that different transporters subserve other 
transmitter systems such as monoaminergic and 
serotonergic systems (see, for example, Zucker 
et al., 2001).

Whittaker and his associates discovered early 
that ATP is copackaged with ACh into the cholin-
ergic vesicles (as it is with catecholamines in 
granular catecholaminergic vesicles; Whittaker et 
al., 1964). The specifi c carrier for this uptake is 
saturable and of the high-affi nity type (Whittaker, 
1992); it was identifi ed as the vesicle component 
11 or vesicular ATP translocase, which is a 
protein-binding active factor (Lee and Witzemann, 
1983). The ATPase, which is present in the 
vesicular wall, assists the ATP translocase, 
which maintains the proton gradient stimulating 
the translocation; this gradient also facilitates 
the VAChT-activated vesicular uptake of ACh 
(Whittaker, 1992, 1998). According to Whittaker 
(1992), similar to ACh, ATP is taken up preferen-
tially into the pool of recycling vesicles, that is, 
into the pool of vesicles released empty from the 
nerve terminal plasma membrane after their fusion 
with the membrane and after the release of ACh; 
this is consistent with the notion of a “readily 
releasable pool” of vesicles (vesicle pool immedi-
ately available for release; see below). Acetylcho-
line and ATP do not course freely inside the 
vesicles but are adsorbed to an intravesicular pro-
teoglycan matrix (Reigada et al., 2003); in fact, 
when the vesicular membrane is treated with dis-
tilled water, ACh and ATP remain attached to the 
matrix as long as the cations are not added; this 
explains why vesicular ACh is so stable upon 
stimulation of the terminal (at least until enzymi-

cally hydrolyzed) or upon purifi cation (Yves 
Dunant, personal communication).

c. Docking and Fusion

Docking of the vesicles and the fusion of syn-
aptic vesicle plasma membranes directly lead to 
ACh release (see Whittaker, 1992). This is a most 
important step, as the demonstration that the 
fusion of vesicles and the release of vesicular 
contents of ACh—or quanta—are linked is a part 
of the proof of the quantal nature of ACh release; 
subsequently, this demonstration was further helped 
by development of novel, refi ned techniques 
(see below, this section). The fusion factors 
include presynaptic membrane proteins, syntaxin, 
synaptotagmins and attachment proteins, SNAPs 
(particularly SNAP 25 and synaptobrevin), and 
synaptic vesicle proteins (VAMP1 and 2; Hou and 
Dahlstrom, 2000; Morel at al., 1998; Chapman et 
al., 1955; Robinson et al., 2004); these proteins 
interact with Ca2+ during processes of fusion and 
ACh release. Some or all of these proteins form 
fusion attachment protein receptor complexes 
called SNAREs; additional proteins of the vesicles 
such as synaptophysin (P38), Spring (a fi nger 
protein), and VMG also play a role in docking and 
fusion processes (Whittaker, 1992; Li et al., 2005; 
Fasshauer et al., 2003). SNAREs are cleaved by 
clostridial neurotoxins, “most potent inhibitors of 
neurotransmitter release known” (El Far et al., 
1998; see Figure 2-4). Importantly, cholinergic 
stimulation—such as nicotinic, via alpha7 recp-
tors—may activate attachment proteins (Liu et al., 
2005).

It was proposed that SNAREs act as synapse-
specifi c membrane recognition molecules, accep-
tors for docking and fusion catalysts (Morel et al., 
1998; El Far et al., 1998; Rothman, 1994). In addi-
tion, other vesicular proteins, the RABs, as well 
as internal vesicular matrix (Reigada et al., 2003), 
subserve the vesicular plasmalemma fusion and 
ACh release; however, some RABs are concerned 
with an entirely different function, the endoplas-
mic fusion (Sudhof, 2000, 2005). The fusion and 
release processes produce empty synaptic vesi-
cles, ready for recycling; this recycling—that is, 
reformation of ACh-loaded vesicles—may occur 
“directly” or via an endosomal intermediary, acti-
vated by a RAB protein (the role of several syn-
aptic vesicle RAB proteins, such as rabphilin, is 
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at this time not clear; Sudhof, 2000; Lonart and 
Sudhof, 2001).

It must be added that fusion, whether between 
vesicles, between vesicles and presynaptic 
membranes, or between vesicles and the endo-
somal intermediate, was demonstrated in vitro
(Whittaker, 1992; Sudhof, 2000). Several 
technical innovations contributed to this demon-
stration. Thus, the quick-freezing technique 
employed in the Bruno Ceccarelli Center of the 
University of Milan (see, for example, Torri-
Tarelli et al., 1985, 1990) stabilizes the pertinent 
events within 1 ms. Then, precise monitoring of 
exo- and endocytosis of the vesicles was made 
possible by the use of lipophilic fl uorescent probes 
such as FM dyes and the optic recording of their 
location within the cell and vesicular membranes 
(Cochilla et al., 1999; Sudhof, 2000, 2005). The 
employment of these techniques led to the descrip-
tion of exocytosis as consisting of the fusion of 
vesicles with the plasma membrane (plasma-
lemma) which creates small indentations in the 
latter and coated vesicles; after the emptying of 

the vesicles and the release of Ach, the empty, 
uncoated vesicle is ready for recycling and ACh 
uptake. The use of this technique jointly with 
appropriate immunocytochemistry methods linked 
time-wise the protein-activated fusion and the 
emptying of vesicles and added support for the 
theorem of the quantal hypothesis of the release 
of ACh. It should be stressed that, unlike the trans-
porter proteins, fusion and exocytosis proteins 
(and other release proteins such as the mediato-
phore, which is discussed below, in section B2) 
might not be specifi c for the cholinergic vesicles 
(see, for example, Bacci et al., 2001; Israel and 
Dunant, 1998).

d. Postsynaptic Membranes and 
Cholinergic Receptors

A number of active proteins related to neuro-
trophins are engaged in the regulation and forma-
tion of cholinergic receptors and membrane ion 
channels. Neuroregulins, including ARIA, and 
laminin chains are among these proteins. While 

Figure 2-4. Clostridial toxin cleavage sites. The proteins cleaved by the clostridial neurotoxins are shown to 
highlight their juxtaposed membrane orientations in the synaptic vesicles (synaptobrevin) and plasma (syntaxin and 
SNAP-25) membranes. This oversimplifi es the in vivo situation, as fractions of cellular syntaxin and SNAP-25 are 
found on synaptic vesicles. Transmembrane domains insert syntaxin and synaptobrevin into the membrane, whereas 
palmitoylation of cysteine residues is responsible for the membrane localization of SNAP-25. Note that Bot C1 may 
cleave both syntaxin and SNAP-25. (From El Far et al., 1988; reprinted by permission from Elsevier Press.)
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ARIA is predominantly displayed at the neuro-
myal junctions, it may be also present centrally, 
as are the laminins (Fischbach and Rosen, 1997; 
Yin et al., 2003). Also, electrotactins and related 
proteins are involved in synaptogenesis; they were 
identifi ed by Israel Silman, Joel Sussman, and 
their associates as adhesion proteins, which are 
members of the AChE family and which form a 
pattern of electrostatic potential that participates 
in the formation of active synapses (Botti et al., 
1998; Rydberg et al., 2004).

While not listed generally as markers of the 
cholinergic neuron, it appears that these proteins 
could serve in this capacity (Sanes and Truccolo, 
2003).

e. Cycling and Recycling of 
Synaptic Vesicles

The course of exocytosis involves several 
kinds of synaptic vesicles; Victor Whittaker 
remarked early on the heterogeneity of the vesi-
cles as well as proposed the notion of vesicle 
cycling, if the total life cycle of the vesicles is 
considered, or recycling, if exocytosis is taken as 
the starting point of the phenomenon (Whittaker, 
1992, 1998). This heterogeneity and cycling of 
vesicles were originally established in terms of the 
differences, before and after cholinergic nerve ter-
minal stimulation, in the density, size, and specifi c 
radioactivity of ACh of the vesicles, following 
their loading with radioactive choline and their 
release of ACh; other means, such as fl uorescent 
dyes, laser scanning, and so on, are also used for 
the analysis of vesicle heterogeneity and their 
cycling (Ryan, 2001). Cultured hippocampal 
neurons yielded much evidence with respect to 
this matter (see, for example, Murthy and Stevens, 
1999).

As already referred to, essentially, there exist 
two kinds of cholinergic vesicles: empty and full 
(or ACh loaded). The empty vesicles are formed 
either in the neuronal perikarya or at the nerve 
terminal; they are generated at the terminal fol-
lowing ACh release and the emptying of the ACh-
loaded vesicles (exocytosis). The empty vesicles 
formed in the perikarya of the cholinergic neurons 
migrate down the axon, carried by the axoplasmic 
fl ow. They become loaded in or near the nerve 
terminal as they incorporate ACh via the action of 
VAChT proteins (see above, this section) and the 
processes of ACh synthesis (see Chapter 3 B); the 

vesicles that become empty via ACh release 
are also subject to ACh loading. Following 
Whittaker’s original description of the processes 
of recycling or cycling, he and others (see, for 
example, Prior and Tian, 1995; Pyle et al., 2000; 
Sudhof, 2000) included several pools of synaptic 
vesicles in the cycle.

Originally, Whittaker (1992) recognized four 
pools and defi ned their different roles during recy-
cling and exocytosis. The empty vesicles arriving 
from the cell body represent the fi rst pool. Then 
there is the reserve pool of ACh-loaded vesicles. 
The next pool is the pool of docked vesicles; 
Sudhof (2000) and others refer to this pool as “the 
readily releasable pool” that contains only rela-
tively few vesicles docked in the active presynap-
tic zone. Finally, there is the stimulus-induced 
recycling pool of empty vesicles that preferen-
tially takes up ACh that is newly synthesized in 
the cytoplasm (Barker et al., 1972). Pyle et al. 
(2000) determined that the latter pool of vesicles 
might be rapidly converted into ACh-loaded ves-
icles (“immediately after exocytosis”). Pyle used 
FM dyes in this instance (see also Sudhof, 2000; 
Ryan, 2001).

Some investigators recognize additional pools 
and processes. Thus, Thomas Sudhof (2000) 
writes of a “recycling pool,” which he defi nes as 
labeled, by the FM-143 dye, under conditions 
of intensive synaptic stimulation; according to 
Sudhof, this pool consists of the “readily releas-
able pool” and a “reserve pool”; both include 
ACh-loaded vesicles. Then several proteins, in 
addition to those that regulate vesicular cycling 
via their role in docking in fusion (see above, this 
section), such as dynamine, are directly important 
in the organization of cycling (see Weible et al., 
2004).

4. False Transmitters

The issue of false transmitters is of interest in 
the present context. The false transmitters are ACh 
analogues that are taken up by the vesicles and 
released in lieu of ACh. However, in general, false 
transmitters cannot be taken up by the nerve ter-
minal choline uptake system; therefore, appropri-
ate precursors, that is, choline analogues capable 
of being taken up by the terminal and then acety-
lated in the terminal by CAT, are used to form 
the false transmitters. Such precursors are, for 
example, pyrrolidinecholine, homocholine, and 
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triethylcholine (Whittaker, 1992); the generation 
of false transmitters by these precursors was 
established for the Torpedo electric organ and for 
the mammalian brain (von Schwarzenfeld, 1979; 
von Schwarzenfeld et al., 1979). Depending on the 
false transmitter, they can render the cholinergic 
transmission either ineffective (Jenden, 1990; 
Jenden et al., 1989) or partially effective, forming 
small endplate potentials (see next section).

5. Release Processes

The process of release is activated by the 
endogenous or electric presynaptic stimulation 
and ensuing depolarization of the membrane; this 
process is Ca2+ dependent. As is well known, 
Bernard Katz, Rodolfo Miledi, and Juan Del 
Castillo (Del Castillo and Katz, 1954; Katz, 1966; 
Katz and Miledi, 1965) demonstrated this depen-
dence; they could even relate in situ the concentra-
tion of Ca2+ to the size of the endplate potentials. 
The phenomena of depolarization and Ca2+-
dependent ACh release may be duplicated with 
brain synaptosomes (see Whittaker, 1992). The 
saturable Ca2+ uptake is catalyzed by ATP and 
calmodulin. Calmodulin is a cytosolic protein 
regulating the formation of the cytoskeleton 
(Kretsinger, 1987; see also Whittaker, 1992), but 
it also facilitates, in the presence of ATP, Ca2+

uptake, presumably via activation of many protein 
phosphokinases. As calcium uptake and calmodu-
lin dynamics can be visualized in situ or in the 
synaptosomes (see Whittaker, 1992), these com-
ponents of ACh release may also serve as markers 
of a cholinergic nerve terminal (for additional, 
modern insights into the processes of ACh release, 
see below, section C).

It is important to remember that, since the days 
of Thomas Hokfelt and Victor Whittaker, it has 
been well known that ACh is coreleased with other 
transmitters, including catechol and indoleamines, 
and particularly peptides (see Chapter 9 BIII-2).

6. Cholinergic Markers in 
Noncholinergic Cells and 
Tissues

The markers of cholinergic cells appear in 
noncholinergic cells and tissues of the adult ver-
tebrates, in ephemeral organs such as placenta (see 

Sastry, 1997), during preneurogenetic stages of 
ontogenesis (Karczmar, 1963a, 1963b; Chapter 8 
BI and BII), as well as in monocellular and meta-
zoan species devoid of nervous system (or of con-
tractile systems, present in fl agellates, which 
exhibit cholinergic correlates (see below, this 
section, and Chapter 8 BV). These phenomena 
pose a problem with regard to the identifi cation of 
cholinergic neurons. The related question is that 
of the place of BuChE in this identifi cation 
process.

The question of the presence of cholinergic 
markers such as SNAREs or RABs in noncholin-
ergic or nonneuronal cells is moot, as this matter 
was not investigated to any extent in such cells. 
Yet, cholinoceptive receptors appear at the nerve 
terminals of noncholinergic neurons such as 
glutaminergic cells and/or the postsynaptic sites 
of noncholinergic neurons, including inhibitory 
interneurons; are other cholinergic markers present 
in these instances? (See section C, this chapter, 
and Chapter 9 BI; see also Atkinson et al., 
2004).

Then, may other cholinergic components 
such as ChEs, CAT, VAChT, and ACh serve as 
choli nergic markers? Some of these components, 
particularly ChEs, appear in noncholinergic 
neurons and in nonnervous cells and tissues 
(for example, in blood), in preneurogenesis stages 
of development, in nonnervous tissues of inver-
tebrates including bacteria, and in plants. Their 
presence and role in these cases is, to say the least, 
mysterious and piquant: What is the role of ChEs 
in bacteria and plants? Why do certain mammalian 
species exhibit AChE in the red blood cells and 
BuChE in the plasma while a reverse situation 
exists in other species? Why do platelets of 
some species contain AChE, while those of 
other species do not? Why are both AChE and 
BuChE as well as ACh present in the cerebrospinal 
fl uid, as established early by Sir William Feldberg 
(Feldberg and Schriever, 1936; see also 
Koelle, 1963; Karczmar, 1967; Augustinsson, 
1948; Fischer, 1971; Goedde et al., 1967)? These 
matters are discussed at length in section DIII of 
Chapter 3.

Of particular interest is the presence of BuChE 
in cholinergic neurons (Koelle, 1963; Giacobini, 
2000, 2002; it is also present in the glia and in the 
plaques of Alzheimer’s disease; see Chapter 10). 
Should BuChE be considered a cholinergic 
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marker? Ezio Giacobini seems to think so, as he 
opines that BuChEs of the central neurons protect 
against excess ACh that may occur in some “physi-
ological” conditions. He bases this notion on his 
fi nding (Giacobini, 2002; see Chapter 3 DIII) that 
a specifi c antiBuChE augmented markedly rat cor-
tical levels of ACh; does it follow from this evi-
dence that BuChE may serve as a protector? What 
would be the physiological conditions under which 
BuChE could play this role? This is not to deny the 
possibility that both BuChE and AChE may play 
this scavenger role in the blood, where it would 
rapidly hydrolyze ACh that may be released into 
the blood from various tissues (Karczmar and 
Koppanyi, 1956; Chapter 3 DIII).

It appears altogether that a neuron may be 
deemed dependably as cholinergic when it exhibits 
the preponderance of cholinergic markers, while 
the presence of cholinergic components in non-
nervous cells such as the erythrocytes, preneuroge-
netic embryos, and uninnervated organisms such 
as bacteria is both a mystery and a problem.

Certain speculations were already raised with 
regard to the role of BuChE (see above and 
Chapter 3 DIII). Furthermore, the ontogenetic 
presence of cholinergic components prior to 
neurogenesis and in species devoid of nerve cells 
may relate to the demonstrated function of cholin-
ergic components as morphogens (see Chapter 8 
BV and CIII and Chapter 11 A) or, perhaps, as 
metabotropes.

7. Conclusions

There are several problems with respect to 
the processes described in this section. For 
instance, what determines the ratio between empty 
vesicles generated in the cholinergic neuron peri-
karyon and the empty vesicles recovered at the 
nerve terminal plasma membrane after the release 
of ACh? Then, which mechanism moves the 
empty vesicles away from the terminal (see section 
C5)? It must also be stressed that while very many 
markers of the cholinergic neurons were identi-
fi ed, many more will be discovered in the future.

It seems clear that we cannot describe at 
this time a parsimonious mechanism that would 
link sequentially the proteins in question during 
the processes that involve the vesicles, ACh 
synthesis and vesicular uptake, and the prepara-
tion to release and the release of ACh. Are all the 

present and future SNAREs, SNAPs, RABs, 
and other paladins of the phenomena described 
necessary (Ybe et al., 2001)? Do myelin protein 
expressions of genes such as Nogo, which are 
inhibitory during neuronal growth and regenera-
tion, assume a regulatory role in adulthood, as 
proposed by Roger Nitsch and his associates with 
respect to the hippocampus (Meier et al., 2003; see 
also Chapter 8 BII)? Is there some redundancy to 
this system? Are all these proteins and phospho-
lipids specifi c for ACh release and for the cholin-
ergic system, or are they needed for the release of 
other transmitters? These unsolved problems and 
unanswered questions will multiply when we con-
sider the process of ACh release; indeed, a number 
of speculations do not fi t within the picture pre-
sented in this section (see next section).

C. Classical and Unorthodox 
Hypotheses of 
Acetylcholine Release

There are several models of the release of ACh 
from a presynaptic cholinergic terminal: the clas-
sical model established in the 1950s by Victor 
Whittaker, Eduardo De Robertis, Bernard Katz, 
Ricardo Miledi, Paul Fatt, John Hubbard, Steve 
Thesleff, and Jose del Castillo (see Karczmar, 
1967; Katz, 1966; Eccles, 1964; McLennan, 1963; 
Whittaker, 1992; see also section B5, above), and 
three current, neoclassical, or unorthodox pictures 
of the release of ACh. ACh release is regulated 
by cholinergic presynaptic receptors, and it is 
linked with postsynaptic responses. Electro- and 
neurophysiological details of the postsynaptic and 
presynaptic cholinergic receptor responses and 
detailed knowledge of synaptic potentials and 
currents and their ionic mechanisms are out of the 
scope of this section (see, however, Chapters 3, 6, 
and 9 BI). Nevertheless, certain aspects of post-
synaptic responses are relevant to the quantal phe-
nomena and hence are pertinent for this section.

1. The Classical ACh Release 
Model and Postsynaptic 
Responses

While much of the pertinent information con-
cerning the classical model of ACh release deals 
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with the skeletal neuromyal junction and its end-
plate, vertebrate autonomic neurons, the Torpedo 
electric organ, and invertebrate neurons such as 
the giant synapses of the squid (Eccles, 1964; 
Karczmar et al., 1986; Whittaker, 1992), ample 
evidence confi rms the validity of the model for 
the central cholinergic synapses.

The release occurs when the nerve terminal is 
depolarized by endogenous or electric presynaptic 
stimulation and ensuing depolarization of the ter-
minal in the presence of Ca2+ and, presumably, 
calmodulin, as well as a number of fusion and 
related proteins (see above, sections B3 and B5). 
Then the presynaptic cholinoceptive receptors 
modulate ACh release when they abut on cholin-
ergic terminals, and regulate the release of other 
transmitters when they are present at noncholiner-
gic terminals; in fact, either the same or different 
proteins are involved in these two types of release 
regulation (see, for example, Atkinson et al., 
2004).

As is well known, Bernard Katz, Ricardo 
Miledi, and Jose Del Castillo (Del Castillo and 
Katz, 1954; Katz, 1966; Katz and Miledi, 1965) 
demonstrated this dependence for the neuromyal 
junction; they could relate in situ the concentra-
tion of Ca2+ to the size of the endplate potentials. 
Subsequent work demonstrated this relationship 
with respect to excitatory postsynaptic potentials 
of the central or peripheral neurons. Further 
details of this phenomenon are presented in 
Chapter 9 BI.

The release is generally multiquantal; that is, 
it involves a number of synaptic vesicles, particu-
larly when it elicits a productive response, such 
as a spike. A productive response may be a post-
synaptic response originating at either the soma or 
dendrites of a cholinoceptive neuron, or it may 
originate at a presynaptic site of a cholinergic 
or, for that matter, a noncholinergic neuron. There 
is a delay of 1 to 2 ms before the postsynaptic 
response appears; in fact, this delay is a character-
istic phenomenon of a chemically, transmitter-
operated synapse, and its presence is a part of 
the proof of the existence of chemical transmis-
sion, since it does not occur at the sites of electric 
transmission (see Eccles, 1963; McGeer et al., 
1987b).

The postsynaptic cholinergic response may be 
excitatory or inhibitory in nature; the excitatory 
and inhibitory responses are depolarizing and 

hyperpolarizing, respectively. The productive 
postsynaptic excitatory response is initiated, 
whether at the dendritic or somatic membranes, by 
an excitatory postsynaptic slow or fast potential 
(sEPSP and fEPSP; an endplate potential [EPP] 
is evoked at the striated muscle endplate). The 
sEPSP and fEPSP are generated at muscarinic and 
nicotinic neuronal sites, respectively. Ultimately, 
as it reaches the critical threshold (at about—
40 mv), the fEPSP generates the postsynaptic 
spike, which is the defi nitive signal underlying 
interneuronal communication. The sEPSPs do 
not generate spikes, unless in combination with a 
facilitatory transmitter or compound, or with an 
antiChE; therefore, the sEPSP is a modulatory 
rather than a transmittive potential (see Krnjevic, 
1969, 1974). The inhibitory and excitatory poten-
tials represent the movement of appropriate ions 
and, therefore, specifi c currents (Eccles, 1964).

The nicotinic fEPSP may appear in the absence 
of a spike, if the receptive postsynaptic membrane 
is partially obtunded by postsynaptic blockers 
such as d-tubocurarine, curarimimetics, and 
certain toxins; if the axonal conduction is partially 
blocked by inhibitors of presynaptic, axonal con-
duction such as blockers of Na channels (e.g., 
tetradotoxin); if ACh synthesis is attenuated by 
blockers of choline uptake and/or ACh synthesis; 
and if the release of ACh is partially inhibited by 
blockers of presynaptic Ca2+ channels, including 
high concentrations of Mg2+, and of calmodulin-
Ca2+ interaction (McGeer et al., 1987b). It may be 
also generated by electrophoretic application of 
ACh at a concentration insuffi cient to generate a 
spike. Also, it is possible to visualize the fEPSP 
by applying a cellular microelectrode or a patch 
clamp electrode at an angstrom-small distance 
from the receptor site; in this case, following 
effective presynaptic stimulation the fEPSP 
appears as a shoulder of the rising spike (Kuffl er, 
1949; Katz, 1966; Kuffl er et al., 1984; Thesleff, 
1960).

During the 1950s and 1970s, Paul Fatt, Bernard 
Katz, and Ricardo Miledi proceeded to “miniatur-
ize” the postsynaptic responses. First, Fatt and 
Katz (1952) demonstrated the presence at the qui-
escent neuromyal junction of spontaneously and 
randomly occurring “subthreshold” excitatory 
responses, which they referred to as miniature 
endplate potentials (mEPPs) or miniature endplate 
currents (mEPCs). After appropriate analysis it 
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was posited that these responses are due to spon-
taneous release of single “packets” of ACh that 
“might” correspond to the contents of single syn-
aptic vesicles (Katz, 1966; notice the conditional 
mode of Sir Bernard’s statement; Sir Bernard was 
careful to distinguish proven fact from hypothesis; 
see below, next section). Ultimately, this phenom-
enon, originally described for the neuromyal 
junction, was shown to extend to all cholinergic, 
peripheral, and central synapses.

Is there a relation between the “miniatures” 
and the fEPSPs? Such a relation, if demonstrated, 
would cement the notion of the “quantal” nature 
of postsynaptic responses. Bernard Katz and 
Ricardo Miledi provided the necessary proof. 
While of similar size, the EPSPs fl uctuate ran-
domly in size, and this fl uctuation can be aug-
mented in vitro by diminishing Ca2+ concentration 
or increasing Mg2+ concentration. These fl uctua-
tions may be analyzed statistically by the use of 
Poisson’s theorem; using this analysis in his stri-
ated-muscle experiments Katz (1958) established 
that fEPSPs are composed of a certain number of 
quanta, that is, synaptic vesicles. Also, other 
methods may be used to evaluate quantal fEPSP 
content, including comparing the miniature 
fEPSPs or miniature EPPs size to fEPSPs, estab-
lishing the relationships among the elementary 
events, the “miniatures,” and the fEPSPs (see 
below, this section), considering the size of the 
vesicles and the concentration of the vesicular 
ACh, and so on (McGeer et al., 1987b; Eccles, 
1964; Thesleff et al., 1984). Investigators employ-
ing these various methods of analysis reported 
relatively similar values for the quantal contents 
of fEPSPs recorded in central or peripheral 
neurons; these values range from 100 to 200.

Syogoro Nishi, Hideho Soeda, and Kyozo 
Koketsu (1967) carried out a pertinent study on 
the toad sympathetic ganglion. These investiga-
tors employed Corsten’s (1940) frog lung bioassay 
for ACh—which they rendered more sensitive by 
adapting it for the toad lung—for the measure-
ment of ACh; ultimately, they related ACh release 
via a single volley (from a single synaptic knob), 
the fEPSP, and the “miniatures”; they estimated 
the quantal content of the fEPSPs at 100 to 200 
and the ACh contents of the fEPSPs at 6,000 to 
8,000 molecules. It should be pointed out that the 
bioassay employed by the Japanese investigators 
is most sensitive, as it responds to 10-21 M concen-

trations of ACh and as it is logarithmically linear 
over the range of 10-6 to 10-21 M concentrations. 
Yet, this bioassay is used very infrequently as it 
may be employed by only the most precise workers 
endowed with the most patient and delicate hands; 
Syogoro Nishi and his associates spent entire, 
long, and exhausting days to combine, for the 
purpose of a single experiment, electrophysiology, 
ACh collection, measuring the transmitter, and 
fi xing the ganglion for the necessary microanat-
omy evaluation. These values are in agreement 
with those obtained at the central synapses, and 
even with those obtained recently by means of the 
ultrasensitive chemiluminescent method for the 
measurement of ACh release (see below, next 
section).

There is a great difference between synapses 
with regard to quantal size. In the case of neuro-
muscular and electroplaque junctions, the quantum 
size is 2 to 3 nÅ; this size is due to the release of 
6,000 to 10,000 ACh molecules. This constitutes 
a large quantal size, and the quanta in question are 
composed of about 10 subunits of about 1,000 
molecules each. The ganglionic and probably 
central synapses exhibit smaller quanta; in the 
case of the former, the quantum size comprises 
only about 1,000 ACh molecules (Yves Dunant, 
personal communication; see also Nishi et al., 
1967; Bennet, 1995).

Then Katz and Miledi performed the second 
phase of “miniaturization”; it concerned the 
synaptic “noise.” Many investigators noticed the 
microvolt “noise” in their neuromyal preparations 
following ACh electrophoresis or in quiescent 
preparations and attributed it to instrumental 
imperfections. Only Katz and Miledi (1970, 1973) 
had the serendipity to perceive that the “noise” is 
a physiological phenomenon; they proposed that 
there is a spontaneous leakage of ACh into the 
synaptic cleft (amounting to a 10-8 M concentra-
tion and inducing a low-level—a few micro-
volts—depolarization) and that a few molecules 
of this ACh generate single-channel responses. 
Katz and Miledi (1977) opined that this phenom-
enon obtains not only pharmacologically via ACh 
electrophoresis but also naturally; they referred to 
it as an “elementary” event, that is, the current 
generated by opening a single nicotinic receptor 
(a direct measurement of individual receptor 
openings was achieved by Neher and Sakmann 
[1992] via the patch clamp technique). Again, the 
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phenomenon in question obtains not only at the 
neuromyal junction but also at the central syn-
apses (see also Masukawa and Albuquerque, 
1978).

Still another miniaturization may be possible. 
Rene Couteaux identifi ed at the frog myoneural 
junctions “active zones,” which he described as 
thickenings of the junctional membranes and 
zones of concentrations of the synaptic vesicles; 
there may be from 100 to 300 active zones at the 
frog and mammalian myoneural junctions, and 
one quantum may react with each “active zone” 
(Couteaux and Pecot-Dechavassine, 1970; see 
also Kuno et al., 1971).

2. Nonclassical Notions on 
Release of Acetycholine

The notion of ACh leakage, proposed by Fatt 
and his associates, should be related to the unorth-
odox hypotheses concerning nonquantal release of 
ACh. There are three such hypotheses. The earli-
est one was posited in the 1970s as the “kiss and 
run” model of exocytosis by the late Bruno Cec-
carelli; it was presented in a defi nitive form by 
Jacopo Meldolesi (1998). Meldolesi actually con-
tributed earlier (Torri-Tarelli et al., 1985, 1990; 
Meldolesi and Ceccarelli, 1981) to the classical 
lore of quantal release of ACh by analyzing the 
role of fusion and transport proteins in the quantal 
phenomena (see above, section BI). More recently, 
Meldolesi (Valtorta et al., 1990, 2001) assumed a 
prudent position: he described Ceccarelli’s concept 
as “fascinating” and proposed that the “kiss and 
run” process “operates in parallel with the classi-
cal  .  .  .  vesicle recycling.” Meldolesi and Cecca-
relli used the quick-frozen technique to demonstrate 
that the processes of plasmalemmal invagination, 
fusion, and vesicle recycling are not the rule for 
exocytosis: “many of the vesicles more intimately 
continuous with the plasmalemma  .  .  .  seem  .  .  .  to
appear not as invaginations, open to extracellular 
space, but still as vesicles, sealed  .  .  .  by thin dia-
phragms  .  .  .  in direct continuity with the cell sur-
face  .  .  .  [therefore,] there is incomplete fusion” 
(Meldolesi, 1998); this leads to effective and 
indeed rapid exocytosis and recycling, or to “kiss 
and run” (Stevens and Williams, 2000). Addi-
tional, supportive evidence indicates that exocyto-
sis—perhaps a portion of the total process at any 
time—may be dissociated from recycling of mem-

brane invaginations and vesicles (Henkel and 
Betz, 1995).

It should be noted that Meldolesi refers to 
“many,” not all, vesicles as participating in the 
“kiss and run” process. Also, Henkel and Betz 
(1995) have only indirect evidence as to the 
amount of ACh that may be released indepen-
dently of classical recycling (they consider the 
cycling of the membrane-ligated fl uorescent dye 
FM1-43 as a monitor of exocytosis). Altogether, 
Meldolesi and his associates (Meldolesi, 1998; 
Valtorta et al., 2001) suggest that the “regulated” 
exocytosis with its complicated assembly of regu-
latory proteins and organelles is a phenotypic 
phenomenon, and that not all its components—
“secretion competence factors”—may be expressed 
molecularly; therefore, he speculates that the two 
processes may run in parallel.

The second of these drastic hypotheses was 
posited in the 1970s and 1980s by Maurice Israel, 
Nicolas Morel, Bernard Lesbats, and Yves Dunant 
(see, for example, Israel et al., 1983; Israel, 2004; 
Israel and Dunant, 1998, 2004; Dunant, 2000).2

They isolated from cholinergic nerve termi-
nals—but not from postsynaptic membranes—a 
protein, which they associated with Ca2+-
dependent release of ACh and which they called 
the mediatophore. Then they showed that among 
a number of cell lines, including glioma, fi bro-
blast, and several neuroblastoma lines that were 
loaded with Ach, only those rich in the mediato-
phore could release the transmitter; furthermore, 
the release capacity could be given to cell lines 
incapable of release by transfecting them with 
plasmids encoded with mediatophore. Further-
more, antisense probes hybridizing the mediato-
phore messenger blocked the release of ACh from 
these preparations as well as from synaptosomes, 
“naturally” capable to release ACh.

All this could simply signify that the mediato-
phore belongs to the proteins, such as soluble 
N-ethylmaleimide attachment proteins (SNAPs), 
that are involved in docking of synaptic vesicles 
and in the exocytosis (see above, sections B-2 
and B-3), and that it does not mediate any 
vesicle-independent release processes. In fact, 
mediatophore is a homo-oligomer of a 16-kDa 
subunit which is associated in a sector of the nerve 
terminal membrane which includes other proteins 
linked with release mechanisms such as vesicular 
ATPase (V-ATPase; Israel and Dunant, 1998); 
then the difference between mediatophore and 
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other cholinergic release proteins such as SNAPs 
would be only that the mediatophore plays a more 
general role than the latter, as it subserves trans-
locations and release mechanisms in noncholiner-
gic cells such as glia.

But there is another angle to the story that sup-
ports the notion of the mediatophore being essen-
tial for ACh release which is independent of the 
vesicles, and, in fact, the mediatophore subserves 
the main process of ACh release. Indeed, Israel’s 
team presents data that suggest that this is indeed 
so in the case of the cholinergic cells. In addition, 
other investigators (see Prior and Tian, 1995) 
showed that, following labeling of cholinergic 
nerve terminals with radioactive choline, isotopic 
composition of released ACh matches closely the 
cytoplasmic (free) rather than vesicular (bound) 
transmitter. Also, this release relates to the decrease 
in the concentration of cytosolic ACh (Dunant and 
Israel, 1985). The French-Montreal-Geneva team 
suggested also that during the release process a 
constant number of mediatophore molecules may 
be activated “close to a calcium channel” (Israel 
and Morel, 1990), this phenomenon resulting in 
numerically quantal release, although the release 
is not originating from synaptic vesicles; thus, 
Maurice Israel and his colleagues can have their 
cake and eat it too. Ultimately, Israel and his asso-
ciates (see Israel and Dunant, 1998) suggested that 
mediatophore molecules represent “elementary 
pores that translocate ACh from  .  .  .  either  .  .  .  the
cytosol, or synaptic vesicles.” It may be added that 
for the measurement of ACh, Israel, Dunant, Morel, 
and their associates used the elegant, ultrarapid, 
and ultrasensitive choline oxidase chemilumines-
cent method; the technique is sensitive at picomo-
lar concentrations of ACh (see section A).

As pointed out by Maurice Israel and Yves 
Dunant (Israel and Dunant, 2004; see also Peters 
et al., 2001), mediatophore has a more general role 
than that of transmitter release. It appears to be 
needed (with Ca2+ and SNAREs) for membrane 
fusion (such as the fusion between vesicular and 
postsynaptic membranes) and proton translocation 
in V-ATPase processes.

Laurent Descarries and Daniel Umbriaco 
presented the third and fi nal “radical” hypothesis 
(or speculation) of nonsynaptic, diffuse release of 
ACh in 1995. Descarries, Mircea Steriade, and 
associates expanded the hypothesis subsequently 
(Descarries, 1998; Descarries and Mechawar, 
2000). These investigators employed CAT immu-

nostaining and advanced electronmicroscopy to 
study cholinergic, monoaminergic, and serotoner-
gic nerve terminals and their axonal varicosities 
in several rat brain areas. They claimed that in rat 
cerebral cortex, nestriatum and hippocampus 70% 
to 80% [sic] of varicosities showed “no hint” of 
synaptic differentiation” or “junctional complex.” 
Altogether, Descarries and associates (Descarries 
et al., 1997, 2004; Descarries, 1998) proposed that 
these nonsynaptic varicosities subserve an evoked 
or spontaneous (diffuse) release of ACh (and other 
monoamines) into the synaptic cleft. This ACh 
release is nonsynaptic and results in ambient, low 
ACh concentrations in the synaptic cleft (or 
“extracellular space”; Descarries, 1998).

Descarries and associates felt that several fi nd-
ings supported their notion. For example, musca-
rinic and nicotinic receptors are present at non- or 
extrasynaptic sites, whether at somatic locations, 
dendritic spines, or dendritic branches (Mrzlyak 
et al., 1993). Also, many investigators (e.g. 
Newton and Justice, 1993, and Israel and Morel, 
1990) apparently demonstrated that low ACh 
levels in the nanomolar range continually exist in 
the synaptic cleft. Finally, Victor Gisiger, Laurent 
Descarries, and others provided evidence 
suggesting that some AChE forms (i.e., G4) may 
preserve (not eliminate) ambient ACh levels in the 
synaptic cleft (see Descarries et al., 1997 and 
Chapter 3 D, III). A related hypothesis—or shall 
we call it a speculation?—posited by Coggan and 
his associates (2005), is that, at least at the para-
sympathetic ganglia transmission occurs not only 
synaptically but also ectopically, i.e., outside opf 
synaptic specializations; this mode would involve 
alpha7 nicotinic postsynaptic receptors.

3. Conclusions

Intense discussions are held at various meet-
ings among adherents to the various hypotheses of 
nonvesicular release of ACh, such as Maurice 
Israel and his associates on the one hand, and 
Victor Whittaker on the other. Sometimes, posi-
tions taken by the adversaries seem to soften. 
Thus, Maurice Israel proposed a mechanism via 
which their mediatophore process yields a quantal 
(although not vesicular) release of ACh. Victor 
Whittaker is more intransigent and retains his 
position. Actually, in the 1970s he suggested that 
the since the recycling vesicles (Vesicles Peak 
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2, or VP2 vesicles) obtained in his experiments 
with radioactive choline were newly created fol-
lowing the intense stimulation, they must 
necessarily exhibit the isotopic ACh composition 
that matches that of the cytosol; this would explain 
Israel’s process as effective only under special 
conditions.

Altogether, it is not easy to relate the three 
unorthodox ideas on the mode of ACh release to 
the classical, quantal hypothesis of release. There 
is no denying that much evidence supports one or 
more of the novel ideas, such as the presence of 
ambient levels of ACh in the synaptic cleft, the 
absence of synaptic specializations at certain 
nerve terminal sites where ACh release does 
occur, and the presence of mediatophore at cho-
linergic nerve terminals and its capacity for ACh 
release. Yet the evidence for the vesicular release 
of ACh is very strong (see Victor Whittaker’s 
comment on this matter in his Foreword to this 
book). Thus, the relation between synaptic vesi-
cles, mEPPs, and EPPs is well established, for 
both the central and the peripheral nervous system. 
Also well demonstrated are the relationships 
among recycling of the vesicles, the proteins 
involved in this process, and the release of ACh. 
Even certain minutiae of the release and vesicular 
processes are demonstrably connected; thus, the 
fast vesicle recycling supports and accompanies 
intense stimulation (Sara et al., 2002). Perhaps 
then we should try to combine the various release 
models. Do they all operate under physiological 
conditions? Do they represent alternative release 
modes? Do they operate under special circum-
stances only? Do the pertinent mechanisms and 
entities—and particularly the mediatophore—
belong to the markers of the cholinergic neuron, 
such as VAChT, SNAPs, and SNAREs?

The classical model alone is immensely 
complex. It contains multiple components and 
processes of synthesis of ACh: concentrative—to 
use Whittaker’s term—vesicular uptake of acetyl-
choline and the activating proteins involved in 
this uptake and regulated by the cholinergic gene 
locus; vesicular docking and plasmalemma fusion 
processes, again including activating proteins; and 
actual, Ca2+-mediated release of acetylcholine. 
Processes of vesicular cycling and recycling 
accompany these phenomena, as the vesicles 
move from the empty to the loaded form, consti-
tuting several pools of vesicles. In part at least, the 
so-called motor proteins that move along the cyto-

skeleton fi laments propagate this movement; they 
contribute to muscle contraction and to vesicular 
movement (see also Whittaker, 1992, 1998; 
Sudhof, 2000; Howard, 2001). The conceptualiza-
tion involved in formulating these processes and 
their components is fl abbergasting; it still leaves 
unanswered questions. How do the various pro-
teins link (we have at this time just barely a notion 
of the formation of protein complexes such as 
SNAREs that activate vesicular fusion)? What 
promotes and organizes temporally the cycling 
motion of the vesicles? What is the precise molec-
ular and genetic control of the expression of these 
multiple processes? What determines the ratio 
between empty vesicles and the vesicles generated 
in the cholinergic neuron perikaryon? Which is 
the mechanism that moves the empty vesicles 
away from the terminal?

ACh release would become even more complex 
if, aside from the classical, the unorthodox pro-
cesses also participated in the release. Only a most 
advanced computer program could describe this 
phenomenon (or could it?). I once suggested that 
only a very advanced computer program might be 
capable of describing another phenomenon, the 
causative transit from synaptic transmission via 
the multiple cholinergic and noncholinergic path-
ways to specifi c functional or behavioral events 
(Karczmar, 1993, 2004; see Chapter 9 BVI-BIV 
and V). Can a superprogram be devised to describe 
the combined phenomena?

It must be added that the cholinergic markers 
of the cholinergic neuron are not pertinent only for 
the transmittive function of this neuron, and this 
chapter’s discussion does not necessarily imply 
that transmission constitutes the only role of the 
cholinergic neuron. Several nontransmittive roles 
were proposed, beginning in the late twentieth 
century. For example, it is well established that 
the cholinergic system and its components have a 
trophic role and a regenerative role, with regard to 
both the adult nervous system and development; 
when enacting this role, they are referred to as 
“morphogens.” Then John Eccles and the McGeers 
proposed that the cholinergic system and its com-
ponents exert a metabotropic role, as ACh (as well 
as certain other transmitters) triggers the neuronal 
membrane to precipitate second messenger–
generated effects leading to metabolic changes in 
the neuron (McGeer et al., 1987b). These and 
related matters are discussed in detail in Chapters 
8 BIV, 3 DIII, and 11.
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DI. Central Cholinergic 
Pathways—An Introduction

The work of Kimura, the McGeers, Mesulam, 
Woolf, Kasa, Butcher,Wainer, Woolf, Wenk, and 
others expanded the vision of Shute and Lewis, 
Koelle and Gerebtzoff, and their associates and 
brought about something rarely heard of in the 
cholinergic fi eld: an almost defi nitive statement 
concerning at least one area of that fi eld, namely 
cholinergic pathways, even though there is a need 
to clean up discrepancies between the various 
investigators’ pathway maps and to clarify the 
inconsistencies in nomenclature they used (see 
section A, above, and sections DI, DII, and DIII, 
below). The main consequence of this accom-
plishment is that, combined with lesion studies 
and pharmacological investigations of central 
functions and behaviors, this work established the 
cholinergic correlates of functions and behaviors, 
as well of certain disease states (see Chapters 9 
BIV, BV, and BVI and 10 A; details concerning 
distribution of ChEs that are discussed in Chapter 
3 DIII are also pertinent in the present context).

The cholinergic pathways were studied within 
the last 30 years by modern methods—which include 
CAT immunocytochemistry and histochemistry, 
various methods of measurements of AChE and of 
nicotinic and muscarinic receptors, and lesion and 
retrograde staining techniques (see section A, above, 
and Chapter 9 BIV–BVI)—in monkeys, apes, 
marmosets, raccoons, chickens, humans, rabbits, 
rodents, and cats (the rat brain was most particularly 
investigated). Generally, there is a remarkable simil-
itude among the cholinergic neuro nal groups and 
pathways of these species; thus, cholinergic neuro-
nal clusters of the raccoon’s forebrain are remark-
ably similar to those described for the rat and monkey 
by Mesulam and his team (Mesulam et al., 1983a, 
1983b; Mesulam, 1976, 1990, 2003, 2004). Yet, 
species differences exist and will be pointed out.

It was already mentioned (see section A) that 
maps obtained in the past via Koelle’s histochemi-
cal method for staining AChE are not as depend-
able for the identifi cation of cholinergic neurons as 
the CAT staining method (for example, the Koelle 
method identifi es both cholinergic and cholinocep-
tive cells; see section IIA). It was also mentioned 
that, nevertheless, maps provided decades ago 
by Shute and Lewis (1966, 1967a, 1967b) and 
Krnjevic and Silver (1966; see section IIA) essen-
tially agree with the mapping obtained by means of 

the CAT stain provided more recently (Wilson, 
1985; Kasa, 1986; Mesulam, 2000). For example, 
Pamela Wilson’s (1985) maps of an AChE-
containing tegmental pathway correspond closely 
to the McGeers’ maps obtained by means of CAT 
immunocytochemistry visualizing the parabrachial 
system. Furthermore, some investigators who 
employed jointly in single studies methods for 
detection of both CAT and AChE obtained parallel 
results (Kasa and Silver, 1969; Kasa, 1971a, 1971b; 
Eckenstein and Sofroniew, 1983; Satoh et al., 
1983).

The McGeers, Mesulam, Fibiger, Wenk, 
Butcher, Woolf, Wainer, and their associates 
described CAT immunocytochemistry–based 
maps of cholinergic pathways for many species. 
There is considerable overlap among these maps, 
but there are also many differences—in substance, 
in terminology, and in the mode of subdividing the 
cholinergic system, as will appear clearly in this 
section.3 The CAT immunohistochemistry maps 
of Kimura and the McGeers were prepared fi rst 
(see section A). These maps, together with ampli-
fi cations and improvements provided by Wainer, 
Woolf, Butcher, and Fibiger, and comparisons 
with the maps prepared later by Mesulam and his 
associates, are presented fi rst; the Mesulam maps 
are described subsequently.

Chronology is not the only reason for this 
two-punch mode of presentation. In view of the 
manifold differences among the various maps, it 
is well-nigh impossible to present a single pathway 
description that would smoothly amalgamate the 
work of all the pertinent teams; separate presenta-
tion of two main systems and their juxtaposition 
should present a clear picture of the cholinergic 
system as a whole.

DII. The Cholinergic Pathways 
Presented by the McGeers, 
Kimura, and Kasa and 
Expanded by Butcher, 
Woolf, and Wainer

Upon developing the immunohistochemical 
staining method for CAT, the McGeers and 
Kimura stressed that the cholinergic marking 
obtained by this method is reliable and leads to a 
clear-cut identifi cation of cholinergic neurons, 
their pathways, and radiations (McGeer and 
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McGeer, 1989, 1993; McGeer et al., 1983, 1984a, 
1984b, 1987a, 1987b; Kimura et al., 1980, 1981); 
this is particularly true when the CAT marking is 
combined with retrograde staining techniques and 
other means of cholinergic identifi cation. On the 
basis of these methods, the McGeers identifi ed a 
number of cholinergic pathways. They distin-
guished, for several species including humans, 5 
major and several minor cholinergic pathways or 
systems (McGeer et al., 1984b, 1987a). Their 
major systems include the medial forebrain system, 
parabrachial complex, reticular formation and its 
giganto- and magnocellular fi elds, motor nuclei 
subserving the peripheral nerves, and striatal inter-
neurons (Figures 2-5 and 2-6; see below).

The inconvenience here is that the nomencla-
tures used by the McGeers and the subsequent 
investigators in the description of the pathways 
differ.4 It also complicates the matter that nomen-
clature for the pertinent nuclei—such as those of 

the brainstem—is frequently revised (see, for 
example, Reiner et al., 2004). The major systems 
recognized by Nancy Woolf, Larry Butcher, Hans 
Fibiger, and Bruce Wainer include the motor 
nuclei and the striatal interneurons, but they refer 
to McGeers’ medial forebrain and its nucleus 
basalis of Meynert (NBM) as either magnocellular 
forebrain or basal forebrain, and to the McGeers’ 
parabrachial complex and its pediculopontine 
and lateral tegmental nuclei as components of the 
brainstem and the spinal cord, namely pontomes-
encephalic tegmentum (Woolf, 1991; Butcher, 
1995; Woolf and Butcher, 1986 and 1989; Butcher 
et al., 1993; Butcher and Woolf, 2003; Wainer 
et al., 1993; to include the tegmentum in the brain-
stem jointly with the spinal cord may not be 
felicitous). Also, Woolf and others distinguish, in 
addition to the McGeers’ systems, the dience-
phalic complex, while the McGeers distinguish, 
outside of the Woolf-Butcher systems, the 
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Figure 2-5. Diagram summarizing some of the connections between various parts of the visual pathways and 
visual cortical areas. The cholinergic routes are indicated by thick arrows. DBB, nucleus of the diagonal band 
(Broca); GP, golbus pallidus; LG, lateral geniculate nucles; S, stria terminalis; SC, superior colliculus. (From Kasa, 
1986.)
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and Geula, 1988), it is frequently not listed specifi -
cally in neuroanatomy texts, except as a part of 
the ventral basic ganglia or substantia innominata 
(e.g., Brodal, 1981). It is absent in the rabbit, 
muskrat, and several other mammalian species; 
Gorry (1964) did not describe this site as cholin-
ergic; he defi ned it morphologically as poorly 
organized and sparsely distributed within substan-
tia innominata in the cat, dog, and rat. This notion 
was confi rmed for the rat by investigators employ-
ing the CAT stain (see Wenk, 1997; Mesulam et 
al., 1983a; Mesulam and Geula, 1988); accord-
ingly, Wenk (1997) referred to this structure in the 
rat as “homologous” to that of the nucleus basalis 
of, say, human; actually it is referred to frequently 
in the case of the rat as nucleus basalis magnocel-
lularis (NBMC); other complications of the matter 
are discussed in section D2, below. Finally, in the 
zebra fi nch, the nucleus basalis has as its analog 
the ventral paleostriatum, which radiates in the 
bird to the forebrain and its song control nuclei; 
presumably, other bird species exhibit similar 
cholinergic systems (Li and Sakaguchi, 1997).

The cholinergic cells of the medial septum and 
vertical and horizontal limb of the forebrain’s 
diagonal band are intensely projected to the limbic 
system and several cortical areas, including cin-
gulate, pyriform, and entorhinal cortices. The 
McGeers, the Butcher-Woolf-Fibiger team, and 
other investigators (e.g., Wainer et al., 1993) 
emphasized the morphologic preponderance and 
behavioral signifi cance of the diagonal band and 
projections from other regions of the forebrain to 
the limbic system, including the septum, amyg-
dale, and hippocampus. The McGeers and others 
also described cholinergic diagonal band neuron 
projections to the olfactory bulb, the nucleus inter-
peduncularis, and the entorhinal and perirhinal 
cortex (Kasa, 1986; Dohanich and McEwen, 1986; 
Woolf and Butcher, 1989; Woolf, 1991; McGeer 
et al., 1987a, 1987b). The horizontal band extends, 
according to the McGeers (1987a, 1987b; see also 
Dohanich and McEwen, 1986), to the parietal, 
occipital, temporal, and frontal lobes, habenula, 
and amygdala; according to Woolf (1991), the 
horizontal band and magnocellular preoptic area 
extend efferently to, besides the nuclei and areas 
referred to by the McGeers (1987a), the olfactory 
bulb and pyriform nuclei, hypothalamus, tegmen-
tum (peduculopontine and pediculopontine teg-
mental areas), raphe, and locus ceruleus. Some of 

reticular formation in their classifi cation. Then 
Paul Kasa embraces still another approach (see 
Kasa, 1986 and Figure 2-5): he lists the major 
brain divisions and subdivisions (i.e., telencepha-
lon, diencephalons, mesencephalon, etc., and their 
main subdivisions) and then describes the cholin-
ergic projections to these locations. However, as 
described below, there are many similarities 
among the radiations described by the McGeers, 
Nancy Woolf, and Larry Butcher for the forebrain 
(or basal forebrain) and NBM.

1. The McGeers’ Medial 
Forebrain System

The McGeers (see, for example, McGeer et al., 
1987a) described the medial forebrain complex or 
system and its magnocellular component as con-
sisting of a sheet of “giant” cholinergic cells; it 
“starts just anterior to the anterior commisure and 
extends in a caudolateral direction  .  .  .  to termi-
nate  .  .  .  at  .  .  .  the caudal aspect of the lentiform 
nucleus.” Divac described these projections in 
1975, but not as cholinergic in nature. The system 
includes several nuclei; in a rostral to caudal order, 
they are: medial septum nucleus, nuclei of the 
vertical and horizontal limbs of the band of Broca, 
and the NBM. Woolf (1991) also includes sub-
stantia innominata and nucleus ansae lenticularis 
in this series. The system is essentially afferent in 
nature, and its descending radiation to the brain-
stem is mostly not cholinergic (Semba et al., 
1989).

Nucleus basalis of Meynert is of primary 
importance as it projects to the frontal, occipital, 
parietal, and temporal cortical lobes, or the entire 
cortical mantle, as well as to the amygdala, the 
thalamus, and its reticular nuclei; the presence of 
the NBM radiations was stressed not only by the 
McGeers but also by Mesulam, Kasa, and the 
Woolf-Butcher team (Mesulam and Geula, 1988; 
Mesulam et al., 1983a, 1983b; Kasa, 1986; Wainer 
et al., 1993; see also Wenk, 1997; Woolf, 1991). 
The NBM is one of the earliest recognized brain 
structures, as it was identifi ed (as ganglion basale)
in 1872 by Meynert; it was described in detail by 
the Swiss biologist and neurologist Rudolf A. von 
Kolliker and named by him after Meynert. While 
it is well formed and extensive in several mammals 
including the dolphin and the human (Mesulam 
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this radiation is frequently referred to as septohip-
pocampal pathway (see Woolf, 1991, 1997, 1998; 
Butcher et al., 1993). Also, Woolf and Butcher 
used Mesulam’s nomenclature when they referred 
to the neurons of the medial septum and the verti-
cal limb of the diagonal band (which also contribute 
to the septohippocampal radiation) as Ch1 and Ch2 
neurons (see the next section). While the preponder-
ance—or at least a good proportion—of the cholin-
ergic cells of the septum and the diagonal band, as 
well as of the cholinergic cells of NMBC, send 
ascending projections to the cortex and the limbic 
system, only a small proportion of the cells of these 
systems that send descending projection to the 
brainstem are cholinergic (Semba et al., 1989).

As referred to above, the McGeers and the 
Woolf-Butcher team have described cholinergic 
forebrain radiations to the olfactory bulb and to 
the entorhinal cortex (see also Halasz and 
Shepherd, 1983). While such radiations imply the 
existence of a cholinergic olfactory system, the 
two teams do not explicitly propose the presence 
of such a system; it is, however, proposed by Kasa 
(1986). Kasa stresses that CAT and AChE activity 
is present in several layers of the olfactory bulb; 
CAT levels are particularly high in the glomerular 
and internal plexiform layers. Besides the fore-
brain, this afferent activity originates in the olfac-
tory tubercle and, perhaps, in the islands of Calleja 
(Shute and Lewis, 1967a, 1967b). On the other 
hand, it is not clear from the evidence presented 
by the McGeers, the Woolf-Butcher team, and 
Kasa whether or not cholinergic neurons contrib-
ute to the efferent outfl ow from the olfactory 
tubercle to the olfactory cortex (including 
enthorhinal and pyriform cortices); a nucleus 
basalis–olfactory pathway is, however, defi ned by 
Mesulam and his team (see Selden et al., 1998, 
and below, section D2).

It was already mentioned that the McGeers and 
their associates and the Woolf-Butcher team 
use the terms “medial forebrain complex” and 
“basal forebrain” (the “magnocellular forebrain”), 
respectively, for systems that are relatively similar 
but differ somewhat with respect to the nuclei or 
groups of origin and their radiations’ targets. The 
nuclei and the radiations of the Woolf-Butcher 
system are somewhat richer than those proposed 
by the McGeers, and in her 1991 review Nancy 
Woolf describes in detail both efferents and 
afferents of the 7 nuclei that she recognizes in the 

case of her “basal forebrain” (see also Butcher and 
Woolf, 2003). Similarly, the Woolf-Butcher 
description of the functional signifi cance of their 
system ranges more widely than the description 
offered by the McGeers for their complex. 
However, the McGeers, just as other investigators, 
assign major importance for loss of cognition 
and Alzheimer’s disease to the loss of neurons 
and of the cholinergic systems in the “medial 
basal forebrain” and the nucleus basalis (see, 
e.g., McGeer et al., 1987a, 1987b). Indeed, Nancy 
Woolf (1997, 1998) assigns a major role for cog-
nition and consciousness and self-awareness (see 
Chapter 9 BVI) to the basal forebrain and the 
reticular formation and its radiation to the cerebral 
cortex modules.

2. The McGeers’ Parabrachial 
Complex

The McGeers and associates recognized the 
parabrachial complex as the second major system 
and the “most intense and concentrated choliner-
gic cell group in the brain stem.” It surrounds 
conjunctivum commencing in the most rostral 
aspects of the pons and radiates along the bra-
chium conjunctivum and superior cerebellar 
peduncles in the caudodorsal direction. The 
pathway contains several nuclei such as the pedun-
culopontine tegmental nucleus, medial and lateral 
parabrachial nuclei, and Kolliker-Fuse nuclei 
(occasionally there are disagreements between the 
McGeers and Mesulam’s team [Mesulam et al., 
1984] regarding the presence of CAT in some of 
the nuclei of the McGeers’ parabrachial complex; 
see below, next section). According to the McGeers 
and other 1980s investigators, including Bruce 
Wainer and his associates (Saper and Loewy, 
1982; Lee et al., 1988), the pedunculotegmental-
parabrachial system ascends to all thalamic nuclei 
(including anterior nuclear, reticular nuclear, and 
posterior nuclear areas), the substantia nigra, and 
the cortex; Saper and Loewy (1982) also describe 
projections of this system to the hypothalamus and 
amygdala (see also Kasa, 1986). In 1987 (McGeer 
et al., 1987a), the McGeers opined, “this region is 
a major supplier of afferents to all parts of the 
diencephalon  .  .  .  including hypothalamus  .  .  .  and
the limbic system and possibly to the cortex.” It 
should be noted that the McGeers’ term “parabra-
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chial system” corresponds to an extent—but not 
entirely—to Nancy Woolf’s term “pontomesence-
phalic formation”; this matter is discussed further 
below. Sub sequently, Edith McGeer (Semba et al., 
1989) stressed the importance of brainstem 
(pedunculopontine tegmental and dorsal raphe 
nuclei) in projecting to the cortex and receiving 
afferents from the magnocellular regions of the 
basal forebrain. Nancy Woolf and her associates 
(see, e.g., Woolf, 1991) add tectum and basal fore-
brain as destinations of the tegmental nuclei 
described by the McGeers, and this is an important 
addition to the McGeers’ complex.

Nancy Woolf and Larry Butcher (see, e.g., 
Woolf, 1991; Woolf and Butcher, 1986; Butcher 
and Woolf, 2003; and Woolf et al., 1986) depart 
from the McGeers in not employing the term 
“parabrachial complex”; they instead localize a 
somewhat similar complex in the brainstem and 
refer to it as “pontomesencephalic tegmentum”; 
they emphasize the presence within this site of 
laterodorsal tegmental and pedunculopontine 
nuclei. Palkovits and Jacobowitz (1974) and 
Hoover and Jacobowitz (1979) include these 
neurons within the cuneiform nucleus. Butcher, 
Woolf, and others (Woolf and Butcher, 1986, 
1989; Woolf, 1991) describe its efferent (ascend-
ing) radiations, which include, in addition to those 
enumerated by the McGeers, subthalamus, haben-
ula, striatal areas and basal ganglia, reticular for-
mation, medium septum, lateral geniculate, and 
stria terminalis. Woolf and other investigators 
opine that the descending projections of the ponto-
mesencephalic tegmentum also reach the cranial 
nuclei, including the trigeminal, facial, and hypo-
glossal motor nuclei, vestibular nuclei, raphe, 
locus ceruleus, and pontine and medullary and 
pontine reticular nuclei (Jones and Yang, 1985; 
for further references, see Kasa, 1986; Woolf, 
1991; Butcher and Woolf, 1986; 1989). Nancy 
Woolf (1991, 1996, 1997, 1998) emphasizes the 
role of the radiation from the pontomesencephalic 
tegmental system (the McGeers’ parabrachial 
complex) to the basal forebrain, relaying thence to 
the cerebral cortex for processes of memory and 
consciousness; it is interesting that she states that 
this notion “replaces the older notion of a nonstop 
pathway originating in the cholinergic reticular 
formation” or system (Shute and Lewis, 1967a, 
1967b). This matter is addressed again in the next 
section.

3. The McGeers’ Reticular 
System

The McGeers’ third major system, the reticular 
system, is “a scattered collection of very large 
cells,” the giganto- and magnocellular neurons 
(McGeer et al., 1987). These cells aggregate 
medially with respect to the raphe and ventrally 
with respect to the inferior olive; longitudinally, 
they extend from the rostral pons to the caudal 
medulla. They contain nuclei reticularis pontis 
oralis and caudalis, reticularis tegementis pontis, 
reticularis gigantocelluralis and reticularis latera-
lis, as well as the formatio reticularis centralis (or 
medularis) and cuneiform nucleus. Particularly 
the hypoglossal and gigantocelluralis nuclei 
contain high levels of CAT and of ACh located in 
the soma and nerve terminals (Kimura et al., 
1981), perhaps indicating the presence of cholin-
ergic-cholinergic relays (see Woolf and Butcher, 
1986). The system’s neurons radiate to the thala-
mus and other rostral nuclei, cerebellum, superior 
colliculus, and spinal cord (see Kasa, 1986). 
Again, there is a substantial difference between 
this system as described by the McGeers and the 
same system described by others. While Woolf 
(1991) refers to the medicular reticular nuclei and 
the medullary tegmentum as the source of the 
medullary reticular radiation, she ascribes only 
afferent projections to this source and defi nes 
them as coursing to the cerebellar cortex; she adds 
as the medullary origin of this reticular outfl ow 
the prepositus hypoglossal nucleus. Mesulam and 
Jacobowitz include nucleus cuneiformis with the 
pedunculopontine nuclei, and they refer to these 
nuclei as the pontomesencephalic reticular forma-
tion, or the Sector Ch5 cluster (see next section), 
which the McGeers list under their parabrachial 
system (Mesulam et al., 1983a, 1983b; Mesulam, 
1990; Palkovits and Jacobowitz, 1974; Jacobowitz 
and Palkovits, 1974).

Apparently, the McGeers’ account of the retic-
ular system and pontine tegmentum does not jibe 
with the original description of the reticular system 
and its identifi cation with the ARAS by Shute and 
Lewis, Himwich and Rinaldi, and Krnjevic (see 
section A, above). But Woolf, Butcher, and 
Wainer emphasize the cortical radiations of the 
components of their parabrachial complex (teg-
mental nuclei) and assign to them a role in arousal, 
memory, and the sleep-wakefulness cycle; that is, 
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they synonymize this system with the classical 
ARAS (Woolf and Butcher, 1986, 1989; Woolf, 
1991).

4. The McGeers’ Striatal 
Interneurons

Striatal cholinergic interneurons constitute the 
fourth system of the McGeers; they identifi ed it 
very early (McGeer et al., 1971). These neurons 
are present in the caudate, putamen, and accum-
bens; following their cholinergic identifi cation by 
McGeer et al. (1971), they were recognized as 
such (“intrinsically-organized local circuits”) by 
Woolf (1991), Kasa (1986), and Mesulam (1984). 
But, efferents also radiate from the striate and the 
basal ganglia, including substantia innominata and 
globus pallidum, to superior colliculus, cortex, 
and, possibly, substantia nigra (for references, 
see Kasa, 1986). The basal ganglia constitute a 
problem. As the rest of the striate, some compo-
nents (e.g., substantia nigra) may or may not 
contain cholinergic interneurons (see Kasa, 1986). 
However, the literature agrees on the presence of 
CAT and AChE in the substantia nigra, but it is 
not clear whether the CAT stain represents affer-
ents to this site, such as the postulated striatonigral 
path, or innervation radiating from peduculopon-
tine tegmentum and nucleus accumbens (Kasa, 
1986; McGeer et al., 1987a).

5. The McGeers’ Motor Nuclei

The motor nuclei of the peripheral nerves are 
the McGeers’ fi fth system. These include cranial 
nerve nuclei, which are the source of the efferent 
nerves to the autonomic system, motor nuclei 
innervating the facial muscle, and motor counter-
parts in the anterior and lateral horns of the spinal 
cord. This is in agreement with the work of Kasa 
(1986), Woolf (1991), and others; similar to the 
McGeers, Woolf, Butcher, and their associates 
distinguish the cholinergic motor neurons as a 
separate component, which is a part of their 
brainstem and spinal cord system. The spinal cord 
should be mentioned in this context; it was not 
reviewed by the McGeers or the Butcher-Woolf 
team. AChE and CAT stain is obtained in the 
motor neurons, as referred to above, as well as in 

other parts of the ventral horn (see also Kasa, 
1986; Dun et al., 2001); according to Kasa (1986) 
and Barber et al. (1984), cholinergic neurons may 
be also present in the dorsal and intermediate 
spinal cord, and the muscarinic nature of the 
dorsal horn receptors (of the M2, M3, and M4 
type) was demonstrated by Zhang et al. (2005; see, 
however, Dun et al., 2001). The cholinergic inner-
vation of these sites may originate in the nucleus 
ruber and from the reticular system of the McGeers, 
particularly the hypoglossal and magnocellular 
nuclei. Other descending cholinergic pathways 
originating in the hypothalamus and the brainstem 
(parabrachial system of the McGeers) may con-
tribute to the spinal innervation (Loewy, 1990).

6. The Other (Sometimes 
Minor) Systems

The McGeers and others also recognize several 
additional cholinergic systems. For example, cho-
linergic interneurons are present in the cortex, 
striate, hypothalamus, interpeduncular nuclei, and 
hippocampus (Tago et al., 1987); however, the 
McGeers did not describe any cholinergic radia-
tions emanating from the cholinergic diencephalic 
(hypothalamic) neurons. The intrinsic nature of 
some of the cortical and striatal cholinergic 
neurons was also evidenced in the studies of 
Butcher and Woolf (e.g. Butcher et al., 1975; 
Butcher and Woolf, 2004), Bolam and Wainer 
(e.g. Bolam et al., 1984), and Kasa (1971 and 
1986); a variety of techniques including CAT and 
AChE staining were employed. Interpeduncular 
nucleus may contain the highest content of CAT, 
even higher that that of putamen and caudate 
(Kasa, 1986); this may be mostly derived from 
habenular and other cholinergic afferents abutting 
on the nucleus interpeduncularis. There also may 
be intrinsic cholinergic cells in the nucleus ruber, 
as well as cholinergic efferents descending spi-
nally from this nucleus (rubrospinal cholinergic 
tract (see Kasa, 1986; Woolf, 1991). The axons 
and the dendrites of the intrinsic cortical choliner-
gic interneurons “elaborately intertwine and inter-
lap” (Kasa, 1986), which is in agreement with the 
notions of Woolf and her functional interpretations 
of the role of the cholinergic system in cognition 
(1991, 1997; see Chapter 9 BV and BVI).

The cerebellum is another, probably minor 
locus of the cholinergic system that is rarely men-
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Kasa, 1986; Mesulam, 1990, McGeer et al., 1987a, 
1987b). However, constructing a full diagram of 
the cholinergic visual system, though partial and 
speculative constructions have been offered, is 
impossible (Figure 2-5).

The auditory cholinergic system is infrequently 
described, yet cholinergic contribution to this 
system is undeniable (see Kasa, 1986). The dener-
vation method and using CAT and AChE markers 
demonstrate a cholinergic presence in the superior 
olive, organ of Corti hair cells (or their base), 
spiral ganglion, and cochlea. Altogether, the 
generally accepted auditory pathway is the olivo-
cochlear bundle (see also Chapter 9 BV). However, 
CAT and/or AChE are present in several auditory 
system components (i.e., the geniculate, inferior 
colliculus, and nucleus cuneiformis), and Kasa 
(1986) diagrammatized a cholinergic auditory 
pathway that unites the auditory apparatus with 
the auditory cortex via the nuclei in question.

Similar to the McGeers’ “major” systems or 
complexes, the “minor” systems exhibit afferent 
terminals originating in many brain parts. For 
example, the interpeduncular nucleus is probably 
innervated by the basal forebrain, parabrachial 
(pontomesencephalic), and septum. All these fi nd-
ings agree with the demonstration of ACh release 
and the presence of cholinergic (muscarinic or 
nicotinic) receptors in these loci (for references, 
see Kasa, 1986; McGeer et al., 1987a, 1987b; 
Woolf, 1991.)

7. Comparing and Commenting 
on the McGeer and Woolf-
Butcher Pathway Maps

The McGeer and the Woolf-Butcher pathway 
maps may be compared in several ways (see 
Figure 2-6). Butcher, Woolf, and their associates 
and the McGeers use the same terms and replicate 
to a great extent the McGeers’ descriptions of 
certain pathways described by the McGeers. This 
is the case with the motor nuclei and the striatum, 
except that Butcher and Woolf (see Woolf, 1991; 
Butcher, 1995) add to the McGeers’ striatum the 
islands of Calleja (of the olfactory tubercle) and 
the olfactory tubercle (anterior perforated sub-
stance). The cholinergic neurons of the islands 
may supply the olfactory band (Kasa, 1986). Also, 
Butcher and Woolf classify their striatum, 

tioned in the Woolf-Butcher or McGeers studies 
(see, however, Kasa, 1986). But CAT and AChE 
are present in the Golgi cells, intracerebral nuclei, 
and granular and molecular layers; they are also 
present in the mossy fi bers and in the terminals of 
mossy and parallel fi bers, as well as other cerebel-
lar terminals (for literature, see Kasa, 1986). The 
source of this CAT and AChE is not known. Shute 
and Lewis (1967a, 1967b) opined on the basis of 
their AChE stain that cholinergic afferents reach 
the cerebellum via the 3 cerebellar peduncles. Fur-
thermore, cholinergic receptors, notably of several 
nicotinic types, are present in all lobules of the 
cerebellar cortex, although their density may be 
small (De Filippi et al., 2005). Cholinergic origins 
of the afferents are not clear, although the red 
nucleus and the spinal afferent pathways may 
serve as such. Furthermore, cerebellar cortex 
neurons seem to exhibit cholinoceptivity (for ref-
erences, see Kasa, 1986). Altogether, the cerebel-
lum seems to have a cholinergic system that is 
ready to be defi ned.

Cholinergic cells are also found in the retina 
(amacrine cells) and other components of the 
visual system (Domino, 1973; Domino, et al., 
1973). CAT activity is high in amacrine cells and 
the geniculate, lateral reticular nucleus, superior 
olivary complex, magnocellular nucleus, vestibu-
lar nuclei, inner ear spiral ganglion, and several 
auditory system components (see McGeer et al., 
1987; Kasa, 1986a, 1986b; Woolf, 1991.)

Cholinergic contributions to visual and audi-
tory systems require additional comments. Several 
components of the visual system (i.e., retina, optic 
nerve, lateral geniculate, superior colliculus, 
and visual cortex) contain CAT and AChE 
(Rasmusson, 1993; see also Chapter 9 BV and 
Kasa, 1986). Though there is ample evidence that 
retinal neurons send cholinergic projections to the 
geniculate, there seems to be no direct radiation 
from the geniculate or colliculus to the visual 
cortex (see Figure 19 in Woolf, 1991). Further-
more, forebrain areas, including the substantia 
innominata, corpus pallidus, and diagonal band, 
innervate several laminae of the visual cortex and 
also exhibit high AChE concentrations (Bear et 
al., 1985; see Kasa, 1986, and Woolf, 1991, for 
further references). The geniculate and superior 
colliculus are also innervated by the dorsal teg-
mentum and the reticular formation or the parabi-
geminal nucleus (see above, and Woolf, 1991; 
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somewhat in the developmental sense, under 
telencephalon. Then they employ different 
nomenclature but defi ne similar—but not identi-
cal—morphology as they describe the pontomes-
encephalic tegmentum of the brainstem and the 
spinal cord in lieu of the McGeers’ parabrachial 
complex, and they refer to the basal forebrain 
rather than to the medial forebrain systems of the 
McGeers.

Finally, Butcher and Woolf adduce additional 
systems to those of the McGeers, such as the dien-
cephalon complex with its hypothalamic nuclei 
and medial habenula (similar to Kasa, 1986). 
According to Woolf, the hypothalamic nuclei 
radiate to the cortex, while according to Kasa 
(1986), the habenula, a thalamic component, may 
radiate to the interpeduncular nucleus. Actually, 
several investigators assert that cholinergic cells 
are present in all parts of the hypothalamic nuclei 
(for references, see Woolf, 1991). These cells are 
frequently interneurons and form intrinsically 
organized local circuits. They form also the tuber-
oinfundibular pathway involved in the anterior 
pituitary hormone release; this classical pathway 
was discovered on pharmacological grounds by 
Mary Pickford and defi ned as cholinergic by 
George Koelle on the basis of his histochemical 
AChE stain (see Chapter 9 BIV-2); this notion was 
confi rmed on the basis of CAT immunocytochem-
istry by Pat McGeer and his team (Tago et al., 
1987).

Several general comments are appropriate. 
Comparing the pertinent fi gures and tables pre-
sented by the McGeers (McGeer et al., 1987a, 
1987b; Semba et al., 1989), on the one hand, and 
Woolf with Butcher and Wainer, on the other 
(Woolf and Butcher, 1986, 1989; Wainer et al., 
1993; see Figures 2-6 and 2-7), it is apparent that 
the cholinergic radiations depicted by Woolf and 
their associates are more ubiquitous and farreach-
ing than those described by the McGeers; on the 
other hand, they correspond rather closely to those 
included in Mesulam’s system (see next section).

Then there is the matter of targets and their 
afferents and efferents. Described by the McGeers 
or Woolf and Butcher, the afferent pathways 
supply cholinergic radiation to, and release ACh 
at, cholinergic or noncholinergic but cholinocep-
tive targets. Such pathways constitute cholinergic-
noncholinergic or cholinergic-cholinergic relays 
similar to those existing in the autonomic 

sympathetic and parasympathetic system (see also 
Chapter 9 BI; see Figure 9-8). Moreover, the neu-
ronal groups described by either the McGeers or 
the Woolf-Butcher team as sending afferents to 
cholinergic or noncholinergic targets generally 
also receive afferents from these targets. Alto-
gether, the McGeers (Semba et al., 1989) and the 
Woolf-Butcher team (see Woolf, 1991; see also 
Kasa, 1986) describe mutual, multiple, and ubiq-
uitous connections among all the systems or path-
ways that they describe, including the cholinergic 
hypothalamic and habenular (thalamic) neurons, 
pontomesencephalic complex (McGeers’ parabra-
chial system), forebrain (or basal forebrain, 
including diagonal band nucleus), reticular system, 
and cortex. It is somewhat misleading that these 
and other investigators also mention efferent 
pathways. This is the case of the “efferents” of 
the motoneurons and autonomic preganglionic 
neurons, which radiate to the skeletal muscle and 
the ganglia, respectively, while the McGeers state 
that the brainstem parabrachial system (peduncu-
lopontine tegmental nuclei) receives afferents 
from the magnocellular regions of their basal 
forebrain complex, which projects efferents to the 
parabrachial system (Semba et al., 1989); in either 
case, these “efferents” are, at the same time, affer-
ents of the neurons in question.

Nancy Woolf (1991, 1997, 1998) adduces 
important generalizations to her and Larry 
Butcher’s work. She emphasizes that the cholin-
ergic system exhibits rich “interdigitation, inter-
connection” via the cholinergic dendrites and 
axon collaterals “and re-entrant circuits.” Indeed, 
in her 1991 review she describes in detail not only 
radiations of her cholinergic systems of origins 
(including the basal brain and the brainstem) to 
ubiquitous target nuclei and cell groups, but also 
the afferents from noncholinergic and cholinergic 
complexes to these groups of origin. These hall-
marks—interdigitations, reentrant circuits, and 
interconnections—of the cholinergic system con-
tribute to its global character, and Nancy Woolf 
contrasts this global arrangement of the choliner-
gic system with the modular arrangement of the 
sensory and cortical circuits. She also attaches 
special importance to the innervation by individ-
ual cholinergic forebrain cells of the functional 
cortical units termed “macrocolumns” as she 
relates this feature to the phenomena of memory, 
learning, and consciousness (see Chapter 9 BV 
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Figure 2-7. Cholinergic neurons in the basal forebrain and pontomesencephalon have widespread projections. 
Cholinergic neurons in the basal forebrain, including those in the medial septal nucleus (ms), vertical diagonal band 
nucleus (vdb), horizontal diagonal band nucleus (hdb), substantia innominata (si), and nucleus basalis (bas), project 
to the entire cerebral cortex, hippocampus, and amygdala. Cholinergic neurons in the pontomesencephalon include 
those in the pedunculopontine nucleus (ppt) and laterodorsal tegmental nucleus (ldt) and have ascending projections 
to the basal forebrain and thalamus. (From Woolf, 1997.)

Figure 2-6. Sagittal view of rat brain illustrating ChAT-containing neurons. Major systems are indicated by black 
dots or heavy stippling, minor ones by light stippling. A, nucleus accumbens; Am, amygdala; BC, brachium con-
jectivum; CP, caudate-putamen; Gi, gigantocellular division of the reticular formation; GP, globus pallidus; H, 
Horizontal limb of diagonal band; Ha, habenula; Hi, hippocampus; IC, inferior colliculus; IP, interpenduncular 
nucleus; LR, lateral reticular nucleus; LVe, lateral vestibular nucleus; M, nucleus basalis of Maynert; Ma, magnocel-
lular division of the reticular formation; NAm, nucleus ambiguous; PB, parabrachial complex; R, red nucleus; S, 
medial septum; SN, substantia nigra; SO, superior olive; V, vertical limb of diagonal band. (From McGeer et al., 
1985. Reprinted by permission from Kluwer Academic/Plenum Publishers.)
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Figure 2-8. Schematic representation of some ascending cholinergic pathways. The traditional nuclear groups, 
which most closely correspond to the Ch subdivisions, are indicated in parentheses. However, the correspondence 
is not absolute. ac, anterior commissure; amg, amygdala; cbl, cerebellum; ci, inferior colliculus; cp, caudate-putamen 
complex; cs, superior colliculus; gp, globus pallidus; h, hippocampus; ltn, lateral dorsal tegmental nucleus; ms, 
medial septum; nb, nucleus basalis; nc, neocortex; nhl, horizontal limb nucleus; nvl, vertical limb nucleus; ob, olfac-
tory bulb; ppn, pedunculopontine nucleus; th, thalamus. (From Mesulam et al., 1983a.)

Figure 2-9. Diagrammatic representation of some cholinergic pathways. The solid arrows indicate major path-
ways and the broken arrows minor pathways. The open circle and arrow indicate that the thalamocortical pathway 
is noncholinergic. (From Mesulam, 1990. Reprinted by courtesy of Marsel Mesulam.)
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and BVI and Figure 9-35 and 9-36). Also, the 
cholinergic neurons receive complete sets of 
somatosensory and proprioceptive information, 
and this juxtaposition prevents the neurons 
“ordinarily from being intensely driven by any 
individual input.” Interestingly and perhaps 
inconsistently, Woolf also opines that “the 
bombardment of multiple weak inputs and 
the re-entrant circulation of activation  .  .  .  makes
the cholinergic systems unstable  .  .  .  and  .  .  .  cha-
otic,” but she feels also that this characteristic 
makes the system “exquisitely sensitive  .  .  .  to
variations in initial input.”

DIII. Cholinergic Pathways 
as Defi ned by Marsel 
Mesulam, His Associates, 
and Other Recent 
Investigators

Marsel Mesulam became involved in choliner-
gic pathways early, as in 1976 he had already 
embarked on the marking of central cholinergic 
afferents by the retrograde horseradish peroxidase 
method that he developed, combined with AChE 
cytochemistry. Subsequently, he begun to employ 
CAT immunocytochemistry as well, and also the 
classical lesion method, to accentuate somatic 
CAT visualization; moreover, he used DFP pre-
treatment to cause a hyperexpression of AChE in 
the perikarya (Butcher and Bilezikjian, 1975). 
Altogether, for more than 25 years he has been 
engaged in defi ning maps of the cholinergic system 
in rodents and primates, including humans.

Mesulam contributed new fi ndings and much 
detail to the defi nition of cholinergic pathways; he 
also provided the cholinergikers with a useful 
subdivision of the cholinergic system into 8 
“major sectors” (or “constellations,” as sometimes 
referred to by Mesulam), which he labeled Ch1 to 
Ch8 (Mesulam et al., 1983a, 1983b; Mesulam, 
1990). Mesulam claims that “the nomenclature for 
the nuclei that contain  .  .  .  cholinergic cells has 
engendered considerable inconsistency and confu-
sion” (a sentiment expressed here by this author 
as well), and that his terminology eliminates the 
inconsistency (Mesulam et al., 1983a). The addi-
tional advantage of Mesulam’s categorizing is 
that, as the sectors refer to circumscribed sites 
rather than brain parts (e.g., medial septum 

versus the McGeers’ forebrain) their projections 
are also relatively limited and easy to defi ne. 
Actually, only a few investigators appear to use 
Mesulam’s terminology, although many refer to 
the nuclei listed within Mesulam’s sectors without 
using his nomenclature (e.g., Jones and Cuello, 
1989).

It is important that the Ch1 to Ch8 sectors are 
present as relatively homologous entities in 
rodents, cats, primates, and humans (Mesulam et 
al., 1983a, 1983b, 1984; Mesulam, 1990; Selden 
et al., 1998; Mesulam, 2003, 2004). There are, 
of course, species differences with respect to 
Mesulam’s maps; some investigators opine that 
Mesulam’s system applies more to primates than 
to rodents (for example, raccoon; Bruckner et al., 
1992; see also Butcher and Semba, 1989), and 
Mesulam himself states that there are “potential 
diffi culties for the Ch nomenclature,” particularly 
for the Ch1 to Ch4 sectors, and he refers to species 
differences between the sectors. However, accord-
ing to many investigators, the discrepancies appear 
small (see Vincent and Reiner, 1987, for 
references).

It is notable that the neurons of the various 
sectors differ in size, shape, or chromicity (color-
ing). It is also important that the sectors are, 
without exception, heterogeneous; that is, both 
cholinergic and noncholinergic neurons are present 
in the sectors; the ratio of cholinergic versus non-
cholinergic neurons differs among the sectors. 
Finally, the perikarya of the Ch1 to Ch8 neurons 
as well as the nerve terminals of cholinergic or 
noncholinergic radiations to these neurons contain 
AChE.

Four important sectors, Ch1 to Ch4, are present 
in the basal forebrain (Mesulam et al., 1983a, 
1983b). Ch1 neurons are contained in the medial 
septal nucleus, particularly along the midline 
raphe and the outer edge of the septum. Mesulam 
et al. (1983a, 1983b) state that about 80% of 
Ch1 neurons are noncholinergic; the opinion of 
Mesulam and his team that the cholinergic neurons 
constitute a small minority of the Ch1’s neurons 
is not shared by other teams (see, for example, 
Senut et al., 1989). Ch1’s main outfl ow is the hip-
pocampus, and this description agrees with that of 
the McGeers, Kasa, the Butcher-Woolf team, and 
Senut et al. (1989).

The boundaries between the Ch1 and Ch2 
sectors are not well defi ned and, in Mesulam’s 
diagrams, the Ch1 and Ch2 sectors form a 
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Table 2-1. Nomenclature for Cholinergic Projections of the Basal Forebrain and Upper Brainstem 
in the Rat

Cholinergic Traditional Nomenclature for the Nuclei Major Source of
Cell Groups That Contain the Cholinergic Neurons Cholinergic Innervation for

Ch1 Medial septal nucleus Hippocampus
Ch2 Vertical limb nucleus of the diagonal band Hippocampus
Ch3  Lateral part of the horizontal limb nucleus of the diagonal 

 band
Ch4 Nucleus basalis of Meynert, globus pallidus
Ch5 Substantia innominata

 Nucleus of the ansa lenticulars, neurons lateral to the 
 vertical limb nucleus and those on the medial parts of the 
 horizontal limb nucleus of the diagonal band

Ch6 (including parts of the preoptic magnocellular nucleus)
 Nucleus pedunculopontinus, neurons within the 
 parabrachial area
Laterodorsal tegmental nucleus

See Woolf, 1997, for further details.

bean-shaped continuum (see Table 2-1 and Figures 
2-8 and 2-9). The Ch2 sector consists of neurons 
located within the vertical limb of the diagonal 
band; 70% or more of Ch2’s neurons are cholin-
ergic. The cholinergic and noncholinergic neurons 
of the diagonal band form distinct clusters. 
According to Mesulam and his associates (1983a, 
1983b), Ch2 neurons project to the hippocam-
pus—similar to the Ch1 neurons—as well as to 
the hypothalamus and occipital cortex. The 
McGeer and Woolf-Butcher teams add to these 
projections of the vertical diagonal band projec-
tions to several cortices and to the interpeduncular 
nucleus, and their description agrees with that of 
Senut et al. (1989).

The Ch3 sector comprises neurons of the hori-
zontal limb of the diagonal band. Mesulam states 
that he does not differentiate the horizontal limb 
from the preoptic magnocellular nucleus or area; 
he also opines, jointly with the Bigl-Butcher-
Woolf team, that there may be an overlap between 
the Ch3 and Ch4 sectors (see Bigl et al., 1982). 
Depending on the site within this nucleus, the 
frequency of cholinergic cells varies between 25% 
and 75%. The main outfl ow of the Ch3 neurons 
is, according to Mesulam, the olfactory bulb; there 
is a general consensus between Mesulam and the 
Woolf-Butcher team as to this generalization. As 

the Ch3 and Ch4 sectors appear to overlap, the 
radiations from the overlap area extend to several 
neocortical areas. It may be added that the Woolf-
Butcher team identifi es the preoptic magnocellular 
nucleus as a separate area, and they describe the 
radiations from this nucleus as extending, similar 
to the Ch3 to Ch4 overlap area, to several 
neocortices.

Marsel Mesulam described the Ch4 sector of 
the monkey as “providing the major source of 
cholinergic projections to the cortical mantle” 
(Mesulam et al., 1983a, 1983b). Subsequently, 
Mesulam defi ned it as nucleus basalis magnocel-
lularis and considered it homologous with the 
nucleus basalis of the rat (e.g., Mesulam and 
Geula, 1988). However, Shute and Lewis (1967a, 
1967b), Jacobowitz and Palkovits (1974), and 
Emson et al. (1979) considered the nucleus basalis 
to be a part of the entopeduncular nucleus and 
globus pallidus, and Mesulam et al. (1983a, 
1983b) suggest that neurons listed within substan-
tia innominata and the preoptic magnocellular 
nucleus “should probably” also be considered 
parts of the nucleus basalis and of the Ch4 
sector.

In monkeys and rats, about 90% of the neurons 
of nucleus basalis are cholinergic. However, Shute 
and Lewis (1967a, 1967b), Jacobowitz and 
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neurons within the pedunculopontine nucleus; 
some of the Ch5 neurons also extend into the 
cuneiform and parabrachial nuclei, as well central 
tegmental tract and other adjacent sites. As are 
other sectors, Ch5 is heterogeneous, as it contains 
noncholinergic neurons as well. The Ch5 sector 
radiates to the thalamus and its several nuclei, 
including anterior, lateral, and reticular nuclei, and 
it sends a minor projection to the neocortex. 
Mesulam emphasizes that the Ch5 (and Ch6) 
radiations correspond to the reticulothalamic 
pathway of Shute and Lewis (1967a, 1967b) and 
to the ascending reticular activating system of 
Moruzzi and Magoun (1949; see above, section 
A1–A3, and Chapter 9 BIV-3). Mesulam and his 
team (see Mesulam et al., 1983a, 1983b; Mesulam, 
1990) do not exclude the possibility that the Ch5 
sector also sends weak projections to the habenula 
and hypothalamus, to the olfactory bulb, and to 
the spinal cord and the brainstem.

Radiations from Ch5 and particularly the 
pedunculopontine nucleus are similar to the radia-
tions of this nucleus described by the McGeers 
and the Woolf-Butcher team, although additional 
projections are described for the Mesualm system, 
or complex. However, there are divergences 
between the systems proposed by the McGeers 
and Mesulam. Thus, Mesulam’s sector Ch5 
corresponds to the parabrachial radiation of the 
McGeers rather than to their reticular system, 
and his adjudication to the Ch5 sector of the 
para brachial and cuneiform nuclei of the 
pontome sencephalic reticular formation (with its 
pedunculopontine nuclei) relates the Ch 5 sector 
the Woolf-Butcher team’s pontomesencephalic 
tegmentum (see above, section DII).

The Ch6 sector neurons are localized in the 
laterodorsal tegmental nucleus, which is confi ned 
within the periventricular gray. According to 
Mesulam, the Ch6 projections are similar to 
the Ch5 projections, as both Ch5 and Ch6 
sectors innervate various thalamic neurons; 
the concern here is still with a reticulothalamic 
system (Mesulam et al., 1989). Moreover, 
Mesulam opined that, similar to the Ch5 neurons, 
the Ch6 neurons might project to the habenula, 
hypothalamus, neocortices, hippocampus, and 
olfactory bulb. The Ch6 sector seems to 
correspond more closely to the Woolf-Butcher 
pontomesencephalic tegmentum system with its 
laterodorsal tegmental nuclei than to the McGeers’ 

Palkovits (1974) and Emson et al. (1979) consid-
ered the nucleus basalis as being a part of the 
entopeduncular nucleus and globus pallidus (as 
defi ned by Mesulam and his team). Mesulam and 
his team opine also that Ch4 sector is the principal 
source of cholinergic projections to the neocortex 
and that it extends to the amygdala (Mesulam et 
al., 1983a, 1983b; Mesulam and Geula, 1988; 
Mesulam, 1990; Selden et al., 1998).

Mesulam and his team (e.g., Selden et al., 
1998) distinguish two “discrete, organized” path-
ways, medial and lateral, that originate in the Ch4 
sector (the lateral pathway is further subdivided 
by Mesulam into two “divisions”). Mesulam 
emphasizes that these pathways contain AChE, 
CAT, and nerve growth factor, but little NAPDH 
activity, while NAPDH is present in the Ch5 and 
Ch6 neurons (Selden et al., 1998).

The medial Ch4 pathway supplies the cingu-
late, parolfactory, percingulate, and retrospinal 
cortices, and it merges with the lateral pathway 
within the occipital lobe. The lateral pathway proj-
ects to frontal, parietal, temporal, and occipital 
cortices. The Ch4 sector (or nucleus basalis) 
increases in size and differentiation in the course 
of vertebrate evolution, culminating with its status 
in the human (Gorry, 1964); in fact, Mesulam 
(1990, 1998) distinguishes 4 “divisions” of the 
human Ch4, rather than the 2 “divisions” he dif-
ferentiates in the rat and monkey. The notion that 
Ch4 (i.e., the nucleus basalis, including substantia 
innominata) is a major neocortex supplier is shared 
by the McGeers, the Woolf-Butcher team, Kasa, 
and Mesulam. These and other investigators also 
agree that Ch4 is important for memory, learning, 
and, more generally, cognitive function, as well as 
for cognitive disorders, aging, and Alzheimer’s 
disease.

Sectors Ch5 and Ch6 are present in the human 
and animal reticular formation (Mesulam et al., 
1989). Contrary to the forebrain sectors, these 
constellations exhibit high NAPDD activity levels. 
On the other hand, Ch4 neurons and other fore-
brain sectors are rich in nerve growth factor (NGF) 
protein, while the Ch5 and Ch6 sectors are not 
(Mesulam et al., 1989). How does this fi nding jibe 
with the information that Ch4 neurons are much 
more affected in Alzheimer’s disease than the Ch5 
and Ch6 neurons (Zweig et al., 1987)?

The Ch5 sector is localized in the pontomes-
encephalic reticular formation that comprises 
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parabrachial complex. The Woolf-Butcher ponto-
mesencephalic tegmental complex radiates, 
similar to Mesulam’s sector Ch6, to the thalamic 
nuclei, parts of the limbic system, the cortices, and 
the habenula; however, Woolf and Butcher 
propose that their pontomesencephalic tegmental 
complex radiates also to additional brain parts, 
including basal ganglia and striate, lateral genicu-
late, and pontine reticular nuclei—a major differ-
ence between their complex and Mesulam’s Ch6 
sector (see section DII, above).

Marsel Mesulam is quite brief when describing 
sectors Ch7 and Ch8. He opined that the choliner-
gic neurons of sector Ch7 were located in the 
medial habenula and projected to the interpedun-
cular nucleus. This is in accordance with the 
Woolf-Butcher team’s and Kasa’s classifi cations. 
In fact, Kasa (1986) suggested that the lateral 
habenular nuclei also project to the interped uncular
nucleus and may serve as a relay for the diagonal 
band cholinergic cell communication with the 
nucleus. On the other hand, the McGeers did 
include the habenula in their projection system.

Finally, the Ch8 sector is localized in the para-
bigeminal nucleus of the pontomesencephalic 
region, and its neurons project to the superior 
colliculus and the lateral geniculate (Mesulam 
et al., 1989). The innervation of the colliculus 
constitutes a bewildering situation; Kasa (1986) 
refers to a number of origins of cholinergic 
innervation of the superior colliculus, including 
reticular nuclei, striate, and reticular, peduculo-
pontine tegmental, or cuneiform nuclei. This 
cholinergic innervation of the superior colliculus 
and geniculate is important because these 
two constellations are a part of what may be a 
cholinergic visual system (see above, section 
DII).

DIV. Conclusions

When localized, CAT and AChE act as 
cholinergic markers, adding to the identifi cation 
of cholinergic neurons and cholinergic pathways 
(see sections 2 B, above). Moreover, descriptions 
of these pathways establish the cholinergic sys-
tem’s ubiquity and its presence in brain parts 
crucial for sensory processing, functions, and 
behaviors (Karczmar, 2004). This role of the 
cholinergic system in sensory function needs 

stressing: while the importance of the cholinergic 
system in function and behavior has been 
recognized since the work of William Feldberg, it 
was denied with regard to the sensorium by 
Michail Michelson (1974; Michelson and Zeymal, 
1970) and others.

Certain special features characterize the cho-
linergic networks and pathways. Nancy Woolf 
(1991) emphasized that they form complex 
interconnections, as they consist of afferents to 
both cholinergic and noncholinergic neurons 
and as they receive noncholinergic and cholinergic 
relays. Altogether, cholinergic pathways are not 
modular or linear in pattern, but global, and this 
ensures the subtle, point-to-point control of trans-
mission across the networks in question.

Following the early work of Shute and 
Lewis, Gerebtzoff, and Koelle, assiduous investi-
gations by the McGeers, Larry Butcher, Nancy 
Woolf, Marsel Mesulam, Paul Kasa, and Bruce 
Wainer almost defi nitely established the choliner-
gic pathways and networks. That is not to say 
that there are no differences in their views, and 
these differences were outlines in this section. On 
the whole, these divergences are small and do not 
interfere with our understanding of the major 
cholinergic pathways such as the forebrain 
(Mesulam’s Ch1 to Ch4 sectors) and its nucleus 
basalis of Meynert, and the pontomesencephalic 
formation of the Woolf-Butcher team (Mesulam’s 
Ch5 and Ch6 sectors). Also, this general under-
standing of the cholinergic pathways, nuclei, and 
networks helps in associating these entities with 
functions and behaviors that are endowed with 
cholinergic correlates (see Chapter 9). Yet, certain 
areas require more analysis, as in the case of 
descending pathways connecting supraspinal and 
spinal sites such as spinal motor and autonomic 
nuclei.

An important point must be raised. This section 
focuses on cholinergic sites of origin of choliner-
gic pathways and networks, yet the cholinergic 
pathways connect everywhere with pathways 
manned by other transmitters—in fact, peptides, 
monoamines, indoleamines, and amino acids 
interact throughout the brain. These multitrans-
mitter interconnections are not clear, as studies 
that would simultaneously involve connections 
among several transmitters are diffi cult and, 
therefore, rare (see, however, Senut et al., 1989; 
Lee et al., 1988; Luppi et al., 1988; and Dun et al., 
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1993). Yet, culling from studies concerning 
different single transmitters as well as those 
concerning several transmitters simultaneously, 
it became obvious that interconnections among 
all the existing transmitter systems are present 
throughout the brain. This notion is supported 
by the demonstration that all central functions 
and behaviors are regulated by multiple trans-
mitters, even though some of them may ex-
hibit preponderant cholinergic correlates (see 
Chapter 9 BIV–BVI).

Notes

1. This digression leads to a story. As a part of his 
PhD dissertation as a University of California, Los 
Angeles, graduate student in Don Jenden’s labora-
tory, Israel Hanin developed the gas chromatography 
method in the 1960s and went with Jenden as a 
postdoc to develop, in Bo Holmstedt’s laboratory at 
the Karolinska Institutet, the complete gas chroma-
tography–mass spectrometry method using the equip-
ment available in Holmstedt’s laboratory. Thereupon, 
Jenden, Holmstedt, and Hanin proceeded to use the 
method for the fi rst chemical identifi cation of ACh in 
the brain. As they succeeded, Jenden and Holmstedt 
sent their results, by wireless, to Henry Dale: they felt 
that he would be happy to learn that his belief in the 
presence of ACh could be vindicated via a chemical 
brain method for identifying and measuring ACh. 
This was a few months before Dale’s death in 1968 
but, with his usual courtesy, Dale managed to tell 
Holmstedt and Jenden, via a letter, how much he 
enjoyed getting this news. Apparently, Hanin’s name 
does not appear in that exchange (see Holmstedt, 
1975).

2. This part of the story is quite piquant. The distin-
guished French neuroscientist, the late Rene Cou-
teaux, who with David Nachmansohn was an early 
student of neuromyal AChE (see Couteaux, 1953, 
1998), sent a promising young French scientist, 
Maurice Israel, to Whittaker’s Cambridge laboratory 
to help Whittaker in the purifi cation of synaptic ves-
icles of the Torpedo. When back in France, Maurice 
Israel continued the work on the purifi cation of the 
vesicles and, subsequently, he became one of the 
exponents of the hypothesis of the nonvesicular 
release of ACh, and a vigorous opponent of Whittak-
er’s classical image of the vesicular release of ACh 
(see below, this section, and section IIB5).

3. Frequently, the various teams do not refer to one 
another in their reviews; for example, the reviews 
of Butcher et al. (1993), Wainer et al. (1993), Woolf 

(1991), and Mesulam et al. (1983) do not refer to 
the work of the McGeers, and the 1988 paper of Lee 
and Wainer (Lee et al., 1988) manages not to 
quote either the Mesulam team or the Woolf-Butcher 
team. The review of Semba et al. (1989; with 
Edith McGeer as the coauthor) and of Butcher 
(1995) may be exceptional as they quote Hans 
Fibiger’s and Mesulam’s work, and Fibiger’s, 
Mesulam’s and the McGeers and Kimura’s work, 
respectively.

4. This statement reminded Yves Dunant of Sir William 
Feldberg’s dictum that “there is a type of scientist 
who, if given the choice, would rather use his col-
league’s toothbrush than his [or her] terminology” 
(cited by Katz, 1969).
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A. Historical Introduction

According to John Eccles (1936), the precon-
dition for accepting acetylcholine (ACh) as the 
cholinergic transmitter is that there should be a 
way to destroy it or otherwise terminate its action 
rapidly. The corollary of this concept is that a 
mechanism must be available for maintaining 
ACh synthesis during the course of synaptic activ-
ity. Lindor Brown and William Feldberg formu-
lated this corollary at the same time. They stated, 
“If it is true that acetylcholine is liberated by 
nerve impulse and not synthesized  .  .  .  by this 
impulse  .  .  .  resynthesis must occur at some time 
if the tissue is to retain its acetylcholine” (Brown 
and Feldberg, 1936).

The fi rst attempts at confi rming these hypoth-
eses pinpointed a mechanism for ACh synthesis: 
rapid hydrolysis of ACh may provide needed and 
suffi cient choline for rapid ACh synthesis. Brown 
and Feldberg (1936) provided indirect evidence 
for this mechanism: they bioassayed ACh and 
choline in the Locke perfusate of the cat superior 
cervical ganglion and demonstrated that “stimula-
tion of the preganglionic fi bers causes  .  .  .  a 2 to 5 
total  .  .  .  increase in total choline present in the 
venous outfl ow” over the choline value in quies-
cent ganglion outfl ow. Also, they found that in the 
course of ganglionic stimulation, “the choline in 
the venous outfl ow can all be accounted for by 
acetylcholine liberated by stimulation.” However, 
Feldberg and Brown were not explicit in formulat-
ing the hypothesis (expressed later by Perry, 1953) 
that ganglionic “output of acetylcholine during 
stimulation remains consistently high  .  .  .  and 
ACh  .  .  .  is immediately hydrolyzed and the 
choline used in the re-synthesis of a ‘bound’ form 
of acetylcholine.” A further basis for this hypoth-

esis was provided in 1961 by Birks and MacIn-
tosh: they found in the in situ perfusate of the cat 
superior cervical ganglion small (700 mg/ml)
amounts of choline (for similar earlier data see 
Bligh, 1952); thereupon, they calculated that to 
maintain the constant release of ACh during a 20 
second stimulation of the ganglion, the ganglion 
must be “remarkably effi cient in extracting choline 
from the extracellular fl uid.” Ultimately, Hank 
MacIntosh (with P. Oborin) employed 3-hemicho-
linium, a compound developed by Fred Schueler 
that blocks choline nerve terminal uptake, to prove 
their point. Thus, the research of Brown, Feldberg, 
MacIntosh, Birks, and Perry established a strict 
relation between released ACh and choline, as 
well as the concept of a highly effi cient choline 
uptake system in the terminal.

In addition, this early research led to another 
ACh dynamic. Feldberg, Brown, Birks, and 
MacIntosh stressed that ACh release in ganglionic 
tissues is highly variable and related to synaptic 
activity (as expressed experimentally by the rate 
of preganglionic stimulation). Using extrapola-
tion, Brown and Feldberg (1936a, 1936b) and 
Birks and MacIntosh (1961) linked ACh release 
and synaptic activity to the rate of ACh synthesis. 
Accordingly, Birks and MacIntosh (1961) stated 
that “during prolonged stimulation at high fre-
quency the rate of release goes up by a factor of 
perhaps 70 and the rate of synthesis by a factor of 
7” (for similar data obtained earlier, see Bligh, 
1952). At the time, Birks and MacIntosh were 
prescient; they antedated Victor Whittaker (see 
Chapter 2 B), as they proposed that the release 
also depended on traffi c between several ACh 
“pools,” such as “stored” ACh and “available” 
ACh; they suggested that the “available” ACh 
pool was a pool of “newly synthesized depot 
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ACh.” These concepts relate to even earlier dem-
onstrations by Mann et al. (1938) and MacIntosh 
(1938) that ACh synthesis varies in brain slices 
depending on the availability of glucose. A similar 
phenomenon was demonstrated for the neuromyal 
junctions, when Alkon et al. (1970) and Potter 
(1970) later demonstrated the relation between 
synaptic activity and ACh synthesis. Altogether, 
this concept of fl exible, activity-dependent ACh 
synthesis and the related idea of ACh pools (which 
function differently during synaptic activity) con-
stitute the basis for the current research on ACh 
pools, cycling of synaptic vesicles, and so forth 
(see Chapter 2 B).

Brown and Feldberg forged another link or two 
in the story of choline’s relation to ACh. When 
fatigue attenuated the contractions of stimulated 
nictitating membrane, the contractions were 
restored after minute quantities of whole blood 
were added to the perfusate of the superior cervi-
cal ganglion (Brown and Feldberg, 1936a, 1936b). 
The investigators concluded that an “essential” 
blood factor was needed for ACh synthesis; when 
they demonstrated that applying small concentra-
tions of choline to the perfusate restored decreased 
ACh output and nictitating membrane responses, 
they suggested that the blood factor in question 
was choline. Then they showed that choline is 
present in ganglionic tissue,1 that its levels increase 
in the perfusate of the stimulated ganglion, and 
that it maintains high ACh output from a stimu-
lated ganglion when added to the perfusate. They 
concluded that “the remarkable activity of cho-
line  .  .  .  suggested that there might exist in the 
ganglion a metabolism of choline, related to pre-
ganglionic stimulation, and comparable to that of 
acetylcholine.” This notion was supported by 
Gerard and Tupikova (1939) and Alexander von 
Muralt,2 as they demonstrated that the nerve activ-
ity induced phospholipid breakdown and the gen-
eration of an acid-soluble phosphatide fraction; 
this fraction yielded free choline that was avail-
able for acetylation into ACh.

Almost simultaneously, Quastel, Mann, and 
their associates observed ACh synthesis under 
aerobic conditions and felicitously suggested that 
this process may require an enzyme system 
(Quastel et al., 1936), which appeared very effec-
tive, as it yielded up to 50 mg/g/tissue/hour of ACh 
(Mann et al., 1938, 1939). This enzyme proved to 
be choline acetyltransferase (the abbreviation for 

this enzyme used in this book is CAT; elsewhere, 
the abbreviation ChAT is frequently employed), 
and it was discovered by David Nachmansohn and 
his associates in the course of their studies of the 
Torpedo electric organ. They called it “choline 
acetylase” (Nachmansohn and Machado, 1943; 
the enzyme was renamed “choline acetyltransfer-
ase” in 1961). Before proving the enzymic nature 
and identity of the pertinent factor present in the 
electric organ extract, Nachmansohn (Nachman-
sohn and Machado, 1943) fi rst established the 
energy requirement of the CAT-activated synthe-
sis. He showed that Torpedo’s electric organ’s 
phosphate bonds yield energy for the action of 
CAT, similar to the phosphate bonds providing 
energy for the action potential of the muscle and 
for the muscle con traction (Meyerhof, 1941), and 
he used ATP in the ACh-forming extracts. The 
extract was sensitive to temperature, iodoacetate, 
HCN, pH, K+ and certain quaternary ions (see 
Nachmansohn’s 1963a review of this subject), 
which is characteristic for enzymes. In their 
paper “A New Enzyme: Choline Acetylase,” 
Nachmansohn and Machado (1943) concluded, 
“Energy rich phosphate bonds are used  .  .  .  in con-
junction with CAT  .  .  .  for resynthesis  .  .  .  follow-
ing its hydrolysis upon release  .  .  .  of ACh.”

Jointly with the discovery of CAT, Nachman-
sohn and Machado described for the fi rst time an 
acetylating system that is required to complete the 
system needed for ACh synthesis from choline: 
their choline acetyltransferase–containing extract 
lacked the capacity to synthesize ACh after 
dialysis (Nachmansohn and Machado, 1943; 
Nachmansohn 1943, 1963a). Then, Lipmann and 
Lipton (Lipmann and Kaplan, 1946) identifi ed the 
missing factor as a nonprotein organic cofactor or 
coenzyme called “the acetyl CoA” and demon-
strated that acetyl grouping is transferred to 
choline when ATP and choline acetyltransferase 
are present.

Altogether, the 1930s and 1940s studies of 
William Feldberg, Lindor Brown, Frank MacIn-
tosh, David Nachmansohn, P. Mann, J. Quastel, 
F. Lipmann, and their associates established that 
a system consisting of choline derived by hydro-
lysis from released ACh, choline generated by 
neuronal phospholipid metabolism, choline nerve 
terminal uptake process, choline acetyltransferase, 
coenzyme A, and glucose may account for synap-
tic (and also metabotropic) ACh. This was a solid 
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base for further studies that established details and 
mechanisms of this system and generalizations 
concerning the source of choline needed for ACh 
synthesis and release and homeostasis of choline 
pools in the brain and in the plasma.

B. ACh Synthesis

As stated in the preceding section, the main 
components of ACh synthesis are acetyl coen-
zyme A, metabolisms generating acetate and 
choline, choline’s uptake system, and “choline 
acetyltransferase (EC-2.3.1.6). The International 
Union of Biochemistry’s Enzyme Commission 
recommended in 1961 the name “choline acetyl-
transferase” as the offi cial substitution for the 
original term “choline acetylase” proposed by 
Nachmansohn and Machado (1943; see previous 
section). I will discuss the metabolic processes 
that concern these components and consider which 
of these may be considered as a limiting step in 
the biosynthesis of ACh. Also, the choline system 
and its uptake cannot be considered alone but 
must be discussed in conjunction with choline-
containing lipids and their metabolism. It must be 
added that the choline uptake and metabolism 
must be linked with choline-containing lipids 
and their metabolism. This matter was clearly 
expressed in 1979, when Ansell and Spanner com-
mented, “For the fi rst 50 years of this century the 
main interest in choline was as a constituent of 
acetylcholine  .  .  .  this interest and  .  .  .  the study of 
the biochemistry of acetylcholine  .  .  .  were  .  .  .  to-
tally divorced from that of choline-containing 
lipids (notably glycerophospholipids)  .  .  .  .” The 
link between choline lipids and the cholinergic 
system was not forged until the 1970s.

1. Choline Acetyltransferase

Similar to other neuronal proteins, choline acet-
yltransferase (CAT; EC2.3.1.6) appears to be syn-
thesized in the neuronal perikarya; this has been 
established via CAT extraction and subsequent 
measurement of its activity or via histochemical 
immunoassay techniques (see Tucek, 1970, 1990; 
Ichikawa and Hirata, 1986). This neuronal CAT 
generation is characteristic for cholinergic neurons; 
nevertheless, CAT may exist in nonneuronal verte-
brate or invertebrate tissues (see Chapter 2 B).

The gene for CAT, initially described for 
Drosophila (Greenspan, 1980), was identifi ed sub-
sequently for other species (see Tucek, 1990); it 
was isolated in the human by Louis Hersh and M. 
Hahn (see Hersh et al., 1996; see also Mallet et al., 
1990). The initiation codon was established for 
rodent and human genes (Hersh et al., 1996). 
The human gene contains an enhancer and a repres-
sor element; the genes of other species may also 
include a silencer element (Hersh et al., 1996). The 
CAT genes are a part of the “cholinergic gene 
locus” that also contains other cholinergic genes, 
particular the vesicular ACh transporter (VAChT; 
Kim and Hersh, 2004; see also Chapter 2 B2). The 
CAT genes expression can be modulated by a 
number of growth and differentiation factors, 
which also increase the multiple species of CAT 
mRNA (Mallet et al., 1998). According to Jacques 
Mallet, this modulatory capacity of CAT gene 
expression constitutes the basis for the “phenotypic 
plasticity” of the CAT gene expression. This 
plasticity is consistent with the notion of multiple 
forms of CAT that are described below in this 
section.

Choline acetyltransferase is involved in the 
following reaction:

 Acetyl CAT
Coenzyme A + Choline Æ ACh + Coenzyme A

This reaction follows a random Theorell-
Chance mechanism in which a low number of 
ternary complexes participate. It is reversible, 
though under equilibrium conditions the concen-
trations of ACh and coenzyme A are higher than 
concentrations of choline and acetyl coenzyme A. 
Indeed, Keq values reported by various investiga-
tors are high, and it is consistent with these high 
values that CAT has a much higher affi nity for 
acetyl coenzyme A than for choline (Glover and 
Potter, 1971). However, Stanislaus Tucek (1978, 
1984, 1990) stated that “the published values are 
surprisingly variable,” ranging from 12.3 (Pieklik 
and Buynn, 1975) to 514 (Potter et al., 1968). This 
is because many factors infl uence Keq: ionic com-
position of the media, the pH, the enzyme’s 
source, its physical form or isoenzymic character, 
the assay system conditions, and so on, and these 
factors vary from one laboratory to another. Keq

and free energy change are related; accordingly, 
the reaction is exergenic.
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An interesting question is, How crucial is CAT 
for the synthesis of ACh? Is CAT the rate-limiting 
factor for this synthesis? The other candidates for 
this exalted position are choline uptake, factors 
involved in choline metabolism, and acetyl CoA. 
As far as CAT is concerned, this question may 
be resolved as follows. The actual intracellular 
reaction rate of CAT, v, relates to CAT’s maximal 
reaction rate, V, via the dissociation constants 
(Km’s) for the 2 CAT substrates, choline and acetyl 
CoA (400 mM and 10 mM, respectively) and the 
intracellular concentrations of these substrates; 
this relationship is given by an equation proposed 
by Gutfreund (1965; see also Tucek, 1984, 1985, 
1990). The Km values of the substrates are signifi -
cantly higher than their intracellular concentra-
tions (i.e., 50 mM for choline and 5 mM for acetyl 
CoA; White and Wu, 1973); this means that 
CAT’s intracellular activity is far less than its 
potential maximum rate (V ), which obtains when 
the substrate concentration is saturated. This sug-
gests, although it does not exclude the possibility, 
that CAT is not a rate-limiting factor.

Stanislaus Tucek felt that this notion is rein-
forced by Potter’s (1970) results. Potter worked 
with the rat nerve and used [3H] ACh and the leech 
bioassay of ACh. As he measured the release of 
ACh, the replacement of endogenous ACh with 
the exogenous, tritiated compound, and CAT 
activity, he found that “ACh synthesis 
rates  .  .  .  were  .  .  .  suffi cient  .  .  .  so that  .  .  .  fully 
replaced stores were maintained  .  .  .  (in appropri-
ate segments of the diaphragm)  .  .  .  during nerve 
stimulation.” On the basis of Potter’s and other 
investigators’ data, Tucek calculated that “the 
highest rate of release  .  .  .  of ACh  .  .  .  (at 20Hz rate 
of stimulation) was 17 times lower than the 
maximum activity of CAT.” However, Tucek 
(1984) had a reservation to make. At the physio-
logical intracellular concentrations of acetyl CoA 
and choline, the activity of CAT is many times 
lower than its maximal rate of activity (V ) at satu-
ration concentrations of the substrates. Thus, it is 
possible that under certain conditions CAT activ-
ity may not be suffi cient to maintain the rate of 
ACh synthesis that would be needed to compen-
sate for ACh release at high levels of synaptic 
activity; accordingly, Tucek (1984) states that 
“the possibility of CAT becoming a rate limiting 
factor in synthesis of ACh  .  .  .  should not 
be  .  .  .  excluded a priori,” particularly when there 
is a stress on ACh synthesis caused by depletion 

of ACh under the conditions of the experiments of 
Kasa et al. (1982) and Wecker et al. (1978; see 
below). Similarly, Potter (1970) warned that “it is 
not possible to say whether the higher release rates 
observed with  .  .  .  the nerve-diaphragm prepara-
tion and with the sympathetic ganglia (Birks and 
MacIntosh, 1961)  .  .  .  are accompanied by corre-
spondingly high rates of transmitter synthesis.” 
Nevertheless, Potter’s and Tucek’s calculations 
suggest that CAT’s maximal capacity exceeds 
requirements for ACh synthesis and that CAT is 
not the rate-limiting factor during fast neuromyal 
function; does this hold for central cholinergic 
transmission?

The purifi cation and molecular and biophysical 
analysis of CAT helped establish its structure, its 
active centers, and their catalytic groupings. The 
imidazole group of histidine plays an important 
role, as it is involved in the binding of the acetyl 
group of acetyl coenzyme A: immobilized on a 
gel, CAT binds the label from [14C] acetyl-CoA, 
and this binding is prevented when histidine 
residues are masked with diethylpyrocarbonate 
(Malthe-Sorensen, 1976; for further evidence sup-
porting this concept, see Tucek, 1978 and Baker 
and Dowdall, 1976). Furthermore, CAT contains 
a number of thiol groups, and its activity and ACh 
synthesis are blocked by SH reagents such as 
iodoacetate or methane thiosulphonate (cf. Tucek, 
1978). However, some of this inhibition may 
result from an effect of SH reagents on coenzyme 
A (Currier and Mautner, 1976). Moreover, this 
inhibition is not specifi c, because it is common for 
many enzymes. Finally, CAT is subject to phos-
phorylations at its serine and threonine residues, 
and these phosphorylations may regulate the 
activity of the enzyme as well as its membrane-
binding properties (see Dobransky and Rylett, 
2003, 2005).

Choline acetyltransferase exhibits an anionic 
site subserving its binding to choline’s quaternary 
nitrogen. This site may be similar to the anionic 
site of most ChEs (see sections DI–DII), and it 
contains a dicarboxylic amino acid. Several 
schemes for the reaction between CAT and acetyl 
CoA were postulated. According to Malthe-
Sorenssen (1976), acetyl CoA attaches to an imid-
azole grouping of CAT; subsequently it undergoes 
a nucleophilic attack by CAT and forms the acety-
lated imidazole. Then choline binds the anionic 
site and receives the acetyl group. The fi rst product 
released is ACh, followed by CoA. Other mecha-
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nisms were also proposed (Tucek, 1978). Similar 
to ChEs that hydrolyze many choline esters (see 
section DII), CAT transfers the acyl groups of 
propionyl CoA and butyryl CoA to choline. 
However, this transfer is slower than that of the 
acetyl group (Banns et al., 1977; cf. Tucek, 1978). 
Similarly, aliphatic and other substitutions on the 
nitrogen of choline lower the rate of acetylation of 
these compounds by CAT (Baker and Dowdall, 
1976; see Tucek, 1978).

The analytical procedures revealed some other 
characteristics of CAT. Choline acetyltransferase 
is a basic globular protein with a radius of 3.39 nm 
(Rossier, 1976a, 1976b; Rossier and Benda, 1978). 
McGeer et al. (1987) stressed, “Regardless of its 
source, there is remarkable consistency regarding 
the molecular weight of native CAT, possibly sig-
nifying the homogeneity of the gene through many 
species.” This weight is approximately 68,000 
daltons for most species. Choline acetyltransfer-
ase is also present as monomeric variants with a 
molecular weight of 58,000 to 70,000 daltons, 
their aggregates, and isoenzymes (cf. Tucek, 1978; 
Blusztajn and Wurtman, 1983). However, the iso-
enzymes may be artifacts or may represent aggre-
gates (Hersh et al., 1984; Hirata and Axelrod, 
1980).

Cellular localization of CAT and its various 
forms was primarily studied in nerve terminal 
preparations. The pioneering research of Cathe-
rine Hebb and Victor Whittaker (see Whittaker, 
1965) established that CAT, which is present in 
their synaptosome preparations, while bound in 
the particulate matter, can be readily released into 
the solution. This fi nding is consistent with subse-
quent studies that established that CATs are 
located in the cytoplasm, are water soluble, bind 
reversibly with membranes, and are easily 
extracted and purifi ed by centrifugation; on frac-
tionation of hypo-osmotically treated nerve 
endings, they are found in fractions containing 
cytoplasm and its soluble components (Smith and 
Carroll, 1980). However, following some of these 
treatments, certain forms of CATs remain associ-
ated with particulate neuron matter, including 
various membranes (McCaman et al., 1965; see 
Tucek, 1984, 1985, 1990; Blusztajn and Wurtman, 
1983). The particulate and soluble CAT fractions 
may exhibit different physical characteristics or 
they may represent different isoenzymes; they 
may exhibit different properties, such as kinetics 
and affi nities for their substrates (choline and 

acetyl CoA; cf. Blusztajn and Wurtman, 1983). 
Some of these differences may be readily demon-
strated by changing the ionic strength of the 
milieu. For example, at low ionic strength, mem-
brane-bound CAT and soluble CAT show high 
and low affi nity for choline, respectively; the 
opposite is true at high ionic strength (Smith and 
Carroll, 1980; cf. Blusztajn and Wurtman, 1983; 
see also below).

As there is only a single gene for CAT, these 
characteristics and properties of CAT may simply 
be variations derived from posttranslational or 
postexpression modifi cations (Jean Massoulié,
personal communication), and it is more important 
to dwell on the basic regulatory mechanisms 
underlying CAT (and VAChT, since these two 
genes are both members of the cholinergic gene 
locus; see Chapter 2 B-2 and B-3) expression than 
on the variations. The regulatory mechanisms 
became clear with the advent of molecular biology 
methods comprising, among others, transient 
cell transfection analysis, splicing, cloning, 
deoxyribonuclease-sensitive site mapping, and 
transgenic mice models, as used particularly by 
Louis Hersh and Jacques Mallet (Mallet et al., 
1990; Cervini et al., 1995; Wu and Hersh, 1994). 
Expression of CAT is regulated by molecular 
mechanisms operated by several exons, promoters, 
silencing factors, repressors and alternative splic-
ings; these regulations offer a number of alterna-
tives and lead to the generation of several mRNA 
types (Mallet et al., 1998; Shimojo and Hersh, 
2004). This concatenation of regulatory mecha-
nisms is not the end of the matter, as the CAT (and 
VAChT; see Chapter 2 B-2 and B-3) expression is 
regulated by additional mechanisms that include, 
among others, protein kinase A and differentiation 
and growth factors (Berse and Blusztajn, 1995; 
Tanaka et al., 1998).

Speculations were raised with regard to rela-
tions between the various forms of CAT and their 
functions. Original forms of CAT may be synthe-
sized and released into the cytoplasm. They may 
include forms that exhibit positive charges; these 
forms could readily attach to the inner nerve ter-
minal membrane and membranes of synaptic 
vesicles (cf. Tucek, 1985, 1990). Another species 
of CAT may be nonionically associated with 
membranes. The various CAT forms may be dif-
ferentially sensitive to inhibition by excess of their 
substrates or metabolites. Their activities and 
activation characteristics also differ. Choline 
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acetyltransferases ionically bound to membranes 
have low choline and coenzyme A affi nity at high 
ionic strengths that may prevail at or near the 
membranes. This binding may mitigate inhibition 
of these CATs by substrates or metabolites, and 
this phenomenon may be teleological for the situ-
ations that may develop at synaptic vesicles and 
nerve terminal membranes. Nonionically mem-
brane-bound CATs may be activated and/or 
released from the membrane to take on the brunt 
of synthesis, such as when an ion (i.e., Ca2+ or Cl-)
enters the terminal (Rossier and Benda, 1978). 
These activated CAT forms may also exhibit high 
activity or high affi nity to the substrates and may 
then assume characteristics of highly active cyto-
plasmic forms of CAT (Malthe-Sorenssen, 1979). 
Finally, the role and location of cytoplasmic and 
membrane-bound CATs may be dependent on the 
location of ACh (and vice versa). Acetylcholine 
may be vesicular and cytoplasmic (a controversial 
area; see Chapter 2 B and C and section CIV, 
below). It would be tempting to associate vesicu-
lar and cytoplasmic ACh with membrane-bound 
and cytoplasmic species of CAT, respectively, 
although membrane-bound CAT seems to be 
associated with plasma rather than vesicular 
membrane.

It may also be speculated that the various 
forms of CAT may relate to the “phenotypic plas-
ticity” of the CAT gene expression; the actual 
genetic lineage of the various forms of CAT and 
its isoenzymes was not established yet. As other 
components of the cholinergic system and of cho-
linergic neurons, CAT is a fl exible enzyme that 
can adapt, via posttranslational modifi cations or 
regulatory changes, to varying states and func-
tions of the cholinergic synapse.

2. Acetyl Coenzyme A

Like CAT, acetyl coenzyme A is necessary for 
ACh synthesis. The structure of this enzyme was 
elucidated early by Fritz Lipmann; the coenzyme 
contains pantothenic acid linked by a phosphate 
to a nucleotide (for details, see Nachmansohn, 
1963a). Subsequent investigations of several 
aspects of acetyl coenzyme A were carried out 
particularly by the Prague team of Stanislaus 
Tucek, Vladimir Dolezal, and their associates, and 
by the Gdansk team of Andrzej Szutowicz, Aniela 
Jankowska, and their colleagues.

Acetyl coenzyme A is generated by acetyl-CoA 
synthetase from acetate in the presence of ATP; 
glucose, pyruvate, citrate, and butyrate are also 
involved in the generation of acetate, glucose 
being converted to pyruvate (see, for example, 
Szutowicz et al., 1982; Tomaszewicz et al., 1997: 
Starai et al., 2002; see also Browning, 1976). 
Separate genes are involved in the generation of 
acetyl coenzyme A from these precursors, yield-
ing several pools of coenzymes (Nikolau et al., 
2000). The coenzyme needed for ACh synthesis 
is formed at the inner mitochondrial membrane. 
While it is not clear how it accesses the cytoplasm 
and the cytoplasmic CAT, several explications 
were posited to elucidate this problem; good evi-
dence indicates that carrier systems and/or Ca2+-
dependent transport across hydrophilic channels 
in the mitochondrial membrane are involved in the 
transfer in question (Tucek, 1990; Bielarczyk and 
Szutowicz, 1989; Szutowicz et al., 1998).

While needed for ACh synthesis, acetyl coen-
zyme A is usually not considered a cholinergic 
neuron marker (Jope, 1979; Tucek, 1990). This is 
because it is present in many nonneuronal tissues, 
including liver and heart, and, in fact, in inverte-
brate organisms (including bacteria and plants) as 
well. Also, in vertebrates acetyl coenzyme A is 
involved in noncholinergic phenomena, including 
brain energy metabolism and cholesterol and fatty 
acids synthesis (Agranoff et al., 1999; Tomasze-
wicz et al., 1998). Yet, acetyl coenzyme A is colo-
calized with CAT and AChE in the cholinergic 
brain sites, including cholinergic nerve terminals, 
as well as in the peripheral cholinergic nervous 
system (Shea and Aprison, 1977; Tucek et al., 
1982; Yip et al., 1991). It should be added that at 
such sites as the neuromuscular junction and the 
electric organ, external acetate can also be used in 
ACh synthesis, as it is transported into the nerve 
terminals and converted into acetyl coenzyme A 
(Tucek, 1978).

The activity of acetyl coenzyme A is generally 
not believed to be the limiting step for ACh syn-
thesis (Budai et al., 1986; Tucek, 1990), although 
it was speculated that the release of the coenzyme 
from the mitochondria into the cytoplasm may be 
a rate-limiting factor for ACh synthesis (Taylor 
and Brown, 1999). At any rate, the rate of synthesis 
of the coenzyme and some of its characteristics 
seem to change under different conditions, as dem-
onstrated by Stanislav Tucek, Andrzej Szutowicz, 
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Aniela Jankowska, and their associates. Thus, the 
coenzyme is able to adapt to conditions of high 
demand for ACh: in the presence of excessive ACh 
release, the utilization of acetyl coenzyme A is 
increased to augment ACh synthesis (Ricny and 
Tucek, 1980; Jankowska et al., 2000). On the other 
hand, under conditions of its relative shortage, the 
coenzyme may be particularly vulnerable to neu-
rotoxins such as Al3+. As already mentioned, coen-
zyme A is involved in energy production as well as 
in ACh synthesis, and Andrzej Szutowicz and his 
associates proposed that there is a competition for 

the coenzyme between the energy requirements 
and the demands for ACh synthesis. This competi-
tion, combined with vulnerability of the coenzyme 
to neurotoxins, including naturally occurring 
toxins, may affect not only synthesis of ACh but 
also the energy metabolism of the neuron, contrib-
uting to its apoptosis (Tomaszewicz et al., 1998; 
Szutowicz et al., 2000); in fact, similar mecha-
nisms involving the coenzyme may contribute to 
the generation of encephalopathies, including 
Alzheimer’s disease, as suggested by Szutowicz 
(Figure 3-1; see Tomaszewicz et al., 1998).
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Figure 3-1. Putative sites of disturbances in acetyl CoA metabolism in cholinergic terminals in different encepha-
lopathies. 1, pyruvate dehydrogenase (EC 1.2.4.1.); 2, ATP-citrate hydrolase (EC 4.1.3.8.); 3, direct transport of 
acetyl CoA through the mitochondrial membrane; 4, choline acetyltransferase (EC 2.3.1.6.); 5, Ca-independent ACh 
release; 6, Ca-dependent (quantal) ACh release; 7, calcium infl ux; 8, 2-oxoglutarate dehydrogenase (EC 1.2.4.2.); 
9, high-affi nity choline uptake; bH-but., b-hydroxybutyrate; DCA, dichloroacetate; (-)HC, (-)hydroxycitrate; Oxogl., 
2-oxoglutarate; Verap., verapamil. Thick and medium-thick arrows indicate different enzymatic and transport steps. 
Thin solid arrows and thin dashed indicators point to activatory and inhibitory infl uences, respectively, for cations 
and drugs. Possible sites of metabolic disturbances in different encephalopathies: star, Alzheimer’s disease: triangle, 
thiamine defi ciency: diamond, inherited pyruvate dehydrogenase defi ciency; inverted triangle, diabetes. Open and 
fi lled symbols indicate possible activatory and inhibitory infl uences, respectively. (From Szutowicz et al., 1998, with 
permission.)
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3. Axoplasmic Transport 
of CAT

If CAT generation is similar to that of other 
enzymes and proteins that are used intracellularly 
rather than for “export,” then CAT should be syn-
thesized in the free, cytosol-located ribosomes 
rather than in the membrane-bound polysomal 
ribosomes, and then discharged into the internal 
space of the endoplasmic reticulum (see also 
above, section BI). However, it is not known as 
yet whether this picture applies as well to the 
proteins “exported” toward the synapse by axo-
plasmic anterograde transport (see Morfi ni et al., 
2006). If, nevertheless, the picture of CAT synthe-
sis in the free ribosomes is true, then the CAT of 
the perikaryon must be either present in the cyto-
plasmic, soluble form or it should be readily 
releasable from its bound status. It is not easy to 
differentiate between granular, membrane-bound, 
and soluble CAT; as will be seen, an indirect 
approach may help in resolving the problem.

Actually, CAT belongs to the category of 
enzymes that are transported axonally toward the 
synapse. Paul Weiss fi rst formulated the concept 
of axonal transport. In 1947, he demonstrated a 
swelling of a ligated nerve on the proximal side 
of the ligation and a thinning on its distal side; he 
hypothesized brilliantly that the perikaryon bio-
synthesized new axoplasm—or protein—which is 
siphoned into the axon by an “axomotile” mecha-
nism. Then William Feldberg and Martha Vogt 
(1948) found CAT in the axons; consistently with 
Paul Weiss’ hypothesis they suggested that “the 
presence of CAT in the axon might be most simply 
accounted for  .  .  .  by assuming that it is in transit 
between the cell body, where it is manufactured, 
and the nerve endings where it has its function”; 
thus, this transport is anterograde in character.

Then, Catherine Hebb showed that when the 
goat sciatic nerve was cut in vivo, CAT activity 
and protein content increased proximal to the tran-
section site (above the cut) and were gradually 
eliminated from distal portions of the nerve (Hebb 
and Waites, 1956; Hebb, 1959); similar fi ndings 
were presented by Whittaker (1958). In toto, these 
fi ndings indicated to Catherine Hebb that “the 
proximo-distal movement of the enzyme is related 
to the growth of the axon  .  .  .  ; as  .  .  .  CAT is 
attached to some part of the axon structure such 
as the endoplasmic reticulum  .  .  .  it  .  .  .  is  .  .  .  a 
fi xed constituent of the continually growing 

axon  .  .  .  and is kept in transit  .  .  .  jointly with the 
growth-related proteins  .  .  .  by the growth of this 
structure”; this signifi es that CAT is transported 
from a cholinergic perikaryon to the synapse via 
the axons (Hebb, 1963; see also Whittaker, 1965, 
1990) and constitutes a modern rendition of Paul 
Weiss’ “axomotile” mechanism. However, later it 
was shown that CAT transport is bidirectional, as 
it can be anterograde or retrograde, and it is inter-
esting that synaptic vesicles may also be trans-
ported via the latter (Weible et al., 2004; von 
Bartheld, 2004).

Additional evidence seems to support Hebb’s 
notion. For example, cellular membrane or mem-
brane-bound materials such as phospholipids 
show a downfl ow (Abe et al., 1973; Rostas et al., 
1975); accordingly, “fi xed constituents”—growth-
related proteins—do not have to be dissolved in 
the cytosol to be transported. Then, while CAT 
initially moves in isolated axon preparations, this 
transport is considerably slower than the CAT 
transport in the axons that are cut in vivo; after
three days CAT seems to disappear altogether 
(Tucek, 1970). This suggests that as the isolated 
axons no longer benefi t from perikaryon-based 
protein manufacture (including CAT), the proxi-
modistal push diminishes to zero and CAT 
disappears.

In spite of the data in question, Hebb’s notion 
of transport of CAT as being linked with axonal 
fl ow and endoplasmic reticulum may be ques-
tioned today. Choline acetyltransferase histo-
chemistry shows that it is localized in neuronal 
cytoplasm, readily extractable, and never found 
inside cell organelles such as the endoplasmic 
reticulum (Kasa, 1971). Furthermore, while CAT 
is easily bound to membranes at low pH or in 
solutions with low ionic concentrations, under the 
physiological conditions of pH values and ionic 
levels, it should not be trapped inside organelles 
(including the synaptic vesicles) or strongly bound 
to membranes; it is most probably freely dissolved 
in and/or readily released into the cytosol. Finally, 
CAT accumulates, in the divided or ligated nerves, 
well above the accumulated particulate organelle-
rich material (Zelena, 1969).

The axoplasmic fl ow originally observed by 
Weiss (1947) was slow (approximately 1 mm/
day). He may have related it, as did Hebb (1963) 
to the axonal growth since he wrote of the 
axoplasmic fl ow as a “translocation” of the “solid 
axonal matrix  .  .  .  moving as a single, cohesive, 



3. Metabolism of Acetylcholine: Synthesis and Turnover 89

viscous, somewhat plastic body within the 
Schwann (or glia) cell” (Weiss, 1947). However, 
faster rates were reported soon thereafter (Miani, 
1960; Lubinska, 1964; cf. Grafstein and Forman, 
1980). At this time, the two types of transport, 
fast and slow, are recognized (cf. Grafstein 
and Forman, 1980; Lubinska, 1975; Tucek, 1978; 
Dahlstrom et al., 1985; Brady, 1995; Zimmerman 
et al., 1998). Which of them is responsible for 
CAT anterograde transport?

The fast transport does not depend on protein 
synthesis or growth, since it is not blocked by 
protein synthesis inhibitors. On the other hand, 
it is markedly sensitive to metabolic inhibitors 
and temperature—high temperature may disrupt 
fi brous axonal structures, such as microtubules—
and it is readily blocked by tubulin blockers, col-
chicine, and vincristine (see Grafstein and Forman, 
1980). The block of tubulin would interfere with 
the fast axonal transport, which is linked with 
microtubules, and Schmitt (1968) proposed that 
the fast transport depends on a “mechanochemi-
cal  .  .  .  interaction” between the microtubules and 
the membrane of the organelles transported by the 
fl ow. The slow fl ow may concern axonal growth, 
as it is blocked by protein synthesis inhibitors. The 
sensitivity of the slow transport to tubulin block-
ers is controversial; at any rate, this system does 
not appear to be as potently inhibited by these 
agents, as is the fast system.

It is generally believed that most constituents 
of small organelles move fast, “at velocities 
ranging from 40 to over 400 mm/day” (Lubinska, 
1975); synaptic vesicles are moved by the fast 
transport (Whittaker, 1990). Fast transport of 
these constituents may continue after ligation or 
destruction of the cell body (Ochs, 1974); this 
again suggests that this fl ow does not concern the 
axonal growth. On the other hand, slow transport 
involves cytoplasmic materials including soluble 
proteins and enzymes such as CAT and catechol-o-
methyltransferase (Grafstein and Forman, 1980; 
Whittaker, 1990). The rates of the slow transport 
vary from fractions of 1 mm to a few mm/day.

Some evidence is inconsistent with the notion 
of the slow axonal fl ow of the cytosol-located 
CAT. For example, Dahlstrom et al. (1985) 
reported that vinblastine or colchicine, the tubulin 
blockers, block the transport of CAT. Then some 
investigators found that CAT moves in the axons 
at a fast pace (cf. Tucek, 1978). This variability of 
results concerning CAT transport rate and its 

axonal localization may be due to several factors 
that may have differed from one exprimenter to 
another. Thus, the rate of CAT transport depends 
on the age of the animal (cf. for instance, Jablecki 
and Brimijoin, 1975), the axons’ physiological 
activity and activity of other than cholinergic 
nerves (Lubinska, 1975; Booj et al., 1981), tem-
perature, pathology, species, and nerve type (von 
Bartheld, 2004).

4. Conclusions and Questions

Perikaryon-generated CAT is present in the 
cell or in the axon in several molecular forms. 
These forms may be solubilized in the cytosol or 
enter into reversible bonding with the cell mem-
branes or the membranes of the organelles. In the 
latter case they are readily released into the 
cytosol. The various forms of CAT may have dif-
ferent functions, substrate affi nity, and kinetics, 
and separate forms of CAT may subserve vesicu-
lar versus cytoplasmic ACh synthesis (see Chapter 
2 C).

It is generally accepted that CAT is transported 
via the slow axonal transport, independently 
of the proteins involved in axonal growth. The 
axonal transport of CAT, similar to the transport 
of phospholipids and proteins biosynthesized in 
the perikaryon, depends on, and is linked with, an 
axonal substructure. What is the need for two 
types of axonal transport? Why do two cholinergic 
components, synaptic vesicles and CAT, move 
down the axon at two different—in fact highly 
different—rates?

There may be several forms and pools of acetyl 
coenzyme A. The mitochondrial acetyl coenzyme 
A should not participate in the CAT activity, as 
CAT is a cytosolic enzyme; which of the nonmi-
tochodrial pools of the coenzyme participates in 
ACh synthesis? What is the mode and molecular 
site or sites of bonding of CAT with acetyl CoA? 
What is the contribution to this matter of the 
genetic and molecular characteristics of CAT, its 
primary peptidic structure, as well as its three-
dimensional characteristics? What about any 
posttranslational modifi cations of CAT and its 
attachment to microtubules and vesicles that carry 
CAT down the axons?

Also, ACh-generating coenzyme seems to be 
involved in both the synthesis and energy pro-
cesses—does this occur only in extreme ACh 
demand conditions?
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CI. Choline Metabolism

1. Introduction

When Feldberg and Brown (1936a, 1936b), 
Perry (1953) and Birks and MacIntosh (1961) 
realized that choline was needed to maintain ACh 
release during synaptic activity, they suggested 
that choline uptake and choline anabolism must 
occur in the synapses. However, until the early 
1980s, cholinergikers working in this area looked 
at choline’s relation to ACh release strictly from 
the viewpoint of synaptic ACh synthesis, and dis-
regarded choline’s involvement in the synthesis of 
membrane phospholipids; this viewpoint was 
emphasized in the reviews, such as those of Tucek 
(1978, 1984, 1985). The contrasting view emerged 
with the work of the late Brian Ansell, Roger 
Wurtman, Kazimir Blusztajn, Steven Zeisel, 
Jochen Klein, and Konrad Loeffelholz; these 
studies concerned a broad picture of choline 
metabolism and homeostasis of choline levels in 
the nervous tissues and the blood. Sections CII 
and CIII describe choline metabolism and its 
synaptotropic, metabotropic, and phospholipid-
generating signifi cance; the uptake of choline is 
dealt with separately in section CIV.

CII. Choline Metabolism and 
Choline Transport into 
the Brain

Choline is present in cellular and nuclear 
membranes and membranes of the endoplasmic 
reticulum and myelin sheaths of all cells; it is a 
component of phosphatidylcholine (lecithin), 
sphingomyelin, the plasmalogens, and other phos-
pholipids. Thus, choline must participate in the 
metabolism leading to the formation and the main-
tenance of choline-containing membrane phos-
pholipids (Agranoff et al., 1999); therefore, it is 
also present in metabolites involved in this forma-
tion, such as phosphorylcholine and lysolecithin 
(lysophosphatidylcholine). Altogether, choline 
metabolism is important for all cells and their 
organelles.

While Kazimir Blusztajn stated that “choliner-
gic neurons are unique, since they alone utilize 
choline for an additional purpose, synthesis of 

their neurotransmitter, ACh” (Blusztajn et al., 
1987), it must be remembered that ACh is also 
present in nonneuronal vertebrate tissues and non-
neurogenic organisms and plants, and that Blusz-
tajn’s statement should be combined with Konrad 
Loeffelholz’s reminder that “the cholinergikers 
world” (generally) “does not include the biochem-
istry of phospholipids” (Loeffelholz, personal 
communication; see Chapter 8 BI and section A 
in this chapter). In addition, it happens that phos-
pholipids can generate choline and, thus, ACh.

Altogether, there are several sources of choline 
generation, and this matter, the choline uptake into 
the nervous tissues, and the relative importance of 
these sources for the generation and release of 
synaptic ACh are discussed in the following 
section.

1. Choline Originating from 
Released ACh

Nerve terminals take up, via a carrier system, 
choline originating from hydrolysis of released 
ACh (see section CIV of this chapter and Chapter 
2 B). There is a general agreement that this uptake 
provides a considerable portion of the choline 
needed for ACh synthesis (Collier and Katz, 
1974), although the extent of this particular choline 
pool’s contribution to ACh synthesis is unclear. 
There are few references to this matter in classical 
literature; for instance, Perry (1953) showed that 
when ACh hydrolysis is inhibited by physostig-
mine—thus diminishing the levels of intersynaptic 
choline—the release of ACh from the ganglion is 
abated (this effect, however, could be due to accu-
mulated ACh’s action at the nerve terminal). Later, 
this problem was briefl y alluded to in the reviews 
of Blusztajn and Wurtman (1983) and Tucek 
(1978), but several reviews do not refer to the 
matter at all (Blusztajn et al., 1988; Zeisel, 1986; 
Tucek, 1984, 1985, 1990; Loeffelholz, 1996; 
Loeffelholz and Klein, 2004).

2. Dietary Choline

Until the1980s, it was thought that nervous 
tissue could not supply choline in amounts suffi -
cient for effective release of ACh, and that dietary 
choline is needed for nerve function. For example, 
Best and Huntsman (1932) demonstrated that 
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choline and/or phosphatidylcholine (lecithin), 
which serve as choline precursors, were needed, 
vitaminlike, in the diet for function; in fact, their 
defi ciency causes human malfunctions (for review, 
see Zeisel, 1981 and 1988; see also Barbeau, 1979 
and Barbeau et al., 1979). Later, it was established 
that high levels of dietary choline increase plasma 
choline levels, and that this augmented plasma 
choline moves across the blood-brain barrier 
(BBB; by means of transport mechanisms) into the 
brain (Wurtman, 1987; Loeffelholz et al., 1993; 
Tucek, 1990; Loeffelholz, 1996; Loeffelholz and 
Klein, 2004). The transport mechanisms in ques-
tion are not related to the choline uptake systems 
of the nerve terminal (see section CIV of this 
chapter and Chapter 2 B2; see also Rylett, 1987; 
Rylett and Schmidt, 1993). This dietary augmen-
tation of plasma and brain levels of choline can be 
mimicked by the administration of choline sys-
temically, intracerebrally or via the cerebrospinal 
fl uid (CSF; see Loeffelholz and Klein, 2004). The 
brain penetration of either dietary or administered 
choline is consistent with the fi ndings that 
increased intake of choline leads to behavioral and 
functional effects (see section CIII in this 
chapter).

3. Brain Phospholipids 
and Choline

Phospholipids present in the brain include 
phosphatidylethanolamine, phosphatidylcholine, 
and other related compounds (Blusztajn et al., 
1979; Tucek, 1990). They are generated in the 
brain from choline and other sources via complex 
pathways that involve acetyl coenzyme A and for-
mation of fatty acids (Agranoff et al., 1999), as 
well as transported into the brain from the blood; 
indeed, like choline, phosphatidylcholine may be 
supplied by the blood to the brain (see Tucek, 
1990; see also section CIV-2). Also, phosphatidyl-
choline can be generated, via transmethylation 
(Hirata and Axelrod, 1980), from phosphatidyl-
ethanolamine and phosphatidylserine (Blusztajn 
and Wurtman, 1983; Blusztajn et al., 1979, 1988). 
In fact, somewhat similar to phosphatidylcholine, 
certain cell lines (not necessarily neuronal 
cultures) require these phospholipid components 
not only for generation of phosphatidylcholine 
but also for the maintenance of their life cycle. 

Altogether, there is an exchange among phospha-
tidylethanolamine, phosphatidylserine, and phos-
phatidylcholine. In this exchange, an enzyme 
facilitates substituting one phospholipid “base” 
(serine, ethanolamine, or choline) for another; this 
process is referred to as “base exchange” (Salerno 
and Beeler, 1973; Zeisel, 1988; Blusztajn and 
Wurtman, 1983).

While the generation of phosphatidylcholine 
from phosphatidylethanolamine and/or the “base 
exchange” occurs signifi cantly in liver (Zeisel, 
1988), these processes also take place in other 
tissues, including the brain and other nervous 
tissues (Hirata and Axelrod, 1980; Blusztajn et al., 
1988). In fact, it occurs at very high rates in the 
brain microsomal fraction (Gaiti et al., 1974), and 
choline may be liberated in this exchange (see 
Figure 3-2); thus, choline may be generated not 
only from phosphatidylcholine. Also, choline 
induces in vivo phosphatidylcholine formation in 
tissues such as the heart, ganglion, neuromuscular 
junction, and brain (Hendelman and Bunge, 1969; 
Gomez et al., 1970; Chang and Lee, 1970; 
McCarty et al., 1973; Tucek, 1990; Loeffelholz, 
1989; Loeffelholz and Klein, 2004); as stressed by 
Blusztajn et al. (1987), this may occur in the 
absence of the formation of ACh. However, the 
application of choline to brain slices frequently 
yielded ACh as well as phosphorylated choline 
derivatives and phosphatidylcholine; phosphory-
lated cholines and phospholipids predominated, 
and the exact ratio of ACh over choline metabo-
lites depended on the brain location (Saito et al., 
1986). Of course, it is teleological that choline 
should be used predominantly for the formation of 
phospholipids, compounds needed for all cells 
including the noncholinergic cells, rather than 
solely for the synthesis of ACh. However, this is 
a controversial topic; for example, Zeisel (1988) 
does not think that “base exchange” may form 
signifi cant amounts of free choline.

Whatever its sources, that is, endogenous phos-
pholipid metabolism (Agranoff et al., 1999; see also 
section CIV, below) and transport processes involv-
ing choline and liver-generated phospholipids, 
phosphatidylcholine constitutes 30% to 60% of 
membrane phospholipids and some 70% of all 
brain lipids (Figure 3-3, see color plate; Blusztajn 
et al., 1988; Loeffelholz and Klein, 2004; see 
also section CIV-2); this abundance of brain 
phospholipids and phosphatidylcholine underlies 
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hypotheses that these materials are one of the 
sources of choline subserving synaptotropic ACh 
generation (for full discussion of this matter, see 
next section; Tucek, 1978; Blusztajn et al., 1988; 
Loeffelholz and Klein, 2004; Blusztajn et al., 1987; 
Maire and Wurtman, 1985; Zeisel, 1986).

The liver phospholipid metabolism is also 
important in the context of the derivation of brain 
phospholipids. That choline generates phosphati-
dylcholine in the liver has been known for a long 
time (Kennedy and Weiss, 1956). The process in 
question is ATP dependent and involves the for-
mation of phosphorylated products of choline, 
phosphorylcholine and cytidine diphosphocho-
line. Actually, the liver is the major source of 
phosphatidylcholine of the brain (McMurray, 
1964), and this became known soon after the 1956 
demonstration of the liver pathway for phosphati-
dylcholine (cf. Ansell, 1973, 1979).

It must be stressed that the case of a number 
of per ipheral junctions (see, e.g., McCarty et al., 
1973), in brain slices (Saito et al., 1986) and neu-
ronal cultures, the addition of choline also causes 
the formation of phosphorylated derivatives of 
choline and of phospholipids (see Blusztajn and 
Wurtman, 1983; Reinhardt and Wecker, 1987).

4. The Role of Phospholipids 
and Choline Uptake in the 
Generation of Brain Choline

The important matter of the role of phospho-
lipids and choline uptake in the generation of brain 
choline concerns the primary origin of choline as 
the generator of ACh. In other words, are the brain 
phospholipids (and, indirectly, phospholipids of 
the liver) or the uptake of free choline across the 
BBB the major source of choline needed for the 
synthesis and release of ACh? This dilemma was 
presented early by Stanislaus Tucek (1978) and 
studied extensively by Konrad Loeffelholz with 
Jochen Klein, and Krzystof Blusztajn and his 
associates.

Free choline is generated from phosphatidyl-
choline in several tissues, including the heart, 
intestine, kidney, lungs, and—important in the 
present context—brain (Bhatnagar and MacIntosh, 
1967). In fact, there is a rapid postmortem release 
of choline from these tissues (Dross and Kewitz, 
1972; see also Ansell and Spanner, 1979).

Related phospholipids such as sphingomyelin 
also liberate choline; while the liver is a major 
source of this catabolism it is present also in the 
brain (Loeffelholz, 1998).

In the liver, this formation of choline is carried 
out in at least 2 steps; phospholipases A1 and A2 
and lypophospholipase form glycerophosphoryl-
choline, which is then hydrolyzed by glycerophos-
phocholine diesterase to choline (see Ansell and 
Spanner, 1979). Phospholipases D and C may be 
also involved. A related liver pathway generates 
choline from sphingomyelin (Ansell and Spanner, 
1979). However, the enzymes in question are also 
present in the brain, as known since 1957 (Webster 
et al., 1957; cf. Ansell and Spanner, 1979); as 
shown subsequently, brain catabolism of phospha-
tidylcholine via the action of phospholipases A1 
and A2 and a diesterase is similar to the choline-
generating processes carried out by the liver. In 
addition, in the brain, phospholipase C may form 
choline from phosphatidylcholine with phosphor-
ylcholine and diethylglycerol as intermediaries 
acted on by phosphatase (Zeisel, 1988). However, 
Zeisel (1988) believes that neither this route nor 
the formation of choline via glycerophosphoryl-
choline should be considered as a major source 
of choline. He quotes as relevant fi ndings that the 
fall of glycerophosphate that occurs is too small 
to account for the simultaneous formation of 
choline by the brain, and that zinc does not inhibit 
the glycerophosphorylcholine diesterase, yet it 
potently inhibits the formation of choline. Zeisel 
(1988) stresses that “all membrane-containing 
subcellular fractions of brain produced free 
choline at approximately the same rate,” while the 
soluble fractions did not contain obligatory or 
facilitatory factors for choline formation; he 
does not identify the ultimate, major inter-
mediate for choline formation from phosphatidyl-
choline.

Phosphatidylcholine is hydrolyzed when the 
neuronal activity is high, and synaptic ACh and 
available free choline levels low (Blusztajn and 
Wurtman, 1980); under these circumstances, the 
degradation of phosphatidylcholine to choline 
may be particularly rapid. Related fi ndings are that 
phosphatidylcholine is capable of increasing 
ACh synthesis under conditions of stimulated—
or excessive—cholinergic activity (Bierkamper 
and Golderg, 1980; Ulus et al., 1977; see Growdon, 
1987) and that in vitro vigorous electrical 
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stimulation of rat striate slices depletes membrane 
phospholipids, while choline “fully protects  .  .  .  
phospholipid depletion  .  .  .  and  .  .  .  enhances ACh 
release” (Wurtman et al., 1988). As Krzystof 
Blusztajn stated picturesquely, “cholinergic 
neurons cannibalize their own membranes to 
ensure adequate supplies of choline for acetylcho-
line synthesis” (Blusztajn et al., 1985). However, 
the concentrations of choline, its phosphorylated 
derivatives, and phospholipids increase during 
incubation of the brain with choline; this may 
suggest that choline is not directly or readily uti-
lized as a source of ACh and/or that phospholipids 
are not the main source of synaptic choline (Tucek, 
1978; Zeisel, 1988; Saito et al., 1986; Loeffelholz 
and Klein, 2004). These conclusions are consis-
tent with the demonstration that choline-enriched 
media always generate phosphatidylcholine but 
not always ACh (Blusztajn and Wurtman, 1983; 
Loeffelholz and Klein, 2004).

Thus, under certain conditions, phosphatidyl-
choline, whether as the constituent of membrane 
lipids (cf. Zeisel, 1988) or present interstitially, 
may constitute an important source of choline 
(Blusztajn and Wurtman, 1983; Parducz et al., 
1976). As commented by Loeffelholz (Loeffel-
holz and Klein, 2004), the synaptic choline 
compartment or pool gets its choline from all 
choline-containing molecules, including ACh 
and phospholipids; the relative contributions vary 
depending on circumstances, and choline phos-
pholipids, normally, may not necessarily be used 
for the synthesis of ACh (Blusztajn and Wurtman, 
1983; Parducz et al., 1976).

The question of whether the free synaptotropic 
brain choline is derived from brain phospholipids 
or the brain uptake of choline relates to Helmuth 
Kewitz’s fi nding of the negative arterial-venous 
difference in brain choline, which signifi es that 
choline leaves the brain in greater amounts than it 
enters the brain (Dross and Kewitz, 1972; Kewitz 
and Pleul, 1981). This ominous fi nding seemed to 
suggest that there may be a leak of choline that 
would lead to its defi ciency, unless there is, 
besides choline brain uptake, its de novo forma-
tion of choline in the brain. Increased blood phos-
phatidylcholine uptake into the brain and de novo 
synthesis of choline in the brain would explain 
Kewitz’s fi ndings. Yet, the de novo synthesis of 
choline in the brain is negligible (Tucek, 1990), 

phospholipids pass the BBB poorly, and Stan-
islaus Tucek (1990), Konrad Loeffelholz with 
Jochen Klein (2004), and Zeisel (1988) all opine 
that the choline liberation from brain phospholip-
ids cannot account for synthesis and release of 
acetylcholine.

Loeffelholz and Klein stressed, fi rst, that 
Kewitz’s fi ndings were obtained under conditions 
of fasting; under those of normal diet he would 
have found a positive arteriovenous difference; 
that is, under these conditions, the uptake of 
choline into the brain is higher than its effl ux. 
Then they presented data indicating that choline 
originating from released ACh and dietary choline 
present in the blood and taken up across the BBB 
constitute the major source of synaptic choline; 
indeed, this source of choline is, under most con-
ditions, suffi cient to maintain cholinergic trans-
mission. They also emphasized that a cycle is 
formed between components of the lipid metabo-
lism, that is, choline, ACh, phosphatidylcholine, 
and phospholipids, and their fl uxes, and this cycle 
is affected by conditions such as fasting and neu-
ronal activity. Parenthetically, Krzysztof Blusz-
tajn et al. (1987) found that a choline supplement 
afforded to rats during gestation improves memory 
function and ACh turnover of young rats, and both 
Blusztajn and Loeffelholz refer to choline as 
exhibiting vitaminlike, essential nutrientlike 
activities.

Importantly, Konrad Loeffelholz with Jochen 
Klein formulated, on the basis of their studies of 
phospholipid, choline, and ACh dynamics, the 
notion of choline homeostasis (Loeffelholz, 1989). 
They were concerned for many years with the 
possibility that excessive levels of choline may be 
detrimental in mammals, as choline is a relatively 
potent cholinergic agonist. This was described 
severally for the periphery between 1890 and 
1920 (Le Heux, 1919) and confi rmed more 
recently by Hans Kosterlitz3 (see also Karczmar, 
1967; Loeffelholz and Klein, 2004). This is true 
as well for the CNS (see Chapter 9 BI-2 and Albu-
querque et al., 2004). In fact, Helmuth Kewitz’s 
fi ndings could indicate that such a situation may 
obtain relatively readily. Accordingly, Klein and 
Loeffelholz wished to describe processes main-
taining this homeostasis and protecting the recep-
tors from excess of choline and its possible agonist 
action (Loeffelholz and Klein, 2004).
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Konrad Loeffelholz and Jochen Klein’s scheme 
includes rapid metabolic clearance of brain choline 
that follows its uptake as the fi rst line of defense 
against accumulation of choline. The saturability 
of the BBB with respect to uptake and transport 
of choline constitutes the second line of defense 
(the same restriction exists for glucose). Loeffel-
holz and Klein refer to the arteriovenous differ-
ence (AVD) between the arterial and venous levels 
of choline as the third line of defense, since the 
AVD refl ects the balance between the net uptake 
of choline into the brain and the net effl ux of 
choline from the brain; indeed, Loeffelholz and 
Klein (2004) point out that under conditions of 
high intake of dietary (nutritional) choline, excess 
choline is released into the venous blood (see 
above, and Figures 3-2 and 3-4; Loeffelholz and 
Klein, 2004).

The phospholipids-choline cycle and choline 
infl ux-effl ux relationship involve homeostatic 
interactions. In turn, these phenomena interact 
with the cholinergic system, creating altogether 
a complex balancing act. Several instances 
of this act were already adduced. For example, 
stimulation of the cholinergic system and a 
high activity level may interact with the 
phospholipid metabolism (see Wurtman et al., 
1988). Then phospholipase A2 modulates the 
choline uptake (see Rylett and Schmidt, 1993). 
Jochen Klein and Konrad Loeffelholz (see 
Loeffelholz, 1998; Loeffelholz and Klein, 
2004) demonstrated that muscarinic agonists 
and antiChEs activate phospolipase D, thus 
increasing phospholipid hydrolysis, and provide 
choline for increased synthesis and release of 
ACh.

Choline

Brain

Figure 3-4. Four “lines of defense” against excess choline. (From Loeffelholz and Klein, 2004, with 
permission.)
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CIII. Choline and 
Phosphatidylcholine as 
Precursors of Acetylcholine 
and Phospholipids

The concepts described above should be related 
to the effects of the administration of nondietary 
choline and choline precursors on ACh levels, 
turnover, and release; thus, whenever precursors 
are administered to affect ACh synthesis and 
release and cholinergic transmission, the fi ndings 
described in the previous section concerning the 
metabolic origin of choline and ACh must be con-
sidered. This matter is particularly important, as 
choline and related compounds have been used 
empirically for many years in humans to improve 
cognitive function and alertness, as well as combat 
depression and schizophrenia. Among the fi rst 
investigators to utilize this approach were Carl 
Pfeiffer and his associates (Pfeiffer and Jenney, 
1957; Pfeiffer, 1959), as they proposed that cho-
linergic excitation is useful in at least certain 
forms (hebephrenic, particularly) of schizophrenia 
and for inducing alertness, and as they urged the 
use of Deanol, which they perceived to be an ACh 
precursor, for these purposes.

The effects of the administration of choline and 
its precursors are quite clear with respect to 
choline levels. Thus, either phosphatidylcholine or 
choline increased levels of choline in the blood 
and/or cerebrospinal fl uid of humans as well as 
increased brain levels of choline in several animal 
species (Kindel and Karczmar, 1981, 1982; Davis 
et al., 1977a, 1977b, 1978; Aquilonius and 
Eckernas, 1975; see also Wurtman, 1979; Bartus 
et al., 1982; Jenden, 1979). In fact, the dietary choline 
content may regulate blood levels of choline in the 
rat as well as human—and choline levels in the brain 
as well (Growdon et al., 1977; Cohen and Wurtman, 
1976; Tucek, 1990; Loeffelholz et al., 1993; see also 
section CII, above).

But the notion of the effect of the choline and 
choline precursor administration on ACh levels 
and turnover is controversial and, sometimes, 
unduly enthusiastic. For example, Davis and his 
associates stated that “the evidence that choline 
administration can increase brain levels of acetyl-
choline is overwhelming” (Davis et al., 1979; see 
also Davis et al., 1977a, 1977b). And many inves-
tigators reported or took for granted that choline 

augmented ACh synthesis in the brain and in neu-
ronal cultures (see, for example, Cohen and 
Wurtman, 1976, 1977; Growdon, 1988; Ulus et 
al., 1978; for further references, see Bartus et al., 
1982). However, there is good evidence showing 
that in starved or choline-depleted animals, 
administration of choline did raise ACh levels 
(Kuntscherova, 1971, 1972; Kuntscherova and 
Vlk, 1968; cf. Tucek, 1978; Loeffelholz and Klein, 
2004). This last information relates to the impor-
tant work of Lynn Wecker (cf., for example, 
Wecker et al., 1978), who found that choline 
increases brain ACh of animals in which ACh was 
depleted by atropine (see below). Finally, reports 
that choline or phosphatidylcholine increases 
cholinergic transmission (see below) are consis-
tent with the proposition that choline and/or 
phosphatidylcholine increase ACh synthesis and 
release.

However, warning signals were raised, as 
when Bartus et al. (1982) stated that the “fi nd-
ings  .  .  .  as to whether  .  .  .  the increases in brain 
choline  .  .  .  can induce a concomitant increase 
in the synthesis (and presumably release of 
ACh)  .  .  .  generate controversy.” In fact, some of 
the evidence quoted by the reviewers in support 
of the statement of Davis et al. (1979) concerns 
cholinergic agonists and their effect on ACh 
dynamics rather than the matter of the effective-
ness of ACh precursors (cf. for example, Haubrich 
et al., 1972). Actually, a number of investigators 
found that under normal conditions choline or 
phosphatidylcholine administration had no effect 
on brain levels of ACh (Pedata et al., 1977; Kindel 
and Karczmar, 1981; see Tucek, 1985, for addi-
tional references). For example, Jope (1986) did 
not fi nd any increase of ACh with phosphatidyl-
choline administration whether in the cortex, hip-
pocampus, or striate, similar to the earlier data of 
Kindel and Karczmar (1981).

The controversy in question is important, since 
some investigators believe that phosphatidylcho-
line or choline may be used in certain neurological 
and mental conditions to increase the turnover and 
release of ACh and augment the activity of cho-
linergic synapses; this would be analogous to the 
use of dopa as precursor of dopamine in parkin-
sonism (see for example, Wurtman, 1979, as he 
speaks eloquently of the “precursor control of 
transmitter synthesis”). Accordingly, it is impor-
tant to resolve the problem of inconsistency among 
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the fi ndings. Besides the methodological differ-
ences among the investigations in question and/or 
possible bias of the investigators involved4 there 
may be additional reasons for the diversity of 
the fi ndings. Special conditions surrounding the 
experiments in question may be particularly 
important. As well phrased by Wecker (1986), 
“Choline may be used to support the synthesis of 
ACh when there is increased demand for the pre-
cursor, i.e. when the activity of central cholinergic 
neurons is increased  .  .  .  while  .  .  .  choline does 
not enhance synthesis or metabolism of ACh 
under ‘normal’ physiological and biochemical 
conditions,” and this sentiment is in agreement 
with the fi ndings of Konrad Loeffelholz and Stan-
islaus Tucek; it must be added that negative arte-
riovenous difference with respect to brain choline 
(Dross and Kewitz,1968) was obtained in fasting 
or avitaminotic animals and that the effects of 
precursors of ACh such as choline and phosphati-
dylcholine depend on the nutritional state of the 
animal and its synaptic activity (see section CII, 
above). To induce this demand, Wecker and her 
associates (Wecker et al., 1977; Wecker and Dett-
barn, 1979; Wecker and Goldberg, 1981) caused 
depletion of brain ACh via various means. These 
means include facilitating ACh release either by 
blocking with atropine or with phenothiazines the 
muscarinic nerve terminal receptors that inhibit 
ACh release (see Chapter 9 BI-1), by increasing 
neuronal (not necessarily uniquely cholinergic) 
activity by convulsant drugs and opiate with-
drawal from addicted animals, or by neurotoxin-
induced degeneration of glutaminergic neurons 
(London and Coyle, 1978). Under these condi-
tions Lynn Wecker found that choline supplemen-
tation is prophylactic vis-à-vis the depletion of 
ACh. Wecker’s particular point is that this effect 
is “not  .  .  .  mediated through an enhanced steady-
state concentration of free choline in the brain, but 
rather may involve alterations in the metabolism 
of phospholipids,” including formation of phos-
phatidylcholine and choline (Wecker et al., 1977). 
This is interesting, as it suggests that augmenta-
tion of ACh synthesis in the brain is not achiev-
able via increase in the choline levels in the 
brain—even though up to a 3-fold increase in the 
brain levels of choline may be achieved with mul-
tiple choline dosing (Kindel and Karczmar, 1981, 
1982)—but via changes in phospholipid and 
choline metabolism, whether caused by increased 

neuronal activity and/or by choline-evoked neuro-
nal stimulation.

Of course, change in ACh levels does not nec-
essarily refl ect an increase in ACh synthesis or 
turnover; in fact, just the reverse may be conjec-
tured, as increased ACh levels may indicate its 
decreased utilization and therefore a decrease in 
turnover (or “re-synthesis”; Hanin and Costa, 
1976). It is regrettable that only a few studies of 
the effect of precursors on ACh turnover are avail-
able; most of these studies indicate that choline 
and/or phosphatidylcholine do not increase ACh 
turnover. This was true for the rodent brain (Kindel 
and Karczmar, 1981, 1982; Brunello et al., 1982; 
Eckernas, 1977), and in the rat nerve-diaphragm 
study of Potter (1970). Actually, Kindel and 
Karczmar (1981, 1982) found a signifi cant 
decrease in ACh turnover in some of their experi-
ments; they pointed out that in their experiments 
the precursors elevated brain choline concentra-
tions to levels that may cause a stimulation of the 
cholinergic and/or cholinoceptive neurons, and 
that this stimulation may decrease via a negative 
feedback ACh synthesis and/or turnover. In fact, 
such decrease in turnover was caused by cholin-
ergic agonists and antiChEs (Choi et al., 1973; for 
further references, see Hanin and Costa, 1976). A 
similar effect would be expected from choline 
stimulation of cholinoceptive nerve terminal 
receptors (see Chapter 9 BI-1). Of course, poor or 
null effects of precursors on ACh levels and/or 
turnover may also result from utilization of choline 
for purposes other than ACh synthesis, such as 
generation or maintenance of the membranes and 
energy requirements. On the other hand, some 
data suggest that ACh synthesis and turnover may 
be augmented by neuronal stimulation, whether 
behavioral, electrical, or chemical (Kindel and 
Karczmar, 1981, 1982), and increased turnover of 
ACh was found to be accelerated by high concen-
trations of choline in slices of Torpedo electric 
tissue (Morel, 1976).

Another possible consequence of precursor 
loading of the cholinergic system is an increase 
in ACh release. As early as 1936, Brown and 
Feldberg demonstrated that the presence of choline 
in a ganglion preparation increased ACh output 
during stimulation, while Mann, Quastel, and 
their associates (Mann et al., 1938) made a similar 
fi nding with regard to an in vitro brain preparation. 
It must be added that the choline effect was small 
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compared with that of pyruvate or glucose in the 
case of the experiments of Mann et al. (1938), 
while Brown and Feldberg (1936) could not dupli-
cate the choline effect on ACh effl ux in the gan-
glion in every instance. Then, Frank MacIntosh 
(1979; Birks and MacIntosh, 1961) commented 
that the role of choline on ACh release was easy 
to demonstrate in the presence of hemicholinium 
or excessive ganglionic stimulation, and when 
choline-free media were used prior to the addition 
of choline. Also, Bierkamper and Goldberg (1979) 
found that when diisopropyl fl uorophosphate was 
used to completely inhibit AChE, high concentra-
tions of choline markedly increased the release of 
ACh in a rat nerve-diaphragm preparation; inter-
estingly enough, phosphatidylcholine had no such 
effect. It should be noted that in these experiments 
augmentation of the release of ACh was achieved 
either with concentrations of choline much 
higher than physiological, or under special, “non-
physiological” circumstances, while Potter, Birks, 
MacIntosh, and others (see above) were concerned 
with demonstrating the need of physiological con-
centrations of choline for “normal” synaptic func-
tion rather than with the effect of choline on ACh 
release.

Altogether, it appears that, as in the case of 
ACh turnover, choline affects release of ACh only 
under conditions of a depleted or stressed cholin-
ergic system; furthermore, this effect may involve 
the choline uptake by the terminal while metabo-
tropic choline (see Chapter 2 B) may not partici-
pate in the phenomenon of choline-driven ACh 
release. Finally, it is diffi cult to interpret the action 
of choline on ACh release—particularly under 
conditions of stress—as it may result from the 
action of choline on ACh turnover. It must be 
added that the facilitatory effects of choline on 
ACh release—if present—do not result from stimu-
lation of nerve terminal cholinoceptive receptors, 
as such stimulation generally leads to a decrease 
of ACh release.

Another consequence of increased levels of 
choline or phosphatidylcholine, consistent with 
increased ACh turnover, is the increased activity 
of cholinergic synapses. Much of the pertinent 
evidence concerns choline stimulation at the sym-
pathetic sites of the synthesis of tyrosine hydroxy-
lase, the limiting factor for the generation of 
catecholamines. Cholinergic stimulation of this 
synthesis was studied extensively by Julius 

Axelrod (see, for example, Mueller et al., 1969) 
and Erminio Costa (Chuang and Costa, 1974); 
they termed this phenomenon a “neuronally medi-
ated” or “trans-synaptic” effect. It is consistent 
with this notion that the phenomenon in question 
requires the presence of presynaptic cholinergic 
nerves (Thoenen, 1974). Choline causes this trans-
synaptic effect at the dopaminergic neurons of the 
rat brain, in the adrenal medulla, and in the sym-
pathetic ganglia (Ulus and Wurtman, 1976; Ulus 
et al., 1977); for example, oral administration of 
choline to rats increased their catecholamine 
secretion at the appropriate sites (Scally et al., 
1978).

Furthermore, Wurtman and his associates used 
either an agent that increased splanchnic fi ring, or 
choline, or both, and found that combined treat-
ment resulted in an “increase  .  .  .  in tyrosine 
hydroxylase activity  .  .  .  that was  .  .  .  greater than 
the sum of increases caused by the two individual 
treatments.” The results of this diffi cult experi-
ment need further analysis. Altogether, Wurtman 
(1979) and Ulus (Ulus et al., 1979) argued that this 
event is due to acceleration of the presynaptic 
fi ring induced by stress of choline administration 
or by choline itself (a more likely occurrence) and 
to an “increase in the amount of transmitter 
released per fi ring” (Wurtman, 1979).

In a similar vein, choline potentiates the 
increase in tyrosine hydroxylase activity caused 
by drugs that augment sympathetic impulses or by 
cold stress (cf. Wurtman, 1979; Ulus et al., 1977, 
1979). This potentiation depended on cholinergic 
presynaptic input, since it was blocked by cholin-
ergic blockers (Mueller et al., 1970). These results 
are analogous to those obtained by Lynn Wecker 
and others with choline under conditions of ACh 
depletion, and they also relate to the data indicat-
ing that very active transmission rather than 
“normal” transmission is dependent on choline 
(see above, this section). On the other hand, this 
evidence does not signify that choline must 
increase ACh turnover under “normal” or physio-
logical circumstances; furthermore, the investiga-
tors in question do not consider as signifi cant the 
action of choline as a cholinergic agonist on, for 
example, tyrosine hydroxylase activity.

Ulus et al. (1988) argued that choline is too 
weak an agonist to be effective at the concentra-
tion that obtains in the experiments in question. 
However, to measure the agonistic action of 



3. Metabolism of Acetylcholine: Synthesis and Turnover 99

choline, Wurtman, Ulus, and their associates used 
peripheral (cardiac and smooth muscle) prepara-
tions that may not be relevant for the problem at 
hand. Indeed, these preparations are muscarinic in 
nature, yet, in a much earlier study, Kosterlitz et 
al. (1968) showed that choline is a relatively 
potent nicotinic agonist at the sympathetic ganglia, 
a site very pertinent for the work of Ulus and 
Wurtman, and that the tyrosine hydroxylase effect 
of choline may be nicotinic (Mueller et al., 1970). 
Similar views as to the nicotinic potency of choline 
were embraced by Konrad Loeffelholz and Jochen 
Klein (see above, section 4) and Edson Albuquer-
que (Albuquerque et al., 1998; see Chapter 9 BI); 
but these views as well as those of Roger Wurtman 
and others (Wurtman, 1979) must be reconciled 
with Konrad Loeffelholz and Jochen Klein’s pos-
tulate of choline homeostasis (see above).

There is also a hidden factor; it involves the 
phosphatidylcholine or choline contribution to the 
synthesis and maintenance of membrane phospho-
lipids versus their contribution to ACh synthesis 
(Growdon, 1988). As already described, dietary 
choline and phosphatidylcholine may be con-
verted respectively into phosphatidylcholine and 
choline; this information generally concerns 
nonbrain tissues (plasma, liver, intestinal mucosa, 
etc.; see Houtsmuller, 1979) and does not include 
evidence as to the generation of ACh (see above, 
this section). In addition, Jope (1986) found that 
either chronic or acute administration of phospha-
tidylcholine to rats led to high levels of plasma 
fatty acids, cholesterol, triglycerides, and phos-
phocholine, while this treatment did not generate 
brain ACh, whether in the cortex, hippocampus, 
or striate. On the other hand, Rossiter and 
Strickland (1970) found that intravenous choline 
is rapidly converted to phosphorylated choline and 
phosphatidylcholine; this pathway may lead ulti-
mately to ACh. Similarly, Wecker (1986) showed 
that phosphatidylcholine and total lipids increased 
more than 2-fold in the microsomal fraction of the 
striatum of rats maintained on a high choline diet 
and that choline did not effect ACh synthesis 
unless under conditions of depleted ACh.

The effects of dietary supplement or high 
levels of choline on phospholipids and ACh syn-
thesis should be distinguished from their use as 
markers of the various metabolisms. In this case, 
radioactive choline was used. As already reviewed, 
these studies led mainly to the concept of choline-

induced formation of phosphatidylcholine; they 
concerned such diverse tissues as the heart, 
ganglion, neuromuscular junction, and brain 
(Hendelman and Bunge, 1969; Gomez et al., 
1970; Chang and Lee, 1970; and McCarty et al., 
1973; for the relation of these fi ndings to the ques-
tion of the origin of synaptic choline and ACh, see 
section CII, above). It is of interest that some 
investigators traced the resulting phospholipid 
into the myelin sheath of nerve endings (McCarty 
et al., 1973). However, in some of these studies 
ACh formation was measured as well. Choline 
applied to brain slices of several mouse brain parts 
became incorporated into the pools of endogenous 
choline, phospholipids, and ACh. The extent of 
choline incorporation into the ACh pool depended 
on the brain part. Generally, it was limited com-
pared to its entry into choline and phospholipids; 
however, the percentage of choline incorporation 
into ACh was signifi cantly higher (30%) in the 
striate than in the cortex (Saito et al., 1986; Kindel 
and Karczmar, 1981, 1982). The slices in question 
were, of course, heterogeneous with respect to the 
transmitter nature of their synapses; accordingly, 
the ratio of choline incorporation into ACh could 
be higher if only cholinergic synapses were taken 
into account. It is of interest to note in this context 
that Lynn Wecker (cf. Reinhardt and Wecker, 
1987) showed that the increase in total lipids 
occurred both with microsomal and with synapto-
somal membrane fraction, but phosphatidylcho-
line was augmented by choline only in the 
microsomes. All this evidence taken together sug-
gests that administered choline is used only to a 
limited extent for synthesis of ACh and that the 
fatty substances and choline-containing lipids 
serve as a “sink” for phosphatidylcholine or 
choline, although subsequently this process may 
lead to generation of free choline and ACh 
(Karczmar, 1987); these points are relevant with 
regard to the hypothesis of choline homeostasis 
(see above, this section).

An important point must be made. We should 
look at the matter of synthesis of ACh versus that 
of phospholipids from the viewpoint of the total 
dynamics of the system, as did Wecker, Ulus, and 
Wurtman. Choline may be used for maintenance 
of synaptic activity and “trans-synaptic media-
tion” under conditions of ACh depletion and 
stress, because under these circumstances distri-
bution of choline to phospholipids versus ACh 
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is regulated by action of high-affi nity choline 
carriers and a homeostatic mechanism. Also, the 
change in the composition of phospholipids caused 
by choline or other precursors may affect the 
formation of ACh (Atweh et al., 1975; Jope, 1986; 
Rylett, 1987; Loeffelholz, 1996; Loeffelholz and 
Klein, 2003).

CIV. Choline Transport 
and Uptake

1. Historical Introduction

There are two important aspects of choline 
transport, distribution and uptake. First, choline 
and choline-generating compounds, such as leci-
thin (phosphatidylcholine), are present in many 
foods (see Wurtman, 1979) and, as has been known 
for many years (see, for example, Vig neaud, 1941), 
choline is a constituent of most tissues, including 
the nervous tissue; accordingly, it is of interest to 
trace choline transport into the brain.

Second, the realization that choline partici-
pates in cholinergic transmission and metabolism 
of ACh led to the studies of a unique aspect of 
choline transport, namely, its high-affi nity, nerve 
terminal uptake; this interest dates from the inves-
tigations of the 1930s to the 1950s of Brown, 
Feldberg, Birk, MacIntosh, and their associates. It 
appears that the transports of choline into the 
nerve terminal and across the BBB and the red 
blood cell (RBC) membrane offer some similari-
ties, and the studies of their mechanisms helped 
clarify the mechanism involved in these choline 
transfers.

In the early 1940s David Nachmansohn (with 
Machado, 1943) was motivated toward the discov-
ery by CAT by his fi nding that choline accelerates 
ACh synthesis; even earlier, Lindor (Jeffrey) 
Brown and William Feldberg (1936a, 1936b) dem-
onstrated that choline rather than ACh can be 
detected in the effl uent of presynaptically stimu-
lated ganglia not pretreated with antiChEs. These 
fi ndings should have led readily to the concept that, 
besides CAT, choline uptake by the nerve terminal 
is a factor in ACh synthesis. Yet, as Brown and 
Feldberg (1936a, 1936b) could not, at the time, 
obtain a balance sheet between the kinetics of ACh 
and choline and, particularly, between the kinetics 
of their storage and depletion, they did not concep-

tualize that the uptake of choline derived from 
released ACh is involved in the resynthesis of the 
latter. While they commented that they “have no 
reason to suppose that the choline obtained by 
extraction” from the ganglion “is not available for 
synthesis” of ACh, they did not expressly state that 
choline of the ganglionic perfusate constitutes a 
portion of ganglionic “choline obtained by 
extraction.”

Birks, Perry, MacIntosh, and their colleagues 
resolved the problem. Birks and MacIntosh (1961; 
MacIntosh, 1959) developed improved methods 
for the measurement of “ACh  .  .  .  and choline 
output and content of  .  .  .  sympathetic  .  .  .  ganglia 
perfused with eserinized Locke’s solution.” Using 
these methods they demonstrated the presence of 
2 specifi c pools of ACh in the nerve terminals, the 
“smaller more readily available for release by 
nerve impulses,” and the larger pool, which is 
depleted when the ganglion is not “station-
ary  .  .  .  and which is  .  .  .  for the most part located 
in the extra-synaptic portions of the preganglionic 
axons”; furthermore, they linked these ACh pools 
with the choline uptake. Altogether, they improved 
the balance sheet that Brown and Feldberg left 
unfi nished (1936a, 1936b); moreover, the data led 
Frank MacIntosh to predict that the cholinergic 
transmitter system must include a fourth specifi c 
component in addition to the three (i.e., ACh, 
CAT, and cholinesterases): “a choline carrier 
located in some membrane at the synapse” 
(MacIntosh, 1959).

The next step undertaken by Birks and 
MacIntosh (1961) was their demonstration of the 
“remarkably effi cient” choline uptake system. 
They based this conclusion on an interesting calcu-
lation: they measured ACh release during stimula-
tion and at the steady state of ACh pools in the 
nerve terminal, as well as the response of the nicti-
tating membrane and concluded that, in order to 
maintain the response, the nerve endings “must 
be  .  .  .  able to take up and acetylate some 20% of 
the choline supplied to the ganglion during the few 
seconds required for the plasma to pass through the 
ganglionic vessels.” They further commented that 
“since choline as a quaternary base diffuses slowly 
into most cells and since the nerve endings can 
form only a small part of the bulk of the ganglion, 
this fact is rather remarkable  .  .  .  and  .  .  .  the end-
ings  .  .  .  must be provided with a special 
mechanism for the entry of choline ions”; a most 
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heuristic statement. Further basis for the mecha-
nism in question was provided soon after by Birks 
(1963), as he demonstrated the need for Na in ACh 
synthesis.

The story of hemicholiniums should be men-
tioned at this time, as the use of these compounds 
was most helpful for clarifi cation of choline 
uptake, and as these compounds are still frequently 
employed in cholinergic research. Birks and 
MacIntosh showed that the depletion of the ACh 
pool and the attenuation of the response of the 
nictitating membrane induced by ganglionic activ-
ity were identical whether in the absence of 
choline in the perfusate or with the use of hemi-
cholinium in the presence of choline; furthermore, 
the effects of hemicholinium could be readily 
antagonized by choline. Hemicholinium (HC-3) 
was the compound developed earlier by Fred 
Schueler. Schueler coined the name, as HC-3 con-
tains two cholinelike moieties, which undergo 
spontaneous change leading to the formation of 
hemiacetal. As described by Fred Schueler and 
Paul Long, his graduate student at the time, hemi-
cholinium causes a characteristic toxicity that 
could be expected to arise from slowly developing 
interference with cholinergic transmission 
(Schueler, 1956; Long and Schueler, 1954; Long, 
1963): hemicholinium, its analogs, and related 
compounds (Bowman et al., 1962) act as “paraly-
zants” and produce “slowly-developing, fre-
quency-dependent transmission failure in nerve 
muscle preparations  .  .  .  and muscle paralysis of 
many species  .  .  .  ; this paralysis  .  .  .  is specifi cally 
and readily reversed by choline.” Schueler’s data 
and their own results suggested to Birks and 
MacIntosh (1961) that choline is taken up by the 
nerve terminal, and that HC-3 competes with 
this transport. Further characterization of this 
uptake is provided below (this section 3, below). 
It is of interest that when some reviewers 
(e.g., Tucek, 1978, 1984, 1985, 1990; Speth and 
Yamamura, 1979) describe the choline uptake 
system and the results obtained with hemicho-
linium, they do not quote Schueler’s (1956) 
contributions.

As for the early studies of the distribution of 
choline in the brain and other tissues: choline was 
discovered as early as 1862 by Strecker as a 
constituent of lecithin (phosphatidylcholine) and 
sphingomyelin, and the presence of free choline 
in the brain was known almost as long (see Ansell 

and Spanner, 1979; section CIII, above). As 
observed by Blusztajn and Wurtman (1983), it 
was believed in the 1970s (see, for example, 
Ansell and Spanner, 1971; Diamond, 1971) that 
the “free choline molecules in the brain and the 
bloodstream  .  .  .  constitute separate metabolic 
pools, the positive charge of choline’s quaternary 
nitrogen precluding its passage across the blood-
brain barrier” (Blusztajn and Wurtman, 1983). 
Thus, it was suspected that cholinergic neurons of 
the brain could either utilize, via an extremely 
effi cient uptake, choline generated in the course 
of cholinergic transmission, or obtain choline 
from lecithin or isolecithin, which serve as vehi-
cles transporting choline into the brain (Hendel-
man and Bunge, 1969). However, subsequently 
it was noticed that plasma contains choline and 
that choline readily crosses the BBB. In this 
context, Tucek (1984) pointed out a paradox. 
While “choline passes the hematoencephalic bar-
rier  .  .  .  so rapidly that after intravenous injection 
of labelled choline to rats the specifi c radioactivity 
of choline in the brain  .  .  .  could be traced 
along  .  .  .  the descending but not the ascending 
part of the  .  .  .  choline brain levels  .  .  .  curve 
(Dross and Kewitz, 1972),” yet, after intraarterial 
infusion of choline in the rat, the brain concentra-
tion of choline is about 100 times lower than that 
of the blood, suggesting that “the blood-brain 
barrier does represent a very serious obstacle 
to  .  .  .  choline  .  .  .  movement.” This paradox was 
resolved with the discovery of the role of choline 
carriers (e.g., Cornford et al., 1978) and active, 
high- and low-affi nity and BBB choline uptake 
systems as these phenomena relate to the distribu-
tion of choline to brain cells and to the cerebro-
spinal fl uid (CSF) following the intravenous route 
of choline administration (see Tucek, 1978, 1990; 
Blusztajn and Wurtman, 1983; see also below, this 
chapter, sections CIV-2 and CIV-4).

Subsequent research (see sections 2 to 4, below) 
established the characteristics of the choline carri-
ers and uptake systems; these fi ndings help 
reconcile brain and CSF distribution of plasma 
choline—derived from liver metabolism and 
diet—with the brain generation of choline and with 
the mechanisms of choline infl ux/effl ux ratio and 
homeostasis of choline (Blusztajn and Wurtman, 
1983; Loeffelholz, 1996; Loeffelholz and Klein, 
2004; see also this Chapter, sections CIII and 
CIV-3).
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2. Choline Distribution

a. Blood Plasma

Under normal circumstances, concentrations 
of choline in blood plasma range from 5 to 20 nM 
(Tucek, 1978, 1984); values of about 10 mM were 
found in man, although much lower (0.81 mM;
Spanner et al., 1976) and much higher (22–63 mM)
values were reported as well. Altogether, widely 
inconsistent values were obtained in different 
laboratories (cf. Tucek, 1978), although on the 
whole these values are much higher in newborns 
(65mM at birth) and they decrease (to about 
10mM) in the 20th postnatal day (see, for example, 
Zeisel and Wurtman, 1981, for this interesting 
information). As already mentioned, there is a 
negative arteriovenous difference in plasma con-
centration in many, but not all, species; it seems 
to be barely present in man (Aquilonius and 
Eckernas, 1975). It should be added that choline 
concentrations in plasma are relatively stable 
on repeated measurement in the same animal or 
subject (cf. Tucek, 1978; see also the question of 
choline homeostasis, section CII).

Do the levels change on providing choline by 
infusion or in the diet? Initially, it was thought that 
even after infusions of choline the latter is taken 
up by visceral organs including liver or kidney (in 
preference to blood and other tissues), so that the 
blood levels, after initial increase, return rapidly 
to the initial state (cf. Tucek, 1978). More recently 
however, it was found in man and animals that 
plasma concentrations of choline may increase 
“several fold  .  .  .  postprandially” and/or following 
ingestion of phosphatidylcholine or choline-sup-
plemented meals (Zeisel, 1988; Blusztajn and 
Wurtman, 1983; Growdon, 1988), although large 
amounts of the precursors are generally required. 
A particularly extensive effect of subcutaneously 
administered choline on rat plasma choline levels 
was reported by Kuntscherova (1972); this 
increase may last for hours (Hirsch and Wurtman, 
1978; Zeisel et al., 1980; Zeisel, 1988; Fischer et 
al., 2005).

Conversely, malnourished patients or patients 
maintained on a low choline, phosphatidylcholine, 
or methionine diet showed low levels of plasma 
choline (Sheard et al., 1986), although this fi nding 
is not universal (cf. Blusztajn and Wurtman, 
1983); the same seems true for animals, and levels 

as low as one half of control values were found 
in rats kept on a choline-defi cient diet (Haubrich, 
et al., 1976). Besides choline itself and 
lecithin, other choline-containing phospholipids 
(including lysophosphatidylcholine and sphingo-
myelin) and related substances that are present 
in the diet increase plasma levels of choline 
(Wurtman, 1979). This matter involves the absorp-
tion; intestinal, plasma, and liver metabolism; and 
transport of these compounds, as well as the trans-
port of choline that they may generate (Hout-
smuller, 1979). It is another matter that choline 
availability during fetal development is important 
for neuronal differentiation and development of 
certain kinases (see Chapter 8 CIII).

This subject is of a special, although periph-
eral, interest in the current context: choline 
formation occurs during lipoprotein, cholesterol, 
and fat metabolism in the intestinal epithelium 
(enterocytes). This metabolism leads to the forma-
tion in the enterocytes of chylomicrons and very 
low density lipoproteins (VLDLs); thus, fat 
metabolism and degradation of lipoprotein is 
involved in the release of choline into blood 
(Houtsmuller, 1979). This is a special example of 
the relationship between phospholipid and choline 
metabolism.

b. Erythrocytes

One would imagine that the discovery of either 
facilitated or low-affi nity uptake of choline into 
the RBCs (Askari, 1966) would include its iden-
tifi cation in that tissue, particularly in view of the 
earlier demonstration of the presence of both 
choline and ACh in the plasma or whole blood of 
several species (see above). Yet, the early students 
of this uptake (Askari, 1966; Martin, 1968) did not 
mention the presence of endogenous choline in 
the RBCs. Only in 1972 did Israel Hanin and his 
associates (Hanin et al., 1979) demonstrate this 
presence in human RBCs by means of a gas chro-
matography–mass spectrometry (GCMS) method. 
Hanin (see Hanin et al., 1978) stressed that while 
in many subjects the range of concentrations of 
RBC choline was relatively narrow (8–10 nM/ml), 
in some subjects “choline levels in the RBC’s 
exhibited a tremendous variation.” This fi nding 
was noteworthy, as the method itself was reliable, 
and as the reproducibility of the choline levels was 
well documented (o.c.). While Israel Hanin and 
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his associates found also that the levels could be 
infl uenced by the diet and/or intake of precursors 
(e.g., Hanin et al., 1978), this particular factor 
apparently was not involved in the variation in 
question, and Hanin (cf. Green et al., 1972; Hanin 
et al., 1978) suggested heuristically that “there 
appeared to be  .  .  .  clinical signifi cance to the 
observed values of RBC Ch.” The original fi nding 
of Hanin and his associates of the presence of 
choline in the RBCs was confi rmed for humans 
(see, e.g., Jope, 1986; Domino et al., 1982) and 
animals. As pointed out, RBCs may serve as 
models of choline transport mechanism, and 
choline of human RBCs has a diagnostic value for 
several clinical conditions, including abnormal 
lipid profi le; yet, many recent reviews of choline 
metabolism do not refer to RBC choline and its 
signifi cance (see, e.g., Tucek, 1978, 1984, 1985, 
1990).

c. Cerebrospinal Fluid

It has been consistently demonstrated that 
choline concentration in the CSF, while signifi cant, 
is lower, in man and animals, than in the blood 
plasma (cf. Tucek, 1978, 1985). The question of 
choline (and ACh) concentration in the human CSF 
is of particular importance, as the CSF is the only 
tissue—other than blood—available in the human 
man for studies of choline and ACh metabolism in 
the course of the precursor or antiChE treatment of 
Alzheimer’s disease. Furthermore, CSF values of 
these compounds may refl ect relatively precisely 
their brain levels (Giacobini, 2000).

d. Brain

Generally, choline brain concentrations quoted 
in the older literature refer to concentrations in the 
“whole” brain tissue, which includes interstitial 
(extracellular) fl uid and plasma. When this “whole 
brain” choline concentration is measured continu-
ally, following decapitation or other methods of 
sacrifi ce in animals, or postmortem in humans, 
this concentration rises rapidly. This phenomenon 
is due to the continued presence, under these con-
ditions, of ChEs and consequent hydrolysis of 
ACh. Thus, the brain choline values obtained by 
Stavinoha and his associates (e.g., Stavinoha and 
Weintraub, 1974), who used the microwave oven 
to sacrifi ce the animals, and by Mann and Hebb 
(1977 see also Mann et al., 1938), who quickly 

froze the brains immediately after sacrifi ce, are 
lower (20–30 nM/g) than those obtained by others. 
Choline values for isolated brain tissues or slices 
are relatively high because under these circum-
stances there is an anoxia that stimulates hydroly-
sis of choline esters, and choline cannot be 
removed from the tissue by blood (although it is 
released into the medium; cf. Tucek, 1985).

Direct measurement of intracellular brain 
choline is not possible at this time; however, when 
choline values for “whole” brain are corrected for 
the expected concentrations of choline in the brain 
plasma and brain interstitial water (which may be 
similar to choline concentration in the CSF; for 
discussion, see Tucek, 1985, 1990), the “whole” 
brain value of choline appears to be mostly due 
to intracellular choline. This notion agrees with 
the data and concepts presented by Konrad 
Loeffelholz (1996; Loeffelholz and Klein, 2004).

An important issue concerns the dependence 
of brain choline levels on the availability—via 
appropriate diet or choline and choline precursor 
supplements—of choline. This matter was already 
discussed (see above, sections CII and CIII); while 
the dependence of brain ACh concentration on the 
“normal” supply of choline, choline-containing 
phospholipids, and related substances is some-
what controversial (see above, sections CII and 
CIII), the increase of brain choline levels follow-
ing the increase of its supply is indubitable. Inde-
pendently of the route employed for supplying 
choline, brain choline levels are signifi cantly aug-
mented. Perhaps the lowest (although signifi cant) 
increase was reported in the earliest of the perti-
nent studies (Kuntscherova et al., 1972; more 
recent results indicate that this increase may be 
severalfold (Kindel and Karczmar, 1981, 1982; 
Blusztajn and Wurtman, 1983). This increase is 
temporary because of the choline homeostasis 
processes (Loeffelholz, 1996). Indeed, in mice, 
the increase was relatively short-lived, and even 
after repeated dosing each day for several days 
with barely tolerated amounts of choline (120–
200 mg/kg per dose; intestinal and autonomic 
effects were evoked by the high dosing, and large 
amounts were not readily consumed), the increase 
lasted for only a few hours (Kindel and Karczmar, 
1981, 1982). Similar results were obtained with 
administering high doses of phosphatidylcholine 
or related compounds (cf. Tucek, 1985; Growdon, 
1987).
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The choline contents of separate brain parts 
were compared in only a few studies. Most data 
were obtained in the rat and mouse (see Saelens 
and Simke, 1976); the rodent striate and the 
hypothalamus exhibit more choline than the other 
brain parts (cf. Tucek, 1978; Sethy et al., 1973). 
However, these differences were relatively 
moderate (amounting to no more than 50%); spo-
radically, relatively high values were also reported 
for the rat telencephalon (Smith et al., 1975). This 
is not surprising: the basal ganglia, the striate, the 
hypothalamus, and the medial forebrain are rich 
in cholinergic pathways (see Chapter 2 D I-III), 
which is consistent with their levels of ACh being 
many times higher than those of, for example, the 
cortex (Saelens and Simke, 1976) and with the 
presence of high-affi nity choline uptake systems 
in at least some of these areas (see below); thus, 
choline should be preferentially localized in these 
brain regions.

Moreover, the administration of choline or 
choline-containing phospholipids should lead to 
preferential distribution of choline to these brain 
parts, the assumption being that a high degree of 
the utilization of choline for ACh synthesis versus 
its utilization for the phospholipid and related 
metabolism occurs in the areas of high density of 
cholinergic function. The few pertinent studies 
that are available concern only a few brain parts 
and differ with respect to techniques and the 
species employed (Racagni et al., 1976; Eckernas, 
et al. 1977; Pedata et al., 1977; Hirsch et al., 
1977). The results suggest that on its administra-
tion, choline distributes somewhat preferentially 
to the caudate versus either the cortex or the hip-
pocampus; yet, as in the case of the distribution of 
endogenous choline in the various brain parts, the 
differences are moderate and/or inconsistent (see 
Saelens and Simke, 1976).

e. Other Tissues

As can be expected, uptake and metabolism in 
the liver, the major site of choline utilization, 
exhibit the highest concentrations of choline; for 
example, in the cat, liver content of choline 
amounts to 812.5 nM/g (Shaw, 1938) versus 1–
30 nM/g levels in the blood and in the brain. While 
choline levels were rarely evaluated in the liver, 
blood, and brain by the same laboratory and by 
the same methods, high liver levels as compared 
to the values obtained for other tissues were gener-

ally reported (see Saelens and Simke, 1976). Other 
parenchymatous tissues exhibit choline levels 
lower than those of the liver but considerably 
higher than those of the brain and blood (Saelens 
and Simke, 1976). It appears that data are still 
lacking with regard to the contribution of these 
choline-rich sites to the blood and, particularly, to 
the choline homeostasis processes (Loeffelholz, 
1996); could the liver and the parenchyma serve 
as a sink in these processes?

2. Choline High-Affi nity Uptake 
and Transport Systems

a. Choline Uptake of Neuronal Tissues

The tissue distribution of endogenous choline 
as well as of exogenous, supplied choline is linked 
with choline uptake, whether into cholinergic and 
noncholinergic neurons, or nonnervous tissues. 
This subject was already alluded to in the frame-
work of the history of the choline-CAT relation-
ship and of the need of choline for the maintenance 
of the function of cholinergic neurons (see above, 
section A); it was pointed out that Birks and 
MacIntosh (1961) employed hemicholiniums to 
prove the hypothesis of the need of “intense” 
choline uptake for the maintenance of this func-
tion. It must be stressed: “the ability of a cell to 
transport choline is not unique to the nervous 
tissue. Choline transport seems to be a general 
fi nding for virtually all cell types  .  .  .  the apparent 
ubiquity of choline transport systems probably 
refl ects an evolutionary adaptation for the trans-
port of choline, a positively charged ion, across 
cell membranes as a means to supply choline for 
cellular metabolic needs.” This fruitful statement 
of Barker (1976) relates to the need of choline 
both for ACh synthesis (“synaptotropic choline”) 
and for the synthesis of phospholipids and cell 
membranes (“metabotropic choline”).

Hank Yamamura, a pioneer in the area of 
choline uptake investigations, indicated that the 
early choline uptake studies were hampered by a 
lack of appropriate methodology (see Yamamura 
and Snyder, 1973). Ultimately, availability of 3H-
choline of high specifi c radioactivity “permitted 
the study of the uptake at low concentrations of 
choline at which a high affi nity” Na-dependent 
system must operate as predicted by Haga (1971; 
see also Okuda and Haga, 2003). Using these low 
concentrations of choline, Victor Whittaker and 



3. Metabolism of Acetylcholine: Synthesis and Turnover 105

his associates (Whittaker, 1972; see also Potter, 
1968) fi nally demonstrated the existence of a 
high-affi nity neuronal choline uptake system. 
Since that time, many investigators, notably 
Michael Kuhar, Hank Yamamura, and Sol Snyder 
(see Tucek, 1978; Speth and Yamamura, 1979), 
established the characteristics of the high-affi nity 
neuronal choline uptake (sodium-dependent high-
affi nity choline uptake, SDHACU; Speth and 
Yamamura, 1979). Sodium-dependent high-
affi nity choline uptake is HC-3 sensitive; it is also 
temperature and energy dependent, thus being 
sensitive to metabolic inhibitors (Speth and 
Yamamura, 1979; Tucek, 1978, 1984, 1985). 
As expected for a high-affi nity system, which is 
effi cacious at low concentrations of choline, its Km

is quite low (less than 5 nM; for references, see 
Tucek, 1978, 1984, 1985). The Na+ activates the 
system possibly by increasing the affi nity of 
the carrier to choline and, thereby, decreasing the 
Km and increasing the Vmax. The Ca2+ and 
chloride also seem to be necessary (Martin, 1972; 
Ksiezak-Reding and Goldberg, 1982), although 
the role of Ca2+ is controversial (see Tucek, 1984, 
1985, for further references).

Membrane potential is important for SDHACU, 
and Tucek (1985) stated straightforwardly 
that “the main and undoubted driving force for 
the transport of choline is the electric potential 
across the neuronal membranes.” He quoted the 
data of Vaca and Pilar (1979) and Beach et al. 
(1980) concerning K+-induced depolarization, 
which indicated “that linear relationship  .  .  .  ob-
tains  .  .  .  between the rate of choline uptake and 
the logarithm of K+ concentration  .  .  .  (in the range 
of 3–55 mM)  .  .  .  in the incubation medium  .  .  .  i.
e., between membrane potential and the rate of 
transport.” Other depolarizing agents exerted 
similar inhibitory effects on choline transport 
(Murrin and Kuhar, 1976). Accordingly, Tucek 
(1985) used the Nernst equation, as he calculated 
the ratio between the intracellular and extracellu-
lar concentration of choline to be 16.4.

There are a few complications with this story. 
First, while SDHACU is decreased in the course 
of depolarization, it is activated by depolarization 
when measured after the depolarization subsided. 
This was noticed with respect to synaptosomes 
and cortical slices (for references, see Tucek, 
1978, 1985), and in semiartifi cial systems such as 
liposomes (King and Marchbanks, 1982). Is this 
increase of uptake due to a hyperpolarization that 

could have followed the depolarization, in analogy 
to poststimulation hyperpolarization (Tucek, 
1985)? This explanation is consistent with Tucek’s 
stress on the relationship between the “electric 
potential across  .  .  .  neuronal membranes and 
choline transport.” The other explanation is that 
“depolarization-induced  .  .  .  increase in the high 
affi nity uptake of choline is not initiated by the 
depolarization as such but by the release of ACh 
and the consequent change of ACh concentration 
in the nerve terminals” (Tucek, 1985). The other 
complication arises from the fi nding that rather 
than being linear, the relationship between K+ and 
SDHACU has an optimum at the K+ concentration 
of approximately 0.35 mM, higher K+ concentra-
tions lowering the choline uptake (Beach et al., 
1980); this fi nding is not quite consistent with the 
decrease of choline uptake that occurs during 
depolarization.

Is SDHACU specifi c for cholinergic neurons? 
Barker (1979) stated succinctly that the “primary 
function of  .  .  .  the SDHACU  .  .  .  is to supply 
choline for the synthesis of ACh  .  .  .  and the 
uptake appears to be coupled to the synthesis of 
ACh”; this particular ACh “is also preferentially 
released during synaptic transmission.” Several 
lines of evidence support this concept. First, 
SDHACU is localized in nerve terminals (in their 
cytosol but not in the mitochondrial fraction; 
Yamamura and Snyder, 1973); this was shown, 
for example, for the presynaptic terminals of gan-
glion cells (Suszkiw and Pilar, 1976). It is uncer-
tain whether or not it is also present in the perikarya 
(see Suszkiv and Pilar, 1976, versus Richelson 
and Thompson, 1973). Second, this system is 
eliminated by destruction of cholinergic nerve ter-
minals in many central and peripheral cholinergic 
pathways; in brain sites rich in SDHACU (such as 
interpeduncular neurons; Kuhar et al., 1973; see 
also Amara and Kuhar, 1993), presynaptic dener-
vation lowers SDHACU activity, the activity of 
CAT, and ACh content simultaneously. In this 
context, SDHACU appears to be closely corre-
lated, location-wise and during development, with 
CAT activity, ACh content, and/or ACh turnover. 
Finally, SDHACU seems to correlate with the 
presence and distribution of the muscarinic recep-
tors of the brain (Yamamura et al., 1974); it is not 
clear at this time whether or not SDHACU corre-
lates equally well with the nicotinic receptors.

A minor problem arises at this point. Sodium-
dependent high-affi nity choline uptake correlates 
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with brain sites that are rich in cholinergic path-
ways and synapses and in CAT, as it is high in 
interpeduncular nucleus and in the caudate, 
whereas it is low in frontal cortex. However, 
choline uptake and CAT and AChE activity do not 
change in parallel between the sites that are cho-
linergically rich and poor, as would be expected; 
there is a 10- to 200-fold difference between the 
alterations of these three entities (see Figure 5-4 
in Tucek, 1978).

The demonstration that choline transported by 
SDHACU into neurons is entirely acetylated into 
ACh would constitute striking evidence for the 
link between SDHACU and the cholinergic func-
tion. The pertinent evidence was fi rst provided for 
brain synaptosomes by Haga (1971), and then by 
Simon, Kuhar, Yamamura and Tucek for synapto-
somes, isolated ganglia, minced brain and brain 
slices (Simon et al., 1976; Tucek, 1978, 1984, 
1988; Cuello, 1996). It was shown also that in this 
synaptosomal system, hemicholiniums or lack of 
Na+ inhibits ACh synthesis (Yamamura and 
Snyder, 1973; Saito et al., 1986). Finally, SDHACU 
seems to correlate with the presence and dis-
tribution of muscarinic receptors in the brain 
(Yamamura et al., 1974), though whether SDHACU 
correlates with the nicotinic receptors is unclear.

Related evidence concerns the relation between 
the SDHACU system and cholinergic activity. 
Choline uptake and/or SDHACU was increased in 
synaptosomes obtained from animals treated with 
convulsant and atropinics, that is, following aug-
mented CNS activity or ACh depletion (Atweh 
et al., 1975; see Tucek, 1978, 1985). Similarly, 
SDHACU was augmented following depolariza-
tion or electric stimulation of brain slices and 
synaptosomes (Antonelli et al., 1981). Certain 
experiments are particularly convincing: in the 
early 1960s, i.e., even before the identifi cation of 
SDHACU, Birks, MacIntosh, Brown and Feld-
berg (see above, this chapter, section C IV-1) 
demonstrated the relationship between choline 
and its uptake, ganglionic activity and transmis-
sion, on the one hand, and ACh release, on the 
other. Then Friesen and Khatter (1971) demon-
strated that choline content increases temporarily 
above control values following prolonged 
ganglionic stimulation—presumably because of 
increased choline uptake. Similar evidence impli-
cating SDHACU more specifi cally in cholinergic 
activity was provided later by Collier and his asso-

ciates (Collier et al., 1983; for further references, 
see Tucek, 1985). Yet, certain fi ndings are not 
con sistent with a rigid linking of SDHACU and 
the cholinergic neurons and their activity. Thus, 
SDHACU is present in cholinergic neurons that 
are denervated, lack nerve terminals, and do not 
produce ACh, or in noncholinergic cells such as 
glia (Richelson and Thompson, 1973), fi broblasts 
(Barald and Berg, 1978) and the RBCs (Martin, 
1968; see Tucek, 1978, 1984 for further refer-
ences). The matter of the presence of SDHACU 
in the RBCs is expanded on below.

An interesting aspect of the relation between 
choline uptake and cholinergic neuronal activity 
concerns ACh effect on the uptake. It was fi rst 
noticed by Potter (1968) that ACh inhibits, even 
at low concentrations, the high-affi nity uptake 
(for further references, see Tucek, 1978, 1985). 
These results were obtained in vitro only, but it is 
teleological to assume that this phenomenon 
occurs also in vivo, as it would serve as a useful 
negative feedback. It must be pointed out in this 
context that ACh is present in the synaptic 
cleft (see Chapter 2 C); this ACh may affect the 
potential of both the postsynaptic and presynap-
tic membrane—could this presynaptic effect 
relate to the negative action of ACh on choline 
uptake?

How is the neuronal activity linked with 
SDHACU? Is this link related to release and con-
sequent depletion of ACh, as indicated by the 
effect on SDHACU of slice depolarizers and, in
situ, of the augmenters of ACh release? Yet, some 
of the studies quoted indicate that SDHACU 
activation may occur independently of augmented 
ACh release (cf. Tucek, 1985) and be due to a 
hyperpolarization. Still another possibility is that 
neuronal activity increases nerve terminal uptake 
and accumulation of choline via its effect on Ca2+,
that is, via stimulation-dependent augmentation of 
Ca2+ infl ux, described classically by Bernard Katz; 
indeed, uptake of choline (and its analogues) is 
Ca2+ dependent and, in fact, antagonized by Mg2+

(Barker, 1976). Indeed, it may be generalized that 
SDHACU is necessary to maintain cholinergic 
function and that its expression and activity may 
be modulated by conditions of cholinergic hypo-
function (Brandon et al., 2004).

As can be seen, the activity-uptake relationship 
takes the form of a complex feedback system; for 
example, neuronal activity may stimulate uptake 
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via a number of mechanisms such as change in 
membrane polarity, ACh depletion, Ca2+ infl ux, 
SDHACU expression, and so on, while it may 
depress the uptake via the inhibitory action of cleft 
ACh on the choline uptake. Finally, this feedback 
system may be important for the choline homeo-
stasis processes (see this Chapter, section 
CIV-3).

b. Active (High-Affi nity) Choline 
Uptake System of the RBCs

The presence of endogenous choline in the 
RBCs and choline uptake into the RBCs were 
already alluded to. Besides choline, AChE, phos-
phatidylcholine (Galli et al., 1992), and CAT (and 
ACh in very small concentrations; Chang and 
Gaddum, 1933) are present in the RBCs of at least 
some species, such as the dog and the human. The 
presence of AChE in the RBCs has been known 
since the 1940s (Mendel et al., 1943), and the pre-
sence of BuChE, CAT, and/or ACh synthesis 
since the 1930s (Quastel et al., 1936; cf. Augus-
tinsson, 1948). Thus, the RBCs contain all the 
components of the cholinergic system, including 
choline.

The RBC uptake system is a part of “an 
exchange fl ux phenomenon” (Martin, 1968). The 
presence of the high-affi nity component was 
indicated as early as 1966 by Askari; that its char-
acteristics are, at least in part, homologous with 
those of the SDHACU system of the neurons was 
established by Martin in 1967 and 1968. Indeed, 
Martin (1967, 1968) demonstrated that the human 
RBC uptake system is saturated at relatively low 
external concentrations of choline. In fact, the Km

of the process in question (0.5 mM) is similar to 
that of the neuronal SDHACU and is Na+ depen-
dent. Furthermore, certain ions such as Li+ inhibit 
the RBC choline uptake as they do in the cases 
of other SDHACU systems. Martin (1967, 1968) 
demonstrated also that the system involves actual 
infl ux of choline rather than “a sodium-dependent 
adsorption of choline to the erythrocyte mem-
brane.” However, the question of the sensitivity of 
the uptake to hemicholinium was not resolved, as 
Martin confi ned his evaluation of hemicholinium 
action to the study of the effect of high concen-
trations of hemicholinium on combined choline 
infl ux and effl ux—which were markedly inhibited 
by these concentrations. Finally, it is likely that 

a slow, low-affi nity uptake system may exist in the 
RBCs as well (Askari, 1966; see also below).

What is the role of cholinergic components in 
the RBCs? Greig and Holland (1949) proposed that 
RBC “fragility” and ionic permeability are con-
trolled by the interaction between AChE and the 
ACh (see also Cullumbine, 1963). This concept 
was based on their observation that ACh and 
physostigmine decrease Na+/K+ permeability of 
the RBC membrane. Subsequently, working with 
the OP antiChE, di-isopropyl fl uorophosphonate 
(DFP), Thompson and Whittaker (1952) found that 
DFP antiChE reduce the “passive” (low-affi nity?) 
but not “active” (high-affi nity?) uptake of Na+.
There are a number of problems with this interest-
ing concept (cf. Koelle, 1963). First, the concentra-
tions of antiChEs needed to cause these effects 
were “several magnitudes higher than those 
which produce complete inhibition of AChE” 
(Koelle, 1963); is this effect analogous to the 
noncholinergic actions of antiChEs, which are 
discussed in Chapter 7 DI? Second, Na+ and K+

transport does not appear to be handicapped in 
erythrocytes that are devoid of or poor in AChE, 
such as those of the cat (see Koelle, 1963).

To what extent is the high-affi nity RBC uptake 
of choline related to the physiological ionic fl uxes 
of the RBCs, which involve Na+, K+, and Cl-? The 
transport in question includes several processes, 
such as the (Na+ + K+)-ATPase system, which is 
ouabain sensitive (cf., for example, Martin, 1968) 
and the Cl-- dependent, loop-diuretics-sensitive 
transport system, referred to as a “symporter,” as 
it couples anionic and cationic transports. External 
choline behaves in the RBCs as a cation and is 
used as a Na+ or K+ substituent in the evaluation 
of the role of the inorganic ions in the transport in 
question. It appears that, so far, no studies have 
been carried out as to the signifi cance of the rela-
tionship between choline and Na+/K+/Cl- transport 
systems of the RBCs; in fact, the basic question 
of the differential sensitivity of the 2 systems to 
agents such as hemicholiniums, loop diuretics 
(for example, furosemide), and ouabain were not 
studied in depth. Altogether, the question of the 
similarities and dissimilarities between the neuro-
nal and RBC choline high-affi nity uptake systems 
should be further clarifi ed.

It is of particular interest that the RBC levels 
and dynamics of choline may serve as clinical 
markers, particularly in diagnosis of certain mental 
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and nutritional malfunctions (Compher et al., 
2002). For example, Israel Hanin suggested that 
the RBCs constitute a model of lithium effect on 
the brain and depressive mental disease (for refer-
ences, see Stoll et al., 1991). Finally, it should be 
emphasized that the cholinergic regulation of the 
ionic fl uxes across the RBC membrane is an illus-
tration of the metabotropic role of the cholinergic 
system (see Chapter 2 C-3).

3. Low-Affi nity Choline Uptake

a. Sharing of Two Uptake Systems

Haga (1971) was the fi rst to propose the exis-
tence of another choline uptake system. This 
system is effective at higher concentrations of 
choline than SDHACU, as expressed by its Km

value, which is much higher than that of the 
SDHACU (Haga, 1971). This is a unanimous 
fi nding, although actual values vary widely 
depending on the investigator, species, site, and so 
on. For example, in the homogenate of brain 
striatum, the Km values for SDHACU and the 
low-affi nity system amounted to 1.4 and 93 nM, 
respectively, while the corresponding values for 
the rat cortex were 3.1 and 33 nM, respectively 
(Yamamura and Snyder, 1973). Furthermore, the 
low-affi nity carrier (or uptake) system (LAUS) 
has a lower dependence on Na+, and lower sensi-
tivity to metabolic inhibitors and hemicholiniums 
(it can be blocked by high concentrations of 
HC-3) than the SDHACU (Haga and Noda, 
1973; see also Barker, 1976; Tucek, 1978, 
1985).

An important point is that the Km value for the 
two systems could be obtained at the same sites; 
that is, many sites are endowed with both systems. 
This is true for several brain parts; interestingly, 
the two systems are present in areas relatively 
rich—such as the striate—and relatively poor—
such as the cortex—in cholinergic synapses. In 
addition, the two systems are present also at the 
periphery, including the sympathetic ganglia 
(Bowery and Neal, 1975) and intestinal muscle 
(assumedly, in the plexi of the latter, Pert and 
Snyder, 1974). They also exist in cultures of nerve 
cells, the invertebrate nervous system, minced 
preparations, slices, and synaptosomes (for refer-
ences, see Tucek, 1978).

In view of the similarity of the distribution of 
these two systems, the question is whether or not 

the systems differ functionally. As already pointed 
out, the SDHACU system is correlated with the 
cholinergic function, and Haga and Noda (1973) 
demonstrated that in the rat cortex, which is 
endowed with these two systems, only SDHACU 
was associated with ACh synthesis. However, this 
functional distinction may not always be war-
ranted. After all, the low-affi nity system is present 
in many neuronal tissues; moreover, some data 
suggest that in the presence of synaptic activ-
ity—for example, when nerve terminals are depo-
larized—the low-affi nity system supplies choline 
for the synthesis of ACh (Carroll and Goldberg, 
1975).

The important aspect of this question is that, 
of course, choline uptake is needed for neuronal 
and nonneuronal cells, and for the metabotropic 
as well as synaptotropic needs; does this signify 
that the uptake of choline for a great many cells 
and tissues should be of the low-affi nity type? Or 
does SDHACU sometimes subserve the transport 
of metabotropic choline as, for instance, in the 
case of RBCs?

b. Blood-Brain Barrier Transport 
of Choline

Choline is transported across the blood-brain 
barrier (BBB) into the brain and in spite of rapid 
choline movement from the blood to the brain, the 
BBB is a “serious” (Tucek, 1984) obstacle for this 
transport. At least some of its characteristics 
suggest that a LAUS is involved here. For example, 
the brain choline uptake system has a quite high 
Km (Barker, 1976; Conford et al., 1978), in fact, 
its Km value is considerably higher than the Km

values for the LAUSs of the various neuronal 
systems described above (Pardridge, 1983; Tucek, 
1990; Loeffelholz and Klein, 2004). Altogether, 
Konrad Loeffelholz and Jochen Klein (2004) 
opine that the LAUS is involved in the choline 
transport across the BBB. This is teleological, 
since the LAUS is more effective than SDHACU 
at the relatively high concentrations of choline 
that are present in the blood (although the LAUS 
of the BBB is saturable).

It appears that used at high concentrations, 
hemicholiniums block brain synthesis of ACh and 
brain choline uptake (Gardiner and Gwee, 1977; 
Loeffelholz and Klein, 2004). Hemicholiniums 
are particularly effective in blocking SDHACU; 
however, their inhibition of the BBB transport of 
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choline is not inconsistent with the notion that a 
LAUS is involved in this transport, since the Ki of 
hemicholinium is high, which is characteristic for 
hemicholinium action on a LAUS (Loeffelholz 
and Klein, 2004; Konrad Loeffelholz, personal 
communication).

DI. Cholinesterases

1. Cholinesterases, 
Anticholinesterases, and 
Cholinergic Transmission: 
from Dale to Loewi

The fi rst intimations that there is such an entity 
as cholinesterase (ChE) are linked with the story 
of ACh. First, there is the matter of the kinetics of 
ACh action. In 1914 Sir Henry Dale, noticing the 
evanescence of ACh’s action when administered 
systemically, opined that “it seems not improba-
ble  .  .  .  [note the double-negative phraseology: 
careful Sir Henry!]  .  .  .  that an esterase contributes 
to the removal of the active ester from circulation, 
and the restoration of the original condition of 
sensitiveness” (this sentence implies that the 
omniscient Dale felt that there is such a thing as 
desensitization). This matter of evanescence was 
followed up by Sir John Eccles; as mentioned in 
the introduction to this chapter, Eccles opined (in 
1936, that is, during the electric transmission 
phase of his career) that ACh may be considered 
as a transmitter only if its action could be termi-
nated rapidly, to prevent its clogging the synapse. 
Actually, ChE and in fact AChE were known at 
the time, but Eccles did not perceive what a fast 
enzyme AChE is. Second, there was the matter of 
ACh synthesis. Sir William Feldberg and Sir 
Lindor (Geoffrey) Brown (the knights of the cho-
linergic Table Ronde, jointly with Sir John Eccles 
and Sir Henry Dale) realized that choline, liber-
ated by the ChE action, is important for synthesis 
of ACh (see introduction to this chapter).

Studies of the effects of physostigmine, which 
actually preceded Dale’s proposition, contributed 
to the affi rmation of Dale’s postulate. As early as 
1872, Heidenhain demonstrated that the extract of 
Calabar bean increases salivary secretion. The 
subsequent work of Dixon (1907), Hunt (1915), 
Fühner (1918), and others showed that physostig-
mine or the Calabar bean extract potentiates auto-
nomic functions as well as the effects of ACh (see 

Karczmar, 1967, 1970, 1986; Chapter 9 A). These 
studies preceded the demonstration of the antiChE 
action of physostigmine; however, in 1918 Fuhner 
made a suggestion closely paralleling Dale’s 
postulate, namely, that physostigmine prolongs 
vagal bradycardia by inactivating an enzyme 
capable of splitting a neurohumoral substance. 
The fi nal links among endogenous release of ACh, 
its hydrolysis by ChEs, and the antiChE effect of 
physostigmine were forged by Otto Loewi (1921, 
1960; Loewi and Navratil, 1926). Loewi showed 
that “eserine” (physostigmine) potentiated both 
the vagal and the ACh-induced bradycardia; he 
demonstrated also by using bioassay and pharma-
cological analysis that the “Vagusstoff” is, indeed, 
ACh (Karczmar, 1996). Since the days of Loewi, 
the role of ChEs in nervous function has been 
studied incessantly, and these studies, jointly with 
those of antiChEs, established, once and forever, 
the presence of cholinergic transmission whether 
in the CNS or in the peripheral nervous system 
(see Chapters 7 and 9).

2. Cholinesterases: 
Classifi cations, Types, 
Forms, and Variants

Beginning in the 1920s, it was shown that a 
great variety of species and tissues exhibit ChEs; 
this is also the case with the other components of 
the cholinergic system, such as ACh and CAT (see 
Chapter 8 BV). Several methods were used for 
this purpose, including manometric or gasometric, 
titrimetric, colorimetric, and fl uorometric (see 
Augustinsson, 1948, 1963; Usdin, 1970; see 
below, this section). For example, in 1925 Abder-
halden et al. demonstrated the presence of a ChE 
in the intestine, Stedman and hisassociates (1932) 
in the blood, and Plattner and Hintner (1930) 
found it in several glands, blood, and brain, but 
not in plants (this latter fi nding was invalidated 
subsequently; see Chapter 8 BV). David Glick, 
who in the 1930s and 1940s studied intensely the 
characteristics of “serum” ChEs, published in 
1941 a very complete survey of the presence of 
ChE in the tissues of “swine”; blood, skeletal, and 
smooth muscle, several glands (including testes), 
organs such as spleen and kidney, ganglia, and 
several parts of the brain were listed. In his 1941 
paper Glick did not differentiate among various 
ChEs, but he did so a bit later (Glick, 1945). A 
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few years later, Klas-Bertil Augustinsson (1948), 
another important pioneer in the ChE area, 
published a similarly long list, which included 
placenta, sperm, and eye; this presence of a ChE 
in nontransmittive, nonsynaptic tissues such as 
blood, but also in the ephemeral organ the pla-
centa, constitutes till today one of the mysteries of 
the fi eld. The novelty of Augustinsson’s list is that 
it referred to two enzymes: Type I and Type II 
ChEs, or “specifi c” and “non-specifi c” ChEs. 
Finally, in 1970 Earle Usdin prepared the most 
complete listing in existence of the presence of 
ChEs in species ranging from mammals, insects, 
and echinoderms to amphibia and so on (from bat 
to elephant to leafhopper), including tissues and 
types of ChE involved.

Ammon and Chytrek (1939), Glick (1941), and 
Augustinsson (1948) were the fi rst investigators to 
refer to the low levels of ChEs in disease states. 
In comparison with the current listings of the posi-
tion of ChEs in Alzheimer’s disease and myasthe-
nia gravis, the references in question are exotic: 
the diseases listed as showing abnormal levels of 
ChEs (generally, the serum enzyme is referred 
to) include hypo-and hyperthyroidism, epilepsy, 
schizophrenia, parkinsonism, allergy, tuberculo-
sis, and so forth. More appropriately, Glick (1941, 
1945) also refers to myasthenia gravis (he states 
that the results concerning ChEs of myasthenia are 
inconsistent), and all three investigators list liver 
disease as linked with low levels of ChE.

As already mentioned, Glick referred mainly 
to serum ChE in his 1941 list of the presence of 
the enzyme in various tissues and did not recog-
nize that ChEs are a family of enzymes, although 
he quotes in his paper the 1930s studies of David 
Nachmansohn concerning the CNS ChE; he does 
not quote the earlier work of Galehr and Plattner 
(1927) and Alles and Hawes (1940), both dealing 
with the erythrocytic enzyme. Actually, while 
Galehr and Plattner (1927) recognized the differ-
ence in the ChE activities of the serum versus the 
whole blood, as well as the rapid hydrolysis of 
ACh by the erythrocytes, they explained this effect 
by the nonenzymatic surface catalysis of ACh by 
the RBCs (see also Karczmar, 1970). It was Alles 
and Hawes who in 1940 differentiated the eryth-
rocytic enzyme from the serum enzyme by the 
ability of the former to hydrolyze acetyl β-
methylcholine (it is notable that they carried out 
this investigation on the human blood). On the 

other hand, the Stedmans with Easson (1932) puri-
fi ed from the horse serum an enzyme that they 
named choline esterase.

Ultimately, Augustinsson (1944) separated 
electrophoretically the serum and erythrocytic 
enzyme. Then Mendel and Rudney (1943, 1944) 
proposed a general classifi cation of enzymes 
studied by Glick, the Stedmans, and Alles with 
Hawes; this classifi cation was based on their sub-
strate specifi city and sensitivity to inhibitors, as 
they referred to pseudocholinesterase of the serum 
and true cholinesterase of the erythrocytes; the 
former hydrolyzed benzoylcholine and butyryl-
choline preferentially, while the latter splits 
propionylcholine and acetyl β-methylcholine
preferentially. Alles and Hawes (1940) and Glick 
(1945) referred to the term “pseudocholinester-
ase,” used by Mendel and Rudney, “as unfortu-
nate” and they felt that this term should be blocked 
from scientifi c literature. They considered, quite 
correctly, that there is nothing “pseudo” about the 
enzyme of the serum and certain other tissues and 
that, just as other ChEs, the blood enzyme splits 
ACh and other choline esters. They preferred the 
term “nonspecifi c ChE” for the enzyme in ques-
tion. And, lastly, Nachmansohn and Rothenberg 
(1944) spoke of “specifi c cholinesterase” (or ace-
tylcholinesterase) and “cholinesterase,” the former 
characterizing, besides erythrocytes, the nervous 
tissues. Through the 1950s these and other names 
were employed by the various investigators (see 
Table 4 in Usdin, 1970); the terms “acetylcholin-
esterase” (AChE) and “butyrylcholinesterase” 
(BuChE) seem to be generally used today. And, in 
1961 (see Usdin, 1970) EC numbers were estab-
lished for the two enzymes by the Enzyme Com-
mission of the International Union of Biochemistry; 
they were EC 3.1.1.7 for AChE and EC 3.1.1.8 for 
BuChE (the “offi cial” names established by the 
commission are acetylcholine acetyl-hydrolase for 
AChE and acylcholine acyl-hydrolase for BuChE; 
these names are just about never used in the 
literature).

Nachmansohn and Wilson (1955) stressed the 
velocity of ChEs’ action; this fi nding, subsequently 
confi rmed by others (Rosenberry, 1975; Quinn, 
1987), underlay Eccles’ acceptance of the 
chemical transmission hypothesis (Chapter 9 A). 
Cholinesterases are among the fastest enzymes 
known; as stated by Massoulié et al., (1993a), “the 
hydrolysis of acetylcholine by acetylcholinester-
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ase approaches the maximal theoretical limit set 
by diffusion of substrate,” and Quinn (1987) com-
mented that in AChE, “the evolution created a 
‘perfect enzyme.’ ”

The presence of both AChE and BuChE is 
characteristic for vertebrates; on the other hand, 
the presence of ali- and aryl esterases is character-
istic for insects. Augustinsson, Glick, Sir Arnold 
Burgen (1949), and subsequently William Aldridge 
(1953a, 1953b) defi ned cholinesterases as “a 
group of esterases which hydrolyze choline esters 
at a higher rate than other esters”(Augustinsson, 
1963). It was recognized early (Augustinsson, 
1948) that ChEs are also characterized by being 
inhibited by low (i.e., 10–5 M) concentrations of 
physostigmine or prostigmine, and by their sensi-
tivity to quaternary ammonium ions (an indication 
of the presence of an anionic site within the ChE 
moiety); a similar defi nition was offered by 
Engelhard et al. (1967). Cholinesterases belong to 
a wider group of esterases, which are readily 
inhibited by organophosphorus (OP) compounds. 
These esterases are called B-esterases by Aldridge 
(1951, 1953), and they include also the so-called 
ali-esterases. Contrary to ChEs, aliesterases 
are unable to hydrolyze choline esters, but they are 
able to hydrolyze certain other esters; they are 
resistant to physostigmine or prostigmine. Finally, 
there are also A-esterases (Aldridge, 1953b), or 
aryl-esterases (Augustinsson, 1959), which are 
resistant to OP agents and which hydrolyze aryl 
esters at a high rate. This classifi cation is 
similar to that adapted by Mounter and 
Whittaker (1953) and by subsequent investigators; 
it differs from that presented by Bergmann and 
Rimon (1957; see also Usdin, 1970). It may 
be noted that ali-esterases and aryl-esterases are 
present in the nervous system of some but not 
all insects (Chadwick, 1963; see also Zupancic, 
1967).

These studies of the hydrolytic actions of 
various ChEs needed the development of methods 
for the measurement of these hydrolytic effects 
and of the different substrate specifi cities of the 
enzymes in question. It should be stressed that 
the same methodologies were and are used for 
the measurement of ChE inhibition by antiChEs. 
Ammon’s (1933; Ammon and Chytrek, 1939) 
manometric method was the fi rst to be widely 
employed, although ACh bioassays were also 
employed to quantify ChEs in terms of the dis-

appearance of ACh exposed to ChE-containing 
tissues (see Augustinsson, 1948). This latter 
methodology was subsequently improved by 
utilizing the gas chromatography–mass spectrom-
etry method for measuring hydrolysis of ACh and 
other substrates (Hanin and Godberg, 1976). The 
Ammon method was felicitously modifi ed by Ezio 
Giacobini, who utilized Cartesian microdiver to 
measure the CO2 evolution via the ChE action in 
single cells (Giacobini, 1959). Fluorometric and 
radiometric techniques were employed as well. 
Also, George Koelle collaborated with Jonas 
Friedenwald (see Koelle, 1963) to develop his 
famous histochemical method for the qualitative 
and semiquantitative measurement of ChEs and 
their localization in tissues, including nervous 
tissue (Friedenwald, 1955; Koelle, 1963). Koelle 
subsequently modifi ed this method to make it ame-
nable for electron microscopy. Among the newest 
additions to the ChE measurement are the use of 
positron-emission tomography (PET) and appro-
priate tracers and of “micro-immobilized-enzyme 
reactors” (Zhang et al., 2003; Bartolini et al., 
2004). Quantifi cation of ACh can also be used for 
the measurement of the effi cacy of antiChEs (see 
Chapter 2 B).

Kalow employed the term “atypical” ChE to 
describe a genetically determined BuChE. “Atypi-
cal” BuChE is present in certain human cohorts 
at levels that are lower than those of “normal” 
BuChE in the general population; moreover, the 
“atypical” BuChE is specifi cally sensitive to inhi-
bition by a number of inhibitors, including dibu-
caine, and it reveals decreased substrate affi nity as 
compared to the “wild” variant (Kalow and Gunn, 
1959; see also Usdin, 1970; Kalow, 2005). This 
BuChE variant became well known when Werner 
Kalow demonstrated that it characterizes a human 
cohort (about 2% of the white population) that is 
hypersensitive to the muscle relaxant succinylcho-
line, as their blood cannot effi ciently hydrolyze 
succinylcholine. This cohort is at risk for anes-
thetic procedures that include the use of muscle 
relaxants. Subsequently, it was proposed that 4 
alleles are involved in the regulation of the appear-
ance of atypical versus typical BuChE (Kalow and 
Gunn, 1957; 1959; Foldes, 1957; see also Usdin, 
1970). As demonstrated particularly by Mary 
Whittaker, Bert La Du, and their associates, many 
more allelic variants of BuChE became known 
subsequently (Hangaard et al., 1991; La Du et al., 
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1991; La Du, 1995; Primo-Parmo et al., 1996, 
1997; Satoh et al., 2002).

Butyryl cholinesterase “isozymes” can be 
defi ned as differing in their activities and/or sub-
strate specifi cities from the wild or “normal” 
forms of BuChE; it must be noted that, so far, no 
allelic variants of AChE that would differ in their 
activity have been described. Butyryl cholines-
terase isozymes also reveal special physical pro-
perties: they exhibit different mobilities in an 
electrophoretic fi eld as compared to the “normal” 
forms. According to the International Union of 
Biochemistry, they should be numbered in accor-
dance with the sequence of their mobility (Markert, 
1968; see also Usdin, 1970). This approach is 
impracticable with respect to AChE molecular 
forms, because their mobility depends on glyco-
sylation and on oligomeric association, not only 
on peptidic composition. At any rate, classifi ca-
tion of any enzyme should be based primarily on 
genetic differences between the various forms, 
whether of BuChE or AChE (Jean Massoulié, 
personal communication).

Another type of variability results from post-
translational modifi cations and quaternary 
associations (oligomerization) of ChEs. The term 
“polymorphism” was fi rst employed by Jean 
Massoulié (see Massoulié et al., 1970), who dif-
ferentiated several molecular, physical forms of 
ChEs, sometimes referred to as size-isomers. Prior 
to Massoulié’s demonstration, the terms “iso-
zymes,” “variants,” “subtypes,” “atypical forms,” 
and “size isomers” were used (see Usdin, 1970). 
The recognition of polymorphism of ChEs brought 
forth a new aspect of ChE complexity and led to 
new ways of classifying these enzymes.

A series of studies by the teams of J. Mas-
soulié, B. Wermuth, T.L. Rosenberry, I. Stilman, 
and P. Taylor initiated in the 1960s and 1970s 
the identifi cation of “molecular forms” of ChEs 
(Massoulié and Rieger, 1969; Wermuth et al., 
1975; Rosenberry et al., 1999). These studies led 
dramatically to the description of not only the 
“forms” of ChEs and their active, catalytic sites 
but also their three-dimensional structure and even 
amino acid sequence. Massoulié’s “molecular 
forms” or “size isomers” differ primarily in the 
numbers of their subunits, posttranslational modi-
fi cations, and presence or absence of structural 
noncatalytic proteins, such as the collagen tails; 
they differ also in their functional localization (in 
the neuronal membrane versus the basal lamina of 

the neuromyal junction). They do not differ in 
their enzymatic activity or substrate specifi city, 
since they share an identical catalytic domain.

The multimethodology that was involved 
included differential solubilization and precipita-
tion, chromatography, purifi cation and isolation, 
crystallization and crystallography, and sequenc-
ing analysis (see below, section D II). Studies of 
the quantitative structure-activity relationship 
between ChEs and inhibitors or ChEs and sub-
strates also contributed to this knowledge (see 
Chapter 7 BI and BII). It should be emphasized 
that until these three-dimensional images were 
obtained, the researchers represented ChEs and 
their active sites as being linear and relatively fl at, 
although occasionally active sites were presented 
as simple “pockets” (see Usdin, 1970; Long, 1963; 
Wilson, 1967; Karczmar, 1967).

Crystallization of ChEs was an important step 
in imaging the three-dimensionality of ChEs. It 
appears that David Nachmansohn as well as some 
Russian investigators were fi rst to appropriately 
solubilize, purify, and crystallize via precipitation 
procedures the Torpedo enzyme; while Nachman-
sohn did show at some meetings pertinent photo-
graphs (for example, at the 1959 Rio de Janeiro 
Comparative Bioelectrogenesis Symposium; 
Chagas and Paes de Carvalho, 1961), it seems that 
there is no publication by him or by the Russians 
to this effect. As far as the literature goes, the fi rst 
crystallization of the Torpedo electric organ AChE 
was credited to Walo Leuzinger and Peter Waser 
(Leuzinger and Baker, 1967; Hopff et al., 1973); 
the fi rst three-dimensional organization of a ChE 
was obtained by Joel Sussman and his collabora-
tors (Sussman et al., 1991).

3. Active Sites of 
Cholinesterases and 
Cholinesterase Reactions 
with Inhibitors 
and Substrates

Koshland (1960) defi ned the “active site” or 
“active center” of the enzyme as “a collection of 
contact and auxiliary aminoacids  .  .  .  responsible 
for the enzymatic action,” and this “collection” 
exhibits an “induced fi t” with respect to the sub-
strate (or inhibitor). This notion of “induced fi t” is 
similar to Irv Wilson’s concept of “complementar-
ity” (see Chapter 7 A). In this sense, the active 
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center of a ChE is composed of the anionic and 
catalytic (or esteratic) sites; Zeller and Bissegger 
introduced these terms in 1943. It should be 
pointed out that the early structure (or “molecular 
form”) of ChE was essentially linear (Wilson, 
1967), and the cationic and catalytic sites are, 
in the pertinent diagrams, clumsily superimposed 
on the linear or fl at enzymic molecule (see, for 
example, Wilson, 1967); what else could the 
investigators of the 1960s do? While Krupka and 
Main depict a “pocket” confi guration in their 
diagrams that explain the ChE-inhibitor or ChE-
substrate interactions, they do not show any direct 
evidence for this confi guration (Krupka, 1966; 
Krupka and Laidler, 1961; Main, 1976). The pres-
ence of an anionic site and the size of the distance 
between anionic and catalytic sites were proposed 
early on the basis of the inhibitory effects of tri-
methylammonium on choline ester hydrolysis by 
AChE and by the analysis of the structure-activity 
relationship of several series of choline esters (see 
Usdin, 1970; Long, 1963).

The amino acid sequence, which is immedi-
ately adjacent to the catalytic site, was established 
by the use of radioactive di-isopropyl fl uorophos-
phate (DF32P) and the isolation of 32P-labeled 
peptides after hydrolysis of the DF32P-enzyme 
molecule (Oosterbaan, 1967). This procedure was 
facilitated by using not only AChE and BuChE but 
also simpler, closely chemically (but not evolu-
tionarily) related enzymes such as chymotrypsin 
(see Usdin, 1967; Cohen and Oosterbaan, 1963). 
The amino acid sequence in question contains 
serine, its hydroxyl being particularly involved in 
the catalytic process. Furthermore, after analyzing 
the effects of pH on the effectiveness of AChE 
inhibitors, Irv Wilson and Fred Bergmann con-
cluded that the imidazole radical of histidine is a 
facilitatory subsite of the esteratic center acting 
via the increase of the nucleophilicity of the site 
(see, for example, Wilson and Bergmann, 1950). 
According to these early investigations, BuChE 
shares with AChE the catalytic site and its serine 
and imidazole moieties. However, BuChE may 
differ from AChE with respect to the ionic site, or 
BuChE may contain additional anionic sites 
(Usdin, 1970; Cohen and Oosterbaan, 1963).

Of course, all this evidence and all these 
notions deal with ChEs as enzymes concerned 
with the hydrolysis of ACh and the transmittive 
function. Yet, in the 1960s Andrej Zupancic, the 
son of the famous Yugoslav poet (see Chapter 1, 

Tables 1-6 and 1-7) proposed that AChE acts also 
as cholinergic receptor, thus fulfi lling the func-
tions of muscarinic or nicotinic receptors. Subse-
quently, he modifi ed this viewpoint somewhat by 
proposing that the receptor and ACh hydrolyzing 
functions are located on one macromolecule (see, 
for example, Zupancic, 1967). Then there are 
other nonenzymic actions of ChEs; these are dis-
cussed below, in section DIII).

The Columbia team of Irving Wilson origi-
nally proposed mechanisms and equations depict-
ing the reaction of AChE with substrates such as 
ACh (Wilson and Bergman, 1950; Wilson, 1967). 
The equations included factor G, a component of 
the esteratic site that exhibits electron transfer 
properties and the serine-oxygen and imidazole 
facilitator component. The site exhibits high 
nucleophilicity. Altogether, Wilson postulated 
that the electrophilic C of the ester group of the 
substrate forms a coulombic bond with the nucleo-
philic, basic group of the esteratic site; similar 
schemes were proposed by Krupka (1966) and 
others (see also Cohen and Oosterbaan, 1963; 
Usdin, 1970). It was also realized early that the 
reaction is stereospecifi c, although the molecule 
of ACh is not asymmetric.

The reactions of ChEs with inhibitors are dis-
cussed in detail in Chapter 7 BII and BIII. Histori-
cally, the pioneers already mentioned, such as 
Klas-Bertil Augustinsson, Sir Arnold Burgen, 
William Aldridge, Francis Hobbiger, Paul Long, 
and Bo Holmstedt, defi ned the antiChE effects of 
carbamates and related antiChEs as dependent on 
carbamylation, and of OP agents as due to phos-
phorylation; both reactions involve the serine 
hydroxyl component of the esteratic site (Burgen, 
1949; Burgen and Hobbiger, 1951; Aldridge, 
1953a, 1953b; Holmstedt, 1959). This common 
effect was referred to by Wilson (1967) as “acid 
transference.” These investigators also proposed 
that ChEs may be inhibited via ligand action at 
the anionic site. Finally, they were concerned with 
the differentiations among irreversible, rever-
sible, pseudoreversible, and noncompetitive ChE 
inhibitions. For example, Wilson et al. (1961) 
demonstrated the formation of a carbamylated 
enzyme following the antiChE action of a carba-
mate; they pointed out that the generation of car-
bamylated ChE is analogous to the formation of 
phosphorylated enzyme and, while there is slow 
hydrolysis of the complex and recovery of the free 
enzyme, carbamic acid rather than the original 
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carbamate moiety is recovered. Accordingly, 
carbamates cannot be considered truly reversible 
inhibitors since reversibility is defi ned as recovery 
of both the intact enzyme and the unchanged 
inhibitor. On the other hand, Winteringham (1966) 
considered the recovery of the free enzyme and 
the carbamate decomposition products as the 
proof of reversibility of the carbamate-ChE inter-
action, an interpretation that Usdin (1970) con-
sidered “unfortunate.” I agree with Usdin, and I 
regret that since the time of Wilson’s dictum to the 
present era some 40 years later, most investigators 
refer, without caveat, to carbamates as reversible 
inhibitors.

4. Conclusions

Almost all modern trends and topics of ChE 
research are represented in this 1914–1970 period 
of studies: from classifi cation of ChEs and their 
signifi cance in transmission to their structures, 
active sites, and reactions with inhibitors and sub-
strates. Ann Silver’s 1974 book is an excellent 
review of the state of knowledge during this 
period. Only one major subject was barely attacked 
during that time: the molecular and genetic regula-
tion of ChEs and their subunits. Nevertheless, we 
went very far during this 1914–1970 period, from 
Sir Henry Dale’s surmise about the existence of 
a ChE to establishing the active moiety of the 
esteratic site. Yet did this progress prepare us 
suffi ciently to face the current three-dimensional, 
multicurved amino acid sequence representation 
of an AChE?

DII. Structures, Active Sites, 
and Mechanism of Action

1. Structures and Active Sites

The modern era of the studies of the three-
dimensional structure of ChEs and their active 
sites began with the adaptation to these investiga-
tions of the spectrophotometric and radiometric 
assays, analysis of solubility and sedimentation 
parameters of hydrodynamic and physical charac-
teristics, molecular biology approaches including 
site-directed mutagenesis, and the X-ray and 
related analysis of crystallized forms of ChEs (see 

Silver, 1974; Massoulié et al., 1993a, 1993b, 
2000; Richardson, 1985; Soreq et al., 1990; 
Shafferman and Velan, 1992; Shafferman et al., 
1994). Another approach is based on quantitative 
structure activity analysis of the ligand-ChE inter-
actions, including interactions with antiChEs 
and neurotoxins (Endo and Tamiya, 1987); this 
approach is particularly fruitful in clarifying the 
three-dimensional image of active, enzymic sites 
of ChEs (“pockets,” “gorges,” or “cavities,” 
depending on the investigator); the pertinent fi nd-
ings are discussed in detail in Chapter 7 BI and 
BII.

Altogether, the efforts over the last 30 years of 
Jean Massoulié, Avigdor Shafferman, Israel 
Stilman, Joel Sussman, Terry Rosenberg, Mona 
Soreq, Richard Rotundo, Nibaldo Inestrosa, Zoran 
Radic, and Palmer Taylor among others yielded 
an elegant three-dimensional picture of ChEs 
and brought about a good understanding of their 
molecular biology and genetics. These studies 
started with the description of the analysis of 
hydrodynamic properties via sedimentation tech-
niques, leading to the distinction between “globu-
lar” and “asymmetric”; the studies continued with 
a more detailed analysis of composition of these 
forms, leading to the characterization of “collagen-
tailed” and “GPI (glycophosphatidylinositol)-
anchored” forms; then there was the advent of 
cloning techniques and analysis of splice variants 
(R, H, and T), followed by site-directed mutagen-
esis and genetic modifi cation of mice. These efforts 
were reported at a number of symposia and confer-
ences, including the 11th International Symposium 
on Cholinergic Mechanisms (Silman, 2004; see 
also Massoulié et al., 1993a, 1993b). A nomencla-
ture concerning the subunits and molecular forms 
of ChEs was established at the Israeli Oholo Con-
ference of 1992 (see Massoulié et al., 1993a, 1993b 
and Massoulié, 2004), and this nomenclature is 
essentially employed in this chapter.

The richness of the possible combinations of 
subunits, molecular forms, or size-isomers is such 
that any simple description and classifi cation of 
this jungle is most diffi cult; Jean Massoulié made 
a valiant attempt at such a description and organi-
zation of the forms, particularly of AChE (see 
below, this section). It does not help the matter 
that the investigators use multiple terms—such as 
types, molecular forms and molecular species, 
size-isomers and variants; subunits and domains—
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to indicate one and the same entity and may 
employ several criteria when referring to any of 
these terms. Parsimony is pushed even further 
away as several ways of classifying the molecular 
forms (or molecular species, or size-isomers or 
types) are utilized by various investigators and as 
they employ complex classifi cations that include 
several levels of categories; also, there are chrono-
logical shifts in the classifi cations or terminology 
used by the investigators over periods of time. For 
example, Palmer Taylor and his colleagues (see 
Taylor and Radic, 1994; Taylor et al., 2000) refer 
to heteromeric and homomeric molecular species 
of AChE, and the terms “asymmetric,” “hydro-
philic,” and “glycophospholipid-linked” consti-
tute for them subclassifi cations of AChE (see 
also Tsim et al., 1988). On the other hand, Jean 
Massoulié and his associates did not use Taylor’s 
classifi cations, as they categorized their molecular 
forms as either asymmetric or globular (Toutant 
and Massoulié, 1987; Massoulié et al., 1993a, 
1993b). Subsequently, Massoulié classifi ed these 
forms by their types of subunits (R, H, or T, pro-
duced by alternative splicing of their C-terminal 
peptides) and, in the case of type T, by their 
“homomeric” or “heteromeric” composition. 
“Homomeric” forms comprise monomers, dimers, 
and tetramers of ChE subunits, while heteromeric 
forms are associated with anchoring proteins, the 
collagen ColQ, or the transmembrane protein 
PRiMA (Perrier et al., 2003). Jean Massoulié 
opines that the earlier classifi cation as “globular” 
and “asymmetric” forms is less informative than 
the new classifi cation, because it only distin-
guished the collagen-tailed molecules containing 
ColQ (“asymmetric”) from all others (Massoulié, 
2000, 2004).

ChEs are glycoproteins that carry a net nega-
tive charge; an electrostatic dipole is oriented 
along the axis of the active, catalytic “gorge” of 
the ChE molecule (see below, and Taylor and 
Brown, 1999). Cholinesterases show “the basic 
structural motif” of hydrolases, that is, the alpha, 
beta fold (Richardson, 1985), which consists of 
large central beta sheets or strands surrounded by 
15 alpha helices; the fold comprises the catalytic 
domain, which is accessible via a gorge, or cavity 
(Ollis et al., 1992; the alpha/beta hydrolase fold). 
The same or similar fold, the domain, and the 
gorge appear in the three-dimensional molecular 
forms of all ChEs.

Jean Massoulié and his CNRS, Paris, team 
described the mRNA encoding of R, H, and T 
variants that generates the molecular forms of 
AChE, their catalytic and terminal domains, and 
their secretion peptides; this description is gener-
ally accepted today. There are only T-type forms 
of BuChE. Acetylcholinesterase variants may not 
differ in size; for example, the dimers of subunits 
H are GPI-anchored, while dimers of subunits T 
are not, but their sizes cannot be readily distin-
guished. The signal peptides are removed during 
biosynthesis of ChEs (see next section, and 
Massoulié, 2000). Massoulié and his team defi ned 
the molecular forms of ChEs as monomers, 
oligomers, or polymers of catalytic subunits with 
molecular weights ranging from 70 to 110 kDa; 
the weight of the subunits differs from one species 
to another (70 kDa for mammals and 110 kDa for 
chickens and quails (Rotundo, 1984; Massoulié et 
al., 1993a, 1993b). Recently, several investigators, 
including Jean Massoulié with Susanne Bon, 
Palmer Taylor, and Mona Soreq with David Glick 
(see, for example, Soreq and Zakut, 1990; Soreq 
et al., 1990; Soreq and Glick, 2000; Soreq et al., 
2004; Cousin et al., 1998). Soreq et al., (2004) 
related the subunits and domains with their molec-
ular biology and genetics, and it is convenient and, 
indeed, necessary to defi ne and describe these 
entities with respect to their genetic derivation.

The coding region of the vertebrate gene for 
ChEs comprises a variable number of exons 
(depending on species) transcribing the catalytic 
domain; either one exon or several alternative 
regions5 generate the short carboxy (C)-terminal 
domains. The noncatalytic associated proteins, 
ColQ and PRiMA, are produced by distinct genes; 
they are attached to the catalytic AChE and BuChE 
subunits by disulfi de bridges. The gene regions 
encoding various C-terminal domains are referred 
to functionally as H (hydrophobic), S (soluble or 
present in snake venoms), T (tailed), and R 
(readthrough). The physiological signifi cance of 
AChE of type R is doubtful, and the S variant is 
present as a monomeric soluble AChE species in 
the Elapid snake venom. Accordingly, in the 
context of this book we are concerned with tran-
scripts H (containing “exon” or coding region 5) 
and T (containing “exon” or coding region 6) that 
engender in the vertebrates including humans the 
subunits AChE-H and AChE-T (Massoulié, 2000; 
Massoulié et al., 1993a, 1993b). The combinations 
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of the variant subunits, with or without 
associated proteins ColQ and PRiMA, generate 
the different size-isomers (types, molecular 
forms).

The size-isomers are similar in their catalytic 
properties but differ hydrodynamically, in their 
ionic interaction, and particularly in the mode of 
their attachment to the neuronal membrane or to 
the neuromuscular basal lamina; collagen-tailed 
molecules are not anchored in any membrane. 

While today, both Palmer Taylor and Jean Mas-
soulié refer to two major categories of size-isomers 
(or molecular forms), homomeric and hetero-
meric, Massoulié employs a subclassifi cation of 
size-isomers that includes the asymmetric (A) and 
globular (G) forms; these forms can be distin-
guished on the basis of their quaternary structures 
(Figures 3-5 and 3-6; Taylor et al., 2000; Mas-
soulié, 2000; Massoulié et al., 1993a, 1993b, 
1998; Zhang et al., 2005). Furthermore, Massoulié 
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Figure 3-5. Quaternary structure of AChE molecular forms. AChE-H subunits generate only GPI-anchored 
dimers, while AChE-T subunits generate a wide diversity of molecular forms. In A forms, AChE-T tetramers 
are organized around the proline-rich attachment domain (PRAD), represented as a white square; the quaternary 
organization of membrane-anchored G4

a that contains a hydrophobic P subunit is probably similar. Proteolysis 
of hydrophobic-tailed and collagen-tailed forms produces soluble G4

na forms that contain a PRAD or PRAD-like 
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2000, with permission.)
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Figure 3-7. View of the active gorge of mammalian acetylcholinesterases looking into the gorge cavity. The gorge 
is 18 to 20 Å in depth in a molecule of 40 Å diameter and is heavily lined with aromatic amino acid side chains. 
Side chains from several sets of critical residues are shown emanating from the a carbonamide backbone: (1) A 
catalytic triad of Glu334, His447, and Ser203 is shown by dotted lines to denote the hydrogen bonding pattern. This 
renders Ser203 more nucleophilic to attack the carbon of acetylcholine (shown in white with the van der Waals 
surface). This leads to formation of an acetyl enzyme, which is deacetylated rapidly. (2) The acyl pocket outline by 
Phe295 and Phe297 is of restricted size in acetylcholinesterase. In butyryl cholinesterase, these side chains are ali-
phatic, increasing the size and fl exibility in the acyl pocket. (3) The choline subsite lined by the aromatic residues 
Trp86, Tyr337, and Tyr449 and the ionic residue Glu202. (4) A peripheral site, which resides at the rim of the gorge, 
encompasses Trp286, Tyr72, Tyr124, and Asp74. This site modulates catalysis by binding inhibitors or, at high 
concentrations, a second substrate molecule. (From Palmer Taylor, 1999, with permission.)
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Figure 3-8. Ribbon diagram of the three-dimensional structure of TcAChE. The side chains of the catalytic triad 
and of key aromatic residues in the active-site forge are indicated as purple stick fi gures. Acetylcholine, manually 
docked in the active site, is represented as a space-fi lling model with carbon atoms shown in yellow, oxygen atoms 
in red, and nitrogen in blue. The quaternary group of the ACh faces the indole of Trp84. (From Silman and Sussman, 
2000, with permission.) (See color plate.)

portrays the subunit composition (subunits AChE-
T or AChE-H) of the molecular forms, whether 
globular or asymmetric-tailed (Figures 3-7 and 3-
8); Taylor also depicts the globular and asymmet-
ric “molecular species” (Figure 5-3 in Taylor et 
al., 2000). Heteromers are tetramers of AChE-T 
subunits that are di-sulfi de-bonded to either the 
membrane-bound PRiMA protein or a triple helix 
of collagen ColQ. Homomers are monomers, 
dimers, or tetramers with or without membrane 
linkages; the linkages differ from those exhibited 
by heteromers. Acetylcholinesterase-H subunits 
produce dimers that are attached to cell mem-
branes by a glycophosphatidylinositol (GPI) 
anchor, posttranslationally added at their C termi-
nus (Silman and Futerman, 1987). Monomers and 
dimers of AChE-T subunits are amphiphilic, in the 
sense that they interact with detergent micells in

vitro. It is not clear whether these species are 
physiologically attached to the membranes at the 
cell surface, or represent pre cursors of the func-
tional heteromeric oligomers inserted into cell 
membranes or the extracellular matrix by their 
anchoring proteins.

According to Jean Massoulié, there are 5 G and 
3 A forms, which contain 1, 2, or 3 tetramers of 
catalytic subunits attached to the ColQ strands of 
the triple collagen. While several classifi cation 
modes may be—and were—applied to these 
isomers or molecular forms, the classifi cation gen-
erally accepted today is based on (1) the type of 
the variant (AChE-T or AChE-H) and (2) the type 
of the quaternary structure; this classifi cation 
includes homomeric forms without an anchoring 
protein and heteromeric forms containing 
ColQ (asymmetric or collagen tailed) or PRiMA 
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Figure 3-9. Three-dimensional structure of G2
a AChE from Torpedo. The structure is represented in a ribbon 

diagram showing b strands (green) and a as helices (red). The active gorge is located above the central b sheet and 
the arrow marks the location of the active-site serine, Ser 200. (From Massoulié et al., 1993b, with permission.) 
(See color plate.)

(membrane bound or hydrophobic tailed forms). 
The following description (Figure 3-9, see color 
plate) further clari-fi es this issue. The 5 G size-
isomers (GPI-G [glycophosphatidylinositol]-
anchored-G2, AChE-H dimer; amphiphilic-G1, 
AChE-T monomer; amphiphilic G2, AChE-T 
dimer; hydrophobic tailed G4, AChE-T tetramer; 
and soluble G4, AChE-T tetramer) are globular 
and symmetric. The sixth size-isomer is collagen 
tailed and asymmetrical. On the other hand, the 
fi rst 4 G size-isomers (GPI-G2 [or type I amphi-
philic], AChE-H dimer; G1 AChE-T monomer; 
G2 AChE-T dimer; and hydrophobic G4 AChE-T 
tetramer) are homomeric, while the last G size-
isomer and the A size-isomer are heteromeric. The 
5 G molecular forms (GPI, AChE-H dimer; 
amphiphilic-G1 [type II amphiphilic], AChE-T 
monomer; amphiphilic [type II amphiphilic] G2, 
AChE-T dimer; hydrophobic tailed G4, AChE-T 
tetramer; and soluble G4, AChE-T tetramer) are 
globular and symmetric; the sixth size-isomer is 
collagen tailed and asymmetrical (as the structures 

of these forms is by now known, the distinction 
based on the globular and asymmetric nature of 
the molecular forms may be not necessary). On 
the other hand, the fi rst 4 G size-isomers (GPI-G2, 
AChE-H dimer; G1 AChE-T monomer; G2 
AChE-T dimer; and soluble G4 AChE-T tetramer) 
are homomeric, while the last G size-isomer and 
the A size-isomer are heteromeric.

As stated, the G1 and G2 forms of type II are 
the monomers and dimers of ACHE-T subunits; 
they are probably not anchored in membranes, but 
represent unassembled precursors of the functional 
heteromeric oligomers, collagen tailed and hydro-
phobic tailed. Of the two types of amphiphilics, 
the type I G1 isomer possesses a GPI anchor; it is 
a dimer containing two H subunits extracellularly; 
this molecular form is referred to as GPI-G2 
amphiphilic (GPI-G2a) type I size-isomer. There 
are two type II size-isomers, a monomer and a 
dimer (amphiphilic G1a and G2a forms). The last 
membrane-bound G size-isomer is a tetramer 
containing T extracellular subunits and a P (now 
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known as PRiMA) protein hydrophobic anchor 
(Perrier et al., 2003); it is referred to by Massoulié 
and his team as the G4a isomer; this latter isomer 
corresponds to Palmer Taylor’s heteromeric, lipid-
linked heteromer. This species is the predominant 
form of vertebrate CNS AChE. The fi fth G size-
isomer lacks the anchor and is soluble; it is a T 
subunit tetramer. The last two forms are not readily 
distinguishable by their size.

Asymmetric or collagen-tailed forms of ChEs 
are characterized by the presence of a collagen tail 
formed by the triple-helix association of three 
collagen Q (ColQ) subunits; this association is 
based on interaction of four C-terminal t peptides 
of AChE-T subunits with proline-rich attachment 
domain (PRAD) located in the N-terminal, non-
collagenous region of each ColQ subunit (more 
acronymics than U.S. army manuals). Either one, 
two, or three catalytic tetramers of T subunits 
(AChE-t) are attached to the three subunits of 
ColQ, generating the three A4, A8, and A12 forms, 
catalytic tetramers containing T subunits; depend-
ing on the number of ColQ attachments to the 
noncatalytic subunits, Massoulié and his collabo-
rators (1993; Massoulié, 2000) as well as Palmer 
Taylor (Taylor, 2004a, 2004b; Radic et al., 2005), 
Terry Rosenberry (see Dvir et al., 2004), and Israel 
Silman (see Zeev-Ben-Mordechai et al., 2004) 
distinguish among A4, A8, and A12 forms. Jean 
Massoulié (Massoulié et al., 1993a, 1993b) stresses 
that the A forms are present in all vertebrates, 
including the prevertebrate amphioxus, but not in 
invertebrates; he makes the interesting comment 
that it is likely that these forms “arose at some 
early stage in evolution of vertebrates, when a 
single cholinesterase existed” (the question is, 
How did the other size-isoforms of ChEs arise?). 
The A forms are particularly characterized by their 
capacity to readily interact with polyanionic com-
pounds such as heparin and glycosaminoglycans 
at low ionic strength. This phenomenon is respon-
sible for the ready attachment of the A forms to 
cellular matrices such as basal laminae of the neu-
romuscular endplate and of the synapses (see Low, 
1989; Massoulié et al., 1993a, 1993b).

The H regions of AChE-H subunits encode C-
terminal domains, which contain a signal for addi-
tion of a GPI; GPI acts as a membrane anchor for 
the AChE-H. The signal induces a transamidation 
reaction at the omega cleavage/addition site. The 

peptide sequence of the C-terminal domain was 
elucidated by Palmer Taylor, Jean Massoulié, and 
their associates and is available on the ESTHER 
Web site database (see Massoulié et al., 1993a; 
Massoulié, 2000; Taylor et al., 2000; Cousin 
et al., 1998). While the catalytic domains contain 
three pairs of cysteines forming intracatenary 
disulfi de loops for their active conformation, the 
C-terminal h and t peptides include cystein resi-
dues, which are important, as they establish inter-
catenary disulfi de bridges that allow the formation 
of dimers in the case of AChE-H and AChE-T 
subunits, and/or association with ColQ or PRiMA 
in the case of AChE-T subunits (Massoulié et al., 
1993a, 1993b).

In the case of the asymmetric, collagen-tail 
size-isomers, the two AChE-T subunits are linked 
together, while the two other AChE-T subunits 
connect with one ColQ strand by disulfi de bonds. 
Besides cysteine residues, the C-terminal t pep-
tides contain aromatic residues that play an essen-
tial role in their interaction with the PRAD motives 
of the anchoring proteins, ColQ and PRiMA.

In 2004, Massoulié and his associates demon-
strated spectroscopically that the t peptide of the 
C terminal assumes an alpha-helical confi gura-
tion, its aromatic residues forming a hydrophobic 
domain (Bon et al., 2004; Belbeoc’h et al., 2004). 
This peptide contains a WAT (still another 
acronym), “tryptophan amphiphilic tetrameriza-
tion” domain. The domain is quite pluripotent; 
WAT helps form tetramers that can attach to a 
structural protein; it associates with the PRAD of 
collagen ColQ and of the transmembrane 20 kDa 
protein PRiMA, generating the collagen-tailed 
and hydrophobic-tailed forms. As shown by I. 
Silman, J. Sussman, J. Massoulié, and their associ-
ates a three-dimensional structure of this region 
shows a complex of four t peptides (or WATs) 
surrounding the PRAD peptide (Dvir et al., 2004). 
Jean Massoulié regards PRAD and WAT as “orga-
nizers,” as the t peptide is particularly active in 
tetramerization of the size-isomers and in their 
bonding processes (Massoulié, 2002).

As to the active, enzymic, catalytic site and its 
gorge (or pocket), the modern, three-dimensional 
picture of this domain differs dramatically from 
the relatively fl at fi gure that was common some 
25 years ago (see section DI). Today’s image of 
the gorge originates from the crystallographic 
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studies of Palmer Taylor and Joel Sussman and 
subsequent crystallography related to the quantita-
tive structure-activity analysis of the bonding 
between ChEs and ligands, including antiChEs 
(Sussman et al., 1991; Bourne et al., 1995; see also 
Chapter 7 BI and BII). The catalytic site is accessed 
through a narrow “gorge” (“pocket,” or “cavity”) 
located within the large central beta sheet and the 
appended alpha helices (Richardson, 1985; see 
also above, this section). Joel Sussman and his 
associates (1991) found it surprising that these 
very fast enzymes afford such a limited entry of 
the substrate ACh into the catalytic site. In the 
case of AChE, the gorge is 18 to 20 Å in depth and 
some 40 Å in diameter; thus, the gorge reaches as 
far as halfway through the ChE protein. Some 
portions of the gorge are narrower than 20 Å, and 
some are wider. Butyryl cholinesterase gorge is 
wider than AChE gorge (Massoulié, 2000; Radic 
et al., 2005; see also Chapter 7 BI and BII). In the 
case of AChE, the gorge is lined with 14 aromatic 
amino acid residues that constitute about 40% of 
the gorge’s area; they are partially replaced by 
aliphatic residues in the case of BuChE (Sussman 
et al., 1991; Massoulié et al., 1993b). Thus, the 
two phenylalanines of the AChE gorge are replaced 
by aliphatic hydrophobic residues in the case of 
the BuChE gorge. These aromatics particularly 
limit the size of the acyl pocket of AChE, so, due 
to this change, the BuChE gorge has a wider diam-
eter than that of AChE, and it can hydrolyze 
choline esters larger than ACh (Harel et al., 1992; 
Ordentlich et al., 1993; Vellom et al., 1993).

At the bottom of the gorge is located the cata-
lytic triad, which consists of glutamate, serine, 
and histidine, arranged in a spatial confi guration 
resembling that of the aspartate-histidine-serine 
triad of serine hydrolases such as trypsin and 
chymotrypsin; this triad is all that remains of the 
historical notion of the active site. Additional 
residues of phenylalanine, alanine, and glycine as 
well as several glycans (4 for Torpedo electric
organ AChE and 7 for human BuChE) link serially 
with the catalytic site; they are not directly 
involved in the catalytic activity but contribute to 
the binding of the substrate or the ligands. The 
second important residue is present in the lining 
of the gorge. In the case of AChE it contains 
aromatic residues that restrict the diameter of the 
gorge; in the case of BuChE this site contains 

aliphatic amino acid residues, yielding a gorge 
of a wider diameter (see also Chapter 7 BI and 
BII).

As proposed already in the 1960s and 1970s, 
in addition to the catalytic site or domain, there is 
an anionic peripheral site that is localized on the 
surface of the enzyme; this dipole character of the 
enzyme may facilitate the appropriate orientation 
of the quaternary substrate ACh—and other qua-
ternary ligands—along the ChE surface (see 
Chapter 7 BI and BII; see, however, Shafferman 
et al., 1994). Also, the peripheral site may contrib-
ute to the allosteric inhibition of the enzyme 
(Changeux, 1966). As shown by Ferdinand Hucho 
and his associates and Joel Sussman and his team, 
this domain contains an indole ring and several 
other hydrogen-bonding aromatic residues (Weise 
et al., 1990; Sussman et al., 1991). Still other 
bonding sites are present in the acyl pocket of 
ChEs (Taylor and Radic, 1994); some of these 
underlie bonding and inhibitory effects of certain 
non-OP, noncarbamate inhibitors such as para-
dimethylaminobenzene diazonium fl uronborate 
(DDF; Langenbuch-Cachat et al., 1988; see 
Massoulié et al., 1993a, 1993b).

There are relatively minor differences between 
size-isomers and active sites of BuChE and AChE, 
although two distinct genes control BuChE and 
AChE synthesis. In fact, the basic structures of 
these enzymes are very similar; indeed, during 
development there may appear hybrid asymmetric 
forms with catalytic subunits of both BuChE 
and AChE attached to the same collagen tail 
(Tsim et al., 1988; see also Massoulié et al., 1993a, 
1993b). On the other hand, the “gorge,” or 
“pocket,” of BuChE is larger than that of AChE 
(see above; see also Chapter 7 BI and BII). Also, 
a tryptophan residue is located at the entrance of 
the gorge in the case of AChE but not BuChE. 
Altogether, it was hypothesized that the duality of 
AChE and BuChE is specifi c for the vertebrates 
and that it originated via the duplication of the 
ancestral single ChE gene (Massoulié et al., 1993a, 
1993b; see also Chatonnet and Lockridge, 1989). 
Altogether, both BuChEs and AChEs present a 
rich array of homo-and hetero-oligomeric molecu-
lar forms (or size-isomers) ranging in complexity 
from monomers to large collagen-tailed structures 
that may include as many as 12 catalytic 
subunits.
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2. The Genetics and Sequence 
of ChE Subunits

AChE and BuChE were fi rst cloned from 
Torpedo electric organ and human blood 
(Schumacher et al., 1986; Sikorav et al., 1987, 1988; 
Arpagaus et al., 1990; see also Massoulié, 2000; 
Taylor et al., 2000). This molecular cloning as well 
as amino acid sequencing established the amino 
acid composition and amino acid sequence of AChE 
and BuChE. There are a number of hydrolases and 
nonenzymic proteins that are characterized, just like 
ChEs are, by the alpha/beta hydrolase fold and, 
generally, by the presence of serine and a pentapep-
tide sequence around the active serine center (not in 
the case, for example, of C. elegans ChEs). Among 
the noncatalytic proteins containing ChE-like 
domains are thyroglobulin, tactins that are present 
in Drosophila membranes, and neuroligin, a mam-
malian cell adhesion molecule; interestingly, these 
ChE homologues lack the catalytic components and 
do not hydrolyze choline esters (Krejci et al., 1991; 
Ollis et al, 1992; Taylor and Radic, 1994; Taylor et 
al., 2000). The database of the sequences of these 
proteins is available from the ESTHER Web site 
(Cousin et al., 1998; see also Taylor et al., 2000).

Single genes encode AChE of the electric fi sh, 
mammals, aves, and humans. In the human, the 
gene is located on the long arm of chromosome 5 
(Getman et al., 1992). The matter is more compli-
cated in the case of BuChE. The gene encoding 
the catalytic subunit of BuChE is located in the 
human on chromosome 3, but additional genes 
located on other chromosomes may encode the 
combination of this catalytic unit with other 
subunits (Soreq et al., 1987a, 1987b; Arpagaus et 
al., 1990; Masson et al., 1990; see also Massoulié 
et al., 1993a, 1993b). As already mentioned, the 
protochordate Amphioxus has two genes encoding 
a BuChE-like and AChE-like protein. Curiously, 
many invertebrates exhibit single genes whether 
for AChE or BuChE; actually, Drosophila’ s
single gene expresses a ChE that exhibits substrate 
specifi city between that of AChE and BuChE, 
while the nematode C. elegans has four genes 
encoding AChE-like proteins closely related in 
their peptide sequence (Combes et al., 2001).

The Torpedo and the human AChE genes have 
4 exons encoding the catalytic domain of the 
enzyme and a 3’ region containing alternative 
splice acceptor sites, generating variants R, H, and 

T, as indicated in the preceding section. Their 
localization is listed on the genetic maps with 
respect to the Cap sites (start sites for transcrip-
tion). During transcription, alternative splicing at 
the gene’s reading frame gives rise to the various 
molecular forms of AChE of the Torpedo and of 
the human, and to conversion of AChE to BuChE 
(Harel et al., 1992). This alternative maturation of 
the transcripts appears to be absent in the case of 
BuChE (Massoulié et al., 1993a, 1993b; Taylor 
and Radic, 1994; Taylor et al., 2000).

In fact, whereas the sequences of the Torpedo 
and mammalian t peptides (encoded in region T) 
are very similar (75%, which is more than the 
similarity between the sequences of the catalytic 
domains), the sequences of the h peptide (encoded 
by region H) are different. Their common features 
are constituted by the presence of one or two cys-
teines near the catalytic domain, allowing dimer-
ization, and a C-terminal stretch of hydrophobic 
residues, which induce cleavage and the addition 
of a GPI. The lack of sequence conservation and 
the fact that teleost fi shes, amphibians, reptiles, 
and birds do not exhibit the H form of AChE 
suggest that this form appeared independently in 
the evolution of Torpedo and mammals.

Many alleles of the human BuChE gene were 
described (see La Du et al., 1991, and the previous 
section). The mutations affect protein sequence 
and diminish or destroy catalytic activity. One or 
two mutations may be present; the isozyme dis-
covered by Werner Kalow (see section DI, above), 
which exhibits diminished capacity for succinyl-
choline hydrolysis, results from a bimutational 
phenomenon (Neville et al., 1990a, 1990b). There 
are also mutational variants of AChE. In insects, 
mutations that confer resistance to pesticides gen-
erally depend on the change in a single amino acid 
(Pravalorio and Fournier, 1992). Other variants 
that do not depend on genic mutations may occur: 
in humans they appear following multiple transfu-
sions in patients suffering from hemoglobinuria 
or, according to Mona Soreq, in subjects follow-
ing stress (see below; and Massoulié et al., 1993a, 
1993b; Soreq and Glick, 2000).

3. Mechanism of Enzymic 
ChE Action

Several steps are necessary for ACh hydroly-
sis. Step 1 involves penetration of the substrate 
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into the gorge and its bonding in an appropriate 
confi guration. While the mechanism of the sub-
strate motion down the gorge is not clearly under-
stood, the bonding of the quaternary ACh to the 
active and to the anionic site was clarifi ed; it is 
due to the character of the active and anionic sites 
(and perhaps additional sites; see the previous 
section). As already mentioned, the dipole charac-
ter of the gorge may facilitate bonding and allo-
steric phenomena. Both AChE and BuChE exhibit 
glycosylation sites at the surface of their mole-
cules; they characteristically contain the aspara-
gine residue. According to Velan et al. (1993), 
glycosylation affects folding and secretion, but it 
probably does not directly affect enzymic activity. 
The bonding of a substrate molecule at the periph-
eral site may be followed by its transfer to the 
active site in an active fi t phenomenon; this 
indicates that the active site may display con-
formational or allosteric adaptability (Rosenberry, 
1975). Inhibitors such as fasciculin, which bind to 
the peripheral site, may block enzymic activity in 
this manner (Eastman et al., 1995; Mallender et 
al., 2000; see also Chapter 7 BI).

The second step in ACh hydrolysis engages 
acylation of the serine of the active site—serine 
acylation as a part of ACh hydrolysis was proposed 
early in this story (see section A, above). Acetyla-
tion (a “nucleophilic” attack) is due to the nucleo-
philic character of serine, which is caused by the 
proton transfer from glutamate to histidine; in fact, 
Quinn (1987) fi nds that AChE acts as an acid-base 
proton catalyst. The need of nucleophilicity for 
the ChE catalysis constitutes, again, the classical 
notion of Irwin Wilson (see section A). The acyla-
tion step proceeds through the formation of a tet-
rahedral transition state (see also Chapter 7 BI and 
BII); choline is released at this step. The acylated 
state is very short (approximately 10 microsec-
onds), and this contributes to the fast character of 
AChE as an enzyme. Finally, the last step of ACh 
hydrolysis is the deacetylation process and release 
of choline and acetate. Again, the nucleophilic 
character of the catalytic triad that facilitates acety-
lation also speeds up deacetylation (see Quinn, 
1987; Rosenberry, 1975; Main, 1976).

It must be added that since the catalytic domains 
of ChE are identical for all the AChE and BuChE 
size-isomers of a given enzyme (AChE or BuChE), 
and since the difference in the dimension of the 
“gorge” is not crucial for ACh hydrolysis, whether 

by AChE or by BuChE, kinetics and mechanism 
of ACh hydrolysis by all these enzyme variants or 
size-isomers are similar. Finally, while choline 
esters other than ACh are hydrolyzed by AChE 
and its size-isomers, and by BuChE via mecha-
nisms identical to those described here, slower 
rates of hydrolysis obtain generally for these esters. 
The exceptions are butyrylcholine and propionyl-
choline, which are split faster than ACh by BuChE, 
and methacholine, which is hydrolyzed as fast as 
ACh by AChE. As already affi rmed, butyryl- and 
propionyl-choline are preferred and specifi c sub-
strates for BuChE, and methacholine for AChE; 
these esters are not endogenous (see section DI, 
above). Finally, the carbamylation and phosphory-
lation of the catalytic site’s serine by carbamate 
and OP antiChEs, respectively, are processes anal-
ogous to the phenomenon of acylation; they are 
described in detail in Chapter 7 BI and BII.

4. Synthesis, Stabilization, 
Assembly, and Secretion 
of ChEs

Like CAT and other secreted proteins (see 
section B-1 in this chapter), ChEs are synthesized 
in the endoplasmic reticulum, and lose their signal 
peptide cotranslationally. Their multiple mRNA 
translation generates the various subunits and 
various molecular forms. In birds, inactive precur-
sors have been observed; they represent as much 
as 80% of the newly synthesized subunits 
(Rotundo, 1984, 1990); this probably does not 
occur in mammals (Brimijoin and Hammond, 
1996; Bertrand et al., 2001). The role of inactive 
molecules is unknown at this time (Valette et al., 
1991; Valette and Massoulié, 1991). The precur-
sors acquire activity in the reticulum, perhaps via 
the folding effect due to the so-called molecular 
chaperon proteins. The inactive molecules and 
some active molecules are degraded through the 
endoplasmic reticulum associated degradation 
(ERAD), which involves retrotranslocation from 
reticulum into cytoplasm and hydrolysis by pro-
teasomes (Belbeoc’h et al., 2003). Acetylcholin-
esterase-H subunits acquire their GPI anchor in 
the reticulum; oligomers also assemble in this 
compartment, and this process includes the asso-
ciation of AChE-t subunits with collagen ColQ 
into collagen-tailed forms (Bon et al., 2003, 2004). 
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N-glycans are added cotranslationally to the 
nascent polypeptide chains; they are modifi ed in 
the reticulum and perhaps also in the Golgi 
apparatus, after the transfer of the enzyme to this 
latter compartment (Rotundo, 1984; Rotundo and 
Carbonetto, 1987).

Central and ganglionic neurons almost exclu-
sively express the AChE-T subunit, and the pre-
dominant molecular forms are G1, G2, and G4, 
with A forms being very weakly represented. In 
the case of the motor unit, the motor axons carry 
the various molecular forms of AChE by the fast 
axonal and slow fl ow induced by the motor pro-
teins, similar to CAT (see section B-3 in this 
chapter). While the A forms and tetramers are 
transported by the fast fl ow, the G1 and G2 forms 
move with the slow fl ow (Couraud et al., 1980; 
Goemere-Vannests et al., 1988).The postgangli-
onic axons carry mostly the G4 and A forms of 
AChE.

The fi nal expression and localization of AChE, 
whether at synapses or junctions or in erythrocytes 
and other tissues, is a complex process. It is facili-
tated by AChE mRNA “stabilization,” Ca2+ mobi-
lization at the so-called L-type channels, and 
several trophic factors (Fernandes et al., 1998; see 
also Taylor et al., 2000); it is also regulated by 
certain protein phosphatases. In particular, these 
processes are involved in the formation of the 
neuromyal junction (see, for example, Jasmin et 
al., 2002); it can be only surmised that parallel 
events are present at the cholinergic synapses, 
whether peripheral or central (Deshenes-Furry et 
al., 2005; Rotundo et al., 2005). It is known, 
however, that GPI-G2a as well as the G4 AChE 
form are present presynaptically in the Torpedo
electric organ (Eichler et al., 1992). The postsyn-
aptic distribution of the A forms is not clear and 
the pertinent description is inconsistent. Massoulié 
(2000) states that they are abundant in the central 
nervous system of Torpedo and other fi shes and 
in amphibians, but not in reptiles, birds, and 
mammals. These forms are attached to the basal 
lamina of the synaptic cleft of the mammalian 
neuromuscular junction (McMahan et al., 1978; 
Wallace et al., 1985). The collagen tail contains 
heparin-binding sites (Deprez et al., 2000, 2003). 
The tail may be associated with glycosaminogly-
cans of perlecan (Peng et al., 1999). Abramson, 
Taylor, Doctor, and their associates assign it to the 
synaptic cleft, while some unpublished work 
localizes it in the basal lamina; basal lamina may 

also incorporate the G2 forms (Abramson et al., 
1989).

Besides being transported down the axon, 
AChE—and probably also BuChE—is secreted 
from nerve cells, both at the periphery (for 
example, in autonomic ganglia) and in the CNS 
(Greenfi eld, 1985; for further references, see 
Massoulié et al., 1993a, 1993b). This process 
occurs prior to the bonding of the enzyme at the 
basal lamina, and it requires glycosylation (Bon 
et al., 1991). Actually, nonnervous tissues that 
contain AChE or BuChE, such as skeletal muscle, 
hematopoietic cells, and cell lines with transfected 
AChE, also secrete the enzyme. The biosynthetic 
chain and positioning of AChE or BuChE in the 
erythrocytes, serum, and other nonnervous tissues 
remains an enigma; it is also not known whether 
biosynthesis and localization of AChE differ at the 
pre- and postsynaptic sites—AChE being present 
at both.

DIII. Distribution and Roles 
of Cholinesterases

1. Distribution of ChEs

The image of the central nervous system dis-
tribution of AChE within the central cholinergic 
pathways was obtained by the use of George 
Koelle’s histochemical method (see also Frieden-
wald, 1955); this image was described in detail in 
Chapter 2 DI; it should be noted that the modern 
view of these pathways is based on employment 
of the CAT immunohistochemistry (see Chapter 2 
DII and DIII).6 Even in the central nervous system, 
AChE, BuChE, or both are present in nonneuro-
nal cells such as glia, meninges, and capillaries 
(for references, see Koelle, 1963; Soreq and 
Glick, 2000). Acetylcholinesterase or BuChE also 
appears at several sensory sites, such as sensory 
corpuscles including Pacinian corpuscles of the 
human; cutaneous and mucous sensory nerve ter-
minals; gustatory papillae of animals and humans; 
and the olfactory epithelium (see Koelle, 1963). 
Mikhail Michelson (see Michelson and Zeimal, 
1970) felt that the cholinergic system is not 
involved in sensory transmission and that nonsen-
sory distribution of the cholinergic system is char-
acteristic for vertebrates. The presence of ChEs in 
the peripheral sensory sites contradicts Michel-
son’s notion; the CAT presence in pathways 



3. Metabolism of Acetylcholine: Synthesis and Turnover 125

concerned with sensorium (see Chapter 2 DII and 
DIII) and the cholinergic correlates of sensory 
perception (see Chapter 9 BV) are also inconsis-
tent with Michelson’s view.

While major signifi cance of AChE concerns 
transmission, the appearance of AChE (and 
BuChE) outside of the nervous system must be 
emphasized. Glial and capillary presence of ChEs 
is just one example of the nonneuronal presence of 
these enzymes; in fact, they are quite ubiquitous. 
Of course, some of the nonnervous sites that 
exhibit AChE are cholinergically innervated by 
parasympathetic nerve endings or sympathetic 
autonomic ganglia; therefore, the presence of 
AChE in these tissues or organs, including heart, 
blood vessels, intestinal and bronchiolar smooth 
muscle, liver, salivary, lacrimal, and parotid glands, 
pancreas, and hypophysis relates to its role in 
transmission at the effector organs and in gland 
secretion (although other humoral elements con-
tribute to generation of pancreatic secretion; see 
Karczmar et al., 1986). For example, in the pan-
creas, AChE and other cholinergic components are 
involved in the cholinergic secretion of insulin. 
Mary Pickford’s classical studies in the 1940s 
demonstrated that AChE in the hypothalamic-
hypophyseal tract is involved in cholinergic secre-
tion of oxytocin and vasopressin (see Chapter 9 
BV-2; see also Koelle, 1963; Lucinei Balbo et al., 
2000). The problem is that these sites also contain 
BuChE. For example, BuChE appears in the ade-
nohypophysis (see Koelle, 1963). The liver in par-
ticular is a rich source of BuChE that is, depending 
on species, localized in the parenchyma or the 
sinusoidal cell lining (Augustinsson, 1948). The 
presence and function of BuChE in the pancreas is 
also enigmatic. Structural and molecular character-
istics of rat and human pancreatic cholesterol ester-
ase are akin to those of ChEs. In humans, the 
cholesterol esterase may be structurally related to 
bile salt activators (Feaster et al., 1997), and 
BuChE may be involved in this activation in the 
pancreas and related enzymic activities of the liver. 
However, BuChE appears in the pancreas of only 
some species (i.e., dog) and not in others (i.e., rat, 
rabbit, and sheep; see Koelle, 1963).

Also, the presence of AChE in the cardiac 
auricles and ventricles (Gerebtzoff, 1959; Koelle, 
1963) may relate, at least in part, to its role in 
cardiovagal transmission; however, BuChE is also 
present at these cardiac sites, where its role is 
enigmatic (see below, section 2). Finally, the pres-

ence of AChE in the circulatory system (i.e., the 
endothelium of blood vessels) and in capillaries 
of most organs, including the brain, may relate 
to the autonomic innervation of these sites (see 
Gerebtzoff, 1959; Koelle, 1963; Pakasi and Kasa, 
1992; Kasa, 1971). Again, the appearance of 
BuChE at these sites is more diffi cult to explain.

Similarly, smooth muscle of the bronchioles, 
gastrointestinal tract and its mucosal cells, and 
urogenital system contains AChE, which is also 
present, as expected, in enteric neurons (see 
Karczmar et al., 1986). Again, the presence of 
AChE may be linked with the parasympathetic 
innervation of these sites. However, these sites 
also contain BuChE, and this presence may be dif-
fi cult to explain, although certain hypotheses were 
posited in this respect (see section 2, below).

But ChEs are present in nonnervous tissues 
that are not targets of autonomic or neuromyal 
innervation. First, there is the perennial, enigmatic 
matter of ChEs of the blood elements and lym-
phatic tissues. Platelets and erythrocytes of some 
species contain AChE (the GPI-anchored AChE 
dimers are present in the erythrocytes); megakary-
ocytes may be the source of the platelet enzyme 
(Zajicek, 1955; Usdin, 1970; Paoletti et al., 1992); 
and BuChE is generally present in the serum. 
However, in some ruminants, the chicken, and the 
rabbit, AChE is present in the serum; it was 
claimed that BuChE may be present in erythro-
cytes of some species (see Koelle, 1963; Goedde 
et al., 1967); then, the human platelets lack AChE 
(Koelle, 1963; Zajicek, 1956; Augustinsson, 1948; 
Fischer, 1971).

The presence of AChE and BuChE in blood 
elements may relate to their role in splitting blood 
lipids and “spilled” ACh, as suggested, specula-
tively, by Karczmar and Koppanyi (1956), or 
certain toxins (Neville et al., 1990a, 1990b). Yet, 
these speculations do not resolve the matter. Why 
is AChE sometimes present in the erythrocytes 
and sometimes in the serum? Why is it sometimes 
present in, and sometimes absent from, the plate-
lets? Then, why should the platelet AChE be in 
inverse relationship to the erythrocytic AChE, as 
reported by Zajicek (1957)?

AChE exists in the spleen, lymph nodes, 
tonsils, and other lymphatic tissues (see Koelle, 
1963). AChE, BuChE, or both compounds exist in 
the thyroid of several species and during the early 
development of the thymus, though these enzymes 
disappear almost completely after maturity 
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(Koelle, 1963). While the thyroid activity is not 
linked with cholinergic or any other transmission, 
the thyroid’s AChE was linked with the presence 
of the perivascular innervation of that gland. 
Again, what is BuChE doing at these sites?

Surprisingly, aside from the motor neuromyal 
junction, many muscle sites exhibit AChE, BuChE, 
or both. For example, Rene Couteaux (1953), the 
French pioneer of skeletal muscle research, 
showed that there are high AChE concentrations 
in the musculotendinous junctions of the striatal 
muscle fi bers. Yet, this junction is not cholinergic 
and does not respond to ACh. In some (but not all) 
species, AChE exists in noninnervated portions of 
the sarcolemma and in the sarcoplasm, including 
the M bands (myosincholinesterase of the sarco-
plasm could have been mistakenly taken for 
AChE; see Koelle, 1963; Beckett and Bourne, 
1957). Finally, while the presence of AChE in the 
skeletal muscle spindles and intrafusal fi bers can 
be expected (they are innervated by the small 
motor nerve system), BuChE’s presence in the 
cytoplasm of these structures is perplexing (see 
Koelle, 1963; Gerebtzoff, 1959). Moreover, 
AChE and BuChE are present in the epithelium 
of aquatic animals (for example, frogs) and 
the mucous membranes of the rabbit trachea 
(see Augustinsson, 1948, 1963; Koelle, 1963; 
Karczmar et al., 1986).

This matter of the presence of ChEs in non-
nervous and noninnervated tissues should be 
related to the precocious occurrence of AChE and/
or BuChE in development of many vertebrates 
and invertebrates6: they are present in the fertil-
ized oocyte and in the two- or four-cell ontoge-
netic stages of several species—long before the 
neurula stage and neurogenesis (Karczmar, 1963a). 
In fact, AChE and BuChE both appear in the 
gametes, including human sperm and oocytes 
(Soreq et al., 1987a, 1987b). In a related matter, 
antiChEs and cholinergic agonists and antagonists 
exert morphogenetic effects prior to neurogenesis 
(see Chapter 8 D and Karczmar, 1963b). The pos-
sible role of the cholinergic components prior to 
neurogenesis is discussed below, in section 2). 
Section 2 (see also Chapter 8 BI; see also 
Karczmar, 1963a). Also, ChEs appear during 
early development of avian cartilage (see 
Chapter 8).

Then, there is the similarly enigmatic presence 
of ChEs in ephemeral organs. That a ChE exists 

in placenta and in the amnion of the chick has been 
known since the 1940s (Comline, 1947; see 
Koelle, 1963; Gerebtzoff, 1959); later, the pres-
ence of a ChE in the chorionic villi was also estab-
lished (Zakut et al., 1991). The placental enzyme 
appears to be, in animals and humans, AChE; 
amnion may exhibit both BuChE and AChE, and 
BuChE is present in chorionic villi; amnion also 
contains ACh and CAT (Sakuragawa et al., 1997; 
Sastry, 1997). It must be stressed that these 
ephemeral tissues are not innervated.

It appears, then, that ChEs are omnipresent in 
vertebrate organs and tissues other than the central 
and peripheral nervous system, as well as in pre-
neurogenesis stages of development. A related, 
important issue is that ChEs are not just vertebrate 
enzymes (in fact, they appear in protochordates 
such as Ciona intestinalis), since they are present 
throughout the animal, plant, and bacterial king-
doms. Thus, they are present in protozoa including 
paramecium, bryozoa, bacteria, and Cnidaria; 
in echinoderms, sponges, and snails; and in mol-
lusks, insects, and worms (Karczmar, 1963a; 
Chadwick, 1963; Koelle, 1963; Fischer, 1971; see 
also below, section 2). For some of these species, 
the presence of ChEs relates to the presence of the 
cholinergic innervation and to the motor function 
of the animals in question; in other species, this 
presence may concern ciliary activity (see below, 
section 2), but what is the need for AChE or ChE 
in sponges and in the blood of snails? Actually, 
Klas-Bertil Augustinsson (1948) emphasized that 
AChE activity in the blood of the snail is some ten 
times higher than in the blood of the rat or dog. It 
was already stressed (section DI, above) that this 
phylogenetic omnipresence of the components of 
the cholinergic system was of great interest to the 
cholinergic pioneers, including David Nachman-
sohn, Theodore Bullock, and Zenon Bacq. This 
phylogenetic omnipresence of the components of 
the cholinergic system strongly suggests that they 
exert a benefi ciary effect on the organism and that 
they possess a major evolutionary signifi cance; 
this hypothesis is returned to in Chapter 9 BVI.

A modern aspect of the distribution of ChEs 
concerns the localization of transcripts and size-
isomers (the various physical forms of AChEs; see 
Massoulié, 2000, 2004; and section DII, above). 
The H subunits originating from the H transcripts 
are present in the form of GPI-G2 amphiphilic 
size-isomers in many embryonic tissues, but in 
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adult mammals they are present only in haemato-
poetic tissues and erythrocytes (and in the 
Torpedo). The T subunits are present in the adult 
mammalian muscle and its neuromyal junction, 
and they include globular amphiphilic and nonam-
phiphilic forms as well as collagen-tailed forms. 
The T subunits also exist in the mammalian central 
nervous system, and they include amphiphilic and 
nonamphiphilic globular (G) tetramers. While in 
the rat and in the quail the G1 amphiphilic form 
predominates during early CNS development, the 
hydrophobic-tailed G4 amphiphilic size-isomer 
predominates in the adult brain (Massoulié, 2000). 
The differential organ localization of these size-
isomers is not completely understood, but it is 
clear that their C-terminal peptides (see above, 
section DII) regulate their localization at the 
various sites, such as basal lamina; the differences 
between these domains of the various size-isomers 
may underlie their specifi c organ and tissue 
distribution.

The understanding of the evolutionary and 
ontogenetic role of the cholinergic components 
awaits the explanation of the functional signifi -
cance of distribution and role of the molecular 
forms of AChE, as well as of the nicotinic and 
muscarinic receptor subtypes. Besides the enigma 
of the presence of ChEs throughout phylogenesis, 
there is also the question of dimorphism of ChEs 
with respect to gender (see, for example, Maul and 
Farris, 2004).

2. Roles of ChEs

In the 1940s and1950s, after the early studies 
of the OP drug DFP and after the demonstration 
of cholinergic transmission at the peripheral and 
central synapses, it was thought that DFP exhibits 
a single effect and that AChE has a single role, 
both concerned with synaptic transmission. Even 
then, the role of BuChE was a mystery (see, for 
example, Augustinsson, 1963), and soon it became 
apparent that there might be more than one role 
for AChE. There are many reasons for considering 
BuChE to be an enigmatic enzyme; actually, Ezio 
Giacobini (2000) referred to it as “an enzyme in 
search of the substrate.” Butyryl cholinesterase is 
present jointly with AChE in the neurons, as well 
as in the white brain matter, and it can hydrolyze 
ACh (Karczmar and Koppanyi, 1956), but it is 

much less effi cient and much slower than AChE 
as an ACh hydrolase; accordingly, BuChE is not 
involved physiologically in synaptic hydrolysis of 
ACh (although it may be involved in regulation of 
ACh release at the neuromyal junction (Minic et 
al., 2003). Moreover, both BuChE and AChE 
appear very early in nonnervous stages of onto-
genesis (Karczmar, 1963a, 1963b; Layer, 1990; 
see also above, section 1, and Chapter 8 BI and 
BII), and, again, there is no explanation for this 
phenomenon. Then, the ratio between the two 
enzymes varies without apparent reason from one 
tissue to another, as does the ratio and the dis-
tribution from one species to another, particularly 
during development (Edwards and Brimijoin, 
1982). Finally, ChEs are present in many nonver-
tebrates, including monocellular species, and in 
plants; while the presence of both ChEs in para-
mecium and Trypanosoma, within or at the basis 
of their cilia, may subserve interciliary conduction 
and ciliary movement, there is no defi nitive expla-
nation for the presence of ChEs, BuChE, and/or 
AChE in other invertebrates, bacteria, and plants 
(see section 1, above; Beyer and Wense, 1936; 
Koelle, 1963).

Besides the problems related to BuChE dis-
tribution, there is no explanation with respect to 
BuChE rhythms; similarly to AChE, BuChE 
shows diurnal and seasonal patterns of activity, at 
least in some species (Goedde et al., 1967). Still 
another problem is that differential inhibition of 
BuChE in animals does not affect cholinergic 
transmission or general behavior (Tunek and 
Svensson, 1988), and individuals who lack or are 
partially defi cient in BuChE seem to function nor-
mally (except in special conditions, i.e., succinyl-
choline treatment; see above)

It is not that attempts at elucidating the role or 
roles of BuChE are lacking (see section 1, above) 
An old hypothesis proposed that BuChE protects 
the organism from excessive amounts of ACh or 
choline esters. This notion relates to the fi nding 
that nonnervous tissues (e.g., intestine) produce 
ACh constantly; therefore, there may occasionally 
be the danger of ACh overproduction and its 
undue action (Collumbine, 1963). In a similar 
vein, Dirnhuber and Lovatt Evans (1954) posited 
that in the submaxillary gland, BuChE has a 
“general mopping up function” that is needed 
following the catalytic action of AChE, and 
Karczmar and Koppanyi (1956) demonstrated that 
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BuChE and AChE of the erythrocytes and the 
serum cooperate in destroying choline esters 
(including ACh) whether administered pharmaco-
logically or present endogenously in the blood (for 
example, a butyrylcholine derivative; Kewitz, 
1959); they proposed that AChE and BuChE of 
the blood serve as “transport” ChEs and that the 
“transport” enzyme protects the organism from 
the excess ACh that may escape from other tissues 
into blood and from other choline esters present 
in the blood. Then, the high levels of BuChE in 
the lung and liver, which are major detoxifi cation 
sites of vertebrates including humans, led several 
investigators to suggest that this BuChE serves as 
a detoxifi cant (Neville et al., 1990a, 1990b; Jbilo 
et al., 1994) and that other BuChE may serve a 
similar purpose with respect to certain drugs and 
toxins. Also, Neville et al. (1990a, 1990b) sug-
gested that the resistance of some BuChE variants 
to plant alkaloids may protect these enzymic 
variants and preserve them as detoxifi ers, thus 
affording selective, evolutionary advantage to the 
organisms exhibiting these variants. In a similar 
vein, Hermona Soreq and David Glick (2000) 
emphasized that BuChE may act as a scavenger 
that binds antiChEs as well as, possibly, some 
naturally occurring toxins.

In addition, Ezio Giacobini (2000, 2003a, 
2003b) showed that a specifi c inhibitor of BuChE, 
given intracortically in the rat, markedly increased 
cortical levels of ACh, and he felt that this fi nding 
supports the validity of the “mopping up function” 
that BuChE may exercise under certain circum-
stances. It is of course expected that, since BuChE 
hydrolyzes ACh, antiBuChEs increase the levels of 
ACh, yet Giacobini’s fi nding does not necessarily 
signify that AChE requires BuChE’s help in split-
ting synaptically released ACh. Yet, he may have 
a point: it may be that certain brain parts, such as 
some nuclei of the thalamus, preferentially contain 
BuChE, while others especially exhibit AChE; 
thus, at these sites BuChE may be an important 
regulator of the duration of action of ACh and/or 
participate in cholinergic transmission (Darvesh 
and Hopkins, 2003); this point is, however, contro-
versial. It should be added that Giacobini relates 
this capacity of antiBuChEs to increase ACh levels 
to the treatment of Alzheimer’s disease, and this 
point is discussed in Chapter 10 K.

Certain hypotheses propose a functional role 
of BuChE in tissues or organs that are nonnervous 

in nature. Thus, George Koelle and his associates 
(1950) suggested that the BuChE of the small 
intestine smooth muscle controls the tone and the 
activity of the small intestine, as antiChEs affected 
intestinal function after selective inhibition of 
BuChE (see Koelle et al., 1950; Koelle, 1963; 
Collumbine, 1963). On a similar basis, Joshua 
Burn (with Kottegoda, 1953) suggested that 
BuChE controls the rate and beat amplitude of the 
rabbit auricles, and Dirnhuber and Lovatt Evans 
(1954) opined that BuChE regulates the secretion 
of the submaxillary gland. Shelley (1955) com-
mented that these fi ndings regarding the auricles 
and the small intestine relate to the relatively high 
level of ACh in these tissues (Shelley’s old data 
warrant rechecking). An interesting speculation 
concerns the reactivation of the hypodynamic frog 
heart by BuChE (and/or AChE); this effect could 
be observed even in the presence of physostig-
mine and was attributed to the activation by the 
enzymes of the sodium pump (Beznak, 1958; see 
also Goedde et al., 1967); it must be added that 
similarly it was proposed that the ionic transport 
of erythrocytes is regulated by ACh and AChE 
(see next paragraph). Finally, as BuChE and 
AChE are present both precociously prior to neu-
rogenesis and during early neurogenesis, it was 
speculated that these enzymes might play a trophic 
and differentiative role in development (Layer, 
1990; see below and Chapter 8 D).

To turn now to the role or roles of AChE: 
AChE was conceived at an early date as having 
the sole action of a synaptic and junctional enzyme, 
involved in the transmission of central and periph-
eral cholinergic synapses and in the transmission 
at the neuromyal junctions. George Koelle (1963) 
discussed at length the transmittive (humoral) role 
of AChE and posited that, depending on its site, 
the enzyme has two roles. The presynaptic enzyme 
protects the terminal from retrograde fi ring action 
of the released ACh, whereas the postsynaptic 
AChE terminates the action of released ACh and 
prevents it from clogging the synapse (Eccles, 
1936, 1964). Also, George Koelle (1963) pro-
posed that not all of the presynaptic enzyme is 
immediately functional. He used quaternary and 
tertiary antiChEs and his histochemical method 
for specifi c localization of AChE, particularly at 
the ganglia; the quaternaries inhibited the mem-
brane-located enzyme, and, when the membrane 
enzyme was protected by a reversible antiChE, the 
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tertiaries inhibited specifi cally the cytoplasmic 
enzyme. Employing this strategy Koelle and his 
associates determined that the presynaptic control 
exerted by AChE is due to the “external,” or 
“functional,” enzyme located in the membrane, 
while the cytoplasmic enzyme acted as the “reserve 
enzyme” (see also Karczmar, 1967).

An exception to the notion of the synaptic, 
transmittive role of AChE was posited by David 
Nachmansohn (1993b). Mostly on the basis of his 
studies of the effect of antiChE drugs on axonal 
conduction, he proposed that ACh is locally 
released in both cholinergic and noncholinergic 
axons, changing the axonal membrane permeabil-
ity and inducing the nerve potential. He postulated 
further that AChE regulates this conductive 
process and that it is involved in axonal 
conduction no less than in synaptic transmission. 
Finally, he sought to demonstrate that antiChEs 
affect both processes. Much evidence was 
collected indicating that this hypothesis, pursued 
stubbornly by Nachmansohn,7 is not tenable, as 
ACh and AChE are nearly or completely absent 
from noncholinergic—particularly sensory—
neurons and their axons and as concentrations of 
antiChEs that Nachmansohn was forced to 
employ to block axonal conduction were some 
100 times higher than those needed to com-
pletely inhibit AChE of other tissues. Yet, David 
Nachmansohn claimed, “One needs unorthodox 
concentrations to induce unorthodox effects” (see 
Chapter 1 and Table 1-6; for further arguments on 
the matter, see Koelle, 1963; and Karczmar, 
1967).

Nevertheless, there are problems with the 
“single role” concept of AChE. A particular 
dilemma is constituted by its presence in nonneu-
ronal, nontransmittive tissues. One of these tissues 
is blood. Not only is AChE presence in the blood 
mysterious, but, additionally, why is AChE found 
in erythrocytes of some species and the serum of 
some other species (see section DIII-1, above)? It 
must be added that erythrocytes contain other 
components of the cholinergic system, including 
ACh and the choline uptake system (Chapter 2 B 
and section CIV, above). And, like BuChE, AChE 
is present precociously during development as 
well in ephemeral tissues such as placenta (see 
above, this section, and Goutier-Pirotte and 
Gerebtzoff, 1955). The enzyme appears to be syn-
thesized locally in the placental syncytium, and at 

the end of gestation it moves to the labyrinthine 
lacunae that contain the fetal blood.

It must also be remembered that AChE and 
BuChE are secreted from neurons and certain 
other tissues (see preceding section). These fi nd-
ings compound the problem; does this release 
relate to the nontransmittive role of these enzymes 
in the nonnervous tissues? Does the release of 
AChE and BuChE from neurons also refl ect a 
nontransmittive role of these enzymes in the 
nervous tissue?

George Koelle (1963) stated that “it  .  .  .  is  .  .  .  
not possible to assign even a tentative function to 
the enzyme or its substrate” with regard to the 
presence of AChE in nontransmittive tissues such 
as erythrocytes or musculotendinous junctions of 
the skeletal muscle, or in the ephemeral tissues, or 
precociously in ontogenesis. Actually, tentative 
notions and speculations were raised with refer-
ence to these cases (for reviews, see Greenfi eld, 
1991; Appleyard, 1992; Massoulié et al., 1993a, 
1993b). Thus, Michail Gerebtzoff (Goutier-Pirotte 
and Gerebtzoff, 1955) pointed to the shift, toward 
the end of gestation, of AChE from the placental 
syncytium to the prefetal blood in the placental 
lacunae and speculated that this refl ects the pla-
cental hemopoietic activity that is taken over by 
other tissues of the embryo following gestation. 
Indeed, Rossi et al. (1991) and Hermona Soreq 
and her team (Patinkin et al., 1990) presented evi-
dence indicating that cholinergic mechanisms 
involving certain splice variants of AChE regulate 
and evoke proliferation and differentiation of 
hematopoietic lineages (Soreq particularly 
emphasizes the importance in this matter of the C-
terminal peptide of the “readthrough” variant, 
which she refers to as ARP; see also Massoulié 
et al., 1993a, 1993b). Is placental AChE preco-
ciously formed for this particular aim, then?

AChE and ACh (and sometimes BuChE; see 
above) of the erythrocytes, the epithelium of the 
frog, or the crab gills were implicated more than 
half a century ago in ion transport (see, for example, 
Greig and Holland, 1949; Kirschner, 1953; see 
also Karczmar, 1967; Koelle, 1963). These hypoth-
eses were based mostly on the permeability effects 
in these tissues of antiAChEs, and Mary and 
Lowell Hokin (1960; see also Hokin and Dixon, 
1993) proposed that at the membranes in question, 
phosphatidic acid functions as a sodium pump, 
ACh inducing a structural modifi cation in the 
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membrane, thus activating the pump. This putative 
function might be pertinent with respect to the 
presence of AChE in musculotendinous junctions 
or in the placental syncytium. Also, these ionic 
effects may underlie the role of AChE in protect-
ing the BBB and explain the damage infl icted on 
this barrier by antiChEs (see Chapter 7 DI).

Moreover, Botti et al. (1998; see also 
Massoulié et al., 1993a, 1993b) proposed an “elec-
trotactin” role for AChE (see also Chapter 2 B-3). 
Their thought was based on their demonstration of 
the homology of AChE with neurotactin (of Dro-
sophila) and mammalian neuroligin; neurotactin 
and neuroligin are adhesion proteins (electrotac-
tins) that are capable of interaction or bonding with 
other proteins and of conferring adhesive proper-
ties on cells that express the electrotactins. The 
homology in question relates to the electric dipole 
character and certain peptide sequences exhibited 
by ChEs as well as other electrotactins (see above, 
section DII-1, and Massoulié et al., 1993a, 1993b). 
In this sense, ChEs, like other electrotactins, may 
subserve a “structural” capacity for the cells that 
express them, independently of transmittive or 
hydrolytic functions.

Also, whether in the nervous system or in other 
tissues, AChE—and BuChE—may play a trophic 
role, and recent data strengthen this notion. The 
trophic and differentiation role of the components 
of the cholinergic system was suggested some 40 
years ago (Karczmar, 1963a, 1963b; Karczmar, 
1987; see Chapter 8 C). It was speculated subse-
quently that the precocious, preneurogenesis pres-
ence of ChEs in the fetus may refl ect their trophic 
effects, and the ontogenetic and teratogenic effects 
of antiChEs have a bearing on this speculation 
(see Chapter 8 CIII and Massoulié et al., 1993a, 
1993b). In addition, ChEs seem to play a part in 
the neuritic movement, in the regulation of axonal 
growth, and in the differentiation of synapses and 
junctions (Layer, 1990; see also Massoulié et al., 
1993a, 1993b). This trophic role of ChEs may 
persist postnatally and into adulthood. Thus, a 
robust augmentation of AChE activity and AChE 
mRNA levels and their subsequent decline were 
noticed during the early postnatal development of 
the rat thalamus and related to axonal outgrowth 
(Brimijoin and Hammond, 1996; see Chapter 8 
BIII). An example of the adult role was adduced 
by Csillik and Savay (1958), who found that 
residual AChE of the neuromyal denervated sub-

neuronal apparatus acts trophically on ingrowth of 
regenerating axon terminals. George Koelle also 
demonstrated this adult trophic function of ChEs. 
Koelle showed that the resynthesis of BuChE fol-
lowing its inhibition by sarin was accelerated by 
the AChE when the latter was protected from inhi-
bition, and vice versa (Koelle et al., 1979; Koelle, 
personal communication). Is it possible that this 
trophic role of ChEs is related to their presence 
not only during development but also in adult, 
nonnervous tissues? May it relate to their original, 
morphogenetic role in ancestral organisms? (See 
section 3, below.)

Current hypotheses do not directly relate to the 
matters raised so far, such as the role of ChEs in 
nonnervous tissues, and so forth, and, in fact, open 
an entirely new vista on the roles of ChEs. Hermona 
Soreq and David Glick (2000, 2002) suggested that 
AChE plays a role in certain behavioral states, par-
ticularly stress. First, they found that AChE-R 
(“readthrough” AChE; see above) accumulates in 
the long term after stress, administration of cortisol 
or the stress hormone, or exposure to OP antiChEs. 
The underlying mechanism may be a c-fos-
mediated increase in AChE gene expression. This 
increase may have short-range benefi t, for example, 
enhancing hydrolysis of ACh accumulated by 
antiChEs, but it may also have long-range dele-
terious behavioral (including decrease of survival) 
and pathological effects (on neurites; Layer’s 
notion on this matter was already mentioned). 
Recently, the Israeli team introduced an antisense 
oligonucleotide (EN101) that eliminates the stress-
induced AChE-R transcript; accordingly, it may 
have a therapeutic effect on stress (Brenner et al., 
2003).

These concepts and other notions presented in 
this section illustrate the possibility that, just as 
ChEs are a multiform family of enzymes and 
enzymic variants or isoforms, they also are multi-
functional. How far we are from the early con-
cepts of a single role for AChE!

3. Conclusions

Altogether, much remains to be done to unravel 
the role of BuChE, an “enzyme without natural 
substrate,” and to clear up the mysteries of AChE 
as a multifunction enzyme. The matter was much 
simpler when AChE was thought of as an enzyme 
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with a single, transmittive function at the synapses 
and junctions and when it was not known that it 
can be secreted from the nerves as if it were a 
transmitter! Today, after many years of efforts of 
distinguished investigators and in spite of many 
ingenious speculations, it is still not clear what 
BuChE and AChE do in the serum of some species 
and what AChE does in the erythrocytes of other 
species, what the role is of either enzyme during 
early stages of development, and what the signifi -
cance is of the ubiquity of these enzymes through-
out the plant and animal kingdoms, including 
noninnervated forms.

Speculatively, we can say that ChEs descend 
from an ancestral form that was not originally 
involved in transmission, but rather in trophic and 
morphogenic phenomena, the transmission role of 
these enzymes being an adaptation (for criticism 
of this notion, see Chapter 11); demonstrated fl ex-
ibility and adaptability of ChEs is consistent with 
this speculation.

Notes

1. Choline’s and phosphatidylcholine’s presence in the 
brain was known much earlier (Shimizu, 1921).

2. The Swiss Alexander von Muralt is an early cholin-
ergiker who delivered one of the fi rst comprehensive 
texts on the metabolism of choline and ACh, and on 
AChE. He was also a distinguished mountain climber 
and at one time the president of the Alpine Mountain-
eering Society.

3. Hans Kosterlitz was a prominent pharmacologist, an 
escapee from Nazi Germany who served for many 
years as head of pharmacology in Aberdeen, Scot-
land. While he is cited here for one of his many con-
tributions to the cholinergic lore, he is particularly 
known as a pioneer in the area of naturally occurring 
opiates, the endorphins.

4. There is wide-ranging use—whether as prescription 
medicines or over-the-counter drugs and food supple-
ments—of ACh precursors (such as choline and 
several phospholipids) in human depression and 
memory disorders; there is also the patent potential 
in the pertinent research.

5. Many investigators refer to the regions encoding the 
variable C-terminal peptides of AChE as exons. Jean 
Massoulié (personal communication) feels that the 
term “exons” as applied to these regions is incorrect, 
because these regions represent coding sequences 
that are not defi ned by splicing limits. Massoulié 
points out also that the mRNA encoding the R subunit 

also contains the H and T regions, which are noncod-
ing because of a preceding stop codon; similarly, the 
mRNA encoding the H subunit contains the T region 
(Taylor et al., 2000).

6. Jean Massoulié commented (personal communica-
tion) that, as these enzymes can be measured with 
great sensitivity, and as they were studied very exten-
sively, their presence was reported even in cases 
where their levels were very low.

7. David Nachmansohn’s studies of the role of ACh in 
conduction are stressed and criticized here. It should 
not be forgotten, however, that Nachmansohn was 
a great and prolifi c scientist, a pioneer in the studies 
of ChEs and their characteristics, and the discoverer 
(with Machado) of CAT. He merited a Nobel Prize 
and probably was not awarded one because of 
his longtime focus on the lost cause of ACh as the 
axonal conductor substance (Nashmansohn,
1963b).
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The story of receptors is bound with the history 
of the recognition of chemical transmission at 
the periphery and in the central nervous system 
(CNS). In turn, this recognition is based on the 
progress in the description of the anatomy of the 
peripheral and central nervous systems. This prog-
ress was described in detail several times (see, for 
example, Brazier, 1959; Karczmar, 1967, 1986; 
Pick, 1970); at this time, it suffi ces to list the main 
steps of the early history of this progress and the 
principal authors who were involved (Table 4-1). 
As shown in the table, by the 18th century the 
main characteristics of the central, autonomic, and 
peripheral motor systems were laid down; in fact, 
even 250 years earlier the great da Vinci had ren-
dered in his fi gures with much precision and few 
errors the details of the nervous systems (and other 
tissues).

A. Curare, Muscarine, 
Enzymes, and Bacteria

The story of the receptors was initiated long 
before the demonstration that the peripheral and 
central nervous systems both function via chemi-
cal transmission (rarely, via electric transmission) 
and, in the case of the autonomic and neuromyal 
sites as well as at important central pathways, 
via cholinergic signaling (see Chapter 9A and 
Karczmar, 1986, 1996). Actually, this initiation 
occurred on two early fronts: the fi rst concerned 
curare and the pharmacology of the neuromyal 
junction, while the second concerned the enzymes 
and microorganisms.

The curare story includes the identifi cation of 
its peripheral action, ultimately defi ned as localized 

at the receptor of the endplate. Curare, a derivative 
of the South American plant Strychnos toxifera 
and related South American plants (such as the 
genus Chododendron), was historically and 
prehistorically employed in hunting and in war 
by South American tribes (Holmstedt et al., 1983, 
1984; Wassen and Holmstedt, 1963). Its fi rst 
mention in Western literature is by Pietro Martire 
D’Anghera, an Italian companion of the conquista-
dores who describes it and its use in his 1516 book 
De Orbe Novo Decades (see Bovet and Bovet-Nitti, 
1949). Sir Walter Raleigh and other explorers and 
seamen became interested in curare, and samples 
of curare-containing materials were brought to 
Europe (see also Koelle, 1970; Taylor, 1995).

These materials got into the hands of Arnold 
von Koelliker in Germany and Claude Bernard 
in France. In 1856, von Koelliker described at 
a session of the French Academy of Sciences 
the “extinguishing” effect of curare at the motor 
nerves; he was apparently unaware of the earlier, 
more precise results obtained by Claude Bernard, 
so Claude rushed to present, again, his results at 
the next session of the academy (Bernard, 1856; 
see also Holmstedt and Liljenstrand, 1963).1

Bernard’s sense that curare acts at the endings 
of the motor nerves, the muscles remaining excit-
able, was based on the use, in frogs, of appropriate 
ligations and the subcutaneous injections of a 
piece of material containing curare in vivo, as well 
as on the in vitro experiments with muscle-nerve 
preparations. Actually, Bernard came near to sug-
gesting that curare acts at the neuromyal junction, 
as he stated that “curare must act on terminal 
plates of motor nerves” and that “curare does 
no more than interrupt something motor which 
puts the nerve and the muscle into electrical 
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relationship  .  .  .  required  .  .  .  for the movement” 
(from Bennett, 2000; see also Fessard, 1967); 
similar notions were developed by another 
Frenchman, E.F. Vulpian (1966). Emile Du Bois-
Reymond should be mention in the context of 
Bernard’s reference to the electrical origin of 
muscle movement; Du Bois-Reymond concluded 
in his studies of the neuromyal junction that there 
are several options to explain the nerve-muscle 
relationship; while he preferred the electric poten-
tial and the “electromotive particles” current as 
the source of movement, he conceded that a chem-
ical—such as lactic acid or ammonia—may be 
involved (Du Bois-Reymond, 1877). It must be 
added that the German microanatomist W. Kuhne 
described the endplate of the muscle in 1888.

An important step in the present context was 
made by A.C. Crum Brown and T.R. Fraser of 
Edinburgh (Crum Brown and Fraser, 1868).2 They 
established the fi rst evidence indicating that a 
structure-activity relationship (SAR) clarifi es the 
mode of action of curare, as they showed that the 
quaternary ammonium bases exhibit the common 
property of exerting curarelike action at the neu-
romyal junctions. This fi nding readily lent itself to 
the concept that a pharmacological agent must act 
by its conformity with the site of its action, namely, 
a receptor. The work of Crum Brown and Fraser 
also constitutes the beginning of the use of SAR 
in the studies of receptors and in the development 
of site-effective pharmacological agents (see 
Chapter 7 BI and BII).

An important step was made by John Langley3

and William Dickinson as they found that curare, 

similar to large doses of nicotine, paralyzes the 
autonomic ganglia; this fi nding helped in the notion 
of similar effects of curare—or d-tubocurarine; 
see below—at a number of peripheral and central 
sites (Langley and Dickinson, 1989).3 It is even 
more important in the present context that in his 
work Langley referred to a “a receptive substance” 
which consists of “radicles of the protoplasmic 
molecule” of the muscle to explain the actions of 
nicotine and curare on the muscle (Langley, 1905, 
1906; see also the elegant book of Robinson, 2001). 
Also pertinent is the discovery by Langley of the 
antagonism at the neuromyal junction between 
nicotine, when used in small, excitatory doses, and 
curare—another fi nding consistent with the notion 
of the receptors.

It must be noted that several native South 
American tribes possessed in the middle of the last 
century (see Holmstedt et al., 1983/1984) methods 
for con cocting curare-rich preparations and 
techniques for further purifi cations of these pre-
parations were developed in Europe and South 
America in the nineteen forties, culminating with 
the efforts of O. Wintersteiner, Venancio Deulo-
feu, Heinrich and Theodor Wieland and others 
(see Bovet and Bovet-Nitti, 1949; Bovet et al., 
1959). Even earlier, H. King (1935) sought to 
establish the structure of the pure component of 
the curare materials; however, his formula con-
tained two quaternary ammonium groupings, and 
a long time passed before it was established (see 
Bovet, 1972) that the d-tubocurarine molecule 
contains one quaternary and one tertiary nitrogen 
grouping. This progress culminated in the work of 

Table 4-1. Early History of Anatomical Studies of the Peripheral and Central Nervous System

Herophilus (300 bce), Erasistratus Describe peripheral nerves, including autonomic, and brain
 (290 bce) convolutions
Galen (129–200) Describes 7 pairs of “swellings” (autonomic ganglia)
da Vinci (1452–1519) Draws complete pictures of human anatomy, including central

 and autonomic nervous systems
Andreas Vesalius (1514–1565?) Illustrates in his tables peripheral and central nervous systems, 

 including, possibly, the vagosympathetic nerve (under “septi
transversi nervus”)

C. Estienne, B. Eustachio, and C. Reid Describe sympathetic postganglionic nerves as “intercostals”
 (1550–1630) 
J.B. Winslow (1669–1760) Renames “intercostals” “nervi sympathici maximi”; they generate

 “animal spirits” or “sympathins”
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Daniele Bovet and his wife, Filomena Bovet-
Nitti, on synthetic derivatives of d-tubocurarine 
and their SAR (Bovet and Bovet-Nitti, 1949). 
Parenthetically, the Bovets used the term 
“placca motrice” and “sostanza recettrice” to 
explain the neuromyal effects of curare and 
d-tubocurarine.

In parallel with the studies of Langley, the 
concept of receptors received a boost on a micro-
molecular level. Working with several enzymes 
and such compounds as glucosides, the German 
biochemist Emil Fischer (1894) established that 
enzymes possess “active sites” and the com-
pounds, whether inhibitors, accelerators, or sub-
strates, act on these sites. To be effective at 
these sites, they must fi t like “a lock and key” 
via a “template principle”—a phenomenon sub-
sequently referred to by Irwin Wilson as obeying 
“the law of complementarity” (see Chapter 7BII). 
Then the famous German microbiologist Paul 
Ehrlich (1909) posited “the side-chain theory.” It 
was based on his studies of trypanosomes and 
arsenicals, which he developed for “chemother-
apy” treatment of trypanosomiasis. Ehrlich stated 
that a “combining group of the protoplasmic mol-
ecule to which the introduced group is anchored 
will hereafter be termed receptor”; this group 
possessed “chemical side chains.” Ehrlich also felt 
that the receptors contain an sulfhydryl (SH) group 
as an active anchor, and he extended his theory 
into the side-chain theory of immunity.

It is exciting that these two scientifi c giants, 
Langley and Ehrlich made a contact! In his earlier 
work Langley did not refer to Ehrlich’s work, but, 
already in 1908 he stated that his notion of drugs 
or “secretins” action on the “receptive” substance 
“is in general on the lines of Ehrlich’s theory of 
immunity”, that is, the part of the theory concern-
ing the drug action on the receptors. Ehrlich 
(1914) graciously acknowledged “the brilliant 
investigations by Langley”. Ehrlich stated that 
Langley’s work “on the effects of alkaloids
  .  .  .  caused my doubts to disappear and made the 
existence of chemoreceptors seem probable  .  .  .” 
(see also Bennett, 2000).

It should be noted that, in the cholinergic story, 
muscarine and atropine occupy almost as an 
important position as curare. Their sources, 
Amanita muscaria and solanacea plants, were used 
prehistorically and today by African and South 
American tribes for ther magic properties as hal-

lucinogens (see Wasson, 1973; Lewin, 1924; 
Henry, 1949). In the present context of the research 
concerning cholinergic (muscarinic) receptors, 
atropine is less relevant than muscarine (for 
the story of atropine see several chapters in 
Holmstedt’s and Liljenstrand’s book, 1969, and 
Karczmar, 1986). Oswald Schmiedeberg, the 
father of pharmacology, was the fi rst scientist to 
study the Amanita materials, and he and Koppe 
(1869) pointed out that muscarine and vagal 
stimulation produced identical cardiac effects, 
these effects being both antagonized by atropine. 
In due time, Schmiedeberg’s fi ndings and addi-
tional XIXth Century investigations of muscarine 
made Walter Dixon suggest that muscarine may 
be the substance which is involved in the vagal 
effect on the heart (see Holmstedt and Liljesrand, 
1963; Waser, 1962; Karczmar, 1986). Of course 
the work of Reid Hunt, Sir Henry Dale and, ulti-
mately Otto Loewi established ACh as the endog-
enous agent that evokes the vagodepressant effect 
at the heart (see Holmstedt and Liljestrand, 1963 
and Karczmar, 1986). Subsequently, the presence 
of muscarinic receptors was established for the 
ganglia and the enteric nervous system, and studies 
of SARs of muscarinic and atropinic drugs were 
initiated with respect to the muscarinic smooth 
muscle sites (see Karczmar, 1986).

As to the central muscarinic receptors, Chris 
Krnjevic and other members of the Canberra 
team4 demonstrated in the nineteen sixties that 
muscarinic receptors are present in the brain and 
that, actually, they predominate in the brain 
compared to the nicotinic receptors (see also 
Karczmar, 1963 and 1993). In fact, even the 
classical nicotinoceptice neuron, the Renshaw 
cell, contains muscarinic receptors (many central 
neurons, including the Renshaw cell, exhibit both 
muscarinic and nicotinic receptors; see Chapter 
9A). It appeared early that central and peripheral 
muscarinic receptors resemble each other: the 
SARs of atropinics used as antagonists of periph-
eral and central muscarinic effects were found to 
be closely correlated (Karaczmar and Long, 
1958).

Ultimately, as in the case of the nicotinic 
receptors, the use of ligands and toxins, their 
radioactive derivatives and of molecular biology 
methods helped in establishing the structures of 
the subtypes of muscarinic receptors (Burgen, 
1989; see Chapter 5D).
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B. Receptors and the 
Demonstration of the 
Cholinergic Transmission

As already pointed out, the notion of choliner-
gic receptors is bound with the demonstration of 
cholinergic transmission; indeed, synaptically 
released ACh requires receptors to be effective, 
unless it generates electric current to evoke post-
synaptic and junctional transmission. In fact, John 
Langley’s notice of the “receptive” substances 
was logical outcome of the reasoning such as this; 
furthermore, his demonstration of the curare-
nicotine antagonism at the ganglia and the neuro-
myal junctions and subsequent demonstrations of 
ACh-atropine antagonism at muscarinic periph-
eral and central sites and ACh-curarimimetic or 
nicotine-curaremimetic antagonism at the cholin-
ergic central sites militated against the notion of 
the generation of electric current by ACh and 
favored the receptor concept.

Then, Sir Henry Dale distinguished two differ-
ent actions of ACh, the depressor actions at the 
cardiovagus terminals and other parasympathetic 
sites, and the pressor actions at the ganglia that 
ACh could exert after its depressor action was 
blocked by atropine. Previously John Langley 
showed that in small, non-paralysant doses nico-
tine exhibits excitatory effects. Dale referred to 
these two phenomena as “muscarine actions” and 
“nicotine actions.” And Dale postulated that these 
actions occur at a “excitable structure” which is 
endowed with a “specifi c constitution”—a neat 
defi nition of a receptor (Dale, 1914, 1934, 1965; 
the term “excitable structure” was also used in the 
nineteen thirties by Lord E.D. Adrian). Indeed, 
Dale felt that in the nineteen thirties the stage was 
set for the direct demonstration of chemical—in 
this case, cholinergic—transmission at these sites.

In fact, the proofs of peripheral and central 
cholinergic transmission at the parasympathetic 
nerve endings and at the spinal Renshaw cell were 
delivered by Otto Loewi and John Eccles, respec-
tively, relatively soon after Dale’s prediction in 
the case of the cardiovagus and many decades 
after his dictum in that of the CNS (see Chapter 
8A and Karczmar, 1967a, 1986, 1996, 2001). In 
the nineteen thirties and forties A.W. Kibjakov, 
Geoffrey Brown, Sir William Brown and Sir 
William Feldberg provided the demonstration of 

cholinergic transmission at the ganglia and several 
parasympathetic sites (Karczmar, 1967a). Subse-
quently, the presence of muscarinic and nicotinic 
transmission at several CNS sites was established 
by Chris Krnjevic, Davis Curtis, J.W. Phillis, 
R.W. Ryall, and other (see above, Section 1, and 
Karczmar, 1967).

An interesting aspect of the receptor story con-
cerns the developmental appearance of nicotinic 
and muscarinic receptors; the novelty of this 
aspect is the apparent desynchrony between the 
ontogenetic appearance of the receptors and of 
other cholinergic components (see several Sub-
chapters of Chapter 8, and Salpeter, 1987).

C. The “Abstract” Phase of the 
Receptor Research

The demonstration of the presence of cholin-
ergic transmission at the peripheral and central 
nervous systems and the notion that receptors are 
necessary for cholinergic action did not lead 
immediately to the direct demonstration of recep-
tors as chemical entities. In fact, Robert Furchgott 
stated that “It must be admitted  .  .  .  that, with rare 
exceptions, we can neither identify the receptor as 
an individual chemical entity nor study the primary 
chemical or physical change which occurs when 
drug and receptor interact. Nevertheless, there is 
impressive indirect evidence, particularly from 
studies on quantitative aspects of drug antago-
nism, for the validity of the concept that receptors 
are specifi c and real (Schild, 1962)” (from 
Furchgott, 1964; italics mine). This statement 
constitutes a very good motto for the “abstract 
phase” of receptor research, i.e., a phase when 
receptors were described in terms of equations and 
physicochemical concepts. It should be added that 
this “abstract” work was carried out in terms of 
dose-effect relationships and SARs established 
with respect to smooth and skeletal muscle of 
frogs and other species (see Schild, 1979). An 
interesting preparation was the rat intestinal prep-
aration of John Vane (1964), a Nobelist: the prep-
aration is arranged vertically and, as the agonist 
or antagonists descends the preparation, it reacts, 
depending on the agent, with specifi c parts of the 
intestine that are sensitive to various peptides, cat-
echolamines, histamine, etc. Another useful prep-
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aration is the oesophagus of the opossum as it 
discriminates among several muscarinics (Goyal 
and Rattan, 1978). While much of the SAR and 
related work quoted in this section was carried out 
in vitro on the smooth and skeletal muscle prepa-
rations, some early investigations concerned the 
central muscarinic SAR (Karczmar and Long, 
1958; see also Bebbington and Brimblecombe, 
1965; Taylor, 1995; and several chapters of book 
edited by Joan Heller Brown, 1989).

Actually, this era started already before the 
demonstration of the presence of cholinergic 
transmission whether at the periphery or central. 
In 1926, Alfred Clark posited the concept of com-
petitive actions at the receptors of agonists and 
antagonists. Clark came to the notion of receptors 
as he calculated, on the basis of the heart mass and 
the effective dose of digitalis preparations that 
only very small fraction of the heart’s muscle cell 
surface is occupied by the drug when the latter is 
effective. Subsequently, he became cognizant of 
the notions of his Cambridge predecessor, A.V. 
Hill that the of nicotine-induced frog muscle con-
traction is refl ected by the mass equation relating 
the height of the contraction to the combination 
between the agonist and “some constituent of the 
muscle” i.e. the receptor (Hill, 1909; see also Rob-
inson, 2001). Clark, studying the effects of ACh 
on the frog heart and muscle, proposed that, essen-
tially, the response to a “competitive” agonist is a 
positive function of the number of receptors occu-
pied by the agonist, as represented in his equations 
by the RA element (“occupation theory”). Clark 
and John Gaddum defi ned competitive antago-
nism and agonism as receptor-agonist and 
receptor-antagonist complexes such that their 
components can fully dissociate. And Gaddum 
developed an equation that describes the revers-
ible competitive antagonism that occurs when the 
antagonist competes with the agonist by reacting 
reversibly with the same receptor with which the 
agonists reacts.

Robert Furchgott (1955, 19646), and E.J. 
Ariens (1954, 1964) corrected Clark’s equation by 
introducing the concepts of intrinsic activity and 
dissociation constants, while Stephenson (1956) 
amended Ariens’ equation by introducing the 
effi cacy factor. Then, H. Schild (see Schild, 1957) 
developed plots that determined the agonist asso-
ciation constants. Next, Paton (1961) introduced 
“rate theory” of agonist and antagonist action as 

he produced evidence indicating that the receptor 
response is a function of the rate of association 
between drug molecules and receptors. And 
corrections concerning muscarinic responses were 
advanced by Sir Arnold Burgen and his associates 
(Burgen and Hiley, 1975; see also Burgen, 1989). 
Then, E.J. Ariens stressed the selective role of 
stereoselectivity as he demonstrated that only one 
of stereoisomers of active agonists and antagonists 
may be effective at a receptor—a notion that is, of 
course, very consistent with the receptor concept 
(see, for example, Beld and Ariens, 1974). In addi-
tion, Ariens and others stressed that only only one 
of the stereoisomers of an agent is effective at a 
receptor. In this context Ariens (1993) posited the 
terms “homochiral” and “chiral” to denote drugs 
that contain single isomers and “mixtures” of 
isomers, respectively.

It was soon realized that agonists differ in their 
maximal activity and that certain other agonist and 
antagonist characteristics did not fi t the earlier 
notions. Accordingly, additional defi nitions were 
introduced by Furchgott and the Nijmegen team 
of E.J. Ariens and J.M. Van Rossum. Thus, partial 
agonists exert partial effect compared to “full ago-
nists,” even after saturating the available receptors 
(Ariens, 1964). Also, they developed the concept 
of “spare receptor.” This term is to be understood 
as follows. All receptors theoretically contribute 
to a given effect. The term “spare receptors” 
signifi es that the receptor-signal transduction is 
attainable with submaximal receptor occupancies, 
which, in turn, indicates that the receptor-signal 
transduction system of a tissue is very effi ciently 
coupled; and, since the maximal effect is attained 
at submaximal occupancies, the tissue is said to 
possess “spare receptors.” Actually, the impor-
tance of this concept is that there is a signifi cant 
amplifi cation built into the stimulus-response 
machinery of the particular tissue. Finally, Ever 
hardus Ariens used the term “autoinhibition” 
which was defi ned as a secondary action of the 
agonists at the site different from the specifi c site 
of the agonist effect.

An important concept that was referred to by 
Furchgott and the Nijmegen investigators was that 
of noncompetitive antagonism. In this case, the 
antagonists react with a site on the receptor differ-
ent from the site of action of the agonists; while 
attached there, the antagonist prevents the action 
of the agonist. Furchgott (1955, 1964) claimed 
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that the noncompetitive antagonism does not exist 
and the noncompetition can only arise when the 
antagonist acts on another receptor. He felt also 
that evidence exists only for irreversible competi-
tive antagonism from which there is a “extremely 
slow recovery” and he posited equations illustrat-
ing this effect (see also Robinson, 2001). This 
notion was in agreement with the fi ndings of 
Mark Nickerson (1956) concerning the relation at 
a smooth muscle between histamine and dibena-
mine, an irreversible antagonist and with the 
notion that protection is possible with regard to 
irreversible antagonists (Furchgott, 1955, 1964). 
Yet, the concept of noncompetitive antagonism 
which occurs when the antagonist and the agonist 
act at two different sites of the same receptor 
received recent confi rmation with respect to 
AChE (see Chapter 3D1 and 3D2) and receptors; 
in fact, cholinergic (nicotinic and muscarinic) 
and non-cholinergic receptors possess allosteric 
binding sites that can mediate non-competitive 
antagonism.

Ultimately, Robert Furchgott presented a 
number of SAR curves, each being characteristic 
for a specifi c type of AR interaction. Importantly, 
he also referred to the phenomena of desensitiza-
tion as originating at the receptor (see also Chapter 
8B3-2)

Peter Pauling, the son of the double Nobelist, 
Linus Pauling employed a different approach in 
this era of “abstract” receptor. Pauling and his 
associates used atomic models, SARs and diff-
raction analysis of the crystals of pertinent com-
pounds to establish their structures and their 
conformation and conformational parameters with 
regard to the activity of these compounds at the 
cholinergic sites (he and his associates rarely use 
the term receptor). It is important to note that “by 
‘structure  .  .  .  he  .  .  .  refers to the three dimen-
sional structure of molecules”  .  .  .  “rather than 
two-dimensional chemical line diagrams” 
(Pauling, 1975)! Pauling stresses also that, outside 
of the nervous system, ACh structure may be 
“labile” and therefore analysis of ACh crystals 
may not be as useful as that of more rigid cholin-
ergic drugs. He applied this methodology to mus-
carinic and nicotinic agonists and antagonists and 
curarimemetics. He also studied the conforma-
tional characteristics of ACh as relevant to its role 
as the substrate for AChE. Ultimately, he defi ned, 
with respect to these various types of cholinergic 

drugs and to ACh the distances between key atoms 
or groups (such as the distance between the nitro-
gen and the methyl radical in the case of ACh) as 
well angles and rotation coeffi cients of the link-
ages between various radicals.

It is surprising how the parameters that Pauling 
established for the active cholinergic drugs agree 
with the modern results and modern models 
posited for the molecules in question. And his 
notion of the importance for the effectiveness of 
cholinergic agents of three-dimensional confor-
mity between the receptors and the agents in 
question is analogous with Irwin Wilson’s law of 
“complimentarity” with Wilson used for the 
rational design of oxime reactivators (see Chapter 
7B2)

D. The Reality of the Receptors

The fi rst inkling that “the impressive indirect 
evidence” for the existence of receptors may be 
turned into direct evidence was provided by Peter 
Waser. In the 1950s and 1960s, he employed 
radiaoactive nicotinic and curarimimetic ligands 
(particularly decamethonium and curarine and 
radioautograpy methods; Waser, 1960). Using 
Koelle’s AChE stain and comparing the locale of 
the stain and of the ligand he demonstrated that 
the ligands bind almost exclusively to the end-
plates of skeletal muscles (such as intercostals of 
the mouse). Also, curarine bound weakly to “non-
specifi c mucopolysaccharide receptors”. In sub-
sequent work concerning the “precipitation” of 
the receptors (see infra, this Section) ACh and 
curarine bound to polysaccharides causing 
sometimes erroneous interpretation of the results. 
Similar work followed, utilizing radioactive toxins 
derived from the cobra and kait venoms such as 
alpha-bungarotoxin that proved very specifi c for 
the nicotinic receptors (Lee et al., 1967; Raftery 
et al., 1971; see also Lindstrom, 1998). And radio-
active toxins derived from the snake mamba as 
well as radioactive agonists such as oxotremorine 
and antagonists such dexetimide (Bel and Ariens, 
1974) were used to demonstrate the presence and 
distribution of muscarinic receptors (Birdsall et 
al., 1978; see Wolfe, 1989 and Birdsall and Hulme, 
1989 P; see also Chapter 5B and 5D1).

To one of us (AGK); the real drama occurred 
at a symposium held in 1959. At this symposium 
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three investigators showed the audience a “real” 
material which they claimed were the nicotinic or 
curareceptive receptors. Two of these investiga-
tors were Carlos Chagas and Miss A. Hasson of 
the Rio de Janeiro Instituto de Biofi sica. These 
investigators, who are the pioneers of the research 
on the electric fi sh, employed extraction methods 
described originally by Chagas. The purifi ed 
extract, obtained as a powder, was a polysaccha-
ride that could bind ammonium bases, ACh and 
succinylcholine (Chagas and Hasson, 1961; see 
also Hasson-Voloch, 1968). Then, Sy Ehrenpreis 
(1961) used the ammonium sulfate fraction of the 
extract from the electroplaque material to precipi-
tate by means of d-tubocurarine a protein; this 
protein could bind, relatively specifi cally, several 
ammonium bases as well as an oxime.

At the symposium, these two papers were vig-
orously discussed. While “seeing” the receptor 
was exciting, then and now, the materials obtained 
by Hasson and Ehrenpreis were not accepted as 
receptors (see also Robinson, 2001). It is interest-
ing that while Ehrenpreis worked at the time in 
David Nachmansohn’s laboratory, Nachmansohn 
did not accept Ehrenpreis’ protein as the receptor. 
There was subsequently an attempt by Jean-Pierre 
Changeux to obtain the nicotinic receptor via 
solubilizing the electroplaque membrane with a 
detergent; he demonstrated the binding of the 
resulting protein with radioactive decamethonium 
(Changeux et al., 1970). Additional progress con-
cerning nicotinic receptors was made in the seven-
ties of the past Century by A. Karlin and Ricardo 
Miledi, two pioneers in research on nicotinic 
receptors. Miledi and his associates (1971) used 
electric tissues of Torpedo and employed purifi ca-
tion, toxin binding and membrane dissolving 
methods to isolate a 80,000 MW protein which 
they considered to be “the acetylcholine receptor”. 
Karlin used an irreversible sulhydryl-labelling 
reagent maleimido benzyl trimethyl ammonium to 
identify a 40,000 MW peptide in receptor contain-
ing preparations of the electroplaque (see Karlin 
and Cowburn, 1973).

In due time, the approachs, employed by the 
pioneers in cholinergic receptor isolation yielded 
to different methodology that proved more fruitful 
both with respect to nicotinic and muscarinic 
receptors. For either receptor, these methods 
involved ligand binding sequential purifi cation 
steps, immunization, affi nity chromatography, 

aminoacid sequencing, crystallography of purifi ed 
receptors and of their prototypes, and, ultimately 
molecular methodology; these methods are 
described in Chapters 5D and 6B.

It should be noted that the pertinent research 
that concerns the nicotinic receptors has had an 
advantage over the studies of muscarinic recep-
tors. There are several sources that are very rich 
in niconitic receptors, including the electroplaques 
of several species of Torpedo (see several articles 
in Chagas and Carvalho, 1961). On the contrary, 
“the solubilization and purifi cation of mAChR 
(muscarinic ACh receptor) has proven to be rather 
diffi cult because of a low density of receptor 
sites,”  .  .  .  of available the tissues, organs and 
species  .  .  .  “poor yields of solubilized protein 
upon dergent extraction, and “.  .  .  mscarin-
ic  .  .  .  “receptor instability in many commonly 
used  .  .  .  detergents” (Schimerlik, 1989; see also 
Schimerlik, 1990). Porcine atria and porcine 
cerebullum are used currently with good success. 
The modern information concerning ligand 
binding, molecular biology methodology, and 
identifi cation of post-translational modifi cations 
are discussed in detail in Chapter 5D.

E. Receptor Subtypes

Langley and Dale did not envisage that the 
nicotinic and muscarinic receptors are heteroge-
neous, and this state of the matter persisted till the 
1950s of the previous Century. Thus, William 
Paton and Eleanor Zaimis (1951) described strik-
ing differences between nicotinic receptors of the 
ganglia and of the neuromyal junction, this differ-
ence being refl ected, for example, in the differ-
ences in the potency of alpha-bungarotoxin at the 
brain, ganglionic and neuromyal sites. Actually, a 
single organ may contain a variety of nicotinic 
receptors, as stressed by Agneta Nordberg (see 
Adem and Nordberg, 1988). These nicotinic 
receptor differences relate to the diversity of the 
nicotinic receptor genes (see Patrick et al., 
1993).

Modern methods of labeling the nicotinic 
receptor, multiple purifi cation steps (see Raftery 
et al., 1971), chromatographic and ultracentrifuge 
techniques, aminoacid sequencing, electron-
micro scopy (Kistler et al., 1982) and, fi nally, 
molecular biology techniques brought about the 
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identifi cation of the structure and the distribution 
of nicotinic receptor subtypes (see Chapter 6, and 
Robinson, 2001). An important step in this direc-
tion was made by A. Karlin. He defi ned the four 
protein subunits of the purifi ed nicotinic receptor 
of the Electrophorus plaque (Karlin and Cowburn, 
1973). It turned out that nicotinic receptor sub-
types represent different combinations of 
subunits. This diversifi cation of nicotinic (and 
muscarinic) subtypes contributes to the plasticity 
and versatility of the brain function (see Chapters 
5 and 6; see also Robinson, 2001 and Changeux 
et al., 1996).

As in the case of nicotinic receptors, it was 
thought originally that there is only one type of 
muscarinic receptor; and, as already mentioned 
(see above, Section 1) pharmacological evidence 
indicated that peripheral and central muscarinic 
receptors are similar if not identical (Karczmar 
and Long, 1958). Indeed, similar indication was 
derived from the nineteen seventies studies of Sir 
Arnold Burgen, Henry Yamamura, Sol Snyder, Ed 
Hulme and Nigel Birdsall of the relationship 
between the binding properties and the analysis of 
smooth muscle responses (see Burgen, 1989; 
Birdsall and Hulme, 1989, and Wolfe, 1989). Yet, 
soon evidence begun emerging indicating that, as 
expressed by Nigel Birdsall and Ed Hulme, 
“.  .  .  the picture  .  .  .  is very complex” (Birdsall and 
Hulme, 1989). Already in 1951, Riker and Wescoe 
found that the curarimimetic gallamine blocks the 
muscarinic cardiovagal muscarinic receptor, but 
not the muscarinic receptors elsewhere. And, an 
atropinic, 4-diphenyl-acetoxy-N-Methyl piperi-
dine methiodide (4-DAMB) showed similar dis-
crimination with regard to smooth muscle and the 
cardiac muscarinic receptor (Barlow et al., 1976). 
And, with respect to agonists, in 1961 Peter Rosz-
kowski described an unusual muscarinic synthetic, 
McN-A-343, which stimulated the ganglia, induc-
ing a vasopressor effect, but which has no effects 
on the heart or the smooth muscle! This riddle was 
solved when it was demonstrated that this com-
pound stimulates selectively the M1 receptors 
(other explanations were offered by Bjorn 
Ringdahl, 1989).

These early intimations served as an introduc-
tion to the notion of the multiplicity of muscarinic 
receptors; the introduction of pirenzepine (Leitold 
et al., 1977) was an important step in this direc-
tion, as it appeared that pirenzepine discriminated 

among at least three receptor subtypes (see Burgen, 
1989 and Birdsall and Hulme, 1989). Chapter 5 
describes 5 muscarinic receptor subtypes, and the 
list may not be closed as yet!

F. Brief Conclusions

As in the case of other areas of cholinergic 
research, the development of our understanding 
of the cholinoceptive receptors was rapid and 
dramatic. It progressed from the demonstration 
of peripheral site of action of curare by Claude 
Bernard to the linking of this discovery with the 
notions of John Langley and Sir Henry Dale and 
with the defi nitions of the receptor posited by Paul 
Ehrlich and Emil Fischer. Later, this understand-
ing advanced rapidly from the days of the “abstract 
receptors” to “real receptors”, their aminoacid 
sequence, their structure and subtypes. Method-
ologically, we moved from the SAR of the frog 
rectus or frog atrial response to the QSARs, 
molecular biology methods and to the concept of 
allostericity.

Our current understanding of the receptors and 
their subtypes completes our knowledge of the 
mechanisms of transmission, of the messenger-
connected signalling by the receptors, and of the 
specifi city of transmission combined with the ver-
satility and plasticity of peripheral and central 
responses. And, from the applied viewpoint, the 
defi nition of the receptors and their subtypes leads 
to advances in specifi c treatment of disease and 
affords hope for success in this area.

Notes

1. Claude Bernard is a good example of the glory of the 
French science in the XIXth Century, the French 
competing with the Germans and the English for sci-
entifi c hegemony. Claude was a pupil of Francois 
Magendie, the identifi er of dorsal roots as site of 
sensation and ventral roots as a site of motor action 
(there is a con troversy as to whether Magendie or 
Charles Bell has the priority with resect to this dis-
covery). Besides his epochal studies of curare, Claude 
Bernard is credited with the discovery that the toxic-
ity of carbon monoxide is due to its binding with 
hemoglobin and with the develop ment of the concept 
of the “milieu interieur” (see Mauriac, 1954).
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2. For the contribution of Fraser to the studies of Calabar 
bean and physostigmine, see Chapter 9A.

3. For the great John Newport Langley’s contributions 
to the understanding of the autonomic nervous system 
(he actually coined the terms “autonomic nervous 
system” and “parasympathetic nervous system”), see 
Fletcher (1926), Holmstedt and Liljestrand (1963), 
and Karczmar (1986).

4. These investigators established central cholinocep-
tivity via direct, iontophoretic application of ACh 
and pertinent drugs to various CNS sites. For the full 
story of the demonstration of central, autonomic, and 
neuromyal cholinergic transmissions, see Chapter 9 
A; Karczmar, 1986; and Zaimis, 1962, respectively.

5. Raymond Alquist (1948) and a number of distin-
guished pharmacologists, such as Ulf Svante von 
Euler and R.J. Lefkowitz, worked mostly with cate-
cholamines as they contributed to the concept of 
receptors. But, Lee Limbird (2004) could have been 
more balanced if he referred even once to cholino-
ceptivity in his 2004 general review of the receptor 
concept.

6. While Furchgott reviewed (1964) the types of cholin-
ergic, muscarinic, curarimimetic, and nicotinic 
receptors, their agonists and antagonists (see also 
Trendelenburg, 1961), and while he is a distinguished 
theoretician of receptor dynamics and kinetics, 
unfortunately, he is not a cholinergiker. His research, 
on which he based his generalizations, concerns the 
smooth intestinal and vascular muscle, the actions of 
catecholamines and their antagonists, and the energy 
requirements for their relaxation or dilation and con-
traction (Furchgott, 1955). His 1955 review, elegant 
and conceptually rich, is more than 80 pages long and 
contains 404 references (one of us may own a record 
for both categories; see Karczmar, 1967). He earned 
his Nobel Prize (1998) for his experimental a as well 
as theoretical work and for his demonstration that 
blood vessel endothelia release nitric oxide—a retro-
grade messenger—which dilates the blood vessels. 
Once, when he was a candidate for the presidency of 
the American Society for Pharmacology and Thera-
peutics, Furchgott told the ASPET members, “Vote 
for me if you want a bad president.”

7. For early differentiation between muscarinic receptor 
subtypes, see Roszkowski, 1961.
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A. Introduction

Muscarinic acetylcholine (ACh) receptors 
(mAChRs) are members of the 7 transmembrane-
spanning, guanine nucleotide-binding protein (G 
protein)-coupled receptor (GPCR) superfamily. 
There are 5 subtypes of mAChRs, and these 
mediate the majority of the actions of ACh in both 
the central nervous system (CNS) and the periph-
ery. For example, peripheral mAChR activation 
results in a reduction in heart rate and vasodilata-
tion of vascular beds, increases in exocrine secre-
tions from sweat and lacrimal glands, and 
contraction of smooth muscle in the gastrointesti-
nal tract, airways, ciliary body, and iris sphincter. 
All 5 subtypes of mAChRs are expressed in the 
CNS and are postulated to play a role in learning 
and memory, arousal, REM sleep, psychotic states, 
control of movement, thermoregulation, reward 
behaviors, and the generation of epileptic foci. 
This chapter provides an overview of current 
knowledge regarding the structure, function, and 
pharmacology of the mAChRs, with a particular 
emphasis on their roles in the CNS. For a histori-
cal introduction, see Chapter 4 A–E.

B. Pharmacological 
Classifi cation

Historically, the studies of Riker and Wescoe 
(1951) on the cardioselective inhibition of mAChR 
function by gallamine gave the fi rst indication of 
the existence of more than one subtype of mAChR. 

A decade later, Roszkowski (1961) demonstrated 
that the agonist 4-(3-chlorophenylcarbamoyloxy)-
2-butynyltrimethylammonium chloride (McN-A-
343) had a preferential effect on mAChRs located 
in sympathetic ganglia while having practically 
no activity on mAChRs in the heart and smooth 
muscle, and Barlow et al. (1976) also provided 
early functional evidence for differences between 
the pharmacology of mAChRs located in the 
ileum and those in the atrium. However, it was not 
until the introduction of the antagonist pirenzepine 
and the demonstration that this compound could 
clearly differentiate between types of mAChRs 
in both radioligand binding (Hammer et al., 1980) 
and functional (Brown et al., 1980; Hammer and 
Giachetti, 1982) assays, that the existence of at 
least 2 distinct mAChR subtypes was formally 
proposed (Hammer and Giachetti, 1982). The sub-
sequent advent of molecular cloning techniques 
(see section D, below) has of course confi rmed the 
existence of 5 distinct subtypes of mAChR protein, 
but the pharmacological classifi cation of mAChRs 
remains of paramount importance in confi rming 
the functional relevance of any expressed gene 
product, as well as validating novel therapeutic 
agents that target mAChRs.

In recent years, the advent of newer, high-
throughput functional screening assays promises 
to yield novel mAChR agonists with the potential 
for improved selectivity over existing agents. In 
addition, the use of a variety of snake toxins, pre-
dominantly from the black and green mamba, that 
appear to show quite impressive degrees of selec-
tivity for 1 or 2 mAChR subtypes relative to all 
others (see below) are also beginning to allow for 
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a more defi nitive pharmacological classifi cation of 
mAChR subtypes. However, mAChR pharmacol-
ogy is still generally characterized by a lack of 
truly selective agonists, as well as a lack of readily 
available antagonists that can differentiate any one 
mAChR subtype to the exclusion of all others.

1. Agonists

The use of agonist ligands to classify mAChR 
subtypes is unreliable for two reasons. First, the 
orthosteric site, that is, the domain on the receptor 
recognized by its endogenous agonist (ACh), is 
highly conserved across all 5 mAChR subtypes 
(see Section D), making it especially diffi cult to 
design small molecule agonists that discriminate 
one mAChR subtype from another. Second, the 
binding of an agonist ligand to any GPCR pro-
motes coupling of the receptor to its cognate G 
protein and changes the affi nity state of the recep-
tor for the agonist relative to that determined in 
the absence of G protein (Birdsall and Lazareno, 
1997; Christopoulos and El-Fakahany, 1999b; 
Ehlert, 1985); measures of agonist affi nity can 
therefore vary considerably between different 
systems expressing the same receptor but different 
complements of G proteins. Additionally, the 

binding behavior of GPCR agonists can also be 
infl uenced by other post-receptor-binding phe-
nomena such as desensitization, interaction with 
accessory cellular proteins, and events linked to 
the signal transduction process (Kenakin, 1997a). 
Such phenomena are well recognized for the 
mAChRs. For example, Figure 5-1 illustrates 
the effects of the guanine nucleotide GTP on the 
competition between the classic mAChR agonist 
carbachol and the antagonist [3H]N-methylscopol-
amine ([3H]NMS) at native M2 mAChRs in rat 
myocardial membranes. It can be seen that increas-
ing concentrations of GTP lead to a signifi cant 
reduction in the apparent affi nity of carbachol for 
the M2 mAChR by over 3 orders of magnitude due 
to the uncoupling of the receptor from its G protein 
by the GTP (Ehlert and Rathbun, 1990). Although 
the common use of recombinant expression 
systems has led to an explosion in our ability to 
study individual mAChRs in common cellular 
backgrounds, the overexpression of receptors, as 
often occurs in such systems, can lead to pleiotro-
pic receptor coupling to multiple effector path-
ways, which again can impact profoundly on 
agonist pharmacology (Kenakin, 1997a).

In addition to the diffi culties associated with 
the use of agonists to characterize mAChR 
subtypes, the design of selective agonists for the 
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treatment of various disorders remains a signifi -
cant challenge. A very common observation with 
many mAChR agonists is the display of “func-
tional” selectivity, which exploits differences in 
agonist effi cacy between mAChR subtypes, rather 
than affi nity differences. The rationale behind this 
approach is that the agonist will activate only the 
receptor at which it has highest effi cacy, while 
mediating minimal or no response for those sub-
types at which it has negligible effi cacy. In general, 
most functionally selective mAChR agonists are 
partial agonists, and a major diffi culty with the use 
of partial agonists as selective therapeutic agents 
is that the expression of agonist effi cacy, or lack 
thereof, is highly dependent on the functional 
status of the target receptor in its native environ-
ment. This cannot be readily gauged from func-
tional studies on recombinant expression systems. 
Furthermore, changes in receptor expression and/
or coupling in disease states are often unpredict-
able, and can readily alter or even nullify any 
functional selectivity.

Classic mAChR agonists include small mole-
cules such as carbachol, pilocarpine, arecoline, 
oxotremorine, bethanecol, and McN-A-343 

(Mitchelson, 1988). Of the classical agonists, 
McN-A-343 (Figure 5-2) has long been thought to 
display a preference for the M1 mAChR, but more 
recent studies have suggested a slightly higher 
preference for the M4 mAChR (Lazareno and 
Birdsall, 1993). Since the 1990s, a number of 
novel mAChR agonists have been introduced that 
possess some degree of mAChR subtype selectiv-
ity. An obvious approach to the development of 
such agents has been to manipulate the structure 
of ACh itself, particularly through the develop-
ment of rigid analogues of the neurotransmitter. 
Talsaclidine (Figure 5-2) is one example of this 
approach, its structure based on the rigid ACh 
analogue aceclidine. Although talsaclidine shows 
minimal selectivity in terms of binding assays, it 
has been claimed to possess signifi cant functional 
selectivity for the M1 mAChR (Ensinger et al., 
1993).

Another popular structure that has resulted in 
much structure-activity work is that of the agonist 
arecoline (Figure 5-2); some of the earliest work 
in designing M1 mAChR-selective agonists was 
based on this agonist as a template (Gloge et al., 
1966). Replacement of the ester group of 
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arecoline, or of conformationally more rigid azab-
icyclic analogues, with bioisosteric heterocycles 
has more recently led to compounds such as 2-
ethyl-5-(1-methyl-1,2,5,6-tetrahydropyridyl)-2H-
tetrazole (Lu 25-109; Meier et al., 1997) and 
xanomeline (Sauerberg et al., 1992; Shannon et 
al., 1994; Figure 5-2), both claimed to possess 
functional selectivity for M1 mAChRs, although 
xanomeline also has signifi cant activity at M4

mAChRs (Bymaster et al., 1997; Shannon et al., 
2000). Subsequent studies with the latter agonist 
have revealed additional pharmacological proper-
ties. Specifi cally, xanomeline is able to bind to the 
M1 mAChR in a persistent manner that is resistant 
to extensive washout but still capable of interact-
ing with the orthosteric site and classic antagonists 
in a reversible, competitive manner (Christopou-
los and El-Fakahany, 1997; Christopoulos et al., 
1998b, 1999a). By analogy with the b2 adrenocep-
tor “captive agonist” salmeterol (Coleman et al., 
1996), it has been proposed that xanomeline may 
form a persistent attachment with the M1 mAChR 
by utilizing additional “anchor” sites on the recep-
tor that are outside the classic orthosteric domain 
(Christopoulos et al., 1998b). More recent work 
has garnered further support for the interaction of 
this compound with multiple epitopes on the M1

mAChR, including a potential allosteric mode of 
interaction (Jakubík et al., 2002).

Because the orthosteric domain in the mAChRs 
shows high conservation across receptor subtypes, 
the development of larger mAChR agonists, which 
may interact with less conserved receptor regions, 
has been pursued as another means of obtaining 
selectivity. A number of highly potent mAChR 
agonists have been discovered from this approach. 
Studies by Sauerberg and colleagues have demon-
strated the utility of the ester isostere 1,2,5-
thiadiazole group (Sauerberg et al., 1998a, 1998b) 
as a useful template for developing potent mAChR 
agonists, such as the compound phenylpropylar-
gyloxy-1,2,5-thiadiazole-quinuclidine (NNC 11-
1314; Figure 5-3). A particularly important 
property of this series of compounds is the ability 
to attach extended alkyl groups to the molecules 
while still retaining agonist activity. These fi nd-
ings have led to further studies investigating the 
effects of dimerization of such compounds (Chris-
topoulos et al., 2001). The development of biva-
lent receptor ligands is a very powerful approach 
to attaining enhanced ligand potency and selectiv-
ity for a variety of receptor systems, including 

mAChRs (Christopoulos et al., 1999b; Melchiorre 
et al., 1989; Perez et al., 1998a, 1998b; Portoghese, 
1989; Rajeswaran et al., 2001). Accordingly, the 
dimerization of NNC 11-1314 led to a marked 
enhancement of binding affi nity for the dimeric 
agonist NNC 11-1585 or a profound alteration in 
the functional selectivity profi le for the dimeric 
NNC 11-1607 (Figure 5-3; Christopoulos et al., 
2001).

Additional approaches that have led to func-
tionally selective mAChR agonists include the 
replacement of ester groups with oximes (e.g., 
sabcomeline; Bromidge et al., 1997; Loudon et al., 
1997) and the use of oxotremorine analogues 
(Conti et al., 1997).

Despite signifi cant advances in the develop-
ment of highly potent mAChR agonists, absolute 
mAChR subtype selectivity remains elusive. 
However, a recent study by Spalding et al. (2002) 
has identifi ed the fi rst mAChR agonist that shows 
unprecedented functional selectivity for the M1

mAChR over all other subtypes. The compound, 
4-n-butyl-1-[4-(2-methylphenyl)-4-oxo-1-butyl]-
piperadine hydrogen chloride (AC-42; Figure 5-
2), was discovered using a high-throughput 
functional screen of 145,000 structurally diverse 
small molecule ligands. Although radioligand 
binding assays revealed a similar affi nity for AC-
42 at all 5 mAChR subtypes, agonist activity was 
observed only at the M1 mAChR. Additional 
experiments with chimeric mAChRs identifi ed 
the likely site of interaction of AC-42 to include 
regions of the receptor close to transmembrane 
(TM) domains TM1 and TM7 that are not con-
served across mAChR subtypes. This fi nding sug-
gests that, at least for the M1 mAChR, an “ectopic” 
activation domain may exist outside the classic 
orthosteric site. However, it remains to be deter-
mined whether this ectopic site constitutes part of 
an allosteric binding domain that is also known to 
exist on mAChRs (see below).

From most studies conducted to date, it is clear 
that the development of mAChR agonists target-
ing the CNS has focused on M1 mAChRs, driven 
predominantly by the “cholinergic hypothesis of 
dementia” that postulates a potential role for 
postsynaptic M1 mAChRs in providing some 
relief from the cognitive defi cits associated 
with Alzheimer’s disease (Giacobini, 1992; 
Whitehouse et al., 1982). Unfortunately, none of 
the functionally selective M1 mAChR agonists 
that have made it to clinical trials for this purpose 
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have been approved for clinical use (Felder et al., 
2000). In addition to drug failure due to unaccept-
able side effects, this disappointing result high-
lights two important considerations. First, the 
validity of the cholinergic hypothesis of dementia 
remains to be more strenuously investigated. 
Second, the functional selectivity ascribed to 
mAChR agonists ex vivo may not translate to the 
same type of selectivity in vivo due to modifi ca-
tions in the neuronal environment within the brain, 
perhaps due to the disease progression itself.

More recently, studies have begun to evaluate 
the role of mAChR agonists in the treatment of 
other CNS disorders, such as schizophrenia and 

pain. Interestingly, investigations of the role of 
mAChRs in these disorders suggest that the M1

mAChR is unlikely to prove the main therapeutic 
target (Felder et al., 2000). For example, agonist 
activity at M4 mAChRs has been noted for a number 
of atypical antipsychotic agents, such as clozapine 
(Zeng et al., 1997; Zorn et al., 1994). In agreement 
with this observation, the novel ligand (5R, 6R) 
6-(3-propylthio-1, 2,5-thiadiazol-4-yl)-1-azabicy-
clo [3.2.1] octane (PTAC; Figure 5-2), which is a 
partial agonist at M2 and M4 mAChRs and an antag-
onist at M1, M3, and M5 mAChRs, displays antipsy-
chotic properties that are similar in nature to those 
of established atypical anti psychotic agents such as 

Figure 5-3. Agonists of mAChRs (continued).
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olanzapine and clozapine (Bymaster et al., 1998). 
N-ethyl-guvacine propargyl ester (NEN-APE; 
Figure 5-2) is another agonist that shows highest 
functional selectivity for M2 mAChRs, while acting 
as an antagonist at the M1 and M3 mAChRs 
(Mutschler et al., 1995).

2. Antagonists

It is now well recognized that the pharmacologi-
cal classifi cation of receptors based on antagonist 
affi nity profi les is a generally more preferable phar-
macological approach than the use of agonist affi n-
ity profi les (Christopoulos and El-Fakahany, 1999b; 
Kenakin, 1997b). However, there are a number of 
methodological considerations that must always be 
borne in mind when using antagonists to pharma-
cologically defi ne the involvement of a particular 
receptor subtype. First, if radioligand binding 
assays are used, it is paramount that measurements 
be made at equilibrium; this is particularly pertinent 
when studying allosteric modulators of the mAChRs, 
as these compounds can signifi cantly delay the time 
taken for the system to reach an equilibrium state 
(Christopoulos and Kenakin, 2002; Lazareno and 
Birdsall, 1995; Proska and Tucek, 1994). Second, 
concordance between radioligand binding–based 
estimates of antagonist affi nity profi les and func-
tional (null method)–based estimates of antagonist 
affi nity profi les is desirable but not always attain-
able. This is usually due to variations in the com-
position and ionic strength of the buffer used for in 
vitro experiments, but large discrepancies should 
always be investigated further. These issues have 
all arisen in past studies of mAChRs, but overall 
there has been an extraordinary degree of concor-
dance between many studies of ligand binding and 
studies of ligand effects on mAChR agonist func-
tion for a wide range of antagonists (Caulfi eld, 
1993). Thus, the most widespread and reliable 
approach to the pharmacological characterization 
of mAChR subtypes remains the use of antagonist 
ligands. One caveat to this approach is that, due to 
the high degree of sequence homology between the 
orthosteric binding sites across the 5 mAChRs, a 
battery of antagonists is required to characterize 
each mAChR subtype; no antagonist is yet readily 
available that can conclusively demonstrate the 
involvement of one mAChR to the exclusion of all 
others.

Pharmacologically, M1 mAChRs are generally 
defi ned by a high affi nity for pirenzepine and 4-
diphenylacetoxy-N-methyl-piperidine methiodide 
(4-DAMP), an intermediate affi nity for para-
fl uoro-hexahydrosiladifenidol (pFHHSiD), and 
a low affi nity for the polymethylene tetraamine 
methoctramine or the alkaloid himbacine (Table 5-
1; Figures 5-4 and 5-5). More recently, MT7, a 
toxin derived from the venom of the black mamba 
(Dendroaspis polylepsis), has been shown to 
possess a remarkable degree of selectivity for the 
M1 mAChR over all other subtypes (Caulfi eld and 
Birdsall, 1998). M2 mAChRs are defi ned by a 
high affi nity for tripitramine (Table 5-1; Figure 5-
5), 5,11-dihydro-11-[2-[2-[(N, N-dipropylaminom
ethyl)piperidin-1-yl]ethylamino]-carbonyl] 6H-
pyrido[2,3-b][1,4]benzodiazepin-6-one (AF-DX 
384; Table 5-1; Figure 5-4), methoctramine, and 
himbacine, and a low affi nity for pirenzepine, 
4-DAMP, and pFHHSiD. In addition, the snake 
venom m2-toxin can also be used to pharmacologi-
cally defi ne the M2 mAChR with a high degree of 
selectivity over other mAChR subtypes (Carsi et 
al., 1999). M3 mAChRs are defi ned by a high affi n-
ity for 4-DAMP, pFHHSiD, and darifencacin, and 
a low affi nity for pirenzepine, methoctramine, trip-
itramine, and himbacine (Table 5-1). Useful tools 
for studying the M4 mAChR include (S)-(+)-(4aR, 
10bR)-3,4,4a, 10b-tetrahydro-4-propyl-2H, 5H-
[1]benzopyrano-[4 ,3-b] -1 ,4-oxaz in-9-o l 
(PD102807; Table 5-1; Figure 5-4), which has 
highest affi nity for the M4 mAChR relative to all 
other subtypes, and the toxin MT3, isolated from 
the venom of the green mamba, Dendroaspis 
angusticeps, which shows high-affi nity binding to 
M4 mAChRs, reasonable binding to M1 mAChRs, 
and minimal binding to the other subtypes; this 
toxin was originally called “m4-toxin” (Liang et al., 
1996). The use of himbacine and pFHHSiD also 
helps to distinguish the M4 from the M2 mAChR, 
as both compounds have a similar (high) affi nity 
for the M4 mAChR, but only himbacine retains a 
high affi nity for the M2 mAChR (Table 5-1).

The pharmacological characterization of M5

mAChRs has traditionally been diffi cult, espe-
cially in terms of differentiating this subtype 
from the M3 mAChR. However, the use of antago-
nists such as 11-((4-[4-(diethylamino)butyl]-1-
piperidinyl)acetyl)-5,11-dihydro-6H-pyrido(2,3-
b)(1,4)benzodiazepine-6-one (AQ-RA 741; Figure 
5-5), which has lowest affi nity for the M5 mAChR, 
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Figure 5-4. Selective mAChR antagonists.

Table 5-1. Selected Antagonist Dissociation Constants (pKB Values) for Mammalian Muscarinic 
Acetylcholine Receptors 

Antagonist Receptor Subtype

 M1 M2 M3 M4 M5

Atropine 9.0–9.7 8.8–9.3 8.9–9.8 8.9–9.6 8.9–9.7
Pirenzepine 7.8–8.5 6.3–6.7 6.7–7.1 7.1–8.1 6.2–7.2
Methoctramine 7.1–7.8 7.8–8.7 6.3–7.0 7.4–8.1 6.9–7.2
4-DAMP 8.6–9.4 7.8–8.4 8.9–9.3 8.4–9.4 8.3–9.0
Himbacine 6.8–7.2 7.7–8.3 6.9–7.4 7.5–8.8 6.1–6.3
AF-DX 384 7.3–7.5 8.2–9.0 7.2–7.8 8.0–8.7 6.3
Tripitramine 8.4–8.9 9.4–9.9 7.1–7.8 7.8–8.5 7.3–7.5
Darifenacin 7.5–7.8 7.0–7.4 8.4–8.9 7.7–8.0 8.0–8.1
PD 102807 5.3 5.7–5.8 6.2–6.3 7.3 5.2
AQRA741 7.6 8.9 7.5 8.0 6.0
pFHHSiD 7.4–7.7 6.7–6.9 7.7–7.8 7.2–7.5 6.9
MT3 7.1 <6 <6 8.7–9.0 <6
MT7 6.7–7.1 <6 <6 <6 <6

Sources: Adapted from Caulfi eld and Birdsall (1998); Eglen (1998); Eglen et al. (2001); Eglen and Watson (1996); Liang et al. 
(1996); Potter (2001).
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while retaining a reasonable affi nity for the M3

mAChR (Table 5-1), now allows for some in vitro
discrimination. The toxin Mta, isolated from 
Dendroaspis angusticeps, has also been shown to 
possess a high affi nity for M3 and M5 mAChRs 
(Potter, 2001).

In contrast to the large focus on M1 mAChRs 
with respect to agonist therapy, the major CNS 
targets for mAChR antagonists are likely to be 
the M2 and M4 mAChRs, particularly due to 
their association with presynaptic terminals 
and the control of neurotransmitter release. 
This rationale formed the basis for the develo -
pment of 4-cyclohexyl-a-[4-[[4-methoxyphenyl]
sulfinyl] - phenyl]-1-piperazineacetonitrile 
(SCH57790; Figure 5-5), a centrally active M2-
selective antagonist that has a 40–50-fold selectiv-
ity over M1 mAChRs and has shown some promise 
in animal studies of cognition (Carey et al., 2001; 
Lachowicz et al., 1999). Although tripitramine 
also possesses a high degree of M2 selectivity, 
particularly over M3 mAChRs, its separation from 
M1 and M4 affi nity is modest to weak (Felder et 
al., 2000), and its physicochemical properties are 
likely to ensure poor brain penetration in vivo.

3. Allosteric Modulators

In addition to the orthosteric site recognized 
by agonists and competitive antagonists, mAChRs 
possess at least one allosteric binding site located 
at a more extracellular level relative to the ortho-
steric domain (Christopoulos et al., 1998a). This 
fi nding has led to the exciting prospect of develop-
ing better mAChR subtype-selective agents, 
because the receptor epitopes thought to be 
involved in the binding of allosteric ligands show 
greater sequence divergence across receptor sub-
types than does the orthosteric site (Christopoulos 
et al., 1998a; Ellis, 1997). Indeed, the mAChRs 
are generally considered a model system with 
which to illustrate the properties of allosteric 
modulation of many different types of GPCRs 
(Christopoulos, 2002; Christopoulos and Kenakin, 
2002).

An important feature of allosteric modulation 
of receptors is that the binding of ligands to the 
orthosteric site may be elevated (allosteric 
enhancement) as well as reduced (allosteric inhi-
bition). For example, the neuromuscular blocker 
alcuronium (Figure 5-6) is able to allosterically 
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5. Muscarinic Acetylcholine Receptors in the Central Nervous System 171

enhance the binding of the antagonist [3H] NMS 
at the M2 and M4 mAChRs while inhibiting the 
same ligand at the M1, M3, and M5 mAChRs 
(Jakubík et al., 1995b). This fi nding also illustrates 
another important concept in the design and 
exploitation of allosteric ligands, namely, that the 
same modulator tested in combination with the 
same orthosteric ligand can yield markedly differ-
ent effects depending on the receptor subtype.

The magnitude and direction of the allosteric 
interaction between orthosteric and allosteric 
binding sites at equilibrium is often referred to as 
the “cooperativity” between the sites, and can be 
quantifi ed using a simple ternary complex model 
of ligand-receptor interactions (Christopoulos 
and Kenakin, 2002; Ehlert, 1988; Lazareno and 
Birdsall, 1995; Stockton et al., 1983). There is no 
correlation between a modulator’s affi nity for the 

Figure 5-6. Allosteric modulators of mAChRs.
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allosteric site on the free receptor and its coopera-
tivity with an orthosteric ligand (Christopoulos 
et al., 1999b), so each of these parameters can, in 
theory, be manipulated independently of the others 
in terms of structure-activity studies.

Mechanistically, most allosteric modulators 
of mAChRs mediate their cooperative effects on 
orthosteric affi nity by altering the rates of ortho-
steric ligand association with, and/or dissociation 
from, the receptor (Christopoulos, 2000). Indeed, 
with a limited number of exceptions, the ability 
to retard orthosteric radioligand dissociation is a 
hallmark of allosteric modulators of the mAChRs 
(Ellis, 1997); the dissociation kinetic binding 
assay thus serves as a sensitive means for 
detecting allosteric drugs (Christopoulos, 2002; 
Lazareno and Birdsall, 1995).

A general structural feature of many allosteric 
modulators of the mAChRs is the presence of a 
positively charged nitrogen (Holzgrabe and 
Mohr, 1998). This is certainly the case with the 
three best-studied examples of mAChR allosteric 
modulators, gallamine (Clark and Mitchelson, 
1976; Stockton et al., 1983), alcuronium (Jakubík
et al., 1995b; Proska and Tucek, 1994; Tucek et 
al., 1990), and bis(ammonium)alkane derivatives 
such as heptane-1,7-bis-(dimethly-3¢-phthalimi-
dopropyl)-ammonium bromide (C7/3-phth; Figure 
5-6) and its hexamethylene congener, W84 (Chris-
topoulos and Mitchelson, 1994; Christopoulos 
et al., 1999b; Holzgrabe and Mohr, 1998; Kostenis 
et al., 1994; Lanzafame et al., 1996; Mohr et al., 
1992; Tränkle and Mohr, 1997). Although 
gallamine is considered a poor lead compound for 
further structure-activity studies, the remaining 
compounds have provided impetus for addi tional
refi nements in structure-activity studies. For example, 
alkaloids structurally related to alcuronium, such as 
strychnine, brucine, and additional derivatives, 
have been shown to exert differential cooperative 
effects not only against [3H] NMS but, impor-
tantly, with ACh itself at different mAChR sub-
types (Gharagozloo et al., 1999; Jakubík et al., 
1997; Lazareno and Birdsall, 1995; Lazareno et 
al., 1998; Proska and Tucek, 1995). These fi nd-
ings suggest that allosteric enhancers of ACh 
binding are an attainable therapeutic strategy in 
the treatment of Alzheimer’s disease (Birdsall et 
al., 1997).

Studies on bis (ammonium) alkane derivatives, 
originally derived from the structure of hexame-

thonium, have also yielded positive initial results. 
Historically, these compounds are among the fi rst 
identifi ed examples of allosteric modulators of 
mAChRs, and have the additional advantage of 
proven tolerability in animals (Kords et al., 1968; 
Lüllman et al., 1969). In addition, these substances 
show minimal cross-interaction at other GPCR 
types (Franken et al., 2000; Pfaffendorf et al., 
2000) and have resulted in the discovery of 
dimethyl-W84 (Figure 5-6), to date the only ligand 
of suffi cient affi nity to radiolabel an allosteric site 
on the M2 mAChR (Tränkle et al., 1998, 1999). 
An elegant series of studies by Mohr and col-
leagues has eludicated many structure-activity 
requirements for the interaction of these com-
pounds with the M2 mAChR allosteric site (Hol-
zgrabe and Mohr, 1998). Other compounds that 
have had reasonable systematic investigation as 
allosteric ligands of mAChRs include esters of a-
truxillic acid (Lysikova et al., 1999; Urbansky 
et al., 1999).

Most recently, Lazareno, Birdsall, and col-
leagues have provided evidence for a second allo-
steric site on M1–M4 mAChRs, distinct from that 
recognized by the compounds described in the 
preceding paragraphs, that interacts with indolo-
carbazoles and a series of androstane derivatives 
(Lazareno et al., 2000, 2002). The nature of poten-
tial interactions between this second allosteric 
site and the better-characterized gallamine-binding 
site remain to be determined.

Interestingly, there are some studies that have 
raised the possibility of allosteric agonists of the 
mAChRs, that is, compounds that can activate the 
receptor in their own right in the absence of ortho-
steric ligand. An early study by Birdsall et al. 
(1983) revealed that the binding properties of the 
agonist McN-A-343 at the M2 mAChR receptor in 
the heart are consistent with an allosteric mecha-
nism. More recently, Angeli et al. (2002) have 
described the effects of a series of deoxamuscaro-
neoxime derivatives as both agonists of the M2

mAChR and allosteric modulators of the same 
receptor. Intriguingly, Jakubík et al. (1996, 1998) 
have demonstrated agonistlike properties of “clas-
sical” modulators, such as gallamine and alcuronium, 
in recombinant expression and receptor reconstitu-
tion systems. These latter fi ndings have not been 
confi rmed by others, however, and may refl ect spe-
cifi c properties of the stoichiometry of receptors to 
G proteins in artifi cial expression systems.
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Despite a long-standing interest in allosteric 
modulators of mAChRs by some researchers, 
the overall concept of GPCR allosteric modulation 
remains relatively underdeveloped compared to 
the far larger body of drug discovery efforts that 
have targeted the traditional, orthosteric site 
(Christopoulos, 2002). In large part, this refl ects 
the bias of high-throughput drug discovery toward 
assays that rely on orthosteric ligands as probes, 
but this is now changing with the advent of more 
sensitive, functional screening methods (Christo-
poulos and Kenakin, 2002; May and Christopou-
los, 2003). The pursuit of allosteric ligands of 
GPCRs is thus timely and worthwhile because 
allosteric modulators offer a number of advan-
tages that are not readily attainable with ortho-
steric drugs, including the potential for greater 
receptor subtype selectivity and the ability to fi ne-
tune, either positively or negatively, physiological 
processes while maintaining the spatial and tem-
poral profi le associated with endogenous neuro-
humoral signaling (Birdsall et al., 1996; 
Christopoulos and Kenakin, 2002).

C. Localization and 
Distribution

The main hindrance to the identifi cation and 
localization of mAChR subtypes has traditionally 
been the lack of subtype-specifi c markers. This is 
particularly so for studies in the brain, which 
expresses all 5 mAChRs in different regions and 
to differing extents. Nevertheless, signifi cant 
progress has been made over the last decade or 
so due to the application of three approaches to 
mapping the distribution and localization of 
mAChRs: radioligand binding studies, immuno-
precipitation using subtype-selective antibodies, 
and in situ hybridization histochemistry. Overall, 
the CNS distribution of mAChRs determined by 
these three approaches has shown general concor-
dance, although each technique possesses specifi c 
advantages and disadvantages with respect to the 
fi delity of the information it provides.

The earliest studies on the distribution of 
central mAChRs relied on radioligand binding 
using the nonselective, high-affi nity radioligand 
[3H] quinuclidinyl benzilate ([3H] QNB; Snyder et 
al., 1975). These studies found that the density of 

mAChRs was highest in the forebrain, and tended 
to parallel the distribution of other cholinergic 
markers such as acetylcholinesterase and choline 
acetyltransferase. The distribution of mAChRs in 
more caudal regions of the brain was signifi cantly 
less than that in the forebrain. Subsequent 
refi nements in the radioligand-based approach to 
mapping mAChRs in the CNS involved the use of 
the more hydrophilic antagonist radioligand [3H]
NMS as well as [3H] QNB, in conjunction with 
relatively subtype-selective antagonists (see Ehlert 
et al., 1995). Quantitative autoradiography has 
also been used to study mAChR distribution in the 
brain (Smith et al., 1991). An advantage of this 
approach, compared to the standard homogenate-
based binding assays, is that it allows for a better 
visualization of anatomical receptor localization.

In situ hybridization studies have also yielded 
useful information regarding central mAChR dis-
tribution. M1 mAChR mRNA is readily detected 
in the cerebral cortex, hippocampus, thalamus, 
caudate-putamen, amygdala, olfactory bulb, olfac-
tory tubercle, and dentate gyrus (Buckley et al., 
1988; Caulfi eld, 1993; Vilaro et al., 1994). M2

mRNA is detected in the basal forebrain, caudate-
putamen, hippocampus, hypothalamus, amygdala, 
and pontine nuclei. M3 mRNA is found in 
the olfactory tubercle, cerebral cortex, hippocam-
pus, thalamus, caudate-putamen, and amygdala 
(Buckley et al., 1988), whereas M4 mRNA is 
highest in the olfactory bulb, olfactory tubercle, 
hippocampus, and striatum (Caulfi eld, 1993). M5

mRNA was detected by Weiner et al. (1990) in the 
substantia nigra pars compacta.

In a recent study, Krejci and Tucek (2002) 
adopted a quantitative approach to determining 
the absolute levels of mAChR mRNA in rat cortex 
using competitive RT-PCR. They were able to 
accurately resolve the message into the following 
percentages: M1 (36%), M2 (21%), M3 (25%), M4

(11%) and M5 (7%). The relatively high percent-
age of M3 mAChR mRNA and low percentage 
of M4 mAChR mRNA is at odds with previous 
studies using other approaches and requires further 
investigation. It should be noted, however, that 
although mRNA-based techniques are very sensi-
tive, the study of mRNA levels alone cannot be 
used to quantify the absolute levels and distribu-
tion of expressed receptor protein; the presence 
of message does not mean that the protein is 
expressed at an equivalent level.
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The generation of mAChR subtype-selective 
antibodies was spearheaded by the work of 
Levey and colleagues (Dorje et al., 1991; Levey 
et al., 1991, 1994) and Wolfe and coworkers 
(Li et al., 1991; Wall et al., 1991a, 1991b; Yasuda 
et al., 1993) and has provided useful information 
on relative mAChR subtype abundance in the 
brain and on cellular and subcellular distribution 
of some of the mAChR subtypes. The subtype-
specifi c antisera in these studies were raised 
against the third intracellular loop of each mAChR, 
because it is within this region that the greatest 
sequence divergence occurs between subtypes 
(see section D). However, two drawbacks of the 
immunoprecipitation approach remain the vari-
ability in the sensitivity of some of the polyclonal 
antisera, and in the accessibility, or lack thereof, 
of antibody epitopes to intracellular receptor 
domains (Flynn et al., 1997). For example, an 
early study by Levey et al. (1991) found no immu-
noprecipitation with an M5 mAChR antibody, 
whereas a later study by Yasuda et al. (1993) 
could identify low levels of M5 immunoreactivity 
in the striatum, hippocampus, pons medulla, and 
cerebellum.

Overall, standard radioligand-based approaches 
remain the most extensively applied methods 
to study the distribution of mAChRs in the CNS. 
Although these approaches are able to resolve M1

and M2 mAChRs from the other 3 subtypes in the 
brain, they show less success in differentiating M3,
M4, and M5 mAChRs due to the overlapping 
affi nities of various ligands for the 5 mAChRs. 
However, elegant adaptations that exploit 
differences in the dissociation kinetic profi le of 
antagonists such as [3H] NMS, in the absence or 
presence of selective receptor antagonists, have 
been used to provide better discrimination among 
all 5 subtypes (Flynn et al., 1997; Waelbroeck et 
al., 1990).

Recently, Flynn and colleagues (Flynn et al., 
1997; Reever et al., 1997) used quantitative auto-
radiography with optimized labeling conditions to 
provide an exhaustive study of the distribution 
of the 5 mAChRs in the rat brain. The key to 
this particular series of studies was the use of 
specifi c cocktails of subtype-selective antagonists 
to “mask” the presence of all mAChR subtypes 
except the desired receptor under study. These 
experiments revealed regions exhibiting the 
highest levels of M1 mAChRs to be the hippocam-
pus, nucleus accumbens, and caudate putamen. 

Labeling was also noted in the molecular layer of 
the dentate gyryus. Some M1 mAChRs were found 
in the olfactory tubercle in the basal forebrain. 
These regions of labeling are generally consistent 
with previous observations using autoradiography 
(Mash and Potter, 1986; Spencer et al., 1986), 
immunocytochemistry (Levey et al., 1991), and in 
situ hybridization (Buckley et al., 1988; Vilaro et 
al., 1994), but some discrepancies were also noted, 
particularly in the diagonal band of Broca, which 
failed to reveal M1 labeling in the binding studies 
(Flynn et al., 1997). For the M2 mAChRs, labeling 
was observed in the occipital region of the cere-
bral cortex, the dorsal region of the caudate, the 
olfactory tubercle and the nucleus accumbens. 
Intense labeling was observed in the superfi cial 
layers of the superior and inferior colliculi. Addi-
tional labeling was found in the pontine and 
parabrachial nuclei, the motor trigeminal, and the 
facial nuclei in the brainstem, and some labeling 
was also present in the cerebellum. These fi ndings 
were in general agreement with previous studies 
(Mash and Potter, 1986; Spencer et al, 1986; 
Levey et al, 1991), but disagreed with in situ 
experiments that had failed to fi nd M2 mRNA 
in the cortex and striatum (Buckley et al, 1988; 
Vilaro et al., 1994). In general, binding for the M3

mAChR revealed lower intensities of labeling 
than the M1, M2, and M4 mAChRs (Flynn et al., 
1997; Reever et al., 1997). Diffuse M3 mAChR 
was found across cortical laminae, as well as the 
CA1, CA2, and CA3 regions of the hippocampus 
(Flynn et al, 1997). This is generally consistent 
with previous reports using different methodolo-
gies (Buckley et al., 1988; Levey et al., 1994), 
with the exception of the striatum, which does not 
reveal M3 mRNA but does display immunoreac-
tivity and radiolabeling to the M3 mAChR. Label-
ing of M4 mAChRs was found in the caudate 
putamen, the nucleus accumbens, posterior regions 
of the cortex, CA1 the hippocampal region, and 
the outer layer of the anterior olfactory nucleus. 
Within the basal forebrain, dense labeling was 
noted in the olfactory tubercle. In the pontine, 
facial, and trigeminal motor nuclei of the brain-
stem, there was signifi cant overlap of M4 labeling 
with M2 labeling. For the M5 mAChRs, the most 
intense labeling was observed in the outermost 
layer of the cortex, but also seen in the caudate 
putamen, nucleus accumbens, CA1 and CA2 hip-
pocampal regions, and polymorphic layer of the 
dentate gyrus. The olfactory tubercle was the most 
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intensely stained region in the basal forebrain, and 
some labeling was also noted in the superior 
colliculus (Flynn et al., 1997; Reever et al., 1997). 
Figure 5-7 summarizes some of the general fi nd-
ings from this series of studies with respect to the 
relative abundance of mAChR subtypes in various 
brain regions.

Given that the M1 and M4 mAChRs are most 
abundant in the cerebral cortex, basal ganglia and 
hippocampus, it is possible that these receptors 
play a role in cognitive disorders, schizophrenic 
symptoms, and movement disorders. Based on 
their putative localization on cholinergic neurons 
in the basal forebrain, striatum, and cranial nerves, 
M2 mAChRs have been generally classifi ed as 
autoreceptors (Mash et al., 1985; Mash and Potter, 
1986; Spencer et al., 1986), but also act as hetero-
receptors that modulate the release of other trans-
mitters in addition to ACh. M3 mAChRs have 
been postulated to play a role in mediating GABA 
release in the striatum (Raiteri et al., 1990), and 
to inhibit glutamate release in the accumbens, 
amygdala and striatum (Sugita et al., 1991), sug-
gesting some role in dyskinesias and perhaps epi-
lepsy. The presence of M5 mAChRs in the striatum, 
nucleus accumbens, substantia nigra pars com-
pacta, and ventral tegmental area is consistent 
with their postulated role of controlling dopamine 
release in these regions of the brain. Importantly, 

the potential physiological roles of the mAChRs 
gleaned from studies of receptor localization 
and distribution are now being supplemented by 
fi ndings made using mAChR knockout mice (see 
Section F).

D. Molecular Biology

1. Receptor Subtypes

The initial cloning of the M1 and M2 mAChRs 
by Numa and colleagues (Kubo et al., 1986a, 
1986b), followed by the cloning of the M3, M4,
and M5 genes (Bonner et al., 1987, 1988; Peralta 
et al., 1987), confi rmed that the mAChRs are gly-
coproteins that share a number of structural fea-
tures associated with the superfamily of GPCRs 
(Hulme et al., 1990; Wess, 1993a, 1993b). All 
such receptors are believed to exist as 7 transmem-
brane-spanning, a-helical domains connected by 
3 extracellular (e1, e2, e3) and 3 intracellular (i1, 
i2, i3) loops. The N-terminal of the receptors is 
also located extracellularly while the C-terminal 
is intracellular (Hulme et al., 1990). All vertebrate 
mAChR genes cloned to date are intronless within 
the coding regions (Caulfi eld and Birdsall, 1998). 
The chromosomal localization of the human 
mAChR genes are as follows (Bonner et al., 

Figure 5-7. Percentages of total [3H]N-methylscopolamine binding sites in selected regions of rat brain. (Data 
replotted from Flynn et al., 1997.)
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1991): M1, 11q12–13; M2, 7q35–36; M3, 1q43–44;
M4, 11p12–11.2; M5, 15q26. Phylogenetic analy-
sis reveals that the mAChRs have evolved from 
a common ancestor (Horn et al., 2000). The fi rst 
major split in the phylogenetic tree corresponds 
with the preferential coupling of the odd-
numbered mAChRs to Gq/11 proteins, and the 
even-numbered mAChRs to the Gi/o proteins 
(Figure 5-8).

The amino acid composition of the human 
mAChR subtypes varies from 460 amino acids for 
the M1 mAChR to 466 for the M2 mAChR, 479 
for the M4 mAChR, 532 for the M5 mAChR, and 
589 for the M3 mAChR. Primary sequence align-
ment reveals that the individual subtypes share 
approximately 145 invariant amino acid residues 
(Wess, 1993a, 1993b) and show between 89% and 
98% common amino acid identity across various 
mammalian species (Bonner, 1989a, 1989b; also, 
see Figure 5-8). Most differences between mAChR 
subtypes reside in the extracellular amino termini, 
the i3 loop, and the cytoplasmic carboxyl termi-
nus. The greatest divergence occurs within the i3 
loop, which varies from 156 amino acids for the 
M1 mAChR to 239 amino acids for the M3 mAChR, 
and accounts for 34% to 45% of the total amino 
acids in the mAChRs (Ehlert et al., 1995). Within 
the TM segments, there is 63% identity across the 
5 mAChR subtypes, but it is even greater when 

the M1, M3, and M5 mAChRs are grouped together 
as one homologous group, and the M2 and M4

mAChRs are grouped together as another.
The high degree of homology within the TM 

domains may certainly explain some of the diffi -
culty in designing highly selective mAChR ago-
nists and antagonists. It should be noted, however, 
that similar fi ndings for other GPCR families have 
often been followed by the demonstration that 
even subtle differences in amino acid composi-
tion, as occur between species, for instance, can 
cause profound effects on ligand pharmacology 
(see Kenakin, 1996). Although this has generally 
not been observed for the mAChRs, one should 
remain cognizant of the possibility that novel 
ligands targeting less conserved receptor sequences 
can show markedly different pharmacologies 
across subtype and species. One such approach 
already being pursued is the targeting of extracel-
lular mAChR allosteric sites (see section B, 
above).

A recent milestone in the fi eld of structural 
biology was the determination of the crystal struc-
ture of the GPCR bovine rhodopsin in its ground 
state at 2.8 Å resolution (Palczewski et al., 2000). 
Rhodopsin is the prototypical member of the 
Family A GPCR superfamily, which is the largest 
subgrouping of all GPCRs and includes the 
mAChRs. The crystal structure of rhodopsin con-
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Figure 5-8. Phylogenetic tree for the 
mAChRs. MACMU, rhesus macaque; 
BOVIN, bovine; XELA, xenopus laevis. 
(Adapted from Horn et al., 2000.)
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fi rmed the 7 transmembrane-spanning topology of 
this receptor and many other predicted structural 
properties, but also revealed additional interesting 
features, such as a fourth intracellular loop that 
forms an eighth cytoplasmic helix at right angles 
to the C terminus, a “kink” in TM2, and distor-
tions from ideal a-helicity in TMs 5 and 7. 
Sequence conservation across many GPCR 
families suggests that these features are likely to 
contribute to the structure and function of the 
mAChRs. Thus, the determination of the crystal 
structure of rhodopsin allows further testing 
and refi nement, for the fi rst time, of the various 
structure-function models of the mAChRs that 
have been developed over the last decade and a 
half.

2. Structural Determinants of 
Ligand Binding

The 7 transmembrane helices (TM1–TM7) of 
the mAChRs are arranged in a ringlike, “helical-
wheel,” structure (Hulme et al., 1990). This model 
shows many of the conserved amino acids to face 
the inner, hydrophilic “pore” of this arrangement, 
and experimental evidence of such an arrange-
ment has been provided (Pittel and Wess, 1994). 
ACh is thought to bind within the transmembrane-

spanning regions of the mAChRs about 10 to 
15 Å from the extracellular surface (Hulme et al., 
1990). Early studies on the structural requirements 
for mAChR ligand-receptor recognition high-
lighted the role of a positive charge on the ligand 
for activity at the receptor (e.g., Burgen, 1965). 
This requirement has been borne out for many 
classic mAChR agonists and antagonists, and sug-
gests the presence of an anionic site on the recep-
tor that would serve a complementary recognition 
role for the positive ligand charge. The mAChRs 
all posses a conserved aspartate residue within 
TM3 (Asp147 in the rat M3 mAChR sequence; 
Figure 5-9) that is believed to act as the counter-
ion for the positively charged amino headgroup 
of ACh and other amine ligands. This feature is 
also common for other GPCRs that bind biogenic 
amine agonists (Strader et al., 1994). Covalent 
affi nity-labeling experiments using the irrevers-
ibly binding agonist acetylcholine mustard or the 
antagonist propylylbenzilylcholine mustard have 
found this aspartate residue to be specifi cally 
alkylated (Curtis et al., 1989; Spalding et al., 
1994), and mutagenesis of this amino acid leads 
to a marked reduction or loss of agonist binding 
(Fraser et al., 1989; Hulme et al., 1995; Schwarz 
et al., 1995).

Despite its obvious importance to agonist 
binding, the conservation of the TM3 aspartate 
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Figure 5-9. Snake diagram of the rat M3 mAChR. Amino acids in circles have been implicated in defi ning the 
binding domain for ACh. Amino acids in squares have been shown to determine G protein coupling specifi city.
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residue across most GPCRs that recognize biogenic 
amines implies that this residue alone cannot 
account for the specifi city of binding of ACh to the 
mAChR family. Accordingly, there are a number 
of other critical residues specifi c to the mAChRs 
that help determine the binding of the endogenous 
agonist. Using the rat M3 mAChR as a reference 
(Figure 5-9), Tyr148, Thr231, Thr234, Tyr506, 
Tyr529, and Tyr533 have all been implicated in 
ACh binding specifi city (Wess et al., 1995). These 
6 amino acids are absolutely conserved across the 
mAChRs but not most other GPCRs (Wess et al., 
1995). In addition, there are 2 conserved tryptophan 
residues (Trp143 and Trp503, using the rat M3

mAChR as a reference) that can also affect ACh 
binding through an interaction that utilizes the 
energy provided by the aromatic character of these 
residues (Wess et al., 1995). Some of the amino 
acids important for ACh binding (e.g., Asp147, 
Trp143, Trp503, Tyr529) are also important for the 
binding of tropanelike antagonists, such as atropine 
and NMS, but it is acknowledged that antagonists 
utilize additional contact points that do not appear 
to infl uence agonist binding, and that other amino 
acids important for agonist binding do not contrib-
ute signifi cantly to the binding of antagonists (Wess 
et al., 1995).

Extensive homology modeling of the M1

mAChR, supplemented by the use of the crystal 
structure of bovine rhodopsin as a template, has 
recently been performed by Hulme and colleagues 
(Lu et al., 1997, 2001, 2002; Lu and Hulme, 1999, 
2000). The ground state of the receptor is charac-
terized by a number of intramolecular hydrogen-
bonding networks and van der Waals interactions 
between highly conserved amino acid residues in 
TMs 1-4 and 6-7 (Lu et al., 2001, 2002). Molecular 
docking studies, using ACh and NMS, confi rmed 
much of the mapping data of the orthosteric binding 
site obtained previously from studies using point 
and/or scanning mutagenesis (Allman et al., 2000; 
Lu et al., 1997; Lu and Hulme, 1999; Ward et al., 
1999; Wess, 1996). This includes a positioning 
of the quaternary ammonium headgroup of both 
agonist and antagonist within a charge-stabilized 
aromatic cage formed by contacts in TM3, TM6, 
and TM7. However, differences between the mode 
of agonist and antagonist binding were also pre-
dicted from the docking studies, again in agree-
ment with experimental observations. For instance, 
the smaller acetoxy side chain of ACh cannot form 
the same type of stabilizing inter-helical interac-

tions that are available to the bulkier tropic acid 
and phenyl ring side chains of NMS; ACh thus 
relies on additional stabilizing interactions pro-
vided by amino acids near the top of TM5, whereas 
NMS does not (Allman et al., 2000; Lu et al., 2002; 
Ward et al., 1999).

Although there is abundant pharmacological 
evidence for the presence of distinct allosteric 
binding sites on all 5 mAChRs (see section B, 
above), far less is known about the molecular com-
position of these sites relative to the orthosteric 
domain. Nevertheless, there have been a number 
of investigations, primarily based on site-directed 
mutagenesis and/or the construction of receptor 
chimeras that have begun to reveal a likely arrange-
ment of the allosteric domain recognized by 
prototypical modulators such as gallamine and 
alcuronium. For example, since allosteric interac-
tions are evident at all 5 subtypes, it is likely that 
some conserved residues are involved, such as 
Trp101, Trp400, and possibly Asp71 (using the M1

mAChR sequence) (Christopoulos et al., 1998a; 
Matsui et al., 1995). A quartet of acidic amino 
acids (Glu172, Asp173, Gly174, Glu175), unique 
to the second extracellular loop of the M2 mAChR, 
may provide a further extracellular point of attrac-
tion and stabilization for charged modulators, and 
this may explain why the M2 mAChR appears to 
be the most readily modulated of all the mAChRs 
(Leppik et al., 1994). It is also likely that other 
epitopes in the second and third outer loops of the 
receptors that contain acidic amino acids play a 
fundamental role in providing subtype selectivity 
for different muscarinic allosteric modulators 
(Ellis and Seidenberg, 2000). Recent studies by 
Mohr, Ellis and colleagues (Buller et al., 2002; 
Voigtlander et al., 2003) have identifi ed 2 key 
amino acids (Tyr177, Thr423) responsible for the 
selectivity of alkane bis-ammonium-type allosteric 
modulators of the M2 mAChR. Preliminary molec-
ular modeling of the M1 (Birdsall et al., 2001) and 
M2 mAChRs (A. Christopoulos unpublished data), 
based on 2.8 Å crystal structure of rhodopsin (Pal-
czewski et al., 2000), has found general agreement 
with the preceding speculations. In particular, a 
region of conserved extracellular residues above 
TMs 5–7 form a cleft that appears to act as an 
“entrance” to the deeper orthosteric binding site; 
this spatial arrangement can explain the dramatic 
slowing effects many muscarinic allosteric 
modulators have on orthosteric ligand kinetics 
(Christopoulos and Kenakin, 2002).
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3. Structural Determinants of 
Receptor Activation and G 
Protein Coupling

There is a large body of experimental evidence 
in favor of the i3 loop of the mAChRs as a major 
determinant of intracellular coupling to G pro-
teins. Much of this work was initially based on 
chimeric receptor studies (England et al., 1991; 
Kubo et al., 1988; Lechleiter et al., 1990; Wess et 
al., 1989, 1990; Wong et al., 1990). For example, 
the construction of a receptor chimera where the 
i3 loop of the Gi/o-coupled dopamine D2 receptor 
was replaced with the i3 loop of the Gq/11-coupled
M1 mAChR led to the generation of classic M1

mAChR responses, such as intracellular calcium 
mobilization, by dopamine receptor ligands; this 
response is not normally observed at the wild 
type D2 receptor (England et al., 1991). Similar 
exchange of the i3 loops of the M1 mAChR with 
the b2 adrenoceptor (Gs-coupled) leads to an M1

chimera that responds to mAChR agonists with a 
typical b2 adrenoceptor response, the stimulation 
of adenylyl cyclase activity (Wong et al. 1990). 
Extension of these studies to include chimeras 
constructed using regions from different subtypes 
of mAChR have further confi rmed the role of the 
i3 loop as important in G protein coupling.

Mutational analysis of mAChRs has also been 
used extensively to identify a series of amino 
acids, located in the i2 and i3 loops, that are major 
contributors to receptor-G protein coupling speci-
fi city (Kostenis et al., 1998b; Figure 5-9). For 
instance, a major hydrophobic surface that is criti-
cal for receptor-G protein recognition is formed 
by amino acids at the N-terminus of the i3 loop; 
this is common to more than just the mAChR 
family of GPCRs (Bluml et al., 1994a, 1994b; 
Strader et al., 1994). A second hydrophobic 
surface that helps determine coupling specifi city 
is comprised of a set of 4 amino acids (Ala488, 
Ala489, Leu492, and Ser493 in the rat M3 mAChR) 
at the C terminal of the i3 loop (Blin et al., 1995; 
Burstein et al., 1995b; Liu et al., 1995). Within the 
i2 loop, there is also a set of 4 amino acids (Ser168, 
Arg171, Arg176, and Arg183 of the rat M3

mAChR) that help determine Gq/11-protein cou-
pling specifi city. Substitution of either set (i2 or 
i3) of the aforementioned amino acid quadruplets 
from the M3 mAChR into the M2 mAChR yielded 
a mutant receptor that was functionally similar to 
the wild type M3 mAChR (Blin et al., 1995). 

These M3 mAChR G protein coupling residues 
are highly conserved in the M1 and M5 mAChRs, 
consistent with the known coupling preference of 
these receptors to the Gq/11-protein signaling 
pathway (Kostenis et al., 1997b, 1997c; Kunkel 
and Peralta, 1993; Lee et al., 1996).

In a series of studies on the Gi/o-coupled M2

mAChR, Liu et al. (1995) identifi ed 4 amino acids 
(Val385, Thr386, Ile389, and Leu390; “VTIL”
motif ) at the junction of the i3 loop with TM6 that 
appeared to contain a specifi c sequence element 
recognized by the C terminus of the Ga subunit. 
This fi nding was consistent with the work described 
above that mapped receptor-G protein contact 
points for the Gq/11-coupled mAChRs. Further-
more, the insertion of a series of alanine residues 
immediately C terminal to the VTIL motif led to a 
mutant receptor that was constitutively active in 
the absence of ligand. The insertion of these extra 
amino acids thus appeared to have led to a down-
ward translational movement of TM6 out of the 
transmembrane space and, hence, an exposure of 
some of the critical residues in the i3/TM6 junction 
to the cytoplasm. This mechanism was thus postu-
lated to mimic a fi nal step of the conformational 
change caused by agonist activation of the 
wild-type receptor (Liu et al., 1996).

Despite the impressive body of work elucidat-
ing important structural motifs on the receptors 
that help govern G protein coupling selectivity, 
the major determinant of the specifi city of this 
interaction is actually encoded in the C terminus 
of the Ga subunit itself (Bourne, 1997). Recent 
studies of mAChR-G protein coupling have high-
lighted how single point mutations in this region 
of the G protein are suffi cient to govern receptor 
selectivity. For example, Kostenis et al. (1997a) 
identifi ed 2 mutant Gaq subunits where a single 
Gaq Æ Gai point mutation in each led to a produc-
tive interaction with the wild-type M2 mAChR; 
this receptor preferentially couples to the Gi/o

family of G proteins and normally shows only a 
weak interaction with the Gq/11 family. Similarly, 
although the M3 mAChR does not normally couple 
to Gas protein subunits, an extension of the studies 
of Kostenis et al. (1997a) found Gas Æ Gaq point 
mutations that were suffi cient to couple the M3

mAChR to the mutant Gas (Kostenis et al., 1997c). 
In addition to these studies of the C terminal 
region of Ga proteins, mutagenesis studies of 
the N-terminal region of Ga protein subunits 
also suggest a role for this domain in governing 
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mAChR-G protein interactions (Kostenis et al., 
1997b, 1998a, 1998b). Additional interactions 
have been reported between the i3 loop of M2 or 
M3 mAChRs and bg subunits of the G protein 
heterotrimers (Taylor et al., 1996; Wu et al., 2000), 
suggesting further points of contact that help 
defi ne coupling selectivity beyond the Ga
subunit.

Recent molecular modeling studies, again 
using the 2.8 Å resolution crystal structure of 
ground-state bovine rhodopsin, have provided 
further support for previously postulated mecha-
nisms associated with activation of the mAChRs. 
Using the M1 mAChR as a model protein, Lu et 
al. (2002) have proposed that activation “begins”
with a closure of a charge-stabilized aromatic cage 
(see above) around the quaternary ammonium 
headgroup of ACh, leading to a disruption of a 
hydrophobic “latch” structure formed by intramo-
lecular contacts of amino acids in TMs 3, 6, and 
7; an important contribution to this series of con-
tacts is provided by the conserved NSxxNPxxY 
motif. A subsequent step in the conformational 
change that stabilizes an active receptor state is 
the disruption of a charge-reinforced H-bond to 
the arginine in the highly conserved DRY motif 
found at the cytoplasmic end of TM3 (Lu et al., 
1997; Lu and Hulme, 2000). The fi nal global 
effect of these changes in the conformational state 
of the receptor is likely to be an increased mobility 
of TM7 and an outward movement of TM6, 
which expose important G protein contact residues 
that would otherwise remain inaccessible to the 
cytoplasmic milieu. This postulated mechanism is 
consistent with the chimeric receptor and mutagen-
esis studies of Wess and colleagues (described 
above) on receptor-G protein contacts.

In addition to the conformational changes 
mediated by agonist binding, contemporary 
models of GPCR activity postulate that these 
receptors are able to adopt a number of distinct 
conformational states even in the absence of 
ligand (Christopoulos and Kenakin, 2002). Some 
of these conformations can also mediate agonist-
independent cellular signaling, a phenomenon 
referred to as constitutive receptor activity. Within 
these “multistate” models of GPCR action, ligand 
binding is considered to play a stabilizing role, 
leading to an enrichment in the abundance of 
specifi c receptor states and a diminution in others. 
Ligands that stabilize active (i.e., signaling) 

receptor states are classed as agonists, whereas 
ligands that stabilize inactive states are classed as 
inverse agonists. Neutral antagonists constitute a 
relatively rare class of ligand that shows equal 
preference for binding to both active and inactive 
states (Kenakin et al., 1995). Important support 
for this model of GPCR activity comes from the 
large number of experimental studies over the 
past decade or so that have directly revealed 
constitutive (ligand-independent) activation of 
various GPCRs, including the mAChRs (Seifert 
and Wenzel-Seifert, 2002).

A common method for investigating constitu-
tive GPCR activation is by introducing activating 
mutations in the receptor structure. For example, 
substitution of Glu360 with Ala in the i3 loop of 
the M1 mAChR leads to a signifi cant enhancement 
in the ability of the mutant receptor to signal 
through the phosphoinositide (PI) pathway in the 
absence of agonist (Hogger et al., 1995). Further-
more, agonist potency is signifi cantly enhanced 
when tested at this mutant receptor, whereas 
atropine behaves as an inverse agonist, causing 
a reduction in basal PI hydrolysis. A similar 
approach by Spalding et al. (1995), who mutated 
residues in the TM6 domain, led to the creation of 
a constitutively active M5 mAChR, again reveal-
ing that classic mAChR antagonists such as atro-
pine, NMS, QNB, pirenzepine, and 4-DAMP are 
all capable of acting as inverse agonists.

Importantly, inverse agonism of classic 
mAChR antagonists has also been demonstrated 
in studies using wild-type receptors in both native 
(Daeffl er et al., 1999; Hilf and Jakobs, 1992) and 
recombinant expression systems (Jakubík et al., 
1995a). An interesting approach by Burstein et al. 
(1997, 1995a) utilized the overexpression of Gaq

subunits in a recombinant system to cause consti-
tutive activation of wild-type M1, M3, and M5

mAChRs, and revealed that all antagonists tested 
in this system behaved as inverse agonists.

4. Posttranslational 
Modifi cations and Receptor 
Regulation

Various residues have been identifi ed on the 
mAChRs as possible sites of posttranslational 
modifi cations. For example, a series of Asn resi-
dues in the N-terminal domain may be targets for 
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N-glycosylation but do not appear to play an 
important role in cell-surface expression, ligand 
binding, or G protein coupling (Ohara et al., 1990; 
van Koppen and Nathanson, 1990). A pair of con-
served Cys residues in e1 and e2 are believed to 
participate in the formation of a disulfi de bond that 
may play a functional role in stable protein folding 
(Kurtenbach et al., 1990; Savarese et al., 1992), 
while a conserved Cys in the C-terminal tail 
may represent a possible palmitoylation site 
(Wess, 1993b). Indeed, Hayashi and Haga (1997) 
have shown that palmitoylation of this cysteine 
in the M2 mAChR affects receptor-G protein 
coupling.

Like all GPCRs, the mAChRs are dynamic 
proteins that are able to cycle through cells 
continuously, and their relative distributions 
between intracellular and extracellular compart-
ments govern the magnitude and extent of signal-
ing. This process is commonly referred to as “GPCR 
traffi cking,” and it includes the synthesis of new 
receptors from the Golgi complex, the sequestra-
tion of receptors away from the cell surface, and 
the endocytosis of receptors to internal compart-
ments, where they are either recycled back to the 
surface or are degraded (Bunemann et al., 1999; 
Koenig and Edwardson, 1997) (Figure 5-10).

The dynamic GPCR traffi cking cycle is infl u-
enced by a number of regulatory mechanisms 
and posttranslational modifi cations that modulate 
the response of the receptor following exposure 
to agonists and, often, antagonists. For example, 
the second messenger-activated protein kinases, 
protein kinase A (PKA) and protein kinase C 
(PKC), have long been known to mediate heter-
ologous desensitization of various GPCRs, includ-
ing members of the mAChR family (Bunemann et 
al., 1999; Haddad and Rousell, 1998). This form 

of desensitization, however, shows a minimal 
dependence on agonist occupancy (Bunemann et 
al., 1999); activation of PKA or PKC by one type 
of GPCR is often suffi cient to lead to phosphoryla-
tion of consensus sites (Ser and Thr residues) 
within the intracellular loops and carboxyl-
terminal tail of another type of GPCR, irrespective 
of the activation status of the latter receptor. 
Heterologous desensitization, therefore, repre-
sents a general mechanism associated with 
receptor cross talk and, currently, remains rela-
tively poorly understood when compared to the 
wealth of knowledge generated over the last 
decade on homologous receptor desensitization.

The ability of specifi c GPCRs to be phosphor-
ylated as a direct consequence of occupancy by 
their cognate agonists initiates the phenomenon of 
homologous receptor desensitization. This type 
of phosphorylation is mediated by the family of 
G protein-coupled receptor kinases (GRKs), of 
which there are currently 7 known members. 
GRKs 1, 4, and 7 display very discrete, tissue-
specifi c localization, whereas GRKs 2, 3, 5, and 6 
are more widely distributed (Ferguson, 2001). In 
common with the second messenger-activated 
kinases, the GRKs also phosphorylate GPCRs on 
serine and threonine residues, but these are likely 
to be residues that become exposed only after the 
receptor has been occupied by an agonist. The 
M1–M4 mAChRs are all phosphorylated by differ-
ent GRKs, in vitro and/or in vivo (Bunemann 
and Hosey, 1999). Extensive studies on the M2

mAChR, in particular, have revealed a number of 
specifi c serine/threonine-rich motifs in the i3 loop 
that are sites for GRK-mediated phosphorylation 
(Pals-Rylaarsdam and Hosey, 1997). Compara-
tively less is known about the interaction of the 
M5 mAChR with GRKs, although overexpression 
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Figure 5-10. Schematic diagram of the cellular traffi cking cycle of mAChRs.
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of GRK2 has been found to increase the internal-
ization of this receptor (Tsuga et al., 1998).

Receptor phosphorylation by GRKs is neces-
sary, but generally not suffi cient, to lead to com-
plete homologous receptor desensitization. Rather, 
the consequence of agonist-dependent phosphory-
lation is to increase the receptor affi nity for, and 
the recruitment of, soluble cytosolic proteins 
referred to as “arrestins,” which then lead to 
uncoupling of the receptor from its G protein by 
steric inhibition (Krupnick and Benovic, 1998; 
Pals-Rylaarsdam et al., 1997). There are 4 known 
isoforms of arrestin proteins. Two of these (arres-
tin 1 and cone arrestin) are localized to the visual 
system, whereas arrestin 2 (b-arrestin1) and 
arrestin 3 (b-arrestin 2) are widely expressed and 
involved in the regulation of most GPCRs, includ-
ing the mAChRs (Krupnick and Benovic, 1998). 
Acute desensitization is thus achieved as the intra-
cellular interaction between the activated receptor 
and G protein is “arrested” (Bunemann et al., 
1999).

Another important level of regulation follow-
ing agonist exposure is endocytosis (internaliza-
tion), in which receptors translocate from the cell 
surface to intracellular compartments. In addition 
to inhibiting G protein-mediated signaling, the 
nonvisual arrestins act as adaptor proteins and can 
target phosphorylated GPCRs to clathrin-coated 
pits (Luttrell and Lefkowitz, 2002). Clathrin is a 
trimeric scaffold protein that facilitates a major 
physiological endocytic pathway (Kirchhausen 
et al., 1997). The study of GPCR endocytosis re-
presents an area of exhaustive current research, 
and most discoveries made to date highlight the 
fact that receptor endocytosis, and traffi cking in 
general, is highly dependent on the cell type in 
which it is investigated as well as the specifi c 
receptor involved. For example, in HEK-293 cells, 
the internalization of M1, M3, and M4 mAChRs is 
severely retarded in the presence of a dominant-
negative b-arrestin mutant, whereas the internal-
ization of the M2 mAChR under the same 
conditions is hardly affected (Vögler et al., 1999), 
even though the M2 mAChR can bind arrestin in
vitro (Pals-Rylaarsdam et al., 1997). In contrast, 
the internalization of the M1, M3, and M4 mAChRs 
in HEK-tsA201 cells appears to be arrestin inde-
pendent, whereas internalization of M2 mAChRs 
is arrestin dependent (Lee et al., 1998).

The internalization via clathrin-coated vesicles 
of the mAChRs is also dependent on a monomeric 
GTPase protein, dynamin, which regulates the 
budding of clathrin-coated pits from the plasma 
membrane (Vögler et al., 1999; Zhang et al., 
1996). As with the case of the arrestins, however, 
the role of dynamin in the internalization of 
different mAChRs is not clear-cut, most likely 
because of the various host cell environments that 
have been used in the different studies (Pals-
Rylaarsdam and Hosey, 1997; Pals-Rylaarsdam et 
al., 1995; Roseberry and Hosey, 1999; Schlador 
and Nathanson, 1997; Vögler et al., 1998; Wer-
bonat et al., 2000). In general, there 
are at least three different modes for mAChR 
internalization identifi ed to date: (1) arrestin-, 
dynamin-, and clathrin-dependent, (2) arrestin-
independent, dynamin-dependent, and (3) arres-
tin- and dynamin-independent (Bunemann et al., 
1999).

Following internalization, phosphorylated 
receptors are delivered to endosomes, which 
provide an acidic environment to allow specifi c 
GPCR phosphatases to associate with and dephos-
phorylate the receptors (Bunemann et al., 1999; 
Lefkowitz, 1998). These receptors may be 
recycled back to the cell surface to respond to 
agonist stimulation, or they may be degraded by 
lysozomes. In comparison to M1 mAChRs, M2

mAChRs recycle back to the cell surface very 
slowly (Vögler et al., 1998).

Apart from the role of desensitization, internal-
ization of receptors also contributes to down-
regulation of receptors, a process that leads to a 
more prolonged attenuation of signal transduction. 
Down-regulation is a phenomenon characterized 
by ligand-induced decreases in the total cellular 
receptor number following long-term ligand expo-
sure and is often quantifi ed by use of a lipophilic 
radioligand such as the antagonist [3H] QNB for 
the mAChRs. A change in total cellular receptor 
number thus represents the third level of regula-
tion that GPCRs employ to adapt to prolonged 
agonist exposure. The exact mechanisms underly-
ing this process still remain unclear, but the reduc-
tion in receptor number is generally associated 
with lysozomal receptor degradation and/or a 
decrease in new protein expression and posttran-
scriptional mechanisms (Bunemann et al., 1999; 
Pitcher et al., 1998).
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E. Signaling Pathways

1. G Proteins

The classical view of mAChR signal transduc-
tion posits that signaling is initiated by the interac-
tion of these receptors with a variety of G protein 
heterotrimers. This view is well borne out by two 
decades of research, and has led to the generaliza-
tion that the M1, M3, and M5 mAChRs preferen-
tially couple to G proteins of the Gq/11 family, 
whereas M2 and M4 mAChRs preferentially couple 
to G proteins of the Gi/o family (Caulfi eld and 
Birdsall, 1998). It is now recognized, however, 
that this generalization belies the more sophisti-
cated aspects of G protein coupling specifi city 
(Wess, 1998). Furthermore, estimates based on 
the sequenced human genome predict that there 
are at least 27 Ga, 5 Gb, and 14 Gg isoforms of 
G protein subunits (Albert and Robillard, 2002), 
resulting in a theoretically bewildering possibility 
of heterotrimer combinations that can regulate dif-
ferent GPCR pathways.

Within a particular G protein heterotrimer, the 
Ga subunit has always been considered the impor-
tant determinant of G protein-effector specifi city. 
For example, after coupling of Gq/11 proteins to M1,
M3, or M5 mAChRs, subsequent dissociation of 
the Gaq/11 subunit universally activates all phos-
pholipase C-b (PLC-b) subtypes (Exton, 1996). 
Similarly, dissociated Gai inhibits adenylyl 
cyclase (AC) after activation via M2 or M4

mAChRs (Sunahara et al., 1996). However, there 
is ample evidence that mAChRs also utilize bg
subunits in signal transduction (Caulfi eld, 1993; 
Katz et al., 1992). Furthermore, the actual isoform 
composition of the bg dimer has been shown to 
directly infl uence the effectiveness of mAChR 
activation. For instance, in Sf9 insect cells express-
ing the M2 mAChR, it was found that b4g2 and b1g2

were able to directly activate a variety of down-
stream effectors with equal effi cacy, although M2

mAChR stimulation of nucleotide exchange 
within the heterotrimer Gaob4g2 was signifi cantly 
greater than within Gaob1g2 (Hou et al., 2001). 
Similarly, reconstitution studies of the M2 mAChR 
with Go heterotrimers that varied only in their g
subunit also revealed striking differences in M2

mAChR-stimulated GTP hydrolysis (Hou et al., 
2000).

One of the most commonly used methods 
for directly measuring GPCR-mediated guanine 
nucleotide exchange is the [35S]-GTPgS binding 
assay (Hilf et al., 1989; Lazareno and Birdsall, 
1993), and recent refi nements of this technique 
have revealed that mAChRs possess differing G 
protein activation profi les that are dependent not 
only on the receptor subtype involved but also on 
the nature of the agonist used for activation (Akam 
et al., 2001). This fi nding implies that it is possible 
for agonists to selectively “traffi c” the stimulus 
imparted to the same mAChR via different G 
protein subtypes (Kenakin, 1995a, 1995b), intro-
ducing an additional layer of complexity to the 
study of receptor signaling specifi city.

The process of mAChR-mediated G protein 
coupling can be further infl uenced by the regulator 
of G protein signaling (RGS) family of proteins 
(Neubig and Siderovski, 2002). RGS proteins can 
accelerate the intrinsic GTPase activity of Ga
subunits, thus helping terminate GPCR signaling 
(De Vries et al., 2000). Depending on the 
cellular complement of receptors, Ga proteins, 
and RGS proteins, selective tuning of GPCR-
mediated signals can occur. For example, Rume-
napp et al. (2001) used M3 mAChRs expressed in 
HEK-293 cells to determine which G proteins 
were involved in M3 mAChR-mediated phospho-
lipase D (PLD) activation in comparison to M3

mAChR-mediated PLC activity. By expressing 
various Ga subunits and RGS proteins, the latter 
with differing selectivities for Gq or G12 proteins, 
it was found that the M3 mAChR signaled to PLD 
via G12 proteins but not by Gq proteins. This study 
also showed the usefulness of G protein subtype-
selective RGS proteins in determining specifi c 
roles of pertussis (PTX)-insensitive G proteins in 
receptor-effector coupling.

The coupling of mAChRs to G proteins is not 
only limited to the well-studied example of the 
heterotrimeric variety traditionally associated with 
these receptors. A number of GPCRs, including 
mAChRs, activate Rho, a member of the sub family
of small monomeric G proteins (RhoA, Rac, 
Cdc42) involved in growth regulation, actin cyto-
skeletal organization, and other cellular functions 
(Sah et al., 2000; Seasholtz et al., 1999). Rho 
activation by several subtypes of mAChR appears 
to be mediated by Ga12 and Ga13 (Sagi et al., 
2001). M1 mAChRs activate Rho to induce gene 
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transcription (Fromm et al., 1997; Hirabayashi and 
Saffen, 2000) and to inhibit the delayed rectifi er K+

channel, Kv1.2 (Cachero et al., 1998). M2 mAChR-
mediated Rho activation couples these receptors to 
the PLD pathway (Schmidt et al., 1995b).

Another recently described interaction is that 
between the M4 mAChR and the elongation factor 
1A2 (eEFIA2), a GTP-binding protein involved in 
protein synthesis (McClatchy et al., 2002). In rat 
striatal neurons, eEFIA2 and the M4 mAChR are 
colocalized in the soma and neutropil. At the 
moment, the functional signifi cance of this inter-
action remains unknown.

2. Enzymes

a. Phospholipases

An important class of effector targets for the 
mAChRs is the phospholipase enzymes C, A, and 
D (PLC, PLA, PLD). Activation of PLC catalyzes 
the formation of inositol 1,4,5-trisphosphate (IP3)
and diacylglycerol (DAG), which are involved in 
the regulation of intracellular calcium fl ux, secre-
tion, cell transformation, cellular growth, and dif-
ferentiation (Berridge and Irvine, 1989; Fain et al., 
1988; Rhee et al., 1989). In the brain, the principal 
PLC isozyme is PLC-b and is primarily associated 
with the G protein-inositol phosphate signaling 
mechanism. Although the M1 mAChR is the most 
abundant Gq/11-coupled receptor subtype in the 
brain, M3 and M5 mAChRs are also likely to 
contribute to muscarinic PI hydrolysis in cerebral 
cortex and hippocampus (Ayyagari et al., 1998). 
Using recombinant systems, it has also been 
shown that the M2 mAChR can also mediate a 
weak stimulation of PLC in a PTX-insensitive 
manner (Offermanns et al., 1994; Schmidt et al., 
1995a, 1995b, 1998). M2 and M4 mAChRs can 
also couple to PLC-b pathways via a PTX-
sensitive G protein using PLC-b2 or PLC-b3 and 
Gbg, rather than PLC-b1 and Gaq/11 (Katz et al., 
1992).

PLA2 catalyses the hydrolysis of membrane 
phospholipids leading to the generation of free 
arachidonic acid and the corresponding lysophos-
pholipid (Felder, 1995). The M1, M3, and M5

mAChRs have been linked to PLA2 activation 
through agonist-stimulated inositol phosphate for-
mation (Conklin et al., 1988). Even though the M2

or M4 mAChRs have not been linked to activation 

of PLA2, they have been shown to facilitate PLA2

activity (Felder, 1995; Felder et al., 1991). A 
reduction in PLA-catalyzed reactions in the 
nervous system may be associated with some 
pathophysiological conditions, including func-
tional and degenerative changes in Alzheimer’s
disease (Gattaz et al., 1995).

Many GPCRs cause activation of PLD with 
hydrolysis of phosphatidylcholine to yield phos-
phatidic acid and choline (Exton, 1997, 1999; 
Jones et al., 1999; Liscovitch et al., 2000). Activa-
tion of receptors in HEK293 cells expressing the 
M3 mAChR subtype led to stimulation of both 
PLC and PLD (Rumenapp et al., 2001; Schmidt 
et al., 1995b), and a similar effect occurred with 
M1, M2, and M4 subtypes (Pepitoni et al., 1991; 
Schmidt et al., 1995b). Coupling of receptor acti-
vation to PLD is via PTX-insensitive G proteins, 
of the G12 type (Rumenapp et al., 2001), and may 
involve Rho kinase (Schmidt et al., 1999). There 
is also evidence that ADP-ribosylation factor 
(ARF) proteins and their nucleotide-exchange 
factor are involved in the signaling pathway 
leading from mAChR activation to PLD stimula-
tion in HEK cells (Rumenapp et al., 1995).

b. Adenylyl Cyclases

The adenylyl cyclase (AC) family of enzymes 
can respond to the actions of extracellular effec-
tors either by direct interaction with subunits of 
membrane-anchored G proteins such as Gas, and/
or indirectly through alterations of intracellular 
ionic composition and kinase activity (Simonds, 
1999). Molecular cloning has identifi ed at least 10 
isoforms of AC (AC1–10) with different expres-
sion patterns that allow AC to integrate stimula-
tory or inhibitory signals through GPCRs and 
regulate levels of cAMP within cells (Tucek et al., 
2001). Signaling of all mAChR subtypes may 
involve modifi cation of the activity of various iso-
forms of AC for regulation of cAMP production.

Inhibition of cAMP synthesis results from the 
direct coupling of M2 or M4 mAChRs to AC 
through Gi/o proteins (Dittman et al., 1994; Haga 
et al., 1986; Nathanson, 1987; Onali and Olianas, 
1995). A reduction in cAMP levels via M2 mAChR 
activation may also occur through activation of 
phosphodiesterase (PDE) (Han et al., 1998). 
However, in HEK-293 cells M4 mAChRs exhib-
ited both inhibition and stimulation of AC1 and 
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AC3 depending on receptor density and agonist 
concentration (Dittman et al., 1994). In CHO cells 
transfected with human M2 mAChR, the inhibition 
of cAMP synthesis caused by low concentrations 
of mAChR agonists becomes weaker if the agonist 
concentration is raised (Michal et al., 2001). In 
native neuronal tissue, a bimodal control on cAMP 
formation was observed with activation of rat 
olfactory bulb M4 mAChRs (Olianas et al., 1998; 
Olianas and Onali, 1996; Onali and Olianas, 
1995).

It has also been shown that activation of 
mAChRs can elevate intracellular levels of cAMP 
in both neuroblastoma cells expressing endoge-
nous mAChRs, such as the M3 subtype (Baron 
and Siegel, 1989; Baumgold and Fishman, 1988; 
Nakagawa-Yagi et al., 1991), and cells transfected 
with the M1, M3, and M5 subtypes (Dittman et al., 
1994; Felder et al., 1989; Gurwitz et al., 1994). 
For the M1 mAChRs, stimulation of AC activity 
was via Gs protein coupling (Dittman et al., 1994; 
Gurwitz et al., 1994). In other cases, cAMP stimu-
lation has paralleled increased PI hydrolysis and 
Ca2+/calmodulin activation of AC activity (Buck 
and Fraser, 1990; Shapiro et al., 1988).

c. Nitric Oxide Synthase

Nitric oxide (NO) is an important neuromodu-
lator. Concentrations of NO under normal physi-
ological conditions within the body are maintained 
at low levels under the infl uence of the enzyme, 
NO synthase (NOS) (Bredt and Snyder, 1992, 
1994). In the CNS, the constitutively expressed 
neuronal and endothelial types of NOS isozymes, 
nNOS (NOS-I) and eNOS (NOS-III), respectively, 
have been implicated in memory processing (Son 
et al., 1996). The generation of NO through the 
actions of either nNOS or eNOS requires the 
release of intracellular Ca2+ (Christopoulos and 
El-Fakahany, 1999a). Receptors that are linked to 
the mobilization of intracellular Ca2+ stores, there-
fore, are most commonly associated with NO 
formation.

M1, M3, and M5 mAChRs each promote a 
robust mobilization of intracellular calcium via 
the Gq/11/PLC pathway, and, not surprisingly, each 
receptor has been shown to activate nNOS in 
stably cotransfected CHO-K1 cells (Wang et al., 
1996). However, it is possible that additional 
mechanisms exist for nNOS activation in the pres-

ence of minimal cytosolic Ca2+ mobilization. For 
example, stimulation of M2 mAChRs in trans-
fected CHO-K1 cells with carbachol produced 
little intracellular Ca2+, yet nNOS activity in these 
same cells was of comparable magnitude to that 
observed in M1-expressing CHO-K1 cells (Wang 
et al., 1997).

In the brain, NO can modulate mAChR-
mediated rhythmic slow activity in rat hippocam-
pal slices (Bawin et al., 1994) and inhibition of 
NOS can cause impairment of learning and memory 
that can be reversed by mAChR activation (Kopf 
and Baratti, 1996), although a direct link between 
mAChR-mediated NO production and memory 
processing has yet to be demonstrated.

d. Mitogen-Activated Protein 
Kinase Pathways

The mitogen-activated protein kinase (MAPK)
family of enzymes is divided into a number of 
subgroups, including extracellular signal regu-
lated kinases (ERK1 and 2), the stress-activated 
protein kinases, or c-Jun NH2 terminal kinases 
(SAPKs/ JNKs), the p38 kinases, and ERK5 
(Garrington and Johnson, 1999). Stimulation of 
mAChRs can lead to activation of each of these 
pathways.

ERK1 (p44 MAPK) and ERK2 (p42 MAPK) 
may be activated by all 5 mAChR subtypes, but 
the time course varies depending on the cellular 
background. Activation of ERK1 or 2 by M1, M3,
and M5 mAChRs typically involves PKC follow-
ing Gq/11 activation of the PLC pathway with pro-
duction of DAG (Kim et al., 1999). Utilization of 
the Raf family of serine-threonine kinases is also 
common, although involvement of Ras is not 
(Crespo et al., 1994; Guo et al., 2001; Hawes et 
al., 1995; van Biesen et al., 1996). Alternative 
pathways for activation of ERK1 or 2 by M1 or 
M3 mAChRs also exist in some cells. These appear 
to involve either (1) G proteins other than Gq/11 or 
(2) PKC-independent processes (Berkeley et al., 
2001; Haring et al., 1998; Kumahara et al., 1999). 
Although best-characterized for the M1, M3, and 
M5 mAChRs, the M2 and M4 mAChRs can also 
activate MAPK by utilizing the bg subunits of G 
proteins (Koch et al., 1994; Lopez-Ilasaca et al., 
1997). A similar pathway operates in CNS neu-
rones for M1–M4 mAChRs (Rosenblum et al., 
2000).
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JNK may be involved in neuronal cell differ-
entiation (Heasley et al., 1996) and in the regula-
tion of gene expression (Marinissen et al., 1999; 
Yamauchi et al., 1999). Activation of JNK in 
COS-7 cells transfected with M1 or M2 mAChRs 
showed that both receptor subtypes could activate 
JNK via a Ras and Rac 1-dependent route (Coso 
et al., 1996).

The enzyme p38 MAPK is involved in regula-
tion of cell movement and development as well as 
the production of tumor necrosis factor a (TNFa)
and interleukin 1 (IL1). M1 mAChR activation of 
p38 MAPK in HEK-293 cells appears to involve 
both Gaq and Gbg regulating MKK3 and MKK6 
through parallel signaling pathways (Nagao et al., 
1998; Yamauchi et al., 2001).

ERK5, or big mitogen-activated protein kinase 
1 (BMK1), appears to be activated by oxidative 
stress and to be involved in the regulation of a 
number of nuclear transcription factors (Abe et al., 
1997; Fukuhara et al., 2000). In transiently trans-
fected COS-7 cells, activity of ERK5 may be 
modulated by mAChRs that utilize a subunits of 
Gq/11 or G12/13, such as M1 mAChRs, but not by 
those that couple to Gi, such as M2 mAChRs 
(Fukuhara et al., 2000). Carbachol, acting via M1

mAChRs in NIH 3T3 cells, has also been shown 
to activate ERK5 (Marinissen et al., 1999).

Epidermal growth factor (EGF) and mAChR 
agonists, together with their receptors, interact in 
complex ways to modulate cellular function. 
Transactivation of the EGF receptor can occur 
following mAChR activation, promoting EGF 
receptor dimerization and tyrosine kinase activity 
along with mutual potentiation or inhibition of 
their actions (Daub et al., 1996, 1997). Transacti-
vation of the EGF receptor has been shown to be 
an essential part of ERK activation by GPCRs, 
both Gq/11 and Gi/o coupled, in Rat 1 fi broblasts and 
COS-7 cells (Daub et al., 1996, 1997). Activation 
of either M1 or M2 mAChRs by carbachol in COS-
7 cells caused increases in phosphorylation of the 
EGF receptor although the effect of M1 mAChR 
activation was more pronounced.

Given the plethora of signaling modes associ-
ated with the MAPK and EGF pathways, it is 
perhaps unsurprising that there are a variety of 
cholinergic functions that have been associated 
with mAChR-mediated kinase signaling. These 
include gene induction, long-term potentiation, 
electrolyte transport, the secretion of amyloid pre-

cursor protein, cellular growth and apoptosis, ion 
channel modulation, and modifi cation of GRK 
activity (Lanzafame et al., 2003).

3. Ion Channels

The coupling of mAChRs to ion channels has 
been extensively covered previously (see reviews 
by Beech, 1997; Bolton et al., 1999; Caulfi eld, 
1993; Janssen and Sims, 1997; Jones, 1993; 
Wickman and Clapham, 1995). The following dis-
cussion summarizes observations that have been 
made with particular respect to modulation of neu-
ronal ion channel activity by mAChRs.

a. Potassium Channels

The “M current” is a slowly activating and 
deactivating potassium conductance that was fi rst 
described in sympathetic neurons (Brown and 
Adams, 1980) and subsequently shown to be 
expressed in a variety of neuronal cell types 
(Marrion, 1997). The activation of mAChRs, and 
other GPCRs, linked to Gq/11 proteins has long 
been known to modulate M current activity, 
although it was not until recently that molecular 
biological approaches identifi ed the channel medi-
ating the M current as belonging to the KCNQ 
subtype of potassium channel (Wang et al., 1998). 
The subject of some contention, however, is the 
identity of the intracellular messenger(s) linking 
receptor activation to M current modulation. 
Recently, Suh and Hille (2002) provided elegant 
experimental evidence that the activation of PLC 
by the M1 mAChR initiates M current modulation 
by depleting cellular stores of PIP2, which then 
leads to channel inhibition. Recovery of the 
channel was dependent on intracellular ATP and 
phosphoinositide 4-kinase activity.

G protein inward-rectifying potassium (GIRK) 
channels are another class of potassium channels 
modulated by mAChR activation. GIRK channels 
are characterized by an initial low basal level of 
channel activity that increases on activation by Gi/o-
coupled receptors. The activation of these channels 
causes a decrease in cellular excitability by hyper-
polarization and, accordingly, extends the duration 
between action potentials (Hill and Peralta, 2001). 
In general, neuronal GIRK channels play a role in 
the resting membrane potential.
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Recent experiments on mAChRs in rat supe-
rior cervical ganglion (SCG) neurons, heterolo-
gously coexpressed with GIRK1/2 channels, 
found that stimulation of endogenous M2 mAChRs, 
but not endogenous M4 mAChRs, selectively acti-
vated GIRK currents (Fernandez-Fernandez et al., 
1999, 2001). GIRK channels were preferentially 
activated by bg subunits freed from M2 mAChR-
stimulated Gai, whereas Ca2+ channels were pref-
erentially inhibited by bg subunits released from 
M4 mAChR-activated Gao (Fernandez-Fernandez 
et al., 2001). It was suggested that these effects 
occurred because of the topographical arrange-
ment of receptor subtypes and G proteins in the 
SCG rather than because of any fundamental 
selectivity of the receptor subtypes for particular 
G proteins.

Stimulation of a number of Gq/11-coupled
receptors and the resultant cellular signaling path-
ways can also inhibit GIRK channels (Rogalski et 
al., 1999; Sharon et al., 1997; Stevens et al., 1999). 
In Xenopus oocytes, Hill and Peralta (2001) 
found that GIRK1/4 currents were suppressed 
by M1 mAChR stimulation. Further studies 
showed that the M1 mAChR potently suppressed 
a novel delayed rectifi er K+ channel, termed RAK, 
through a pathway involving PLC activation and 
direct tyrosine phosphorylation of the RAK 
protein.

b. Calcium Channels

In many cells, elevation of intracellular calcium 
([Ca2+]i) via mAChRs is required for stimulation 
of PLA2, PLD, PLCg, tyrosine kinases, Ca2+/
calmodulin-dependent ACs, and NO formation. 
Additionally, Ca2+ is involved in the regulation of 
structural plasticity in neurons by infl uencing the 
cytoskeleton and associated proteins (see Felder, 
1995). While mAChR activation can lead to eleva-
tion of [Ca2+]i via the IP3 pathway and release of 
Ca2+ from intracellular stores, mAChRs also affect 
Ca2+ entry through other types of ion channels, 
including L-type voltage-operated Ca2+ channels 
(Lanzafame et al., 2003). In addition, mAChR 
agonists have been shown to depress N-type Ca2+

channel currents in rat SCG neurons by 2 G 
protein-coupled signaling pathways (Hille et al., 
1995). One of these pathways is rapid and mem-
brane delimited and shows sensitivity to PTX, 
suggesting that M2 or M4 mAChRs are involved 

via liberation of Gbg subunits. The second pathway 
of SCG neurons also affects L-type channels, is 
slower in nature, and is PTX insensitive, suggest-
ing the involvement of diffusible second messen-
ger linked to M1 mAChR activation. A recent 
study by Shapiro et al. (1999), using mAChR 
knockout mice, has generally confi rmed these 
observations, but has also revealed that the fast, 
PTX-sensitive component of channel modulation 
in the latter animal model is mediated by M2, and 
not M4, mAChRs.

In the rat striatum, activation of muscarinic 
autoreceptors present on cholinergic nerves inhib-
its both N- and P/Q-type Ca2+ channels but appears 
more effi ciently coupled to the former channel 
type (Dolezal et al., 2001).

T-type Ca2+ channel activity was not affected 
by M1 mAChRs expressed in NIH 3T3 cells, 
whereas M3 and M5 mAChRs enhanced channel 
activity (Pemberton et al., 2000). The 3 subtypes 
all increased cAMP levels in the cells, and the 
effect on the T-type channel appeared to be associ-
ated with a subsequent activation of PKA arising 
from the effect on cAMP. The failure of M1

mAChR activation to enhance channel activity 
was attributed to concomitant activation of PKC, 
opposing the effect of PKA. Activation of M2 and 
M4 mAChRs had no effect alone but after pretreat-
ment of the cells with forskolin to elevate cAMP 
levels, M2 mAChR activation induced an inhibi-
tion in T channel activity.

R-type Ca2+ channels appear to be formed from 
a1E Ca2+ channel subunits and are found in neurons 
in the CNS and periphery (Jeong and Wurster, 
1997; Tottene et al., 2000; Wu et al., 1998). They 
contribute to infl ux of Ca2+ in dendrites (Kavalali 
et al., 1997), providing transient surges of Ca2+

rather than a steady infl ux (Randall and Tsien, 
1997), and secretion of ACh from central cholin-
ergic neurones (Allen, 1999). The M1 (Melliti et 
al., 2000) and M2 (Meza et al., 1999) mAChRs 
have each been shown to both facilitate and inhibit 
R-type channels. In HEK-293 cells, M1 mAChRs 
utilized Gaq to produce facilitation, and this effect 
was blocked by RGS2 and by the C-terminal 
region of PLCb1, which acts as a GTPase activa-
tor of Gaq. Channel inhibition by M1 mAChRs 
was a weaker effect, involved Gbg, and was unaf-
fected by either inhibitor. M2 mAChR-induced 
channel activation was weaker than that observed 
with the M1 mAChR, but channel inhibition was 
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more pronounced, suggesting the involvement of 
different Gbg subunits to those utilized by the M1

mAChR (Melliti et al., 2000). The M2 mAChR-
mediated inhibitory effect was inhibited by PTX 
but the facilitatory response was not (Meza et al., 
1999). There may be differences in the suscepti-
bility of various R-type channels to mAChR mod-
ulation. In rat basal forebrain cholinergic neurons, 
muscarine or ACh failed to inhibit R-type Ca2+

channels present on the soma, but muscarine 
inhibited ACh release induced by Ca2+ infl ux 
through R- as well as N- and Q-type channels on 
neurites (Allen, 1999).

Finally, a Ca2+-dependent nonspecifi c cation 
current (Icat) activated by mAChR agonists in 
mouse hippocampus, as well as a mixed Na+/K+

current (IH), appear to be mediated by M1 mAChRs, 
as the responses are not present in M1 mAChR 
knockout mice (Fisahn et al., 2002). A non-
selective cation current was also found to be 
respon sible for a mAChR agonist-induced slow 
after-depolarization in rat prefrontal cortex (Haj-
Dahmane and Andrade, 1998) and for carbachol-
induced plateau potentials in the rat limbic system 
(Kawasaki et al., 1999).

c. Chloride Channels

Activation of mAChRs, although not directly 
opening Cl- channels, may initiate a Ca2+-depen-
dent opening of such channels leading to effl ux of 
Cl- and a resulting depolarization contributing to 
further infl ux of Ca2+ via VOCCs (Janssen and 
Sims, 1997). In rat SCG, Marsh et al. (1995) iden-
tifi ed a delayed Ca2+-dependent Cl- current that 
was induced by the synergistic action of Ca2+ and 
DAG and was blocked by inhibitors of PKC. The 
resulting Cl- current was induced by ACh through 
the simultaneous activation of nicotinic receptors 
to produce a rise in [Ca2+]i and mAChRs to gener-
ate DAG.

4. Receptor Dimerization/
Oligomerization

For many decades, the classic view of signal-
ing via GPCRs has always assumed that each 
receptor exists and interacts with other membrane 
proteins as a monomer. This is in contrast to the 
activation of all other known receptor superfami-
lies, which characteristically require some form 

of oligomerization to mediate their effects. For 
example, all ligand-gated ion channels exist as 
oligomeric complexes, while both the nuclear 
receptor and enzyme-linked receptor superfami-
lies require dimerization for activation (Changeux 
and Edelstein, 1998). The view of GPCRs as 
monomeric proteins is now giving way to the real-
ization that these receptors can also come together 
to form dimers or higher-order oligomers, and that 
this type of receptor-receptor interaction can lead 
to markedly different physiological and/or phar-
macological properties of the resulting receptor 
complex.

Although the concept of GPCR dimerization 
has really come into its own only within the last 
decade, provocative evidence from radioligand-
binding studies of the mAChRs has actually 
existed for some time to suggest that classic ortho-
steric ligands could bind in a cooperative fashion, 
as would be expected for interaction with an 
oligomeric receptor complex (Boyer et al., 1986; 
Chidiac et al., 1997; Hirschberg and Schimerlick, 
1994; Mattera et al., 1985; Potter et al., 1991; 
Potter and Ferrendelli, 1989; Wregget and Wells, 
1995). For example, Figure 5-11 shows the binding 
of the agonist oxotremorine-M in competition 
with the antagonist [3H]AF-DX 384 at native, 
purifi ed, M2 muscarinic receptors. In the presence 
of G protein coupling, the competition curve is 
inhibitory and biphasic, but when the nonhydro-
lyzable GTP analog Gpp(NH)p is included in the 
assay to uncouple receptor-G protein complexes, 
a bell-shaped binding curve is obtained for the 
agonist-antagonist interaction. This behavior 
cannot be reconciled within the standard ternary 
complex mechanism of ligand-receptor-G protein, 
but it can be rationalized if it is assumed that M2

mAChRs can exist as dimers or higher-order 
oligomers within the cell membrane (Wregget and 
Wells, 1995).

Molecular biological evidence for mAChR 
oligomerization has been obtained from co-
expression studies using chimeric receptor 
constructs or receptor fragments. For example, 
Maggio et al. (1993a, 1993b), constructed a series 
of a2C-adrenoceptor/M3 mAChR chimeras that 
contained the fi rst 5 transmembrane domains of 1 
receptor type linked to the last 2 of the other type 
of receptor and then studied their properties in a 
recombinant expression system. When transfected 
alone into COS-7 cells, neither chimera showed 
signifi cant ligand-binding activity. However, 
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when they were coexpressed, signifi cant numbers 
of both a2C and M3 binding sites were detected. 
Furthermore, this phenomenon was functionally 
relevant, as the cotransfected cells were able to 
respond to stimulation with an mAChR agonist. 
This “functional rescue” of receptor activity on 
coexpression of the 2 different chimeric constructs 
could be explained if an intermolecular rearrange-
ment of transmembrane domains between the 2 
receptor chimeras occurs, thus highlighting the 
possibility of GPCR-GPCR interactions. Similar 
results have also been observed in experiments 
using N- and C-terminally fragmented M3

mAChRs; coexpression of the receptor fragments 
led to signifi cant restoration of [3H]NMS binding 
(Schöneberg et al., 1995), again suggesting that 
mAChRs are composed of multiple autonomous 
folding units that may “swap” between receptor 
pairs to form dimers (Gouldson et al., 1998).

Another very common technique used to 
provide biochemical evidence for GPCR dimer-
ization involves the co-immunoprecipitation of 
differentially epitope-tagged receptors (Hebert 
and Bouvier, 1998). This approach was recently 
used to investigate the homodimerization of the 
M3 mAChR (Zeng and Wess, 1999). In that study, 
the receptor was C-terminally epitope-tagged with 

the last 9 amino acids of the rhodopsin receptor 
or the last 29 amino acids of the V2 vasopressin 
receptor. Receptor homodimers were subsequently 
revealed by immunoprecipitation using an anti-
body to one of the epitope tags followed by 
Western blotting using an antibody to the other 
tag. The study by Zeng and Wess (1999) revealed 
two interesting properties of the M3 mAChR 
homodimers. First, the sensitivity of the dimers to 
the effects of the reducing agent dithiothreitol sug-
gested that part of the dimeric linkage involves the 
formation of disulfi de bonds across the interacting 
receptors. Second, the formation of M3 mAChR 
homodimers appeared to be specifi c, as co-immu-
noprecipitation studies of M3 mAChRs with either 
M1 or M2 mAChRs failed to fi nd any evidence for 
mAChR heterodimerization. This latter fi nding is 
in contrast to a recent study by Maggio et al. 
(1999), who proposed the existence of M2/M3

mAChR heterodimers based on the appearance 
of novel pharmacological properties of ligands 
binding to these receptors when the latter are 
coexpressed. The reasons for these confl icting 
fi ndings remain undetermined.

Co-immunoprecipitation was also used 
recently by Park et al. (2001) to investigate the 
homodimerization of M2 mAChRs, which were 

Figure 5-11. Agonist competition binding at an oligomeric receptor complex. Interaction between oxotremorine-
M and [3H]AF-DX 384 at the M2 mAChR copurifi ed with G proteins from porcine sarcolemmal membranes. Data 
were obtained in the absence (circles) or presence (squares) of the nonhydrolyzable GTP analog, Gpp(NH)p. Curves 
through the data represent the best fi t based on a model of receptor oligomerization. (Data replotted from Wregget 
and Wells, 1995.)
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N-terminally tagged with either c-myc or FLAG 
epitopes and coinfected into Sf9 insect cells. This 
study revealed that M2 mAChRs might exist not 
only as dimers, but potentially as higher-order 
oligomers, such as trimers and even tetramers. 
Another important observation made in that study 
was that the degree of co-immunoprecipitation of 
M2 mAChR homodimers was unaffected by ligand 
treatment, suggesting that mAChR dimers are 
formed constitutively and are insensitive to regu-
lation by ligands. A similar fi nding was made by 
Zeng and Wess (1999) in their study of M3 mAChR 
homodimers.

An important issue in current studies of GPCR 
oligomerization remains the physiological and/or 
pathophysiological relevance of the phenomenon. 
Some studies have demonstrated that GPCR 
ligands may actively regulate the monomer/oligo-
mer ratio, but the majority of studies to date either 
have reported the opposite fi nding, as described 
above for M2 and M3 mAChR homodimers, or 
have not investigated the potential for oligomer 
regulation by ligands (Christopoulos and Kenakin, 
2002). The advent of newer biophysical tech-
niques, such as fl uorescence and/or biolumines-
cence resonance energy transfer assays, are 
beginning to provide more sensitive measure-
ments of GPCR dimerization in living cells 
(Bouvier, 2001) but, to date, there have been no 
reports of these approaches having been applied 
to the study of mAChR dimers. Nevertheless, 
there is at least 1 GPCR (the GABAB receptor) for 
which a heterodimeric state represents the native, 
functional state (White et al., 1998), and at least 
one example of where a disease (preeclampsia) 
may be mediated, in part, by the formation of AT1

angiotensin—B2 bradykinin GPCR heterodimers 
(AbdAlla et al., 2001). Thus, the elucidation of the 
functional relevance of dimers/oligomers of other 
GPCRs, including the mAChRs, remains an 
important issue.

F. Functional Insights Gained 
from the Use of Muscarinic 
Acetylcholine Receptor 
Knockout Mice

For many decades, a recurring theme in the 
study of the physiology of mAChR function has 

been the diffi culty in assigning functions to spe-
cifi c subtypes; this is especially so for studies con-
ducted in the CNS, which expresses all 5 subtypes 
of mAChR. In the last few years, a signifi cant 
advance in addressing this problem has been made 
with the use of gene-targeting technology to gen-
erate transgenic mice that lack, either individually 
or in certain combinations, the M1–M5 mAChR 
genes.

The standard approach for the generation of 
mAChR knockout mice has generally been the 
same in most studies reported to date, and involved 
the initial isolation of the mAChR genes from a 
mouse genomic library followed by the generation 
of targeting vectors with replacements of func-
tionally essential segments of the receptor coding 
sequences. These vectors were then introduced 
into embryonic stem cells and microinjected 
into blastocysts to generate male offspring, which 
were then mated with female offspring. A subse-
quent series of intermating of offspring heterozy-
gous for the desired mAChR mutation produced 
homozygous mAChR knockout (-/-) mice (see, 
e.g., Gomeza et al., 1999a, 1999b; Matsui et al., 
2000; Miyakawa et al., 2001; Yamada et al., 
2001a, 2001b). In all instances reported to 
date, defi ciency in any of the mAChR subtypes 
does not appear to affect fertility and longevity 
of these mice compared to their wild-type 
littermates.

M1
-/- mAChR mice do not appear to display 

any signifi cant alterations in centrally mediated 
processes such as nociception, sensory-motor 
gating, motor coordination, or anxiety-related 
behavior (Miyakawa et al., 2001). Not surpris-
ingly, however, these mice do reveal severe reduc-
tions in mAChR-mediated PI hydrolysis, assessed 
both in vivo and in primary neuronal cultures, as 
well as a complete abolition of MAPK activation 
in CA1 pyramidal hippocampal neurons (Berkeley 
et al., 2001; Bymaster et al., 2003; Felder et al., 
2001; Hamilton et al., 1997; Porter et al., 2002). 
These defi cits in signaling are consistent with the 
known role of M1 mAChRs in mediating these 
pathways (see section E).

Given the large body of previous studies impli-
cating the M1 mAChR as playing an important 
role in learning and memory (see Chapter 9 BV), 
one particularly surprising fi nding noted with the 
M1

-/- mAChR mice was an overall minimal effect 
on working memory performance in the 8-arm 
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radial maze test, in the Morris water maze test, and 
in fear-conditioning studies, although an increase 
in the number of revisiting errors was noted during 
trials without delay (Miyakawa et al., 2001). 
Another study that investigated effects on working 
memory in the radial arm maze and fear condition-
ing, however, was able to demonstrate a signifi -
cant defi cit of M1

-/- mAChR mice in these tasks 
relative to wild-type mice (Anagnostaras et al., 
2003). These fi ndings suggest that M1 mAChRs 
probably do play a role in some aspects of learning 
and memory, but perhaps not to the extent that 
had been suggested previously by studies using 
more traditional pharmacological approaches (see 
Chapter 9 BV). This raises the possibility that the 
more severe cognitive defi cits associated with 
mAChR antagonism in the CNS may involve 
other mAChR subtypes in addition to the M1

mAChR and/or are offset by compensatory devel-
opmental changes in the M1

-/- mAChR mice.
A more notable abnormality observed in studies 

of M1
-/- mAChR mice is a signifi cant elevation in 

locomotor activity (Gerber et al., 2001; Miyakawa 
et al., 2001), which is associated with an increase 
in extracellular dopamine release in the striatum 
(Gerber et al., 2001). These fi ndings are consistent 
with previous work suggesting a role for M1

mAChR-mediated striatal control of locomotion 
(Di Chiara et al., 1994; see also Chapter 9 BIV). 
Another aspect of central mAChR function likely 
to be mediated by the M1 mAChR is the occur-
rence of pilocarpine-induced epileptic seizures, as 
this phenomenon is absent in M1

-/- mAChR mice 
(Hamilton et al., 1997). Taken together, these fi nd-
ings suggest that it is possible for M1 mAChRs to 
become novel targets for the treatment of Parkin-
son’s disease, certain forms of schizophrenia, or 
epilepsy (see also Chapter 10).

It has been known for some time that mAChR 
agonists and antagonists can regulate the release 
of acetylcholine from cholinergic nerve terminals, 
with agonists decreasing neurotransmitter release 
and antagonists increasing release (Kilbinger et 
al., 1984; Starke et al., 1989; see also Chapter 9 
BII and BIII). Given that M2 and M4 mAChRs 
are able to inhibit voltage-sensitive presynaptic 
calcium channels that are involved in neurotrans-
mitter exocytosis, the M2 and M4 mAChR sub-
types have for some time been considered the 
primary candidates for modulating ACh release. 
However, pharmacological studies to date have 

resulted in confl icting evidence with respect to the 
actual identity of presynaptic mAChR subtypes. 
Important new insights into this function of 
mAChRs in the CNS have most recently been 
obtained in M2

-/-/M4
-/- mAChR double knockout 

mice, which show a complete abolition of oxo-
tremorine inhibition of potassium-evoked ACh 
release in tissue slices from cortex, hippocampus, 
and striatum (Zhang et al., 2002a). Interestingly, 
the use of single mAChR knockout mice in similar 
experiments indicated that the M2 mAChR is the 
major autoinhibitory receptor in the cortex and 
hippocampus, whereas the M4 mAChR is the 
major autoinhibitory receptor in the striatum 
(Zhang et al., 2002a).

Another long-standing conundrum in the fi eld 
has been the identity of the mAChR(s) mediating 
mAChR agonist-promoted analgesia. Although 
the ability of various cholinergic agonists to effect 
both spinal and supraspinal analgesia has been 
reported for some time, classic pharmacological 
approaches have implicated multiple mAChR sub-
types in mediating this effect, including the M1,
M2, and M4 subtypes (Eisenach, 1999). Recent 
knockout studies have confi rmed a role for both M2

and M4 mAChRs, but no other mAChR subtype, as 
being the receptors responsible for muscarinic 
agonist-mediated analgesic effects (Duttaroy et al., 
2002). Studies on M2

-/- or M4
-/- mAChR single 

knockout mice have further refi ned this observa-
tion to suggest that the predominant analgesic role 
is played by the M2 mAChR, assessed using classic 
tail-fl ick and hot plate tests (Gomeza et al., 1999a) 
as well as electrophysiological and neurochemical 
studies on peripheral cutaneous nerve endings 
(Bernardini et al., 2002).

Related, but nonoverlapping, roles for M2 and 
M4 mAChRs in the CNS have also been identifi ed 
from knockout mouse studies. Specifi cally, M2

-/-

mAChR mice showed a complete loss of oxo-
tremorine-induced tremor (see also Chapter 9 
BIV), a fi nding that suggests that the M2 mAChR 
is the receptor mediating the cholinergic tremor 
associated with Parkinson’s disease. In M4

-/-

mAChR mice, a small but signifi cant increase in 
basal locomotor activity was noted, relative to 
wild-type littermates, and these knockout mice 
were also hyper-responsive to stimulation with a 
D1 dopamine receptor agonist (Gomeza et al., 
1999b; see also Chapter 9 BIV). Since most spiny 
projection neurons originating in the striatum and 
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projecting to the substantia nigra coexpress D1 and 
M4 receptors (Ince et al., 1997), it appears that M4

mAChRs play a predominant role in dampening 
D1-mediated effects on locomotor activity. These 
M4 mAChRs are most likely located on neuronal 
cell bodies, rather than terminals, and probably 
mediate their effects on dopamine release through 
an indirect mechanism involving striatal GAB-
Aergic pathways (Zhang et al., 2002a). Specifi c 
antagonism of this M4-mediated pathway may 
prove useful in the treatment of Parkinson’s
disease.

Although the M3 mAChR is generally expressed 
in low abundance in the CNS, it is nevertheless 
expressed widely. To date, however, most studies 
of this receptor have generally focused on its roles 
in the periphery, with little known about its CNS 
functions. A recent study of the M3

-/- mAChR 
mouse has revealed that the M3 mAChR, located 
on nerve terminals in the striatum, is involved in 
inhibiting dopamine release through an action on 
the striatal GABA system (Zhang et al., 2002a). 
Perhaps the most important fi nding from studies 
on the M3

-/- mAChR mice, however, is with 
respect to the potential role of the M3 mAChR in 
centrally mediated regulation of feeding behavior 
and body weight (see Chapter 9 BIV-2). M3

-/-

mAChR mice are characterized by signifi cantly 
reduced body weight and peripheral fat deposits 
that persist through the life of the animals, a reduc-
tion in food intake, and low serum levels of total 
triglycerides and the hormones leptin and insulin 
(Yamada et al., 2001b). Radioligand-binding 
studies in the M3

-/- mAChR mice revealed that 
one of the sites of profound loss of this receptor 
was the hypothalamus, consistent with the known 
role of this region in the regulation of feeding 
behavior. The same study also revealed alterations 
in a number of peptides that modulate feeding, 
including increases in the expression of the 
orexigenic agouti-related peptide, reductions in 
the anorectic proopiomelanocortin, and a decrease 
in the expression of melanin-concentrating 
hormone (MCH). Although the former two fi nd-
ings are consistent with effects noted previously 
in studies of fasting animals, the decreased expres-
sion of MCH is paradoxical because levels of this 
peptide usually increase in fasting animals (Flier 
and Maratos-Flier, 1998). Nevertheless, the M3

-/-

mAChR mice did retain responsiveness to the 
orexigenic effects of MCH (Yamada et al., 2001b). 
These fi ndings provide a wealth of novel informa-

tion regarding the link between central cholinergic 
pathways and the leptin/melanocortin system, and 
may lead to novel therapeutic approaches to the 
treatment of eating disorders.

As discussed previously, the most enigmatic 
mAChR in the CNS has been the M5 mAChR, 
given its low and discrete levels of expression, and 
the lack of selective pharmacological tools with 
which to delineate its physiological actions. The 
generation of M5

-/- mAChR mice has thus led to 
a renewed interest in this receptor as a potential 
therapeutic target. M5

-/- mAChR mice showed a 
blunted response to the effects of oxotremorine-
mediated increases in dopamine release in the 
striatum, although the maximal effect of high-
dose oxotremorine on dopamine release was 
maintained (Yamada et al., 2001a; Zhang et al., 
2002b). This fi nding suggests that the M5 mAChR 
plays a minor role in facilitating dopamine release 
in the striatum relative to the more prominent role 
of the M4 mAChR. More striking effects, however, 
were noted in the ventral tegmental area (VTA), a 
region known to be involved in mediating the 
effects of opiate withdrawal and addiction behav-
ior. A previous study using transgenic mice that 
expressed functionally impaired, truncated, M5

mAChRs found that the M5 mAChR is important 
in mediating a prolonged facilitation of dopamine 
release in the VTA (Forster et al., 2002). The 
authors suggested that the M5 mAChR thus plays 
an important role in motivational behavior associ-
ated with drugs of abuse via its effects on dopa-
mine release. In support of this hypothesis, genetic 
ablation of the M5 mAChR in the VTA led to a 
signifi cant reduction in the rewarding effects of 
morphine, as well as an attenuation of naloxone-
induced morphine withdrawal symptoms (Basile 
et al., 2002). Importantly, the analgesic properties 
of morphine remained unaltered, thus identifying 
the M5 mAChR as a novel target for the treatment 
of opiate addiction.

Finally, an important physiological role that 
appears to be mediated by the M5 mAChR is that 
of cerebrovascular vasodilatation; the powerful 
vasodilator effects of ACh are almost completely 
abolished in cerebral arterioles (pial vessels) and 
the basilar artery of M5

-/- mAChR mice (Yamada 
et al., 2001a). Interestingly, this did not appear to 
be the case for extracerebral vessels, such as the 
M5

-/- mAChR mouse coronary or carotid arteries, 
indicating that the role for M5 mAChRs in the vas-
culature is restricted to cerebral blood vessels.
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From the preceding discussion, it is evident 
that some of the fi ndings made using mAChR 
knockout mice have confi rmed previous studies 
based on pharmacological characterization of 
mAChRs (see Chapter9 BIV and BV). However, 
it is also clear that the mAChR gene ablation 
approach has led to a signifi cant number of novel 
fi ndings that have identifi ed new physiological 
and potential therapeutic roles for mAChRs.

G. Conclusions

Recent advances in molecular and structural 
biology have led to a better understanding of the 
structure, function, and regulation of mAChRs 
and their associated signaling pathways. The gen-
eration of mAChR knockout mice, in particular, 
is beginning to unravel discrete functions for each 
mAChR subtype in the CNS as well as pointing 
to novel therapeutic areas. However, the transla-
tion of such fundamental mAChR research into 
improved therapeutic outcomes in man still relies 
on the identifi cation of novel pharmacological 
agents that display superior selectivity to most 
currently available mAChR ligands. This chal-
lenge is particularly relevant to the CNS, which 
expresses all 5 mAChRs, but can result in signifi -
cant advances in the treatment of debilitating 
disorders such as schizophrenia, pain, cognitive 
dysfunction, Parkinson’s disease, and epilepsy.
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A. Scope of the Chapter

1. Introduction

Nicotinic pharmacology goes back to the 1844 
discovery by Claude Bernard that curare could 
paralyze rabbit skeletal muscles without affecting 
the heart (Bennett, 2000; see Chapter 4 A). John 
Langley developed the concept of transmitter 
receptors through studies of neuromuscular trans-
mission in 1905 to 1907. Otto Loewi demonstrated 
chemical transmission on heart muscle in 1921, 
and Dale and coworkers identifi ed this transmitter 
as acetylcholine in 1936.

In 1914, Sir Henry Dale initially reported that 
two alkaloids, nicotine and muscarine, acted as 
agonists to reproduce different aspects of the 
effects of acetylcholine and proposed that these 
effects were mediated by two different types of 
acetylcholine receptors, nicotinic and muscarinic 
(Dale, 1914, 1954). This initial distinction between 
what have come to be recognized as nicotinic ace-
tylcholine receptor (nAChR) ligand-gated cation 
channels and muscarinic acetylcholine receptor 
(mAChR) GTP protein-linked receptors has stood 
the test of time. Concepts about AChRs started 
developing at the very beginning of the concept 
of drug receptors, and the sophistication of 
ideas about AChRs and receptors in general 
coevolved.

Over the following half century, nAChRs 
became the archetype for a ligand-gated ion 
channel neurotransmitter receptor (Changeux, 
1990; Karlin, 1991). Skeletal muscle provided a 
homogeneous type of synapse on accessible tissue 
with large, easily studied cells and high local con-
centrations of nAChRs whose role in neurotrans-

mission was clearly recognized. It was appreciated 
that binding of ACh released from nerve endings 
to nAChRs in the postsynaptic membrane trig-
gered transient opening of a nonselective cation 
channel. Passive current fl ow through the nAChR 
channel resulted in depolarization of the mem-
brane that triggered action potentials, which were 
propagated along the sarcolemma. However, the 
nAChR molecule remained a black box. It was 
clear that neuronal nAChRs at autonomic ganglia 
were pharmacologically distinct from those in 
skeletal muscle, but that they played a similar 
role in neurotransmission. By contrast, the phar-
macologically distinct, slow-onset, long-duration 
responses mediated by mAChRs in smooth muscle 
and other tissues were fundamentally different. It 
was not fully evident prior to molecular studies 
that the two types of AChRs had no common 
evolutionary history. Then it became obvious 
that there was no structural homology between 
nAChRs and mAChRs. Muscarinic acetylcholine 
receptors required a GTP binding protein to link 
them to their effector, while nAChRs comprised 
both ACh binding sites and the cation channel 
whose opening they regulate as intrinsic parts of 
the same transmembrane protein. However, even 
now, there can occasionally be ambiguities in dis-
tinguishing among nAChR, mAChR, and other 
receptor subtypes pharmacologically (Fuchs, 
1996; Rothlin et al., 1999, 2003; Parker et al., 
2003).

Molecular studies of nAChRs in the late 
1960s and early 1970s preceded those of 
other neurotransmitter receptors as a result of two 
gifts of nature: fi sh electric organs and snake 
venom toxins (Changeux, 1990; Karlin, 1991; 
Lindstrom, 1999). Electric organs from electric 
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eels (Electrophorus electricus) and, later, electric 
rays (Torpedo californica) provided a rich and 
homogeneous source of nAChR protein. Electric 
organ cells evolved from skeletal muscle through 
loss of contractile proteins and gain of synapses 
from one per cell to thousands per cell. Using 
the same mechanisms involved in neuromuscular 
transmission to produce voltages per cell 
around 0.1 V, but large currents in cells up to 
the size of a dime, and batteries of these cells 
stacked in series and parallel in kilograms of elec-
tric organs, discharges could be produced suffi -
cient to stun a horse. Peptide toxins from the 
venoms of kraits and cobras block skeletal neuro-
muscular transmission, thereby paralyzing their 
victims, by binding nearly irreversibly to the ACh 
binding sites of muscle nAChRs. These toxins are 
easily purifi ed and labeled with 125I to quantitate 
and localize nAChRs, or labeled with fl uorescent 
tags or other markers for histological localization 
of nAChRs. Affi nity columns made with cobra 
toxin coupled to agarose permitted specifi c binding 
of AChRs solubilized from electric organs using 
the detergent Triton X-100 and one-step purifi ca-
tion by competitive elution with cholinergic 
ligands.

Muscle-type nAChRs affi nity purifi ed from 
electric organs revealed that muscle nAChRs 
were composed of four kinds of subunits (termed 
a, b, g, and d molecular weight) (Karlin, 1991, 
2002; Taylor et al., 2000). Only the lowest 
molecular weight subunit (a) reacted with an 
affi nity label directed at the ACh binding site 
(which reacted only after a unique disulfi de 
bond was reduced). N-terminal amino acid 
sequence determinations on these subunits 
revealed that all the AChR subunits were 
homologous proteins (Raftery et al., 1980). This 
sequence data also permitted the initial cloning of 
cDNAs for these subunits using molecular 
biological techniques, which were just developing 
at that time (Noda et al., 1982). Repeated 
cycles of low-stringency hybridization initially 
using these electric organ cDNAs revealed that 
not only were there muscle a1 subunits with a 
characteristic pair of adjacent cysteines near the 
ACh binding site but also neuronal a2 to a10
subunits with homologous pairs (Heinemann 
et al., 1991; LeNovere and Changeux, 1995; 
LeNovere et al., 2002; Lindstrom, 2000a; Karlin, 
2002). Neuronal homologues of muscle b1 sub-

units termed b2-4 were also found, as was an e
subunit characteristic of nAChRs at mature neu-
romuscular junctions.

Initial purifi cation of electric organ AChRs 
also resulted in development of antibodies to 
AChR subunits and the realization that autoanti-
bodies to nAChRs cause myasthenia gravis (MG) 
(Patrick and Lindstrom, 1973; Lindstrom 2000b, 
2003). When electric organ nAChRs were fi rst 
affi nity purifi ed, it was necessary to prove that 
the protein in fact was the real nAChR. Later this 
was defi nitively accomplished by expressing 
cloned subunit cDNAs in Xenopus oocytes. Ini-
tially, purifi ed nAChR was injected into rabbits 
in order to raise antibodies, with the intention 
that demonstrating that antibodies to the purifi ed 
protein would block the function of nAChRs in 
electric organ cells, thereby proving that the 
protein was the AChR. It turned out that the rabbits 
got weak and died, exhibiting the signs of MG 
(Patrick and Lindstrom, 1973). Detailed studies of 
this experimental autoimmune MG (EAMG) in 
rats and MG in humans revealed the pathological 
mechanisms by which autoantibodies impair 
neuromuscular transmission in MG, provided an 
immunodiagnostic assay for MG, and focused 
therapy for MG on specifi c immune suppression 
(Lindstrom, 2000b, 2003; Vincent et al., 2001). 
Monoclonal antibodies (mAbs) to subunits of 
muscle-type nAChRs were initially developed as 
model autoantibodies for use in defi ning the anti-
genic structure and pathological roles of these 
antibodies (Tzartos and Lindstrom, 1980; Tzartos 
et al., 1982, 1998). These mAbs also became valu-
able for studying nAChR synthesis and location. 
Monoclonal antibodies to the main immunogenic 
region (MIR) of muscle nAChR were fi rst found 
to cross-react with neuronal nAChRs in chickens 
(Swanson et al., 1983). Immunoaffi nity purifi ed 
chicken nAChRs were used to produce mAbs to 
other subunits and species (Whiting and Lind-
strom, 1986a; Whiting et al., 1987). Repeated 
cycles of this process followed by production of 
mAbs to synthetic and bacterially-expressed 
nAChR subunit cDNAs has led to large libraries 
of nAChR subunit mAbs (Whiting and Lindstrom, 
1986b, 1987, 1988). These mAbs have proven 
useful in immunohistological localization of neu-
ronal nAChRs as well as in studies of their syn-
thesis and regulation by nicotine (Lindstrom, 
2000a).
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Recently an antibody-mediated autoimmune 
response to autonomic a3 AChRs has been dis-
covered (Vernino et al., 2000), and immunization 
with bacterially expressed human AChR peptides 
was shown to produce an animal model of this 
autoimmune autonomic neuropathy (AAN). It 
may be that in the future other autoimmune dis-
eases involving other nAChR subunits will be 
found (Lindstrom, 2000b).

Several decades ago, the roles of brain nAChRs 
were little known or appreciated. Central effects 
of mAChR drugs in vertebrate brains were 
appreciated, and it was evident that, whereas 
nAChRs were the predominant excitatory neu-
rotransmitter receptors in the periphery, glutamate 
receptors were the predominant receptors in the 
central nervous system (CNS; Madden, 2002). 
The roles of these two kinds of excitatory 
ligand-gated ion channel receptors could as easily 
have been reversed, as they are in insects. In 
insects, glutamate receptors are used for neuro-
muscular transmission (DiAntonio et al., 1999), 
and nAChRs are the predominant excitatory 
receptor in the CNS (Matsuda et al., 2001; 
Tomizawa et al., 2003).

Now it is evident that CNS nAChRs play 
important roles in humans (LeNovere et al., 2002; 
Sargent, 2000; Clementi et al., 2000; Romanelli 
and Gaultieri, 2003). The most medically 
important of these roles is in the addiction to 
tobacco mediated by nicotine (Mansvelder and 
McGehee, 2002), which contributes to the prema-
ture deaths of more than 400,000 Americans per 
year and more than 3.6 million per year worldwide 
(Peto et al., 1999). The benefi cial effects of 
nicotine have made nAChRs potential drug targets 
for treating Alzheimer’s disease, Parkinson’s 
disease, Tourette’s syndrome, depression, chronic 
pain, schizophrenia, and other problems (Lloyd 
and Williams, 2000; Romanelli and Gaultieri, 
2003).

In addition, neuronal nAChRs are also being 
discovered to play previously unexpected roles in 
nonneuronal cholinergic signaling between non-
neuronal cells such as keratinocytes.

2. Scope

This chapter briefl y summarizes contemporary 
knowledge of the structures of nAChRs and their 
functional roles.

B. Structures of Nicotinic 
Acetylcholine Receptors

1. Nicotinic Acetylcholine 
Receptor Subtypes Are 
Defi ned by Their Subunit 
Compositions

Nicotinic acetylcholine receptors are part of a 
superfamily of homologous ligand-gated ion 
channels that includes vertebrate glycine recep-
tors, GABAA and GABAC g amino butyric acid 
receptors, and 5HT3 serotonin receptors, as well 
as some invertebrate glutamate and histidine 
receptors (Karlin, 2002). All of these receptors 
have families of subunits that can be assembled 
in various combinations to produce receptor sub-
types. Complex families of subunits are char-
acteristic of receptors from early in evolution. 
Sequencing of the C. elegans genome revealed 
42 nAChR-like subunits potentially capable of 
assembling into a huge number of nAChR sub-
types to serve a nervous system containing only 
302 neurons (Bargman, 1998). Sequencing of 
the genome of the pufferufi sh Fugu rubripes has 
revealed 28 AChR subunits, making it the largest 
vertebrate nAChR family known to date, and sug-
gesting that additional subunits may remain to be 
discovered in the human genome (Jones et al., 
2003).

Nicotinic acetylcholine receptor subtypes are 
defi ned by their subunit composition (Figure 6.1). 
Subtypes differ in sensitivity to activation, desen-
sitization, nicotine-induced upregulation, channel 
pro perties, localization, turnover rate, and proba-
bly other properties such as transcriptional and 
posttranslational regulatory mechanisms. Many of 
these differences may be critical for their physio-
logical roles. Some differences in agonist or 
antagonist affi nities may be incidental to their 
normal physiological role, but critical for distin-
guishing them as drug targets.

Nicotinic acetylcholine receptors are formed 
by 5 homologous subunits organized like barrel 
staves around a central cation channel (Karlin, 
2002). The primordial nAChR presumably was 
homomeric, and gene duplication led to families 
of homologous subunits, which assembled in 
various combinations to produce heteromeric 
nAChRs (LeNovere et al., 2002). The simplest 
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heteromeric nAChRs contain only 2 kinds of sub-
units. The best characterized heteromeric nAChRs 
from electric organs and muscle contain 4 kinds 
of subunits. These have provided a model for the 
organization of subunits within an nAChR. The 
most complex nAChR subtypes might contain 5 
different subunits.

Subunits a7, a8, and a9 can form homomeric 
AChRs (Schoepfer et al., 1990; Elgoyhen et al., 
1994, 2001; Lindstrom, 2000a). In mammals, a7
AChRs are the predominant homomeric nAChR. 
Subunit a8 has been found in chickens but not in 
mammals (Keyser et al., 1993). It is found both as 
homomers and as heteromers with a7. Subunit 
a9 was initially found in cochlear hair cells 
(Elgoyhen et al., 1994), but it has also been found 
in lymphocytes (Lustig et al., 2001) and keratino-
cytes (Grando, 2000). It may usually exist as a 
heteromer with a10. Like a1 muscle-type AChRs, 
a7, a8, and a9 are competitively inhibited by a
bungarotoxin and cobra toxin. Unlike a1 AChRs, 
which exhibit subnanomolar KD values for binding 
these snake venom toxins, a7 exhibits a KD of 
2 nM, a8 a KD of 17 nM; a9 has even substantially 
lower affi nity (Keyser et al., 1993). Unlike a1
nAChRs, whose cation channels are nonselective 
among cations and are not voltage sensitive, a7,
a8, and a9 channels are especially permeable to 
Ca2+ and, like all other neuronal nAChRs, exhibit 
inward rectifi cation (closing when the membrane 
is depolarized) (Gerzanich et al., 1994; Elgoyhen 
et al., 1994).

All nAChRs in the continued presence of 
agonists fi rst open their channels in bursts of milli-
second openings, then go into a desensitized con-
formation characterized by a closed channel and 
higher binding affi nity (Quick and Lester, 2002). 
Subunits a7, a8, and a9 in AChRs desensitize 
more rapidly than others, perhaps because 
homomers have 5 ACh binding sites rather than 
the 2 ACh binding sites found in heteromeric 
AChRs (Utesher et al., 2002). Desensitization 
plays little role in the normal function of muscle 
nAChRs, which are exposed to 1 mM ACh for 
only about 1 millisecond, due to the high local 
concentration of acetylcholinesterase (AChE). 
The normal role of desensitization with other 
nAChR subtypes is less clear (Utesher et al., 
2002). Desensitization can be important in patho-
logical conditions. For an extreme example, a 
nerve gas such as sarin inhibits AChE, resulting 
fi rst in convulsions and fasciculation of muscle, 
followed by fl accid paralysis due to accumulation 
of desensitized nAChRs and depolarizing block of 
Na+ channel activation (Gunderson et al., 1992). 
A more common example is exposure to nicotine 
resulting from tobacco use. Whereas nAChRs in 
muscle are exposed to ACh for a millisecond at a 
time, nicotine is present in a high concentration 
(approximately mM) bolus for many seconds then 
in a lower concentration (approximately 0.1 mM in 
serum) for many hours (Benowitz, 1996). Muscle 
a1 nAChRs have very low affi nity for nicotine 
(EC50 for activation ≥ 100 mM), but other AChR 

Figure 6.1. Major nAChR subtypes. nAChR subtypes are defi ned by their subunit compositions. Five homologous 
subunits are arranged around a central cation channel. The primordial nAChR is thought to have been homomeric 
(LeNovere et al., 2000a). α7, α8, and α9 subunits can form homomeric nAChRs. Most α7 nAChRs are probably 
homomeric, but in chickens α7 together with α8 forms heteromeric nAChRs (Keyser et al., 1993). α8 in vivo forms 
both heteromeric and homomeric nAChRs. α8 has not been found in mammals. α9 is probably usually in heteromeric 
AChRs with α10 (Elgoyhen et al., 2001). The muscle type nAChR of Torpedo electric organ is the heteromeric 
nAChR whose subunit composition and organization is best known, and the organization of subunits in other het-
eromeric nAChRs is patterned after it (Karlin, 2002), α2, 3, 4, or 6 subunits can form functional nAChRs when 
paired with β2 or β4 subunits (Lindstrom, 2000a). More complex stoichiometries are common in vivo, and may be 
necessary for proper assembly or function. For examples, the α6β2 combination does not function when expressed 
in Xenopus oocytes, the α6β4β3 combination functions much better than α6β4, (Kuryatov et al., 2000), and
α6α4β2β3 combinations are found in vivo (Champtiaux et al., 2003; Vailati et al., 2003, Zoli et al., 2002). α5 and 
β3 are closely related subunits which, like the β1 subunits of muscle nAChRs, appear not to be able to form ACh 
binding sites in combination with other subunits, but which can assemble in a position equivalent to β1 subunits 
(Gerzanich et al., 1998). In the fi gure, ACh binding sites are depicted as cones at specifi c subunit interfaces. Notes 
that α4β2 nAChRs, at least in heterologous expression systems, can exist in two stoichiometries, (α4)2β2)3 on which 
nicotine has high potency, and (α4)3(β2)2 on which nicotine has low potency (Nelson et al., 2003, Zhou et al., 
2003).
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subtypes are much more sensitive, for example, 
a4b2 nAChRs (KD approximately 2 nM, EC50 for 
activation approximately 2 mM) (Lentje and 
Patrick, 1991; Olale et al., 1997). Subunit a7
AChRs have low sensitivity to activation by ACh 
by (EC50 = 79 mM) and nicotine (EC50 = 40 mM),
but are quite sensitive to desensitization by nico-
tine (IC50 = 0.003 mM).

Nicotinic acetylcholine receptors of fetal or 
denervated muscle have the subunit stoichiometry 
(a1)2b1gd (Karlin, 2002). In mature muscle, g sub-
units are replaced by e subunits. Subunits of 
Torpedo electric organ nAChRs are organized 
around the cation channel in the order a1, g, a1,
d, b1. All the subunits contribute equally to the 
lining of the cation channel. There are 2 ACh 
binding sites located at the interfaces between a1
and g subunits and between a1 and d (Sine, 2002; 
LeNovere et al., 2002b). By convention, the plus 
side of the a subunit is defi ned as contributing to 
the formation of the ACh binding site in combina-
tion with the minus side of the adjacent subunit. 
The b1 subunit does not participate in forming an 
ACh binding site, but because it takes part in the 
conformation changes associated with activation 
and desensitization, it can infl uence both of these 
processes.

Heteromeric neuronal nAChRs can be formed 
by combinations of a2, a3, or a4 subunits in 
combination with b2 or b4 subunits (Karlin, 2002; 
LeNovere et al., 2002a; Lindstrom, 2000a). Sub-
units b3 or a5 can assemble in the b1 position, 
but these closely related subunits cannot form 
functional homomeric nAChRs by themselves or 
functional nAChRs in combination with just one 
other a or b subunit. Unlike homomeric or muscle 
nAChRs, these heteromeric nAChRs do not bind 
a bungarotoxin. Subunits a2 and a4 are closely 
related subunits. In rodent brains, a4b2 nAChRs 
form the predominant subtype with high affi nity 
for nicotine (Flores et al., 1992; Whiting and 
Lindstrom, 1988). In rodents, a2 is a minor 
component, but it may play a larger role in 
primate brains (Han et al., 2003). About 36% of 
human brain a4b2 AChRs contain a5 subunits 
(Gerzanich et al., 1998). Transfected cell lines 
expressing human a4b2 AChRs contain a mixture 
of 2 stoichiometries. The (a4)2(b2)3 nAChRs 
exhibit high sensitivity to ACh (EC50 = 0.7 mM),
whereas (a4)3(b2)2 nAChRs, in which an a4
subunit appears to have taken the b1 position, 

exhibit much lower sensitivity to ACh (EC50 =
70mM) and desensitize more rapidly (Nelson et 
al., 2003). This mixture of stoichiometries may 
not be an artifact of transfection, since mouse 
thalamus nAChRs thought to be composed of only 
a4 and b2 subunits exhibit a mixture of 2 similar 
sensitivities to ACh (Kim et al., 2003). Autonomic 
ganglia neurons typically express a3, b2, b4, a5,
and a7 subunits (Conroy and Berg, 1995; DeBiasi, 
2002). The postsynaptic nAChRs are a mixture of 
a3b4, a3b2, and a3b4b2 nAChRs, some of which 
also contain a5, presumably in the b1 position 
(Nai et al., 2003). Mice lacking a3 subunits lack 
autonomic transmission (Xu et al., 1999a). Auto-
nomic ganglia nAChRs typically refl ect the rela-
tively low ACh (EC50 = 59 mM) and nicotine (EC50

= 48 mM) sensitivities and other properties charac-
teristic of a3b4 nAChRs (Nelson et al., 2001), but 
the situation is complex, and due to differences in 
channel kinetics, a3b2 nAChRs may contribute to 
transmission out of proportion to their fraction of 
the total a3 nAChRs (Nai et al., 2003). Knockout 
mice lacking either b2 or b4 subunits retain auto-
nomic function, so there are suffi cient amounts of 
either a3b2 or a3b4 subtypes to sustain transmis-
sion (Xu et al., 1999b). Subunit b2 is widely dis-
tributed in the CNS, but b4 is restricted to a few 
areas, especially the medial habenula, fasciculus 
retrofl exus, interpeduncular nuclei, and pineal 
(Sargent, 2000). Subunit a3 is found in relatively 
small amounts in several brain regions; a6 is 
found in only dopaminergic or aminergic neurons 
in the brain, usually in combination with a variety 
of other nAChR subunits (Goldner et al., 1997; 
Champtiaux et al., 2002; Lena et al., 1999). 
Subunit a6 nAChRs have been particularly diffi -
cult to express (Gerzanich et al., 1997). In Xenopus 
oocytes, a6b4 combinations form functional 
nAChRs and a6b4b3 combinations are more 
effi ciently expressed, while a6b2 subunit 
combinations do not form functional AChRs 
(Kuryatov et al., 2000). Subunit a6 will coassem-
ble with a3 or a4 and b2. Immunoisolation studies 
of brain and retina have revealed the proportions 
of a complex mixture of nAChR subtypes 
expressed in these tissues, and some of the changes 
in nAChR subtypes that occur with development 
(Zoli et al., 2002: Vailati et al., 2003). Single 
neurons can express and differentially localize 
several nAChR subtypes, but the signifi cance of 
this is not yet really clear (Berg and Conroy, 
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2002). No single neuronal nAChR subtype 
appears to be used, so far as is known, exclusively 
for a postsynaptic, presynaptic, or extrasynaptic 
functional role. There is much to be learned about 
the overlapping functional roles of the many 
nAChR subtypes.

2. Structures of AChR Subunits

All nAChR subunits share several features 
(Karlin, 2002; Lindstrom, 2000a). To produce the 
mature polypeptide sequence, a signal sequence 
of about 20 amino acids is removed from the N-
terminus during translation (Keller and Taylor, 
1999). The large N-terminal domain of each 
subunit consists of about 210 amino acids. This 
contains a disulfi de-linked loop corresponding 
to Cys128 to Cys142 of a1 subunits, which is a 
signature feature of subunits of all receptors in this 
superfamily. The extracellular domain forms the 
ACh binding sites and the vestibule of the cation 
channel. Following the extracellular domain are 3 
closely spaced transmembrane domains, termed 
M1 to M3, which are formed by amino acids about 
220 to 310. The M2 domain forms most of the 
lining of the channel. There is a large cytoplasmic 
domain between the C-terminus of M3 and the 
N-terminus of the fi nal transmembrane domain, 
M4. This domain varies from 110 to 270 amino 
acids, with a4 having by far the largest cytoplas-
mic domain. The M4 domain is about 20 amino 
acids leading to a short extracellular C-terminal 
domain of 10 to 20 amino acids.

The high-resolution (2.7 Å) x-ray crystal struc-
ture of the ACh binding protein (AChBP) provides 
a detailed model for the structure of the nAChR 
extracellular domain (Brejc et al., 2001) (Figure 
6.2). The AChBP is a soluble protein secreted by 
certain molusc glia to modulate transmission by 
providing a sink for binding ACh where it neither 
activates nAChRs nor is destroyed by AChE 
(Smit et al., 2001). The sequence of the AChBP 
shows 24% identity to that of a7 nAChRs. Viewed 
from the top, the AChBP is an 80 Å-diameter 
pentameric ring of subunits around a central 18 Å-
diameter hole corresponding to the vestibule of 
the nAChR channel. The subunits forming the 
walls of this ring are 31 Å thick. Viewed from 
the side, AChBP is a cylinder 62 Å high. The N-
terminus is at the extracellular tip on the outer 

surface. The C-terminus, corresponding to the 
beginning of M1, is at what would be the outer 
edge of the membrane surface. The signature loop 
is near what would be the surface of the mem-
brane. The AChBP signature loop is much more 
hydrophilic than the conserved sequence charac-
teristic of nAChR subunits, probably because this 
adaptation helps to provide water solubility. The 
5 ACh binding sites are formed halfway up the 
subunits at the interfaces between the plus side of 
the subunits, which is marked by the protuberance 
of a loop, and the adjacent cysteine pair charac-
teristic of all a subunits (corresponding to a1 192, 
193), located on the right-hand side of subunits in 
the cylinder viewed from the side, and the minus 
side of adjacent subunits.

3. Structures of nAChRs

a. Shape of the nAChR Protein

The overall shape of nAChR proteins is illus-
trated by low-resolution (9 Å and 4.6 Å) electron 
diffraction structures of Torpedo a1 nAChRs 
frozen in two-dimensional crystalline arrays in 
tubular membrane fragments (Unwin, 1993, 2000; 
Miyazawa et al., 1999). The overall shape of the 
extracellular domain refl ects that seen in the 
AChBP. The nAChR viewed from the side is basi-
cally cylindrical, narrowing somewhat as it 
extends across the membrane, then widening 
slightly on the cytoplasmic surface. The nAChR 
extends approximately 65 Å above the membrane, 
approximately 35 Å across it, and approximately 
20 Å below it, for an overall length of approxi-
mately 120 Å. The approximately 20 Å diameter 
of the vestibule narrows to closed at this resolution 
shortly below the membrane surface as the channel 
per se narrows to less than 10 Å.

On the cytoplasmic surface of Torpedo nAChR, 
a rapsyn protein is aligned in contact with the 
large cytoplasmic domain (Unwin, 1993, 2000; 
Miyazawa et al., 1999). This 43 kD extrinsic mem-
brane protein is associated on a 1 : 1 basis with 
muscle-type nAChRs, serving as a link to the 
cytoskeleton and involved in aggregating nAChRs 
in the postsynaptic membrane. Rapsyn is not asso-
ciated with neuronal nAChRs.

Recent evidence suggests that members of the 
PSD-95 family of postsynaptic density proteins 
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which is characteristic of all α subunits, is on a projection of what can be defi ned as the “+” side of the subunit. 
This interacts with the “−” side of the adjacent subunit to form the ACh binding site. The loop corresponding to 
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known to be associated with glutamate receptors 
may be involved in anchoring a3 and a7 nAChRs 
and tethering Ca2+ sensitive effector proteins 
where they could be most infl uenced by ion fl ow 
through the nAChR channel (Conroy et al., 2003). 
Different PDZ-domain proteins in this family 
are associated with a3 nAChRs (which are 
found postsynaptically in chick ciliary ganglion 
neurons) and a7 nAChRs (which are found peri-
synaptically in these cells). The large cytoplasmic 
domain of a7 and a3 AChRs is known to be 
important in targeting their localization to particu-
lar parts of ciliary ganglion neurons (Williams 
et al., 1998).

b. Arrangement of AChR Subunits

In Torpedo nAChRs, the arrangement of sub-
units around the molecule is a1ga1db1 (Karlin, 
2002). There are 2 distinct ACh binding sites at 
the a1g and a1d interfaces (Sine, 2002; LeNovere 
et al., 2002b). Other heteromeric AChRs are 
thought to refl ect a similar pattern, for example, 
a3b4a3b4b4 with 2 identical ACh binding sites 
at a3b4 interfaces, or a3b2a3b4b4 with 2 differ-
ent ACh binding sites. Subunits a5 and b3 are 
thought to be able to assemble only in the b1-like
position, for example, a3b4a3b4a5. Nicotinic 
acetylcholine receptors containing, for example, 
both a3 and a6 subunits would have 2 distinct 
ACh binding sites, for example, a3b2a6b2b2,
with ACh binding sites of both a3b2 and a6b2
interfaces. Such an nAChR would be expected to 
be blocked by antagonists selective for either a3
or a6 nAChRs. For a4b2 nAChRs, because of 
the fundamental homologies in nAChR subunit 
structure, if suffi cient concentrations of particular 
subunits are present, either b2 or a4 can compete 
for assembly in the b1 position to produce an 
a4b2a4b2b2 stoichiometry when excess b2 is 
present or an a4b2a4b2a4 stoichiometry when 
excess a4 is present (Nelson et al., 2003; Zhou 
et al., 2003).

c. ACh Binding Site

The ACh binding sites on nAChRs are com-
posed of amino acids from 3 regions (loops A, B, 
C) of the extracellular domain on the plus side of 
a1-4 and a6-9 subunits and 3 regions (loops D, 
E, F) on the minus side of b2, b4, g,d,e or a7, a8,

a9, or a10 subunits (LeNovere et al., 2002b; 
Sine, 2002; Karlin, 2002). Contact amino acids 
identifi ed by affi nity labeling and mutagenesis 
experiments are readily recognized in the crystal 
structure of the AChBP (Brejc et al., 2001). The 
simplest agonist for AChRs is tetramethylammo-
nium. Movements of amino acids within the ACh 
binding sites initiated by binding of the ammo-
nium on cholinergic ligands must be critical to 
initiating the conformation changes of the AChR 
through which ligands cause opening of the 
channel gate and, on long exposure, desensitiza-
tion of nAChRs. In vertebrate AChRs, as in AChE, 
the quaternary amine is bound not through interac-
tions with negatively charged amino acids but 
rather through interactions with the p electrons of 
aromatic amino acids. Insects, again, may do 
things in reverse. Nicotine presumably evolved as 
a plant insecticide. At one time it was extensively 
used for this purpose in agriculture. As insects 
have become resistant to ACh inhibitors, and 
because of fears of ACh inhibitors’ vertebrate tox-
icities, insect-selective neonicotinoid agonist 
insecticides have become important (Matsuda et 
al., 2001). Their selectivity for insects versus ver-
tebrates appears to result from the presence in the 
cation-binding subsite of insect nAChRs of posi-
tively charged amino acids, which can bind to 
unprotonatable electron-withdrawing substituents 
of neonicotinoids located near where tertiary or 
quaternary amines are found in other cholinergic 
ligands (Tomizawa et al., 2003).

High-resolution crystal structures of nicotinic 
ligands bound to the AChBP or to nAChRs are not 
yet available, but the structure of the AChBP has 
been used to computer model docking of choliner-
gic ligands, and spectroscopic and mutational 
methods are being used to study in detail the 
binding of ligands to AChBP (LeNovere et al., 
2002b; Fruchart-Gaillard et al., 2002; Grutter 
et al., 2003; Hansen et al., 2002; Gao et al., 2003). 
Location of the ACh binding site to subunit inter-
faces is an ideal place for controlling the conforma-
tional changes associated with activation and 
desensitization. Large curariform antagonists that 
bridge the interface are well positioned to stabilize 
the resting conformation. Smaller agonists that 
initiate conformation changes within the site may 
trigger concerted sliding or twisting along subunit 
interfaces to accomplish the concerted conforma-
tion changes associated with activation and 
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desensitization. ACh is a small, fl exible molecule. 
The nAChR subtype-selective ligands have particu-
larly rigid conformations that have high affi nity for 
only one or a few types of ACh binding sites.

Most of the highest-affi nity nAChR ligands 
have been natural products, but there has been 
increasing development of subtype-selective ligands 
that provide useful research tools and potential drugs 
(Romanelli and Gaultieri, 2003). Snake venom 
toxins have provided excellent tools for studying a1
and a7-9 nAChRs. Epibatidine has provided an 
excellent high-affi nity ligand for quantifying a2
to a6 nAChRs. Conotoxins have been found that 
are selective antagonists of many of these nAChR 
subtypes, and more of these small, rigid peptide 
toxins continue to be discovered (MacIntosh, 
2000; Dowell et al., 2003).

d. Cation Channel

Amino acids that line the nAChR cation 
channel have been identifi ed by the substituted 
cysteine accessibility method (SCAM), in which 
amino acids on putative transmembrane domains 
are systematically replaced by cysteines through 
in vitro mutagenesis, then mutated nAChRs are 
tested for susceptibility to blockage by a posi-
tively charged reagent highly reactive with the 
cysteine thiol (e.g., methanethiosulphonate ethyl-
ammonium) (Karlin, 2002; Akabas et al., 1994, 
1995; Zhang and Karlin, 1997; 1998). Often sub-
stitution of the cysteine does not greatly alter func-
tion. Then the ability of the reagent to block the 
nAChR channel before or after opening or desen-
sitization can be quite informative. Such experi-
ments suggest that much of the M2 transmembrane 
domain (approximately 75%) is a helical, that the 
N-terminal third of M1 (which is not a helical) 
and most of M2 line the cation channel, and that 
in the resting state the open lumen of the channel 
extends nearly to the cytoplasmic surface where 
the gate is formed by the highly conserved linking 
sequence between M1 and M2 (a1 240 to 251). 
Other mutagenesis and affi nity-labeling experi-
ments are consistent with this interpretation. The 
M3 and M4 domains are in contact with lipid.

The fundamental homologies among receptors 
in this superfamily were elegantly illustrated by 
the demonstration that the selectivity of the a7
nAChR could be changed from cations to anions 
by changing 2 M2 channel-lining amino acids 

to those characteristic of the chloride-selective 
glycine and GABA receptors in these positions 
and adding a proline to lengthen the M1–M2 
loop (Galzi et al., 1992). The reverse changes in 
the glycine receptor changed its selectivity from 
anionic to cationic (Keramidas et al., 2000). 
Although only 3 amino acids were changed in 
these subunits, in a homopentamer each change 
produced a ring of 5 amino acids lining the recep-
tor channel. Another elegant demonstration of the 
structural homologies in this superfamily was con-
struction of a chimera between the extracellular 
domain of a7 and the remainder of a 5HT3 recep-
tor subunit to produce ACh-gated receptors with 
the channel properties of 5HT3 receptors (Elsele 
et al., 1993)

Higher-resolution (4 Å) cryoelectronmicros-
copy studies of Torpedo nAChRs have recently 
been reported in which the results are interpreted 
to suggest that the gate may be a hydrophobic 
girdle in the middle of the channel (Miyazawa 
et al., 2003) (Figure 6.3). The sequence near the 
cytoplasmic surface linking M1 and M2 that was 
identifi ed as the gate by the SCAM was not 
resolved in these studies (Wilson and Karlin, 
1998, 2001). Resolution of the confl icting conclu-
sions of the two methods will require higher-
resolution structural studies of open and closed 
channels. The current cryoelectronmicroscopy 
images show all the transmembrane domains as 
being a helical, with a central ring of M2 domains 
surrounded by a 5-pointed starlike wall of M1, 
M3, and M4 domains with which the ring of M2 
domains makes limited contact (Miyazawa et al., 
2003). It is proposed that agonist-induced rota-
tions of a socket formed by the loop between the 
b1 and b2 components of the a1 extracellular 
domain interact through a pin formed by the end 
of the a1 M2 a helix extending nearly 10 Å above 
the lipid bilayer to induce a twisting motion in the 
M2 a helix that opens the hydrophobic girdle. 
Whatever turns out to be the absolute truth, it is 
clear that movements initiated by the quaternary 
amine of ACh in ACh binding sites at subunit 
interfaces 30 Å above the lipid bilayer propagate 
through the nAChR structure to regulate opening 
of a channel gate 45 Å to 60 Å away (depending 
on whether the gate is in the middle or cytoplas-
mic end of the channel).

Electrophysiologists have proposed that there 
are 2 gates, the activation gate discussed thus far 
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and a desensitization gate (Auerbach and Akk, 
1998). In the resting state, the activation gate 
would be closed and the desensitization gate open. 
In the desensitized state the desensitization gate 
would be closed and the activation gate would be 
open. The cryoelectronmicroscopy, SCAM, and 
electrophysiological models might be resolved if 
the hydrophobic girdle in the middle of the channel 
were the desensitization gate and the gate formed 
at the cytoplasmic surface by the M1-M2 linker 
were the activation gate.

Cryoelectronmicroscopy at 4.6 Å resolution 
led to the suggestion that gaps less than 10 Å wide 
in the wall of the cytoplasmic vestibule to the 
channel might provide ion-selective fi lters through 
which cations could approach the channel 
(Miyazawa et al., 1999). Five fi ngerlike projec-
tions appear to extend, one from the cytoplasmic 

domain of each subunit, to grasp the rapsyn 
centered below. In 5HT3 receptors, replacement 
of 3 arginine residues in sequences thought to 
be homologous to those forming these fi ngers 
increased single-channel conductance 28-fold 
(Kelly et al., 2003). Lateral access portals to 
ion channels (“hanging gondolas”) have been 
described for sodium and potassium channels 
(Kobertz et al., 2000; Sokolova et al., 2001; Sato 
et al., 2001). Such an extended structure for AChR 
large cytoplasmic domains might explain why 
mAbs to the large cytoplasmic domain and its 
constituent synthetic peptides often react with 
both native AChRs and denatured subunits on 
western blots, by contrast to more conformation-
dependent mAbs directed at the compact, rigidly 
constrained structure of the extracellular domain 
(Das and Lindstrom, 1991).
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Figure 6.3. Structure of the Torpedo electric organ nAChR. Electron microscopic analysis of frozen two dimen-
sional tubular crystalline arrays of nAChRs was refi ned to 4Å resolution (Miyazawa et al., 2003). The side view 
depicts the outer 10Å of the transmembrane domains as located above the lipid bilayers. Virtually nothing is depicted 
as extending below the lipid bilayer, but the size of the large cytoplasmic domain formed by the loop between the 
M3 and M4 transmembrane domains is signifi cant, and in other cryoelectronmicroscopic images is shown to extend 
down as fi ve 30Å fi ngers to grasp the rapsyn molecule located beneath each electric organ nAChR linking it to the 
cytoskeletom (Miyazawa et al., 1999). The images shown here emphasize the transmembrane pore structure of the 
AChR. The cross section through the membrane exphasizes a central hydrophilic channel lining region formed by 
M2 transmembrane domains surrounded by other transmembrane domains that interface with lipids. The top view 
of the transmembrane domains shows the symmetric organization of the four transmembrane domains within each 
subunit. Modifi ed from Miyazawa et al. (2003) with permission.
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e. Large Cytoplasmic Domain

The large cytoplasmic domain between M3 
and M4 is the most variable domain in sequence 
among nAChR subunits and among species 
(Lindstrom, 2000a). Consequently, many subunit-
specifi c antibodies bind to this domain. This 
domain interacts with rapsyn, in the case of muscle 
nAChRs (Maimone and Merlie, 1993; Miyazawa 
et al., 1999), or PSD-95 and perhaps other pro-
teins, in the case of neuronal nAChRs (Conroy 
et al., 2003), to anchor to the cytoskeleton and 
organize secondary effectors nearby. The chaper-
one protein 14-3-3h binds to serine 441 in the 
large cytoplasmic domain of a4, especially when 
this serine is phosphorylated (Jeanclos et al., 
2001). The calcium sensor protein VILIP binds to 
a4 302 to 339, resulting in increased surface 
expression and ACh sensitivity (Lin et al., 2002). 
The chaperone COPI interacts at lysine 341 of a1
subunits. The large cytoplasmic domain contains 
phosphorylation sites which regulate the rate of 
desensitization (Fenster et al., 1999). It is involved 
in targeting intracellular transport (Williams et al., 
1998). Despite its distance from both the ACh 
binding sites and the cation channel, it contains 
sequences that infl uence channel-gating kinetics 
(Wang et al, 2000).

f. The Main Immunogenic Region

Immunization with native a1 nAChRs pro-
duces antibodies directed primarily at the extra-
cellular surface, whereas immunization with 
denatured nAChRs or subunits produces antibod-
ies directed primarily at the cytoplasmic surface 
(Das and Lindstrom, 1991; Froehner, 1981).

More than half the antibodies to native a1
nAChRs in an immunized animal with EAMG or 
of autoantibodies in a human with MG are directed 
at the MIR (Tzartos and Lindstrom, 1980; Tzartos 
et al., 1982, 1998) (Figure 6.4). A single mAb to 
the MIR can prevent binding of more than half the 
serum antibodies in MG or EAMG. The MIR is a 
highly conformation-dependent epitope; thus, 
immunization with denatured subunits by default 
provokes antibodies to the cytoplasmic surface. 
Some mAbs to the MIR retain some affi nity for 
denatured subunits, which lead to mapping of a1
66 to 76 as containing amino acids contributing to 

the MIR. Mutagenesis experiments in which 
amino acids in this sequence of a1 from Xenopus 
(which does not bind mAbs to the MIR) were 
substituted into a1 of Torpedo nAChRs revealed 
that amino acids 68 and 71 were especially impor-
tant (Saedi et al., 1990). Replacement of either 
Torpedo amino acid by the Xenopus equivalent 
prevented binding of mAbs to the MIR, indepen-
dent of whether they were raised to nAChRs from 
electric organ or human muscle or whether they 
were absolutely conformation dependent or able 
to bind on western blots.

The AChBP does not bind mAbs to the MIR, 
but amino acids corresponding to a1 66 to 76 are 
found in a loop at the extracellular tip of the 
AChBP on the extracellular surface angled away 
from the central axis (Brejc et al., 2001), just as 
expected from cryoelectronmicroscopic studies 
of MIR mAbs bound to Torpedo a1 nAChR 
(Beroukhim and Unwin, 1995) and other studies 
(Conti-Tronconi et al., 1981). This location of the 
MIR makes sense (Lindstrom, 2003, 2000b). It 
explains why mAbs to the MIR do not affect 
nAChR function. The MIR is far from the ACh 
binding sites, the cation channel, and subunit 
interfaces, where movements might be involved 
in activation. The MIR angled away from the 
central axis explains why single mAbs cannot 
cross-link the 2 a1 subunits in a1 nAChR but are 
extremely effi cient at binding to the extracellular 
surface and cross-linking adjacent a1 nAChRs. 
Autoantibodies impair neuromuscular transmis-
sion in MG and EAMG by cross-linking nAChRs 
(thereby increasing their rate of internalization 
and destruction) and by fi xing complement 
(thereby targeting the postsynaptic membrane for 
focal lysis).

Some mAbs to the MIR on a1 subunits also 
bind to similar sequences on a3, a5, and b3 sub-
units, but do not bind to other AChR subunits 
(Conroy et al., 1992; Wang et al., 1996). In MG 
patients, there is no cross-reaction of autoantibod-
ies to a1 AChRs with a3 nAChRs of autonomic 
ganglia (Vernino et al., 2000). In patients with 
autoimmune autonomic neuropathy, there is no 
cross-reaction of autoantibodies to ganglionic a3
nAChRs with muscle a1 AChRs (Vernino et al., 
2000). The basis of the difference in recognition 
of the MIR by rats producing mAbs and human 
autoantibodies remains unknown.
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C. Functional Roles of 
Nicotinic Receptors

1. Skeletal Muscle a1 nAChRs

At neuromuscular junctions on skeletal muscle, 
a1 nAChRs in the postsynaptic membrane provide 
a critical link in transmission (Ruff, 2003). 
Invasion of the nerve ending by an action 
potential evokes release of ACh at active zones in 
the presynaptic membrane, which are located 
immediately across from AChRs concentrated in 
semicrystalline arrays at the tips of folds in the 
postsynaptic membrane. The current passing 
through the AChRs, in the millisecond before 
destruction of ACh by AChE, terminates the 
response, greatly amplifi es the current involved in 

the action potential suffi ciently to ensure a sub-
stantial safety factor for depolarization of the 
postsynaptic membrane, and triggers an action 
potential in the large muscle fi ber. The concentra-
tion of ACh transiently reaches 1 mM.

By contrast, neuronal nAChRs in postsynaptic 
roles are often not present in such large synapses 
with such large safety factors. Central synapses 
in general are likely to exhibit a 0.1 probability 
of transmission, compared to the 1.0 probability 
at neuromuscular junctions. Many neuronal 
AChRs act presynaptically to modulate trans-
mitter release (Kaiser et al., 2000). Some act 
extrasynaptically (Berg and Conroy, 2002). 
Neuronal nAChRs in nonneuronal tissue appear to 
be involved in cholinergic signaling, which 
does not involve highly specialized synapses 

Antibody to MIR

MIR

α Bungarotoxin bound
to the ACh binding site

Figure 6.4. The main immunogenic region. What is known about the structure of the MIR helps to explain the 
pathological signifi cance in myasthenia gravis. The MIR is easily accessible on the extracellular surface. This permits 
autoantibodies to bind and fi x complement leading to focal lysis of the postsynaptic membrane. The MIR at the 
extracellular end of each α1 subunit is oriented outward so that an antibody can easily link adjacent nAChR but not 
crosslink the two α1 subunits with a single nAChR. Crosslinking of patches of nAChRs increases their rate of 
endocytosis and destruction (this is called antigenic modulation). The MIR is distant from the ACh binding sites, 
subunit interfaces that might move during activation, and the cation channel, explaining why antibodies bound to 
the MIR do not inhibit nAChR function or interfere with the binding of iodinated α bungarotoxin that is used to 
quantitate nAChRs in immunodiagnostic assays. The precise structure of the MIR which accounts for its high 
immunogenicity, the conformation dependence of most antibody binding, or the differences in binding between those 
MIR antibodies which recognize only α1 or both α1 and α3, remain to be determined.
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(Grando and Horton, 1997; Wang et al., 
2003).

2. Ganglionic AChRs

At autonomic ganglia, a3 nAChRs play a 
postsynaptic functional role similar to that of 
a1 AChRs (Berg et al., 2000; Debiasi, 2002). 
However, rather than a single (a1)2b1ed subtype, 
as at mature neuromuscular junctions, there are a 
variety of a3 nAChRs containing b2, b4, and a5
subunits.

Ciliary ganglia of chickens have been espe-
cially well studied, but may be atypical in several 
aspects (Berg and Conroy, 2002; Conroy and 
Berg, 1995). These form specialized calyx syn-
apses. At early periods during development, trans-
mission can be mediated either by postsynaptic a3
nAChRs or by extremely abundant perisynaptic 
a7 nAChRs. In adult chickens, transmission can 
be largely electrotonic and bypass nAChRs. It has 
been suggested that the perisynaptic a7 nAChRs’ 
predominant role may be trophic. This might 
involve responding to choline diffusing from the 
synapse subsequent to AChE activity to provide 
feedback on the level of synaptic activity. Calcium 
ions entering through a7 nAChRs could regulate 
signaling cascades that could regulate gene expres-
sion of synaptic components.

The enteric nervous system contains as many 
neurons as the spinal cord, and most of these 
enteric ganglionic neurons express a3. This can 
be imaged nicely using mAbs to the MIR 
(Kirchgessner and Liu, 1998; Obaid et al., 1999).

3. Central nAChRs

The a4b2 nAChRs are the major subtype 
with high affi nity for nicotine in rodent brains 
(Picciotto et al., 2001; Flores et al., 1992). It has 
been suggested that in primates a2 AChRs may 
play a more important role than in rodents (Han 
et al., 2003). Immune precipitation studies using 
mAbs to the MIR indicate that 20% of rat brain 
a4 AChRs and 36% of human neocortex 
a4 AChRs contain a5 or b3 subunits (Gerzanich 
et al., 1998).

The unusually high ACh affi nity of a4b2
AChRs suggests that they may be especially well 

suited to participate in volume transmission, where 
ACh may act on AChRs distant from sites of 
release (Zoli et al., 1999). It has been suggested 
that most brain nAChRs are located presynapti-
cally and function to modulate the release of 
various transmitters (Kaiser et al., 2000).

The a7 AChRs are as abundant in brain as are 
a4b2 AChRs. The a7 AChRs have been found in 
both presynaptic and postsynaptic functional roles 
(Berg and Conroy, 2002).

In hippocampal CA1 interneurons, both a4b2
and a7 AChRs have been found to modulate the 
release of GABA (Alkondon and Alquerque, 
2001). The a4b2 AChRs were involved in tonic 
inhibition, while a7 AChRs were involved in 
shorter, more phasic inhibition.

Minor subtypes, for example, a6 nAChRs, can 
play signifi cant roles, often in combination with 
other AChR subtypes. Nicotine-induced release of 
dopamine from striatal synaptosomes is nearly 
equally divided between a6  .  .  .  and a4b2 AChRs; 
thus, a6 AChRs may play a signifi cant role in 
addiction to nicotine (Kulak et al., 1997). The a6
nAChRs on dopaminergic neurons of the substan-
tia nigra may be especially sensitive to loss in 
Parkinson’s disease and its animal models, more 
so than a4b2 AChRs on these neurons, suggesting 
that a6 nAChRs may be especially important in 
this disease and might be potential drug targets 
(Kulak et al., 2002; Quick et al., 2003). A variety 
of nAChR subunits are expressed in the locus 
ceruleus and other aminergic neurons (Lena et al., 
1999; Klink et al., 2001), and electrophysiologi-
cal, immunoprecipitation, and knockout mouse 
studies (Zoli et al., 2002; Champtiaux et al., 2003) 
suggest that quite a complex variety of AChR sub-
types are expressed. How these are distributed 
within the neurons is being discovered. On 
dopaminergic terminals in rat striatum, 4 subtypes 
of nAChRs were found: (a4)2(b2)3 (30%), 
(a4)2(b2)2a5 (30%), (a6)2(b2)2b3 (25%), and 
a4a6(b2)2b3 (15%) (Zoli et al., 2002). On non-
dopaminergic terminals in the same preparation, 
both a4b2 and a small amount of a2a4b2 nAChRs 
were immunoisolated. Knockout mouse experi-
ments indicated that on the cell bodies of dopami-
nergic neurons in the ventral tegmental area are 
a7, a4b2, and a4a6b2 nAChRs (Champtiaux 
et al., 2003). The endings of these neurons contain 
both a4b2 and a4a6b2 nAChRs. To add further 
complexity, activation of these neurons by gluta-
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mate is modulated by presynaptic a7 nAChRs, 
while inhibition of these neurons by GABA is 
modulated by a4b2 nAChRs.

Retina contains a complex mixture of nAChR 
subtypes, which changes during development 
(Vailati et al., 2003). This is best known in the case 
of chickens, which have a8 AChRs, not seen in 
mammals. In chicken brain, a8 homomers are a 
minor component compared to a7, and much of 
this a8 is present as heteromers with a7 (Keyser 
et al., 1993). In chick retina, a8 predominates over 
a7, and a8 homomers are common. Among con-
ventional heteromeric nAChRs, 84% contain b2
on embryonic day 7, but only 32% on postnatal 
day 1 (Vailati et al., 2003). During this interval, 
the incidence of b4 goes from 22% to 78%. Long 
before synapses develop, a3, a4, and a7 are 
expressed, whereas a2, a6, a8, b3, and b4 are 
expressed only late in development. The major 
heteromeric subtype early in development is a4b2
nAChRs, but by postnatal day 1 the array of 
subtypes is quite complex. On postnatal day 1, of 
b2-containing nAChRs, 28% contained a2, 11% 
a3, 23% a4, and 19% a6. At that time, of b4-
containing AChRs, 15% contained a2, 35% a3,
40% a4, and 19% a6.

Nicotinic acetylcholine receptors can be 
involved in unusual forms of synaptic transmis-
sion. For example, in chicken cochlear hair cells, 
postsynaptic a9a10 nAChRs mediate entry of 
Ca2+ in a small, rapid excitatory current, which 
triggers Ca2+ activated K+ channels to produce a 
large, delayed, sustained inhibitory current (Fuchs, 
1996; Elgoyhen et al., 1994, 2001; Vetter et al., 
1999). Because these nAChRs have low affi nity 
for a bungarotoxin and signifi cant affi nity for 
atropine, transmission at this synapse initially 
appeared to be mediated by a muscarinic rather 
than a nicotinic AChR.

4. Effects of Nicotine

In tobacco users, nicotine is present for pro-
longed periods, in boluses of mM concentration 
for seconds or minutes after inhaling and sustained 
in serum at concentrations up to 0.1 or 0.2 mM
for many hours (Benowitz, 1996). Thus, its effects 
on nAChRs can be quite complex (Mansvelder 
and McGehee, 2002; Dani, 2003; Dani and 
Heinemann 1996; Dani et al., 2001). The many 

nAChR subtypes located at several places on inter-
acting pathways make the effects of nicotine even 
more complex (Champtiaux et al., 2003). The a1
nAChRs are negligibly affected by concentrations 
of nicotine associated with tobacco use. Subtypes 
with higher affi nity might be transiently activated 
by high-concentration boluses, then either desen-
sitized or left at a smoldering level of activation, 
depending on the affi nity and susceptibility to 
reversible desensitization or longer-lasting inacti-
vation of the subtype. Nicotine causes increases in 
the amount of nAChRs (Flores et al., 1992, 1997; 
Perry et al., 1999; Davila-Garcia et al., 2003; Peng 
et al., 1994, 1997; Wang et al., 1998; Nelson et 
al., 2001, 2003). The extent of upregulation in 
brain areas is typically 50 to 100% (Flores et al., 
1997), but in some brain areas and in tissues such 
as adrenal gland, pineal, superior cervical ganglia, 
or retina (which are rich a3 AChRs), upregulation 
is not seen at the nicotine concentrations found in 
smokers (Davila-Garcia et al., 2003). Acetylcho-
line receptor subtypes with high affi nity for nico-
tine (a4b2) are more sensitive to upregulation 
than are lower-affi nity subtypes (a3b2 and a7)
(Peng et al., 1994, 1997). Human a3 AChRs that 
contain b2 are sensitive to upregulation, whereas 
those with b4 subunits are not (Wang et al., 1998; 
Nelson et al., 2001). The stoichiometry (a4)2(b2)3

is more sensitive to nicotine-induced upregulation 
than is the less ACh-sensitive (a4)3(b2)2 stoi-
chiometry (Nelson et al., 2003). In transfected 
cell lines expressing nAChRs, the extent of 
upregulation can be 10- to 20-fold (Wang et al., 
1998). Mechanisms of upregulation include both 
increased assembly of preexisting subunits and 
increased lifetime of surface AChRs, but not 
usually increased transcription or translation of 
AChR subunits (Peng et al., 1994; Wang et al., 
1998). The multiple nAChR subtypes produced by 
single neurons complicate the analysis of upregu-
lation. Mechanisms of nicotine-induced upregula-
tion of a3 and a7 AChRs in the same cell may 
differ (Ridley et al., 2001). The different nAChR-
containing neurons involved in circuits regulating 
the release of dopamine, which is thought to 
mediate addiction to nicotine and other drugs of 
abuse, complicates the analysis of nicotine’s 
effects. Further, nicotine has many effects because 
nAChRs are found throughout the nervous system 
and in nonneuronal cells. These effects include 
not only acute effects enhancing or impairing 



224 Exploring the Vertebrate Central Cholinergic Nervous System

transmission but also long-term effects on neuro-
protection and gene regulation.

Despite these complexities, it is possible to 
relate effects of nicotine on cloned nAChR sub-
types to behaviors characteristic of tobacco users. 
The 0.2 mM concentration of nicotine in a smok-
er’s serum would have some acute activating 
effect on human a4b2 AChRs (EC50 = 0.3 mM),
little effect on a3b2 AChRs (EC50 = 3 mM), and 
negligible acute activating effect on a7 AChRs 
(EC50 = 40 mM) (Olale et al., 1997). However, 
after 3 hours in 0.2 mM nicotine, desensitization 
and inactivation eliminate virtually all response to 
100mM ACh of a4b2 AChRs (IC50 = 0.017 mM),
90% of that of a7 AChRs (IC50 = 0.003 mM), but 
only 20% of that of a3 AChRs (IC50 = 0.87 mM).
Thus, in a smoker during the day normal signaling 
through brain a4b2 AChRs should be essentially 
completely inhibited while signaling through 
autonomic ganglion a3 AChRs should be little 
affected. After overnight without smoking, the 
fi rst cigarette of the day is the most rewarding. In 
the morning, an upregulated amount of a4b2
AChRs (EC50 for upregulation = 0.2 mM) recov-
ered from desensitization should produce an acute 
response to nicotine before settling in to a desen-
sitized state (Peng et al., 1994). The amounts of 
a3 nAChRs (EC50 for upregulation approxi-
mately100mM) and a7 AChRs (EC50 for upregula-
tion approximately 65 mM) would not be upregulated 
signifi cantly in smokers. In the morning the a7
nAChRs, like the a4b2 AChRs, should be suscep-
tible to transient activation by nicotine before 
becoming desensitized.

5. Neuronal AChRs in 
Nonneuronal Tissues

Nicotinic acetylcholine receptors have been 
found to be involved in signaling between a 
variety of nonexcitable cells (Sharma and 
Vijayaraghavan, 2002). Such cell types range 
from astrocytes to vascular endothelia to bronchial 
epithelia.

Nicotinic acetylcholine receptors and ACh 
have been found in lung tumor cells and in other 
lung tissues (Song et al., 2003). These are espe-
cially relevant to the effects of nicotine, since vir-
tually all lung tumors are the result of tobacco 
smoking (Clementi et al., 2000). In some cases 

nicotine promotes proliferation of these tumor 
cells. It has also been reported that the 
tobacco-associated carcinogen NNK (4-methyl-
nitrosamino)-1-(3 pyridyl-1-butanone) acts as an 
a7-selective agonist to trigger the Akt signaling 
pathway epithelial cells (West el al., 2003).

Nicotinic acetylcholine receptors and a com-
plete cholinergic signaling system have also been 
found in keratinocytes (Grando and Horton, 1997). 
Several AChR subtypes have been found in skin. 
In regulating apoptosis and extracellular matrix 
regulations, a7 AChRs are involved (Nguyen et 
al., 2001; Arredondo et al., 2002). Decreased col-
lagen, elastin, and metalloproteinase are found in 
a7 knockout mouse skin (Arredondo et al., 2003). 
NAChRs have also been found in bronchial and 
vascular epithelia (Maus et al., 1998).

Several nAChRs have been reported in the 
immune system. The most dramatic effect was the 
demonstration that stimulation of the vagus nerve 
inhibits infl ammation induced by bacterial lipo-
polysaccharide by acting on a7 AChRs in macro-
phages to prevent release of tumor necrosis factor 
F (Wang et al., 2003). In a7 knockout mice this 
effect is lost. Thus, excitatory “neuronal” AChRs, 
in this case on nonneuronal cells under the control 
of the nervous system, can act in an inhibitory 
fashion.

The presence of nAChRs and a cholinergic 
signaling system in epidermal tissue and other 
tissues suggests the possibility that primordial 
nAChRs may have been involved in primordial 
intercellular signaling before evolution of the 
nervous system refi ned and specialized this system 
for more rapid signaling.

6. Genetic Approaches to 
Understanding Physiological 
Roles of nAChRs

a. Congenital Myasthenic Syndromes

Mutations in nAChR subunits, rapsyn, AChE, 
CAT, and other proteins involved in neuromuscu-
lar transmission cause muscular weakness resem-
bling that of autoimmune diseases such as MG and 
Lambert Eaton’s myasthenic syndrome (Engel 
et al., 2003). Many congenital myasthenic syn-
dromes (CMS) have been studied in detail. These 
provide an elegant model for potential types of 
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diseases involving neuronal nicotinic signaling. 
The myasthenic syndromes are much more easily 
recognized and characterized than neuronal syn-
dromes would be because, unlike neuronal nico-
tinic signaling, the physiology of neuromuscular 
transmission is well known, impairment is easily 
identifi able, and both functional assays and biop-
sies are accessible. The effects on human neuro-
muscular transmission and synaptic morphology 
can be explained by the functional effects of 
subunit mutations on expressed cloned human 
AChRs and the emerging knowledge of nAChR 
structure.

Examples of CMS caused by mutations in 
nAChR subunits can be quite instructive.

Common forms of CMS involve “slow-
channel” syndromes in which mutations in the M2 
channel lining sequence and elsewhere produce 
hyperexcitable nAChRs with prolonged channel 
openings (Engel et al., 2003). The nAChRs can be 
spontaneously activated by ambient choline (Zhou 
et al., 1999). Excitotoxicity from such mutations 
causes degeneration of the junctional folds due 
probably to excess entry of Ca2+. The unusually 
long channel openings in these syndromes result 
from mutations that increase affi nity for agonists 
or mutations in M2 or elsewhere that destabilize 
the resting state of the nAChR.

Most “fast-channel” syndromes exhibit unusu-
ally rapid decay of the synaptic response as a 
result of mutations in the extracellular domain, 
which reduce affi nity for binding of ACh to the 
open channel state or impair transition to the 
active conformation (Engel et al., 2003). However, 
some mutations in M3, M4, or the large cytoplas-
mic domain near M4 were also found to produce 
fast-channel syndromes. All of these patients had 
both the mutation that caused the channel defect 
and a null mutation in the other allele. It is striking 
that a large number (more than 60) of AChR muta-
tions have been found and that patients often have 
more than one mutation. This suggests that there 
may similarly be many disease-associated mutations 
in neuronal AChRs waiting to be discovered.

The effects of many CMS mutations on a
nAChR assembly, affi nity, conductance, and 
channel conductance have been elegantly charac-
terized. The functional effects of these mutations 
have been interpreted in detail in terms of the 
structure of the AChBP and other models of 
nAChR structure, and the effects on the physiol-

ogy and ultrastructure of human neuromuscular 
junctions accounted for in detail. The many papers 
involved are reviewed in detail in Engel et al. 
(2003) and elsewhere. These have provided new 
insights into the structure and function of nAChRs, 
but a detailed review is beyond the scope of this 
chapter.

Many CMS mutations are in e subunits (Engel 
et al., 2003). These often cause premature termi-
nation of protein synthesis or otherwise prevent 
formation of functional e subunits. However, neu-
romuscular transmission is sustained despite the 
loss of e subunits as a result of induction of syn-
thesis of g subunits characteristic of the fetal form 
of muscle nAChRs.

Congenital myasthenic syndromes due to defi -
ciencies in the amount of nAChRs are known to 
be caused by mutations in nAChR subunits, which 
hinder assembly, and by mutations in rapsyn, 
which hinder aggregation of nAChRs at junctions. 
Mutations in other proteins that regulate the 
expression and localization of these nAChRs 
probably will be found.

b. Diseases Caused by Mutations in 
Neuronal AChRs

The wide variety of CMS caused by mutations 
in muscle AChRs and associated proteins suggests 
that there are potentially many similar disease-
causing mutations in neuronal nAChRs and their 
associated proteins, but most have not yet been 
discovered. However, neuronal nAChR mutations 
have been implicated in an unusual mild epilepsy 
and a rare lethal bowel disease.

Autosomal dominant nocturnal frontal lobe 
epilepsy (ADNFLE) patients suffer from brief 
partial epileptic seizures during sleep (Steinlein, 
2000; Raggenbass and Bertrand, 2002; Sutor and 
Zolles, 2001). Three mutations in a4 and 2 in b2
subunits have been found to cause ADNFLE. All 
of these mutations are in or near M2. Some 
produce use-dependent activation, reduce Ca2+

permeability, or increase ACh sensitivity. It has 
been suggested that what all of these mutations 
have in common is dominant inhibition of Ca2+-
dependent potentiation of nAChR activation 
(Rodrigues-Pinguet et al., 2003). It is known that 
presynaptic nAChRs facilitate release of both 
excitatory and inhibitory transmitters. It has been 
proposed that inhibition of the a4b2 nAChR 
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response to high ACh concentrations by reducing 
Ca2+ from 2 mM to 0 is a negative feedback mech-
anism to inhibit ACh stimulation of glutamate 
release by presynaptic nAChRs when Ca2+ fl ow 
through postsynaptic glutamate receptors has 
depleted the local Ca2+ concentration. Then muta-
tions preventing this feedback might lead to exces-
sive glutamate release if the synchronous repetitive 
fi ring associated with sleep spindles depleted 
Ca2+ from the extracellular space around these 
synapses.

Megacystis-microcolon-intestinal hypoperi-
stalsis syndrome is a rare, lethal fetal disease 
whose symptoms resemble those of mice in which 
a3 subunits have been knocked out (Xu et al., 
1999a). There is some evidence from a limited 
number of patients that a3 nAChRs are missing 
in such patients (Richardson et al., 2001). Given 
the extensive expression of a3 nAChRs in the 
enteric nervous system (Kirchgessner and Liu, 
1998; Obaid et al., 1999), their loss would be 
expected to be catastrophic.

c. Effects in Mice of nAChR Subunit 
Knockouts and Knockins

Nicotinic acetylcholine receptor subunit 
knockout and knockin mice can be very useful 
for suggesting potential physiological roles for 
nAChR subtypes (Champtiaux and Changeux, 
2002; Picciotto et al., 2001), but there are several 
limitations to such studies. One is that human 
brains might express more a2 subunits than do 
those of mice or otherwise differ in AChR subtype 
expression. Knockout of a subunit might under-
estimate its normal functional signifi cance, if 
compensation from other subunits minimized the 
effects of loss of that subunit (e.g., consider com-
pensation by g for loss of e in CMS). Conversely, 
knockin of an excitotoxic mutant subunit might 
overestimate the functional signifi cance of a 
subunit if many neurons that even transiently 
express it during development were killed by the 
excitotoxicity. Below are some examples of inter-
esting insights gained from studies of nAChR 
subunit knockout and knockin studies in mice.

Knockout of a3 nAChR subunits is perinatal 
lethal (Xu et al., 1999a). As might be expected 
from loss of all signaling through autonomic 
ganglia, the mice have impaired growth, bladder 
enlargement and infection, and dilated pupils. 

Knockout of neither b2 nor b4 subunits produced 
this effect, due to compensation of one for the 
other, but knockout of both was similarly lethal 
(Xu et al., 1999b). This might be expected if gan-
glionic postsynaptic membranes usually contained 
a mixture of a3b4, a3b2, and a3b2b4 nAChR 
subtypes, which all contributed to transmission 
with a reasonable safety factor (Nai et al., 2003).

Knockout of a4 eliminated most high-affi nity 
nicotine binding in brain and greatly reduced 
nicotine-induced antinociception (Marubio et al., 
1999; see also Chapter 9 BV). It is known that 
both a4 and a6 presynaptic nAChRs contribute to 
nicotine-induced release of dopamine from striatal 
synaptosomes (Kulak et al., 1997; Zoli et al., 
2002; Mansvelder and McGehee, 2002). Thus, it 
was surprising to discover that a4 knockout mice 
have striatal dopamine levels twice as high as con-
trols (Marubio et al., 2003). These results suggest 
that a4 nAChRs are also involved in tonic inhibi-
tion of dopamine release and that the net effect of 
a4 knockout, or of the sustained desensitization 
expected of a4b2 AChRs in the presence of nico-
tine concentrations known to be sustained in 
smokers, is to inhibit this inhibition, resulting in 
increased dopamine release.

Knockin of an a4 subunit with an M2 mutation 
that makes it hyperactive showed increased sensi-
tivity to nicotine-induced seizures (Labarca et al., 
2001; Fonck et al., 2003). These mice showed 
progressive loss of dopaminergic neurons in the 
substantia nigra, presumably due to excitotoxic 
activation induced by activation through endo-
genous choline. They also exhibited increased 
anxiety and decreased learning.

Mouse strains that had been initially selected 
as long-sleep and short-sleep forms were found 
to have an A529T polymorphism in the large 
cytoplasmic domain of their a4 subunits (Kim 
et al., 2003). Mouse thalamus appears to contain 
a mixture of high-nicotine-sensitivity (a4)2(b2)3

and low-nicotine-sensitivity (a4)3(b2)2 stoichio-
metry AChRs. Strains with the T529 variant 
associated with an increased proportion of the 
high-sensitivity stoichiometry exhibited increased 
sensitivity to nicotine-induced seizures, respira-
tion rate, body temperature, and Y maze 
performance.

Knockout of the a5 subunit dramatically 
reduced sensitivity to nicotine-induced behaviors 
and seizures (Salas et al., 2003a: see also Chapter 
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9 BIV-3). This suggests that nAChR subtypes con-
taining a5, perhaps (a4)2(b2)a5 and a4a6(b2)2a5,
are especially important for these behaviors. In 
autonomic ganglia, (a3)2(b4)2a5 and (a3)2(b2)2a5
postsynaptic nAChRs would be expected to be 
present. Knockout of a5 also had modest auto-
nomic effects (Wang et al., 2002a, 2002b). Due to 
impaired ganglionic transmission, a5 knockout 
mice were resistant to cardiac arrest at high-
frequency vagal stimulation. Ganglionic trans-
mission was more sensitive to channel block by 
hexamethonium in the knockout mice.

Knockout of a6 subunits produced no gross 
behavioral or anatomical effects but eliminated 
binding of a conotoxin M2 in the brain (Champ-
tiaux et al., 2002). It was suggested that substitu-
tion of (a4)2(b2)2a5 nAChRs for a6a4(b2)2a5
nAChRs in the knockout compensated for expected 
losses in nicotine binding sites. More extensive 
behavior characterization of these mice should 
prove interesting.

Knockout of a7 AChRs produced remarkably 
few obvious effects given the wide distribution of 
this subunit in the central and peripheral nervous 
systems (Orr-Urtreger et al., 1997). Brain a bun-
garotoxin binding sites and rapidly desensitizing 
nicotinic currents in the hippocampus were lacking 
in a7 knockout mice. Small autonomic effects 
were seen (Franceschine et al., 2000). Decreased 
barorefl ex-mediated tachycardia in a7 knockouts 
indicated participation of a7 in the autonomic 
refl ex that maintains blood pressure homeostasis. 
The a7 knockout mice do not breed well. Perhaps 
this is related to the observation that a7 AChRs 
on sperm are involved in the acrosome reaction 
required for egg fertilization (Bray et al., 2002).

Knockin mice with a7 subunit M2 mutations 
that produce hyperactive AChRs died at birth 
(Orr-Urtreger et al., 2000). They exhibited exten-
sive apoptotic cell death throughout the somato-
sensory cortex.

Knockout of a9 subunits prevents cholinergic 
modulation of cochlear hair cell function (Vetter 
et al., 1999).

The most widely expressed nAChR subunits 
in brain are b2 subunits, and b2 knockouts have 
exhibited some of the most interesting behavioral 
effects (Picciotto et al., 1995, 1998; Zoli et al., 
1999b; Rossi et al., 2001; Cohen et al., 2002; 
Granon et al., 2003). These mice appear basically 
healthy but show increased neuronal cell death 

and loss of cognitive function with age (Zoli et al., 
1999b; see also Chapter 9 BV). This suggests the 
possibility of normal neuroprotective effects of 
these nAChRs. Neuroprotective effects of nAChRs 
can be demonstrated against excitotoxicity and 
loss of trophic factors. The b2 knockouts lack 
high-affi nity nicotine binding sites (i.e., a4b2
AChRs and others), and they are resistant to 
developing nicotine self-administration (Picciotto 
et al., 1998). Nicotine-induced release of striatal 
dopamine does not occur in the knockouts. They 
show reduced nicotine-induced antinociception 
(Marubio et al., 1999). Arousal from sleep and 
breathing drives were accentuated in the knockout 
(Cohen et al., 2002). It was suggested that this 
refl ected b2-containing AChRs in the carotid 
body, which are usually involved in breathing 
responses in response to hypoxia, and that nicotine 
stimulation of these nAChRs suppresses breathing 
and may contribute to sudden infant death syn-
drome. Abnormally high passive avoidance (fear-
associated learning) is present in b2 knockout 
mice, and b2 knockout mice lack a nicotine-
induced increase in this behavior shown by 
normals (Picciotto et al., 1995). It has been 
reported that b2 knockout mice exhibit defi cits 
in executive and social behavior that resemble 
autism and attention defi cit hyperactivity disorder 
(Granon et al., 2003). Inducible expression of b2
in corticothalamic efferents of b2 knockout mice 
reveal presynaptic a4b2 AChRs that mediate 
normal passive avoidance behavior (King et al., 
2003).

Autonomic effects are observed with the 
knockout of b2 and b4 subunits. Knockout of only 
b2 subunits has no obvious effects on autonomic 
transmission. Knockout of only b4 subunits 
prevents nicotine-induced contraction of bladder 
smooth muscle but does not cause obvious auto-
nomic impairment in vivo (Wang et al., 2003). 
Effects were similar to those in the a5 knockout 
(Wang et al., 2002a). Knockout of both b2 and b4
prevents all transmission through autonomic post-
synaptic a3 AChRs, causing perinatal death by 
mechanisms similar to those seen with the a3
knockout (Xu et al., 1999b).

Central effects are also found in b4 knockout 
mice (Salas et al., 2003b). They appear less 
anxious than controls on elevated-plus and stair-
case mazes, but more anxious during social 
isolation.
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Increasingly sophisticated knockout, knockin, 
and conditional expression studies in combination 
with ligand binding, histological, and electro-
physiological studies and a sophisticated battery 
of behavioral tests should provide increasingly 
detailed clues to the physiological roles of nAChR 
subtypes in mice. These studies will help to guide 
histological, pharmacological, and clinical studies 
needed to reveal the physiological roles of nAChR 
subtypes in humans.
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A. Historical Introduction

Cholinesterase inhibitors, or antiChE agents, 
are widely used in research. In addition, their 
medicinal use in humans is prehistoric. AntiChEs 
were employed as active ingredients in botanical 
and animal materials for primitive and folk 
medicine, witchcraft, and ethnotoxicology and 
used as hunting devices. They were derived from 
certain Chinese mosses such as Huperzine serrata,
from the Calabar bean (the runner bean), which 
contains Physostigma venenosum, and from the 
snowdrop and related Amaryllidaceae and Galan-
thus plants. From the 19th century on, Physo-
stigma has been used in research and medicine 
(see Chapter 11) as galenicals, purifi ed prepara-
tions, and synthetic physostigmine. Eventually, 
antiChEs became the preferred tool in studies 
aimed at proving cholinergic transmission and 
exploring its range.

David Nachmansohn, a life-long student of the 
cholinergic system (Figure 7-1; see Chapters 3, 4 
and 9), opined that the ACh transmitter role 
resulted from pharmacological observations 
obtained with antiChE agents (Nachmansohn, 
1963). Another pioneer of cholinergic studies, 
John Henry Gaddum (1954), expounded similar 
views as he stated that antiChE research was the 
basis for the understanding cholinergic transmis-
sion. During the late 19th century, the discovery 
of organophosphorus (OP) antiChEs and their 
intense development forwarded these studies.

As inhibitors of cholinesterases, the OP, carba-
mate, and other antiChE compounds exert phar-
macological actions, which can be expected from 
the potentiation of endogenous or applied ACh 
and ChE-hydrolyzable cholinomimetics. Initially, 

contrary to carbamates, investigators thought that 
OP drugs including di-isopropyl fl uorophospho-
nate (DFP) exert their actions solely via their 
inhibitory effects on cholinesterases (ChEs; see 
Koelle and Gilman, 1949; see also section DI of 
this chapter.) However, current research shows 
that OP and antiChEs exert direct effects indepen-
dent of inhibiting ChEs. These effects include 
morphopathological and morphogenetic actions, 
and synaptic modulations. The modulatory actions 
are exerted on transmitters and on cholinomimet-
ics that are not hydrolyzable by cholinesterases.

The present chapter focuses on the classifi ca-
tion and structural activity of OP, carbamates, and 
other antiChEs and describes the mechanisms 
involved in their inhibition of ChEs. With particu-
lar focus on OP war gases, this chapter discusses 
the toxicity of these drugs and their antidoting as 
part of the central pharmacology of these com-
pounds. Another topic concerns early and modern 
views on antiChE action, including the fi ndings 
concerning effects that are independent of their 
antiChE action. Finally, the chapter describes the 
use of OP antiChEs as insecticides and vermicides 
(Holmstedt, 1972). The toxicological and environ-
mental aspects of this matter are also considered.

1. History of Anticholinesterase 
Agents Research

a. The Pageant of Physostigma 
Venenosum, Other Naturally 
Occurring Anticholinesterases, and 
Related Compounds

Prehistorically, physostigmine or other 
antiChEs were used medicinally in Egypt, China, 
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Figure 7-1. Sir John Eccles and David Nach-
mansohn, Rio de Janeiro, 1959, at the Sympo-
sium on “Bioelectrogenesis.” (From Chagas and 
De Carvalho, 1961.)

Figure 7-2. The plant Physostigma venenosum Bal-
forii. (From Karczmar et al., 1970.) (See color plate.)

and elsewhere (Levey, 1966; Hanin et al., 1991). 
Their toxic properties were exploited for hunting, 
and they were employed as antidotes for the eth-
nographic agent curare. Actually, Holmstedt et al. 
(1985) tested ethnographic material exhibited in 
Chicago’s Museum of Natural History as “con-
taining a cure for arrow poison [or curare]” and 
found that it possessed d-tubocurarine rather than 
anti-curare activities. However, the best-known 
ethnographic employment of antiChEs was during 
tribal trials; Calabar bean (Physostigma vene-
nosum) seeds (Figure 7-2, see color plate; this 
taxonomic identifi cation was made by John Hutton 
Balfour [1861]; see Holmstedt, 1972 and Wassen 
and Holmstedt, 1963) were used by the Efi k 
people of Old Calabar, a province of Nigeria. A 
British army medical offi cer reported that 6 of the 
ordeal beans, or essere, ground and “macerated in 
water,” were given to those accused of criminal 
conduct. The criminals who died were presumed 
guilty and those who survived, innocent (Daniell, 
1846; Holmstedt, 1972). Most likely, a person 
considered “innocent” swallowed the liquid mate-
rial quickly and without hesitation; a bolus would 
be formed and could elicit life-saving vomiting.
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Scottish missionaries such as H. M. Wadell 
(see Holmstedt, 1972) constituted a link between 
ethnographic uses of an ordeal bean and its sub-
sequent research. They published their fi ndings in 
Scotland’s Missionary Record and provided the 
Edinburgh Medical School with a crude ordeal 
bean. These events constituted the origin of the 
“scientifi c phase” concerning the studies of the bean 
that were initiated by the Edinburgh faculty (see 
Gaddum, 1962; Holmstedt, 1972). They also were 
the origin of the audacious self-experimentation 
with the bean carried out by Robert Christison 
(1855), who at the time was the Professor of 
Materia Medica and Clinical Medicine at the 
University of Edinburgh.

In his fi rst attempt, Christison swallowed 6 
beans in the afternoon. The following morning, 
after noticing a “morphia”-like soporifi c action, 
the nutty professor swallowed 12 grains or 
“the fourth of a seed  .  .  .  of  .  .  .  ordeal 
bean  .  .  .  which originally weighed forty-eight 
grains.” The effects were nearly disastrous! 
Within minutes of ingesting the bean, Christison 
felt a “very decided giddiness,” “torpidity,” and 
sleepiness, which strongly resembled effects 
from using “opium” or “Indian hemp,” though “all 
the while [his mind was so active] that  .  .  .  he  .  .  .  
was not conscious of sleep.” Christison proceeded 
to evacuate “the very energetic poison” by means 
of “swallowing the shaving water which  .  .  .  he 
[had] just used.” Fortunately, this home emetic 
worked, even though the absorption of the active 
element of the seed was suffi cient to cause alarm-
ing symptoms. As ascertained by Christison and 
two of his medical friends, “The pulse and the 
action of the heart  .  .  .  were  .  .  .  very feeble, fre-
quent, and most irregular  .  .  .  the prostration 
great.” He also suffered muscular and cardiovas-
cular effects.

Christison was saved by the short-lived nature 
of the bean’s active ingredient; indeed, he was 
unaware of the seriousness of consuming “essere.” 
While he did carry out some animal experiments 
using the bean, Christison “did not consider it 
advisable to study  .  .  .  the details of the action  .  .  .  
of Calabar bean  .  .  .  by means of experiments 
on animals” prior to his self-experimentation. 
Altogether, the 78-year-old “energetic old 
man” barely recovered. (Holmstedt, 1972; for de 
Clermont’s 1854 experience with an OP drug, 
see the following section).

Thomas Fraser, Christison’s successor to the 
Edinburgh chair of Materia Medica, initiated 
thorough animal studies using the Calabar bean 
(see Fraser, 1964, 1972). He described respiratory 
depression, miosis, and muscle paralysis evoked 
by the bean’s extract and was the fi rst investigator 
to establish the atropine-physostigmine (or extract 
of the Calabar bean) antagonism. These studies 
also led to the bean’s potential use as a treatment 
for mydriasis induced by atropine (Robertson, 
1863) and possibly treating cholera via its gastro-
intestinal effects. These early studies (see Hudson, 
1873) led subsequently to multiple clinical uses of 
antiChEs (see Chapter 11). (For a description of 
Christison’s and Fraser’s studies concerning the 
central action of the bean, see Chapter 9).

These medical applications led to an early epi-
demiological incident concerning the bean. The 
Calabar bean was brought to Liverpool in 1864 to 
be used in some kind of medical treatment. Acci-
dentally, 42 children consumed the bean, present 
in the “heap of rubbish—the sweepings of a ship 
which recently brought a considerable quantity 
of  .  .  .  the beans  .  .  .  from the West Coast of Africa” 
(Cameron, 1864). Cameron treated the resulting 
toxicity (which resembled Christison’s experi-
ence) with “emetics and a plentiful supply of 
warm water and brandy.” Ultimately, one child 
died. Commenting on this treatment, Holmstedt 
(1972) remarked, “Dr. Cameron seems to have 
been entirely unfamiliar with the work in Edin-
burgh”; otherwise, he would have used atropine in 
the treatment of the poisoning (see also 
Kleinwaechter, 1864). Additional cases of human 
poisoning from the bean were documented in the 
late 19th century (see Holmstedt, 1972). The 
central toxicity of the bean or physostigmine and 
its antagonism by atropine were described not 
only by Christison and Fraser but also by 
Bourneville, Gubler and Labbee, and Hudson and 
Bartholow (see Karczmar, 1970, 1986; Holmstedt, 
1959, 1963, 1972).

The two other natural nonphysostigmine 
antiChEs, huperzine and galanthamine, can also 
be considered “prehistoric” agents. Huperzines 
were used for centuries in China as folk medicines 
in the form of the club moss Huperzia serrata, for 
alleviating aging and memory problems relating 
to aging (Hanin et al., 1991; Tang et al., 1988). 
While there is little evidence that Galanthus
or other Amaryllidaceae were used as folk 
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medicines, a literary search involving a study of 
the Odyssey convinced Plaitakis and Duvoisin 
(1983) that Galanthus or its extract were used by 
Odysseus and his crew as an antagonist as they 
become intoxicated by Circe with Strammonium.

The late-19th-century experimental work in 
Germany was facilitated when Jobst and Hesse 
(1864) isolated the bean’s active agent; they called 
it “physostigmine.” A year later, the agent was 
crystallized by Vee and Leven (1865) in France 
and called “eserine.” There seems to be no legal 
or chemical pronouncement regarding the employ-
ment of the two terms; both “physostigmine” and 
“eserine” are used, although the term “physostig-
mine” is more widely recognized today.

It took 50 years following the purifi cation and 
crystallization of physostigmine to elucidate its 
structure. While the structural delineation of phy-
sostigmine’s ring system is credited to the work 
of Stedman and Barger (1925), the actual presen-
tation of the structure was made10 years earlier 
by Polonowski and Nitzburg (1915). However, 
Stedman and Barger (1925) defi ned the structure 
and provided a detailed structure-activity relation-
ship for physostigmine and its derivatives. Ten 
years later, their work led to the fi rst synthesis of 
physostigmine1 (Julian and Pike, 1935). Physos-
tig mine structure was defi nitively settled when 
Peter Pauling (Petcher and Pauling, 1973)2

elucidated its crystalline structure. Knowledge of 
physostigmine’s structure and the capability for its 
synthesis led to the synthesis of many carbamates 
and related antiChEs. Today, this effort vigor-
ously continues. Actually, Klaus-Bertil Augus-
tinsson (1948), a pioneer of ChE and antiChE 
studies, demonstrated that ChEs are very sensitive 
enzymes and many substances (for example, 
methylene blue, caffeine, choline, gum arabic, and 
cysteine) inhibit ChEs.

The studies that followed the Edinburgh inves-
tigations became international. While German 
scientists were primarily involved, French, 
English, Russian, Austrian, and US investigators 
also conducted important investigations during 
the 19th century. This work clearly illustrates 
physostigmine’s effectiveness at a number of 
peripheral sites such as (following Henry Dale’s 
nomenclature) parasympathetic terminals, sympa-
thetic ganglia, and the neuromyal junctions.

Several historical aspects of cholinergic trans-
mission are pertinent for antiChE research. Fol-
lowing the work of Harnack and Witkowski in 

early 1870’s, Heidenhain (1872) Loewi and 
Mansfeld (1910), Hunt (1915), Fühner (1917–
1918), and others (see also Karczmar, 1967, 1970) 
demonstrated that physostigmine and/or the bean 
extract sensitized parasympathetic and motor sites 
to subthreshold nerve stimulation; and great John 
Langley (with T. Kato, 1915; see also chapters 1 
B and 4 B) compared the effects of physotigmine 
on innervated and denervated muscle. Some of 
these investigators also described the potentiating 
effect of physostigmine on the response to exog-
enously administered ACh or to the stimulation 
of parasympathetic nerves. The central effects of 
physostigmine were reported by several investiga-
tors in the nineteen thirties and forties (see for 
example Schwietzer and Wright, 1937), following 
their original description some eighty years earlier 
by Christison (see above, and Schweitzer and 
Wright, 1937). For the history of these phenomena 
and the demonstration of cholinergic transmission 
at the periphery by Otto Loewi (1921) see chapter 
9 and Karczmar (1970). For the proof of central 
cholinergic transmission and for the 19th- and 
20th-century studies of the central actions of phy-
sostigmine and other antiChE, see Eccles et al. 
(1954) and Chapter 9.)

The other aspect of this story concerns ChEs. 
In 1914, Dale suggested that the evanescence 
of the effects for intravenously administered 
ACh resulted from fast-acting, ACh-hydrolyzing 
enzymes that are present in the blood. Otto Loewi 
(Engelhart and Loewi, 1930), Stedman (1926), 
and Mathes (1930) then supported Dale’s notion 
when they demonstrated how physostigmine’s 
effects on the peripheral synapses result from 
an inhibition of the ChE in the tissues. Loewi 
(Engelhart and Loewi, 1930) also showed physo-
stigmine’s potent inhibition of this enzyme, while 
Plattner and Hintner (1930) demonstrated that 
ACh is split by tissue extracts.

Subsequently, ChEs were classifi ed as “a 
family of enzymes” including synaptic AChE or 
propionyl ChE and pseudo ChE or butyryl ChE 
(BuChE; see Chapters 3, 5, and 6). As synthetic 
analogs of physostigmine and other synthetic 
antiChEs became available, Zeller and Bisseger 
(1943), Nachmansohn and Schneeman (1945), 
Hawkins and Gunther (1946), and Hawkins and 
Mendel (1949) made an important discovery: 
they demonstrated that various inhibitors have 
selective effects on these and other ChEs. For 
example, Hawkins and Gunther showed that 
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m-hydroxyphenylbenzyltriethyl ammonium bro-
mide (Nu-683) was a selective BuChE inhibitor, 
while methylhydroxy purines and certain carba-
mates preferentially inhibited AChE. This early 
work established a few hundred- or even a few 
thousand-fold ratios between antiBuChE and 
antiAChE potency of these compounds. Further-
more, this ratio was greatly extended with subse-
quently developed compounds (Myers, 1954; 
Long, 1963; Taylor et al., 2000).

A related aspect involves elucidating the ChE 
inhibition mechanism by the carbamate and other 
antiChEs including OP antiChEs. Stedman (1926) 
demonstrated that the antienzymic action of 
physostigmine resulted from its carbamate moiety 
rather than 2 linked pyrrolidine rings (see also 
Long, 1963). Irwin Wilson (Wilson et al., 1960), 
David Adams and Victor Whittaker (1950) ini-
tially considered physostigmine inhibition of ChE 
to be a reversible process with a relatively short 
half-life, as the inhibited ChE recovered its activ-
ity upon dilution, which is typical of reversible 
inhibition. This may have led Koster (1946) and 
Koelle (1946) to employ physostigmine as a pro-
tector of the enzyme from OP antiChEs. Koster’s 
and Koelle’s early discovery initiated studies 
regarding the use of physostigmine in antidoting 
toxic actions of irreversible OP inhibitors. Today 
physostigmine and related compounds are compo-
nents of a preventive “cocktail” used to protect 
ChEs enzymes against OP and war gas toxicity 
(see below).

Nevertheless, Wilson et al. (1961) subse-
quently demonstrated that ChE carbamylation 
occurs when physostigmine inhibits the enzyme, 
and following inhibition neither the carbamate 
moiety nor physostigmine was reconstituted in 
water; instead, carbamic acid was formed. The 
absence of recovery in unchanged modes of the 
carbamate-physostigmine complex was consistent 
with the defi nition of irreversible inhibition (see 
below; see also Usdin, 1970) and current fi ndings 
support this notion (Holmstedt, 1959, 1963; Taylor 
et al., 2000).

However, reversible antiChEs also exist. 
Oximes and NaF were the fi rst reversible com-
pounds discovered; they were described in the 
1960s (Krupka, 1966; Usdin, 1970; see below for 
these compounds’ reactivating effects on phos-
phorylated or acylated enzymes). In addition, 
many of the miscellaneous compounds (i.e., gum 
arabic or cysteine) listed by Augustinsson (1948; 

see above) as antiChEs are reversible inhibitors. 
Finally, many tissues, including the brain, contain 
chemically unidentifi ed “naturally occurring” 
reversible antiChEs (Karczmar and Koppanyi, 
1954).

The demonstration of physostigmine’s effects 
and the mode of action for physostigmine and 
related carbamates were followed by their clinical 
application in ophthalmology, gastroenterology, 
myasthenia gravis, anesthesia, and Alzheimer’s 
disease (Peters and Levin, 1977; Remen, 1932; see 
also Chapters 10 and 11). The use of these com-
pounds as pesticides was initiated in the 1950s 
(Holmstedt, 1972; Kuhr and Dorough, 1976). 
Note that physostigmine is a poor insecticide, as 
repeatedly shown since Thomas Fraser (1864), 
after noticing that the beans shipped to him from 
Calabar showed traces of excrement and cocoon 
material from the Deiopeia pulchella moth, dem-
onstrated that the Calabar bean extract did not 
affect caterpillars. In view of the ordeal bean’s 
“extreme activity,” Fraser could not believe that it 
was possible that “any animal form  .  .  .  could 
be  .  .  .  subjected to its infl uence and still retain 
hold on life.” After injecting the caterpillars with 
the bean’s active principle, he found that indeed 
the caterpillars were immune to the poison.

This paradox was based on the principle of 
selective toxicity. In other words, there are carba-
mates nontoxic to insects but toxic to humans and 
other animals, and vice versa. The differences in 
the toxicity result from differences among ChEs 
in various species and the differences in their 
response to physostigmine and other inhibitors 
(see Holmstedt, 1972; Chadwick, 1963). In fact, 
successfully using carbamate antiChEs as pesti-
cides resulted from developing compounds with 
low or absent mammalian toxicity (sometimes 
caused by their rapid metabolism in mammals; see 
section C, below), high pesticidal action, and rapid 
environmental degradability. Gysin at Geigy Co. 
in Switzerland fi rst developed these compounds 
as insect repellents including both weak repellents 
and active insecticides (Buxtorf and Spindler, 
1954; Gysin, 1955). While carbamates were ini-
tially used as repellents, subsequently hundreds 
of carbamates and related pesticidal compounds 
were developed as vermicides and fungicides, and 
thousands of tons of these compounds are used 
throughout the world (Hayes, 1982; Eto, 1974).

It must be emphasized that certain synthetics 
that became a source for potent antiChEs were 
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developed long before the synthesis of physostig-
mine. These compounds are diaminoacridines; 
they were synthesized in Germany at the begin-
ning of the twentieth century as anthelminthics 
and antiseptics (see Summers et al., 1988; Thorn-
ton and Gershon, 1988). During the Second World 
War, Rubbo, Albert, and their Australian team 
(Albert and Glendhill, 1945; Albert et al., 1945) 
discovered that the antibacterial capacity of the 
compounds might play a signifi cant role in 
their country’s war efforts. When synthesizing 
compounds related to diaminocoacridines, they 
developed mono aminoacridines, which included 
tetrahydro-5-aminoacridine (THA, tacrine). This 
compound proved to have no antibacterial activity 
yet exhibited a central excitatory capacity. Its 
basicity and capacity of passing from the oil to 
water phase, and their central nervous system 
activity, were related to its antiChE action. The 
Australian team (Shaw and Bentley, 1949; 
Christie et al., 1958) attempted to exploit the 
antiChE property of aminoacridines (particularly 
THA) by using them as antagonists for coma 
induced by atropinics and barbiturates, ketamine, 
and morphine-induced depression. (For further 
information on the relationship between antiChEs 
and morphine, see Chapter 9 BV.) The Australian 
team included Sam Gershon, who, following 
his move from Australia to the Missouri Institute 
of Psychiatry in St. Louis, extended his THA 
studies to investigate its action on atropinic 
psychomimetics (Gershon, 1966). In addition, 
while in St. Louis, Gershon suggested that 
Summers use THA for treating Alzheimer’s 
disease, which proved novel and fruitful (Summers 
et al., 1988).

Demonstrating physostigmine’s action, its 
potential as a tool for cholinergic studies and the 
rapid development of carbamate and other non-OP 
antiChEs (motivated in part by their usefulness as 
insecticides and pesticides, as well as in the 
treatment of Alzheimer disease and myasthenia 
gravis (Fisher, 2000; see also Chapter 11 A) led 
to intense research of these compounds’ periph-
eral or central actions.

b. OP Drugs

OP drugs were fi rst synthesized at the begin-
ning of the 19th century, though there was a lapse 
of 100 years between this synthesis and the dem-

onstration of the toxic insecticidal and pharmaco-
logical potential of the OP agents.

Lassaigne synthesized the fi rst OP drugs as 
phosphate esters in 1820 (see Eto, 1974; Fest and 
Schmidt, 1970; and Chambers, 1992), and the 
Arbusovs, a father-and-son duo living in Sweden, 
developed a number of methods for OP synthesis 
(Arbusov, 1906; Arbusov and Arbusov, 1931; 
Nylen, 1930). Moreover, a certain M. Moschnine, 
in the laboratories of M. Wurtz (a great French 
chemist), was the fi rst to synthesize a prototype of 
OP drugs and war gases, tetraethylpyrophosphate 
(TEPP; there is no further identifi cation of M. 
Moschnine, but judging by the name which, before 
it was franchised, must have been Moschnin, he 
must have been a Russian). Though the Arbusovs 
also synthesized TEPP, the credit for Moschnine’s 
original work was given to a student of Wurtz, de 
Clermont, after he published his own interpreta-
tion of the studies (de Clermont, 1954).

De Clermont tasted the clear TEPP liquid. 
According to Holmstedt (1963), “it is diffi cult 
to explain why de Clermont did not succumb to 
the TEPP he tasted.” Bo Holmstedt seemed to 
regret de Clermont’s escape, as he stated, “If de 
Clermont’s death  .  .  .  had happened, the toxicity of 
anticholinesterase agents of the organophosphorus 
type would have been discovered much earlier 
than it actually was.” In fact, de Clermont lived to 
the ripe age of 91 years! Holmstedt (1963) also 
remarked that among those investigating OP 
drugs, only a few scientists succumbed to their 
effects, despite the volatility and high toxicity 
when inhaled. For example, Nylen (1930) worked 
with TEPP for many years without any knowledge 
of its toxicity (Holmstedt, 2000). The secret of the 
matter probably lies in OP instability and easy 
hydrolysis in water.

German investigators were the main force 
behind the synthesis of OP drugs (Holmstedt, 
1963, 2000). This began with von Hoffman (1873), 
who actually worked on OP chemistry in England 
but contributed the synthesis of methylphosphoryl 
dichloride (the fi rst C-P linked compound) upon 
his return to Germany. Another German investiga-
tor, Michaelis (1903), synthesized OP drugs with 
important P-CN bonds. Later, Willy Lange of the 
Berlin University and his student Gerda von 
Krueger (Lange and Krueger, 1932; see also 
Holmstedt, 1963, 2000) developed P-F linked OP 
compounds. Lange also noticed an insecticidal 
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action among the compounds; he also described 
how he and his coworkers exhibited their toxic 
effects, which included headaches, a sensitization 
to light, respiratory depression, hallucinations, 
and distortions of consciousness (“Bewusztseins-
Trübungen”; Lange, personal letter to Bo 
Holmstedt, April 7, 1952; see Holmstedt, 1963, 
2000). Gerhard Schrader of I.G. Farbenindustrie 
then recorded this toxic action in the 1930s when 
he was developing OP compounds for their 
insecticidal potential (see 1952 and 1963 reviews 
by Schrader). Among these compounds were OP 
drugs containing fl uorines such as DFP (Wirth, 
1949).

When the toxic effects of OP agents on animals 
(and, presumably, on humans) became known 
to the German scientists (in about 1935; see 
Holmstedt, 1963), the German government classi-
fi ed the pertinent results as secret, and instigated 
further work, both synthetic and experimental, at 
the Militärärzliche Akademie; the department in 
question was headed by Wolfgang Wirth.

Wolfgang Wirth’s story merits special atten-
tion. Wirth’s doctoral thesis (Habilitation) in 
Wurzburg dealt with toxicity of OP drugs. At that 
time, Wirth was a student of Ferdinand Flury, a 
devoted Hitler admirer and follower, who was 
interested in and published on, euthanasia for the 
unworthy (Lebensunwerten). Subsequent to his 
appointment to the academy Wirth became an 
important leader in the Army Armaments 
Department (Heereswaffenamt), where his duties 
included the supervision of Gas Protection 
Laboratories (Gasschützlaboratorien) in Spandau 
and in other war-related offi ces. He was made by 
Hitler a member of the Scientifi c Senate for the 
Army Health Activities (Senat des Heeressani-
tätwesen), and he was awarded a number of 
commendations, including the War Merit Service 
Cross (Kriegsverdienstkreuz; see Klee, 2003).

There seems to be no doubt that in his capacities 
Wirth was aware of and/or witnessed human exper-
iments with war gases; the question is, did he 
participate in these experiments (Woelk, 2003; 
Klee, 2003; Konrad Loeffelholz, letter to Wolfgang 
Woelk, January 12, 2004)? It was argued by Woelk 
that Wirth declined active participation in the 
experiments because he was critical of their sci-
entifi c merit (Woelk, 2003). But was his reticence 
due only to the lack of scientifi c merit of the 
experiments (Loeffelholz, 1999a, 2000)? In addi-

tion, there are Wirth’s direct statements concerning 
experiments in Spandau with skin applications of 
OP agents (Wirth does not say whether he directed 
or carried out these experiments; Loeffelholz, 
2004). Altogether, there is considerable contro-
versy as to Wirth’s moral values and his activities 
during the Third Reich; indeed, according to some 
German scientists an attempt has been made to 
whitewash Wirth’s behavior (see Habermann, 
1999; Loeffelholz, 1999, 2000; Loeffelholz, letter 
to E. Habermann, Steptember 16, 1999).

Wirth lived to be 98; after the Second World 
War and after a one’s year “US Internierung,” he 
resumed, very successfully, his academic career, 
and earned a number of medals and honorary 
memberships in several German scientifi c associa-
tions (Klee, 2003).

As mentioned, during the late 1930s, the 
information with regard to OP agents became 
classifi ed and the German industry was no longer 
free to develop the OP drugs for commercial use. 
However, just prior to this clandestine phase of 
OP drug research, pharmacological investiga-
tions of OP compounds were initiated in animals 
and “perhaps” their antiChE action was recog-
nized (see Holmstedt, 1959, 1963).

After the Germans invaded Poland in 
September 1939, initiating the Second World 
War, the German government built a large factory 
complex in Duhernfurt, in east Germany. This 
factory concentrated on manufacturing OP agents 
as war gases, known as G or GB agents. At the 
peak of its war gas production, some 3,000 workers 
were employed at the factory (Holmstedt, 1963). 
After World War II ended, Duhernfurt installations 
became a part of Russian-occupied Poland, and 
the Russian army supposedly transported thou-
sands of tons of the nerve gas tabun, a P-CN 
compound, and smaller amounts of sarin to Russia 
(Holmstedt, 1963). It must be added that there 
were long negotiations between Churchill and 
Roosevelt on one side and Stalin on the other 
regarding the exact position of the border between 
Poland and East Germany, and George Koelle 
(1981) speculated that the bone of contention was 
actually whether the factory at Durhenfurst should 
belong to Russia or to the Western alliance (Figure 
7-3).

Organophosphorus agents were developed and 
studied in England and the United States during 
the 1940s and1950, as these agents became known 
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as nerve or war gases. However, whether or not 
the development of nerve and war gases was an 
independent effort or was generated by the OP 
research in Germany still remains in question. 
Bernard Kilby (1949) stated that the research was 
initiated by the Ministry of Supply at several sites 
in England on the basis of reports (published in 
open literature) by Lange and Krueger (1932); this 
paper referred to the toxic effects of the com-
pounds. However, Holmstedt (1963) felt that the 
impetus resulted from a leak of information from 
Germany, as the British teams were set up by the 
ministry to pay particular attention to the P-F 
compounds.

This research and development led to the syn-
thesis of DFP by Saunders (see Saunders, 1957) 
and to a number of basic fi ndings including dem-
onstrating the antiChE action of OP agents. This 
fi nding was obtained by a British team including 
Adrian (now Lord Adrian), William Feldberg, and 
Bernard Kilby, along with the American teams 
working in Edgewood Arsenal, Maryland, at 
Reed Hospital, and at Georgetown University in 
Washington, DC. Their work and earlier work by 
German investigators L. Landle, Eberhard Gross, 
and others (Holmstedt, 2000; Schrader, 1952) at 
Farbenfabriken Bayer in Elberfeld and Militärärz-
tliche Akademie in Berlin proved that similar to 

physostigmine, the pharmacological and toxic 
effects of OP agents are caused by their inhibitory 
action on ChEs; potentiation of the endogenous 
and exogenous ACh action; and the potentiation 
of response to the stimulation of the appropriate 
nerves (Koelle and Gilman, 1949; Koppanyi and 
Karczmar, 1951; Burgen, 1949; see Karczmar, 
1967; Bodansky, 1945). During World War II 
investigations, the irreversible nature of this 
inhibition was recognized by German and Allied 
scientists. Mackworth and Webb (1948) were the 
fi rst to publish a report on the phenomenon. The 
second step of this inhibition, the “aging” process, 
contributes to the irreversibility, which was 
recognized much later (Hobbiger, 1955; Michel, 
1958).

The early German and English work estab-
lished that the initial inhibition was due to phos-
phorylation (today referred to as acylation; see 
below, section BI, and Reiner and Radic, 2000) 
of the esteratic site of either AChE or BuChE 
molecules (see Chapter 3 DI and DII). Arnold 
Burgen (1949; now Sir Arnold) was the fi rst to 
publish research describing the phenomenon.

Organophosphorus antiChEs are easy to 
develop. During and after the Second World War, 
thousands of OP drugs were synthesized for their 
potential as insecticides, G agents, or war gases, 
and (rarely) as therapeutic drugs such as those 
used in the treatment of Alzheimer’s disease 
(see Chapter 10). This synthetic explosion led to 
nomenclative chaos which may be remedied by 
adherence to terminology developed by Larsson 
et al. (1954) and Holmstedt (1959; see below). 
During this development it appeared that, similar 
to carbamates and other non-OP antiChEs, OP 
compounds had a selective effect on the various 
ChEs. For example, Michel (1955) and Jandorf 
et al. (1955) showed that DFP is more effective 
against BuChE than against AChE. The reverse 
is true for G agents such as sarin and soman; the 
war gas tabun is equally effective against these 
enzymes (Holmstedt, 1963; Usdin, 1970).

Whether prophylactically or as a treatment for 
poisoning, atropine’s use as an antidote for phy-
sostigmine toxicity became signifi cant for German, 
English, and US investigators when they learned 
of OP’s potential use in war. They studied atro-
pine’s antagonism on OP poisoning and several 
atropine analogs were developed and tested (Wills, 
1963). The analogs proved effective, but only to 
a limited degree, since the best atropinics could 

Figure 7-3. Alleged argument between the allies at 
the Yalta peace conference regarding the location of the 
boundary between Poland and Germany; the question 
was, Should the Duhernfurt factory belong to Poland or 
to Germany? (From Koelle, 1981.)
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protect against only 2 LD50s of potent OP agents 
such as sarin. Just about any drugs, from barbitu-
rates to ganglionic blockers to tranquilizers and 
muscle relaxants (Wills, 1963, 1970), were tested 
and proved ineffective when used with or without 
atropinics. However, the fi rst break occurred when 
Koelle (1946) and Koster (1946) employed phy-
sostigmine prophylactically as a protector of ChEs 
from phosphorylation.

An even more important occurrence was the 
discovery of reactivation, which stemmed from 
Hestrin’s demonstration (1949) that intact AChE 
and hydroxymates were released from acetylated 
enzymes upon incubation with hydroxylamine. 
Irwin Wilson (1951) then used hydroxylamine 
(which also hydrolyzes OP agents; Hackley et al., 
1955) as a “nucleophilic reactivator,” a new 
concept. The reactivation resulted in freeing the 
enzyme in its intact state and the formation of a 
phosphoryl product that differed from the original 
OP drug. However, hydroxylamines were not very 
effective as prophylactic or antidotal agents.

Wilson, Childs, and Davies (Childs et al., 
1955; Wilson et al., 1955) made a signifi cant step 
when they developed oximes. These investigat-
ors, including Edith Heilbronn-Wikstroem, the 
German-Swedish pioneer in this area (1963, 1964, 
1965), worked out schemes for these agents’ 
reactivating action. When working in David 
Nachmansohn’s Columbia University laboratory, 
Irwin Wilson tailor-designed very active oximes 
in accordance with considerations of structure-
activity relationship; he referred to this relation-
ship as “the law of complementarity” (see Wilson, 
1959).3

Subsequently, a number of mono- and bisqua-
ternary oximes were developed (see Wills, 1970; 
Usdin, 1970) and it was found tht unrelated com-
pounds acted as reactivators. Among these them 
was NaF. Sodium fl uoride shows a number of 
activities. As discovered by Heilbronn (1964), the 
compound is a reactivator, an antiChE that acts on 
both AChE and BuChE, and an ACh sensitizer 
(that is, it facilitates ACh action on cholinorecep-
tors independently of its antiChE effect). However, 
only oximes are practical when used as reactiva-
tors. Today, oximes are components of a therapeu-
tic “cocktail” (with atropine or atropinics and 
reversible antiChEs) and are employed by the 
armies of several nations as prophylactic and 
therapeutic antidotes of war gas poisoning (see 
below, sections DI, DII and E).

As to the uses of OP agents, similar to carba-
mates these agents are employed as insecticides, 
vermicides, and pesticides. Lange and Krueger 
(1932) were the fi rst to describe the insecticidal 
action of these drugs. In 1937, when Gerard 
Schrader also described the action, I.G. Farbenin-
dustrie patented general structures for OP com-
pounds endowed with potent insecticidal action 
(Schrader, 1952; see also Holmstedt, 1963). 
Bladan (tetraethyl pyrophosphate) was the fi rst 
insecticide used agriculturally, and the popular 
insecticide parathion was among the early com-
pounds synthesized by Schrader in the 1930s and 
1940s. Bladan’s use, however, was curtailed 
because of its potential toxicity to “all forms 
of life,” including humans (Ecobichon, 1996). 
Among the fi rst OP pesticides synthesized outside 
of Germany was the insecticide Malathion, which 
was developed by the American Cyanamide Co. 
in 1950 (see Eto, 1974); similar to other newer OP 
synthetics, Malathion showed selective parasite 
toxicity with, assumedly, no or little human 
toxicity.

Nevertheless, the post–World War II question 
concerning dangers of OP drug use as nerve gases, 
insecticides, or pesticides still remains with us. 
Though OP agents were not employed as war 
gases during World War II, they were used in ter-
rorist actions and in local wars, which presently 
leaves us with potential exposure to this danger 
(see, for example, Balali-Mood and Shariat, 1998; 
Yokoyama et al., 1998). Furthermore, the possible 
use of OP drugs and their antidotes was connected 
with Gulf War syndrome related to the Persian 
Gulf War of 1990–1991, a very controversial 
subject (see section DI).

Although chemists attempted to develop 
insecticides that are only toxic to pests, cases of 
human and animal toxicity from OP and carba-
mate agents were and are frequently reported. 
During the 1960s, such cases were described in 
Iran, Egypt, Nigeria, El Salvador, Russia, Canada, 
Japan, and Australia. Sometimes, mass toxicities 
occurred, as with antimalarial use of carbamates 
in Nigeria and other African countries. A similar 
large-scale poisoning was reported in Egypt: 
ascaridial epidemics occurred due to fl ooding 
resulting from building the Aswan High Dam; the 
disease was treated with an OP drug, and the treat-
ment caused toxicities (Bo Holmstedt, personal 
communication). This led the World Health Orga-
nization (WHO) and several national and US 



246 Exploring the Vertebrate Central Cholinergic Nervous System

organizations to establish vigorous evaluation 
stages for old and new pesticides, and appropriate 
treatment of their toxicity was proposed. (Oximes 
may be not effective in carbamate poisoning; see 
Mileson et al., 1998, and below, section C.)

The United States reacted to the episodes of 
mass toxicity by reorganizing the Federal Insecti-
cide Fungicide and Rodenticide Act (FIFRA) 
established by Congress in 1947. The act’s 
administrative authority was then turned over to 
the newly established Environmental Protection 
Agency (EPA) in 1972. The EPA and its Offi ce of 
Pesticide Control have established a number of 
requirements regarding mandatory assessments 
concerning the potential toxicity and environmen-
tal impact of pesticides prior to commercially pro-
ducing and marketing any new pesticides (Mileson 
et al., 1998; Ecobichon, 1996). Recently, the EPA 
established a need for evaluating the potential 
toxicity and environmental impact of pesticide 
combinations.

Ecobichon (1996) stressed that even though 
insecticides of the OP type are chemically related 
to OP war gases, the insecticides used today are 
at least 4 generations of development away from 
those highly toxic chemicals. He also deemed 
certain reports as “controversial,” including 
Gershon and Shaw’s (1961) report of human 
toxicity resulting from exposure to OP insecti-
cides. However, Ecobichon (2000, 2001) stated 
that there was a lack of regulations for OP insec-
ticides in several countries and a lack of execution 
of these regulations when existent in developing 
countries where the uses of older, more toxic, and 
environmentally dangerous pesticides abound. 
Altogether, Ecobichon and others admitted that 
toxic and environmental accidents continue to 
occur frequently (see, for example, Marrs, 1993).

OP agents used as pesticides are extremely 
valuable for agriculture throughout the world, and 
this use may be the difference between life and 
death in underdeveloped countries (Ecobichon, 
2000, 2001; Casida and Quistad, 1998). Alto-
gether, the development of antiChEs of OP and 
other types not only constitute a cornucopia of 
plenty, but also open up a Pandora’s box of calam-
ities: Did Gerhard Schrader foresee this outcome 
when he was developing many of the OP com-
pounds? Was he aware that the toxic potential of 
OP drugs was exploited by the German govern-
ment for war purposes? Perhaps his statement 

(“Mein innigster Wunsch its es, dass diese Stoff-
klasse ‘Tabun’  .  .  .  sich nur segensreich in Form 
neuer Heilmittel auswirkt. Möge ein guetiges 
Geschick uns alle davor zu bewahren, dass diese 
and ähnliche Stoffe zur Zerstörung von Men-
schenleben eingesetzt werden”)? (Schrader, 1950; 
see Holmstedt, 1959) was only a convenient 
afterthought.

BI. Classifi cation, Chemical 
Structures, Structure-
Activity Relationships, and 
Bonding Relationships of 
Anticholinesterases

1. Naturally Occurring 
Anticholinesterases, Carbamates, 
and Related Synthetic 
Anticholinesterases

Initially, physostigmine, synthetic carbamates, 
and related synthetic compounds were classifi ed 
as reversible inhibitors, while OP drugs were con-
sidered irreversible antiChEs (Koelle and Gilman, 
1949; Holmstedt, 1959; Winteringham, 1966). In 
1990, the notion of classifying carbamates as 
reversible inhibitors was accepted in a textbook 
chapter (Taylor 1990) and again in a review by 
Kaur and Zhang (2000). Other naturally occur-
ring antiChEs, huperzines and galanthamine (also 
spelled “galantamine”; see Brufani and Filocamo, 
2000), were also classifi ed as reversible inhibitors 
(Brufani and Filocamo, 2000). Though some of 
the compounds are relatively short acting, when 
compared to OP antiChEs, it is more accurate 
to consider them irreversible antiChEs (see 
section A).

Physostigmine is the mother compound of car-
bamate and related synthetic antiChEs (the old, by 
now abandoned name for the alkaloid is “eserine”). 
Polonowski and Nitzburg (1915) and Stedman and 
Barger (1925) determined physostigmine’s struc-
ture, and Julian and Pike (1935) accomplished its 
synthesis. The carbamate moiety of physostig-
mine is attached to a benzene ring coupled with 2 
pyrrolidine rings. The seeds of the Calabar bean 
contain several physostigmine-related com-
pounds, including geneserine, which has 1 oxi-
dized pyrrolidine ring (Figure 7-4; Polonowski 
and Nitzburg, 1915).
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Stedman demonstrated that pyrrolidine moiety 
is not essential for physostigmine’s activity, and 
that methyl carbamates with substituted phenols 
are just as active as, if not more active than, phy-
sostigmine (Stedman and Barger, 1925; Stedman, 
1926, 1929; see also Long, 1963). These deriva-
tives were characterized by substitutions on the 
carbamate moiety and included compounds such 
as nonyl and dimethyl-physostigmine, phenserin, 
toserin, and heptylphysostigmine (heptastigmine; 
see Figure 7-4). Subsequently, many years after 
Stedman’s initial studies, several synthetic physo-
stigmine derivatives were developed via substitu-
tions on the carbamate moiety and nucleophilic 
substitutions at the tricyclic physostigmine frame-
work. These compounds showed a long-lasting 
antiAChE effect and weaker antiBuChE effects 
(Brufani et al., 1987, 1988; Kamal et al., 2000; 
Rege and Johnson, 2003). Other carbamate syn-
thetics have the Calabar alkaloid geneserine as 
their basis. The Italian team Claudio and Pietra 
(Trabace et al., 2000) recently synthesized several 
geneserine derivatives that exhibit potent antiAChE 
action. One of the derivatives, CHF2819, has been 
tested for its possible use in Alzheimer’s disease 
(see Chapter 10).

At fi rst, geneserine, pyrrolidine, and nonpyr-
rolidine drugs were tested in animals as miotics or 
intestinal stimulants. Then, using methylbutyrate 
or tributyrin as substrates, the agents were tested 
as ChE inhibitors and evaluated against BuChEs 
of the guinea pig liver or serum (see Long, 
1963; Usdin, 1970; Main, 1976). Avram Gold-
stein (1951) evaluated physostigmine’s antiChE 
mechanism of action for plasma ChE (a BuChE), 

and in the 1960s, Wilson and his associates carried 
out the fi rst biochemical studies of physostig-
mine’s action on AChEs.

When Stedman and his coworkers (see 
Stedman, 1926; Long, 1963) realized that pyrro-
lidine moiety is not essential for antiChE action 
and that the phenyl carbamate structure of physo-
stigmine can be readily modifi ed, they proceeded 
to synthesize a series of carbamate antiChEs 
lacking pyrrolidine rings. There were differences 
among these compounds. The reciprocal position 
of the carbamate moiety and the amino N could 
be varied and there could be different substitutions 
on the 2 moieties. Finally, a charge on the amino 
N was present in some compounds and absent in 
others. These investigations led to Blaschko’s 
development (1949) of the fi rst useful miotic, 
miotine, or Mestinon, and pyridostigmine (Figure 
7-5). Twenty years later, pyridostigmine became 
a signifi cant AChE protector against OP drugs and 
an important prophylactic against war gas toxicity 
(Figure 7-6; see section E). Further synthesis of 
miotinelike compounds conducted in the 1960s 
and 1970s led to the development of potent 
antiChEs (including carbaryl, or Sevin, carbofu-
ran, and bambuterol) that are used as insecticides 
(Reiner and Radic, 2000). Today, the develop-
ment of antiChE insecticides continues unabated 
(Casida and Quistad, 1998).

Some of physostigmine’s synthetic analogs 
(i.e., carbaryl, carbofuran, and rivastigmine) and 
related compounds (i.e., phenserin or tolserin) are 
selective inhibitors of AChE (Kamal et al., 2000). 
However, bambuterol, another related compound, 
is a selective inhibitor of BuChE. Furthermore, 

Figure 7-4. Structures of 
several carbamate antiChE’s.
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Figure 7-5. General structure of substituted benzylamines and structure of miotine.

Figure 7-6. General structure of additional benzylamines and structure of pyridostigmine and neostigmine 
(prostigmine.).

Figure 7-7. Structures of rivastigmine and donepezil 
(Aricept), drugs used in the therapy of Alzheimer’s 
disease (see Chapter 11).

while carbofuran and carbaryl are currently 
employed as pesticides, nonpyrrolidine carba-
mates such as rivastigmine donepezil (Figure 
7-7), and ENA 713, (Exelon), are being used in 
Alzheimer’s disease therapy (Anand et al., 
1996).

The studies conducted by Stedman, Blaschko, 
and their associates led to another important 
fi nding: the quaternization of m-posited nitrogen 
intensifi es miotic and antiAChE activity (Stedman, 
1926; Blaschko et al., 1949; Aeschlimann and 
Reinert, 1931). The carbamate antiChE neostig-
mine (prostigmine) is a result of this quaterniza-
tion (see Figure 7-6). Quaternary compounds such 
as neostigmine do not penetrate the CNS. However, 
when overused, these compounds may damage the 
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blood-brain barrier and facilitate their own CNS 
penetration (see below, section DI). While N-
methyl carbamates hydrolyze readily in solution, 
neostigmine, an N-dimethyl carbamate, is much 
more stable.

Further modifi cations of carbamate structures 
represented by physostigmine, miotine, and neo-
stigmine incorporated replacing the carbamate 
moiety with a hydroxyl. Then, the hydroxyl was 
esterifi ed with various organic fatty and nonfatty 
(i.e., phenyl) radicals (Randall and Lehman, 1950; 
Hobbiger, 1952; Burgen and Hobbiger, 1951). 
Other changes involved substituting carbamate 
groupings with phosphates, replacing methyl 
groups on the N-cationic head with aliphatic and/
or nonaliphatic radicals, and distancing the qua-
ternary head from the phenyl ring.

In a radical departure from earlier investiga-
tions, Aeschlimann and Reinert (1931), Wuest and 
Sakal (1950), and others synthesized and tested 
compounds lacking the carbamate moiety. Some 
of these compounds (i.e., pyridines) exhibit 
nitrogen incorporated in a heterocyclic ring. Much 
later, Peter Waser and his associates synthesized 
additional heterocyclic antiChEs (see Waser et al., 
1988). Generally, these noncarbamate compounds 
are weak and short-lasting inhibitors of either 
AChE or BuChE. One of these compounds, a 
phenyl ammonium edrophonium, proved to be 
useful clinically as a diagnostic agent in myasthe-
nia gravis because of its short duration of action. 
Additionally, several aminopyridines exhibit 
direct non-antiChE effects on the cholinoceptive 
receptors of the central nerve terminals (presynap-
tic receptors; Figure 7-8).

Among the heterocyclics are quinoline and 
pyridyl (or piperidine) derivatives. They may have 
either carbamate or noncarbamate substitutions on 

their heterocyclic ring and may be either tertiary 
or quaternary compounds (Wuest and Sakal, 1950; 
Stempel and Aeschlimann, 1954). A heterocyclic 
antiChE compound with a long and diversifi ed 
history is an aminoacridine called tetrahydro-
5-amino acridine (THA, tacrine; also see section 
A-1). Ultimately, it was shown that THA is an 
antiAChE; this fi nding led to this compound’s use 
in Alzheimer’s disease (Summers et al., 1988; see 
Chapters 9 and 10).

Current studies indicate that a number of 
compounds related to THA exhibit considerable 
antiAChE activity (Recanatini et al., 2000). The 
development of other heterocyclics (i.e., the piper-
idine derivatives) led to N-benzylpiperidine agents 
(Sugimoto et al., 1990). Some of these agents 
were obtained as benzylpiperidine amino acids by 
a novel procedure of lipase-mediated amidation 
(Martinez et al., 2000). E2020 or donepezil 
(Aricept) is a piperidine currently recommended 
for treating early or moderately advanced 
Alzheimer’s disease (see Figure 7-9 and see Chap-
ters 9 BV and 10 K).

Some of the newer piperidine heterocylic 
agents (i.e., benzylamino piperidinyl or phthalimide 
derivatives) include TAK-147. TAK-147 is a com-
pound that allegedly exhibits both a potent antiChE 
action and neurotrophic effects; therefore, Ishihara 
et al. (2000) suggested that TAK-147 might be 
useful for treating Alzheimer’s disease. Other 
piperidine heterocyclics include benzylindoles and 
benzisoxazoles (Ishihara et al., 1991, 2000; Vil-
lalobos et al., 1994; see also Kaur and Zhang, 
2000). Among other interesting synthetic hetero-
cyclics are morpholino derivatives of carbamates 
characterized by a long alkyl side chain that 
imparts potency and long, quasi-irreversible (or 
pseudo-reversible) duration of action to the 

Figure 7-8. General structure of edrophonium, RO-3-0340 and edrophonium.
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molecule. Among the morpholine-physostigmines 
are potent, brain-penetrating compounds, MF-217 
and MF-268, which are being tested for Alzheim-
er’s disease treatment (Perola et al., 1997; Brufani 
and Filocamo, 2000; see Figure 7-10).

Among the heterocyclics derived from natural 
plants are huperzines and galanthamines (see also 
section A-1; Figure 7-11). Huperzines are present 
in several herbs and plants, including Huperzia
serrata and Lycopodium selago (Felgenhemer et 
al., 2000). Huperzia is a Chinese herb that was 
used since presumably 2000 bc in China for 
medicinal purposes (Hanin et al., 1991). Though 
several huperzines were synthesized, huperzines 
A and B were most thoroughly investigated (Xia 
and Kozikowski, 1989; Hanin et al., 1991). Huper-
zine A is a more potent antiChE than huperzine 
B; both compounds are more potent against AChE 
than against BuChE. Moreover, huperzine A pen-
etrates into the brain. Huperzine A was clinically 
assessed in China for the treatment of human 

senile memory impairment (not necessarily in 
Alzheimer’s disease). However, huperzine A has 
recently been used in the United States and Europe 
in the treatment of Alzheimer’s disease (see 
Chapter 10 K).

The isolation of galanthamine and the demon-
stration of its antiAChE action occurred in the 
1940s. Galanthamine was fi rst isolated in the 
Soviet Union (Proskurnina and Yakolena, 1947) 
from the Caucasian snowdrop Galanthus 
woronowil and then in Bulgaria and Japan from 
related plants of the amaryllidaceae family (see 
Thomsen et al., 1991; Domino, 1988). Galan-
thamine is a heterocyclic phenantridine derivative. 
It can be readily synthesized, and its analogs, 
including bisquaternaries and compounds with 
one of its rings being open, can be easily devel-
oped (Baron and Kirby, 1962; Guillou et al., 2000; 
Herlem et al., 2003; see also Domino, 1988). 
Galanthamine’s structure resembles the structure 
of opioids. In fact, morphine, codeine, and other 

Figure 7-9. Piperidine structure and several piperi-
dine antiChE’s.

Figure 7-10. Amorpholine physostigmine MF268.

Figure 7-11. Structures of naturally 
occurring antiChE’s, galanthamine (galan-
tamine) and huperzine.
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opioids are both relatively potent and specifi c 
AChE inhibitors (see below). However, galan-
thamine is several times more potent against 
antiAChE than morphine (Irwin and Smith, 1960; 
Boissier et al., 1960). Galanthamine is currently 
being studied for its potential use in Alzheimer’s 
disease (Thomsen et al., 1990, 1991; Tariot et al., 
2000; see also Chapter 10 K).

Ultimately, carbamate and pyrrolidine moi-
eties are not needed for antiChE action. Also, the 
presence of nitrogen in a heterocyclic ring or a 
side chain is not required. Among the nonnitrogen 
compounds are synthetics and naturally occurring 
antiChEs. The synthetics include phenyl sulfonyl 
fl uorides and trifl uoroacetophenones (Figure 7-
12). Early on, Fahrney and Gold synthesized 
phenyl sulfonyl fl uorides (1963; see also Barnett 
and Rosenberry, 1978 and Kraut et al., 2000). 
Benzenesulfonyl fl uoride (BSF) inhibits both 
mouse brain and Torpedo electrica electric 
organ AChE. Phenylmethylsulfonyl fl uorides 
have just one additional methylene in the bridge 
between the benzene and the sulfonyl fl uoride 
moiety; they inactivate not only the mouse brain 
AChE but also mouse brain BuChE (for the 
signifi cance of this fi nding, see below). Other 
synthetic fl uorides are the trifl uoroacetophenones, 
which are among the most potent antiAChEs 
(Reiner and Radic, 2000).

Among naturally occurring nonnitrogen 
antiChEs are fasciculins. They are the purifi ed 
toxins of the green mamba snake that are highly 
potent and highly specifi c for AChE. Chemically, 

fasciculins are unusual among the antiChEs; they 
are “three-fi nger” peptides (Radic et al., 1994).

Synthesis of bisquaternaries was an important 
development. French investigators Funke and 
Depierre (Funke et al., 1952) initiated this devel-
opment as they synthesized biscarbamate and 
bisquaternary compounds. Actually, they were not 
interested in developing bisquaternary agents; 
they were focused on antiChE properties of the 
urethane moiety and wished to see whether “deux 
fonctions urethanes” would not be better than 
“une fonction urethane.” When they linked 2 neo-
stigmines or 2 related carbamates with a hydro-
carbon bridge (i.e., 1,3-dihydroxypropane), they 
immediately noticed that in vitro, the compounds 
exhibited an antiChE activity higher than their 
monoquaternary analogues. In fact, it was origi-
nally reported that these bisquaternaries were 
active at nanomolar concentrations; this value was 
downward corrected later. The brain penetrability 
of bisquaternaries is even more limited than that 
of monoquaternaries such as neostigmine. Their 
in vivo inhibition of AChE may be demonstrated 
only at the peripheral cholinergic sites, particu-
larly at the myoneural junction (Karczmar, 1955 
unpublished data). Some of these compounds 
include bisneostigmine and demecarium 
(Humorsol, BC-48).

Subsequent developments (see Long, 1963) 
led to the discovery of very active antiChEs 
(i.e., bisquaternary biscarbamates, bisquinolines, 
benzoquinoniums and bisquinones, oxamides, 
bispyridines, biscoumaranyl ketones, and related 

Figure 7-12. Three phenyl sulfonyl antiChEs.
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derivatives of disubstituted benzyl derivatives of 
methylene, ketone, and carbinol). The biscou-
marynyl ketones and oxamides are uniquely potent 
and selective antiAChEs. Oxamides constitute one 
of the most complete series of bisquaternaries ever 
studied. This series was developed at Sterling-
Winthrop Research Institute (SWRI) in Rensse-
laer, NY. The development originated with James 
Hoppe’s discovery at SWRI (Hoppe and Arnold, 
1952) that a neuromuscular blocking agent called 
benzoquinonium (Mytolon) exhibited consider-
able antiAChE activity. A logical transformation 
of the benzoquinonium structure was its “expan-
sion” into oxamide moiety. Of the oxamides, 
the benzyl-substituted (especially 2-chlorobenzyl) 
quaternaries were particularly active as AChE 
inhibitors. Note that quaternary nitrogens of the 
benzoquinonium and oxamide derivatives are 
at a 14 Å distance. This characteristic endows 
the compounds with the capacity to activate or 
block (depending on dose) the neuromyal 
junction, and to exhibit high antiAChE activity. 
One of these compounds, ambenonium, was 
and still is employed as a drug useful in myasthe-
nia gravis (see Chapter 10; Lands et al., 1958).

2. Structure-Activity Relationships 
and Bonding of Carbamate and 
Related Anticholinesterases

The structure-activity relationship (SAR) 
investigations dating from the 1920s through 
1950s failed to establish a valid structure-activity 
relationship for carbamate and related compounds, 
that is, an SAR that would precisely identify the 
exigencies of bonding between the AChE and 
BuChE molecules. Part of the problem was that 
the compounds were not tested in a standard 
mode. As already indicated, many of the original 
compounds were tested as miotics or smooth-
muscle stimulants rather than ChE inhibitors (see, 
for example, Stedman, 1926, 1929). When the 
antiChE activity of the compounds was measured, 
the ChEs used in the test were either not identifi ed 
(see Lehmann, 1946) or different ChEs were 
employed in the assays by different investigators. 
Some agents were assayed on plasma or liver 
BuChE, while others were tested with erythrocyte, 
eel, or brain AChE (see Long, 1963; Main, 1976; 
Usdin, 1970). Therefore, it was impossible to 
compare their potencies as antiChE agents and to 

reach any conclusions regarding their SAR. Alto-
gether, the qualitative SAR methodology employed 
in the 1950s and 1960s does not approach the 
exigencies of bona fi de quantitative structure-
activity relationship (QSRA; see below).

However, some of the insights gained during 
this early work were meritorious. For example, the 
work of Stedman (1926), Wuest and Sakal (1950), 
and others showed that pyrrolidine moiety and 
carbamate groupings are not necessary for antiChE 
action. (See later in this section for the modern 
view of the SAR for physostigmine and its conge-
ners.) Then Wilson and Quan (1958) opined that 
strong hydrogen bonding to the anionic or active 
(esteratic) site of AChE was needed for potent 
antiAChE activity. (Today, the anionic and 
esteratic sites are considered 2 subsites of the 
catalytic center of AChE; see Chapter 3 DI and 
DII). For Irwin Wilson, this SAR illustrated the 
law of “complementarity” (see above, section 
A).

Another early insight concerned the potent 
antiAChE action of bisquaternary compounds. A 
crucial factor for the bisquaternary compounds 
(i.e., bisneostigmines, bisisoquinoliniums, and 
bissubstituted oxamides) was the 14 Å distance 
between their quaternary heads (see Lands et al., 
1957, 1958). To explain this fi nding, John-Paul 
Long (1963) suggested that each AChE molecule 
exhibits 2 bonding sites at a 14 Å distance. 
The modern view is that bisquaternaries, like 
ambenonium, combine with the 2 anionic sites: 
the central site is a component of the catalytic 
center or gorge, and the peripheral site is 
located near the gorge (see Chapter 3 DI and DII 
and below, section C).

John-Paul Long had another early notion: 
antiChEs (whether bisquarternaries, tertiary, or 
quaternary monocarbamates) bear some structural 
resemblance to the ACh molecule. Additionally, 
Stedman, Aeschlimann and Reinert, Blaschko, 
Burgen and Hobbiger, Randall and Lehman, and 
others (see Long, 1963; Holmstedt, 1959; Usdin, 
1970) developed SAR generalizations concerning 
specifi c classes (e.g., substituted neostigmines and 
bisneostigmines, pyridine carbamates, and vari-
ants of bisquinoliniums and oxamides) of carba-
mate and related compounds.

In modern studies, both QSAR analysis and 
stereochemical concepts of anticholinesterase 
bonding give investigators a better understanding 
of the attachment of antiChEs to AChE and BuChE. 
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They also clarify the structures of ChEs. In these 
studies, the QSARs are established via “Hansch 
analysis” (Recanatini et al., 2000). Hansch analysis 
employs a correlation equation for linking ChE 
inhibitory activity with the parameters that defi ne 
hydrophobic, electronic, and steric properties of 
the antiChE molecule. The steric properties relate 
the three-dimensional shape of the inhibitor’s mol-
ecule to its binding (or inhibitory) properties. The 
QSAR also employs a correlation equation for 
linking the activity with specifi c substituents. 
Comparative molecular fi eld analysis (CoMFA) is 
also relevant for the QSAR (Cramer et al., 1988; 
see also Recanatini et al., 2000).

Aside from the QSAR equations, software 
programs such as SYSDOC software (Pang et al., 
1994; Kaur and Zhang, 2000) are used to identify 
the binding sites of antiChEs that are instrumental 
in “docking.” Docking explains how antiChE 
compounds penetrate and bind within the AChE 
or BuChE catalytic (“aromatic”; see Chapter 3 DI 
and DII) gorge. Once AChE structure was visual-
ized by means of these quantitative analyses, the 
methods of molecular biology were used to modify 
this structure to represent human AChE, as in 
the case of the Torpedo electric organ AChE 
(TcAChE). This in turn made it possible to 
measure the inhibitory activity of newly devel-
oped antiChE compounds with the human enzyme. 
As the number, role, and dimension of parameters 
regulating bonding differed from one basic chemi-
cal structure to another as well as among series of 
compounds, a special QSAR equation was devel-
oped for each series of antiChEs (Kaur and Zhang, 
2000). However, in some cases the application of 
procedures listed and the QSAR equations failed 
to explain or predict the antiChE activity for 
certain series of compounds (Kaur and Zhang, 
2000).

In addition to defi ning the bonding of ligands 
to AChE and BuChE via QSARs and their equa-
tions, various methods concerning the docking 
and enzymic gorge penetration of antiChEs are 
employed for visualizing bonds between ChEs 
and inhibitors. Some of these methods include 
crystallo-optics and spectroscopic analyses of the 
enzymes and inhibitor molecules (Sussman et al., 
1991), crystallographic x-ray determination, and 
topographic resolution using appropriate com-
puter programs (DOCK program; Yamamoto 
et al., 1994). The methods led to the creation of 
dramatic and esthetic computerized superim-

positions illustrating the three-dimensional views 
of AChE or BuChE molecules binding with 
their inhibitors (see, for example, Brufani and 
Filogamo, 2000; Recanatini et al., 2000; Silman 
and Sussman, 2000; Sugimoto et al., 2000). 
Altgether, these fi ndings constitute the ultimate 
vindication of Wilson’s law of complementarity.

QSAR studies and the three-dimensional 
reconstructions of bonding between ChEs and 
their inhibitors defi ned the role of substituents 
within the basic structures of various antiChEs 
with respect to their antienzymic potency. They 
also identifi ed the sites involved in binding of 
antiChEs with AChE and BuChE. Additionally, 
QSAR studies explored relations between the 
inhibitors’ structure and catalytic moieties of 
enzymes located at the bottom of the aromatic 
gorge (see Chapter 3 DI and DII).

At the onset, diffi culties in interpreting data 
arose from our notion of the enzymic gorge. The 
gorge is 20 Å deep and Sussman et al. (1991) 
established that the gorge contains an active site 
about 4.4 Å in diameter (see Chapter 3 DI and 
DII). So, theoretically only a few compounds may 
enter the gorge. Actually, Axelsen et al. (1994) 
suggested that even a rather potent antiAChE, 
ACh or tetramethylammonium, could not pene-
trate the gorge. However, penetration could be 
obtained by trimming the side chains from mole-
cules such as ethopropazine and bambuterol 
(Reiner and Radic, 2000). It is possible that spe-
cifi c amino acid residues disable certain com-
pounds from penetrating into the gorge, as these 
residues may block their entry (Kraut et al., 
2000).

Sussman, Silman, and associates (Kraut et al., 
2000) also proposed that phenylmethylsulfonyl 
fl uoride (PMSF), a potent inhibitor of mouse 
AChE, cannot inhibit Torpedo AChE (see above, 
this section), as certain residues in the Torpedo
AChE gorge block the entry of PMSF. These resi-
dues are absent from the mouse AChE gorge. 
Since benzenesulfonyl fl uoride (BSF) differs for 
PMSF by lacking 1 methylene, its capability of 
entering the Torpedo AChE gorge is not hindered; 
accordingly, BSF inhibits both the Torpedo and
the mouse enzyme. This also explains why certain 
hydrophobic inhibitors of AChE larger than PMSF 
are capable of entering the gorge and inhibiting 
the Torpedo AChE.

Since the active BuChE gorge is wider than 
the AChE gorge (see Chapter 3 DI and DII), 
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ethopropazine and bambuterol are able to penetrate 
the active BuChE gorge (see Reiner and Radic, 
2000). In addition, there are binding sites located 
outside the active gorge. The presence of highly 
positive charges and aromatic or hydrophobic sub-
stituents on large compounds (i.e., fasciculines 
and trifl uoroacetophenones) facilitate the rap-
prochement among these compounds and binding 
sites outside the active gorge. This binding is the 
fi rst step in the inhibition process, and these com-
pounds are among the most potent antiChEs 
(Reiner and Radic, 2000). The need for a concen-
trated positive charge within the inhibitor’s mole-
cule relates to the electrostatic dipole character of 
the catalytic AChE site. The site forms an electric 
fi eld that is colinear with, or parallel to, the axis 
of the active gorge (Porschke et al., 1996; Reiner 
and Radic, 2000; see also Chapter 3 DII and DIII). 
Accordingly, these compounds are bound (or 
“trapped”; Reiner and Radic, 2000) at the periph-
eral anionic site and/or at hydrophobic sites of the 
extra gorge (Chapter 3 DII and DIII). The binding 
may also result in inhibition by either restricting 
access to the gorge or through allosteric interfer-
ence with the catalytic activity (see also Chapter 
3 DI and DII).

Altogether, a number of teams proposed that 
aside from small carbamate derivatives, larger 

compounds may affect the catalytic site within the 
gorge. Their conclusions seem to be at odds with 
the views of Reiner and Radic (2000). For example, 
Ishihara and associates (1993, 2000; see also 
Kaur and Zhang, 2000) analyzed the QSARs of 
several large benzylaminoindoles and phtali-
dimide compounds that are potent inhibitors of 
AChE. The optimal activity, with respect to 
TcAChE, was associated with C6 chain length 
and hydro-philic and electron-withdrawing sub-
stituents on phtalidimide moiety. Additionally, 
incorporating a 3-MeNHCO2 group on the phenyl 
ring of the benzylamino moiety facilitated the car-
bamylation of the esteratic AChE site.

Also, other modifi cations were “supposed” to 
contribute the compounds binding with the hydro-
phobic sites outside of the catalytic center or gorge 
and with sites in the gorge (see below). In fact, 
studies at the Takeda laboratories of 50 related 
compounds allowed Ishihara and associates (2000) 
to identify (within the TcAChE) the sites involved 
in the binding of their compounds. The binding 
sites (the Trp rings) in the catalytic gorge included 
the hydrophobic sites and the second peripheral 
anionic site, which also exhibited hydrophobic 
properties (Figure 7-13). Takeda Industry’s team 
aimed at developing compounds that would exhibit 
selective activity within the CNS and would be 

Figure 7-13. A hypothetical diagram of 
the active site of AChE. (From Ishihara 
et al., 2000 with permission.)
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potentially used in treating Alzheimer’s disease. 
Apparently, the heterocyclic derivatives of the 
Takeda Industry phtalidimides, such as TAK-147, 
exhibited a favorable central-peripheral activities 
ratio without losing antiAChE potency.

The phthalimide moiety of this series was 
replaced by other complex rings (i.e., indanone) 
in a series of antiAChEs including the piperidine 
donepezil (Aricept), a drug used in the treatment 
of Alzheimer’s disease (see Chapter 10 K). With 
donepezil, the presence of carbonyl grouping on 
the indanone moiety favors antiAChE action, as 
the grouping probably promotes hydrogen bonding 
in the enzyme’s gorge. Docking and QSAR analy-
ses (Brufani and Filocamo, 2000; Kaur and Zhang, 
2000) indicated that the piperidine ring and its 
protonated nitrogen, the benzyl substituent, and 
the inandanone carbonyl in donepezil’s structure 
formed bonds at several levels of the gorge. These 
moieties interact with the gorge’s aromatic residue 
rings and with the peripheral anionic site, “span-
ning the entire length of the active-site gorge of 
the enzyme” (Sugimoto et al., 2000; Saxena et al., 
2003; see also Chapter 3 DI and DII).

In a related series of benzisoxazoles (Villalo-
bos et al., 1994; Kaur and Zhang, 2000), the inda-
none ring of donepezil and other piperidines was 
replaced by the benzisoxazole moiety. Again, resi-
dues, which strengthen hydrogen bonding of the 
benzisoxazole oxygen within the enzymic gorge, 
improved the antiChE action. Also, bonding in the 
gorge and electron-withdrawing moieties were 
proved important for the antiChE activity of 
various benzisoxazoles.

Sugimoto et al. (1990, 1995) and Ishihara et al. 
(1993; see also Kaur and Zhang, 2000) also 
carried out studies demonstrating the importance 
of electron-withdrawing and hydrophobic substit-
uents. These studies involved a series of benzyl-
piperidines, including donepezil, which were 
tested against purifi ed mouse or rat brain AChE 
(see Figure 7-7) However, the penetration and 
bonding of several rings within the gorge did not 
lead to a direct action of piperidines on the cata-
lytic site, and AChE specifi city of benzylpiperi-
dines resulted from the differences between 
AChE’s and BuChE’s peripheral anionic sites 
(Silman and Sussman, 2000). With benzylpiperi-
dines and benzisoxazoles, benzylaminoindoles, 
phthalimides, or indanones, investigators used the 
QSAR to illustrate how the bulkiness of the sub-

stituents on the benzyl or piperidyl rings; the chain 
length that separates benzyl ring from the hetero-
cyclic constructs; and the basicity of the nitrogen 
affect the compounds’ bonding to AChE (or 
BuChE). The exact enzymic sites responsible for 
these links have not been identifi ed.

Similarly, QSARs were established for several 
series of aminoacridines or analogues of tacrine 
(Kaul, 1988; Proctor and Harvey, 2000; and Kaur 
and Zhang, 2000; P.N. Kaul established also 
antiChE activities of several marine organisms). 
Seemingly, the planar ring system is important for 
the antiChE potency of these compounds. Substi-
tutions that distort tacrine’s conformation weaken 
antiChE activity, while substitutions at the amino 
nitrogen have no such effect. A more exact QSAR 
analysis emphasized the importance of the R1 
substituents’ length. Therefore, the potent amino-
acridine derivatives may enter into a hydrophobic 
interaction with the nongorge, noncatalytic 
peripheral anionic site of AChE. As posited by the 
Paris-Rehovot team (see Massoulié et al., 1993), 
this site is characterized by a tryptophan moiety. 
Another fi nding supports this conclusion, as tacrine 
affected the spectrum of AChE after its catalytic 
site was phosphorylated by sarin (Dawson, 1989; 
see also Proctor and Harvey, 2000).

Altogether, Silman, Massoulié, and associates 
suggested that tacrine and its active congeners 
bind to the main anionic and catalytic (esteratic) 
sites (Silman et al., 1994; Massoulié et al., 1993; 
Massoulié, 2000; see also Brufani and Filocamo, 
2000; Ishihara et al., 2000). Two additional 
compounds, bistacrines and tacrine-huperzine A 
hybrid, were synthesized with “docking” analysis 
(Kaur and Zhang, 2000) showing that these 
compounds may bind simultaneously at both the 
catalytic gorge and the peripheral bonding sites. 
Indeed, these new synthetics exhibited antiAChE 
potency that was many times higher than the 
potency of the parent compound. A distance of 16 
Å between the ring nitrogen was most favorable 
for the antiAChE activity.

Additionally, there are several analogs of 
huperzine A, an alkaloid, which structurally 
resemble morphinoids. (More precisely, amino-
ethlidine-tetrahydro-7-methyl-5, 9-methanocy-
coocta, 9[b] pyridin-2-one.) The rigidity of 
huperzine’s chain structure is conformed differ-
ently than the fl exible chain structure of ACh. 
However, computer-generated superimpositions 
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of huperzine A and ACh revealed a basic similarity 
between the two agents (see Silman and Sussman, 
2000). It is chemically easy to prepare analogs of 
the huperzines, and many of these compounds 
were synthesized (Bai et al., 2000; Kaur and 
Zhang, 2000). The fused, nonfl exible ring system 
of huperzine A, its steric/hydrophobic nature, the 
3-carbon bridge, and the capacity of pyridone and 
the corresponding heterocyclic ring of huperzine 
to form hydrogen bonds with the catalytic gorge 
of AChE are all important for antiAChE activity. 
(Apparently, only 1 hydrogen bond is actually 
formed; Silman and Sussman, 2000.)

Also, on the basis of the QSAR and the 
“docking” assessment (Raves et al., 1997; Silman 
and Sussman, 2000), the carbonyl grouping of 
huperzine may interact with the aromatic rings in 
the catalytic gorge. One of the bondings is close 
to the bottom of the gorge near the catalytic 
domain, and another bonding is near the opening 
of the gorge close to the peripheral anionic site. 
(See Figure 3-7; Chapter 3 DII) However, huper-
zine A may not bond directly with the peripheral 
site (Brufani and Filocamo, 2000). Altogether, 
Silman and Sussman (2000) felt that the orienta-
tion of huperzine A to AChE (at least with TcAChE) 
is quite unique.

Returning to the classic compound, physostig-
mine and its congeners, as gathered from modern 
QSAR analyses, hydrophobicity, the bulk of the 
substituents, and their polarity play a role in 
the antiAChE potency. In a series of synthetics, 
the carbamate moiety was replaced by a series of 
compounds exhibiting second inonizable nitrogen 
at the carbamate terminal where the distance 
between the nitrogens varied in length (Chen et 
al., 1992; see also Kaur and Zhang, 2000). After 
QSAR analysis, the compounds supported the past 
conclusion (see above, this section) regarding 
increased potency of bisquaternary compounds 
when compared with their monoquaternary 
analogs. The results also agreed with the notion 
that bisquaternary inhibitors bind with 2 anionic 
AChE sites where one site represents the aromatic 
ring within the gorge (see above, this section, and 
Chapter 3 DII). Moreover, investigators used crys-
tallographic studies of long-chain physostigmine 
derivatives, such as MF268, to provide evidence 
that (aside from the entrance to the gorge) alter-
nate routes of entrance may exist (“back door” 
hypothesis; Bartolucci et al., 1999).

3. Mechanism of Action of Carbamate 
and Related “Reversible” 
Anticholinesterases

During the 1940s and1950s, the notion of car-
bamates and related “reversible” antiChEs mecha-
nism of action was vague. Klas-Bertil Augustinsson 
(1948) referred to a competitive action in which 
“urethanes [carbamates] were at an active center 
of  .  .  .  cholinesterase.” Much later John-Paul Long 
(1963) suggested that it was possible for these 
drugs to act by “removing or altering charges on 
the enzyme center.” He also suggested that qua-
ternary biscarbamates act via binding 2 cationic 
sites that normally bond ACh receptors, thus 
shielding the esteratic site of the enzyme from 
ACh. The modern explanation of the increased 
antiAChE potency of bisquaternary carbamates 
relates to Long’s notion (1963). Currently, inves-
tigators have proposed that these compounds do 
not enter the active AChE gorge (Reiner and 
Randic, 2000). Instead, they inhibit the enzyme 
through links between their quaternary nitrogens 
and the electric fi eld adjacent to the active gorge. 
Accordingly, the biscarbamates and related com-
pounds inhibit the catalytic activity of the enzyme 
by restricting the access of ACh to its active center 
(Eastman et al., 1995; Reiner and Radic, 2000).

Carbamylation with the esteratic site of ChEs 
active center was established in the early 1960s 
by Irwin Wilson, Richard Winterigham, and 
others (see Usdin, 1970). Considering carbamates 
and related compounds “reversible” inhibitors is 
perplexing. Reversibility of enzymic inhibition 
implies recovery of intact enzymes and unchanged 
inhibitors upon dilution. Wilson and associates 
(1961) demonstrated that diluting carbamylated 
AChE yields an intact enzyme and carbamic acid 
instead of the original carbamate (Usdin, 1970; 
Brufani and Filogamo, 2000). However, the kinet-
ics of carbamic moiety dissociation differs among 
the carbamates, particularly the newer carbamates 
developed for use in Alzheimer’s disease therapy 
(see Chapter 10 K). With these agents, the disso-
ciation may be quite slow. This is illustrated when 
comparing the kinetics of the action of tacrine and 
donepezil (Aricept, E2020) with physostigmine 
(Reiner and Radic, 2000; Giacobini, 2000). 
Donepezil-AChE moiety dissociation has a slow 
rate, which results from a close bonding of done-
pezil at several sites on its gorge (see above, 
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section BI-1), as well as at the peripheral anionic 
site (Saxena et al., 2003). Accordingly, some 
investigators refer to these carbamate and biscar-
bamate agents as “pseudo-reversible.” Addition-
ally, the slow metabolism of carbamates and 
piperidine antiChEs contribute to the long half-life 
of their inhibitory effect (Giacobini, 2000).

The non-OP quaternary antiChEs that do not 
carbamylate the enzyme include edrophonium and 
a potent bisquaternary compound, ambenonium 
(see above, and section BI). These compounds 
may be considered reversible antiChEs (Reiner 
and Radic, 2000), even though ambenonium dis-
sociates from the enzyme at a very slow rate 
because of its tight bonding in the AChE gorge 
(see above). However, with edrophonium, this 
process is rapid. Other reversible inhibitors include 
oximes and NaF, and the mechanism for their 
inhibitory effect is unclear. Oximes may bind to 
both the catalytic and peripheral binding sites 
(Reiner et al., 1996; Reiner and Radic, 2000), 
while NaF may be ligated near the catalytic site 
(Usdin, 1970). Sodium fl uoride’s sensitizing syn-
aptic action may also be pertinent for its antiChE 
action (see Chapter 9 BIV; see also Wang et al., 
2001, Karczmar et al., 1972 and Koketsu, 1966, 
1984). Finally, some inhibitors, such as fasciculin, 
may regulate the activity of AChE via conforma-
tional or allosteric mechanisms, which may be 
exerted outside of the active gorge and the este-
ratic site (see Chapter 3 DII and Radic et al., 
1995).

Similar to the OP drugs (see section BI-1), car-
bamates generally inhibit both BuChE and AChE, 
as the two enzymes are structurally similar (Chapter 
3 DI and DII; section BII; see below). Many 
carbamates (including the “original” carbamate, 
physostigmine) inhibit AChE more potently than 
BuChE, while carbamates such as Nu0683 (a 
dimethyl carbamate of 2-OH-5-phenylbenzyl tri-
methylammonium bromide) and MF-8622 (a mor-
phinoid carbamate) preferentially inhibit BuChE 
(Long, 1963; Giacobini, 2000). Furthermore, bis-
quaternary oxamides and bisneostigmine com-
pounds (see above, section BI and BI-1) are almost 
specifi c AChE inhibitors. Recently, compounds 
developed for the treatment of Alzheimer’s disease, 
such as donepezil (Aricept; see Chapter 10 K), are 
also near-specifi c AChE inhibitors (Giacobini, 
2000). Sometimes, a small structural change in a 
compound induces a major change in the inhibitory 

preference. For example, pheneserine (a phenyl 
derivative of physostigmine) is AChE selective 
(see Brufani and Filogamo, 2000).

The relation between structural differences 
among carbamates, their inhibitory capacity with 
respect to AChE and BuChE, and the structural 
differences between these two enzymes was 
defi ned for some antiChEs. For example, donepe-
zil and the bisquaternary agent BW284C51 occupy 
the entire active gorge of AChE as they interact 
with the aromatic groups at the rim and inside the 
gorge. This fi nding explains donepezil’s “tight” 
bonding with AChE. It also clarifi es donepezil’s 
specifi city for AChE, as BuChE does not possess 
these residues (Radic et al., 1993; see also Mas-
soulié, 2000; Reiner and Radic, 2000). Moreover, 
comparing the larger BuChE gorge (or acyl 
pocket) to AChE’s gorge may explain the specifi c 
antiBuChE action of compounds endowed with 
large substituents such as Nu683 and MF-8622.

BII. Organophosphorus
Compounds, Their 
Structure-Activity
Relationships, and 
Bonding

1. A General Description of 
Organophosphorus Agents

Organophosphorus (OP) compounds contain a 
P-C bond. Though the trivalent phosphorus may 
form P-C compounds with a pyramidal confi gura-
tion, these compounds are unstable and undergo 
a tautomeric change into pentavalent, tetrahydric 
C-P compounds (see Abou-Donia and Lapadula, 
1990). In 1903, Michaelis provided the general 
structure of OP agents. These compounds are 
stable and can be readily synthesized. Later, 
Gerhard Schrader (1937, 1950, 1952; Figure 7-14) 
developed hundreds of these compounds and 
expanded upon Michaelis’ formulation (see 
Figure 7-15). The basic structure refers to phos-
phorus acid, which has either two similar or two 
dissimilar substituents (R1 and R2), with either 
one or both of these substituents containing a 
carbon atom bound to the phosphorus atom. An 
organic or inorganic residue is also present (X).

Moreover, the oxygen of the phosphorus acid 
may be replaced by sulfur. In 1959, Bo Holmstedt 



(Figure 7-16) stated that R1and R2 are “capable 
of almost infi nite variation” and there are many 
possible substitutions for X. Bo Holmstedt (1959, 
1963; Figure 7-17) must be credited with a valid 
classifi cation of OP drugs that many investigators 
still employ. [Some of these investigators do not 
give appropriate acknowledgement to Holmstedt 

(see, for example, Brufani and Filocamo, 2000; 
Ecobichon, 1996; and Hayes, 1982.]

However, some compounds did not fi t 
Holmstedt’s classifi cation, such as the toxogonine 
derivative ethoxylmethylphosphonyl toxogonine, 
which has an R substituent with a complex double 
piperidine structure and halogenated iminophos-
phate insecticides (Van Wazer, 1961; Luo et al., 
1999; see also Reiner and Radic, 2000; Makhayeva 
et al., 1998). Also, Holmstedt did not distinguish 
a separate category for compounds exhibiting aro-
matic radicals such as nitrophenyl. (He listed them 
among type B and C OP agents; Figure 7-17.) 
These radicals may impart special potency to 
certain OP drugs (see Eto, 1974; section BII-2).

Finally, several investigators employed nomen-
clatures that differed from those employed by 
Holmstedt. (See, for example, Abou-Donia, 1992; 
Hayes, 1982; Chambers, 1992; Figure 7-15; Table 
7-1). The table includes categories of OP agents, 
such as war gases and insecticides. The war gases 
sarin and soman are represented in the A-1 class 
of OP drugs. The war gas tabun is an A-3 com-
pound, and VX belongs to class C-1 of OP drugs. 
Di-isopropyl fl uorophosphonate (DFP) is a poten-
tial war gas and was studied more than any other 
OP agent. Di-isopropyl fl uorophosphonate is an 
A-2 class agent. Several insecticides are also 
included in these classes: Dimefox and mipafox 
are class A-4 drugs; Dipterex is a class B-1 agent; 
phosdrin and paraoxon are class B-2 antiChEs; 
EPN, Systox, and parathion are class D-2 com-
pounds; and Thimet and OMPA are class D-3 and 
class E insecticides.

Figure 7-14. Dr. Gerhard Schrader. (From Koelle, 
1963; reprinted by permission from Springer-Verlag 
GmbH & Co. KG).

Figure 7-15. Schrader’s expansion of 
Michaelis’ formulation.
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Figure 7-16. Bo Holmstedt with natives of 
Amazonas, 1963.

Figure 7-17. General Structure of OP agents (with an 
attempt to represent their tridimentionality).

Table 7-1. General Classifi cation of OP 
Compounds

A. Compounds where X = halogen or CN, SCN 
(phosphoryl fl uoridates, etc.)
 (1) R1 and R2 = alkyl
 (2) R1 = alkoxy, R2 = aryl
 (3) R1 and R2 = alkoxy
 (4)  R1 = alkamido, R2 = alkoxy (and similar 

compounds)
B.  Compounds where X = alkyl, alkoxy, or aryloxy 

(phosphlinates)
 (1) Alkoxydialkyl or dialkoxyalkyl compounds
 (2)  Trialkoxy compounds and dialkoxy, aryloxy 

compounds
C. Compounds where X = imino or toxogonin radical
D. Thiol- and thiono-phosphorus compounds
 (1) Thiol-phosphorus compounds
 (2)  thionophosphoryl and thionophosphoryl 

fl uoridate compounds
 (3) thiolthionophosphoryl compounds
E. Derivatives of pyrophosphorus acid
F.  Compounds containing quaternary nitrogen such as 

phosphorylcholines
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In 1952, on behalf of Bayer Leverkusen Co. 
and the I.G. Farbenindustrie, Schrader patented 
a class B-1 compound, Metrifonate (Dipterex, 
trichlorfon), as an insecticide and an anthelmin-
thic (see Holmstedt, 1963; Hayes, 1982). Metrifo-
nate’s molecule is nonenzymically rearranged in 
tissues or solutions, and the resultant dichlorvos is 
the active antiChE. Therefore, Metrifonate acts 
as a slow-release agent, making it selectively toxic 
to pests and harmless to animals or humans. Met-
rifonate is also a specifi c AChE inhibitor. Because 
of these properties, Metrifonate was considered 
as potentially contributing to the treatment of 
Alzheimer’s disease, though it was eventually 
withdrawn from clinical use (Brufani and Filo-
camo, 2000; see Chapter 10 K).

Metabolic routes, including oxidation, gener-
ally detoxify the OP drugs. However, several OP 
drugs must be metabolized to become active. 
These compounds are frequently referred to in 
the literature as acting “indirectly,” but this term 
does not constitute a felicitous description of their 
action. For example, parathion and Malathion 
must be oxidized into paraoxon and malaoxon to 
become active. EPN, another popular insecticide, 
is also oxidized. However, instead of being acti-
vated, EPN is detoxifi ed by this process (under 
certain circumstances EPN oxidation results in 
increased toxicity).

Moreover, class C compounds include a 
number of halogenated iminophosphate insecti-
cides, such as OP toxogonin derivatives or 
phosphoryl oximes (Luo et al., 1999) and O-
o-dialkyl-o-chlormethylchlorformimino phos-
phates, which were recently developed in Russia 
(Makhayeva et al., 1998). These potent antiAChEs 
are formed when phosphorylated AChEs are reac-
tivated by oximes.

Some of the class D-1 compounds include 
phosphorothioate 217 AO and its quaternary phos-
pholine derivative, 217 MI (echothiophate). Echo-
thiophate was used in the therapy for myasthenia 
gravis and is currently used in ophthalmology to 
attenuate intraocular pressure. In a basic experi-
ment, George Koelle discovered that 217 AO is 
capable of inhibiting both the external and cyto-
plasmic AChE, while only the external enzyme is 
inhibited with 217 MI. He used this difference to 
distinguish the functional role of cytoplasmic 
versus external AChE (Koelle and Steiner, 1956; 
Koelle, 1963; see Chapter 3 DIII).

2. Structure-Activity and 
Bonding of 
Organophosphorus
Anticholinesterases

In 1950, Gerhard Schrader (see Schrader, 
1963; see also section A-Ib and Holmstedt, 1959, 
1963) made the fi rst contribution to the OP drugs’ 
SAR. He proposed that active OP inhibitors should 
include an “acid anhydride linkage” (Schrader’s 
“acyl rule”). The acyl radical did not have an 
R-C = O- grouping. Instead, it had a moiety that 
included protonic acids with HF or phosphoric 
acid (see also Eto, 1974). Schrader’s “rule” sug-
gested that the stronger the acidic character of 
the OP agent, the quicker the “acyl group” is 
displaced and phosphorylation of the enzyme 
occurs.

Then Clark et al. (1963) expanded this rule 
when suggesting that one of the radicals linked to 
the phosphorus atom was capable of accommodat-
ing electrons from the P-X bond. Additionally, the 
phosphorus atom must exhibit a strong positive 
charge (Eto, 1974). The radicals and groups may 
be aromatic rings (i.e., strong inhibitors parathion 
and paraoxon) or chlorine atoms (for example, 
dichlorfos; see Eto, 1974). Note that the “Clark-
Schrader” rules do not always apply to war gases 
(i.e., tabun and soman) or to compounds that 
“should” be equipotent (i.e., EPN and parathion).

In view of the Clark-Schrader rule’s inconsis-
tencies, other SAR notions were posited. In 1957, 
Tammelin designed OP compounds that repre-
sented analogies to ACh and neostigmine or 
physostigmine including several quaternary thio-
cholines. Then Main (1976) stressed the impor-
tance of the leaving group’s structure. However, 
he did not defi ne the characteristics optimal for 
inhibition.

A related concept refers to shape and electronic 
characteristics of the P atom when bonding to the 
adjacent groups. This bonding characterizes triva-
lent OP compounds with a pyramidal symmetry, 
while the pentavalents show a tetrahedral sym-
metry (Van Wazer, 1961; Hudson, 1965; see also 
Eto, 1974). These considerations may involve the 
OP agents’ ability to penetrate the AChE gorge 
(Chapter 3 DI and DII) and the properties of the 
agents’ ligands at the active esteratic site, as the 
alkyl and other groupings affect the electron trans-
fer within the tetrahedral or pyramidal confi gura-
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tions of the OP drugs. However, these notions 
regarding the characteristics of the P atom when 
bonding to adjacent groups have not been trans-
lated into specifi c SAR considerations.

The approaches of Tammelin, Eto, Van Waser, 
and Hudson refl ect the obvious: antiChEs should 
fi t the enzyme similar to its substrate, ACh. This 
notion was fully embraced by Elsa Reiner, Zoran 
Radic, Palmer Taylor, and associates when they 
employed a three-dimensional modeling of OP 
ligand-AChE moiety based on the amino acid 
sequence and other analyses of crystalline AChE 
(Radic et al., 1984; Reiner and Radic, 2000; see 
section BI-1 and Chapter 3 DI and DII). Ulti-
mately, they proposed that successful bonding 
depended on characteristics of the P-atom involved 
in the covalent phosphorylation, the capacity of 
the phosphonyl or carbonyl oxygen atom to fi t in 
the oxyanion “hole” of AChE, and the potentiality 
of the leaving group to point toward the opening 
of the enzyme’s gorge (see section BI-1). Also, 
the binding induced a conformational change in 
certain amino acid residue systems of AChE 
(“Omega Loop”; see Chapter 3 DI and DII) that 
neighbor the enzyme’s active site (Shih et al., 
2001). Unfortunately, aside from proposing that 
the excessive weight and dimension of alkyls 
within the OP moiety prevent the entry of an OP 
drug into the gorge, Radic, Reiner, Palmer, and 
associates did not manage to study a suffi cient 
number of OP agents to describe an OP structure 
optimal for inhibiting AChE (or BuChE).

3. Mechanism of Action of 
Organophosphorus
Anticholinesterases and 
Reactivation of 
Phosphorylated Enzyme

a. Inhibition of AChE by OP Agents

Similar to carbamates and related “reversible” 
or “pseudo-reversible” antiChEs (see Usdin, 1970; 
see also above, section A-I), the OP compounds 
act upon the active ACh-hydrolyzing esteratic site 
located in the gorge formed within the AChE 
moiety. Other AChE bonding sites participate in 
the localization of the OP drugs within the AChE 
molecule (see Chapter 3 DI and DII). In the course 
of inhibition, the OP agent (or other antiChEs) 

fi rst penetrates into the AChE gorge, and 
then it inhibits the enzyme (see Chapter 3 and 
section BII-2, below). Irwin Wilson, David 
Nachmansohn, and Felix Bergmann (Wilson et al., 
1950; Wilson, 1955) showed that cationic sub-
strates were hydrolyzed faster than their uncharged 
analogs. Hence, they proposed a model of the 
hydrolytic or “anionic” site containing a carbox-
ylic acid or related moiety. Zeller and Bissegger 
coined the term “anionic” site in 1943. (The site is 
also referred to as “aromatic” or “catalytic.” See 
above, section BI-2, and Chapter 3 DII and DIII.)

In 1961, Krupka and Laidler included an acid 
site in their model that also contained a basic 
position represented by an imidazole nitrogen. 
The investigators identifi ed this site by binding the 
area containing active AChE with radioactive 
compounds (i.e., DF32P), cleaving the bound 
AChE (and other, related esterases) at amide 
and other links and chemically analyzing the 
cleft fragments. This process enabled them to 
establish that the active site contained serine 
as the major ligand for OP drugs, carboxylic 
amino acids, and other amino acids such as 
histidine, which contains an imidazole grouping 
(Usdin, 1970). Serine’s ligand role results in 
stechiometric phosphorylation. One serine 
moiety is phosphorylated by one molecule of the 
OP agent, as the “leaving group” from the OP 
compound is released (see above, section B-2). 
The presence of carboxylic amino acids and histi-
dine’s imidazole radical vindicated Wilson’s, 
Nachmansohn and Bergmann’s, and Krupka and 
Laidler’s hypotheses.

Since BuChE and its variants and AChE and 
its subtypes are structurally similar (see Chapter 
3 DI and DII), many OP agents (and carbamates; 
see section BI-1, above) frequently inhibit both 
enzymes. However, there are differences among 
the enzymes: comparing the larger acyl or esteratic 
pocket of BuChE with AChE’s esteratic pocket 
(see Chapter 3 DII and Taylor et al., 2000) explains 
why some antiChEs are specifi c or semispecifi c to 
certain enzymes. This notion has been accepted 
since the 1940s and 1950s (see Hawkins and 
Gunther, 1946; Davison, 1955; see also Augus-
tinsson, 1948, Karczmar, 1967; Goede et al., 
1967).

DFP is from 10 to 300 times (depending on the 
investigator) more active against BuChE than 
against AChE (see Holmstedt, 1963). Several OP 
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insecticides (including isoOMPA and mipafox) 
share this quality with DFP. In fact, some investi-
gators found that isoOMPA inhibits BuChE 1,000 
times more than AChE. However, quaternary OP 
agents (i.e., methylfl uorophosphorylcholine and 
homocholine) are signifi cantly more active against 
AChE than against BuChE.

Note that various investigators reported differ-
ent I50 values for many of the antiChEs that 
inhibit either BuChE or AChE in the same or dif-
ferent species. In fact, this is the secret for insec-
ticidal uses of mipafox or isoOMPA. While they 
are effective against insect AChE (or other ChEs 
involved in vital insect functions; see Chadwick, 
1963), they are ineffective against human AChE, 
which underlies their safety in humans. (Of course, 
the mammalian capacity to hydrolyze and detox-
ify these OPs also contributes to their usefulness 
as pesticides or insecticides.)

There are several additional notions regarding 
SAR differences for the OP drugs’ inhibitory 
potency. The quaternary phosphoryl-choline drugs 
are more potent AChE inhibitors than BuChE, 
while bulky alkyl substitutions on the OP mole-
cule favor the BuChE inhibition (see section BII-1 
and Eto, 1974). Then certain considerations were 
specifi cally posited for insect AChE. Aryl substi-
tutions and the small size of the substituents 
favored the inhibition of the insect enzymes (Eto, 
1974). Finally, the SAR considerations can some-
times be explained by considering the enzymes’ 
structural characteristics. For example, isoOMPA 
is a more potent inhibitor of BuChE than AChE 
because the large acyl or esteratic pocket of 
BuChE is larger than that of AChE (Taylor et al., 
2000; see also Chapter 3 DI and DII). Also, the 
presence of several anonic sites on or near AChE’s 
active gorge may explain the high antiAChE 
activity of the quaternary OP drugs. This is an 
attraction that may also result from the electric 
fi eld generated at the surface of the AChE (or 
BuChE) gorge by the active site’s dipolar charac-
ter (Reiner and Radic, 2000).

A great deal of the quoted work was carried 
out with chymotrypsin and other hydrolases, as 
these enzymes were purifi ed, crystallized, and 
readily available. In 1991, teams from the CNRS 
of Paris, Rehovot, and Jerusalem (Massoulié et al., 
1993; Sussman et al., 1991) managed to obtain 
crystallized forms of AChE amenable to appropri-
ate analysis. They solubilized TcAChE with 
phosphatidylinositol-specifi c phosphates C 

(PIPLC), crystallized the solubilized enzyme, and 
analyzed it by means of x-ray crystallography. 
Their use of molecular biology methods for 
analyzing the peptidic fractions of the enzyme was 
assisted by current molecular knowledge 
regarding vertebrate AChE regulated by a single 
gene (in contradistinction to certain nonvertebrate 
species; see Chapter 3 DIII).

This multidisciplinary methodology brought 
about more precise descriptions of both AChE’s 
phosphorylation and active site. The investigators 
established that the active site, located at the 
bottom of the AChE gorge (see above, section 
BI-2, and Chapter 3), was actually a triad contain-
ing residues of serine, glutamate, and histidine. 
The effi cacy and rapidity of the OP-AChE bonding 
results from high nucleophilicity of catalytic 
serine, which is correlated with the triad’s ability 
to form a short, strong hydrogen bond (SSHB). 
This notion was posited by Cassidy et al. (1997) 
with chymotrypsin and also appeared true for 
AChE where the hydrogen bonding distance is 
shortened. The formation of SSHB takes place on 
the catalytic triad between glutamate and histidine 
residues (Viragh et al., 2000). The anionic site, 
particularly its aspartate moiety, also may play a 
part in the OP-induced inhibition of the enzyme, 
even if the agent in question is not a quartenary 
(Ordentlich et al., 2004).

b. Phosphorylated AChE Aging

Hobbiger (1955) was the fi rst investigator 
to describe a process called “aging” for the 
phosphorylated “plasma” ChE (BuChE). Then 
Hobbiger found that aging also occurs with the 
phosphorylated “true” ChE or AChE (see Usdin, 
1970): “Aging  .  .  .  a reaction with fi rst-order 
kinetics  .  .  .  is a process in which inhibited 
enzymes  .  .  .  initially reactivateable by  .  .  .  reacti-
vators  .  .  .  become refractory to reactivation” 
(Usdin, 1970; see also Hobbiger, 1955; Davies 
and Green, 1956; Heilbronn, 1963; Berends, 1964; 
Benshop and Keijer, 1966; reactivation and reac-
tivators will be described in the next section.) In 
addition, the aged phosphorylated enzyme cannot 
reactivate spontaneously in solutes such as water 
or biological media.

Altogether, demonstrating this process com-
pleted our knowledge of the inhibitory phenom-
ena. During the 1950s and 1960s, the Dutch team 
of Oosterbaan, Jansz, and Cohen proposed that the 
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inhibition included bonding, phosphorylation, and 
“aging,” which consisted of dealkylation of the 
phosphorylated enzyme (see Oosterbaan et al., 
1961). Several mechanisms for the “internal” 
dealkylation were also proposed (see, for example, 
Usdin, 1970; Ecobichon, 1996; Keijer and 
Wolring, 1969; Masson et al., 1999). One of these 
mechanisms included a “nucleophile attack” or 
acid catalysis at the P-0-alkyl radical (Usdin, 
1970).

Later, the Walter Reed Hospital, in Washing-
ton, DC, and the U.S. Army Chemical Defense 
Institute team of Saxena, Viragh, Doctor, and 
others (Viragh et al, 1997; Saxena et al., 1998) 
suggested that two amino carboxylic acids and 
several other amino acids of the active AChE 
(and BuChE) site provide “an electrostatic push 
and electrostatic pull” for the dealkylation 
process. Finally, the Weizman Institute team of 
Joel Sussman and Israel Silman (see Silman and 
Sussman, 2000) analyzed the crystal structures of 
aged OP-AChE conjugates. They concluded that 
4 potential donors in the catalytic AChE site sta-
bilized the aged OP residue and that the site itself 
underwent a conformational change: both phe-
nomena underlay the residue’s refractoriness. This 
transformation was also refl ected when the OP 
inhibitors changed topography in the AChE mol-
ecule (Yingge et al., 2001), and was demonstrated 
by means of atomic force microscopy and “force” 
spectroscopy (Vinckier and Semenza, 1998, see 
also Millard et al., 1999).

c. Rate of Aging

The discoveries of aging phenomena were 
described in the 1950s by Wilson, Davies, 
Hobbiger, and others (see previous section), and 
the vast difference in the rate of aging among 
phosphorylated ChEs has been recognized. For 
example, AChE phosphorylated by soman, sarin, 
or DFP ages more rapidly than AChE phosphory-
lated by tabun or TEPP (see Hobbiger, 1963).

Also, rate of aging may be affected, and aging 
prevented by carbamate antiChE’s, NaF and 
choline (Dawson, 1989; Dehlawi et al., 1994).

d. Reactivation of Phosphorylated 
AChE

The irreversibility of OP drug action is not 
absolute. Reactivation may occur with the origi-

nally inhibited enzyme, as it restores the enzyme’s 
activity and functional structure. Reactivation 
may occur spontaneously in the solvent, or involve 
the action of specifi c compounds or “reactiva-
tors.” Though it is diffi cult after the enzymes have 
aged, spontaneous reactivation may take place 
with aged phosphorylated enzymes. The process 
is slow, especially for phosphorylated AChE as 
opposed to phosphorylated BuChE, which reacti-
vates relatively fast. However, OP drugs with 
heavy alkyl substitutions in positions R1 and R2 
(see above, section BII) generally exhibit slower 
spontaneous reactivation than those with lighter 
substitutions (Usdin, 1970).

Prominent investigators in this fi eld include 
Irving Wilson, Edith Heilbronn, Frank Hobbiger, 
Edward Poziomek, Bernard Jandorf, William 
Aldridge, Heinrich Kewitz, and Henry Wills (see 
Usdin, 1970; Wills, 1970; Wilson, 1959; Aldridge, 
1957, 1976; Aldridge and Reiner, 1972; Davies 
and Green, 1956; Holmstedt, 1959). The fi rst 
“break” in the search for reactivators was in 1951, 
when Bernard Jandorf discovered that, in vitro,
hydroxylamine hydrolyzed OP compounds. In 
addition, Irving Wilson demonstrated that hydrox-
ylamine reactivates phosphorylated AChE (Wilson, 
1951; Jandorf et al., 1955), which related to 
Hestrin’s (1949) earlier studies of hydroxylamine 
actions on acetylated AChE (see section A).

Wilson’s, Jandorf’s, and Hobbiger’s investiga-
tions (see Cohen and Oosterbaan, 1963) were fol-
lowed by the rapid development of hydroxamic 
derivatives, especially several types of oximes. 
When Wilson realized that quaternary oximes are 
more potent reactivators than their tertiary analogs, 
he developed very active oximes such as pralidox-
ime, which is a mono-oxime pyridinium com-
pound (2-PAM; Wilson and Ginsburg, 1955). 
Additionally, Edith Heilbronn (1965) showed 
that 2-PAM reactivates phosphorylated enzymes 
50,000 times faster than hydroxylamines. Other 
mono-oximes included imidazolinium oximes 
(Reiner et al., 1996). Until today, pralidoxime 
remained the most potent reactivator and is only 
rivaled by the bisquaternary di-oximes, such as 
bispyridinium compounds including obidoxime 
and toxogonin, TMB-4, and HI6 (and hydroxyl-
amines) that reactivate both in vivo and in vitro
(Table 7-2; Engelhard and Erdmann, 1963).

Even active oximes (i.e., pralidoxime) may 
not be equally potent against all OP agents. 
Accordingly, pralidoxime might be less effective 
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Table 7-2. Structures of representative reactivators. (From Karczmar et al., 1970.)

Common
Designation Trivial Name Structure

DAM Diacctylmonoxime 

DINA Diisonitrosoncatone

LUH6 Toxogenin

MINA Monoisonltrosoncatone

2-PAM Pyridine-2-aldoxime
 metholodide 

3-PAM Pyridine-3-aldoxime
 methiodide 

4-PAM Pyridine-4-aldoxime
 methiodide 

P-2-S Pyridine-2-aldoxime
 mathyl mathanesulfonate

TMB-4 N,N¢-Trimethylene bls
 (pyridine-4-aldoxime
 bromide)

HI-6
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against sarin than against tabun. However, the 
bispyridinium compounds (obidoxime and HI6) 
seem effective against many OP agents, though 
they may have problems reactivating to soman-
inhibited AChE. (See Wills, 1970; Eto, 1974; Eco-
bichon, 1996; see also section E, below.) These 
problems with reactivation may be related to rapid 
aging of the phosphorylated moiety, which results 
from enzyme inhibition by certain OP drugs (i.e., 
soman and/or OP agents endowed with large alkyl 
radicals).

Also, reactivation may not readily occur with 
quaternary OP drugs, such as the phosphorylcho-
lines (type F OP compounds; see section BII-1), 
as the quaternary nitrogen of these compounds 
prevents the oxime from bonding to the enzyme’s 
anionic site (Eto, 1974). Investigators showed 
other compounds, including certain oxamides, 
choline, and NaF, had reactivating capacities 
(Karczmar, 1965; Wilson and Froede, 1971; 
Heilbronn, 1963, 1964). Oxamides act as reactiva-
tors, “sensitizers,” and antiChEs. Sodium fl uoride 
is a sensitizer (see Chapter 9 BIII-2f; Heilbronn, 
1964).

In 1965, Edith Heilbronn presented a diagram 
based on her own investigations and those of 
others (Aldridge, 1976; Wilson, 1959; see also 
Karczmar, 1967; Eto, 1974; Ecobichon, 1996; see 
also Manetsch et al., 2004). Heilbronn used the 
diagram to explain that reactivity is dependent on 
the nonaged status of the phosphorylated enzyme 
and the nucleophilic nature of the reactivator, and 
that the nucleophilic oxime group reacts with the 
electrophilic P atom of the phosphorylated AChE. 
The oxime-phosphate residue then splits off, 
freeing the regenerated enzyme. However, the 
quaternary oximes have an additional advantage: 
the oximes’ quaternized N combines with the 
anionic site of the enzyme, orienting them so 
nucleophilic attack can occur. This orientation 
occurs more readily with bisquaternary oximes, as 
the second quaternary N attaches to additional 
anionic AChE sites (see Chapter 3 DII and DIII).

Then Wilson (1959) described other structural 
requirements for the reactivators when he posited 
the law of “complimentarity” (see above) to 
explain a rational design of reactivators that would 
optimally fi t the phosphorylated enzyme. This 
notion is substantiated by the stereoisometry 
nature of the reactivator’s action. Oximes are 
planarly rigid because a double bond links their 

molecule’s carbon and nitrogen. Depending on the 
oxime, its syn or anti confi gurations “comple-
ment” the topography of the phosphorylated 
AChE when the oxime attaches itself to the 
enzyme’s anionic site (Wilson, 1959; see also 
Karczmar, 1967). Similar mechanisms explain the 
reactivator actions of oxamides. However, with 
NaF, the reactivation depends on the strong affi n-
ity of fl uoride to the P of the phosphorylated 
enzyme (Heilbronn, 1964; see also Usdin, 1970).

Note that phosphorylated oximes caused by 
reactivating the phosphorylated enzyme are potent 
antiChEs. In fact, some of these compounds are 
more potent inhibitors than the OP agents causing 
the original phosphorylations (i.e., sarin; see 
Hackley et al., 1959; Schoene, 1971; Luo et al., 
1999). Initially, investigators thought the half-life 
of these compounds was short, thus concluding 
that using the oximes as antidotes would not be 
dangerous. However, though toxogonin and H6 
are safe, obdoxime and pralidoxime are not (Figure 
7-18; Luo et al., 1999; see also Reiner and Radic, 
2000).

BIII. Anticholinesterases Other 
Than Organophosphorus, 
Carbamate, and Related 
Anticholinesterases

Cholinesterases are sensitive enzymes that are 
inhibited by many substances besides OPs and 
carbamates. Long (1963) and Augustinsson (1948) 
presented a long list of substances that inhibit 
BuChE, AChE, or both (see also Karczmar 
and Koppanyi, 1954; Koppanyi and Karczmar, 
1949), such as amino acids and several amines, 
protamines, and histones; opioids, antipyretic 
analgesics, and anti-infl ammatory agents; several 
antibiotics; cholinergic agonists and antagonists; 
anticoagulants; convulsants; barbiturates, chloral 
hydrate and ethanol; local and general anesthetics; 
ketones (Pereira et al., 2004); certain dyes; some 
vitamins; cystine and other sulphides; quinine; 
and even gum arabic. Oxime and NaF reactivators 
also inhibit ChEs (Usdin, 1970), and they are truly 
reversible inhibitors (see sections BI-1 and BI-2). 
Finally, blood, brain and other tissues contain 
natural antiChEs, though their nature has not been 
established (Karczmar and Koppanyi, 1954).
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Generally, these compounds are weak BuChE 
and AChE inhibitors. Though Augustinsson (1948) 
considered methylene blue “a strong inhibitor of 
serum ChE,” methylene blue was active against 
the “serum” enzyme at concentrations of only 4 ¥
10-4 M, whereas choline’s I50 value against AChE 
was 2 ¥ 10 M (Stovner, 1956). Note that there may 
be exceptions. Although early data concerning 
atropine and related tropanes or glycoalkaloids 
indicated that these agents were weak AChE or 
BuChE inhibitors, the latest results suggest 
that some of these compounds may inhibit either 
enzyme at nanomolar concentrations (McGehee 
et al., 2000).

Strychnine, thiamine, and the curarimimetics 
are unique. Nachmansohn (1938) suggested that 
strychnine’s convulsant action might be caused by 
its antiAChE effect. However, strychnine’s I50 

value against eel AChE amounts from only 10-3 to 
10-4 M. This amount of inhibition is not suffi cient 
to explain any effect of strychnine in the CNS, 
including convulsions (see also Chapter 9 BIV). 
In 1941 Glick attempted to exploit the antiChE 
action of thiamine to explain its metabolic “pre-
serving effect” on choline esters and its alleged 
sensitizing action on ACh. However, this specula-
tion was not borne out by subsequent studies. 
Finally, William Bowman (1982) intensely studied 
curarimimetics and depolarizing neuromyal junc-
tion blockers, emphasizing that their antiChE 
action is dependent on a structural resemblance to 
ACh moiety. His point was well taken, and related 
to Zupancic’s (1967) speculation that ChEs serve 
as cholinergic receptors mediating the cholinergic 
actions. However, Zupancic’s supposition is no 
longer tenable, as the antiChE action of curarimi-

Reactivation of Alkylphosphorylated Acetylcholinesterase 

Figure 7-18. Reactivation of alkylphosphorylated acetylcholinesterase (AChE). (From Taylor, 1990, with 
permission.)
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metics is not related to their main pharmacological 
action. Today, several potent antiChEs structurally 
resemble ACh and/or cholinergic receptors. The 
prime example is fasciculin, a congener of the 
nicotinic blockers, bungarotoxins (see above).

C. Metabolism and 
Detoxifi cation of 
Anticholinesterases

1. Metabolism, Detoxifi cation, 
and Activation of 
Organophosphorus
Anticholinesterases

Latent toxicity of OP pesticides and the toxi-
cological potential of OP war gases make OP 
chemical detoxifi cation routes extremely practical 
and important. During the last 50 years, intense 
research in this area has been carried out. (See 
reviews of O’Brien, 1960; Menzie, 1972; Usdin, 
1970; Eto, 1974; Hayes, 1982; Kulkarni and 
Hodgson, 1984; Matsumura, 1985; Chambers 
and Levi, 1992; Ecobichon, 1996; Satoh and 
Hosokawa, 1998.) However, perhaps as a result of 
security problems limiting open literature publica-
tions concerning war gases and the intense use of 
insecticides, studies of insecticidal metabolism 
overwhelm studies regarding war gas metabolism. 
There is also a cliquishness regarding the two lit-
eratures, as publications concerning war gases 
warily refer to the insecticides and vice versa. In 
addition to detoxifi cation, there are two other 
important metabolic routes. The fi rst route leads 
to activating inert OP antiChEs and the second 
route causes OP-induced delayed neuropathy 
(OPIDN).

a. Detoxifi cation

One of the detoxifi cation processes follows the 
inhibitory phosphorylation of AChE or BuChE by 
the OP drug. At the time of phosphorylation, the 
“leaving” or “labile” group is detached from the 
OP molecule while either the phosphorylated 
enzyme is degraded or the phosphorylated moiety 
is liberated via spontaneous or chemical reactiva-
tion of the inhibited enzyme (Holmstedt, 1959, 
1963; Usdin, 1970). The phosphorylation process 

is a degradation phenomenon, since it removes the 
free OP agent. This process may not be very 
important for in vivo detoxifi cation of OP drugs. 
However, it is a basis for a prophylactic mode: 
esterases related to ChEs are phosphorylated by 
OP agents and remove ChEs from the blood. 
Therefore, they experimentally serve as antidotes 
to OP agents for humans or animals (Karczmar, 
1984). Actually, a number of other proteins may 
detoxify by bonding the OP drugs (Cohen, 1957). 
These types of antidotes are referred to as “scav-
engers” or “sponges” (see section E).

In 1974, Eto described that the detoxifi cation 
of OP agents, phosphoric acid derivatives (see 
above, section B3), was a result of cleavage on the 
phosphorus ester and could be accomplished in a 
variety of ways. During the 1940s and 1950s an 
important cleavage process was shown: a number 
of hydrolases or esterases present in animal 
tissues (blood, kidneys, liver, and lungs) hydrolyze 
OP drugs such as DFP and paraoxon (Mazur, 
1946; Aldridge, 1951; see also Mounter, 1963; 
Ecobichon, 1996). The metabolites formed are 
de-esterifi ed, alkylated phosphoric acids (di-iso-
propyl phosphoric acid in the case of DFP). The 
alkylated phosphates and other OP metabolites are 
excreted into the urine and feces. Also, the detoxi-
fi cations described by Mazur (1946) and Aldridge 
(1951) may have been carried out with hydrolases 
classifi ed as aryl- or aliesterases.

Arylesterases represented by hydrolase EC 
3.1.3 (see Johnson and Talbot, 1983; also referred 
to as “esterase” and “phosphotriesterase”; see also 
Chapter 3 DI) hydrolyze carboxylic esters (with 
the exception of choline esters) and split aromatic 
esters at a high rate. They are resistant to many 
OP agents. In fact, they hydrolyze many OP com-
pounds, and when present in animal or human 
tissue, both aryl- and aliesterases may detoxify OP 
drugs. Therefore, they may be used as their anti-
dotes. In addition, there is an entirely different 
detoxifi cation involving the cytochrome P450 
(monooxygenase) system that also results in 
dearylation (see below, this section). However, 
aliesterases split aliphatic esters (with the excep-
tion of choline esters) and are very sensitive to OP 
chemicals. Both types of esterases are readily 
inhibited by physostigmine.

Paraoxon and other aryl OP agents are 
hydrolyzed by arylesterases (see Mounter, 1963; 
Aldridge, 1951, 1953) and Mazur’s DFPase could 
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be an aliesterase. Aryl- and aliesterases main 
signifi cance is their presence in insect heads 
and other tissues. They are vital for the insects 
(Chadwick, 1963), yet many OP drugs do not attack 
these enzymes. Another major metabolic route 
involves an oxidative process dependent on micro-
somal systems and cytochrome P450. Originally, 
this route was related to the activation of OP 
compounds and subsequently associated with 
detoxifi cation (O’Brien, 1959, 1960; see also 
below).

Finally, our knowledge of OP detoxifi cation 
involves glutathione (Hollingworth, 1969; 
Motoyama and Dauterman, 1974). The early 
investigations concerning hydrolases, glutathione, 

and the oxidative processes clarifi ed that OP 
molecules offered many points and modes for 
detoxifying attacks. Currently, 15 mechanisms of 
detoxifi cation have been described (see below, and 
Figure 7-19). Investigators have had diffi culties 
making generalizations and classifi cations for OP 
detoxifi cation because of these mechanisms and 
problems with nomenclature. For example, aryles-
terase is frequently referred to as either A-esterase, 
aromatic esterase, carboxylesterase, phosphotries-
terase, or hydrolase (see Eto, 1974; Mileson et al., 
1998; Lassiter et al., 1999; Pond et al., 1998; 
Satoh and Hosokawa, 1998; and Karanth and 
Pope, 2000). In addition, the term arylesterase 
may refer to P450-dependent detoxifi cation or to 

Figure 7-19. A schematic diagram depicting the various phase 1 and 2 biotransformation pathways of an organo-
phosphorus ester and the nature of the products formed as a consequence of oxidative, hydrolytic, GSH-mediated 
transfer and conjugation of intermediate metabolites in mammals. (From Ecobichon, 1990, with permission.)
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a nonmicrosomal hydrolase (compare Pond et al., 
1998 and Ma and Chambers, 1994; see also 
below). Mileson et al. (1998) list carboxylases 
and arylesterases as hydrolases, whereas Karanth 
and Pope (2000) consider carboxylesterases 
and A-esterases to be two separate categories for 
deto xifying enzymes. Lassiter et al. (1999) and 
others classifi ed the carboxylase capable of deto-
xifying chlorpyrifos and the chlorpyrifos-oxon 
(its active metabolite) as EC 3.1.1.1 and refer to 
chlorpyrifos-oxon-detoxifying enzymes as 
arylesterase, listing the latter as EC 3.1.1.2. These 
investigators do not commit themselves to further 
categorizations (Pond et al., 1998). Anhydrolases, 
Aldridge’s hydrolases, and Mazur’s DFPases are 
all capable of hydrolyzing DFP and related OP 
compounds.

Similar inconsistencies existed with phospho-
triesterases (PTEs), paraoxonase, and parathion-
hydrolase (see Johnson and Talbot, 1983; 
Ecobichon, 1996; Rauschel, 1998; see also section 
E, below). In 1992, Maxwell cited these and other 
similar nomenclature problems in his review. 
Recently, all of the detoxifying enzymes described 
were shown to exhibit several isozymes and to be 
polymorphic, which adds to the complications 
(see, for example, Guengerich and Liebler, 1985; 
Nakatsugawa, 1992).

Ecobichon (1996) undertook a meritorious 
attempt to classify metabolic routes of OP insec-
ticides, though earlier Eto (1976) had already 
described some of these routes (Figure 7-19). Eco-
bichon stressed that OP metabolism used many 
modes and mechanisms for detoxifying or activat-
ing that were both species specifi c and “dependent 
on substituent groups attached to the basic ‘back-
bone’ of the OP structure.” He further pointed out 
that his categorization was primarily concerned 
with phase 1 of detoxifi cation, which included 
oxidative, reductive, and hydrolytic reactions 
leading to the toxicology of either inert or acti-
vated metabolites. Phase 2 mostly concerned con-
jugations converting the metabolite into a polar 
compound that can be readily excreted by 
mammals, including humans.

Ecobichon delegated 9 mechanisms for phase 
1. Mechanism 1 relates to cytochrome’s P450 
oxidative (monooxygenase) desulfurations, which 
mainly lead to activating relatively nontoxic 
compounds. Other than cytochrome P450, the 
mechanism involves enzymes that utilize 

coenzyme-reduced nicotinamide adenine, dinu-
cleotide phosphate (NADPH), and an NADPH-
regenerating system to provide oxygen and 
electrons needed to produce polar-excretable 
metabolites. This monooxygenase system, also 
referred to as the mixed- functions oxidases 
system, was located in the hepatic microsomal 
endoplasmic reticulum of mammals and is present 
in other tissues and in insects.

Mechanisms 2 and 3 also depend on a process 
related to cytochrome P450, which leads to detox-
ifi cation rather than activation. Mechanism 2 was 
a dealkylating reaction, and demethylation and de-
ethylation occurred readily with the formation of 
an aldehyde. However, when the mechanism dealt 
with larger alkyl radicals, dealkylation was impos-
sible. The insecticide chlorfenvinphos is a good 
example of this detoxifi cation (Levi and Hodgson, 
1992). Mechanism 3 was a dearylation reaction, 
resulting in the formation of the phenol and 
dialkylphosphoric acid. Diazinon, parathion and 
chlorpyrifos are the insecticides de-arylated by the 
P450-mediated processes.

Note that this system is capable of both activat-
ing and detoxifi cating these and other OP 
chemicals (Ma and Chambers, 1994; Larkin and 
Tjeerdema, 2000). Additional catalyses dependent 
upon the cytochrome P450 monooxygenase 
system involved an attack on side chains, which 
included the aromatic ring hydroxylation (mecha-
nism 4), thioether oxidation (mechanism 5), deam-
ination (mechanism 6), alkyl and N-hydroxylation 
(mechanism 7), and n-oxide formation (mecha-
nism 8) (see Figure 7-19).

A process related to the cytochrome P450 
monooxygenase-dependent metabolism is carried 
out by fl avin-containing monooxygenases (FMO; 
Levi and Hodgson, 1992). Both systems are 
mainly localized in the hepatic microsomal endo-
plasmic reticulum, though they are also present in 
other tissues. Mammalian FMO has not been iden-
tifi ed in insects (Levi and Hodgson, 1992). The 
FMO system was capable of carrying out a number 
of oxygenations and desulfurations (mechanism 
9), which was exemplifi ed by the oxidative desul-
furation of the insecticide fonofos. Frequently, the 
FMO and the cytochrome P450 systems over-
lapped within the detoxifi cation process of a par-
ticular OP agent. So, the effectiveness and the 
contribution of the two systems appeared moot 
(Levi and Hodgson, 1992).
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A number of hepatic transferases (glutathione 
S-transferases) use glutathione as a cofactor and 
an acceptor of o-alkyl and o-aryl radicals to yield 
monodesmethyl, dialkylphosphoric or dialkyl-
phosphorothioic metabolites (mechanisms 10 and 
11). Parathion, methyl parathion, paraoxon, and 
methy paraoxon are detoxifi ed by mechanisms 
10 and 11 (see Sultatos, 1992). Strangely, while 
diazinon and mevinphos are metabolized in 
several species by glutathione-dependent processes, 
methyl parathion and additional OP compounds in 
the mouse are metabolized in vitro only by gluta-
thione-dependent processes (Sultatos, 1992).

When expanding his classifi cation, Ecobichon 
(1996) distinguished tissue hydrolases including 
carboxylesterases, arylesterases (versus the cyto-
chromec P450-dependent arylase; see above), 
phosphorylphosphatases, phosphotriesterases, and 
carboxyamidases. Carboxylesterases were repre-
sented by EC 3.1.1.1, which was capable of detox-
ifying the important insecticide Malathion and 
chlorpyrifos (Lassiter et al., 1999; Dauterman and 
Main, 1996; mechanism 12). Arylesterase was 
described by Aldridge in 1951 and then designed 
like EC 3.1.1.2, the chlorpyrifos-oxon detoxifying 
enzyme (mechanism 13).

Phosphotriesterases (PTEs), also described as 
parathion or parathion hydrolases or paraoxonases, 
were hydrolases characterized by a unique binu-
clear metallic active center. The bivalent metal 
was zinc, though cadmium could be used to 
replace the zinc in a series of apo-enzymes 
(Rauschel, 1998; mechanism 14). When derived 
from certain Pseudomonas or Flavobacterium
species, the PTE was defi ned as EC 3.1.1.3. Actu-
ally, while this mechanism involved the inactiva-
tion of paraoxon and the formation of a diethoxy 
phosphoric acid, other detoxifi cation routes are 
also possible (Rauschel, 1998; Kasai et al., 1992). 
PTE, a versatile enzyme that uses OP drugs sub-
strates and plays a minor role in hydrolyzing the 
drugs, exhibited “extraordinary” (Rauschel, 1998) 
turnover values. Altogether, PTE was a versatile 
enzyme capable of hydrolyzing a number of OP 
agents, ranging from insecticides such as para-
oxon and EPN to war gases such as DFP, soman, 
sarin, VX, and tabun.

PTE mutates readily, and some of these muta-
tions exhibit increased detoxifying potency 
toward war gases such as VX (Gopal et al., 2000). 
PTE is polymorphic, and several genotypes 

express its forms (Brophy et al., 2001). Currently, 
the enzyme is found in many insects, microorgan-
isms, and mammalian tissues, including human 
serum, where it is referred to as serum paraox-
onase, PON1 (see, for example, Furlong et al., 
2000).

In 1998, Rauschel stressed that the ubiquitous 
presence of PTE is enigmatic and though OP 
chemicals cannot be considered natural sub-
stances, PTE (especially in view of its high turn-
over value with respect to many OP agents) is “an 
enzyme in search of its natural substrate.” Of 
course, the same may be said for many of the 
enzymes capable of hydrolyzing OP agents. 
Bernard Brodie (1956) speculated that “detoxify-
ing enzymes have been developed by a process of 
evolution to protect the organism from a multitude 
of foreign compounds that the organism may 
encounter during its lifetime.” Therefore, they 
should not be expected to search for their 
natural substrates. Note that according to studies 
of paroxonases, DFPases, OP hydrolases, ester-
ases, phosphatases, and arylesterases, the enzymes 
are not clearly identifi ed following the categories 
outlined above and/or defi ned by Ecobichon 
(1996). (See, for example, Johnson and Talbot, 
1983; Pond et al., 1998; Gill and Ballesteros, 
2000; Mulbry, 2000; Mackness et al., 2000; 
Furlong et al., 2000; Qiao et al., 1999.) This 
“category” includes an important family of 
enzymes represented by OP anhydrolases (i.e., 
prolidases) that are capable of splitting the peptide 
links; prolidases include EC 3.1.8.2, an enzyme 
capable of splitting a wide range of OP war gases 
(Cheng et al., 1999).

Altogether, the routes and enzymology of OP 
insecticide and war gas detoxifi cation are complex 
and manifold, as a number of attacks may be 
directed at a single OP chemical, as stressed by 
Mounter (1963) and then by Eto (1974). For 
example, fonofos may be detoxifi ed by both FMA 
and cytochrome P450 systems (Levi and Hodgson, 
1992). Parathion (besides being activated) is 
detoxifi ed by a number of systems including the 
cytochrome P450 and FMO systems, glutathione-
dependent transferase, several hydrolases, and so 
forth (Nakatsugawa, 1992). The major location for 
these systems is the liver. The detoxifying impor-
tance of the hepatic system is enhanced by the 
rapid and possibly active uptake of some OP drugs 
into the liver. Also, the circulatory characteristics 
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of the liver and liver lobule prolong the presence 
of the poison in the liver and prevent its elution 
before signifi cant detoxifi cation can take place 
(hepatic release threshold; Nakatsugawa, 1992).

We should not be anthropomorphic with the 
detoxifi cation system and its routes in mammals, 
including humans. Insects and pests, including 
worms, exhibit almost all of the systems described 
above. (See, for example, Qiao et al., 1999; Scharf 
et al., 2001; Siegfried and Scott, 1992, 1997) 
Chadwick (1963) and others proposed that these 
enzymes played a role in pests’ resistance to OP 
compounds. Early on, investigators doubted this 
notion (see O’Brien, 1959, 1960). Today, the 
enzyme’s role in pest resistance relates to the 
adaptive increase in pesticide resistance caused by 
selective genetic development of effective detoxi-
fying enzymic systems in pests exposed to OP and 
carbamate pesticides for long periods of time (Eto, 
1974). The ideal situation: pests are sen sitive to 
OP drugs when they do not contain the detoxify-
ing enzymes, whereas humans and animals have 
the detoxifying enzymes and are insensitive when 
accidentally exposed to the drugs.

The systems are also present in microorgan-
isms, including carboxylesterases (EC 3.1.1.1), 
phosphoric triester hydrolases (PTE; EC 3.1.8) 
that include paraoxonases (EC 3.8.2.1 and EC 
3.1.8.1), DFPase (EC 3.1.8.2), and a phospho-
esterase (EC 3.1.3). (See Johnson and Talbot, 
1983; Raushel, 1998.) Note: PTEs are present in 
soil bacteria (i.e., Pseudomonas diminuta and Fla-
vobacterium sp.) and other microorganisms; like 
other hydrolases, the PTEs de-esterify the OP 
agents, yielding phosphoric acids; they are capable 
of inactivating a number of OP agents such as 
pesticides and war gases, including EPN, para-
oxon, sarin, soman, and VX (Raushel, 1998).

Frank Raushel (1998) established the tridimen-
sional structure of PTEs, their amino acid 
sequence, and the amino acid composition of their 
active sites, and he stressed that PTEs contain a 
binuclear metal center (similar to a number of 
phosphatases) that facilitates the action of water 
molecules (Wilcox, 1996). Reiner and Radic 
(2000) consider these divalent cations as cofactors 
of PTEs. Therefore, chelation inhibits the PTE 
activity. DFPases are present in a great variety of 
soil and infectious bacteria, and the DFPase of 
Proteus vulgaris and Salmonella are particularly 
active (Mounter, 1963).

b. Metabolic Activation

Several OP agents must undergo metabolic 
transformation before becoming active inhibitors. 
The oxidative desulfuration of phosphorothioate 
esters (type D OP drugs; see section BII-1, above) 
was the only metabolic system reviewed that pro-
duces this activation (Diggle and Gage, 1951; see 
also Ecobichon, 1996). For example, oxidative 
desulfuration activates phosphorothioates such as 
parathion, fenthion, and Malathion. A spontane-
ous rearrangement of some OP insecticides also 
produces activation (see Eto, 1974).

c. Metabolic Potentiation of Toxicity

Though the mechanism for potentiation of tox-
icity (rather than an additive effect) is not clear, it 
often results from combined administration of 2 
antiChEs, whether they are 2 carbamates, 2 OP 
drugs, or an OP and a carbamate compound (see 
Hayes, 1975; Karczmar, 1967). However, when 
potentiation of toxicity results from administering 
a combination of a quaternary and tertiary antiChE, 
combining the 2 drugs’ central and peripheral 
effects causes the potentiation. A special case of 
toxicity potentiation arises from a joint adminis-
tration of 2 insecticides, Malathion and EPN 
(Frawley et al., 1957). Cook et al. (1957; see also 
Dubois, 1963) presented data suggesting that the 
phenomenon would result from EPN inhibition of 
Malathion hydrolysis by carboxylase. Ken Dubois 
(who was very active in this area) identifi ed 4 
pairs of OP insecticides that inhibited one 
another’s metabolism and exhibited mutual poten-
tiation of toxicity when simultaneously adminis-
tered to animals. Others identifi ed additional pairs 
(Dubois et al., 1949; Dubois, 1963; see also 
Chambers, 1992; Chambers and Levi, 1992).

There is an alternative explanation that agrees 
with Ken Dubois’ notion: strong potentiation of 
toxicity occurs in dogs when fi rst administering 
EPN and then Malathion. However, potentiation 
of toxicity also arises when the sequence is 
reversed. Furthermore, robust toxicity arises 
when Malathion is administered in subeffective 
doses 45 minutes prior to subliminal doses of 
EPN. Since Malathion is rapidly metabolized, it 
is inconceivable that toxicity could arise from 
EPN’s ability to protect small amounts of 
Malathion, which remain present during EPN 
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administration (Karczmar et al., 1962). Potentia-
tion was also present when the effects of the 2 
drugs were measured at specifi c neuroeffectors 
(ganglia and neuromyal junction; Karczmar et al., 
1962; see also Wescoe et al., 1950).

DI. Toxic Effects of 
Anticholinesterases

Two important issues concern the matter of the 
toxicity of antiChE: (1) Used as pesticides, OP 
and carbamate agents are frequently toxic to 
humans, via skin contact or via inhalation. (2) OP 
drugs may be used as war gases, which are inhal-
able as well as absorbed on contact. This danger 
is prominent during wars and terrorist attacks and 
is with us today. Though during the 1940s the 
United States, Germany, Russia, and England 
were capable of using OP compounds, the com-
pounds were not employed during World War II. 
However, following the war, these countries con-
tinued to develop new OP war gases and their 
antidotes. Additionally, many Middle Eastern and 
Asian countries, such as Israel, China, Pakistan, 
and Iraq, and some terrorist groups were engaged 
in both researching and producing OP agents. 
These drugs are easy to multiply because their 
synthesis is both simple and inexpensive; they can 
even be synthesized in your garage!

The studies involving OP and carbamate toxic-
ity intensifi ed as the countries competed to gain 
knowledge and develop the agents. Unfortunately, 
the majority of data are restricted. In both its own 
laboratories (at the Walter Reed Hospital in 
Washington, DC, or at the Army Chemical Center, 
Edgewood, Maryland) and through subcontract-
ing, the US Department of Defense (DOD) 
researched the OP drugs and their antidotes (see 
Karczmar et al., 1962; Moore, 1998). These studies 
led to the development of a treatment “cocktail” 
(see below, section E). Prior to an expected attack 
with OP agents, pyridostigmine is administered as 
part of the “cocktail”; this use of pyridostigmine 
has a bearing on controversy regarding Gulf War 
syndrome. (See below, this section and section 
DII.) When this kind of research was conducted in 
the United States and other countries, there were 
accidental poisonings with OP and carbamate 
drugs (see below, section E).

The combat use of OP drugs is considered a 
gray area, and for many episodes solid evidence 
is not available. However, there is good 
documentation regarding Iraq’s use of the agents 
during the 1983–1984 war with Iran and Iraq’s 
attempt to eliminate its Kurdish minority 
(Balali-Mood and Shariat, 1998). During the 1990 
confl ict in Yugoslavia, Bosnians, Serbs, and 
Croatians were accused of using OP agents, 
though the information is mostly anecdotal. (See 
Jane’s Defense Weekly, August 21, 1993; E.J. 
Hogendoorn, personal communication.) Other 
examples are Operation Desert Shield (ODS; 
August 1990 to late February 1991) and Gulf War 
syndrome (PGWS) or “mystery illness.” There is 
a possibility that Gulf War syndrome is related to 
either Iran’s use of OP agents or the use of 
pyridostigmine as an OP antidote. However, 
this issue is controversial. (For a review, see 
section D3.)

OP war gases are used by rogue nations and by 
terrorist organizations. There were two incidents 
in which a religious fanatic group in Japan used 
sarin. A more serious incident, the Tokyo subway 
tragedy of 1995, involved around 5,500 people 
and resulted in serious poisonings and fatalities 
(Yokoyama et al., 1998). After the September 11, 
2001, bombings of the Twin Towers and the 
Pentagon, the possible use of OP agents as terror-
ist weapons became alarming, although these 
agents were not used in the attacks in question. 
In fact, it appears that the terrorist organization Al 
Qaeda may possess and/or tried to develop 
both biological and chemical weapons of mass 
destruction (WMD; Clarke, 2004). It should 
be added that, beginning with President 
Clinton’s administration, the US government (and 
indubitably other governments as well) has 
pursued via several agencies and also under a 
national coordinator studies concerning the detec-
tion of terrorist attempts at the use of WMD and 
the reaction to these attempts if they occur (Clarke, 
2004).

OP and carbamate toxicity actions mainly 
result from their inhibition of synaptic AChEs 
along with protection and accumulation of 
naturally released ACh. ACh accumulation at the 
cholinergic synapses translates into cholinergic 
activities and behavior. Also, BuChE inhibition 
may contribute to the toxicity. There are different 
degrees for antiChE inhibition of BuChEs and 
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AChEs (see sections BI-2 and BII-2). Even war 
gases like G-compounds may exert a signifi cant 
BuChE action. For example, DFP is almost 
equipotent against the 2 ChE families (Holmstedt, 
1959, 1963; Radic et al., 1993). Furthermore, 
selective BuChE inhibition increases the brain’s 
ACh level (see Giacobini, 2000). However, the 
physiological and pharmacological role of 
BuChEs is unclear, or “mysterious” (Mesulam, 
2000), and pharmacological and toxic antiChE 
effects are mainly the result of AChE inhibition. 
(See Chapter 3 DIII. Findings concerning AChE 
inhibition and ACh accumulation are presented in 
this chapter.)

Since the central as well as peripheral 
(neuromyal and ganglionic) toxicological effects 
of antiChEs depend mainly on their accumulation 
of ACh, they mimic the toxic effects of ACh and/
or cholinergic agonists at these sites; in fact, the 
toxic effects are preceded by actions similar to 
phar macological (or physiological), central and 
peri pheral, actions of ACh (see Chapter 9). The 
toxicology of antiChEs goes beyond their central 
actions, as, under certain circumstances, antiChE 
toxicity includes peripheral, autonomic, and motor 
phenomena.

Additional phenomena augment antiChE 
toxicity. Many OP antiChEs and related OP 
compounds that are weak ChE inhibitors 
induce several types of neuropathies including 
neuronal hyperactivity-induced neuropathy and 
OPIDN. Another OP-induced pathology is delayed 
pulmonary toxicity (DPT; Chambers, 1992). 
AntiChEs also exert direct neuronal actions at 
muscarinic and nicotinic receptors that contribute 
to their toxicity or delayed actions but do not 
depend on ChE inhibition. These direct actions 
may result in delayed cognitive toxicity (DCT). 
Then, either directly or by inhibiting ChEs, 
antiChEs exhibit morphogenetic and teratogenic 
actions.

Recently, the possibility was raised that some 
of the chronic toxicity of OP agents is due to the 
stimulation of free radical production, induction 
of oxidative stress, lipid peroxidation, and distur-
bance of the antioxidant capacity of the organism; 
these effects may or may not depend on AChE 
inhibition and on resulting neurological distur-
bances, and they were demonstrated both in 
humans and in animals (Ranjbar et al., 2002; see 
also Abdollahi et al., 2004).

1. Cholinergic Toxicity of 
Anticholinesterases

a. Acute Toxicity of OP 
Anticholinesterases

The toxicity and fatal actions of OP antiChEs 
discussed in this section mainly result from the 
inhibition of AChE (with a contribution from the 
inhibition of BuChE) and accumulation of ACh. 
In view of their lipid solubility and excellent pen-
etration across the blood-brain barrier, tertiary OP 
antiChEs (i.e., G-agents, TEPP, and DFP) and all 
of the OP insecticides (i.e., Malathion, EPN, para-
thion, diazinon, chlorpyrifos, etc.) exert toxic and 
pharmacological actions through combined auto-
nomic parasympathetic, sympathetic, neuromyal, 
and central effects. Even quaternary OP agents, 
such as echothiophate, may penetrate the CNS 
(particularly when in the presence of stress) by 
damaging the blood-brain barrier and following 
the advent of peripheral actions, thus exhibiting 
central effects (Karczmar, 1967; Soreq and Glick, 
2000).

AChE is present in high concentrations in cho-
linergic neurons (and is released from the neurons, 
(Chapter 3 D) and its inhibition by the OP drugs 
induces ACh accumulation at the synapse. Evok-
ing the effects of OP (and carbamate) antiChEs 
requires considerable inhibition of central and 
peripheral neuronal enzymes. During evolution 
the “excessive” amounts of the enzyme may have 
developed to protect the organism from the con-
sequences of accidental inhibition by certain foods 
and by naturally occurring antiChEs (see above, 
section BI). An inhibition of 50% or more 
(Monnet-Tschudi et al., 2000) of the neuronal 
AChE may be needed before any pharmacological 
effects occur; an even higher level of inhibition is 
required for toxic signs (Karczmar, 1967).

Inhibition of blood AChE is frequently mea-
sured when examining antiChE poisoning in 
humans (Winteringham, 1966). The relationship 
between that inhibition and a neuronal inhibition 
(particularly in the CNS) depends on the agent’s 
tissue distribution and varies from one agent to 
another. Blood AChE inhibition of 50% may be 
pathognomic for OP toxicity. This degree of inhi-
bition may correspond to either higher or lower 
levels of brain AChE inhibition (Mileson et al., 
1998). Altogether, it is diffi cult to predict the 
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relationship between AChE inhibitions in the 
blood or CNS and ACh accumulation on the one 
hand and  the toxicity or fatality resulting from OP 
drug exposure on the other (Sheets et al., 1997; 
see also Mileson et al., 1998). The problem is 
compounded when, in the cases of poisoning, 
plasma BuChE or the combined whole blood 
BuChE and AChE are assayed, rather than the red 
blood cell AChE, the latter being a better marker 
of antiChE toxicity. Contrary to Ecobichon (1996), 
monitoring potential OP intoxication in this 
manner is not reliable.

The OP agents’ route of penetration is impor-
tant. Since war gases (the G-agents) are dispensed 
as gases, they become toxic to humans when they 
are inhaled and absorbed through the skin and the 
lung epithelium. Local war-related toxicity from 
G agents occurred repeatedly, and there were 
cases of terrorists using the G agents (see section 
A). Finally, both human voluntary and forced (in 
Nazi Germany) studies of OP and carbamate drugs 
(the latter being studied as potential antidotes) 
occasionally led to behavioral toxicity and per-
sisted for months (see below).

Dermal and inhalation routes of intoxication 
are characteristic of the OP insecticides (Gershon 
and Shaw, 1961; Ecobichon, 1996). Sometimes, 
an accidental drenching of agricultural workers 
with insecticides may occur (Ecobichon, 1996). 
Currently, some 100 cases of accidental toxicity 
caused by OP insecticides occur each year in 
just the United States, and these accidents are 
extremely common in underdeveloped countries 
(K. Hamerlink, W. Chen, personal communica-
tion). In Japan and Australia, outbreaks of epide-
miological insecticidal toxicity took place when 
the agents were used agriculturally. Moreover, 
workers involved in producing OP insecticides or 
G agents in Germany, other European countries, 
and the United States have suffered from OP 
intoxication (Spiegelberg, 1963; Duffy and Burch-
fi el, 1980; see below, next section). On record, 
there are suicidal attempts with OP insecticides. 
There were also cases of fatal sheep intoxication 
with OP insecticides in Australia, the western 
United States, and elsewhere.

Although OP toxicity can occur readily upon 
contact (see section A), OP investigators did not 
suffer from severe toxicity (even those who have 
worked in the fi eld for many decades). However, 
there were cases of occasional miosis and bron-

chiolar constriction. A perfect example was De 
Clermont’s survival from ingesting TEPP (Figure 
7-20; see section A; Holmstedt, 1963). In animals 
such as cats, dogs, rats, rabbits, guinea pigs, and 
primates, acute toxicity of lipid-soluble OP agents 
(effects of doses near or above an LD50 dose of 
the drug) induced by inhalation of OP gases, 
ingestion, or systemic administration present an 
alarming picture that is unyielding in seriousness 
to the toxicity induced by strychnine or cyanide: 
peripheral autonomic and neuromuscular (somatic) 
effects and central actions are present (see Dubois, 
1963; Wills, 1963, 1970; Karczmar, 1967, 2000; 
Ecobichon, 1996).

The parasympathetic symptoms involve the 
exocrine glands, eyes, gastrointestinal and respira-
tory smooth muscle, bladder, gall duct, and periph-
eral cardiovascular system. They include miosis, 
salivation, lacrimation including chromodochry-
roea (bloody tears, in rats), sweating, bronchor-
rhea, laryngospasm, micturition and defecation, 
bronchoconstriction, bradycardia, and hypoten-
sion (frequently observed following initial increase 
of heart rate and blood pressure). The salivation, 

Figure 7-20. Philippe De Clermont, 1830–1921. 
(From Koelle, 1963, with permission.)
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lacrimation, urination, and defecation constitute, 
in rodents, the so-called SLUG syndrome; the 
effects upon salivation and the respiratory smooth 
muscle contribute to the accumulation of fl uids in 
the upper airways.

The sympathetic actions include those on the 
sympathetic ganglia and adrenals. While early 
effects may include ganglionic stimulation and 
release of norepinephrine or epinephrine, gangli-
onic paralysis ensues, which contributes to hypo-
tension. The neuromuscular phenomena include 
early muscle fasciculations, which are particularly 
visible in the eyelids, tongue, facial muscles, and 
muscle cramps. Following these phenomena, the 
tendon refl exes are diminished and muscles includ-
ing the intercostals and the diaphragm become 
fl accid. The central effects begin with restlessness, 
increased motor activity, respiratory and sensory 
hyper-responsiveness, which is followed by ataxia 
and tremors and then by attenuation of refl exes; 
extrapyramidal syndrome is present as well (Hsieh 
et al., 2001). Cheyne-Stokes respiration and later 
dyspnea and respiratory depression and convul-
sions follow; then there is coma and respiratory 
arrest as miosis yields to mydriais.

Toxicity and lethality of lipid-soluble OP have 
been well documented in humans. (For the early 
description of this toxicity, see, for example, 
Bidstrup et al., 1953; Comroe et al., 1946.) The 
documentation involves human volunteers, the 
use of OP drugs in war, exposure to OP pesticides, 
suicides with OP drugs, toxicity arising from 
industrially manufacturing OP agents, and victims 
of terrorist attacks (the Tokyo subway tragedy). 
Moreover, sarin was used in the Tokyo subway. 
The peripheral and central OP actions noticed in 
survivors (9 subjects died) were classical, though 
they did not include seizures, which are more 
likely to characterize fatal incidents (Yokoyama 
et al., 1998; Balali-Mood and Shariat, 1998; 
Okumura et al., 1996; Moore, 1998; Wills, 1970; 
Karczmar, 1981, 1998, 2000; Ecobichon, 1996; 
M. Gaon and J. H. Holmes, unpublished data 
culled from 525 cases of industrial exposure to 
sarin). In 1966, sarin escaped from a building 
manufacturing the drug, causing mass toxicity. 
Fortunately, there were no deaths among the 41 
victims (Wills, 1970).

During the 1960s OP toxicity was tested in the 
United States in groups of volunteers. One group 
of volunteers was administered physostigmine, 

carbamate protectors (i.e., pyridostigmine) of 
AChE from phosphorylation, large doses of 
atropine, and additional agents (Karczmar, 1981). 
Another volunteer group was sprayed with VX 
and sarin. After the event was disclosed in 2001, 
the Veterans Administration sought to compensate 
those that may have suffered from ill effects 
(Anonymous, New York Times, May 26, 2002). 
Apparently, aside from the immediate acute effects 
(i.e., parasympathetic hyperactivity and muscle 
twitches), mood, cognition, and sleep changes 
occurred and persisted at length. Additionally, 
testing or manufacturing OP drugs led to accidents 
in humans and animals. These incidents were 
reported in the US press, on the radio, and on 
television (for example, Tom Brokaw, NBC Night-
line, November 11, 2002; Michel Martin, NBC 
Nightline, February 18, 2003; see also Wheel-
wright, 2002).4

In cases of human carbamate or OP intoxica-
tion, general acute symptoms of peripheral nico-
tinic and muscarinic intoxication are undoubtedly 
apparent. These symptoms include pathogno-
monic miosis; impaired accommodation and 
scleral injection; sweating, rhinorrhea, lacrima-
tion, and salivation; abdominal cramps and other 
gastrointestinal symptoms; respiratory diffi culties 
and cough; dyspnea, constriction sensation in the 
chest, wheezing, and rales; twitching of facial 
muscles and tongue, tremors, and fasciculations; 
bradycardia and EKG changes, pallor, and cyano-
sis; anorexia, nausea, vomiting, diarrhea, and uri-
nation. These signs and symptoms are accompanied 
by central effects such as dizziness, tremulous-
ness, and confusion; ataxia; headache, fatigability, 
and paresthesia. Finally, seizures, convulsions 
(with appropriate EEG changes), twitching, coma, 
and respiratory failure may occur (Wills, 1970; 
Okumura et al., 1996; Balali-Mood and Shariat, 
1998). If the subject survives past the day of 
poisoning, there are personality changes, mood 
swings, aggressive events and psychotic episodes 
including schizoid reactions, paranoid and reli-
gious delusions, and exacerbations of preexisting 
psychiatric problems. Sleep is poor from night-
mares and hallucinations; disturbances or defi cits 
in memory and attention, and additional delayed 
effects also occur (see below, section DI-3; Ward 
et al., 1952; Karczmar, 1984).

The cause of death upon acute intoxication 
with the lipid-soluble OP drugs depends on 
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species. Lethality is mainly muscarinic and results 
from bronchoconstriction in the rabbit and rat 
(“asthmatic” death). For both cats and humans, 
central and neuromyal actions involving respira-
tory functions are signifi cant. Irwin Wilson (per-
sonal communication) stressed that an impaired 
relationship between inspiratory and expiratory 
medullary centers is crucial for toxicity.

There is also the question of convulsions, their 
relation to respiratory collapse, and their role in 
the lethality of OP drugs. In cats and possibly in 
humans, convulsions are not induced by respira-
tory depression and anoxia. Instead, OP drugs 
directly induce convulsions (Glenn et al., 1987; 
Lebeda and Rutecki, 1987; see also Chapter 9 
BIV). However, the CNS depression that follows 
prolonged convulsions induced by OP drugs is not 
the cause of OP death in cats or humans, as the 
immediate cause of death in these species is the 
direct depressant action of the drugs on the respi-
ratory centers (secondary to initial respiratory 
stimulation; see Chapter 9 BIV). This block occurs 
before the circulatory collapse and does not always 
follow a seizure (Oberst et al., 1956; Wills, 1970; 
Karczmar, 2000). Many of the toxic effects 
(including ganglionic and neuromyal depression 
and the block of respiratory centers) are a result 
of the OP drug-induced synaptic depolarization or 
desensitization (see Chapter 9 BIII).

b. Chronic Toxicity of OP Drugs and 
Development of Tolerance

Under certain circumstances, chronic, sub-
lethal exposure to OP drugs induces cumulative 
toxicity in animals (sheep and cows). The ChE 
inhibition following the fi rst exposure to sublethal 
air concentrations of OP agents can be augmented 
by subsequent exposures that result in chronic 
toxicity (see Callaway and Davies, 1957 and 
Hayes, 1982). Chronic toxicity might have 
occurred among agricultural workers using OP 
pesticides and workers employed in OP-related 
industries (Grob, 1963). Delayed symptoms (i.e., 
lung damage or DCT) may accompany chronic 
toxicity (see below).

This cumulative toxicity occurs with repeated 
doses or concentrations of OP drugs (i.e., 1/3 of 
the LD50 or IC50). Each dose induces a signifi -
cant AChE inhibition, distinct effects (e.g., intes-
tinal discomfort and muscle twitches), or minor 

toxic phenomena (e.g., bronchiospasm, respira-
tory diffi culties). It is not clear whether smaller 
doses or concentrations of OP agents (i.e., those 
that induce miosis) applied once a day are condu-
cive to accumulation (Moore, 1998).

Developing tolerance is an unexpected aspect 
of chronic OP drug exposure, and during World 
War II German investigators discovered this phe-
nomenon in mammals and, perhaps, in humans 
(Bo Holmstedt, personal communication). Con-
trary to the amounts of OP drugs that cause cumu-
lative actions, tolerance occurs in mammals with 
distinct subtoxic doses of OP drugs (approxi-
mately 1/15 and 1/8 of the LD50 dose of OMPA) 
and DFP or parathion (Dubois et al., 1949; Glow 
and Richardson, 1967; Rider et al., 1952).

Barnes and Denz (1951, 1954) demonstrated 
that tolerances to the insecticides Schradan and 
Systox occurred when signs of toxicity were overt, 
such as tremors and convulsions (see also Dubois, 
1963; Hoskins and Ho, 1992). Bombinski and 
Dubois (1958; Dubois, 1963) showed that “typical 
cholinergic effects” occurred with a daily 1/4 or 
1/8 LD50 dose of Di-syston (Disulfoton) in rats 
during the fi rst week of treatment and disappeared 
during the following 3 weeks of study. Further-
more, when Di-syston was given in a daily 
1.0-mg/kg dose (1/4 LD50), brain and blood levels 
of AChE gradually decreased by 80% and were 
maintained at this level, though serious toxic 
effects were absent. This level, when achieved in 
acute experiments, is more than ample for associ-
ating the effects with toxicity. Maintaining this 
low level of AChE following OP exposure was 
confi rmed for other tissues (see, for example, 
Gupta et al., 1985). Accordingly, the animals 
became tolerant to an abnormally low level of 
AChE, which might persist for the signifi cant 
portion of a rat’s life (one year). Interestingly, 
aquatic larval urodeles convulse with doses of 
DFP suffi cient for complete ChE inhibition; 
however, as they breathe through their gills and 
skin, the urodeles can survive, completely recover 
from convulsions, and swim normally while their 
ChEs are still completely inhibited (Karczmar and 
Koppanyi, 1953).

In the nineteen seventies, Russell, Jenden, and 
Overstreet (see, for example, Russell et al., 1958, 
1971) and Lim, Ho, and Hoskins (see Hoskins and 
Ho, 1992) conducted studies utilizing consumma-
tory, motor activity, and operant techniques to 
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demonstrate OP tolerance. Some of these studies 
revealed that insecticides and war gases (i.e., 
soman, sarin and DFP) induce tolerance. However, 
Hoskins and Ho (1992) felt that tolerance to G 
agents is “of low level.” These investigators also 
concluded that only certain behaviors or effects 
might be subject to tolerance. Brodeur and Dubois 
(1964) and Hoskins and Ho (1992) also showed 
that there was a cross-tolerance among various OP 
agents, OP drugs, and cholinomimetics.

Several mechanisms enabling organisms to 
develop tolerance to OP drugs were explored, 
such as the enhancement of OP drug disposition. 
OP drugs are metabolized by cytochrome P450 
systems, and inducing these systems by phenobar-
bital and other agents helps develop tolerance to 
OP drug toxicity (Dubois, 1963; see also Hoskins 
and Ho, 1992). Investigators also proposed that 
inducing other detoxifying systems or enzymes, 
such as OP phosphatases and the neurotoxin ester-
ase, an enzyme involved in OP-induced delayed 
neurotoxicity (CDPIDN: see below, next section), 
may also facilitate the development of OP toler-
ance (see below, section 1-c and DII; see Hoskins 
and Ho, 1992).

However, these propositions are not consistent 
with the fi nding that tolerance can develop when 
AChE levels in blood and other tissues are low. 
Woolf Dettbarn and associates attempted to resolve 
this inconsistency (Gupta et al., 1985; Dettbarn 
et al., 1999; Milatovic and Dettbarn, 1996). They 
found that, similar to AChE, carboxylesterases 
and aliesterases are inhibited by OP drugs (i.e., 
paraoxon) and recover rapidly. Furthermore, 
chronic treatment increases brain and diaphragm 
AChE affi nity to ACh. Dettbarn felt that these two 
phenomena contribute to the development of tol-
erance on chronic treatment. He also pointed out 
that AChE of the muscle (but not brain) recovers 
when tolerance is developed. Ultimately, the 
mechanism proposed by Dettbarn and others does 
not apply to all OP drugs and is not consistent 
with prolonged low levels of AChE activities fol-
lowing OP drug exposure.

Tolerance may result from appropriate changes 
in storage, synthesis, and/or release of ACh and/or 
choline uptake (Brodeur and Dubois, 1964; 
Wecker et al., 1977; Hoskins and Ho, 1992). The 
data are not consistent with the values of stored, 
free, and total ACh, choline uptake, and brain 
parts involved in these changes. Overstreet and 

associates (1974) proposed that changes in affi n-
ity, sensitivity to cholinergic agonists or antago-
nists, binding, and number (downgrading) of 
nicotinic or muscarinic receptors in the CNS 
underlie tolerance (Gupta et al., 1985; Schwartz 
and Kellar, 1983, 1986; see Hoskins and Ho, 
1992). However, the data do not explain the 
development of tolerance, and it is unclear how 
increased sensitivity to atropinics or nicotinics 
relates to tolerance (Overstreet et al., 1974; 
Fernano et al., 1986).

Another aspect of chronic antiChE toxicity 
concerns interaction among transmitter systems. 
Hoskins and Hoh (1992) proposed that during the 
development of tolerance, increased cholinergic 
activity is associated with increases in dopam-
inergic and GABAergic activity, thus the bal-
ance between the transmitter systems remains 
unchanged (see also Chapter 9 BIII-2). Hoskins 
and his associates (see Hoskins and Ho, 1992) 
based their tenet of increased cholinergic activity 
on fi nding increased levels of ACh. However, 
increased levels of ACh, GABA, or dopamine are 
not tantamount to increased turnover and increased 
activity of these transmitter systems. Also, it is 
unclear why muscarinic receptors are downgraded 
during tolerance and why the balance between 
transmitters achieved at abnormally high activity 
levels results in tolerance (Hoskins and Hoh, 
1992). Finally, repeated (or perhaps even single) 
administration of antiChEs, particularly to neonate 
or prenatal rodents and rabbits, induces changes 
in catecholamines and corresponding behavioral 
effects (see, for example, Karczmar, 2000; Glisson 
et al., 1974; Slotkin et al., 2002).

Finally, genetic mechanisms may be involved 
in resistance or tolerance. Therefore, in several 
species ranging from fl ies and larval fl ies to man, 
c-fos and gene expression mechanisms may induce 
tolerance upon chronic administration of OP drugs. 
This development of tolerance involves the aug-
mentation of detoxifi cation systems (Osei-
Atweneboana et al., 2001; Yamada et al., 2001). 
Roger Nitsch, Heinrich von der Kammer, and 
associates (Kammer et al., 1998, 2001) demon-
strated a related mechanism where antiChEs or 
ACh activation of M1 receptors increased the 
transcription of promoters, including the AChE 
gene promoter. In fact, AChE activity is upregu-
lated by chronic administration of carbamate or 
OP antiChEs (see Giacobini, 2000).
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In addition to acquired tolerance, resistance to 
OP agents is native to certain species. For example, 
some mammals (i.e., guinea pigs) and some pests 
(i.e., several species of fl ies) resist OP agents (see 
O’Brien, 1960; Dubois, 1963; Eto, 1974). Many 
factors cause the resistance, including skin or 
cuticle absorption, block of distribution, and the 
presence of detoxifying enzymes (i.e., carboxyl-
ases and OP hydrolases). Since enzyme levels are 
genetically controlled, mechanisms involved in 
the native resistance to OP drugs are related to 
mechanisms regulating tolerance and acquired 
resistance (see, for example, Osei-Atweneboana 
et al., 2001; Wallace, 1992).

c. Delayed Toxicities, Including Gulf 
War Syndrome, Delayed Cognitive 
Toxicity, OP-Induced Delayed 
Neurotoxicity and Delayed 
Pulmonary Toxicity

Early on, the general opinion among investiga-
tors was that sublethal effects of antiChEs were 
relatively short lived and related to AChE inhibi-
tion in humans or animals (see, for example, 
Grob et al., 1947; Grob, 1963; Ward et al., 1952). 
However, it was soon observed that post-OP 
drug administration changes, EEG abnormalities, 
insomnia, and other behavioral effects lasted from 
2 to 9 weeks. This long duration was inconsistent 
with AChE’s short resynthesis time and the rapid 
behavioral adaptation of the organism (see this 
Chapter, section DI1-b and Chapter 3 DII). Fur-
thermore, even longer-lasting effects in humans 
and animals extending long past ChE resynthesis 
were reported during the 1940s, 1950s, and 1960s 
(Gershon and Shaw, 1961; Spiegelberg, 1963; 
Marrs, 1993, Karczmar, 1981, 2000; Ecobichon, 
1996). These early cases involving industrial 
workers engaged in OP manufacturing took place 
during World War II in Germany (Spiegelberg, 
1963) and probably in the United States. Also, 
Mohamed Abou-Donia and his associates (Abou-
Donia and Preissig, 1976; Abou-Donia, 1981, 
1982; Abou-Donia and Lapadula, 1990) reported 
that several insecticides, including Malathion 
and permethrin, administered chronically to rats 
alone or in combinations, produced defi cits of 
sensorimotor function, while AChE activity was 
decreased in the midbrain but not in the cortex; 
also, they found that this chronic treatment induced 
neurodegeneration in several brain parts. This 

latter fi nding is somewhat unusual, particularly as 
it was obtained by dermal application of moderate 
doses (“real-life doses,” as stated by the 
authors.)

Alarming effects occurred among agricultural 
workers in Australia long after their exposure to 
OP pesticides (Gershon and Shaw, 1961). The 
symptoms included the following array of effects: 
tinnitus and nystagmus, pyrexia, ataxia, paresthe-
sia, polyneuritis, tremor and paralysis, slurred 
speech, loss of memory, confusion, dissociative 
cognition, and loss of concentration. Drowsiness 
combined with insomnia, somnambulism, exces-
sive dreaming and nightmares, generalized weak-
ness and lassitude, emotional liability, restlessness, 
anxiety, and schizoid episodes also occurred. It is 
of interest that long-term emotional effects of OP 
drugs may be induced via their effect on synthesis 
and release of cytokines (Carvajal et al., 2005). 
Also, it was occasionally suggested that immuno-
pathology (such as changes in lymphocytes) may 
be caused by OP agents, including OP insecticides 
(see, for example, Navarro et al., 2001; Tarkowski 
et al., 2004). It should be noted that, in animals at 
least, pre- or neonatal exposure to small, nontoxic 
doses of OP drugs (particularly OP insecticides) 
may sensitize their CNS to antiChE exposure in 
adulthood (see, for example, Eriksson and Talts, 
2000).

Ecobichon (1996) felt that other investigators 
did not duplicate this “array of symptoms.” 
However, the results obtained after Gershon and 
Shaw’s study supported the notion that toxicity 
(including DCT) was delayed past AChE recov-
ery. Important cases involved delayed long-lasting 
DCT that affected agricultural workers dealing 
with OP pesticides and workers involved in manu-
facturing OP drugs. In 1963, Spiegelberg reported 
on these occurrences, which were further described 
by Whorton and Obrinsky (1983), Rosenstock et 
al. (1991), and Duffy and Burchfi el (Duffy et al., 
1976; Duffy and Burchfi el, 1980; Burchfi el and 
Duffy, 1982). In fact, Duffy and Burchfi el reported 
that quantitative EEG changes and changes in 
sleep, memory, and personality were present even 
2 years after exposure. These investigators repli-
cated their fi ndings in the monkey (see also 
Steenland et al., 1994; Karczmar, 2000).

Following suicidal attempts with OP insecti-
cides, a similar delayed syndrome may occur. 
Senanayake and Karalliedde (1987) described it 
as the “intermediate syndrome,” which follows 
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early cholinergic symptomology. Also, several 
months or years after victims were exposed to 
sarin during the Tokyo subway terrorist attack, 
EEG and EKG changes, defi cits of psychomotor 
and motor performance, memory decline, 
fatigue and evidence of post-traumatic stress, 
imbalance, and general health deterioration were 
still present (Yokoyama et al., 1998; Nishiwaki et 
al., 2001). According to Yokoyama’s and other’s 
studies, classic cholinergic symptoms and/or dim-
inution of blood AChE activity took place before 
the delayed toxic syndrome. Note that delayed 
toxicity as well as tolerance appear to be indepen-
dent of AChE activity.

During the 1940s, Corneille Heymans (a Nobel 
Prize man, Figure 7-21), Heinrich Schaeffer, 
Theodore Koppanyi (Figure 7-22) and this author 
proposed that direct receptor action of antiChEs 
(independent of their inhibition of ChEs) underlies 
the delayed and prolonged effects of OP agents 
(Heymans, 1951; Koppanyi et al., 1947; Koppanyi 
and Karczmar, 1951; Schaeffer, 1947). There are 
several reasons for this conclusion: (1) These 

investigators found a poor relationship among 
ChE inhibition and overt and pharmacological 
actions of OP drugs. (2) The OP drugs’ pharma-
cological actions were augmented when using 
doses of OP agents from 5 to 10 times higher than 
those needed for complete BuChE or AChE inhi-
bition. (3) Finally, OP agents potentiated pharma-
cological actions of nonhydrolyzable cholinergic 
drugs such as nicotine. Later, VanMeter et al. 
(1978) gave cats tetraethyl pyrophosphate (TEPP) 
to induce complete AChE inhibition, EEG arousal, 
and occasionally EEG seizures. After a few 
hours, the EEG returned to normal while AChE 
inhibition remained complete. Subsequently, 
TEPP dosing induced repeated EEG arousal 
patterns. These fi ndings indicated that antiChEs of 
the OP (and also carbamate type) elicit direct 
actions, unrelated to their inhibition of ChEs.

Tissue lesions are direct actions of OP drugs, 
though it is not clear whether this effect is 
cholinergic receptor mediated or dependent on 
other target sites. Wills (1970) reported that OP 
drugs might cause tissue damage, including 
neurotoxic action, specifi cally OPIDN (see 
below). However, aside from OPIDN, other 
phenomena concerning both nervous and nonner-
vous tissues also occur with OP drugs, especially 

Figure 7-21. Corneille Heymans in the nineteen 
fi fties.

Figure 7-22. Theodore Koppanyi in 1952.
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the drugs that do not appear capable of causing 
OPIDN. Thus, in animals and in humans, 
postmortem lung lesions were found in lethal 
cases of poisoning from OP drugs (Grob et al., 
1950; Wills, 1970). There were also cases of sub-
lethal poisonings and DPT, which most likely 
occurred with phosphorothionates (Aldridge and 
Nemery, 1984; Aldridge et al., 1985; Verschoyle 
and Aldridge, 1987). The pathology included 
changes in pulmonary gas exchange, interstitial 
thickening, and necrosis of type 1 alveolar epithe-
lial cells in the rat. Aldridge and associates 
proposed that these changes resulted from the 
inhibition of certain lung enzymes and toxic 
metabolites of phosphorothionates.

OP agents (GB chemicals) may induce a 
number of muscle and heart pathologies, neuro-
pathies, and neurotoxicities. Several explanations 
were offered for the direct actions of OP agents, 
other antiChEs, and the tissue damage that they 
infl ict. These effects may involve the second mes-
senger systems, nicotinic and muscarinic recep-
tors and/or channels (see Chapter 9 BIII). For 
example, the Eldefrawis and their associates pro-
posed that direct actions of OP drugs on pre and 
pos-synaptic muscarinic receptors might contrib-
ute to their toxicity (see for example Katz et al., 
1977). However, they acknowledged that these 
compounds’ receptor affi nity is several magni-
tudes lower than their AChE affi nities.

Many investigators attributed the direct actions 
of OP drugs and/or tissue damage to hypoxia that 
results from seizures. For example, this was Britt 
et al.’s (2000) explanation for muscle and heart 
lesions induced by OP drugs in the macaque 
monkey. However, Woolf Dettbarn and associates 
induced myopathies and brain neurotoxity in rats 
with sublethal doses of DFPP that did not cause 
convulsions (Dettbarn, 1984; Yang and Dettbarn, 
1998). Therefore, Dettbarn attributed myopathies 
infl icted by OP antiChEs to cholinergically 
induced muscle hyperactivity and/or fascicula-
tions, Ca2+ mobilization, and formation of free 
radicals from changes in cytochrome c-oxids/ase 
and xanthine oxidase.

Organophosphorus-induced delayed neurotox-
icity is a specifi c delayed neurotoxic syndrome 
(unrelated to the syndromes discussed above). The 
fi rst known occurrence of OPIDN, paralysis, or 
polyneuritis (“polynevrites”) was discovered in 
1896 and resulted from treating tuberculosis with 

phosphocreosote (Roger and Recordier, 1934; 
Lorot, 1996; see also Davies, 1963; Richardson, 
1983; Abou-Donia, 1992; Abou-Donia and 
Lapadula, 1990). Subsequent outbreaks of OPIDN 
resulted from a pentavalent OP agent called 
triorthocresylphosphate (TOCP) that, when in the 
form of an oily substance, could be employed as 
an adulterant or additive. In the 1930s, TOCP 
was added to the alcoholic extract of Jamaican 
ginger to augment the extract’s intoxicating factor. 
The resulting neurotoxicity was called “ginger 
jake paralysis” or “jake leg” (Smith et al., 1930; 
see also Ecobichon, 1996). At the same time, 
TOCP was found to be an adulterant of a parsley 
extract, which was employed in France and 
Holland as an abortifacient (Ter Braak, 1931). 
Ingesting cooking oils containing TOCP as an 
additive also caused OPIDN. This intoxication 
was common in Germany during World War II 
and occurred in other countries. Organophosphorus-
induced delayed neurotoxicity also affected indus-
trial workers producing paints containing TOCP 
(see Davies, 1963).

Many organophosphorus agents can cause 
OPIDN or similar syndromes. For example, Koelle 
and Gilman (1946) described that prolonged 
paralysis occurred in dogs after administering sub-
lethal doses of DFP. Bidstrup et al. (1953) reported 
that OPIDN-like symptoms in humans resulted 
from mipafox exposure. Later, many investigators 
related OPIDN to several (but not all) OP drugs 
(Johnson, 1982; Olajos et al., 1978). Altogether, 
as contaminants, insecticides, tools for suicides, or 
oil ingredients, certain OP drugs induced OPIDN 
all over the world (Abou-Donia and Lapadula, 
1990). Since the late 19th century, around 100,000 
cases of OPIDN have been identifi ed.

The neurodegenerative phenomena of OPIDN 
in humans or susceptible animals include sensory 
loss and ataxia related to distal degeneration 
of sensory and motor axons in ascending and 
descending spinal tracts and peripheral sensory 
and motor nerves (US Environmental Protection 
Agency [EPA], 1985; see also Richardson, 1992; 
Abou-Donia, 1992). The fi rst signs of OPIDN in 
humans are burning, cramping, and stinging pains 
followed by decreased sensitivity in the hands and 
legs (Abou-Donia and Lapadula, 1990). Besides 
ataxia, the motor disturbances may include 
initial fl accidity followed by spasticity and hyper-
refl exia or clonus. Originally, OPIDN was consid-
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ered a demyelinating disease (see, for example, 
Davies, 1963). Today the nerve damage is identi-
fi ed as Wallerian, “dying back” degeneration of 
axons and their myelin sheath with demyelination 
as a secondary event. However, currently there is 
controversy involving the nature of the nerve 
damage.

At any rate, the pathognomic features of 
clinical OPIDN signs are aggregation and partial 
condensation of the axons, neurofi laments, and 
neurotubules accompanied by proliferation of 
the smooth endoplasmic reticulum (SER). Then, 
axonal degeneration causes SER and partially 
condensed neurofi laments and tubules to form 
granular, electron-dense masses (Bishoff, 1967, 
1970, 1980; see also Abou-Donia and Lapadula, 
1990 and Damodoran et al., 2001).

Davies (1963) and Abou-Donia (1992) distin-
guished between two subtypes of OPIDN. The 
damage caused by pentavalent OP insecticides is 
restricted to brainstem and peripheral nerves (type 
I neurotoxicity), while trivalent OP agents (referred 
to by Abou-Donia as triaryl phosphates) may 
cause Wallerian degeneration and chromatolysis, 
and necrosis of brain and ganglionic neurons. 
Also, both the Wallerian and neuronal lesions 
extend to the cortex and the thalamus (type II 
neurotoxicity).

Pentavalent OP drugs and phosphates have dif-
ferent degenerative action mechanisms and differ-
ent OPIDN-inducing potencies in a given species 
of pests. Many pentavalents may cause OPIDN, 
including the popular insecticides mipafox, para-
thion, Malathion EPN, and Leptophos, along with 
some GB agents. Currently, few trivalents induce 
type II neurotoxicity. They are not used as insec-
ticides, though the trivalent merphos is employed 
as a defoliant (Abou-Donia and Lapdula, 1990; 
Hayes, 1982).

The onset of OPIDN in humans may be delayed 
for weeks or months following exposure. Some 
OP compounds must be metabolized before they 
can induce OPIDN, part of the delay being due to 
this process; however, most of the OP compounds 
capable of causing OPIDN induce OPIDN directly 
(e.g., TOCP; see section C1). In animal models, 
the delay varies from several days to weeks. Com-
plete recovery from full-blown cases of OPIDN in 
humans does not happen, though partial recovery 
begins with the hands and legs 16 to 18 months 
after the syndrome’s onset. Spasticity and hyper-

refl exia seem irreversible, which sometimes leads 
to the misdiagnosing of persistent OPIDN as 
multiple sclerosis or encephalitis (Abou-Donia 
and Lapadula, 1990).

OPIDN is species specifi c; classical OPIDN 
(type I neurotoxicity) may be induced in hens 
(a favorite animal model for OPIDN), chickens, 
ferrets, monkeys, and farm animals. This induc-
tion excludes rats, mice, gerbils, rabbits, and 
guinea pigs, though type II neurotoxicity may be 
induced in rats. Symptoms such as length of delay 
and (see below) mechanism of action of syn-
dromes caused by trivalents differ among the 
species. Another characteristic of OPIDN is age 
susceptibility. Young chicks and rats are more 
resistant to OPIDN induced by OP drugs. 
Repeated dosing by the appropriate compounds 
may induce OPIDN in chicks (Abou-Donia and 
Lapadula, 1990; Richardson, 1992; Abou-Donia, 
1992).

Prospective OP insecticides are synthesized 
daily, and it is important to identify their OPIDN 
potential; OPIDN-SAR of these compounds may 
be used for this purpose. In 1963, Davies pointed 
out that certain thionophosphoryl fl uoridates, 
bi-alkoxy phosphoryl fl uoridates and alkoxy 
aryl phosphoryl fl uoridates are active OPIDN-
inducing compounds, and di-alkyl phosphofl uori-
dates, alkoxy di-alkyl phosphinates, and derivatives 
of pyrophosphorus acid are not. (See above, 
section BII-1, and Table 7-1 for the structures in 
question and their classifi cation status.) Abou-
Donia (1992) stressed that phosphoryl fl uoridates 
and di-alkoxy alkyl phosphinates are potent 
OPIDN inducers. (See section BII-1, Table 7-1, 
compounds A and B; Abou-Donia refers to these 
compounds as phosphonates and phosphofl uori-
dates.) He found trialkoxy and thiol compounds to 
be weak OPIDN inducers. (See section BII-1, 
Table 7-1, compounds B and D; according to 
Abou-Donia’s classifi cation, these compounds are 
phosphorothioates and phosphates, respectively.) 
Indeed, dimethon, a thiol or phosphorothioate 
insecticide and dichlorvos, and trialkoxy (phos-
phate insecticide) are either incapable of causing 
OPIDN or are weak OPIDN inducers. Abou-Donia 
emphasized also that the presence of an ortho-
methyl group in alkyl derivatives of phosphoric 
acid endows these compounds with considerable 
OPIDN induction power (Abou-Donia and 
Lapdula, 1990).
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However, pentavalents other than methyl 
substituents at the R1 or R2 positions (see 
above, section BII-1) induce OPIDN. According 
to Richardson (1992), compounds containing at 
least one O or NH group linking an R group to 
phosphorus, or agents belonging to several of the 
A, B and other classes (various alkoxy compounds, 
see section BII-1), may cause OPIDN. Further-
more, when compared to imino phosphates with 
bulkier or longer substitutions, (Makhaeva et al., 
1998) the imino phosphates (see section BII-1) 
endowed with short alkyl substituents are weak 
OPIDN inducers. Makhaeva and her associates 
used QSAR methods (see section BI-1) to analyze 
the OPIDN potentials for their imino compounds 
and stressed that OPIDN inductability was related 
to the high hydrophobicity of these agents.

Currently, the SARs of OP agents are not very 
clear. This may result from various investigators 
employing different classes of compounds for 
analyses, and generalizations valid for one class 
of agents may not have been valid for another. 
Also, comparing the various studies is diffi cult, as 
investigators employed different chemical nomen-
clatures with the compounds. While our knowl-
edge of various pesticide capacities to induce 
OPIDN is quite extensive (probably more than 
300 hundred pesticides were assessed for this 
capacity; Abou-Donia, 1992; Hayes, 1982), there 
are lacunae of pertinent information concerning 
insecticides, pesticides, and especially war gases. 
(DFP induces OPIDN, but the data are only anec-
dotal with other GB agents).

Predicting an OP agent’s OPIDN-inducing 
capacity relates to the mechanisms involved in 

OPIDN. These mechanisms cannot include AChE 
inhibition because OPIDN occurs long after OP 
drugs cause cholinergic crisis and after spontane-
ous recovery or reactivation of the inhibited 
enzyme (Davies, 1963). In fact, the original culprit 
for jake paralysis TOCP does not inhibit AChE 
at all; rather, it inhibits BuChE. Moreover, early 
studies established that there is a dissociation 
between OPIDN induction capacity on the one 
hand and AChE inhibition of OP compounds on 
the other (see Wills, 1970; Davies, 1963). For 
example, Davies et al. (1960) found that similar 
to DFP, many potent AChE inhibitors (i.e., phos-
phofl uoridates) caused OPIDN, while other potent 
inhibitors (i.e., pyrophosphates) did not. Then, 
OPIDN occurred with small doses of OP com-
pounds, which caused limited AChE inhibition 
and did not evoke cholinergic symptoms (Lepto-
phos is an example; Abou-Donia and Preissig, 
1976). Similar discrepancies occurred in other 
studies but were not referred to by investigators 
(Tables 7-3 and 7-4; Casida et al., 1963 and 
Lankaster, 1960).

Kamata’s fi ndings (Kamata et al., 2001a, 
2001b) are important: they clarify OPIDN inde-
pendence from AChE inhibition. Kamata et al. 
(2001a, 2001b) reported that DFP induced OPIDN 
in hens after an 8-day delay, and following the 
setback, AChE activity in the membrane and the 
cytosol of the brain and spinal cord recovered. 
Since George Koelle’s histochemical studies, 
AChE is mainly considered a membrane enzyme, 
thus the reference by Kamata and associates to the 
cytosol enzyme is rare (Koelle, 1963; see, however, 
Carrington and Abou-Donia, 1985). However, 

Table 7-3. Insecticides that Produce Type I OPIDN in Humans

Compound Chemical Designation

TOCP Tri-o-cresyl phosphate
Omethoate O-O-Dimethyl S-methylcarboxymethyl phosphorothiate
Leptophos O-4-Bromo-2, 5-dichlorolhenyl O-methyl phenylphosphorothioate
Mipafox N1N¢-Diisopropylphosphotodiamidic fl uoride
Trichloronate O-Ethyl O-2, 4,5-trichlorophenylethyl phosphorothiate
Parathion O, O-Diethyl O-4-nitrophenyl phosphate
Methamidophos O, S-Dimethyl phosphoramidothioate
Fenthion O, O-Dimethyl O-4-methylthio-m-tolyl phosphorothiate
Chlorpyrifos O, O-Diethyl O- (3,5,6-trichloro-2-pyridinyl) phosphorothioate
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their data indicated that, similar to the membrane 
enzyme, cytosolic AChE recovers from OP-
induced inhibition before signs of OPIDN appear.

Though TOPC does not inhibit AChE, it is a 
potent butyryl enzyme blocker. Thompson and 
colleagues linked this fi nding with BuChE’s 

white-matter localization because myelin is the 
site of OPIDN damage (see, for example, Earl and 
Thompson, 1952; see also Davies, 1963). There-
fore, they suggested that OP-induced BuChE inhi-
bition causes OP neurotoxicity and stressed that 
DFP and mipafox (i.e., TOCP) are more potent 

Table 7-4. Characteristics of Type I and Type II OPIDN. (From Abou-Donia, 1992, with 
permission.)

Characteristic Type I Type II

1. Chemical structure Pentavalent phosphorus atom, Trivalent phosphorus atom,
   e.g., TOCP, DFP  e.g., TPP1, TOCP1

2. Species selectivity Rodents are less sensitive Rodents are sensitive
3. Clinical signs Hen, fl accid paralysis Hen, fl accid paralysis

 Cat, fl accid paralysis  Cat, extensor rigidity
   Rat, no clinical signs  Rat, partial fl accid paralysis,
   tail kinking, bidirectional

 circular motion
4. Length of latent Hen, 6–14 days Hen, 4–6 days
 period before onset of  Cat, 14–21 days  Cat, 4–7 days
 clinical signs  Ferret, 4 days  Ferret, 10–14 days
   Rat, no clinical signs  Rat, 7 days
5. Age Sensitivity Young chicks are insensitive Young chicks are more

 sensitive
6. Neuropathological Wallerian-type degeneration of In the addition to the
 lesions  specifi c ascending and  Wallerian-type degeneration,
   descending tracts of  there is chromatolysis and
   sensorimotor pathways of  necrosis of nerve cell body
   the brainstem and spinal  and ganglia; in addition to
   cord and in peripheral  brainstem lesions, lesions
   nerves. No changes in nerve  also occur in corticol and
   cell body or dorsal ganglia.  thalamic regions.
7. Protection with Full protection against small Protects against small doses,
 phenylmethyl sulfonyl  doses, i.e., 125 mg TOCP  i.e., 250 mg TPP1 per kg;
 fl uoride PMSF  per kg; partial protection  synergizes neurotoxicity of
   against higher doses.  large doses, i.e., 1000 mg

 TPP1 per kg.
8. Inhibition of Hen, 65–70% inhibition Hen, 70% inhibition
 neurotoxic esterase  Rat, 65–70% inhibition  Rat, 39% inhibition
 NTE
9. Chromaffi n cells a. No effect on catecholamine a. Inhibition of catecholamine

 secretion  secretion
  b. No effect on 45Ca uptake b. Inhibition of 45Ca uptake

 evoked by 10 mM nicotine c. Inhibits ATP synthesis
 or 56 mM K+ d. Swollen and disrupted

  c. No effect on ATP synthesis  mitochondria
 via 3H-adenosine
 Incorporation

  d. No morphological changes
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BuChE than AChE inhibitors. However, the 
duration of BuChE inhibition by OP compounds 
does not overlap with OPIDN. Compounds such 
as pyrophosphates inhibit BuChE without causing 
OPIDN (see Davies, 1963; Abou-Donia, 1981; 
Class E of OP agents; see Table 7-1 in section BII, 
above). Today, BuChE induction of OPIDN is no 
longer pursued.

During the 1960s, Martin Johnson and William 
Aldridge came up with a novel mechanism for 
OPIDN. These investigators proposed that OPIDN 
resulted from inhibiting a protein they called neu-
rotoxic esterase (NTE). During the next 15 years, 
Johnson provided a plethora of data supporting 
this notion (Aldridge et al, 1969; Johnson, 1969a, 
1969b, 1970). However, the idea is controversial. 
For example, after his notion concerning OPIDN 
was attacked at the 1981 Symposium on Organo-
phosphate Agents, Johnson (Johnson, 1981) was 
allowed only a brief comment.

In their early work, Johnson and Aldridge 
(Johnson, 1969b) showed that neurotoxic OP drugs 
were bound to protein constituents in hen brains 
that were not ligands of nonneurotoxic OP com-
pounds. In addition, Johnson (1969b) carried out a 
series of experiments concerning interaction at 
various esteratic protein sites with nonneurotoxic 
or neurotoxic OP agents. Johnson concluded that 
the neurotoxic OP drugs bind with a large mole-
cule that is different from AChE, BuChE, and 
other esterases, NTE. Other investigators con-
cluded that OPIDN-inducing OP agents bind to a 
hydrolase or esterase that differs from ChEs 
(Kamata et al., 2001a, 2001b). Also, Kamata et al. 
(2001a, 2001b) showed that, in the cytosol and the 
membrane, binding NTE and AChE sites are dif-
ferent for physostigmine and several OP com-
pounds. Finally, Johnson (1982) defi ned NTE as a 
phenyl valerate hydrolase (or esterase) resistant to 
paraoxon inhibition and sensitive to mipafox inhi-
bition, which he related to the appearance of 
OPIDN.

Several methods for concentrating, purifying, 
and lyophilizing NTE were developed (see, 
for example, Makhaeva et al., 1998; Veronesi 
and Padilla, 1992). In the neurons, NTE is a 
membrane-bound enzyme, and NTE is present in 
the brain, spinal cord, peripheral nerves, and other 
tissues (Richardson, 1992; Abou-Donia and 
Lapdula, 1990). Note that similarly to OP drugs 
that inhibit ChEs without causing OPIDN, 

OPIDN-inducing antiChE agents promote classic 
ontiChE toxicity before the appearance of the 
symptoms of OPIDN.

Rudy Richardson (1992) stressed that NTE can 
be inhibited irreversibly or reversibly. He pro-
posed that only OP agents capable of inhibiting 
NTE irreversibly might form aging links with 
NTE and induce OPIDN. For example, the revers-
ible NTE inhibitors, phosphinates, carbamates, 
and phenylmethylsulfonyl fl uoride (PMSF), do 
not induce NTE aging or OPIDN. However, 
Richardson’s notion of the characteristics of OP 
drugs may not be tenable, as several compounds 
containing alkoxy groupings that irreversibly 
inhibit NTE (i.e., demeton, diazinon, and others) 
do not cause OPIDN (see Table 7-3 and Hayes, 
1975, 1982). Then, it is doubtful whether or not 
there exists a dependable, inverse relationship 
between the capacity to induce aging AChE and 
aging NTE.

Reversible antiAChEs protect AChE from OP 
agents and protect NTE from OP drugs that induce 
OPIDN. As a result, these antiAChEs are prophy-
lactic for OPIDN. Carbamates and PMSF also 
exhibit this effect (Johnson and Lauwerys, 1969; 
see also Richardson, 1992). However, when the 
reversible NTE inhibitors are given after subtoxic 
doses of NTE-inducing OP agents, OPIDN “pro-
motion” or potentiation occurs (Pope et al., 1991; 
Richardson, 1992).

The notion that NTE phosphorylation (or the 
formation of aged NTE) and marked NTE inhibi-
tion (such as 70%) lead to OPIDN is supported by 
the following evidence: Makhaeva et al. (1998) 
related the ratio between imino OP drugs (class C 
compounds; see section BII) inhibiting NTE and 
AChE to their OPIDN-inducing capacity, con-
cluding that the OPIDN capacity of a class C com-
pound can be determined by this ratio.

Rudy Richardson (Jianmongkol et al., 1996; 
Richardson, 1995) followed a similar reasoning 
when he related the OPIDN potential of an OP 
compound to the ratio between its neuropathic 
and LD50 dose. Similar evidence was provided 
for several OP insecticide series (see, for 
example, Jianmongkol et al., 1996; Wu and 
Casida, 1996; for review, see also Ecobichon, 
1996. “Promotion” and protection by reversible 
NTE inhibitors (see above) also seemed to 
support the hypothesis of OPIDN’s NTE-based 
nature.
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Altogether, the evidence for Martin Johnson 
and William Aldridge’s hypothesis is strong and 
Rudy Richardson supported it vigorously. However, 
the hypothesis is controversial. The following 
is a paraphrase of an objection by Mohamed Abou-
Donia (Abou-Donia and Lapadula, 1990) and 
others: NTE is a somewhat mystical enzyme 
because it has no known physiological function. 
Rudy Richardson (1992) stated that the lacuna 
might relate to several unknowns concerning 
NTE. While NTE’s cytosolic and membrane 
location, axonal transport, and molecular mass 
were described (see Abou-Donia and Lapadula, 
1990), its chemical structures, the constitution of its 
active site, and its molecular characteristics have not 
been identifi ed. Abou-Donia also stated that evi-
dence for the hypothesis is correlative, and no spe-
cifi c mechanism was proposed to describe how the 
inhibition and aging of phosphorylated NTE leads to 
OPIDN (Abou-Donia and Lapadula, 1990).

Additional problems with the hypothesis may 
be raised. As mentioned, young chicks and rats are 
not susceptible to OPIDN, yet NTE is present in 
their nervous system (Richardson, 1992). Then, 
NTE, ChEs, and several hydrolases or phospha-
tases are stereochemically similar, which miti-
gates the NTE hypothesis of OPIDN generation 
(see Doorn et al., 2001; Chapter 3 DI). Also, while 
maximum inhibition and aging of phosphorylated 
NTE occur within hours after administrating per-
tinent OP or carbamate agents, OPIDN does not 
occur until NTE activity almost returns to normal, 
days or weeks later (Kamata et al., 2001a, 2001b). 
Finally, while several war gases signifi cantly 
inhibit NTE, they do not cause OPIDN in experi-
mental animals.

An alternative explanation for OPIDN was pro-
posed by Abou-Donia (Abou-Donia and Lapadula, 
1990; Abou-Donia, 1992) and it relates to Bischoff’s 
(1967, 1970, 1980) pathognomic studies. The 
hypothesis describes a series of events for OPIDN 
induction. First, OP compounds phosphorylate and 
activate protein kinases (in particular Ca2+/calmod-
ulin kinase II; Ca2+/CAM-KII) by competing with 
ATP as a phosphoryl group donor and by phos-
phorylating serine or threonine hydroxyl residues 
of the kinases. Activated calmodulin enhances the 
phosphorylation of cytoskeletal protein (i.e., alpha 
and beta tubulins) and hyper-releases Ca2+. Then, 
cytoskeletal phosphorylation and the abundance of 
free Ca2+ induce cytoskeleton pathology and axonal 

degeneration (see Abou-Donia and Lapadula, 
1990; Abou-Donia, 1992).

Abou-Donia and associates accumulated evi-
dence for their hypothesis. They demonstrated the 
OP-phosphorylation’s specifi city for Ca2+/CAM-
KII, as OPIDN-inducing OP drugs do not inhibit 
ATPase. (However, this may not constitute suffi -
cient specifi c evidence.) These investigators also 
showed altered expression and levels of both 
Ca2+/CAM-KII and cytoskeletal proteins during 
OPIDN, and expanded their hypothesis by sug-
gesting that stress related to OPIDN induces oxi-
dative and cytochrome c changes that contribute 
to cytoskeletal protein pathology and apoptosis 
(Gupta and Abou-Donia, 2001; Xie et al., 2001; 
Abu-Quare and Abou-Donia, 2001a, 2001b).

Mohamed Abou-Donia’ s hypothesis has weak-
nesses; while he called Johnson and Aldridge’s 
hypothesis correlative, so is his. Abou-Donia (see 
Damodoran et al., 2001) describes the complex 
kinetics of mRNA expression for cytoskeletal pro-
teins induced by DFP. However, these data are not 
consistent with his hypothesis. Moreover, Abou-
Donia’s studies concern DFP and TOCP, and it is 
unclear whether his hypothesis applies to other OP 
inducers of OPIDN. Also, it would be worthwhile 
to show that OP agents that do not cause OPIDN 
have no effect on the phenomena. Furthermore, 
the kinetics of DFP effects on Ca2+/CAM-KII are 
not parallel with the progress and signs of OPIDN 
(see, for example, Gupta and Abou-Donia, 
2001).

Additional unproven hypotheses exist. As 
already suggested, OP agents may cause OPIDN 
by releasing fl uoride or interfering with vitamin E 
metabolism (see Wills, 1970), and they may affect 
glia and its development, thus interfering with 
myelination (Garcia et al., 2002). Altogether, 
more research is needed to provide a defi nitive 
description of OPIDN mechanisms.

DII. Toxic Effects Involving the 
US 1991 War Effort in the 
Persian Gulf

Operation Desert Storm (ODS), or the Persian 
Gulf War (1990 to 1991) and the related Gulf War 
syndrome (GWS) or “mystery illness” bring forth 
another potential form of delayed OP toxicity.
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The total number of US military personnel 
involved in this operation was nearly 700,000 
(Department of Veterans Affairs [DVA], 1996, 
1997). Shortly after the war, a number of the 
returning veterans complained of fatigue, muscu-
lar and neuromyal abnormalities, headache, neu-
ropsychological complaints (i.e., cognition defects 
and forgetfulness), sleep disturbances, and person-
ality changes.

Initially, the US Department of Defense spokes-
person denied chemical warfare or exposure to 
toxic chemicals during ODS. However, academic 
and government sources in France and the Czech 
Republic presented opposing evidence. Their data 
included new information from the US press, and 
criticism from the US General Accounting Offi ce 
(GAO) and pressure from the public, the media, 
and Congress caused the DOD to change its 
posture.

In 1996 and 1997 the DOD suggested that 
allied bombings of Iraqi plants and ammunition 
depots might have released sarin and/or other 
chemical and biological warfare tools. Further-
more, a spokesman for the Presidential Blue 
Ribbon Committee stated that approximately 
100,000 veterans might have been exposed to war 
gases, fuel fumes, and other toxic chemicals. Also, 
either OP agents that could have been used by Iraq, 
or the prophylactic administration of pyridostig-
mine by the United States may have caused GWS 
(Jamal, 1995; Haley et al., 1997a, 1997b).

As the controversy grew, it was augmented by 
copious media reports and coverage. (See the 
interesting bibliography of newspaper and maga-
zine articles published by the DVA, 1996, 1997 
and the New York Times article by Philip Shenon, 
April 18, 1997.) The number of complaints by 
ODS veterans increased and the US government, 
Congress, and the DVA became involved. A 
number of successive registries were set up by the 
US Registry Agency, and between 1993 and 2001, 
the National Health Surveys conducted voluntary 
referral programs for ODS veterans at Veterans 
Administration hospitals throughout the United 
States. The registry and/or referral programs used 
screening tests that included physical and cogni-
tive examinations and questionnaires to ascertain 
the veterans’ location and type of service during 
ODS. The data collected were collated and ana-
lyzed by the Offi ce of Public Health and Environ-
mental Hazards and related DVA agencies. 

Currently, there are approximately 60,000 ODS 
veterans registered at VA hospitals throughout the 
United States; the number is growing (compared 
to approximately 700,000 military personnel deployed 
in the theater of operations).

Furthermore, Congress established communi-
cations and follow-up procedures among the 
DVA, DOD, US Institute of Medicine, National 
Institutes of Health (NIH), and several blue ribbon 
committees and workshops. Additionally, Presi-
dent Bill Clinton issued an executive order in 1993 
concerning mandatory registration for ODS veter-
ans and support for their treatment (see Karczmar, 
1998). These directives will probably not handle 
problems generated by the veritable bureaucratic 
plethora surrounding ODS (see DVA, 1996, 1997; 
Gerrity and Feussner, 1997, 1999).

Finally, on August 31, 1993, Congress autho-
rized President Bill Clinton to request the DVA to 
coordinate GWS research. Funds were allocated to 
establish multiproject centers at several VA hospi-
tals and to conduct research at both federal and 
academic levels. The research involved clinical 
evaluation of ODS veterans and animal studies.

Currently, there is no general consensus involv-
ing data from the clinical studies. Some studies, 
including evaluations carried out in England, sup-
ported “the hypothesis that clusters of symptoms 
experienced by many Gulf War veterans represent 
discrete, factor analysis–derived syndromes that 
apparently refl ect a spectrum of neurological 
injuries involving the central, peripheral, and 
autonomic nervous system” (Haley et al., 1997a, 
1997b; Haley and Kurt, 1997; Jamal, 1995; Haley 
et al., 2001). All of the evaluations (including 
those conducted by the registry agency) reported 
similar data: muscular and neuromyal abnormali-
ties (Jamal et al., 1995), headache and neuropsy-
chological complaints including cognition defects, 
forgetfulness (see also Haley et al., 1997a, 1997b), 
sleep disturbances, anxiety and personality 
changes. Approximately 30% of the registrants 
experienced the triad of headache, neuropsycho-
logical complaints, and sleep disturbances. (see 
Black et al., 2004).

Sometimes, GWS symptoms appear 2 or 3 
years after exposure. Since stress (i.e., post-
traumatic stress syndrome) is a delayed condition, 
the GWS characteristics imply that Gulf War 
syndrome is caused by ODS-related stress. This 
phenomenon is under investigation.
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Other studies made salient certain features 
that characterized the ODS environment and may 
cause GWS. These studies concern OP drugs and 
AChE protectors (i.e., pyridostigmine), pesticides, 
DEET-containing insect repellants, biological 
warfare agents and viruses, fumes resulting from 
jet fuel and burning oil-well fi res, and sand parti-
cles (silica).

The multiplicity of causative factors adds com-
plexity to the issue. In fact, many variables must 
be recognized: demographics, type and length of 
service, length of exposure, health, age, sex, and 
other individual characteristics. Also, overall eval-
uation is diffi cult because of the differences among 
tests and questionnaires (not standardized between 
evaluations). Altogether, the statistics are forbid-
ding. It is extremely diffi cult for evaluators to 
reach valid conclusions, especially for the 2001 
registry, initiated 10 years after the Gulf War.

Different conclusions were gained from each 
study, and every conclusion was challenged. 
Though many investigators concluded that OP-
related GWS existed (e.g., Haley et al., 1997a, 
1997b), the NIH Technology Assessment Work-
shop Panel (1994) denied that GWS occurred. 
Mahoney (2001) described GWS as a “social 
story” rather than an etiologically defi ned disease 
or health problem. The problem may not be solved 
in the near future, as several cohorts of ODS vet-
erans will be identifi ed, each cohort exhibiting a 
distinct syndrome (see, for example, Karczmar, 
1998).This author predicts that one of these 
cohorts will show signs of delayed OPIDN or 
DCT (see above, sections DI-1C and DII). In vin-
dication of this opinion, results from a recent reg-
istration (2001) suggest that the occurrence ratio 
of Lou Gehrig’s disease (muscle dystrophy, amy-
otrophic lateral sclerosis [ALS]) among Gulf War 
veterans and controls is 2:1, and ALS resembles, 
in many respects, OPIDN (Stolberg, 2001; see 
also Time, “Old War, New Victims,” October 6, 
2003). However, some doubts were raised with 
regard to the reliability of this result, and a 2004 
study of Davis et al., which included approxi-
mately 2,000 veterans and 3,000 “non-deployed” 
personnel, found that the prevalence of distal 
symmetric polyneuropathy (DSP; this syndrome 
is related to but not necessarily identical to 
OPIDN) was not higher among deployed than 
nondeployed personnel; the neurological tests 
used in the study were carried out some 10 years 

following the Gulf War (see also Rose, 2003). 
And then there are attempts to side step the issue 
by referring to the Persian Gulf Syndrome as the 
chronic multisyndrome illness (CMI; Dominic 
Reda, personal information, 2005).

The question of genetic and teratologic delayed 
effects that may arise in veterans exposed to war 
gases was frequently raised. Generally, it appears 
that such effects did not take place, yet some data 
indicate that chromosomal effects may be present 
following such exposure (see, for example, Hirata 
et al., 2004); these fi ndings relate to those obtained 
in animals that suggest that early postnatal expo-
sure to OP may induce developmental changes (see 
Chapter 8D; Richardson and Chambers, 2005).

Aside from programs dealing with clinical 
evaluations of ODS veterans, animal research has 
been initiated and carried out at a number of envi-
ronmental hazard VA centers, and academic and 
federal laboratories. These studies test pyridostig-
mine or OP agents with direct (channel) effects 
and neurotoxic phenomena. Furthermore, research-
ers investigate interactions among OP drugs, 
excitatory transmitters, and their exocytotoxicity, 
and other noncholinergic transmitters. Additional 
programs concern stress, pulmonary pathologies, 
genetic and morphogenetic phenomena (see, for 
example, Behra et al., 2004), viruses, infections 
and parasites, OP agents alone or combined with 
other compounds, silica, herbicides and other toxi-
cants, and immunological and endocrine factors 
(DVA, 1996, 1997). Currently, several dozens of 
pertinent animal research projects are being carried 
out; some of these studies deal with animal models 
in which combined effects of several agents, 
including prostigmine, and stress are evaluated 
(see, for example, Abdel-Rahman et al., 2004a, 
2004b). And, in many cases, it was found that 
many of the agents tested produce in animals 
effects corresponding to those characteristic for 
GWS.

Whether as war gases and terrorist weapons or 
as insecticides, antiChEs of the OP type constitute 
a source of signifi cant danger; the treatment of 
antiChE-induced poisoning is of paramount impor-
tance, especially with regard to the worldwide use 
of antiChE insecticides, which entails frequent tox-
icity (see Eto, 1974; Hayes, 1982; Karczmar, 1998; 
Singh and Sharma, 2000), and in view of the pos-
sibility that they can be used in terrorist attacks and 
future wars as a fatal weapon.
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E. Treatment of 
Anticholinesterase
Poisoning

Christison’s (1855) formidable self-experiment 
treating toxicity from the Calabar bean (by using 
shaving water as an emetic) is the earliest Western 
record for using antidotes in antiChE poisoning. 
Following Christison’s study, Fraser (1872) 
studied antidotal properties of atropine less im-
petuously by conducting experiments on animals. 
Additional animal experiments illustrated atro-
pine’s antidoting properties. These experiments 
were carried out long before the bean’s cholinergic 
action was demonstrated. Ironically, Kleinwaech-
ter (1864) used the Calabar bean extract to coun-
teract atropine (see section A).

It is unclear when atropine was fi rst used in 
humans as an antiChE antidote, but German, 
British, and US scientists working with OP drugs 
probably conducted experiments with atropine 
and other antimuscarinics during World War II 
(Holmstedt, 1959, 1963, 2000; Karczmar, 1970). 
In fact, aside from atropine and antimuscarinics, 
blocking and depressant drugs (i.e., curarimimet-
ics and ganglionic blockers, local anesthetics, 
benactazines, anticonvulsants, barbiturates, and 
phenothiazines) were studied as antagonists of OP 
and carbamate toxicity (see Karczmar, 1967; 
Wills, 1970). The nonatropinic agents are ineffec-
tive antidotes (when combined with other drugs 
they may show some protection). However, anti-
convulsant agents (i.e., NMDA antagonists) are 
being explored (see, for example, Lallement et al., 
1998 and 1999).

Atropine is an effective antidote and prophy-
lactic for OP and carbamate toxicity. When used 
for treating OP poisoning, atropine must be 
administered within 1 hour before exposure to the 
antiChE. Note that effective atropine doses for 
antiChE treatment are much larger (e.g., 5 to 
10 mg in repeated doses) than doses used in routine 
therapy.

Whether as war gases, terrorist weapons, 
or insecticides, antiChEs including the OP 
agents are a source of signifi cant danger. As 
mentioned previously, discovering a treatment for 
anti cholinesterase-induced poisoning is of para-
mount importance, especially since the worldwide 
use of antiChE insecticides entails frequent toxic-
ity (see Eto, 1974; Hayes, 1982; Karczmar, 1998; 
Singh and Sharma, 2000). It should be added that, 

particularly in the case of insecticides and herbi-
cides, it is important to be able to detect their pres-
ence—this may be an ultimate prophylactic means. 
Several sensors were developed, and hybrid “bio-
sensors” are available that appear to be sensitive at 
nanomolar levels (see, for example, Lei et al., 
2004).

1. Treatments and Prophylaxis 
of OP Drugs

It should be stated fi rst that when a case of 
human toxicity is suspected to be due to exposure 
to OP drugs (and carbamates), antiChEs as the 
cause of the toxicity have to be fi rst established. 
Conditions (such as agricultural or a pertinent 
industrial milieu, and war or terror circumstances) 
and certain specifi c symptoms may lead to such a 
verdict, yet testing for inhibited ChEs constitutes 
fi nal identifi cation of antiChE toxicity (probably 
appropriate blood analysis—which, nowadays, 
can be very fast—is the only test of any practical 
use). Besides ChEs, other markers, such as phso-
phorylated albumin, may serve the same purpose 
(Peeples et al., 2005).

Many investigators attempted to prevent or 
antidote antiChE toxicity by using reversible 
antiChEs for AChE protection, atropinics, and 
oximes (see section A1), and workshops exploring 
new antidotal and prophylactic methods were 
organized by the DOD and other organizations 
(see, for example, Karczmar, 1984). “Sponging” 
or “sink” compounds are among the antidotes pro-
posed. These compounds eliminate or sidetrack 
OP drugs before they arrive at their targets (i.e., 
AChEs, ChEs, and polyanions). Albumins and 
related compounds act as sponges, and blood 
albumin is a natural sponge (Silva et al., 2004).

Other prophylactics are compounds that hydro-
lyze OP agents (“scavengers”). Among those are 
naturally occurring arylesterases such as praox-
onases, studied particularly by La Du, Sorenson, 
and Primo-Parmo. Their antiatherogenic action 
may constitute their normal function (Sorenson et 
al,. 1995); however, La Du and his associates 
stressed their anhydrolase action on OP agents and 
proposed that these agents may serve as endoge-
nous guardians against toxic agents, including, 
besides OP drugs, oxidized lipids and bacterial 
ebdotoxins (La Du et al., 1999). Several meetings 
were devoted to the development of paraoxonase 
and related agents for treatment and prophylaxis 
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of OP poisoning; an interesting aspect of this pos-
sibility is that sera of certain animals such as 
rabbits are particularly rich in serum paraoxonase 
and thus may serve as good providers of paraox-
onase (Kuo and La Du, 1995). A refi ned “scaven-
ger” process combines OP hydrolyzing enzymes 
(anhydrolases) with delivery systems, encapsulat-
ing the “scavengers” into circulating liposomes 
(see, Petrikovics et al., 2000a, 2000b and Li et al., 
2000).

Early, it was proposed that infusions of ChEs 
may antagonize OP or carbamate poisoning 
(Karczmar et al., 1953). Some 50 years later, this 
notion is not quite dead (Guven et al., 2004; 
Ashani and Pistinner, 2004).

Other experimental antidotes include immu-
nizing agents, specifi c cholinergic receptor antag-
onists, and drugs preventing delayed behavioral 
responses to OP agents (see Karczmar, 1984; 
Gunderson et al., 1992; and Smythies and Golomb, 
2004). These novel antidotes have not been tested 
in fi eld conditions.

War gases easily penetrate animal and human 
skin. Currently, agents (i.e., hypochlorites and 
alkali) decontaminating the environment or the 
skin (Cabal et al., 2004) are used to prevent war-
gas toxicity. Masks and protective clothing are 
also used (Wills, 1963).

a. Animal Experimentation

Specifi c OP antidotes were intensely explored 
in animals. First, reversible antiChEs were tested. 
Prophylaxis using reversible tertiary antiChEs (i.
e., physostigmine) and quaternary antiChEs (i.e., 
neostigmine and pyridostigmine) protect animals. 
When antidotal effi cacy of the compounds was 
tested, they protected rodents, guinea pigs, and 
primates against 2 to 4 median lethal doses (LD50) 
of OP agents such as isofl uorophate (DFP) and 
sarin (Karczmar, 1967; Wills, 1970; see also US 
Army Chemical Defense Bioscience Reviews, 
1985, 1990). The antiChEs must be administered 
in doses inhibiting at least 50% of AChE in the 
animals’ blood, CNS, and peripheral nervous 
system.

Oximes are OP antidotes that may be used 
prophylactically or antidotally. Wilson showed 
that the oxime antidotal potency is similar or supe-
rior to carbamate potency in mice (Wilson et al., 
1955; Wilson, 1959; see also section A). Pralidox-
ime was the most effective oxime synthesized and 

tested by Wilson. Following his discovery, more 
oximes were synthesized, yet pralidoxime is still 
one of the most effective reactivators (see Hayes, 
1975). Note that when prophylactically employing 
oximes, they are not useful after phosphorylated 
AChE is aged (see section BII-2). In addition, 
oximes are not equally effi cient against all OP 
drugs. For example, pralidoxime is not effective 
against sarin (see Wills, 1970). Among the pesti-
cides, ethoxy pyrophosphorus derivatives (i.e., 
tetraethyl pyrophosphate, TEPP) and ethoxy com-
pounds (i.e., parathion) are more sensitive to 
oxime reactivation than methoxy derivatives (i.e., 
isodemeton). However, the validity of these 
reports is controversial (see Hayes, 1975, 1982; 
Wills, 1970).

Furthermore, the effectiveness of oximes in 
treatment may be limited because, as quaternaries, 
they cannot penetrate the CNS (see, for example, 
Waser et al., 1987; Bismuth et al., 1992; Balali-
Mood and Shariat, 1996). However, the quater-
nary nature of the oximes does not prevent them 
from reactivating peripheral AChE in the neuro-
myal junction, autonomic nervous system, and red 
blood cells; these effects should exert an antidotal 
action.

Actually, the notion that oximes cannot 
penetrate the CNS may not be valid. In 1960, 
Vincenzo Longo, David Nachmansohn, and 
Daniele Bovet used electroencephalographic 
data to prove that oximes are centrally effective 
against sarin.

Drug combinations used prophylactically 
(“prophylactic cocktail”) or as a treatment are the 
most effective way to deal with OP drug toxicity 
(Balali-Mood and Shariat, 1998). Many combina-
tions were tested and usually included a reversible 
antiChE, an oxime, and atropine. The most effec-
tive cocktail components are pyridostigmine, 
atropine, and either pralidoxime or obidoxime. 
This cocktail may protect animals against 10 to 20 
LD50 doses of most OP agents (see Wills, 1970; 
Karczmar, 1984; Eto, 1974).

b. Human Experience

After studying cases of OP poisonings in Iran, 
Balali-Mood and Shariat (1998) found that prali-
doxime and atropine were very effective for 
treating the poisonings. They also found some 
reactivation of red blood cell AChE when admin-
istering the oximes within 6 hours of exposure. 
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Altogether, the Iranian investigators idiosyncrati-
cally concluded, “The inhibition of central 
AChE  .  .  .  of the CNS  .  .  .  is less important  .  .  .  with 
regard to OP toxicity.” Their report is question-
able. The insignifi cance of CNS AChE inhibition 
is arguable, as 6 hours after OP exposure the phos-
phorylated enzyme should have aged and become 
resistant to reactivation.

Ecobichon (1996) espoused a view similar to 
that of Balali-Mood and Shariat (1998): he sug-
gested that serious poisoning from exposure to 
organophosphorus insecticides required treatment 
with atropine-oxime combinations. Nevertheless, 
OP toxicity and its symptoms will occur when 
prophylactic measures are not employed or 
fail (e.g., when oximes are given after phosphory-
lated AChE has aged). Once OP toxicity occurs, 
the only recourse is to antagonize the symptoms, 
making atropine, anticonvulsants, and other 
symptomatic treatment modes effective (i.e., 
artifi cial respiration). Prophylactic cocktails may 
also be employed. Note that oximes are toxic 
(i.e., liver toxicity from obidoxime), and atropine 
should be used alone in poisonings that are less 
severe.

It is of interest that La Du and his associates 
(Haley et al., 1999) found an association between 
ODS symptomatology and low serum activity 
of the paraoxonase of the patients exhibiting 
the syndrome; this fi nding suggests that the 
development of paraoxonase treatment may be 
indicated for the therapy of OP toxicity (see above, 
section E-1).

c. Treatment of OPIDN Toxicity

Cholinergic antagonists used to treat OP drug 
toxicity are not effective against OPIDN; thus, 
other avenues have been explored. Nicotinic acid 
derivatives were tested. These derivatives delayed 
triorthocresyl phosphate (TOCP)-induced OPIDN, 
though the mechanism for the effect was unclear 
(Rogers et al., 1964). Then, Richardson (1992) 
found that NTE inhibitors link either reversibly or 
irreversibly with NTE (see section BII-3, above). 
On this basis, he and others tested reversible NTE 
inhibitors (i.e., PMSF, its analogs, and carbamates) 
as OPIDN preventers (Richardson, 1992; Johnson 
and Read, 1993; Piao et al., 1995; Massicotte 
et al., 1999). However, using reversible NTE 
inhibitors is problematic, as they may promote 

OPIDN development (see section BII-3). Cur-
rently, their OPIDN promotion seems to nullify 
their use (Piao et al., 1999).

2. Treatment of Toxicity 
Induced by Non-OP 
AntiChEs

When considering treatments for carbamate 
antiChE poisoning, it is important to note how the 
poisoning occurs. The poisoning may develop 
when agricultural workers are exposed to carba-
mate insecticides. These drugs are also used 
in suicide attempts (Ecobichon, 1996). Another 
unexpected danger relates to plant-based bever-
ages containing naturally occurring antiChEs. For 
example, there was a case involving two individu-
als who drank tea mistakenly prepared with the 
dried herb fi r club moss, Lycopodium selago,
instead of the herb Lycopodium calvum. Since 
Lycopodium selago contains huperzine A (see 
section BI-1), the two individuals exhibited typical 
cholinergic symptoms, and huperzine A was iden-
tifi ed in their blood. Fortunately, they recovered.

Note that AChE carbamylation is a short-lived 
phenomenon, as carbamates are reversible inhibi-
tors (see section BII-2). Dimethyl compounds 
are a special case: they produce a carbamylated 
anticholinesterase, which may be reactivated 
with oximes. However, oximes are harmful when 
employed in animals poisoned with monomethyl 
carbamate, and a man who ingested carbaryl died 
6 hours after a 2-PAM treatment (Farago, 1969; 
Hayes, 1982).

Usually, toxicity from carbamate and related 
“reversible” antiChEs does not require treatment. 
Rest and supportive measures are recommended. 
Atropine is used in severe cases of poisoning. Arti-
fi cial respiration and/or oral or intravenous doses 
of atropine (around 10 mg) are needed for more 
serious cases. Anticonvulsants or sedatives are 
used to treat the rare occurrence of convulsions.

F. Cholinergic Teratology

The morphogenetic and teratologic effects of 
OP compounds came to intense consideration 
within the context of Gulf War, and several regis-
tries were and still are concerned with this subject. 
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On the whole, the evidence for the occurrence of 
teratology as a result of possible exposure of 
humans to war gases in the course of the Gulf War 
is inconclusive or absent.

This is not to state that antiChEs of either car-
bamate or OP type cannot produce morphogenetic 
effects; in fact, the presence of such effects was 
established as early as at the beginning of the 19th 
century, that is, long before the discovery of 
cholinergic transmission (see section A, above; 
Chapter 8 D; Karczmar, 1963; Karczmar et al., 
1973). Subsequently, it was demonstrated that 
these effects are caused by carbamates and both 
insecticide and war gas OP agents in many species, 
both vertebrate and invertebrate, ranging from 
echinoderms and arthropods to fi shes and mammals. 
The effects in question vary from antigrowth, 
neurotoxic, spermicidal and antiovarian action to 
extrogastrulation, arrest of neurogenesis, and mal-
formations, whether of body symmetry, the skele-
ton, or the endplate (Karczmar, 1963; Karczmar et 
al., 1973; Luca and Balan, 1987; Vernagy, 1992; 
Schuytema et al., 1994; Crumpton et al., 2000). For 
example, the skeletal effects included, in the chick, 
the occurrence of “wry neck,” “rumplessness,” 
micromelia, and syndactilism, while the effects on 
sperm or ova included gametocidal actions as well 
as morphological effects (Luca and Balan, 1987); 
furthermore, DNA damage was also noticed (Rich-
ards and Kendall, 2002), while the neurotoxic 
action involved the inhibition of neurite growth 
(Crumpton et al., 2000).

It should be noted that in many of the pertinent 
experiments, high doses of antiChEs were needed 
to obtain the effects in question, sometimes above 
those that produce complete inhibition of AChE; 
however, this was not a universal fi nding. Accord-
ingly, direct rather than antiChE actions may have 
been involved in some of the teratologic, morpho-
genetic, and toxic actions of these compounds.

Interesting consequences were the postnatal 
behavioral effects of prenatal exposure to antiChEs. 
Thus, in mice, prenatal (7 to 14 day of develop-
ment ) exposure to OP drugs and OP insecticides 
in concentrations that inhibited signifi cantly but 
not completely AChE activity increased in the 
adults aggression and agonistic behavior in the 
absence of visible teratogenic and neurogenetic 
effects (Karczmar and Srinivasan, reported at the 
1973 Symposium on Fetal Pharmacology, un-
published). Somewhat similarly, early postnatal 

exposure of mice to an insecticide during 11 to 14 
postnatal days caused an increase in agonistic and 
novelty-seeking behavior (Ricceri et al., 2003); 
the problem here is that this treatment did not 
affect AChE, while an earlier postnatal treatment 
that reduced AChE activity had no behavioral 
effects.

It should be added that antiChEs, particularly 
the OP insecticides, may induce developmental 
teratology via acting on entities other than the 
cholinergic system, for example, on serotonergic 
transmission (Aldridge et al., 2003).

An interesting aspect of the matter of teratol-
ogy concerned with cholinergic pharmacology is 
that while antiChEs and cholinomimetics induce 
malformations, so do, paradoxically, cholinolyt-
ics, such as atropine and drugs that block ACh 
synthesis, such as hemicholinium (although the 
pertinent studies are relatively few; see Karczmar 
et al., 1973; Buznikov, 1990). The speculative 
explanations for this paradox may be as follows. 
Neurotransmitters, including ACh, act as synapto-
gens, trophics, and developmental facilitators (see 
Chapter 8 CIII), so antiChEs may produce terato-
logic effects via unbalancing neurotransmitters 
involved in development, or via blocking, at high 
doses, cholinergic transmission and thus inhibit-
ing cholinergic synaptogenic and developmental 
effect, while cholinergic blockers and hemi-
choliniums may produce this latter action (see 
Karczmar et al., 1973).

It should be added that cholinergic teratology 
and related conditions can be caused as well by 
dietary defi ciencies in such cholinergic substances 
as choline (see Albright et al., 2001 and Chapter 
8 BII).

Notes

1. The late Percy Julian, my friend and Oak Park neigh-
bor, was a great synthetic chemist; he is particularly 
known for his synthesis of corticosteroids. This syn-
thesis was patented and Percy became a rich man.

2. Peter Pauling was the son of Linus Pauling, a double 
Nobel Prize winner. Linus Pauling’s race with Crick 
and Watson to establish the structure for DNA is 
famous; Watson and Crick won when they demon-
strated that DNA’s structure is the double helix. As 
a son of a genius, Peter was not satisfi ed being “only” 
a distinguished biochemist, and the short life of Peter 
was not a happy one.
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3. Wilson tested the oximes in mice dying from DFP 
poisoning. After he observed their miraculous recov-
ery, he ran into Nachmansohn’s offi ce with the happy 
news. Nachmansohn only grumbled, “You were 
lucky.”

4. Tom Brokaw quoted a reliable source stating that 
Saddam Hussein purchased large amounts of atropine 
in 2002. This report indicated that Hussein might 
have been planning to use war gases in the war with 
the United States; he would then have needed atro-
pine to protect his own soldiers in the event. However, 
subsequent developments threw doubt on Hussein’s 
possession of war gases at the outset of the second 
war with Iraq, or his intent to use them.
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A. Historical Introduction

This chapter concerns three related cholinergic 
subjects (1) development, or ontogenesis, and the 
related subject of phylogenesis; (2) trophic activi-
ties, and growth and nerve growth factors; and (3) 
teratology. In addition, ontogenetic aspects are 
akin to phylogenetic and comparative consider-
ations, and will also be touched on.

Development involves ontogenesis of the cho-
linergic components (i.e., choline acetyltrans -
ferase [CAT], various cholinesterases [ChEs], 
acetylcholine [ACh], and muscarinic and nicotinic 
receptors) and the relationship between their 
development and transmission and function. In 
fact, this relationship was the subject of the earli-
est investigations pertinent to this chapter. While 
the cholinergic system’s signifi cance for periph-
eral autonomic nervous function was proven by 
Loewi and associates in the early 1920s (Loewi, 
1921; see also Loewi, 1960), its central role was 
not clear at the time and, during the 1930s, Nach-
mansohn, Youngstrom, and Bacq (see Nachman-
sohn, 1938, 1939; Youngstrom, 1938a, 1941; 
Bacq, 1975; see also Bacq, 1975) hypothesized 
that establishing a link between the ontogenetic 
and phylogenetic appearance of AChE and the 
onset of motility will support the notion of the 
central transmittive function of AChE and of the 
cholinergic system (see also Chapter 1 B-1 and 
section BII-6, below). An interesting feature of 
these early studies is that some of Youngstrom’s 
studies involved a 56-day human embryo. (For a 
photograph of Nachmansohn, see Figure 7-1.)

Accordingly, Zenon Bacq (1935) and Bullock 
and Nachmansohn (1942) related the phylogenesis 
of motility to the presence of a ChE: no enzyme 
was found in a protozoan, Paramecium multimi-

cronucleolatum, or in the sponge Scypha, while 
signifi cant amounts were found in the Hydrozoa
“coinciding with the fi rst appearance of a differ-
entiated nervous system” (Bullock and Nachman-
sohn, 1942). The problem with this notion is that, 
as is well known today, ChEs and other compo-
nents of the cholinergic system appear in nonner-
vous tissues as well as in monocellular organisms 
devoid of neurons and incapable of motility (see 
also below, section BIV); also, they relate to con-
ductile systems such as cilia and, accordingly, are 
present in Teterahymena gelii and Trypanosoma
rhodesiense (see Karczmar, 1963a, 1963b). David 
Nachmansohn (1938, 1939) related the motility of 
chick embryo to the ontogenetic arrival of ChE 
and to the rate of its developmental increase. With 
more precision, Charles Sawyer (1943, 1944) 
related the appearance of specifi c motor activities 
(i.e., “the early coil,” “fl utter,” and various types 
of swimming) and autonomic function (i.e., 
cardiac beat of the urodeles and fi sh) to the appear-
ance and rapid increase of ChE levels (see Figures 
8-1 and 8-2). During Sawyer’s studies, consider-
able motor and autonomic activity was recorded 
prior to the appearance of signifi cant enzymic 
activity (although some activity was noticed in the 
premotile stages of the urodele Amblystoma).
Most likely, the activity resulted from the lack of 
sensitivity in the methods available in the 1930s 
and 1940s for evaluating ChEs. In fact, Sawyer 
and Nachmansohn did not differentiate between 
AChE and BuChE in their studies. However, on 
the whole, Nachmansohn, Youngstrom, Bacq, and 
others (for additional references, see Karczmar, 
1963a, 1963b) did demonstrate a link between 
ChEs and function, and this fi nding elegantly 
complements the proof of the synaptic, transmit-
tive role of the central cholinergic system pro-
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vided by Sir John Eccles some 20 years later 
(Chapter 9 A).

Further investigations of cholinergic develop-
ment included studies of the ontogenesis for all 
cholinergic components (i.e., cholinergic recep-
tors, uptake systems, CAT, etc.) and of the rela-
tionship between their developmental manifestation 
and the appearance of specifi c synaptic events 
(i.e., synaptic potentials and synaptic transmis-
sion) and specifi c functions. These later studies, 
conducted by Victor Hamburger, Metzler and 
Humm, Bonichon, and others more clearly 
depicted the ontogenetic appearance of AChE and 
ACh or CAT, the rapid rate of their development, 
and the onset and subsequent fast rate of neuro-

genesis and certain types of function (see, for 
example, Bonichon, 1957; Hamburger, 1948; see 
also Karczmar, 1963a). Particularly detailed were 
the studies of Shen et al. (1956) of the appearance 
of AChE during the development of the chick 
embryo retina. This study led to the early demon-
stration of the existence of cholinergic synapses 
between ganglion and amacrine cells, and, com-
bined with the earlier work of Lindeman (1947) 
related the presence of the papillary constrictor 
refl ex with the cholinergic maturation of the 
retina.

An important fi nding of these early studies was 
the presence in many species, both vertebrate 
and invertebrate, of AChE, BuChE, and, in some 
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studies, of ACh prior to neurogenesis. In the chick, 
ACh and AChE appear very early in neurogenesis, 
before the onset of transmission, function, or syn-
aptogenesis. Actually, in many invertebrate or 
vertebrate forms, ChEs are present in the gastrula 
or blastula. In fact, these components of the cho-
linergic system were found in unfertilized egg 
of Drosophila melanogaster, sea urchins, and 
amphibia (see, for example, Augustinsson 
and Gustafson, 1949; Numanoi, 1957; Poulson 
and Boell, 1946; for further references, see Karc-
zmar, 1963a; Karczmar et al., 1973; Buznikov, 
1984; Buznikov et al., 1996; see Chapter 9 BI).

There are several bases for the relationship 
between cholinergic ontogenesis and the second 
topic of this chapter, cholinergic trophic activities 
and the growth factors and nerve growth factor 
(NGF; Levi-Montalcini and Amprino, 1947). The 
fi rst hint of a relationship was offered by the early 
evidence for the precocious developmental appear-
ance of the cholinergic components. These fi nd-
ings led Karczmar (1963a; see also Karczmar, 
1946) to speculate, “The cholinergic system or its 
components not only condition transmission and 
function, but also induce anatomic substrates of 
these processes and act as inductors or evocators.” 
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This speculation relates to Eccles’ concept (cf. 
McGeer et al., 1978) that, besides its “synapto-
tropic” role, the cholinergic system also carries 
out a “metabotropic” role. In fact, the nervous 
system generally and the cholinergic system spe-
cifi cally may exert a trophic or morphogenetic 
infl uence not only during ontogenesis but also 
under entirely different circumstances. For 
example, these nerve-induced trophisms occur 
during tissue or limb regeneration (Karczmar, 
1946). Also, trophisms emanate from the motor 
nerves at the neuromyal junction, where they are 
involved in receptor regulation and denervation 
sensitization (Guth, 1968). Gennady Buznikov 
(1984) referred to this precocious appearance of 
ChEs or ACh as “prenervous” and linked the 
appearance with a regulatory and trophic role of 
the cholinergic system. Buznikov and his associ-
ates (2003, 2005) (Lauder, 1993, Lauder and 
Schambra, 1999) pointed out that in addition to 
ACh, other transmitters (particularly serotonin) 
also play a role. They referred to these transmitters 
as “morphogens.”1

Ontogenesis of the cholinergic system relates 
to trophisms via the trophic function of the cho-
linergic components during their precocious, 
prenervous appearance and via the converse phe-
nomena of the biochemical and morphological 
dependence of cholinergic ontogenesis on trophic 
factors. The earliest known is the NGF. This factor 
was discovered by Rita Levi-Montalcini (Levi-
Montalcini and Amprino, 1947; Levi-Montalcini, 
1965; and Bueker (1948), Victor Hamburger 
playing a signifi cant role in this discovery (Levi-
Montalcini, 1982). In this context, Victor Ham-
burger made an interesting point as he analogized 
the role of trophics with the role of chemical 
embryonic induction of structures such as neural 
tube; the discovery of this induction and of its 
chemical nature is a classical event in the fi eld 
of embryogenesis (Spemann, 1938; Hamburger, 
1997). Today, we distinguish a number of trophic 
factors, originating from sources including venoms 
and the CNS (Gage and Bjorklund, 1987). Accord-
ingly, the mutual phenomena of trophisms affect-
ing and induced by the cholinergic system are also 
discussed in this chapter.

The third topic of this chapter, cholinergic 
teratology, links with both cholinergic ontogene-
sis and its trophic aspects. The early fetal and 
embryonic onset of cholinergic ontogenesis 

implies that cholinergic and anticholinergic drugs 
should affect development. Furthermore, as the 
cholinergic system exerts trophic and morphoge-
netic infl uences, the interference with this system 
should affect development as well. In fact, teratol-
ogy caused by cholinergic and anticholinergic 
drugs was described long before cholinergic trans-
mission and cholinergic ontogenesis were estab-
lished (Mathews, 1902; Sollmann, 1902; for 
further references, see Karczmar, 1963b and 
Buznikov, 1984).

BI. Cholinergic Ontogeny: 
Precocious Developmental 
Appearance of the 
Components of the 
Cholinergic System

1. Gametal and Preneuronal 
Appearance of the 
Components of the 
Cholinergic System

The fi rst studies of the ontogenetic appearance 
of the components of the cholinergic system were 
carried out in the 1930s and 1940s; they involved 
the measurement of ChEs as the pertinent meth-
odology became available at that time, antedating 
the techniques for the quantitative measurement 
of CAT and ACh (see Karczmar, 1963a). These 
early fi ndings involve both vertebrates and inver-
tebrates, and they deal with neurogenetic stages 
of development. However, some of this work con-
cerned earlier ontogenetic stages and led to the 
important discovery of the precocious, or “prener-
vous,” appearance of ChEs (Karczmar, 1963a; 
Buznikov, 1988; Buznikov et al., 1972).

These early concepts of the precocious appear-
ance of cholinergic components were expanded to 
even include gametes. ChEs were found in sperm 
and unfertilized eggs (oocytes) of both the inver-
tebrates and the few vertebrates that were studied 
(Poulson and Boell, 1946; Tibbs, 1960; for further 
references, see Karczmar, 1963a; Koelle, 1963; 
Fischer, 1971; Kusano et al., 1982; Buznikov, 
1990; Buznikov et al., 1996). In addition, Hermona 
Soreq and associates (1987) established the pres-
ence of AChE in human oocytes using state-
of-the-art molecular biology techniques.  It is 
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interesting that this gametal appearance of ChEs 
and other cholinergic components (see below, this 
section) may be reduced or perhaps even elimi-
nated after fertilization (Buznikov et al., 1996; 
Eusebi et al., 1979; Kusano et al., 1982; see also 
below, this section).

The postfertilization, preneural presence of 
ChEs was demonstrated during the 1930s and 
1940s for many invertebrate species, such as a 
number of insects (Poulson and Boell, 1946) and 
the sea urchin; in fact, AChE appears in the urchin 
embryo soon after fertilization (Augustinsson 
and Gustafson, 1949; see Figure 8-3). In addition, 
AChE activity was found to be high in the primor-
dial echinoderm gut (Martynova, 1981; Markova 
et al., 1985).

ChEs are also present precociously during pro-
tovertebrate, Ciona ontogenesis (Durante, 1956), 

and they exist in the preneural chick embryo, as 
was shown in 1934 by Ammon and Schutte, who 
developed the manometric method for the mea-
surement of these enzymes. AChE was specifi -
cally measured in most of the studies carried out 
during the late 1940s and 1950s (less discriminat-
ing methods were used previously). The enzyme 
was noticed at the gastrula stages of chick (Laas-
berg, 1990) and even earlier, during the 2- or 4-
cell stage in maphibia (Youngstrom, 1938; see 
also Karczmar, 1963a.)

Gennady Buznikov and others confi rmed this 
early work (see, for example, Buznikov et al., 
1972, 2001) and demonstrated the precocious 
appearance of ChEs in additional forms, such as 
crustacea (Raineri and Falugi, 1983), the leach 
(Fitzpatrick-McElligott and Stent, 1981), the fi sh 
(in several instances, AChE was measured; Fluck, 
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1978, 1982), and the rat (Metzler and Humm, 
1951; for additional references, see Buznikov, 
1996; Karczmar, l963a; and Drews, 1975.) 
Actually, Sawyer (1944) found “no demonstrable 
cholinesterase” in the premotile fi sh Fundulus
heteroclitus (i.e., during preneurogenesis), 
contrary to Fluck’s (1978, 1982) subsequent fi nd-
ings; the reason for this discrepancy is simple: the 
earlier investigator used a relatively insensitive 
method for his measurement of ChE (he also did 
not discriminate between AChE and BuChE). 
Altogether, whenever ChEs were not found in the 
early, preneurogenetic embryo of any species and/
or the gametes, it may be surmised that these nega-
tive fi ndings resulted from technical failings, 
and that the general precocious presence of ChEs 
including AChE in the blastomere stage of 
ontogenesis or even the gametes constitutes the 
norm.

Studies of the early appearance of ACh, CAT, 
and the cholinergic receptors were initiated in the 
1950s to 1980s; these studies showed that, similar 
to ChEs, other components of the cholinergic 
system appear in many forms long before the 
neurula stage and neurogenesis. Thus, precocious 
presence of CAT, ACh and/or cholinergic recep-
tors was reported for echinoderms, ascidia, tele-
osts, and amphibia; in fact, in amphibia ACh 
existed in preblastomeric stages and in unfertil-
ized egg (see, for example Numanoi, 1953, 
Reshetnikova, 1970, Fluck, 1978; Duprat et al., 
1985; Ivonnet and Chambers, 1997; for further 
references, see Buznikov, 1973). However, the 
presence of cholinergic receptors could also be 
demonstrated directly. Binding studies (including 
investigations of the binding of choline; Duprat et 
al., 1985) demonstrated the preneural presence of 
catecholaminergic, cholinergic, and serotonergic 
receptors in many vertebrate and invertebrate 
species (see Buznikov, 1973). Furthermore, mus-
carinic receptors were found in the mesenchyme, 
cartilage, and myotomes of the chick limb bud and 
in the primordia of the mouse palate (Reich and 
Drews, 1983; see also Lauder and Schambra, 
1999; Buznikov, 1973). ACh synthesis and choline 
binding were present in 5-day-old cultures of 
amphibian neural primordium 5 days before the 
onset of synaptogenesis (Duprat et al., 1985). 
Also, the presence of receptor-channel macromol-
ecules in fi sh and mammalian oocytes was 
confi rmed in studies using microelectrode and 

iontophoretic methods (Eusebi et al., 1979; Kusano 
et al., 1982; Dascal and Landau, 1980; Hagiwara 
and Jaffe, 1979); for example, Kusano et al. (1982) 
demonstrated the presence of ACh-induced current 
in the membranes of unfertilized fi sh oocytes. The 
current exhibited typical chloride-driven musca-
rinic response characteristics for receptor-channel 
macromolecules and was particularly intense in 
the animal hemisphere; that membrane-located 
receptors were involved was indicated by the 
fi nding that there were no intra-oocytic responses. 
Actually, the prenervous presence of nonneuronal 
cholinergic receptors may be surmised from the 
presence of ACh during the early stages of onto-
genesis; also, ACh, cholinomimetics, and cholin-
ergic antagonists affect early embryogenesis, 
including the cell cleavage stage of several species, 
and these fi ndings are also consistent with the very 
early presence of cholinergic receptors (Karczmar, 
1963b; Buznikov, 1990).

As already noted, cholinergic components 
including ChEs and the oocytic receptors or 
receptor-channel macromolecules may disappear 
following fertilization (Kusano et al.,1982; Eusebi 
et al., 1979; Buznikov et al., 1996). Does the pres-
ence of cholinergic components in the gametes 
and the fertilized oocyte denote their special role 
at the time? Do they disappear after they have 
fulfi lled this role? Do cholinergic components 
present during ontogenesis appear de novo? Actu-
ally, there is a paucity of studies concerning the 
presence of cholinergic components in the crucial 
period between the appearance of gametes and 
early ontogenesis; further work may establish 
that actually there is a continuity, beginning with 
gametes and ending with ontogenetic maturation, 
with respect to cholinergic components. This 
matter will be discussed further in section BII-1 
and BII-2 of this chapter.

It must be noted that this precocious, prener-
vous appearance of the cholinergic components 
not only is characteristic for the central nervous 
system (CNS), but also occurs during ontogenesis 
of the autonomic ganglia and the parasympathetic 
system, the neuromyal junction, and the heart (see 
section BIII). For example, ACh and/or ChEs 
appear precociously in the hearts of the rat and the 
chick (Sippel, 1955; Zacks, 1954, McCarty et al., 
1960; see also Karczmar, 1963a, 1963b).

An interesting facet of these phenomena is that 
the cholinergic components present in the blastula 
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move during subsequent ontogenesis into the 
animal poles of the gastrula, i.e., into the future 
localization of the vertebrate neurula. However, 
they seem occasionally to be “left behind” in non-
nervous primordia; the same seems true with 
respect to the developmental route of cholinergic 
components in invertebrates (see Karczmar, 
1963a; Buznikov, 1973). In fact, in some fi sh 
and additional species, the cholinergic compo-
nents, particularly the cholinergic receptors, may 
be reduced—or even eliminated—after fertiliza-
tion (Buznikov et al., 1996; Eusebi et al., 1979; 
Kusano et al., 1982).

2. Cholinergic Components as 
Morphogens, or What Else?

The early synthesis and presence of choliner-
gic components in the gametes as well as later, 
during preneuronal development, signifi es clearly 
that these components must play a nonneuronal, 
nontransmittive role. What is this role? What 
may be the reasons for this precocious ontogenetic 
appearance of ChEs, ACh, CAT, and/or choliner-
gic receptors?

The presence of the cholinergic components in 
the egg, in the sperm, or in the unfertilized egg 
is diffi cult to explain, although in the case of the 
sperm their role may be similar to their function 
in the fl agellar systems of certain protozoa. The 
cholinergic components displayed during early, 
preneural ontogenesis may be “descendants” of 
components present in the gametes and in the fer-
tilized egg.

This explanation does not signify that the cho-
linergic components are “passive” during the pre-
neural stages of the developing embryo. In fact, 
these components augment in the course of the 
preneural stages, which indicates that they play a 
role during this period, although the rate of this 
increase does not compare with that exhibited in 
the course of neurogenesis (cf. Karczmar, 1963a; 
Buznikov, 1990). This role may relate, via appro-
priate ontogenetic and molecular mechanisms, to 
their future synaptic role. In agreement with this 
notion, Kusano et al. (1982) suggested that the 
cholinergic preneural receptors “are merely a by-
product of a largely depressed genome” as the 
original oocytic genome has a complexity greater 
than the genome of its cellular progeny (in sea 

urchins; Galau et al., 1976). This surplus may 
result in a few transcripts suffi cient to form the 
neural receptor macromolecules during subse-
quent development. In fact, following an injection 
of mRNA, the oocyte is competent to develop 
cholinergic responses (cf. Runft et al., 2002).

It is not inconsistent with this explanation that 
ChEs and the cholinergic receptors are localized 
in the animal pole of the unfertilized or fertilized 
egg and the blastomeres; this pole will sub-
sequently form the ectoderm and mesoderm, or 
the neurons and the muscle; thus, the precocious 
presence of cholinergic components relates to 
their future synaptic role (Kusano et al., 1982; 
Fitzpatrick-McElligot and Stent, 1981; Fluck, 
1978; Whittaker, 1973; for further references, see 
Buznikov, 1990). Particularly telling in this regard 
is an experiment carried out by Augustinsson and 
Gustafson (1949) in which the normal develop-
ment of the echinoderm sea urchin was “vegetal-
ized” by lithium. In other words, the development 
of the entoderm was facilitated and augmented at 
the expense of the ectoderm. Simultaneously, the 
development of AChE was more than halved, and, 
ultimately, neurogenesis did not occur (see Figure 
8-3; Karczmar, 1963a).

The preneurogenetic components of the cho-
linergic system would be even less “passive” if 
they were involved in trophic and morphogenetic 
phenomena. Cholinergic agonists engender growth 
and proliferation of nonneuronal cells in vitro, and 
they and noncholinergic transmitters (such as 
serotonin) or noncholinergic agonists trigger 
cleavage divisions of the fertilized echinoderm, 
rodent, avian, and amphibian eggs; cholinergic 
(and serotonergic) antagonists oppose these 
actions. Then the cholinergic elements regulate 
cell movements during gastrulation and, later, they 
regulate organogenesis; for example, muscarinic 
receptors are morphogenetic and organogenetic in 
the case of the mouse palate and in other instances 
(Drews, 1975; see also Lammerding-Koppel et al., 
1995; see also Nietgen et al., 1999; Wee et al., 
1980). Finally, cholinergic elements exert prolif-
erative effects on neural precursor cells (Cameron 
et al., 1998). However, these agents inhibit neu-
ritic outgrowth as well as stem cell proliferation, 
and these negative trophic effects are regulatory 
in nature. Whether the growth regulation is nega-
tive or positive depends on the method and dosage 
of the administration of the agonists, the develop-
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mental state of the neuron, the messenger systems 
that are activated, and presence of glial cells 
(Lauder, 1993). In addition, the teratologic effects 
on the early embryo of cholinergic antagonists are 
consistent with the notion of the trophic role of 
the embryonic cholinergic system (see section D). 
These morphogenetic actions of ACh and cholin-
ergic agonists are also illustrated by their prolif-
erative effects on cultures of nonneuronal cells, 
including astrocytes and fi broblasts (Weiss et al., 
1998; see also Lauder and Schambra, 1999). These 
activities are mediated by phospholipase C (PLC) 
as it activates mitogen-activated protein kinase. 
However, muscarinics may also promote inhibi-
tion of proliferation of certain cell types via acti-
vation of the G protein and resulting stimulation 
of adenylyl cyclase (Lauder and Schambra, 
1999).

Accordingly, Lauder and Buznikov referred 
to the cholinergic components as “morphogens” 
(Lauder and Schambra, 1999; Lauder, 1988, 1993; 
Sadykova et al., 1992; see also section A). Earlier, 
Karczmar (1963a, 1963b) proposed, on a similar 
basis, the term “inductors” for ACh and choliner-
gic agonists as they exert morphogenetic effect. 
This term was used by Hans Spemann (1938) to 
denote morphologic systems capable of induction 
of morphogenetic phases or steps (see also Ham-
burger, 1997).

Another, older term is also relevant; this term 
refers to the metabotropic role of the cholinergic 
system. It was fi rst used by Edith Bulbring and 
Joshua Burn (1949) with respect to the inotropic 
action of the cholinergic vagal system. Sir John 
Eccles (1964) expressed a similar opinion as he 
distinguished between transmittive or synapto-
tropic roles of ACh on the one hand and its 
metabotropic roles on the other. Finally, Joseph 
Blass presented a modern version of these opin-
ions as he associated the metabotropic function of 
the cholinergic system with mitochondrial energy 
metabolism (see Blass, 2001). Jaffe and Runft 
(Runft et al., 2002; Jaffe, 1990) stressed the 
importance of activation by the cholinergic system, 
particularly via muscarinic receptors of the second 
messengers and G proteins; they related this acti-
vation to the morphogenetic cholinergic action. 
This activation may also involve metabotropic 
effects needed for the formation or maintenance 
of cellular fi laments and cytoskeleton (see also 
Woolf, 1997, and Chapter 9 BVI).

The gametal presence of the components of 
the cholinergic system may also have a reason not 
related to neurogenesis and to the transmittive role 
of these components. They are synthesized either 
in the gametal somata or extracellularly, for 
example, in the yolk, and transported into the 
oocyte (see Buznikov et al., 1996). The oocytic 
cholinergic system may underlie the fertilization 
potential, which is present in several vertebrate 
and invertebrate forms and which serves to block 
polyspermy (which precludes development), as 
the block of the potential causes polyspermy 
(Hagiwara and Jaffe, 1979). The relevant point 
is that the ionic characteristics of the fertilization 
potential resemble those of the depolarizing 
response of the oocytic cholinergic receptor (there 
is some uncertainty as to the nicotinic or musca-
rinic nature of this response; Kusano et al., 1982; 
Hagiwara and Jaffe, 1979). Another early oocytic 
phenomenon is the activation response occurring 
during oocyte fertilization. Jaffe and Runft opine 
that a phosphoinositol (IP) cascade initiated at the 
IP receptors initiates free Ca2+ release; the musca-
rinic system that activates the IP cascade is likely 
to be involved in the fertilization activation. This 
release takes the form of a wave that starts at 
the animal pole (point of entry of the sperm) “and 
traverses the egg as a shallow  .  .  .  band which van-
ishes at the antipode some minutes later” (Gilkey 
et al., 1978; Jaffe, 1990); it appears that this phe-
nomenon is common for a number of vertebrates 
and invertebrates (Jaffe, 1995). A related sugges-
tion was that nicotinic gametal receptors may be 
needed for the intragametal fertilization process 
(Falugi, 1993; Jaffe, 1990).

One fi nal comment: as appropriate for this 
book, the cholinergic aspects of ontogenesis are 
stressed. However, this emphasis should not be 
construed to signify that only cholinergic phenom-
ena occur during development. In fact, dopamine 
and norepinephrine, serotonin, GABA and pep-
tides, and their catabolic and anabolic enzymes 
exist in the unfertilized oocyte and during pre-
neurogenetic ontogenesis (Kusano et al., 1982; 
Freychet, 1976; see also Buznikov, 1973; Buznikov 
et al., 1996). These substances elicit the responses 
of oocytic receptor-channel macromolecules. 
However, not all of the transmitters must be 
present during development in any given species. 
For example, only one catecholamine, dopamine 
was found during early echinodermal develop-
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ment (Welsh, 1968; see also Buznikov et al., 
1996). It seems likely, however, that such negative 
fi ndings are due to the use of insuffi ciently sensi-
tive techniques.

Altogether, the oocyte and the early embryo, 
prior to its entry into the organogenesis period, 
exhibit multitransmitter phenomena. Morphoge-
netic differentiation of cells, that is, organogene-
sis, leads to a limitation of the transmitter number 
in a specifi c tissue, organ, and site. Thus, the 
autonomic ganglia, the neuromyal junction, or the 
specifi c CNS pathway may exhibit, preferentially, 
the cholinergic cells. This transmitter differentia-
tion begins early; for example, the ratio of ACh, 
dopamine, and serotonin changes in the course of 
the mitotic phases of the second cleavage of the 
sea urchin egg, and similar changes were noted 
during early ontogenesis; the mechanism involved 
is unknown (Buznikov et al., 1972). This differ-
entiation is not absolute; today’s fi ndings indicate 
that a neuron may release more than one neu-
rotransmitter or modulator (see Chapter 9 
BIII-2).

This section concerns the morphogen role of 
the cholinergic components during early, preneu-
ral ontogenesis. However, these components con-
tinue exerting this function during neurogenesis, 
whether early or late. This matter is discussed in 
section CIII, below.

BII. Development of the 
Cholinergic System During 
Neurogenesis and 
Organogenesis

1. Early Neurogenetic 
Appearance and Subsequent 
Rate of Development

As already pointed out (see section BI) it is not 
clear how the precocious, prenervous components 
of the cholinergic system relate to those present in 
the neurula of the vertebrates and early nervous 
systems of the invertebrate sites. There is no 
doubt, however, that they are present in very early 
neural primordia. Thus, ACh synthesis and choline 
binding were present in 5-days-old culture of 
amphibian neural primordium, that is, 5 days 
before the onset of actual synaptogenesis (Duprat 

et al., 1985). In the chick, ACh and/or CAT were 
found in the neuroblasts and the neural crest at 2.5 
days of development (Kuo, 1939; Greenberg and 
Schrier, 1977), and other investigators also showed 
the presence of cholinergic components in the pre-
synaptogenetic nervous system of several species 
(see Karczmar, 1963a; Buznikov et al., 1996; 
Biagioni et al., 2000). This is also true for the CNS 
outgrowth, the retina. In the chick, AChE appears 
in the inner plexiform layer between the amacrine 
and the ganglion cells long before synaptization, 
as shown by Shen (1956) in his beautiful histo-
chemical studies of AChE. Choline acetyltrans-
ferase also appears prior to synaptization in the 
retinae of cat, chick, mouse, and opossum (Linde-
man, 1947; De Moura Campos and Hokoc, 1999; 
Kliot and Shatz, 1982; Zhang et al., 2005).

As already alluded to, the activity or the con-
centration of several “precocious” components of 
the cholinergic system increases relatively slowly 
during early embryogenesis and augments dra-
matically in the course of subsequent neurogene-
sis. This is true with respect to ChEs, or ACh, or 
both for the development of insects (Minganti 
et al., 1977; see Karczmar, 1963a; Chadwick, 
1963; Colhoun, 1963), crustacea (Raineri and 
Falugi, 1983), or vertebrates such as amphibia, 
fi shes, birds, and mammals, including the rodents, 
the primates, and the human (Sawyer, 1944; 
Bonichon, 1957; Kwong et al., 2000; see Karcz-
mar, 1963a; Drews, 1975; and Moreno et al., 
1998). To cite a few examples: AChE activity 
increases dramatically between the late gastrula 
and formation of the pluteus stage of the sea 
urchin (Augustinsson and Gustafson, 1949), and 
receptor binding appeared during these stages; it 
must be added that, as in the case of oocytic recep-
tors, the putative receptors disappeared in the 
course of subsequent development. AChE 
increases 15-fold in the primordial mouse brain 
between embryonic days 9 and 19 (Moreno et al., 
1988), and CAT activity is high during late neuro-
genesis of the cerebellum of the monkey (Hayashi, 
1987). Also, AChE increased rapidly in several 
vertebrate species during neurogenesis of periph-
eral sensory organs (i.e., retina), the vestibules, 
and the autonomic ganglia (Meza and Hinojosa, 
1987; Giacobini, 1986). It is of interest that the 
human exhibits a similar pattern of development 
of cholinergic components: transcripts and expres-
sion for the nicotinic receptors as well as CAT 



320 Exploring the Vertebrate Central Cholinergic Nervous System

appear in the human prenatal brain and the spinal 
cord at 4 weeks of gestation and increase very 
rapidly thereafter (Perry et al., 1986; Hellstrom-
Lindahl and Court, 2000; Brooksbank et al., 
1978).

This rapid increase in the levels or activity 
of cholinergic elements during neurogenesis may 
taper off subsequently, but, at the time of morpho-
genesis of cholinergic nuclei or pathways, their 
rapid augmentation may occur again. For example, 
in the human fetus, following the neurogenetic 
differentiation of the nucleus basalis complex, one 
of the important sites of cholinergic radiation in 
the adult, AChE activity augmented rapidly in 
this nucleus (Kostovic, 1986; Candy et al., 1985; 
Mathura et al., 1979; Armstrong et al., 1987).

The various components of the cholinergic 
system may not arise simultaneously in the nervous 
system. Actually, ChEs, including particularly 
AChE, appear very early in ontogenesis, that is, 
prior to neurogenesis (see section BI, above). In 
the human, the muscarinic receptors appear in the 
cortex or spinal cord relatively late in the differ-
entiation of the CNS, long after the emergence of 
AChE and 1 to 2 months after the appearance of 
nicotinic receptors, CAT, AChE, and ACh (Gremo 
et al., 1987; Ravikumar and Sastry, 1985; Brooks-
bank et al., 1978; Perry et al., 1986). Active 
muscarinic and nicotinic receptors also appear 
relatively late, compared to AChE and CAT, in 
the rodent and human cortex, hippocampus, and 
brainstem; the nicotinic rodent receptors and 
channels are similar to their adult receptor analogs 
(Hohmann et al., 1985; Slotkin et al., 1987; 
Aracava et al., 1987; Atluri et al., 2001). Particu-
larly, Perry et al. (1986) stressed that compared to 
CAT and AChE, M1 and M2 receptors emerge 
late in the human cortex. Similarly, muscarinic 
receptors emerge after the vagal innervation of the 
chick heart has occurred (Papanno, 1979; Galper 
et al., 1977; Liang et al., 1986). Also, the nicotinic 
and muscarinic receptors appear only on the 12th 
and 16th day of chick sympathetic ganglia devel-
opment, as appropriate responses to microelec-
trode stimulation of the ganglia could be recorded 
at the time (Dryer and Chiapinelli, 1985). More-
over, nicotinic receptors emerge before endplate 
innervation during neuromyal junction develop-
ment, but, again, after neuromyal appearance of 
AChE or ACh; at this early time these receptors 
do not appear in the concentrated form of the adult 

endplate but are spread over the myotubule sur-
faces (see, e.g., Kidokoro and Brass, 1985).

Ezio Giacobini (Giacobini, 1981, 1983; 1986; 
Hruschak et al., 1982) felt that the cholinergic 
elements appear during ontogenesis synchro-
nously and that their appearance relates well to 
synaptogenesis and transmission. Giacobini based 
his general opinion on data concerning the auto-
nomic parasympathetic and sympathetic ganglia, 
and this matter will be discussed below in section 
BII-2. However, it may be stated that this syn-
chronicity is not characteristic during preneuro-
genesis or neurogenesis.

a. Comments

The neurogenetic appearance of the choliner-
gic elements concerns the relation of cholinergic 
neurogenesis to cholinergic transmission and 
function. During the 1930s and 1940s, it was the 
avowed aim of Zenon Bacq, David Nachmansohn, 
Charles Sawyer, and others to establish this rela-
tionship as they attempted to connect AChE with 
function and motility (see section A, above).

It is true that effective cholinergic transmission 
requires the presence of AChE and other cholin-
ergic components. Yet, the notion of AChE being 
the unique marker for cholinergic transmission 
and function will not stand today. In fact, the 
ontogenetic and/or neurogenetic appearance of 
cholinergic elements is desynchronous, and ChEs, 
including AChE, generally precede other cholin-
ergic components and the onset of synaptic trans-
mission and function during neurogenesis. The 
following statement should replace the historical 
notion: the neurogenetic arrival of all cholinergic 
components at synaptic sites and the development 
of anatomical entities at these sites are suffi cient 
and necessary for cholinergic synaptic transmis-
sion and function (see section BII-5).

Given the prenervous appearance of choliner-
gic components and their desynchronous neuro-
genesis, these components may have a role that is 
unrelated to synaptic transmission and function. 
This notion is reinforced by the gametal appear-
ance of the cholinergic elements and their sub-
sequent reduction. The presence of cholinergic 
elements in nonnervous and ephemeral tissues is 
also relevant to this notion (see sections BI, above, 
and BII-5 and BII-6, below, for a further evalua-
tion of this concept; see also Chapter 2 B-6.)
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2. Neurogenesis of the 
Cholinergic System

The best known cholinergic neurogenesis is 
that of rodents. Schambra, Lauder and their asso-
ciates (Schambra et al., 1989, 1991) related the 
CAT stains to the germinal zones of the mouse. 
By staining the mitotic cells, they could describe 
the early migration of cholinergic cells from these 
zones to the forebrain. Cholinergic cells were 
found in all ventricular zones of the forebrain 
between the 11th and 14th days of gestation 
(mouse gestation period is 21 days). The ventral 
zone was the fi rst to exhibit the CAT stain (see 
also Sweeney et al., 1989; Hohmann and Berger-
Sweeney, 1998), as these neurons migrate into the 
developing neural retina. Subsequently, within 2 
days of gestation, the CAT stain arrived in the 
germinal zones of the eye, olfactory ventricle, 
lateral ganglionic eminence, epiphysis, and all of 
the lateral ventricle walls. The cells of the emi-
nence migrate into the caudate-putamen and 
globus pallidus. Several cholinergic components 
including AChE and CAT appeared in the septo-
diagonal band complex within this time period 
(Armstrong et al., 1987).

On the 16th day, the cholinergic cells were 
found in the prelimbic, pyriform, and parietal cor-
tices, lamina terminalis, and caudatopallial angle. 
Then, within the next 2 gestational days, multipo-
lar CAT-containing neurons migrated into the 
olfactory nucleus and tubercle, diagonal band, and 
medial septal nucleus, while bipolar cells appeared 
in the hippocampus and along fi ber tracts of the 
corpus callosum, external capsule, fornix, and 
anterior commissure (see Figures 8-4 and 8-5).

According to Semba (1992), the cholinergic 
neurons appear somewhat earlier in the rat (gesta-
tion period 21–22 days) than in the mouse. Choline 
acetyltransferase stain already exists in the spinal 
cord, including preganglionic and dorsal horn 
neurons, and the brainstem (mesencephalic teg-
mentum) on the 11th day of gestation, while the 
stain appears a day or two later in the basal ganglia 
and striatum (Van Vulpen and Van der Kooy, 
1998). Eileen Van Vulpen and Derek Vander 
Kooy (1998) suggested that the cholinergic 
neurons arriving earliest in the prestriate are local-
ized in the patch compartment of the adult striate, 
while the neurons appearing later in the prestriate 
are found in the matrix compartment (see also Zoli 

et al., 1995; Rho and Storey, 2001). Day 12 marks 
the migration of CAT-reactive neurons to the 
basal forebrain; on day 17 these neurons appear in 
the diagonal band. On days 16 to 20, the cholin-
ergic neurons grow rapidly and reach the septal/
diagonal band, the septum, the nucleus basalis, the 
forebrain, and the subcortical sites. Similar data 
were obtained with respect to ACh (Blue and Par-
naveles, 1983; Hohmann and Berger-Sweeney, 
1998; Hohmann and Ebner, 1985; Yamada et al., 
1986; Schlumpf et al., 1991; Aubert et al., 1996; 
Costa, 1993; Mathura et al., 1979; Armstrong et 
al., 1987; Dinopoulos et al., 1989; see also Semba, 
1992 and Lauder and Schambra, 1999).2

Studies of the cholinergic receptors in rodent 
neurogenesis are not as complete as the studies of 
CAT; also, they are not always consistent. When 
compared to the arrival of CAT, nicotinic and 
muscarinic receptor ontogenesis may be delayed 
(by a day or so) in rats. Both receptor types exist 
in the spinal cord, brainstem and medulla, cerebel-
lum, mesencephalon, and motoneurons by day 12, 
and the muscarinic and nicotinic receptors reach 
the mouse neocortex by days 18 to 20 (Yamada et 
al., 1986; Hohmann et al., 1985; see also Rho and 
Storey, 2000 and Tribollet et al., 2004). At that 
time, the receptors are present in the rat or mouse 
in the septodiagonal band complex, nucleus 
basalis, cortex and basal forebrain, inner ear, cer-
ebellum, olfactory bulb, striatum, optic lobe, and 
motor nuclei; these cholinergic elements increase 
in number or density subsequently (Schneider 
et al., 1985; Heaton, 1987; Armstrong et al., 1987; 
Rea and Nurnberger, 1986; Yamada et al., 1986; 
Hohmann et al., 1985). However, some investiga-
tors claim that nicotinic receptor subtypes may be 
present in the neural crest and early forebrain of 
mice and the rat much earlier and that they appear 
in the mouse neocortex by day 10 of gestation 
(Atluri et al., 2001). In fact, by using patch-clamp 
experiments, Atluri et al. (2001) showed that these 
receptors exhibit a response similar to that of the 
adult receptors. It should be added that cholinergic 
receptor density or number may peak late 
prenatally and decrease during the last days of 
gestation and/or postnatally (see also section BII-
5, this chapter).

Lehotai (1998) was one of the few investiga-
tors to study AChE as early as on the seventh day 
of rat gestation; AChE was present at the time in 
the cerebellum and spinal cord, and ChEs were 
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present in the dorsal root ganglion on day 12 
(Koenigsberger et al., 1998). Altogether, it appears 
that ChEs precede CAT, ACh, and the receptors, 
not only in neurogenesis but during the prener-
vous stages of development.

In the case of avian neurogenesis, the evidence 
is less complete; at any rate, it follows a pattern 
similar to that found in rodents. Acetylcholines-
terase existed during the fi rst and second gesta-
tional days in neural folds and the neural crest of 
the chick (for references, see LeDouarin, 
1982; LeDouarin et al., 1978, 1980; Karczmar, 
1963a, 1963b; Giacobini, 1986; see also section 
A.) Also, CAT and ACh appear early in the neural 
crest of chicks and quail, though this appearance 

may be later than that of AChE (Kahn et al., 1980; 
Smith et al., 1979; Fauquet et al., 1981). Subse-
quently, AChE, CAT, and nicotinic and musca-
rinic receptors appeared in the ventral tegmental 
area and the mesencephalic nucleus profundus. 
By gestational day 12, the nicotinic and mus-
carinic receptors, AChE, and CAT were pre -
sent in all brain parts studied, including 
cerebellum, thalamus, and limbic nuclei, and these 
cholinergic entities increased in density or 
activity during subsequent development (Conroy 
and Berg, 1998; Layer, 1991; Daubas et al., 
1990).

Considerable evidence concerns cholinergic 
neurogenesis of humans, monkeys, and primates. 
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Moreno et al. (1998) found both BuChE and 
AChE in the neural tube by the ninth day of human 
gestation; this is the earliest time of the reported 
appearance of cholinergic elements in human 
neurogenesis. On the ninth week of human devel-
opment and on the 27th day in the rhesus monkey 
(gestation time 150 to 180 days), there is an out-
burst of AChE activity during the early stages 
of forebrain, limbic, and cerebellar neurogenesis 
(Kostovic, 1986; Kordover and Rakic, 1990; 
Kostovic and Goldman-Rakic, 1983; Hayashi, 
1987). In the human the appearance of nucleus 
basalis, AChE stain precedes the emergence of 
AChE in the striate and the limbic system by a few 
days; AChE activity rapidly augmented in the 
nucleus basalis (Kostovic, 1986; Perry et al., 
1986; Candy et al., 1985). Between weeks 10 and 
11, two AChE-exhibiting bundles are formed at 
the nucleus basalis, one radiates to the cortex and 
the other to the limbic system and diagonal 
band.

Candy et al. (1985) and Perry et al. (1986) 
reported the early arrival of CAT in the human 
nucleus basalis and the cortex. By weeks 15 and 
18, the CAT marker spreads through the cerebral 
hemispheres and the basal ganglia (Kwong et al., 
2000). High cerebellar activity of CAT was 
reported for 15 to 22 weeks of human gestation by 
Brooksbank et al. (1978), Bull et al. (1970), 
Kwong et al. (2000), and Yew et al. (1999).

Schroder et al. (2001) and Agulhon et al. 
(1998, 1999) reported that nicotinic receptor 
mRNA and the receptor protein exist in the human 
cortex at 17 and 25 weeks, respectively, and this 
may be reasonable in relation to the ninth-week 
appearance of AChE; however, Hellstrom-Lindahl 
et al. (1998, 2001) found nicotinic receptors in the 
human spinal cord, mesencephalon, and cortex 
after 4 weeks of gestation, which is long before 
AChE arrives at these sites (see also Yew et al., 
1999). The presence of muscarinic receptors was 
detected earlier (Egozi et al., 1986; Gremo et al., 
1987; Perry et al., 1986; Kostovic, 1986; Candy 
et al., 1985; Ravikumar and Sastry, 1985a, 1985b; 
Johnston et al., 1985). High levels of muscarinic 
receptors exist in the human cortex and other brain 
parts by the 13th week of gestation (Aguilar and 
Lundt, 1985; Egozi et al., 1986; Gremo et al., 
1987; Perry et al., 1986; Kostovic, 1986; Candy 
et al., 1985; Ravikumar and Sastry, 1985a, 
1985b).

Cholinergic components may peak during 
prenatal human development and then decrease. 
Thus, the number and density of muscarinic recep-
tors reach a peak in the cerebellum at 18 to 22 
weeks of gestation and decrease during prenatal 
development. A similar pattern was noticed with 
respect to the nicotinic and muscarinic receptors 
in the hippocampus (Court et al., 1997; Brooks-
bank et al., 1978). This may be true also with 
respect to CAT: Gale (1977), Brooksbank et al. 
(1978), and Bull et al. (1970) found that after CAT 
activity reached a peak in the cerebellum, frontal 
cortex, and basal ganglia during the 15th to 22nd 
week of gestation, it declined steadily, the postna-
tal values being several times lower than the fetal 
peak (see however, Brooksbank et al., 1978; see 
also section BII-4).

There is a desynchrony in the development of 
cholinergic components during the fi rst trimester 
in the human, the 11th day of rodent gestation, and 
the second day of gestation in the chick. As noted 
above, ChEs generally appear fi rst, followed by 
CAT and/or ACh, with the cholinergic receptors 
appearing last. There are a few exceptions. In the 
human cerebellum, CAT may appear before ChEs. 
Also, in the human forebrain and cortex, musca-
rinic receptors appear before CAT, or, at least, 
their rate of increase is steeper than that of CAT 
(Brooksbank et al., 1978).

It must be added that particular investigators 
have not simultaneously studied the ontogeny and/
or neurogenesis of all the cholinergic components; 
comparisons of the initial appearances of these 
components culled from experiments of single 
components may be not reliable. Nevertheless, it 
appears that during either early neurogenesis or 
preneurogenetic ontogenesis, cholinergic compo-
nents do not appear simultaneously and/or do not 
develop at the same rate (see section BI). There 
may be differences among the prenatal patterns of 
cholinergic components in rodents and humans. In 
rodents, AChE, CAT, or cholinergic receptors 
continuously increase in concentration or activity 
during prenatal ontogenesis, though they may 
peak and then decrease postnatally (Rho and 
Storey, 2001; see section BIV), while in humans 
these components appear to both peak and decrease 
prenatally (see above; further data are necessary 
before this conclusion can be substantiated).

It should be noted that the subtypes of nicotinic 
and muscarinic receptors and AChE isoforms 
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change during ontogenesis. Also, during mouse 
neurogenesis, the ratio between tetrameric and 
monomeric AChE changes, and so do their kinetic 
characteristics when compared to the characteris-
tics of adult AChE (Aubert et al., 1996; Lehotai, 
1998; Moreno et al., 1998; Large et al., 1985; 
Hellstrom-Lindahl et al., 1998; Inestrosa et al., 
1995). There are several examples of this transi-
tion in the peripheral cholinergic nervous system. 
For example, as the neuromyal junction matures, 
there is a transition from one form of globular 
AChE to another (Layer et al., 1987), and from 
globular AChE to asymmetric (Toutant et al., 
1983; see also below, this section). In other 
instances, synaptogenesis involves a transition 
from “silent” to active receptors (at the cardiova-
gal junction; Galper et al., 1977).

Neurogenesis, and any other type of ontogen-
esis, includes processes of differentiation. In other 
words, the appearance of an early cell type and/or 
components of this cell type, such as CAT, AChE, 
and the like, in the case of the cholinergic neurons, 
must then be followed by processes of maturation, 
that is, differentiation of the cell type in question 
as well as of synapses. These matters were par-
ticularly researched in the case of such sites as the 
heart and the neuromyal junction; thus, while not 
directly related to the subject of this book, these 
sites are referred to in detail in section BII-5, 
below. As pointed out in this section, several spe-
cialized proteins are involved in the processes 
of differentiation (see also Lopez-Coviella et al., 
2000), as well as trophic factors (see section CI 
and CIII, below).

3. Cholinergic Neurogenesis of 
Sensory Brain Areas

Cholinergic neurogenesis of the sensory brain 
areas is of particular interest. It was proposed in 
the past that the cholinergic system does not par-
ticipate in the sensory function (Michelson et al., 
1970; Michelson, 1974); however, subsequent 
documentation of the cholinergicity of these areas 
helped to discredit this notion; see also Chapter 2 
DIII). Also, the studies of sensory neurogenesis, 
particularly in the case of the retina, traced the 
arrival of cholinergic components onto the post-
synaptic elements, offering an insight into cholin-
ergic synaptogenesis.

The cholinergic components and those of other 
transmitter systems appear quite early—gesta-
tional days 3 to 4—in the rudiments of the retina 
of the chick, mouse, and other mammals, that is, 
in the optic vesicle originating in the fi rst cerebral 
vesicle (see above; LeDouarin, 1982; Zhang et al., 
2005; see however McDonald et al., 1987). AChE 
and BuChE stain was present in the prospective 
retinal ganglion cells of the chick between gesta-
tional days 3 and 4; at day 6 the stain appeared in 
or at the amacrine cells and soon thereafter at the 
sites of neuronal arborization and synaptogenesis 
of the synaptic contacts between the amacrine and 
ganglion cells at the inner plexiform layer (Shen 
et al., 1956; Layer et al., 1987). AChE was also 
found at or in the horizontal cells. Lindeman 
(1947) found that ACh (which he bio assayed) is 
present in the chick retina on the eighth gestational 
day; he stressed the rapidity of the subsequent 
increment of ACh concentration between days 18 
and 20 of the development, which coincided 
with the appearance of the pupillary constrictor 
refl ex.

In essential agreement with the early data, 
Hofman (1988) and Crisanti-Combes et al. (1978) 
found CAT in the retina of the chick embryos on 
day 6; its activity augmented rapidly subsequently. 
The cat (gestation time about 65 days) retina 
exhibited CAT immunoreactivity in the inner 
plexiform layer on day 56, that is, at the time 
of the formation of the amacrine cells (Mitrofanis 
et al., 1989). In the marsupial opossum, the 
CAT stain does not seem to appear prenatally; the 
stain emerges fi rst in the amacrine cells on 
the 12th postnatal (in the pouch) day and aug-
ments continually till day 50; thereafter, the stain 
of individual amacrines does not decline, but the 
number of these cells decreases as they form a 
monolayer (De Moura Campos and Hokoc, 
1999).

Nicotinic alpha 3 and alpha 8 receptors appear 
at the ganglion and bipolar cells at gestational 
days 2 and 5, respectively (Gardino et al., 1996; 
Hamassaki-Britto et al., 1994). This could be 
expected, as these cells are postsynaptic with 
respect to the amacrine cells, but Gardino et al. 
(1995) found that nicotinic receptors are also 
present on the second gestational day at amacrine 
and displaced ganglion cells (could these recep-
tors be localized presynaptically in the case of 
amacrines?). Muscarinic receptors appear equally 



326 Exploring the Vertebrate Central Cholinergic Nervous System

early in the inner plexiform layer of rodents 
including ferrets as well as in the chick (Hutchins, 
1994; Hutchins and Casagrande, 1988; McKinnon 
and Nathanson, 1995). In the mouse, several 
receptor subtypes are present prenatally, and the 
subtype changes with ontogenesis (Nadler et al., 
1999).

It should be noted that the muscarinic and nico-
tinic receptors may appear earlier in the retina than 
AChE and CAT (Drews, 1975. Thus, similar to the 
cerebellum, the retina constitutes a rare instance 
of AChE appearing in development after rather 
than before the other cholinergic components (see 
above, section BI-2); at any rate, this fi nding is 
consistent with the notion of asynchrony between 
the ontogenetic and/or neurogenetic appearance of 
cholinergic elements. It should be added that ACh 
applied to the chick retina induces muscarinic Ca2+

mobilization on the second gestational day, that is, 
before transmission is present (Yamashita et al., 
1994).

Only sporadic information is available for 
other sensory brain areas. In the prenatal rat and 
tree shrew, AChE, alpha 3 and alpha 4 nicotinic 
receptors appear late in geniculocortical projec-
tions, cochlear nuclei, vestibular end organs, and 
primary auditory cortex (Meza and Hinojosa, 
1987; Robertson et al., 1991; Hutchins and Casa-
grande, 1988; Morley and Happe, 2000; Happe 
and Morley, 2004). AChE also appears late (at 
the onset of the tadpole metamorphosis) in the 
medullary vestibular and dorsolateral nucleus 
during auditory neurogenesis of the prenatal frog 
(Kumaresan et al., 1998; also see Chapter 2 D). 
Finally, cholinergic innervation of the olfactory 
bulb occurs in rodents at birth or during early 
postnatal stages (see the following section.)

4. Functional Differentiation 
and Synaptogenesis

Final synaptic and junctional differentiation, 
which provide effective transmission, constitute 
the goal of neurogenesis; thus, understanding 
the association between this differentiation and 
cholinergic elements is of major importance. The 
peripheral synapses at the autonomic ganglia and 
at the neuromyal and cardiovagal junctions provide 
useful information on this matter; they will be 
referred to in this section jointly with the pertinent 

central events, even though they are not within the 
main scope of this book.

It should be added that the innervation of 
peripheral organs may not always relate to synap-
togenesis and transmittive function, but rather 
participate in the action of ACh as a morphogen 
(see below, section CIII). For instance, spinal 
cord–originating prenatal gonadal innervation of 
the sea turtle concerns gonadal differentiation and 
its temperature dependence (Gutierrez-Ospina 
et al., 1999).

a. The Heart

It was reported early that urodele, chick, rabbit, 
guinea pig, and rat hearts exhibit ChEs long before 
onset of innervation, but considerably after the 
initiation of cardiac beat (Sippel, 1955; Kramer, 
1950; see also Karczmar, 1963a). The urodele 
Amblystoma heart may contain only AChE, while 
both BuChE and AChE were present early in 
the rat and chick hearts. In the chick, AChE was 
present on the fourth day of development; in the 
chick, the cardiac beat appears on the ninth or 10th 
day of development, while innervation sets in 
around the 12th day of development (Pappano and 
Loffelholz, 1974; Pappano, 1977; cf. Fambrough, 
1976).

Similarly to ChEs, in several species atrial 
and /or ventricular responses to ACh and musca-
rinic cholinomimetics are precocious with respect 
to innervation (see Karczmar, 1963b). The pres-
ence of these responses argues for the existence of 
receptors. Indeed, the early presence of musca-
rinic receptors was established by several investi-
gators (see, for example, Galper et al., 1977). 
There is a controversy as to the exact time of the 
appearance of the receptors versus the initiation 
of cholinomimetic sensitivity; investigators who 
claimed that atrial receptors are present prior to 
the onset of cholinoceptivity employed the term 
“silent” to the receptors in question (McCarty et 
al., 1960; Zingoni, 1956; see Karczmar, 1963b). 
It is of interest that also in the case of human heart, 
cholinergic receptors are present long before the 
cardiac plexi mature and possibly before the fi rst 
neuronal elements abut upon the heart (Bakaikin, 
1978; obviously, there is a paucity of human 
data).

Choline acetyltransferase is present at low 
levels before the 10th day of chick embryo devel-
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opment. It cannot be decided whether this pres-
ence is precocious with respect to the arrival of 
innervation at the heart, because it is not clear 
whether this CAT is myogenic or neurogenic 
(Gifford et al., 1973). Choline acetyltransferase 
levels rapidly increase after day 10 (Gifford et al., 
1973), which is coincidental with maturing of 
cardiac innervation and function. It may be added 
that Lissak et al. (1942) found ACh in the chick 
heart at 72 hours of chick development, in other 
words, some 7 days before the appearance accord-
ing to Gifford et al. (1973) of cardiac CAT.

Clearly, AChE, cholinoceptivity, and choliner-
gic receptors are present in the embryonic hearts 
of several species long before innervation, and 
CAT appears in the embryonic heart before 
nervous regulation of the heart and cardiac func-
tion mature (or considerably earlier, if the data of 
Lissak et al., 1942, can be substantiated; see 
Crossley and Altimiras, 2000).

The cholinergic elements appear precociously 
with respect to the maturation of cardiac choliner-
gic innervation, cardiac plexus formation, and 
cardiac function; also, they do not appear simul-
taneously and they do not expand in synchrony. 
But, they must all be present before mature cardiac 
function arises, and they must undergo structural 
changes to make this function possible. For 
example, during this time period, cholinergic 
receptor-channel macromolecules change from 
“silent” or semiresponsive to fully active with 
respect to ACh and cholinomimetics. Similarly, 
the affi nity of the receptor-channel macromole-
cules and binding characteristics with regard to 
ligands and their channel dynamics have to achieve 
maturity. Then these macromolecules must estab-
lish capacity for desensitization (Harris and 
Thesleff, 1971; Galper et al., 1977). Trophisms 
and the morphogenetic effects of innervation con-
tribute to the cardiac synaptogenesis or cardiac 
junctional genesis.

b. Autonomic Ganglia

The autonomic ganglia are another system 
exhibiting the precocity of some emerging cholin-
ergic components with respect to synaptogenesis 
and synaptic function. In the chick, AChE is 
present within the fi rst 2 days of ontogenesis of 
the neural folds and neural crest, which are the 
source of autonomic ganglioblasts (for references, 

see LeDouarin, 1982; Karczmar, 1963a; Giaco-
bini, 1986). In chicks and quail, CAT and ACh are 
also present the neural crest, possibly later than 
AChE (Kahn et al., 1980; Smith et al., 1979; 
Fauquet et al., 1981). This early emergence of 
cholinergic components holds true for neural crest 
sections, giving rise to sympathetic ganglioblasts 
and to parasympathetic neurons (Le Douarin, 
1980, 1982, 2001).

The sympathetic ganglia obtain their choliner-
gic components from preganglionic spinal cord 
neurons and their preganglionic terminals; they 
derive their catecholaminergic elements from the 
postsynaptic neurons. Preganglionic axons enter 
the sympathetic ganglion chain and postgangli-
onic axons emerge from the ganglionic cells’ pri-
mordia between days 11 and 12; dendrite formation 
and synaptogenesis follow. The parasympathetic 
system similarly derives its cholinergic elements 
from the spinal cord.

Migrating neural crest cells start forming gan-
glioblasts by day 5, and this process is completed 
by day 7 (Yip, 1986); ganglionic cells show rec-
ognizable synapses by days 8 and 9 (Enemar et 
al., 1965).

Acetylcholine, AChE, and CAT can be detected 
in avian ganglioblasts on days 5 through 8 
(Giacobini, 1986; Schneider et al., 1985); nico-
tinic receptors may appear even earlier (Torrao et 
al., 2000; Giacobini and Marchi, 1981; see, 
however, Dolezalova et al., 1974; Greene, 1976; 
Erkman et al., 2000; are these receptors pre- or 
postsynaptic?). However, at the end of this period 
only a few mature synapses may be present (Hrus-
chak et al., 1982). Consistent with this notion, fast 
(nicotinic) and slow depolarizing effects of carba-
chol (a muscarinic response) and substance P 
appear only around day 12 (Dryer and Chiapinelli, 
1985; Greene, 1976; Giacobini and Marchi, 1981; 
this was the fi rst time that these responses were 
tested: Chiapinelli, personal communication).

The development of the avian parasympathetic 
ganglia, including the ciliary ganglion, was exten-
sively studied by Giacobini and his collaborators 
(Giacobini, 1986; Landis et al., 1987; Pilar et al., 
1987). Choline acetyltransferase, AChE, ACh, and 
high-affi nity choline uptake system are present 
at the time of the neural crest cells’ migration into 
the future ciliary ganglion (between the third and 
fourth day of development in the chick; Hammond 
and Yntema, 1958; Marchi et al., 1980).
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Crest cell migration and ganglionic primordia 
formation in rodents is completed by days 11 to 
13, with arrival time depending on segmental 
location of the crest cells. Preganglionic axons 
enter the sympathetic ganglion chain of the rat and 
postganglionic axons emerge from the ganglionic 
cells’ primordia between days 11 and 12; dendrite 
formation and synaptogenesis begin on day 14 
(Rubin, 1985a; 1985b; 1985c). Acetylcholinester-
ase, CAT, and ACh appeared earlier, although the 
defi nitive time of their initial appearance is uncer-
tain (Coughlin et al., 1978). Their levels or activi-
ties did not change much in rodents following day 
13 of gestation, though they steeply increase post-
natally. That the cholinergic synaptogenesis of the 
sympathetic ganglia is incomplete before the 14th 
day of gestation is also indicated by the fi nding 
that ganglionic catecholamines and tyrosine-beta-
hydroxylase appear only later (Coughlin et al., 
1978); this generation of a catecholaminergic, 
ganglionic system seems to be the consequence 
of, and seems to depend on, the maturation of the 
presynaptic input and the presence of effective 
ganglionic transmission (Hruschak et al., 1982). 
Yet, elements of the catecholaminergic system 
may be present already in the neural crest (Kahn 
et al., 1980); this presence appears to be indepen-
dent of and have a role different from that of the 
ganglionic catecholaminergic system.

Whether in the rodent or in the chick, pregan-
glionic neurons clearly contribute to ganglionic 
CAT, ACh, and AChE (cf. Koelle, 1963). How-
ever, distinguishing between cholinergic elements 
derived from the neural crest and those being gen-
erated in sympathetic ganglionic neurons is diffi -
cult (Sorimachi and Kataoka, 1974; Giacobini, 
1986). Additionally, the ganglia’s cholinergic 
receptors may be presynaptic and formed on pre-
synaptic nerve terminals, or develop on the post-
synaptic ganglionic neurons.

The parasympathetic ganglia should contain 
higher levels and activities of the cholinergic 
elements, particularly CAT and AChE, than the 
sympathetic ganglia: the former derive cholinergic 
elements from the crest and its preganglionic 
derivatives, as well as from the cholinergic post-
ganglionic neurons, while the latter obtain their 
cholinergic elements only preganglionically (see 
section BII-2). This holds for the adult parasym-
pathetic and sympathetic ganglia, and it seems to 
be true also in the case of the embryonic ganglia 

(Koelle, 1963; Saelens and Simke, 1976; 
Giacobini, 1986).

Giacobini (cf. Hruschak et al., 1982) felt 
that cholinergic elements appear in synchronous 
manners and that they correlate with ganglionic 
initiation of synaptic transmission. Giacobini 
(1983) stressed that in the chick ciliary ganglion 
and its target, the iris, muscarinic or nicotinic 
receptors, choline uptake, CAT, and ACh appear 
at Hamilton-Hamburger stage 261/2 (i.e., on days 
4 to 5 of chick gestation), coinciding with the 
innervation of these organs, the appearance of 
morphologically defi ned synaptic contacts, and 
the onset of transmission (Landmesser and Pilar, 
1972; D’Amico-Martel, 1982). It was already 
pointed out that Ezio Giacobini’s generalization 
does not hold for the central cholinergic system 
(see above, section BII-1). Actually, his notion 
may not hold for the gangia either. First of all, 
AChE is “out of tune” with the other cholinergic 
elements during gangliogenesis; for example, it 
appears before other cholinergic elements in the 
chick crest (see above); this is similar to ChE’s 
very early appearance during neurogenesis (see 
section BI, above). Furthermore, several choliner-
gic components emerge during gangliogenesis 
long before the onset of synaptogenesis, transmis-
sion, and postsynaptic cholinomimetic responses. 
In fact, CAT and ACh are present in the crest and 
prior to the initiation of ganglioblast innerv -
ation by presynaptic input from spinal autonomic 
neurons (see above), and Giacobini (1986) recog-
nized the presence of ACh in the neural crest. 
Does crest cholinergicity disappear during gan-
gliogenesis, as it occurs in the case of certain 
noncholinergic neurons, or at least diminish, 
before reappearing (see above, section BI-1)? Do 
the cholinergic components of the embryonic 
autonomic ganglia originate de novo in the early 
ganglioblasts?

Furthermore, the developmental rates of the 
various cholinergic components differ signifi -
cantly. For example, in the avian ciliary ganglion, 
choline uptake is near its mature, maximal value 
between days 4 and 5, while ACh synthesis and 
CAT activity are at very low levels on day 5 
(Marchi et al., 1980; LeDouarin et al., 1978). Alto-
gether, in several species the elements of the cho-
linergic system appear at different ontogenetic 
times and increase at different rates; in addition, 
the cholinergic elements of the ganglia and the 
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neural crest may arise independently of each other. 
At any rate, cholinergic elements appear on the 
ontogenic scene long before the ganglionic 
ingrowth of the presynaptic nerves, before the 
maturation of synapses, and before the onset of 
effective transmission.

It is obvious that the presence of all cholinergic 
components is required for the functionability 
of a cholinergic synapse, whether they get to 
the synapse in a synchronous or desynchronous 
manner. However, this is by far not the only 
requirement. There is the need for a choline uptake 
system, effectiveness and homeostasis of ACh 
synthesis, and the existence and transport proteins 
concerning movement of ACh and the vesicles. 
The maturity of a cholinergic synapse also requires 
appropriate structurization of the cholinergic com-
ponents, such as increased density and subneural 
organization of the receptors and the presence 
of active proteins such as CAMs (Rubin, 1985a; 
1985b; 1985c; Acheson and Rutishauser, 1988; 
see Chapters 2 B and 3 C). Some of these require-
ments are referred to below, as neuromyal devel-
opment and synaptogenesis are discussed.

c. The Motoneuron and the 
Myoneural Junction

Cholinergic elements including AChE and 
CAT appear early in the neuroblast primordia of 
the motoneurons in all species that were studied, 
including the human; this means of course that 
the cholinergic elements are present in the future 
motoneuron system long before the system pro-
duces axons that will grow into the mesenchyme. 
Only later will the mesenchyme generate myo-
blasts and muscle fi bers; in fact, the nerve pre-
cedes the muscle with respect to the muscle 
differentiation of the junctional zone (Dennis, 
1981; Oppenheim et al., 1986; Atsumi, 1971; 
Motavkin and Okhotin, 1983; Drews, 1975; 
Karczmar, 1963a).

That CAT appears in motoneuron primordia 
before axogenesis and neuromyal junction matu-
ration should be expected, as CAT is primarily a 
perikaryon enzyme. But the cholinergic elements 
appear in the muscle long before the junction is 
formed. Thus, strong AChE activity as well as 
CAT and ACh are present in several vertebrate 
and human muscle rudiments (Youngstrom, 1938, 
1941; for further references, see Koelle, 1963; 

Kupfer and Koelle, 1951; Karczmar, 1963a; 
Fambrough, 1976; Rotundo, 1987) and the chick 
myoblasts synthesize AChE before their fusion 
(Fluck and Strohman, 1973; Toutant et al., 1983; 
cf. also Rotundo, 1987). In fact, it is well known 
since Abdon’s (1945) and Muralt’s (1946) 
extensive research that adult skeletal muscle 
contains ACh that does not originate from motor 
nerve terminals or Schwann cells, and a stable low 
level of ACh is found in the muscle 4 to 6 weeks 
after denervation (see Hebb et al., 1964; MacIn-
tosh and Collier, 1976; Werner and Kuperman, 
1963; Miledi and Slater, 1968; Consolo et al., 
1986). Also cholinergic receptors precociously 
appear in the developing muscle; the nicotinic 
receptors (alpha-bungarotoxin binding sites) 
appear in the rat and chick embryo during myo-
blast fusion into myotubes (see Salpeter, 1987, for 
references). In fact, when fusion was prevented in 
the culture by withdrawing calcium, the receptors 
still appeared at the myoblast surface (Prives and 
Patterson, 1974).

Clearly, cholinergic components appear preco-
ciously in ontogenesis of mammals and other ver-
tebrates, both at the motoneuron (or its primordium) 
and the muscle end of the neuromuscular junction, 
long before morphological and functional matura-
tion of the junction. This maturation requires 
several structural developments. Thus, myogenic 
AChE is initially equally spread over the myoblast 
and myotube in chicks, fi sh, or rats and gradually 
“concentrates,” “deposits,” or “accumulates” at 
the endplates (Dennis, 1981; Davey and Cohen, 
1986). Several factors may regulate this process, 
which may well continue into the postnatal period 
(see below, this section). Apparently, the globular 
AChE form is solely present in chicks or rats 
before the onset of innervation or nerve-evoked 
contractions (Vigny et al., 1976), while asymmet-
ric collagen AChE forms only start appearing with 
the onset of mature innervation and neuromuscu-
lar activity (Toutant et al., 1983; Rotundo, 1987; 
Koenig and Rieger, 1981; see Chapter 3 DII for 
defi nition of AChE forms). The maturation of the 
basic lamina (a meshwork of collagen and glyco-
protein) and the innervation patterns involved in 
neuromuscular maturation seem important for dif-
ferentiating AChE at postsynaptic junctions (Sanes 
et al., 1978; Dennis, 1981). Additionally, activat-
ing AChE may be necessary to fully integrate 
AChE neuromuscular junction functions, as AChE 
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synthesized in the endoplasmic reticulum is ini-
tially inactive (Rotundo, 1987). It must be added 
that ontogeny of karyotic motoneuron BuChE 
and its transport into the terminal are largely 
unknown.

Similarly, distinct changes in distribution 
and structure occur at the neuromuscular junction 
with respect to cholinergic receptor ontogeny. The 
early wide spread of myoblast and myotube non-
junctional nicotinic receptors exhibits occasional 
“hot spots” or isolated clusters (Dennis, 1981). 
These early clusters or hot spots extend beyond 
the future junction. The hot spots do not induce 
innervation and/or formation of mature neuromyal 
junctions. To the contrary, the arrival of motor 
nerve endings induces nicotinic receptor reorgani-
zation and compartmentalized expression of their 
genes, concentration of clusters and the formation 
of endplates (Anderson et al., 1977; see also 
Purves and Lichtman, 1985; Purves et al., 1988; 
Changeux, 1993). In fact, denervation induces dis-
persion of the endplate in the adult (and sensitizes 
the denervated neuromyal junction to cholinomi-
metics; Bloch and Steinbach, 1981; Peng, 1987).

As if the matter were not suffi ciently complex, 
additional factors are needed for the maturation of 
the neuromyal junction, as suggested by Mika Sal-
peter (1987). These factors are active proteins that 
aggregate around the immature neuromyal junc-
tion; they are studied intensely by Joshua Sanes, 
Jack McMahan, Jonathan Cohen, and their associ-
ates (Sanes et al., 1998; Carr et al., 1987). Among 
them are several cell adhesion molecules (CAMs) 
and substrate adhesion molecules (SAMs), dis-
covered by Gerald Edelman (see Edelman and 
Chuong, 1982; Grument and Edelman, 1998), a 
Nobel Prize winner. Cell adhesion molecules and 
SAMs and related trophic factors are concerned 
with the movement, organization, and clustering 
of the cholinergic muscle receptors, whether 
during ontogeny or following denervation of 
the adult muscle (Nastuk and Gabriel, 1985; 
Connolly, 1985).

A member of the CAM family, N-CAM is 
present during ontogeny in the motor axons and 
their terminals, and on the surface of the myofi -
bers; it promotes clustering of cholinergic nico-
tinic receptors on the surface of embryonic 
myotubes and organizes the endplate innervation 
(Rieger et al., 1985; Bixby and Reichardt, 1987). 
Altogether CAMs “.  .  .  hold the nerve bundles 
together  .  .  .  specify  .  .  .  sites of nerve-muscle 

contact and  .  .  .  promote  .  .  .  synapse formation” 
(Salpeter, 1987).

Cell adhesion molecules, laminin, ascorbic 
acid, or other components of the junctional base-
ment membrane do not exhaust the number of 
substances, which may regulate the patterning of 
the cholinergic receptors of the muscle and the 
endplate. Extracts of nervous tissues including 
brain may contain substances having an effect on 
receptor ontogenesis (see, for example, Neuge-
bauer et al., 1985); Salpeter (1987) suggested in 
fact that different nerve factors may control 
the patterning and the membrane insertion or 
synthesis of the receptors; the glycoprotein sciatin, 
somewhat lighter than CAMs, may be one of these 
factors. Sciatin is chemically similar to or iden-
tical with serum transferrin—both substances 
seemed to increase the synthesis of the muscle 
cholinergic receptors and AChE and facilitate 
myogenesis (Oh and Markelonis, 1982; Oh et al., 
1988). Sciatin is derived from the chick brain or 
ciliary ganglion. Both sciatin and serum transferin 
increase the synthesis of the endplate nicotinic 
receptor, and sciatin promotes the accumulation 
and the mature distribution of the myotubular cho-
linergic receptors of the chick toward the future 
endplate, without, it is important to note, affecting 
the neuromyal AChE. Similar effects were 
evoked by the electric organ aggregating factor; 
this factor also caused the formation of patches 
of high AChE and BuChE activity.

It is a moot question at this time as to whether 
or not sciatin—or tranferrin—is generated by the 
motoneurons (Markelonis et al., 1985). In fact, it 
is not clear whether or not many of the substances 
referred to in this section, such as CAMs or 
the components of the basement membrane, are 
present in the pertinent presynaptic neurons, in 
other words, the motoneurons, and, therefore, it is 
not certain whether they act in the anterograde 
fashion. Of course, rather than belonging to the 
categories of retrophins or anterograde acting tro-
phins, they could be generated and act locally. It 
should be argued, however, that in many cases, the 
substances in question appear to act coincidentally 
with the arrival of the nerves at their developmen-
tal target and/or may antagonize the effects of 
denervation.

Several other active proteins, trophic factors, 
and other elements play a similar role; that is, they 
regulate the postsynaptic neuromyal differentia-
tion, including the insertion of the receptors 
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into the postsynaptic plasmalemma; they include 
several active proteins such as laminins, agrin, 
rapsyn and synapsin, and ascorbic acid3 (Oh et al., 
1987; Rotundo, 1987; Horowitz et al., 1989; 
Burden, 1998; Sanes et al., 1978, 1998, 2003; 
Sanes and Lichtgman, 2001; see also sections CI 
through CIII). Still other morphogenetic elements 
are trophins (see sections CI through CIII). All 
these factors are involved in the neuromyal ontog-
eny of several species, including the chick and 
rodents (Salpeter, 1987; Moore and Walsh, 1985; 
Usdin and Fischbach, 1986; 1985; Sanes et al., 
1978 and 1998; Sanes and Lichtman, 2001). It 
should be added that concentrations of these 
factors generally decrease following neuromyal 
maturation. For example, N-CAM concentration 
increases during maturation of the neuromyal 
junction and decreases until it becomes very low 
postnatally, as it is converted into the adult form 
of CAM (Sanes et al., 1998). It increases at these 
sites following denervation (Rieger et al., 1985). 
Finally, there is the morphogenetic effect, insuffi -
ciently explored, of the nerve terminal released 
ACh and of the contractile activity–which pre-
cedes innervation–of the muscle.

Basal lamina/basement membrane is a colla-
gen protein ensheathing the muscle; in the adult, 
it separates, with the synaptic cleft, the end -
plate from the nerve terminal. It is present in 
small amounts early in development, and it 
increases dramatically just before innervation of 
the junction and the maturation of the endplate. It 
participates in this maturation via the action of 
its active proteins such as laminin, and its concen-
trations coincide with the high densities of 
the nicotinic receptors (Sanes and Lichtman, 
2001; Lichtman and Sanes, 2003; Sanes, 2003; see 
also Chapter 2 B-2 and B-3). It is generally opined 
that the membrane dictates the site where the 
nicotinic receptors aggregate to form a mature 
endplate.

Still another process or movement intervenes 
at the time of the patterning of the receptors. This 
process ensures a precise juxtaposition of postsyn-
aptic folds and the nicotinic receptors on the one 
hand and appropriate nerve terminals on the other. 
To accomplish this exact structurization, the 
process also involves receptor degradation. This 
degradation affects both immature receptors (or 
“primitive” or “silent” receptors; Galper et al., 
1977) and mature receptors, the net result of 
this phenomenon controlling nicotinic receptor 

density; actually, the rates of inserting nicotinic 
receptors onto the postsynaptic plasmalemma 
and the rates of their degradation differ between 
the immature and mature receptors (Anderson 
et al., 1977; Anderson, 1987). Then, the endplate 
“resists” additional, unneeded innervation; this 
has been known for some 100 years (Tello, 1907) 
and has been amply confi rmed (Guth, 1968; 
Bowden and Duchen, 1976). These regulatory 
phenomena are a part of the neurotrophic factor 
hypothesis (see section CI-3e, below).

However, an ineffective synaptic transmission 
is present before complete maturation of the 
neuromuscular junction. For example, in the 
chick, some transmission parameters are present 
around 15 days before hatching excitatory end-
plate potentials (EPPs) (Landmesser and Morris, 
1975; Salpeter, 1987, and Dennis, 1981). The 
presence of immature synaptic function is illus-
trated by the appearance of excitatory endplate 
potentials (EPPs), spontaneous ACh release (as 
confi rmed by the appearance of miniature EPPs), 
and sensitivity to ACh and nicotinic cholinomi-
metics. Also, the channel kinetics and the long 
gating time exhibited by the primitive junctions 
are characteristic for immature junctions. And 
there is a “primitive” type of release from rela-
tively immature terminals, the “growth” cones 
(Hume et al., 1983; see also Salpeter, 1987). Alto-
gether, physiological neuromuscular junction 
maturity in amphibia, chicks, rodents, or humans 
is achieved late and is preceded developmentally 
by the presence of several cholinergic components 
(Fischbach and Schuetze, 1980; cf. also Salpeter, 
1987). The structural maturation of nerve termi-
nals and their organelles (including the endoplas-
mic reticulum and the synaptic vesicles), the 
synaptic cleft, and postsynaptic muscle surfaces 
(including the junctional folds) is so complex that 
these processes warrant long ontogenetic time; 
they occur late in development in humans and 
other species (Cull-Candy et al., 1982) and, in 
fact, rodents’ junctions mature only postnatally 
(e.g., Bixby, 1981; for other references see Sal-
peter, 1987; Salpeter and Loring, 1985; Grinnell 
and Herrera, 1981; Koenig and Rieger, 1981; cf. 
Rotundo, 1987).4

As can be readily surmised, there are a number 
of physiological and electrophysiological differ-
ences between mature junctional and the earlier, 
extrajunctional receptors. First, the mobilities of 
the receptors differ, as the nonjunctional receptors 
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are freely mobile in the membrane, yet become 
immobilized with endplate clusterization (Axelrod 
et al., 1976; cf. Salpeter, 1987). This event of 
neuromuscular development may be part of the 
ontogenetic decrease of fl uidity at the synaptic 
membrane’s hydrophobic core; this decrease in 
fl uidity may underlie the increase in synaptic 
effectiveness and function with development 
(Hitzemann et al., 1984). Perhaps this immobility 
relates to increased resistance during development 
of the junctional nicotinic receptors to dispersal 
inducible by low external Ca2+ or denervation 
(Bloch and Steinbach, 1981; cf. Salpeter, 1987).

Second, the mature junctional receptors 
and/or clustered receptors differ from the imma-
ture receptors in their immunobiological struc-
tures; this is caused by the loss of 1 or 2 alpha 
subunits of the nicotinic receptor during receptor 
maturation (Hall et al., 1983; cf.; Salpeter, 1987; 
Anderson, 1987; see also Chapter 4). This may 
relate to changes in the isoelectric point and 
channel characteristics that also occur during 
maturation (cf. Salpeter, 1987).

Then, the embryonic channel-receptor 
macromolecules of many species exhibit a longer 
opening time (relaxation time) than the mature 
receptors, as pointed out above; chick channels 
seem never to achieve short opening (gating) time 
and remain permanently immature (Schuetze, 
1980). It was suggested that the maturation of the 
opening time—the short gating time—relates to 
the formation of the junctional folds (Fischbach 
and Schuetze, 1980; Salpeter, 1987; see also 
Brenner et al., 1983; Vicini and Schuetze, 1985).

Finally, the rate of receptor turnover, that is, 
the rate of their insertion onto membranes and 
their degradation, differs between immature or 
extrajunctional receptors and the mature endplate 
receptors; the net result of the turnover controls 
the surface receptor density (cf. Salpeter, 1987; 
Anderson, 1987). In amphibia, rodents, and other 
species, immature receptor degradation rate com-
pared to junctional receptors is markedly decreased 
during the onset of innervation and subsequent 
maturation of the junction (cf. Fambrough, 1979; 
Salpeter and Loring, 1985; and Salpeter, 1987).

5. Central Synaptogenesis

It has been emphasized (see section BII-4) 
with regard to the neurogenesis and synaptogene-

sis of the vertebrate heart, autonomic ganglia, and 
neuromyal junction that the presence of some cho-
linergic components does not necessarily coincide 
with synaptogenesis; rather, all such components 
are needed. In fact, besides the neurogenesis of 
such cholinergic components as AChE, CAT, and 
ChEs, additional cholinergic components such as 
factors concerning choline uptake, receptor clus-
tering, adhesion, and vesicular cycling are required 
for the formation of an effective synapse. Then the 
presence of the trophic factors is needed for 
synaptogenesis. Finally, certain morphologic 
units, such as basal lamina in the case of the myo-
neural junction, may be wanted in a mature 
synapse or junction.

Some of these notions and processes are valid 
for the formation of central synapses. First, there 
is the notion of desynchronous arrival of cholin-
ergic components at the synapse. In all species 
AChE is very precocious with respect to its 
appearance during neurogenesis (and, indeed, it 
appears prior to neurogenesis; see section BII-1; 
Egozi et al., 1986). Thus, AChE arrives at the 
rodent cortex and forebrain early, prior to the 
beginning of synaptogenesis, and reaches adult 
levels at 7 weeks postnatally, while CAT arrives 
at this site considerably later; the same pattern 
characterizes subcortical sites (Blue and Parna-
veles, 1983; Hohmann and Berger-Sweeney, 1998; 
Hohmann and Ebner, 1985).

Another important feature of central synapto-
genesis is the arrival at the future synapse of the 
entities concerned in the release of ACh and in the 
functioning of the presynaptic cell as a cholinergic 
neuron, such as high-affi nity choline uptake 
(HACU) and vesicular acetylcholine transport 
(VAChT), as well as Nogo genes encoding myelin 
proteins responsible for myelin inhibition of 
neurite growth. These entities appear early and 
increase pre- and postnatally in several rodent 
brain parts including hippocampus (Kotas and 
Prince, 1981; Zahalka et al., 1993; Holler et al., 
1996; Hohmann and Berger-Sweeney, 1998; 
Meier et al., 2003). Some of these protein factors 
may underlie, postnatally, brain plasticity phe-
nomena, as proposed by Roger Nitsch and his 
associates (Meier et al., 2003). Also pertinent in 
the present context is the demonstration of 
the presence of HACU and VAChT early 
post natally at the olfactory glomeruli; this pres-
ence correlates closely with the maturation of 
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synapses at this site (El Far et al., 1998; LeJeune 
et al., 1996; Hutchins and Casagrande, 1988; see 
also Chapter 9 BIV).

Another system that is needed for the central 
(and peripheral) maturation of synapses is the 
system of the trophic factors (see sections CII and 
CIII, below). Among those factors particularly 
important in the present context are the so-called 
anterograde-acting trophics which regulate the 
transsynaptic growth and differentiation and neu-
ritic outgrowth and orientation; thus, they act as 
morphogens (Yankner and Shooter, 1982).

Among these trophic factors and morphogens 
are the cholinergic components, and their role is 
discussed in detail in section CIII, below. At this 
time, let it be mentioned that the early appearance 
of the cholinergic components—and, in fact, com-
ponents of other transmitter systems—relates to 
their role as morphogens and trophic and forma-
tive agents rather than to their transmittive func-
tion; consistent with this notion is the fi nding that 
the isoforms of AChE that appear early in neuro-
genesis are either nonfunctional or only weakly 
effective as catalysts (see, for example, Moreno 
et al., 1998; see Chapter 3 DIII). Then, the phe-
nomenon of “peaking” and subsequent decline, 
whether prenatal or postnatal, of just about all 
cholinergic components may also relate to the 
timing of their trophic and tropic (see section CIII) 
need for synaptogenesis. Altogether, cholinergic 
components have to be considered not only as 
needed for functional synaptogenesis and trans-
mission, but also as participants in the formation 
and maturation of synapses and junctions (Yew et 
al., 1999; Lauder and Schambra, 1999; see section 
CIII).

Yet, even the arrival at the future synaptic 
site of all the cholinergic components including 
HACU, VAChT, and other elements that consti-
tute a cholinergic neuron (see Chapter 2 B), and 
the morphogen action of certain cholinergic com-
ponents, does not suffi ce for creating a mature 
cholinergic synapse. Thus, while early synaptic 
organization—that is, a formation including most 
or all of the cholinergic components and some but 
not all of the synaptic anatomical entities—may 
be suffi cient for a primitive model of transmission 
(Uylings et al., 1991); the synapses continue 
maturing and gaining in effectiveness. This 
involves somatic and dendritic “remodeling”: in 
the rat neocortex, the dendritic branching (the pre-

synaptic site) of the cholinergic cholinococeptive 
neuron reaches a peak at 3 weeks postnatally 
and declines thereafter. This “remodeling” also 
includes the soma of the cholinergic presynaptic 
neuron, the presynaptic nerve terminals, and the 
pattern of their juxtaposition with the dendrites. 
Thus, in the case of the hippocampus, the ingrowth 
of the septal cholinergic nerve terminals into the 
dendritic fi elds is needed for effective transmis-
sion (Rimvall et al., 1985). And, as already men-
tioned, Mechawar, Descarries, and their associates 
(Mechawar et al., 2002; Mechawar and Descar-
ries, 2001) related synaptogenesis to the arrival at 
the postsynaptic dendrites of CAT- and ACh-
containing varicosities; this phenomenon began 
in the rat at the eighth postnatal day.

There are also a number of developments at 
the postsynaptic site, including invagination of 
plasmalemma, receptor clustering, appropriate 
localization of a specifi c AChE isoform at the 
postsynaptic membrane, and so on (see Whittaker, 
1988, 1992). Clustering of the receptors is regu-
lated by several CAMs and SAMs; while these 
molecules are particularly pertinent to organiza-
tion and clustering of the cholinergic muscle 
receptors, they also concern neuronal popula -
tions (Daniloft et al., 1989; CAMs and SAMs are 
discussed in detail in section CII-4); central syn-
aptogenesis may also be regulated by a number of 
microtubule-associated proteins (MAPs) that are 
also involved in appropriate organization of the 
neuronal cytoskeleton (Woolf et al., 1989). Other 
proteins and peptides—besides the trophics—are 
needed for the differentiation of the central 
cholinergic neurons, including bone morphoge-
netic proteins (BMPs), which have multiple 
capacities beyond that of bone formation, 
including cholinergic neuron differentiation (see, 
for example, Lopez-Coviella et al., 2000; Blank et 
al., 2004) and cyclin-dependent kinase inhibitors 
(Albright et al., 2001; see also Chapter 3 CIV). All 
these events and the interaction between the pre- 
and postsynaptic elements lead to increase 
in the effectiveness of spontaneous end evoked 
release of ACh (Xie and Poo, 1986), as well to the 
emergence of mature characteristics of the 
postsynaptic potentials, miniature potentials, and 
so on.

The classical cholinergic site, the motoneuron 
junction with the endplate, is an excellent illustra-
tion of what a mature junction amounts to; the 



334 Exploring the Vertebrate Central Cholinergic Nervous System

complex processes that are involved in this matu-
ration include not only such cholinergic compo-
nents as CAT, AChE, and ACh, but also a manifold 
array of active proteins, which are the facilitators 
of receptor clustering and distribution, and the 
basal postsynaptic lamina, which may be a source 
of signals that engender these proteins (Rotundo, 
1987; Burden, 1998; Sanes et al., 1978, 1998; 
Sanes and Lichtman, 2001; see above, this 
section).5 The current description of the matura-
tion of central cholinergic synapses includes many 
processes and entities characterizing the matura-
tion of the neuromyal junction.

Cell death and phenomena such as the degrada-
tion of “silent” receptors are events shared by all 
synapses and junctions. In fact, the diminution of a 
central cholinergic component following its pre- or 
postnatal peak may relate to cell death (see sections 
BII-2 and BII-4). Cell death occurs during normal 
peripheral and central neurogenesis (Hamburger 
and Keefe, 1944; Hamburger and Levi-Montalcini, 
1949; Oppenheim and Haverkamp, 1988; 
Haverkamp, 1989; Vaca, 1988; Rabizadeh et al., 
1994; see also Wyllie et al., 1980; Vaca, 1988; Rabi-
dozeh et al., 1994). This neuronal apoptosis, elimi-
nation of some anatomic elements (such as primitive 
dendrites), and decrease of the concentration or 
activity of cholinergic components may have several 
causes. For example, the dendrites and/or presynap-
tic terminals may need to exhibit parsimony for the 
synapses to function properly. Competition between 
the pre- and postsynaptic elements for the optimal 
synaptic placement, as well as for the trophics that 
are available, may eliminate some of these elements 
(see section CI). In addition, metabolic postsynaptic 
activity contributes to the control of presynaptic 
growth and development and may downregulate the 
early development of presynaptic elements (see 
Vaca, 1988).

6. Comments and Conclusions

Cholinergic elements exist during develop-
ment, which is long before neurogenesis. The 
components appear in the gametes and may reach 
high levels in the ovum and the sperm. Choliner-
gic entities do not appear simultaneously in 
prenervous ontogeny or during neurogenesis. 
Generally, ChEs and CAT appear early and cho-
linergic receptors late. There are exceptions to this 
rule, such as in the retina (see section BII-3, above) 

or the human cortex (see section BII-2, above). 
However, the data are sporadic, and further studies 
may be needed to eliminate any exceptions.

Synchrony during neurogenesis among the 
cholinergic components is nonexistent, and they do 
not arrive simultaneously at the synaptic sites. In 
fact, the divergence during development between 
cholinergic elements such as ChEs and the recep-
tors may be quite marked (Egozi et al., 1986).

Cholinergic entities frequently peak pre- or 
postnatally during cholinergic neurogenesis and 
subsequently decrease in density or activity (see 
sections BII-2 and BII-4). This decrease may 
result from neuronal death and other features of 
synaptic maturation (see preceding section).

Section BII stressed the gametal emergence of 
the cholinergic components, their precocious pres-
ence during neurogenesis (i.e., long before the 
appearance of synapses), and their desynchronous 
neurogenesis. Given the results of theses fi ndings, 
it can be argued that ACh, ChE, and other cholin-
ergic components have a nontransmittive role (but 
perhaps not the entities characterizing ACh release 
processes such as HACU and VAChT; see also 
Chapter 2 B and C). Accordingly, they may act as 
morphogens or trophic factors (see section E, 
below), and may play other roles (see Chapter 3 
DIII).

Altogether, the arrival of one or more cholin-
ergic entities at the future synapse cannot be 
synonymized with the onset of cholinergic trans-
mission. This notion is a departure from notions 
espoused in the 1940s by Bacq, Nachmansohn, 
and Sawyer (see above, section A). Cholinergic 
entities such as CAT and the receptors may appear 
before the appearance of movement and, presum-
ably, transmission. At the same time, their appear-
ance may not be synchronized. Egozi et al. (1986) 
noticed a similar divergence between the develop-
ment of AChE and that of the muscarinic recep-
tors. Finally, besides the ontogenesis of cholinergic 
components, the appearance of morphogenetic 
proteins and peptides such as CAMs, BMPs, and 
other factors is needed for the differentiation and 
maturation of cholinergic sites, including central 
cholinergic neurons (Black et al., 1979). Then 
there is the matter of the genetic control of onto-
genesis and neurogenesis of the cholinergic 
system. This particular knowledge is barely in its 
infancy, although already some interesting data 
have begun to accumulate (Xiao et al., 2004; Liss 
and Roeper, 2004).
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Altogether, several exciting and unexpected 
conclusions may be reached from the analysis 
of cholinergic ontogenesis and neurogenesis. Who 
would expect to encounter cholinergic elements 
in fertilized or unfertilized ovum, and why should 
cholinergic components develop quasi-
independently of synaptogenesis?

BIII. Postnatal Neurogenesis

It was realized early by David Nachmansohn 
(1939) that in many animal species AChE activity 
of the myoneural junction and the CNS persists 
augmenting postnatally (see also Karczmar, 
1963a). Nachmansohn described two heuristic 
fi ndings. First, he noticed that early postnatally 
there may be “dips” in AChE activity. This fi nding 
should be related to the neurotrophic factor 
hypothesis (that is, reduction in cholinergic ele-
ments at certain neurogenetic periods) developed 
much later by Rita Levi-Montalcini, Hans 
Thoenen, and others (see section CI-2, below), 
although Nachmansohn himself ascribed these 
diminutions of AChE activity to the dilution of 
ChE-rich neurons with noncholinergic elements. 
Second, he observed that CNS AChE of animals 
that are born relatively immature, such as rats, 
mice, and rabbits, increases dramatically after 
birth, while this activity augments minimally in 
animals that are fairly mature at birth, and he 
proposed that there is a relation in animal species 
between the rate of postnatal change in AChE 
activity and the status of maturity at birth; this 
important generalization will be returned to sub-
sequently in this section.

Subsequent to these early fi ndings, other 
central cholinergic elements besides ChEs were 
studied in rodents, humans, chicks, frogs, and cats, 
and certain revisions with respect to Nachman-
sohn’s postulate were made.

In all these species, by the fi rst postnatal day 
all of the cholinergic components exist in the brain 
parts and the spinal cord (see above, section BII-2). 
It is of interest that the HACU and VAChT systems 
are among the cholinergic components that are 
present at birth at several brain sites, including the 
olfactory glomeruli (LeJeune et al., 1996); this is 
relevant for synaptogenesis at this site (see Chapter 
2 B2 and the section below).

The postnatal pattern of change depends on 
species and the cholinergic component. A common 

pattern is the postnatal continuation of the increase 
in the activity and/or postnatal concentration of 
the cholinergic components (see also section BII-
2, above). Thus, AChE and BuChE increased 
postnatally in the rodent forebrain, hippocampus, 
nucleus basalis, thalamocortex, neocortex, dien-
cephalon and mesencephalon, and olfactory bulb, 
and in the chick nucleus isthmi (Hohmann and 
Ebner, 1985; Meisami and Firoozi, 1985; Zhang 
et al., 1998; Torrao et al., 2000; Hohmann and 
Berger-Sweeney, 1998; Lassiter et al., 1998; 
Brimijoin and Hammond, 1996). Then, CAT 
strongly increases after birth in the rat hippocam-
pus, tegmentum, septal/diagonal band complex, 
forebrain, nucleus basalis, and cortex (Sofroniev 
et al., 1987; Large et al., 1986; Brooksbank et al., 
1978; Fiedler et al., 1987; Bear et al., 1985; 
Hohmann and Ebner, 1985; Coyle and Yamamura, 
1976; Patel et al., 1978; Sorenson et al., 1989; 
Ninomiya et al., 2001; Villalobos et al., 2001; 
Holler et al., 1996; Mechawar and Descarries, 
2001). The postnatal CAT pattern of the cat genic-
ulate is similar (Carden et al., 2000), as it is in the 
mouse retina (in neuroblastic and ganglion cell 
layer); interestingly, while the prenatal CAT devel-
opment of the mouse retina does not depend on 
the presence of light, its postnatal development is 
retarded by visual deprivation (Zhang et al., 2005). 
This increase may not embrace all brain parts; 
thus, some investigators did not fi nd any signifi -
cant increase of CAT in the rodent hypothalamus 
and the olfactory bulb (Patel et al., 1978; Rea and 
Nurnbergar, 1986; Meisami, 1979). It appears 
that, in parallel with the increase in CAT activity, 
phospholipids and choline metabolism also 
increase postnatally (Keller et al., 1987). The 
same increase holds true in rodents for other cho-
linergic com ponents, such as the choline uptake 
system and vesicular transporter (Holler et al., 
1996; Aubert et al., 1996; and Mechawar and Des-
carries, 2001). Finally, muscarinic receptors 
increased in density in the rodents when measured 
in the whole brain or the hippocampus, and nico-
tinic receptors containing the alpha 7 subunit 
increase postnatally and reached the peak at 
approximately the fourth postterm week (Zhang et 
al., 1998; Hohmann et al., 1985; Fiedler et al., 
1987, 1990).

The postnatal increase in CAT activity and its 
pattern relate to synaptogenesis. Mechawar and 
Descarries (2001) used CAT immunohistochemis-
try and axonal morphometry to demonstrate the 
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rapid postnatal increase in the area, density, and 
length of axonal varicosities in the rat parietal 
somatosensory cortex. They related its peak at the 
fi rst postnatal month to synaptic cytodifferentia-
tion, as during this time the dendritic spines and 
branches surrounded the varicosities. This dif-
ferentiation corresponds to pre- and postsynaptic 
specialization (see Figure 8-6; see also section 
BII-4). It must be added that several trophic factors 
increase in activity postnatally, and this phenom-
enon has also to do with synaptogenesis (see 
Mechawar and Descarries, 2001 and section 
BIII-5).

Another pattern of postnatal change occurs in 
some species and/or at some brain sites; in this 
case, cholinergic components peak before or at 
birth and decline subsequently. For example, in 
the cerebellar and frontal cortex and in basal 
ganglia, CAT activity reaches its peak at 18 to 22 
weeks and declines throughout gestation as well 
as postnatally (Brooksbank et al., 1978; Johnston 
et al., 1985; Gale, 1977; Bull et al., 1970; see also 
section BIV). Similarly, in the human frontal 
cortex and the cerebellum, nicotinic receptors 
peak prenatally and decline thereafter. This is true 
also for several parts of the rodent brain (see Court 
et al., 1997; see above, this section): the rodent 
nicotinic receptors of the forebrain and the hippo-
campus increase early postnatally and decrease 
subsequently (Yamada et al., 1986; Slotkin et al., 
1987). There is some inconsistency with regard to 
the human muscarinic receptors: while in the 
human cortex and forebrain, the muscarinic recep-
tor density reaches adult levels postterm, in the 
striatum and the forebrain the muscarinic recep-
tors reach their peak at birth and decrease postna-
tally (there is some controversy as to the pattern 
of change of the muscarinic receptors in the 
cortex; compare Ravikumar and Sastry, 1985a, 
1985b; Brooksbank et al., 1978).

This postnatal decrease in cholinergic compo-
nents in at least some parts of the human brain 
is surprising: as the human infant is born very 
immature compared to the newborns of any other 
species, a continuous, postnatal increase in the 
cholinergic components could have been expected 
instead; indeed, this increase can be predicted on 
the basis of Nachmansohn’s and Bacq’s notion 
(see above, section A). In fact, in the case of the 
marsupial opossum, which has, similarly to the 
human, a long postnatal development (some 70 

days in the pouch), the cholinergic system of its 
retina increases postnatally (see section BII-2, 
above). It must be noted, however, that in the 
monkey and in humans, CAT and muscarinic 
receptors exhibit, at birth, high levels in the cere-
bellum and several other brain parts, even though 
their levels may decrease postnatally (see below, 
this section; Hayashi, 1987; Ravikumar and 
Sastry, 1985a, 1985b); these high natal levels of 
cholinergic components are consistent with the 
need for balance and agility in the infant 
monkey.

A postnatal increase in the density or activity 
of cholinergic components followed by a decrease 
constitute still another postnatal pattern of cholin-
ergic neurogenesis. Thus, using CAT and markers 
for other components of the cholinergic system, 
Rene Quirion and his associates (Durand et al., 
1999; LeJeune et al., 1996) showed that the 
cholinergic forebrain radiation arrived in rodents 
at the olfactory bulb at birth, and cholinergic 
components peaked during the second postnatal 
week and decreased subsequently; actually, this 
decrease continues to the fi fth postnatal week. 
Similarly, the nicotinic receptors of the rodent 
forebrain increased initially postnatally and 
then decreased quite signifi cantly through the 
25th day of postnatal neurogenesis (Yamada et al., 
1986; Slotkin et al., 1987); it should be noted that 
in rodents muscarinic receptors seem to follow a 
different postnatal pattern (see above, this section). 
Also, CAT levels and density of muscarinic recep-
tors are high at birth in the cerebellum and several 
other brain parts of humans and the monkey, and 
decrease postnatally (Hayashi, 1987; Ravikumar 
and Sastry, 1985a, 1985b). Interestingly, AChE 
and its mRNA of brain regions that are noncholin-
ergic, such as sensory thalamic relay nuclei and 
anterior dorsal thalamic nucleus, peaked at about 
10 postnatal days and then declined (Brimijoin 
and Hammond, 1996).6

Whatever the signifi cance of these often incon-
sistent fi ndings with regard to Nachmansohn’s 
hypothesis concerning cholinergic maturity at 
birth and the natal behavioral competence, it is 
clear that there are various patterns of pre- and 
postnatal neurogenesis of cholinergic components. 
Furthermore, the above data indicate that there is 
a signifi cant desynchrony in the development of 
various cholinergic components. To adduce 
additional examples, receptor subtypes and the 
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Figure 8-6. A-1. Electron photomicrographs (¥30,000) of acetylcholine (ACh) (choline acetyltransferase 
[ChAT]—immunostained) axon varicosities from the parietal cortex at postnatal ages P8 (A to C), P16 (D to F), and 
P32 (G to I). The labeled profi les are identifi ed as axon varicosities by their content in aggregated synaptic vesicles. 
Most also display a mitochondrion (B, E, F to I). Their average size does not signifi cantly differ from P8 to P32. 
Of the 3 ACh varicosities at P8 (A, B, and C, respectively, from layers VI, II to IV, and V), only the third (C) displays 
a synaptic junction (between thin arrows), which is also made with a dendritic branch (d). The same is true of the 
3 varicosities at P16 (D, E, and F, respectively, from layers IV, VI, and VI); the synapse in F (between thin arrows) 
is also made with a dendritic branch (d), and it is clearly symmetrical. In the P32 row (G, H, and I, respectively, 
from layers IV, VI, and VI), the synapse made by the varicosity in I (between the thin arrows) is of the perforated 
variety, asymmetrical, and made with a dendritic spine (asterisks), which also receives 2 other synaptic varicosities 
(V2 and V3), unlabeled. Note the diverse structural microenvironment of these ACh varicosities at all ages. In A to 
C, all three varicosities are partly surrounded by dendritic branches (d). The one in D comes close to a capillary (L 
in lumen), from which it remains separated by an astrocytes (as). In E, the ACh varicosity is juxtaposed to the base 
of a dendritic trunk (dt). In G and H, direct apposition to dendritic branches (d) may be observed, as well as juxta-
position to a nerve cell body (N) in H. Scale bar = .5 mmin I (applies to A to I). (From Mechawar et al., 2002, with 
permission.)
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two types of ChEs develop desynchronously 
during postnatal neurogenesis of rats and chicks 
(see this section, above; Lassiter et al., 1998; 
Layer, 1983; Zhang et al., 1998). Thus, Layer et 
al. (1983) found that BuChE activity is higher than 
that of AChE in the early stages of avian neuro-
genesis, while AChE predominates during post-
natal maturation of cholinergic pathways. Then, 
AChE increases postnatally in some layers of rats’ 
visual cortex and decreases in others (Robertson 
et al., 1985).

Another aspect of postnatal neurogenesis is 
that of cerebral lateralization and sexual dimor-
phism; this phenomenon seems to occur postna-
tally in several animal species with regard to 
cholinergic neurons of the hippocampus (see, for 
example Kristofi kova et al., 2004).

BIV. Comments and 
Conclusions as to 
Cholinergic Ontogeny

It is quite clear that several cholinergic markers, 
AChE (as well as BuChE), ACh, or CAT, and 
cholinergic receptors identify not only cholinergic 
ontogeny and synaptogenesis but certain other 
aspects of ontogeny, such as, for instance, the 
capacity of the oocytic response to sperm; this 
and other metabotropic roles may be fulfi lled by 
the prenervous (Buznikov, 1984) or even oocytic 
presence of the cholinergic components in 
question. It is a moot question whether their 
precocious presence indicates their primordial or 
precursor role with respect to cholinergic synapses, 
or relates to the metabotropic or trophic (morpho-
gen; see section CIII) role of these entities (see 
Karczmar, 1946, 1963a, 1963b; Karczmar et al., 
1973). In fact, their presence, prenervous, preco-
cious, or otherwise, in other words, at any time 
during developmental or adult life, may be con-
cerned with metabotropic or trophic action. It 
should be added that the developmental patterns of 
AChE in particular may not fi t at all the exigencies 
of neurogenesis; this generalization relates to the 
role of AChE in aneural organisms, at noncholiner-
gic synapses, or in aneural tissues such as placenta, 
red blood cells, or plasma, and so on (see Chapter 
3 DIII).

It is, of course, obvious that the major role of 
the components of the cholinergic system must 
have to do with synaptogenesis of cholinergic 
junctions and synapses. In fact, Ezio Giacobini 
and associates hypothesized with regard to the 
autonomic ganglia of the chick and their synaptic 
transmission that their maturation and function 
require parallel neurogenesis of the cholinergic 
elements (cf. Hruschak et al., 1982). Sometimes, 
a modifi ed version of Giacobini’s notion was pre-
sented, as it was proposed that a cholinergic entity 
may serve as the marker of this synaptogenesis 
and the ganglia’s functionability. For example, 
Hohmann and Ebner (1985; Hohmann et al., 1985) 
stated that “there is a striking spatial and temporal 
correlation between the development of the AChE 
pattern and synaptogenesis in cortical and sub-
cortical structures of the mouse.” Hayashi (1987) 
stated that in the monkey cerebellum CAT activity 
is indicative of the “synaptogenesis of cholinergic 
mossy fi bers  .  .  .  which is  .  .  .  completed during 
the prenatal period”; yet at this time the postnatal 
changes in, for example, the cholinergic receptors, 
are still due, and these changes are quite con-
spicuous in the case of such related species as 
man (Ravikumar and Sastry, 1985b). Actually, 
Hohmann and Ebner (1985), while stressing the 
importance of the maturation of AChE for the 
functionability of a synapse, also stressed a lack 
of parallelism between ontogenesis in AChE and 
CAT systems and synaptogenesis in the cortical 
and subcortical structures.

In fact, as discussed in this chapter, there is 
considerable desynchrony during development 
between cholinergic entities of the sympathetic 
and parasympathetic ganglia, the neuromyal 
junction and the CNS, AChE, and CAT being 
particularly precocious compared to the choliner-
gic receptors in the ganglionic development; in 
fact, all these components of the cholinergic 
system antedate in their development the appear-
ance of the synaptic ganglionic potentials (Dryer 
and Chiapinelli, 1985).

The same lack of synchrony between the 
ontogeny of the cholinergic synapses and trans-
mission, on the one hand, and the development of 
the cholinergic elements, on the other, occurs at 
both the peripheral and central sites. This is true 
in the case of the cardiac and neuromyal junction, 
as well as in that of the central cholinergic syn-
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apses, including the well-studied instances of neu-
rogenesis and synaptogenesis such as in the retina 
(see above, section BII). In all these cases such 
cholinergic elements as AChE and CAT appear 
quite precociously with respect to cholinergic 
synaptogenesis and transmission. Cholinergic ele-
ments concerned with uptake of choline, cycling 
of vesicles, clustering of postsynaptic receptors, 
and so forth emerge later, and certain morphologic 
specializations that characterize mature, fully 
effective synapses and junctions may appear 
even later. Thus, the maturation of the neuromyal 
junction and its organelles is late with respect to 
the appearance of the cholinergic elements (cf. 
Salpeter, 1987; section BII-4). Furthermore, it 
must be emphasized that trophic, tropic, and 
differentiative factors contribute to this process; 
these phenomena were alluded to briefl y in the 
sections BI to BIII, above, and will be discussed 
in detail in sections CI to CIII, below.

In fact, the presence of all the cholinergic ele-
ments as well as morphogenetic and neurogenetic 
specialization do not suffi ce for the functional 
maturity of a cholinergic junction or synapse. 
Indeed, the presence of a particular cholinergic 
component at a specifi c developmental stage may 
mean little without the maturity of this compo-
nent’s structure or nature; while these aspects of 
the maturation of, say, CAT or cholinergic recep-
tors is in its infancy, yet it is already known that 
the form of AChE and the structure, subtypes, and 
distribution of the cholinergic receptors change, 
stepwise, during development, until they reach 
their mature form (see Salpeter, 1987; Rotundo, 
1987; Dennis, 1981; Massoulié et al., 1993, 
1998).

This does not signify that a primitive evoked 
response, whether to endogenous choline or cho-
linomimetics, cannot occur earlier, as has been 
known since the 1960s in the case of the chicken 
heart (McCarty et al., 1960; see also Karczmar, 
1963a). But even this primitive response cannot 
be readily synchronized with cholinergic ontogen-
esis; in fact, it may be generalized that both cho-
linergic transmission and the premature responses 
of the postsynaptic receptors may not be readily 
related to specifi c events in the ontogenesis of the 
cholinergic elements.

Altogether, the development of cholinergic—
or any other—transmission and synaptogenesis 

involves multifactorial biochemical and morpho-
logical processes that include the phenomenon of 
cell death and the neurotrophic factor hypothesis 
(see below, section CI), the achievement of the 
mature state of these processes being protracted 
well into postnatal development.

BV. Phylogenesis of the 
Cholinergic System

The question of the phylogenetic appearance 
of cholinergic components has been mentioned 
(see Chapter 2 B-1 and section A, above) with 
respect to the early proposal of Zenon Bacq and 
David Nachmansohn that in ontogenesis the 
appearance of the cholinergic system (or its com-
ponents) coincides with the onset of functions 
such as motility. It has also been pointed out that 
cholinergic components such as ACh and/or ChEs 
are present in many species before the onset of 
their neurogenesis as well as in monocellular 
species devoid of innervation and/or motility. In 
fact, the bacterial presence of ACh was demon-
strated by Stephenson and Rowat (1947) very 
soon after Nachmansohn and Bacq posited their 
hypothesis (see also Karczmar, 1963a).

Today, the very wide phylogenetic distribution 
of cholinergic components including ChEs, ACh, 
CAT, and/or receptors is well recognized. These 
components are present in all vertebrates includ-
ing mammals, monotremes (Manger et al., 2002), 
and fi shes, comprising, of course, various species 
of Torpedo; insects, nematodes, annelids, 
mollusks including cephalopods, echinoderms, 
sponges, and other invertebrates; and monocellu-
lar organisms including protozoa and bacteria (see 
Florey, 1967). The Russian investigators were 
particularly active in the invertebrate studies of 
ChEs (see Rozengart and Moralev, 2004). It 
should be stressed that cholinergic components 
appear in the neurons of innervated species, such 
as echinoderms and worms, in the fl agellar under-
structures of such forms as Paramecium as known 
for many decades (see Beyer and Wense, 1936), 
in nonnervous tissues of forms endowed with 
nervous systems, and/or in nonnervous species.

These data vindicate the early statement that 
“it would be simplistic to account for the 
appearance of ACh system in ontogenesis or 
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phylogenesis  .  .  .  by its being  .  .  .  the single con-
comitant of transmittive function” (Karczmar et 
al., 1973). If anything more is needed to prove this 
notion, ACh and CAT are present also in many 
plant species and in fungi (Horiuchi et al., 2003).

The Japanese authors (Horiuchi et al., 2003) 
state, legitimately, that their fi ndings “suggest that 
ACh  .  .  .  has  .  .  .  been expressed in organism from 
the beginning of life, functioning as local media-
tor.” Of course, we do not know what precisely 
this “local mediator function” is, although the 
fi ndings presented in this chapter suggest that the 
cholinergic system may be active, besides as a 
transmitter, as a secretor, morphogen and growth 
regulator, and trophic factor; other functions were 
proposed for such cholinergic components as 
ChEs (see Chapter 3 DIII).

Horiuchi and his associates’ (Horiuchi et al., 
2003) statement that the cholinergic components 
play a role (but which role?) since the beginning 
of life is most heuristic. It relates to the fi ndings 
of several investigators concerning the conserved 
molecular nature of such cholinergic components 
as AChE and nicotinic receptors and their encod-
ing in the genes of other species, from Drosophila 
to human, as stressed by Jean-Pierre Toutant and 
his associates (Arpagaus et al., 1998; Treinin et 
al., 2004; see also Karczmar, 1999, 2004). Simi-
larly, Paul Salvaterra and his associates (1993, 
2004) described the presence in Drosophila of the 
cholinergic gene locus (with its transcription sites 
for CAT and other cholinergic markers), which is 
homologous with the cholinergic locus of the 
vertebrates, and they stressed that “the genomic 
organization of the cholinergic locus has been 
conserved in all animals where it has been studied.” 
This ancient genetic and molecular history of 
cholinergic components is well documented, 
notwithstanding evolutionary adaptations, such as 
the presence of 4 AChE genes in nematodes versus 
only 1 in mammals.

It was demonstrated with respect to the genetics 
of developmental structures such as the formation 
of the anterior-posterior body axis or the lens that 
the genes in question (Hox and Pax genes, respec-
tively) are homologous across distant phyla (arthro-
pods and vertebrates in the case of Hox genes, and 
cephalopods, vertebrates, and 4 additional phyla in 
that of Pax genes); thus, these structures may be 
linked genetically with their common ancestral 
genes, participating in the evolution of the recent 

forms via adaptations and exaptations (adaptation 
being the primary phylogenetic response to natural 
selection, while exaptation is the secondary 
employment of this feature in a way unrelated to its 
original use; see Gould, 2002). It is exciting to 
conjecture that, similarly, the common ancestral 
genes for the molecular and genetic expression of 
cholinergic components may extend back in time to 
primitive monocellular organisms—pertinent data 
are not available at this time.

It may be even more stimulating to speculate 
that the original cholinergic genome acted as a 
morphogen that regulates growth and differentia-
tion and which was subjected to selective adapta-
tion as such, while its transmittive function was 
exaptive in nature.

C. Trophic and Growth Factors

Trophic and growth factors are proteins, pep-
tides, gangliosides, and related agents that are 
involved in and necessary for neurogenesis and 
neuronal maintenance; while for several years 
following the 1940s and 1950s discoveries of Ed 
Bueker, Victor Hamburger, and Rita Levi-
Montalcini, only few such factors were recog-
nized, including the nerve growth factor (NGF), 
several dozens of these agents that belong to 
various biochemical categories are studied at 
present.

The trophics are also capable of regenerative 
and antidegenerative neuronal actions as well 
regenerative effects on prenatal axons following 
brain damage and experimental lesions; it is 
important that the regenerative neuronal actions 
occur in adult animals as well as adult humans. 
These capacities raise hope that these agents may 
be useful in the treatment of brain injuries and 
degenerative human disease (see section CI-3e 
and CI-4, below, and Stein, 1981).

In the context of the capacities of trophics, 
axonal growth and regeneration in the adult appear 
to be a special matter; essentially, the mammalian 
adult axons of the CNS do not regenerate after 
injury as maintained by Bandtlow (2003), although 
Carl Cotman, for example, is somewhat less defi n-
itive about this matter (Cotman, 1999). A number 
of myelin inhibitory components are concerned 
with the regulation of “parsimonious” axonal 
growth, and the activity of these components 
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underlies inhibition of adult axonal regeneration 
following injury (see below, sections CIII-3e and 
CIV-4). It is unclear at this time whether or not 
the trophics can antagonize these inhibitions and 
facilitate adult axonal regeneration.

CI. Nerve Growth Factor

1. Discovery and Early 
Concepts, and Non-NGF 
Trophic Factors

In 1892 Ramon y Cajal (see Cajal, 1913) 
speculated on the existence of “neurotrophic 
substances” to explain his observations on the 
development and regeneration of nervous tissues. 
In the 1940s, Ed Bueker, Victor Hamburger, J. Z. 
Young, and Paul Weiss stressed the dependence of 
the development and growth or regeneration of 
axons on their target organs or, more generally, the 
“remote milieu” (Hamburger, 1952; see also 
Young, 1951; Hamburger and Keefe, 1944; Weiss 
and Hiscoe, 1948). Both Hamburger and Young 
came up with the heuristic idea that a metabolic 
“message or infl uence” must be transmitted to the 
neurites or perikarya to initiate these “trophic” 
effects on neurogenesis (Hamburger, 1952; 
Young, 1948; Levi-Montalcini and Hamburger, 
1951).7 Similarly, on the basis of their studies of 
nerve regeneration, J. Z. Young and Paul Weiss 
opined that this “message or infl uence,” formed 
by the periphery (sense organs, muscle), facilitates 
regeneration via migrating “up the nerve fi bers” 
(the term “retrograde trophic action” would be 
used today) to the neuron (Young, 1948; Weiss, 
1939). Finally, Rita Levi-Montalcini, Victor 
Hamburger, and Stanley Cohen coined the term 
“nerve growth-promoting factor” (NGF) for the 
substance derived from the sarcoma and snake 
venoms (Cohen et al., 1954) and Rita Levi-Mon-
talcini and Stanley Cohen(1958) offered direct 
proof and chemical identifi cation of NGF and 
several other trophics.8 Convincing evidence of 
the existence of such a substance or substances 
was provided in 1948 by Ed Bueker as he noticed 
that, transplanted into chick embryos, mouse 
sarcoma 180 caused branching and invasion into 
the tumor of sensory fi bers and enlargement of 
sensory, spinal ganglia. Victor Hamburger and 
Rita Levi-Montalcini confi rmed and expanded 

upon Bueker’s fi ndings, as the tumor caused 
growth of the sensory ganglia, autonomic gangli-
onic hyperplasia, and an outgrowth of the embry-
onic sciatic nerve into the tumor.

Venero et al. (1996) emphasized that a close 
relationship exists between trophic activities and 
cholinergic neurogenesis. This is true for the 
periphery, as in the case of sympathetic autonomic 
ganglia, ciliary ganglia, and neuromyal junctions 
triate, as well as for central cholinergic pathways, 
as fi rst demonstrated by Thoenen and his associ-
ates (Schwab et al., 1979; see also below). In fact, 
the early history of growth factors relates to gan-
glionic neurogenesis, as Rita Levi-Montalcini and 
Hans Thoenen applied their neurotrophic factor 
hypothesis to the sympathetic autonomic ganglia 
and ciliary ganglia (see section BII-4). However, 
there are exceptions to Venero and associates’ 
statement: trophic factors stimulate neuronal 
regeneration and maintain the survival of mature 
neurons (see, also below, section CI-2). And NGF 
(and other neurotrophins) affects nonnervous 
structures and noncholinergic neurons including 
those of sensory ganglia.

In their work, Rita Levi-Montalcini and Stanley 
Cohen used explanted ganglionic tissues to bioas-
say trophic actions of NGF-containing materials. 
These in vitro experiments clearly established 
that a chemically identifi able NGF is present in 
several sources and that it is responsible for the 
biochemical and neurogenetic effects observed in
vivo. In addition, extracting, purifi cation proce-
dures, and simple chromatograms yielded large 
molecular protein aggregates and then complexes 
containing subunits (Levi-Montalcini and 
Angeletti, 1968; Greene and Shooter, 1980; Levi-
Montalcini, 1953; Cohen and Levi-Montalcini, 
1957; and Cohen, 1958). Ultimately, NGF was 
established as a complex protein with the sedi-
mentation coeffi cient of the complex 7S; thus, the 
complex is frequently referred to as 7SNGF 
(Varon et al., 1967; Greene and Shooter, 1980). 
Nerve growth factor consists of 3 subunits that 
may be separated by ion-exchange chromatogra-
phy and other methods. The beta subunit is bio-
logically active. It is a dimer, and each dimer 
contains 118 amino acids. The dimer shows con-
siderable homology with insulinlike growth 
factors (see Figure 8-7; Greene et al., 1971; Ange-
letti and Bradshaw, 1971; see also Angeletti, 
1972; Hendry, 1976).



342 Exploring the Vertebrate Central Cholinergic Nervous System

Originally, NGF was found in various sarco-
mas, serum, snake venoms, and the mouse iris and 
submaxillary gland. Snake venoms contain par-
ticularly high levels of NGF (Cohen and Levi-
Montalcini, 1956; Levi-Montalcini and Angeletti, 
1968; Levi-Montalcini and Hamburger, 1951; 
Angelettti and Bradshaw, 1971; Angeletti et al., 
1971; Levi-Montalcini, 1982; see also Hendry, 
1976).9 Obviously, the notion of NGF’s physio-
logical role is not necessarily supported by its 
presence in snake venom or sarcomas. But Ian 
Hendry, Hans Thoenen, and their associates came 
up with a solution to the problem. They empha-
sized the fi ndings that the iris and the submaxillary 
gland, organs that contain NGF and are innervated 
by the superior cervical ganglion, exert trophic, 
neurogenetic effect on the ganglion, and they pro-
posed that NGF that is diffused from the gland or 
the iris (the target organs) may be transported in 

the axons, retrograde-wise, to the superior cervical 
ganglion neurons, where it exerts its trophic 
action; accordingly, they referred to the iris and 
the submaxillary gland as target organs.

Ian Hendry, Hans Thoenen, and their associ-
ates provided evidence that strongly supported 
this notion: they blocked the axonal transport, 
cauding the degeneration of the superior cervical 
ganglion. Then, using NGF radioactive tracers, 
they demonstrated that the NGF receptors (see 
below, this section) located at the nerve terminals 
and possibly at the perikaryon of the recipient cell 
“internalize” NGF into endosomal NGF vesicles 
via the process of endocytosis. The NGF-receptor-
vesicle complex moves in retrograde fashion into 
the soma, where NGF is dissociated from the 
complex as the vesicles become acidifi ed by a 
proton pump. “The actual fl ow of NGF occurs 
in membrane-bound vesicles along the micro-

Figure 8-7. Viktor Hamburger and Rita Levi-Montalcini in 1977. (From Levi-Montalcini, 1982, with 
permission.)
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tubules  .  .  .  at a rate similar to the fast axonal fl ow 
of other molecules” (Misko et al., 1987; see also 
Vale and Shooter, 1984; Hendry, 1976). Accord-
ingly, Hendry and his associates referred to NGF 
and related trophins as “retrophins.” NGF is a 
retrograde-acting neurotrophin, as it originates at 
or in target tissues, and as its action is mediated 
via the growth of the nerve terminals into their 
target tissues and via NGF’s retrograde movement 
into the neuron. Landreth, 1999 (see his Figure 
19-1) distinguishes between target-derived tro-
phins, paracrines and autocrines. He also refers to 
paracrines as trophic factors that are not derived 
from postsynaptic targets, but from glia and other 
elements. Other investigators refer to paracrines 
as anterograde-acting growth and morphogenetic 
factors exerting their effects in a peripheral fashion 
(see Hendry et al., 1974a, 1974b, 1983; Levi-
Montalcini, 1982; Hendry, 1976; Thoenen, 1972, 
1995; Davies et al., 1987; see also Landreth, 1999, 
2006; Schober and Unsicker, 2001).

Demonstrating the NGF presence in the 
CNS constitutes an important link in providing 
evidence for the central role of NGF. In 1979, 
Greene and Sutter et al. and Benowitz demon-
strated NGF’s presence in cultures of gold fi sh 
brain cells, and chick embryo forebrain and 
tectal neuron cultures (Benowitz and Greene, 
1979; Sutter et al., 1979). Also, in rodents, Hans 
Thoenen established the presence of NGF in the 
septo-hippocampal, nucleus basalis-neocortical, 
diagonal band-septal, and intrastriatal cholinergic 
pathways or systems (Thoenen et al., 1987a, 
1987b; Whittemore and Seiger, 1987; Hefti and 
Will, 1987). Subsequent work established that as 
in the case of the autonomic system, NGF is 
absorbed, via NGF receptors, by the nerve termi-
nals of the pertinent central neurons and then 
transported, retrograde-fashion, to the neuron’s 
perikarya, where it exerts trophic actions (Schwab 
et al., 1979).

Sites for retrograde CNS transport of NGF are 
usually consistent with the central presence or 
expression of NGF, and the projecting axons 
exhibit NGF receptors (see below section 2). The 
fi nal proof of the retrograde transport of NGF in 
the CNS via the projecting axons was provided by 
using radiotracer and other techniques (see Figure 
8-8; Kawaja and Gage, 1991; Seiler and Schwab, 
1984; Holtzman et al., 1992; see also Lucidi-Pillipi 
and Gage, 1993; Cuello, 1993). Hans Thoenen, 

Franz Hefti, and their associates showed that NGF 
and its receptors share, in rodents, forebrain sites 
with cholinergic innervation, while noncholiner-
gic cortical projections and major dopaminergic or 
adrenergic sites do not exhibit NGF transport 
(Whittemore and Seiger, 1987; Ebbot and Hendry, 
1978). Nerve growth factor-containing target 
tissues for the basal forebrain system, the septum, 
and nucleus basalis are the hippocampus, diagonal 
band, and neocortex. In addition, Thoenen and 
others also showed that NGF exists in glia and 
other nonneuronal cell lines (Varon et al., 1974; 
Thoenen and Barde, 1980).

2. The Early Story of 
Other Retrophins and 
Trophic Substances

Thoenen’s team (Barde et al., 1982) identifi ed 
several new, nonNGF retrophins, including the 
brain-derived neurotrophic factor (BDNF). Soon 
thereafter it became apparent that NGF and BDNF 
are just members of an array of neurotrophins 
and retrophins, as a number of extracts of various 
tissues including glia and astrocytes exhibited 
neurotrophic actions but did not contain NGF (cf. 
Meyer et al., 1979). Today, some 50 retrophins are 
known including muscle derived trophins or retro-
phins (see, for example, Henderson, 1988) (see 
Landreth, 1999, 2006). Most of them are peptides 
or polypeptides (McManaman et al., 1988); they 
act upon many central cholinergic pathways, sur-
passing NGF, which affects only a few central 
cholinergic pathways. But nonNGF, nonpeptide 
retrophins were also identifi ed. These substances 
classically described as involved in infl ammatory 
and immune processes are cytokines (referred to 
also as neurokines), including the ciliary neuro-
trophic factor (CNTF) and glycoprotein interleu-
kins, including interleukin 1b.

The protein retrophins, neurotrophins, cyto-
kines and interleukins are not the only trophic sub-
stances that exist. During the 1940s it was speculated 
that neurons and/or their axons may nonspecifi -
cally (not dependent on their transmitter type) 
exert anterograde trophic actions on nonnervous 
cells that regulate development or regeneration of 
nonnervous tissues (Schotté and Butler, 1941; 
Karczmar, 1946). What is particularly exciting 
in this book’s context is that these anterograde 
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nerve-derived trophic signals may include cholin-
ergic components such as ACh or CAT and the 
presynaptic AChE (or postsynaptic ChEs); they are 
not to be confused with anterotrophic compounds 
(see section C-3). Trophic and morphogenetic 
actions of ACh were shown in the nineteen 1960s 
for nonvertebrates and vertebrates alike, in both the 
periphery and the CNS, and George Koelle (1987; 
personal communication) proposed a similar role 
for ChEs (Sellin and McArdle, 1977; Drachman, 
1967; Anderson and Key, 1999; see also Buznikov, 
1973 and Karczmar, 1963b). These matters are also 
discussed in sections A, BII, and CIII.

Then, molecules such as CAMs and SAMs 
may also belong to this category of trophins. 

While CAMs and SAMs are active at the postsyn-
apse as differentiative and morphogenetical mol-
ecules (see section BII), they also exert neurotrophic 
effects. Finally, there are anterotrophins, which 
are referred to by Landreth (1999) as paracrines, 
that is, growth factors that are released by one 
neuron and act on another neuron or on a non-
nervous tissue (such as glia; see Figure 8-9).
 Paracrines are discussed in section C-3a.

Finally, additional nonpeptides, nonprotein 
substances such as gangliosides and glycyl-
glutamates (Koelle et al., 1987), are endowed with 
trophic capacities (see section C-4). In addition, 
there are trophic or quasi-trophic effects that 
depend on synaptic function. These effects provide 

A BNGF

trkA

Signaling
complex (iii)

(ii)

(i)

Long-term (hours-days) Short-term (minutes-hours)

Grb

SOS

ShC

Ras

MAPK

PKC

PI3K

P70
S6K

PLCγ

Figure 8-8. Nerve growth factor (NGF) signaling at the synapse. (A) At the nerve terminal, NGF binds to the 
trkA receptor. Activation of the receptor complex stimulates docking of a number of proteins; shown here are 
phosphatidyl inositol 3 kinase (PI3K), ShC, and phospholipase C g (PLCg). ShC activates the SOS/Grb complex to 
activate the small GTPase, Ras, and MAT kinase (MAPK). Other protein kinases, including protein kinase C (PKC) 
and P70-S6 kinase (P70S6K), are activated. A signaling complex is formed that is retrogradely transported along 
the axon to the cell body, where it can cause the phosphorylation of transcription factors and cause changes on gene 
expression (Friedman et al., 1999). (B) Current evidence suggests that NGF can cause short-term regulation of 
neurons independent of retrograde transport of the signaling complex and gene expression. Binding of NGF to Trk 
causes enhanced neurotransmitter release (i) and may activate various receptors (ii) and ion channels (iii) to enhance 
neuronal electrical activity. (From Rattray, 2001, with permission.)
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“trans-synaptic regulation,” a term coined by 
Julius Axelrod, Ian Hendry, and Eriminio Costa 
(cf. Axelrod, 1971; Costa and Guidotti, 1973; 
Hendry, 1973; see section CIII-2).

3. Characteristics and 
Functions of NGF and 
NGF Receptors

a. Nerve Growth Factor Actions on 
the Sympathetic Ganglia and 
Sensory Neurons

The original investigations of Hamburger, 
Levi-Montalcini, Thoenen, Cohen, and others 
concerned the ganglionic effects of NGF; their 
work is being pursued vigorously. While this 
research is out of this book’s context, its salient 
fi ndings are pertinent for the central trophic pheno-
mena and are described briefl y.

The diffusible—later identifi ed as protein-
aceous—NGF, which was found originally in 

mouse sarcomas 180 and 37 (Bueker, 1948; 
Levi-Montalcini, 1953) and subsequently in other 
materials, produces, when applied exogenously, 
hypertrophy of the embryonic chick sympathetic 
paravertebral and cranial prevertebral ganglia, 
as well of sensory ganglia (spinal ganglia; cf., 
for example, Thoenen et al., 1971; Harper and 
Thoenen, 1981). As expressed by Levi-Montalcini 
(1952; see also Levi-Montalcini and Hamburger, 
1951), the sensory ganglia provide, via their 
hyperplasia, fi bers for the invasion of the tumor 
tissue, while “another source of nerve supply to 
the tumor  .  .  .  is  .  .  .  the sympathetic ganglia; their 
contribution of nerves to the tumor seems even 
larger than that of the sensory ganglia  .  .  .  as  .  .  .  the 
sympathetic ganglia adjacent to the tumor under-
went a hyperplasia which reached a maximum of 
600 per cent.” The basic effects included the 
embryonic hyperplasia of the ganglia, a chemo-
taxic infl uence (the neurotropic effect) on the out-
growth of the sympathetic nerve fi bers, and the 
increase in the cell number and size. These in vivo

Paracrine

Target Derived

Autocrine

Figure 8-9. Mechanisms of growth and trophic factor support. Growth factors can be provided through autocrine 
mechanisms in which a cell secretes growth factors to which it in turn responds, while paracrine support is mediated 
by secretion of factors, which then act upon neighboring cells. Target-derived support of neurons is mediated by the 
growth of fi bers into their target tissues. The target tissue synthesizes the growth factor and provides it to the inner-
vating neurons. (From Landreth, 1999, with permission.)
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observations were confi rmed by several investiga-
tors and extended to newborn mice and kittens 
(Zaimis, 1971; Angeletti, 1972; for further refer-
ences, cf. Chun and Patterson, 1977; Harper and 
Thoenen, 1981; Hendry, 1976; Hendry, 1977; 
Thoenen and Barde, 1980; Greene and Shooter, 
1980; Davies et al., 1987; Black, 1978). The effec-
tiveness of the NGF decreases rapidly postnatally 
as established by in vitro assays of NGF activity 
on ganglionic cultures; the question of decreased 
effectiveness of NGF in adulthood is more diffi -
cult to resolve (cf. Harper and Thoenen, 1981). 
This hyperplasia could be induced both in vivo and
in cultures.

NGF may not be similarly effective with 
respect to all the ganglia, as the terminal ganglia 
(the “short” adrenergic neurons) appeared less 
sensitive to NGF than the paravertebral and pre-
vertebral ganglia (Harper and Thoenen, 1981; see, 
however, Goedert et al., 1978; for the effects of 
the antiNGF antibodies on the terminal ganglia, 
see below, this section).

This morphological hyperplasia is accompa-
nied by effects on the ganglionic metabolism, 
including energy metabolism (see below, this 
section, and section CIII-2) and metabolism con-
cerning ganglionic transmitter systems (Bueker, 
1948; Levi-Montalcini, 1953; Larrabee, 1969; 
Levi-Montalcini et al., 1970; Thoenen et al., 1971; 
Harper and Thoenen, 1981; Zaimis, 1971; Ange-
letti, 1972; Hendry, 1976; Patterson and Chun, 
1977; Otten et al., 1978; Greene and Shooter, 
1980; Davies et al., 1987; Black, 1978); for 
example, NGF has the capacity to promote the 
adrenergic phenotype (Brodski et al., 2002). This 
also occurs with other neurotrophins (see, for 
example, the dopaminergic actions of fi broblast 
and transforming growth factors, section CII-3, 
below). While these fi ndings seem to deal on their 
face with an interesting pharmacological or exog-
enous effect, it seemed to Levi-Montalcini and 
Hamburger that these results closely relate to 
Hamburger’s earlier concept of “the important 
role played by peripheral structures in promoting 
the growth and differentiation of the nerve cells 
that innervate these tissues” (Levi-Montalcini, 
1982). These peripheral structures may be consid-
ered as target organs for the cells in question. It 
should be added that NGF induces certain para-
doxical hyperplasias in the CNS; this point is dis-
cussed in section CI-4.

It is particularly pertinent for this book that 
NGF dramatically increases, in vivo and in culture, 
CAT activity and ACh levels of the ganglia. This 
increase corresponds to the sympathetic ganglia’s 
progress in synaptization (Thoenen et al., 1972; 
Schaefer et al., 1979; Thoenen and Barde, 1980), 
and the effect is caused by NGF’s augmentation 
of protein synthesis evoked by second messenger 
actions of the NGF receptors (see section CI-3e). 
However, this effect may also result from the 
trophic, transsynaptic action that follows am 
NGF-induced increase in synaptic cholinergic 
activity of the developing sympathetic ganglion 
and/or trophic action of the cholinergic compo-
nents, ACh and AChE (see section CIII-2). Hendry 
(1976) commented that “cholinergic innervation 
is not required for  .  .  .  the action of NGF,” and that 
“preganglionic nerve activity is completely inde-
pendent of NGF activity.” The critique of these 
statements must wait for the perusal of section 
CIII-2.

As stated before, the presence of NGF and its 
relatives in various types of nervous tissue, includ-
ing the CNS, does not demonstrate their physio-
logical signifi cance. Even their effects when 
applied exogenously, including their hyperplastic 
action and their action on neuronal metabolism 
and the synthesis of CAT and ACh, may have a 
pharmacological rather than physiological 
meaning. Several lines of evidence resolve this 
problem. First, Ian Hendry, Hans Thoenen, and 
their associates showed the retrophic nature of 
NGF or NGF-like substances and demonstrated 
that the block of axonal transport of NGF caused 
a degeneration of the superior cervical ganglion 
(see above, section CI-1). Thus, Hans Thoenen, 
Rita Levi-Montalcini, and their associates showed 
that tissues innervated sympathetically by the 
sympathetic autonomic ganglia (the target organs: 
iris or vascular tissues) contained NGF and exhib-
ited mRNA encoding for NGF. Then they demon-
strated that in the mouse sensory trigeminal 
ganglion and its cutaneous target fi eld, NGF 
emerged in target tissues at developmental day 11, 
that is, when “the earliest nerve fi bers contact the 
target-fi eld epithelium” (coincidentally with the 
appearance of NGF receptors at the axons; see 
below); the concentration of NGF increased by 
100 percent on the 14th day of gestation (Heumann 
et al., 1984; Shelton and Reichardt, 1984; Davies 
et al., 1987). Altogether, at the periphery, the 
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ontogenetic appearance of NGF mRNA, NGF, 
and NGF receptors serves as the markers for syn-
aptogenesis of the ganglia and the neuromyal 
junctions (see Lichtman and Taghert, 1987); for 
example, the peripheral targets for developing 
axons contain NGF (Markus et al., 2002; Hirata et 
al., 2002). All this evidence supports the notion of 
the physiological signifi cance of NGF.

Another line of evidence deals with the 
existence of specialized NGF receptors: such 
existence is a condition sine qua non of the physio-
logical role of NGF. The fi rst reports demonstrat-
ing the presence of NGF binding sites or receptors 
in the ganglia appeared almost simultaneously in 
the 1973 volume of “Proceedings of the National 
Academy of Sciences” (Banerjee et al., 1973; 
Frazier et al., 1973). Later, Rita Montalcini’s and 
Hans Thoenen’s teams and other investigators 
demonstrated that the trophic effects of NGF at the 
perikaryon require these receptors, as an injection 
of exogenous NGF into the cytoplasm or nucleus 
does not generate trophic actions (Heumann et al., 
1981; Heumann, 1987; Angeletti et al., 1973; 
Banerjee et al., 1973; Hendry, 1976; Sutter et al., 
1979; see Levi-Montalcini, 1982). Then, there 
seems to be a tight correlation between the devel-
opmental arrival of NGF receptors and the response 
of the pertinent neurons to both NGF and the 
antiNGF serum (see below, and see also Greene 
and Shooter, 1980; Herrup and Shooter, 1975; 
Sutter et al., 1979; Thoenen and Barde, 1980).

An important discovery was made in the 1980s 
by E. M. Shooter and his associates, as they 
showed that there are two classes of NGF recep-
tors: high-affi nity, low-capacity and low-affi nity, 
high-capacity receptors (Vale and Shooter, 1982, 
1984; Greene and Shooter, 1980; Layer and 
Shooter, 1983; see also Misko et al., 1987). As 
shown subsequently, these two types of NGF 
receptors differ in their distribution and in their 
activity (see section CI-3c and 3d, below).

Receptors activated by NGF generate pro-
cesses that underlie NGF’s trophic action. Early 
1980s investigations concerning this matter sug-
gested that these receptors activate cyclic nucleo-
tides and phosphatidyl cascade (similar to the 
activation of muscarinic and nicotinic receptors); 
these and related phenomena include the release 
of Ca2+ (Heumann, 1987; Thoenen and Barde, 
1980; Thoenen et al., 1987a, 1987b; Greene and 
Shooter, 1980; Wakelam, 1986; and Hagag et al., 

1986). Also, NGF and its receptors increase the 
synthesis of microtubulin and other proteins 
(Thoenen and Barde, 1980). Further advances in 
this area are discussed in section CI-3b (see Figure 
8-10).

Stanley Cohen must be credited with an impor-
tant early fi nding that added to the credibility of 
the neurotrophic action of an endogenous NGF. 
He purifi ed the NGF of the submaxillary gland 
and snake venoms and used it to develop a specifi c 
NGF antiserum (Cohen et al., 1954; Cohen, 1960). 
That this antiserum is capable of causing immu-
nosympathectomy was rapidly established, fi rst in 
neonate and adult rodents, and then during devel-
opment (cf. Harper and Thoenen, 1981); in fact, 
when the antiserum is injected into the embryo, 
the destruction of the chromaffi n and ganglion 
cells is more intense than that achieved in neo-
nates or young adults—actually, the destructive 
effects of the antibody decrease rapidly postna-
tally, which is consistent with the rapid postnatal 
decrease in the effectiveness of the NGF.

Furthermore, concomitantly with its morpho-
logical effects, the antiNGF serum also causes 
biochemical sympathectomy, as the activity of the 
adrenergic enzymes and the levels of adrenergic 
substances such as norepinephrine are decreased 
by the antiserum in late embryos and in neonates 
(for references, cf. Harper and Thoenen, 1981; 
Hendry, 1976; Black, 1978). It also prevented 
postnatal development of the ganglionic CAT 
(Black et al., 1972), which is consistent with the 
action of NGF on the cholinergic preganglionic 
neurons. These effects of antiNGF serum were 
obtained when the serum was administered during 
chick and rodent late prenatal or early postnatal 
development; antiNGF serum was ineffective in 
the adult (Harper and Thoenen, 1981; Hendry, 
1976; Black et al., 1977).

As in the case of NGF, the NGF antiserum 
appears to be less effective with respect to certain 
prevertebral and terminal ganglia (“short” adren-
ergic neurons). It was suggested by Harper and 
Thoenen (1981) that this may be due to the close 
apposition of the neurons in question with their 
target organs.

It is doubtful whether the effects of the antiNGF 
serum may be antagonized with NGF. The narrow 
developmental time “window” of susceptibility 
to the antiNGF serum and the presence of the 
antiNGF serum in the experimental paradigm 
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make the exploration of the antagonism between 
NGF and antiNGF serum diffi cult.

The immunosympathectomy achieved with 
antiNGF serum resembles the chemical sympa-
thectomy obtained in the neonates with 6-
hydroxydopamine (6-OHDA; Angeletti and 
Levi-Montalcini, 1970). In fact, the effects of 6-
OHDA may be antagonized by NGF (Levi-
Montalcini et al., 1975), and it was suggested that 
6-OHDA acts via antagonizing endogenous NGF 
(Black, 1978).When axotomy or ganglionic block-
ers caused ganglionic hypoplasia in neonate mice, 
NGF restored ganglionic size and function 
(Hendry, 1973; cf. also Hendry, 1976; Thoenen, 
1975). These experiments served as models for 
later experiments in which NGF antagonized the 
degenerative effects of central lesions (see section 
CI-3b, below; see also Cuello, 1993).

All in all, the results obtained with the NGF 
antiserum strongly support the concept that NGF 
exists endogenously, that it acts via specifi c recep-
tors, and that it is necessary for the development 
of sympathetic ganglion neurons. An interesting, 
clinching piece of evidence is as follows: NGF 
causes, in neonates, hypertrophy of adrenal chro-
maffi n cells and an increase in their biochemical 
adrenergic markers, yet the antiserum exerts no 
effect on the chromaffi n cells (for references, see 
Harper and Thoenen, 1981); thus, it is possible to 
differentiate between the “pharmacological” and 
physiological effects of NGF.

Rita Levi-Montalcini, Hans Thoenen, Ian 
Hendry, and others explained the developmental 
role of NGF in terms of the neurotrophic factor 
hypothesis. The original thought was that NGF 
trophic effects were caused by stimulation of 
neuronal mitosis (Levi-Montalcini and Angeletti, 
1968; actually, this stimulation may also occur 
with respect to the glia). It was then shown that 
NGF-induced hyperplasia results from the aug-
mented survival (when NGF is present) of neurons 
that normally degenerate during neuronal differ-
entiation and synaptogenesis. During synapto-
genesis, the neurons and nerve terminals exist in 
excessive numbers; they compete for neurotroph-
ins, and the neurons that fail to obtain the neuro-
trophins die out (see Henderson, 1988, 1986). 
Altogether, NGF and other trophins regulate the 
processes of “programmed cell death” (see sec-
tions BII-5).

The neurotrophic factor hypothesis for the 
developmental role of NGF does not exclude the 

other actions of NGF and other neurotrophins. 
The older thought of the proliferative or mitoge-
netic actions of NGF and other trophins still holds 
in the case of paracrine and autocrine actions that 
include proliferative effects on the neuroblasts 
(Lindsay, 1996; Landreth, 1999; see section CI-
3a, above). Then, there are their trophic effects on 
the mature brain (“maintenance action”); their 
effects on the degenerative consequences of neu-
ronal lesions (“regenerative action”); and their 
capacity in promoting neuronal differentiation, 
such as channel formation (Mandel et al., 1988; 
Skaper et al., 1986). This capacity to promote 
neuronal differentiation includes inducting cholin-
ergic phenotypes; it appears that these differentia-
tive effects of NGF on cholinergic neurons are 
mediated by the phosphatidylinositol-3¢-kinase
(PIK) cascade and thus are related to muscarinic 
activation processes (Madziar et al., 2005). As 
NGF and other neurotrophins exert developmental 
maintenance or regenerative effects on the cholin-
ergic neurons, they also induce the appearance of, 
or augment, components of the cholinergic system 
(i.e., CAT, AChE, or HACU; see Figure 8-11).

b. Further Findings Concerning 
Central NGF and NGF Receptors

Evidence for the presence of NGF and its role 
in the central nervous system has been accumulat-
ing since the late 1960s (see, for example, Lanser 
et al., 1966; see section CI-1). It appears that NGF 
and its receptors are ubiquitous in the CNS; the 
basal forebrain and its projections are the major 
source of the brain’s NGF (see also below, this 
section). Shelton and Reichardt (1984) were the 
fi rst to show that NGF-specifi c mRNA exists in 
the brain, and Whittemore and Seiger (1987) dem-
onstrated that mRNA exists in specifi c rodent 
brain structures. The brain mRNA sites are con-
sistent with the NGF brain locations, for example, 
in the case of the basal forebrain (Whittemore and 
Seiger, 1987).

However, there is a lack of information for 
brainstem tegmental neurons (which are choliner-
gic), and some brain structures do not seem to 
respond to NGF; then, NGF levels are low in the 
spinal cord (apparently the trophic status of the 
classic Renshaw cell circuit has not been studied; 
cf. Whittemore and Seiger, 1987; Landreth, 1999). 
Furthermore, NGF also exists in noncholinergic 
areas such as the cerebellum (Korsching et al., 
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1985) and it is synthesized by the sensory neurons 
or organs and the glia (see Landreth, 1999). In 
fact, evidence concerning the effects of the 
removal of the target tissues for sensory innerva-

tion on the development of sensory neurons sug-
gests that the sensory neurons rely on NGF (and 
other neurotrophins) via paracrine or autocrine 
delivery of the latter.

Proliferation
of precursors

Target contact
by immature

neurons

Programmed
cell death

Synapse
elimination

Functional
maturation

Stage of neuronal
development

Differentiation

Survival
Maturation

Survival

Sprouting
Synapse

stabilization

Synaptic efficacy

Neurotrophic factors
may enhance

BDNF, NT-3
FGF-2

BDNF, NT-3, NT-4/5

NGF, BDNF, NT-3, NT-4/5
CNTF, LIF

GDNF, TGF-b2, TGF-b3
FGFs, IGFs

NT-4/5, BDNF
CNTF, FGFs, IGFs

BDNF, NT-3, NT-4/5
CNTF

Neurotrophic factors implicated
in different systems

Figure 8-11. Potential roles of “neurotrophic factors” in neuronal development and maturation. Although grouped 
together because of their ability to promote neuronal survival, neurotrophic factors probably play other roles at dif-
ferent stages of development of the nervous system. The fi gure depicts some of these stages and indicates factors 
that have been reported experimentally to enhance or inhibit each step. In many instances, however, evidence for 
the physiological involvement of these factors is not yet available (see text). (From Henderson, 1996, with 
permission.)
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Amino acid sequencing, cloning procedures, 
ion exchange methods , proteolytic analyses, and 
transcription evaluations were used with DNA and 
mRNA analysis to defi ne the structure of NGF 
complexes present in snake venoms, mouse sarco-
mas and submaxillary glands, guinea pig prostate, 
and the like. These methods led investigators to 
defi ne NGF as a complex of alpha, beta, and 
gamma subunits. While the stoichiometry of 2 
alpha, 1 beta, and 2 gamma subunits along with 2 
zinc atoms is quite common with respect to the 
NGF obtained from various sources (cf. Greene 
and Shooter, 1980), the stoichiometric composi-
tion depends on the NGF in question; also, some 
amino acid residues differ among the various 
NGFs (Beck and Perez-Polo, 1982; Werrbach-
Perez and Perez-Polo, 1987; Selby et al., 1987; 
Meier et al., 1986; Meir et al., 1986). Accordingly, 
the immunological cross-reactivity among NGF 
complexes may be limited. The active beta subunit 
of 7SNGF is a dimmer, and each dimer contains 
118 amino acids. The molecular weight and the 
sedimentation coeffi cient of the dimers are 26 
daltons and 2.5 S, respectively. The “beta subunit 
is entirely responsible for the NGF biological 
effect” (Thoenen and Barde, 1980; Thoenen, 
1995; see also Greene et al., 1971). It appears that 
this effect depends on the dimer’s inner fragments, 
with its two-peptide sequences linked by a sulfi de 
bridge (Mercanti et al., 1977).

The NGF complex is derived from a larger 
precursor chain, as fi rst suggested by Angeletti 
and Bradshaw (1971). The NGF gene may be 
involved in the generation of 7SNGF in target 
organs (Selby et al., 1987). The actual mRNA-
directed synthesis of NGF was mostly studied in 
adult tissues such as submaxillary glands or mouse 
sarcomas; this synthesis may be regulated by the 
arrival of nerve terminals at the target organ as 
well as by neighboring entities such as macro-
phages (Thoenen et al., 1988; Heumann, 1987; 
Greene and Shooter, 1980; Werrbach-Perez and 
Perez-Polo, 1987; Bradshaw, 1978).

Active NGF is split from its precursor at the 
precursor’s N-terminal. It was proposed that 1 of 
the 3 subunits of NGF, the gamma subunit (which 
is an arginine enteropeptidase) may form NGF 
via its esteratic activity (see, however, Bradshaw, 
1983). “The 7SNGF behaves like a typical allo-
steric protein in which activities of the subunits 
are  .  .  .  regulated  .  .  .  by their interactions” (Greene 

and Shooter, 1980). Once this interaction causes a 
release of the beta subunit’s activity, this activity 
relies on an inner fragment of the dimer that con-
sists of two peptide sequences linked by a sulfi de 
bridge (Thoenen and Barde, 1980; Greene and 
Shooter, 1980; Mercanti et al., 1977; Landreth, 
1999). The strategic structure of these NGFs and 
of other neurotrophins is preserved among species 
(Hefti et al., 1993), as “those regions of NGF 
[7SNGF] molecules  .  .  .  and the molecules of 
other neurotrophins  .  .  .  that interact with the NGF 
receptor have been conserved during evolution 
more than other parts of  .  .  .  these  .  .  .  molecules” 
(Thoenen and Barde, 1980). A specifi c amino acid 
sequence was proposed for NGF (Lars Olson, per-
sonal communication; see Figure 8-12).

Even though the loop domains of NGF are 
known (Massa et al., 2002; Pattarawarapan et al., 
2002), a three-dimensional scheme for NGF 
binding with its two receptors has not been clari-
fi ed (Bradshaw, 1978, 1983; Massa et al., 2002). 
Signifi cantly, the templates that are needed for the 
synthesis of small molecule peptides capable of 
neurotrophic activity have been developed (see, 
for example, Pattarawarapan et al., 2002), and 
this discovery prognosticates that therapeutically 
usable NGF mimetics will soon be available.

The 7SNGF complex serves as a stable storage 
unit for the beta subunit and protects the unit from 
the arginine enteropeptidase actions of the gamma 
subunit (Thoenen and Barde, 1980; Server and 
Shooter, 1977). Though the beta subunit is revers-
ibly bound in the complex, it does not exhibit 
trophic activity until the complex exposes the beta 
subunit at its neuronal site of action.

Following the discovery of the two types of 
NGF receptors in the early 1970s, subsequent 
investigations involved their nature and mode of 
action. Nerve growth factor receptors appear on 
the perikarya, on the nerve endings, and on or in 
the cell nucleus (Andres et al., 1977). Earlier, their 
presence was established for the embryonic and 
neonatal chick and rodent sympathetic, parasym-
pathetic and sensory ganglia and central neurons 
(Thoenen and Barde, 1980; Frazier et al., 1974; 
Greene and Shooter, 1980; Max et al., 1978); later, 
they were found to be quite ubiquitous in the CNS. 
Thus, in the medial septal nucleus, nucleus basalis, 
and other important sites, the NGF receptors 
appeared on the 15th or 16th day of rat develop-
ment, that is, late in prenatal neurogenesis. 
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Similarly, Claudio Cuello and his team and other 
investigators obtained similar data for the fore-
brain, where both CAT and p75 appeared late 
prenatally and gained adultlike characteristics 
early postnatally (Cuello, 1993; Armstrong et al., 
1987). Furthermore, either these receptors or their 
mRNA continuously augment during early post-
natal stages, and then decrease (Buck et al., 1987, 
1988).

Bradshaw and associates (Massague et al., 
1981) achieved a major technological feat when 
they discovered that the two receptors differ in size. 
The high-affi nity receptors have relative molecular 
masses of 145,000 and the low 85,000 (cf. Misko 
et al., 1987). It appears that the two receptor classes 
are interconvertible via initial NGF binding to low-
affi nity receptors (see Misko et al., 1987). It must 
be added that central and peripheral receptors of 
both types are similar or identical (cf. Frazier et al., 
1974; Taniuchi et al., 1986).

c. The High-Affi nity Receptors

The high-affi nity receptors belong to the Trk 
family of proteins, which are encoded by the Trk 

gene family (Ultrech et al., 1999). These genes 
express tyrosine kinase, which is localized in a 
Trk receptor domain. Nerve growth factor binding 
to the Trk receptor induces an allosteric change in 
the receptor confi guration that induces phos-
phorylation of tyrosine residues present in the 
intra cellular regions of the Trk receptors. The 
phosphorylated regions dock with and activate via 
phosphorylations, a number of protein kinases 
including phospatidylinositol kinase (this con-
fi rms earlier notions on the NGF action), phospho-
lipase C, and guanosin triphosphatase (Rattray, 
2001; Wang and Wu, 2002; Haugh, 2002).

Sol Snyder’s team further defi ned phospholi-
pase C as phospholipase C-gamma-1 and reported 
that this kinase acts as a guanine nucleotide 
exchange factor that mediates the activation of the 
nuclear kinase (phosphatidylinositol-3¢ kinase, 
P13K). According to Snyder’s team, this action 
underlies the mitogenetic cell proliferation effect 
of NGF, while Jason Haugh ascribes the prolifera-
tive action to general Trk messenger pathways 
including Ras (Braumann et al., 1986; Ye and 
Snyder, 2004; Haugh, 2002).

These phenomena may also underlie the neu-
ronal survival effect of NGF, or may represent a 

Figure 8-12. In Lars Olson’s handwriting, a specifi c amino acid sequence for NGF. (From the author’s private 
collections.)
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separate proliferative NGF action. During growth 
and development, there may be an NGF-like 
growth factor that is continually released. This 
could cause prolonged Trk signaling and develop-
mental abnormalities, which are prevented by 
degrading receptor internalization. The pertinent 
fi ndings and hypotheses were presented by Haugh, 
who also proposed that the endosomal Trks con-
tinue signaling, and that this signaling is different 
from signaling that arises from the surface recep-
tors (Haugh, 2002; Haugh’s fi ndings also concern 
the epidermal growth factor, EGF, and other 
neurotrophins( see section CII-3).

The Trk receptors exhibit extracellular ligand-
binding domains that selectively interact with 
individual neurotrophins; TrkA binds TrkB-BDNF 
and neurotrophin-4, NGF, and TrkC — neuro-
trophin-3. While the Trk receptors aremainly 
expressed in the cholinergic neurons, during neu-
rogenesis the noncholinergic neurons of the hip-
pocampus also exhibit these receptors (Holtzman 
et al., 1995).

d. The Low-Affi nity Receptor

The low-affi nity receptor is a 75 to 80 kDa 
protein and a member of the tumor necrosis 
re ceptor family (p75 protein; Bothwell, 1995; 
Schecterson and Bothwell, 1992; Schober and 
Unsicker, 2001). The earlier notion was that p75 
facilitated Trk action when the two receptors were 
present at a site (Kaplan et al., 1991; see also 
Schecterson and Bothwell, 1992). However, it 
was later shown that p75 acts via the hydrolysis 
of sphingolipids and the activation of c-Jun amino 
terminal protein kinase (Friedman and Greene, 
1999). The distinct role of p75 may be to interplay 
with Trks, though when Trks are absent, NGF and 
other neurotrophins activate p75, thus regulating 
the cell death program (Lewin, 1996; Carter and 
Lewin, 1997; Frade and Barde, 1998; see also the 
previous section and section BII-5). The p75 
receptors characterize the cholinergic neurons, 
although they are present in astrocytes (Dougherty 
and Milner, 1999) and lesions or ischemia induce 
their maturation and augment p75 receptor pro-
duction (Soltys et al., 2003).

Nerve growth factor and the p75 receptors are 
present and/or expressed in the rodent and chick 
ganglia, spinal preganglionic neurons, dorsal root 
ganglia, sensory cranial neurons and motoneurons 

(and the target tissues of the motor axons), brain-
stem and its reticular formation, nucleus basalis, 
diagonal band of Broca, the striate, several corti-
ces, limbic system including the septum and hip-
pocampus, lateral preoptic area, globus pallidum, 
spinal cord, and basal forebrain. The brain of the 
species that were infrequently studied such as the 
monkey also exhibited NGF and p75 receptors 
in all or most of the elements enumerated here 
(Riopelle et al., 1987). The Trk receptors are more 
limited in their expression, as this expression is 
exhibited almost exclusively in the cholinergic 
basal forebrain (Lindsay, 1996). Whittemore and 
Seiger (1987) emphasized that some of these loca-
tions for NGF and NGF receptors correspond to 
the target zones of the cholinergic basal forebrain 
system (see Figure 8-13).

e. Neurogenesis of NGF, NGF 
Receptors, and the Neurotrophic 
Trophic Factor Hypothesis

Data are not consistent with respect to the time 
of the ontogenetic or the neurogenetic appearance 
of NGF. The general consensus is that NGF 
appears late in neurogenesis or, indeed, only post-
natally. Thus, prenatally, NGF or it mRNA was 
either nondetectable or present at low levels in 
several rodent brain systems including the septo-
hippocampal pathway, nucleus basalis, Sensory 
ganglion (Amaldi et al., 1971) and cortex, while 
postnatally, NGF mRNA presence was distinct 
at these sites (Whittemore and Seiger, 1987; 
Auburger et al., 1987; Walker et al., 1982; Whit-
temore and Seiger conceded that a “distinct fetal 
form of NGF may also exist.” Similarly, Auburger 
et al. (1987) reported that NGF mRNA appears 
late in neurogenesis, that is, before the septal cho-
linergic fi bers reach the hippocampus; it increases 
at the onset of the hippocampal innervation, NGF 
levels becoming high at the time and increasing 
further postnatally when the retrograde axonal 
transport becomes active.

Some data indicate that NGF and/or NGF 
receptors appear in the brain sites and the auto-
nomic ganglia at the critical period of synaptogen-
esis (15th postnatal day in the case of rodents). 
Altogether, Mattia-Rossi, Bonhoeffer, and their 
associates consider the period when NGF and its 
receptors emerge in the brain to coincide with the 
period of marked plasticity (Mattia Rossi et al., 
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2002; Bonhoeffer, 1996; see also Ravich and 
Kreutzberg, 1987). For example, Mattia Rossi et 
al. (2002) reported that NGF receptors are present 
in the visual cortex early postnatally, at the “criti-
cal period” for synaptogenesis and cortical plastic-
ity; accordingly, at this critical time, NGF can 
antagonize the degenerative effects on the visual 
cortex of monocular deprivation.

That NGF and its receptors are present postna-
tally and, indeed, reach an apex quite late after 
birth must be stressed. NGF, NGF mRNA, and 
NGF receptors continue to exist postnatally after 
the synapses and junctions are formed. This is true 
for several brain parts of the adult rat and for the 
basal forebrain of monkeys and humans. In fact, 
after reaching a peak at the time of synapto  -
genesis, the NGF levels remain high (Eckenstein, 
1988; Hefti and Mash, 1988; Schaterman et al., 
1988; see also Hartikka and Hefti, 1988; Hefti et 
al., 1993). While Franz Hefti and associates (1993) 
stated that “The function of endogenous hippo-
campal NGF in the adult remains an enigma,” 
these fi ndings are consistent with the notion that 
NGF and other retrophins play a maintenance role 
in the adult CNS.

The neurogenetic arrival of NGF and its recep-
tors is not necessarily synchronized (Johnson et al. 
1971; Hendry, 1972; Richardson et al., 1986; 
Whittemore and Seiger, 1987; Ravich and 
Kreutzberg, 1987; Mattia Rossi et al., 2002; 
Lucidi-Phillipi and Gage, 1993; Thoenen, 1995; 
Bonhoeffer, 1996; Mobley et al., 1985; Segal and 
Greenberg, 1996; Lewin, 1996; and Lindsay, 
1996; see also Reichardt and Mobley, 2004); this 
is similar to the lack of synchrony in the case of 
the development and neurogenesis of cholinergic 
components (see section BII). For example, NGF 
appears earlier in neurogenesis than the NGF 
receptors in the sensory dorsal root ganglia of the 
chick (Lindsay, 1996; Lindsay et al., 1985). Part 
of their desynchrony may result from the imbal-
ance between the activity of NGF mRNA, forma-
tion of NGF, and retrograde transport of NGF 
(Auburger et al., 1987).

Altogether, while there is no perfect synchrony 
in the neurogenesis of NGF, NGF mRNA, and 
NGF receptors, there is a strong time relation—or 
relatively narrow neurogenetic time “window”—
between the arrival of cholinergic input, NGF, the 
NGF receptors, and synaptogenesis (Davies et al., 
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Figure 8-13. Regional distribution of NGF mRNA in the adult rat CNS. CBLM, cerebellum; CTX, cerebral 
cortex; HC, hippocampus; H/T, hypothalamus/thalamus; OB, olfactory bulb; P/M, pons/medulla; SC, spinal cord; 
SEP, septum; STR, striatum (see Whittemore and Seiger, 1987 for additional information). (From Whittemore and 
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1987). This relationship may also include the 
interaction between p75 and Trks (see above), as 
a special time lapse between the arrivals of these 
two receptor types at the synaptogenetic site may 
contribute to the death of supernumerary neurons 
(Frade and Barde, 1998; see also sections BII-5, 
CI-1 and CI-2). And, fi nally, this relationship 
between trophic elements and neurogenesis 
embraces elements of the cholinergic system such 
as CAT (see, for example, Auburger et al., 1987). 
It must be added that just as the desynchrony 
between the neurogenesis of the cholinergic ele-
ments does not challenge the notion of their need 
for synaptogenesis, the desynchrony in the onto-
genesis of NGF receptors, NGF, and NGF mRNA 
does not contradict the neuronal trophic factor 
hypothesis: provided these three trophic elements 
are present at the time of “programmed neuronal 
death” and synaptogenesis, an appropriate number 
of neurons will be preserved and synaptogenesis 
will be completed.

As already mentioned (section CI-3a), the 
early demonstration of the ganglionectomic effects 
of the antiNGF serum and the serum’s degenera-
tive action on the sensory and ganglionic neurons 
support the neuronal trophic factor hypothesis; 
more recent data, some of which concern the NGF 
receptors, on the whole substantiate the hypothesis 
further. Yet the data are not always consistent. For 
example, Lamberto Maffei and his associates 
showed that antibodies to NGF and to NGF 
receptors (both of Trk and p75 type) prevent the 
development of the rodent visual system (see, for 
example, Berardi et al., 1994; Pizzorusso et al., 
1999; and Rossi et al., 2002); on the other hand, 
ambiguous data were obtained for the effects of 
antiNGF antibodies on CAT levels in the brain of 
developing rodents. Similarly, inconsistent data 
were obtained with the use of transgenic rodents 
lacking NGF or its receptors: some teams reported 
that forebrain atrophies occur in the NGF knock-
out rodents (where NGF activity is prevented by 
the expression of NGF antibodies), while other 
teams failed to observe this effect (Chen et al., 
1997, Crowley et al., 1994; Fagan et al., 1997; 
Ruberti et al., 2000). However, careful studies 
conducted by Franco Ruberti and associates and 
Emanuele Pesavento, Simona Capsoni, and asso-
ciates (Ruberti et al., 2000; Pesavento et al., 2002) 
clearly indicated that in the transgenic mouse 
model the cortex degenerates and the expression 

of the cholinergic phenotype in the basal forebrain 
is severely curtailed. Moreover, Hans Thoenen 
suggested that the negative effects occur when 
NGF preparations are used that that are poorly 
absorbed into the brain (see Thoenen et al., 1987a, 
1987b). In addition, the cortical plasticity 
expressed by long-term potentiation (LTP) and 
short-term facilitation (STF; see Chapter 9 BIII) 
is diminished in transgenic mice. Moreover, these 
defi cits are restored by cholinergic treatment; does 
this suggest that the diminution of plasticity is due 
to the cholinergic defi cit exhibited by the trans-
genic mice rather than to the cortical degeneration 
(see Figure 8-14)? Note that Russian investigators 
reported the presence of autoantibodies to CNS-
acting retrophins in “normal” animals and humans 
(Sherstnev et al., 2002).

The restoration of defi cital cholinergic func-
tion by cholinergic agonists relates to trophic 
effects of NGF that focus on the cholinergic com-
ponents; these effects are referred to as “pheno-
typic.” Hans Thoenen, Franz Hefti, their associates, 
and other investigators found that in the rodent 
forebrain, septohippocampal pathway, neostriate, 
nucleus basalis, and cortex, NGF augments the 
levels or activities of central cholinergic neurons, 
AChE, CAT, HACU, VAChT, ACh release 
systems, and so on. These effects could be obtained 
in vivo and in vitro, in adult, prenatal, or neonatal 
animals (Altar et al., 1992; Thoenen, 1995; 
Thoenen and Barde, 1980; Hartikka and Hefti, 
1988; see also Williams et al., 1993; Cuello, 1996; 
Ha et al., 1999). For example, applying NGF 
directly into the lateral ventricle of the adult rat 
causes an increase in the CAT activity of the 
ipsilateral cortex (Garofalo and Cuello, 1995), and 
Claudio Cuello commented that this effect must 
involve cholinergic nerve terminals radiating from 
the nucleus basalis magnocellularis. These effects 
may be readily demonstrated in perinate or neonate 
animals, though in adults they may be diffi cult 
to obtain in vivo (Whittemore and Seiger, 1987; 
Gnahn et al., 1983; Hefti et al., 1984).

Note that NGF does not cause these actions in 
all brain parts, nor does it affect every cholinergic 
component in each of the brain parts that 
was studied. Thus, NGF generally does not affect 
central adrenergic neurons (Schwab et al., 1979), 
although this is not true at the periphery (also, 
sympathetic invasion of the CNS can be induced 
by NGF; see above). Also, it may be that NGF 
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permission.)
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does not augment the cholinergic components in 
pedunculopontine cholinergic neurons, and NGF 
in the brain parts that induces a rise in CAT activ-
ity may not increase AChE action (Hartikka and 
Hefti, 1988; Sofroniew et al., 1989; Knusel and 
Hefti, 1988; Cotman, 1999). These fi ndings relate 
to the notion that the developmental actions of 
NGF (that is, its neurotrophic neurogenetic action) 
and its augmentation of the levels or activity of 
the cholinergic components may constitute sepa-
rate phenomena. However, it is possible that some 
of these results were obtained when the fate of the 
cholinergic components was already “determined” 
at the time of NGF application (Whittemore 
and Seiger, 1987). Finally, a number of trophic 
factors—rather than just NGF—may be needed to 
induce the trophic response of the brain sites that 
do not respond to NGF morphologically or cho-
linergically—this relates to the notion of the inter-
action between trophic factors.

As described above, the preponderance of 
reported NGF actions is limited to morphogenetic 
actions on the cholinergic neurons and to the 
pheno typic effects on cholinergic components, 
such as CAT, although NGF actions on catechol-
aminergic and dopaminergic neurons were also 
noted. Thus, transection of fi mbria-fornix and of 
the septum induced, via action of NGF, an inva-
sion of peripheral sympathetic innervation into the 
hippocampus (Levi-Montalcini, 1975; however, 
this action may be due to a NGF-related, nonNGF 
trophic factor (Loy and Moore, 1977; Whittemore 
and Seiger, 1987; Weskamp et al., 1986). Also, 
given intracerebrally to rodents near the locus coe-
ruleus, NGF caused a penetration of large sympa-
thetic nerve bundles into the spinal cord and their 
growth into the brainstem toward the NGF injec-
tion point (Levi-Montalcini, 1975, 1982, 1987).

In vivo, the neurotrophic NGF actions appear 
late pre- and early postnatally, which confi rms the 
notion that NGF plays a role in regulating neuro-
nal survival during synaptogenesis (in accordance 
with the neurotrophic factor hypothesis; see 
Hohmann and Berger-Sweeney, 1998). However, 
the trophic phenomena also take place in young 
and mature rodents, as well as in cultures. Franz 
Hefti, his team, and others demonstrated that NGF 
induces somatic, dendritic, and axonal growth 
of adult septal, forebrain, and cortical neurons
in vitro. Furthermore, Claudio Cuello and others 
observed similar in vivo synaptogenetic effects of 

NGF on the neuronal fi ber network; for example, 
Segal et al. (2003) demonstrated the hyperplastic 
effects of NGF on the somata and dendrites of 
cultured septal neurons obtained from adult rat 
brains (Hartikka and Hefti, 1988; Martinez et al., 
1985; Knusel and Hefti, 1988; Hefti et al., 1984, 
1993; Cuello, 1994; Qiao et al., 1998; Ha et al., 
1999; Henderson, 1996). These effects suggest 
that NGF, besides playing an important role within 
the neurotrophic factor hypothesis, also maintains 
alive neurons in the adult animal (Hartikka and 
Hefti, 1988; Thoenen and Barde, 1980; Johnston 
et al., 1987; Altar et al., 1992; Williams et al., 
1993; Oosawa et al., 1999; see also Hohmann and 
Berger-Sweeney, 1998). Actually, the older the 
animal, the less pronounced is the augmenting 
action of NGF on the central cholinergic compo-
nents and its facilitatory effect on animal learning 
(Williams et al., 1993).

In the context of the NGF role in the mainte-
nance of adult neurons, the question of the signifi -
cance of NGF for aging and degenerative disease 
should be considered: the levels of NGF and/or 
NGF receptors appear to be high in aged animals 
that exhibit behavioral and pathological conse-
quences of old age, yet the intracerebroventricular 
administration of NGF and its subtypes increases 
the brain levels of CAT and the CAT gene expres-
sion in old animals (for example, in the striatum; 
Castellanos et al., 2003); there is some contro-
versy as to whether these levels decrease, remain 
the same, or increase in Alzheimer’s disease (see 
Granholm, 2000; Lucidi-Philippi and Gage, 1993). 
Then, cholinoceptive receptors appear at the nerve 
terminals of noncholinergic neurons such as glu-
taminergic cells and/or the postsynaptic sites of 
noncholinergic neurons, including inhibitory 
interneurons (see section CI and Chapter 9 BI). 
The clarifi cation of these matters will have a 
bearing on Franz Hefti’s notion that NGF plays an 
important role in neuronal maintenance during 
adulthood and aging.10

The maintenance functions of NGF relate to 
its regenerative action, as amply evidenced in 
ex periments involving cholinergic pathway 
lesions. Lesions to the fi mbria-fornix and septo-
hippocampus or decortication of adult rodents 
resulted in a decrease of NGF levels and degenera-
tion of the cholinergic forebrain neurons (and 
increase in the septum; see below, this section); 
the NGF treatment prevented this degeneration 
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and restored the cholinergic components of the 
forebrain. Similar evidence was obtained in pri-
mates (Koliatsos et al., 1991; Hefti, 1986; Cuello, 
1996; Jonhagen, 2000; cf. Whittemore and Seiger, 
1987, and Hefti and Will, 1987). In addition, 
Claudio Cuello and associates (Cuello, 1994) 
found that long-term (7 to 28 days) NGF treatment 
in forebrain-lesioned rodents restored HACU and 
CAT contents in the cortex. Nerve growth factor 
also increased cortical synaptogenesis of the 
adults, as the CAT-containing fi ber network and 
synaptic differentiation were expanded and the 
number of presynaptic varicosities was increased. 
Furthermore, NGF induced the expression of 
mRNA for both types of NGF receptors. Simi-
larly, NGF reversed degeneration of the visual 
cortex and prevented the shift in ocular dominance 
distribution of visual cortical neurons induced 
by monocular deprivation (see Cuello, 1996). 
Also, NGF or Trk antibodies prevented normal 
development of the visual cortex (Maffei et al., 
1992; Berardi et al., 1994; and Pizzorusso et al., 
1999).

Similar NGF effects were generally obtained 
when the lesions were induced by NGF or NGF 
receptor antibodies, or by neurotoxins that are 
selective for the cholinergic neurons (Rossner et 
al., 1996). But the results were not always consis-
tent, particularly with respect to antiNGF sera or 
antibodies. In vivo injections of antiNGF serum 
did not always cause forebrain lesions, contrary to 
its effectiveness at the spinal and sympathetic 
ganglia. Similarly, antiNGF antibodies did not 
always affect CAT in vivo (Martinez et al., 1985). 
The negative results obtained in vivo with the 
antiNGF substances could be due to insuffi cient 
penetration of the antiNGF antibodies or antise-
rum, while in the case of the negative in vitro
experiments, the antiNGF substances may have 
encountered a “predetermined” CAT activity 
(Whittemore and Seiger, 1987). It is of interest 
and consistent with the data presented here that 
increase in the levels of NGF and other neuro-
trophins is induced by lesions (for example, in the 
hippocampus after lesions of the entorhinal cortex; 
see Cotman, 1999).

The regenerative NGF actions on the degener-
ated neurons and/or their cholinergic constituents 
occur in parallel with behavioral restoration of 
motor or cognitive functions (Whittemore and 
Seiger, 1987; Freed, 1976; Cuello, 1993). Interest-

ingly, these NGF actions on the lesioned rodent 
brain are similar to those of the transplants of the 
fetal cortex or septum (Gash et al., 1985; Daniloff 
et al., 1985). However, it was sometimes opined 
that the restorative effects on behavior of trans-
plants in lesioned animals were not caused by 
neuronal and cholinergic regeneration, but by 
increased energy metabolism induced by the graft 
(Kelly et al., 1985; Gage et al., 1985; Dunnett et 
al., 1986; Pallage et al., 1986).

It is consistent with the notion of NGF’s regen-
erative capacity that the destruction of several 
cholinergic brain neurons or pathways increases 
the level of NGF in the target tissues, as this effect 
may refl ect the brain’s attempt at plasticity follow-
ing a lesion; for example, NGF augmentation 
occurs in the septum following fi mbria-fornix 
transection. Also, the Trk NGF receptors are 
upregulated (Figueiredo et al., 1995a, 1995b; 
Crutcher and Collins, 1986; Gasser et al., 1986; 
Lorez et al., 1988). However, Lucidi-Philippi and 
Gage (1993) opined that in some cases the aug-
menting effect on NGF may result from lesion-
induced decreases in retrograde NGF transport. 
Conversely, lesions of various target areas reduce 
the levels of NGF and/or CAT in the recipient 
neurons, and may cause the death of the neurons 
in question. For example, the removal of the target 
areas for the basal forebrain leads to diminution 
of the forebrain neuronal somata and CAT activ-
ity; NGF could reverse this effect (Rylett and Wil-
liams, 1994; Sofroniew et al., 1987; Cotman, 
1999; see also Hohmann and Berger-Sweeney, 
1998). Similarly, hippocampal lesions caused 
decreases in the septal content of NGF and CAT 
and either atrophy and shrinkage, or the survival 
of septal cholinergic cells (see also above, this 
section). Once septal cholinergic cell death 
occurred due to lesions or other maneuvers that 
induced defi ciency in NGF or NGF receptors, the 
NGF treatment was useless (Cooper et al., 1996; 
Van der Zee and Hagg, 2002).11 These results may 
have been expected, as destroying target areas and 
eliminating NGF content eliminate NGF access to 
the recipient neurons, thus causing their death.

Another aspect of regenerative NGF capacity 
involves the role of the NGF in adult peripheral 
axonal reconstruction following axonal or spinal 
and brain lesions. These facilitatory effects of 
NGF were noticed early (see Levi-Montalcini, 
1982). For example, NGF used with other retro-



8. Cholinergic Aspects of Growth and Development 359

phins, alone or with fetal transplants, improves 
regeneration of transected dorsal column and cor-
ticospinal motor tracts; it also reduces swellings 
on the ends of severed axons (Sayer et al., 2002; 
Coumans et al., 2001; see also Mendell et al., 
2001); similar regenerative axonal effects as well 
as expression of appropriate transcription and cell 
recognition factors were induced by grafting peri-
pheral nerve onto the neostriatum (Chaisuksunt et 
al., 2003). Note that motor functions also returned 
after this treatment, and similar effects were 
noticed with respect to motor axons (Fine et al., 
2002). It is of interest that while NGF and other 
neurotrophins appear to facilitate both the devel-
opmental (see above) and regenerative growth of 
axons, the signal transduction, that is, the induc-
tion of second messengers, differs for these two 
phenomena (Liu and Snider, 2001). Furthermore, 
a special mechanism is involved in the regenera-
tive axonal NGF effects: while NGF induces 
apoptosis of most of the available Schwann cells, 
only a fraction of available Schwann cells partici-
pate in the NGF-induced myelination phase of 
axonal regeneration (Hirata et al., 2002).

Some investigators opine that NGF “promo-
tion  .  .  .  of  .  .  .  peripheral nerve regeneration in
vivo, particularly in adults, is controversial” 
(Hirata et al., 2002). These problems relate to the 
mulifactorial, complex character of the axonal 
growth phenomena. These phenomena include 
facilitatory mechanisms mediated by the Schwann 
cells (or, in the case of spinal descending axons, 
glia and the glia-derived neurotrophins) and a 
number of growth-associated proteins such as 
GAP43; factors that prevent uncontrolled axonal 
growth and regeneration such as myelin-
associated inhibitors (see also section CI-4, 
below); the Nogos; proteins regulating the direc-
tion of the axonal regrowth, such as Netrins (see 
also section CI-4, below); and factors controlling 
myelination and remyelination. Some, if not all, 
of these factors interplay with NGF and other tro-
phins. In this context, Hirata and associates (2002) 
found that following the transection of the adult 
rat sciatic nerve, intrathecal infusion of NGF sig-
nifi cantly decreased the number of growing axons, 
compared to the untreated controls, and delayed 
the GAP43 induction. These investigators hypoth-
esized that the axotomy causes the loss of the ret-
rograde NGF supply from peripheral targets. This 
loss serves as a signal to dorsal root ganglia to 

evoke the production of GAP43 and other regen-
erative factors via retrograde transport, and this 
signal is eliminated by NGF administration.

4. Conclusions

The discovery of NGF is one of the most 
important stories concerning the cholinergic fi eld: 
it defi ned the trophic action as a condition sine
qua non of development as well as a potential for 
nerve and neuronal regeneration, and this is not 
the end of the functions of NGF which is verily a 
pluripotent agent, as discussed below in this 
section. The story is rich in drama, including the 
abstention of Victor Hamburger, at a crucial 
moment, from this area, a decision that may have 
cost him a Nobel Prize. And the trinity of Paul 
Weiss, Victor Hamburger, and Rita Levi-
Montalcini, the pioneers in trophisms, is at least 
equal in its brilliant mode of research to any cho-
linergic team who were or are engaged in other 
areas of cholinergicity.

This exciting story of basic aspects of trophisms 
is currently translated into animal studies dealing 
with the NGF’s restoration of cognition following 
lesions of the nucleus basalis and related regions 
(see, for example, Pizzo and Thal, 2004) and clini-
cal research that involves NGF cures for injured 
spinal cord or brain, severed peripheral axons, and 
sensory afferents including the optic nerve. These 
studies were initiated in Scandinavia (Lars Olson 
and Aneta Norberg, personal communication). It 
helps in this use of NGF that it can be measured 
almost noninvasively outside of neuronal tissues, as 
it may be measured in human muscle biopsies and 
in body fl uids (Kust et al., 2002).

Additional evidence suggests that NGF and 
other neurotrophins may be useful in pathological 
conditions, such as Alzheimer’s disease, and 
psychiatric conditions, including depression and 
schizophrenia (Granholm, 2000; Jonhagen, 2000; 
Pizzo and Thal, 2004) These notions clearly illus-
trate that the discovery of neurotrophins and their 
contribution to the novel acceptance of the concept 
of brain plasticity have provided the groundwork 
for a wide range of research and potential clinical 
interventions (Hohmann and Berger-Sweeney, 
1998).

NGF is pluripotent, as it is capable of a 
number of roles and functions; in fact, Rita 
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Levi-Montalcini (1987) stated that “the submerged 
areas of the Nerve Growth Factor iceberg loom 
very large” (see Figure 8-11).

NGF’s fi rst role is in proliferative phenomena. 
Levi-Montalcini’s, Thoenen’s, and others’ early 
work made salient the mitotic effect of NGF on 
neurons, that is, a proliferative NGF action; other 
neurotrophins exhibit this action prominently (see 
next section, and Henderson, 1996).

The second and most important function NGF 
plays is in development and synaptogenesis, 
whether at the periphery or centrally; NGF regu-
lates development of the central cholinergic path-
ways involved in cognitive and motor behaviors, 
the basal forebrain, and the septohippocampal 
system. As transgenic mice devoid of NGF mature, 
these pathways undergo degenerative neuronal 
changes, apoptosis, defi cits in synaptogenesis, 
and functional and cognitive defi cits. This evi-
dence strongly supports Hans Thoenen’s and Rita 
Levi-Montalcini’s neurotrophic factor hypothesis 
(Thoenen et al., 1987a, 1987b). This is basically 
a Darwinian “competition and survival hypothe-
sis,” as it posits that at the onset of synaptogenesis, 
there are more neurons than are needed for the 
mature synapses (Thoenen et al., 1987a, 1987b). 
It further suggests that unnecessary neurons are 
eliminated as they compete for the limited amounts 
of NGF. In addition, an excessive number of ter-
minals at the beginning of synaptogenesis may 
also be competing for survival. There may also be 
a cell death–inducing component that depends on 
the time relation between the arrivals of the two 
NGF receptors at the site of synaptogenesis; the 
p75 receptor is particularly involved in cell death 
at the time of synaptogenesis (see section CI-3e, 
above). Andrzej Szutowicz (2001) expands this 
notion: he hypothesizes that different forms of 
synaptogenic differentiation may arise depending 
on the interplay among NGF, its receptors, and 
other elements such as Nogos (see above, this 
section). He also posits that some of these forms 
may exhibit a special sensitivity for neurotoxins 
including beta amyloids. A decreased density of 
Trk receptors due to the action of neurotoxins, 
including beta amyloids, and the resulting 
hyperactivity of p75 receptors may underlie the 
neuronal susceptibility and the defi cits in ACh 
levels and energy metabolism (see also Szutowicz 
et al., 1999; Tonnaer and Dekker, 1994). Further-
more, while antiNGF treatment (i.e., with the 

antiNGF serum) induces an almost complete 
ganglionectomy, not all central neurons dis appear
in the CNS following antiNGF treatment or in 
transgenic, nonNGF mice. Christopher Henderson 
(1996) suggests that, contrary to the peripheral 
neurons, which depend uniquely on NGF for their 
development, the central neurons require a number 
of neurotrophins for their normal growth.

Tropic effect constitutes NGF’s third function. 
Nerve growth factor’s trophic role in synaptogen-
esis may not be completely refl ected in the neuro-
trophic factor hypothesis, as NGF may also 
contribute guidance, during development, to the 
axons while they extend toward the future synap-
tic site; this function was termed “tropic” and is 
distinct from the “trophic” action (Vellis and 
Carpenter, 1999).

NGF’s regenerative capacity for peripheral 
motor and afferent axons constitutes the fourth 
NGF role (it should be stressed that contrary to 
young or prebirth axons, adult brain axons do 
not readily regenerate (see above, section CI). As 
already mentioned, different second messengers 
seem to be involved in development and regenera-
tion, and this fi nding supports the notion of differ-
ent natures of developmental and regenerative 
NGF functions (Lakshmanan, 1978; Liu and 
Snider, 2001; see above, section CI-3).

NGF’s fi fth role concerns the maintenance of 
neuron survival during maturity, as the presence 
of NGF during maturity and adulthood suggests a 
need for NGF long after synaptogenesis and the 
developmental phases of cholinergic neurons are 
over. Additionally, many investigators have found 
that this survival may be mediated by NGF’s acti-
vation of the Na+ K+ pump (Sendtner et al,. 1988; 
see also above, section 3a). Altogether, NGF sup-
ports the survival in vitro of cholinergic cortical, 
nucleus basalis, and septal neurons (see, for 
example, Weis et al., 2001). Perhaps the long-term 
effect of NGF deprivation on the survival of cho-
linergic cells in adulthood refl ects this particular 
role of NGF (see above, section CI-3). The main-
tenance role of NGF relates to its regenerative 
effects on the pathways and prevention of lesion-
induced neuronal degeneration; this effect obtains 
particularly with respect to the cholinergic path-
ways; it is noteworthy that these effects can be 
obtained in adult animals. Besides NGF, other 
neurotrophins and gangliosides exhibit these 
regenerative effects (see above, section CI-3e).
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The sixth role of NGF involves noncholinergic 
and nonneuronal effects (see above for the actions 
of NGF in the regeneration and maintenance of 
afferent neurons and sympathetic and adrenergic 
neurons; sections CI-1 to CI-3; see also Harper 
and Thoenen, 1981; Schecterson and Bothwell, 
1992). The presence of high levels of NGF in 
sarcomas, salivary glands, and venoms of several 
snake species refl ects the notion of noncholinergic 
function of NGF; studies are needed to explore the 
signifi cance of NGF at these sites. It was also 
established that NGF exists in the skin, homeopo-
etic, and immunoactive cells, and exerts prolifera-
tive effects in the cultures of some of these cells 
(see Thoenen et al., 1987b and Bersani et al., 
2000). Some evidence suggests that NGF of the 
skin is a target-derived trophic factor for the pain 
endings, and that it acts as its sensitizer; consistent 
with this notion, NGF levels increase during 
infl ammation prior to hyperalgesia (see Landreth, 
1999). Altogether, NGF, a factor referred to as 
the “cholinergic neurotrophic factor,” exists in an 
array of noncholinergic neurons and tissues, and 
exerts trophic actions on some tissues and sensi-
tizing actions on others.

In fact, for some time now (see Rabizadeh et 
al., 1994), nerve growth factor (and possibly other 
trophins) may relate to the amyloid phenoemena 
and the Alzheimer’s disease. Some 50 years after 
the discovery of NGF, its presence at these sites 
is still enigmatic.

CII. Other Retrophic Factors

1. The Neurotrophins

As already described, Hans Thoenen’s team 
(Barde et al., 1982) identifi ed several nonNGF 
retrophins or neurotrophins (50 or so, by the 
modern count; Meyer et al., 1979; Landreth, 1999, 
2006; Henderson, 1996) including BDNF. Retro-
neurotrophins are small, highly basic proteins 
with an approximate 13 kDA number, and they 
dimerize to form biologically active trophins (Ip 
and Yancopoulos, 1996; McDonald and Chao, 
1995). Similar to NGF, the neurotrophins act on 
common receptor p75 and on the family of Trk 
receptors; depending on the trophin; they act on 
either TrkB (BDNF and neurotrophin 4/5 [NT 
4/5]) or Trk C (neurotrophin 3 [NT3]). Like NGF, 
other neurotrophins are expressed in the CNS 
(particularly in the cholinergic basal forebrain), 
the peripheral autonomic system, sensory neurons, 
and glia; TrkB and/or TrkC receptors are expressed 
throughout the CNS, while TrkA’s expression is 
limited to the basal forebrain and striatum.

Individual neurotrophins, including NGF, 
differ in their central trophic actions, although 
they all seem to affect the cholinergic basal fore-
brain neurons; their actions with respect to the 
peripheral nervous system are generally similar 
(see Table 8-1). The overlap of the location of 
several neurotrophins in the periphery and some 

Table 8-1. Neurotrophin Targets 

Neurotrophin Receptor Peripheral Central

Nerve growth factor TrkA Sympathetic neurons, Basal forebrain neurons, striatal
  sensory neurons: dorsal  cholinergic neurons, Purkinje cells

root ganglia
Brain-derived neurotrophic TrkB Sensory neurons: nodose, Spinal motor neurons, basal forebrain
 factor   dorsal root neurons  cholinergic neurons, substantia nigra

   dopaminergic neurons, facial motor
   neurons, retinal ganglion cells

Neurotrophin 3 TrkC Sympathetic neurons, Basal forebrain cholinergic neurons,
  sensory neurons  locus ceruleus neurons

Neurotrophin 4/5 TrkB Sympathetic neurons, Basal forebrain cholinergic neurons,
  sensory neurons: nodose,  locus cerules neurons, motor
  dorsal root ganglia  neurons, retinal ganglion cells
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central areas suggests that normal development, 
that is, the process illustrated in the neurotrophic 
factor hypothesis, requires more than one trophic 
substance.

Brain-derived neurotrophic factor acts as a 
trophic factor for the development of numerous 
central cholinergic populations. This effect occurs 
at crucial developmental periods during synapto-
genesis and confi rms that BDNF acts in 
accordance with the trophic factor hypothesis, 
particularly since it was established that it origi-
nates in a target tissue.

Its intense effect on the noncholinergic sensory 
neurons should be stressed (see Table 8-1); a 
number of in vitro and in vivo studies showed that 
during rodent and chick development, BDNF 
promotes the survival of dorsal root ganglia and 
cranial sensory neurons. Thus, many investigators 
hypothesized that following the developmental 
period of trophic sensitivity, the sensory neurons 
rely on BDNF and other neurotrophins, including 
NGF, via their paracrine or autocrine delivery (see 
Landreth, 1999).

In knockout mice deprived of BDNF, a number 
of neuronal populations are eliminated and the 
mice die within 2 weeks of birth. However, so do 
the knockout mice deprived of Trk B receptors, 
which again illustrates the multifactorial nature 
of synaptic survival. Then, akin to NGF, BDNF 
enhances the expression of cholinergic compo-
nents, facilitates the regeneration of neurons, and 
restores cognition following lesions of the basal 
forebrain in adult rodents (Pelleymounter and 
Cullen, 1993; Pepeu, 1993). In a similar context, 
BDNF helps the regeneration of the descending 
spinal pathways of adult rats following spinal cord 
injury (Novikova et al., 2002; Rylett and Wil-
liams, 1994). Also, similar to NGF, BDNF exerts 
paracrine and autocrine proliferative effects on the 
neuroblasts (Lindsay, 1996).

The actions o fNT3 and NT4/5 are similar and 
also resemble the actions of other neurotrophins; 
NT3 is particularly widely distributed in the CNS 
(see Table 8-1). Both these factors support the 
developmental survival of central cholinergic 
neuronal populations and of sensory neurons. The 
death of neuronal populations during the develop-
ment of transgenic NT3 mice (NT3-null mutants) 
demonstrated the trophic developmental action of 
NT3 and the presence of NT3 during critical 
developmental periods of several neuronal popu-

lations (including the sensory neurons) and sup-
ports the notion that NT3 acts within the concept 
of the neurotrophic factor hypothesis. By extend-
ing the duration of their mitotic activity, NT3 also 
exhibits a proliferative action on the neural crest 
cells (Landreth, 1999, 2006).

Altogether, NT3 may be more active during 
the neuronal survival processes than NT4/5 or 
BDNF, as NT3 transgenic knockout mice do not 
survive as well as NT4/5 and BDNF transgenic 
mice (see Landreth, 1999). Aside from their role 
in sustaining neuronal survival, NT3 and NT4/5 
must also partake in neuronal maintenance, as 
their presence and expression in various neuronal 
populations continues through animal adulthood, 
particularly in the case of sensory neurons 
(Lindsay, 1996). It is interesting that during rodent 
synaptogenesis there is a switch in the dependence 
of neurons from NT3 and NT4/5 to NGF (Paul and 
Davies, 1995; see also Henderson, 1996).

There is less evidence available regarding the 
potential role of NT3 and NT4/5 in preserving or 
regenerating the components of the cholinergic 
system and promoting the cholinergic phenotype. 
Some neurotrophins (particularly NT4/5) are 
expressed in the muscles that act as a target tissue 
for the cholinergic motoneurons; motoneurons 
need these neurotrophins for maintenance and/or 
developmental survival (Flanigan et al., 1985; see 
Landreth, 1999, 2006). Finally, NT3 seems to 
exhibit tropic actions, as the expression of NT3 by 
dentate gyrus cells serves to attract septum-derived 
cholinergic projections to the dentate (Robertson 
and Yu, 2003).

2. The Neurokines, Including 
Ciliary Neurotrophic Factor

The neurokines are chemically related to 
cytokines. They include the ciliary neurotrophic 
factor (CNTF), leukemia inhibitory factor (LIF), 
cardiotrophin 1 (CT-1), oncostatin-M (which is 
involved, like other kinins in hematopoietic, 
immunological, and infl ammatory processes as 
well as effects on nonneural tissues, but does not 
seem to exert neurotrophic effects), and several 
interleukins. The cell surface receptors for the 
neurokines are complexes exhibiting a common 
subunit, gp130; additional subunits are specifi c for 
the various neurokines. Many cytokines, neuro-
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kines, and particularly the interleukins have been 
researched intensely to determine their role in 
infl ammatory and immune processes; in fact, these 
studies outnumber by many times the studies con-
cerning the neuronal trophic actions of cytokines, 
neurokines, and interleukins.

The early fi ndings, which demonstrated that 
parasympathetic ciliary ganglion development is 
not affected or dependent on NGF, promoted inter-
est in identifying a growth factor involved in 
parasympathetic development (see section CI-1). 
Ciliary neurotrophic factor was found to be such 
a factor. Ciliary neurotrophic factor exerts trophic 
actions on the ciliary ganglion, as it exists in the 
target tissues of this ganglion (i.e., the eye and/or 
the intraocular muscles). Also, CNTF exists in 
targets such as the cardiac and other muscles, as 
it regulates the development and survival of the 
parasympathetic ganglia and somatic motoneu-
rons it is expressed in the CNS by glia and in the 
peripheral NS by Schwann cells (Ip, 1998).

Ciliary neurotrophic factor was purifi ed from 
the bovine cardiac and chick intraocular muscle 
tissues (Ebendal et al., 1979; Barbin et al., 1984; 
Watters and Hendry, 1987; see also Purves and 
Lichtman, 1985). It is possible that two factors 
may be present in the ocular tissues; the smaller 
component (molecular size of 20,000) may be 
responsible for neuronal growth, and the larger 
component (molecular size of 50,000) may cause 
CAT development (Nishi and Berg, 1981; cf. also 
Purves and Lichtman, 1985; Watters and Hendry, 
1987). Ciliary neurotrophic factor acts on mem-
brane lipid–anchored alpha CNTF receptors, 
which link with two transmembrane receptors, 
LIFR beta and pg130 (these receptors are also 
involved in the action of the LIF), and its presence 
in the target cells identifi es its role as a 
retrophin.

The trophic role of CNTF was established 
when it was demonstrated that CNTF target tissues 
are necessary for development, as the ganglion 
cells come in contact with these tissues between 
the eighth and14th developmental stage of the rat 
(Giacobini, 1986). Ian Hendry’s group (Hendry et 
al., 1988) prepared a monoclonal antibody from 
the bovine heart factor, which signifi cantly dimin-
ished CAT development of the iris during the early 
postnatal period; the effect of the antibody was 
specifi c, as the antibody did not affect tyrosine 
hydroxylase activity of the iris. Ciliary neuro-

trophic factor exerts trophic actions on numerous 
central neuronal populations including the hippo-
campus, retina and the basal forebrain (Ip and 
Yancopoulos, 1996; Fuhrmann et al., 1998). Fur-
thermore, CNS lesions increased the level of NGF 
in astrocytes (Landreth, 1999). However, human 
and rodent mutations in the CNFT gene did not 
exert any marked effects on the CNS, including 
motoneurons. Yet, the knockout of the receptor 
gene for the CNFT receptor caused signifi cant loss 
of the motoneurons (Landreth, 1999; Heller et al., 
1996). Note that similar to NGF and a number of 
other neurotrophins, CNFT facilitates axonal 
regeneration (Frostick et al., 1998).

Neurotrophic activities of LIF were established 
in vitro and in vivo. In vitro these trophic effects 
were shown with respect to sensory neurons and 
spinal motoneurons, and LIF stimulated also—
perhaps independently from its trophic action—
the synthesis of ACh. In fact, in vitro it converts 
the adrenergic neurons to a cholinergic phenotype
(see Landreth, 1999; Henderson, 1996). Car-
diotrophin 1 is similar to LIF, as it is a survival 
factor for spinal motoneurons; it exerts retrophic 
action on the ciliary ganglion. As stressed by R. 
W. Oppenheim, an active researcher in spinal 
motoneuron survival, many kinins and other sub-
stances exert trophic developmental and survival 
effects on the motoneurons.

The PI 3-kinase activation of the phosphati-
dylinositol cascade may be the common mecha-
nism for the spinal neuron action of kinins, though 
other kinases may be involved at other sites of 
kinin neurotrophic action (Konishi et al., 1999; 
Oppenheim and Haverkamp, 1988; Oppenheim et 
al., 1986; Dolcet et al., 2001).

Interleukins are synthesized in astrocytes, glia, 
and, to a lesser extent, neurons (such as hippocam-
pal cells). They are small proteins; human and 
rodent interleukins vary in the length of their poly-
peptide chain (between 130 and 140 amino acid 
residues). Their receptors in mice have two sub-
units; one is a ligand-binding protein and the other 
is responsible for signaling, though humans exhibit 
only the signaling protein. Interleukin 3 exhibits 
in vitro and in vivo effects. It maintains hippocam-
pal, septal, and basal forebrain neuron cultures 
obtained from embryonic, adult, or postnatal rats 
and mice. It also promotes the activity of CAT and 
VAChT in vitro (Kamegai et al., 1990; Kushima 
and Hatanaka, 1992; see also Landreth, 1999; 
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Konishi et al., 1999). Interleukin 3 also exhibits 
regenerative effects in vivo, as it promotes mor-
phogenetic healing and facilitates the reformation 
of CAT following forebrain lesions carried out in 
adult rats. Similarly, interleukins support axonal 
regeneration; interestingly, their levels in the 
endoneurium of the sciatic nerve contralateral to 
the transected sciatic is increased following section 
(Ruohonen et al., 2002).

It must be emphasized that both in vitro and in
vivo interleukins affect other than cholinergic 
cells; they promote growth of and antagonize 
neurotoxic and ischemic effects on GABAergic 
neurons of the septum and CA1 neurons of the 
hippocampus (Kamegai et al., 1990; see also 
Konishi et al., 1999). Finally, expected behavioral 
and neuronal defi cits occurred in transgenic mice 
that exhibit downregulation of kinins; similar 
effects followed the use of antibodies to inter-
leukins. However, behavioral and morphological 
abnormalities also occur in transgenic mice 
that overexpress interleukins (see Konishi et al., 
1999). Several other cytokines seem also to affect 
developmental survival of cholinergic neurons; 
their actions were mostly studied in vitro
(see Rothwell and Hopkins, 1995; Henderson, 
1996).

3. Other Growth Factors Acting 
on the Nervous System

These growth factors include 4 families of tro-
phins (see Table 8-1); the major actions or the 
known actions of these factors are exerted on non-
nervous tissues, which is clearly indicated by their 
names. However, recently discovered CNS and 
peripheral nervous system effects of these factors 
are considerable, and the concentrations of 2 
fi broblast growth factors, for example, are higher 
in certain areas of the brain than are NGF con-
centrations (Landreth, 1999). The trophic activi-
ties of these growth factors are exerted in 
anterotrophic fashion rather than in a retrophic 
manner, as they act as either paracrine or autocrine 
factors.

While fi broblast growth factors (FGFs) sustain 
proliferation of fi broblasts, mesoderms, and epi-
derms, they also exhibit regenerative and mainte-
nance functions. Fibroblast growth factor 1 is 
widely distributed in the neurons, particularly 

motoneurons and sensory cells, cholinergic basal 
forebrain, striate, and subcortical neurons, while 
FGF2 mainly exists in the limbic system (it is also 
expressed in astrocytes). Both FGF1 and FGF2 are 
present in the mature nervous system, and, there-
fore, may be involved in maintenance rather than 
the developmental processes. Also, FGF2 exhibits 
a proliferative function with regard to multipoten-
tial stem cells, which subsequently give rise to 
cortical neurons (Temple and Quian, 1995).

In addition, FGFs facilitate peripheral axonal 
regeneration and the regeneration of central 
neurons following CNS lesions. There are at least 
4 receptors of FGF1 and FGF2; they belong to a 
subfamily of tyrosine kinase receptors. As stated 
by Gary Landreth (1999), the “interaction of 
various FGFs with the four FGFRs and their mul-
tiple mRNA splice products is bewilderingly 
complex.” Sometimes, both FGF1 and its recep-
tors may exist in the same neurons, as in the case 
of motoneurons and substantia nigra. This sug-
gests that this factor acts via autocrine and 
paracrine mechanisms, rather than as target 
tissue–derived retrotrophins (see Landreth, 1999). 
The same mechanisms are involved in the actions 
of transforming growth factors (TGFs; see below); 
thus, TGFs and FGFs may be exceptional with 
respect to most factors described in this section, 
which are retrophic in nature. Note that the action 
of FTF1 on the dopaminergic substantia nigra 
neurons exemplifi es the noncholinergic actions of 
growth factors.

The TGFs form an extended family; only the 
three beta TGFs (see Table 8-1) exhibit neuro-
trophic and related actions. While TGF beta 1 is 
expressed mostly in glia and astrocytes, the two 
other TFG beta factors are widely present and 
expressed in the CNS and peripheral nervous 
system. The glia-derived neurotrophic factor 
(GDNF) is another member of the TGF family and 
is predominantly derived from glia, although to a 
lesser degree it is also expressed in astrocytes and 
Schwann cells (Henderson, 1996; Landreth, 1999). 
Neurturin, another member of the TGF superfam-
ily, is related to GDNF and is also derived from 
glia. Additional TGF relatives include the bone 
morphogenetic proteins (BMPs); originally these 
factors were thought to be involved only in 
bone formation. The TGFs act via a unique 
receptor complex of two serine/threonine kinase 
subunits, as GDNF binds to a complex two-
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subunit receptor; one of the subunits is a tyrosine 
kinase. The BMP signaling is effected by small 
Smads proteins (Bau et al., 2002), although it is 
uncertain whether the same entities promote both 
neurotrophic and bone-formation BMP effects.

Bone morphogenetic proteins, beta TGFs, 
GDNF, and neurturin maintain survival during 
the development of dopaminergic neurons of the 
striate and the midbrain. As these growth factors 
are expressed in areas receiving dopaminergic 
radiations and in glia, they behave as target-
derived factors, that is, retrophins (Landreth, 
1999; Oiwa et al., 2002).

Beta TGFs also exhibit regenerative effects on 
injured neurons or pathways; in fact, their expres-
sion is increased following central pathway or 
spinal cord lesions. Their unique and paradoxical 
action is their antimitotic effect on neuronal pro-
liferation during early developmental stages, and 
they may antagonize the proliferative actions of 
other growth factors during this stage of early 
development (Landreth, 1999). Bone morphoge-
netic proteins are known to exert a wide range of 
morphogenetic and organogenetic actions. They 
promote developmental survival (that is, they 
perform according to the neuronal trophic factor 
hypothesis) and synaptogenesis of several cholin-
ergic CNS pathways and structures, including the 
cortex and basal forebrain. Bone morphogenetic 
proteins act regeneratively on lesioned brains and 
spinal cords; they exert pheno typic differential 
effects on the multipotential cells of the neural 
crest; and they maintain the survival of mature 
brain neurons (these actions were established 
generally for rodents; see Henderson, 1996; 
Landreth, 1999; and Cao et al., 2003).

The epidermal growth factor (EGF) family, 
platelet-derived growth factor (PDGF), insulin-
like growth factor (IGF), neuregulins, protease 
nexin, ephrins, and other trophins are expressed in 
the nervous tissues, glia, Schwann cells, or plate-
lets, as well as in such unlikely organs as the 
chicken gizzard (van Nieuw Amerongen, 1987; 
Riopelle and Riccardi, 1987; Wujek and Akeson, 
1987; Hayashi et al., 1987; Landreth, 1999; 
Houenou et al., 1995; Zhou et al., 2001). Some of 
these factors, for example, EGF, may not play a 
major role as neuronal trophics (see Landreth, 
1999). However, besides having a wide range of 
activities that are outside this book’s scope (for 
example, mammary function, etc.), other growth 

factors such as neuregulins and particularly IGF-I, 
exert important neurotrophic actions.

The neuregulin family (also referred to as 
ERBs, Neu factors, ARIA, and HERs) is derived 
from a neuronal transmembrane precursor that 
contains an EGF-like domain. In fact, their recep-
tors, tyrosine kinases, are homologous to those 
of EGFs and are generated by alternative splicing 
of mRNAs derived from a single gene (Ben-Baruch 
and Yarden, 1994). With respect to cholinergic 
aspects of their effects, it is interesting that a neu-
regulin acts as a cholinergic, nicotinic receptor 
adhesion factor at the myoneural junction; in fact, 
this neuregulin was fi rst detected at this site (as 
such, it is called ARIA). Since these neuregulins 
are present in the motoneurons, their effect is 
anteroactive. Neuregulins are also highly expressed 
in the CNS, including cortex, during development 
and in maturity; they are also expressed in the 
peripheral sensory ganglia. While the neuregulins 
may exhibit maintenance effects on the cortex and 
other brain parts, they are mostly known for their 
mitogenetic, proliferative effects on all types of 
glia and on Schwann cells; again, these effects 
seem to be exerted in anterograde, paracrine 
fashion (Crone and Lee, 2002).

Like several other neurotrophin receptors, 
IGF-I’s receptor possesses a tyrosine kinase 
domain that structurally resembles insulin recep-
tors. IGF-I and its receptors are expressed during 
development and maturity in many parts of the 
CNS, including olfactory bulb, thalamus, hippo-
campus, cortex, cerebellum, and retina, as well as 
in the motoneurons. During development they 
promote in vivo motoneuron survival, and survival 
and maintenance of several brain parts. Their 
maintenance effect is also shown in cultures from 
several cell lines (De la Rosa and De Pablo, 1995; 
Chung et al., 2002; Torres-Aleman et al., 1994; 
Ye et al., 2002; see also Landreth, 1999, 2006). 
IGF-I also exerts regenerative effects on lesioned 
CNS (Chavez and LaManna, 2002).

4. Nonneurotrophic Elements 
Concerned with Neurogenesis 
and Synaptogenesis

Aside from the neurotrophins, kinins, and 
so forth, synaptogenesis depends on many other 
factors. To be effective, the cholinergic synapse 
requires the activity of the cholinergic gene, its 
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expression, and additional molecular regulations. 
Accordingly, HACU, VAChT, factors controlling 
vesicular cycling, vesicular fusion with the pre-
synaptic plasmalemma, and postsynaptic receptor 
clustering must be in place for synaptogenesis 
to be complete. These factors and the CAMs, 
SAMs, agrin, rapsyn, and so on, were alluded to 
in section BII-5 with regard to their role in the 
morphogenesis and maturation of the myoneural 
junction (see also Chapter 2 B).12 Cell adhesion 
molecules and SAMs are glycoproteins that are 
endowed with polysialosyl residues, and their bio-
logical activity and the moment of their ontoge-
netic appearance depend on the polymer length 
of these residues (Balak et al., 1987; Franz et al., 
2005). The CAMs and SAMs are present in the 
membranes of the nerve cells. They also appear 
in nonneural tissues or elements, including 
smooth muscle and myo-blasts, chondrocytes, 
Schwann cells, and glia (Gerthoffer and Singer, 
2002). The processes that include these factors 
usually occur during the formation of the neuro-
myal junction (McCaig, 1986; Vaca, 1988; Sanes 
and Lichtman, 2001; see section BII-5).

Many of these factors, such as CAMs and 
SAMs, were identifi ed during the development and 
maturation of the central cholinergic pathway syn-
apses, and Dustin and Colman (2002) commented 
that they contribute to “a synapse  .  .  .  being  .  .  .  a 
stable adhesive junction between two cells.” Cell 
adhesion molecules and related substances such as 
cytotactin and sciatin (Markelonis and Oh, 1981), 
along with SAMs, exert mechanochemical mor-
phogenetic functions during early development 
and late development, and postnatally. During 
early ontogenesis these factors induce adhesion 
between neuronal plasma membranes and pattern-
ing of the neuron cells, and they promote cell divi-
sion. Many of these processes can be interfered 
with by the use of appropriate antibodies (see, for 
example, Thanos et al., 1984). 

Then these factors generate the differentiation 
of CNS germ layers, followed by the differentia-
tion of neuronal populations (Edelman and 
Crossin, 1991). Moreover, either late prenatally 
or early postnatally, CAMs or SAMS promote neu-
ronal growth and dendrite outgrowth of the sensory, 
cerebellar, and hippocampal neurons. They also 
cause the cessation of cell division following 
differentiation (Hatten, 1987; Dustin and 
Colman, 2002; McNamee et al., 2002; Webb 
et al., 2001).

Secondary CAMs (for example, Ng-CAM) and 
SAMs induce neuronal differentiation of the blas-
toderm and cause the notochordal induction of the 
neural plate; subsequently, they differentiate the 
spinal cord, the brain, and the peripheral nervous 
system including the ganglia. During early stages 
of ontogenesis in the chick ganglion cells, N-
CAM appears (Thiery et al., 1982). In the cultured 
prenatal (E10) and early postnatal sympathetic 
and parasympathetic neurons, N-CAM promotes 
formation of neuronal clusters and the synthesis 
of CAT (Tuttle, 1983, 1985; Gray and Tuttle, 
1987; Acheson and Rutishauser, 1988; Wong and 
Kessler, 1987). Since the CAMs and SAMs exist 
postnatally, they may participate in the mainte-
nance processes as well as upon axonal or neuro-
nal lesion in regeneration. Finally, the cell-to-cell 
adhesion generates biochemical changes (such as 
amino acid synthesis; Linser and Perkins, 1987). 
Many of these processes can be blocked by appro-
priate antibodies (see, for example, Thanos et al., 
1984).

During development, the concentrations and 
ratios of CAMs (for example, between the L- and 
N-CAM, and NGF and CAM), their cellular local-
izations, and their identity undergo many changes 
(for instance, there are shifts between the primary 
CAMs and the N-CAM and L-CAM, and between 
primary and secondary CAMs; Sunshine et al., 
1987; Edelman and Crossin, 1988).

It appears from this description that CAMs, 
SAMs, and related substances are particularly 
important for synaptogenesis; their role in this 
process is differentiative in nature. However, 
these factors also exert neurotrophic, proliferative, 
and regenerative actions. They are released from 
peripheral tissues such as Schwann cells that may 
act as their target sites. If so, they may act as 
retrophins; as they can be also released from 
neuronal membranes to act on the neighboring 
neurons, they may work in an autocrine or para-
crine fashion (Landreth, 1999).

Other factors—not identifi ed so far—may be 
also involved in the clustering of cholinergic 
receptors, whether in the course of ontogenesis of 
the neuromyal junction or following denervation 
(see below, section D-2). The question of the clus-
tering motion of the originally dispersed receptors 
arises here—is this movement evoked by N-CAM 
or related substances? The defi nitive answer to 
this question cannot be given now, but it is quite 
possible that N-CAMs or related factors may 
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affect this motion (Nastuk and Gabriel, 1985); on 
the other hand, substances other than CAM may 
be involved, such as agents involved in transsyn-
aptic regulation (see below, section CIII; see also 
Connolly, 1985).

Note that CAMs and SAMs belong to multi-
membered families of factors and that these factors 
express many trophic functions on nonneuronal 
cells such as smooth muscle cells (Gerthoffer and 
Singer, 2002). These factors and related glyco-
proteins and adhesion factors such as myelin-
associated glycoprotein (MAG) and several Nogos 
are concerned with regulation of myelin and the 
inhibitory effects of myelin on adult axonal regen-
eration (Bandtlow, 2003; Bandtlow and Dechant, 
2004; Bartsch, 2003; Meier et al., 2003). It should 
be added in this context that the effectiveness of 
NGF and other trophics on adult axonal regenera-
tion and in preventing the inhibitory myelin action 
of regeneration is not quite clear (see above, 
section CI-3e).

Furthermore, CAMs and SAMs exert non-
trophic, nondifferentiative functions on immune 
and hematopoetic systems, cancerous events, and 
infl ammatory processes. In fact, contemporary lit-
erature is overwhelmed by references concerning 
these functions, and the ratio between these refer-
ences on the one hand and the studies dealing with 
neurotrophic and synaptogenic functions of these 
factors on the other may be nearly 1,000 to 1. 
Finally, genetic factors must exert ultimate control 
in ontogenesis, neurogenesis, and differentiation 
of the cholinergic and other transmitter systems, 
and in the cooperative regulation of these pro-
cesses by active proteins. As has been already 
mentioned, the knowledge of this control is still 
very poor.

5. Gangliosides

Gangliosides are relative newcomers to the 
fi eld of trophisms, and currently they are both 
intensely studied and intensely argued about. Gan-
gliosides are a family of sialic acid–containing 
glycosphingolipids. The hydrophilic sialic acid–
containing oligosaccharide portion of their mole-
cules protrudes from the outer membrane surface, 
while the hydrophobic ceramide portion is inserted 
into the lipid core of the membrane (cf. Sonnino 
et al., 1988).Their presence in the human brain 
was fi rst established some 70 years ago by Ernst 

Klenk (1935), who coined their name. Neverthe-
less, this discovery was well-nigh forgotten, until 
Jordi Folch-Pi rediscovered gangliosides 30 years 
later (cf. Wiegandt, 1975). More than 40 ganglio-
sides are chemically distinguishable (Rapport, 
1981; Sonnino et al., 1988). The synthesis of new, 
active gangliosides is straightforward, and it is 
easy to vary the basic ganglioside structure by 
changing the number of sugars and/or the sugar 
molecule, the number of neuraminic acid residues, 
their position in the ganglioside entity, and so 
forth (see Figure 8-15).
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Figure 8-15. (A) The structure of a major brain gan-
glioside, which is termed GD1a according to the nomen-
clature of Svennerholm. G denotes gangliosides, D 
indicates disialo, 1 refers to the tetrasaccharide (Gal-
GalNac-GalGlc-) backbone and distinguishes positional 
isomers in terms of the location of the sialic acid resi-
dues. In IUPAC-IUB nomenclature, this ganglioside is 
termed IV3NeuAC, II3NeuAc-Gg4Cer, where the roman 
numerals indicate the sugar moiety (from ceramide) to 
which the sialic acids (NeuAC) are attached, and the 
Arabic numeral subscript denotes the position in the 
sugar moiety where Nue-AC are attached; Gg refers to 
the ganglio (Gal-GalNAc-Gal-Glc) series and the sub-
script 4 to the 4-carbohydrate backbone for the “ganglio” 
series. (B) The structure of sialic acid, also called N-
acetyl neuraminic acid (NeuAc or NANA). Human brain 
gangliosides are all N-acetyl derivatives; however, some 
other mammalian, such as bovine, brain may contain the 
N-glycolyl derivatives. The metabolic biosynthetic pre-
cursor for sialylation of glycoconjugates is CMP-sialic 
acid, forming the phosphodiester of the 5’OH of cytidine 
and the 2-position of neuraminic acid. (From Agranoff 
et al., 1999, with permission.)
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The gangliosides are components of the neuro-
nal and axonal plasma membrane of the central 
and peripheral neurons; in the nervous system, 
they are moved anterograde from the perikarya via 
the axonal transport (Fishman and Brady, 1976; 
Ando, 1982; Ledeen et al., 1975, 1981; Ledeen 
and Yu, 1982). The gangliosides also exist in non-
nervous tissues. They are particularly high in gray 
matter (3 to 4000 nM/g), although they are quite 
high in the white matter as well (approximately 
1,000 nM/g; cf. Rapport, 1981). The gangliosidal 
species most abundant in animal and human brains 
are GM1, GM3 and GT1b (Wiegandt, 1982). They 
may belong to the anterotrophin family of tro-
phins, as they are concentrated in the nerve-ending 
membranes and transported down the axon via the 
axoplasmic fl ow. However, they also exist in the 
perikaryal membrane (De Robertis et al., 1975; 
Ledeen et al., 1981; Yates et al., 1989).

The earliest fi ndings regarding the biological 
activity of these compounds dates from the 1950s, 
when investigators demonstrated that gangliosides 
effectively antagonize axonal degeneration due 
to viruses (Bogoch, 1957, 1975). Van Heyningen 
(1958) suggested that gangliosides may serve as 
membrane receptors for toxins; this notion was 
later confi rmed (cf. Svennerholm, 1975). Accord-
ingly, many studies during that period concerned 
the role of gangliosides as recognition markers 
for the neurotoxic site of action rather than as 
trophics.

Several lines of evidence suggest that ganglio-
sides act as neurotrophins, that is, factors acting 
within the neurotrophic factor hypothesis (see 
section CI-2). They may be released from nerve 
terminals, where they are preferentially accumu-
lated; they can be, therefore, considered as 
anterograde-wise-acting neurotrophins (see above, 
and section CI-1; De Robertis et al., 1975). The 
gangliosides are present during early development 
and peak postnatally (Roukema et al., 1970; Will-
inger, 1981; Buccoliero et al., 2002). They appear 
at the time of neurogenesis in several brain regions, 
and the number of ganglioside family members 
increases at this time. Furthermore, the ganglio-
side concentrations or expressions augment during 
these periods (Ledeen et al., 1990; Rizzo et al., 
2002).

Then, in vitro, exogenous gangliosides promote 
the growth of neurons, axons, and neurites; in
vivo, they facilitate migration of neuroblasts 

during the formation of neuronal pathways such 
as those radiating to the cerebellum and the cortex 
(Miyakoshi et al., 2001). Moreover, it was shown 
early that antibodies to the gangliosides disrupt 
development and that neurogenesis of the cortex 
and other brain parts is blocked in mutants that 
do not exhibit ganglioside expression. These 
morphogenetic aberrations are accompanied by 
behavioral defi cits (Willinger, 1981; Doherty and 
Walsh, 1987; see also Pepeu et al., 1994). 
However, to fulfi ll the desiderata of the neuro-
trophic factor hypothesis, direct evidence for 
demonstrating that gangliosides are released pre-
synaptically and promote the elimination of super-
fl uous neurons and nerve terminals during CNS 
maturation and synaptogenesis is needed; this evi-
dence is it is incomplete for gangliosides (see sec-
tions CI-2, CII-1, and CII-2).

The regenerative trophic actions of ganglio-
sides were fi rst described in the 1970s by Cecca-
relli and associates (cf. Ceccarelli et al, 1975), as 
they demonstrated that gangliosides facilitate 
functional and morphologic recovery following 
anastomosing pre- and postganglionic axons of 
the adult cat. This discovery was expanded by the 
Warsaw-Lodz-Florence-Montreal team of Claudio 
Cuello, Barbara Oderfeld-Nowak, and Giancarlo 
Pepeu. Provided exogenously, they promote in 
rodents morphological repair after lesions to the 
caudate, nucleus basalis, septum, or cortex 
(Wojcik, 1978; Wojcik et al., 1982; Stein et al., 
1983; Oderfeld-Nowak et al., 1984, 1993; Pepeu 
et al., 1994; Cuello et al., 1987, 1989; Sabel et al., 
1984; Stein, 1994).

Furthermore, gangliosides facilitate the recov-
ery of hippocampal AChE and CAT following 
lesions to the septum (Wojcik, 1978; Oderfeld-
Nowak et al., 1975, 1984, 1993; Pepeu et al., 
1994), and when ACh release is blocked in the rat 
by lesions of the nucleus basalis, the gangliosides 
of the GM1 type restore that release (Florian et al., 
1987). Then gangliosides repair the behavioral 
defi cits caused by chemical and surgical lesions of 
cholinergic nuclei such as the nucleus basalis (see, 
for example, Cuello et al., 1987; Cuello, 1993). 
Additionally, the gangliosides prevent neuronal 
elimination induced in cortical and cerebellar cul-
tures by neurotoxins (Favaron et al., 1988). The 
cholinergic receptors need not be involved in this 
phenomenon, as the gangliosides antagonized the 
effect of glutamate and kainate, that is, neurotox-
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ins acting on the N-methyl-D-aspartate (NMDA) 
recognition site.

Several mechanisms are involved in the action 
of gangliosides. As signal receptor sites at the 
membrane, the gangliosides may be involved in 
“dramatic changes in the local organization of 
membranes” that evoke second messenger events 
and the resulting phosphorylations and dephos-
phorylations (Tettamenti et al., 1985; cf. also 
Sonnino et al., 1988). Indeed, gangliosides and 
related glycosphingolipid compounds are involved 
in phosphorylation phenomena; for example, they 
block glutamate-induced activation of protein 
kinase C and evoke phosphorylation activities at 
the neuronal membranes (Vaccarino et al., 1987; 
Favaron et al., 1988). Then they probably act by 
releasing NGF and other neurotrophins, which 
would activate neurotrophin receptors Trks 
and p75 (see above, section CI-2; Rabin et al., 
2002).

Note that the gangliosides act on other than 
cholinergic neurons; for example, they appear to 
act on the NMDA receptors. In fact, they may also 
facilitate the release of several transmitters, includ-
ing ACh and glutamate (Tanaka et al., 2004). 
Also, the gangliosides protect the dopaminergic 
striatal neurons of primates and mice from neuro-
toxins, and restore the serotonergic hippocampal 
system after it is reduced by septal lesions (Sch-
neider et al., 1992; Gradkowska et al., 1986; see 
also Cuello, 1993).

Then gangliosides act on nonneural tissues. An 
interesting, paradoxical effect of gangliosides is 
exerted on Schwann cells, as they block the pro-
liferation of these cells in culture (Sobue et al., 
1988). In vivo, the proliferative phase of Schwann 
cells occurs during axonal development and 
axonal regeneration. This proliferation, which is 
needed for the initial axonal growth or regenera-
tion, must be inhibited before further axonal 
growth may take place. Actually, toxins and other 
activators of this proliferation (but also some 
growth factors) block axonal growth by promoting 
Schwann cell production. The endogenous regula-
tors of Schwann cell formation have not been 
identifi ed. Sobue et al. (1988) hypothesize that 
naturally occurring gangliosides may be a part of 
this regulation process, but this notion has been 
challenged.

In view of exciting basic data concerning 
growth and regenerative actions of gangliosides 

and because the synthesis of novel gangliosides 
is quite easy, many pharmaceutical companies 
became interested in the development of clinically 
useful gangliosides. Currently, there is a fl are-up 
of clinical studies—particularly in Italy and Scan-
dinavia—concerning the clinical potential of gan-
gliosides. Today, they are used experimentally in 
diabetic and other sphingolipid storage diseases, 
including immune neuropathies, as well as in 
Alzheimer’s disease (Buccoliero et al., 2002; 
Svennerholm et al., 2002; see also Pepeu et al., 
1994). There is some skepticism with regard to the 
clinical studies in question; this skepticism is 
engendered by the excessive claims accompany-
ing some of the clinical studies. 

6. Comments and Conclusions

The detection of the NGF by Rita Levi-
Montalcini, Victor Hamburger, and Ed Bueker 
and subsequent discovery of other neurotrophins 
by Hans Thoenen, Ian Hendry, and others were 
remarkable and signifi cant events, as they led to 
the detection of hundreds of neurotrophins and to 
an explosion of knowledge regarding the “myriad 
of  .  .  .  their  .  .  .  functions” (Crone and Lee, 2002). 
Indeed, what could be more signifi cant than the 
discovery of entities without which there would 
be limited or no knowledge of development, main-
tenance, and regeneration of neurons? It should 
make any cholinergiker happy that so many of 
functions and effects of growth factors and 
neurotrophins specifi cally concern the cholinergic 
neurons, including those of the forebrain and 
septo-hippocampal pathways, cerebral and corti-
cal cells, motoneurons, and peripheral autonomic 
ganglion cells.

However, let us not be chauvinistic; we must 
recognize that neurotrophins exert many impor-
tant actions beyond their cholinergic effects. Thus, 
they act on noncholinergic neurons, including 
dopaminergic and sensory neurons. They also act 
on nonneuronal tissues: many neurotrophins 
promote mitosis of glial and Schwann cells and 
are involved in axonal myelinization. Further-
more, neurotrophins, the kinins, and other trophic 
factors exert anti-infl ammatory, erythropoetic, 
and immunological effects. They are involved in 
mammary and neuroendocrine functions, and it is 
speculated that they may promote longevity in 
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humans. Altogether, the neurotrophins and related 
factors are unique and versatile substances.

In this exceptional area, the fi eld of synapto-
genesis and junctional formation stands out for 
its complexity and multifactorial nature. Here, 
the neurotrophins and second messengers act 
during development within the neurotrophic factor 
hypothesis to reduce the wild overabundance of 
neurons and terminals that occurs at some stage in 
early neuro genesis. At these sites, the neurotroph-
ins interact and cooperate with factors such as 
adhesion factors, vesicular cycling inducers, gen-
erators of ACh release, and so on (Sanes and Lich-
tman, 2001, Vaca, 1988; Bandtlow, 2003; see also 
Chapter 2 B). All of this well-synchronized com-
plexity is needed for the development of effective 
transmission at the synapses and junctions. 
However, combined with this well-orchestrated 
phenomenon of synaptogenesis there is a certain 
randomness: for example, several ACh release 
processes may be available and it is not certain 
which of these may be primary at any given time 
(see Chapter 2 C). This randomness combines 
with the regenerative neurotrophic function in 
protecting brain plasticity; this plasticity is a rela-
tively new notion that replaces the earlier concept 
of the rigidity of brain circuitry and nonrenewal 
of neurons and their contacts (Hohmann and 
Berger-Sweeney, 1998).

It appears that the actions of neurotrophins 
overlap, and that several neurotrophins cooperate 
whether during CNS development, neuronal main-
tenance, or neuronal and axonal regeneration (se 
Landreth, 1999). This concerted action of neuro-
trophins may be another example of their impor-
tance for plasticity processes, as the lack or 
mutagenic elimination of one neurotrophin need 
not signify neuronal extinction.

Clinical exploitation of these basic neuro-
trophic actions is barely beginning. Thus, early 
trials are being conducted, as could be expected in 
view of the regenerative and maintenance capaci-
ties of neurotrophins, in the areas of sensory 
pathology, motoneuron and Parkinsonian disease, 
spinal lesions, cognition, and Alzheimer’s disease 
(see also Chapter 10). Less intelligible may be 
their trials in schizophrenia and depressions. These 
trials were fi rst attempted in Sweden and Italy (see 
Granholm, 2000); Henderson, 1996; Landreth, 
1999). When asked for advice as to how to achieve 
a long and alert life, Lars Olson (at a 1998 

Giacobini-Becker symposium on Alzheimer’s 
disease) drew the amino acid sequence of NGF 
(see Figure, 8-12).

Altogether, while there are many technical dif-
fi culties with respect to successful clinical exploi-
tation of trophins; indeed, the experience in this 
area is sobering (Thoenen and Sendtner, 2002); it 
appears that, within the exciting cholinergic fi eld, 
neurotrophins are not ultimi servii; their future is 
bright and their potential is practically infi nite. 
New ones are continually discovered (see, for 
example, Lipson et al., 2003).

CIII. Anterograde-Acting
Factors and Related 
Phenomena

1. Introduction

The notion that nerves and transmitters may 
exert nontransmittive functions has a long history. 
As mentioned earlier (see section CI-1), Ramon y 
Cajal speculated at the turn of the 19th century on 
the existence of “neurotrophic substances” that 
are involved in development and regeneration 
of nervous tissues. In the 1940s, this author 
(Karczmar, 1946) proposed that nerves exhibit a 
regenerative action on soft tissues independent 
of transmitters that these nerves may release. Sir 
John Eccles, Edith Bulbring, and Joshua Burn 
subsequently proposed that ACh and other trans-
mitters exert both transmittive and “metabotropic” 
effects (Bulbring et al., 1954; Burn and Walker, 
1954; Eccles, 1964; Bulbring and Burn, 1963; see 
also Csillik and Savay, 1958); the metabotropic 
effects include metabolic cellular effects that 
result from synaptic transmission. During the 
1970s a related notion was raised when Julius 
Axelrod, Ian Hendry, Erminio Costa, Paul Green-
gard, Sandro Guidotti, and others opined that 
certain synaptic events control synaptogenesis, 
and then coined the term “trans-synaptic regula-
tion” for these events (Axelrod, 1971; Costa and 
Guidotti, 1973; Hendry, 1973; Black and Mytili-
neou, 1976; Nathanson and Greengard, 1981).

Subsequently, a more expanded role was 
assigned to cholinergic components and choliner-
gic agonists and antagonists when it was posited 
that theses components exert trophic, morphoge-
netic, and developmental actions (see sections A 
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and BI-2). The notion of the trophic actions of 
cholinergic components is important, as it explains 
the precocious, prenervous existence of CAT, 
ACh, and ChEs during development and their 
presence in the early CNS prior to synaptogenesis 
(see section BI-2). Accordingly, Lauder (1988) 
coined the term “morphogens” to refer to this 
early developmental action of the cholinergic 
components (see sections A and BI-2).

In the strict sense of the term, morphogens are 
supposed to be active as mitotics and morphoge-
netic agents during morphogenesis and in early 
neurogenesis, rather than in synaptogenesis (for 
more details regarding the actions of cholinergic 
agonists and antagonists, see section BI-2; see also 
Karczmar, 1963a). What must be considered now 
is whether trophic factors such as NGF and other 
neurotrophins, CAMs, SAMs, and so forth can 
account for biochemical and morphologic synapto-
genesis, and whether the cholinergic components 
(aside from acting as morphogens) exert synapto-
genic actions; in this case, the term “synaptogens” 
may be applied to the agents in question.

Cholinergic components including ACh and 
AChE are generated by neurons and released from 
cholinergic axons; if they act as synaptogens, they 
are anterotrophins (see section CI). As will be seen 
below, in some instances these components appear 
on noncholinergic neurons or noncholinergic 
axons and terminals, where they may act as auto-
crine factors (see section CI; see Figure 8-9).

2. Transsynaptic Effects and 
Cholinergic Components as 
Synaptogens

Important evidence concerning the cholinergic 
transsynaptic phenomena deals with the sympa-
thetic and parasympathetic ganglia, the adrenal 
medulla (a modifi ed sympathetic ganglion), and 
the myoneural junction. In view of the signifi -
cance of these phenomena, this evidence will be 
briefl y presented, though it is outside the direct 
scope of this book; of course, the evidence also 
relates to the CNS events, and the pertinent data 
are also presented in this section.

While Hendry (1973) and Thoenen (1972) 
used the term “trans-synaptic regulation” to refer 
to both growth factors and transsynaptic phenom-
ena, Erminio Costa and Sandro Guidotti defi ned 

the term “trans-synaptic regulation” as “referring 
to regulation of synthesis of specifi c protein by 
persistent changes in the rate of synaptic transmis-
sion,” and, even more specifi cally, to the “sus-
tained release of ACh” (Costa and Guidotti, 1978). 
This defi nition excludes growth factors from the 
transsynaptic regulation phenomenon. Note that 
both mechanisms, trophic and transsynaptic, con-
tribute to synaptogenesis. During the 1970s and 
1980s, these investigators and their immediate 
followers employed paradigms such as denerva-
tion and pre- and postsynaptic block to evaluate 
the transsynaptic action; molecular methodology 
and direct use of cholinergic components was 
employed subsequently (Brimijoin and Koenigs-
berger, 1999).

Axelrod, Costa, and their coworkers (Axelrod, 
1971; Costa and Guidotti, 1973, 1978) worked 
with the ganglia and/or adrenals of neonate and 
adult animals. The early fi nding that led these 
investigators to the transsynaptic phenomena was 
that cold exposure, swimming stress, and the cho-
linergic agonists markedly increased the activity 
of ganglionic and adrenal tyrosine hydroxylase; 
they surmised that this paradigm did not involve 
the growth factors but that it was due to aug-
mented synaptic function. Studies of the trans-
synaptic effects on the development of the 
sympathetic ganglia of late prenatal and neonate 
rodents yielded many results that are consistent 
with this notion.

Some of the evidence in question concerns 
certain negative results. Thus, in the neonate gan-
glion cultures, NGF was unable to reverse the 
effects of denervation. Also, NGF antibodies did 
not affect biochemical or morphological develop-
ment of the mouse embryonic superior cervical 
ganglion when the ganglion was cocultured with 
its target, the embryonic submandibular gland. 
This fi nding was consistent with the negative 
effects of NGF antibodies on synaptogenesis in 
the adult sympathetic ganglia cultures, although in 
this case, adding NGF enhanced the elaboration 
of the neurites (Johnson et al., 1972; see also 
Coughlin et al., 1978; Black, 1978). The consen-
sus is that independent of the NGF and/or other 
growth factors, the transsynaptic regulation (which 
depends on the release and action of ACh) evokes 
tyrosine hydroxylase synthesis as well as morpho-
genesis of the nerve terminals, ground plexus 
ramifi cation, and the augmentation of end-organ 
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innervation density, while it reverses the post-
synaptic effects of motor denervation.

However, the data are not always consistent. 
While the ganglionic blocker pempidine mim-
icked the effects of denervation in the sympathetic 
mouse ganglion, NGF reversed the pempidine’s 
diminution of tyrosine hydroxylase activity 
(Hendry, 1973). Then NGF antibody caused 
immunoparasympathectomy in mice (Hendry, 
1973; Hendry et al., 1988). Another ganglionic 
blocker, chlorisondamine, caused hypotrophy and 
a reduction of its CAT content in the avian ciliary 
ganglion and sympathetic rodent ganglia (Chiapi-
nelli and Giacobini, 1978). Also, the block of 
axonal fl ow induced morphological changes in the 
developing ganglion.

These results may suggest that both the trans-
synaptic regulation and the NGF or other pertinent 
retrophins play a part in the development of target 
innervation (Chun and Patterson, 1977). The 
extent of the importance assigned to the transsyn-
aptic regulation versus that allotted to the growth 
factor differs from investigator to investigator. 
Thus, Hendry (1973) opined that the transsynaptic 
function constitutes “the most important regula-
tory factor for the development of the mouse supe-
rior cervical ganglion during the critical fi rst 2 
weeks of life,” and Black expressed a similar 
opinion (Black and Mytilineou, 1976; Black, 
1978). However, Thoenen (1972) felt that trans-
synaptic regulation was considerably less impor-
tant than NGF regulation for the generation of 
tyrosine hydroxylase and dopamine-beta-
hydroxylase and for gangliogenesis.

What are the mechanisms involved in the 
trophic effect of the transsynaptic regulation of the 
ganglia and adrenal medulla? Acetylcholine and/
or other components of cholinergic transmission 
may be engaged. Ganglionic blocking agents 
that interfere with biochemical and morphologic 
development of the ganglia block either the release 
or the postsynaptic effect of ACh, and also inhibit 
the ganglionic transmission. Costa, Guidotti, and 
Greengard proposed a biochemical basis for this 
cholinergic regulation of tyrosine hydroxylase 
synthesis in developing and adult ganglia. Cholin-
ergic, nicotinic stimulation of the sympathetic 
ganglia or the adrenal medulla activates adenylate 
cyclase, leading to accumulation of cAMP; 
“cAMP activates protein kinase which is then 
translocated to the cell nucleus, where it causes 

gene ‘depression’ or disinhibition and the synthe-
sis of new tyrosine hydroxylase” (Costa and 
Guidotti, 1978; Nathanson and Greengard, 1981). 
Reciprocally, cAMP regulates the generation of 
functional ACh receptors of the membrane of the 
ciliary ganglion (Margiotta et al., 1987). Yet, there 
may be other consequences of the blockade of 
ganglionic—and, generally, synaptic—transmis-
sion that may be pertinent for the transsynaptic 
regulation.

Transsynaptic regulation and the role of the 
released ACh in this phenomenon were studied 
extensively also with respect to the neuromyal 
junction and its development (Rotshenker and Tal, 
1985; see section CII-4). How signifi cant is the 
contribution of cholinergic transmission and cho-
linergic components to this development? Steve 
Thesleff was the fi rst to describe the classical phe-
nomena in which denervation and the neuromyal 
blockers, whether pre- or postsynaptic, increase 
the receptor number and receptor dispersion, 
resulting in hypersensitivity of the endplate 
(Thesleff, 1955, 1960; see also Duxson, 1982; Oh 
et al., 1987; Fernandez and Donoso, 1987a, 1987b; 
Brimijoin, 1987; Davis, 1987). Furthermore, late 
prenatal or early postnatal denervation prevented 
maturation and clustering of the receptors (Duxson, 
1982; Barr et al., 1987). The term “dif ferentiation”
is frequently used to refer to the phenomena that 
occurred early postnatally in the presence of 
nerves, whereas denervation induces “de-
differentiation” (Schotté and Butler, 1941; Schotté 
and Karczmar, 1944; Karczmar, 1946).

Rodolfo Miledi (1960) carried out a crucial 
experiment some 40 years ago to clarify the role 
of transmission in the muscle denervation phe-
nomena. He partially denervated the frog sartorius 
muscle; accordingly, some of the muscle fi bers 
were denervated, but effective conduction was 
expressed as the full-fl edged action potential and 
good muscle contraction were maintained. What 
happened was that only the denervated fi bers 
exhibited denervation sequelae. These results 
suggest that a trophic infl uence emanating from 
the axon (i.e., ACh) rather than conduction and 
function regulates the cholinergic receptors and 
endplate sensitivity.

If hypersensitization results from either an 
absence or an incapacitation of the transsynaptic 
substance ACh, then any paradigm that effectively 
produces either of these two effects should be 
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equipotent with denervation. However, sometimes 
the axonal conduction blockers (i.e., tetradotoxin) 
were found to be less effective in producing 
denervation symptomatology than the nicotinic 
postsynaptic blockers (i.e., alpha bungarotoxin), 
while blockers of axoplasmic fl ow (i.e., colchicine 
or vinblastine) seemed to be effective (Thesleff, 
1960; Drachman et al., 1982; Albuquerque 
et al., 1974; see also Brimijoin, 1987). However, 
blocking conduction with either local anesthetics 
or tetradotoxin yielded controversial data (see 
Ochs, 1987; Purves and Lichtman, 1985).

These differences may result simply from dif-
ferences in the effectiveness of various paradigms 
at blocking the release or action of ACh. For 
example, bungarotoxin or d-tubocurarine are 
long-lasting blockers of transmission and should 
be more effective at preventing the postsynaptic 
actions of released ACh than tetradotoxin or local 
anesthetics, which are relatively short-acting 
blockers. Furthermore, botulinum toxin and col-
chicin, the effective, long-lasting axonal fl ow and 
ACh release blockers may be even more effective 
than other transmission blockers for inducing 
hypersensitivity. However, the botulinum toxin 
prevents nerve stimulation–evoked ACh release, 
but does not prevent spontaneous release that is 
expressed in the presence of miniature postsynap-
tic potentials; thus, a “shadow” of ACh still 
remains in the synaptic cleft in the presence of 
botulinum toxin. Yet, the toxin is capable of 
inducing effective denervation symptomatology. 
Altogether, it is generally opined that spontaneous 
release of ACh and the concomitant miniature 
postsynaptic potentials cannot induce full-fl edged 
depolarization involving the whole endplate, such 
as induced by evoked ACh plate, and that this 
“shadow” ACh does not suffi ce for the endplate 
differentiation.

However, the “morphogen” notion of postsyn-
aptic differentiative action of ACh is not necessar-
ily compatible with the concept that depolarization 
underlies the “morphogen” effect of ACh at the 
endplate (see Saltpeter, 1987). Then, the impor-
tance of muscle activity for postsynaptic differen-
tiation was frequently connected with denervation 
phenomena (Saltpeter, 1987). For example, results 
obtained by Davis (1987) and Albuquerque and 
Guth (cf. Deshpande et al., 1976) suggest that 
denervation hypersensitivity may partially result 
from paralysis of the muscle, as electric stimula-

tion of the denervated muscle somewhat antago-
nized denervation hypersensitivity. However, 
these results were not clear-cut, and Miska 
Salpeter (1987) stated that “the role of muscle 
activity  .  .  .  in causing and maintaining  .  .  .  the 
receptor  .  .  .  clusters is not clear.” Of course, 
muscle stimulation could cause the release of 
muscle-localized trophins.

What is the mechanism of the denervation 
hypersensitivity and its morphologic equivalent, 
receptor unclustering? This morphogenetic effect 
of nerves is not restricted to the endplate or the 
ganglion. The phenomenon of de-differentiation 
occurs in other tissues and under other circum-
stances; thus, amputated limbs of urodele larvae 
that are denervated undergo mesodermal “de-
differentiation” (Schotté and Butler, 1941). This 
phenomenon was attributed to prevention by 
denervation of the release of a trophic substance 
from the nerves (Schotté and Karczmar, 1945; 
Karczmar, 1946). Though these observations are 
old, the actual substance, the mechanism for its 
differentiative effect, and de-differentiation that 
follows its absence have not been established (see 
also Chapter 2 B, for the role of CAMs and SAMs 
in receptor clustering).

Irene Held argued against trophic action of 
ACh. Held, Jerry McLane, and their associates 
(Held, 1978; Held et al., 1987; Squinto et al., 
1985; Sayer et al., 1987) found that denervation 
activates phosphorylation of a soluble, cytosolic 
muscle protein called 56K protein, which is a 
regulatory subunit of cAMP-dependent protein 
kinase type II (R-II; Zoller et al., 1979). Irene 
Held’s work and the work of others (Sharma, 
1982) led to the speculation that neuroregulation 
controls R-II phosphorylation, which in turn 
evokes the synthesis of the receptor protein. 
Irene Held (Held et al., 1987) related this 
neuroregulation to a trophic factor that she found 
via extractive and related procedures in the 
motor nerves. As hypothesized by Held, the 
factor regulates and prevents the synthesis 
of the extra receptors, and denervation symptoms 
arise when the factor is depleted following 
denervation.

Since in Irene Held’s experiments, bungaro-
toxin and tetrodotoxin did not affect phosphoryla-
tion of the regulatory unit, she concluded that a 
spontaneous or evoked release of ACh was not 
involved in denervation phenomena and did not 
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serve as a trophic factor. Others also sought a non-
ACh factor. Sciatic nerve extracts and substances 
released via the axoplasmic fl ow from the motor 
nerve were among the factors studied, and it was 
attempted to fi nd out whether these substances 
antagonize hypersensitivity and receptor dispersal 
induced by denervation or pre- and postsynaptic 
blockades. The results were inconsistent, and the 
substances in question were not defi nitively iden-
tifi ed (Guth, 1986; Younkin et al., 1978; Davis, 
1987). This 1970s and 1980s argument concern-
ing the role of ACh and other cholinergic compo-
nents versus that of noncholinergic trophic and 
differentiative factors and neurotrophins culmi-
nated subsequently with the description of factors 
such as CAMs and SAMs that regulate pre- and 
postsynaptic differentiation and induce maturation 
of the neuromyal junction (see section CII-4; 
Sanes and Lichtman, 1991; Sanes et al., 1998). 
Postsynaptic receptors may also be involved in 
neuromyal differentiation. For example, Joshua 
Sanes and his associates demonstrated that the 
maturation of the endplate and the receptor pattern 
was compromised in mutant mice incapable of 
replacing early receptor forms with their adult 
counterparts, and these important fi ndings are 
consistent with the notion of the cholinergic post-
synaptic receptor contribution to synaptogenesis 
(Missias et al., 1997).

It must be remembered that today, membrane 
phosphorylation processes and allosteric changes 
of receptor conformation are considered to be 
involved in depolarization hypersensitivity, recep-
tor desensitization or inactivation, and changes in 
the receptor state (Changeux et al., 1992; Chan-
geux, 1993; Greengard, 1987; see several sections, 
chapter 6). While Jean-Pierre Changeux consid-
ered the role of these phenomena in development 
(Changeux and Revah, 1987), it appears that these 
processes are less important for the maturation of 
the neuromyal junction than the action of pre- and 
postsynaptic differentiative factors.

More in keeping with this book’s theme, ACh 
exerts trophic and morphogenetic actions also on 
the central neurons; both muscarinic and nicotinic 
receptors may be involved. For example, the 
alpha7 subunit of the nicotinic receptor regulates 
axonal branching and length, as well as motoneu-
ron survival in the rat’s embryonic spinal cord 
cultures; in fact, these two processes seem to be 
mutually antagonistic, as the antisense nucleotide 

that decreased the alpha7 protein expression 
caused axonal proliferation as well as apoptosis of 
the motoneurons (Catone and Ternaux, 2003); 
and cholinergic activation antagonizes cortical 
degenevation in anti-nerve-growth-factor mice 
(Pesavento et al., 2002).

The close temporal connection between the 
arrival of the cholinergic components (CAT, 
AChE, HACU, etc.; see section CII and Chapter 
2 B) at the site of cholinergic synaptogenesis and 
the synaptic differentiation and maturation is fre-
quently adduced as supportive of “the hypothesis 
of a specifi c role of cholinergic innervation in the 
maturation of its target structures” (Hohmann and 
Berger-Sweeney, 1998). This temporal connection 
exists in the case of neuronal differentiation of the 
neocortex, the hippocampus, and the dorsal root 
ganglia. Yet, as the cholinergic components arrive 
at the site of synaptogenesis, they do not have to 
arrive there synchronously or simultaneously; 
generally, AChE appears fi rst and CAT or 
ACh second (see section BII-2). This may suggest 
that AChE plays a major role in synaptogenesis, 
or that the cholinergic components exert their 
synaptogenetic effects as they arrive at the synapse. 
Both AChE and ACh exert synaptogenetic 
effects, which is consistent with the second 
suggestion.

The presence of CAT, HACU, and so on in 
the dorsal root ganglia is of particular interest, 
as these ganglia are not cholinergic (they are 
GABAergic and peptidergic). Accordingly, 
Biagioni et al. (2000) proposed that in the dorsal 
root ganglia, cholinergic elements and CAT 
participate in synaptogenetic processes. Results 
obtained by Christine Hohmann may support the 
hypothesis of the synaptogenetic role of choliner-
gic components. On the fi rst postnatal day of the 
rat, Hohmann electrically lesioned the diagonal 
band and other cholinergic neocortical afferents to 
induce a temporary deafferentiation of the cholin-
ergic parts of the neocortex and a temporary 
depletion of AChE. While after a brief delay rein-
nervation occurred and CAT was restored, perma-
nent alterations of cortical cytoarchitecture also 
occurred, including changes in the soma size and 
in the dendrite arborizations (Hohmann et al., 
1991). Other forms of lesions that were induced 
by chemical neurotoxins (i.e., ibotenic acid and 
AF64A) caused similar effects (Armstrong and 
Pappas, 1991; see also Hohmann and Berger-
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Sweeney, 1998). Expected behavioral defi cits 
have also occurred.

Christine Hohmann commented that in view of 
these data and in accordance with the hypothesis 
of the synaptogenic role of cholinergic compo-
nents, interference with cholinergic transmission 
via the use of antiChEs or supplementation of 
the cholinergic system with, for example, choline, 
should affect cholinergic morphogenesis and 
behavior. It has a bearing on the hypothesis that 
methyl parathion given to neonatal rats reduced 
operant behavior and caused some brain pathol-
ogy (Gupta et al., 1985, 2000); in adult animals, 
such a treatment would be expected to facilitate 
learning. Furthermore, antiChE given late prena-
tally or just after weaning exerted morphogenetic 
actions; additional teratological effects of antiChEs 
were described (see Slotkin, 1999 and section D). 
However, results obtained by Christine Hohmann, 
Armstrong, Gupta, and others do not clearly 
support the hypothesis of the synaptogenetic 
action of cholinergic components. Even a tem-
porary forebrain lesion, if applied during dev-
elopment, may impede development and cause 
pathology for reasons other than causing a tempo-
rary cholinergic defi cit. Similarly, antiChEs, par-
ticularly methyl parathion, may cause neuronal 
pathology via their direct effect rather than via 
their interference with cholinergic transmission.

Many investigators attempted to infl uence mor-
phogenesis using choline supplementation or defi -
ciency. In rats, supplementing choline late in 
development or early postnatally increased neuro-
nal size and branching in several parts of the hip-
pocampus and septum (Albright et al., 1999, 2001; 
W. Meck, personal communication to Hohmann 
and Berger-Sweeney, 1998). On the other hand, 
choline defi ciency applied during the second half 
of rat development caused changes in distribution 
and migration of the primordial neurons (Albright 
et al., 1999, 2001). Several investigators amelio-
rated visuospatial memory in rats with choline 
supplements given late pre- or early postnatally 
(see, for example, Loy et al., 1991 and Albright et 
al., 2001). However, choline supplementation did 
not increase concentration or activities of choliner-
gic components in other studies (see Chapter 3 
CIII and CIV). It must be remembered that the 
effect of choline may depend on the develop mental
moment of choline administration; for example, 
Hohmann and Berger-Sweeney (1998) point out 

that neonates are more susceptible than adults to 
choline supplementation (Zeisel, 1987). At any 
rate, the studies of Loy et al. (1991) and others did 
not include measurements of brain ACh.

Further evidence demonstrates ACh action on 
growth cones, neurites, and nerve fi bers (Weskamp 
et al., 1986; Lipton et al., 1988; Ruit et al., 1992). 
This effect is cell dependent; for example, the 
growth of the fi bers in cultured retinal ganglion 
cells was inhibited by ACh and facilitated by nico-
tinic antagonists, while the growth of cultured 
amphibian dorsal root ganglion cells (which do 
not contain synapses) and spinal cord neurons was 
facilitated by ACh and directed along the ACh 
concentration gradient (Lipton et al., 1988; Kuffl er, 
1996, 2000; see also Bagioni et al., 2000). Related 
information concerns neuroblastoma N18TG2, 
which normally does not express synapsin I RNA, 
CAT, or muscarinic receptors, and is “morpho-
logically immature” (Bagioni et al., 2000). Stefano 
Bagioni and associates demonstrated that this neu-
roblastoma transfected with CAT gene not only 
exhibited synapsin I and cholinergic components, 
but also showed enhanced outgrowth and branch-
ing of neuronal processes and cell differentiation. 
A related experiment was carried out with N1E 
murine neuroblastoma cells.

In addition, employing sense and antisense 
lines, Stephen Brimijoin, Carol Koenigsberger, 
and her associates (1998) established relations 
among the intensity of AChE expression, neurite 
growth, and neuronal differentiation. In view of 
these and other results of ACh action on neuro -
nal soma processes and differentiation, Stefano 
Bagioni stated that ACh-dependent “regulation of 
fi ber elongation is instrumental for building the 
cytoarchitecture of nervous system specifi c 
structures and allowing the establishment and sta-
bilization of correct functional circuits.” Depend-
ing on the neuron, this role of ACh in circuitry 
“stabilization” may also account for both the 
inhibition and the facilitation of fi ber growth; the 
inhibition may also relate to the role of ACh 
in preventing overcrowding of fi bers at the 
maturing synapse (this phenomenon would be an 
example of the neurotrophic factor hypothesis in 
action; see section CI-1). These studies also 
demonstrate that the trophic action of ACh is not 
limited to cholinergic neurons or dendrites, but 
extends to nonACh neurons and, possibly, non-
neuronal tissues.
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There is also convincing evidence that AChE 
and BuChE take part in morphogenesis and syn-
aptogenesis. It must be noted that during morpho-
genesis and synaptogenesis, AChE may serve not 
only locally via its presence at the post- and pre-
synaptic membranes of cholinergic neurons and 
(sometimes) noncholinergic nerve terminals, but 
also as a paracrine factor released from choliner-
gic neurons (see Chapter 3 D; Appleyard, 1994).

Evidence also supports the temporal relation 
between developmental appearance of AChE and 
synaptogenesis (see also section BII). Interest-
ingly, sometimes AChE appears transiently during 
neurogenesis of noncholinergic neurons and path-
ways such as sensory thalamocortical relays; these 
pathway also exhibit transiently intense AChE 
activity in early postnatal rats, the monkey, and 
humans (Robertson and Yu, 2003; Robertson 
et al., 1985). This appearance coincides with 
synaptic formation between sensory axons and 
the cortex. Similar transient expression of AChE 
occurs during the development of the dorsal root 
ganglia and the spinal cord (Tennyson and Brzin, 
1970; Biagioni et al., 2000; Robertson and Yu, 
1993; Brimijoin and Koenigsberger, 1999; and 

Kostovic and Goldman-Rakic, 1983).13 Altogether, 
Stephen Brimijoin opined, “transient AChE 
expression is no accident of development, but a 
means of promoting axonal outgrowth or synaptic 
connection” (Brimijoin and Koenigsberger, 
1999).

Furthermore, AChE promotes soma and neu-
ritic growth at both cholinergic and noncholiner-
gic sites, including hippocampal neurons (Day 
and Greenfi eld, 2002). It also acts as an adhesion 
factor during synaptic or junctional formation 
(Bigbee et al., 1999). However, certain—but not 
all—AChE inhibitors, such as the bisquaternary 
BW2284c51, physostigmine, and iso-OMPA block 
neuritic growth in several model systems (Bigbee 
et al., 1999; Brimijoin and Koenigsberger, 1999; 
Layer and Willbold, 1994). It should be noted that 
this block is accompanied by the block of AChE 
release and can be induced by antiChEs that are 
BuChE inhibitors (see Figure 8-16 Layer and 
Willbold, 1994).

It must be stressed that these antiChEs did not 
inhibit growth via their inhibition of enzymic 
AChE activity, as indicated by several lines of 
evidence. First, other antiChEs did not induce this 
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block. Then, BuChE inhibitors also inhibited neu-
ritic growth. Finally, antiChE antibodies also 
blocked the morphogenetic action of AChE. Layer 
and Bagioni (Layer and Willbold, 1994; Layer 
et al., 1987) presented interesting fi ndings that 
were consistent with Brimijoin’s hypothesis. They 
showed that in the embryonic neuron culture, ChE 
expression shifts from BuChE to AChE as the 
neurons switched from proliferation to differentia-
tion and to phenotypic cholinergic commitment. 
More complex transitions between the two 
enzymes and their growth patterns occur during 
amphibian growth of efferent nerves, tissue pro-
liferation during limb formation, amphibian 
neuromyal genesis, and amphibian dorsal root 
ganglia maturation. Steve Brimijoin commented 
that “these temporal changes imply that AChE 
is a postmitotic differentiation marker”  .  .  .  and 
“induces a factor  .  .  .  that replaces BuChE in 
sensory neurons when cell proliferation is 
complete”; similar reciprocal regulation of 
these two enzymes occurred in the limb and motor 
nerve growth (Brimijoin and Koenigsberger, 
1999).

Finally, the notion of the morphogen role of 
AChE is supported as AChEs from various sources 
including humans, Torpedo, Drosophila, and mice 
exhibit homological domains with nonenzymic 
proteins, including glutactin, neurotactin, gliotac-
tin, and neuroligin that exert trophic, morphoge-
netic, and adhesive action (Soreq et al., 1990; 
Brimijoin and Koenigsberger, 1999). These 
relations among the various proteins are con -
sistent with the notion of the ancient nature and 
evolutionary conservation of ChE molecules. In 
fact, Jean Massoulié and his associates (Massoulié 
et al., 1993) suggested that the specialized enzymes 
BuChE and AChE emerged from a duplicated 
copy of an older BuChE gene. This conservation 
and the early embryonic presence of the two 
enzymes suggest that they exert an indispensable 
function that is not involved with transmission. 
Since this function may be developmental, Drews 
(1975) referred to the early AChE as “embryonic 
cholinesterase” and specifi cally related this cho-
linesterase to development. It should be added 
that, besides growth factors and cholinergic 
morphogens, other transmitters also may serve as 
trophic substances; this is true particularly for 
peptide transmitters such as the vasoactive intes-
tinal peptide which appears to be present in the 

nervous tissues (Brennerman et al., 1985; Gozes 
et al., 2003).

An important issue that concerns the morpho-
gen role of the cholinergic components is that it 
may relate to the ancestral role of the cholinergic 
system, the original role that did not involve trans-
mission. This notion is discussed in detail in 
section BIV as well as in Chapter 11.

D. Teratologic and Ontogenetic 
Effects of Cholinergic 
Components and 
Cholinergic Agents

1. Historical Introduction

Karczmar (1963b; Karczmar et al., 1973) pro-
posed that the “ACh system is involved in mor-
phogenesis and differentiation” and adduced many 
fi ndings in support of this notion; Drews (1975) 
postulated that “embryonic cholinesterase” exerts 
a morphogenetic role; and Lauder (1988) sug-
gested that the components of the cholinergic 
system act as “morphogens” during development. 
As these and other components of the cholinergic 
system appear early in development (see sections 
BI and BII), they may all be referred to as “embry-
onic ACh,” “embryonic CAT,” and so forth. It 
could then be expected that, administered in the 
course of development, cholinergic agonists and 
antagonists, as well as antiChEs, should have a 
morphogenetic action. That it indeed is so was 
described in the preceding sections (section CIII-1 
and CIII-2).

However, long before these developments and 
establishment of the early ontogenetic presence 
of cholinergic components, A. P. Mathews (1902) 
and Torald Sollman (1904)14 found that in echino-
derms, pilocarpine facilitates blastulation and gas-
trulation and atropine retards these developmental 
phenomena; also, these two drugs antagonized 
each other with respect to these effects. The moti-
vation behind Mathews’ experiments is piquant. 
Mathews was not interested at all in developmen-
tal actions of these drugs; he wished to falsify the 
contemporary (and the present) notion that these 
substances act at and via the autonomic junctions 
(this notion laid down the foundation for the 
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theory of cholinergic transmission), and he argued 
that these drugs exert direct cellular actions. To 
prove his contention, he demonstrated that these 
drugs exercise effects prior to the onset of neuro-
genesis. His argument does not stand today with 
respect to autonomic (or central) cholinergic 
transmission; it is valid, if the term “morphogen” 
action is substituted for Mathews’ term, the 
“direct” action (see section CIII-1).

Between the fi ndings of Sollman and Mathews 
of the early 1900s and the current demonstration 
of precocious developmental appearance of cho-
linergic components and of their role as morpho-
gens, a large body of investigations that became 
available made evident the morphogenetic role 
of the cholinergic system and the morphological 
effects of cholinergic components and cholinergic 
drugs. The war gas antiChEs scare added to the 
interest in this subject (see Chapter 7 DI and 
DII).

2. Teratologic and Toxic 
Actions of Cholinergic 
Components and Drugs

Cholinergic drugs induce three main types of 
developmental effects: they may cause abnor  -
mal development or malformations (teratologic 
actions), they may be toxic and produce pre- or 
early postnatal death or eradication of an organ, 
and, when cholinergic agents are applied during 
development, they may affect the function and 
behavior of the adult. Unfortunately, only a few 
pertinent studies were carried out with regard to 
this last notion; they indicated that prenatal appli-
cation of antiChEs and cholinergic agonists induce 
changes in such adult behaviors as aggression 
(Karczmar et al., 1973; Karczmar, 1976). Then 
mice treated between days 4 and 11, postbirth, 
with chlorpyrifos, the insecticidal OP antiChE, 
showed during adulthood increased locomotion, 
aggression, and novelty-seeking behavior (Ricceri 
et al., 2003); it should be added that such treat-
ment may evoke in rodents changes in some 
cholinergic components (see Richardson and 
Chambers, 2005). There is also some anecdotal 
information suggesting that OP war agents 
employed in the course of the Gulf War of 1991 
may have caused mental and behavioral effects in 
the offspring of the exposed personnel; this infor-
mation is unconfi rmed (see Chapter 7 DII).

In several species, cholinergic drugs are toxic, 
teratologic, or both with respect to the early, pre-
neurogenetic embryos. This is true for invertebrates, 
including echinoderms and insects (see Chadwick, 
1963; Karczmar, 1963b; Karczmar et al., 1973; 
Gustafson and Toneby, 1971; Buznikov et al., 
1972; Buznikov, 1990; see also section D-1, above, 
and Hayes, 1982). Thus, antiChEs cause both 
lethality and malformations of the gastrula in echi-
noderm development (Gustafson and Toneby, 
1971), and the literature concerning actions of cho-
linergic drugs on insects is enormous, as antiChEs 
and cholinergic agonists are intensely used as insec-
ticides and ovicides, and may be used as war agents 
(see Chapter 7 A). Let it be mentioned that, while 
ovicidal effects of antiChEs in insects and their 
toxic effects in echinoderms occur prior to neuro-
genesis, AChE and ACh are present in these forms 
at that time (see section BI).

Morphogenetic and toxic actions obtain also 
in early vertebrate embryos, including amphibia, 
aves, fi shes, chick, and rodents. In all these forms, 
cholinergic agonists of both muscarinic and nico-
tinic type and antiChEs induce malformations 
and/or death of the early embryos; these agents 
can cause lethality in these species either pre- or 
early postnatally (Schuytema et al., 1994; Nguyen 
and Janssen, 2001; Meiniel, 1973, 1981; see also 
Hayes, 1982). Some species may be resistant. 
While Weyland Hayes (1982) quotes several 
instances of toxicity of insecticides to rat embryos 
and particularly pups following their administra-
tion to the pregnant dams (see also Maurissen et 
al., 2000), other investigators report a resistance 
of rodent embryos and pups to lethal actions of 
high doses of insecticides and other antiChEs and 
cholinergic agonists; or, at most, an infrequent 
mortality of pups was recorded (Levine and 
Parker, 1991; Breslin et al., 1996; Courtney et al., 
1985; Lechner and Abdel-Rachman, 1984). 
Sporadic information suggests that bovine fetuses 
may also be resistant to OP insecticides (Bellows 
et al., 1975). On practical grounds it is important 
to assess the sensitivity to pesticides of the off-
spring of farm animals, including cows, sheep, 
horses, and the like; it appears that the pertinent 
information is scanty.

Again, anecdotal information suggests that 
malformations were noticed in the offspring of the 
personnel exposed to antiChE war gases during 
the Gulf War; this information is unconfi rmed and 
probably misleading (see Chapter 7 DII).



8. Cholinergic Aspects of Growth and Development 379

Studies of developmental effects of combined 
administration of two or more antiChEs are of 
interest, as joint application of two or more of 
these compounds for their insecticidal action has 
become frequent (see Chapter 7 A). A study, 
already referred to (see above, this section), sug-
gests that while embryo uterine implantations are 
“slightly” decreased by treatment of dams with 
Malathion or Carbaryl applied singly, they are 
further decreased by applying these insecticides 
in combination (Lechner and Abdel-Rachman, 
1984).

Axial notochord, skeletal, or cartilage malfor-
mations constitute the most consistent and 
common effect. In the pertinent studies, antiChEs 
(including insecticides such as parathion) and 
cholinergic agonists (such as pilocarpine, ACh, 
and methacholine) were either given to pregnant 
animals, administered in utero, or injected into the 
yolk sac or embryo. An interesting method aimed 
at assessing insecticidal water pollution involves 
placing fi sh eggs in streams allegedly containing 
insecticides (Hiroaka and Okuda, 1984). Early, 
Ancel (1945) reported that physostigmine, applied 
late in development of the chick, caused deforma-
tion of long bones (micromelia; particularly of the 
leg and lower vertebrae (rumplessness) and parrot 
beak. In addition, syndactilism, changes in facial 
bone and palate, “undulating notochord,” “wry 
neck,” “short neck,” malformation of the eyelids, 
clubbed down, fused vertebrae, neck deformities, 
and other changes were reported; sometimes, 
these malformations are referred to as axial 
(Meiniel, 1973; Landauer, 1977; Sullivan, 1973; 
Misawa et al., 1982; Rashev and Vasilev, 1982; 
Wittenbach and Hwang, 1984; see also Karczmar, 
1963b). Cartilage changes, scoliosis, vertebral 
damage, and gill and fi n malformations are caused 
by antiChEs in urodeles, amphibia, and fi sh 
(Hiraoka and Okuda, 1984; Alvarez et al., 1995; 
see also Karczmar, 1963b; Schotté and Karczmar, 
unpublished observations). It is of interest that 
Landauer (1977) and Meiniel (1976) managed to 
antagonize, by means of oximes, some but not 
all deformations caused by insecticides and other 
antiChEs in the chick.

The developmental time and length of the 
application of the cholinergic drugs varied a great 
deal in the studies listed; therefore, it is diffi cult 
to correlate the effects obtained with specifi c 
developmental phenomena. Obviously, notochord, 
bone, and cartilage alterations are unrelated to 

neurogenesis, so it is irrelevant whether or not 
nervous system was present at the time of the 
administration of the drugs in question.

The developmental transit from the notochord 
and the cartilage to the vertebral column is perti-
nent. On the basis of ultrastructural studies Meiniel 
(1976) concluded that cartilage is not a factor in 
vertebral teratology induced by antiChEs. Experi-
menting on the catfi sh, Lien et al. (1997) found 
that skeletal abnormalities can be induced by an 
insecticide applied prior to the formation of 
vertebrae; they suggested that these abnormalities 
were due to the deformation of the notochord by 
muscle contractions or contractures induced by 
the insecticide, rather than to the insecticide action 
on the bone. Actually, cervical somite contrac-
tions were observed in prenatal chick embryos 
treated with antiChE insecticides, in conjunction 
with twisted notochord and spinal cord (Strudel 
and Gateau, 1977). However, vertebral malforma-
tions were obtained when cholinergic agents were 
applied early postnatally or late in development, 
that is, after the formation of the vertebral column; 
also, it was suggested that different axial deformi-
ties such as neck versus torso deformities arise at 
different developmental times of the application 
of antiChEs (Misawa et al., 1982). It must be 
noted that even chronically administered high 
doses of antiChEs do not produce in the adult 
long-lasting contracture; rather, muscle paralysis 
may result under these circumstances; in fact, 
Landauer (1977) and Sullivan (1973) reported 
that neostigmine, physostigmine, and carbachol 
induced “muscle hypoplasia” or “paralysis” in 
the chick embryo (paradoxically, Landauer 
opined that muscle contractures may explain 
“the axial abnormalities”). Another possibility 
was raised by Wittenbach and Hwang (1984): 
they proposed that the insecticides cause a 
disruption of the notochord sheath leading to 
folding of the notochord and subsequent axial 
deformations.

Still another point that may be raised concerns 
the presence of cholinergic components at the 
time of the application of antiChEs. As already 
mentioned, even prior to neurogenesis the embryo 
exhibits cholinergic components (see section BI). 
Accordingly, accumulation of ACh resulting from 
antiChE treatment may cause malformations since 
negative morphogenetic effects may be induced 
by ACh, while inhibition of AChE may also cause 
malformations, as AChE exhibits trophic effects 
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and its inhibition may cause teratology (see section 
CIII). However, in the case of many studies the 
malformations were obtained only with nearly 
LD50 doses of antiChEs that induced toxic symp-
toms to the dams (muscle fasciculations, tremors, 
etc.); these doses may have been higher than doses 
needed for complete AChE inhibition (see, for 
example, Nguyen and Janssen, 2001); the animals 
that exhibited these malformations survived as 
only a single treatment or several treatments sepa-
rated by time intervals were employed, and the 
animals could recover from the treatment or treat-
ments. Therefore, the teratology in question was 
probably not due to ACh accumulation or inacti-
vation of the enzyme.

An important toxicity of OP insecticides con-
cerns the retina. This toxicity was frequently 
reported for adult humans. In fact, it is so preva-
lent in a prefecture of Japan that it is referred to, 
after this region, as Saku syndrome (Dementi, 
1994). However, it may also arise in adult animals 
following prenatal treatment with insecticide 
antiChEs. And many studies demonstrated that 
single and, particularly, chronic exposure to pes-
ticides may induce several forms of neurotoxicity 
(Maurissen et al., 2000).

In view of the continuously increasing use of 
insecticides, particularly in combinations, more 
work is needed in the area of cholinergic teratol-
ogy and postnatal behavioral effects of prenatal 
cholinergic treatment.

A related matter is that of the behavioral and 
environmental effects and of the infl uence of pre-
natal cholinergic treatment on cholinergic devel-
opment and postnatal behavior. Behavioral effects 
of prenatal antiChE treatment and of environmen-
tal modifi cations on postnatal behavior of mice 
were reported early by Karczmar et al. (1973); this 
notion was supported for subsequent data; for 
example, rearing of gerbils in isolation induced 
changes in the density of cortical cholinergic 
fi bers and induced behavioral alterations (Lehmann 
et al., 2004).

Notes

 1. Originally, morphogens were defi ned as substances 
(such as retinoic acid) that created a gradient playing 
regulatory and morphogenetic roles in early embryos 
(see Weiss, 1939 and Lauder, 1988).

 2. Some of the earlier investigators found CAT, AChE, 
and/or cholinergic receptors only postnatally in the 
rodent brain (see, e.g., Hohmann and Ebner, 
1985), while others did not initiate their studies until 
late in gestation (see, e.g., Coyle and Yamamura, 
1976).

 3. Synapsins participate in differentiation of the 
neuromyal junction and in central synaptogenesis 
(see section BII-5 and Sanes et al., 1998).

 4. Joshua Sanes and associates (1998) stated that the 
neuromyal junction is “the best understood of all 
synapses.” I agree completely with the notion that 
this transmittive site is best understood. However, 
the term “synapse,” which is Sherrington’s nomen-
clature for a neuron-neuron transmittive link, is 
inappropriate for the neuromyal junction.

 5. Naguib Mechawar, Laurent Descarries, and their 
associates (Mechawar and Descarries, 2001; 
Mechawar et al., 2002) described synapses that do 
not exhibit synaptic specializations, where the 
release of ACh occurs in a diffused manner (see 
Chapter 2 C; Karczmar, 2004). However, this does 
not contradict the notion that the fi nal stages of 
synaptogenesis include the arrival of varicosities at 
the dendrites and intimate conformation of these 
various entities.

 6. There may be some doubt regarding the noncholin-
ergicity of these regions (see Chapter 2 D).

 7. Victor Hamburger was a great neuroembryologist. 
In many of her papers, Rita Levi-Montalcini stressed 
and reviewed his role in establishing the concept 
of trophic actions and trophic factors. Rita Levi-
Montalcini commented that Hamburger abandoned 
the fi eld just at the time of its quantal jump, which 
may have cost him the Nobel Prize; instead, it was 
given to Rita Levi-Montalcini. Incidentally, Victor 
Hamburger lived to be a centenarian, his age over-
lapping and extending beyond the 20th century by 
1 year. As for Stanley Cohen, Rita Levi-Montalcini 
spoke of him as a “most talented biochemist” (Levi-
Montalcini, 1965; see also Oppenheim, 2001).

 8. The heuristic importance of the temporal continuity 
and mutuality between gurus, teachers and students 
is well illustrated by the story of trophisms. Thus, 
both Hamburger and Weiss admired Ramon y 
Cajal’s work and quoted it extensively, as they 
quoted each other (see, for example, Weiss, 1939); 
Hamburger, Young, and Weiss maintained close 
scientifi c contacts; and Elmer Bueker and Rita Levi-
Montalcini were Hamburger’s students at Washing-
ton University in St. Louis, while Stanley Cohen and 
Hans Thoenen may be considered Hamburger’s 
spiritual grandchildren. The process went the full 
cycle when in 1989 Levi-Montalcini was awarded 
the Cajal International Diploma (subsequently, she 
earned the Nobel Prize). Hamburger, Young, and 
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Weiss maintained close scientifi c contacts and 
referred to each other’s work. Finally, Hans 
Thoenen, Victor Hamburger, Rita Levi-Montalcini, 
and Stanley Cohen (who, early on, joined the St. 
Louis team) are coauthors of a multitude of 
papers.

 9. Why did Rita Levi-Montalcini and Stanley Cohen 
look for NGF in snake venom? Indeed, NGF con-
centrations in the venom of snakes Elapsidae,
Viperidae, and Crotonidae and the Gila monster are 
1,000-fold higher than in mouse sarcomas. However, 
mouse submaxillary glands contain NGF concentra-
tions 3 times higher than those in venoms (Hendry, 
1976). This search for NGF in the venoms was ser-
endipitous: Stan Cohen and Rita Levi-Montalcini 
noticed that NGF activity in venom, which they 
used as a part of their assay medium, is high (see 
Cohen and Levi-Montalcini, 1956; Cohen, 1960).

10. However, according to Hefti and associates, NGF 
did not affect the fi bers or nerve terminals of nucleus 
basalis neurons (Hartikka and Hefti, 1988). These 
investigators also stated that the difference in the 
NGF sensitivity of nucleus basalis neurons on the 
one hand and septal neurons on the other hand 
shows that the septum has a greater need for NGF 
than the nucleus basalis. These structures receive 
NGF via retrograde transport from their target areas; 
for the septum these areas include the hippocampus, 
and for the nucleus basalis these areas incorporate 
many structures such as the neocortex and the limbic 
system (see Chapter 2 DII and DIII).

11. Cuello (1996) comments on the technical diffi cul-
ties that make these experiments so diffi cult to 
interpret.

12. Some of the proteoglycans and glycosaminoglycans 
that exhibit CAM-like activities have a molecular 
weight of 25 to 29 kDa, which is one fi fth to one 
tenth that of CAMs.

13. Two distinguished, pioneer investigators, the late 
Miro Brzin, a Yugoslavian cholinergiker, and 
VirginiaTennyson, a US cholinergiker, are credited 
with this important 1970 fi nding. Ivan Kostovic, an 
active student of human cholinergic development, 
was a colleague of Brzin.

14. Torald Sollman was an early US pharmacologist 
at Yale University who published at the end of 
the nineteenth century a text of pharmacology that 
merited several revised editions. W. B. Saunders of 
Philadelphia published the cumulative bibliography 
of these texts, which is most useful even today.
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A. Scope of This Chapter and 
Historical Introduction

1. Scope of the Chapter

Some of the cholinergic matters that were 
discussed in earlier chapters are pertinent to the 
understanding of the cholinergic central nervous 
system; these include cholinergic cells and 
their pathways; metabolism of acetylcholine; and 
central nicotinic and muscarinic receptors. This 
chapter paints a detailed picture of the system. The 
scope of this chapter is very wide, and this wide 
range illustrates well the diversity and the richness 
of the cholinergic function generally and of the 
central cholinergic activities specifi cally.

The subjects to be covered concern three orga-
nizational levels. On the neuronal level, the physio-
logical activities of cholinergic neurons and their 
responses at the pre- and postsynaptic receptor 
sites to acetylcholine (ACh), cholinomimetics, 
and anticholinergic drugs are explored; addition-
ally, cholinergic neurons’ pharmacology, that is, 
their response to noncholinergic transmitters and 
drugs, is presented. Then the neurons’ dependence 
on second messenger mechanisms and the molec-
ular biology of the receptor sites are explored. 
Finally, the interactions among transmitters and 
modulators are described.

On the system level, this chapter describes 
physiological functions and responses of the cho-
linergic pathways or networks to cholinergic and 
noncholinergic transmitters and drugs. It also 
describes functions and responses of central areas, 
which involve both cholinergic and noncholiner-
gic pathways (for example, the basal ganglia and 
the reticular formation) to the cholinergic and non-
cholinergic transmitters and drugs. Accordingly, 

activities and cholinergic and pharmacological 
responses of the electroencephalogram (EEG) and 
evoked potentials, respiration, hypothalamic 
homeostasis, and endocrine functions are depicted 
in detail.

Behaviorally, a higher level of organization is 
explored. It concerns cholinergic correlates exhib-
ited through cognitive functions such as learning, 
addiction, and aggression and less frequently 
explored behaviors such as imprinting and vocali-
zation. In addition the chapter addresses the 
pharmacology of these behaviors. Finally, as an 
excursion into the future, the cholinergic aspect of 
the mind-brain relation will also be speculated 
upon.

Because central cholinergic pathways and net-
works are ubiquitous (see Chapter 2), all functions 
and behaviors must exhibit cholinergic correlates. 
In fact, there is no known or measurable function 
or behavior, including mental disease, that does 
not exhibit cholinergic aspects, and that does not 
respond to cholinergic and anticholinergic drugs. 
However, it is a truism that these behaviors are 
never purely cholinergic in nature: they are 
affected by a multitude of noncholinergic trans-
mitters, drugs, and modulators (see Karczmar, 
1978a, 1978b and Glowinski and Karczmar, 
1979). Indeed, there is a physiological interplay, 
at both pre- and postsynaptic sites, between the 
various transmitter and/or modulator systems, and 
it underlies all functions and behaviors. This inter-
play is reciprocal; for example, catecholamines 
affect the release of ACh, and vice versa. This 
interplay is needed for the subtle control of 
neuronal activities, behaviors, and functions; for 
example, ACh, monoamines, peptides, and amino 
acids interact in rapid eye movement (REM) sleep, 
seizures, aggression, and cognition.
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2. Historical Introduction

a. Discontinuity of the Early Story

The studies of the central cholinergic system 
do not constitute a continuous or logical sequence 
of experimental events. The 19th-century fi ndings 
concerning peripheral effects of physostigmine or 
the Calabar bean extract preceded Otto Loewi’s 
demonstration of the presence of cholinergic 
transmission at the periphery; the 19th- and early-
20th-century discovery of the central effects of 
physostigmine and atropine predate the concept 
and the demonstration of central cholinergic trans-
mission. Altogether, these fi ndings did not lead to 
a defi nition of the site and mechanism of action of 
these drugs. In fact, the distinguished scientists of 
the time period in question had as little conception 
of the mechanism of action of the Calabar bean, 
physostigmine, or atropine as the Calabar natives 
who used the bean in their truth ordeals (see 
Chapter 7 A).

Also, a considerable time gap among qualita-
tive and quantitative site-focused studies must be 
noted. In the early and mid-19th century, Scottish 
and German pharmacologists conducted studies 
that were qualitative in nature; 50 years later, 
quantitative, site-focused studies were carried 
out by English, Austrian, German, and Canadian 
pharmacologists and neurophysiologists. It took 
another 30 years to conceptually relate the results 
obtained with physostigmine to Otto Loewi’s 
demonstration of the peripheral cholinergic trans-
mission. Similarly, the fi rst quantitative studies by 
Gantt and Freile (1944) and Funderburk and Case 
(1947) of the central behavioral effects of cholin-
ergic drugs antedate by some 10 years the demon-
stration of central cholinergic transmission; 
actually, these investigators referred to the mecha-
nism and site of the central action of ACh as 
“obscure.”

The 1950s demonstration of central choliner-
gic transmission by Henry Dale, William 
Feldberg, Joshua Gaddum, and John Eccles 
(see below, section A-2b, A-2c), the expansion of 
this demonstration from the spinal to supraspinal 
sites (cf. Krnjevic and Phillis, 1963), and the 
initiation of the defi nition of the central chol-
inergic pathways (cf. Chapter 2 DI) led to the 
multifaceted explosion of the central cholinergic 
lore.

b. Early Studies of Nicotine, 
Physostigmine, and Related 
Substances

The early ethnographic and postethnographic 
studies of the Calabar bean and its active com-
ponent, physostigmine, by British government 
offi cials and missionaries to Calabar and by 
Edinburgh’s medical men and masters of Materia 
Medica were described in detail in Chapter 7 A 
(see also Simmons, 1956). While many of the 
actions of these compounds that were described in 
Edinburgh are peripheral, it must be stressed that 
many of the effects evaluated in Edinburgh are 
central in character. For example, Hutchinson, the 
British consul to the “Calabar Province,” reported 
that victims of the ordeal both “shook” and foamed 
at the mouth. In Edinburgh, after self-experimen-
tal ingestion of Calabar bean, Robert Christison 
(1855) felt “torpidity” and sleepiness; paradoxi-
cally, his “mind was so active  .  .  . that  .  .  . he was 
not conscious of sleep”—an early report of REM 
sleep? Another Edinburghian, Fraser (1863, 1872) 
experimented with animals and demonstrated that 
the bean extract causes respiratory depression, 
miosis, and paralysis, as well as hyperthermia, an 
early example of hypothalamic action of choliner-
gic drugs (see below, section BIV-2). Fraser’s 
work on both peripheral and central interaction 
among the Calabar bean’s active ingredients and 
atropine is particularly important. Fraser (1870) 
also described how the bean’s extract prevents or 
abolishes strychnine convulsions.

German, British, French, and US investigators 
extended Fraser’s fi ndings into the second part of 
the 19th century. This work was helped by the 
extraction, purifi cation, and crystallization of the 
active ingredient of the Calabar bean (see Chapter 
7 A). These workers confi rmed and extended 
Fraser’s fi ndings regarding the central actions of 
the bean’s extract. For example, Roeber described 
the “complete paralysis of the nerve cells  .  .  . con-
cerned with  .  .  . pain” caused by the bean’s extract 
(1868; cf. Feldberg, 1945). However, the analge-
sic action of cholinergic drugs (a very interesting 
effect) was not picked up again until the 1940s 
(see below, section BV-2). In 1876, Harnack and 
Witkowski stressed that the active extract induces 
depressant actions that lead to “central paralysis” 
and respiratory depression. This effect was some-
times described as the second phase of action, 
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which follows the primary, excitatory effect 
(Kleinwaechter, 1864; Bezold and Goetz, 1867; 
Harnack and Witkowski, 1876; Heubner, 1905; 
Rothberger, 1901; see also Feldberg, 1945; 
Karczmar, 1970). Investigators also confi rmed 
Fraser’s results relating to the antagonism between 
atropine and Calabar bean’s extract.

Another early investigator who conducted 
studies with the bean’s extract was Charles Brown-
Sequard. Charles Brown-Sequard was a successor 
to Francois Magendie as professor at the College 
de France, and he is famed (or notorious) for the 
experiments he carried out in his old age concern-
ing the effects in humans of monkey’s genital 
gland extracts. But, Brown-Sequard contributed 
solidly to neurosciences and he described the 
facilitatory action of the active ingredient of the 
Calabar bean on convulsions evoked by spinal 
cord lesions (Brown-Sequard, 1860).

Brown-Sequard’s fi nding appears contrary to 
Fraser’s (1872) claim that both the bean’s extract 
and strychnine act as antagonists. This claim was 
pursued in both the human (Kleinwaechter, 1864) 
and animals (Bourneville, 1867/68; see Bartholow, 
1873), as these investigators were interested in 
using the bean as an antidote for seizures induced 
by atropine.

A fi rst—but not the last—priority battle was 
fought at that time. An American, Roberts 
Bartholow, a physician and a professor at the Cin-
cinnati Medical School, experimented with atro-
pine-physostigmine and demonstrated the 
antagonism by “atropia” of the mixed paralyzant-
tetanic effect of “physostigmia.” He was awarded 
the prize of the American Medical Association for 
this work (Bartholow, 1873; see Karczmar, 1970). 
Bartholow opined that studies conducted by the 
French and German investigators were incomplete 
and unconvincing, and he claimed priority over 
Fraser and Bourneville’s work. The fairness of 
Bartholow’s claim was acknowledged by Fraser 
and Gubler (see Karczmar, 1970). To quote from 
Bartholow’s claim: “I can quite agree  .  .  . that Fras-
er’s work is a model for this kind of investigations, 
and surpasses anything” but “in my work on Atro-
pia  .  .  . I distinctly announced the discovery of an 
antagonism between Atropia and Physostigmia,” 
which antedated the work of Fraser and Bourneville 
(Figure 9-1). Another American physician, John 
Hudson, who is little known and not quoted today, 
also studied the physostigmine-atropine antago-

nism (Hudson, 1873) and both Hudson and 
Bartholow summarized, very felicitously, the 
characteristics of this antagonism (Karczmar, 
1970).

Whether or not the bean’s extract or antiChEs 
including physostigmine act as convulsants or 
anticonvulsants remains controversial. Also, there 
are inconsistencies concerning the effects of one 
drug on the LD50 value of the other (Koppanyi, 
1939; Longino and Preston, 1946) and the inter-
actions between these drugs on phenomena such 
as the EEG (Wescoe et al., 1948). Altogether, it 
appears that depending on the doses of either cho-
linergic drugs or convulsants, synergism or antag-
onism may arise (see Karczmar, 1974; section 
BIV-3b; Chapter 7 DI).

The mutual antagonism between atropine and 
physostigmine described by Fraser and others is 
real enough. Physostigmine was an accepted anti-
dote of atropine coma when atropine coma was 
employed in the1960s as a treatment for certain 
depressive disorders. Today, physostigmine is the 
agent of choice for treating overdoses of tricyclic 
antidepressants that exhibit anticholinergic activ-
ity. On the other hand, Edinburgh investigators 
and early German and French scientists (i.e., 
Kleinwachterin, 1864; Bartholow, 1873; Bourn-
evillein, 1867/68) were aware that atropine antag-
onized physostigmine’s action or toxicity. This 
was a prelude for establishing atropine as an 
antagonist for all antiChEs, especially of the 
organophosphorus (OP) type (see below, this 
section and Holmstedt, 1963).

Many of investigators listed above studied, 
besides the active extract of the bean or physostig-
mine, alkaloids such as arecoline and pilocarpine 
and curari (Waser, 1953), and besides describing 
their peripheral actions they demonstrated their 
central effects. The studies concerning the central 
system, including those alluded to so far, were 
carried out with the methods available in the 
course of 19th century; accordingly, they con-
cerned essentially whole animals and the overt 
effects of physostigmine, nicotine, or pilocarpine 
(cf. Holmstedt, 1988). Beginning in the 1930s, the 
investigators utilized more sophisticated methods 
such as recording limb refl ex, tetanus, and clonus 
with appropriate levers or recording the seizure 
activity by means of a primitive form of EEG of 
the cortex or spinal cord (Schweitzer and Wright, 
1937). Sometimes, these convulsions and electric 



414 Exploring the Vertebrate Central Cholinergic Nervous System

effects were demonstrated following a local appli-
cation of physostigmine to the cortex or spinal 
cord (Sjostrand, 1937; Miller, 1937; Miller et al., 
1940; cf. Feldberg, 1945; Karczmar, 1970). The 
work of the investigators of the 1930s was facili-
tated by the elucidation of physostigmine’s active 
chemical structure and its synthesis (Polonowski 
and Nitzburg, 1925; Polonowski and Polonowski, 
1923; Julian and Pike, 1935; see chapter 7 A).

At the same time, parallel studies were initiated 
with ACh itself (and choline, see Freund, 1911). 
Originally, the Russian investigators (see, for 
example, Makrosian, 1937) had described cortical 
actions of intravenously injected ACh. Probably, 
the effects were indirect and due to acetylcholine’s 
cardiovascular effect. In 1937, Sjostrand and other 
investigators (see Karczmar, 1970) realized that 
when given systemically, both blood cholinester-
ases (ChEs) and the quaternary ACh’s inability to 

pass the blood-brain barrier would prevent ACh 
from exercising central effects. However, several 
of these studies involved cortical, supraspinal, and 
intraventricular applications that were even being 
used in humans (Henderson and Wilson, 1937). 
EEG spikes, convulsive and twitch-like effects, 
and respiratory actions were noticed (see Feld-
berg, 1945; Karczmar, 1970; as well as the review 
by another early cholinergiker, Theodore Koppa-
nyi 1948; see chapter 7, Figure 7.22). Moreover, 
the early observations of Christison regarding the 
soporifi c effects of physostigmine or Calabar bean 
extract were obtained with intraventricularly 
applied ACh (Henderson and Wilson, 1937). 
Within another few years, operant behavior 
was used for the fi rst time to uncover ACh’s effec-
tiveness in facilitating a quantifi able central 
behavior, operant conditioning (Gantt and Freile, 
1944).

Figure 9-1. Photograph of the fi rst page of the 1873 paper of Robert Bartholow, reprinted here because of the 
interest in the text, and because this paper seems to be largely unknown. (From Karczmar, 1970, with 
permission.)
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As already mentioned, some of the reviewed 
work predates Loewi’s demonstration of periph-
eral chemical, cholinergic transmission; this is 
true, of course, with respect to the work of the 
early Edinburgh, German, French, English, and 
US investigators. Many of the studies listed—such 
as those of Sjostrand (1937), Henderson and 
Wilson (1937), Macht (1924), and Gantt and 
Freile (1944)—antedate as well the defi nitive 
demonstration of central cholinergic transmission 
by Eccles, Fatt, and Koketsu (1953, 1954; see 
below, section A-2c), although these studies are 
contemporary with heuristic speculations as to the 
existence of central cholinergic transmission by 
Dale (1935), Feldberg (1945), Gaddum (Chang 
and Gaddum, 1933), and MacIntosh (1941). Actu-
ally, Keith and Stavraky (1935) and Schweitzer 
and Wright (1937) quoted Loewi, Dale, or Feld-
berg and suggested that their results, obtained with 
ACh, physostigmine, or atropine, may be explain-
able by the presence of chemical, cholinergic 
transmission in the central nervous system 
(CNS).

The story of research concerning ACh itself is 
an important component of the demonstration of 
chemical, cholinergic transmission. This story 
includes the demonstration of the endogenous 
presence of ACh and choline in nervous tissues of 
vertebrates, the description of the strict resem-
blance between action of ACh, at the peripheral 
sites and the effects of parasympathetic and neuro-
myal stimulation, and the remarkable pharmaco-
logic potency of ACh as compared to that of other 
choline esters; Hunt and Taveau, Dale, Dixon and 
Reid Hunt are the main actors of this drama (see 
Jukes, 1984; Dale, 1933, 1952; Karczmar, 1967, 
1970, 1996; see also Chapter 1 B).

c. Eccles’ Conversion, the 
Demonstration of Central 
Cholinergic Transmission, and 
Certain Pertinent Generalizations 
(or, How Did Eccles Become 
Converted?)

Did these 1920s, 1930s, and 1940s studies set 
the stage for the demonstration by Eccles and his 
friends of the existence of cholinergic transmis-
sion at the spinal synapse between the motor nerve 
collateral and the Renshaw cell? It appears to this 
author that the studies just quoted, while known 

to the Canberra team, do not constitute an immedi-
ate link in the chain of reasoning that led to the 
demonstration in question. The actual link was the 
transfer of the principle involved in Loewi’s dem-
onstration of peripheral chemical, cholinergic 
transmission to a central synapse, that is, the trans-
fer of the principle that synapses communicate via 
a chemical signal.

The principal actor in the drama, John Carew 
Eccles, was not free psychologically to perform 
the Renshaw cell experiment. Eccles was a post-
doctoral student of the celebrated early 20th-
century neurophysiologist Sir Charles Sherrington, 
who among his other scientifi c accomplishments 
stressed the importance of inhibition in the regula-
tion of function (Eccles and Gibson, 1979; see 
Figure 9-2). With Sherrington, Eccles was engaged 
in the 1920s and 1930s in studies of the electro-
physiology of neuromyal transmission. These 
studies laid the foundation for Eccles’ belief 
that synaptic transmission is electric in nature 
(Karczmar, 2001). At the time, he was not the only 
investigator to embrace this notion. Indeed, in 
the 1940s and early 1950s, “there was  .  .  . fairly
general agreement that central synaptic transmis-
sion was likely to be electrical” (Eccles, 1964), a 
view forcefully expressed by the famous Russian 
neurophysiologist J. S. Beritoff (Beritoff and 
Bakuradze, 1940): “Acetylcholine does not play 
any essential role in the transmission of excitation 
or in the generation of inhibition in the central 
nervous system.”

The following describes the logic underlying 
Eccles’ concept of central electrical transmission. 
The brevity of “postulated transmitter actions” at 
the neuromyal and ganglionic synapses was con-
trasted with prolonged ACh activity at the car-
diovagal sites, the demonstrated sites of its 
transmitter action. This contrast “gave rise to the 
postulate that the presynaptic action current was 
responsible for the initial brief excitatory action at 
the neuromuscular junction and sympathetic gan-
glion  .  .  . while  .  .  . the transmitter substance, ace-
tylcholine, was responsible for the prolonged 
residual depolarization” that occurs at the cardio-
vagal sites (Eccles, 1964). According to Eccles, 
the current also accounted for the synaptic elec-
trophysiological events of the CNS.

Furthermore, Eccles did not believe that the 
action of any chemical transmitter could be termi-
nated rapidly enough to preserve the effi ciency of 
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the central transmission (Eccles, 1937, 1946). This 
reasoning was based on his interpretation of the 
kinetic characteristics of the synaptic transmis-
sion, which he and Stephen Kuffl er (1946, 1952) 
were in the position of measuring very precisely 
as they began at that time to use intracellular 
methodology in their experiments. Altogether, up 
to the early 1950s Eccles was a strong proponent 
of electric transmission, whether at the ganglia, 
the neuromyal junction, or the CNS.

In the early 1950s, the Austrian-born philo-
sopher and mathematician Karl Popper visited 
Eccles at the University of Otago in Dunedin, 
New Zealand, where Eccles worked at the time. 
During his discussions with Popper, Eccles was 
impressed with Popper’s notion that fl exibility is 
a condition sine qua non for scientifi c creativity 
no less than it is for political freedom (see Popper, 
1963). Many students of the events in question 
(see Bacq, 1975) believe that this event led Eccles 

Figure 9-2. Sir John Eccles (left) and Sir Charles Sherrington, Oxford, ca. 1930. John Eccles is shown with his head 
bowed; a rare occasion. (From Karczmar, 2001, with permission.)



9. Central Cholinergic Nervous System and Its Correlates 417

to pay closer attention to the proponents of the 
chemical nature of transmission; they propose 
that the main reason for Eccles’ conversion was 
Popper’s infl uence.

I believe that in the discussions in question, 
Popper encountered in Eccles a man ready for 
conversion (Karczmar, 1996; 2001a, 2001b). This 
readiness was conditioned by a number of fi ndings 
and developments, current in the mid-20th century. 
First, Joshua Gaddum demonstrated in 1933 the 
presence of ACh in the CNS (Chang and Gaddum, 
1933), and William Feldberg and Martha Vogt 
(1948; Feldberg, 1945) showed the differential 
distribution and differential synthesis of ACh in 
the CNS—this kind of distribution would be 
expected of a chemical transmitter, as such a 
transmitter would be restricted in its distribution 
by the topography of its specifi c synapses and 
pathways. In fact, it also became clear in the 1940s 
that there is a good correlation among the distribu-
tion of ACh, choline acetyltransferase (CAT), and 
acetylcholinesterase (AChE) (for references, see 
Karczmar, 1967). Then, David Nachmansohn 
established in the 1940s that the enzymic action 
of AChE is uniquely fast (Nachmansohn, 1940, 
1952; Nachmansohn and Rothenberg, 1945; see 
Chapter 3 DI). Still another convincing piece of 
evidence was the demonstration of the spontane-
ous release of ACh from the CNS and of the facili-
tation of this release by CNS stimulation or by its 
activity (Feldberg and Schriever, 1936; Chang et 
al., 1937; see also Feldberg, 1945; Karczmar, 
1967).

Altogether, in the 1950s the status of central 
chemical transmission resembled the standing of 
peripheral chemical mediation prior to Otto 
Loewi’s studies of the vagus, and Sir Henry Dale’s 
phrase (1954) applies to both situations: “Trans-
mission by chemical mediators was like a lady 
with whom the neurophysiologist was not willing 
to be seen in public.” But Dale was ready to be 
seen in public with the idea of chemical central 
transmission, and he and Feldberg forcefully pre-
sented all the available evidence as being consis-
tent with the hypothesis of central cholinergic 
transmission. It seems to this author that their 
arguments were more instrumental for Eccles’ 
conversion than was Popper’s infl uence (see also 
Robinson, 2001).

Indeed, these fi ndings and concepts must have 
been maturing in Eccles’ mind as he moved in 

1953 from Dunedin, New Zealand, to Canberra. 
This “maturation” process can be clearly traced. 
In this time period, Eccles studied carefully the 
reprints of T. P. Feng and his associates working 
in the 1930s and 1940s at the Peiping (Beijing) 
Union Medical College, and Eccles made copious 
notes in pencil on the pages of their papers (see 
Karczmar, 1991; Figure 9-3) Now, Feng, Li, and 
other investigators at the Union Medical College 
noticed the retrograde fi ring, which was elicited at 
the amphibian neuromyal junction by physostig-
mine, veratrine, and guanidine. They realized that 
their fi ndings may appear to support the notion 
that electrical transmission is effective at the 
motor nerve terminal, yet Feng ultimately came 
down in full on the side of the hypothesis that 
chemical, cholinergic transmission is effective at 
the neuromyal junction; judging from his notes, 
Eccles was fully cognizant of this development.

At this juncture, Eccles embarked with Paul 
Fatt and Kyozo Koketsu on studies of spinal moto-
neuron inhibition. This inhibition was considered 
by Lloyd (1946) as resulting from the direct 
impact on the motoneuron of the current generated 
by the motoneuron collateral. On the other hand, 
the inhibitory postsynaptic potential (IPSP) present 
at the spinal motoneuron was regarded by Renshaw 
(1942, 1946) as resulting from a disynaptic circuit, 
which contained a postulated interneuron. Accord-
ing to Renshaw, this cell responded to the stimula-
tion of the collateral by a characteristic short-latency 
effect followed by a high-frequency, high-voltage 
response. (This interneuron was later called the 
Renshaw cell.)

Eccles and Renshaw met in 1946 at the Rock-
efeller Institute (cf. Eccles, 1969, 1987). Eccles 
greatly admired Renshaw, and Renshaw’s demon-
stration of the disynaptic circuit ignited a spark for 
Eccles, as he realized that Renshaw’s circuitry 
provided an ideal model for pharmacological 
analysis and for resolving the question of central 
chemical transmission. What helped him in his 
fi nal demonstration—the crucial experiment in 
this story—was the advance at this time of the 
electrophysiological techniques (see below) for 
localzed stimulation of and recording from, 
neurons, and other methodology developed by Bo 
Holmstedt and his associates at the Karolinska 
Istitutet (Holmstedt and Skoklund, 1953). So, 
Eccles proceeded to demonstrate that the response 
of the Renshaw interneuron to the stimulation of 
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Figure 9-3. An excerpt from Sir John Eccles’ handwritten pages of comments to the 1953 papers of T. P. Feng. 
(From the private collection of AGK.)
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the collateral was, pharmacologically, a nicotinic, 
cholinergic response and that the Renshaw cell, in 
turn, evokes an IPSP in the motoneuron; fi nally, 
nicotinic antagonists blocked the Renshaw cell 
response but not the response of the motoneuron; 
the motoneuron response was blocked by strych-
nine. These results clearly prove the disynaptic 
nature of the circuit between the collateral and the 
motoneuron, the Renshaw cell serving as an inter-
neuron (Eccles et al., 1953, 1954).

The Renshaw cell stimulation could be potenti-
ated by intravenous administration of either OP 
antiChEs or physostigmine (physostigmine again!). 
It could be blocked by intravenous administration 
of dihydro-beta-erythroidine or its administration 
by the “diffi cult technique of intra-arterial injection 
into the spinal cord pioneered by Holmstedt and 
Skoglund” (1953; Eccles, 1987). Furthermore, the 
intra-arterial administration technique enabled 
Eccles et al. (1953, 1954) to show that both nicotine 
and acetylcholine mimic the Renshaw cell’s 
responses to the stimulation of collateral. This 

stimulation is generally referred to as “antidromic”; 
actually, it imitates the routing of the physiological 
traffi c from the motoneuron to the collateral and to 
the Renshaw cell (see Karczmar, 2001a, 2001b; 
Figures 9-4, 9-5, and 9-6).

There was subsequently a technical refi nement 
of this story. Shortly after Eccles’ Renshaw cell 
studies, David Curtis and John and Rosamond 
Eccles developed a method for the electrophoretic 
application of drugs and transmitters to single 
neurons (see Curtis and Eccles, 1958). They 
applied this technique to studies of the Renshaw 
interneuron to provide additional evidence of its 
cholinoceptivity and for the cholinergic nature of 
the collateral. Curtis and Eccles also demonstrated 
that the Renshaw cell responds intensely to the 
electrophoretic application of ACh and of nico-
tinic cholinomimetics and weakly to the applica-
tion of muscarinic cholinomimetics; they also 
showed that this response as well as the response 
to the stimulation of the collateral is blocked by 
electrophoresis of d-tubocurarine (Curtis and 

Figure 9-4. Diagram of the Renshaw cell exper-
iment (Eccles et al., 1954). The original caption 
(abbreviated) reads as follows: “(A) Sketch of the 
neurone system in ventral horn of the spinal cord. 
Collaterals are given off by motor axons within the 
spinal cord and make synaptic contact with 
Renshaw interneurones (I). The axons of these 
interneurones make contact with the motoneurons 
(II), which by this system, are inhibited. Refl exly 
active afferents descend onto the motoneurons 
from the dorsal direction. (B) Diagram summariz-
ing the postulated chain of events from the anti-
dromic impulse in motor axons to inhibition of 
motoneurons. The corresponding histological 
structures are shown to the left (notice indicator 
arrows). The fi ve events are from above down-
wards: (1) impulse in axon collateral; (2) time 
course of acetylcholine liberated at axon collateral; 
(3) repetitive discharge in interneurone; (4) time 
course of inhibitory transmitter substance liberated 
at interneuronal terminal; (5) hyperpolarization set 
up in motoneurone by inhibitory synaptic action. 
The summation of the synaptic action of several 
converging interneurons onto a motoneurone is 
responsible for smoothing the latter part of the 
motonuerone hyperpolarization.” (From Eccles 
et al., 1954, with permission.)
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Eccles, 1958; see Curtis and Crawford, 1969). In 
the course of their original studies of the Renshaw 
cell, Eccles and his associates (1953, 1954) found 
systemically administered quaternary curarimi-
metics to be ineffective; they explained this 
phenomenon by the quaternary nature of these 
compounds, which prevented them from crossing 
the blood-brain barrier. This is a valid explanation, 
but it left a sense of incompleteness to the story, 
which was eliminated by the results obtained by 
Curtis and Eccles. It must be added that the meth-
odological effort of the Canberra group continues 
unabated till today, culminating with the develop-
ment of patch clamp techniques of recording from 
single neurons and studying the ionic characteris-
tics of their currents.

In 1935 Dale proposed a principle that posits, 
in its original form, that “nerve cells of any par-
ticular type act at all their synapses by liberating 

the same chemical transmitter” (see Eccles, 1962). 
The identifi cation of the Renshaw cell circuit vin-
dicates Dale’s principle. The motoneuron evokes 
an excitatory potential at the myoneural junction; 
if the collateral originating from the same moto-
neuron induced an IPSP at the motoneuron as pro-
posed by Lloyd (1946), then Dale’s principle 
would be invalid for the circuit in question, while 
the circuit proposed by Eccles and his associates 
is consistent with Dale’s principle.

The Renshaw cell story does not end here. The 
Renshaw cell was identifi ed by Renshaw and 
by Eccles and his collaborators via electrophysio-
logical and pharmacological analysis. However, 
they did not identify it morphologically. As a 
result, there were doubts about the Renshaw cell’s 
existence and the reality of Eccles’ scheme. 
Particularly, Forrest Weight (1968) provided 
electrophysiological results, which he felt war-
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Figure 9-5. (A) Eccles’ diagram of the inhibitory pathways to motoneurones by their axon collaterals and 
Renshaw cells. B shows extracellular recording of a Renshaw cell being excited by an antidromic volley in the motor 
fi bers of lateral gastrocnemius muscles. (From Eccles, 1969, with permission.)
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ranted the consideration of Lloyd’s alternative 
hypothesis of the inhibitory response at the 
motoneuron. Actually, this hypothesis was the 
reiteration of the option presented earlier by 
Feng and his associates of the excitatory nerve 
terminal current as the generator of a postsynaptic 
response. Eccles referred to Weight’s proposal as 
a “most audacious attack” and very effectively 
criticized it on both electrophysiological and phar-
macological grounds (Eccles, 1969). Actually, at 
the time of Weight’s proposal, Thomas and Wilson 
(1965) provided anatomical identifi cation of 
the Renshaw cell. Additionally, Szentagothai 
(1958) established morphologically the presence 
of “motoneurones and smaller cells located  .  .  .  
around the emergence of motor axons from the 

gray matter.” Finally, Jankowska and Lindstrom 
(1971) identifi ed the small neurons that were gen-
erating responses characteristic for the Renshaw 
interneurons through intracellular injection of 
procion yellow.

A few caveats are in order, however. More 
than one transmitter or modulator may be released 
from a single neuron (see below, section BII); this 
may not invalidate Dale’s principle, when it is 
modifi ed to state that either one or all the transmit-
ters released at one nerve ending of a given neuron 
are also released at the other nerve endings of the 
neuron in question. Then, while the same trans-
mitter or transmitters are released from all the 
endings of a given neuron, the postsynaptic 
responses to the transmitter or transmitters may 

J.C. Eccles, P. Fatt and K. Koketsu

Cholinergic and Inhibitory Synapses in a
Central Nervous Pathway

Figure 9-6. A copy of the title page from the 1953 paper of Eccles, Fatt, and Koketsu, signed in 1985 by Sir 
John Eccles and Kyo Koketsu. This paper, almost never quoted, was published in 1953 in the Australian Journal of 
Sciences. It is the early version of the 1954 paper published in the London Journal of Physiology and is the basis 
of Eccles’ Nobel Prize. (From Karczmar, private collection.)
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differ in sign, depending on the site: besides 
inducing the excitatory response, ACh may induce 
hyperpolarizations, whether at the heart, or in the 
ganglia, or, in fact, in the CNS (see below, section 
BIII-2b). However, in the case of the Ecclesian 
model, the change in signal from excitatory at the 
Renshaw cell to inhibitory at the motoneuron rep-
resents another mechanism for changing the trans-
mission sign: this change requires the presence of 
an interneuron.

However, the most important set of criteria that 
have to be satisfi ed for the valid demonstration of 
cholinergic transmission, in the CNS or anywhere, 
includes the demonstration of the release of ACh 
from a discrete nerve ending or from a population 
of homogeneous nerve endings; the demonstration 
of the postsynaptic action of thus released ACh; 
and the identifi cation, both pharmacological and 
electrophysiological—in term of ionic mecha-
nisms underlying the response—of the postsynap-
tic reaction of the given synapse to presynaptic 
stimulation and to ACh (see also McLennan, 
1963; McGeer et al., 1987). A defi nitive proof 
based on meeting all these criteria became avail-
able in the 1920s and 1930s with respect to auto-
nomic and somatic transmission. Such a proof was 
not provided for the synapse at the Renshaw inter-
neuron by the experiments of Eccles in the 1950s; 
for that matter, this kind of a defi nitive proof does 
not obtain even today, with respect to the synapse 
at the Renshaw cell or to any other central synapse, 
even among those accepted currently as choliner-
gic. For example, Giancarlo Pepeu’s studies of the 
release of ACh demonstrate ACh release from a 
pathway rather than from a neuron; the pathway 
may be relatively homogeneous, but its full 
“purity” cannot be guaranteed (Pepeu et al., 1990). 
Perhaps the next-to-complete proof is available 
for the Renshaw cell, for synapses between the 
fi bers generated in the medial forebrain complex 
and neocortical and hippocampal cells, and for 
retinal synapses between amacrine and ganglion 
cells (see section BII-2; McGeer et al., 1987; 
Krnjevic, 1988; Kelly and Rogawski, 1985; 
Kurosawa et al., 1989; Masland et al., 1984).

d. Post-Ecclesian Cholinergic Studies 
and Their Topics

The fi rst topic involves further studies of ACh 
and CAT distribution and the propositions for the 

topography of central cholinergic pathways (see 
Chapter 2 DII). It also includes further develop-
ment and improvement of push-pull cannula, pres-
sure application of ACh and drugs, and related 
techniques for the measurement of ACh release, 
which are further discussed in this chapter. Nicho-
las Giarman and Giancarlo Pepeu (see Giarman 
and Pepeu, 1962; Pepeu, 1974) focused on using 
these methodologies to demonstrate the release of 
ACh from discrete brain sites evoked by their 
stimulation (Figure 9-7).
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Figure 9-7. Schematic drawing of the dialysis tubings 
implanted at the level of the frontal cortices and striata 
(A), and dorsal hippocampi (B). (From Wu et al., 1988, 
with permission.)
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Further work with the electrophoresis and 
pressure application of ACh and other appropriate 
bioactive or pharmacological agents to a single 
neuron also is included in this topic. Following the 
Canberra group’s (see above) introduction of these 
methods, Chris Krnjevic (Krnjevic and Phillis, 
1963; Krnjevic, 1969, 1988) and A. Herz (Herz 
and Zieglgansberger (1968) carried out pertinent 
work in the early 1960s. Finally, more recent fi nd-
ings relate to the multiplicity of nicotinic and mus-
carinic receptors and the demonstration of their 
CNS location via binding and related methods 
(see below, sections BI and BIII, and Chapters 5 
and 6).

A long series of efforts concerned the mecha-
nisms of pre- and postsynaptic receptor responses 
and the release of ACh. The early studies of J. S. 
Coombs, J. E. Desmedt, R. Lorente de No, John 
Hubbard, David Curtis, Kris Krnjevic, C. G. 
Phillips, and others were described by John Eccles 
in his monumental book of 1964; the presy-
naptic Ca2+-dependent release of ACh and the role 
of Ca2+ were discovered by Juan del Castillo, R. 
Miledi, and Bernard Katz (Del Castillo and Katz, 
1954; Katz and Miledi, 1965; see also sections 
BII and BIII).

Another topic deals with behavior. As already 
mentioned, behavioral cholinergic research pre-
ceded the demonstration of the existence of central 
cholinergic transmission (Gantt and Freile, 1944 
and Funderburk and Case, 1947). Ten years later 
Carl Pfeiffer (see Pfeiffer and Jenney, 1957) 
showed the positive effects of muscarinic agonists 
on animal conditioning and learning. This fi nding 
led to an immediate application in humans (this 
was possible in the 1950s): Pfeiffer used musca-
rinic agonists in schizophrenic patients, appar-
ently with some success. Pfeiffer, as some earlier 
investigators such as Keith and Stavraky (1935) 
and Gantt and Freile (1944), referred to the notion 
of cholinergic transmission in their interpretation 
of their results.

Carl Pfeiffer’s fi ndings with regard to cholin-
ergic correlates of memory are not the fi rst in this 
area. Keith and Stavraky (1935) and Gantt and 
Freile (1944) reached similar conclusions, and 
their and Pfeiffer’s work was followed by similar 
studies of several investigators, particularly David 
Drachman (1978), A. Herz (1960), and Bures and 
his associates (Bures et al., 1964, 1983). In fact, 
Drachman was the fi rst investigator to demon-

strate, in the human, cholinergic correlates of 
memory; his other important demonstration is that 
loss of memory in aging exhibits cholinergic 
correlates (see section BV). It is true that early 
effects of cholinomimetics, anticholinesterases 
(antiChEs), and atropinics on memory and condi-
tioning were not consistent; however, the use of 
better methodology brought about a clear-cut 
demonstration of memory facilitation by choliner-
gic agonists and its attenuation with atropinics. 
This facilitation was demonstrated for several 
species, including the primates (see Karczmar, 
1967, 1995; Hagan and Morris, 1988). Raymond 
Bartus (see Bartus, 1978; Bartus et al., 1982) is an 
early contributor to the notions of cholinergic 
memory facilitation and the relation between loss 
of cholinergic function and geriatric memory dys-
function; it should be remembered that many 
investigators contributed to this notion earlier, 
including David Drachman, Carl Pfeiffer, Janos 
Bures, Giorgio Bignami (see Bignami and Rosic, 
1971), and others (see Hagan and Morris, 1988).

Cholinergic effects on other behaviors and 
central functions were established in the 1940s, 
1950s, and 1960s. Mary Pickford (1947) initiated 
studies of the cholinergic effects on endocrine 
function as she established that the cholinergic 
system is involved in the hypothalamically induced 
release of neurohypophysial hormones (see also 
section BIV-2a; Koelle, 1963; Sokolovsky, 1984). 
Later, Feldberg and Sherwood (1954) demon-
strated that intraventricular administration of ACh 
elicited a number of motor and behavioral actions. 
Luigi Valzelli and L. H. Allikmets pioneered the 
studies of cholinergic correlates of aggression 
(Valzelli, 1967, 1974; Allikmets et al., 1968; 
Allikmets, 1974; see section BV-1).

Then there is the story of the cholinergic cor-
relates of the EEG. Daniele Bovet, a Nobel Prize 
winner for his work on the synthesis and structure 
activity of neuromyally active compounds and 
sulfa drugs (see Bovet, 1988), became aware in 
the early 1950s of the potential of transmitter 
pharmacology of the CNS function for the under-
standing of the function of the CNS and for its 
clinical applications. He infl uenced Vincenzo 
Longo, at that time a budding investigator at the 
Istituto Superiore di Sanita in Rome, to begin sys-
tematic studies of the cholinergic and anticholin-
ergic actions on the EEG (Longo, 1956; see section 
BIV-3b); one of Longo’s many contributions is 
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establishing the relation between the theta EEG 
rhythm and learning. Other pioneers in this area 
are Philip Bradley and Joel Elkes (Bradley and 
Elkes, 1953, 1967).

During the subsequent 30 years, evidence was 
continually obtained for behavioral and functional 
cholinergic actions (see sections BIV-3 and BIV-
4). Certain studies were speculative, widely quoted 
at the time, and controversial. Three examples 
may be adduced. First, Krech, Rosenzweig, 
Diamond, Bennet, and their associates (cf., for 
example, Krech et al., 1963; for further references, 
see Karczmar, 1969) hypothesized that changes in 
brain AChE and/or butyryl cholinesterase (BuChE) 
refl ect progress in rats’ adaptive behavior, and that 
the levels or activities of these enzymes corre-
spond to differences between “intelligent” and 
“not intelligent” rat strains. Furthermore, the 
investigators speculated that these changes indi-
cated an alteration in the number of central cho-
linergic synapses. In their work they employed 
several environments varying from “poor” to 
“rich” in complexity and availability of training 
opportunities, while their criterion of adaptability 
and intelligence was based on the distinction 
between “maze bright” and “maze dull” rats.

However, there are several problems with the 
investigators’ hypothesis (see several articles in 
Napier et al., 1991 and chapter 1B-3). First, they 
based their evidence on very small differences in 
BuChE and/or AChE. Generally, these differences 
amounted to only 2%;1 sometimes, they involved 
differences between the ratios of the two enzymes 
or between the cortical versus subcortical enzymes 
(Rosenzweig, 1966). However, small changes in 
the levels or ratios of ChEs measured in nonlocal-
ized brain areas cannot be taken as indices of 
the number of cholinergic synapses. Then, several 
psychologists criticized the criteria for environ-
mental qualities and inherited adaptability 
employed by the investigators (Kluver, 1958); in 
fact, some critics referred to the California group’s 
speculation as “reductionistic naivete” (Hirsch, 
1967; see also Kluver, 1958; Feldberg, 1958; 
Karczmar, 1969). Yet, Krech, Rosenzweig, 
Diamond, and Bennet and their associates were 
far-seeing, as they proposed that adaptability and 
learning may be both inherited and nurtured, and 
that the cholinergic synapses are important for the 
phenomena in question. In the current era of the 

trophic factors, of the concepts of the fl exibility, 
plasticity, and regenerative capacity of the brain, 
their speculation, if not the conclusions based on 
their own data, is validated (see, for example, 
Bernard et al., 1999). Indeed, their quotation of 
Spurzheim’s 1815 statement (Rosenzweig, 1966) 
that “the organs  .  .  . of the brain  .  .  . increase by 
exercise”—as Lamarckian as this statement 
may sound—is very much a propos today (see 
Karczmar, 1991, 1995). As we are able today to 
measure CAT, ACh, and the cholinergic receptors 
in discrete cholinergic areas, their work should be 
reevaluated.

Another example of early “overexploitation” 
of the central cholinergic system is represented by 
the studies of Deutsch (Deutsch, 1971; for further 
references, see Hingtgen and Aprison, 1976; 
Karczmar, 1976). Deutsch demonstrated that the 
effect of di-isopropyl fl uorophosphonate (DFP) on 
avoidance conditioning in rats depended on their 
stage of training: DFP facilitated learning during 
the early phases of learning, and caused amnesia 
when administered after advanced learning 
(Deutsch, 1971; Deutsch and Leibowitz, 1966). 
Deutsch and his associates speculated that there 
are specifi c cholinergic “memory” synapses in the 
hippocampus (in some of their experiments, DFP 
was applied to the hippocampus) and that during 
early and late stages of learning, ACh levels at the 
synapse were low and high, respectively. They 
also suggested that, “as a result of learning, the 
postsynaptic endings at a specifi c set of synapses 
become more sensitive to transmitters;” at that 
time, DFP pushes the response curve into the 
amnesic area. It should also be added that other 
investigators (Hamburg, 1967; Biederman, 1970) 
obtained biphasic effects on learning with 
physostigmine.

A number of criticisms may be raised. For 
example, the doses of DFP and physostigmine 
used by Deutsch, Hamburg, and Biederman were 
very high. Thus, Deutsch applied a nearly LD50 
dose of DFP to the hippocampus. These doses of 
antiChEs may induce synaptic block either via 
causing an accumulation of ACh or via direct 
actions independent of ChE inhibition (see Chapter 
7 C). Also, Deutch employed single doses of DFP 
rather than evaluating the dose-effect relation-
ships. Furthermore, Deutsch and his associates did 
not measure levels of ACh or ChEs in the brain or 
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elsewhere. Finally, they did not have any basis 
for their notion of “memory synapses” (see also 
Sharpless, 1964). It must be added that the knowl-
edge of the signifi cance of the cholinergic system 
for memory and learning antedates by many years 
Deutsch’s experiments (see Karczmar, 1967).

Then Ernst Gellhorn (1944a, 1944b) proposed 
that the hypothalamus—his “head ganglion”—is 
the regulatory center of autonomic imbalance 
and constitutes the center for the regulation of 
autonomic balance. He hypothesized also that the 
state of the hypothalamic balance between the 
parasympathetic and sympathetic systems under-
lies emotional behavior, including “conditioned 
reactions.” He also felt that stress or convulsion-
induced activation of the hypothalamus and the 
resulting “augmentation of hypothalamic-cortical 
discharges” restores learning and conditioning 
when the latter is extinguished by the lack of rein-
forcement. Altogether, Gellhorn felt that hypotha-
lamic imbalance is involved in the occurrence 
of emotions and of mental diseases, and that 
this notion is important clinically (see also 
Arnold, 1960). It must be noted that Gellhorn 
measured the postulated sympathetic or parasym-
pathetic status only indirectly (in terms of changes 
in blood pressure and blood sugar). Gellhorn’s 
concepts resemble those of Hess (1954) and 
Brodie (1957) concerning the balance between the 
hypothalamic “ergotrope” and “trophotrope,” in 
other words, the balance between sympathetic and 
serotonergic transmission.

The evidence on which the three speculations 
are based may be not acceptable and the specula-
tions themselves may not be tenable; yet, it is 
unfair to deem these speculations as simplistic 
when considering the time when the research in 
question was conducted and the limitations in the 
available methodology. Furthermore, these specu-
lations are heuristic, as can be easily illustrated. 
The timeliness of the posits by Krech and 
Rosenzweig was already emphasized. And 
Brodie’s and Gellhorn’s notion that multitransmit-
ter balance regulates behaviors was expanded on 
immediately. Stein’s (1968) reward-punishment 
axis involves two transmitters, Dray and Straughan 
(1976) and Pujol et al. (1978) established the mul-
titransmitter nature of the control of motor behav-
ior, and Myers (1978) described multitransmitter 
regulation of the appetitive behavior and the 

homeostasis of temperature control. Perhaps most 
illustrative in this context are the studies of Michel 
Jouvet (1967) of the multitransmitter nature of 
REM sleep; he posited that at least three trans-
mitters, ACh, serotonin, and norepinephrine, are 
involved. In fact, Jouvet referred to his investi-
gations as the “monoamine game.”

This early evidence suffi ces to illustrate the 
complexity of cholinergic functional and behav-
ioral phenomena; later studies made this complex-
ity even greater. There are several aspects of this 
complexity. First, monoamines, peptides, amino 
acids, and indole amines are jointly implicated 
in the regulation of any function or behavior. 
Hokfelt’s most important demonstration that more 
than one transmitter may be released at a given 
cholinergic synapse contributes to this complexity 
(Hokfelt et al., 1978).

Then, there is the interaction between ACh and 
other transmitters. When Feldberg and Vogt 
(1948) demonstrated that the areas of presence 
and absence of ACh alternate throughout the 
brain, they speculated that other transmitters must 
be present in the noncholinergic areas; it could 
then have been surmised that cholinergic agonists 
or electric stimulation of cholinergic areas should 
affect other neurotransmitters. Regardless, it took 
20 years to demonstrate this phenomenon (Varagic 
and Kristic, 1966; Glisson et al., 1972, 1974; see 
Karczmar, 1978b). Today, we know that choliner-
gic activation and deactivation—whether pharma-
cologic, electrical, or physiologic—affects the 
brain levels and/or turnover of norepinephrine, 
serotonin, GABA, and other bioactive substances 
(see Karczmar, 1976).

In addition, several second messenger systems 
including the recently discovered nitric oxide 
(NO) are involved in the regulation of transmitter 
action (see Williams et al., 1997). These systems 
are evoked by cholinergic activity and are neces-
sary for cholinergic effects; furthermore, they 
interact. This mutual interaction among the trans-
mitters as well as among their messenger systems 
adds to the complexity involved in defi ning the 
role of the cholinergic system in functions and 
behaviors; thus, it is diffi cult to decide whether a 
given function or behavior elicited by a choliner-
gic agonist results from a cholinergic effect or is 
due to the cholinergic action on another transmit-
ter and/or its messenger systems.
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A fi nal addition to the complexity of choliner-
gic responses is the existence of multiple receptor 
subtypes, at both the pre- and postsynaptic sites. 
This concept goes much beyond the original 
notion of Langley, Dale, and Rosamond Eccles of 
the nicotinic and muscarinic receptors. It origi-
nated in the 1950s when Dimitry Kharkevich 
(1957) and Edward Hulme, Nigel Birdsall, Arnold 
Burgen, and their associates (see Hammer et al., 
1980) demonstrated that several subtypes of cho-
linergic muscarinic receptors exist in the CNS (see 
Chapter 5 and sections BIII-2a, BIII-2b, BIII-2d). 
This was followed by a demonstration of several 
subtypes for central nicotinic receptors by Eric 
Bernard, Jean-Pierre Changeux, Ken Kennard, A. 
Karlin, Palmer Taylor, Jon Lindstrom, and others 
(see Chapter 6 and Bernard et al., 1987). Today, 
to defi ne cholinergic correlates for any function or 
behavior one must identify receptor subtype(s) 
that are involved in the phenomenon in question. 
An even more refi ned understanding of the recep-
tors requires the knowledge of their molecular 
biology, which is reviewed in this chapter and in 
Chapters 5 and 6.

The complexity and multiplicity of choliner-
gic mechanisms regulating central function and 
behavior ensures a subtle, point-to-point control 
of this phenomenology. At the same time, this 
complexity makes the analysis of the cholinergic 
correlates of functions and behaviors most 
diffi cult; similarly, the predictability and full 
understanding of the effects of cholinergic and 
anticholinergic drugs on any central function or 
behavior are not easy to achieve. These challenges 
only add to the signifi cance and excitement of 
cholinergic studies.

BI. Cholinoceptive Responses

Cholinoceptivity is the presence of nicotinic, 
muscarinic, or mixed receptors and responses. 
Jointly with CAT, AChE, high-affi nity choline 
uptake, and occurrence of ACh release, cholino-
ceptivity characterizes cholinergic synapses and 
pathways. It is important to emphasize the central 
ubiquity of cholinoceptivity; its topography is 
similar in the human and several animal species 
(Mesulam, 1990, 1995; Mesulam et al., 1989; 
Woolf, 1991; see Chapter 2 DI-DIII). Addition-
ally, it must be stressed that astrocytes and other 

glial cells are also cholinoceptive (Hosli and 
Hosli, 1993).

In spite of the ubiquity of the cholinergic syn-
apses and pathways, they are poorly represented 
in certain areas of the brain, including the super-
fi cial layers of the cortex and the cerebellar cortex, 
including cerebellar granule and Purkinje cells. 
These areas may contain only a few postsynaptic 
or presynaptic cholinoceptive sites (McCance and 
Phillis, 1968; Crawford et al., 1966; Krnjevic, 
1969, 1974a, 1974b; Kuhar, 1978; see, however, 
Butcher et al., 1993 and Chapter 2 DI-DIII). On 
the other hand, cholinoceptive neurons are found 
in regions where cholinergic circuitry is not 
defi ned as yet, as in the case of the spinal inter-
neurons (Jiang and Dun, 1986, 1987). Further-
more, cholinoceptive sites are present at 
noncholinergic synapses. Also, electrically con-
ducting gap junctions show affi nity to cholinergic 
agents, which do not, however, evoke transmis-
sion across these junctions (see, for example, 
Velazquez et al., 1997).

Two types of neurons are cholinoceptive, the 
interneurons and the principal neurons. Generally, 
the interneurons are members of localized net-
works and release inhibitory amino acids on their 
cholinergic stimulation. The principal neurons are 
usually projection neurons that originate in cholin-
ergic pathways that release ACh or other transmit-
ters, frequently excitatory amino acids (see Chapter 
2 D; see also Van der Zee and Luiten, 1999).

Cholinoceptivity includes two families of 
receptors, muscarinic and nicotinic. Changeux, 
Lindstrom, Taylor, Wess, Birdsall, Hulme, Ladin-
sky, Schimerlik, and Christopoulos demonstrated 
different modes of action for these receptors (see 
Birdsall et al., 1996; Wess et al., 1996; Lena and 
Changeux, 1998; see also Chapters 5 and 6): while 
nicotinic receptors belong to a family of receptors 
(including GABAergic, glucinergic, and seroto-
nergic receptors) that behave as ligand-gated ionic 
channels, muscarinic receptors are coupled with G 
proteins and second messengers (see Lambert and 
Nahorski, 1990 and Chapters 5 and 6).

There are many subtypes of both nicotinic and 
muscarinic receptors. They are located at two dif-
ferent neuronal locations, the pre- and postsynap-
tic sites; nicotinic receptors are also present at 
preterminal sites (Albuquerque et al., 1998a, 
1998b). These two locations are described in the 
next section.
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1. Post- and Presynaptic 
Cholinoceptive Responses: 
Where Do They Occur with 
Respect to Cholinergic 
Pathways?

a. Postsynaptic Cholinoceptivity

Teleologically, the release of acetylcholine 
requires postsynaptic cholinoceptive sites. Indeed, 
in central areas where this release was demon-
strated (Pepeu, 1993), such sites abound. Postsyn-
aptic muscarinic cholinoceptive responses are 
frequently shown in the infragranular neocortical 
layer (Price and Stern, 1983; Krnjevic, 1988), 
layer VI of the cat (Metherate et al., 1988a, 1988b), 
basal ganglia, the pyramidal cells of the hippo-
campus (Bird and Aghajanian, 1976; Ehlert et al., 
1995), several septal areas and other limbic areas 
(Carette, 1997; Jones et al., 1999), and the meso-
pontine area (Imon et al., 1996). This is true for 
rodents and the cat.

Muscarinic receptors are plentiful in the CNS. 
All 5 muscarinic receptor subtypes and their 
mRNAs are represented in the central postsynap-
tic responses (see also Chapter 5), while M1 and 
M2 receptors are also present presynaptically (see 
Chapter 5 and below). Several muscarinic receptor 
subtypes may be found within any of the central 
cholinoceptive sites; for example, M1, M2, M3, 
and M4 postsynaptic sites may be found in the 
limbic system and in the forebrain, M1 receptors 
may predominate in the cortex (Quirion et al., 
1993), M1 and M3 receptors in the hippocampus 
(Quirion et al., 1993), and M3 and M5 receptors 
in the cochlea (Drescher et al., 1992; see also 
Caulfi eld, 1993; Ehlert et al., 1995; Chapter 5).

While the nicotinic postsynaptic receptors are 
less abundant than the muscarinic receptors, they 
are well represented in the CNS (see Chapter 6; 
Lukas and Bencherif, 1992; Champtiaux and 
Changeux, 2004; Arneric et al., 1995). They are 
present in the rat hypothalamus, thalamus, brain-
stem, moto neurons, components of the limbic 
system including hippocampus, nucleus raphe 
magnus, and cortex (Tebecis, 1970a, 1970b; 
Schwartz and Kellar, 1985; Larsson and Nord-
berg, 1985, 1986; Nordberg et al., 1989a, 1989b; 
Alkondon et al., 1996; Decker et al., 1998; Fer-
reira et al., 2000, 2001; see also Lukas and Ben-
cherif, 1992). They also abound at several 

mesencephalic sites of the bird (Chiapinelli et al., 
1993). Nicotinic receptor subtypes that contain 
α4, β2, and α7 subunits are present in several 
brain areas, such as the cortex (see Lukas and 
Bencherif, 1992; Lena and Changeux, 1998); 
additional subtypes are present in the hippocam-
pus (Alkondon and Albuquerque, 1990; Albu-
querque et al., 1998a, 1998b; Lukas and Bencherif, 
1992 and Bencherif et al., 1997; Mike et al., 2000; 
Drescher et al., 2004; see also section BIV-3c and 
Chapter 6).

It must be remembered that the areas that 
contain nicotinic and/or muscarinic receptors also 
exhibit noncholinergic pathways. Noncholinocep-
tive cells are found in the ventro-basal complex 
and the lateral geniculate body of the thalamus 
(Curtis, 1965; Curtis and Andersen, 1962; Tebecis, 
1970a, 1970b). Even in sites with a dense presence 
of cholinoceptive postsynaptic receptors (i.e., the 
basal ganglia or the hippocampus), only 30% to 
40% of the tested cells respond to cholinomimetics 
(Krnjevic, 1974a, 1974b, 1988; see also Chapter 2) 
and do not exhibit postsynaptic cholinoceptivity 
when responding to presynaptic stimulation.

Do specifi c cholinergic pathways differentially 
radiate to postsynaptic nicotinic versus muscarinic 
receptors? The pertinent evidence is not readily 
available: to answer this question, identifi ed 
homogeneous radiations must be stimulated—
electrically or chemically—and the specifi c 
response at appropriate postsynaptic sites charac-
terized pharmacologically or via molecular biology 
techniques. Such investigation must be carried out 
in situ or in isolated preparations containing both 
the presynaptic input and its postsynaptic recep-
tors. When available, the results are sometimes 
ambiguous; for example, in some experiments 
responses of presumed cholinoceptive postsynap-
tic receptors evoked by the stimulation of a spe-
cifi c pathway (for example, the reticular formation 
or Mesulam’s Ch5 and Ch6 radiations; see Chapter 
2 DIII) were not antagonized by cholinergic, 
whether atropinic or nicotinic, antagonists (see 
Kelly and Rogawski, 1985). However, in the case 
of the recurrent collateral pathway to the Renshaw 
cell, the primary nicotinic and the secondary mus-
carinic postsynaptic responses were clearly estab-
lished (see section BIII; Curtis and Ryall, 1966); 
do these fi ndings suggest that a homogeneous cho-
linergic input may abut on both muscarinic and 
nicotinic receptors?
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It is easier to analyze pharmacologically func-
tional or behavioral effects evoked by a pathway 
than to identify whether or not this pathway con-
nects with a specifi c cholinoceptive receptor or its 
subtype (pertinent results are discussed in sections 
BIV and BV of this chapter). While many 
responses are nicotinic in nature, most functional 
and behavioral responses are muscarinic (see 
Karczmar, 1976). In some cases the muscarinic 
postsynaptic receptor subtypes could be identifi ed. 
These postsynaptic sites are mainly innervated by 
projections of the cholinergic forebrain including 
radiation from the magnocellular nucleus, pedun-
culopontine tegmental nucleus, and septohippo-
campal projections (see Chapter 2 DIII). However, 
this does not exclude the presence of nicotinic 
postsynaptic receptors at these sites (Fisher et al., 
1998). Nicotinic postsynaptic receptors are also 

present in the striatal interneuronal network. They 
are innervated by nigrostriatal radiations and their 
activation results in nicotinic activation of the 
mesolimbic dopaminergic system (Chapter 2 DII 
and DIII; Clarke, 1993a, 1993b, 1995). Nicotinic 
characterizations of motor function resulting from 
nigrostriatal radiations are discussed in section 
BIV-1d. Finally, the monosynaptic pathway 
between the retinal ganglion cells and the ama-
crine cells abuts on postsynaptic nicotinic recep-
tors (see section BV-C); this fi nding has 
consequences with regard to vision (see section 
BV-C).

The situation may be analyzed from another 
viewpoint. Two kinds of circuitry can subserve 
the postsynaptic cholinoceptivity, the autonomic 
ganglia being a pertinent model (Figure 9-8). In 
the case of parasympathetic ganglia, the postsyn-
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Figure 9-8. A comparison of the rabbit sympathetic and parasympathetic (ciliary) ganglions. The preganglionic 
terminations abut on the sympathetic ganglionic neurons (C), the interneurons or chromatic cells (with their musca-
rinic receptors, M), and the ganglionic parasympathetic neurons (B and C). The pre- and postsynaptic cholinergic 
N-receptors: I, origin of the postsynaptic inhibitory potential; A, origin of the presynaptic catecholaminergic inhibi-
tion. Note the absence of the muscarinic receptor in the case of the ciliary ganglion. (From Karczmar, 1971, with 
permission legend translated from the French by AGK.)
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aptic cholinoceptive site is located on a choliner-
gic neuron, that is, a neuron that releases ACh; 
this circuitry constitutes a cholinergic-cholinergic 
disynaptic relay (C-C relay). On the other hand, 
in the sympathetic ganglia the cholinoceptive site 
is situated on a noncholinergic neuron; the sym-
pathetic ganglia represent then a cholinergic-
noncholinergic (C-non C) disynaptic relay. A 
non-ACh transmitter, norepinephrine is released 
from this ganglion relay. To distinguish between 
these two types of circuitry requires demonstrat-
ing, on a neuronal level or with respect to homo-
geneous, transmitterwise pathways, whether the 
stimulation of a postsynaptic cholinoceptive site 
causes the release of ACh or another transmitter. 
Again, this kind of evidence is not readily avail-
able; however, studies that employed immunore-
activity established the presence of synaptic 
connections between cholinergic pathways and 
those releasing other neurotransmitters; for 
example, cholinergic-dopaminergic coupling was 
established for the substantia nigra (Clements et 
al., 1991); this coupling is of a C-non C type.

Other, indirect evidence is also consistent with 
this model. Stimulation of predominantly but not 
uniquely cholinergic pathways releases, besides 
ACh, other transmitters: catecholamines are released 
following the stimulation of the neostriate (Lee et al., 
1992); hippocampal stimulation yields aspartate and 
GABA (Raiteri et al., 1992); and nitric oxide is 
released via the stimulation of the thalamus 
(Williams et al., 1997). Furthermore, cholinomi-
metic agonists or antiChEs cause changes in the 
levels or turnovers of serotonin, catecholamines, 
and GABA (see Karczmar, 1978a, 1978b; see also 
below, sections BIII-2a, BIII-2b, BIII-2d). However, 
the stimulation of a CNS pathway may release non-
ACh transmitters via an inadvertent stimulation of 
noncholinergic components of the pathway. 
Accordingly, the cholinomimetic or electric stimu-
lation of the reticular formation may cause release 
or changes in levels of non-ACh transmitters 
because several neuronal systems were stimulated 
rather than because a two-neuron relay was excited. 
Also, the changes in question may be due to cho-
linergic stimulation of the nerve terminals of non-
cholinergic neurons rather than to cholinergic 
postsynaptic actions. Finally, multitransmitter 
release may occur at the neurons, which release 
more than one neurotransmitter (see McGeer et al., 
1987, and Pepeu, 1993).

Evidence regarding the presence within the 
central cholinergic pathways of the relays of the 
parasympathetic ganglion type (C-C relays) is 
limited; these relays may exist in substantia innomi-
nata and elsewhere in the forebrain (Martinez-
Murillo et al., 1990; Zaborszky et al., 1991; 
Iwamoto, 1991; Van der Zee and Luiten, 1999).

What kind of receptors and receptor subtypes 
may be involved in the C-C and C-non C cir-
cuitry? In the parasympathetic as well as sympa-
thetic ganglia, the postsynaptic sites, which 
generate the fast response, are generally nicotinic. 
But the sympathetic ganglion also exhibits slow 
postsynaptic responses that are muscarinic and 
peptidergic (Karczmar et al., 1986). Today, there 
is no direct information regarding this matter. 
However, it is important to note that in several 
areas of the brain (including the cortex, the hypo-
thalamus, and the hippocampus), the nicotinic and 
muscarinic postsynaptic sites are colocalized on 
noncholinergic neurons; sometimes the densities 
of the two receptors are equal (Van der Zee et al., 
1999). It must be remembered that, similarly, mus-
carinic and nicotinic postsynaptic (and peptidergic 
sites) are present at the sympathetic ganglia, 
except that in this case the nicotinic receptors 
clearly predominate.

b. Presynaptic Cholinoceptivity and 
Actions of Cholinergic 
Autoreceptors

Cholinergic nerve terminals abut on cholino-
ceptive receptors of both cholinergic and noncho-
linergic nerve endings. Cholinoceptive receptors 
present at cholinergic and noncholinergic nerve 
terminals are referred to as auto- and heterorecep-
tors, respectively. Finally, both classes of recep-
tors include nicotinic and muscarinic receptors. 
Their localization is possible today: radio- or 
stain-labeled ligands for either nicotinic or mus-
carinic receptors are available and their use may 
be combined with that of positron emission tomog-
raphy (PET; see, for example, Vickroy et al., 
1984a, 1984b; Ding et al., 1999); also, their pres-
ence can be related to the presence of CAT and 
markers for ACh transport, such as 3-H vesamicol 
and hemicholinium-3. It is inter esting that autore-
ceptors may regulate not only synaptic but non-
synaptic release of ACh (see Vizi and Lendvai, 
1999; see also Chapter 2 C2).
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As cholinergic heteroreceptors affect release of 
transmitters other than ACh, they are discussed in 
the next section (section BIII-2b). Noncholinergic 
terminals are also present at cholinergic terminals. 
These noncholinergic terminals regulate ACh 
release; thus their role amounts to transmitter 
interaction and is discussed in the same section.

In the 1950s and 1960s, Szerb, Polak, and 
MacIntosh discovered that atropine facilitates the 
evoked or spontaneous cortical release of ACh; 
they claimed that this effect is due to atropine’s 
antagonism of the muscarinic, autoreceptor-
mediated inhibition of ACh release (MacIntosh 
and Oborin, 1953; Polak, 1965, 1970; Szerb, 
1964, 1977; Pepeu et al., 1990; see also Schuetze 
and Role, 1987; Langer, 1977). These effects were 
obtained in vitro and in vivo. Subsequently, the 
same phenomenon was observed with respect to 
the striate and hippocampus, and sites innervated 
by the nucleus basalis magnocellularis (Sinischal-
chi et al., 1991; see also Pepeu et al., 1990; see 
section BIII-1a). It is interesting that muscarinic 
inhibition for the release of ACh also extends to 
the inhibition of the release of non-ACh trans-
mitters from neurons that are capable of discharg-
ing two or more transmitters. This occurs in the 
cortex with regard to peptides such as VIP and 
PHI (Bartfai et al., 1988).

Do specifi c muscarinic receptor subtypes rep-
resent the muscarinic presynaptic autoreceptors? 
There is strong evidence indicating that several 
muscarinic receptor subtypes serve as autorecep-
tors and regulate ACh release. Using radio autog-
raphy methods, Tonnaer et al. (1988) related the 
topography of the binding of several M ligands 
with that of hemicholinium-3, and concluded that 
M2 receptors are present presynaptically in the 
limbic and interpeduncular areas and the basal 
ganglia. Evidence based on the pharmacological 
analysis of ACh release from brain slices and syn-
aptosomes, or in situ, suggests that M1, M3, M4, 
and, particularly, M2 receptor subtypes are present 
on the cholinergic terminals of the cortex, limbic 
system, and striate (Beani et al., 1984; Hass and 
Ellis, 1985; Lapchak et al., 1989a, 1989b; Vickroy 
and Cadman, 1989; McKinney et al., 1993; 
Quirion et al., 1993; Raiteri et al., 1989; see also 
Schimerlik, 1990; Ladinsky et al., 1990). The sites 
occupied by the various muscarinic receptor sub-
types frequently overlap (Lapchak et al., 1989a, 
1989b; Vickroy and Cadman, 1989). It is of inter-
est that autoreceptors exhibit several types of mus-

carinic receptor subtypes; it will be seen that this 
multiplicity of muscarinic receptor subtypes also 
characterizes the presynaptic heteroreceptors and 
the postsynaptic receptors.

The M4 receptors may inhibit the release of 
acetylcholine by blocking the M and/or the Ca2+

current at the presynaptic autoreceptors (Nord-
strom et al., 1989; Segal, 1989; Segal et al., 1989; 
Caulfi eld et al., 1993; Chapter 5). An effect on 
Ca2+ or K+ currents may be involved in activating 
autoreceptors of other muscarinic subtypes 
(Peralta et al., 1996; Segal et al., 1989; Nordstrom 
et al., 1989). For further information regarding the 
involvement of the third messenger (nitric acid) 
mechanisms in presynaptic cholinoceptivity, see 
Chapter 5, Nathanson (1996), Kilbinger (1996), 
and Ma et al. (1995). It should be added that some 
muscarinic autoreceptors—such as the intrinsic 
neurons of the rat septum—may, exceptionally, 
facilitate upon stimulation the release of ACh 
(Birthelmer et al., 2003).

The nicotinic autoreceptors were described 
fi rst by Koelle (1963); he assigned to them a facili-
tatory, “percussive” role in the release of ACh: the 
“priming” bolus of ACh released from the cholin-
ergic nerve terminal retro-acts on the nicotinic 
autoreceptors, causing full, massive release of 
ACh (Figure 9-9). Koelle (1969) demonstrated 
that a similar effect exists centrally, for example, 
at the olivocochlear bundle. It appears today that 
the facilitatory nicotinic autoreceptor sites are 
present in several CNS regions, including the 
cortex, hippocampus, striate, and cerebellum of 
the cat and rodents (Lapchak et al., 1989a, 1989b; 
Nordberg et al., 1989a, 1989b; Araujo et al., 1988; 
Lukas and Bencherif, 1992; see also section BIII-
2a); this is true for humans as well (Sihver et al., 
1999). It is not clear which subtype of nicotinic 
receptor may be involved in these phenomena. 
The nicotine and alpha-bungarotoxin (but not 
tetrodotoxin; Wonnacott, 1997) binding sites were 
both described, and the subtype contains the α7
subunit (Zarei et al., 1999).

Whether or not specifi c cholinergic pathways 
innervate heteroreceptors is also unknown. The 
activation of cholinergic muscarinic heterorecep-
tors generally attenuates the amplitude and/or fre-
quency of noncholinergic excitatory and inhibitory 
postsynaptic potentials (EPSPs and IPSPs). This 
was shown for the caudate (Nabatame et al., 1988; 
Akaike et al., 1988), hippocampus (Segal et al., 
1989), cortex (Marchi and Raiteri, 1985, 1996; 
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Marchi et al., 1987), mesencephalon (Grillner et 
al., 1999), and spinal cord (Jiang and Dun, 1986). 
M2 and M3 receptors seemed to be involved. This 
action leads to either depression or disinhibition of 
transmission depending on whether the EPSP or 
the IPSP is affected. These effects may be a result 
of cholinergically mediated diminution of the 
release of excitatory amino acids and inhibitory 
catecholamines. These phenomena are an example 
of transmitter interaction (see section BIII-2b and 
BIII-2f).

There are also nicotinic heteroreceptors located 
at nerve terminals, as well as nicotinic preter-
minal, that is, axonal, nicotinic heteroreceptors. 
The hippocampal preterminal nicotinic receptors 
appear to be of the α7 subtype (Albuquerque 
et al., 1998a, 1998b; see section BI-1 and BI-2, 
below).

2. Central Postsynaptic 
Cholinoceptive Responses 
and Their Characteristics

The cholinoceptive postsynaptic responses 
include excitatory and inhibitory responses. They 

are generated by the release of ACh from the cho-
linergic presynaptic nerve terminal. Depending on 
the nature of the cholinoceptive site, they may be 
either excitatory or inhibitory in nature. The excit-
atory responses may be muscarinic, nicotinic, or 
mixed: the Renshaw cell exhibits a predominant 
nicotinic response as well as a subsidiary mus-
carinic response; other central cholinoceptive 
neurons may show, rarely, a pure muscarinic or 
nicotinic response and, more frequently, a pre-
dominant muscarinic and a secondary nicotinic 
response. However, the cholinergic presynaptic 
nerve terminal may release, besides ACh, other 
transmitters or bioactive substances, such as pep-
tides. The sympathetic mammalian ganglion con-
stitutes a good illustration of the mixed postsynaptic 
responses. Accordingly, the sympathetic ganglion 
serves well as a model of central cholinergic 
occurrences; in fact, this ganglion was referred to 
as “little brain” (Figures 9-10 and 9-11).

a. Central Excitatory Muscarinic and 
Nicotinic Responses

The development of electrophoretic methods 
for the application of ACh and other agents to 
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localized central neurons (Curtis and Eccles, 1958; 
Eccles, 1964; Krnjevic, 1969) led to the identifi ca-
tion of muscarinic and nicotinic central postsyn-
aptic receptor sites. Eccles, Krnjevic, Curtis, and 
Ryall also described differences in the kinetics 
and other characteristics of the responses evoked 
at the two receptors.

Whether evoked by the application of ACh or 
nicotinic agonists, or by presynaptic stimulation 
of appropriate cholinergic pathways, nicotinic 
responses are fast in onset and brief in duration. 
On the other hand, the muscarinic responses, 
evoked by ACh, muscarinic agonists, or presyn-
aptic stimulation, exhibit a delayed onset and long 
duration that extends beyond the duration of the 
stimulation or agonist application (see Krnjevic, 
1969, 1974b). These differences in kinetics apply 
equally to the duration of the neuronal discharge 
rate and the duration of the depolarizing postsyn-
aptic response (Figure 9-12). The slow, musca-

rinic response is blocked by systemically applied 
atropine; similar effect is obtained with quaternary 
compounds applied electrophoretically. The fast, 
nicotinic response is blocked by tertiary nicotino-
lytics or by d-tubocurarine (d-TC) if applied elec-
trophoretically (see also below, section BIII-1). 
Furthermore, the delay in the onset of the slow, 
muscarinic response does not result from the 
application of muscarinic agents at the dendrites 
or far from the soma membrane; it is also present 
when the agents are applied to the soma hillock 
(Krnjevic, 1969; Curtis and Crawford, 1969).

Altogether, the fast nicotinic response resem-
bles the fast EPSP obtained, whether at the auto-
nomic ganglia or at the neuromyal junction; the 
slow response is similar to the slow EPSP present 
at sympathetic autonomic ganglia (see Figures 9-
10 and 9-11). The ionic mechanisms of central fast 
and slow responses are similar to the ionic mecha-
nisms of their peripheral counterparts; accord-
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Figure 9-10. Schematic representation of the pre- and postsynaptic receptor sites of the sympathetic ganglion 
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shown as arising in the P sites of the postsynaptic membrane and of the axon. The action of epinephrine on the nerve 
terminal is illustrated also. It is known today that the non-ACh transmitter is a peptide. (From Karczmar and Nishi, 
1971, with permission.)
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Figure 9-11. Excitatory postsynaptic potentials (EPSP, slow EPSP, and late slow EPSP) and action potential or 
afterdischarges (EAD and LAD), initiated by these potentials, of bullfrog sympathetic ganglion. Potentials were 
recorded intracellularly from two different sB cells (for A, B, and C) of a preparation, and after discharges were 
recorded extracellularly from another preparation. A. EPSP and action potential evoked by single preganglionic B 
nerve stimulation. EPSP was abolished 30 min after application of nicotine (0.12 mm). B. Slow EPSP and EAD (early 
after discharge) evoked by titanic stimulation (10 per second for 20 seconds) applied to preganglionic B in the pres-
ence of nicotine. Both slow EPSP and EAD were abolished by addition of atropine (0.014 mm). C. Slow plus late 
slow EPSPs and EAD plus LAD evoked by titanic stimulation (10 per second for 20 seconds) applied to preganglionic 
B and C nerves in the presence of nicotine. Slow EPSP and EAD was abolished, whereas late slow EPSP and LAD 
remained unaffected by addition of atropine. (From Karczmar, Nishi, and Blaber, 1972, with permission.)
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unanesthetized cat’s “cerveau isolé.” Ordinates indicate frequency of fi ring in counts per second. Note that the 
muscarinic response to acetylcholine is delayed and prolonged; it is further prolonged after administration of physo-
stigmine. (From Krnjevic, 1969, with permission.)
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ingly, the terms used for the peripheral responses, 
the EPSP and the slow EPSP, were adopted for the 
fast and slow central events.

There is still another similarity between the 
central and ganglionic responses. At many central 
sites, including the Renshaw cell (Curtis and 
Phillis, 1960; Curtis and Ryall, 1966), the cholino-
ceptive neurons show both types of responses 
(see Krnjevic, 1974a, 1974b, 1988, 1993). At the 
Renshaw cell, the muscarinic response is weak as 
compared to the nicotinic response, while in most 
instances the central muscarinic rather than the 
nicotinic response predominates. However, at the 
retinal ganglion cells (Masland and Ames, 1976; 
Ariel and Daw, 1982; Krnjevic, 1988) and for 
some thalamic, neocortical  and cortical neurons 
(Andersen and Curtis, 1964; Stone, 1972; Van der 
Zee et al., 1991, 1992), the mix resembles that 
which obtains at the Renshaw cell. On the whole, 
whether present in the mix or being the only 
responses exhibited by a neuron, the muscarinic 
responses predominate in most areas of the brain 
(Krnjevic, 1993); this is not to disregard the solid 
representation of the nicotinic responses in several 
parts of the brain (Nordberg et al., 1989a, 1989b; 
Quick et al., 1999; see also chapter 6 C). Corre-
spondingly, most functions and behaviors are 
muscarinic rather than nicotinic. As the central 
fast and slow responses are also similar to their 
peripheral counterparts in terms of their ionic 
mechanisms, the fast and slow EPSP term was 
adopted for the fast and slow central events.

The ionic characterization of cholinomimetic, 
muscarinic, and nicotinic responses optimally 
requires the use of video microscopy and intracel-
lular and voltage clamp methods (Albuquerque et 
al., 1998a). This combined approach is not easy. 
However, it is clear that the fast nicotinic EPSP of 
the Renshaw interneuron is mediated by a decrease 
in resistance and an increase in cationic permea-
bility (Zieglgansberger and Reiter, 1974). This is 
also true for several other nicotinic sites of the 
mammalian brain (see Halliwell, 1990; Lindstrom 
et al., 1990; Patrick et al., 1993; McCormick, 
1993; Lindstrom, 1994, 1997; Lindstrom et al., 
1996) and for nicotinic responses of the avian 
mesencephalon (Chiapinelli et al., 1993). These 
changes in the membrane characteristics, which 
occur during the response, hold for a number of 
nicotinic receptor subtypes (Albuquerque et al., 
1996; Lindstrom, 1997; Kuryatov et al., 2000). On 

the other hand, Edson Albuquerque, Jon Lind-
strom, and their associates established that nico-
tinic receptor subtypes (for example, α7, α4 β2,
and α3 β4) exhibit, in the course of their responses, 
different current kinetics, different antagonist and 
antagonist sensitivities and effi cacies, and differ-
ent rates of desensitization (see for example, 
Albuquerque et al., 1996, 1998b; Lindstrom, 1996, 
1997). More in depth, Jon Lindstrom and his asso-
ciates demonstrated that the transmembrane seg-
ments of the nicotinic receptors dictate the 
characteristics (such as effi cacy) of the responses 
of the various receptor subtypes (Rush et al., 2002; 
see Chapter 6).

Several types of postsynaptic muscarinic 
responses (slow EPSPs; see Figures 9-10 and 9-
11) occur in the CNS. At cortical rodent and 
human (Halliwell, 1986; McCormick and Prince, 
1985) and pyramidal hippocampal neurons, slow 
depolarization or slow EPSP is characterized by 
increased resistance or decreased conductance due 
to the inactivation of the outward K current. This 
current is voltage- and Ca2+-dependent but insensi-
tive to changes in Cl concentration; it exhibits a 
reversal potential of about 90 mV (Krnjevic et al., 
1971; Krnjevic, 1974a, 1974b, 1988; Cole and 
Nicoll, 1983, 1984; Karczmar, 1986); parentheti-
cally, two ionic, voltage- and Ca2+-dependent
channels may exist in the CNS (Platano et al., 
2005; Perez-Rosello et al., 2005). This current is 
analogous to the classical M current involved in 
the muscarinic responses of the sympathetic 
ganglia (Adams and Brown, 1982; Dodd et al., 
1981; Halliwell, 1990; Nishi et al., 1969; McQuis-
ton and Madison, 1999; and Okada et al., 2002; 
see also Chapter 5). This slow depolarization 
induced by muscarinics replaces after-hyperpolar-
ization evoked by the synaptic current (McQuis-
ton and Madison, 1999). Fukuda et al. (1989), 
Brown, Caulfi eld, and their associates (Caulfi eld 
and Brown, 1991; Robbins et al., 1991; Caulfi eld 
et al., 1992, 1993a, 1993b), and Ehlert et al. (1995) 
employed molecular biology methods to identify 
receptor subtypes that are involved in this response 
and concluded that the central M1 and M3 recep-
tors are involved in the postsynaptic inactivation 
of the M current.

Other types of slow muscarinic responses 
involve blockade of voltage-independent K+

current (McCormick and Prince, 1985; Krnjevic, 
1993) and facilitation or activation of the inward-
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directed Na+ current; these changes result in slow 
depolarization and paradoxical increase of mem-
brane resistance (“anomalous rectifi cation”). This 
phenomenon occurs in the hippocampal CA-1 
neurons and elsewhere (Benardo and Prince, 1982; 
Halliwell and Adams, 1982; Kelly and Rogawski, 
1985; Krnjevic, 1988; Halliwell, 1990). Further-
more, the block of the Ca2+-evoked current is mus-
carinically induced in some hippocampal neurons 
(Cole and Nicoll, 1984a, 1984b; Caulfi eld et al., 
1992; Caulfi eld, 1993; see also Chapter 8). These 
mechanisms may involve M2 and M4 receptor 
subtypes. The so-called persistent Na+ current that 
may be evoked via depolarizing current following 
the suppression of Ca2+ and K+ currents is blocked 
by muscarinic agonists such as carbachol (Mittman 
and Alzheimer, 1998). The signifi cance of this 
phenomenon for the muscarinic response is not 
clear. Also, the stimulation of certain muscarinic 
receptors evokes (instead of a classical slow EPSP 
response) repetitive fi ring, which may also may 
appear spontaneously (see, for example, Carette, 
1997; Song et al., 1998). These responses depend 
on the presence of specialized K+ channels (see 
Chapter 5).

The second messenger mechanisms are acti-
vated during muscarinic and nicotinic excitatory 
responses as established fi rst by the Hokins’ Hokin 
and Hokin, 1959; see also Hokin and Dixon, 1993) 
and Paul Greengard (1987; see also Sutherland et 
al., 1968). The central muscarinic M2 and M4 
receptors located in the cortex, striatum, and hip-
pocampus are coupled with the G proteins of the 
G1/Go class, and their activation inhibits the ade-
nylate cyclase. The M1, M3, and M5 central 
receptors are coupled with the G proteins of the 
Gq/G11 class and activate the phosphatidylinosi-
tol cascade (Caulfi eld et al., 1993a, 1993b; Grassi 
et al., 1993; Ffrench-Mullen et al., 1994; Ehlert et 
al., 1995; Myles and Fain, 1996; Kostenis et al., 
1998; Nicole et al., 2001). However, there is con-
troversy concerning these phenomena, particularly 
regarding whether M2 and M4 receptors also acti-
vate the cascade (compare, for example, Schime-
rlik, 1990, and McKinney, 1993; see also 
Richelson, 1995); also, certain muscarinic recep-
tor subtypes may activate other second mes-
sengers, including the Ca2+-calmodulin system 
and cGMP (cyclic nucleotide-gated channels; 
Kuzmiski and MacVicar, 2001). Altogether, the 
defi nition of the link between the different musca-

rinic receptor subtypes and the various messenger 
systems is still incomplete (Richelson, 1995; 
Ehlert et al., 1995; Kostenis et al., 1998). Interest-
ingly, M5 activation may be induced in non-
neuronal cells such as hamster ovarian cells 
(Singer-Lahat, 1996).

Classically, nicotinic receptors do not relate to 
the phosphatidylinositol cascade or the cyclic 
GMP, and their activity vis-à-vis cyclic AMP 
activity is uncertain (see Chapter 6). However, 
recent results indicate that nicotinic agonists (in 
the rat cortex and hippocampus) activate the phos-
phatidylinositol cascade and related Ca2+ fl uxes 
(Richelson, 1995); this effect resembles that of 
muscarinic agonists. It is interesting that Ca2+

fl uxes may be elicited by nicotinic receptors of the 
α7 subunit type located on central—such as hip-
pocampal—astrocytes, which thus contribute to 
calcium signaling in the CNS (see, for example, 
Sharma and Vijayaraghavan, 2001). Furthermore, 
nicotinic agonists may affect the sensitivity of rat 
brain M1 and M3 receptors. Whether this effect 
relates to the phosphatidylinositol action of these 
agonists is unknown. Altogether, the differential 
role of nicotinic receptor subtypes with respect to 
the various second messenger systems is unclear.

The important role of couplings among cholin-
ergic receptors and their subtypes and the second 
messengers and G proteins concerns the genera-
tion of postsynaptic currents (see above, this 
section) and the causation of overt cholinergic 
functions and behaviors (see section BIV). This 
role has not been completely clarifi ed as yet. 
However, Chris Krnjevic and his associates eluci-
dated the difference in synaptic signifi cance and 
consequences of the activation of muscarinic and 
nicotinic receptors. Krnjevic (1969) pointed out 
that the synaptic, fast responses (fast EPSP) 
recorded classically at the neuromyal junction and 
at the autonomic ganglia relate, on a one-to-one 
basis, to effective transmission and effective fast 
postsynaptic potential, in contradistinction to the 
central slow muscarinic responses, and he demon-
strated that this difference also obtains in the CNS. 
Accordingly, he suggested that the muscarinic 
responses are facilitatory and modulatory rather 
than obligatory in nature. Thus, they promote 
nicotinic responses and responses to noncholiner-
gic transmitters, attenuate the IPSPs evoked 
by inhibitory transmitters, diminish the after-
hyperpolarization that follows the action potential, 
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and increase the neuronal excitability via assisting 
anomalous rectifi cation and “suppressing the sta-
bilizing effect of K outward current” (Krnjevic, 
1988, 1993; Puil and Krnjevic, 1978). These phe-
nomena promote and prolong the repetitive fi ring 
engendered by depolarizing inputs that are nor-
mally cut off by the after-hyperpolarization, and 
they may underlie long-term potentiation (LTP; 
see section BIV-3d). Krnjevic’s (1993) demon-
stration that ACh suppresses high anoxic K+ con-
ductance evoked by brain ischemia and hypoxia, 
and prevents the resulting attenuation of neuronal 
excitability and repetitive fi ring, is consistent with 
the concept of the modulatory and facilitatory nature 
of the muscarinic activation (see section BIII-2).

It must be added that the facilitatory action 
of ACh may also be due to its disinhibitory 
effect (Kelly and Rogawski, 1985); this phenom-
enon arises when the activation of cholinergic 
pathways, including those originating in the 
mesencephalic formation (see Chapter 2 DI-DIII), 
evoke depolarization that attenuates inhibitory 
potentials due to other transmitters (see section 
BIII-2c, below).

Receptor desensitization (or inactivation) and 
sensitization may also be considered as modula-
tory phenomena, since these phenomena affect the 
extent of the receptor response. Nicotinic sensiti-
zation and desensitization are classical phenom-
ena well known since the middle of the last century 

(Thesleff, 1955; Karczmar, 1957; Karczmar et al., 
1972; see Chapter 6 and section BIII-2f, below). 
The desensitizing capacity of muscarinic responses 
was described more recently. It appears that expos-
ing M2 receptors to ACh may cause rapid desen-
sitization of G protein-mediated phosphorylation 
of GRK family receptor kinases. This in turn 
induces the desensitized binding of an “arrestin” 
protein to the receptors (Hamilton et al., 1998; see 
also Chapter 5).

b. Central Inhibitory Postsynaptic 
Cholinoceptive Responses

Randic et al. (1964) and Bradley and Wolsten-
croft (1965) were the fi rst to demonstrate that ACh 
and cholinomimetics evoke inhibitory responses 
in the rodent cerebral cortex and the pons-medulla. 
These responses occur also in several limbic 
structures, basal ganglia, thalamus, cerebellar 
cortex, and spinal cord (Figure 9-13; see Curtis 
and Crawford, 1969; Vazguez and Krip, 1973; 
Kelly and Rogawski, 1985; Krnjevic, 1974a, 
1974b, 1988; Egan and North, 1986). Though 
widespread, these responses are not as frequent as 
the excitatory nicotinic and muscarinic responses. 
Most of these inhibitions seem to be muscarinic 
in nature, as the depressant action of ACh was 
duplicated in the same cells by muscarinic ago-
nists and blocked by atropine and atropinic drugs 
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Figure 9-13. Acetylcholine (ACh) hyperpolarizes neurons of rat nucleus parabrachialis. Records show membrane 
potential (resting level, −60 mV). (A) The bar above each trace indicates duration of superfusion with ACh-containing 
solution (concentration indicated); the solution also contained neostigmine throughout this experiment. Approximately 
5 min elapsed between each of the traces shown. The neurons did not fi re action potentials during the hyperpolarization 
evoked by ACh. (B) The arrows indicate application of a pressure pulse (70 k Pa, 10 ms) to a pipette that contained ACh 
chloride (1 mM), the tip of which was positioned beneath the surface of the superfusion solution. Left trace, control; 
right trace, the same ACh application in the presence of neostigmine (1 µM). (From Egan and North, 1986, with 
permission.)
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(Hasuo et al., 1988; McQuiston and Madison, 
1999). When evoked by electropho retically
applied ACh or cholinomimetics, the inhibitory 
responses occur after a delay and are prolonged; 
these kinetics are consistent with the muscarinic 
nature of these responses (Curtis and Crawford, 
1969; see, however, Kelly and Rogawski, 1985).

This inhibition is due to a Ca2+-independent
increase in K+ conductance (Hasuo et al., 1988; 
McQuiston and Madison, 1999); thus, it is analo-
gous with the muscarinic cardiovagal action 
(Egan and North, 1986). Nicotinically evoked 
inhibitions are rare; they were recorded in the rat’s 
dorsolateral septal nucleus and cerebellar Purkinje 
neurons (Wong and Gallagher, 1991). Similar to 
muscarinic evoked inhibition, nicotinic inhibition 
is mediated by a Ca2+-dependent increase in the 
K+ conductance (Wong and Gallagher, 1991).

The nature of the inhibitory cholinoceptivity is 
controversial, as not all investigators agree with 
the notion of a direct, inhibitory cholinoceptive 
response. In fact, it was proposed that inhibitory 
response is disynaptic, as it is mediated by choli-
nomimetic action on an inhibitory interneuron 
(McQuiston and Madison, 1999; Benardo and 
Prince, 1982; McCormick and Prince, 1985; 
Gahring et al., 2004; see also Krnjevic, 1988; 
Karczmar, 1972a, 1972b). It is consistent with this 
opinion that cholinomimetic inhibition was some-
times antagonizable by strychnine and related to 
the release of GABA (Stone, 1972; Phillis and 
York, 1968; Tredway et al., 1999). It is also con-
sistent with this notion that the inhibitory response 
occurs after a delay, which is characteristic of a 
disynaptic circuitry (A. G. Karczmar and K. Kim, 
1964 unpublished data). On the other hand, some-
times ACh-evoked inhibitions occurred at sites 
devoid of excitatory responses to cholinomimet-
ics; therefore, they could not be due to excitation 
of an interneuron followed by the inhibitory action 
of GABA released from the interneuron on the cell 
innervated by the interneuron (Dingledine and 
Kelly, 1977). Furthermore, microelectrode studies 
indicate that the inhibitory effects, whether mus-
carinic or nicotinic, occur directly at the cholino-
ceptive neuron (Wong and Gallagher, 1991). 
Perhaps depending on the site, inhibitory responses 
may be due to either direct or indirect disynaptic 
effects of ACh and the cholinomimetics.

There are also problems with the pharmacology 
of the inhibitions. When spontaneous fi ring 

recorded from the dorsolateral nucleus reticularis 
and ventrobasilar complex of the thalamus was 
inhibited by the stimulation of the mesencephalic 
reticular formation or via the application of ACh to 
the formation, the patterns and kinetics of the inhi-
bitions obtained by these two means were similar; 
however, while the response to ACh could be 
blocked by atropine, the response to the neural 
stimulation could not be (Dingledine and Kelly, 
1977). The signifi cance of this evidence is obscured 
by the uncertainty of whether or not the pathways 
in question are cholinergic. In fact, in only a few 
instances could the inhibitory responses be related 
to specifi c cholinergic pathways. For example, Joel 
Gallagher, Pat Shinnick-Gallagher, and their asso-
ciates demonstrated that certain IPSPs are gener-
ated by the activity of pathways originating in the 
medioseptal diagonal band (J. P. Gallagher, 1979 
personal communication).

Finally, besides the two notions of either direct 
or disynaptic nature of cholinoceptive inhibitions, 
a third option was described: the inhibitions may 
result from a delayed, postexcitatory hyperpolar-
ization (McCormick and Prince, 1987).

BII. Central Release of 
Acetylcholine

1. Release of ACh from and in 
the Brain and Isolated 
Tissues

Is it possible to repeat in the CNS the experi-
ments that led to the classical demonstration of 
ACh release at specifi c peripheral cholinergic syn-
apses? Such a demonstration must involve stimu-
lating an identifi ed central neuron or a homogeneous 
population of neurons, suspected of being cholin-
ergic, and identifying the transmitter released 
from the site. This is a diffi cult task to accomplish 
in vivo and even in isolated preparations since 
the latter generally do not include a single kind 
of neuron. Even for the Renshaw cell, a well-
identifi ed cholinergic interneuron, this kind of 
demonstration is not available. However, pertinent 
fi ndings begin to emerge. For example, the release 
of ACh was observed in cultures of identifi ed cho-
linergic neurons such as those of the diagonal 
band of Broca or nucleus basalis of Meynert 
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Figure 9-14. Microdialysis technique in a rat performing an operant task. Artifi cial cerebral spinal fl uid containing 
a cholinesterase inhibitor was perfused at a constant fl ow rate of 3 µl/min. Dialysate samples were collected from 
the frontal cortex or hippocampus at 5-minute intervals, while the rat was at rest or pressing the lever to obtain a 
food reward. Acetylcholine content in the samples was quantifi ed by a high liquid chromatography method. (By 
courtesy of Giancarlo Pepeu.)
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(Takei et al., 1989). Also, ACh was released in
vivo from specifi ed cortical or forebrain sites fol-
lowing the stimulation of the nucleus basalis 
(Kurosawa et al., 1989; Consolo et al., 1990).

Less specifi cally, the release of ACh from 
several brain areas, not necessarily homogeneous, 
has been amply demonstrated since Quastel and 
his associates (1937) described the release of 
ACh-like substances from brain slices incubated 
in an eserinized medium. Subsequent work was 
carried out both in vivo and with isolated prepara-
tions. In vivo, MacIntosh with Oborin (1953), 
Elliott et al. (1950), Mitchell (1963) and Szerb 
(1964; see Karczmar, 1967 and Pepeu, 1974) 
applied cups or cylinders to the exposed cortex for 
collecting the cortical release, which contained 
ACh (Figures 9-14 and 9-15). Later, Gaddum’s 
push-pull cannula, Feldberg’s perfusion of 
intracerebral spaces, and Pepeu’s microdialysis 
methods were employed together with precise 
methods for measuring ACh to evaluate ACh 
release from several subcortical sites (see Pepeu, 
1974, 1993; Wu et al., 1988).

It is interesting that such a release could be 
demonstrated even for free-moving, unanesthe-
tized animals (Wu et al., 1988; Watanabe and 
Shimizu, 1989; Toide, 1989). The release occurs 
spontaneously at cholinergically innervated central 
sites, and upon electric stimulation of the cholin-
ergic sites or of appropriate afferent pathways. It 
can be also evoked by application of K+ and 
certain neurotoxins to appropriate sites. The spon-
taneous release was augmented by physiological 
stimuli, in the case of the isolated retina stimulated 
by light (Masland and Livingstone, 1976; Masland 
and Ames, 1976) or in that of the cortical release 
of ACh in freely moving rats (Watanabe and 
Shimizu, 1989; Toide, 1989). Altogether, the 
cortex, basal ganglia and limbic structures (i.e., 
the hippocampus), cerebellum, and spinal cord 
release ACh in vivo (Pepeu, 1974; Pepeu et al., 
1990; Vizi et al., 1987; Toide, 1989).

AntiChEs were frequently added in these 
experiments to the cup, push-pull cannula, or 
dialysis fl uid (see Pepeu, 1974; Beani et al., 1978). 
However, this method may obscure the results 



9. Central Cholinergic Nervous System and Its Correlates 439

because antiChEs act on synthesis, turnover, and 
release of ACh; the latter is generally blocked by 
antiChEs (Hanin and Costa, 1976, and section 
BIII-1a, below). This inhibition and changes 
evoked by antiChEs in the metabolism of ACh 
should be considered in evaluating the pertinent 
results. However, in many of these experiments 
antiChEs were not used (see, for example Stadler 
et al., 1973; Gadea-Ciria et al., 1973).

As for the in vitro work, ACh was released 
from slices of rodent or rabbit cortex (Pedata et 
al., 1983), striatum (Jackson and Zigmond, 1988; 
Dutar et al., 1989), ventral tegmental area (Cala-
bresi et al., 1989), cerebellum (see, for example, 
Lapchak et al., 1989a), isolated retina (Masland 
and Livingstone, 1976), and limbic structures, 
including the hippocampus (Lapchak et al., 1989a; 
see also Pepeu, 1993). These sites essentially 
agree with the sites of ACh release identifi ed in
vivo. The release of ACh evoked by certain toxins, 
potassium, or electric fi eld stimulation also 
occurred in synaptosomes, cell suspensions, and/
or homogenates prepared from these brain parts 

(Meyer et al., 1984; Lapchak et al., 1989b; Raiteri 
et al., 1989; cf. also Pepeu, 1993, and Giovanelli 
et al., 1987). As expected, the release was blocked 
by tetradotoxin by lowering Ca2+ in the medium 
or by the muscarinic activation of the autorecep-
tors (see, for example, Raiteri et al., 1989). The 
regulation of ACh release from the brain or iso-
lated tissues by presynaptic auto- and heterorecep-
tors is discussed below (see section BIII-1 and 
BIII-2).

2. Release of ACh and the 
Notion of Cholinergicity

Among important criteria mandatory for estab-
lishing the cholinergicity of a synapse or a pathway 
is the demonstration of ACh’s release from perti-
nent nerve terminals (see Chapters 1 and 2). The 
preceding section emphasized the diffi culties 
encountered in meeting this criterion to a purist’s 
satisfaction for any of the central cholinergic 
pathways described in Chapter 2 D, including 
Renshaw circuitry. Yet, the criterion was nearly 

Figure 9-15. Microdialysis technique in freely moving rats. The probes, inserted in the frontal cortex or hippo-
campus, are connected to the perfusion pump through tubing, allowing the rats to move in the cage. Artifi cial cerebral 
spinal fl uid, with or without the presence of a cholinesterase inhibitor, was perfused at a constant fl ow rate of 3 µl/min.
Dialysate samples were collected at 5-, 15-, or 20-minute intervals, according to the need, and were directly assayed 
for acetylcholine by a high performance liquid chromatography method. (By courtesy of Giancarlo Pepeu.)
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met in vivo with respect to pathways radiating 
from the nucleus basalis of Meynert and the retinal 
networks (see Chapter 2 DII). Furthermore, this 
release was demonstrated with several types of 
isolated, relatively homogeneous preparations, as 
well as, in a few cases, with pure cholinergic iso-
lates. Isolated preparations may not provide direct 
evidence for the physiological release of ACh 
from a given central pathway or from specifi c 
cholinergic synapses, yet this evidence is crucial.

It must be added that additional, important cri-
teria of cholinergicity were satisfi ed with regard 
to the presence and function of central cholinergic 
transmission. Accordingly, the alleged central 
cholinergic neurons contain release markers such 
as synaptic vesicles, identifi ed as cholinergic; syn-
aptic vesicle-plasma membrane fusion proteins; 
CAT; and transporter proteins that are controlled 
by the “cholinergic gene locus” (see Chapter 2 B-1 
and B-2; Karczmar, 1999).

Today, the caveats that were once raised with 
respect to the cholinergicity of specifi c central 
pathways and synapses cannot signifi cantly disturb 
the quiet seas of central cholinergicity.

BIII. Pharmacology of 
Central Cholinergic 
and Cholinomimetic 
Responses

1. Cholinergic Pre- and 
Postsynaptic Pharmacology

Atropinics and nicotinolytics, cholinomimetics 
and antiChEs, cholinergic neurotoxins and inhibi-
tors of ACh synthesis such as hemicholiniums, the 
blockers of axonal conduction such as tetrodo-
toxin, and ionic nerve terminal channel blockers 
all cause effects, both pre- and postsynaptic, that 
are predicated on the basis of the cholinergic, 
cholinolytic, or cholinomimetic nature of the 
phenomena in question (see Pepeu, 1974, 1993; 
Narahashi, 1988). In addition, ions such as Ca2+,
in particular, play a major part in ACh release 
processes.

a. Presynaptic Cholinergic 
Pharmacology

Physiological and pharmacological phenom-
ena that regulate the release of ACh involve ionic 

channel mechanisms (Rahamimoff et al., 1980; 
Segal, 1989), as well as auto- and heteroreceptors 
(i.e., noncholinergic receptors localized on cholin-
ergic terminals). The channel mechanisms in 
question involve Ca2+, as known since the dis-
coveries of Del Castillo, Miledi and Bernard Katz 
(Del Castillo and Katz, 1954; Katz and Miledi, 
1968, 1965); today, it can be stated that “the 
elevation of intracellular  .  .  . nerve terminal  .  .  .  
Ca++  .  .  . and the membrane Ca++ voltage poten-
tial  .  .  . are  .  .  . necessary and suffi cient to promote 
release” of ACh (Parnas and Parnas, 2004). In this 
section we are concerned mainly with the autore-
ceptor phenomena.

These phenomena are consistent with morpho-
logical evidence demonstrating the presence of 
muscarinic receptors on the terminals of choliner-
gic neurons (Mrzljak et al., 1993; Van der Zee and 
Luiten, 1999). ACh’s release is autoregulated at 
these sites (see the preceding section and Chapters 
5 and 6). Accordingly, the release is increased by 
atropine or scopolamine, and decreased by mus-
carinic cholinomimetics (i.e., oxotremorine) and 
antiChEs. This is true for the cortex, the basal 
ganglia, and the limbic structures (for example, 
the hippocampus) and can be demonstrated in vivo
and in vitro (see the preceding section and Pepeu, 
1974, 1993; Raiteri et al., 1987; Karczmar, 1986 
and 1990; Albrecht et al., 1999). The control of 
the time course of release depends most on the M2 
receptors, the Ca2+ infl ux being faster; conversely, 
during the termination of release, the M2 receptor-
mediated processes are faster than those control-
ling the removal of Ca2+ (Parnas and Parnas, 
2004).

In some brain regions (the striate and the 
limbic system, for example), the central presynap-
tic regulation depends on M2 and M4 receptors; 
interestingly, M1 receptors are involved in corre-
sponding phenomena at the autonomic ganglia 
(Caulfi eld and Brown, 1991.) At these sites, spe-
cifi c M2 ligands are capable of antagonizing the 
depression of ACh release by muscarinic M2 ago-
nists such as oxotremorine (Weiler, 1989; Lapchak 
et al., 1989a, 1989b). However, additional musca-
rinic receptors are also present at central choliner-
gic terminals. Muscarinic agonists inhibit ACh 
release in the hippocampus, several cortical areas, 
and the septum by blocking presynaptic Ca2+

channels, which results in nerve terminal depolar-
ization (see for example, Segal, 1989; Caulfi eld 
and Brown, 1991; Dudkin et al., 1990; Quian and 
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Saggau, 1997). The effects of K+ channel blockers 
(aminopyridines, for example) on ACh release are 
less certain (see Torocsik and Vizi, 1990; Marchi 
et al., 1999).

Nicotinic presynaptic autoreceptors are facili-
tatory in nature (see section BI-1 and Lindstrom, 
1994, 1995, 1996). Accordingly, Lapchak et al. 
(1989a, 1989b, 1990; Marchi et al., 1999) found 
that nicotinic agonists facilitated and nicotinolyt-
ics attenuated ACh release from slices of 
several brain areas and synaptosomes, and 
in vivo from the hippocampus and hypothalamus. 
Atropinics did not affect the nicotinically 
induced release. Marchi and Raiteri (1996) 
and Marchi et al. (1999) determined that Ca2+

channels are involved in selecting between a 
nicotinic and muscarinic presynaptic effect on 
the release of ACh. They hypothesized that the 
transition to nicotinic enhancement of release 
occurs when cholinergic function is impaired. 
The fi nding by Eskesen and Sheardown (1993) 
that both nicotinolytics and atropinics attenuate 
miniature endplate potentials (MEPPs) and 
endplate potentials (EPPs) seems inconsistent 
with the notion that atropinics facilitate ACh 
release.

Inhibition of ACh synthesis by choline uptake 
inhibitors (i.e., hemicholiniums or appropriate 
antibodies), blockade of nerve terminal Ca2+ chan-
nels, and destruction of cholinergic neurons by 
cholinergic neurotoxins, for example, AF64A 
(Figure 9-16), lead to the inhibition of ACh release 

(see Marchbanks et al., 1981; Uney and March-
banks, 1987; Pittel et al., 1992a, 1992b; Evans et 
al., 1993; Dudkin et al., 1990). Conversely, 
increasing choline uptake into the nerve terminal 
or decreasing its effl ux facilitates ACh release 
(Pittel et al., 1992a, 1992b).

Altogether, cholinergic neurotoxins such as 
AF64A exert central actions similar to those they 
evoke at the cholinergic periphery. However, 
unexpected effects sometimes occur. For example, 
beta bungarotoxin, a neurotoxin, which blocks 
ACh release from the myoneural junction, exerts 
complex, multiphasic effects on the central cho-
linergic terminals in vitro (for example, in the case 
of rodent cortical synaptosomes) or in vivo
(Chapell and Rosenberg, 1992).

Pertinent in this context are the second messen-
ger phenomena that include nucleotides and their 
activators; phosphatidylinositol turnover (PIT); 
the third messengers (nitric oxide); related mecha-
nisms (i.e., phosphorylation-dephosphorylation 
of synapsin, a protein involved in ACh release); 
and the mediatophore phenomena (see Chapter 
2 C1 and C2). Accordingly, it was shown that 
NO, an activator of guanyl cyclase and therefore 
of glyceryl memephosphate (GMP), facilitates 
the release of ACh in the forebrain (see, for example, 
Prast and Philippu, 1992; Prast et al., 1995; 
Ohkuma et al., 1995; Leonard and Lydic, 1995). 
Also, PIT helps conditioning and learning via facil-
itating ACh release (see Van der Zee and Luiten, 
1999).
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Figure 9-16. Structures of AF64A and choline. (After Hanin, 1990, 1992, with permission.)
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b. Postsynaptic Cholinergic 
Pharmacology

There are three types of central cholinoceptic-
ity. Some neurons including thalamic neurons 
show only nicotinic responses (Tebecis, 1970a, 
1970b; Lindstrom, 1994, 1996); some cells (for 
example, hypothalamic cells) respond only 
muscarinically (Krnjevic, 1969); the majority 
of neurons show mixed sensitivity (see also section 
BI-2, above).

Orthodox pharmacology was established for 
the postsynaptic responses of these neurons. 
Whether superfused, applied by micropipettes, or 
given systemically, fast postsynaptic responses to 
nicotine and nicotinic agonists were blocked by 
nicotinolytics; additionally, the fast responses 
evoked by nicotinic action of microelectrophoreti-
cally applied ACh were blocked by nicotinic 
antagonists. On the other hand, postsynaptic 
responses to muscarinic cholinomimetic and 
muscarinic responses to ACh were blocked by 
antimuscarinics (for references, see Curtis and 
Crawford, 1969; Krnjevic, 1974a, 1974b, 1988; 
Karczmar, 1967; McGeer and McGeer, 1993; 
McGeer et al., 1987).

AntiChEs, of both carbamate and organophos-
phorus type, readily potentiated both ACh and 
cholinomimetically—provided ChE sensitive cho-
linomimetics were used—evoked responses of 
appropriate central neurons (cf., for example, 
Karczmar, 1967; Krnjevic, 1974). This occurred 
whether the responses were nicotinic or musca-
rinic in character.2 Also, this potentiation could be 
obtained in a number of areas innervated by rec-
ognized cholinergic pathways and exhibiting sig-
nifi cant cholinoceptivity such as the striate, cortex, 
thalamus, hypothalamus, and several limbic sites 
(see, for example, Washburn and Moises, 1992).

Receptor subtype-specifi c electrophysiological 
postsynaptic responses may be obtained in the 
rodent CNS with receptor subtype-specifi c musca-
rinic and nicotinic agonists including choline 
(Ladinsky et al., 1979; Albuquerque et al., 1996; 
Mike et al., 2000; Mellott et al., 2004; see also 
Chapters 3 CII and 8 CIII). These responses are 
blocked by receptor-subtype specifi c nicotinic and 
muscarinic antagonists (see, for example, 
McCormick, 1993; Clarke, 1993a, 1993b; Patrick 
et al., 1993; Ladinsky, 1993; and Lindstrom, 
1994). The nicotinic receptor’s subtype response 

was generally characterized in the oocyte expres-
sion system (see Chapter 6) rather than in situ or 
in isolated preparations. So the knowledge of the 
CNS distribution of nicotinic receptor subtypes is 
incomplete (see Chapter 6). At any rate, the central 
postsynaptic nicotinic and muscarinic responses 
share ionic characteristics with those classically 
established for the ganglia, as in the case of mus-
carinic responses obtained in slices of the amyg-
dala (Womble and Moises, 1992).

Similar pharmacological results were obtained 
with responses evoked in vitro or in vivo by pre-
synaptic electric stimulation. Accordingly, thus 
evoked nicotinic and muscarinic responses were 
readily blocked by nicotinolytics and atropinics, 
respectively (see, for example, Wasburn and 
Moises, 1992), and potentiated by antiChEs. 
Again, tertiary blockers were effective when given 
systemically, and both tertiary and quaternary 
blockers were active when applied electrophoreti-
cally (Curtis and Crawford, 1969; Krnjevic, 1974a, 
1974b, 1988). Interestingly, functionally evoked 
cholinoceptive responses showed expected phar-
macology. Accordingly, Zhang and Liu (1993) 
demonstrated in vivo that neurons of the thalamic 
nucleus parafascicularis are sensitive to micro-
electrophoretic application of ACh, particularly 
when following algetic stimulation. Both this 
response and the fi ring induced in these neurons 
by noxious stimulation were blocked by atropine. 
The nicotinic and muscarinic, neurally or func-
tionally induced responses are blocked in vitro by 
lowering the calcium concentration of the solution 
or by adding tetrodotoxin or hemicholinium com-
pounds. Taken together, these results suggest that 
the release of ACh from the pertinent sites and its 
postsynaptic action at these sites are involved in 
the neurally and functionally evoked responses 
(cf. Karczmar, 1967). These fi ndings have a 
bearing on the pharmacology of functions and 
behaviors phenomena (see section BIV and BV).

The pharmacology of the central postsynaptic 
phenomena resembles the pharmacology of periph-
eral postsynaptic events. However, this analogy is 
not always perfect. Assumedly, this is because of 
the differences between central and peripheral cho-
linergic receptor subtypes. For example, alpha 
bungarotoxin, while capable of binding to cholino-
ceptive receptors of the rodent hippocampus and 
other brain regions (Larsson and Nordberg, 1985), 
cannot block central cholinergic nicotinic 
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transmission, in contrast to what occurs at the neu-
romyal junction or at the ganglia. However, astro-
cytic nicotinic receptors seem to be blockable by 
alpha bungarotoxin (Sharma and Vijayaraghavan, 
2001; see also section BI-2, above).

2. Noncholinergic 
Pharmacology and 
Transmitter Interactions

Noncholinergic pharmacology and transmitter 
interactions concern the effects of either noncho-
linergic drugs or noncholinergic transmitters at 
cholinergic nerve terminals and postsynaptic cho-
linoceptive sites. Conversely, ACh and cholinergic 
drugs affect the release of noncholinergic trans-
mitters and their postsynaptic responses.

Effects of non-ACh transmitters on cholino-
ceptive sites and effects of cholinergic drugs on 
noncholinergic sites represent instances of trans-
mitter interactions. In view of the ubiquity of 
the cholinergic pathways and their widespread 
impinging on the other transmitter systems, such 
interactions may be readily expected. Electro-
physiological, pharmacological, and morphologi-
cal evidence was adduced to specifi cally defi ne 
the sites of these interactions; striate, substantia 
nigra, globus pallidus, and thalamus caudate are 
among these sites. Roth and Bunney (1976), Van 
der Zee and Luiten (1999), Bartholini (1980), 
Meldrum (1982), and others proposed the exis-
tence of complex pre- and postsynaptic interplay 
in the striate among the dopaminergic, choliner-
gic, and GABAergic neurons. Similarly compli-
cated circuitry that may also include glutamate 
was proposed for the hippocampus (Costa, 1979; 
Costa, 1989; Van der Zee and Luiten, 1999). An 
interplay including several catecholaminergic, 
serotonergic, and aminoergic synapses was 
described for the dorsal tegmentum, basal fore-
brain, corticostriatal pathways, and pathways 
linking the locus coeruleus, raphe nuclei, and teg-
mentum (McGeer et al., 1977; Lloyd, 1976, 1978; 
Euvrard et al., 1977, 1979; Hobson et al., 1993; 
Scatton and Fage, 1986; Karczmar, 1986; 
Zaborszky et al., 1991). Finally, involvement of 
peptides in these interactions was also demon-
strated (Pepeu, 1974; Harrison and Henderson, 
1999). The phenomena in question may involve 
either pre- or postsynaptic interactions.

a. Presynaptic Noncholinergic 
Pharmacology

General anesthetics and depressants including 
ether, cyclopropane, halothane, and barbiturates 
as well as local anesthetics such as lidocaine (cf. 
Curtis and Crawford, 1969; see, however, Bazil 
and Minneman, 1989) decreased in vivo and in
vitro hippocampal, subcortical, and cortical release 
of ACh (Pepeu, 1974, 1993; Inagawa et al., 2004). 
The extent of depression depended on the level of 
anesthesia and local anesthetic concentration 
(MacIntosh and Oborin, 1953; Mitchell, 1963). 
This attenuation of release was also observed with 
respect to brain slices. A related depressant, 
alcohol, exerted similar effects on ACh release 
(Pepeu, 1974).

In vivo, this inhibition of release was attenu-
ated following midpontine transection; Giancarlo 
Pepeu (1974) suggested that the decrease was due 
to the “depression by the anesthetics of the cho-
linergic fi bers originating from or controlled by 
the reticular formation.” However, the effect may 
depend on the anesthetic’s actions on cellular 
metabolism (Krnjevic, 1974a, 1974b).

Generally, the same effect is obtained with 
tranquilizers and opiates (Pepeu, 1974). Morphine 
and its congeners are particularly interesting. 
Crossland (1971) predicted that morphine should 
decrease the central release of ACh, as he found 
that the level of “bound” ACh was increased and 
that of “free” ACh was decreased by acute admin-
istration of morphine. Indeed, Crossland’s predic-
tion was true: acute (single) administration of 
morphine and other opiates distinctly reduced the 
release at several brain sites including the striate 
(Schoffelmeer et al., 1992). His notion is also con-
sistent with the diminution by acute morphine 
administration of ACh turnover in several brain 
parts. This effect could also be observed in freely 
moving rodents (Pepeu, 1974) and in slices. The 
opiate-induced diminution of ACh release was 
antagonized by naloxone and other opiate receptor 
antagonists, whether in vivo, in slices obtained 
from several areas of the rodent brain including 
the cortex, the hippocampus, the striate, or in syn-
aptosomal preparations (Lapchak et al., 1989a; 
Salto et al., 1990). Depending on the brain site, 
activation of Mu or delta morphine receptor sub-
types was effective in attenuating ACh release and 
turnover (Schoffelmeer et al., 1992). However, the 
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diminution by the opioids of ACh turnover was 
not obtained consistently. It should be added that 
kappa receptors are involved in blocking ACh 
release at the autonomic cholinergic nerve endings 
(Arenas et al., 1990; Ahmed et al., 1989).

During addiction, the effect of morphine on the 
release of ACh is subject to tolerance, while 
during withdrawal or following the administration 
of morphine antagonists the release is dramati-
cally augmented (Casamenti et al., 1980; Jhaman-
das et al., 1971; Jhamandas and Sutak, 1976). 
Also, ACh pool and levels return to normal upon 
chronic morphinization (see section BV).

Several other drug types including tranquiliz-
ers attenuate the release of ACh. These effects 
frequently involve their transmitter actions (i.e., 
catecholaminergic antagonists like clonidine; 
see, for example, Zoltay and Cooper, 1993) and 
cofactors involved in monoamine metabolism 
(Koshimura et al., 1992). ACh release is also 
modulated by the action of various drugs on non-
cholinergic transmitters; thus, catecholaminergic 
blocking effects of some tranquilizers and 
catecholaminergic antagonists such as clonidine, 
as well as cofactors of monoamine metabolism, 
affect ACh release (Koshimura et al., 1992; Zoltay 
and Cooper, 1993).

Amphetamine and several convulsants, includ-
ing both medullary and spinal stimulants, augment 
the release of ACh (Pepeu, 1974; Pepeu and 
Spignoli, 1989; Spignoli and Pepeu, 1987). This 
effect was observed with respect to a number of 
brain parts and was obtained both in vivo and in
vitro (Pepeu, 1974; Bashkatova et al., 1999; Vizi, 
1979). That the augmentation of ACh release by 
the drugs in question occurs in vitro suggests that 
this effect may not necessarily be due to the 
activation of central cholinergic neurons via the 
thalamic or mesodiencephalic pathways.

A number of other substances facilitate ACh 
release from the cortex and the hippocampus. 
Among these are derivatives of aminopyridines 
and related aminoacridines, pyrrolidinones, and 
phenylindolines (Foldes et al., 1989; Meyer and 
Otero, 1989; Nordberg et al., 1989a, 1989b; 
Buyukuysal et al., 1995; Giurgea, 1972; Cook 
et al., 1990; Borjesson et al., 1999). These com-
pounds may increase ACh release via the block of 
K current and/or mobilization of Ca2+, similar to 
atropinics. For example, aminopyridines act simi-
larly to atropinics on presynaptic muscarinic 
receptors that are probably of M2 type (Nordberg 

et al., 1989a). However, Ca2+ overload induced 
by such conditions as epileptiform kindling may 
attenuate the release of ACh and may be reversed 
by Ca2+ channel blockers (Serra et al., 1999). Alto-
gether, the mechanisms involved in ACh release 
effect for many of these compounds (i.e., pyrro-
lidinones and phenylindolines) are unclear.

Some compounds that promote ACh release 
including phenylindoline, linopirdine, and pyrro-
lidinones antagonize scopolamine- or atropine-
induced amnesia and improve learning in animals 
and possibly humans (Borjesson et al., 1999; 
Pepeu and Spignoli, 1989). It was proposed that 
pyrrolidinones improve cognition because they 
show a special “affi nity” or “tropism” for “inte-
grative” action on cognition, memory, and learn-
ing (Giurgea, 1972; Giurgea and Salama, 1977); 
they are referred to as nootropic. Other factors, 
besides an “integrative action”—a rather vague 
notion—may be involved. The amnesic effect of 
atropinics is due to their postsynaptic action (see 
section BV, below); accordingly, the antagonism 
between atropinics and nootropics probably 
involves the presynaptic site where the pyrrolidi-
nones may synergize with atropinics with regard 
to the presynaptic facilitatory effect on ACh 
release. The pertinent evidence seems to be incom-
plete (Pepeu et al, 1990; Pepeu and Spignoli, 
1989). Finally, Li+, a drug used in the treatment of 
depression, may also facilitate central release of 
ACh via its action on ACh synthesis and second 
messengers (Uney and Marchbanks, 1981; Jope, 
1979). And, several studies (see, for example, 
Steingart et al., 1998) reported changes in pre- and 
post-synaptic sites following application of opiates 
and barbiturates.

b. Presynaptic Transmitter 
Interactions

Presynaptic transmitter interactions involve 
cholinergic effects on noncholinergic nerve termi-
nals (i.e., an interaction that involves heterorecep-
tors; see section BI-1, above) and the converse 
effects, the activation of noncholinergic terminals 
on cholinergic presynaptic sites. The interaction 
is widespread because cholinergic pathways are 
ubiquitous and overlap or abut other transmitter 
pathways.

Good evidence confi rms heteroreceptor facili-
tation of catecholamine release. For example, acti-
vation of the cholinergic neurons or application of 
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muscarinic cholinomimetics potentiates the release 
of dopamine and norepinephrine from the striate, 
hippocampus, nucleus accumbens, and/or sub-
stantia nigra. Also, the cholinergic system may 
mediate facilitatory effects of dopamine receptor 
antagonists on dopamine release (Lehmann and 
Langer, 1982; Marchi and Raiteri, 1985; Marchi 
et al., 1987; Koda et al., 1989; Zaborszky et al., 
1983; James and Massey, 1978; Vizi and Kiss, 
1998; Yamada et al., 1999; Miller and Blaha, 
2004). Similarly, nicotinics facilitate the release 
of catecholamines (including dopamine) from the 
hippocampus and other sites (Vizi and Kiss, 1998; 
Wonnacott et al., 2005). However, some informa-
tion is not consistent with these results. Muscarin-
ics decreased via their presynaptic actions, 
excitatory potentials elicited in the midbrain and 
the mesencephalon dopaminergic neurons, and the 
release of catecholamines from the caudate and 
other sites (Kemel et al., 1989; Xu et al., 1989; 
Vizi et al., 1989a, 1989b; Grillner et al., 1999). 
Additionally, some antiparkinsonian atropinics 
increased catecholamine release (Jackisch et al., 
1993). Perhaps the effect of muscarinics on the 
release of catecholamines depends on the musca-
rinic receptor subtype: while M2 and M3 recep-
tors are involved in facilitating the release, the 
activation of the M4 receptor may inhibit the 
release.

While activation of muscarinic M1 receptors 
generally blocked serotonin release from several 
brain parts including the caudate, nicotinics facili-
tated its release from the superior colliculus 
(Wichman et al., 1988, 1989). That indeed the 
cholinergic or cholinomimetic effect on the release 
of serotonin was localized directly at the seroto-
nergic nerve terminals was demonstrated electro-
physiologically for the spinal cord (Jiang and Dun, 
1986; see also section BI-1, above). However, 
altogether the effects of the cholinergic system or 
cholinergic drugs on the central release of sero-
tonin were inconsistent (Vizi and Kiss, 1998).

There is extensive information regarding the 
cholinergic control of the release of vasopressin. 
This control was established functionally (with 
respect to diuresis) in the 1930s by Mary Pickford 
(see section BIV of this chapter); it was subse-
quently demonstrated that this effect occurs at 
humoral terminals of supraoptic and paraventricu-
lar nuclei. This effect is nicotinically mediated at 
supraoptic nuclei and muscarinically at paraven-
tricular nuclei (Ota et al., 1992). Prostaglandin 

may also be involved in these phenomena: Inoue 
at al. (1991) found that blockers of prostaglandin 
activation or synthesis depress the muscarinic 
release of vasopressin. Finally, activating the 
cholinergic terminals and applying cholinergic 
agonists facilitates the release of peptides such as 
thyrotropin-releasing hormone (TRH) in the retina 
(Mitsuma et al., 1992).

Cholinergic heteroreceptors are also involved 
in regulating the release of GABA, glutamate, and 
aspartate. Immunoreactivity studies of GABAer-
gic and cholinergic neurons suggest that choliner-
gic neurons of the limbic system and the neocortex 
of several species abut on the dendrites, the soma, 
or the terminals of GABAergic cells; the responses 
appear to be muscarinic in nature (Beaulieu and 
Somogyi, 1991; Somogyi, 1988; Van der Zee and 
Luiten, 1999). Furthermore, electrophysiological 
and direct evidence indicated that in the hippo-
campus and amygdala the activation of choliner-
gic neurons might block presynaptically the 
release of GABA, glutamate, and aspartate 
(Gonzales et al., 1993; Krnjevic et al., 1980; 
Sugita et al., 1991; Vizi and Kiss, 1998). This 
effect may be mediated by M2, M3, or M4 recep-
tors (Vizi and Kiss, 1998; Sugita et al., 1991). 
Also, the activation of nicotinic presynaptic het-
eroreceptors inhibits the release of glutamate 
(Rovira et al., 1983; Vizi and Kiss, 1998; see also 
Krnjevic, 1993).

However, increasing the release of glutamate, 
GABA, and other amino acids by activation of 
nicotinic and muscarinic presynaptic receptors 
was also reported (Tung et al., 1989; Russo et al., 
1993; Toth et al., 1993; Radcliffe et al., 1999; 
Tredway et al., 1999; Hu et al., 1999). Albuquer-
que and his associates (Albuquerque et al., 1998a, 
1998b; Alkondon et al., 1999) found that the acti-
vation of preterminal nicotinic heteroreceptors of 
either α7 and α4 β2 subtype facilitates endoge-
nous (driven by glutaminergic neurons) GABA 
release, while it blocks evoked GABA release 
(Figures 9-17 and 9-18).

It must be remembered that, in the case of 
cholinergic autoreceptors, muscarinics and mus-
carinic actions of acetylcholine generally exert an 
inhibitory action on the release of ACh (see section 
BI-1, above). Accordingly, facilitatory actions 
of ACh on non-ACh transmitter release present 
a conceptual diffi culty; especially if ionic and 
second messenger phenomena involved in facilita-
tory (in the case of heteroreceptors) and blocking 
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Figure 9-17. Nicotinic responses of CA1 interneurons. Responses recorded from 4 interneurons (labeled A to D) 
are shown. In A, choline induced a rapidly decaying whole-cell inward current accompanied by postsynaptic currents 
(PSCs). Superfusion of the neurons with tetrodotoxin (TTX, 0.5 µM) abolished choline-induced PSCs, but not the 
nicotinic current. In B, choline evoked nicotinic inward current accompanied by PSCs and fast current transients. 
The fast current transients are purposely clipped to unmask the other components. Superfusion with methyllycaconi-
tine (MLA) 50 (50 nM) abolished all 3 components of the choline-evoked response. In C, ACh induced a response 
that consists mainly of PSCs. Superfusion of this neuron with TTX-containing solution blocked most of the response, 
leaving a small, slowly decaying nicotinic current, which was due to the activation of ACh receptors on the neuron 
from which the recordings were obtained. In D, ACh induced a similar response as in C, and this response was 
completely blocked by dihydro-β-erythroidine (DHβE; 10 µM). The duration of the agonist pulse is indicated by the 
solid line above the top traces. The interneurons studied were located at 100 µM (A), 150 µM (B and C), and 125 µM
(D) from the midline of the pyramidal cell layer. Age of rats = 24 days (A, C, D) and 19 days (B). In all experiments 
the membrane potential was held at −60 mV (from Albuquerque, 1998a, with permission.).
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(in the case of autoreceptors) cholinergic nerve 
terminal actions are similar in both phenomena. 
However, at certain sites ACh facilitated ACh 
release (section BI-1). The interneuronal, indirect 
nature of ACh’s facilitatory effect on the release 
of non-ACh transmitters or the nicotinic receptors’ 
involvement in the facilitatory effect may offer a 
way out.

The converse matter concerns the effect of 
non-ACh transmitters (i.e., polypeptides, cate-
cholamines, amino acids, transmitter precursors, 
and modulators) on ACh release; this effect was 
shown in the 1960s by Pepeu and his associates 
with respect to L-dopa and substance P (Pepeu, 
1974). Strong evidence in this area concerns 
purinergic transmission: adenosine, a central 
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Figure 9-18. (See Figure 9-17 for abbreviations.) Scheme showing the possible sites of expression of functional 
α7 and α4β2 nAChRs in CA1 interneurons. The cholinergic axon is likely to come from the septum, and GABAergic 
axons are likely to originate from other interneurons in different layers of the CA1 region. As depicted in the far 
left side of the scheme, activation of α7 and α4β2 nAChRs located in presynaptic neurons can facilitate the TTX-
sensitive release of GABA. Activation by GABA of GABAA receptors present in the interneuron being studied would 
result in elicitation of GABA-mediated PSCs, which are sensitive to blockade by GABAA-receptor antagonists. The 
nicotinic currents recorded from the interneuron under study would have been the consequence of the activation of 
nAChRs present in that neuron. Currents resulting from activation of α7 nAChRs would decay within the agonist 
pulse and would be equally sensitive to choline and ACh as agonists and to MLA and α-BGT as antagonists. On 
the other hand, currents resulting from activation of α4β2 nAChRs would last longer than the agonist pulse, would 
be sensitive to ACh, but not to choline as an agonist, and would be blocked selectively by DHα4βE. By inference, 
as depicted in the far right side of the scheme, it is likely that modulation by nAChRs of the ongoing activity in the 
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compound can activate a given receptor (from Albuquerque et al., 1998a, with permission.).
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neurotransmitter or modulator, inhibits in vitro
the release of ACh from several brain structures 
including the cortex and the hippocampus (Dun-
widdie, 1984; Scholz and Miller, 1992; Pedata et 
al., 1983, 1986, 1988; Nikbakht and Stone, 1949; 
see also Snyder, 1986). Purines, however, may 
affect two kinds of cholinergic nerve terminal 
receptors: when activated, one type of these ter-
minals may facilitate ACh release (Ribeiro, 1996). 
Related purinelike compounds, methylxanthines 
(i.e., aminophylline and caffeine), exhibit biphasic 
effects of ACh release from cortical slices and 
antagonize the inhibitory effect of adenosine on 
the release (Pedata et al., 1986). The effect of 
adenosine may depend on both the voltage-depen-
dent Ca2+ channels and sites not related to Ca2+

entry (Hunt and Silinsky, 1993). It is important to 
stress that adenosine depresses the release of not 
only ACh but also other transmitters, including 
glutamate (Schubert and Mitzdorf, 1979; Forghani 
and Krnjevic, 1995). Altogether, these presynaptic 
actions of adenosine underlie its block of LTP 
(Forghani and Krnjevic, 1995).

Several monoamine transmitters antagonize 
the release of ACh from a number of central struc-
tures, including the striate, the forebrain, the 
nucleus accumbens, and the hippocampus. This 
phenomenon is due to the topographic relationship 
between pertinent monoamine and cholinergic 
pathways in areas like the forebrain and the hip-
pocampus (Kolasa et al., 1995; Zaborszky et al., 
1991, 1999). Accordingly, serotonin and its ago-
nists and dopamine and its agonists antagonize the 
release of ACh (particularly as they act on the D2 
receptors); the results concerning the effects of α1
and α2 adrenoreceptor agonists on ACh release 
are inconsistent, and it is possible that other 
dopaminergic nerve terminal receptors such as 
D1 and sigma receptors may, to the contrary, 
facilitate ACh release (Stoof et al., 1987; Maura 
et al., 1989; Jackson et al., 1988, 1993; Carder et 
al., 1989; Drukarch et al., 1989; Tanganelli et al., 
1989; Compton and Johnson, 1989; Vizi, 1979, 
1980; Vizi et al., 1989a, 1989b; Consolo 
et al., 1992; Matsuno et al., 1993; Hersi et al., 
1995, 2000; Obata et al., 2005). Interestingly, evi-
dence concerning serotonin could be duplicated in 
the primates by noninvasive positron emission 
tomography (the PET scan; Dewey et al., 1993).

Amino acids also exert presynaptic effects 
on the release of ACh. A complex case is that of 
GABA and GABA agonists such as baclofen. 

Baclofen is clinically effective as an antispastic 
and as muscle relaxant, and it is used in the treat-
ment of alcohol withdrawal; also, it depresses 
spinal refl exes in animals. Baclofen was primarily 
studied with regard to the spinal pathways and the 
retina; it depressed ACh release at both sites (Nistri, 
1975; Massey and Neal, 1979). Additionally, it 
inhibits the release of other transmitters including 
excitatory amino acids and noradrenaline (Nistri, 
1975; Dewey et al., 1993; see also Wang and Dun, 
1989; Fox et al., 1978). This action may be directed 
at the presynaptic GABA-B receptors (Dutar 
and Nicoll, 1988; Wang and Dun, 1989; Lin and 
Dun, 1998), which, in contradistinction to the 
post synaptic GABA-A receptors, are bicucullin-
insensitive. It is not clear whether or not this 
inhibition depends on K+ and Ca2+ channels (Lin 
and Dun, 1998). This effect of activation of GABA-
B receptors on the release of several transmitters is 
interesting because of its, transmitterwise, nondis-
criminatory nature. It appears to be homologous to 
the effect of GABA and GABA agonists at the 
neuromyal junction and in the ganglia.3 On the 
other hand, excitatory amino acids such glutamate, 
NMDA, and related non-NMDA facilitate ACh 
release (for example, in the striate and hippocam-
pus; Wood et al., 1987; Henselmans et al., 1991; 
Giovannini et al., 1995, 1998a, 1998b).

The early work with peptides such as substance 
P (Pepeu, 1974) indicates that they may increase 
ACh effl ux in the cerveau isolé. In vitro, this effect 
was duplicated for several brain preparations 
including the striate; the substance P-evoked ACh 
release may be mediated by other peptides such as 
tachykinins (Arenas et al., 1991; Steinberg et al., 
1995).

Several peptide hormones and related substances 
exert inhibitory central presynaptic actions on ACh 
release. These compounds include TRH, angioten-
sin II, endorphins and enkephalins, vasopressin and 
oxytocin, cholecystokinin (CCK) and its analog 
cerulein (or caerulein), and galanin. These sub-
stances have a wide range of distribution in the 
CNS. While concentrated in the hypothalamus, they 
are also present in the limbic system, cortex, and 
brainstem; they seem to overlap at most of these 
sites (Beinfeld and Korchak, 1985; Hoffman et al., 
1982; Saito et al., 1981; Hruby et al., 1990; 
Zaborszky et al., 1991; McGeer and McGeer, 1993; 
Harrison and Henderson, 1999). The wide distribu-
tion of these substances, their presence in special-
ized synaptic vesicles, and their release via 
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depolarization support the notion that aside from 
their hormonal actions, these substances also act as 
neurotransmitters and modulators (Johansson et al., 
1987; Simasko and Horita, 1982; Mendez et al., 
1987). Interestingly, several of the peptides coexist 
with ACh in the neurons. In the case of galanin, this 
occurs in the septohippocampal and diagonal band 
pathways (Lamour and Epelbaum, 1988; Lamour et 
al., 1988; Vogels et al., 1989).

When given systemically, via local central 
infusion or via perfusion of brain slices, TRH, 
somatostatin, CCK, and cerulein increase or evoke 
ACh release from the cortex, the hippocampus, 
and the striate (Pepeu, 1993; Giovannini et al., 
1990; Shimoyama and Kito, 1989; Arneric and 
Reis, 1986; Magnani et al., 1987). Giancarlo 
Pepeu and his associates found that TRH-evoked 
release of ACh is weak; they emphasized that the 
density of TRH receptors in the striate is low 
(Giovannini et al., 1990; Pepeu et al., 1990; see 
also Ogawa and Kurota, 1983; Itoh et al., 1994). 
TRH-mediated release of ACh is consistent with 
the fi nding that TRH increases the turnover of 
ACh in the hippocampus and in the cortex (Malthe-
Sorenssen et al., 1978; Brunello and Cheney, 
1981) and that TRH-evoked release of ACh is 
blocked by tetrodotoxin (Giovannini et al., 1990; 
Toide et al., 1993). While the releasing effect of 
TRH on ACh is well founded, the effect may not 
always be mediated via TRH action on cholinergic 
nerve terminals but via its effect on GABAergic 
interneurons (as in the case of the septum; Brunello 
and Cheney, 1981). Similarly, an afferent circuitry 
may be involved in the cerulein-evoked facilita-
tion of ACh release (Shimoyama and Kito, 1989). 
These data are of interest in the context of the 
clinical, stimulant, and pro-memory actions of 
TRH.

On the other hand, angiotensin II (but 
not angiotensin I) and galanin inhibited ACh 
release from slices of the rat entorhinal cortex and 
hippocampal slices, and in vivo from several brain 
sites (Consolo et al., 1991). In the case of angio-
tensin, this effect was directed at specifi c angio-
tensin II receptors (Barnes et al., 1989). In addition 
to biochemical evidence, there is also electrophys-
iological evidence regarding the central, presyn-
aptic effect of galanine on excitatory cholinergic 
responses in the hippocampus (Dutar et al., 
1989).

It is noteworthy that additional peptides (for 
example, bombesin and neuromedins) are present 

in the CNS (McGeer et al., 1987; McGeer and 
McGeer, 1993; Karczmar et al., 1986). Their 
nerve terminal localization is not certain and there 
is only meager information regarding their central 
presynaptic actions. Finally, the actual circuitry 
involved in the presynaptic effects of the peptides 
has not been defi nitively established (McGeer et 
al., 1987; McGeer and McGeer, 1993; Vogels et 
al., 1989).

c. Postsynaptic Noncholinergic 
Pharmacology

Let it be stressed that excluding the effect of 
antiChEs on the responses to ACh and to hydro-
lyzable cholinomimetics (see section BIII-1b, 
above), it is not easy pharmacologically to augment 
central cholinomimetic or cholinergic responses; 
this is also the situation with the ganglia and neu-
romyal junction. There are a few compounds (sen-
sitizers or modulators) that have the ability to 
achieve augmentation at the periphery (see sec-
tions BIII-2a and BIII-2c), and some of these 
exhibit similar properties centrally; they include 
NaF, and NaF is also active centrally, as it 
increased and prolonged the discharge evoked by 
the neural stimulation of the Renshaw cell 
(Koketsu, 1966, 1984; Figure 9-19) and the fast 
potential response of hippocampal neurons to 
ACh (A. G. Karczmar and K. Kim, unpublished 
data).

It is much easier to depress postsynaptic 
responses. Since the late 1950s, it has been known 
that general and local anesthetics are capable of 
this action. For example, procaine reduced the 
sensitivity of the Renshaw cell to ACh and to 
synaptic stimulation (Curtis and Phillis, 1960). 
Lidocaine exerted similar effects on the hippo-
campus’s responses to ACh (Segal, 1983, 1988a, 
1988b). Curtis, Phillis, Crawford, and Krnjevic 
(see, for example, Curtis and Crawford, 1969; 
Krnjevic, 1972, 1974a, 1974b) opined that these 
depressant effects caused by local anesthetics, 
halogenated and nonhalogenated anesthetics, 
and barbiturates were nonspecifi c since these 
drugs also depressed amino acid-induced excita-
tion of the Renshaw cell and the thalamic and 
cortical neurons, although only relatively high 
concentrations of the anesthetics suppress cortical 
actions of glutamate (Curtis and Phillis, 1960; 
Curtis and Crawford, 1969; Krnjevic, 1974a, 
1974b).
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Krnjevic (1974a, 1974b) proposed that the 
action of local and general anesthetics and barbi-
turates on neurally evoked responses (for example, 
responses generated by stimulation of the reticular 
formation) or reactions to cholinomimetics depend 
on the depressant metabolic effect of anesthetic 
agents rather than on specifi c synaptic effects and 
specifi c pre- or postsynaptic receptors. He sug-
gested that this action is due to inhibition by anes-
thetics of the metabolic, ATP-dependent activity 
of mitochondria, the resulting attenuation of Ca2+

uptake, and the accumulation of intracellular free 
Ca2+ (Carafoli and Rossi, 1971; Rosenberg and 
Haugaard, 1973; Krnjevic and Phillis, 1963; 
Krnjevic, 1974a, 1974b). Furthermore, Krnjevic 
links the free calcium with the activation of K 
channels and the increase in K conductance. The 
muscarinic response to ACh (the slow EPSP) is 
partially due to the K current’s inactivation (M 

current; see section BI-2a); hence, the increase in 
K conductance caused by anesthetics and barbitu-
rates depresses the slow ACh depolarization. Then, 
Krnjevic and his associates found that brain anoxia 
or hypoxia causes a similar increase in cellular free 
Ca2+ and K+ conductance, resulting in the dimi-
nution of the slow ACh depolarization (Krnjevic, 
1990, 1993; Krnjevic and Leblond, 1989).

As shown by Chris Krnjevic and his associates, 
the effects of dinitrophenol (DNP) relate to those 
of anesthetics and barbiturates. Dinitrophenol and 
the depressants specifi cally depress the slow 
ACh potentials without affecting the depolarizing 
action of glutamate (Krnjevic, 1974b; Krnjevic 
et al., 1978). He associated this similarity with 
effects of DNP and anesthetics on mitochondria-
dependent K fl uxes.

There are certain weaknesses in Krnjevic’s
notions. First, the action of anesthetics on the mus-
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Figure 9-19. Effects of tetraethyl pyrophosphate (TEPP; 0.005–0.1 mg/kg) and NaF (20 mg/kg) on discharges of 
Renshaw cell of cat’s spinal cord. Records 1 and 2 were obtained before and 20 minutes after TEPP was injected 
intravenously. NaF was given intravenously immediately after record 2 was taken; records 3 and 4 were obtained 
90 seconds and 3 minutes after NaF administration. Note increased frequency after TEPP (record 2), and also a 
transient further increase in frequency after NaF (record 3), which is followed by a marked decrease (record 4). 
Records with slower sweep speed are shown in the left-hand column. Calibration: 1 mV (right- and left-hand 
columns); 20 milliseconds (right-hand column) and 40 milliseconds (left-hand column). (From Koketsu, 1966, with 
perimssion.)
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carinic response is not specifi c (see above, and 
Curtis and Crawford, 1969). Second, it may be 
inappropriate to compare the muscarinic response 
to ACh and the response to glutamate: glutamate’s
reaction is fast and immediate and resembles the 
nicotinic more than the muscarinic response. 
Finally, small doses of general anesthetics and 
barbiturates that probably could not affect mito-
chondrial metabolism readily depressed responses 
to ACh (Crawford and Curtis, 1966).

Only sporadic information is available with 
respect to the postsynaptic effect of several other 
drugs (i.e., benzodiazepines, antidepressants, and 
tranquilizers) on cholinergic responses (O’Regan,
1989; Bassant et al., 1988). These compounds 
exert inhibitory effects on ACh-evoked musca-
rinic excitations in septal and cortical neurons; 
this block may depend on their atropinic activity 
(Bassant et al., 1988). Finally, it appears that cho-
linergic, specifi c and semispecifi c neurotoxins and 
excitotoxins (i.e., AF64A, kainic, quinolinic, and 
ibotenic acids, oxadiazines and related insecti-
cides, and NMDA) depress postsynaptic nicotinic 
and muscarinic responses; the analysis is incom-
plete (Zhao et al., 2001).

d. Postsynaptic Neurotransmitter 
Interaction

Similar to transmitter interaction at the nerve 
terminals, the postsynaptic interaction is wide-
spread, as it is predicated on the ubiquitous con-
tacts among neurotransmitter pathways. Indeed, in 
1948 Sir William Feldberg and Martha Vogt pro-
posed that central cholinergic transmission alter-
nates with noncholinergic transmissions throughout 
the brain.

More precise evidence for postsynaptic trans-
mitter interaction consisted of the demonstration 
of the presence of cholinoceptive (muscarinic 
and nicotinic; see Aznar et al., 2005) receptors on 
noncholinergic soma or dendrites. This kind of 
evidence became available in early research for 
the striatum, fi rst with regard to catecholaminer-
gic-cholinergic interactions and then with 
regard to polypeptide-cholinergic and amino acid-
cholinergic interactions (see Roth and Bunney, 
1976; Lee et al., 1997; and Dougherty and Milner, 
1999). Similar evidence was obtained subse-
quently with respect to limbic and tegmental 
systems and locus ceruleus (Brown et al., 1990; 

Chen and Engberg, 1989; Crochet and Sakai, 
1999; Garzon et al., 1999; Van der Zee and Luiten, 
1999); for example, α7 nicotinic receptor subunits 
are present on serotonin hippocampal and septal 
neurons (on either their soma or nerve terminals), 
and nicotine enhances serotonin release (Aznar et 
al., 2005). Classically, the neurotransmitter inter-
action is refl ected in the vectoral interplay between 
the postsynaptic potentials, whether inhibitory or 
excitatory, evoked by the pertinent transmitters 
(Eccles et al., 1967).

An important example of such interaction con-
cerns facilitatory muscarinic actions of ACh on 
postsynaptic responses to other transmitters. The 
evidence for this notion was obtained in early 
research by Chatfi eld and Dempsey (1942), as 
they demonstrated that responses of cortical 
neurons to single stimulation of the thalamus are 
facilitated and converted into repetitive discharges 
by ACh infusion. Then, Chris Krnjevic (1969) 
postulated that the central muscarinic depolarizing 
action of ACh (and the evocation of the so-called 
plateau potentials; Kawasaki et al., 1999) is modu-
latory and sensitizing rather than synaptic in char-
acter. This notion was repeatedly confi rmed with 
respect to cortical and hippocampal neurons and 
other central structures (see Krnjevic, 1969; 1988, 
and Puil and Krnjevic, 1978).

However, the facilitatory effect of ACh may 
not be due to its direct modulatory postsynaptic 
action, but to ACh-generated release of glutamate 
(Kawasaki et al., 1999). This phenomenon occurs 
at several sites including essentially noncholiner-
gic places, such as the cerebellum, and it may 
happen both pre- and postsynaptically; both nico-
tinic and muscarinic receptors may be involved 
(Reno et al., 2004; De Filippi et al., 2004). Also, 
cholinergic stimulation of the forebrain and the 
concurrent release of ACh sensitize the somatosen-
sory neurons to glutamate (Metherate et al., 1988a, 
1988b) and, in vitro, ACh augments central excito-
toxic effects of glutamate (Mattson, 1989). Ana-
tomical evidence supports this notion; for example, 
postsynaptic M2 receptors abut glutaminergic 
neurons in the rat neocortex (Mrzljak et al., 1993).

The same facilitatory interaction occurs 
between ACh and polypeptides such as TRH and 
VIP at several brain sites. Thus, TRH and ACh act 
synergistically at sites such as the diagonal band 
and septohippocampal neurons, while actions of 
VIP and ACh are synergistic at the neurons of the 
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visual cortex (Murphy et al., 1993; Lamour et al., 
1988; Angelucci et al., 1990; Okada, 1991; Dutar 
et al., 1985); these sites abound in cholinoceptive 
neurons. These interactions are important for the 
generation of theta rhythms, EEG arousal, and 
visual acuity or sensitivity (see below, sections 
BIV-3 and BV-C).

The vectoral interaction among cholinoceptive 
excitatory potentials and excitatory potentials 
evoked by other transmitters also occurs in the 
case of cholinoceptive excitatory potentials and 
inhibitory effects of the noncholinergic transmit-
ters. Acetylcholine reduced IPSPs evoked in the 
hippocampal CA1 cells by fi mbrial stimulation, 
ACh and carbachol attenuated the current evoked 
by GABA agonists such as baclofen and OP 
antiChEs blocked certain GABA channels (Gant 
et al., 1987); these effects of ACh are disinhibitory 
in nature (Muller and Misgeld, 1989; Krnjevic, 
1981; Krnjevic et al., 1980). However, Krnjevic 
(1981) as well as Muller and Misgeld (1989) sug-
gested that the cholinergic disinhibition of the 
inhibitory responses of CA1 cells may be medi-
ated by the presynaptic rather than postsynaptic 
action of ACh. Also, ACh did not seem to antago-
nize IPSPs evoked by iontophoretic application of 
GABA (Krnjevic, 1981; Muller and Misgeld, 
1989; Muller et al., 1989).

Postsynaptic nicotinic effects may be also 
involved in disinhibitions; however, contrary 
to muscarinics, nicotine may synergize with 
the IPSPs. This was demonstrated indirectly by 
Simmonds (1982), who found that nicotinic 
antagonists blocked GABA-evoked IPSPs, and by 
Schwartz and Mindlin (1988) who demonstrated 
that nicotinic antagonists and nicotinic neurotox-
ins block chloride infl ux induced by GABA; this 
infl ux underlies the GABAergic IPSP. These fi nd-
ings may relate to the data indicating that amino 
acid sequences of certain subunits of the nicotinic 
and GABAergic postsynaptic receptors are homol-
ogous (Schofi eld et al., 1987; Grenningloh et al., 
1987). This phenomenon may have a bearing on 
the presence of GABAergic, glycine  and cholin-
ergic receptors on the neurons of the hippocam-
pus, septum, and neocortex and the retinal ganglion 
and amacrine cells; also, GABA receptors form a 
close topographical relationship with CAT (Chun 
et al., 1988; Sergeeva, 1998; Sergeeva and Haas, 
2001; some GABAergic cells exhibit nicotinic 
receptors; Dmitrieva et al., 2001; Albuquerque et 
al., 1998a; 1998b; Blaker et al., 1989); further-

more, upon their stimulation, these cells corelease 
GABA and ACh, and cholinergic stimulation of 
the retina releases GABA from the retina (Albu-
querque et al., 1998a; 1998b; Van der Zee and 
Luiten, 1999; Dmitrieva et al., 2001). The same 
phenomenon occurs in the septum and fascia 
dentata (Leranth and Frotscher, 1989; Frotscher et 
al., 1992).

ACh interacts as well with other inhibitory 
amino acids; for example, ACh modulates the 
nucleus tractus solitarii’s responses to glycine 
(Talman et al., 1991).

What about the converse phenomenon, that is, 
the postsynaptic effect of noncholinergic trans-
mission on cholinoceptive responses? Both the 
inhibitory and excitatory amino acids, and poly-
peptides and monoamines, affect cholinoceptivity. 
For example, the glutamate and/or the glutamin-
ergic system facilitate cholinergic, muscarinic 
responses, while GABAergic system inhibit 
cortical cholinergic neurons (Wood et al., 1984) 
(Metherate et al., 1988a, 1988b; Fournier et al., 
2004). Then, neurotensin-evoked depolarization 
facilitates ACh excitation at the diagonal band 
(Matthews, 1999). With monoamines, inhibitory 
effects of catechol and indole monoamines on the 
spontaneous fi ring of somatosensory neurons 
translate into the inhibition of these neurons’
responses to ACh (see, however, Bassant et al., 
1990). ACh and monoamine systems also com-
plexly interact at hippocampal neurons, where 
they may jointly control the EEG theta activity 
(Sainsbury and Partlo, 1991; see also below, 
section BIV-3).

Also, bioactive substances that are not neu-
rotransmitters are capable of inducing changes in 
postsynaptic responses to ACh and cholinergic 
drugs by affecting postsynaptic membrane poten-
tial or by changing receptor sensitivity; these 
substances include peptides, immunoactive sub-
stances, hormones, and sensitizers or modulators 
such as NaF. Thus, it appears that both gonadal 
steroids and corticosteroids are capable of these 
actions (K. Koketsu and A. G. Karczmar, 1963, 
unpublished data; Crayton et al., 2004; Hesen et 
al., 1998; see section BV-d).

Altogether, complex interaction is the mode of 
CNS function. Several transmitters, modulators, 
and/or bioactive substances including hormones 
and endogenous opioids are involved in any 
given postsynaptic outcome (see Chiodera et al., 
1993).
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e. Biochemical and Related 
Phenomena, Consistent with the 
Interaction  Between Cholinergic 
and Noncholinergic Systems

Interactions like those described above have 
several biochemical consequences. The demon-
stration that antiChEs and muscarinic agonists 
release catecholamines from several brain parts 
including locus coeruleus and cortex is consistent 
with this notion (Varagic and Krstic, 1966; Van 
Gaalen et al., 1997; see Karczmar, 1976, 1993b). 
Also, the converse obtains, as endogenous endor-
phins, noncholinergic transmitters, and other bio-
active substances cause changes in ACh release 
(see, for example, Leanza et al., 1993; section 
BIII-2a, above).

Another consequence of interaction of the 
cholinergic agents with noncholinergic trans-
mitters is a change in levels or turnovers of these 
transmitters. The Loyola of Chicago team (Glisson 
et al., 1972, 1974; Barnes et al., 1974; see also 
Karczmar, 1976), Anden (1974), and Haubrich 
and Reid (1972) showed that OP antiChEs, phy-
sostigmine, and muscarinic agonists increased 
dopamine, norepinephrine, and/or serotonin brain 
levels; inconsistent (decreases and increases) 
effects of newer antiChEs were described by 
others (Cuadra and Giacobini, 1995; Zhu et al., 
1996). Furthermore, while the turnover of sero-
tonin was increased by arecoline or pilocarpine in 
the rat brain and several brain regions such as the 
pineal gland, pilocarpine and carbachol decreased 
dopamine turnover in the substantia nigra (Finoc-
chiaro et al., 1989; Haubrich and Reid, 1972; 
Javoy et al., 1974). Also, cholinergic agonists 
including OP antiChEs affected levels and/or 
turnover of amino acid transmitters (Costa, 1989; 
Fosbraey et al., 1990), GABA and aspartate 
levels being increased and decreased, respectively. 
These fi ndings are consistent with the presence of 
cholinoceptive receptors on GABAergic cells 
(see section BIII-2). Finally, the nicotinic agonists 
increased catecholamine synthesis rate (thus, very 
likely, their turnover also) in the nucleus accum-
bens, hypothalamus, and hippocampus, but not in 
the striate (Mitchell et al., 1989).

There is reciprocity in these interactions, as 
agonists and antagonists of noncholinergic systems 
and many bioactive substances affect the biochem-
ical parameters of the cholinergic system; much of 
the pertinent work concerning the dopaminergic 

and peptidergic systems in particular was carried 
out by the Bethesda-Fidia team. For example, the 
agonists and antagonists of the catecholaminergic 
systems (noradrenergic and dopaminergic) and 
certain peptides and agonists of the peptidergic 
systems (i.e., morphine or endorphins) affect ACh 
turnover (Costa, 1979; Brunello and Cheney, 
1981). Thus, haloperidol increased ACh turnover 
in the caudate and in the nucleus accumbens, and 
decreased it in the globus pallidus, while apomor-
phine, bromocriptine, dopamine, and L-dopa 
decreased ACh turnover in the striate and in the 
hippocampus (Costa, 1979; Cheney et al., 1975; 
Trabucchi et al., 1975; Mantovani et al., 1988; 
Langnickel et al., 1983; Lehman et al., 1983; 
Consolo et al., 1986). Noradrenergic agonists 
increased ACh turnover in the cortex and in the 
hippocampus (Robinson, 1986, 1988); this effect 
may be mediated by the α or α1 receptors (Wood 
et al., 1979, 1987). It is consistent with these 
results that the dopaminergic afferent system’s
relationship to the striate seems to regulate CAT 
levels (Kayadjanian et al., 1999).

Another type of this noncholinergic-choliner-
gic interaction consists of the effect of noncholin-
ergic transmitters and/or neuroactive substances 
on cholinergic receptors. Thus, it was demon-
strated that dopaminergic and glutamatergic 
systems regulate the muscarinic receptors of the 
striate (Kayadjanian et al., 1999). Furthermore, 
GABA or GABAergic agonists (i.e., muscimol) 
decreased ACh turnover in the hippocampus 
(Wood et al., 1979; Costa et al., 1983; Costa, 
1989, 1991) and in the cortex (Wood, 1986; 
see, however, Cosi and Wood, 1988). This 
interaction between GABAergic and cholinergic 
cells is consistent with the topographical relation-
ship between their receptors, and GABAergic 
receptors and CAT (see above, section BIII-2d). 
Interestingly, somatostatin releases both ACh 
and dopamine from the striate (Rakovska et al., 
2003).

Endogenous bioactive substances that are not 
neurotransmitters also exert actions on cho linergic
biochemistry. Endorphins and opiates decreased 
ACh turnover in the hippocampus, cortex, 
globus pallidus, and nucleus accumbens, areas 
that are innervated by cholinergic pathways 
(see Chapter 2 DII). However, ACh turnover was 
not decreased in other, also cholinergically 
innervated areas including the caudate and 
septal nuclei (Costa, 1979). Erminio Costa 
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interpreted these results as indicating that at least 
some central cholinergic neurons exhibit opiate 
receptors. Cholecystokinin exerted a similar nega-
tive effect on ACh turnover in the cortex (Cosi 
et al., 1989).

Several components of the immune and related 
systems such as kinins and macroglobulins affect 
cholinergic biochemistry; for example, rodents’
cortical infusion of macroglobulins signifi cantly 
inhibited CAT activity (Hu et al., 1998).

f. Interactions and Modulations, and 
Their Signifi cance

Reciprocal neurotransmitter interactions and 
interactions between endogenous bioactive 
substances and the cholinergic system result in 
electrophysiological, pharmacological, and bio-
chemical phenomena and functional and behav-
ioral activities (see below, section BIV). The 
pre- and post-synaptic neurotransmitter interac-
tions could readily be expected on the basis of 
topographical overlap between cholinergic and 
noncholinergic pathways (see Chapter 2 DI-DIII 
and section BIII-2, above). These interactions 
include those between inhibitory and excitatory 
transmitters; in this context it must be remem-
bered that ACh may induce inhibitions by acting 
on inhibitory interneurons (see section BI-2). 
Another phenomenon contributing to these inter-
actions involves the simultaneous release of two 
(or more) transmitters from single a neuron. This 
phenomenon was discovered in the 1970s by 
Hokfelt and associates (Hokfelt et al., 1978, 1979; 
see also Chapter 2 B-5). And Victor Whittaker 
demonstrated that enriched cholinergic synapto-
somes contain a peptide neurotransmitter, VIP, 
that is coreleased with ACh (Whittaker, 1992, 
1998). More recently, the coexistence of choliner-
gic, amino acidergic, aminergic, and peptidergic 
transmission was documented for several of the 
circuits discussed in this chapter (see, for example, 
Lamour et al., 1988; Crawley, 1990; Van der Zee 
and Luiten, 1999).

The defi nitive description of the circuitries 
involved in these interactions is technically very 
diffi cult. It includes stimulation by receptor-
specifi c agonists or by electric presynaptic stimu-
lation of localized synaptic sites and biochemical 
and electrophysiological identifi cation of the post-
synaptic effects of this stimulation at localized, 

identifi ed neurons; additional experimentation 
would concern the interactions occurring at identi-
fi ed presynaptic sites. Ablation or lesions of brain 
parts (such as thalamus) was also used to deter-
mine the locus of transmitter interaction (see, for 
example, Becquet et al., 1988). As diffi cult as this 
approach may be, several investigators utilized it 
to demonstrate that at several specifi c sites, includ-
ing cortex and the limbic system, the interactions 
involve pre- and postsynaptic sites, several nico-
tinic and muscarinic receptor subtypes, glutamate 
and GABA, serotonin and processes of desensiti-
zation (Albuquerque et al., 1998a, 1998b; Alkon-
don et al., 1999; Lindstrom, 1994, 1996).

Neurotransmitter interactions must be differen-
tiated from modulations (Karczmar et al., 1966, 
1972; Koketsu, 1984). Modulators change the 
postsynaptic response of a transmitter (including 
ACh) without generating a potential that would 
vectorally interact with a response to the neu-
rotransmitter. Postsynaptic modulation involves a 
change in receptor sensitivity leading to desensiti-
zation or sensitization. The term “modulation”
also covers presynaptic phenomena resulting in the 
facilitation or inhibition of a transmitter release 
(see section BI-1 and Chapter 7 DI; see also Green-
gard, 1987; Katz et al., 1997). Modulators may act 
as trans mitters under other conditions or at other 
sites.

Modulators include both endogenous and phar-
macological agents as well as drugs such as nefi r-
acetoms and neotropics (Nishizaki et al., 1998, 
2000; see also below, section BV-d). Endogenous 
postsynaptic modulators active in the CNS include 
ATP and certain polypeptides, while drugs acting 
as postsynaptic modulators in the CNS include 
NaF and several anticholinesterases, such as the 
oxamide WIN 8078 (provided this bisquaternary 
drug is applied directly to the CNS) and galan-
tamine (Karczmar, 1957; Karczmar et al., 1972; 
Maelicke et al., 2001; see sections BIII-2b and 
BIII-2c, above). Endogenous presynaptic modula-
tors active in the CNS include many transmitters 
and bioactive substances such as monoamines, 
ACh, amino acids, and peptides. A multitude of 
drugs that presynaptically modulate transmitter 
release include anesthetics, opioids, and noot-
ropics (see sections BIII-2a and BIII-2b, above). 
Currently it is not clear whether a common mecha-
nism for all the modulatory phenomena exists, 
though it is likely that facilitatory (sensitizing) and 
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desensitizing modulations result from the modula-
tors’ allosteric activities (see Lena and Changeux, 
1998; Changeux et al., 1996; Maelicke, 1996; 
Maelicke et al., 2001). This is particularly true 
with respect to central nicotinic receptors, where, 
for example, the ligand galantamine acts as an 
allosterically potentiating ligand (APL), binding 
on the receptor site different from the agonist 
binding site (Schrattenholz et al., 1993; Albuquer-
que et al., 2004). Other cases of desensitizations 
depend on nonallosteric phosphorylations (Green-
gard, 1987). Finally, a novel type of modulation 
was proposed by Raad Nashimi on the basis of a 
novel methodology (the FRET technique); it con-
sists of a “cross-talk” between nicotinic channels 
(see Karczmar, 2004).

The main objective here is to juxtapose the 
interaction and modulation phenomena with the 
notion that held from the 1920s to the 1950s 
chemical including cholinergic transmission; of 
this early notion projected the transmission as a 
“one-or-nothing phenomenon.” For example, an 
effective nerve terminal release of a transmitter 
would lead to a full-fl edged postsynaptic excit-
atory or inhibitory potential, the excitatory poten-
tial (the fast EPSP) by evoking a conductive action 
potential. The presynaptic phenomena were poorly 
recognized at that time (see section A, above).

The evidence that concerns presynaptic and 
postsynaptic transmitter interplay and modula-
tions leads to a novel image. This image is that of 
a fl exible neurotransmission and synaptic plastic-
ity (Corringer et al., 2006); this new image, rather 
than showing a one-or-nothing response, repre-
sents a subtle, time wise, and spatially point-to-
point stochastic response. The stochastic response 
is dependent on interaction and modulatory pro-
cesses present all over the central nervous system; 
it constitutes the basis of brain plasticity and inte-
grative phenomena. The ubiquitous cholinergic 
pathways are strategically situated with respect to 
these phenomena and are most important for this 
integration. For example, cholinergic input at the 
terminals of the thalamicocortical radiation, along 
with the inhibitory phenomena generated by 
GABA, integrate the receptive fi elds concerned 
with processing sensory information (Ebner and 
Armstrong-James, 1990).

An interesting question arises: how to quantify 
the afferent intersynaptic and presynaptic inputs, 
interactions, and modulations so as to predict the 

output of any particular neuron? Today, it appears 
that “a complex computer program  .  .  . which does 
not yet begin to exist is required” for making 
such predictions (Karczmar, 1993a; Pepeu, 1993); 
however, it may prove ultimately that it will be 
beyond the quantitative or qualitative capacity of 
any future computer or database program to defi n-
itively link the neuronal output with the ultimate 
functional and behavioral outcome.

BIV. Functional Aspects of the 
Cholinergic System

Central cholinergic pathways are very widely 
distributed. They radiate to such important sites 
regulating function and behavior as the cortex 
and the hippocampus, the pontomedullary and the 
reticular systems, and the hypothalamus and the 
nigrostriatal axis (see, for example, Lewis and 
Shute and Chapter 2 DII and DIII). This distribu-
tion predicates cholinergic aspects of every func-
tion and behavior, and the research described 
in this chapter proves this assertion. It describes 
studies of the central control of several functions 
including respiration and cardiovascular activity 
as well as of behaviors such as learning and con-
ditioning that were conducted during the pre-
Loewi and pre-Eccles era (see section A-2, above; 
cf. also Karczmar, 1967, 1970, 1976; Schmitt, 
1972; Holmstedt, 1972, 2000). The pace acceler-
ated in the 1950s and 1960s with the work of 
Daniele Bovet (1953) and Jan Bures (Bures et al., 
1964), and the rate of this acceleration has become 
exponential in the last decades.

This extensive material is subdivided into three 
categories (Tables 9-1 and 9-2). The fi rst category 
involves organic central functions and regulations, 
including those generated in the hypothalamus 
(i.e., thermocontrol, control of thirst and hunger, 
etc.), and refl exogenic and motor activities. The 
second category concerns brain rhythms (i.e., 
EEG) and related functions (i.e., sleep). Finally, 
the third category includes behavioral, cognitive, 
and mental phenomena (for example, aggression, 
memory, and learning; see also Karczmar, 1975, 
1990, 2000; Pepeu, 2000 and Giovannini, 2004).

Thus, cholinergic aspects of the overt motor 
behavior overlap with the mental phenomena; for 
example, slowdown and augmentation of the 
motor activity occur during different phases of 
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Table 9-2. Behavioral Psychological and 
“Mental” Functions in Animals

 I. Aggression
  A. Emotional (affective)
  B. Predatory
  C. Irritable
 II. Learning and related phenomena
  A. Conditioning
  B. Memory (short and long term)
  C. Habituation
  D. Retrieval
  E. Attention and exploration
 III. Emotional behavior and fear
 IV. Addiction, dependence, withdrawal syndrome
  A. Opiate addiction
  B. Alcoholism
  C. Cocaine addiction
  D. Nicotine addiction
 V. “Schizoid” behavior
 VI. Organism-environment interaction (OEI)
 VII.  Cholinergic alert nonmobile behavior (CANMB)
 VIII. Consciousness
  A. Self-awareness

mental arousal (see section BVI-a); however, 
these motor activities will be considered jointly 
with organic phenomena. Similarly, EEG activity 
and centrally evoked potentials (EEG alerting, for 
example) that are closely related to arousal and 
learning will be discussed as functional phenom-
ena (see sections BIV-3a and BIV-3b).

“A certain bias of this author should be 
mentioned.  .  .  . Having studied the cholinergic 
system for more than 40 years, this author has no 
desire to deprecate its role in organic and mental 
function  .  .  . ” (Karczmar, 1988). It was remarked 

that “this quote  .  .  . should be  .  .  . appended to all 
articles in the future dealing with the neurochemi-
cal basis of CNS disorders, like the Surgeon-
General’s warning on cigarette packs!” (Fowler, 
1988). However, this author also commented that 
“he  .  .  . was one of the fi rst to stress that no behav-
ior, normal or abnormal, is controlled by a single 
neurotransmitter” (Karczmar, 1978a). This state-
ment rigorously applies to all the behaviors or 
functions described in these chapters. In fact, 
besides the “classical” noncholinergic neurotrans-
mitters, such as amino acids, indoles, and 
catecholamines, new putative or “real” neurotrans-
mitters are being described, and their contribution 
to functions and behaviors are listed, as in the case 
of orexins (see, for example, Hoang et al., 2004).

1. Central Functions and 
Organic Behaviors with 
Cholinergic Implications

a. Effects of Cholinergic Agents on 
Anesthesia, and Their Refl exogenic 
Action

Local and general anesthetics exert depressant 
postsynaptic effects on central cholinoceptive 

Table 9-1. Functional Effects of Cholinergic 
Drugs in Animals

 I.  Motor behavior and other related neurological 
syndromes

  A. Catalepsy
  B.  Locomotor and related actions: mobility, 

gnawing, self-biting, head motion, sniffi ng; 
compulsive circling; hypokinesia

  C. Tremor
  D. Convulsions
 II. Respiration
 III. Appetitive (hypothalamic) behaviors
  A.  Hunger and feeding: effect dependent on 

brain site and species
  B.  Thirst and drinking; effect dependent on 

brain site and species
 IV. Hypothalamic thermocontrol
  A. Heat production
  B. Heat loss
 V. Endocrine activities
 VI.  Cardiovascular phenomena
 VII. GI activities
 VIII. EEG and brain excitability
  A. EEG arousal and theta rhythms
  B. Synchronization phenomena
  C. Seizures
 IX. Sleep
  A. REMS
  B. SWS
 X. Chronobiology
  A. Diurnal rhythms
  B. Hibernation, seasonal changes
  C. Aging
 XI. Sensorium
  A. Nociception
  B. Audition
  C. Vision
  D. Olfaction
 XII. Sexual activity
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neurons (Roth and Bunney, 1976; see section 
BIII-2b). Therefore, it is teleological that in 
animals or humans, antiChEs that augment cho-
linergic transmission (at least, used in small doses) 
antagonize general anesthesia; in fact, short-acting 
anti ChEs (edrophonium, for example) are clini-
cally employed for that purpose (see, for example, 
Kubota et al., 1999).

The refl exogenic action of cholinergic drugs 
such as physostigmine has been known since the 
investigations conducted by the Edinburgh scien-
tists during the 19th century (section A-2). Fol-
lowing their studies, Schweitzer and Wright 
(1937) and Wikler (1945) conducted investiga-
tions on peripherally recorded refl exes such as the 
knee jerk (see also Karczmar, 1967; Machne and 
Unna, 1963; and Holmstedt, 1959). Simultaneous 
studies concerned the presynaptic inhibitory 
pathway and its dorsal root consequence, the 
primary afferent depolarization (PAD) and its 
counterpart, the dorsal root potential (DRP; 
Schmidt, 1965; Barron and Mathews, 1938; 
Eccles, 1964). It was sub sequently shown that 
cholinergic drugs affect PAD elicited by either the 
antidromic ventral root stimulation (the VR-DRP 
refl ex) or stimulation of the adjacent dorsal root 
(DR-DRP refl ex; Schmidt, 1965; Kiraly and 
Phillis, 1961; Koketsu et al., 1969; Figures 9-20 
and 9-21).

The results concerning peripherally recorded 
refl exes are controversial. The enhancement and 
diminution of poly- or monosynaptic refl exes was 
obtained with cholinergic agonists, particularly 
antiChEs (see Holmstedt, 1959; Karczmar, 1967, 
1976); this was true even with a simple monosyn-
aptic refl ex, the patellar refl ex (compare Libet et 
al., 1960 and McNamara et al., 1954; Kissel and 
Domino, 1959). Anticholinesterases and ACh or 
cholinomimetics diminish the VR-DR refl ex, and 
the DR-DR refl ex is increased by antiChEs and 
decreased by nicotinic blockers (Kiraly and Phillis, 
1961; Koketsu et al., 1969). It must be noted that 
ACh and cholinomimetics depolarize the dorsal 
root (Koketsu et al., 1969; see Figure 9-21). While 
this depolarization and the diminution of the DR 
potential is consistent with the notion of presyn-
aptic depolarization by ACh (Schmidt, 1965), it 
may also result from ACh’s effect on a cholinergic 
spinal neuron or an interneuron impinging on 
the appropriate afferents. Also, atropine exerted 
inconsistent effects on either facilitation or inhibi-

tion of the refl exes with cholinergic agonists (see 
Karczmar, 1976). Yoshioka et al. (1990) found 
that antiChEs and M receptor agonists diminish 
the rat monosynaptic refl ex via evoking or poten-
tiating the inhibition mediated by cutaneous 
afferents. However, oxotremorine consistently 
facilitated the monosynaptic fl exor, crossed exten-
sor, and polysynaptic extensor refl exes (Vaupel 
and Martin, 1973). This latter action agrees with 
the cholinergic nature of VR-DR, which strongly 
indicates a presence of cholinoceptive and/or cho-
linergic cells in the circuitry responsible for VR-
DR. This is also indicated by a demonstration of 
postsynaptic cholinoceptivity of many ventral root 
cells, aside from the Renshaw interneuron (Jiang 
and Dun, 1987).

Several aspects of the matter may underlie this 
inconsistency. First, many of the experiments 
cited were carried out on intact animals, rather 
than chronic spinal preparations (see Vaupel and 
Martin, 1973; Yoshioka et al., 1990). This sug-
gests that, besides the spinal, supraspinal effects 
may have been involved. In fact, the activation 
of the cholinoceptive or cholinergic brainstem 
neurons or interneurons induces, via the lateral 
funiculus, postsynaptic inhibition of motoneurons 
(Barnes and Pompeiano, 1970; Hickey and Barnes, 
1975). Indeed, several types of spinal and supra-
spinal cholinergic actions may be involved in the 
effects described, and these effects may refl ect the 
interplay between the various types of refl exo-
genic action. For example, an excitation of a 
spinal cholinoceptive cell may have interacted 
with inhibitory cholinergic effects, whether depen-
dent on the activation of the Renshaw cells or on 
direct inhibitory cholinoceptive responses (see 
sections BI-1 and BI-2, above).

Also, auto- or heterocholinoceptive sites at 
nerve terminals may interact with postsynaptic 
effects. Apparently, the autoreceptor effect was 
involved in Yoshioka et al.’s (1990) experiments. 
They demonstrated that cholinergic muscarinic 
agonists and antiChEs might evoke or potentiate 
the inhibition of rat monosynaptic refl exes via 
their presynaptic, nerve terminal effect on the 
M2 receptors. And Samathanam et al. (1989) and 
Ohno and Warnick (1989) provided an example of 
a heteroreceptor presynaptic cholinergic action on 
the spinal refl exes: serotonin and its descending 
spinal pathways are involved in augmenting 
monosynaptic refl exes, and this serotonergic facil-
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itation may be antagonized by the inhibitory 
presynaptic action of the cholinergic system on 
the release of serotonin (see section BIII-2). Alto-
gether, it is diffi cult to defi ne the interactive nature 
of cholinergic action on the spinal refl exes because 
the understanding of pertinent circuitry is limited; 
however, the presence of cholinergic synapses in 
this circuitry is indubitable and it underlies the 
effects described (Chapter 2 DII and DIII).

b. Respiratory Phenomena

Since Christison’s self-experimentation and 
the late-19th-century studies by the Edinburgh and 
German investigators (see above, section A-2), it 
has been well known that cholinergic agonists 
and, in particular, antiChEs affect respiration. 
Interestingly, the Nobel Prize winner Corneille 
Heymans, the man who clarifi ed the role of the 
carotid sinus in the control of respiration and 
cardiac functions (Heymans and Neil, 1958) and 
who was an early investigator of antiChEs 
(Heymans, 1951), doubted that the effects of 
antiChEs on respiration were due to the inhibition 
of ChEs. These points of view are not tenable 
today (see Karczmar, 1967).

These cholinergic effects are very complex 
because there is an interaction among effects of the 

compounds in question on the bulbar respiratory 
center, its subcenters, and other centers including 
the chemoreceptor sites (Figure 9-22; see Thews, 
1986). Refl ex regulation of respiration, phrenic and 
intercostal nerves, hypoglossal and vagal neurons, 
and the smooth muscle of the respiratory airways 
is also involved (Comroe, 1943; Wills, 1963, 1970; 
Widdicombe, 1972; Brimblecombe, 1977; Feldman, 
1986). Respiratory centers and the related sites 
contain cholinergic and cholinoceptive neurons 
(see Chapter 2 DII and DIII); in fact, ACh is 
released and cholinergic transmission obtains in the 
so-called preBotzinger Complex of the medulla and 
in the XII nucleus (see, for example, Shao and 
Feldman, 2005); these sites regulate amplitude and 
duration of respiratory bursts and frequency of res-
piration. And, Nersesian and Baklavadzhian (1989) 
found a few cholinoceptive neurons in the expira-
tory and inspiratory medullary subcenters of the 
cat, while higher numbers of cholinoceptive neurons 
were present in neighboring medullary areas includ-
ing the medial pontine reticular formation and teg-
mental regions primarily involved in sleep and 
related phenomena (see section BIV-3; Kimura et 
al., 1990; Lydic and Baghdoyan, 1989); in fact, the 
neuronal networks regulating respiration intercon-
nect with those regulating sleep and wakefulness, 
and certain respiratory disorders such as sleep 
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apnea depend on alterations of this interconnection 
(see section BIV-3; Haxhiu et al., 1989, 2003).

Altogether, the net respiratory effect of cholin-
ergic drugs results from an interaction among 
cholinergic effects on the respiratory center, the 
medial pontine and tegmental areas of reticular 
formation, and the cholinoceptive inhibitory sites 
abutting the respiratory center (Nersesian and 
Baklavadzhian, 1989), including sites within the 
medial pontine and tegmental areas of reticular 
formation; when depression results from this 
interaction during cholinergically induced REM 
sleep, REM sleep-linked partial muscular atonia 
may contribute to this depression (Kok, 1993).

In addition, there is a close relation between 
the medullary vasomotor and respiratory centers; 
for example, the ventrolateral medullary respira-
tory centers are involved in the generation of the 
arterial blood pressure oscillations (Mayer waves) 
and the interaction between vagal activity gener-
ated by the baroreceptors and respiratory rhythm 
(Haxhiu et al., 1989; see also sections BIV-1d, 
BIV-1b, and BIV-3c, below). Also, muscarinic 
receptors modulate the baroreceptor refl ex at the 
level of the solitary tract’s nucleus (Benarroch, 
1993, 1997a, 1997b; Jordan and Spyer, 1981; 
Loewy and Spyer, 1990; Jordan, 1990; see also 
section BIV-2b, below). Cholinergic transmission 
is also involved in medullary activation of the 
bronchomotor tone (Haselton et al., 1991) and in 
the direct stimulation of the bronchiolar smooth 
muscle. Interestingly, human cardiopulmonary 
transplantation may lead to bronchiolar super-
sensitivity to muscarinic agonists (Dinh, 1990).

When used in small, subtoxic doses, choliner-
gic muscarinic agonists (for example, pilocarpine 
and oxotremorine) and antiChEs capable of central 
penetration (i.e., physostigmine and OP com-
pounds including insecticides such as Malathion 
and EPN and war gases or war gas prototypes such 
as DFP, tabun, and soman) stimulate the rate and 
depth of respiration despite their ability to cause 
bronchioles and bronchi obstruction. The same 
effect initially occurs with toxic doses of these 
drugs, which ultimately cause respiratory depres-
sion (see Chapter 7 DI). The excitatory and 
depressant effects on respiration are antagonized 
by scopolamine or atropine, while nicotinic 
antagonists are less effective (see Wills, 1963; 
Karczmar, 1967; see Chapter 7 DI). In addition, 
systemically administered cholinergic agonists 
that cannot penetrate the CNS (i.e., neostigmine) 

may indirectly block the respiratory centers via 
activating inhibitory afferents (Fleming et al., 
1991; Koley et al., 1988, 1990).

The augmentatory respiratory action of the 
drugs is mediated by the stimulation of the che-
moreceptor trigger zone of the ventral medulla (an 
effect related to the emetic action of these drugs; 
see below, section BIV-1c), the carotid sinus and 
respiratory centers (Heymans and Neil, 1958; 
Koley et al., 1988, 1990). The cholinergic drugs 
act on respiratory centers, since they are effective 
as respiratory stimulants even after the elimination 
of sinocarotid chemoreceptors; and since they 
exert a very potent biphasic effect when directly 
applied to pontomedullary respiratory subcenters 
(Karczmar, 1967, 1984; Stewart and Anderson, 
1968; Feldman, 1986; see, however, Koppanyi, 
1948). Similarly, respiratory depression induced 
by high doses of cholinergic agonists penetrating 
the CNS (i.e., tertiary carbamates and OP 
antiChEs) is caused by their central actions rather 
than by their ability to stimulate the bronchi and 
their depressant actions on intercostal (phrenic) 
muscles (Krivoy and Marrazzi, 1951; Krivoy et 
al., 1951; Rickett and Beers, 1987; see Chapter 7 
DI).

Potent biphasic effects on respiration are 
exerted by nicotinic actions of endogenous ACh 
when it accumulates in the presence of antiChEs 
and when its muscarinic effects are blocked by 
atropine. Under these circumstances, ACh induces 
intense hyperpnea and then apnea (Koppanyi 
et al., 1948; Koppanyi and Karczmar, 1951; 
Koppanyi, 1948). However, intravenously admin-
istered nicotine may exert triphasic effects: with 
toxic doses of nicotine, apnea results fi rst, fol-
lowed by hyperpnea and then by apnea again. The 
initial apnea is refl ex in nature and due to stimula-
tion of vagal afferents, as it is eliminated by 
cervical vagotomy; however, the activation of pul-
monary stretch receptors may also be involved in 
the early, nicotine-induced apnea (Koley et al., 
1988, 1990). The subsequent hyperventilation 
may be a result of central or refl ex effects medi-
ated by the chemoreceptors (Heymans and Neil, 
1958).

Obviously, cholinergic transmission plays an 
important role in regulating respiration, acting on 
known cholinergic sites within respiratory centers 
and circuits (Feldman, 1986; Burton et al., 1990; 
Shao and Feldman, 2005). It is of interest in this 
context that, while its is generally understood 
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that AChE is involved in respiratory effects of 
antiChEs, there is some, admittedly sparse, evi-
dence that BuChE may be implicated as well 
(Boudinot et al., 2005).

c. Emesis

Complex emetic processes include: refl exo-
genic afferent pathways originating in the labyrin-
thine apparatus (in the case of motion sickness) 
and intestine, the medullary central system or the 
chemoreceptor trigger zone (CTZ; Borison and 
Wang, 1953) located in the area postrema, the 
vomiting center located within the lateral medul-
lary reticular formation, and the efferent motor 
pathways leading to upper gastrointestinal muscu-
lature. While refl exogenic stimulation originating 
in the CTZ may activate the vomiting center, 
dopaminergic agonists such as apomorphine may 
directly stimulate the central trigger zone.

That cholinergic agonists evoke emesis in hu 
mans has been known since the description of the 
use of eserine in Calabar and since the days of 
self-experimentation with physostigmine by the 
Edinburgh scientists (section A-2); emetic action 
of nicotine and pilocarpine and the antiemetic 
effect—both peripheral and central—of scopol-
amine and atropine were demonstrated in animal 
experiments quite early (Eggleston, 1916; Hatcher 
and Weiss, 1923; Koppanyi, 1930; Koppanyi and 
Karczmar, 1963). Beleslin and his associates dem-
onstrated that the central trigger zone might be 
involved in emetic and antiemetic actions of cho-
linergic agonists and antagonists, respectively 
(Beleslin et al., 1981, 1989; Beleslin and Nedel-
kovski, 1988). Both nicotinic and muscarinic ago-
nists (particularly those acting on M1 receptors) 
cause emesis by stimulating the CTZ. Beleslin and 
Nedelkovski (1988) postulated that muscarinic 
emesis is mediated by a catecholaminergic link. 
Interestingly, atropinics antagonize behavioral 
and electrophysiological actions of apomorphine 
(Kelland and Walters, 1992; Motles et al., 1992; 
see also Barnes, 1984). Accordingly, the anti-
emetic effect of atropinics may relate to their 
antiapomorphine action.

d. Motor Function

In this section, motor activities are considered 
as specifi c entities rather than components of 
certain behaviors, that is, independently of their 

willed or behavioral character, although behav-
ioral and motor activities frequently overlap 
(Mori, 1995). For example, a perceptual and 
mental cholinergic syndrome, the cholinergic alert 
nonmobile behavior (CANMB) and confronta-
tional or defensive behavior (Shapovalova, 1995) 
include some aspects of motor function and atten-
tion (see sections BIV-3 and BIV-4c).

The functions to be commented on now include 
“normal” motor activity as well as a number of 
neurologically abnormal motor functions, includ-
ing tremors, circling, and other stereotypic acti-
vities, and catalepsy. These abnormal functions 
relate to human neurological disorders, such as 
Parkinson’s disease, Huntington’s chorea and dys-
tonia. The functions in question involve the basal 
ganglia, the extrapyramidal system, as well as cor-
tical, cerebellar, and limbic sites.

It should be noted that any movement involves 
cholinergic activity, whether at the peripheral, 
motoneuron, and neuromyal sites, or, more impor-
tant, via the cholinergic input to layers II and III 
of the motor cortex (in mammals and humans; 
Joffe, 2004). Furthermore, the atropinic drugs 
antagonize motor acts when applied to moto-
n eurons and the supraspinal areas controlling 
these acts, while muscarinics and other choliner-
gic agonists (including nicotinics) induce motor 
acts. For example, when applied to the striate, 
muscarinic agonists evoke jaw movements in 
several species (Mayorga et al., 1999). Moreover, 
cholinergic drugs induce more complex effects 
and affect more complex motor activities. For 
example, in unanesthetized animals, cholinergic 
muscarinic agonists (for example, arecoline and 
carbachol) and antiChEs arrest ongoing spontane-
ous locomotion and induce motor hypofunction; 
these effects result for augmentation of the tonic 
and inhibition of the phasic motor behavior (de 
Oliveira et al., 1997; Shapovalova, 1995). It 
should be added that the knockout mice deprived 
of M1 receptors show increased motor activity, 
which is in keeping with the hypoactive effects of 
muscarinic agonists (see Chapter 5 F). At small 
doses the agonists produce some degree of muscle 
relaxation; this relaxation is a component of 
CANMB (Karczmar, 1990).

Another, important normal motor activity is the 
tonic muscle response evoked by transient central 
commands or brief sensory stimuli. The choliner-
gic system seems to be involved in the generation 
of these tonic responses as in the case of eye 
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fi xation following spontaneous eye movements, 
which can be generated by cholinergic stimulation 
of reticular formation (Navarro-Lopez et al., 2004). 
Importance of these processes extends beyond 
their control of the eye movement itself, as they 
serve to maintain visual acuity and to provide 
appropriate compensatory eye movements during 
head motions (Delgado-Garcia, 2000, 2002).

Several muscarinic receptor subtypes (particu-
larly of the M1 and M4 subtype) may be involved 
in these motor effects, and their effects may be 
mediated by inhibition of the striatal dopaminer-
gic DI activity (Gomeza et al., 1999). These effects 
may be obtained when the appropriate agonists are 
given systemically or applied locally to a number 
of sites (i.e., the diagonal band and several sites 
within the basal forebrain and the parabrachial 
systems, the periventricular gray, the reticular for-
mation, locus coeruleus, pedunculopontine nuclei, 
the caudate nucleus and the basal ganglia, and the 
motoneurons): such application may also produce 
the circling syndrome; see below, this section; see 
Karczmar, 1976; Reid et al., 1994a, 1994b; Elazar 
et al., 1995; Sterman and Fairchild, 1966; Myers, 
1974; Karczmar, 2000; Stein, 1968; Hingtgen and 
Aprison, 1976; Luccarini et al., 1990; Brudzynski 
et al., 1988; Sernagor et al., 1995). It is quite dra-
matic to see how ongoing motor behavior of 
anaesthetized rats and cats is decreased or arrested 
by intravenous, intracarotid, or intraventricular 
administration of antiChEs such as DFP and 
physostigmine (A. G. Karczmar, 1958, unpub-
lished observations). It is pertinent that this inhibi-
tion of motor function by antiChEs correlates with 
an increase in levels of ACh in the brain (Pradhan 
and Dutta, 1971; Sterman and Fairchild, 1966; 
A. G. Karczmar, unpublished data). It must be 
stressed that voluntary initiation of movement 
(e.g., reward-driven behavior) involves striatal 
neurons and exhibits a cholinergic correlate 
(Lebedev and Nelson, 1999). Applying these 
agents at certain neighboring brain sites may also 
evoke free motor behavior (Brudzynski et al., 
1988).

Muscarinic (and nicotinic) hypokinesia relates 
to opioid-induced catalepsy (cataplexy ortonic 
immobility) induced in rodents by morphine and 
cannabinoids. Opioid-induced catalepsy is 
accompanied by EEG arousal, some rigidity, and 
increased muscle tonus. Frequently, the treated 
animal is capable of maintaining any position in 

which it was placed (Koppanyi and Karczmar, 
1963). While EEG activation also obtains with 
cholinergic motor hypofunction, the increased 
muscle tonus and rigid catalepsy do not occur in 
cholinergic hypokinesia or catalepsy. Further-
more, cholinergically induced catalepsy is specifi -
cally linked to reduction in discharges generated 
at strategic sites (i.e., the striate or the locus ceru-
leus), although cholinergics, morphinoids, and 
GABAergic agents may share sites (i.e., periaque-
ductal sites) where they induce catalepsy (Wu et 
al., 1988; Monassi et al., 1999). Additionally, 
morphine and cannabinoids are synergistic with 
muscarinics in regard to the induction of catalepsy 
(Pertwee and Ross, 1991), whether induced by 
opioids or muscarinic agonists; catalepsy and cho-
linergic hypokinesia must be differentiated from 
the CANMB, which is also characterized by some 
atonia (see above, this section, and section BIV-3, 
below). It must be noted that in decorticated rats, 
striatal administration of muscarinic agents antag-
onizes opioid-induced catalepsy (Ladinsky et al., 
1987).

Atropine, scopolamine, and adrenergic drugs 
antagonize both cholinergic hypokinesia and 
opioid catalepsy (Elazar and Paz, 1990; Elazar et 
al., 1995; Karczmar, 1976 and Karczmar and 
Koehn, 1980). In fact, when given in large doses, 
atropinic antagonists evoke hyperfunction and 
increased motor activity. Also, atropinics and 
amphetamines synergize with other agents or pro-
cedures that produce hyperkinesia such as lesions 
of the septum and mesencephalon, and neurotox-
ins such as lead (Silbergeld and Goldberg, 1976; 
Karczmar, 1990). On the other hand, toxic doses 
of atropine or atropinic drugs produce comatose 
states and arefl exia. Once upon a time, this 
effect was used in the treatment of depression 
(Karczmar, 1979c).

Dopaminergic agonists and amphetamine 
antagonize hypoactivity induced by muscarinic 
agonists and synergize with hyperactivity induced 
by atropinics (Karczmar and Koehn, 1980; Sil-
bergeld and Goldberg, 1976; Shannon and Peters, 
1990). The dopaminergic effect may involve D1 
receptor sites (Shannon and Peters, 1990). On the 
other hand, Kostenis, Wess, and their associates 
fi nd that M4 receptors mediate inhibition of dopa-
minergically mediated hyperactivity (Gomeza 
et al., 1999). Thus, in catalepsy and hypokinesia 
and other motor activities reviewed here, the 
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adrenergic and cholinergic systems seem to act 
anta gonistically. A separate functional system, the 
punishment-reward dipole (Olds, 1958; Stein, 
1968), may be concerned here; the inhibitory 
effect of cholinergics on the peripheral gray com-
ponent of the system may contribute to the cho-
linergic inhibition of motor activity (see section 
BIV-1d and BVI, below).

Nicotine’s effects on locomotor behavior were 
inconsistent; nicotinic hypofunction and hyper-
function were both observed (compare, for 
example, Fung and Lao, 1988, and Benwell and 
Balfour, 1992). The sites where nicotine exerts 
inhibitory actions may differ from the sites where 
it exerts facilitatory actions and where muscarinic 
agonists exert their inhibitory effects; facilitatory 
sites of nicotine’s action may be present in the 
motor cortex (Stolerman et al., 1989). Effects of 
nicotine may not be primarily cholinergic in 
nature: they may depend on interplay between 
cholinergic and catecholaminergic pathways (see, 
for example, Sandor et al., 1991).

A classical effect of cholinergic (essentially 
muscarinic) agonists and antiChEs is the “aversive
syndrome” or circling behavior. This interesting 
effect was fi rst described in the early 1950s by 
Harold Himwich, Murray Aprison, and their asso-
ciates (see Nathan et al., 1955; Aprison, 1965; and 
Hingtgen and Aprison, 1976). It follows the uni-
lateral injection of muscarinic agonists into the 
basal ganglia and nigrostriatal sites. Sometimes, it 
may be evoked by bilateral application of these 
agents to the basal ganglia. This response is gener-
ally but not always contralateral or “aversive” with 
respect to the administration site, but it may be also 
ipsilateral; furthermore, the type of circling depends 
on the administration site of the cholinergic agonist 
(Kitamura et al., 1999). Aprison (1965; Hintgen 
and Aprison, 1976) speculated that the direction of 
circling is due to the endogenous asymmetry of the 
cholinergic system of rats as refl ected by the levels 
of AChE in the pertinent sites: they found that cir-
cling is contralateral with respect to the level of 
AChE. Atropinic drugs antagonize circling. Cir-
cling is also antagonized by dopaminergic ago-
nists, as in the case of other motor activities that 
are associated with release of ACh and that are 
described in this section; however, when the 
dopaminergic sites are lesioned, dopamine ago-
nists cause circling. Dopaminergic blockers and 
muscarinics synergize in the production of circling 

(Costall et al., 1972; Karczmar, 1976; Acquas et 
al., 1999; Feny et al., 2001).

The circling behavior may be considered a 
form of stereotypic or compulsive behavior or 
function. Besides circling, muscarinic agonists 
induce additional stereotypes, including gnawing, 
writhing, self-biting, and purposeless, repeated 
motor activity, such as rearing, repeated jumps, 
and the like. These phenomena may be elicited by 
systemically administrating the drugs; they may 
be more readily elicited by localized application 
of muscarinics to the limbic and tegmental sites 
(see, for example, Davis et al., 1967). Interest-
ingly, in a natural mouse habitat, the “Mouse City”
(Karczmar et al., 1973), the frequency of sponta-
neous stereotypic acts increases after treatment 
with muscarinic agonists and antiChEs. Choliner-
gics are not always specifi c in the evocation of 
these stereotypes; for example, serotonin induces 
writhing (Moser, 1995). Atropinics and dopami-
nergic agonists antagonize cholinergically induced 
stereotypes.

Several cholinergic agonists and antiChEs may 
induce other motor function abnormalities (i.e., 
rigidity, tremor, and palsylike jerks such as limb 
and head extensions and tongue protrusions; 
Gunn, 1935). Both muscarinic (including, classi-
cally, oxotremorine) and nicotinic agonists are 
capable of inducing tremor by localized, caudate, 
or mesencephalic application or systemic admin-
istration (George et al., 1966; Bovet and Longo, 
1951; see Karczmar, 1976); it is consistent with 
these data that oxotremorine loses its tremorigenic 
action in knockout mice deprived of M2 receptors 
(see Chapter 5 F). Interestingly, neurotoxins that 
induce dopaminergic or glutaminergic lesions (for 
example, 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydro-
pyridine [MPTP] and kainic acid) produce tremor 
and synergize in their tremorigenic action with 
nicotinic and muscarinic agonists (Behmand 
and Harik, 1992; Shinozaki et al., 1987). As in 
the human, they are also caused by neuroleptics 
and experimental or accidental damage of the 
nigrostriatal loop including ventromedial tegmen-
tum, the palidothalamic relay (Pare et al., 1990), 
and/or the rubro-olivo-cerebello-rubral loop (see 
Brodal, 1980). Furthermore, whether chemically 
or lesion induced, the tremor is antagonized by 
cholinergic antagonists, dopaminergic agonists 
(Marco et al., 1988), and beta-adrenergic blockers 
(Suemaru et al., 1993).
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This pharmacological profi le of the chemically 
or lesion-induced tremor and rigidity resembles 
the profi le of parkinsonian disease; in addition, 
classically, parkinsonism and chorea were consid-
ered to be the result of cholinergic-dopaminergic 
imbalance. Accordingly, these instances of animal 
tremor serve as models that are useful for the 
development of the therapy for parkinsonism. For 
example, a frequent model of this kind is the 
tremor induced by the muscarinic agonist tremo-
rine and its active metabolite, oxotremorine, phy-
sostigmine, and harmine or harmaline (Bovet and 
Longo, 1951; Everett, 1956). Indeed, physostig-
mine- and muscarinically induced tremor may be 
more dependable than the tremor evoked by nico-
tine, because nicotinolytics and curarimimetics 
are ineffective with respect to lesion-induced 
tremors (Lamarre and Joffroy, 1970). It may 
be added that some forms of genetic dystonia 
exhibit lesions of cholinergic neurons of peduncu-
lopontine and cuneiform nuclei (McNaught et al., 
2004).

While the importance of the dopaminergic-
cholinergic balance for regulating some of these 
functions and dysfunctions was stressed in this 
section, the nature of the pertinent sites, such as 
the basal forebrain, the limbic system, and the 
basal ganglia, indicates that other neurotrans-
mitters (for example, GABA; Dray et al., 1975; 
Van Woert, 1976; and glutamate; Shinozaki et al., 
1987; see also Elazar et al., 1995), modulators, 
second messengers, and G proteins must be 
involved (Jones et al., 2004). Finally, the sites 
pertinent for the evocation of these motor effects 
are also the sites important for learning, CANMB, 
and several EEG phenomena (see sections BIV-3 
and BV).

2. Cholinergic Effects 
Concerning Hypothalamus 
and Homeostatic Function

The cholinergic phenomena to be described 
now include regulation of endocrine and cardio-
vascular function, thermoregulation, and the 
control of feeding and drinking; besides hypo-
thalamus other sites such as the pineal organ may 
be involved (Brandstatter et al., 1995). Both ther-
moregulation and the control of feeding and drink-
ing should be looked on as components of energy 
homeostasis, although, as will be seen, the pheno-

mena concerning hunger and thirst on the one 
hand and body temperature on the other do not 
always correlate in a teleological manner. Similar 
to other central phenomena, these functions do not 
solely or mainly depend on their cholinergic cor-
relates; instead, other bioamines, amino acids, 
polypeptides, and even ions are contributors to 
hypothalamic regulations. It must be noted in this 
respect that Kris Krnjevic (1975) proposed that 
neuronal metabolism and its cholinergic correlates 
contribute to energy regulation (see also Chapter 
3 DIII).

a. Cholinergic Correlates of 
Endocrine Function

Two hypothalamico-hypophyseal systems are 
involved in the cholinergic correlates of endocrine 
function. The fi rst system links the hypothalamus 
and neurohypophysis (posterior pituitary); it 
releases oxytocin and vasopressin hormones. The 
second system links the hypothalamus and 
adenohypophysis (anterior pituitary). It evokes the 
release of regulatory hormones, which, in turn, 
liberate or inhibit pituitary hormone release. Both 
systems are regulated by both muscarinic and 
nicotinic cholinergic transmission, and their 
second messengers, including NO and prostaglan-
dins (Bugajski et al., 2004). It should be added that 
these systems are controlled not only locally, but 
also by other systems, such as those involved in 
arousal (see, for example, Bayer et al., 2005).

The fi rst system originates with neurons located 
in the supraoptic and paraventricular nuclei of the 
hypothalamus. Their axons liberate the antidi-
uretic hormone (arginine/vasopressin) and oxyto-
cin from their terminals expanding within the 
neurohypophysis and the Herring bodies. In 1947, 
Mary Pickford4 found that physostigmine or 
DFP injected into the dog’s supraoptic nucleus 
almost immediately stopped the fl ow of urine. 
Subsequently, she and Abrahams (Abrahams and 
Pickford, 1956) evoked uterine contractions with 
several antiChEs. This effect was proportional to 
the duration of the compounds’ antiChE action, 
resulting in the release of oxytocin and vasopres-
sin (antidiuretic hormone, ADH). This type of 
ACh action is referred to as “neurohumoral”
(Koelle, 1963).

It was shown later that localized applications 
of ACh and cholinergic agonists to hypothalamic 
areas (i.e., supraoptic nuclei and paraventricular 
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nuclei) or into the third ventricle cause similar 
actions. These effects were elicited very consis-
tently by muscarinic agents when administered 
locally or intraventricularly or applied to isolated 
preparations, while systemic or local applications 
of atropine blocked these responses (Sakai et al., 
1974; De Luca et al., 1989; Yamaguchi and Hama, 
1989). In addition, the milk-ejection refl ex, which 
is initiated by suckling and which releases oxyto-
cin, is elicited by applying ACh locally, and the 
refl ex is blocked by local or systemic applications 
of atropine (Belin and Moos, 1986; Moos and 
Richard, 1989; Oba et al., 1971). In fact, ACh 
induces discharges in the supraoptic and paraven-
tricular nuclei cells and/or facilitates this activity 
when induced by appropriate physiological stimuli 
or refl exes (for example, the suckling refl ex); 
these effects are atropine sensitive. Interestingly, 
oxytocin causes similar phenomena (Moos and 
Richard, 1989).

However, the hypothalamic systems are not 
solely muscarinic in character; both nicotinic and 
muscarinic hypothalamic receptors are involved 
in these phenomena. Hillhouse and Milton (1989a, 
1989b; see also Jones et al., 1976) found that both 
hexamethonium and atropine antagonized vaso-
pressin release by ACh from the isolated hypo-
thalamus, and nicotinic rather than muscarinic 
agonists caused vasopressin release from the cul-
tured rat hypothalamico-hypophyseal system, this 
effect being blocked by nicotinolytics (Sladek and 
Joynt, 1979). Specifi c nicotinic involvement was 
also indicated by electrophysiological and phar-
macological analysis of the responses of supraop-
tic or paraventricular nuclei to nicotine (Yamaguchi 
and Hama, 1989). Then the nicotinic responses of 
the hypothalamic nuclei may mediate the well-
known antidiuretic effect of the endogenous 
opioids (Tsushima et al., 1993).

It must be pointed out, however, that choli-
nergic activation of the hypothalamic systems 
may not be analogous with the physiological 
stimulation by angiotensin II of vasopressin 
release, as indicated by pharmacological analysis 
(Yamaguchi and Hama, 1989).

Ultimately it was shown that cholinergic path-
ways involved in the release of oxytocic and vaso-
pressive peptides consist of several hypothalamic 
nuclei and the parabrachial, reticular and forebrain 
systems along with the magnocellular nuclei (see 
Koelle, 1963; Myers, 1974; Nemeroff et al., 1977; 
Moos and Richard, 1989; and Pow and Morris, 

1989; see Chapter 2 DII and DIII). There may be 
a differential distribution of these pathways with 
respect to the two hormones in question (Pow and 
Morris, 1989). It must be added that arginine/
vasopressin is present in other neurons (for 
example, those of the limbic system); ACh releases 
vasopressin from these neurons as well (Raber et 
al., 1994). Interestingly, vasopressin facilitates 
ACh release from rodent hippocampal slices. This 
may suggest that vasopressin’s effect on learning 
is mediated by cholinergic activation (De Wied, 
1969; Tanabe et al., 1999; see section BV-d).

In addition to their antidiuretic effects, cholin-
ergic agonists produce changes in electrolytes 
when acting on the hypophyseal-pituitary system 
(De Luca et al., 1989). Cholinergics (particularly 
muscarinic) cause the release of the atrial natri-
uretic peptide (ANP) hormone from central sites 
within the hypothalamico-pituitary system; this 
release results in natriuretic and kaliuretic effects 
(Baldissera et al., 1989). Actually, the cholinergic 
system mediates the physiological release of ANP 
induced by blood volume expansion (Antunes-
Rodrigues et al., 1993). The cholinergic pathways 
involved in these phenomena are the same that 
elicit vasopressin and oxytocin release (see above 
and Chapter 2 DII and DIII; Baldissera et al., 
1989). In fact, there may be a topographical rela-
tion between central release of the natriuretic 
hormone and vasopressin.

Furthermore, the paraventricular and lateral 
hypothalamic nuclei are also involved in pancre-
atic secretion, as it was proposed that the vago-
vagal refl ex and cholecystokinin factors are under 
muscarinic control exerted by these nuclei; addi-
tional cholinergic input to the hypothalamic sites 
in question is provided by the lateral septum and 
parabrachial nucleus (see Li et al., 2003). Addi-
tional peptidic hormones (for example, hypocretin 
and melanin-concentrating hormone) are also 
excited by cholinergic agonists (see Bayer et al., 
2005).

The second hypothalamico-hypophyseal 
system originates with the hypothalamus’s hypo-
physiotropic zone; this system consists mainly of 
arcuate and periventricular nuclei situated just 
beneath the third ventricle. Thus, neurotrans-
mitters and drugs introduced into the third ventri-
cle act upon the hypophysiotropic zone. The 
hormones produced in the cells of these nuclei 
discharge into the median eminence to be con-
veyed, via the capillary plexus of the superior 
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hypophysial artery and the long portal vein, to the 
specifi c endocrine target cells located in the ade-
nohypophysis or the anterior pituitary gland; these 
hormones either facilitate or inhibit the release of 
pituitary trophic hormones. Hypothalamic release 
factors (HRFs) or hypophysiotropic regulatory 
peptides (HRPs) are the facilitators of this release, 
and the processes involved in the release of these 
peptides exhibit cholinergic correlates. The HRFs 
include corticotrophin release factor (CRF), pro-
lactin inhibitory and releasing factors (PIF and 
PRF, respectively), gonadotropin releasing factors 
(GnTRFs), thyrotropin releasing factor (TLF) and 
growth hormone inhibitory and releasing factors 
(GHIF and GHRF, respectively).

Cholinergic agonists, applied directly to the 
hypothalamus, administered intraventricularly or 
systemically, release CRF, which in turn liberates 
the adrenocorticotropic hormone (ACTH; Hill-
house and Milton, 1989a, 1989b; Itoi et al., 2004). 
This augments synthesis and facilitates the secre-
tion of the adrenal cortex’s corticosteroids, includ-
ing cortisol (hydrocortisone), aldosterone, and 
corticosterone (Davis and Davis, 1979; Makara 
and Stark, 1976; Calogero et al., 1989; Bugajski, 
1999); weak androgenic steroids are also released 
from the medullary cortex. It must be remembered 
that cholinergic agents, particularly nicotinics, 
stimulate the adrenal medulla either directly or via 
their hypothalamic action; this is to be expected, 
as the medulla is a modifi ed sympathetic ganglion. 
This stimulation causes, besides the release of 
steroids, the release of adrenal catecholamines 
(Koppanyi and Karczmar, 1951). Conversely, cho-
liner-gic antagonists, GABA and hemicholiniums 
diminish the basal levels of these substances 
(Ramade and Bayle, 1989; Hillhouse and Milton, 
1989a, 1989b, 1989c; Davis and Davis, 1979; and 
Karczmar, 1980). The nicotinic or mixed nicotinic/
muscarinic agonists and nicotine inhaled during 
smoking induce CRF-ACTH activation; this acti-
vation is antagonized by several nicotinolytics (see 
Davis and Davis, 1979; and Karczmar, 1980).

It also appears that both the cholinergic system 
and ACh release participate with other neurotrans-
missions in the stress-evoked release of CRF and 
in CRF gene expression in the hypothalamus 
(Ohmori et al., 1995; Grossman and Costa, 1993). 
However, stress-caused release of ACh desensi-
tizes muscarinic hypophysiotropic receptors and 
reduces the corticosteroid release induced by car-

bachol (Bugajski, 1999). Accordingly, to conclude 
that cholinergic agonists directly activate the 
hypothalamico-hypophyseal axis, there must be 
evidence indicating that this activation was not 
caused by a nonspecifi c stress resulting from 
administration of drugs and related maneuvers 
(Davis and Davis, 1979). In fact, Davis and Davis 
(1979) pointed out that as ACh is released during 
stress, the blocking effect of atropine on HRF 
release may result from atropine’s antagonism of 
the hypothalamic action of stress-released ACh 
(also, large doses of atropine were used in perti-
nent experiments and their effect could be nonspe-
cifi c or a result of atropine’s anesthetic effect; 
Davis and Davis, 1979). Yet, while inhaling nico-
tine is a nonstressful procedure that increases 
serum levels of cortisol, hemicholinium, implanted 
into pigeons’ third ventricles, decreased both the 
stress response of the hypothalamico-hypophyseal 
axis and the basal, resting levels of ACTH and 
cortisol (Ramade and Bayle, 1989; Sellini et al., 
1989). Additionally, when ACh is applied to hypo-
thalamic synaptosomes, it causes the release of a 
CRF-like substance capable of liberating ACTH 
from an isolated pituitary preparation (Edwardson 
and Bennet, 1974). In fact, the release of ACTH 
by cholinergic agonists may only occur via CRF 
release: Calogero et al. (1989) could not obtain 
this release with cholinergic agonists after the 
section of pituitary stalk, nor could they release 
ACTH by an in vitro application of arecoline (a 
mixed nicotinic-muscarinic agonist) to anterior 
pituicytes.

The cholinergic system and cholinergic drugs 
affect the pituitary secretion of prolactin. Contrary 
to the endocrine actions already described, this 
effect is inhibitory in character. Is not clear whether 
this inhibition results from cholinergic release of 
PIFs or direct cholinergic effect on the pituitary 
cells secreting prolactin. The type of receptor 
involved may depend on the animal’s biological 
state: the surge of prolactin during the proestrous 
phase of the rat, its pregnancy, or lactation is under 
nicotinic regulation (see, for example, Kellar et 
al., 1989), while the elevated basal levels of pro-
lactin that occur during stress or estrogen treat-
ment are controlled by muscarinic receptors 
(Davis and Davis, 1979; see also Karczmar, 
1980).

The cholinergic system affects the release of 
hypophysiotropic GnTRF and the luteinizing-
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follicle stimulating hormone releasing factor (LH-
RH/FSH/RF). This was shown by Charles Sawyer, 
one of the pioneers of studies on the cholinergic 
control of the endocrine function (Sawyer et al., 
1949). From adenophypophysis, the GnTRF 
releases the follicle stimulating hormone (FSH) 
and luteinizing hormone (LH, or interstitial cell 
stimulating hormone, ICSH), which act on the 
testes and ovaries to produce the sex steroids, 
testosterone and progesterone with estrogen. In 
agreement with Sawyer’s notion, it appears that 
cholinergic agonists release LH/FSH only in the 
presence of the hypothalamic tissue (Fiorindo et 
al., 1975). Muscarinic (M1 and M2) and nicotinic 
agonists may be involved in GnTRF release; both 
inhibitory and facilitatory effects seem to obtain 
(Krsmanovic et al., 1998). Muscarinic receptors 
may be involved in these phenomena and copula-
tion as antimuscarinic drugs or antagonists with 
mixed nicotinolytic-antimuscarinic effects block 
the copulation-ovulation refl ex (Sawyer et al., 
1951; Davis and Davis, 1979; see, however, 
Kalash et al., 1989). Interestingly, the neuronally 
derived septal cell line containing the cholinergic 
neurons (see Chapter 2 DII and DIII) exhibits 
jointly CAT, LH/RH, and the gonadal hormone 
receptors (Martinez-Morales et al., 2001) and 
Kasimir Blusztajn and his associates (Martinez-
Morales, 2001) suggest that there may be an inter-
action among these entities. The septal cell line 
may then serve as a model for the hypothalamico-
pituitary phenomena and for the interaction 
between release of LH/RH and cholinergic 
mechanisms.

The status of the natural ovulation cycle with 
respect to its cholinergic correlates is complex. 
Indeed, it is controversial whether or not musca-
rinics advance and atropine blocks ovulation 
(compare Mayerson and Palis, 1970, and Lopez et 
al., 1997). This inconsistency may relate to the 
fi nding that the effect of drugs on ovulation 
depends on the timing of their administration with 
the oestral cycle (Dominguez et al., 1982; Lopez 
et al., 1997). The Mexico City team also proposed 
that because of the asymmetry of CAT distribution 
in the hypothalamus, the effect might depend on 
the site of drug administration (Sanchez et al., 
1994; Lopez et al., 1997). Additionally, the mus-
carinic activation of LH-RH may also induce the 
release of androgens (see section BIV-2f). Finally, 
nicotinic receptors appear to inhibit LH-RH/FSH/

RH release (see Davis and Davis, 1979; Karczmar, 
1980).

Only sporadic information is available regard-
ing cholinergic effects on other pituitary endocrine 
function. Activation of the hypothalamic choliner-
gic system and the cholinergic agonists may 
release the growth hormone (or its HRF) and the 
TRF while muscarinic antagonists may block their 
liberation (Davis and Davis, 1979; Alteia et al., 
1989; Thiefi n et al., 1989). The release of the 
thyrotropic hormone or its HRF may be mediated 
via the vagus nerve and blocked by atropine 
(Thiefi n et al., 1989). Similarly, only a few 
in vestigations concern the cholinergic regulation, 
via endocrines, of carbohydrate metabolism and 
insulin or glucagon secretion. This secretion may 
be activated by anterior hypothalamic mechanisms 
involving the growth hormone, and/or a vagal 
afferent refl ex. Accordingly, Gotoh et al. (1989) 
and Iguchi et al. (1990) showed that when neostig-
mine was injected into rats’ third ventricle, it ele-
vated blood levels of insulin, glucagons, and 
glucose; the release of insulin was blocked by 
atropine or vagotomy.

Several notes of warning are due. Most of the 
studies listed concern the rat, and the effects may 
depend on the species. In fact, cholinergic stimula-
tion or block is seemingly ineffective in humans 
with respect to the secretion of cortisol, prolactin, 
or LH (Davis and Davis, 1979). However, only a 
relatively small dose of physostigmine can be used 
in these human studies, and methylscopolamine 
was employed to protect the patient.

Furthermore, the interpretation of the results is 
diffi cult because of the complex and multifactorial 
nature of the hypothalamico-hypophyseal system. 
There are fi ve main sources of complexity. First, 
multiple feedbacks are involved in the system’s
operation, including long-loop, short-loop and 
ultrashort-loop feedbacks. These feedbacks are 
generated by hormones of the peripheral glands 
such as corticoids, which are released by the drug 
action on the system, by the pituitary tropic hor-
mones themselves, and by the HRFs (see Genuth, 
1992). Cholinergic mechanisms may be involved 
in some of these feedbacks. For example, the cho-
linergic system facilitates cortisol feedback inhibi-
tion of ACTH release (Davis and Davis, 1979). 
Accordingly, cholinergic facilitation of ACTH 
release and its feedback inhibition by the corti-
coids may interact.
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Second, a specifi c HRF may liberate more than 
one pituitary hormone (Genuth, 1992) and some 
HRFs and trophic hormones are present in the 
CNS outside the hypothalamico-hypophyseal 
system and may be released by cholinergic mech-
anisms (Chen et al., 1989; see Brownstein, 1988; 
McGeer et al., 1987). In fact, the neuronal net-
works regulating respiration interconnect with 
those regulating sleep and wakefulness (see 
section BIV-3; Haxhiu et al., 2003).

Third, the cholinergic system is not the only 
transmitter system involved in the phenomena. 
For example, the catecholaminergic, serotonergic, 
and GABAergic pathways radiate to a number of 
hypothalamic sites, and they all affect releasing 
factors and/or posterior and anterior pituitary hor-
mones (see Fuxe et al., 1979; Karczmar, 1980). 
Accordingly, any given endocrine action results 
from the interplay between endocrine effects of 
noncholinergic and cholinergic transmitters 
(Hillhouse and Milton, 1989a, 1989b). Further-
more, the nonendocrine effects of transmitters 
interact and affect their endocrine function. 
For example, the cholinergic system activates 
dopaminergic cell bodies and causes the release of 
dopamine (Lichtensteiger, 1979; Ribary and 
Lichtensteiger, 1989); this effect may underlie the 
cholinergic inhibition of the prolactin secretion 
and other endocrine actions of cholinergic drugs 
(Davis and Davis, 1979; Karczmar, 1980). Similar 
interplay may exist between peptides, including 
substance P, neurotensin, enkephalins, and 
trophic agents (Fuxe et al., 1978; Hokfelt et al., 
1978).

Fourth, these multitransmitter and multifacto-
rial phenomena are involved in suprahypothala-
mic environmental, experiential, and emotional 
phenomena that affect the hypothalamico-
hypophyseal system (see, for example, Jacobson 
and Sapolsky, 1991). The efferents from the hypo-
thalamus radiate to many parts of the brain, 
including the thalamus and the limbic system, and 
generate a reciprocal effect on the hypothalamus. 
Even when experiments were carried out with 
localized electric stimulation or drug application 
into the hypothalamico-hypophyseal axis, the 
infl uence of these phenomena cannot be excluded; 
a much more complex effect occurs when the pro-
cedures employed are less localized.

Finally, it should be noted that many of the 
hormones released by the cholinergic system or 

cholinergic agonists exhibit direct CNS actions 
(see section BIV-2f, below) that interplay with 
hypothalamic cholinergic effects.

b. Centrally Controlled 
Cardiovascular Phenomena

Since the 19th century, scientists have discov-
ered that upon systemic or oral administration, 
cholinergic agonists and physostigmine induce 
changes in cardiac rate and vascular pressure (see 
section A2). Subsequently, these effects were 
obtained with a number of carbamate and OP 
antiChEs and cholinergic agonists (particularly 
muscarinic but also nicotinic).

Depressor and/or bradycardic muscarinic 
effects involve peripheral (including ganglionic 
and parasympathomimetic) actions of these 
drugs. Furthermore, Corneille Heymans (see also 
section BIV-1b) suggested that muscarinic drugs 
and antiChEs act by sinocarotid baroreceptors 
(Heymans and Heymans, 1926a, 1926b; Heymans, 
1951; Heymans and Neil, 1958; see also Holmst-
edt, 1959; Schmitt, 1972). However, it is also 
apparent that these cardiovascular actions of the 
cholinergic drugs involve the CNS (see, for 
example, the early studies of Delga, 1957). In fact, 
depressor and/or bradycardic responses were also 
obtained following intracisternal and hypotha-
lamic administration of M2 type muscarinic ago-
nists (Brezenoff and Jenden, 1969; Murugaian et 
al., 1989; Ni et al., 1989; Li et al., 2003); also, 
hypotensive responses evoked by electrically 
stimulating the lateral hypothalamus were blocked 
by atropinics (Blum et al., 1989). 

ACh, muscarinic agonists, and antiChEs also 
evoke centrally mediated pressor actions; these 
actions may also be induced peripherally. In the 
1930s Dikshit (1934) and Weinberg (1937) dem-
onstrated that intraventricular administration of 
ACh or carbachol evokes a brief hypertension. 
Subsequently, Hornykiewicz and Kobinger (1956) 
and Schaumann (1958) produced similar but 
longer-lasting effects via intracisternal adminis-
tration of neostigmine. Similar pressor actions 
were evoked by systemic administration of phy-
sostigmine and OP drugs. Careful pharmacologi-
cal analysis of the data indicated that these effects 
were central in nature (see, for example, Paulet, 
1954, and Dirnhuber and Cullumbine, 1955). 
Pressor and tachycardic responses were also elic-
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ited by the hypothalamic administration of nico-
tine (Brezenoff and Xiao, 1989). The responses 
were frequently biphasic: hypertension was fol-
lowed by hypotension and/or bradycardia (see, for 
example, Brefel et al., 1995).

Ulf Svante von Euler (the Nobel Prize winner 
for his identifi cation of norepinephrine as the 
pressor neurohumor) demonstrated in the 1930s 
that pressor action resulting from intracisternal 
administration of ACh ultimately results from the 
peripheral release of norepinephrine, as he could 
block the pressor effect by ergotoxin (see von 
Euler, 1956). Epinephrine may also be implicated 
(Brefel et al., 1995). The pressor effects of mus-
carinic agonists and antiChEs were related to a 
specifi c hypothalamic site by Varagic, Schmitt, 
Brezenoff, and Jenden and their associates 
(Varagic, 1955; Varagic and Krstic, 1966; Varagic 
et al., 1965; Lalanne et al., 1966; Brezenoff and 
Jenden, 1969, 1970; Brezenoff, 1972; Brezenoff 
and Giulano, 1982; Brezenoff and Xiao, 1989; 
Zhu et al., 1996). Varagic and his associates 
(Prostran et al., 1994) also expanded on von 
Euler’s demonstration of cholinergically induced 
peripheral adrenergic outfl ow when they showed 
a concomitant glycogenolytic effect that could be 
obtained even in adrenalectomized animals. The 
cholinergically induced release of vasopressin 
may contribute to the cholinergic pressor action 
(Brefel et al., 1995).

However, additional sites are involved in 
central cholinergic cardiovascular regulation; 
actually, the hypothalamus may not be activated 
at all in experiments involving intracisternal, 
subarachnoid, or intraventricular routes of admin-
istration. Pressor effects can be obtained by micro-
injecting muscarinic drugs and antiChEs onto 
medullary forebrain and limbic cholinoceptive 
sites (for example, the nucleus of the solitary tract, 
C1 pressor, medial and ventrolateral areas, nucleus 
basalis maynocellularis and the hippocampus; 
Benarroch et al., 1986a, 1986b; Benarroch, 1993, 
1997a, 1997b; Ni et al., 1989; Lacombe et al., 
1989; Xia et al., 1989; Ruggiero et al., 1990; 
Dampney, 1994; Hori et al., 1995; Kubo et al., 
1998, 1999); these vascular effects may be medi-
ated by the medullary sites’ radiations to the sym-
pathetic preganglionic neurons, to nucleus 
reticularis dorsalis, or to substantia innominata 
and the cortex (Kubo and Misu, 1983; Lacombe 
et al., 1989; see also section BIV-1b, above).

Finally, vascular responses to subarachnoid 
or spinal administration of physostigmine or 
muscarinics (Takahashi and Buccafusco, 1992) 
and cardiac responses to the microinjection of 
specifi c M2 agonists into the interomediolateral 
cell column at the T1–T3 level (Sundaram et al., 
1989; Sapru, 1989) indicate that spinal sites 
may be involved. The neurons involved were 
not identifi ed; apparently, they do not include 
muscarinic or nicotinic receptors at the pregangli-
onic spinal neurons (Buccafusco and Magri, 1989, 
1990; Takahashi and Buccafusco, 1992; Sunda-
ram et al., 1989).

Application of cholinergic agonists to medul-
lary sites may evoke biphasic, pressor, or depres-
sor effects; the specifi c effect depends on the site. 
For example, Ken Kellar and his associates dem-
onstrated that in rats nicotine exerts depressor 
actions upon its microinjection into dorsal medul-
lary (brainstem) sites (medial subnucleus of the 
tractus solitarius). These actions were antagonized 
by hexamethonium and the nicotinic receptors 
involved are of the α3 subtype (Ferreira et al., 
2000; Yeh et al., 2001).

There may be several reasons for cholinergic 
drugs’ and the cholinergic system’s ability to 
evoke both hypo- and hypertensive responses, or 
to have biphasic effects. Species specifi city may 
be involved: administration of muscarinic agonists 
and/or antiChEs to similar hypothalamic areas in 
cats and dogs produces hyper- and hypotension, 
respectively (Mitchell et al., 1963; Shuh et al., 
1935; see, however, Brefel et al., 1995).

Second, the differences may depend on the 
type of agonist used. For example, many OP drugs 
(i.e., sarin and DFP) produce hypertension, while 
several other OP compounds evoke hypotension 
(VanMeter et al., 1978; see Holmstedt, 1959; 
Schmitt, 1972). Furthermore, muscarinic and nic-
otinic drugs and agonists specifi c for different 
receptor subtypes may exert different vascular 
responses. Accordingly, Murugaian et al. (1989), 
Brezenoff and Jenden (1969), and Li et al. (2003) 
related the hypothalamic hypotensive and brady-
cardic response to muscarinic type M2 agonists 
and the hypothalamic hypertensive and tachy-
cardic response to nicotinic agonists (see also 
Ferreira et al., 2000). Actually, nicotinic drugs 
induce excitatory potentials in dorsal hypotha-
lamic neurons, and smoking and systemic absorp-
tion of nicotine produces vasopressor effect in 



470 Exploring the Vertebrate Central Cholinergic Nervous System

human volunteers (Benowitz et al., 1989; Schmitt, 
1972). A hypersensitive nicotinic component or 
upregulation of nicotinic receptors may contribute 
to the condition of spontaneously hypertensive 
rats (Brezenoff and Xia, 1989; Kubo et al., 1995; 
Perry et al., 1999).

Also, different hypothalamic centers may be 
involved in different cardiovascular responses. 
Brezenoff and Jenden (1969; see also Brezenoff 
and Xiao, 1989) obtained pressor and depressor 
responses with carbachol when applying it to a 
dorsal and posteroventral hypothalamus, respec-
tively. Neostigmine administered into the lateral 
cerebral ventricle caused a muscarinic, atropine-
antagonizable depressor action (Li et al., 2003), 
and specifi c M2 agonists applied to the ventrolat-
eral hypothalamus also elicited hypotension and 
evoked Fos-like immunoreactivity in a number of 
posterior hypothalamic sites (Li et al., 1997; 
Murugian et al., 1989; Blum et al., 1989). In fact, 
Blum et al. (1989) identifi ed the cat’s depressor 
response as “a small locus” in the lateral hypotha-
lamic peri-fornical region, “medial to the fi elds of 
Forel.”

Another complication arises from the involve-
ment of nonhypothalamic sites in these cardiovas-
cular responses (see above, this section). Indeed, 
several medullary, midbrain (central gray) and 
limbic cholinoceptive sites cause either depressor, 
pressor, or blood fl ow responses depending on the 
specifi c site and on the type of the agonist (Benar-
roch et al., 1986a, 1986b; Benarroch, 1997a, 
1997b; Ni et al., 1989; Lacombe et al., 1989; Rug-
giero et al., 1990; Dampney, 1994; Colombari et 
al., 1994; Kubo et al., 1998, 1999; Ferreira et al., 
2000).

With regard to the medulla, there is a relation 
between the respiratory and cardiovascular actions 
cholinergically evoked via the medulla (see section 
BIV-1b, above). Either respiratory or cardiovas-
cular excitatory effects may be obtained by chang-
ing the site of the application of muscarinic 
agonists within the ventral medulla. The dissocia-
tion between these effects may also be achieved 
by using M1 versus M2 agonists (Nattie and Li, 
1990; Takahashi and Buccafusco, 1992). Com-
bined cardiovascular-respiratory refl exes were 
mediated by C afferents; they were depressed by 
a local administration of neostigmine. A joint 
respiratory-cardiovascular effect was also obtained 
by Chen, Koppanyi, and Karczmar; however, 

contrary to the results just quoted, Chen et al. 
(1989) blocked with atropine and Koppanyi and 
Karczmar (1949) augmented with antiChEs the 
pressor response combined with respiratory stimu-
lation elicited by means of the stimulation of the 
afferent (central) vagus. Chen et al. (1989) pre-
sented evidence that this effect is mediated by the 
locus ceruleus and that this effect could be antago-
nized by atropine.

In a related context, the cholinergic system 
and cholinergic drugs exert effects on blood fl ow. 
The peripheral, muscarinically mediated vasodila-
tion and concomitant increase in blood fl ow are 
well known. A cholinergic or cholinoceptive 
central vasodilatation also exists. For example, 
electric, muscarinic, and nicotinic stimulation of 
central cholinergic sites or pathways (i.e., the 
septohippocampal and cholinergic basal fore-
brain, substantia innominata, nucleus basalis of 
Meynert, and sensory afferents) induced vasodila-
tation in the cortex and the limbic system (Cao et 
al., 1989; Lacombe et al., 1989; Kurosawa et al., 
1989; Scremin et al., 1988; Barbelivien et al., 
1999; Tsukada et al., 1999). Atropinics and nico-
tinics antagonized and antiChEs augmented this 
vascular response (Dauphin et al., 1991; see also 
Van der Zee and Luiten, 1999).

Additionally, the autonomic ganglia innervate 
central blood vessels and their stimulation also 
induces central vasodilatation (Kuridze et al., 
1989; Lister and Ray, 1988; Seylaz et al., 1988; 
see also Van der Zee and Luiten, 1999). These 
effects are mediated via cholinergic pathways 
radiating to muscarinic and nicotinic receptors 
present in the endothelia and smooth muscle cells 
of central arteries and arterioles (i.e., pial vessels 
and of the central capillary astrocytes). In vitro,
these central vessels dilate when muscarinic drugs 
are applied (Dacey and Basset, 1993; Estrada and 
Krause, 1982; Kalaria et al., 1994; see also Van 
der Zee and Luiten, 1999), and M3 receptors are 
involved in endothelial-dependent vasodilation, 
while other muscarinic receptors, such as M5 
receptors, control smooth muscle–mediated dila-
tion (Tayebati et al., 2003). The messenger NO 
may also be involved in the mediation of these 
cholinergic actions (Shimizu et al., 1993; Van der 
Zee and Luiten, 1999; Chen and Lee, 1993). 
However, there is also intrinsic innervation of 
these blood vessels, and the central release of 
ACh, whether upon central or autonomic stimula-
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tion, may exert vasodilation at vascular sites 
distant from those directly innervated by these 
pathways (Thompson et al., 1989). 

These blood-fl ow and cardiovascular choliner-
gic actions can be accompanied by an increase in 
glucose metabolism (Scremin et al., 1988; Vaucher 
et al., 1995). For example, the link between blood 
fl ow and glucose metabolism may underlie the 
cholinergic agonists’ effects (see, for example, 
Blin et al., 1994, and above, this section). On the 
other hand, it was also reported that cholinergic 
agonists affect the blood fl ow independently of the 
action on glucose metabolism (Barbelivien et al., 
1999). It may be added that stimulating blood 
pressure may accompany changes in blood fl ow.

Similar to other functions that exhibit cholin-
ergic correlates, the causative link between cho-
linergic activity and cardiovascular phenomena 
is complex. Thus, cholinergic cardiovascular 
responses interact with endocrine phenomena, 
including the release of angiotensin, vasopressin, 
and/or aldosterone via central or peripheral cho-
linergic action (see sections BIV-1b and BIV-2a); 
non-nervous sites may be involved as well, Brown 
and Chen, 1990. Then, a nonspecifi c stress effect 
may be of signifi cance as well (Davis and Davis, 
1979; see section BIV-2a, above). Last but not 
least, the cardiovascular regulation exhibits a mul-
titransmitter nature. That monoamines are involved 
in cholinergic activation of the cardiovascular 
system was stressed in this section; similar inter-
action exist between cardiovascular actions of 
cholinergic and peptidergic systems (Calaresu et 
al., 1990).

c. Centrally Controlled 
Gastrointestinal, Urinary, and 
Enteric Activity

Gastrointestinal (GI), enteric, and urinary 
functions are directly regulated by the peripheral 
parasympathetic and sympathetic systems. Supra-
spinal control is also needed for the normality of 
these functions and there is an identifi able cholin-
ergic contribution at that level, as speculated upon 
in early research by Severyn Cytronberg (1927); 
he referred to this contribution as “vegetative.”

Complex descending and ascending pathways 
beginning and ending in the cortex exert motor 
and afferent control over these functions. Gastro-
intestinal regulation involves the dorsal vagal 

complex (DVC) and the medial subnucleus of the 
tractus solitarius, and the pontine and tegmental 
areas constituting the “micturition center” are 
necessary for bladder control and micturition 
(Brodal, 1980; Benarroch, 1997a, 1997b; De 
Groat, 1975; De Groat and Kawatani, 1985; De 
Groat and Steers, 1990; Ferreira et al., 2000, 2001; 
see also Chapter 2 DI and DII).

These sites, including the DVC, the “micturi-
tion center,” and the brainstem areas that are 
important for gastrointestinal and urinary func-
tions contain cholinergic sites and pathways 
(Chapter 2 DII and DIII), besides exhibiting pep-
tidergic, aminergic, and monoamine pathways 
(Koyama et al., 1999; De Groat and Steers, 1990; 
Benarroch, 1997a, 1997b; Ferreira et al., 2000, 
2001; Sahibza da et al., 2002). However, few data 
are available concerning the role of the cholinergic 
system and the cholinergic drugs in supraspinal 
regulation of micturition or gastrointestinal func-
tion (see Camilleri, 1993). For example, the fi ring 
of the cholinergic neurons in the micturition center 
relates to the fi lling and emptying of the bladder 
(Koyama et al., 1999), while Ferreira et al. (2000) 
demonstrated that microinjection of nicotine into 
dorsal vagal motor nucleus and medial subnucleus 
of the tractus solitarius evokes either increase or 
decrease, respectively, of the intragastric pressure; 
these effects appear to be due to a4b2 nicotinic 
receptors (Ferreira et al., 2002). The diffi culty is 
compounded by the paucity of information con-
cerning direct cholinergic supraspinal efferent 
pathways to the spinal autonomic preganglionic 
neurons; interestingly, these neurons exhibit cho-
linoceptive sites (N. J. Dun, 2003, unpublished 
data). It must be added that certain GI and micturi-
tion diseases may relate to abnormalities in not 
only peripheral but also supraspinal cholinergic 
function.

d. Thermocontrol

Isenschmid and Krehl (1912, see Myers, 1974) 
were the fi rst to demonstrate that thermocontrol is 
exerted by the hypothalamus, and Robert Myers, 
Peter Lomax, and Don Jenden (Lomax and Jenden, 
1966) pioneered the studies of monoamine, indole, 
and cholinergic mediation of this phenomenon. 
Subsequent studies indicated that thermic 
responses are induced by hypothalamic adminis-
tration of monoamines, peptides and amino acids, 
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prostaglandins, and pyrogens (Myers, 1974; Clark, 
1979; Lee et al., 1983; Simpson et al., 1994). Either 
hyper- or hypothermia obtains upon administration 
of these agents, depending on the site of the hypo-
thalamic administration, on the agent, and on the 
species. Additionally, ionic balance is involved in 
thermocontrol (Freund, 1911), and related fi ndings 
gave rise to Myers’ notion (Myers, 1982, 1984, 
1987) of a Ca2+-mediated hypothalamic set point 
interacting with neurotransmitters and prostaglan-
dins in the thermoregulation process.

Acetylcholine, carbachol, and antiChEs (for 
example, physostigmine) evoke sharp hyperther-
mic responses in the cat, the rat, and the monkey 
when applied to the anterior hypothalamus, the 
preoptic area, and sites rostrad and caudad from 
these areas (Figure 9-23; Myers and Yaksh, 1968, 

1969; Myers, 1987; Bruck and Zeisberger, 
1978). When applied to the posterior hypothala-
mus-mesencephalic interface, ACh, muscarinic 
cholinomimetics, and systemically administered 
antiChEs produce hypothermia (Clement, 1993). 
Atropine antagonizes the hyperthermic and hypo-
thermic response. When applied alone or with 
cholinomimetics to the rat’s rostral hypothalamus, 
atropine induces hyperthermia (Kirkpatrick and 
Lomax, 1970); in this experiment, atropine may 
have blocked the muscarinic hypothermia, liberat-
ing a nicotinic, hyperthermic response. Indeed, 
nicotinic agonists produce hyperthermia when 
applied to the posterior hypothalamus of several 
species (Hall and Myers, 1977).

There are species differences with regard to the 
thermic effects of various agents (see Myers, 

Figure 9-23. Representative frontal sections of cat brain illustrating the anatomical sites at which push-pull perfu-
sions of RX 7260, an anticholinesterase, produce a rise in temperature. �, sites where push-pull perfusions of 
1.0µg/min produce hyperthermia of 0.4°C or greater; �, sites where doses of drug 0.125–0.5µg/min are ineffective; 
�, sites where 1.0 µg/min is ineffective; a, nucleus accumbens; ac, anterior commissure; c, caudate nucleus; db, 
diagonal band of Broca; f, fornix; ic, internal capsule; lh, lateral hypothalamus; n, nucleus of anterior commissure; 
oc, optic chiams; ph, posterior hypothalamus; po, preoptic area; r, nucleus reunions; v, ventromedial hypothalamus. 
(From Myers, 1980, with permission.)
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1974); occasionally, the results are inconsistent. 
For example, Lomax and Jenden (1966) obtained 
hypothermia when injecting muscarinic cholino-
mimetics into a rat’s rostral or anterior hypothala-
mus, contrary to the results obtained by others (see 
above); perhaps the region where the application 
of cholinomimetics caused hyperthermia was 
caudad to the regions where the application of 
these drugs induced hypothermia in the hands of 
Lomax and Jenden (1966).

That these results refl ect physiological func-
tion of the hypothalamic cholinergic sites was 
amply demonstrated. Thus, atropine applied to 
sites such as the rostral hypothalamus not only 
antagonizes the hyperthermic effects of cholino-
mimetics but also produces hypothermia in 
animals kept at room temperature. Furthermore, in 
the rhesus monkey, cooling increased and warming 
decreased ACh effl ux from the anterior hypothala-
mus and preoptic area, while opposite effects were 
induced by cooling and warming in the mesen-
cephalon and mid- and posterior hypothalamus 
(Myers, 1987). Finally, bacterial or pyrogen-
induced pyrexia causes release of ACh from the 
anterior hypothalamus (Tangri et al., 1975). Again, 
the results obtained in this area are not always 
consistent, and there are species differences with 
respect to atropine’s thermic actions (see Myers, 
1974, 1984, and Bruck and Zeisberger, 1978).

It appears that increased heat production rather 
than the antagonism of heat dissipation engen-
dered by the peripheral vasodilatation underlies 
the cholinergic, whether nicotinic or muscarinic, 
hyperthermia. Hyperthermia generated by mono-
amines, indoles, pyrogens, and prostaglandins is 
also due to augmented heat production (Rothwell, 
1994).

As already stated, noncholinergic neurotrans-
mitters, cytokines, pyrogens and bacteria, and ions 
participate in thermoregulation. For example, in 
several species (including the rhesus monkey) 
when applied to the hypothalamus, α1 and α2
noradrenergic and indoleaminergic agonists 
induce hypothermia (see Myers, 1974, 1980, 
1984, 1987; Bruck and Zeisberger, 1978; and Kar-
czmar, 1976). Pyrexia is evoked when prostaglan-
dins (for example, PGE1) and cytokines are 
applied to several hypothalamic sites (Clark, 1979; 
Simpson et al., 1994; Rothwell, 1994). In fact, 
these agents may mediate bacterial pyrexia. On 
the other hand, when peptides are applied to the 

hypothalamus, they evoke either hypo- or hyper-
thermia (Rothwell, 1994).

These neurotransmitters and thermoactive 
substances interact during thermoregulation. 
Pyrogen- or drug-induced (for example, by 
alcohol; Huttunen et al., 1988) changes in body 
temperature affect the serotonergic, noradrener-
gic, and cholinergic systems (Myers, 1969, 1974, 
1982), and Robert Myers felt that hypothalamic 
serotonin and norepinephrine “somehow work
.  .  . in the course of thermoregulation  .  .  . through
the release of ACh” (Myers, 1974). Ions are 
involved as well. Many transmitters as well as 
peptides are released when there is a change in the 
“set point” due to ambient temperature variation 
or shifts in blood Ca2+ levels or in the blood Ca2+/
Na+ ratio (Lee et al., 1983). As suggested by 
Myers (1982, 1987; Myers and Veale, 1970) and 
Simpson et al. (1994), ACh may serve as a media-
tor between the set point of the posterior hypo-
thalamus and the mechanisms located in the rostral 
hypothalamus. Indeed, there is a close similarity 
between the thermocontrol effects resulting from 
the application to the set point of Ca2+ ions and of 
ACh (Myers, 1982, 1987; Simpson et al., 1994).

e. Control of Thirst and Hunger

As known since the 1960s, both nicotinic and 
muscarinic agonists affect drinking and eating 
(Stein and Seifter, 1962; Fisher and Coury, 1962; 
Coury, 1967; Grossman, 1960; Stevenson, 1969). 
It should be emphasized that cholinergic control 
of thirst and hunger as well as thermal processes, 
heat generation, and heat dissipation point up the 
relationship between the appetitive behavior and 
energy processes and cholinergic participation in 
energy processes and energy homeostasis. This 
relationship between energy phenomena and 
appetitive behavior is indicated by the hypotha-
lamic vicinity of the pertinent control sites (other 
central sites, such as the limbic system, are also 
involved in this relationship; see below) and of the 
relevant transmitter pathways. If this relation were 
strictly maintained, cholinergic thermogenesis and 
cholinergically induced heat production should be 
accompanied by an increase in food and water 
intake. In turn, the resulting proteinemia and an 
increase in blood electrolytes should lead to an 
additional increase in water intake. Many—but
not all—fi ndings are consistent with this notion.
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Indeed, generally muscarinic agonists evoke 
and atropinics block food and water intake as 
well as pyrexia. The feeding effect of agonists may 
relate to their induction of a transient hypoglycemia 
and transient rise in insulin (Smith and Campfi eld, 
1993; see however, Brito et al., 1993), and hunger 
and/or anticipation of food in rodents conditioned 
to expect food at a given time is accompanied by 
an increase in cholinergic activity in several brain 
sites, including the cortex and limbic system (see, 
for example, Ghiani et al., 1998). Also, knockout 
mice defi cient in M3 receptors displayed a signifi -
cant decrease in food intake, which reduced body 
weight and peripheral fat deposits; Wess and his 
associates (Yamada et al., 2001) demonstrated that 
the hypothalamus is the site involved in this M3 
function (see also Chapter 5 F).

However, discordant results were also obtained 
in the rat (Coury, 1967), and Grossman (1964) felt 
that antagonistic muscarinic systems underlie 
thirst and hunger; furthermore, in the cat and 
monkey there was a divorce between the effects 
of muscarinics on appetitive and thermal function 
(see Myers, 1969, 1974; Myers et al., 1972; 
Karczmar, 1976, 1978a). Moreover, at certain 
hypothalamic sites, cholinergic agonists precipi-
tate hypothermia rather than pyrexia (see above, 
section BIV-2c).

More complications exist. First, nicotine and 
nicotinic drugs may exert ingestive and drinking 
effects, which are opposite to those induced by 
carbachol or other muscarinic drugs. For example, 
Myers et al. (1972) induced a marked drinking 
response by injecting nicotine into the monkey’s
hypothalamic sites that abut the mammillary 
complex; on the other hand, nicotine suppressed 
appetite in some studies (Jessen et al., 2005). 
Then, noncholinergic transmitters and bioactive 
substances exert thermal effects and effects on 
thirst and hunger via their hypothalamic and 
limbic pathways that are also ambiguous in regard 
to the notion of the linkage between energy and 
appetitive processes; these substances include 
peptides (i.e., neurotensin, cholecystokinin, and 
substance Y), amino acids (for example, GABA), 
serotonin, catecholamines, and glucose (Hoebel et 
al., 1982; Ghiani et al., 1998; Stanley and Leibow-
itz, 1984; Benarroch, 1997a, 1997b; Myers et al., 
1986; and Van de Kar, 1991). For example, alpha-
adrenergic agonists invoke food intake, attenuate 
thirst, and cause hypothermia, which is not con-

sistent with the speculation adduced above 
(Grossman, 1962, 1964; Yaksh and Myers, 1972; 
Leibowitz, 1972, 1980; Jhanvar-Uniyal et al., 
1986); additionally, sometimes the alpha-adrener-
gic agonists blocked rather than synergized with 
the hunger and thirst effect of muscarinics (Callera 
et al., 1994, 1995). And, as in the case of thermo-
control, a Ca2+ regulated set point may be involved 
in feeling and driking (Meeker et al,. 1978). 
Finally, the effects of the substances in question 
may involve indirect rather than direct effects on 
feeding and drinking. For example, the peptides 
act peripherally on gastrointestinal secretion, 
which affects the feeding phenomena via vagal 
afferents to the hypothalamus (Smith and Gibbs, 
1975; Myers and Caleb, 1981).

Inconsistencies among the data reported by 
various investigators may result from inconsisten-
cies in experimental conditions. Taste and smell 
contribute to feeding activities and may affect 
hypothalamic release of substances such as ACh 
and catecholamines (Myers et al., 1979); these 
components of the feeding behavior vary from one 
experiment to another. Different results may be 
obtained with fasting or nonfasting animals; this 
condition may be more important in felines than 
in rats and monkeys. Myers (see Lee et al., 1982) 
attributes this difference to evolution and etho-
logical differences, as large felines usually seek 
food at long intervals, while rodents and primates 
eat frequently. Robert Myers should know; he kept 
leopards and lions as pets in his household (see 
also Myers and Sharpe, 1968)! Another important 
variable is motor function; motor function may be 
affected by the drugs and transmitters used in the 
experiments, thus infl uencing the response to food 
or water. For example, peptides convert escape 
response to electric stimulation of the hypothala-
mus into feeding behavior (Zilov and Patyshaku-
liev, 1993).

Finally, the drugs, bioactive substances, and 
transmitters in question may affect thirst and 
hunger via their actions on the higher centers, 
and this effect may interplay with their hypotha-
lamic actions (Adrianson, 1995; Oomura et al., 
1988). As in the case of all hypothalamic phenom-
ena, the thirst-hunger regulation involves other 
systems besides the cholinergic system, for 
example, peptides such as somatostatin and several 
gut hormones (Hajdu et al., 2003; Konturek et al., 
2004).
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f. Sexual Behavior

Cholinergic agents clearly affect sexual activ-
ity. These cholinergic phenomena, including erec-
tile function, are ultimately mediated by sacral and 
lumbar autonomic outfl ows that involve choliner-
gic synapses; these autonomic efferents are under 
supraspinal control, but the central cholinergic 
pathways to the autonomic preganglionic sites 
were not clearly identifi ed (see Chapter 2 DII and 
DIII). Similarly, central cholinergic pathways that 
control libido are not established in full detail, 
although the contribution of the cortex, some of 
the nuclei of hypothalamus, and the limbic system 
to the libido and sexual activity is well estab-
lished. There is information that males suffering 
from Alzheimer’s disease and treated with cholin-
ergic drugs may exhibit increased libido (see 
Chapters 2 DI-DIII and 10 K; De Groat and Steers, 
1990 and Bitran and Hull, 1988).

Sexual effects may be directly generated by 
central cholinergic receptors. However, choliner-
gic effects on sexual activity may be also indirect 
and mediated by cholinergic effects on the hypo-
thalamic endocrine system; hence, the inclusion of 
the sexual phenomena in this section, which deals 
with the hypothalamic function (see section BIV-
2a; Babichev, 1995). According to Magna Arnold, 
the sexual urge and love are regulated by different 
brain sites (Arnold, 1960).

Being biased with respect to the importance of 
the cholinergic system, I am glad to report that 
most of the fi ndings indicate that the cholinergic 
system facilitates sexual activity. Abrahams and 
Pickford (1956) demonstrated that DFP and 
physostigmine implanted into preoptic nuclei 
induced or prolonged uterine activity and evoked 
signs of overt sexual activity in dogs. These effects 
were probably indirect and related to the cholin-
ergically evoked release of oxytocin (see Koelle, 
1963). This early work was prescient, as later 
it was shown that medial preoptic-anterior hypo-
thalamic regions as well as limbic pathways are 
involved in psychogenic sexual functions (such as 
erectile response of the male; the data as to the 
clitoric female response are apparently unavail-
able; De Groat and Steers, 1990; Bitran and Hull, 
1988).

Further work indicated that muscarinics (M1, 
M2, and M3 agonists) induce overt activity in 
male and female rats and monkeys (including lor-

dosis, solicitation, “attractive” behavior, facilita-
tion of ejaculation, etc.; these behavioral effects 
were blocked with atropinics (see for example, 
Bignami, 1966; Retana-Marquez and Velazquez-
Moctezuma, 1993; Retana-Marquez et al., 1993; 
Lynch et al., 1999). The behavioral effects in 
female and male rats and monkeys were blocked 
with atropinics (see for example, Bignami, 1966; 
Retana-Marquez and Velazquez-Moctezuma, 
1993; Retana-Marquez et al., 1993; Lynch et al., 
1999; Dohanich et al., 1982, 1993; Soulairac and 
Soulairac, 1975; Rodgers and Law, 1968; Lind-
strom, 1973, 1975; Kow et al., 1995). These phe-
nomena may be related to electrophysiological 
effects of cholinergic agonists on several hypotha-
lamic areas in vitro and in vivo (section BIV-2a, 
above, and Kow et al., 1995, 2004). However, 
these electrophysiological actions were M3 recep-
tor mediated, while the actual sexual activity was 
evoked by M1 and M2 receptors (Retana-Marquez 
and Velazquez-Moctezuma, 1993). Interestingly, 
Heath (1972) demonstrated that orgastic behavior 
in humans induced by intraseptal administration 
of ACh was not distinguishable, subjectively or in 
terms of EEG, from spontaneous coitus; however, 
he also reported that norepinephrine induced a 
similar effect (Figures 9-24 and 9-25). It should 
be added that there is a divergence (diergism) 
between cholinergic hypothalamic and related 
pathways of mammalian males and females 
(Rhodes and Rubin, 1999).

The effects reported by Dorner (1979) were 
bizarre. He found that when the quaternary [sic!]
antiChE pyridostigmine was neonatally adminis-
tered, it “permanently” augmented sexual activity in 
the adult male rat; Dorner ascribed this effect to a 
change in brain differentiation. Another unexpected 
fi nding was that both carbachol and atropine 
implanted into hypothalamic and limbic sites induced 
lordosis in female rats (Rodgers and Law, 1968).

The facilitatory sexual effects of cholinergic, 
particularly muscarinic, agonists but also nicotinic 
agonists may be mediated strictly hormonally on 
the hypothalamic level and also on the brainstem 
level, as cholinergic agonists facilitate or induce, 
and cholinergic antagonists block, the release of 
gonadotropic hormones and/or their hypothalamic 
releasing factors, and coitus upgrades the α4 and 
α7 receptors; these bioactive substances regulate 
the development of gonads and their steroid 
hormones and the secondary sexual characteristics 
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of either sex (see section BIV-2a, above; Karcz-
mar, 1980; Myers, 1974; Centeno et al., 2004). 
Finding that muscarinic facilitation of sexual 
activity may be dependent on the rat’s gonadal 
state reinforces this notion. Thus, Hebert et al. 
(1994) found that muscarinic facilitation of overt 
sexual activity occurs in ovariectomized female 
rats primed with estrogen and/or progesterone (see 
Lindstrom, 1973, 1975). However, localized 
hypothalamic and limbic administration of cholin-
ergic and anticholinergic drugs affect sexual 
behavior (see this section, above).

It is of interest that cholinergic effect on sexual 
function may be due not only to cholinergic release 
of gonadotropic hormones and resulting action of 
gonadal hormones but also to cholinergic-gonadal 
interaction on the synaptic level: these hormones 
facilitate cholinergically evoked neuronal poten-
tials. In fact, the coexistence at nonhypothalamic 
sites such as septum of the gonadotropic hormones 
and their receptors, the hormones such as LH/RH, 
and ACh and its receptors was demonstrated 
(Martinez-Morales et al., 2001; S. G. Beck, 1998; 
N. J. Dun, 2000, unpublished data; see also section 
BV-4d, below).

This mixture of peripheral and central actions 
that are involved in sexual effects of cholinergic 
agents and certain drugs is a par for this topic. 
Actually, estrogens and progesterone of the female 
and androgens, including testosterone, of the male 
facilitate sexual activity not only via peripheral 
but also via central sites; this facilitation is ac-
companied by appropriate electrophysiological 
phenomena (Ruf, 1976). These phenomena are 
generated via the central steroid receptor sites, 
which are present throughout the brain, including 
the limbic system, the hypothalamus, and the 
spinal cord, and occur in a number of vertebrate 
species such as monkeys, primates, reptiles, and 
birds (Pfaff, 1973, 1988; Davidson, 1977; Lewin, 
1994; McEwen et al., 1978; Holsboer, 1997; Mar-
tinez-Morales et al., 2001; see also Karczmar, 
1978a, 1980; Jones, 1994; Crews et al., 1996; 
Balthazart et al., 1996; Myers, 1974).

The effectiveness of nicotinic agonists is 
controversial; although the Russian team of 
Kirukhin and Ryzhenkov (Kirukhin and Ryzhen-
kov, 1962; Ryzhenkov and Kirukhin, 1973) found 
that they facilitate male rats’ sexual activity, 
Retana-Marquez et al. (1993) could not duplicate 
this fi nding.

3. Brain Rhythms, Sleep, and 
Related Phenomena

This section deals with electric activities of the 
brain represented by the EEG, evoked potentials, 
and related phenomena. These EEG phenomena 
are linked with mental activities including cogni-
tion, attention, and learning; these matters will be 
discussed in this section, below.

a. Endogenous Activity of 
Cholinergic Neurons

Induced cholinergic activities of the brain 
neurons such as the release of ACh and cholino-
ceptive responses were already described. Central 
cholinergic neurons also exhibit spontaneous 
rhythmic activities that do not depend on sensory 
input and may be observed in isolated prepara-
tions (Woolf and Butcher, 1986; Khateb et al., 
1992; see Woolf, 1997). The forebrain, pontomes-
encephalic and striatal neurons and the prenatal 
retina’s amacrine cells exhibit bursts of these 
spontaneous, fast activities (Lebedev and Nelson, 
1999). It was proposed that these activities that 
arise prior to the development of sensory inputs 
help in the maturation of the pertinent neurons and 
their systems (Woolf, 1997). Some of the bursts 
appear in cycles regulated by the individual 
neurons (Woolf, 1997). In some cases, such as 
bursting exhibited by the pyramidal cortical 
neurons, the activation of cholinergic basal fore-
brain neurons suppresses this activity (Alroy et al., 
1999). Whether or not these bursts and cycling 
contribute to the generation of rhythms such as the 
EEG is not clear at this time (see Andersen and 
Andersson, 1968).

b. Electroencephalogram Patterns, 
Evoked Potentials, and Effects 
of Cholinergic Agonists 
and Antagonists

There are two main types of EEG pattern: the 
slow rhythms and the synchronized pulses belong 
to one type of EEG activity, and the desynchro-
nized patterns to another. The slow pulses, such as 
alpha and delta rhythms, and the synchronized 
patterns, which include recruitment, theta rhythms, 
spindling, augmentation, postreinforcement syn-
chronization (PRS), and so on. depend on the 
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reticulo-thalamico-cortical-cerebellar recruitment 
system, with possible contributions from the 
caudate (Andersen and Andersson, 1968; 
Buchwald et al., 1961; Steriade, 1993a, 1993b; 
Marczynski, 1993). Some of these patterns are 
discussed later in this section. The desynchronized 
EEG is characterized by the presence of fast-
frequency rhythms, which include beta and faster 
activities. It complicates the matters that synchro-
nized and desynchronized rhythms are generated 
by different brain parts and thus coexist; this is the 
case in the desynchronized pattern, which is 
evoked by cholinergic drugs or behavioral arousal 
in parallel with the theta rhythm. While there are 
cholinergic correlates of the slow and synchro-
nized rhythms (Marczynski, 1993), the desynchro-
nized patterns combined with theta rhythm exhibit 
particularly marked cholinergic characteristics.

Cholinergic EEG Arousal

Cortical EEG desynchronization and the theta 
rhythm are evoked by muscarinic and nicotinic 
agonists and antiChEs when given systemically or 
applied locally to several sites extending from the 
brainstem (pontine and bulbar reticular formation), 
to cortical areas (entorhinal cortex), the hypothala-
mus, and the limbic sites (Cordeau and Mancia, 
1959; Marczynski, 1967; Karczmar, 1979a, 1993a, 
1993b; Vertes, 1982; Caulfi eld et al., 1992, 1993a, 
1993b; McCormick, 1992, 1993; Riekkinen et al., 
1993; Van der Linden et al., 1999). The choliner-
gic, muscarinic, or nicotinic desynchronization 
consists of a shift of cortical EEG brain waves 
toward higher frequencies (20 to 30 Hz beta 
rhythms and, sometimes, gamma activity of 25 to 
80 Hz), and lower-voltage wave patterns; these 
phenomena and the generation of the hippocampal 
theta, 8 to 12 Hz rhythms, constitute cholinergic 
EEG desynchronization or cholinergic EEG 
arousal. Depending on the mode and site of appli-
cation, slower of faster activity, including gamma 
rhythms, may be induced (Van der Linden et al., 
1999; Gloveli et al., 1999). Cholinergic EEG 
arousal is similar to EEG patterns characterizing 
behavioral arousal and learning; particularly, cho-
linergic desynchronization that obtains in the 
visual cortex is similar to desynchronization 
evoked by perceptual experience (Desmedt and 
Tomberg, 1995; Tomberg and Desmedt, 1998); 
yet, cholinergic EEG arousal differs quantitatively 
from behavioral EEG arousal (see below, this 

section, and section BIV-3c for the relationship 
between EEG arousal and behavioral arousal).

The desynchronizing and theta rhythm-
generating effect of cholinergic agonists (cholin-
ergic EEG arousal) was recognized in the 1930s 
(Jung and Kornmuller, 1938; Bonnet and Bremer, 
1937; Moruzzi, 1939); their fi ndings were greatly 
expanded subsequently (see Machne and Unna, 
1963; Rinaldi and Himwich, 1955a, 1995b; 
Himwich, 1963; Karczmar, 1976, 1979a; Longo 
and Loizzo, 1973; Buzsaki et al., 1988). It must 
be stressed that cholinergic desynchronization, 
increase in the mean EEG frequency, and the gen-
eration of the theta rhythm were observed in all 
animal species including humans (Alhainen et al., 
1991; Shigeta et al., 1993; Nunez, 1995a, 
1995b).

The desynchronizing and theta rhythm-gener-
ating action of muscarinic agonists and antiChEs 
is easily antagonized by atropinics, while similar 
effects by nicotinics are blocked by nicotinolytics. 
These antagonisms may be elicited by systemic 
administration of these compounds’ tertiary forms 
or by intraventricular and localized brain applica-
tion of tertiary or quaternary atropinics and nicoti-
nolytics. Actually, nicotinolytics and atropinics do 
not just block cholinergically elicited desynchro-
nization but, at large doses, convert it into a special 
EEG state or evoke this state on their own; in either 
case, they elicit slow waves of high voltage that 
are intermingled with high-voltage spikes (Wikler, 
1952; Longo, 1966; Kikuchi et al., 1999). Vin-
cenzo Longo (1966) described this state as “hyper-
synchrony.” This hypersynchrony differs from 
slow waves such as delta rhythms; furthermore, 
the behavioral state that accompanies atropinic 
hypersynchrony does not resemble in any way the 
states refl ecting physiologically encountered slow 
frequencies; depending on the dose of atropine, 
atropinic hypersynchrony relates to hyperactivity 
or coma.5

The common denominator for the extensive 
distribution of cholinoceptive desynchronizing 
sites is constituted by cholinergic radiations that 
originate in the forebrain (particularly, the nucleus 
basalis magnocellularis; Chapter 2 DII and DIII). 
Accordingly, lesions of the nucleus prevent corti-
cal arousal via electric or cholinergic stimulation 
of the forebrain sites and slow down the EEG, 
while lesions of midbrain reticular formation and 
the thalamus do not obliterate or block only tran-
siently the cholinergic or electrically induced 
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desynchronization (Buzsaki and Gage, 1989; 
Semba, 1991). It must be noticed, however, that 
desynchronization can be obtained by muscarinic 
stimulation of in vitro preparations such as corti-
cal slices.

Muscarinic desynchronization may be due to 
cholinergically induced inhibition of rhythmic 
fi ring bursts and thalamic spindles, increase in the 
spike frequency, which relates to a decrease in 
the so-called spike frequency adaptation, and an 
interplay between the effects of ACh and those 
of GABA (McCormick, 1993); these phenomena 
are due to activation of cholinergic mesopontine 
nuclei, gigantocellular tegmental fi elds, and addi-
tional circuitry, and the resultant high-frequency 
response of the thalamic cells, which spreads to 
the cortex (Steriade, 1993a, 1993b; McCormick, 
1993; Krnjevic, 1993; Steriade and Hobson, 
1976). These mechanisms refl ect the antagonism 
between desynchronization and the slow EEG 
patterns; this antagonism will be discussed below. 
The postsynaptic excitatory effect involved in 
muscarinic desynchronization may include a 
number of K+ currents generated at the M1, M2, 
and M3 receptor subtypes (McCormick, 1993; 
Velazquez-Moctezuma et al., 1990a, 1990b; Gillin 
et al., 1993; Datta et al., 1991; see also section BI, 
above). In addition to desynchronization, these 
sites and mechanisms relate to theta rhythms, 
REM sleep (see next section), and the sleep-
wakefulness dipole.

There are differences between nicotinic and 
muscarinic desynchronization. First, the EEG 
effect of nicotine, particularly when given in large 
doses, may be biphasic; after initial desynchroni-
zation, EEG slowing and synchronization follows; 
this second phase of the nicotinic action results 
from synaptic blocking action and/or desensitiza-
tion induced by nicotine (Karczmar, 1979a, 
1979b); desynchronization induced by high levels 
of muscarinics and antiChEs is not readily con-
verted into fl attening and EEG slowing. Different 
sites, as established in early research by Franco 
Rinaldi, Harold Himwich, Edward Domino, and 
their associates, generate second muscarinic and 
nicotinic desynchronizations. The muscarinic sites 
are diffuse and embrace the mesencephalicocorti-
cal ascending areas, limbic sites, and hypothala-
mus, while nicotine’s effects are more localized 
and involve the midbrain reticular formation, 
thalamus, habenula, and tegmental areas (see the 
early research of Rinaldi and Himwich, 1955; 

Kawamura and Domino, 1969; see also Krnjevic, 
1993). Nicotinic excitation results from the clas-
sical increase in K+ conductance and glutamate 
release (Krnjevic, 1981, 1993), while muscarinic 
excitation is caused by the M receptor phenom-
ena; additional mechanisms may be involved in 
the nicotinic generation of the theta rhythm (see 
above, this section).

The Theta Rhythm

Jung and Kornmuller (1938) were the fi rst to 
describe the cholinergic generation of theta 
rhythms; these rhythms and their generation was 
then described in detail by Volia Liberson, who, 
as well as others, defi ned them as an instance of 
synchronization (Liberson and Cadilhac, 1954; 
see also Brucke and Stumpf, 1957 and Green 
and Arduini, 1954). Altogether, the synchronized 
theta rhythm combines with desynchronization 
in cholinergic EEG arousal. This notion is sup-
ported by ample evidence indicating that both 
desynchronization and the theta rhythm are 
induced by systemic administration of muscarin-
ics and antiChEs as well as by their application 
in vivo to several hippocampal sites (CA1 and 
CA3 neurons), entorhinal cortex and stratum 
radiatum, the pontine tegmentum, and reticular 
formation (MacVicar and Tse, 1989; Dickson 
et al., 1994; Vertes et al., 1993; see also Karczmar, 
1979a, 1979b); both cholinoceptive neurons and 
interneurons may be involved (Chapman and 
Lacaille, 1999). Also, cholinomimetics evoked 
theta-like bursting in vitro: continuously applying 
carbachol to rat hippocampal slice preparation 
produced a synchronous theta-like burst in large 
populations of CA3 neurons (MacVicar and Tse, 
1989; Konopacki et al., 1988; Bland et al., 1988). 
The frequency of the theta rhythm response 
depends on the site generating the rhythm 
(Konopacki et al., 1988).

Additional results support the notion of cholin-
ergicity of the hippocampal sites generating the 
theta rhythm. Fisher et al. (1998, 1999) obtained 
indirect evidence indicating that the theta rhythm 
is due to the septal release of ACh, and the septo-
hippocampal neurons generating the theta rhythm 
appear to be cholinergic (Jones et al., 1998; Manns 
et al., 2000; Jones, 2005; see also Brazhnik and 
Vinogradova, 1988; Stewart and Fox, 1989). Both 
nicotinic and muscarinic mechanisms are involved 
in the generation of theta patterns. The theta rhythm 
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was evoked by the activation of hippocampal post-
synaptic M1 receptors and carbachol-induced 
rhythmic bursting at septal sites (Carette, 1998; 
Goleblewski et al., 1993). These muscarinic effects 
may depend on muscarinic antagonism via their 
depolarizing action of the slow hyperpolarization 
generated by repetitive stimulation; this effect 
may be localized at the CA1 interneurons (Egorov 
et al., 1999; McQuiston and Madison, 1999). Nic-
otinic receptors, both pre- and postsynaptic, are 
also involved. The presynaptic nicotinic receptors 
that contain the α7 subunit may generate the theta 
rhythm via mediation of Ca2+ infl ux and glutamate 
and GABA release (Radcliffe et al., 1999).

Vincenzo Longo’s fi ndings that atropine 
blocked the theta waves (Longo, 1966) has been 
confi rmed many times (see, for example, Dhume 
et al., 1990). The theta rhythm sensitized to the 
effects of atropinics by lesions of certain hippo-
campal sites (Praag et al., 1997); this fi nding 
relates to the importance of noncholinoceptive 
hippocampal cells in the generation of the theta 
rhythm. As the theta rhythm has important behav-
ioral and cognitive correlates, it is not surprising 
that its block also has a behavioral signifi cance 
(see above, this section, and sections BIVc and 
BV-4, below). It should be added here that in the 
case of CANMB, cholinergic EEG arousal and 
generation of the theta rhythm are accompanied 
by immobility rather than motor activity (W. G. 
VanMeter and A. G. Karczmar, 1978; unpublished 
observations; Karczmar, 1979a, 1979b, and 
section BIV-3e).

Several investigators, notably Vanderwolf 
(1975), Bland (1986), Stewart and Fox (1990), 
and Leung (1998), differentiated in rats between 
2 or 3 theta rhythms, which differed in their fre-
quency and pattern. Vanderwolf (1975; see also 
Leung, 1998; Abe and Tuyosawa, 1999) associ-
ated 1 type with vocalizations and licking accom-
panied by “total immobility” and another with 
walking and rearing; Vanderwolf felt that only the 
theta pattern evoked by walking and rearing was 
blocked by the atropinics. Vanderwolf’s distinc-
tion may not be valid, since his differentiation 
between pertinent motor activities is vague and 
since he refers to additional in-between theta 
rhythms, which may or may not be sensitive to 
atropine (Vanderwolf, 1975).

Actually, the alleged atropine insensitivity of 
components of the theta waves may refl ect non-

cholinergic contribution to this rhythm. Stewart 
and Fox (1990) opined that the atropine-
insensitive theta rhythm is generated via septal 
GABAergic rather than septal cholinergic neurons. 
It must be remembered that classically, Walter 
Hess determined that the hippocampal inputs to 
the amygdala and nucleus accumbens regulate 
locomotor activity (Hess, 1954); these inputs 
involve GABAergic and dopaminergic pathways; 
the cholinergic role in this system is not clear (see 
Mogenson and Yang, 1991). In addition, Cobb et 
al. (1999a, 1999b) found that the nicotinic system 
may contribute to the diversity of the theta 
rhythm’s frequencies, as nicotinics evoked hip-
pocampal bursting that differed in frequency from 
the muscarinic theta rhythm.

The notion of cholinergic generation of the 
theta rhythm is not unanimously accepted (see 
Woolf, 1997; Kichigina et al., 1999). Activation 
of muscarinic and nicotinic receptors may evoke 
nonthetalike rhythms; muscarinic and ACh-
induced nontheta responses may be induced by 
depolarization of presynaptic muscarinic sites 
(Segal et al., 1989; Cobb et al., 1999). Then the 
theta rhythm was muscarinically induced in vivo
in rodents with deafferented septum, provided a 
“critical balance between cholinergic and GAB-
Aergic circuitry” was obtained experimentally 
(Colom et al., 1991; Cobb et al., 1999a, 1999b). 
Moreover, the removal of dentate gyrus or the 
CA1 area did not block the effect (MacVicar and 
Tse, 1989). Finally, it was claimed that the 
theta oscillation is determined by intrinsic hippo-
campal mechanisms and does not require rhythmic 
septal input. However, in view of the strong 
evidence supporting the notion of signifi cant 
cholinergic correlates of theta rhythms, this notion 
is, today, generally accepted (Karczmar, 1979a; 
Longo and Loizzo, 1973). The situation is not 
simple by any means; whether obtained via sys-
temic administration of cholinergic agonists or via 
their septal, hippocampal or brainstem application, 
the synchronization underlying the theta rhythm is 
due to the cholinergic regulation of complex excit-
atory and inhibitory circuitry, the latter involving 
GABA-dependent circuitry (Krnjevic, 1993; 
Steriade, 1993a, 1993b; Leung, 1998; Leung and 
Yim, 1993; Chapman and Lacaille, 1999).

Vincenzo Longo linked theta rhythm with 
learning processes, and his opinion was fully 
supported by subsequent investigations (Longo 
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and Loizzo, 1973; Vertes, 1982; Bland, 1986; 
see below, next section and section BV-d). The 
Moscow team of Vinogradova, Brazhnik, and 
others found that theta rhythm and EEG desyn-
chronization are generated and modulated by 
learning processes, sensory stimulation, and atten-
tion-inducing paradigms, and that the cholinergic 
EEG markers refl ect fi ltering of the sensory infor-
mation (Brazhnik et al., 1993; Vinogradova et al., 
1993a, 1993b, 1999; see also Dickson et al., 1994). 
However, the statement already made should be 
reiterated here: cholinergic EEG desynchroniza-
tion and the accompanying theta rhythm, which 
constitute EEG arousal, are not synonymous with 
behavioral arousal; indeed, the EEG arousal pat-
terns differ from those accompanying behavioral 
arousal, especially when these two EEG patterns 
are compared by means of power spectrum analy-
sis (see above, this section, and section BV-4d; see 
also Karczmar, 1979; Fairchild et al., 1975). Yet, 
this “divorce” is not complete, and there is a 
relationship between cholinergic and behavioral 
EEG arousals; in fact, Mircea Steriade, a lifelong 
student of cholinergic alerting and arousal, opined 
that “although multiple, cholinergic and mono-
aminergic, regulatory structures are known to 
modulate neuronal processes in the thalamus and 
cerebral cortex, only the cholinergic system main-
tains a high excitability of the forebrain dur-
ing  .  .  . brain-active states” (Steriade, 1993b).

Synchronized, Evoked EEG Potentials

Besides theta rhythms, there are several other 
types of synchronized EEG patterns. Interesting 
but diffi cult-to-explain data were obtained with 
respect to another form of synchronization, 
the postreinforcement synchronization (PRS; 
Marczynski et al., 1968; Marczynski, 1993). PRS 
is a unique parieto-occipital cortex pattern 
recorded during reward consumption of a condi-
tioned animal; it represents achieving an expected 
goal, it is obtained in humans, and it denotes the 
restoration of human and animal sensitivity to new 
clues (Marczynski, 1993; see below, this section 
and section BIV-3c). Postreinforcement synchro-
nization is blocked by atropine, and this block is 
antagonized by antiChEs. Thus, PRS seems to 
exhibit cholinergic correlates, which is not consis-
tent with cholinergic antagonism of various syn-
chronization modes. Marczynski’s (1993) complex 

interpretation of the PRS as resulting from a 
balance between two cholinergic forebrain 
systems and from an interaction between cholin-
ergic and aminoergic systems may explain this 
inconsistency.

Another category of synchronized, evoked 
EEG includes evoked somatosensory cortical 
potentials, such as auditory potentials (the P 13 
potentials of rats and P 50 potentials of humans); 
visual evoked potentials and reversed visual 
evoked potentials (VEP and PR-VEP potentials); 
event-related potentials or Bereitschaft (readiness) 
potentials and their components, the P300 and 
CNV waves; potentials evoked by such meaning-
ful environmental stimuli as species-specifi c 
vocalization; as well as epicortical fi elds evoked 
by recognition or detection (detection positivity; 
DP), conditioned performance (skilled perfor-
mance positivity; SPP), and conditioning to 
sensory stimulation and visceral stimulation (Pehl 
et al., 1998; see Marczynski, 1993). An interesting 
cortical potential is exhibited by the superior pari-
etal lobule when a movement that is linked with 
motivation is being made—this discharge does not 
accompany a movement made in the absence of 
motivation (Steriade and McCarley, 1990).

There is strong evidence that these potentials 
and related phenomena such as cortical potentials 
evoked by limbic stimulation depend on choliner-
gic pathways radiating from nucleus basalis of 
Meynert (NBM) and the septohippocampal 
pathway. More evidence demonstrating the cho-
linergic nature of these phenomena is that they are 
facilitated by antiChEs, nicotinics, or muscarinics, 
reduced by either nicotinolytics or antimuscarinic 
drugs and blocked by lesions of the pathways in 
question (Dierks et al., 1994). It is of interest that 
these potentials are attenuated in Alzheimer’s
disease, a degenerative condition characterized by 
a loss of cholinergic neurons, while muscarinic, 
agonists antagonize this attenuation (Hollander 
et al., 1987; see also Chapter 10 K); the potentials 
in question are also diminished in trauma-induced 
cholinergic damage (Callaway, 1983; Wang et al., 
1997; Ashkenazi et al., 1999; Arciniegas et al., 
1999; Hortnagl et al., 1998; see also Smythies, 
1997; Linster et al., 1999; Knott et al., 1999; 
Tebano et al., 1999; and Frodl-Bauch et al., 1999; 
Linster et al., 2005). Interestingly, these potentials 
may also be diminished in myasthenia gravis, a 
peripheral cholinergic disease (Fotiou et al., 1998). 
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Finally, emerging information links the ontogeny 
of these potentials to molecular genetic regulation 
of the formation of the nicotinic and muscarinic 
receptors (Adler et al., 1999). Thus, thalamico-
cortically evoked spindles (or oscillations) which 
seem to characterize aged rodents are blocked by 
cholinergic agents (Jakala and Riekkinen, 1997).

However, cholinergic agonists and antiChEs 
did not always facilitate the evoked potentials; in 
such cases, there may have been a noncholinergic 
or partially noncholinergic polysynaptic contri-
bution to the link between NBM and the somato-
sensory cortex. Additionally, 40-Hz and faster 
oscillations (see above, this section) representing 
perceptive processes are blocked by the onset of 
the evoked P300 potential; yet, Nancy Woolf 
(1997) suggested that the 40-Hz oscillations are 
cholinergic in nature, thus leaving us with the 
dilemma of how cholinergic facilitation of both 
the generation of these oscillations in question and 
of the P300 events may occur.

Antagonism Between Cholinergic 
Desynchronization and 
Synchronized Patterns

Cholinergic desynchronization may be looked 
upon as antagonistic to synchronized EEG 
patterns; this antagonistic relation extends to the 
sleep-wakefulness dipole (see section BIV-3c, 
below). Evoked desynchronization blocks slow 
patterns originating in the thalamus (i.e., delta 
waves, thalamico-cortical augmentation and 
recruitment, and the slow 1- to 4-Hz and 0.3-Hz 
oscillations) and replaces them with faster 20- to 
40-Hz rhythms (Karczmar, 1979a; Muhlethaler 
and Serafi n, 1990; Riekkinen et al., 1990, 1993; 
Radek, 1993; Leung and Yim, 1993; Sasaki 
et al., 1975; VanMeter et al., 1978; Timofeev and 
Steriade, 1998; Steriade, 1993a, 1993b). Also, 
evoked cholinergic or behavioral desynchroniza-
tion blocks synchronizing EEG activities (i.e., 
thalamically controlled recruitment and augmen-
tation). Cholinergically evoked or spontaneous 
desynchronization also blocks EEG spindling pat-
terns, characteristic of synchronized phases of 
slow sleep but which may be also generated in 
awakened animals by caudate and thalamic stimu-
lation (Timofeev and Steriade, 1998).

Mircea Steriade and David McCormick 
stressed that dorsal geniculate nucleus (LGNd) 
and reticular nucleus are important for cholinergi-

cal suppression of slow waves (Steriade and 
Llinas, 1988; Steriade et al., 1991; Steriade, 1993a, 
1993b; McCormick, 1989, 1992, 1992b, 1993). 
Muscarinic depolarization of LGNd neurons sup-
presses thalamic bursting (McCormick and Pape, 
1990), while the unique hyperpolarizing action of 
ACh released from the basal forebrain and brain-
stem neurons on the cells of the reticular nucleus 
blocks the thalamic spindles via “decoupling of 
the reticular  .  .  . nucleus  .  .  . dendrodentritic syn-
chronizing network” (Steriade, 1993b; see Chapter 
2 and sections BI-1 and BI-2, above). The reticular 
nucleus is not involved in the generation of the 
theta rhythm, hence the lack of antagonism 
between desynchronization and the theta pattern. 
Consistently with these notions, nicotinic and 
muscarinic agonists block the slow rhythms and 
oscillations (except for the theta rhythm), and both 
types of antagonists reversed this action (see, for 
example, Radek, 1993).

The cholinergic antagonism of slow and 
synchronized rhythms and the cholinergic facilita-
tion of cortical evoked potentials refl ects the 
physiological dipole between arousal and the 
organism-environment interaction, on the one 
hand, and several synchronizing systems includ-
ing thalamico-cortical-cerebellar recruitment 
system involved in the generation of alpha waves, 
spindles, and thalamico-cortical augmentation, on 
the other (Andersen and Andersson, 1968; Buch-
wald et al., 1961; Steriade, 1993a, 1993b; Steriade 
and McCarley, 1990). This cholinergic correlate 
also underlies the dipole between alerting or 
arousal and sleep and it illustrates the strong links 
among EEG desynchrony, theta rhythm, and 
behavioral arousal, which includes cognition (see 
sections BIV-3c and BVd, below). Additionally, 
certain desynchronizing rhythms such as the 
gamma activity mark cognitive phenomena such 
as signal processing and attention (see, for 
example, Van der Linden et al., 1999).

However, cholinergic desynchronization and 
behavioral and motor arousal may not be strictly 
bound. Wikler (1945, 1952) used the term “divorce”
to describe the relationship between these two 
phenomena; in fact, Fairchild et al. (1975) used the 
EEG power spectrum analysis to demonstrate the 
nonidentity of cholinergic and behavioral EEG 
patterns (Fairchild et al., 1975; see also Karczmar, 
1971; 1979a; see also above, this section). Also, 
the CANMB phase of cholinergic EEG arousal and 
its accompanying mental states may be character-
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ized by immobility rather than motor activity (see 
section BVI). In fact, cholinergic desynchroniza-
tion is preceded by a short period of slow wave 
patterns 8 to 12 Hz in frequency and diminution of 
motor activity (Karczmar, 1979a). This state 
occurs within seconds of intravenous or intraca-
rotid administration of antiChEs or muscarinic 
agonists in freely moving, unanesthetized cats or 
rats, and lasts until a desynchronized state super-
venes, approximately 1 to 2 minutes (W. G. Van-
Meter and A. G. Karczmar, 1978, unpublished 
observations; Karczmar, 1979a; see also this 
section, above, and section BVI).

Finally, as already said with respect to other 
CNS phenomena and as in the case of other func-
tions and behaviors described later in this chapter, 
EEG and related phenomena constitute multi-
transmitter phenomena that involve, besides the 
cholinergic system, particularly GABA and gluta-
mate (Karczmar, 1979a, 1979b, 1981a, 1981b; 
Glowinski and Karczmar, 1979; Szymusiak, 1995; 
Marczynski, 1993; Smythies, 1997; Bevan and 
Bolam, 1995).

c. Awakening or Arousal, Sleep 
Phases, and Cholinergic Agonists 
and Antagonists

In the 1940s and 1950s, Moruzzi and Magoun 
(1949), Bremer and Chatonnet (1949), and 
Himwich (Rinaldi and Himwich, 1955) proposed 
that there is a dipole between behavioral arousal 
or awakening on the one hand and sleep on the 
other (see also Karczmar, 1967). They related this 
dipole to the regulatory function of the brainstem 
“ascending activating system,” which essentially 
consists of the pontine reticular formation (Rinaldi 
and Himwich, 1955). They also described a cor-
responding dipole, the EEG dipole that consists of 
synchronization and some phases of sleep, and 
desynchronization, and they stressed the impor-
tance of the cholinergic system and the effective-
ness of cholinergic drugs in the regulation of these 
phenomena. The dipole also relates to the circa-
dian rhythms and their regulation by hypothalamic 
mechanisms (see section BIV-3e).

That the cholinergically evoked EEG arousal 
or EEG desynchronization component of the 
dipole does not correspond precisely to the behav-
ioral component of the dipole of awakening was 
already discussed in the preceding section; see 
also below, sections BIV-4a and BVI. In fact, 

cholinergic arousal and the cholinergicity of REM 
sleep may refl ect a special cholinergic behavioral 
syndrome, CANMB, as alluded to in this section, 
above (see also section BIV-4f).

Sleep may be divided into two main phases, 
rapid eye movement sleep (REM sleep) and slow 
wave or synchronized sleep (SW sleep). Both 
REM and SW sleep have been known since the 
days of Lucretius (see Jouvet, 1967) and Fontana 
(1765). Fontana (1765) was the fi rst investigator 
to describe REM as deep sleep (“sonno pro-
fondo”), which generates convulsions. The EEG 
defi nition for REM and SW sleep began when 
Adolf Beck (1890) and Hans Berger (see Brazier, 
1959) applied EEG methodology to humans. 
Detailed descriptions of REM and SW sleep were 
provided by Richard Klaue (1937) and then by Nat 
Kleitman and his student Eugene Nasarinsky (see 
Kleitman, 1963); for Narcolepsy, see Mignot, 
1996. They reported that sleeping infants exhib-
ited movement of the eyes under their closed lids, 
to the accompaniment of desynchronized EEG, 
and they described a similar phenomenon for 
adults. When the subjects were awakened—when
their EEG showed desynchronization and their 
eyes moved—and quizzed, it turned out that they 
were dreaming in the course of the desynchro-
nized sleep; hence, the term REM (rapid eye 
movement) was applied to this phase of sleep. 
It is of interest that similar phenomena occur 
during daydreaming as well as during certain 
presleep phases (V. Liberson, 1970, personal 
communication).

Ocular movement that is characteristic of REM 
sleep is expressed by pontogeniculate occipital 
(PGO) spikes. REM sleep is also accompanied by 
muscle atonia and theta rhythms; hence, REM 
sleep shows paradoxical activities (REM, desyn-
chronization) with respect to its deep sleep nature 
and is called the “paradoxical” or “dream sleep.”
Physiological REM sleep and its activation by 
cholinergic agonists also mediate a number of 
autonomic phenomena, such as phasic changes in 
blood pressure and in the cardiac rate, as well as 
some respiratory depression accompanied by 
augmentation of respiratory volume; thermore-
gulation is almost abolished during REM sleep 
(Benarroch, 1997a, 1997b; Lydic and Baghdoyan, 
1992).

Michel Jouvet is a pioneer student of the phar-
macology and transmitters underlying REM sleep 
events; he defi ned his work as the “monoamine
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game” (Jouvet, 1967, 1972). His original postulate 
was the existence of a regulatory dipole, con-
sisting anatomically of the Raphe nuclei and the 
nucleus coeruleus; biochemically, the dipole 
consisted of 5-HT and norepinephrine. However, 
Jouvet (1967) gladdened cholinergikers’ souls as 
he stressed that atropine or scopolamine block and 
prevent REM sleep in several animal species. Sub-
sequently, many investigators showed that the 
application of muscarinic agonists and antiChEs 
to several brainstem and forebrain sites of many 
species evokes REM sleep and all its concomi-
tants; in fact, their effects were identical to those 
induced by either electrical stimulation of the 
appropriate sites or to “natural” REM sleep (see, 
for example, Pollock and Mistlberger, 2005).

Also, Jouvet’s (1967) observation of the antag-
onistic effect of atropinics on REM sleep in 
animals was amply confi rmed as it was estab-
lished that REM sleep, whether induced musca-
rinically or by electric stimulation, or occurring 
naturally, was blocked by atropinics (see, for 
example, George et al., 1964; Pompeiano et al., 
1967; see also Karczmar, 1979a).

Subsequent to Michel Jouvet’s pioneering 
studies, the most detailed examination of animal 
REM sleep induction by muscarinic agonists 
was carried out by Steriade, Hobson, McCarley, 
Baghdoyan, Lydic, and their associates (see 
McCarley, 1977; Baghdoyan et al., 1987, 1993; 
Steriade and Hobson, 1976; Hobson and Steriade, 
1986; Hobson, 1992, 2005; Steriade, 1993a, 
1993b, 2003; Baghdoyan and Lydic, 1999; see 
also Haxhiu et al., 2003). In 1976, Mircea Steriade 
and Alan Hobson (1976) concluded that REM 
sleep involves as “the executive elements  .  .  . the
pontine  .  .  . giant cells of the reticular formation 
(FTGs)” (see Figure 9-26). These cells and addi-
tional vicinal tegmental cells of the lateral dorsal 
tegmentum, neurons of the peribrachial tegmen-
tum and nucleus coeruleus, and additional brain-
stem neurons are cholinergic. Acting via their 
afferents to the pontine reticular formation, these 
neurons induce desynchronization as they sup-
press the slow rhythms, such as thalamic spindles 
and delta waves, of SW sleep. They induce rapid 
eye movement as the reticular formation sends its 
“executive commands” to the oculomotor nuclei, 
and they produce atonia via activating the inhibi-
tory pontine reticular formation and the tegmental 
nuclei (Kohyama et al., 1994; Yamuy et al., 1994; 

Shiromani et al., 1987; Hobson et al., 1993; Ste-
riade, 1993a, 1993b).

Additional cholinergic forebrain sites, includ-
ing basal forebrain, limbic system and amygdala, 
thalamus and hypothalamus, and brainstem includ-
ing reticular formation, are also involved in 
cholinergic arousal, REM sleep, and SWS. In 
fact, these sites modulate ACh release at the 
cortex (Jones, 1993, 2003; Silvestri and Kapp, 
1998; Demarco et al., 2004).

Interesting information was provided by 
Hobson and his associates (see Hobson et al., 
1993), as they demonstrated in cats that carbachol 
may generate two types of REM sleep: its applica-
tion to anterodorsal pontine tegmentum evokes 
“immediate but short live REM sleep,” whereas 
its application to the peribrachial pons induces 
“long term,” delayed REM sleep. There is also 
some evidence that nicotine, when applied to the 
sites in question, also induces REM sleep; in 
particular, nicotine appears to evoke PGO waves 
(Velazquez-Moctezuma et al., 1990a, 1990b; 
Datta et al., 1991; Gillin et al., 1993; Quattrochi 
et al., 1998). Generally, it is considered that the 
cholinergic, particularly muscarinic induction of 
REM sleep depends on ACh-induced depolariza-
tion and consequent excitation of the appropriate 
neurons (see, for example, Steriade, 1993b; Krn-
jevic, 1993). This muscarinic depolarization and 
REM sleep induction is mediated, both in animals 
and in humans, by M2 receptors, the M1 and M4 
agonists and antagonists being less effective in 
evoking and blocking, respectively, REM sleep 
(Velazquez-Moctezuma et al., 1989; Gillin et al., 
1991, 1993). Also, it was suggested by Angeli et 
al. (1993) that the M1, M2, and M4 receptors 
mediate different patterns of REM sleep. An 
opposite viewpoint was offered by Rudolfo Llinas 
and his associates (Leonard and Llinas, 1994), 
namely, that evocation of REM sleep is mediated 
by inhibitory, hyperpolarizing ACh action.

These fi ndings emphasize the cholinergic 
aspects of REM sleep. Consistent with this notion, 
REM sleep deprivation causes upregulation of 
muscarinic receptors in pertinent brain areas of 
rats as well as lowering of ACh levels in the fore-
brain; the upregulation underlies REM sleep post-
deprivation rebound (Tsai et al., 1994; Smith, 
2003; see also section BVI). Furthermore, dietary 
maneuvering designed to decrease cholinergic 
activity attenuates the occurrence of REM sleep 
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(Szymusiak et al., 1993). Then, during REM sleep, 
ACh release from the cortex and the hippocampus 
is signifi cantly higher than during wakefulness 
and three times higher in the course of REM sleep 
than during SW sleep. Also, CAT mRNA levels 
of the diagonal band increase during REM 

sleep (Jasper and Tessier, 1971; Kametani and 
Kawamura, 1990; Greco et al., 1999). Similarly, 
Mircea Steriade and his Cambridge team found 
that CAT activity in the rat limbic system is higher 
during wakefulness than during SW sleep, and 
even higher in REM sleep, and that messenger 
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Figure 9-26. Immediate effects of carbachol. Polygraphic records (panels A to D) demonstrate PGO waves trig-
gered 15 minutes post injection in the ipsilateral LGB (n = 4 cats). In the center of panels A to C is a schematic 
diagram of the ventral aspect of cat brain showing the site of carabachol injection made by a dorsal approach to the 
Pb and the ipsilateral LGB in which the immediate pontogeniculate occipital (PGO) effect (waves) was observed. 
Note in D the eye movements (EOG), stereotyped pattern of ipsilateral PGO wave clusters (LGBR), persistent muscle 
tone (EMG), and an activated EEG. Also notable is the complete absence of contralateral PGO waves (LGBL). Time 
scale for polygraphic recordings is 5 seconds. EMG, electromyogram; EOG, electrooculogram; EEG, electroen-
cephalogram; LGBR/L, lateral geniculate body right/left; VCXR/L, visual cortex right/left. (From Hobson, 1992, with 
permission.)
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CAT RNA is low during wakefulness and high 
during sleep, including REM sleep (Greco et al., 
1999; Shiromani, 1998; Steriade, 1993a, 1993b, 
2003). They interpreted these data as indicating 
that high cholinergic activity during wakefulness 
requires compensatory high CAT mRNA activity 
during sleep.

It should be added that slow sleep also features 
cholinergic correlates: both forms of sleep were 
induced by Hernandez-Peon when he applied 
crystals of ACh to the limbic forebrain, brainstem, 
and midbrain or their vicinity (see Hernandez-
Peon et al., 1963). The sites in question included 
the Nauta’s limbic circuit with the lateral preoptic 
area, and they subserved both electric and cholino-
ceptive evocation of SW sleep (Marczynski, 1967; 
Myers, 1974; Karczmar, 1979a). In addition, 
muscarinic agonists applied in vivo to the thala-
mus produce EEG spindles resembling those 
present in “natural” SW sleep (Muhlethaler and 
Serafi n, 1990). Cholinergic narcolepsy may con-
stitute a related phenomenon (Nitz et al., 1995). 
There is currently a relative paucity of investiga-
tions concerning cholinergic or any other aspects 
of SW sleep phenomena; perhaps the drama of the 
dream element and of the paradoxical character of 
REM sleep caused us to forget the issues of SW 
sleep.

As important as are the cholinergic correlates 
of REM (and SW) sleep, REM sleep, like other 
central phenomena, is not purely cholinergic. 
Michel Jouvet’s dictum that REM sleep refl ects 
the “monoamine game” is valid, although modifi -
cations of his idea may be necessary. Thus, Jouvet 
stressed the functional signifi cance of norepineph-
rine for REM sleep; yet, it is important to note that 
several investigators presented evidence indicat-
ing that adrenergic action is not obligatory for 
induction of REM sleep. Accordingly, antiChEs 
readily induce REM sleep in rabbits and rats 
following profound depletion of catecholamines 
(Figure 9-27; Karczmar et al., 1970; see also 
Riemann et al., 1992). Perhaps the healthiest 
viewpoint is that a certain level of noradrenergic 
activity facilitates the cholinergic evocation of 
REM sleep (see Mastrangelo et al., 1994 and Boop 
et al., 1994). Furthermore, besides serotonin’s
contribution to sleep and arousal (Jouvet, 1967), 
inhibitory transmitters such as GABA and galanin 
block REM sleep, thus activating non-REM sleep, 
while glutamate is involved in arousal and REM 

sleep (see, for example, McGinty and Szymusiak, 
2003). Also, peptides and hormones such as soma-
tostatin are involved in the regulation of sleep 
(Hajdu et al., 2003).

Aside from non-ACh transmitters classically 
associated with REM sleep (i.e., norepinephrine, 
histamine, and serotonin), excitatory and inhibi-
tory amino acids, peptides, certain trophic factors, 
and second messenger mechanisms (including 
nitric oxide) were related to REM (see, for example, 
Meierkord, 1994; McCormick, 1993; Szymusiak, 
1995; Capece and Lydic, 1997; Williams et al., 
1997; Williams and Kauer, 1997; Bevan and 
Bolam, 1995; Xi et al., 1999; Crochet and Sakai, 
1999). The possible role of nitric oxide is sug-
gested by the fi nding that thalamic release of both 
nitric oxide and ACh increase during REM sleep 
(Williams et al., 1997). Also, second messengers 
such as cAMP underlying particularly nicotinic—
but also certain muscarinic—phenomena may be 
antagonistic to REM sleep generation (Capece and 
Lydic, 1997); however, Capece and Lydic (1997) 
suggested that the cAMP effect may relate to cho-
linergically induced rather than spontaneous REM 
sleep; this notion needs confi rmation.

A special reference must be made to the studies 
of REM sleep in humans: it is always exciting 
when results obtained in animals are duplicated 
in humans; in the case of REM sleep this duplica-
tion was achieved dramatically and faithfully 
by Chris Gillin and his associates (Sitaram et al., 
1976; Gillin et al., 1978, 1984, 1993). They 
employed healthy human volunteers to show that 
antiChEs such as physostigmine and a number of 
muscarinic agonists including pilocarpine and are-
coline hasten the onset of REM sleep and increase 
the frequency of REM sleep episodes during 
the night (Berkowitz et al., 1990). Furthermore, 
muscarinic agonists, but not always antiChEs, 
increased the duration of REM sleep episodes, 
and converse effects were obtained with scopol-
amine and atropine (see Gillin et al., 1978, 1984; 
Shiromani et al., 1987; Berkowitz et al., 1990; 
Spiegel, 1984).

These fi ndings are clinically important, as the 
changes in REM sleep in affective disorders 
and psychotic disease appear to have a diagnostic 
role; this change may also suggest that there is a 
cholinergic contribution to these disease states 
and that some consideration should be given to the 
use of cholinergic drugs in these disease states 



9. Central Cholinergic Nervous System and Its Correlates 487

(see Karczmar, 1988, 1995; Pfeiffer and Jenney, 
1957).

The importance of REM sleep as a special 
behavioral or functional state is well defi ned by 
Mircea Steriade (1993a): “mesopontine choliner-
gic cells show an increased excitability in advance 
of the most precocious signs of brain activation 
during transition from resting (EEG-
synchronized) sleep to [arousal] or REM sleep.”
This special brain activation in the course of REM 
sleep also relates to a behavoral/functional syn-
drome referred to as cholinergic non-mobile 
behavior (CNMD); it may be speculated that 

CNMB represents an “awaken phase of REM 
sleep” (Karczmar, 1995, and below, section BVI). 
In agreement with this notion, REM sleep disorder 
correlates with a number of diseased mental states, 
including memory perturbations and several forms 
of dementia (Ferman et al., 1999).

d. Central Nervous System Seizures 
and the Cholinergic System

Anticholinesterases and cholinergic musca-
rinic and nicotinic agonists exhibit two types of 
effects during overt and EEG seizures: in small 
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Figure 9-27. The pharmacological model of paradoxical sleep. Antagonistic effects of atropine on the EEG and 
EMG patterns induced by eserine in the reserpinized rabbit/cat. F-P, anterior-posterior sensory-motor cortex; P-O, 
posterior-sensory motor-optical cortex; F-O, frontal-sensory motor-optical cortex; HIP, dorsal hippocampus; ORB, 
orbital electrodes; EMG, electromyograph. (From Karczmar et al., 1970, with permission.)
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doses, they act as anticonvulsants; in large, toxic 
doses they induce overt convulsions and EEG 
seizures.

Cholinergic agonists and antiChEs, of either 
carbamate or OP type, induce convulsions and 
facilitate spikes induced by strychnine when given 
in large doses in several mammalian and non-
mammalian vertebrate species; this also occurs in 
humans exposed accidentally, criminally, or in war 
to OP war gases and insecticides (Sjostrand, 1937; 
Hyde et al., 1949; see also Machne and Unna, 1963; 
Maynert et al., 1975; Karczmar, 1974, 1979a; 
Lesny and Vojta, 1960; Karczmar and Koppanyi, 
1953). Glenn et al. (1987), Hirvonen et al. (1993), 
and Cavalheiro et al. (1994) confi rmed these early 
fi ndings, although arecoline, even when adminis-
tered in large doses, seemed to induce only EEG 
desynchronization (Domino et al., 1987). Further-
more, these compounds decrease the threshold for 
electroshock- and pentylenetetrazol- or strychnine-
induced convulsions (see Maynert et al., 1975, and 
Karczmar, 1979a).

EEG and overt seizures occurred from sys-
temic, intramuscular, intracarotid, or subcutane-
ous application of these drugs (see Maynert et al., 
1975) and intraventricular administration (see, for 
example, Feldberg and Sherwood, 1954); they are 
also effective upon topical application to the 
cortex, or localized administration into specifi c 
brain sites, particularly limbic structures such as 
amygdala and hippocampus (Baker and Benedict, 
1968; Cain, 1983; see also Karczmar, 1979a; 
Stringer and Lothman, 1991). In fact, these agents, 
including antiChEs, induce or facilitate seizure-
like activity and discharges in isolated prepara-
tions, such as limbic slices, particularly during the 
blockade of inhibitory GABA-mediated potentials 
(Lebeda and Rutecki, 1987; Gruslin et al., 1999).

The seizures occur following complete or 
nearly complete inhibition of AChE and a several-
fold accumulation of brain ACh, upon in vivo or 
in vitro administration of the antiChE (Karczmar 
et al., 1973; Karczmar, 1974; Tonduli et al., 1999). 
Furthermore, during the seizures induced in mice 
by electroshock or convulsants such as strychnine 
or pentelenetetrazole, brain ACh is depleted and 
ACh turnover is increased (A. G. Karczmar and G. 
Kindel, 1975, unpublished data; Karczmar, 1974; 
Serra et al., 1999). Taken together, these fi ndings 
indicate that the cholinergic system is mobilized 
during seizures and are consistent with the epilep-
togenic actions of the cholinergic drugs.

Both muscarinic and nicotinic agonists induce 
seizures at large doses; with nicotinics the doses 
needed are greater than those capable of produc-
ing a tremorigenic effect. In the case of nicotinics, 
the effect results from direct nicotinic action on 
the nicotinic receptors (Domino et al., 1987), 
although some investigators suggest that convul-
sant nicotinic action results from an activation of 
a muscarinic link (McGown and Breese, 1990). 
The notion of direct involvement of nicotinic 
receptors in nicotinic induction of seizures is 
indicated by results obtained with knockout mice 
devoid of α5 receptors, as nicotinic agonists could 
not cause convulsions in these animals (see 
Chapter 6 C-3).

M1 receptors are commonly involved in mus-
carinically induced seizures (Cruikshank et al., 
1994; Maslanski et al., 1994). Large doses of mus-
carinics and nicotinics, and of antiChEs, particu-
larly of the OP type, may induce status epilepticus, 
which persists throughout postinjection animal 
life (Cavalheiro et al., 1994). Even when the 
status epilepticus does not obtain, cholinergically 
induced convulsions cause neuronal death, par-
ticularly in the hippocampus and the cortex; this 
may be due to a direct effect of cholinergic 
agonists or be a consequence of convulsions and 
the generation of free radicals. The brain seems 
to attempt to compensate for the damage via 
increased protein synthesis (Cavalheiro et al., 
1994; Hirvonen et al., 1993; Jacobsson et al., 
1999; Naffah-Mazacoratti et al., 1999). A similar 
loss occurs in human epilepsy and may contribute 
to the status epilepticus (Mello et al., 1993).

It must be emphasized that these large doses of 
antiChEs or cholinergic agonists produce other 
than convulsive actions, and these effects are rel-
evant for the mechanism of ensuing convulsions. 
These effects include cardiovascular and respira-
tory failure, and the resulting anoxia and reduced 
blood fl ow may underlie or cause the convulsive 
phenomena (see above, section BIV-2b; Chapter 
7 DI-1; Wills, 1963, 1970). Ample evidence, 
reviewed in Chapter 7 DI-1, indicates that these 
parameters play only a contributory role; the fact 
that cholinergic agonists induce seizures in 
isolated preparations also argues for this notion 
(see Lebeda and Rutecki, 1987).

This is not to say that this contribution is unim-
portant, and other factors may also be signifi cant 
for cholinergic convulsions. For example, GABA-
ergic inhibitory synapses are sensitive to anoxia, 
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and their damage may be facilitatory with regard 
to the generation of convulsions. And, high nor-
adrenergic and aminoergic NMDA-related activ-
ity induced by convulsions and/or cholinergic 
agonists, as well as release of cytokines, may be 
contributory to cholinergically induced seizures 
(Tonduli et al., 1999; Jankowsky and Paterson, 
1999; Raveh et al., 1999).

Convulsive effects of muscarinic and nicotinic 
agonists are very effectively blocked by atropinics 
and nicotinolytics, respectively (see Karczmar, 
1974, 1979a; Maynert et al., 1975; Domino et al., 
1987). Furthermore, atropinics antagonize—albeit
weakly—convulsions induced by strychnine and 
electroshock (including the electroshock applied 
to epileptogenic sites such as the hippocampus; 
see Young and Dragunow, 1993) as well as 
spontaneously occurring seizures (Maynert et al., 
1975); similar anticonvulsant effects were obtained 
with nicotinolytics (Loscher et al., 2003). Also, 
in hippocampal slices, M1 and M2 antagonists 
prevented induction of discharges by cholinergic 
agonists and antiChEs in the presence of GABA 
antagonists; it is consistent with these data that 
muscarinic agonists (or agonists exhibiting mixed 
muscarinic and enicotinic agonisms, such as pilo-
carpine) seem to be unable to induce convulsions 
in knockout mice devoid of M1 receptors (see 
Chapter 5 F). Furthermore, atropinics synergized 
with diphenylhydantoin with respect to its antago-
nism of electrically induced seizures (Chen et al., 
1968). In fact, atropine and scopolamine appeared 
at one time to be useful as antiepileptics in humans; 
their use was discontinued when the results 
obtained were, on the whole, inconclusive (see 
Wolff, 1956). Actually, atropinics elicit convul-
sions in animals when administered systemically 
at large doses or applied to the cortex; it may be 
added that the data concerning atropinic effective-
ness as antagonist of seizures, even those induced 
by cholinergic agonists, are not consistent (Daniels 
and Spehlman, 1973; see also Maynert et al., 
1975; Karczmar, 1979a).

The causation of the convulsant action of cho-
linergic agonists and antiChEs, and the role of the 
cholinergic system in seizure generation are diffi -
cult to defi ne, particularly as the mechanisms and 
the sites, which are involved in seizure generation, 
are not localized (see McIntyre and Racine, 1986; 
Peterson and Albertson, 1982; Stringer and 
Lothman, 1990; Morin et al., 1994). It was pro-
posed that endogenous or experimental seizures 

arise via sensitive loci of the forebrain, including 
the limbic system and certain cortical areas such 
as the pyriform cortex; this constitutes the epilep-
tic neuron hypothesis. These sites are particularly 
easily destabilized and prone to generate seizures 
in response to repetitive stimuli applied to these 
structures, possibly via generating the long term 
potentiation (LTP)-like phenomenon; this facilita-
tion occurs with muscarinic agonists and may be 
due to a second messenger-activated Ca2+ release 
(Okada et al., 1991). The response then spreads to 
other neurons; this spread is transformed into the 
seizure discharge via a type of recruitment referred 
to as kindling, that is, “progressive development 
of electroencephalographic and behavioral sei-
zures” (McIntyre and Racine, 1986); the pyriform 
cortex may constitute the common site where the 
epileptiform discharge will ultimately be gener-
ated, irrespective of the original site of the kin-
dling. These hypotheses also concern the possible 
role of excitatory as well as inhibitory amino acids 
such as glutamate, aspartate, and GABA; cholin-
ergic agonists, including antiChEs and M1 agents, 
may facilitate the epileptiform action of, for 
example, glutaminergics (see, for example, Ryan 
et al., 1984; Meldrum et al., 1983; Gruslin et al., 
1999; Potier and Psarropoulou, 2004). Moreover, 
the generation of convulsions may involve the 
disinhibition of GABAergic and noradrenergic 
synapses, as their activity may counter the induc-
tion of seizures (Kalichman, 1982; Tonduli et al., 
1999). It is of interest that an aspartate antagonist 
attenuated pilocarpine-induced seizures (Starr and 
Starr, 1994).

It is important in the present context that some 
of these epileptogenic sites, such as the hippocam-
pus and pyriform cortex, are rich in cholinergic 
synapses (see Chapter 2 DII and DIII); accord-
ingly, at these sites the muscarinic and nicotinic 
agonists and antiChEs may facilitate kindling and 
LTP-like phenomena (Burchfi el et al., 1979; 
Kuryatov et al., 1997; see also above, sections 
BI-1 and BIV-3). Consistently with this notion, 
muscarinic antagonists retard the rate of the devel-
opment of kindling generated in limbic structures 
such as amygdala or dentate (Stringer and 
Lothman, 1991) and act additively in this situation 
with amino acid antagonists (Cain et al., 1988; 
Raveh et al., 1999). Interestingly, a genetic muta-
tion that induces the production of an abnormal 
nicotinic receptor was related recently to familial 
frontal lobe epilepsy; it was hypothesized that this 
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condition is due to either receptor hypofunction 
resulting from increased desensitization rate or 
from receptor hyperfunction resulting from the 
augmentation of its ACh affi nity (Lena and Chan-
geux, 1998). Not clearly related to these fi ndings 
is the indication that in animal models of seizures 
(such as kainic acid-induced recurrent epilepsy), 
CAT levels are increased in some and decreased 
in other pertinent brain areas (Baran et al., 
2004).

The data are, however, inconsistent; for 
example, the muscarinic antagonists did not sup-
press the discharge in some studies and did not 
affect their duration in other studies (Cain et al., 
1988; Stringer and Lothman, 1991); it must be 
noted also that the effective doses of the musca-
rinic antagonists were very high (Stringer and 
Lothman, 1991). Finally, the cholinergic agonists 
displayed biphasic actions on the rate of kindling 
(Stringer and Lothman, 1991).

This inconsistency, as well as the inconsistency 
noted earlier with respect to effectiveness of atro-
pine as an anticonvulsant, relates to the earlier ref-
erence in this section as to anticonvulsant effect of 
small, nontoxic doses of cholinergic agonists and 
antiChEs. Cholinergic agonists including antiChEs 
reduced drug- or electroshock-induced seizures, or 
seizures of the genetically seizure-prone rodents 
(Meierkord, 1994; see also Karczmar, 1974, 1976, 
1979a, 1979b, 1979c). A similar effect was dem-
onstrated in cortical slab preparations (Vazques 
and Krip, 1973). In fact, physostigmine and neo-
stigmine reduced epileptic cortical discharges in 
humans (this effect of the quaternary agent neostig-
mine is surprising; Williams and Russell, 1941). 
Furthermore, blockers of ACh synthesis induce or 
facilitate convulsions (Hoover et al, 1977; see Kar-
czmar, 1979). The capacity of atropinics to induce 
seizures as mentioned in this section is consistent 
with this particular set of results.

What is the basis of this anticonvulsant action 
of small doses of cholinergic agonists? Convul-
sions constitute a “hypersynchrony” phenomenon 
(Gastaut and Fischer-Williams, 1959), and Ward 
and his associates (1969) stated that the hypersyn-
chrony of the EEG seizure indicates a “massive
discharge of many neurons in unison, abolish-
ing  .  .  . the normal integrative activity of the brain.”
Accordingly, Karczmar (1979a) speculated that 
the desynchronizing effect of sublethal doses of 
cholinergic agonists and antiChEs (see section 

BIV-3a) might antagonize this hypersynchrony. It 
must be mentioned that large, seizure-inducing 
doses of these drugs induce desynchronization 
prior to causing convulsions. On the other hand, 
high brain ACh concentration induced by antiChEs 
and large doses of cholinergic agonists are likely 
to desensitize and block postsynaptic cholinergic 
sites and prevent the desynchronizing, anticon-
vulsant role of cholinergic CNS (Lallement et al., 
1992; see also Chapter 7 DI). The relation between 
ACh release and convulsions may also be perti-
nent in this context. As already mentioned, strych-
nine and pentylenetetrazole reduce the neuronal 
ACh content and picrotoxin increases ACh release 
(see Serra et al., 1999; Suzuki et al., 2004); do 
these phenomena suggest that early seizure-
induced depletion of ACh attenuates the anticon-
vulsive function of the cholinergic system and 
facilitates the spread of seizures?

e. Chronobiology

It may be expected that the cholinergic system, 
which is so deeply involved in phases of sleep as 
well as in the wakefulness-alertness-sleep cycle, 
should also relate to circadian rhythms or chrono-
biological cycles, whether of diurnal or super-
diurnal nature (such as seasonal and hibernation 
phenomena). There is much evidence as to the role 
of hormones, monoamines, and, particularly, 
indoleamines in the control of these cycles 
(Reghunandan et al., 1993); the participation of 
the cholinergic system in these cycles was pio-
neered by Alexander Friedman (Friedman and 
Walker, 1968, 1972) and Martoff (1953).

Some of the data that concern the diurnal 
rhythms of cholinergic parameters are inconsis-
tent: one set of results suggests that ACh, AChE, 
and CAT peaks and troughs are synchronized with 
the diurnal rhythms of activity and nonactivity, the 
cycles being reversed in sign in the case of noc-
turnal rodents (Lin, 1973; Karczmar et al., 1973; 
Greco et al., 1999). Consistently with these data, 
Jimenez-Capdeville and Dykes (1993) and Le Bon 
(1992) found that ACh release from the somato-
sensory rat cortex increases during the night in 
nocturnal animals; also, REM sleep, a cholinergic 
phenomenon, cycles diurnally or seasonally. Saito 
et al. (1975), however, found an opposite rhythm; 
in their hands, ACh and AChE peaks occurred 
during the low levels of activity (incidentally, 
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levels of ACh recorded by Saito and his associates 
are much lower than those reported by others; see 
Karczmar, 1976).

As alluded to, cholinergic parameters also 
change seasonally and with respect to the oestrus. 
Seasonal changes were reported in the case of the 
amphibian brain and spinal cord; for example, the 
cortical release of ACh appears to increase in 
the summer (Monnier and Herkert, 1972; see 
Karczmar, 1976, for further references). It was 
suggested that these changes relate to changes in 
ambient temperature—a telling factor in the case 
of poikilothermic amphibia—or in sexual or endo-
crine activity. In this latter context it is of interest 
that CAT levels are almost twice as high on the 
right than on the left side of the preoptic-anterior 
hypothalamic area of the rat on the fi rst day of 
the oestrus, and on the left side of this area on the 
second day of the oestrus; this suggests that the 
“cholinergic system modulates, in a circadian and 
asymmetric way,  .  .  . ovulation” (Sanchez et al., 
1994).

Sensitivity or activity of the parasympathetic 
system may also cycle seasonally (Martof, 1953). 
Alexander Friedman (1971) suggested that the 
success of the epochal experiment of Otto Loewi 
(Loewi, 1921, 1960) was due to just this phenom-
enon, as this experiment was carried out in early 
spring (Loewi, 1921), which may be the peak of 
parasympathetic activity in frogs.

Is there a brain site that controls these rhythms? 
Is that site itself under cholinergic control? That 
the retinal-hypothalamic pathway that terminates 
at the hypothalamic suprachiasmatic and paraven-
tricular nuclei is involved in light-sensitive, diurnal 
rhythm is well known; excitatory amino acids, 
catecholamines, and presumably other transmit-
ters regulate the activities of this system (Benar-
roch, 1997a, 1997b). For example, as shown by 
the original student of this pathway, Julius Axelrod, 
the sympathetic innervation mediates the circadian 
function of the system with regard to melatonin 
secretion by the pineal gland (see Axelrod, 1974). 
Also, the cholinergic contribution to the function 
of the suprachiasmatic nuclei was emphasized 
(Reghunandan et al., 1993; Liu and Gillette, 1996), 
and the disruption of its function by nicotinic 
blockers was described (Rusak and Bina, 1990; 
Zhang et al., 1993); it is particularly telling in the 
present context that nicotinics block the c-fos 
expression in the suprachiasmatic nucleus induced 

by light-induced phase shifts in behavior (Zhang 
et al., 1993). On the other hand, there is contro-
versy as to whether or not the muscarinic agonists 
affect the system (compare Kanematsu, 1994, with 
Colwell et al., 1993, and Liu and Gillette, 1996). 
Finally, in Alzheimer’s disease, a condition 
characterized by signifi cant loss of cholinergic 
neurons, there is a disturbance of circadian 
rhythms (Hofman and Swaab, 1992).

The situation is complex, as the generation and 
the persistence of the circadian rhythm may be 
two independent phenomena; only the latter might 
depend on cholinergic (nicotinic?) activity (Rusak 
and Bina, 1990), and the cholinergic system may 
affect circadian rhythms via a pathway indepen-
dent of that affected by light; for example, limbic 
striatum shows a diurnal rhythm in ACh release 
regulation (Colwell et al., 1993; Jabourian et al., 
2004).

BV. Mental and Behavioral 
Functions with Cholinergic 
Implications

Cholinergic aspects of various mental behav-
iors have been demonstrated in humans, in current 
studies as well as in the days when drugs were 
somewhat routinely given intraventricularly to 
human subjects (see, for example, Cushing, 1931); 
in the case of animals, cholinergic correlates exist 
even with respect to such unusual behaviors 
as imprinting (Kovach, 1964). Social and moral 
behavior of the human may constitute an excep-
tion, as the cholinergic correlates of this behavior 
have not be studied to this point. Yet, it may be 
safely hypothesized that such a correlation will be 
established one day, in view of the important con-
tribution of the cholinergic system to the overall 
interplay between the organism and the environ-
ment (see section BVI, below).

1. Aggression

Aggression is a confrontational act of threat or 
injury, planned or unplanned, within a species or 
across species and genera; animal or human 
aggression also includes defensive activities. In 
humans, several ictal emotions accompany aggres-
sion, including fear, and it appears on the basis of 
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animal overt behavior that the same holds for 
animals (see, for example, P. Gloor’s discussion 
of Kaada’s 1967 paper; see also Rochlin, 1973; 
Whelan, 1974; Benarroch, 1997a, 1997b, and 
Davidson et al., 2000).

There are many types of aggression, in humans 
and in animals, that fi t the defi nition. In the case 
of animals, there are several types of laboratory-
induced, experimental aggression. Thus, aggres-
sion may be induced by footshock or other painful 
stimuli, injection of chemical irritants, social isola-
tion, limbic lesions, localized or systemic injection 
of certain drugs (such as cholinergic agonists, as 
will be discussed later, and apomorphine), extinc-
tion of reinforcement, fear, anxiety, and presence 
of appropriate victims (for example, presence of 
mice in the case of predatory rats) or foes (Figures 
9-28 and 9-29). Luigi Valzelli, a pioneer of the 
studies of aggression used extensively as a model 
the violent behavior elicited in mice by social iso-
lation; it must be added that certain subspecies of 
mice are genetically predisposed for aggression. 
The presence of a foe may evoke a defense reac-

tion that includes either escape or tonic immobility 
(Hilton, 1982; de Oliveira et al., 1997; Kelly and 
Hake, 1970; Hutchinson et al., 1968). Several 
of these forms of aggression may be considered 
as instances of frustration-induced aggressions 
(Dollard et al., 1939); they are referred to as 
“savage syndrome” or rage. These acts of aggres-
sion occur in the absence of a teleological object 
of aggression and are linked to affect or emotion, 
particularly in the human (Davidson et al., 2000).

Furthermore, there are several forms of fi eld 
or ethological aggression including territorial 
defense, protecting pups, predation, and establish-
ing a mating or hierarchic position. These forms 
of aggression were described in the course of etho-
logical and social investigations (Lorenz, 1963; 
Winslow and Camacho, 1995); these ethological 
aggressions may be modeled in the laboratory 
(Karczmar et al., 1973; Winslow and Camacho, 
1995). Of course, human aggression is even more 
diversifi ed, particularly with respect to planned (in 
the case of war) and social types of aggression 
(From, 1973; Rothlin et al., 1973).

Figure 9-28. Fighting episode between 
C57BL male mice following 2 weeks of 
isolation.
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Some order may be introduced into this jungle 
of experimental and ethological aggression types, 
as these types may be classifi ed as predatory, 
defensive, or affective in nature (Reis, 1974). 
Moyer (1968) distinguished additional categories 
of aggression, and Davidson et al. (2000) referred 
to impulsive aggression, which appears to be 
similar to affective aggression. Predatory aggres-
sion includes aggression directed at killing rather 
than obtaining food, as in the case of muricidal 
rats, while defensive aggression may involve “idle
threat” activity and immobility. Affective forms 
of aggression include aggression induced in 
animals by irritants, footshock, septal lesions, or 
frustration, and aggression induced in humans by 
fear or anger (From, 1973; Reis, 1974; Davidson 
et al., 2000). The animal septal lesion-induced 
aggression or rage relates to aggressive behavior 
caused in humans by accidentally incurred septal 
damage; technically, this response is referred to as 
the Kluver-Bucy syndrome (Kluver and Bucy, 
1939; Luria, 1973).

It has been clearly documented in the past 
as well as in current studies that all aggressive 
behaviors, including those resulting from certain 
types of social interaction, as well as defensive 
activities, are induced or facilitated by systemic or 
localized administration into several hypothalamic 
and limbic structures of cholinergic agonists or 
antiChEs (and electric stimulation of these sites) 
and antagonized by similar application of atropin-
ics or blockers of ACh release (it is less clear 
whether or not nicotinics and nicotinolytics 
affect aggression; Allikmets, 1974; Myers, 1974; 
Karczmar, 1976; Ray et al., 1989; Brudzynski 
et al., 1993; Srivastava et al., 1997; de Oliveira 
et al., 1997; Winslow and Camacho, 1995). Thus, 
“normal” rats are converted into muricidal rats by 
limbic or hypothalamic administration of musca-
rinic agonists (Smith et al., 1970), and aggression 
of affective type, whether induced by footshock 
or irritants, is inhibited by systemic or localized, 
limbic or hypothalamic injection of muscarinic 
antagonists (see Powell et al., 1973; Karczmar, 

Figure 9-29. Fighting episode between C57BL male mice following electroshock applied to the feet of the 
mice.
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1976; Reis, 1974; Allikmets, 1974; Hingtgen and 
Aprison, 1976; Valzelli, 1974, 1978). It is of par-
ticular interest that aggression of the affective type 
was induced in humans following accidental or 
industry-related exposure to antiChEs (Devinsky 
et al., 1992).

A dissenting note was struck by Albert and his 
associates (Albert and Richmond, 1977; Albert 
and Chew, 1980); they reported that the limbic 
application of a local anesthetic induced fi ghting 
or mouse killing in rats, acts that they synony-
mized with rage induced by septal lesions. They 
concluded that rage “does not appear to be medi-
ated by a cholinergic  .  .  . system” (or any other 
neurotransmitters) and that it depends on disinhi-
bition of pertinent limbic activities, which are not 
cholinergic in nature, as they found that choliner-
gic antagonists (and antagonists of other trans-
mitter systems) did not induce these aggressions 
(it appears that they did not study the effects of 
the limbic application of cholinergic agonists).

It is well known that catecholaminergic and 
serotonergic agonists and antagonists affect 
aggression; particularly, dopaminergic agonists 
and activation of the dopaminergic system facili-
tate or induce aggression. This system is also 
involved in emotional and fear-related behavior 
that includes aggression (see below, section BV-
f). However, the effect of these agents on aggres-
sion is not as general as that of cholinergic and 
anticholinergic drugs. For example, catecholamin-
ergic antagonists block predatory but not affective 
aggression (see Reis, 1974), while muscarinic 
blockers and agonists affect all types of animal 
aggression. However, cholinergic drugs may be 
less effective with respect to certain consequences 
of aggressive behavior such as fl ight (Rodgers et 
al., 1990).

Additional evidence supports the notion that 
aggression shows marked cholinergic correlates. 
For example, “killer rats” exhibit higher levels of 
CAT and ACh in the amygdala and/or dience-
phalon than “nonkiller rats”; mice strains demon-
strating high levels of spontaneous, ethological 
aggression show much higher turnover of brain 
ACh as compared to the nonaggressive strains; 
and, conversely, rats bred for cholinergic super-
sensitivity or for high levels of cholinergic param-
eters (Flinders Sensitive line of hypercholinergic 
rats) show markedly increased aggression 
(Pucilowski et al., 1990; Ebel et al., 1973; H. 
Yoshimura and S. Ueki, 1980, personal communi-

cation). However, experimental induction of 
aggression in several mice strains did not consis-
tently increase the turnover of brain ACh (Karcz-
mar and Kindel, 1981);

The anatomy of aggression also refl ects the 
importance of the cholinergic system for aggres-
sion. As stressed by Kaada and others (Kaada, 
1967; Bandler and Flynn, 1974; Glusman, 1974; 
Reis, 1974; Weiger and Bear, 1988; Davidson et 
al., 2000), electric stimulation of hypothalamic 
and limbic sites, thalamic nuclei, insular and cin-
gulate cortex, and ventral striatum is particularly 
prone to elicit one or another form of aggression, 
including a defensive form of agonist behavior, 
and/or emotional behavior. All these sites are 
innervated by several cholinergic pathways includ-
ing the NBM and the tegmental nuclei (see Chapter 
2 DII). The same is true with respect to efferent 
pathways such as the dorsal periventricular-
periaqueductal region, midbrain central gray, 
rostral ventrolateral medulla, and the striate and 
the nucleus of solitary tract; these efferent sites are 
involved in peripheral, whether autonomic, motor, 
or endocrine, expression of aggression (Bandler 
and Flynn, 1974; Delgado, 1969, 1974; Valzelli, 
1978; Benarroch, 1997a, 1997b; Loewy and 
Spyer, 1990; Shapovalova, 1995; Pominova and 
Shapovalova, 1995). It is also pertinent that 
the cholinergic agonists elicit electrophysiol-
ogical responses at these sites (see for example, 
Brudzynski et al., 1998).

Not only excitatory but also inhibitory brain 
sites are involved in aggression. Accordingly, a 
facilitatory-inhibitory balance regulates aggres-
sion and rage. The inhibitions are generated 
mainly by the GABAergic systems (Cannon and 
Britton, 1925; Kaada, 1967; Bard, 1928; Bard and 
Mountcastle, 1948; Glusman, 1974; Brudzynski et 
al., 1993, 1998; Brudzynski and Eckersdorf, 1988; 
see also Albert and Chew, 1980). The pathways 
in question course from neocortical areas and lat-
erodorsal tegmental nuclei through amygdala to 
the hypothalamus and thence to brainstem sites of 
expression of aggression; thus, again they embrace 
the cholinergic radiations of the nucleus basalis 
magnocellularis and other basal forebrain and teg-
mental nuclei (see Chapter 2 DII and Brudzynski 
et al., 1998). Amygdala seems to be particularly 
involved in the balance in question, as it is impor-
tant for processing emotions (Ledoux and Muller, 
1997; Miot, 1998; Mucignat-Caretta et al., 2004; 
see also section BV-6, below). This importance of 
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inhibitions for the regulation of aggression 
explains the occurrence of rage following decor-
tication and septal ablation. Consistent with these 
fi ndings, localized applications of muscarinic ago-
nists at limbic sites that are near those where the 
application of these agonists induces aggression 
may produce suppression of ongoing aggressive 
behaviors (Allikmets, 1974); it is not clear whether 
or not, applied to the same sites, anticholinergics 
may elicit aggression. Similarly, cholinergic 
stimulation of certain amygdaloid sites elicits 
aggression, and their ablation blocks it (see, for 
example, Valzelli, 1978). What, of course, under-
lie these apparent inconsistencies is the heteroge-
neity of the amygdaloid nucleus, which Brodal 
(1980) refers to as amygdaloid complex, and 
the multiplicity of its afferent and efferent 
connections.

It must be stressed that aggression exhibits 
typical emotions and motor activities (that include 
advance with respect to predatory or offensive 
aggression and escape or tonic immobility in 
relation to defensive and related forms of aggres-
sion-related behavior); it also includes autonomic 
and endocrine effects. This multitude of effects 
accompanying aggression should be expected 
since striate, hypothalamus, limbic system, 
and medulla are involved in evocation of aggres-
sion and as their efferent tracts extend to the 
spinal cord, preganglionic neurons, and adrenal 
medulla (Loewy and Spyer, 1990; Benarroch, 
1997a, 1997b; Pominova and Shapovalova, 1995). 
These phenomena include cardiovascular effects 
(noticed in an early study by Walter Hess; see 
Hess, 1954), piloerection (in animals), the release 
of such hormones as ACTH, and so on. The 
pattern of these phenomena depends on whether 
the aggression in question involves fear and escape 
or predation and offensive aggression. These 
hypothalamic and endocrine correlates of cholin-
ergic aggression involve sex hormones, and this is 
important in view of the well-known facilitatory 
effects of gonadal hormones on male aggression 
(see, for example, Moyer, 1976; Karczmar, 
1980).

In view of this well-established signifi cance 
of the cholinergic system for aggression and 
effectiveness of cholinergic and anticholinergic 
drugs in facilitating and attenuating, respectively, 
aggression it is perplexing that several recent 
reviews of aggression do not refer at all to its 
cholinergic aspects (see, for example, Volavka, 

1995; Benarroch, 1997a, 1997b; Mawson, 1999; 
Davidson et al., 2000).

2. Cholinergic Antinociception 
or Analgesia

The lore of cholinergic antinociception or anal-
gesia—that is, either decreased pain perception or 
interference with nociceptive mechanisms and 
pathways prior to the arrival of the pain stimuli to 
the levels of perception—began with the demon-
stration in the 1930s and 1940s that carbamate 
antiChEs are analgesic and/or increase the analge-
sic effect of morphine and codeine (Pellandra, 
1933; Tinel et al., 1933; Slaughter and Gross, 
1940; Flodmark and Wramner, 1945; see also 
Karczmar, 1967; Sitaram and Gillin, 1977; Schott 
and Loh, 1984; and Green and Kitchen, 1986). It 
is notable that these effects were recorded in early 
studies not only in most animal species but also in 
humans: it was shown in the 1930s that in anes-
thetized subjects, systemically administered phy-
sostigmine synergized with morphine in increasing 
the threshold for pain induced by radiant heat 
applied to the forehead, and intraventricularly 
administered ACh relieved causalgia of the hand 
(Tinel, 1933; Pellandra, 1933); these fi ndings have 
been confi rmed many times since (see, for 
example, Hampf and Bowsher, 1989; Beilin et al., 
2005). It must be added that the antiChE syner-
gism with morphine is not due to antiChE-medi-
ated increase of morphine penetration into the 
brain across the blood-brain barrier, antiChEs 
being capable of this effect (see Chapter 7 DI; see 
also Szerb and McCurdy, 1956; Karczmar, 
1967).

Both muscarinic and nicotinic sites are involved 
in cholinergic analgesia. Muscarinic agonists are 
analgetic and/or potentiate the antinociceptive 
action of morphine and opioid drugs. This phe-
nomenon occurs when muscarinics particularly, 
but also nicotinics, are given systemically or 
applied locally (for example, intrathecally) to sites 
concerned with conveying nociceptive signals, 
including spinal sites (dorsal horn and the spino-
thalamic tracts), periaqueductal gray, reticular 
sites, hypothalamus, basal ganglia, rostral ventro-
lateral medulla, several thalamic nuclei, and the 
nucleus Raphe magnus; application to the thala-
mus and thalamocortical pathways is particularly 
effective (McCormick, 1992a, 1992b; Steriade et 
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al., 1994; Vincler and Eisenach, 2004; see also 
Chapter 2 DII). M1 and M2 muscarinic and α3
and α5 nicotinic brain, spinal, and trigeminal 
(primary sensory) receptors may be involved in 
analgesia (Radhakrishnan and Sluka, 2003; 
Vincler and Eisenach, 2004; Dussor et al., 2004). 
It is less clear whether these agents are effective 
when applied to such sites involved in pain per-
ception as the somatosensory cortex (Zhuo et al., 
1993; Haley and McCormick, 1957; Rees and 
Roberts, 1993; Naguib and Yaksh, 1994; Gillberg 
et al., 1989; Hartvig et al., 1989; Sitaram and 
Gillin, 1977; Green and Kitchen, 1986; Spinella 
et al., 1999).

Additionally, William Dewey and Norman 
Pedigo, leading investigators of cholinergic anal-
gesia, found that inactive muscarinic analogs and 
stereoisomers of active muscarinic agonists were 
just as ineffective as analgesics (Dewey et al., 
1975; see also Harris et al., 1969). Apparently, 
both M1 and M2 muscarinic receptor subtypes 
participate in cholinergic analgesia (Gillberg et 
al., 1989, 1990; Gower, 1987; Naguib and Yaksh, 
1997). Furthermore, atropine and atropinic drugs 
antagonize these effects. In fact, sometimes 
atropinics also antagonized morphine’s analgetic 
effects (see Green and Kitchen, 1986; Sitaram and 
Gillin, 1977), although these fi ndings are not con-
sistent; see below, next section; Abe et al., 2003). 
However, under certain circumstances atropine 
may induce analgesia by increasing ACh release 
at the appropriate targets (see section BI-1b, 
above). This was shown with small doses of atro-
pine and with a propanyl atropine derivative that 
exhibits special affi nity to the presynaptic M2 and 
M4 receptors (Ghelardini et al., 1990, 1997).

Ample evidence demonstrates that applied sys-
temically or to the brain areas listed above, nico-
tine and synthetic or natural nicotinic agonists also 
induce analgesia, while the nicotinolytics antago-
nize this effect (Martin et al., 1990; Sahley and 
Berntson, 1979; Jurna et al., 1993; Rogers and 
Iwamoto, 1993; Sitaram and Gillin, 1977; Green 
and Kitchen, 1986; Iwamoto, 1989; Iwamoto and 
Marion, 1993; Gillberg et al., 1990; Badio and 
Daly, 1994). Particularly strong confi rmation of 
the notion of the analgetic action of nicotinics was 
provided by Arneric and his associates as they 
showed that given systemically, synthetic nico-
tinic agonists are potent analgesics in a number of 
animal models with respect to several types of 

induced pain (Bannon et al., 1998; Decker et al., 
1998). However, it is controversial whether nico-
tine applied intrathecally or to the spinal cord can 
induce analgesia (Gillberg et al., 1990). The α4
receptor subtype may be involved in nicotinic 
analgesia, as indicated by experiments with α4
receptor knockout mice (see Chapter 6 C).

There is a question as to the nature of the 
membrane response involved in cholinergically 
evoked analgesia. It is generally assumed that this 
response is depolarizing and excitatory in nature; 
however, an inhibitory muscarinic action (an M2 
effect) was observed, in conjunction with cholin-
ergically evoked analgesia, at the Raphe magnus 
nucleus (Pan and Williams, 1994). Inhibitory 
cholinergic effects probably arise at other central, 
including nicotinic, sites commonly associated 
with analgesia.

The majority of investigators found that 
antiChEs are effective as analgesics in rodents even 
when given at small doses, provided these doses 
were suffi cient to inhibit central AChE (Koehn and 
Karczmar, 1978). However, Cox and Tha (1972) 
and Clement and Copeman (1984) found that the 
tertiary carbamate or OP antiChEs, used alone, 
either do not exhibit analgesic effect in rodents or 
are analgetic only when used in large doses.6

While morphine and morphinoids induce anal-
gesia in primates, cholinergic agonists do not 
seem to do so; in fact, paradoxically, atropinics 
may be analgetic in these animals (Pert, 1975; see 
also Sitaram and Gillin, 1977). It is interesting that 
the reverse seems to obtain in amphibia; in our 
hands (G. L. Koehn and A. G. Karczmar, 1890, 
unpublished data) and in those of others (Nistri et 
al., 1974), in amphibia morphine and morphinoids 
were only marginally effective, while antiChEs 
were very potent (on microgram levels, when 
applied intraventricularly).

Different research methods that were used by 
various investigators may account for the diversity 
of results. Thus, a multitude of testing procedures 
was used in the human and animal studies. Then, 
following the analgetic treatment, animals and 
humans may disregard the noxious stimulus not 
because the treatment is effective but because the 
drug attenuated their motor performance. Indeed, 
the hot-plate test, which has as its endpoint the 
animal escaping from the heated plate, depends 
on intact motor capacity of the animal, and the 
immobilizing and cataleptic action of cholinergic 
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agonists (and, in fact, also of the opioids) inter-
feres with this particular test; actually, similar 
cholinoceptive sites induce both antinociception 
and immobility (Menescal-de-Oliveira and 
Hoffman, 1993; see also sections BIV-1d, above, 
and BVI-1, below). Other tests that have as their 
endpoints tail fl ick, fl exing, or rearing require 
intactness of spinal refl exes; these refl exes may be 
attenuated by cholinergic agonists and antiChEs 
(see section IV-1a, above). In the case of still 
another test, the induction of vocalization by the 
pain stimulus, the animals may be made incapable 
of vocalization by the analgetic agent; when 
vocalization is induced by means other than appli-
cation of chemical or physical pain stimulus, such 
as stimulation of certain forebrain structures, the 
presence of analgesia may be a matter of interpre-
tation (Jurgens and Lu, 1993).

Evidence presented so far supports the notion 
of cholinergic correlates of analgesia; additional 
evidence strengthens the validity of this notion. 
Thus, in animals, analgetic stimulation of certain 
sites such as nucleus cuneiformis and analgetic 
electroacupuncture increase ACh levels, release, 
and/or turnover in several brain and spinal sites 
and in the CSF; a few concordant data were 
obtained in humans (He et al., 1979; Zemlan and 
Behbehan, 1988; see also Green and Kitchen, 
1986.). Then, CAT levels in the hippocampus are 
reduced following evocation of pain via injection 
of an irritant; this fi nding may be construed as 
indicating exhaustion by nociception of the cho-
linergic system (Aloisi et al., 1993). Moreover, 
acupuncture evoked analgesia may be cholinergi-
cally mediated (Baek et al., 2005). Finally, medul-
lary administration of hemicholinium prevented 
nicotine induction of analgesia, while the cholin-
ergic neurotoxin AF64A blocked the analgetic 
effect of physostigmine but not of oxotremorine 
(Tellioglu et al., 1998; Rogers and Iwamoto, 1993). 
The relation between cholinergic and pain-related 
pathways is also pertinent in this context: cholino-
ceptive synapses are present in many of the sites 
or systems involved in pain signals and pain per-
ception, and analgesia readily obtains with admin-
istration of muscarinic or nicotinic agonists and 
antiChEs to these sites (Casey, 1973; Brodal, 
1980; Kandel et al., 1991; Zemlan and Behbehan, 
1988; Willis, 1982, 1991; see also above, this 
section). However, cholinergic antinociception 
may also be evoked via application of pertinent 

drugs to sites not generally understood as directly 
concerned with either nociception or pain percep-
tion, such as the dorsal parabrachial region (Men-
escal-de-Oliveira and Hoffman, 1993).

a. Analgetic Interaction Between 
Cholinergic and Other Systems

Cholinergic agonists and antiChEs may evoke 
analgesia directly or through interaction with 
other transmitter systems. Indeed, the peptidergic 
systems including substance P pathways and the 
serotonergic, catecholaminergic, and aminergic 
systems are active at the brain sites where cholin-
ergic analgesia obtains. Notably, noradrenergic 
α2 agonists induce analgesia when given systemi-
cally, epidurally or intraspinally; this effect may 
be mediated by the dorsal horn (Casey, 1973; 
Brodal, 1980; Kandel et al., 1991; Zemlan and 
Behbehan, 1988; Willis, 1982, 1991). This noci-
ception may be mediated by cholinergic neurons 
when muscarinic and nicotinic antinociception is 
induced in the spine or pedunculopontine tegmen-
tal area (Naguib and Yaksh, 1994; Jurgens and Lu, 
1993; Iwamoto and Marion, 1993; Rogers and 
Iwamoto, 1993; Wiklund and Hartvig, 1990).

Accordingly, noradrenergic α2 agonists such 
as clonidine release ACh into cerebrospinal fl uid, 
and clonidine analgesia is enhanced by antiChEs 
and attenuated by atropine (Gordh et al., 1989; 
see, however, Detwiler et al., 1993). There may 
also be an interaction among cholinergic, peptide-
rgic, and glutaminergic systems (involving par-
ticularly NMDA receptors) in morphine analgesia 
(Smith et al., 1989; Spinella et al., 1999). Further-
more, a nociceptive serotonergic descending 
pathway involves the periaqueductal gray and the 
nucleus Raphe magnus (see Willis, 1982; Brodie 
and Proudfi t, 1986; Pan and Williams, 1994); 
cholinergic neurons are present in this system, 
muscarinic and nicotinic agonists induce analgesia 
when applied to these sites, and serotonergic 
antagonists attenuate analgesia evoked by the cho-
linergic agonist stimulation (Iwamoto and Marion, 
1993; Ahn et al., 1999). However, discordant 
results were obtained with depleters of endoge-
nous serotonin and catecholamines (see Pedigo 
and Dewey, 1981).

The GABAergic system is also involved in 
nicotinic and, particularly, muscarinic analgesia; 
it is pertinent that muscarinics and antiChEs 
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inhibit the GABA receptors of the spinal dorsal 
horn projections (Chen and Pan, 2004).

There is also extensive research with respect 
to opioid-cholinergic interaction. As already 
pointed out in this section, cholinergic agonists 
and antiChEs synergize with or potentiate the 
analgetic effects of morphine and morphinoids; 
also, enkephalin synthesis and/or endorphin levels 
may be increased by muscarinic agonists (Capone 
et al., 1999; Beilin et al., 2005) and transcriptional 
eukephalin sites may be induced cholinergically 
(Weisinger et al., 1990). Also, morphine antinoci-
ception may be antagonized by nicotinolytics and 
atropinics, in particular by M1 and M3 antagonists 
(Abe et al., 2003), although this fi nding is not 
unanimous. In a related context, nicotine analgesia 
was reduced in mu-opioid receptor knockout 
mice, and this effect correlated with the reduction 
of the rewarding responses to nicotine in these 
mice (Berrendero et al., 2002).

While these fi ndings indicate that opiate mech-
anisms are involved in this interaction and that, 
conversely, cholinergic phenomena are involved 
in opiate analgesia, several lines of evidence mili-
tate against this notion. Morphinoids and endoge-
nous opioids including sigma and related opioid 
ligands depress the release of ACh from several 
brain parts and ACh turnover, and increase neuro-
nal and extracellular levels of ACh in several brain 
parts; there are, however, some exceptions to 
this generalization (Sitaram and Gillin, 1977; 
Jhamandas and Sutak, 1983; Itoh et al., 1999; see 
also Green and Kitchen, 1986; Herken et al., 
1957; Matsuno et al., 1993; Wang et al., 2004; see 
also section BIII-2a). These results seem to miti-
gate the notion of synergism between cholinergic 
and opioid systems, and Pedigo and Dewey (1981) 
opined that since “narcotics  .  .  . suppress central 
cholinergic activity, it would be surprising if the 
antinociceptive activity of cholinomimetics were 
mediated through central opiate receptors or 
release of endogenous opiates” (see also Chan 
et al., 1982).

Then, cholinergic agonists used in combina-
tion with morphine potentiate the antagonistic 
effect of naloxone (Wong and Bentley, 1979). 
Furthermore, analgetic actions of locally adminis-
tered beta-endorphin and morphine were not con-
sistently antagonized by cholinergic antagonists 
(Spinella et al., 1999; Abe et al., 2003). Also, 
while both morphinoid and cholinergic analgesias 
are antagonized by a number of opioid antagonists 

including naloxone, the structure-activity relation-
ship between opioid antagonists and their 
attenuation of opiate analgesia differed distinctly 
from the structure-activity relationship between 
opioid antagonists and their attenuation of 
cholinergic analgesia; in fact, some investigators 
found that atropine antagonizes cholinergic 
antinociception but it does not antagonize mor-
phinergic antinociception (Wong and Bentley, 
1979; Koehn et al., 1980; Naguib and Yaksh, 
1994; Pedigo et al., 1975; Pedigo and Dewey, 
1981; Koehn and Karczmar, 1978). Finally, at the 
spinal cord level, opioid antagonists may enhance 
rather than attenuate analgesic physostigmine 
effects (Fujimoto and Rady, 1989). It should be 
added that the fi nding that morphinoids but not 
cholinergics may be effective in some species, 
and vice versa, adds to the notion of the differ-
ence between cholinergic and morphinoid 
analgesia.

Determining whether or not there is a cross-
tolerance among nociceptive opioid and choliner-
gic actions is crucial in this context. While the 
pertinent data are discordant, generally the cross-
tolerance was not obtained (see Pedigo and Dewey, 
1981, versus Koehn et al., 1980), and morphinoids 
(not cholinergics) induce analgesia in selected 
species (see above, this section).

What shall we deduce from these sometimes-
inconsistent data? Perhaps morphinoids and 
endogenous opioids do not need a cholinergic link 
for their effect, as suggested by occasionally 
observed lack of atropine antagonism of opioid 
analgesia, while cholinergics need the presence of 
an opioid system for theirs. Ultimately, expanding 
the knowledge of endogenous opioids and their 
receptors may clarify this relationship (see 
Takemori and Portoghese, 1985).

b. Cannabinoids and 
Cholinergic Analgesia

Cannabinoids (including δ-9-tetrahydrocan-
nabinol) produce analgesia when applied at spinal 
or supraspinal sites (Dewey, 1986; Musky et al., 
1991; Smith and Martin, 1992) and affect the 
kinetics of CNS ACh (Dewey, 1986; Tripathi 
et al., 1987). It should be added that while cholin-
ergic-cannabinoid interaction with regard to motor 
function was demonstrated (see section BIV-1d), 
such interaction was not investigated with respect 
to analgesia.
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3. Sensorium

The past generalization was that the choliner-
gic system does not contribute to the afferent sen-
sorium in vertebrates (see Koelle, 1963; Michelson, 
1974; and Karczmar, 1976), yet cholinergic path-
ways, particularly those of the basal forebrain, 
abut upon, and/or cholinergic synapses are present 
in, the pertinent modalities, such as the retina, 
olivocochlear bundle, medial vestibular nucleus, 
olfactory bulb, pedunculopontine projections, and 
somatosensory, including auditory and visual cor-
tices (see Chapter 2 DII; Rasmusson, 1993). In 
fact, ACh and antiChEs exert effects upon local-
ized application to these cortices and/or central 
and peripheral sensory organs and may increase 
homeostatic cortical mechanisms (Testylier et al., 
1999; Kimura et al., 1999); hence, correlates 
between these sensory modalities and the cholin-
ergic system should exist, and there is some evi-
dence that supports this notion.

Acetylcholine is the principal neurotransmitter 
for the olivocochlear bundle’s efferents that termi-
nate in the cochlea on the outer hair cells and in 
certain divisions of the vestibular nucleus. Anti-
cholinesterases, ACh, and nicotinic and musca-
rinic agonists mimic the inhibition by the 
olivocochlear bundle of the responses of the audi-
tory nerve terminal, although biphasic effects were 
also observed (Guth and Amaro, 1969; Guth et al., 
1994; He and Dallos, 1999; Vetter et al., 1999; 
Katz et al., 2004; see also Koelle, 1963); the effects 
of antagonists, whether of the atropinic or nicoti-
nolytic type, were inconsistent. The inhibitory 
effect of the bundle as well as of the muscarinic 
agonists may be mediated by the release of an 
inhibitory transmitter (Koelle, 1963; Guth et al., 
1994). On the other hand, He and Dallos (1999) 
found that ACh itself induces the inhibitory effect 
via an outward, hyperpolarizing K+ current, while 
Wikstrom et al. (1998) proposed that nicotinic 
receptors of a unique type (acting both ionotropi-
cally and metabolically) block the postsynaptic 
response of the outer hair cells via antagonizing 
the action of another transmitter, possibly ATP. 
Also, it was suggested that efferent effects upon 
audition may be mediated via calcium entry 
through a nicotinic receptor (Dawkins et al., 2005). 
These reports are somewhat disparate; however, 
they show that ACh serves to modulate the inner 
hair cells’ mechanoelectrical transduction of the 
sound.

More centrally, cholinergics facilitate the 
evoked potentials of the primary sensory cortex 
induced by auditory stimulation and the con-
sequent change in the receptive fi eld, and cho-
linergic (M1) neocortical receptors are needed for 
refi ned “cortical tonotopy” (Metherate and 
Weinberger, 1990; Shapovalova et al., 1994; 
Zhang et al., 2005; see also section BIV-3b).

The topographically related equilibrium, or 
balance, system also shows cholinergic correlates. 
Acetylcholine and cholinergic agonists exert 
effects on the afferent neurons of the semicircular 
canal and the sacculae as well as on the neurons 
of the vestibular nuclei, and the discharge of some 
of the neurons of the medial vestibular nucleus is 
blocked by atropine (Guth et al., 1994; Takeshita 
et al., 1999).

The basal forebrain’s efferent cholinergic path-
ways radiate to the visual cortex and its functional 
control and perception areas. They involve cholin-
ergic structures located in associative and integra-
tive areas of the brain, including geniculorecipient 
layers and superior colliculus of the monkey, 
humans, and other species (Rasmusson, 1993; 
Celesia, 1991; Tigges et al., 1997; and Dudkin et 
al., 1994; see also Chapter 2 DI-DIII). There are 
both nicotinic and muscarinic receptors at these 
sites. The nicotinic receptors may modulate sac-
cadic activity (Aizawa et al., 1999; Vanni-Mercier 
et al., 1996) and the presynaptic muscarinic recep-
tors may modulate visual excitation spread in the 
visual cortex (Kimura et al., 1999). Tigges et al. 
(1997) suggested that the M1 to M4 muscarinic 
receptor subtypes distributed in the cortices are 
responsible for a number of phenomena and that 
a transient cholinergic deprivation or lesion of the 
basal forebrain may interfere with visual cortical 
processes such as ocular dominance and orienta-
tion selectivity (Siciliano et al., 1997); some or all 
of these receptors may also be concerned with the 
cortical integration and binding of several percep-
tive characteristics (Colzato et al., 2005, see also 
section IV-1d).

Cholinergic effects on vision also include 
peripheral, retinal phenomena and their afferent, 
retinotectal, and retinogeniculate pathways. Thus, 
retinal ganglion cells respond to ACh and musca-
rinic and nicotinic agonists, in keeping with the 
notion of the existence of the cholinergic synapse 
between the amacrine and ganglion cells, and of 
the presence of muscarinic and nicotinic receptor 
subtypes on the amacrine and ganglion cells 
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(Keyser et al., 2000). Acetylcholine blocks the 
activity of the ganglionic on-units, which are acti-
vated by light and inhibited by the light-off signal, 
and facilitates the activity of the off-center units, 
which behave in a manner opposite that of the 
on-center ganglion cells (Straschill and Perwein, 
1975; see also Chalupa and Gunhan, 2004). The 
ganglion cells are involved in the mechanism of 
dark adaptation, as their receptive fi elds are 
enlarged in dim light (see Barlow et al., 1957). 
Accordingly, this effect may be involved in the 
facilitation of the dark adaptation in humans by 
antiChEs (Rubin and Goldberg, 1957).

It is interesting that ChEs may be involved in 
this process as well as in the phenomena described 
by Straschill and Perwein (1975), as there are 
endogenous photochromic ChE inhibitors that 
exist, depending on photoenergy, in several forms 
that differ in their inhibitory potency (Kaufman 
et al., 1968; Friedman and Marchese, 1973). Fur-
ther upstream, the cholinergic projections of the 
nucleus isthmi exert presynaptic, mainly nicotinic 
effects on the retinotectal axons, increasing the 
liberation of noncholinergic transmitters, and 
Titmus et al. (1999) opine that these nicotinic 
actions modulate the tectal projections of orderly, 
retina-generated, topographical maps. It is inter-
esting—in an unrelated context—that muscarinic 
receptors may be involved in eye growth and in 
the regulation of the axial length of the lens 
(Tigges et al., 1999).

Finally, the rhinencephalon and olfactory bulb 
are cholinergically innervated (see Chapter 2 DII 
and DIII), and Castillo et al. (1999) stressed that 
nicotinic and muscarinic agonists exert excitatory 
and inhibitory effects on the bulb’s mitral and 
interneuronal cells, respectively; this suggests that 
these agents may have effects on the olfactory 
function. In a related context, the taste stimuli 
coursing from the taste buds and the gustatory 
nerves to the thalamus (nucleus ventralis poste-
rior) and cortical olfactory and posterior gyrus 
induce cortical cholinergic activity and ACh 
release, and these phenomena contribute to the 
sensorial correlates of cholinergicity.

4. Memory, Learning, 
and Cognition

As referred to in the introduction to this chapter 
(section A-2), the knowledge of the effects of 

cholinergic agonists and antagonists on memory, 
learning, and conditioning was initiated in the 
1920s. The early investigators found that the cho-
linergic agonists, generally of the muscarinic type, 
exerted potent facilitatory effects, antagonizable 
by atropinics, with respect to the relatively simple 
learning paradigms they employed. However, 
Funderburk and Case (1947), while demonstrating 
facilitatory actions of pilocarpine, stressed the 
inhibitory actions of physostigmine on the simple 
Pavlovian conditioned motor response. Subse-
quent investigators amply confi rmed these results 
concerning both the facilitatory and inhibitory or 
biphasic actions of muscarinic agonists and 
antiChEs; yet, the facilitatory effects of the mus-
carinics and ChE inhibitors predominate when 
these agents are employed in appropriate doses 
(see Hagan and Morris, 1988).

a. Methodology of the Studies of 
Learning, Memory, and Cognition

Modern investigators employ an extensive 
number of paradigms for the study of the choliner-
gic correlates of learning and memory. Classical 
conditioning involves the study of acquisition and 
extinction components of memory and learning, 
stimulus discrimination, and passive and active 
avoidance, the operant behavior being required as 
the testing modality. For the study of avoidance, 
simple paradigms may be used, for example, a plat-
form consisting of the punishment and escape parts; 
or an automated, multiple avoidance screen (Figures 
9-30 and 9-31; Karczmar and Scudder, 1969).

Auditory, visual, olfactory, taste, and other 
sensory signals are employed, and the uncondi-
tioned response could be a motor response or the 
anticipatory eye blink, this last test minimizing the 
need for behavioral activity; the delayed operant 
test, for example, delayed matching-to-sample 
response, requires the recognition of the stimulus 
or signal after a varying time period (Ferster, 
1960; Karczmar, 1976; Hintgen and Aprison, 
1976; Bures et al., 1983; Harvey et al., 1983; 
Nabeshima, 1993; Fibiger, 1991; Hudzik and 
Wenger, 1993; Butt and Hodge, 1995; Anglade 
et al., 1999; Miranda et al., 2003). In the case of 
the Sidman continuous trial paradigm, animals are 
not presented with any cue that could be associ-
ated with the shock or other punishment applied 
in a regular temporal sequence; they have to learn 



9. Central Cholinergic Nervous System and Its Correlates 501

Figure 9-31. A block diagram of the avoidance conditioning climbing screen. The climbing screen is represented 
on the left, the operations and readout panel on the right. A, 1 to 5, consecutive base chambers; B, 1 to 5, elapsed 
time meters measuring the interval from the opening of the gates until the mouse begins to climb, that is, “base times”;
C, 1 to 5, elapsed time meters measuring the interval during which the mouse moves from one base chamber to the 
next, that is, “climbing times”; D, 1 to 5, the consecutive inclined runways of the climbing screen; E, starter switch; 
F, reset button; G and H, timers programming the opening of the doors of the base chambers and the time period 
between that moment and the onset of shock, respectively; I, stimulus parameter controls; J, solenoid operated gates 
and photocells. (From Karczmar and Scudder, 1969, with permission.)

Figure 9-30. A general view of the avoidance conditioning climbing screen. The 5 climbing screens and base 
chambers as well as the readout panel (at left) can be seen. The wiring connects the photocells and electrifi es the 
grids of base chambers and climbing screens. (From Karczmar and Scudder, 1969, with permission.)
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during the continuous trial to select an appropriate 
option from the several escape options, including 
pole jumping, a platform, and so forth. More 
complex are the operant approach paradigms, 
which involve reward- or reinforcement-
dependent lever pressing or related operant 
behavior. Cues of varying degrees of complexity 
are used to show whether the animals discriminate 
for reinforcement or to avoid punishment; further-
more, additional dimensions of complexity may 
be added by manipulating the schedule of punish-
ment and reinforcement from regular to complex 
and variable sequence.

Nonoperant tests include runway and maze 
learning types (including water maze), spatial 
alteration (hole board apparatus that tests, 
par ticularly, spatial orientation; Oades, 1981) and 
discrimination, and performing acquired, memory-
dependent tasks (see, for example, Nabeshima, 
1993; Fibiger, 1991; Butt and Hodge, 1995; 
Howard et al., 2005). Maze tests vary in complex-
ity. A simple Y-maze paradigm includes reward-
seeking or punishment-avoidance behaviors. A 
related procedure involves spontaneous alteration 
(Hughes, 1982); that is, after using a particular 
arm of the Y-maze, the animal has to choose a 
different arm during the second trial. More 
complex tests utilize radial and multiarm mazes 
with 8 or 12 arms and a number of different cues 
(Cressant and Granon, 2003). These and related 
tests involve “place learning,” or spatial discrimi-
nation. After exploring available sites (8 or 12), 
the animals must remember which one yielded the 
reinforcement and, on the subsequent trial, the 
animal must not revisit the site where the reward 
was consumed. Following this test, another phase 
may be employed to ascertain whether the animals 
will procure the reward at either a novel site or the 
original site the second time around (Olton and 
Samuelson, 1976; Slangen et al., 1990). Finally, 
certain tests assessed cognitive states important 
for learning (i.e., attention; see below, this section). 
These tests included startle refl ex measurement 
and the measurement of the frequency of alert 
(upright) body positions. In operant or nonoperant 
procedures, the complexity of the tasks the animal 
must perform can be increased to evaluate the 
psychological functions that may be involved in 
memory and learning processes (Olton et al., 
1991). Finally, performance evaluations for 
memory-dependent tasks may be used to assess 
retention and memory versus learning.

Altogether, memory and conditioning tests 
vary from very simple to very complex.7 It is 
particularly valid to study learning—and behavior 
generally—as a matter of ethology, that is, in fi eld 
conditions, with uncaged, free-moving animals. 
Pertinent studies were carried out in the open fi eld 
or natural habitat with primates. This kind of work 
is, of course, rare and limited, as drugs cannot be 
readily used in this case. However, some attempts 
were made in this direction; for example, the 
“Mouse City” test allows investigators to quantify 
learning, attention, exploration, and novelty-
seeking behavior in small rodents in a pseudo-
natural habitat (Figure 9-32 and Table 9-3; see 
Karczmar and Scudder, 1969; Karczmar et al., 
1973) A new dimension of animal and human 
research on memory and learning was added with 
the use of brain lesions; this work is important in 
relating cognition, memory, and learning to spe-
cifi c transmitter pathways, including the choliner-
gic system, and to the brain location of the various 
mechanisms involved in memory and learning. In 
animals, the lesions are generated surgically, by 
inducing brain hypoxia, ischemia, or infarcts, 
or by employing neurotoxins, antibodies, and 
antagonists of neurotrophic factors. Commonly 
used are the surgical lesions of the nucleus basalis 
magnocellularis (NBM) and the septum, and 
ischemia-inducing carotid or bicarotid clamping 
(Cuello, 1993; Bartus et al., 1982; Jones et al., 
1995; Butt and Hodge, 1955; Heim et al., 1994).

The neurotoxins used in animals include spe-
cifi c cholinotoxin, AF64A (Hanin, 1990, 1992; 
see Figure 9-16, section BIII), kainate (Jin, 1997), 
and immunotoxins (Baxter et al., 1995; Waite et 
al., 1999). Related toxins include excitotoxins and 
Al3+, which are sometimes regarded as possible 
causative agents of Alzheimer’s disease (AD; see 
Dunnet and Fibiger, 1993; Bilkei-Gorzo, 1994; 
Julka et al., 1995; Wu et al., 1998). Less specifi c 
neurotoxins (Markowska et al., 1990) include tet-
rahydropyridines that mimic, in animals, Parkin-
son’s disease while causing also cognitive defi cits 
(Schneider et al., 1999; Markowska et al., 1990) 
and OP antiChEs.

Finally, animals—and humans—subjected to 
dietary restrictions, and thiamine-defi cient mice, 
can serve as models for the study of the cho-
linergic treatments of memory impairments 
(Nakagawasai et al., 2004).

With many toxins, components of the cholin-
ergic system, such as CAT, ACh turnover, and the 
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Figure 9-32. Top view of the “Mouse City.” The diagram shows the large (11 in × 18 in) central compartment 
connected to the small (5 in × 7 in) home cages by means of tubular, 12-in-long runways. The covered compartment, 
home cages, and runways are illustrated in white. (From Karczmar et al., 1973, with permission.)

Table 9-3. Behaviors Measured in Mouse City

• Mobility, exploration, and novelty seeking
• Digging
• Stereotypic behavior
• Sleep
• Contactual behavior
• Aggression
 Attacking
 Being attacked
 Defensive activities
• Carrying objects
• Ingestion
• Sexual behavior
• Grooming
 Self
 Others
 Being groomed

(For further information, see Karczmar et al., 1978.)

density of muscarinic receptors, are affected to a 
degree depending on the toxin in question (Hanin, 
1992; Julka et al., 1995; Wu et al., 1998; Sorger 
et al., 1999). Some immunotoxins, such as anti-
p75 nerve growth factor IgG immunotoxin and 
antineurotrophic factor fusion protein, seem to be 
as specifi c in lesioning cholinergic neurons as 
AF64A, although the data concerning their func-
tional effects are sparse (Kwok et al., 1999). A 
complex effect was noted with respect to the cho-
linergic receptors; for example, the sensitivity of 
nicotinic and muscarinic receptors may increase 
and decrease, respectively, following AF64A 
treatment (Thorne and Potter, 1995).

Sometimes, combinations of neurotoxins were 
used in order to affect the cholinergic as well as the 
noncholinergic systems; the underlying concept in 
this case is that aging and AD refl ect multitransmit-
ter changes (Haratounian et al., 1990). Of particu-
lar interest are animal models simulating the natural 
production of amyloid proteins (see, for example, 
Nabeshima and Nitta, 1994). Other, interesting 
models involve animals exhibiting genetic 
malfunction involving the cholinergic system 
such as transgenic mice that show over-expression 
of mRNA for AChE (Beeri et al., 1997) and knock-
out mice lacking genes controlling cholinoceptive 
receptors (see, for example, Picciotto, 1998).

In humans, advantage is being taken of lesions 
due to accidents, stroke, surgery, disease includ-
ing AD and Rett syndrome, and alcoholism; the 
memory effect of these lesions is studied during 
the subjects’ lifetimes, and postmortem studies 
also provide important information on the brain 
sites of memory and its various forms (see Luria, 
1973; Squire and Butters, 1992; Kaufman et al., 
1997; and Damasio and Damasio, 1993; see also 
Chapter 10 A and K). Commisural damage 
provides an interesting example of such lesions; it 
is referred to below in this section, below.

Combined with the various paradigms of learn-
ing and its components, the studies of memory and 
learning in animals may include EEG analysis and 
analysis of appropriate evoked potentials (see 
below, this section), neuroimaging and positron 
emission topography (MRI and PET), as well as 
computational methods for assessing “synaptic



504 Exploring the Vertebrate Central Cholinergic Nervous System

strength”; these latter tests allow not only the 
evaluation of “gross” cholinergic transmission 
(that is, its presence or absence, long-term post-
synaptic potentiation, etc.) but also its subtle 
changes and coherence at different brain sites (see, 
for example, Linster et al., 2003; Thiel, 2003); this 
kind of evaluation is capable of relating, even if 
speculatively, the activities and their levels at dif-
ferent central cholinergic sites.

Converse to lesion experiments are experi-
ments that involve localized application of trophic 
factors and fetal and adult cultured cholinergic 
neurons (see, for example, Dickinson-Anson et 
al., 2003). In some countries, such as Sweden, this 
or related methodology is applied to humans (L. 
Olson, 1990, personal communication).

The tests of learning and memory in humans 
are of particular importance, in view of the current 
insurgence of interest in aging and AD. David 
Drachman, Klaus Unna, Arnold Ostfelt, and the 
Czech teams led by Hrbek and Soukopova 
pioneered studies in humans of the relationship 
between the cholinergic system on the one hand 
and memory and learning on the other; these 
investigators employed quantitative tests of digit 
recall and storage (Drachman and Leavitt, 1974; 
Drachman, 1978). Furthermore, tests based on 
conditioning may be readily carried out in humans, 
and such tests may be combined with electrophys-
iological monitoring of appropriate EEG parame-
ters and brain potentials (Konorski, 1967; Woody, 
1982; Crook et al., 1983; Libet, 1993). Currently 
employed psychometric tests involve quantitative 
scale assessments of cognition, intelligence, and 
memory (see, for example, Nyback et al., 1988; 
and Squire and Butters, 1992), while the clinically 
oriented CERAD battery of tests and geriatric 
assessment scale (Brink et al., 1982; Gershon 
et al., 1994) are particularly used in the studies of 
geriatrics and AD. A test of human memory that 
concerns visuospatial processing is of particular 
interest, as visuospatial orientation is faulty in 
aging (Meador et al., 1993). Besides conventional 
tests of memory and learning, novel, interesting 
tests of consciousness may be employed in humans 
for neuropsychological assessment of AD, stroke, 
and brain damage (see Chapter 10 K), as well as 
for the assessment of cognitive processes such as 
planning and goal-directed behavior (“Tower of 
London” test; see Dehaene and Changeux, 
1997).

b. Kinds and Components of Memory 
and Learning

Results obtained in animals and humans by 
means of these various procedures indicated that 
learning and memory function are much more 
complex than originally envisaged; they consist of 
several processes, and the various paradigms 
referred to above may concern one or another of 
these processes in particular. These processes 
include early learning versus memory consolida-
tion, storage, and recall or retrieval (McGaugh and 
Herz, 1972; Honig, 1978; Olton et al., 1979; 
Slangen et al., 1990; Hasselmo et al., 1995; Van 
der Zee and Luiten, 1999); they lead to either 
short- or long-term memory (or working or refer-
ence memory; Woody, 1982). In humans addi-
tional kinds of memories may be distinguished, 
such as “shallow output memory” (Moscovitch, 
1992), that is “the memory of an event  .  .  .  that is 
not placed in its proper spatiotemporal 
context;  .  .  .  an event  .  .  .  that cannot be interpret-
ed  .  .  .  within the context of other past or current 
events” (see also Cipolotti and Moscovitch, 2005), 
and semantic memory with its subtypes (Thompson-
Schill et al., 1999).

Habituation or extinction is an important 
parameter of learning; animals or humans not able 
to habituate relatively rapidly to a cue or stimulus, 
which is or becomes nonvital or trivial, cannot 
maintain a meaningful interplay with the environ-
ment and cannot learn (see Hughes, 1982; Karcz-
mar, 1995). Furthermore, it was demonstrated that 
learning includes, as an independent process, data 
organization, or coding, acquisition of memory 
and retrieval of appropriate information from 
encoded, stored memory (Woody, 1982).

Certain behaviors or central states that precede 
or accompany learning and memory processes are 
of importance; these include attention and its anti-
pode, distraction, vigilance, orientation, novelty-
seeking or novelty-attraction (neophilia) and 
exploratory behavior, habituation or extinction, 
and the reward-punishment balance (see Pavlov, 
1940; Konorski, 1967; Olds, 1958; Stein, 1968; 
Karczmar, 1976; Hingtgen and Aprison, 1976; 
Bures et al., 1983; Decker et al., 1998; Slangen 
et al., 1990; Mirza and Stolerman, 1998; O’Neill
et al., 2003). Also, stress may affect memory 
processes via changes in cholinergic transmission 
generated in the hippocampus (Mizoguchi, 2001).
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It should be emphasized that these various pro-
cesses and states appear to be specifi cally affected 
by aging and AD and that cholinergic drugs or 
lesions of cholinergic pathways may affect some 
but not others of these states (McGaughy et al., 
1999). Altogether, the concatenation of the phe-
nomena in question may be considered cognition 
in its broad sense (Slangen et al., 1990; see below, 
this section); however, the phenomena of 
consciousness or self-awareness are not included 
in this defi nition (see section BVI).

It is not easy to ascertain which of these spe-
cifi c processes may be involved in the effect on 
learning of a given drug, neurotoxin, or lesion, and 
whether or not additional, nonmemory effects 
are present. To cite a simplistic example, is the 
blocking effect of atropine or scopolamine on 
performance—which occurs when atropine is 
given after a task was learned and the animals are 
retested—due to atropine’s action on retrieval or 
on memory? However, some tests may address a 
particular learning component, as in the case of 
the delayed matching-to-sample test, which is 
supposed to test specifi cally short-term memory 
(Ferster, 1960). Appropriate testing shows that the 
short-lived amnetic action induced by large doses 
of antiChEs is caused by the block of retrieval by 
these drugs (Karczmar, 1974). And, attention, 
neophilia, and exploration, which are behavioral 
components of learning processes, may be studied 
differentially, and these phenomena were facili-
tated by cholinergic, particularly muscarinic ago-
nists, attenuated by lesions to the cholinergic basal 
forebrain and by atropinics, and accompanied by 
increased release of ACh at pertinent sites such as 
the hippocampus (Muir et al., 1994; Inglis et al., 
1994; Jones and Higgins, 1995; Giovannini et al., 
2003; see also Woolf, 1996, 1997; Smythies, 
1997; Sarter et al., 2003; Voytko, 1996).

The paradigms used may involve taste and 
hunger and other motivational factors as reinforc-
ing stimuli, and the drug or lesion tested may 
affect taste and hunger rather than memory. Simi-
larly, drug effects that appear to involve memory 
and learning may actually be due to the drug’s
action on motor activity and sensory—visual,
touch, or auditory—acuity or state. Thus, atropine 
may interfere with memory tests via its effects on 
motor activity in the case of active avoidance tests 
(see section BIV-1d); via its actions on hunger and 
thirst (see section BIV-2) in the case of tests 

involving food reward; via its xerostomic action 
in the case of tests involving liquid reward; and 
via its action on the nictitating membrane in the 
case of the blink test. Finally, depending on the 
extent, locus, and specifi city of lesion, neurotox-
ins and immunotoxins may exert effects either on 
memory and learning processes or on such states 
as attention (Waite et al., 1999; Baxter et al., 
1999).

c. Cholinergicity of Memory 
and Learning

Let us disregard the specifi c components of 
memory and learning—such as retrieval, motiva-
tion, storage, consolidation, and so on—and
explore cholinergicity in the general context of 
these phenomena. First, it is important to demon-
strate that cholinergic activity increases in the 
course of memory and learning phenomena. 
Indeed, it was demonstrated by Giancarlo Pepeu 
and his associates (see, for example, Giovannini 
et al., 1998a, 1998b) that ACh release from perti-
nent brain sites, including the hippocampus, 
increases during certain phases of learning, and 
this evidence was amply confi rmed (see, for 
example, Thiel et al., 1998; Iso et al., 1999).

Nerve growth factors that improve learning 
may do so via preventing apoptosis of the cholin-
ergic basal forebrain neurons (Sinson et al., 1996; 
Duan and Zhang, 1998; Van der Zee et al., 1999; 
Philips et al., 2001). In related studies, implanta-
tion of cultured cholinergic neurons into the hip-
pocampus and forebrain of aged rats improved 
their learning and memory (Dickinson-Anson et 
al., 2003). Also, several studies demonstrated that 
in rats, pre- and early postnatal choline diet and 
presumably its effect on ACh synthesis improved 
the learning capacity and memory of the adult 
(Tees, 1999; Tees and Mohammadi, 1999; 
Montoya et al., 2000; Blusztajn et al., 1998, 2004; 
Mellott et al., 2004). Also, nootropics, drugs that 
without being muscarinics, nicotinics, or antiChEs 
exert facilitatory effects on animal learning and 
cognition (Giurgea and Salama, 1977; see also 
section BII-1), augment ACh turnover and release 
and CAT levels in several brain parts, including 
the cortex, sensitize cholinergic—possibly nico-
tinic—receptors, and may potentiate ACh currents 
generated at cholinergic receptors (Nishizaki et 
al., 1998; Pepeu and Spignoli, 1989; Bhattacharya 
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et al., 1993; De Angelis and Furlan, 1995; 
Nakamura and Shirane, 1999; Kimura et al., 1999; 
Zhao et al., 2001; for a contrary opinion, see 
Krakauer, 1994).

Furthermore, behavioral and functional pro-
cesses, including learning, affect the numbers, 
affi nity characteristics, and/or distribution of cho-
linergic nicotinic and muscarinic receptors, as has 
been known for the last 25 years (see Edwards, 
1979; Nathanson, 1987; Schuetze and Role, 1987; 
and Anagnostaras, 2003). These early data were 
expanded upon by Luiten, Van der Zee, and their 
associates, who employed an immunocytochemi-
cal approach to demonstrate the increase in mus-
carinic receptors during memory processes. It 
should be noted that this increase occurred in areas 
important for cognition such as the limbic system 
and its hippocampus, and the neocortex (Van der 
Zee et al., 1999; Van der Zee and Luiten, 1999). 
Wild rats, which allegedly “process  .  .  . more
numerous sensory stimuli” than the “naive,” caged 
rats, exhibit markedly higher neocortical musca-
rinic immunostaining than the naive rats (Van der 
Zee and Luitten, 1999).

However, the story is not quite so simple. 
Particularly in the case of some learning tests, the 
increase in cholinergic activity and cholinergic 
receptor levels may not always relate to learning. 
Thus, the passive shock avoidance procedures 
may affect the receptors because they induce fear 
and immobility; in the case of active shock avoid-
ance, the muscarinic receptor immunoactivity 
actually decreased in the amygdala. To complicate 
matters further, during associative and spatial 
learning the muscarinic receptors’ immunoactiv-
ity increased and decreased in the hippocampal 
pyramidal cells and in the hippocampal interneu-
rons, respectively (Van der Zee and Luiten, 1999). 
The Dutch team attributed these “counterintui-
tive” results to an interaction at the interneuronal 
hippocampal level between cholinergic and 
GABAergic transmission, which is important for 
learning (see below, this section). It must be added 
that Van der Zee, Luiten, and their associates 
emphasize that these changes in neuronal musca-
rinic immunoreactivity should be considered 
jointly with changes in the glial muscarinic recep-
tors; the relation between the two sites might 
depend on the “scavenger” role of the astrocytes 
with respect to ACh; is this also the explanation 
for the marked increase in the glial muscarinic 

immunoreactivity that occurred in aged rats (Van 
der Zee and Luiten, 1999)?

It must also be noted that the forebrain path-
ways and sites involved in memory and learning, 
including radiations from the nucleus basalis mag-
nocellularis (NBM) to the cingulated and other 
parts of the cortex, the tegmental nuclei, and the 
hippocampus, are rich in cholinergic neurons, 
markers for ACh synthesis and transport, and cho-
linoceptive receptors (see Chapter 2 DII and DIII; 
Mesulam, 1990; Zaborszky et al., 1999; Zaborszky, 
2002). Other sites involved in memory and, par-
ticularly in habituation include dorsomedial stria-
tum (Ragozzino, 2003; see also below, this 
section).

The notion of the cholinergic nature of memory 
and learning received strong support from studies 
of muscarinic knockout mice and of lesions, 
including those infl icted in primates (see above, 
this section; Harder et al., 1998; Hanin, 1990; 
Cuello, 1993; Voytko et al., 1994; Rossner et al., 
1994; Wu et al., 1998; Tzavara et al., 2003; 
Winters et al., 2004). First of all, lesioning in 
animals of cholinergic brain systems and path-
ways, including NBM radiations and the limbic 
system—however induced: see above, this 
section—induces marked memory and learning 
defi cits. In fact, the extent of OP antiChEs’ induced 
hippocampal pathology was related to the extent 
of learning and memory impairment (Filliat et al., 
1999). Furthermore, in many studies these defi cits 
were paralleled by diminutions of CAT or ACh 
content, change in the density or number of cho-
linergic receptors (actually, both down- and 
upregulation may result from the lesions), and so 
forth, in the target areas of the lesioned brain parts. 
It is interesting that accumulated environmental 
damage produced, for example, by chlorinated 
biphenyls resulted in rats in a parallel decrease of 
brain CAT activity and maze performance (Provost 
et al., 1999). Learning defi cit induced by the 
lesions could be antagonized, at least partially, by 
cholinergic muscarinic agonists and antiChEs. 
This defi cit could also be remedied by NGF and 
other neurotrophins via their regenerative effect 
on the damaged cholinergic neurons (Cuello, 
1993; Sauer et al., 1999). Also, choline supple-
mentation of pregnant female rats protected their 
1-month-old offspring from memory loss caused 
by pilocarpine-induced seizures (Yang et al., 
2000).
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Results obtained in humans suffering from 
accidental, surgical, or trauma-infl icted damage, 
as well as damage due to diseases such as AD and 
Rett syndrome, also support the notion of cholin-
ergicity of memory and learning (Damasio, 1994; 
Damasio and Damasio, 1993). Indeed, the many 
postmortem studies of the brains of the elderly 
who exhibited senile amnesia and of patients suf-
fering from AD confi rm the notion of the relation 
between memory and learning and cholinergic 
brain systems (see also Chapter 10 A and K). 
Frequently there was a correlation among the site 
of damage, such as the hippocampus, the cholin-
ergic character of the site, and the specifi c loss of 
cholinergic neurons (see Luria, 1973; Damasio 
and Damasio, 1993; Geula and Mesulam, 1994); 
also, the behavioral defi cit induced by the lesion 
of these sites depended on the extent of the lesion 
(Wrenn et al., 1999). While the data concerning 
lesions are generally very supportive of the notion 
of cholinergicity of learning, some caveats should 
be posited. First, structures other than cholinergic 
neurons are damaged when the neurotoxins 
employed are only partially specifi c for choliner-
gic neurons, as is the case with, for example, 
quisqualate; this renders the interpretation of 
the nature of the effects of this drug on learning 
diffi cult. This is essentially not true for AF64A 
(although even in this case complete specifi city 
may not obtain) and 192 IgG, the antibody to the 
low-affi nity NGF receptor (Hanin, 1990, 1992; 
Wenk et al., 1994). Paradoxically, in the case of 
AD, essentially not a cholinergic disease (see 
Chapter 10), the employment of nonspecifi c neuro-
toxins may be particularly useful in the develop-
ment of the pertinent model. In a related context, 
cholinergic differentiation affects noncholinergic 
systems, and lesions, even if specifi c for choliner-
gic radiations, may interfere with learning indi-
rectly rather than directly, as these radiations 
affect functions other than learning, such as atten-
tion, vigilance, or sensory perception (see Milner 
et al., 1999; Dunnet and Fibiger, 1993).

Second, the effects on memory and on cholin-
ergic parameters do not always run parallel; for 
example, reductions in the cortical CAT activity, 
following lesions of the NBM by various neuro-
toxins, do not always correlate with the learning 
defi cit that they induce; the effect of the neurotox-
ins in question on systems other than the cholin-
ergic system may underlie this imperfect 

correlation (Markowska et al., 1990; Fibiger, 
1991). Rarely, lesions of the NBM affected learn-
ing only slightly.

d. Muscarinic and Atropinic Drugs 
and AntiChEs

It strongly supports the notion of the choliner-
gicity of learning and memory that cholinergic 
agonists facilitate and cholinergic antagonists 
attenuate or block learning and memory; in the 
case of antiChEs the memory effect coincides 
with increased levels of brain and/or blood AChE 
(Kosasa et al., 1999). It is also noteworthy that 
inhibitors of synthesis of ACh and/or uptake of 
choline also attenuate memory and learning (see, 
for example, Boccia et al., 2004).

In particular, muscarinic agonists and antiChEs 
facilitated learning in all species studied, from 
fi sh, urodele, and amphibia, to rodents, cats, dogs, 
and primates; also, as already mentioned, antiChEs 
and muscarinics attenuated memory and learning 
defi cits induced by lesions, in both humans and 
animals (see Hingtgen and Aprison, 1976; Myers, 
1974; Karczmar, 1976, 1990; Bartus et al., 1982; 
Hagan and Morris, 1988; Aigner et al., 1991; 
Fibiger, 1991; Ogura and Aigner, 1993; Hironaka 
and Ando, 1996; Inagawa, 1993; Cuello, 1993; 
Power, 2004a, 2004b). This was noted as well 
when such complex paradigms as the 8-arm radial 
maze was used (Inagawa, 1993).

All this evidence supports the notion of the 
positive effects of muscarinic agonists on memory 
and learning; it appears that M2 and M4 receptors 
are involved in these effects (see below, this 
section, and Tzavara et al., 2003), while the con-
tribution of M1 receptors is less certain. In fact, 
the knockout mice defi cient in M1 receptors may 
show only minimal if any memory and learning 
defi cits; further use of muscarinic agonists specifi c 
for all muscarinic receptor subtypes are necessary 
to resolve this issue. It must be added that there is 
some inconsistency with regard to currently avail-
able cognitive effects of muscarinic agonists (see 
below, this section).

Effects of muscarinics on human memory and 
learning are of particular interest. Sitaram et al. 
(1979) and Berger et al. (1979) found that antiChEs 
and muscarinics signifi cantly facilitate memory 
and learning in young subjects, while Drachman 
and his associates (see Drachman, 1978) thought 
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that the effects of these drugs are minimal in the 
young; similarly, in aged but otherwise healthy 
individuals, the effect was absent or minimal (see 
Dean and Bartus, 1988; Borjesson et al., 1999). 
However, in the case of senile or AD-related 
memory defi cit, these drugs seem to be effective, 
at least in the case of moderate disease status. If 
indeed in a young human subject the effects of 
muscarinics and antiChEs on memory and learn-
ing are minimal, this may relate to the demonstra-
tion that it is more diffi cult to cholinergically 
facilitate learning exhibited by “intelligent” strains 
of animals (such as mice) than by “dull” strains of 
these animals (see above, and Karczmar and 
Scudder, 1969; Karczmar et al., 1973). It must be 
noted that, contrary to the inconsistent effects of 
muscarinics and antiChEs in the human, the atten-
uation of memory and learning by atropinics was 
consistent in both young and elderly humans (see 
below).

However, sometimes the effects of muscarin-
ics and antiChEs were negative or biphasic (see 
Karczmar, 1975, 1976; Hingtgen and Aprison, 
1976; Hagan and Morris, 1988; Hironaka et al., 
1990). The negative effects may occur when mus-
carinics act on brain sites and/or memory compo-
nents that are not be refl ected in the tests utilized 
(Kim and Levin, 1996). Furthermore, a choliner-
gic agonist’s detrimental effect on learning may 
result from its presynaptic rather than postsynaptic 
effect; thus, carbachol’s negative effect on learn-
ing sometimes may result from the presynaptic 
attenuation by carbachol of ACh release at a stra-
tegic site (Hiramatsu et al., 1998).

Biphasic and negative effects are caused par-
ticularly by antiChEs. Deutsch and his associates 
stressed these biphasic effects of DFP; whether 
facilitation of memory or amnesia was obtained 
depended on the state of learning (see section A-
2d, above). Their conclusions were based on 
experiments in which high doses of DFP were 
used and ChEs and ACh levels or turnover not 
measured (see Deutsch, 1971, 1979; Deutsch and 
Leibowitz, 1966; Deutsch et al., 1966). Other 
investigators confi rmed that high antiChE doses 
that induce brain and/or erythrocytic AChE inhibi-
tion readily block memory and learning; this block 
may involve the retrieval process specifi cally 
(Karczmar, 1975; Hamburg and Fulton, 1972; 
Geller et al., 1984, 1985). These negative effects 
of antiChEs and cholinergic agonists may not 
argue against promemory, prolearning effects of 

these drugs: the accumulation of ACh resulting 
from the use of high doses of antiChEs as well as 
high doses of cholinergic agonists, particularly in 
the case of not readily metabolizable compounds, 
result in a block or desensitization of cholinergic 
synapses, leading to the arrest of transmission 
and memory block. Another explanation of the 
antiChE-induced attenuation of memory and 
learning is that it may be induced by excessive 
cholinergic function induced by antiChEs or mus-
carinic agonists (see Hamm et al., 1993). It should 
be noted, however, that sometimes this block of 
learning occurred with relatively small antiChE 
dosing capable of not more than 20% to 30% 
inhibition of brain AChE (Richardson and Glow, 
1967; see Hingtgen and Aprison, 1976).

Negative results may be due to pharmacologi-
cal effects of the muscarinics and antiChEs that 
have nothing to do with their effects on learning, 
and this diffi culty has already been referred to (see 
section BV-4b, above). This may be particularly 
true in the case of certain behavioral tests. Thus, 
cholinergic agonists generally facilitated passive 
avoidance while frequently their effect on active 
avoidance was minimal or even negative (G. 
Bignami and N. Rosic, 1969, personal communi-
cation; see Karczmar, 1975; Myers, 1974). This 
dichotomy may relate to the attenuation of the 
motor behavior by the muscarinic agonists and 
antiChEs (Chau et al., 1999; see section BIV-1d 
and BVI). Also, the antinociception action of 
antiChEs or muscarinics may interfere with the 
pain clue when the latter is used in conditioning 
and thus obliterate the so-called conditioned 
anxiety response (CAR; see above, section BIV-2; 
Shannon et al., 1999). Moreover, the results of the 
tests may depend on the site of the application of 
the cholinergic or anticholinergic drug (Neil and 
Grossman, 1970; Hingtgen and Aprison, 1976), as 
with certain sites the negative effect on learning 
that was obtained may have been due to the action 
of the drug on a noncholinergic system. Finally, 
the extent of improvement in learning, whether 
due to certain drugs or to training, may be inversely 
related to the initial level of performance (Karcz-
mar and Scudder, 1969). Thus, the facilitatory 
effect may not obtain in animals exhibiting optimal 
levels of learning performance; for example, mus-
carinics or antiChEs may not improve the learning 
of “intelligent” mice strains that exhibit innate 
high learning capacity (Karczmar and Scudder, 
1969).
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Regarding muscarinic antagonists: negative 
effects of muscarinic antagonists in animals on 
learning are very consistent, as was their block of 
muscarinic facilitation of memory or learning; 
data obtained with knock-out mice lacking M1 
receptors are also in agreement with the notion of 
the muscarinic correlates of memory and learning 
(Myers, 1974; Karczmar, 1976, 1990; Hintgen 
and Aprison, 1976; Hughes, 1982; Fibiger, 1991; 
Bartus et al., 1982; Dean and Bartus, 1988; Harder 
et al., 1998; Hagan and Morris, 1988; Ukai et al., 
1994; Riekkinen et al., 1995; Rosat et al., 1992; 
Sessions et al., 1998; Curran et al., 1998; Wang et 
al., 1999); these effects obtain across all species, 
including primates; they occur upon either sys-
temic administration of these agents or their local-
ized application to pertinent sites (see, for example, 
Riekkinen et al., 1995). It is of interest that there 
is a synergism between atropinics and chronic 
alcoholism with respect to their amnetic effect 
(Nagahara and Handa, 1999). The effect of atro-
pinics on learning may refl ect their action on one 
or many components of the learning phenomena. 
Hughes (1982) in particular emphasized that atro-
pinics prevent novelty-seeking behavior, which 
the rodents exhibit in the Y-shaped maze, novelty 
seeking constituting an important aspect of learn-
ing (see below, next section).

On the whole, the data support the notion of 
atropinic attenuation of memory and learning (in 
animals and humans; see below). Yet, the perti-
nent data are not completely consistent; for 
example, both facilitatory and inhibitory effects of 
atropinics were sometimes observed with respect 
to spontaneous alterations in behavior (Hagan and 
Morris, 1988), and a facilitatory effect on avoid-
ance learning was observed even with small doses 
of atropinic drugs (Suits and Isaacson, 1968). On 
the other hand, it is very well documented that 
atropinic amnesia and learning defi cits are antago-
nized, similar to the defi cit induced by appropriate 
brain lesions, by muscarinics and, particularly, 
by antiChEs (see, for example, van der Staay and 
Bouger, 2005).

Learning effects of anticholinergic drugs in the 
human deserve special consideration. Antimusca-
rinics consistently produce amnesia in normal 
humans, as has been known since the turn of 
century (Gauss, 1906) and as has been confi rmed 
amply subsequently (see, for example, Drachman 
and Leavitt, 1974; Drachman, 1978; Drachman 
and Sahakian, 1979; Dean and Bartus, 1988; 

Hagan and Morris, 1988; Karczmar, 1976, 1979b; 
Hingtgen and Aprison, 1976). This holds for a 
number of tests, including the paradigm concern-
ing visuospatial memory (Meador et al., 1993). 
Interesting data in this context were provided 
by Daniel Drachman and his associates (see 
Drachman, 1978; Drachman and Sahakian, 1979; 
Drachman and Leavitt, 1974), as they used several 
quantitative tests of memory and learning to show 
that atropinics, given to normal young humans, 
attenuate their cognition and, indeed, render it 
undistinguishable from the cognition of the elderly 
population. Drachman’s demonstration of the 
relation among aging, cholinergic system, and 
memory and learning was confi rmed repeatedly 
(see, for example, Kurotani et al., 2003; McGeer 
et al., 1987), and it is of interest that during aging, 
cholinergic function of the hippocampus may be 
more impaired than that of catecholamines (Sch-
weitzer et al., 2003). It may be added that Raymond 
Bartus posited in the 1980s what he referred to as 
a “cholinergic hypothesis” of geriatric memory 
impairment (Bartus et al., 1982; see also Bartus, 
2000), and many investigators credited him with 
being the pioneer in this area. However, correla-
tion between memory and the cholinergic system 
dates from the 1920s (see Karczmar, 1967, 2004), 
and the link between memory loss, cholinergic 
defi cit, and aging was clearly postulated by Drach-
man and others some 30 years ago.

It appears from the foregoing that muscarinic 
postsynaptic receptors of the basal forebrain, 
limbic system, thalamus, and neocortex play an 
important role in memory and learning processes 
(see van der Zee and Luiten, 1999). Which of the 
M1 to M5 receptor subtypes are particularly 
involved in these processes? The M1 and M2 
receptors and agonists seem to be specifi cally con-
cerned with facilitation of learning, as indicated 
by their presence in the hippocampus, septum, 
thalamus, and median basal forebrain system and 
as suggested by their downgrading in AD, which 
may parallel the memory defi cit of AD, and the 
results obtained by Jurgen and others with M2 
receptor-deffi cient knock-out mice (Vilaro et al., 
1992; Caulfi eld, 1993; Quirion et al., 1993; 
Schwartz et al., 1994; Ruske and White, 1999; 
Felder et al., 2001; Ladner and Lee, 1999; Bymas-
ter et al., 2004; Mooney et al., 2004; Oki et al., 
2005); The M3 receptors may be involved in 
behaviors other than learning (see, for example, 
Kow et al., 1995). Furthermore, using knockout 
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mice lacking differentially specifi c muscarinic 
receptor subtypes, Wess, Nathanson, Hamilton, 
and their associates (Felder et al., 2001) proposed 
that the M4 receptor sub type is involved in 
processes of attention (as suggested by these 
investigators, the actual effect may concern the 
motor movement involved in the processes in 
question).

As in the case of other muscarinic (and nico-
tinic) effects, second messengers and phosphory-
lations by kinases are involved in the muscarinic, 
particularly M1 receptor activation of learning 
(and functions related to learning, such as atten-
tion). For example, such messenger and phosphor-
ylation systems as extracellular-signal regulating 
kinase-mitogen-activated protein (ERK/MAPK; 
Adams and Sweatt, 2002; Sweatt, 2004) seem to 
be the components of the hippocampal contribu-
tion to memory processes including attention 
(Giovannini et al., 2003).

e. Nicotinics and Nicotinolytics

As shown above, the extensive research con-
cerning memory and learning effects of muscarin-
ics, atropinics, and antiChEs begun as early as the 
1940s. Studies of nicotinics and nicotinolytics 
were initiated much later. In the 1960s, Daniele 
Bovet, Filomena Bovet-Nitti, and Alberto 
Oliverio8 demonstrated that in rodents nicotine 
facilitates learning in several learning paradigms 
(see, for example, Bovet et al., 1966). As the inter-
est in nicotine increased in view of its addictive 
action (see the next section), its general pharmaco-
logical profi le, including its cognitive action, 
became of interest, and several investigators 
substantiated Bovet’s fi ndings (Risner et al., 
1988; Rosecrans, 1989, 1995; Arneric and Wil-
liams, 1994; Levin, 1992; Warburton, 1992a, 
1992b, 1994; Woodruff-Pak et al., 1994; Arendash 
et al., 1995; Clarke, 1995; Picciotto, 1998; 
McGaughy et al., 1999; Hagan and Morris, 1988). 
David Warburton in particular became an intense 
defender of the use of nicotine. Furthermore, while 
this effect could be demonstrated in young animals, 
it was particularly prominent in aged animals 
(Arendash et al., 1995). It is consistent with these 
data that nicotine did not facilitate learning of mice 
that were subjected to knockout mutations of nico-
tinic receptor subunits (Picciotto et al., 1998; Pic-
ciotto, 2003) and that knockout mice that are devoid 

of β2 nicotinic receptors (which are the most abun-
dant nicotinic receptors in the brain; see Chapter 6 
B and C) showed premature loss of cognition in 
adulthood or early aging (see Chapter 6 C). Finally, 
nicotine facilitated and nicotinolytics attenuated 
human learning and cognition (see Warburton, 
1992a; Arneric and Williams, 1994). However, as 
is the case with muscarinics, available human (and 
animal) data are not extensive and are not always 
consistent (see Levin, 1992); sometimes, large 
doses of nicotine were used in the experiments in 
question; large doses of nicotine are capable of 
blocking pertinent cholinergic pathways (see 
Risner et al., 1988). Furthermore, the interpretation 
of the data was frequently distorted by the contro-
versy surrounding nicotine addiction: the support-
ers of nicotine’s use in humans have a tendency to 
emphasize and the detractors to deny its positive 
cognitive effect (see below, section BV-5d).

The learning or cognitive effect of nicotine may 
relate to a nicotine action that differs from that of 
muscarinic agonists; for example, Shoaib and Stol-
erman (1996) opined that learning facilitation by 
nicotine may be due to its facilitation of discrimina-
tion mediated by the dorsal hippocampus, a site 
rich in nicotinic receptors, while Arneric and his 
associates (Decker et al., 1998; Prendergast et al., 
1998) demonstrated that in the monkey nicotine 
and nicotinic agonists facilitate learning via antag-
onizing the antilearning effect of distracting stimuli. 
Furthermore, some synthetic nicotinics—but not 
nicotine—may protect the cholinergic neurons, as 
these drugs seemed to prevent both ischemic apop-
tosis and the learning defi cit that ischemia normally 
induces (Nanri et al., 1998). These data relate to the 
evidence that nicotinic agents may act on memory 
via releasing or facilitating the action of trophic 
factors, as well as perhaps increasing levels of 
several components of the cholinergic system 
(Hernandez and Terry, 2005).

It appears that nicotinic receptor subtypes, 
which are involved in the cognitive effects of 
nicotinic agonists, contain the α4β2 subunits; they 
are widely distributed in the brain, particularly in 
the midbrain and thalamic areas (Picciotto et al., 
1995, 2000; Lena and Changeux, 1998; Arroyo-
Jimenez et al., 1999; see, however, Torrao et al., 
1997).

The nicotinolytics generally exerted negative 
effects on memory and learning; also, they pre-
vented the antidistraction or the prevention of 
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attention to trivial stimuli due to nicotinic agonists 
(see, for example, Terry et al., 1996; Clarke, 1995; 
Decker et al., 1998). However, the results obtained 
with nicotinics were not consistent; the various 
nicotinic antagonists used in pertinent research 
may deal with the different central nicotinic recep-
tors and thus induce different effects on memory 
and learning (see, for example, Terry et al., 1996).
Nicotinic agonists exhibit great deal of plasticity, 
examplifi ed by their capacity for upgrading and 
mutating. This knowledge as well as the better 
understanding of the crystalline structure and elec-
tron images that explain receptor binding (see 
Chapter VI; see also Gotti and Clementi, 2004; 
Celie et al., 2005; and Unwin, 2005) led to syn-
thesis by Geoffrey Dunbar, M. Bencherif, G. J. 
Gatto and their associates of new, cognition active 
nicotinic agonists with clinical potential in the 
treatment of AD and senile memory defi cit (see 
Gatto et al., 2004).

f. Mechanisms of Cholinergic and 
Anticholinergic Actions on Memory 
and Learning

The mechanisms that were proposed by various 
investigators concern several components of the 
learning process, neuronal and electrophysiologi-
cal phenomena, and strategic CNS sites and their 
interaction. In conformity with this book’s con-
text, these mechanisms are based on the notion 
of importance of the cholinergic corollary for 
memory and learning. Strong evidence for this 
notion was provided above. Some novel data that 
concern REM sleep should be added to this evi-
dence, even though these results are controversial: 
intensity and duration of REM sleep could be 
related to learning ability and to the effectiveness 
of memory; conversely, REM sleep deprivation 
causes memory impairment and diminution of 
levels (and possible turnover) of forebrain ACh 
(Smith, 2003; see also section BIV-3). It should 
be added that there is a controversy as to the effect 
of cholinergic activity on memory and, particu-
larly, memory consolidation during SW sleep 
(Power, 2004a, 2004b; Gais and Born, 2004; see 
also below, this section).

In an early study, Peter Carlton stressed the 
importance of the antihabituation component of 
learning; he referred the amnetic synergism 
between atropine and amphetamine and explained 

it as due to the emergence or reappearance with 
these drugs of irrelevant, trivial responses (disha-
bituation; Carlton, 1966, 1968; see also Karczmar, 
1995). Subsequently, Hughes (1982) stressed the 
signifi cance of the antialternation effects of atro-
pinics: when animals placed in an Y-maze do not 
fi nd the food reward at the end of one arm of the 
maze, they seek the reward in the other arm of the 
maze; this alternation is blocked by atropinics. 
The antialternation effect of atropinics is related 
to their dis-habituation effect as well as to their 
antagonism of the novelty seeking phenomena 
(neophilia). Indeed, suppression by cholinergic 
agonists of responses to trivia that underlies anti-
habituation and novelty-seeking behavior, rather 
than facilitation of other components of memory, 
may constitute the major promemory effect of the 
cholinergic system and the cholinergic agonists; 
in other words, cholinergic agonists facilitate neo-
philia (Hasselmo and Schnell, 1994; Hasselmo 
et al., 1995). Dis-habituation may also be consid-
ered as inhibition of responses to stimuli that 
become irrelevant, and there is evidence that this 
inhibition is induced by the activation of musca-
rinic (M1?) receptors, possibly in the dorsomedial 
striatum (see Ragozzino, 2003).

Deutsch (1966, 1971, 1979) made another 
early generalization. He speculated that learning 
depends on the activity of “cholinergic memory 
synapses,” which change in sensitivity with the 
progress of learning and memory processes; this 
change would explain, according to Deutsch, the 
biphasic action on learning of antiChEs and accu-
mulated ACh; Deutsch did not identify the syn-
apses in question, nor did he and his associates 
measure ChEs and ACh (see above, this section).

John Eccles (1979) posited a more specifi c 
neuronal mechanism that may underlie memory 
formation, as he adduced evidence suggesting that 
dendritic sprouting underlies learning processes. 
His notion is supported by subsequent evidence 
that indicates that “enriched environment” as well 
as conditioning increases dendritic branching and 
the number of synapses in the cortex of adult rats 
(Escorihuela et al., 1995; see also Agranoff et al., 
1999; see also Eccles, 1985). This information 
does not necessarily support the view of choliner-
gicity of learning and memory. Several choliner-
gic corollaries of this notion were presented, 
however. Rosenzweig, Bennett, Diamond, and 
their associates found that “intelligent” and 
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“dumb” strains of rats as well as rats exposed to 
“rich” versus “poor” environment differed in 
levels of cortical AChE (see for example, Rosen-
zweig., 1966; Rosenzweig et al., 1958). The dif-
ferences amounted to a few percent; the evidence 
presented by the California investigators was criti-
cized on these and other grounds (see Karczmar, 
1969 and Chapter 1 B-3), but it was interesting 
and heuristic (see a more recent publication from 
the team [Diamond et al., 1985] that does not 
concern the cholinergic system as such). A con-
vincing cholinergic corollary of the same notion 
was provided by the French-Israeli team of Jean-
Paul Changeux and Hermona Soreq (Beeri et al., 
1997); they found that learning defi cits exhibited 
by transgenic mice that overexpress mRNA for 
AChE relate to diminished formation of dendrites 
and spines. Then, Saar and Barkai (2003) found 
that modifi cations in intrinsic properties of corti-
cal neurons that occur in the course of learning 
facilitate training in rats. While this information 
does not specifi cally implicate cholinergic neurons, 
Woolf (1996) emphasized that basal forebrain 
neurons are particularly dependent for their func-
tioning and plasticity on neurotrophins, and she 
hypothesized that this plasticity underlies capacity 
for learning-induced increase of ACh release at 
cortical sites; this fi nding is consistent with the 
evidence that motor activity of rats increases their 
learning capacity as well as a number of choliner-
gic parameters, including choline uptake and the 
density of muscarinic receptors in the mouse hip-
pocampus (Fordyce and Wehner, 1993; see also 
Agranoff et al., 1999). Furthermore, Nancy Woolf 
(1998), similar to Eccles, felt that dendritic branch-
ing and dendritic reorganization are components 
of this plasticity and showed that, specifi cally, 
these changes are mediated by ACh activation, via 
stimulation of the phosphatidylcholine cascade, of 
phosphorylation of the microtubule-associated 
protein MAP-2 (Johnson and Jope, 1992; 
Audesirk et al., 1997; Hely et al., 2001; see also 
Butcher and Woolf, 2003). This scheme also 
relates to the facilitation of memory and learning 
by muscarinics as their effect on M1 and other 
muscarinic postsynaptic brain receptors set in 
motion the same chain of events (see Butcher and 
Woolf, 2003). It should be added that Woolf, 
Hameroff, and others propose a similar hypothesis 
with respect to processes of consciousness and 
self-awareness (see section BVI, below). Con-

versely, Nancy Woolf and Larry Butcher (1989) 
suggested that, once neuronal and related changes 
needed for establishing new memories and/or new 
learning modes have occurred, “increasing rigidi-
fi cation or stabilization of the network” are 
required “for preservation of memory trace”;
while microtubules may dominate during periods 
of memorization and plasticity, microfi laments 
may prevail during this “rigidifi cation” (Lasek, 
1981). Related views link the stabilization of syn-
aptic changes induced by memorization and 
learning with molecular events such as Ca2+/
calmodulin-dependent protein kinase II (CaMKII) 
“switch” (Lisman, 2004; this mechanism does not 
involve specifi cally cholinergic synapses). An 
allied, early view was posited by Holger Hyden 
(Hyden, 1972), as he proposed that memory 
encoding involves formation of memory-specifi c 
proteins. Also, during processes of learning and 
cognition, the dynamics of brain organization 
seem to shift; for example, at that time, afferent 
infl uence may predominate over intracortical 
infl uences; these notions may also be concerned 
with brain plasticity (induced in part by the theta 
bursts; Huerta and Lisman, 1995; Kimura, 
2000).

It should be added that these events that illus-
trate morphogenesis of “memory engrams” as 
well as brain plasticity seem to be refl ected in 
changes in synaptic functioning and electrophysi-
ological events, for example, changes in auditory 
evoked potentials that are induced by sensory pre-
conditioning; these changes were blocked by anti-
muscarinics (see, for example, Maalouf et al., 
1998). Similarly, Ben Libet (1979) opined that 
certain slow potentials that induce long-term 
enhancement (LTE) of synaptic transmission gen-
erate a memory trace. These notions hark back to 
the concept of the psychologist Donald Hebb that 
memory and learning result from postsynaptic 
sensitization (Hebb, 1949; see also Moruzzi, 1934 
and Lechner and Byrne, 1998). Again, there are 
cholinergic correlates of this notion, as LTE 
observed in the sympathetic ganglia exhibits cho-
linergic correlates.

Long-term potentiation (LTP) is a related phe-
nomenon, which was credited by Collier (1996), 
Eccles (1979), and Agranoff (Agranoff et al., 
1999) with generating memory engrams; similar 
to LTE, LTP, which is induced by the stimulation 
of several limbic (including the hippocampus) and 
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cortical sites, is enhanced by cholinergic musca-
rinic and nicotinic agonists (see, for example, Fuji 
et al., 1999; Matsuyama and Matsumoto, 2003), 
and it engenders a long-lasting increase of ACh 
release; interestingly, choline facilitates the induc-
tion of LTP (Pyapali et al., 1998). Egorov et al. 
(1999) ascribed this cholinergic enhancement of 
LTP to suppression by a muscarinic agonist of 
dendritic hyperpolarization evoked by repetitive 
stimulation; change in Ca2+ fl uxes may be involved. 
Furthermore, cortical LTP is facilitated by cholin-
ergically induced theta rhythm (Natsume and 
Kometani, 1997, 1999; see also Karczmar, 1996). 
Also, cholinergic afferents of several cortical sites 
or layers mediate cortical LTP (Hess and Dono-
ghue, 1999; Patil et al., 1998). Evoked potentials 
related to perception are enhanced by cholinergics 
and attenuated by atropinics, and this facilitation, 
which expresses perceptual improvement, may 
underlie memory (see section BIV-3b).

As some of these concepts that concern LTP 
include the notion that LTP involves an increase 
in ACh release, and as some of the related 
phenomena are blocked by atropine, it must be 
remembered that atropinics can increase ACh 
release by inhibiting the muscarinic presynaptic 
block of this release (see (section BI-1). Appar-
ently, this mechanism cannot be involved in LTP 
and in atropinic attenuation of memory. It must be 
noted, however, that some of the work concerning 
the memory and learning of Aplysia postulated the 
presynaptic induction mechanism for “associative
facilitation” of memory (Lechner and Byrne, 
1998).

Parenthetically, Ben Libet’s and Eccles’ gen-
eralization are, again, refl ections of brain plastic-
ity, as are experiments indicating that memory and 
information processes are regulated by a subtle 
interaction between multiple brain sites (see 
above, this section; see also Gu, 2003; Wein-
berger, 2003; Gold, 2003).

Another electrophysiological generalization 
espoused by Mircea Steriade states that EEG 
patterns such as arousal and desynchronization 
are cognomic for memory; these patterns exhibit 
strong cholinergic correlates (Steriade, 1993a, 
1993b; Steriade and McCarley, 1990; see also 
sections BIV-3b and BIV-3c); it must be added 
that REM sleep and/or REM sleep EEG patterns 
also seem to be involved in memory formation 
(Johnson, 2005). A related hypothesis states that 

memory (or maintenance of information) is formed 
by reverberating (oscillating) neuronal activity in 
a recurrent network, and Angel Alonso (2005) and 
his associates showed that these processes are 
modulated or facilitated by muscarinic agonists, 
particularly in the case of the entorhinal cortex; 
this reverberation and the related phenomenon, 
“graded persistent activity” response to consecu-
tive stimuli may underlie the working memory 
(Egorov et al., 2002). In addition, Hasselmo (2005; 
see also below, this Section) and his associates 
presented data indicating that these reverberations 
involve matching sensory input with decision-
making and information retrieval via CA 3 and 
CA 1 interactions; also, they stressed the impor-
tance of these structures and of the temporal lob 
as a “distributed memory” model (Howard et al., 
2005).

Some of the hypotheses concerning mecha-
nisms of memory and learning also attempt to 
identify central sites involved in memory (see 
above, this section). These sites concern memory 
and learning generally and, specifi cally, their 
components, such as long-term versus working 
memory, retrieval, consolidation, and novelty-
seeking behavior, as well as the prememory states, 
such as attention, alertness, and so on. It appears 
that several sites rather than a single site are 
involved in memory generally as well as in single 
components of the memory phenomena (Power, 
2004a, 2004b). Thus, the NBM and other lesions 
affect memory and learning generally, as well as 
such components as attention (see Luria, 1973; 
Squire and Butters, 1992). Yet, it is nearly impos-
sible to ascertain that a given memory or learning 
effect obtained by a localized drug application is 
indeed induced at the site in question, as it may 
be due to the effect induced by this application at 
other sites.

The most that can be stated at this time is that 
long-term or reference memory is affected by 
lesions of many forebrain and cortical sites, 
including NBM, hippocampus, amygdala, and 
paralimbic cortices; the use of selective immuno-
toxins proved particularly productive in this 
context (Hagan and Morris, 1988; Wilson, 1991; 
McGaugh et al., 1993; Galey et al., 1994; Butt and 
Hodge, 1995; Olton et al., 1991; Rosat et al., 1992; 
Everitt and Robbins, 1997; McGaughy et al., 
2000; Henke et al., 2003a, 2003b; Giovannini et 
al., 2003; Rogers and Kesner, 2003). Short-term 
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or working memory may be more specifi cally sen-
sitive to lesions in baso-lateral amygdala, medio-
dorsal thalamus, and septocingulate pathway 
(Ohno et al., 1992; Rosat et al., 1992; Stackman 
and Walsh, 1995; Dougherty et al., 1998); the 
caudate and certain frontal cortex sites may also 
be involved (Liu and Su, 1993; see also Hagan and 
Morris, 1988). The importance of hippocampus in 
memory processes is evident from Kazimir Blusz-
tajn’s demonstration that learning and memory 
were improved in parallel with increased synaptic 
response to carbachol of hippocampal in slices 
obtained from adult offspring of female rats fed 
prenatally with choline compared to the memory 
performance and responsiveness of hippocampal 
slices obtained from adult offspring of choline-
defi cient mothers (Blusztajn et al., 1998; Montoya 
et al., 2000).

Several investigators claim that various sites 
may have to interact to generate complete memory 
or learning phenomena. Indeed, certain sites may 
act antagonistically with respect to other sites, and 
balance or interaction may be needed to perform 
a learning task (Olton et al., 1991; Rosat et al., 
1992). Thus, Hasselmo (1995; Hasselmo and 
Barkai, 1995; Hasselmo, 2005) proposed a 
complex process in which the cholinergic system 
regulates the levels of intrinsically and extrinsi-
cally generated signal transduction, this regulation 
also including the switching between the hippo-
campus and neocortex to accomplish the transition 
between learning and recall. Furthermore, Has-
selmo (1995) and Van der Zee and Luiten (1999) 
opined that the dynamics of cholinergic response 
to familiar versus novel input differ and that these 
dynamics depend on the stage of the memory and 
learning process. According to Van der Zee and 
Luiten (1999), these complex dynamics may 
explain the “counterintuitive” memory effects of 
muscarinics (see above, this section).

Certain mechanisms involving processes that 
are indirectly rather than directly involved in learn-
ing were referred to earlier in this section; these 
include attention or distraction, neophilia, coding 
capacity, the status of the reward-punishment 
dipole (see also below, section BV-e), the state of 
alerting or arousal, stress, and so on (see, for 
example, Everitt and Robbins, 1997). All these 
processes contain strong cholinergic correlates 
and are generally facilitated and attenuated by 
cholinergic agonists and antagonists, respectively, 

as already discussed in this section as well as in 
sections BIV-1 and BIV-3. Thus, these processes 
should be considered in the discussion of the 
mechanism or mechanisms of memory and learn-
ing. It was already pointed out (see above, this 
section) that it is not easy to provide evidence 
indicating the cholinergic role specifi cally in any 
of the functions in question, as any cholinergic 
agonist or antagonist that affects, for example, 
attention, encoding, or retrieval will also ulti-
mately alter learning; yet studies that combine 
the use of lesions, special tests of learning, atten-
tional capacities, additional, pertinent behavioral 
tests, and assessment and localization of ACh 
release may identify the brain sites of several 
memory components. For example, using this 
methodology, Giancarlo Pepeu and his associates 
(Giovannini et al., 2003) presented data indicating 
that the activation of the M1 receptor and the 
ERK MAPK cascade in the hippocampus (see 
above, this section) facilitate attention specifi cally 
(although the cortex and its cholinergic input may 
also constitute the strategic site for these pro-
cesses; see Sarter et al., 2003; see also Voytko, 
1996). Conversely, M1 agonists and antiChEs 
reduced distractibility in primates (O’Neill et al., 
2003). However, nicotinic sites may also be 
involved in the generation of attention (Thiel 
et al., 2005).

Similar proposals were made with respect to 
other specifi c components of memory such as 
retrieval, encoding, and consolidation (Rogers and 
Kesner, 2003; Power et al., 2003; Power, 2004a, 
2004b). In fact, certain lesion studies suggest that 
there may be a dissociation between components 
of memory such as attention and learning, and that 
learning processes may be possible in absence of 
certain parts of the “cholinergic learning circuitry”
(Sarter et al., 2003).

There are several other parameters and compo-
nents of brain function that are linked with memory 
and learning, including endocrines and hormones 
(see, for example, Tanabe et al., 2004; Crayton 
et al., 2004), metabolic activity and blood fl ow 
(as visualized by single photon emission com-
puterized tomography [SPECT] and magnetic 
resonance imaging [MRI] methods), second mes-
sengers, and protein kinases (Agranoff et al., 
1999). These parameters are not necessarily 
related to cholinergic activity, and transmitters 
other than ACh (such as serotonin) are also con-
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cerned with cognition. Much of this information 
is derived from the studies of invertebrates such 
as drosophila (Belvin and Yin, 1997) and, 
particularly, Aplysia, where pertinent evidence 
was obtained by the Nobel Prize winner Eric 
Kandel (see also Lechner and Byrne, 1998; Bailey 
et al., 1996); this information is beyond the scope 
of this book.

The all-encompassing theory of memory and 
learning that would include the processes, phe-
nomena, and factors discussed in this section waits 
to be posited.

g. Conclusions: Today’s Status of the 
Notion of Cholinergicity of Memory 
and Learning

The predominant cholinergic nature of memory 
and learning is generally accepted today (see 
section A-1; Karczmar, 1967; Bartus et al., 1982). 
Discordant opinions are rare. For example, 
Blokland (1995) feels “the notion that ACh 
plays a pivotal role in learning and memory pro-
cesses seems to be overstated” and “the greater 
and more specifi c cholinergic damage [is that] 
fewer effects can be observed on behavioral 
level[s].” Blokland’s evidence for these notions is 
not convincing.

However, the cholinergic memory and learning 
hypothesis does not signify that other transmitter 
systems do not affect memory and cognition (i.e., 
all other behaviors and functions reviewed in this 
chapter). Second messenger, nitric oxide, mono-
aminergic, peptidergic, and aminergic systems and 
several hormones are also involved in cognition 
(Bidmon et al., 1999, see Haroutunian et al., 1990; 
Karczmar, 1978a, 1978b, 1981b; Glowinski and 
Karczmar, 1979; Bevan and Bolam, 1995; Szymu-
siak, 1995; Farr et al., 1999; Kelley et al., 2003). 
All effects exhibited by these systems interact 
with respect to memory and learning and may be 
antagonistic or cooperative (Cassel and Jeltsch, 
1995; Bidmon et al., 1999). For example, increas-
ing serotonergic system activity may accentuate 
memory defi cits induced by scopolamine in rats, 
while other monoaminergic systems may facili-
tate cholinergic effects on learning or memory 
(Haroutunian et al., 1990; Ohno and Watanabe, 
1997). In addition, androgens and estrogens may 
facilitate learning and cholinergic agonists may 
augment this effect; the hormonal-cholinergic 

interaction may be due to neuronal phenomena 
or to the trophic actions of the hormones (section 
BIV-2f, above).

In fact, the total process of cognition, which 
is a broader phenomenon than learning, must be 
included in the pertinent considerations (see 
below, and section BVI). Cognition is defi ned as 
knowledge and the processes of knowing and per-
ceiving, with learning and memory as inherent 
components. Since learning and memory exhibit 
intense cholinergic correlates, they of course 
facilitate cognitive processes as well, particularly 
since cholinergic activity appears also to facilitate 
the processes of attention and perception. Here, 
a good example is the cholinergic modulation 
of behaviors engendered by social contacts such 
as acceleration by cholinergic agonists of the rate 
of several modes of the “acquaintance making”
behavior (Karczmar et al., 1973; Winslow and 
Camacho, 1995; see section BIV-3c). However, 
cognition is broader than learning. Effective and 
teleological interaction between organisms and 
their social and physical environment are cogni-
tion components; this interaction represents the 
“Welt Anschauung” and understanding of the 
world by animals or humans. Jointly with learning 
and memory, this interaction has strong choliner-
gic connotations. Altogether, cholinergic corre-
lates of cognition and of several functions and 
behaviors are expressed in their totality by the 
syndrome of CANMB, which has already been 
referred to and which will be discussed subse-
quently (see section BVI).

5. Addiction

The subject of addiction deals with the role of 
the cholinergic system and the effect of choliner-
gic drugs in the addiction induced by drugs of 
abuse, opiates, cocaine, nicotine, and alcohol; 
it also concerns the mechanisms involved in 
addictive actions, including those of nicotine, an 
area that has recently begun to receive major 
attention.

Strong evidence implicates the cholinergic 
system in addiction infl icted by all these drugs. 
Thus, the meso-limbic reward-punishment dipole 
and pedunculopontine tegmental system are impli-
cated in addiction; these sites are parts of the 
cholinergic pathways, and locally administered 
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cholinomimetics activate the reward system 
(Picciotto, 1998, 2003; Picciotto et al., 1998, 
2000; Corrigal et al., 1999; Ikemoto et al., 2003). 
Learning processes are also involved, and Everitt, 
Robbins, and their associates appropriately 
referred to addiction as “aberrant learning” (Everitt 
et al., 2001). Furthermore, the evidence clearly 
shows that upon either acute or chronic adminis-
tration, or in the course of the self-administration 
paradigm, addictive drugs affect, in the brain, the 
release, content, and/or turnover of ACh and the 
components of the cholinergic system such as 
CAT and the cholinergic receptors.

Animal “addiction,” or drug-seeking behavior, 
is studied by means of operant procedures in 
which the animal may select for ingestion a drug 
rather than a food or show in some other way drug 
preference (see below; Karczmar al., 1973; Everitt 
et al., 2001); with other paradigms, the animal is 
provided with an in-dwelling catheter and may 
choose to self-inject itself with a drug of abuse.

However, as is true with respect to other 
behaviors and functions, besides ACh, mono-
amine, indole, and peptide transmitters, modula-
tors, and second messengers, whether of the 
nucleotide or phosphatidyl inositol type, are 
involved in addiction (see, for example, Deitrich 
and Erwin, 1975; Yi and Johnson, 1990; Karcz-
mar, 1978a, 1978b; Grenhoff and Svenson, 1989; 
Ziegler et al., 1991).

a. Opiate Addiction

Various aspects of morphine administration to 
animals all exhibit strong cholinergic correlates. 
Acute administration decreased ACh release from 
both peripheral and central nervous system; this 
was true whether the release was measured in the 
whole brain, in brain slices obtained from several 
brain areas, or in synaptosomal preparations (Cross-
land, 1971; Pepeu, 1974; Karczmar, 1976; Salto et 
al., 1990; Schoffelmeer et al., 1997). Also, given 
acutely, opioids increase ACh brain levels and 
decrease its turnover in several species (see, for 
example, Wood, 1986; Wood and McQuade, 1987). 
Finally, upon their single or chronic administration, 
the opiates decrease the sensitivity or cause block-
ade of postsynaptic nicotinic receptors; this extends 
to opioids such as methadone and particularly 
involves α3β4 nicotinic receptors, although the 
effects vary from one receptor subtype to another 
(Kellar et al., 1999; Xiao et al., 2001; see also 

Maelicke, 1996). Taken together, this evidence 
indicates that acute morphine administration atten-
uates cholinergic activity.

Chronic morphine administration to rodents 
and other species induces morphine-seeking 
behavior (Crossland, 1971); this morphine “addic-
tion” may be demonstrated by appropriate operant 
paradigms. In the course of this chronic treatment, 
most of the cholinergic parameters, including 
ACh release and CAT values, tend to return to 
normal values (for a detailed description, see 
section BIII-2a, above). Interestingly, Dirken and 
Nijhuis (1983) found that spinal sites may be cho-
linergically involved in opiate addiction.

ACh release increased dramatically, in 
“addicted” rats or dogs, during morphine with-
drawal or upon the administration of naloxone 
(Crossland, 1971; Jhamandas et al., 1971). This 
increase in ACh release is accompanied by diminu-
tion of ACh brain pool and the return of ACh 
turnover to control values. Also, it appears that 
muscarinic receptors may develop hypersen-
sitivity during the abstinence syndrome, as the 
dihydropyridine-sensitive Ca2+ channels are mark-
edly more active during the rat abstinence syndrome 
(Antkiewicz-Michaluk et al., 1990). Interesting 
evidence supporting the notion of the cholinergicity 
of withdrawal was provided by Jerry Buccafusco 
and his associates as they demonstrated that the 
expression of M2 receptors and the levels of its 
mRNA are increased in the course of rodent with-
drawal syndrome and that prevention of this increase 
(by DFP, surprisingly) suppresses withdrawal sym-
ptoms (Zhang and Buccafusco, 1998). It must be 
noted that these changes occur during abstinence in 
parallel with distinct behavioral hyperactivity.

As already mentioned, noncholinergic trans-
mitters are involved in these phenomena; for 
example, some of the abstinence phenomena are 
mediated via adrenergic alpha receptors (Beani 
et al., 1989), while dopamine may be involved in 
the cholinergically mediated opiate addiction, 
perhaps via the nucleus accumbens (Hikida et al., 
2003).

May these effects of opiates be translated into 
the mechanisms of opiate addiction? The return of 
ACh parameters to control values in chronically 
treated animals is the basis of Crossland’s (1971) 
hypothesis that this normalization underlies the 
development of morphine tolerance; he also 
posited that the explosive release of ACh during 
withdrawal or antagonist treatment underlies the 
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morphine withdrawal syndrome. To support his 
hypothesis, Crossland (1971) presented data indi-
cating that both the autonomic and central compo-
nents of the animal withdrawal syndrome are 
antagonized by atropine; however, very high doses 
of atropine, 20 to 50 mg/kg, had to be used. These 
results were substantiated subsequently by Shuster, 
Buccafusco, and their associates (see, for example, 
Holland et al., 1993), who used localized, intra-
thecal, or intraventricular administration of mus-
carinic antagonists, pirenzepine being particularly 
effective as an antiwithdrawal drug; again, large 
doses of antagonists were used in these experi-
ments. Similar data indicating the muscarinic 
nature of morphine withdrawal and effectiveness 
of atropinics in mitigating the latter were obtained 
in dogs by Martin and Eades (1967). It should be 
noted that Crossland’s hypothesis pertains only to 
the processes of tolerance and withdrawal, and not 
to those of addiction and its development. Russian 
investigators who reported frequently on the inter-
actions among opioids, cholinergics, catechol-
aminergics, and indole aminergics with respect to 
conditioned behavior speculated that the choliner-
gics facilitate inhibition of goal-directed behavior 
by morphine, which they related to the develop-
ment of morphine addiction; that is, they claim 
that cholinergics facilitate the development of 
addiction (see, for example, Shugalev, 1990). It is 
interesting in this context that enkephalin- and 
AChE-positive sites were found to have closely 
related localization in several brain parts (see, for 
example, Graybiel and Illing, 1994).

It must be added that some investigators could 
not duplicate the fi ndings concerning the antago-
nism of withdrawal by antimuscarinics. In fact, 
these drugs seemed ineffective for treating mor-
phine withdrawal in humans (see Karczmar, 
1976). This inconsistency may relate to the differ-
ences in the effectiveness of various atropinics 
with regard to muscarinic receptor subtypes: M2 
receptor antagonists may be more potent anti-
withdrawal drugs than the M1 antagonists 
(Buccafusco, 1991; Holland et al., 1993). Several 
investigators, while unable to antagonize opiate 
withdrawal in animals by atropine, attenuated the 
withdrawal with antiChEs or muscarinic and nico-
tinic agonists; furthermore, they managed to 
accentuate naloxone-induced withdrawal by using 
hemicholiniums, the ACh synthesis blockers 
(Zhang and Buccafusco, 1998; see also Way et al., 
1975). In addition, the overt behavioral effects of 

cholinergic agonists or ACh releasers do not seem 
to simulate the withdrawal syndrome, as they 
should if Crossland’s hypothesis were right.

It must be noted that morphine and choliner-
gics interact not only with regard to addiction but 
also with respect to other behaviors and functions. 
For example, in rodents morphine induces hyper-
motility, which may be antagonized by physostig-
mine (Stone et al., 1990); in cats, cholinergics 
antagonize respiratory depression induced by 
opioids at the brainstem level (Trouth et al., 1993). 
Nociceptive interactions between opioids and 
cholinergics were already described (see section 
BV-2). Also, opiates and ACh interact with cate-
cholamines release (see section BIII-2a and 
BIII-2f).

b. Alcoholism

Perhaps not as dramatically as opiates, alcohol 
causes alcohol-seeking behavior in animals, and 
chronically treated animals exhibit abstinence 
syndrome upon withdrawal of alcohol (see, 
for example, Lichtigfeld and Gillman, 1994). 
Several operant methods are available for induc-
ing alcohol-seeking behavior (“alcoholism”) in 
animals. The model developed by Alfred Kahn 
measures mouse preference and aversion for 
alcohol; using this test it was demonstrated that 
certain genetic strains of mice “follow the bottle”
even when it is placed on the cage side normally 
avoided by these mice (Figure 9-33; Karczmar et 
al., 1978).

Alcoholism induces changes in cholinergic 
parameters in animals. Acute or chronic adminis-
tration of ethanol affects the spontaneous or stim-
ulation-evoked release of ACh; some early data 
indicated that the release from cortical brain slices 
and slices obtained from other brain regions 
rich in cholinergic synapses is decreased (see 
Karczmar, 1976; see also section BIII-2a), an 
effect similar to that of opiates. But, more recent, 
careful studies indicated that ACh release as well 
as ACh synthesis (or acetyl-CoA synthetase activ-
ity) increased in several brain regions of rats 
treated chronically with alcohol (Kiselevski et al., 
2003); this is in accordance with the early data of 
Rawat (1974). And, when studied with respect to 
specifi c cholinergic synapses such as the neuro-
myal junction or the synapse at the Renshaw cell, 
alcohol facilitated the release of ACh (Kalant, 
1975). It must be added that alcohol withdrawal 
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Figure 9-33. Diagram representation of the evaluation of alcohol behavior in mice. Hypothetical consumption 
of ethanol and water, expressed in percentages of daily total fl uid intake, during 4 days of the second phase of the 
experiment (i.e., following evaluation of site preference). Left panel: alcohol-seeking behavior of an active attracted 
mouse. Alcohol (ETOH, 3%) was presented on the preferred (P) site on days 1 and 3 and the mouse consumed 70% 
and 80%, respectively, of its fl uid intake from the alcohol bottle for a total of 150; on days 2 and 4, the mouse con-
sumed 60% and 70%, respectively, of its fl uid intake from the ethanol bottle presented on the nonpreferred (NP) 
site, for a total of 130. The two-day totals of water consumption were 70% and 50% at the preferred and nonpreferred 
site, respectively. Altogether the two days mean alcohol consumption of the attracted mouse at the two sites 
amounted to 140% (Σ) of the total fl uid consumption on the basis of 200% total fl uid consumption during these 2 
days; the fi gure for water consumption for the two days was 60%. The reverse situation obtained in the case of an 
aversive mouse (right panel). The two fi gures on top of the panels illustrate the characteristic behavior of the actively 
attracted mouse, drinking from the alcohol bottle even when presented on the nonpreferred site (left fi gure), and of 
the aversive mouse, which followed the water bottle even when presented on the nonpreferred site (right fi gure). 
(From Karczmar et al., 1978, with permission.)

in alcohol-dependent rats induced signifi cant 
increase in hippocampal release of ACh (Imperato 
et al., 1998).

It would be expected that the increase in ACh 
release should be accompanied by the increase in 
ACh levels, decrease in turnover, and upgrading 
of pre- and postsynaptic receptors. However, the 
pertinent data are controversial. Muscarinic recep-
tors (or cholinergic fi bers) were downgraded in the 
frontal and temporal cortex and in the hippocam-
pus of alcoholic human subjects and in the striate 

of alcoholic rodents (Syvalathi et al., 1988; Freund 
and Ballinger, 1988, 1989a, 1989b, 1991; Brandao 
et al., 1999). On the other hand, Collins and his 
associates found no change in muscarinic and 
nicotinic receptors of alcoholic rodents (Collins et 
al., 1988; De Fiebre and Collins, 1993; see also 
Frye et al., 1995), while Madamba et al. (1995) 
found that the muscarinic receptors are sensitized 
and cholinergic transmission increased upon acute 
application of alcohol to the isolated hippocam-
pus. Finally, Held et al. (1991) demonstrated in a 
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careful study that the endplate nicotinic receptor 
α subunit gene is downregulated after chronic 
exposure of rats to alcohol. This fi nding is consis-
tent with the demonstration of the regulation of 
alcohol consumption by the α-4 nicotinic receptor 
(Tritto et al., 2001).

The downgrading of the presynaptic musca-
rinic receptor, if it indeed occurs, and ACh release 
inhibition by alcohol suggests that alcoholism 
induces a defi cit in cholinergic synthesis. Indeed, 
chronic alcohol treatment decreased CAT levels 
and AChE activity in several rodent brain parts 
(Miller and Rieck, 1993; Arendt et al., 1990; 
Arendt, 1994; Hodges et al., 1991; see, however, 
Moore et al., 1998). Furthermore, cholinergic 
transmission was attenuated in the hippocampus 
of the chronically treated rat (Rothberg et al., 
1993; for some discordant data, see Rawat, 1974; 
Karczmar, 1976). Similarly, chronic alcoholism 
affected the cytoarchitecture, whether in the human 
or animals, of central cholinergic synapses (Miller 
and Rieck, 1993; Arendt, 1994; Kopelman, 1995; 
see, however, Moore et al., 1998).

Arendt (1994) stressed the importance of the 
degenerative effect of alcohol on the ascending 
activating system. This effect is of course consis-
tent with the well-known memory decrease in 
animals treated chronically with alcohol, as well 
as in alcoholic humans and in patients suffer-
ing from the Wernicke-Korsakoff syndrome 
(Kopelman, 1995). Furthermore, in animals this 
alcohol-induced learning defi cit may be alleviated 
by cholinergic agonists, trophic factors, or trans-
plants rich in cholinergic synapses (Hodges et al., 
1991; Arendt et al., 1990; Heaton et al., 1994). It 
is consistent with the notion of cholinergic defi cit 
in alcoholism that in certain animal models cho-
linergic agonists decreased alcohol-seeking behav-
ior (C. L. Scudder, A. J. Kahn, and A. G. Karczmar, 
1973, unpublished results). This interesting animal 
effect of cholinergic agonists was apparently not 
replicated in alcoholic humans or humans suffer-
ing from Wernicke-Korsakoff syndrome.

It must be added that Janowsky and his associ-
ates (1989) found that “changes in anergia/inhibi-
tion, mood and pulse rate induced by intravenous 
physostigmine were signifi cantly less pronounced 
in 26 patients with primary alcoholism than in 36 
normal control subjects”; these fi ndings led them 
to speculate that human alcoholics exhibit a 
general diminution of cholinergic function and 

responsiveness. Yet, there is no evidence that 
cholinergic agonists or antagonists affect human 
symptoms of alcoholism and alcohol abstinence 
syndrome of mice (Goldstein, 1975).

While these results are not always consistent, 
the general evidence strongly suggests that there 
is a relation between the cholinergic system and 
alcoholism; yet, many reviews and texts concern-
ing alcoholism do not refer to its cholinergic cor-
relates (see, for example, Tabakoff and Hoffman, 
1995).

c. Cocaine Addiction

Similar to morphine and alcohol, cocaine 
induces drug-seeking behavior in humans and 
self-administration behavior in animals (see 
Goldberg and Stolerman, 1986). This behavior 
may result from anxiolytic and fear-reducing 
cocaine effects that can be demonstrated in animal 
paradigms and which are similar to benzodiaze-
pines’ effects (Crawley, 1981; Costall et al., 
1989).

Given acutely or chronically, as well as via 
the self-administration paradigm, cocaine exerts 
several effects on cholinergic parameters, includ-
ing levels of CAT and ACh, ACh turnover, and 
changes in muscarinic receptors and/or their 
binding affi nity (see, for example, Mac et al., 
2004); while several sites (hypothalamus, striate, 
ventral tegmentum, and limbic system) may par-
ticipate in these phenomena, the site most involved 
may be nucleus accumbens, which receives dopa-
minergic input from the ventral tegmental area. In 
fact, denervation of this nucleus sensitized rats to 
certain behavioral effects of cocaine, presumably 
via denervation sensitization of postsynaptic sites 
of the nucleus accumbens radiation (Claye and 
Soliman, 1990; Wilson et al., 1994; Zeigler et al., 
1991; Hikida et al., 2001; Smith et al., 2004). 
These and other studies suggest that ACh and 
dopamine act antagonistically on the nucleus 
accumbens circuitry; furthermore, that ablation of 
the cholinergic cells of the nucleus enhance 
cocaine addiction, while antiChEs suppress, in 
intact but not in lesion animals, certain addictive 
behaviors induced by cocaine (such as site prefer-
ence; Hikida et al., 2001, 2003). However, these 
effects were not always consistent. For example, 
single administration of cocaine to rats decreased 
CAT levels in the hypothalamus and thalamus but 
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increased its levels in the cortex (Claye and 
Soliman, 1990). Altogether, changes in choliner-
gic parameters seem to be related to cocaine rein-
forcement capacities; also, the cholinergic media-
tion in dopamine release may be involved in 
cocaine reinforcement (Shiraki et al., 1999; Mark 
et al., 1999).

It must be added that some of cocaine’s func-
tional effects, such as EEG arousal, the generation 
of theta rhythm, and analeptic action, also involve 
the cholinergic system, as indicated by the antago-
nism of these actions by scopolamine (Yabase 
et al., 1990). All this evidence does not lead, 
as yet, to a coherent image of the cholinergic 
correlates of cocaine addiction, particularly as 
certain discordant data suggest that nicotinic anta-
gonists may augment cocaine self-administration 
(Corrigal et al., 1999).

d. Nicotine Addiction

Upon chronic application, nicotine induces tol-
erance and dependence and its withdrawal causes 
abstinence syndrome (see Helton et al., 1993). In 
fact, it has been known for centuries that smoking 
tobacco produces addiction; this was particularly 
true in the Netherlands, where smoking of tobacco 
reached enormous proportions in the 16th and 
17th centuries (Scriverius, 1630; see also Schama, 
1988).

Animals exhibit nicotine-seeking behavior, as 
they self-administer nicotine; also, they show dis-
criminative preference for nicotine in this para-
digm (Goldberg and Stolerman, 1986; Rosencrans, 
1989). There is some controversy as to the inten-
sity of the self-administration behavior, which 
may be less intense than that related to opiate or 
cocaine addiction (West, 1992); nevertheless the 
presence of nicotinic self-administration behavior 
is indubitable.

It was proposed (partially on the basis of 
lesion experiments) that the meso-limbic dopami-
nergic pathway, which participates in the reward-
punishment system, reinforcement, and self-
administration behavior and which includes 
peduculo-pontine and latero-dorsal and ventral 
tegmental nuclei and their projections in the 
nucleus accumbens, is involved in nicotine and 
other addictions; nicotinolytics block these behav-
iors (Glassman and Koob, 1996; Merlo Pich et al., 
1998; Picciotto et al., 1998; Picciotto and Corrigal, 

2002; Lanca et al., 2000; Fagen et al., 2003). A 
nicotinic receptor subtype that contains the β2
subunit appears to mediate the dopaminergic 
phenomena (see Chapter 2 DII and DIII; Picciotto, 
1998; Picciotto et al., 1998, 2000; Lena and Chan-
geux, 1998, 1999). Indeed, nicotine stimulates the 
cholinoceptive sites of the pertinent dopaminergic 
neurons or their terminals, causing dopamine 
release (Mifsud et al., 1989; Picciotto, 1998; Fagen 
et al., 2003). Fisher et al. (1998) and Shoaib (1998) 
presented interesting evidence indicating that the 
dopaminergic receptors in question differ from 
those that may be involved in locomotor and learn-
ing effects of dopamine. Furthermore, nicotinolyt-
ics block dopamine release (Blomqvist et al., 1992, 
1993; Merlo-Pich et al. 1998). In addition, Merlo-
Pich et al. (1998) found that the pleasure or reward-
evoking effect of nicotine that underlies its 
self-administration results in c-fos expression in 
the mesocorticolimbic dopaminergic system (see 
also Ismail and el-Guebaly, 1998; Sgard et al., 
1999; and Lena and Changeux, 1998). It was 
also suggested that the relations among nicotine, 
dopamine, and nicotine’s addictive capacity may 
also be mediated by opioid receptors, but this 
notion is controversial (Ismail and el-Guebaly, 
1998).

There are additional lines of evidence that indi-
cate the cholinergicity of nicotine’s addiction 
(see Laviolette and van der Kooy, 2004). The 
fi nding that chronic nicotine treatment upgrades 
nicotinic receptors both in vivo in several brain 
parts and in hippocampal or cortical cell cultures 
is consistent with the notion of nicotine’s activa-
tion of reinforcement (Larsson et al., 1986; Clarke, 
1933a, 1933b; Wonnacott, 1990; Barrantes et al., 
1995; Dani and Zhou, 2001; Parker et al., 2004); 
in particular, Jon Lindstrom and his associates 
(Parker et al., 2004) proposed that nicotinic recep-
tors containing α6 and β2 subunits are upgraded 
and their agonist affi nity increased following 
long-term nicotine self-administration. Other 
investigators (see, for example, Tapper et al., 
2004) found that alpha4 receptors are involved in 
reward processes and in nicotine addiction.

This notion that cholinergic activation of 
nicotinic receptors, whether linked with dopami-
nergic system or otherwise, underlies nicotine 
addiction is not consistent with the fi ndings that 
chronic nicotine treatment desensitizes choliner-
gic nerve terminals and attenuates ACh release by 
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nicotine; this and other nicotine desensitization 
phenomena may be demonstrated not only in vivo
but also in cell culture (Bullock et al., 1994; 
Lapchak et al., 1989c; Yu and Wecker, 1994). 
However, this phenomenon relates to nicotine tol-
erance (or desensitization) which is an element 
of the nicotine’s addiction capacity (Lapchak 
et al., 1989c; Dani and Zhou [2001] refer to the 
activating-desensitizing dipole of nicotinic action 
involved in nicotine addiction as a phenomenon 
of “synaptic plasticity” induced by nicotine). 
Finally, nicotinization synergizes with tegmental 
and other lesions in attenuating CAT activity 
(Fuxe et al., 1994).

At one time there was considerable contro-
versy as to the addictive properties of nicotine in 
humans; David Warburton in particular argued 
against the unequivocal embracing of the Offi ce 
of the US surgeon general of the position that 
nicotine is addictive (see Warburton, 1992b; US 
Department of Health and Human Services 
(DHHS), 1988; and more recent statements from 
the US DHHS); volume 108 (1992) of the journal 
Psychopharmacology was devoted to this argu-
ment. This controversy spilled into the fi eld of 
animal data, yet it appears to this author that the 
results concerning the addictive properties of 
nicotine whether in animals or in humans are 
incontrovertible (Helton et al., 1993; Picciotto, 
1998; Benowitz, 1999). While denying that nico-
tine exerts addictive properties, David Warburton 
stressed its positive effects, including those on 
memory and learning; of course, there is no 
denying these effects (see section BV-d, and 
Dursun and Kutcher, 1999).

The addictive actions of nicotine and other 
addictive drugs have common denominators. 
Thus, as mentioned above, all these drugs activate 
the reward side of the reward-punishment dipole 
and reinforce self-administration behavior. Also, 
nicotine may enhance alcohol consumption and 
preference (Collins, 1990; Collins et al., 1988; De 
Fiebre and Collins, 1993; Blomqvist et al., 1992; 
Wise, 1998; Fagen et al., 2003). Finally, these 
drugs, particularly nicotine and cocaine, exhibit 
anxiolytic properties (Costall et al., 1989). In addi-
tion, these drugs interact with respect to other 
functions or behaviors; for example, cocaine and 
nicotine exhibit cross-tolerance with respect to 
their hypothermic effects and their actions on 
open fi eld activity.

6. Other Behaviors

While the earlier statement in this chapter that 
most functions and behaviors ever studied in 
animals exhibit cholinergic correlates is true, 
certain mentalizations such as moral behavior (see 
Churchland, 1994) and linguistic function were 
not studied pharmacologically and may not be 
readily quantifi able, whether in humans or in 
animals. However, our current good understand-
ing of the complex circuitry involved in language 
processes (see, for example, Catani et al., 2005) 
will help in the future studies, and the nuclei 
within the basal ganglia, which are a part of the 
anterior forebrain song-learning circuit in birds, 
contain cholinergic neurons (Reiner et al., 2004; 
Carrillo and Doupe, 2004).

Fear, fear-related tonic immobility, and related 
emotional animal behaviors including anxiety, 
SLUD response (see below, this section), and/or 
aversive and stress-induced activities exhibit 
similar characteristics. In animals, these behaviors 
are mediated by limbic, particularly amygdala, 
hypothalamic, cortical, and several medullary 
sites including locus coeruleus and the nucleus of 
solitary tract; both nicotinic and muscarinic recep-
tors seem to be involved (see Benarroch, 1997a, 
1997b; Ledoux and Muller, 1997; de Oliveira 
et al., 1997; Morris et al., 1999; Pouzet et al., 
1999; Sienkiewicz-Jarosz et al., 2003); they relate 
to such activities as aggression (see above, section 
BV-a). At this time it is impossible to distinguish 
precisely, in terms of overt and autonomic activi-
ties or sites and pathways involved, between emo-
tions and fear on the one hand and certain types 
of aggression such as affective aggression on the 
other. At any rate, these sites are cholinoceptive, 
cholinergic, or signifi cantly connected with 
cholinergic pathways (Monassi et al., 1999; 
see also Chapter 2 DII and DIII and section 
BV-a). Also, the behaviors in question affect cho-
linergic parameters in the limbic system and else-
where; for example, chronic stress increases 
hippocampal release of ACh (Mizoguchi et al., 
2001).

In humans, emotions, fear, anxiety, or panic 
and related behaviors are accompanied by auto-
nomic cardiovascular phenomena, including 
changes in blood pressure, regional blood fl ow, 
baroreceptor regulation, cardiac function, as well 
as sweating and vocalizations; there is some 
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evidence that these behaviors have, in humans, 
a cholinergic component (Battaglia and Ogliari, 
2005; see also section BIV-2b; Benarroch, 1997a, 
1997b; LeDoux and Muller, 1997). Furthermore, 
human emotions (and indeed animal emotions, 
particularly those of primates) have their overt 
counterpart in our facial expressions, as stressed 
already by Charles Darwin (1872); these activities 
are regulated cholinergic both peripherally and 
centrally (Delgado-Garcia, 2002).

Our anthropomorphic interpretation of certain 
animal behaviors as representing emotions and 
fear is substantiated by the fact that autonomic and 
other activities that accompany these behaviors 
are similar to those seen in the emotional human; 
in animals, these activities also include piloerec-
tion, the SLUD response (salivation, lachryma-
tion, urination, and defecation), vocalizations and 
yawning, and tonic immobility (see, for example, 
Brudzynski and Eckersdorf, 1988; Baskin et al., 
1994; Brudzynski, 1994; de Oliveira et al., 
1997).

Several paradigms were employed in the mea-
surement of these behaviors in animals, including 
the generation of “emotional” response (condi-
tioned emotional response [CER]), evocation of 
site avoidance or fear symptoms by negative 
reinforcement or by aversive signals interposed 
with conditioning, stress (generated in rodents 
by, for example, nonescapable footshock or the 
“no-goal” paradigm; see below, this section; 
Maier, 1949; Yamanashi et al., 2001), noise 
(Sembulingam et al., 2005; footshock-noise com-
bination may be considered as engendering either 
fear or stress; see Feiro and Gould, 2005), and 
induction of immobility generated by prey-preda-
tor confrontation. Interestingly, certain forms of 
CER may be obtained in humans (Morris et al., 
1998). Other paradigms used include fi eld behav-
ior, startle response, site-avoiding behaviors, and 
stress or unavoidable punishment response (Fin-
kelstein and Hod, 1989; Karczmar et al., 1973; 
Crawley, 1981; Kahn, 1969; see also section 
BV-d).

That the cholinergic system is involved in 
fear, SLUD response, aversive behavior, and 
related activities is indicated by the cholinergic 
autonomic activities that accompany these phe-
nomena as well as the demonstration that central 
sites that are involved in their generation are cho-
linergic (see above, this section). Furthermore, 

antiChEs and muscarinic agonists facilitated and 
anticholinergic drugs blocked these phenomena 
(Ilyutchenov and Yeliseyeva, 1967; Brudzynski 
and Eckersdorf, 1988; Baskin et al., 1994; 
Brudzynski, 1994; de Oliveira et al., 1997); in 
fact, the effect of atropinics on fear resembles that 
of tranquilizers (Ilyutchenov and Yeliseyeva, 
1967). It is important in this context that fear is 
one of the stimuli that induce another cholinergic 
phenomenon, namely, aggression (see above, this 
section). These results are consistent with the 
fi nding that aversive behavior induces increased 
release of ACh in the limbic system and in the 
cortex; this release may, however, relate to arousal 
rather than fear or aversion (Imperato et al., 1992; 
see also section BIV-3).

Imprinting constitutes an interesting social 
behavior. Atropine reduced chicken imprinting, 
while quaternary drugs such as neostigmine and 
hexamethonium had no effect (Kovach, 1964). 
Cholinergic characteristics of other social behav-
iors, such as mutual grooming, contractual activi-
ties, and maternal care, were described for mice 
kept in a pseudo-natural habitat (“Mouse City”;
Karczmar et al., 1973). When several strains and 
genera of mice were compared, it appeared that 
high level of social activity was related to high 
levels of brain cholinergic activity (unfortunately, 
only whole-brain data were available); physostig-
mine facilitated, across the mice types, these 
activities (Scudder and A. G. Karczmar, 1973, 
unpublished data). Homing may be considered as 
still another example of social behavior, and some 
evidence supports the notion of cholinergic cor-
relates of homing (Scattoni et al., 2005).

Finally, there are several central states and 
central diseases of the human that exhibit cho-
linergic correlates; these states include schizo-
phrenia, dementias, including Alzheimer’s disease 
(see Chapter 10), and several forms of depression, 
as well as organic malfunctions, including motor 
diseases such as tardive dyskinesia, chorea, and 
parkinsonian condition (see Karczmar, 1998).

In the animal model of tardive dyskinesia, cho-
linergic agonists ameliorate the condition, while 
cholinergic antagonists, particularly atropinics, 
augment it; also, the antagonists synergize with 
catecholaminergic stimulants with respect to this 
condition (see section BIV-1). In the case of par-
kinsonian disease, which is due to the striatal 
defi cit in dopaminergic transmission and which 
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consequently exhibits symptoms s of cholinergic 
hyperactivity, atropinics constituted in the past the 
standard treatment of this condition prior to the 
advent of dopaminergic therapeutics (Karczmar, 
1979c). Also, atropinics are effective in animal 
models of parkinsonian and extrapyramidal 
disease, while cholinergic agonists aggravate 
these conditions (Van Woert, 1976).

It was already mentioned (see section A-2d; 
Pfeiffer and Jenney, 1957) that cholinergic ago-
nists were employed in the treatment of hebe-
phrenic schizophrenia. As shown some 20 years 
later, when schizophrenics are given atropinics to 
prevent tardive dyskinesia side actions of their 
neuroleptic treatment, the atropinics may decrease 
the effectiveness of neuroleptics (Singh and Kay, 
1979). In the case of several animal models of 
schizoid behavior, cholinergic agonists improve 
the condition and atropinics worsen it (Table 9-4; 
Karczmar, 1995). An interesting animal paradigm 
duplicating one aspect of schizophrenia, the 
fi xated or perseverant behavior (or behavior 
“without goal”), was developed by Maier (1949; 
Figure 9-34).

The unique feature of the “no goal” paradigm 
is as follows: in the case of many paradigms such 
as the CER, the emotional behavior is attenuated 
by many anti-anxiety drugs and tranquilizers, 
while the fi xated behavior is very stubborn and 
only a percentage of animals abandon fi xation 
after treatment with anxiolytics or tranquilizers; 
on the other hand, physostigmine and muscarinics 
“cure” fi xation in most of the fi xated animals.

BVI. Cholinergic Aspects of 
Organism-Environment
Interaction—and Beyond

1. Cholinergic Alert Nonmobile 
Behavior, or Summary of 
This Section

As stressed in this chapter, the cholinergic 
system underlies all measurable organic as well as 
behavioral or mental states. In fact, cholinergic 
input is crucial for several mental and related 
states, including learning and memory, certain 
motor behaviors, aggression, EEG arousal, and 
REM sleep. Is there any coherence or teleology 
with respect to these functions and behaviors? Can 
they, or some of them, be linked together in a 
single entity or syndrome?

This author speculates that indeed a number of 
behaviors and mental states that exhibit strong 
cholinergic correlates do form a syndrome that is 
particularly pertinent for cognition and related 
functions. As components of this proposed syn-
drome, learning and memory and contingent phe-
nomena such as attention, curiosity, neophilia, and 
vigilance must be listed fi rst (see section BV-d; 
Mirza and Stolerman, 1998; Hagan and Morris, 
1988; Karczmar, 1995, 1998, 2004; and Bartus et 
al., 1982). Closely linked with behavioral signs of 
cognition and attention are several EEG phenom-
ena including EEG desynchronization or EEG 
arousal, hippocampal theta rhythms, block of 
alpha rhythm, rhythmic thalamic bursts and 
recruitment, and evoked potentials such as Bere-
itschaft potentials or the anticipatory waves 
(McCormick, 1992a, 1992b, 1993; Marczynski, 
1978; see section BIV-3). Furthermore, certain 
synaptic phenomena such as the LTP and LTE 
underlie memory and learning (see Libet, 1979, 
1991; see also section BV-d). Also, sensory pro-
cessing and sensory modulation exhibit signifi cant 
cholinergic correlates (section BIV-4e above; 
Rasmusson, 1993; Durieux, 1996). As described 
in this chapter, all these phenomena exhibit strong 
cholinergic correlates.

It can be readily seen that, taken together, these 
phenomena refl ect more than cognition: they 
underlie organism-environment (or individual-
world) interaction and cognitive processing of this 
interaction. These cholinergic phenomena also 

Table 9-4. Animal Models of Schizoid 
Behavior

• Spontaneous alteration
• Cue-dependent alteration
• Flexibility versus emotional (or stereotypic) behavior
• Hypokinesia
•  Emotional consequences of loss of aggressive 

encounters
•  Amphetamine- and atropine-induced animal 

“psychosis”
• Nongoal behavior (fi xation)
• Perseverant self-stimulation
• Emotional consequences of inescapable shock
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Bright Negative Window

Dark Positive Window

Shock Grid

Figure 9-34. Lashley’s electrifi ed stand. The rat is placed on Lashley’s electrifi ed stand, which is fronted by two 
windows that are either lit or kept dark, and either locked or open. If the rat remains on the stand for more than 30 
seconds, it receives a shock to its feet. During the insoluble phase of the paradigm, the windows are lit and locked 
at random. The rat cannot know whether the lit or the dark window will be open when jumping toward the window. 
If the window is locked, the rat hits its head and falls into a net (punishment mode). Under these conditions, the rat 
soon exhibits site preference: before receiving the shock, the rat will always jump to either the right or left window, 
thus avoiding the shock and punishment at least 50% of the time. (Note that there is a better percentage for reward 
when the rat always jumps in one direction than when the rat guesses.) During the next phase of the paradigm, the 
problem becomes soluble: while the dark window randomly appears on either the right or the left side, it is always 
open. Most of the animals remain fi xated and jump toward their preferred site regardless of whether they are facing 
the dark or the lit window. However, the rat “knows” when the window is the reward (open) window: when the 
reward (dark) window is at the rat’s preferred side, the rat jumps almost immediately. But it waits until nearly shock 
time when the punishment (lit) window is on its preferred side. Note that the rat also shows considerable “emotional
behavior” at this time. To “cure” the rat from its fi xation, for several rounds, it can be gently guided to the open 
window, or drug treatment may be attempted. (A) A full-scale view of Lashley’s electrifi ed jumping stand. (B) An 
expanded view of Lashley electrifi ed (grid) stand with the rewarding (positive) and punishing (negative) windows 
illustrated. (From Liberson and Karczmar, 1969, with permission.)
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underlie “realistic” world perception, and cholin-
ergic defi cit, whether due to mental disorders or 
lesions, induces “reality distortion” (Karczmar, 
1988; Sarter and Bruno, 1998); accordingly, 
cholinergic agonists and antiChEs attenuate and 
atropinics augment “schizoid” behavior in animal 
models of schizophrenia, while antipsychotic 
medication that exhibits anticholinergic, particu-
larly antimuscarinic, potency aggravates memory 
defi cits and other symptoms of schizophrenia (see 
above, section BV-d; see also Karczmar, 1988, 
Sarter and Bruno, 1998, Bymaster et al., 2004; 
Minzenberg et al., 2004). It should also be noted 
that several studies indicate that dementive and/or 
schizophrenic patients exhibit a diminution of 
cholinergic components of their brain, although 
opposite fi ndings were reported as well (Martin-
Ruiz et al., 2003).

Altogether, cholinergicity of our notion of 
reality and of organism-environment interaction, 
combined with phylogenetic omnipresence of the 
cholinergic system (see Chapter 8 BV) indicate 
evolutionary signifi cance of cholinergic system 
(this should have been mentioned by the late 
Stephen Gould in his 2002 magnum opus).

Besides the phenomena listed in this section, 
other cholinergic functions or behaviors are 
important for the effective organism-environment 
interaction, including hypothalamic functions and 
various homeostatic phenomena (see section BIV-
2), and aggression, fear, nociception, and emo-
tional responses.

As already pointed out, the cholinergically 
induced EEG arousal and theta rhythm differ from 
the EEG exhibited during “normal” behavioral 
arousal (see sections BIV-1d, BIV-3a, and BIV-
3b). In fact, while there are similarities between 
behaviors and functions that accompany the cho-
linergically induced EEG arousal (particularly 
with regard to cognitive behaviors), on the one 
hand, and behaviors and functions that accom-
pany the “normal” behavioral arousal, on the 
other, there are also differences between these 
two behavioral spectra. Relative immobility ac-
companying the cholinergic EEG arousal may 
be the most signifi cant difference between this 
arousal and the behavioral arousal (Karczmar, 
1971; Kramis et al., 1975; Vanderwolf, 1975; 
Shapovalova, 1995). Wikler (1945 and 1952) 
described this absence of motor symptoms in the 
course of the cholinergic EEG arousal as a 

“divorce” phenomenon. Indeed, the absence of 
motor activity in the presence of the theta 
rhythm, desynchronized EEG, and cognitive 
arousal constitutes a striking phenomenon; it is 
dramatic to see in unanesthetized freely moving 
animals the arrest of spontaneous motor behavior 
accompanied by obvious alertness upon the 
administration of cholinomimetics or antiChEs, 
via indwelling catheters, into one of several sites 
within the basal forebrain system (see section 
BIV-1d).

Rather than comparing the cholinergic EEG 
and cognitive phenomena with behavioral arousal, 
Karczmar (1979a) analogized these phenomena 
with those of another cholinergic event, REM 
sleep (see sections BIV-3a and BIV-3b). While 
the facilitation of REM sleep occurrence in 
unanesthetized animals and in humans was already 
stressed, some tests in the human suggest that 
dreams can be engendered in awake humans 
by relatively small doses of brain-penetrating 
antiChEs such as physostigmine (Karczmar, 
1981a; this is not to recognize that, in humans, 
certain depressive phenomena may accompany 
these phenomena; see Janowsky et al., 1989). 
Altogether, Karczmar (1979a, 1979b, 1993a, 
1993b, 1995) opined that the pertinent behavioral, 
functional, and EEG phenomena that are evoked 
by cholinergic agonists and depend on central 
cholinergic pathways form a unique syndrome 
that constitutes an awake REM sleep; he termed 
this syndrome cholinergic alert nonmobile 
behavior (CANMB). He further speculated that 
CANMB and its components such as cognition, 
attention, neophilia, sensory modulation, and vigi-
lance (McCormick, 1992a, 1992b) underlie an 
effective interaction between the organism and 
the environment (see Table 8 in Karczmar, 1995, 
p. 203).9

2. Immense Complexity: 
Dualism, Reductionism, 
and Beyond

This section emphasized the signifi cance of 
the cholinergic system for the unique behavioral 
and functional syndrome consisting of many 
components, including cognition and organism-
environment interaction. Quite probably, this 
syndrome and its components will be defi nitively 
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described within the next few years, in terms of 
the pertinent neuronal mechanisms, central path-
ways, and neurotransmitter and second messenger 
interactions. But the syndrome is dangerously 
akin to a most baffl ing problem: as the cholinergic 
system relates so closely to cognition, perception, 
and the interaction with the outside world, its role 
in matters that related to cognition such as con-
sciousness,10 decision making, and free will should 
considered. Also, the understanding of the role of 
the cholinergic system in matters of consciousness 
should be preeminent in our perennial attempts, 
dating from Indian and Buddhist sages, Plato and 
Aristotle, Fernel (see Sherrington, 1940) and 
Descartes, to solve the problem of the mind-body 
relationship.

There are two ways to consider this relation-
ship.11 First, there is dualism; the dualists feel, 
with Rene Descartes (1649a, 1649b), that the 
mind and body constitute parallel but distinct phe-
nomena that may, however, have a brain site as a 
meeting ground (for Rene Descartes, this site was 
the pineal gland). Modern exponents of this notion 
are Karl Popper and John Eccles (Popper and 
Eccles, 1977); in fact, Popper and Eccles envis-
aged three “worlds” rather than the two of Des-
cartes, and Eccles (1985) related one of these 
words to intentional processes (see below for the 
related work of Ben Libet). Then there are the 
reductionists, or monists. Traditionally, a reduc-
tionist reduces the “real” world as well as con-
sciousness to illusions or ideas generated in the 
brain, as did George Berkeley. The American phi-
losopher William James went further, as he denied 
the existence of consciousness; “consciousness,”
he said, “is the name of a nonentity.” Modern 
reductionists identify consciousness with certain 
brain activities and interactions (among the limbic 
system, rhinencephalon, and various cortices). 
Thus, a leading reductionist, Dennet (1991, 1995) 
states that there is no “Cartesian theatre” in the 
brain, as the brain translates directly its parallel or 
reverberating processes into consciousness (see 
also Tipler, 1994; Smythies, 1997; Llinas, 2001, 
2003; and Delgado Garcia, 2004).

It should be added that an important compo-
nent of consciousness, the awareness of the fl ow 
of time (as mentioned in note 10), may be particu-
larly diffi cult to defi ne whether in reductionist or 
dualistic terms (see Chapter 11-2).

Whether the reductionist point of view is con-
vincing and intelligible or not, it is important that 

some reductionists—full or partial—suggest that 
the cholinergic system informs cognition. Thus, 
John Smythies (1997), Francis Crick (1994), 
Rodolfo Llinas (Llinas and Pare, 1991), and M. E. 
Hasselmo (1995; see also Liljenstrom and 
Hasselmo, 1995) refer to cortico-thalamic and 
hippocampal-cortical loops and to cortical radia-
tions of the nucleus basalis and the cholinergic 
forebrain as sources of cognition but not to con-
sciousness, awareness, and decision making. Yet, 
Jean-Pierre Changeux (1985) suggests that 
peduculopontine and tegmental nuclei form a 
“surveillance system” that generates conscious-
ness. Altogether, Smythies (1997) emphasized 
that these circuitries are cholinergic in nature and 
Changeux (1985) points out that the fl exibility and 
the capacity for allosteric transitions of nicotinic 
receptors in particular may underlie their function 
in both cognition and consciousness.

The studies of Ben Libet (1985, 1993) and 
related EEG investigations (Nunez, 1995b; Deeke 
et al., 1976; Thatcher, 1995) are also pertinent in 
this context. These investigators linked EEG 
arousal phenomena as well as certain cortical 
rhythms (see Woolf, 1997, and section BIV-3a) 
not only to cognition but also to consciousness; 
these phenomena and patterns are cholinergic in 
nature (see this section, below). Libet (1985, 
1993) used an evoked cortical EEG event, the 
“readiness” or “anticipatory” (“Bereitschaft”)
potential, to demonstrate an EEG-related aware-
ness and free will phenomenon: he showed in the 
human that this potential, when evoked by periph-
eral or thalamic stimulation, appears some hun-
dreds of milliseconds before conscious experience 
of the stimulus and of the awareness of a volitional 
act, while the awareness and volition in turn occur 
prior to the motor act. This and additional evi-
dence (Libet, 1985; see, however, Klein, 1995, 
2002) led Libet to believe that the two delays 
represents neuronal activities that are needed for 
self-awareness and for the volitional act (see also 
Eccles, 1979, 1994); as the cholinergic activity 
facilitates the potentials in question (see section 
BIV-3b; see, however, Stanley Klein’s (2002) 
criticism of Libet’s methodology), Libet’s argu-
ment militates for the cholinergic role in the gen-
eration of consciousness. Via somewhat similar 
reasoning, analysis of time-related activation of 
the hippocampal formation and the cortex led 
Roger Nitsch and his associates to posit a role for 
the hippocampus and medial temporal lobe in con-
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scious and nonconscious or subconscious compo-
nents of semanting associative processes of human 
identifi cation of objects and faces (Henke et al., 
2003a, 2003b). Howard Shevrin and his associates 
obtained data supporting Libet’s localization of 
the “free will” in the subconscious, and, employ-
ing evoked cortical potentials technique they 
found that associative learning and certain other 
mental phenomena occur in the subconscious 
(Shevrin et al., 2002; Wong et al., 2004). The 
cholinergic correlates of these phenomena remain 
to be established, but it should be stressed that 
hallucinatory perception exhibits a cholinergic 
nature (Smythies, 2005).1

Other reductionists embark on an increas-
ingly complex approach. Roger Penrose12 and S. 
Hameroff (Penrose, 1994; Hameroff et al., 1996; 
see, however, Klein, 1995, 2002) propose that 
certain quantal phenomena such as the collapse of 
coherence lead to the moment of “objective reduc-
tion”; at that moment the quantal phenomena 
convert into the macrocosm of our “reality,” and 
this conversion represents the moment of con-
sciousness. Furthermore, Hameroff and Penrose 
referred to certain biological cellular phenomena 
that may represent biological activity, which is 
quantal in nature; these phenomena occur, for 
example, at the retina and at the microtubules of 
certain cortical neurons.13 They speculate that 
when neurons that contain microtubules in their 
membranes are excited, microtubular coherence 
ensues via modulation exerted by microtubular-
associated protein-2 (MAP-2), the dephosphoryla-
tion and degradation of this linkage leading to the 
collapse of coherence. And this is where the notion 
of cholinergicity of consciousness meets the 
quantal events. Nancy Woolf (1997), for many 
years a student of cholinergic pathway maps and 
of their functional signifi cance, pointed out that 
high levels of cortical MAP-2s occur at the corti-
cal neurons rich in muscarinic receptors; these 
associations are present in certain cortical modules 
of the small pyramidal and nonpyramidal cells. 
She also emphasizes that the “unusual receptivi-
ty  .  .  . to and dependence  .  .  . on” the trophic factors 
of cholinergic forebrain neurons that radiate to 
these cortical sites are consistent with her notions, 
as these neurons have to be very active to satisfy 

the consciousness conditions as well as other cho-
linergic phenomena that are important for con-
sciousness such as attention and cognition (Figures 
9-35 and 9-36). Altogether, Woolf (1997) specu-
lates that the muscarinic actions on MAP-2 imply 
cholinergic mediation of consciousness.

An even more complex approach may offer (to 
this author, at least) a way out. The approach in 
question includes postulates of physics, mathemat-
ics, computer or artifi cial intelligence science (AIS), 
and, particularly, quantal theory. Goedel’s (1931) 
and Turing’s (1937) theorems constitute important 
components of this approach (see, for example, 
Eccles, 1994; Damasio, 1994; Churchland, 1994; 
Penrose, 1994; Hameroff et al., 1996).14 Their theo-
rems relate to the obligatory inconsistency of suf-
fi ciently complex systems and to the nonalgorithmic 
nature of certain mathematical problems, which 
cannot be solved by computers, present or future, 
as they are not computable.15 Penrose (1994) and 
Hameroff (Hameroff et al., 1996) propose that this 
noncomputable essence of mathematical problems 
extends to nonmathematical problems as well as 
to matters of consciousness and creativity. Further-
more, they relate this argument to their attempt to 
link biological quantal phenomena and conscious-
ness, and they join forces with Nancy Woolf as 
they link her MAP-2 sites with the quantal phe-
nomena that underlie, according to them, the con-
sciousness and self-awareness phenomena (Woolf 
and Hameroff, 2001).

This author prefers to use the phenomenon of 
noncomputability and obligatory inconsistency as 
an escape gap. He fi nds that the arguments of 
Woolf, Penrose, and Hameroff, while brilliant, are 
arcane and speculative, and lack the parsimony 
and explanatory power that should characterize a 
truly heuristic hypotheses; their solution to the 
mind-body dilemma lacks the “Eureka!” or “Aha!”
factor (Koestler, 1964). In fact, many investiga-
tors attacked the speculations in question (although 
frequently in a very “dense” way; see, for example, 
Churchland, 1994). This author (see Karczmar, 
1972a, 1996) senses that the solution to the mind-
body dilemma (including the matter of the cholin-
ergic contribution to consciousness) lies in the 
theorem of noncompatability and inconsistency of 
complex problems (see note 15). That is, there is 
no computable missing link to the understanding 
of this problem, as long as one uses a “linear”
approach across the mind and body. In other 
words, this problem may constitute, in Rudolf 

1 The concept of free will may be also criticized on 
epistemological and logical grounds (see Harris, 2004, 
Chapter 6, note 7).
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Figure 9-35. A schematic representation of the MAP-2-enriched cholinoceptive cells in a module of the cerebral 
cortex (top) and the cholinergic cells that innervate this and other cortical modules (bottom). Possible dendritic 
interactions and traditional synapses are illustrated, which link cholinergic cells with other cholinergic cells project-
ing to adjacent, as well as to distant, cortical modules. Arrowheads point to possible points of contact between den-
drites of neighboring cholinergic cells in the bottom part of the diagram. (From Woolf, 1997, with permission.)

Carnap’s sense, a nonsense or nonexistent ques-
tion (see Karczmar, 1972a); a related outlook is 
that “there is a potential infi nity of propositions in 
any logical or mathematical system” (Feferman, 
1998, 2004). Still another way of looking at 
it is as follows. Scientists bring an abstract picture 
of a particular limited domain separating it 
from the unbroken wholeness. Any laws and theo-
ries formulated in relation to this domain are nec-
essarily relative, valid only within this domain, 
and possible false beyond it. The activity of sci-
entists is to extend the domain of a particular 
theory to its limits. When it “extends beyond those 

limits  .  .  . it is falsifi ed and an entirely new theory 
must be found to relate to a new domain”
(Hayward, 1992). It should be added that many 
modern cognition philosophers are, similarly, 
nonreductionists (for example, Freeman Dyson), 
as they believe that we will “never know it all”
(Feferman, 2004; see also Metzinger, 1995), par-
ticularly with regard to matters such as conscious-
ness and self-awareness. And, the prominent US 
philosopher John Searle (see, for exmple, Searle, 
200416) considers that “most famous and infl uen-
tial theories  .  .  . of mind,” whether monist and 
materialist or dualist and idealist. “are false.”
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However, the problem in question is too inter-
esting to cease being en vogue. Altogether, this 
“fi nal” problem (Conan Doyle, 1893) and its cho-
linergic correlates refl ect the cholinergic system’s
signifi cance, which extends beyond the mere 
question of behaviors.

Notes

 1. As this author criticized this particular work of 
Bennet, Rosenzweig, and Diamond at the 1969 
FASEB Symposium on Cholinergic Mechanisms, 
he challenged the audience: “Is there anyone that 
can measure AChE so that two percent differences 
in the average values are signifi cant?” One person 
stood up among the audience of 500. “Well, this 
must be doctor Bennet,” said this author, and it was 
(see Karczmar, 1969).

 2. It is easier to quantify the antiChE-induced potentia-
tion of the muscarinic slow EPSP than that of the 
fast, nicotinic spike or the fast EPSP. Sometimes, 
this potentiation takes the form of increased fi ring 
duration, as in the case of the Renshaw cell response 
(see Koketsu, 1966; Karczmar and Kim, 1969, 
unpublished).

 3. Baclofen is also potent postsynaptically, and this 
effect rather than its presynaptic action underlies 

baclofen’s antispastic action (Wang and Dun, 1989; 
Lin and Dun, 1998; Fox et al., 1978).

 4. Mary Pickford was a Scottish woman who, with 
John Masserman, Jose Delgado, William Feldberg, 
and Robert Myers, pioneered investigations of the 
effects of drugs and transmitters applied locally to 
specifi c brain regions or intraventricularly by means 
of an injection needle or “chemitrode”; see Myers, 
1974; Feldberg and Myers, 1964).

 5. Atropinic coma was once popular in the clinical 
treatment of depression (Karczmar, 1979c).

 6. It must be remembered that when used in large 
doses, antiChEs damage the blood-brain barrier, 
thus increasing its permeability (Karczmar, 1967; 
see also Chapter 7 DI-1). This phenomenon 
may contribute to the analgetic effect of high doses 
of antiChEs as well as explain the fi nding of 
Flodmark and Wramner (1945) that neostigmine, a 
quaternary antiChE, as well as certain quaternary 
muscarinics, exerts analgetic action. This aspect 
of the matter is not mentioned in the pertinent 
research and reviews such as those of Green 
and Kitchen (1986) and Sitaram and Gillin, 
(1977).

 7. These days, the pharmaceutical industry develops 
most intensely drugs that may be used in the human 
for improvement of memory, antagonism of senile 
memory loss and dementia, and treatment of 
Alzheimer’s disease. The tendency, therefore, is to 
use fast and simple tests. Moreover, relatively 
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Figure 9-36. A hypothetical sequence of events linking receptor activation with MAP-2-mediated microtubular 
coherence and self-collapse. (A) Acetylcholine molecules (black dots) bind to the muscarinic receptor activating the 
anchored protein kinases that will phosphorylate MAP-2, thereby making MAP-2 unavailable for binding with local 
microtubules. (B) During the next several hundred milliseconds, phosphorylation of excess MAP-2 prevents it from 
binding with local microtubules and thereby facilitates microtubular coherence (illustrated as curved lines). (C) When 
the muscarinic action ends, MAP-2-phosphorylation ceases, leaving MAP-2 free to bind microtubules and possibly 
initiate self-collapse. (From Woolf, 1997, with permission.)
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simple automated operant tests that the animals may 
carry out at night and yield records that may be read 
the next morning save a 12-hour period for the staff. 
When this author, who worked at the time (1956) at 
the pharmaceutical Sterling-Winthrop Research 
Institute, described this kind of test to Karl Pribram, 
at the time the director of the Hartford Institute of 
Living, Karl said, “I would not compliment these 
trials with the term ‘learning test’ ”(see Pribram, 
1971).

 8. Daniele Bovet was a Swiss-born scientist who 
worked in the Pasteur Institute of Paris and sub-
sequently in Italy; he earned the Nobel Prize in 
medicine in 1957 for his development of sulfa 
drugs, antihistaminics, and curarimimetics (see 
Bovet, 1953, 1988). He was also an active 
cholinergiker and a philosopher of the states of 
consciousness. His wife, Filomena Nitti, was also 
an active researcher and a liberal political 
philosopher.

 9. This participation of cholinergic phenomena in 
organism-environment interaction links the cholin-
ergic system with evolution since this interaction 
underlies the plasticity of organism vis-à-vis evolu-
tion and serves as a mechanism of adaptation (see 
Gould, 2002). The presence of the cholinergic 
system throughout the animal fi la, its early evolu-
tionary association with mobility (in protozoa; 
Karczmar, 1967), and the conservatism of the amino 
acid sequences in genes generating components of 
the cholinergic system such as AChE and nicotinic 
receptors are all consistent with this notion.

10. We all “know” what it means to be conscious, yet it 
is not very easy to defi ne “consciousness.” The term 
refers to self-awareness, consciousness of self, what 
it means to “feel” red, for example, and so-called 
intentionality (see Searle, 2004). Infrequently men-
tioned, yet signifi cant for the question of conscious-
ness, is its perception of the fl ow of time and of 
time’s “arrow” (see Greene, 2004).

11. For obvious reasons, justice cannot be done to this 
matter in this book; some of the oeuvre quoted here 
(which constitutes barely a fraction of the pertinent 
literature) may be consulted. This author felt that, in 
view of the recent initiation of the studies of cholin-
ergic implications for this problem, a brief reference 
to the matter is needed.

12. Roger Penrose is a great cosmologist who, jointly 
with Stephen Hawking, elucidated the quantal phe-
nomena underlying the formation of black holes. 
Since the 1990s, he has published a number of 
books concerning the quantal nature of self-
awareness or consciousness.

13. The brilliant University of Columbia biophysicist 
Selig Hecht was the early discoverer of the quantal 
effects at the retina as he demonstrated that the 
retinal rods and cones respond to 1 or 2 photones, 

the quantal elements of light (Hecht et al., 1941). 
Hecht was this author’s PhD adviser.

14. While Goedel and Turing have currently become 
popular in neurosciences papers, this author had 
already quoted Goedel and Turing in the early 1970s 
(Karczmar, 1972a).

15. There is a more specifi c way to defi ne or summarize 
Goedel’s theorem as applying to formally specifi ed 
systems of axioms (Feferman, 2004). This mode 
does not invalidate the inconsistency characteriza-
tion of complex systems.

16. John Searle’s opus of 2004 describes the philoso-
phies of mind in a typical philosophical mode of 
“thought experiments” and abstract semantics, 
distant from the mode, pragmatism, and clarity (at 
least to the mathematics- or physics-minded reader) 
of biological and physicist presentations; yet this 
and other of Searle’s books should excite any neu-
roscientist, and they serve as excellent reference 
sources of these many philosophies.
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A. Historical Introduction

The history of Alzheimer’s disease (AD) pres-
ents a diffi culty in a book that is devoted to the 
cholinergic system. Indeed, this history emphasizes 
the tale of plaques and bundles; the heroes of the 
tale are Alois Alzheimer and Gaetano Perusini, and 
their discoveries concern the amyloid “cement”; 
this tale, told in section 1 of this introduction, does 
not seem to relate to cholinergicity. Similarly, as a 
whole, the chapter focuses on neurocellular degen-
eration and degenerative proteins as the basis of AD 
rather than on cholinergicity. Yet, there is a strong 
link between AD and the cholinergic system in 
view of the apparent preference of plaques, bundles, 
and degenerative proteins for the central choliner-
gic neurons. This matter and its consequences are 
discussed in section 2 of this introduction and 
expanded upon in section K (Wong et al., 2006).

1. History of Alzheimer’s 
Disease and the Beta-
Amyloid Cement 
(Amyloidosis Model)

Last scene of all,
That ends this strange eventful history,
Is second childishness and mere oblivion;
Sans teeth, sans eyes, sans taste, sans everything.

From William Shakespeare’s “As You Like It,” 
Act 2, Scene 7 (Jaques’ monologue)

It is generally assumed that in his soliloquy 
Jaques refers to senility rather than to Alzheimer’s 
disease; yet, while the “sans teeth” is not neces-
sarily a valid description of a symptom of AD, 
“oblivion,” sightlessness, and “sans everything” 
are faithful descriptions of late stages of this 
disease, and perhaps the Bard discovered AD 
before Alois Alzheimer.

If so, the only modern amendment to 
Shakespeare that is needed is recognizing the 
drastic increase in the frequency of AD cases. In 
1906, Alois Alzheimer referred to a single case of 
“unusual disease of the cerebral cortex” that was 
subsequently renamed AD; some 4 million cases 
live currently in the United States alone, according 
to a survey by the Alzheimer’s Association. Some 
statistics and fi ducial analyses suggest that 
between 65% and 80% of those older than 80 
years of age suffer from AD. If that estimate is 
accurate, and if the cure for AD is not forthcom-
ing, how many AD cases will there be in a decade, 
or during the lifetime of the next generation, as 
the population of people 80 years of age and older 
may amount to 20% or more of the US and 
Western European populations? Is longevity 
worthwhile if it is tantamount to having an excel-
lent chance to experience “oblivion”? In Karl 
Capek’s 1926 play, “The Makropulos Case,” a 
337-year-old woman seeks an elixir that will allow 
her to live another 300 years; a protagonist of the 
play states that living so long “is an absurd idea” 
(see also Roush, 1996). Fortunately, in section K, 



598 Exploring the Vertebrate Central Cholinergic Nervous System

hopeful information is provided that indicates that 
the situation may not be as bad as that.

To return to Alois: he was a Bavarian and the 
pupil of the great German pathologist and anato-
mist Friedrich Nissl. Alzheimer was 43 old when 
he established the hallmark of the new pathology, 
the presence of the cortical neurofi brils in a corti-
cal degeneracy case of a 51-year-old woman (see 
Pomponi and Marta, 1992; Foerstl and Levy, 
1991).1 His pertinent statements were as follows: 
“The autopsy showed an  .  .  .  atrophic brain.  .  .  .  
The Bielschowsky silver preparation showed very 
characteristic changes in neurofi brils  .  .  .  they 
accumulate forming dense bundles  .  .  .  and only a 
tangled bundle of neurofi brils indicated the site 
where once the neuron had been located.  .  .  .  Nu-
merous neurons, especially in upper layers [of the 
cortex] disappeared. Dispersed over the entire 
cortex and in large numbers especially in the 
upper layers, miliary foci  .  .  .  could be found 
which depict the sites of deposition of a peculiar 
substance in the cerebral cortex” (Alzheimer, 
1906; see also Alzheimer, 1907, 1911, 1991).

As pointed out by Pomponi and Marta (1992) 
Alzheimer did not emphasize the matter of the 
“miliary foci,” nor did he use the term “senile 
plaques,” coined by Simchowicz in 1911, to 
describe them. At the turn of the 19th century, 
these “foci” were named Redlich-Fischer plaques, 
after two German pathologists who described 
them in detail, Redlich (1898) and Fischer (1907); 
they© both were probably unaware of the papers 
by Alzheimer. Redlich’s study concerned two 
elderly adults diagnosed with dementia, and he 
referred to the “miliary foci as “sclerotic”; Fischer 
found a “surprising” abundance of plaques, which 
he referred to as glandular necroses in 12 demen-
tive cases.

In 1910 the great German psychiatrist Emil 
Kraepelin stated that “a particular group of cases 
with extremely serious cell alterations was described 
by Alzheimer”; Kraepelin felt that the condition in 
question represented a novel form of dementia, the 
“presenile dementia.” Since that time, the condition 
in question has been referred to as Alzheimer’s 
dementia or Alzheimer’s disease, even though 
Alzheimer’s study, quoted by Kraepelin, described 
one isolated case (Kraepelin, 1910).

And here enters Gaetano Perusini. According 
to Pomponi and Marta of the School of Medicine, 
Catholic University of Rome, Perusini was a 

member of “a group of Roman researchers who 
studied under Alois Alzheimer” (Figure 10-1). 
Perusini specialized in “endemic cretinism,” 
which is common in northern Italy, Friedreich’s 
condition, and Tabes dorsali of syphilic origin (see 
Pomponi and Marta, 1992).

As a member of Alzheimer’s team, Perusini 
examined “four cases” (one of which was Alzheim-
er’s single case) and published his results in 1910 
and 1911. His 1910 work is particularly detailed 
and contains 79 fi gures, including color drawings. 
It was common in those days—it still is—for a 
professor to entrust his student with expanding on 
the preliminary work initiated by the team leader. 
In fact, Perusini states in his paper that he under-
took his study “on the suggestion of Dr. Alzheimer,” 
and this state of affairs is further illustrated by the 
generous references to Perusini in Alzheimer’s 
own 1911 publication; also, Alzheimer invited 
Perusini to contribute to his and Nissl’s review of 
1910. Reciprocally, Perusini thanked his teacher 
and quoted him 17 times in his 1910 paper.

Why did Kraepelin not quote Perusini in his 
detailed reference to Alois Alzheimer’s work? At 
any rate, the Italian investigators took care of the 
matter, as they frequently refer to AD as 
Alzheimer-Perusini disease (see Bick et al., 1987 
and McMenemey, 1970).

One of Perusini’s essential fi ndings was his 
emphasis on “the link of neurofi brils changes with 
plaque formation.” As can be seen, he was the fi rst 
to use the term “plaque” and applied it to the 
accretion of plaques in neurons as well as in glia. 
He also related the formation of plaques to the 
destruction of the neurons and/or glia. Most 
interestingly, he hypothesized that “a kind of 
cement  .  .  .  glued the fi brils together,” leading to 
the formation of plaques (Perusini, 1910)—a fore-
cast of the beta amyloid.

It should be noted that neurofi brillatory tangles 
(NFTs), which contain as their major component 
phosphorylated isoform of the tau protein, were 
not recognized by Alzheimer or by Perusini (see 
Morris, 1996).

Subsequent work substantiated the early 
Alzheimer and Perusini fi ndings and stressed the 
relation between the prevalence of plaques and the 
progress of AD (Blumenthal and Premachandra, 
1990). Establishing such a relation was important; 
B. E. Tomlison (1982), a pioneer in dementia 
research, felt that “until  .  .  .  plaque’s  .  .  .  role is 
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precisely defi ned,  .  .  .  functional  .  .  .  knowledge of 
an important role of neuropathology and human 
aging will be incomplete.” Actually, such a rela-
tion was proposed early by Fischer (1907) and 
defi nitive, quantitative data supporting this rela-
tion were provided by Blessed et al. (1968; see 
also Klatzo et al., 1965; Wisniewski, 1987).

When was the beta amyloid recognized as the 
“cement” for the fi brils? Actually, the amyloid 
deposits (“lardaceous deposits”) were recognized 
by 18th-century anatomists, but Rokitansky and 
the celebrated German pathologist Rudolof 
Ludvig Carl Virchow (1821–1902) identifi ed these 
elements as hyaline deposits a century later, and 
Virchow distinguished between amyloid (starch-
like) and other types of hyaline (see Blumenthal 
and Premachandra, 1990). While Virchow referred 
to “senile amyloidosis” in connection with deposits 
exhibited in the hearts of aged subjects, 
amyloid deposits are present in other tissues of the 
aged human, including cerebrovascular sites. 
Bielschowski (1911) and Divry (1934) not only 
recognized their cerebral presence but also 

observed their amyloid nature (see also Glenner, 
1986 and Blumenthal and Premachandra, 1990). G. 
Glenner (1980) recognized the presence of amyloi-
dosis in AD, and Glenner and Wong (1984a, 1984b) 
recognized that neuronal amyloid plaques share 
antigenic determinants with beta-amyloid protein 
of cerebrovascular amyloid.

A signifi cant issue is that the plaques and 
tangles are not the sole and specifi c characteristic 
of AD. It was recognized quite early that senile 
plaques and amyloid deposits are apparently 
present in “normal” aging (Ludwig, 1981); does 
their presence lead to full-blown dementia pro-
vided we live long enough (Evans, 1988; Commit-
tee on Chemical Toxicity and Aging, 1987)?

Finally, it is of interest that spontaneous senile 
amyloidosis is present in many animals and that it 
can be induced experimentally in many species, 
(see, for example, Higuchi et al., 1983; see also 
Blumenthal and Premachandra, 1990; Price, 
1993). These early fi ndings led to the distinction 
of the types of amyloid, and so forth, as reviewed 
below.
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Figure 10-1. Gaetano Perusini (9) with Alois Alzheimer (7) in the pathological anatomy laboratory of the 
Deutsche Forschungsanstalt fur Psychiatrie in Munich (today the Max Planck Institute). With them are U. Cerletti 
(4), F. Bonfi glio (6), M. Achucarro (8), and F. H. Lewy (10). (Reprinted from Pomponi and Marta, 1992, with 
permission.)
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2. Cholinergic Aspects and 
Cholinergic Treatment of 
Alzheimer’s Disease

The dawn of cholinergic considerations for AD 
arose with the realization that amyloid and related 
deposits, as well as AD genetics, underlie cholin-
ergic apoptosis in several brain areas. This realiza-
tion was based on the fi ndings of the diminution in 
acetylcholinesterase (AChE) and choline acetyl 
transferase (CAT) activities. Actually, in 1941, 
David Glick, 1941, reviewed the early work con-
cerning the relation of the diminution of ChE 
activity (he did not differentiate between AChE 
and BuChE; see Chapter 3 DI) and several psychi-
atric diseases (and “fatigue”), but he did not refer 
to AD specifi cally. Almost 40 years later, Bowen 
et al. (1976), Davies and Maloney (1976) and 
Perry et al. (1977; see also Wurtman, 1985, McGeer 
et al., 1984 and Mesulam, 2000) demonstrated that 
a signifi cant loss of AChE and CAT activity occurs 
in AD. Subsequently, ample evidence was accu-
mulated to confi rm these data (see, for example, 
Gil-Bea et al., 2005), particularly with regard to 
CAT (of course, these results were obtained with 
respect to postmortem materials; see Mesulam, 
2000; Mesulam et al., 2004). It should be stressed 
that, while AChE is not 100% dependable as the 
marker of cholinergic neurons, CAT is a very reli-
able identifi er of these neurons and of the cholin-
ergic pathways (Cook et al., 2004) (see Chapter 2 
A). This loss is noticeable with respect to all the 
known cholinergic pathways of the brain: particu-
larly relevant for the symptoms of AD are the 
losses that occur in the pathways that include the 
limbic system and the nucleus basalis magnocel-
lularis (NBM) of Meynert (Mesulam’s pathways 
Ch1 to Ch4; see Mesulam, 2000; Mesulam et al., 
2004; see Chapter 2 DII and DIII). Interestingly, 
both somatostatin immunoreactivity and AChE 
activity were reduced in the cerebrospinal fl uid of 
AD patients (Gomez et al., 1985); this fi nding may 
be important for noninvasive diagnosis of AD. It 
may be added that contrary to AChE, BuChE may 
increase in AD (Giacobini, 2000; 2003a). It is of 
interest in this context that central cholinergic 
neurons may be vulnerable to several diseases, 
including AD (see, for example, McKinney and 
Jacksonville, 2005)

Less clear-cut data are available with respect 
to cholinergic receptors. Agneta Nordberg and her 

associates observed early that the presynaptic 
muscarinic receptors are particularly affected, 
while the postsynaptic muscarinic receptors may 
be less so or they may be even spared; the presyn-
aptic and postsynaptic central muscarinic recep-
tors belong particularly to the M1 and M2 subtypes 
(Nordberg and Winblad, 1986; see also Chapter 
5). Alzheimer’s disease patients may also exhibit 
a diminution of postsynaptic nicotinic receptors 
of several types (Nordberg and Winblad, 1986; 
Whitehouse et al., 1986). There are, however, 
inconsistencies in the literature concerned with the 
state of the cholinergic receptors in AD (Adem et 
al., 1985). Again, certain fi ndings concerning the 
cholinergic receptors may be diagnostically 
pertinent: nicotinic and muscarinic receptors can 
be distinguished in the human lymphocytes, and 
they may be decreased in the lymphocytes 
of patients suffering from AD (Adem et al., 
1985).

It is important that these demonstrations of the 
defi cits of the cholinergic components in AD 
relate to degeneration and death of cholinergic 
neurons induced by the beta amyloid cascade and 
its components; this relation was fi rst described by 
Peter Whitehouse (Whitehouse et al., 1981, 1982, 
1986) particularly for NBM and confi rmed subse-
quently (see, for example, Kasa et al., 2004). This 
loss was documented for several cholinergic path-
ways (see Giacobini, 2000). It is signifi cant that 
this loss may be minimal in the early stages of the 
disease. Yet, it appears that the progress of what 
Marsel Mesulam refers to as “tauopathy,” that is, 
signs of amyloid pathology, may occur in human 
cholinergic nucleus basalis neurons earlier than 
diminution or elimination of their CAT activity 
(Mesulam et al., 2004). This concept of “tauopa-
thy” is supported by data obtained in the human 
by means of micro-positron emission tomography 
(PET) concerning the loss of either AChE or cho-
linergic receptors in AD, as well as via functional 
magnetic resonance imaging (fMRI; see Nord-
berg, 2004; Thiel, 2003; see also section K for 
more detail). Also, results of gene association 
studies indicated close correlation between AD 
and reduction of CAT (Cook et al., 2004). In this 
context, it is of interest that while some degenera-
tive brain diseases such as Loewy body disease 
appear to impact the cholinergic system, it seems 
that cholinergic defi cits are absent in vascular 
dementia (Perry et al., 2005).
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The AD senile plaques contain AChE, BuChE, 
and possibly other components of the cholinergic 
system (Moran et al., 1993). Since cholinergic 
neurons are attacked (indeed, preferentially) by the 
neurotoxic amyloids, one would expect that the 
amyloid plaques contain markers of the choliner-
gic system. However, Ezio Giacobini has another 
view on this matter (Giacobini, 2000 and 2003a, 
2003b; see also section K). An additional link 
between the cholinergic system and AD was 
posited by Nancy Woolf and Larry Butcher as 
they proposed that the neurotrophin p75 receptor 
(see Chapter 8 CI), which is localized in the cho-
linergic forebrain, plays an important role in the 
formation of plaques and in the pathology of AD 
(for a more detailed discussion of this hypothesis, 
see below, section K, and Butcher and Woolf, 
1989).

It came then to the mind of several investiga-
tors to link the loss of cholinergic neurons with the 
cognitive aspects of AD and with the possibility 
that this cognitive defi cit may be remedied by the 
employment of cholinergic agonists and antiChEs. 
Indeed, the relation between the cholinergic system 
and cognition and memory was recognized some 
60 years ago. In fact, positive effects of cholinergic 
agonists on animal memory and learning were 
described before the existence of central choliner-
gic transmission was demonstrated; copious 
confi rmation of these fi ndings became available 
subsequently, and pertinent information continues 
pouring in (see Karczmar, 1967, and Chapter 9 
BV). In the 1970s, David Drachman demonstrated 
that cognitive defi cit in human aging may be due 
to a loss of cholinergic activity, and he provided 
preliminary information indicating that physostig-
mine may facilitate human memory (Drachman 
and Leavit, 1974; Drachman, 1978; see also 
Chapter 9 BV). Of course, Drachman’s fi nding 
concerns aging, not AD; this connection between 
aging and the diminution of cholinergic activity, 
and the “aging” effect of anticholinergics on 
memory and learning, are well recognized for 
animals and humans (see Chapter 9 BV).

All this research culminated in the fi rst attempts 
to use physostigmine, fi rst in “normal,” aged sub-
jects and then in AD patients. Actually, these fi rst 
attempts were not conspicuously successful, 
whether in normal elderly (Davis et al., 1976) or 
in the AD cases (Peters and Levin, 1979). In fact, 
when one of the authors (AGK) met at a 1980s 

symposium on AD one of the fi rst AD subjects 
who were treated with physostigmine, he regret-
fully could not be impressed with his—admittedly 
superfi cial—impression of the patient in question. 
Actually, even today, the effects of novel genera-
tions of antiChEs used in the treatment of AD may 
be apparent only when subtle tests of cognition 
and memory are employed.

Ezio Giacobini pointed out early that lack of 
defi nitive effects of physostigmine is due primarily 
to its kinetics and distribution (see Giacobini, 2000): 
physostigmine has a short half-life, it is poorly dis-
tributed to the CNS, and it is not suf fi ciently specifi c 
for AChE. Giacobini and his associates, including 
Robert Becker, outlined the physicochemical char-
acteristics of antiChEs that would be clinically more 
successful than physostigmine in AD treatment. 
Following the clinical trial of the “fi rst generation” 
of antiChEs employed in the treatment of AD, such 
as physostigmine and tetrahydro-5-aminoacridine 
(THA, tacrine), Giacobini’s guidance led to the 
development of the “second generation” of antiChE 
agents usable in AD, such as Aricept (donepezil), 
rivastigmine, and galantamine; they also include an 
organophosphorus agent, metrifonate (see Giaco-
bini, 2000; see also Chapter 10 K and Chapter 7 BI 
and BII).

This clinical progress is facilitated by the avail-
ability of animal models. While the earlier models 
that employed neurotoxins including the choli-
notoxin AF64A and lesions may be not very perti-
nent for AD as it is understood today (see Karczmar, 
1991, and Chapter 9 BV), several currently avail-
able animal models are very relevant; they include 
transgenic animals (particularly rodents) and 
animals in which amyloid treatment or amyloid 
treatment combined with hypoperfusion (Sun and 
Alkon, 2004) induces CNS damage; in particular, 
the transgenic mice model developed by M. 
Morgan and his associates appears to be very 
promising (Buxbaum, 1993, and other articles in 
Neuroscience Facts 4(5); see also Arendash et al., 
2001).

What is the current status of antiChE therapy 
for AD? In the 1980s and 1990s, it became clear 
that antiChEs are not a cure for AD, no more than 
the antiChE ambenonium is a cure for myasthenia 
gravis; this realization was also linked with our 
understanding that AD is not a cholinergic disease, 
although it presents distinct cholinergic aspects. In 
fact, in that period it appeared that the initial hopes 
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(Giacobini, 1991) with respect to the extent of the 
benefi cial effects of this treatment may not be 
fulfi lled. Indeed, antiChEs exhibit a number of 
effects that may not be advantageous for their use 
in AD; for example, they may decrease ACh turn-
over and diminish ACh release; furthermore, a 
suffi cient number of cholinergic neurons and/or 
postsynaptic cholinoceptive sites must be present 
to enable antiChEs to be effective. Actually, cho-
linergic neurons may be decreased in number or 
even eliminated in the late stages of AD, but cho-
linoceptive postsynaptic muscarinic sites present 
on noncholinergic neurons may remain intact even 
in advanced AD (Karczmar and Dun, 1988). 
Finally, it appeared at the time that the ameliora-
tion of cognition in antiChE-treated AD patients 
may be relatively limited and short lived (see, for 
example, Jones, 2003). On the other hand, in early 
AD there is a limited loss of cholinergic neurons, 
and this justifi es cholinergic treatment during that 
phase of the disease (Morris and Price, 2001; see 
also Giacobini, 1990).

At this time, two novel aspects of antiChE 
therapy may lead to an upward revision of our 
concepts and evaluation of this therapy (see Wynn 
and Cummings, 2004). First, many investigators 
today accept Ezio Giacobini’s notion that appro-
priate antiChEs retard the progress of AD, particu-
larly if they are administered early (see Giacobini, 
2000). Then, as fi rst shown by Roger Nitsch, cho-
linergic agonists may diminish amyloid accumula-
tion (Nitsch et al., 1992; see also Mesulam, 2004). 
Yet, considering this evidence as well as analyzing 
the relations among AD symptoms, progress in 
tauopathology, and progress in the disappearance 
of cholinergic function in AD, Marsel Mesulam 
(2004) concluded that “the cholinergic loss is 
neither a primary pathogenetic factor of AD nor 
the principal correlate of its clinical manifesta-
tions.” These aspects will be considered in detail 
in section K, below.

B. Dysregulated Processing of 
Neurocellular Proteins

Alzheimer’s disease is one of a group of age-
dependent neurologic degenerative processes 
characterized biochemically by neuronal degen-
eration due to alternative processing and folding 
of certain proteins, leading to their aggregation 

and distortion of neurocellular structure. Although 
classically this group of diseases has been called 
neurodegenerations of unknown etiology, they 
may be better termed “neurocellular protein pro-
cessing diseases” (Table 10-1). These diseases 
include AD, Down syndrome (DS), frontotempo-
ral dementias (FTD), corticobasal ganglion 
degeneration (CBGD), Parkinson’s disease (PD), 
multisystem atrophies (MSA), diffuse Lewy body 
disease (DLBD), progressive supranuclear palsy 
(PSP), prion diseases, motor neuron disease 
(MND), and the mutations producing abnormally 
long polyglutamine sequences. Familial forms of 
AD, PD, FTD, prion diseases, and MND have 
been identifi ed and proved related to specifi c 
genetic mutations in about 10% or less of the 
affected people with each disease. In the prepon-
derance of patients with these diseases, the inci-
dence is sporadic and the cause unknown. The 
conventional wisdom holds that the causes in the 
sporadic forms may be a combination of genetic 
and environmental factors. In all the cases, the 
incidence increases with age, suggesting an effect 
of changing gene expression during aging that 
potentiates a particular trigger or the effect of time 
for accumulation of a causative factor (see the 
discussion on aging in Finch and Roth, 1999).

The primary proteins subjected to alternative 
processing and aggregation have been identifi ed 
in most of these diseases (Table 10-1). The 
primary abnormal proteins or their products 
generally are aggregated into inclusion bodies. 
These bodies may accumulate within the cells, for 
example, Lewy bodies containing aggregates of α-
synuclein, or as extracellular plaques, for example, 
amyloid plaques containing aggregates of amyloid 
beta peptide (Aβ) together with dystrophic cells, 
cell fragments, and trapped proteins that are 
secondarily degraded or involved in processing, 
immune, infl ammatory, and scavenging functions. 
In AD, FTDs, and other tauopathies, which are 
associated with abnormal structure and phosphor-
ylation of the microtubule-associated protein tau, 
dystrophic neurons contain intracellular paired 
helical fi laments (PHF) of abnormal tau which 
are bundled into neurofi brillary tangles (NFT). 
Alzheimer’s disease is unique in exhibiting an 
abundance of both extracellular amyloid plaques 
and intracellular NFTs. However, the particular 
abnormal tau isoforms and sites of phosphoryla-
tion are not identical in AD and the FTDs.
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Table 10-1. Characteristic Protein Alterations and Pathological Features of Some Neurodegenerative 
Diseases

Mutated Gene Pathological
Disease Protein Alterations Product Features

Alzheimer’s Excess of Aβ; β-pleated Amyloid precursor Extraneuronal deposition
 disease (AD); Down  sheet aggregates of Aβ  protein (APP);  of amyloid plaques in
 syndrome (DS)   chromosome 21  brain parenchyma and
    amyloid deposition

 within brain vasculature
    (cerebral amyloid
    angiopathy, CAA)

Hyperphosphorylated tau  Intraneuronal cytoplasmic
 protein (all 6 of both the    deposition of paired
 3-R-tau and 4-R-tau   helical fi laments of tau
 isoforms) at serine and   that aggregate into
 threonine residues; 79   neurofi brillary tangles
 potential sites exist;   within dystrophic
 about 30 phosphorylated   neurites

is normal
Frontotemporal Hyperphosphorylation of Tau; chromosome Intraneuronal cytoplasmic
 dementia(s) with  mutated tau protein;  17; more than  deposition of tau-
 parkinsonism linked  insoluble tau (3-R or  20 pathogenic  positive inclusions and
 to chromosome 17  4-R isoforms or both);  mutations identifi ed,  neuronal loss
 (FTDPD-17) and  abnormal ratios of 3-R  all of which result in
 variants of FTD  and 4-R isoforms result  fi laments made of
   hyperphosphorylated
   tau
Other sporadic Hyperphosphorylated  Neuronal and glial
 tauopathies:  tau; insoluble tau 4-R   cytoplasmic tau-positive
 corticobasal  isoforms in PSP and   fi brillar inclusions and
 ganglion  CBGD; 3-R isoforms in   neuronal loss; globose
 degeneration  PiD  bodies, fi brillary tangles
 (CBGD),  in astrocytes and
 progressive   oligodendrocytes in
 supranuclear palsy   CBGD and PSP;
 (PSP), Pick’s   ballooned neurons and
 disease (PiD)   tau-positive fi brillary
 variant of FTD   tangles in neurons (Pick

 bodies) in PiD
Diffuse Lewy body Alpha-synuclein; insoluble  Lewy bodies consisting of
 disease (DLBD)  fi brillar aggregates of   neuronal cytoplasmic

 alpha-synuclein in   inclusions of insoluble
β-pleated sheet structure   alpha-synuclein; diffuse

    in cortex
Sporadic Alpha-synuclein; insoluble  Lewy bodies in basal
 Parkinson’s disease  fi brillar aggregates of   ganglia
 (PD)  alpha-synuclein in

β-pleated sheet structure
Dominant inherited Alpha-synuclein; insoluble Alpha-synuclein; Lewy bodies
 PD (Park1)  fi brillar aggregates of  chromosome 4q21–

 alpha-synuclein in  q23; mutated
β-pleated sheet structure  product has

   increased tendency
   to aggregate
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Table 10-1. Continued

Mutated Gene Pathological
Disease Protein Alterations Product Features

Autosomal recessive Ubiquitin-proteasome Parkin, an E2- Neuronal loss in
 juvenile PD (AR-JP,  degradation system  dependent ubiquitin  substantia nigra pars
 Park2)  protein ligase (E3)  compacta and locus

 that promotes  ceruleus without Lewy
 degradation of  bodies

   alpha-synuclein;
   PARK2 gene,
   6q25.2–q27
Multisystem atrophies Alpha-synuclein; accrual of  Oligodendroglial
  (MSA) including  soluble forms; different   cytoplasmic inclusions
 striato-nigral  from PD and DLBD   (GCIs) and neuronal
 degeneration,  Lewy body-like inclusions
 olivo-ponto-   of soluble forms of alpha-
 cerebellar   synuclein
 degeneration, Shy-
 Drager syndrome
Prion diseases, Conformational change  Amyloid plaques
 environmentally  of normal cellular prion   consisting of PrPsc with
 transmissible  protein (PrPc) to produce  β-pleated sheet structure
 spongiform  insoluble aggregates of
 encephalopathies,  PrPsc with β-pleated sheet
 including  structure; cause of the
Creutzfeld-Jakob  increased conformational
 disease (CJD) and  change not known
 human variant CJD,
 several animal
 forms in cattle,
 sheep (scrapie),
 mule deer, mink
Inherited Prion Mutation in the gene for Homozygosity at Amyloid plaques
 diseases, including  PrP potentiates the  codon 129 of the PrP  consisting of PrPsc with
 Gerstmann-  conformational change  gene; chromosome  β-pleated sheet structure
 Straussler-Scheinker  from PrPc to PrPsc  20
 disease and fatal
 familial insomnia
Familial motor Mutant superoxide More than 70 Neuronal and astrocytic
 neuron disease  dismutase 1 (SOD1);  pathogenic  hyaline inclusions
 (MND)  mutant dynactin  mutations in gene  mainly consisting of

 for SOD1, all but  mutant SOD1; Bunina
 one dominant  bodies

Polyglutamine Abnormal lengths More than 9 Cytoplasmic and nuclear
 diseases, including  (sequences of more than  different genes  inclusions of insoluble,
 forms of  36 glutamine residues) of  containing CAG  aggregated
 spinocerebellar  polyglutamine segments  trinucleotide repeat  polyglutamine-
 ataxia, Huntington’s  in certain polyglutamine-  expansions in the  containing fragments of
 disease, Kennedy’s  containing proteins  coding region  proteins associated with
 disease, and   other proteins
 dentatorubro-
 pallidoluysian
 atrophy
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Generally, the pathogenesis of these diseases 
entails a complex array of toxic effects in particu-
lar neurocellular networks or regions. These toxic 
effects arise from the primary abnormal gene or 
protein and lead to apoptosis, dysregulation of 
multiple cellular signaling processes, derange-
ment of synaptic, cytoskeletal, and membrane 
structure and function, and secondary reparative, 
infl ammatory, and immune reactions. This chapter 
seeks to describe the biology of the two primary 
proteins, Aβ, which is derived from the amyloid 
precursor protein APP, and tau, apparently critical 
to the pathogenesis of AD, and to point out the 
regulatory reactions at which the two may poten-
tially converge. The working hypothesis underly-
ing this chapter is that excess Aβ produced by 
dysregulation of APP processing in particular neu-
ronal networks causes dysregulation of many cell 
processes, including the processing of tau, which 
itself leads to another set of disrupted neuronal 
functions.

C. Amyloid

1. Purifi cation and Properties 
of Amyloid

Amyloid (from Greek amylon, unmilled) refers 
to any of a group of chemically diverse proteins 
that are deposited in tissue as β-pleated sheets of 
linear nonbranching aggregated fi brils as seen 
under the electron microscope (Zhou et al., 1991). 
These deposits are highly insoluble, stain brown 
with iodine, produce a green color under polariz-
ing light after staining with Congo red, are meta-
chromatic with methyl violet, and fl uoresce yellow 
after staining with thiofl avine T. The chemical 
nature of the amyloid depends on the underlying 
disease. In AD, these extracellular deposits are 
composed of unpaired 4 to 9 nm fi laments aggre-
gated most prominently in large, highly insoluble 
star-shaped masses (amyloid dense cores) or as 
isolated bundles or diffuse oligomeric fi brils in the 
cortical neuropil. Similar aggregates of fi brils are 
found in parenchymal and meningeal vasculature. 
Glenner and Wong (1984a) solubilized the β-
pleated sheet amyloid fi brils from AD brains in 
6 M quanidine-HCl and proved the purifi ed protein 
to be a 4.2 kDa polypeptide with a unique sequence. 
The protein was variously called amyloid beta 

protein because of its β-sheet structure or A4 
because of its molecular mass, and is now termed 
Aβ. It has been found to be the same in parenchy-
mal amyloid plaque and cerebral and meningeal 
vascular amyloid of AD and DS and in so-called 
senile plaques of normal aging brain (Glenner and 
Wong, 1984a, 1984b; Masters et al., 1985; Tanzi 
et al., 1987). However, more recent analyses indi-
cate some structural differences between AB and 
AD and from age-matched cognitively normal 
subjects (Piccini et al., 2005). The Aβ peptide 
consists mainly of peptides with either 40 (Aβ40)
or 42 (Aβ42) residues. The extracellular amyloid 
fi laments were found immunologically distinct 
from the intraneuronal aggregates of PHF, termed 
NFTs, that are found in the dystrophic neurons, 
axons, and dendrites of neuritic plaques in AD 
(Selkoe et al., 1986). Later analyses proved them 
also to be chemically distinct and to be composed 
of abnormal tau fi laments (see below). Accumula-
tions of both amyloid plaques and NFTs in the 
brain are the hallmarks of AD.

2. Ab Effects, Fibrillogenesis, 
and Amyloid Plaques

Under normal circumstances, excesses of 
monomeric Aβ peptides are cleared by glial-
derived apolipoprotein B (ApoB) and microglial 
phagocytosis. However, in the presence of aging, 
certain genetic mutations (Table 10-2) or abnor-
mal physiological conditions (such as high choles-
terol, Niemann-Pick type C disease), clearance of 
excessive Aβ may not be achieved to the fullest 
extent, perhaps due to altered transport, saturating 
enzyme sites, or disturbed biochemical equilibria 
among the substrate, enzyme, and end product 
(Simons et al., 2001). Excessive monomeric Aβ
further leads to oligomerization, toxicity, fi brillo-
genesis, and plaque formation.

Amyloid deposited in plaques is composed 
of fi brils of aggregated Aβ. Fibrillation of Aβ is 
a nucleation-dependent polymerization process, 
which is controlled by two kinetic parameters: the 
nucleation rate and the elongation or growth rate. 
As the kinetics of fi brillation is strongly dependent 
on the presence of trace amounts of fi brils, the 
aggregation of Aβ may be modeled as an autocata-
lytic reaction. Both Aβ40 and Aβ42 form fi brillar 
aggregates, but Aβ42 added to Aβ40 accelerates 
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the nucleation and elongation rates (Sabate et al., 
2003; Yoshiike et al., 2003). The ratio of Aβ42 to 
Aβ40 is critical to the rate and density of aggrega-
tion. The monomeric peptides adopt either compact 
random coil or elongated β-strandlike structure. 
Assembly of oligomers of antiparallel β sheets 
proceeds from random coil through an alpha helix 
intermediate to β strand (Klimov and Thirumalai, 
2003). Bound to GM1 gangliosides in cholesterol-
enriched raft-like membranes, Aβ undergoes con-
formational transitions from α-rich to β-rich
structures that form seeds promoting fi brillogene-
sis (Mizuno et al., 1999; Kakio et al., 2001; Yanagi-
sawa et al., 1995; Yip et al., 2001; Chochina et al., 
2001).

In summary, the fi brillogenic properties of Aβ
peptides are in part a consequence of membrane 
composition, peptide sequence, and mode of 

assembly within the membrane (Waschuk et al., 
2001; Van Nostrand et al., 2001; Yip and McLau-
rin, 2001). Extracellular amyloid fi brillar aggre-
gates eventually accrue to themselves the fragments 
of dystrophic neurites, infl ammatory cells, and 
such other proteins as serum amyloid P protein, 
ApoE4, α1-anti-chymotrypsin, catalase, glycopro-
teins, proteoglycans, cholesterol, and other lipids 
to become what is called the mature core plaque.

The neurotoxicity of Aβ and Aβ aggregates 
may be expressed through a wide array of cyto-
logic effects that have been demonstrated in vitro
and in vivo. The oligomeric form inhibits neuronal 
viability signifi cantly at 10 nm and is 10 times 
more potent than fi brils and about 40 times 
more potent than unaggregated peptide (Stine 
et al., 2003). Toxic actions include effects on 
membrane transport of ions, modifi cation of ion 

Table 10-2. Gene Mutations and Isoforms in Alzheimer’s Disease

Gene    Age of
Defect Chromosome Mutation Codon Onset Aβ Phenotype

βAPP 21   50s Increased production of all
 mutations      Aβ peptides or mainly
 (all)      Aβ42
Swedish  KM → NL 670/671
Flemish  A → G 692  Marked amyloid

  angiopathy with
     hemorrhages and dementia

Dutch  E → Q 693  Severe amyloid
 (HCHWA-D)      angiopathy; cerebral

     diffuse plaques; cerebral
     hemorrhages; no dementia

Indiana  V → I 717
London  V → G 717

V → F 717
ApoE 19 ApoE4 allele;  60s Predisposes to increased
 polymorphism   not causative  and  density and number of

  but increases  older  Aβ plaques and vascular
  risk    deposits

Presenilin 1 14 About 45  40s Increased production of
 mutation   missense  and  Aβ42

mutations; 1 50s
exon deletion

Presenilin 2  1 2 missense  50s Increased production of
 mutation   mutations    Aβ42
Down 21 Chromosome  40s Diffuse plaques; increased
 syndrome   21 trisomy    nonfi brillar Aβ found in

     childhood or teens before
     NFTs and dementia
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Figure 10-2. Major events of amyloidogenic vicious cycle include: (top) Aβ-induced activation of nuclear tran-
scription factor-NFkB, which in turn activates the pro-infl ammatory cytokines (TNFα, IL-1β, IFNγ), leading to 
subsequent induction of infl ammatory molecules such as inducible nitric oxide (iNOS), cyclooxygenase 2 (COX-2), 
and prostaglandin E2 (PGE2). These infl ammatory molecules produce reactive oxygen species (ROS), leading to 
oxidative damage. In addition, COX-2 and iNOS trigger further activation of NFkB. NFkB binds to the p65 subunit, 
translocates to the nuclear compartment, and promotes the formation of Aβ42. Besides being a part of this vicious 
cycle, all these infl ammatory molecules have other detrimental effects on neurons and neuronal connections, thus 
participating in neurodegeneration and synaptic defi cits in AD; (left) activation of caspase-3, which leads to apoptosis 
and simultaneously potentiates further Aβ generation; (bottom right) impairment of PKA- and ERK/CREB-signaling, 
leading to synaptic and LTP defi cits in the hippocampus that result in impairment of memory and learning; (bottom 
left) cholesterol, lipid, and lipoprotein receptor interactions with Aβ. (See color plate.)

channels, enhancement of calcium ion infl ux and 
glutamate toxicity, generation of reactive oxygen 
species, activation of infl ammatory responses and 
apoptotic pathways, and modifi cation of signaling 
pathways and of transcription and interactions 
with cholesterol and lipoprotein transport (Suh 
and Checler, 2002). Some of the better-known 
connections of Aβ with regulatory factors in the 
cell are shown in Figure 10-2, see color plate. 
Evidence for the potential involvement of other 
signaling pathways, discussed later, is still unfold-
ing. With so many potential pathways for causing 
dysregulation of neurons, it is diffi cult to deter-
mine which are the most critical.

Evidence is accumulating that neurotoxicity of 
Aβ begins before accrual of amyloid plaques and 
is related to soluble or protofi brillar Aβ. In trans-
genic mouse models of AD with overexpressed 
mutated APP, it has been found that Ca2+-
dependent evoked potentials are reduced in the 
hippocampus at ages earlier than the formation of 
plaques.(Hsia et al., 1999). In the same transgenic 
species, SNAP-25, a presynaptic protein required 
for Ca2+-dependent vesicle exocytosis and trans-
mitter release was found to be severely depleted 
prior to plaque formation in the hilum, specifi cally 
in the inner molecular layer of the dentate gyrus 
and in the target CA3 to CA1 synaptic regions of 
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the hippocampus (Chauhan and Siegel, 2002). 
This represents the cholinergic synaptic pathway 
from the mesial basal forebrain and nucleus basalis 
of meynert to the hippsoampus. This depletion 
could be reversed by injection of specifi c anti-Aβ
antibody into the third ventricle, thus indicating 
that the SNAP-25 depletion was related to Aβ.
SNAP-25 depletion in the same specifi c layers 
could also be demonstrated by injection of Aβ into 
the peri-amygdala region of wild-type mice, and 
this effect was potentiated by aging (Chauhan et 
al., 2003). Subsequently, other calcium-dependent 
proteins, calbindin and c-fos, were found to be 
reduced in granule cells of the dentate gyrus in 
association with learning defi cits before plaque 
formation in transgenic mice harboring the 
Swedish and Indiana mutations of hAPP (see 
Table 10-2) (Palop et al., 2003).

In addition to toxicity of Aβ, other C-terminal 
fragments (CTFs) of APP (see Figure 10-2) may 
have toxic cellular effects and are potentially 
amyloidogenic. C-terminal fragments have been 
immunologically identifi ed in plaques and tangles 
and in blood vessels from aged normal and AD 
brain and are produced in transgenic mice with 
mutated hAPP (Suh and Checler, 2002; Howland 
et al., 1995).

D. Amyloid Precursor Protein

1. Structure of APP

Kang et al. (1987) isolated and sequenced the 
cDNA clone coding for the A4 polypeptide that is 
derived from amyloid precursor protein (APP), 
and the gene for APP was localized to the long 
arm of chromosome 21. The 695-residue APP 
transcript is almost exclusively expressed in brain, 
mainly in neurons. Alternate APP transcripts of 
751 and 770 residues that have an inserted exon 
encoding a Kunitz-type serine protease inhibitor 
(KPI) are the major isoforms expressed in all 
peripheral cells, peripheral nervous system, dorsal 
root ganglia, Schwann cells, and endothelia, and 
are expressed in brain as well, particularly in glia 
and vasculature (meningeal, parenchymal, choroid 
plexus), where they predominate. In rat brain, the 
total amount of APP proteins, including both KPI-
containing and KPI-free APP isoforms, was found 
about 90% higher in astrocytes than in neurons 

(Rohan de Silva et al., 1997). APP is found in 
growing neurites (Masliah et al., 1992).

2. Proteolytic Cleavage of APP

Amyloid precursor protein is usually processed 
either by a nonamyloidogenic path involving α-
secretase (after residue 687) releasing N-terminal 
soluble APP (sAPPα) or by an amyloidogenic 
path involving β-secretase (termed BACE 1) (after 
residue 671) and γ-secretase (after residue 710 or 
712) releasing Aβ (Selkoe, 1994). Amyloid pre-
cursor protein molecules that escape α-cleavage
are fi rst subjected to β-cleavage (Kang et al., 
1987), followed by γ-cleavage to release Aβ pep-
tides (Haass et al., 1992a). Processing of APP by 
α-, β- and γ-secretases occurs under normal physi-
ological conditions, indicating that all fragments 
of APP including Aβ peptides are part of normal 
physiology (Haass et al., 1992a, 1992b; Seubert et 
al., 1992). Only the γ-site cleavage generates the 
sAPPβ fragment, while α- and γ-site cleavages 
produce the p3 fragment. In neurons, approxi-
mately 95% of APP is cleaved by α-secretase,
while the remaining 5% is subjected to β- and γ-
cleavages (Simons et al., 1996, 2001). Both sAPPα
and Aβ peptides at normal physiological levels 
have their own functions. Soluble APPα functions 
as a synaptotrophic molecule (Masliah et al., 
1992), while normally produced Aβ potentiates 
tyrosine phosphorylation, increases activity of 
phosphoinositol-3-kinase (PI3K) and protein 
kinase C (PKC) (Mills and Reiner, 1999), and 
functions as a vascular sealant (Atwood et al., 
2003). It is the excessive genesis of Aβ that is the 
culprit for AD pathogenesis. Therefore, reduction 
of excessive Aβ, not its complete removal, is 
critical for the therapy of AD (Smith et al., 
2002).

In addition to these classic proteolytic cleav-
ages, sometimes APP molecules are cleaved dif-
ferentially, resulting in the production of amyloid 
fragments other than sAPPα and Aβ 40/42/43 
peptides. Occasionally, after the release of the N-
terminal sAPPα fragment by α-cleavage, the CTF 
fails to be internalized and it is released extracel-
lularly, which can lead to toxic effects (Anderson 
et al., 1991; Selkoe et al., 1996).

The Aβ polypeptides consisting of either 40 or 
42 amino acids (residues 671 to 711 or 671 to 713 
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of APP770; see Figure 10-3, see color plate) contain 
sequences translated from two adjacent exons of 
the APP gene and thus must arise by proteolytic 
processing of the APP, rather than by alternative 
splicing of the mRNA. The identical Aβ polypep-
tides may derive from any of the APP isoforms 
synthesized in neurons, glia, peripheral cells, or 
vasculature.

Cleavage by α-secretase leaves an NH2-
terminal ectodomain soluble sAPPα that is 
secreted and a membrane-bound COOH-terminal 
fragment CT83. Cleavage by β-secretase produces 
an NH2-terminal ectodomain soluble sAPPβ that 
is secreted and a membrane-bound COOH-
terminal CT99. Either CT83 or CT99 is a substrate 
for the γ-secretase, which hydrolyzes a peptide 
bond within the membrane-spanning portion at 
either residue 710 or residue 712. The γ-cleavage
of CT99 (after β-cleavage) produces Aβ and 
CT57–59 (amyloid intracellular domain, AICD) 
while γ-cleavage of CT83 (after α-cleavage)
leaves the CT57–59 fragment as well as the 10 kDa 
peptide called p3. Formation of Aβ40 or Aβ42
depends on the β- and γ-secretases acting in 
sequence. Cleavage within the Aβ sequence by 
α-secretase prevents formation of Aβ. Most of the 
Aβ is of 40 residues and a small proportion is of 

42, although Aβ42 is more prone than Aβ40 to 
fi brillation and Aβ42 predominates in amyloid 
core plaques (Kinoshita et al., 2002).

3. Traffi cking and Axonal 
Transport of APP

Amyloid precursor protein, as it is synthesized, 
is transported through the endoplasmic reticulum 
(ER) to the Golgi and trans-Golgi network 
(termed “secretory pathway”) to be inserted in the 
plasmalemma. Amyloid precursor protein is also 
reinternalized and recycled from the plasmalemma 
through the endosomal-lysosomal (endocytic or 
recycling) pathway. In addition, some clathrin-
coated vesicles bud off the trans-Golgi to enter the 
endosomal-lysosomal path directly. Identifying 
the precise locations of the secretase activities and 
the compartment(s) in which Aβ is formed are the 
subjects of ongoing research.

The activity of β-secretase is demonstrated in 
the secretory path, and the bulk of β-secretase
cleavage, as studied in a transgenic mouse model 
(see later), takes place in the secretory path with 
very little β-cleavage through the endocytotic path 
(Steinhilb et al., 2002), while acid-dependent 
γ-secretase activity together with the mature 
presenilin1 (PS1)-nicastrin complex required for 
y-secre tase activity colocalizes with APP in the 
lysosomal outer membranes (Pasternak et al., 
2003). The ER is not a major site for γ-secretase
cleavage of the C99 terminal of APP, even though 
the PS1 protein may be localized to the ER 
(Maltese et al., 2001). Cleavage activity of γ-
secretase depends on maturation of the enzyme as 
it acquires bound nicastrin during its passage 
through the ER. Thus, the β-cleavage may be in 
the ER and the γ-cleavage in the endosomal-lyso-
somal path. It is thought that excess quantities of 
β-cleaved APP in the trans-Golgi network are 
exposed to γ-cleavage in the endosomal-lysosomal 
system.

There is evidence for Aβ accumulation both in 
the trans-Golgi and in the endosomal-lysosomal 
compartments in cultured cells (Koo and Squazzo, 
1994; Wild-Bode et al., 1997; Xu et al., 2000). 
It is possible that Aβ found in the secretory 
path may be due to the activity of a neutral pH-
dependent γ-secretase activity demonstrated in the 
ER and not related to presenilins (Wilson et al., 

770

Figure 10-3. Schema showing proteolytic cleavage 
sites on the APP770 molecule and the different peptides 
resulting from proteolytic cleavages: bar with diagonal 
lines, extracellular N-terminal APP fragment; solid bar 
between diagonal- and vertical-line bars, Aβ-segment;
bar with vertical lines, intracellular C-terminal fragment; 
dashed arrow, β-secretase site (after residue 671); center 
arrow, α-secretase site (after residue 687); right arrow, 
γ-secretase site (after residues 710 or 712). Second 
horizontal line represents full-length Aβ 40/42/43. Third 
horizontal line represents p3 fragment. Fourth horizontal 
line (left) represents sAPPα fragment (N-terminal-687). 
Fourth horizontal line (right) represents carboxy-
terminal fragment (CTF). Bottom horizontal line repre-
sents sAPPβ fragment (N-terminal-671). Vertical bar 
represents the membrane-spanning segment, which 
comprises residues 700 to 723. (See color plate.)
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2002). The early endosomal compartment with 
its associated proteases was found to be greatly 
enlarged in pyramidal neurons in prefrontal 
cortices of postmortem brain from sporadic AD 
subjects as compared to brain from age-matched 
subjects who had no brain disease or who had 
other neurodegenerative diseases. This implies 
greatly increased endosomal activity in the AD 
brain, which may be related to Aβ accumulation 
in sporadic AD (Cataldo et al., 1997).

Certain critical issues in the biology of APP 
and pathogenesis of AD concern the transport of 
APP, the secretases and Aβ and the compartments 
they traverse. There is evidence for transport of 
PS1 and BACE1 from entorhinal cortex to hippo-
campus in transgenic mice based on removal of 
the perforant pathway afferents which results in 
about 50% reductions in these enzymes in the 
dentate gyrus (Sheng et al., 2003). In mutant PS1 
transgenic mice, densities of synaptophysin-
containing vesicles and mitochondria were reduced 
in neuritic processes of hippocampal neurons 
while APP, PS1 and synaptophysin levels were 
found reduced in sciatic nerves, consistent with a 
reduction in fast transport, in the transgenic mice. 
Alterations in axoplasmic transport obviously may 
compromise neuronal structure and function in 
AD in many ways (Pigino et al., 2003).

Functions of APP

a. Physiologic Effects of 
Secreted APP

The role of APP in the normal physiology of 
the brain or other tissues is not fully understood. 
Current proteomic technology has identifi ed 21 
proteins co-immunoprecipitated with APP from 
AD brain lysates All the identifi ed proteins could 
be classifi ed as those related to axonal transport, 
vesicle formation and transport, cytoskeletal 
structure, chaperone and adaptor functions, imply-
ing that APP could also be related to any of these 
structural or transport functions (Cottrell et al., 
2005). The structure of APP and its recycling 
through endosomes have features of a cell surface 
receptor (Kang, 1987) and its association with 
caveolae-like vesicles enriched also with glypi-
ated protein suggest a function in transmembrane 
signaling for GPI-linked glycoproteins (Bouillot 
et al., 1996). Amyloid precursor protein may func-
tion as a platelet-released inhibitor of coagulation 

factor XI and as an anticoagulant (Smith et al., 
1990; Schmaier et al., 1993). Long isoforms of 
APP contain a 56-residue sequence inserted at 
residue 289 in the extracellular segment that is 
homologous to the Kunitz family of serine prote-
ase inhibitors, for example, aprotonin, bovine pan-
creatic trypsin inhibitor, and the human plasma 
protein inter-alpha-trypsin inhibitor (Ponte et al., 
1988; Tanzi et al., 1988; Kitaguchi et al., 1988). 
Protease nexin-II (PN-2) (Seguchi et al., 1999) 
which inhibits proteolysis and coagulation factor 
XIa, was found identical to KPI-containing APP. 
This protein is contained in platelet granules and 
is secreted upon platelet activation (Van Nostrand 
et al., 1989; Oltersdorf et al., 1989). Thus, the long 
isoforms of secreted APP may function both as 
extracellular protease inhibitors and as platelet 
regulators of coagulation. Secreted forms of APP 
may derive from any of the isoforms with or 
without the inserted KPI motif. In humans, both 
the soluble KPI-containing and the KPI-free 
derivatives are readily detected in CSF from both 
AD cases and controls (Palmert et al., 1989). 
Binding of fi brillar Aβ to PN-2/APP enhances 
fi vefold the inhibition of coagulation factor XIa, 
and PN-2/APP along with Aβ are elevated in 
cerebral vessels in hereditary cerebral hemorrhage 
with amyloidosis-Dutch type (HCHWA-D) (Table 
10-2); these conditions might favor hemorrhage 
(Wagner et al., 2000). There are at least two 
amyloid precursorlike proteins, identifi ed as 
APLP1 and APLP2, that have properties of pro-
teinase inhibition and coagulation factor inhibition 
similar to but less potent than those of PN-2/APP. 
These proteins probably form a family of protein-
ase inhibitors and may compensate for each other 
to some extent (Van Nostrand et al., 1990, 
1994).

An intracellular C-terminal portion of 57 or 59 
residues, termed the amyloid intracellular domain 
(AICD), is produced by γ-cleavage of the APP 
molecule (Figure 10-3). The amyloid intracellular 
domain has been shown to translocate to the 
nucleus after interaction with an adapter protein, 
Fe65, in the cytoplasm. This complex is transcrip-
tionally active. The amyloid intracellular domain 
may function in regulating phosphoinositide-
mediated Ca2+ signaling through modulation of 
ER Ca2+ stores (O’Neill et al., 2001). However, 
some reports suggest possible toxic effects 
of C-terminal fragments (Suh and Checler, 
2002).
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Amyloid precursor protein knockout mice 
have shown reduced local microglial activation 
and improved neuronal survival after transection 
injury to the medial forebrain bundle (DeGiorgio 
et al., 2002; Harper et al., 1998).

However, APP null mice also exhibit subtle 
locomotor dysfunction and forelimb weakness 
(Heber, 2000). Blocking APP synthesis in vitro
decreases adhesiveness of neurons on collagen 
and laminin suggesting APP is involved in cell 
membrane interactions with extracellular matrix 
(Coulson, 1997). APP exhibits both neuroprotec-
tive effects at lower levels and toxic effects at 
higher levels, depending also on the isoforms 
expressed (Mucke, 1996). APLP2-null mice 
appear healthy until age 22 months. However, of 
mice made null for both APLP2 and APP, 80% 
die before the fi rst week, indicating that APP or 
APLP2 is required for early development and that 
these proteins can substitute for each other func-
tionally to some extent (von Koch et al., 1997).

b. Apolipoprotein E Polymorphism 
and APP Processing

Apolipoproteins (ApoE) are lipid carrier mole-
cules involved in the transport and distribution of 
cholesterol and lipids from liver to all extra-hepatic 
tissues via low-density lipoprotein (LDL)-receptor-
mediated mechanisms (Brown and Goldstein, 1986). 
In brain, ApoE is not involved in the transport of 
cholesterol to and from the brain but instead is 
involved in the redistribution of cholesterol to dif-
ferent subcellular compartments and membranes 
of neurons. This redistribution proceeds together 
with membrane remodeling during regeneration 
of neurites, axons, and synapses (Mahley, 1988; 
Handelmann et al., 1992; Poirier et al., 1993; Nathan 
et al., 1994; Masliah, 1995). Apolipoprotein E also 
is known to be an Aβ-scavenging molecule that reg-
ulates extracellular Aβ concentration through ApoE-
receptor internalization and the endosomal-lysosomal 
system (Poirier, 2000).

Apolipoprotein E is a 34 kDa protein (Mahley, 
1988) encoded by a polymorphic gene located on 
chromosome 19 (Lin-Lee et al., 1985). The three 
different isoforms of ApoE (ApoE2, ApoE3, 
ApoE4) are respectively coded by three separate 
alleles (ε2, ε3, ε4) that are inherited in a codomi-
nant fashion at a single genetic locus (Zannis and 
Breslow, 1981). These isoforms differ in amino 
acids at positions 112 and 158 (Mahley, 1988). 

The most common isoform, ApoE3, has cysteine 
at position 112 and arginine at position 158; 
ApoE2 has cysteine at both positions, whereas 
ApoE4 lacks cysteine at both positions and con-
tains arginine instead (Han et al., 2003). There-
fore, ApoE4 cannot undergo intramolecular or 
intermolecular disulfi de cross-linking (Selkoe and 
Lansbury, 1999).

The role of ApoE4 in AD was fi rst discovered 
by Strittmatter and coworkers, who showed a cor-
relation between a genetic linkage site on chromo-
some 19 of the individuals affected with AD 
(Strittmatter et al., 1993). The ApoE4 allele was 
found present in approximately 65% of the cases 
with late-onset familial AD and in 50% or more 
of the sporadic late-onset AD cases (Roses et al., 
1995; Saunders, 2000). However, the precise 
mechanisms by which the increased proportion of 
the ε4 to other alleles of ApoE might lead to AD 
are not fully understood.

Physiological effects of ApoE4 are isoform 
specifi c and have been attributed to the lack of 
cysteine at positions 112 and 158. Since ApoE4 
cannot undergo intramolecular or intermolecular 
disulfi de cross-linking, it is thought that this par-
ticular isoform may fail to internalize extracellular 
Aβ to endosomes or lysosomes and hence may 
not clear extracellular Aβ effi ciently (Selkoe and 
Lansbury, 1999). Isoform-specifi c effects of ApoE 
in increasing Aβ levels and neuritic plaque forma-
tion in transgenic PDAPP mice (see Table 10-3) 
with different human ApoE isoforms are shown to 
be in accord with those relationships found in AD, 
ε4 being more pronounced than ε3, and ε3 more 
pronounced than ε2 (Hartman et al., 2001; Fagan 
et al., 2002). In contrast, neurotrophic and synap-
totrophic effects of ε2 and ε3 are more pronounced 
than those of ε4 (Nathan et al., 1994).

c. Cholesterol and APP Processing

The brain is an organ rich in cholesterol 
(Dietschy and Turley, 2001), and most of it is 
derived by neosynthesis in the brain itself. Since 
the brain is protected by the blood-brain-barrier 
(BBB), it does not compete with circulating lipo-
proteins for cholesterol to the extent that peripheral 
tissues do (Simons et al., 2001). The brain apoli-
poproteins are not involved in the transport of 
cholesterol to and from the brain but in the 
redistribution of cholesterol within the brain 
during axonal-synaptic remodeling (Mahley, 
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Table 10-3. Widely Used Transgenic Models of Alzheimer’s Disease and Tauopathy

Transgenic  Neurodegenerative
Models of AD Transgene Changes Behavioral Defi cits

APP Transgenic Mice
APP Indiana Human APP695 Aβ plaques; synaptic loss; Some behavioral impairment
 PDAPP  cDNA with  astrogliosis; microgliosis  (Games et al., 1995)

V717F
APP Swedish Human APP695 Numerous Aβ plaques; Spatial reference memory
 Tg2576  cDNA with  synaptic loss; astrogliosis;  impairment (Hsiao et al., 1996)

 K670M/N671L  microgliosis; lipid and
   oxidative damage
APP Swedish Human APP751 Numerous Aβ plaques; Aβ Impairment in water maze
 APP23  cDNA with  in CSF; cerebral amyloid  performance and passive

 K670M/N671L  angiopathy; synaptic loss;  avoidance test (Sturchler-
 astrogliosis; microgliosis  Pierrat, 1997; Boncristiano

 et al., 2002)
APP London Human APP751 Cerebral plaques; cerebral Decreased exploration;

 cDNA with  amyloid angiopathy;  increased neophobia; increased
 V717I  cholinergic fi ber  male aggressive behavior

 degeneration  (Moechars et al., 1999)
APP Human APP751 Early onset of neuritic Impairment in acquisition and
 Swedish+Indiana  cDNA with both  pathology and dense cored  learning and water maze
 TgCRND8  K670M/N671L  plaques at 3 to 5 months  performance (Chishti et al.,

 and V717F   2001)
Presenilin Transgenic Mice
PS1 M146L Human PS1 No neuropathology evident No behavioral abnormalities

 cDNA with  up to 2.5 years of age  (Duff et al., 1996)
M146L

PS1 M146V Human PS1 No neuropathology evident No behavioral abnormalities
 cDNA with  up to 2.5 years of age  (Duff et al., 1996)

M146V
PS1 A246E Human PS1 No neuropathology evident No behavioral abnormalities

 cDNA with  up to 2 years of age;  (Schneider et al., 2001)
 A246E  followed by neuronal

 apoptosis and seizures
PS2 N141I Human PS2 Age-dependent increase in No behavioral abnormalities

 cDNA with  Aβ42; higher levels of  (Oyama et al., 1998)
 N141I  insoluble Aβ

ApoE Transgenic Mice
ApoE4 Human ApoE CNS axonopathy; Muscular degeneration; motor

gene (ε4 allele)  hyperphosphorylation  defi cits (Umans et al., 1999)
   of tau
Tau Transgenic Mice
Tau P301L-JNPL3 Longest human Fibrillary gliosis; axonal Severe motor and behavioral

 tau cDNA with 4  degeneration; neuronal  disturbances (Lewis et al.,
 repeats P301L  lesions similar to FTDP-17  2000)

Tau R406W Longest human Accumulation of insoluble Impaired associative memory;
 tau cDNA with  tau and congophilic  impaired contextual fear
 R406W  hyperphosphorylated tau  conditioning (Tatebayashi

 inclusions in aged brain   et al., 2002)
Tau V337M Longest human Hippocampal neuronal Impaired spontaneous

 tau cDNA with  degeneration and  locomotion; no changes in
 V337M  deposition of PHF  water maze performance

   tau fi laments  (Tanemura et al., 2002)
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Table 10-3. Continued

Transgenic  Neurodegenerative
Models of AD Transgene Changes Behavioral Defi cits

Multiple Cross Transgenic Mice
APP+PS1 Human APP695 Numerous cerebral Aβ Spatial reference memory

 K670M/N671L  deposits at an early age;  impairment early on (Gordon
 and PS1 A246E  astrogliosis; microgliosis  et al., 2002; Borchelt et al.,

    1997)
APP+3Repeat tau Human APP695 Somatodendritic No behavioral defi cits

 K670M/N671L  accumulation of transgenic  observed (Boutajangout et al.,
 and PS1 M146L  tau; increased tau  2002)

 phosphorylation but no
 evidence of tangles

APP+4Repeat tau Human APP695 Cerebral Aβ deposits; Motor disturbances including
 TAPP  K670M/N671L  neurofi brillary tangle  hind-limb weakness; decreased

 and tau P301L  pathology in limbic system  grooming (Lewis et al., 2001)
 and olfactory cortex

APP+PS1+tau Human APP695 Age-dependent progressive Early LTP defi cits (Oddo et al.,
 K670M/N671L,  development of plaques  2003)
 PS1 M146V,  and tangles; synaptic
 P301L  degeneration

1988). Removal of excess brain cholesterol 
occurs mainly via conversion of cholesterol to 
24-hydroxycholesterol, which can pass the BBB 
(Bjorkhem et al., 1998). Cholesterol levels in spe-
cifi c compartments of cells are tightly regulated 
since membrane cholesterol affects membrane 
functions by regulating physico-chemical proper-
ties of the cell membrane (Simons et al., 2001). All 
membrane-associated proteins including APP are 
likely to be affected by the lipid composition of the 
membrane to which they are anchored. Cholesterol 
may alter the activity of enzymes or receptor pro-
teins embedded within the membrane by modulat-
ing membrane fl uidity (Racchi et al., 1997), or by 
a mechanism independent of its membrane-order-
ing effect (Schroeder et al., 1991).

The signifi cance of cholesterol transport to 
amyloidogenesis is proved clearly in the inherited 
Neimann-Pick type C diseases (NPC1 and NPC2). 
These diseases are due to mutations in one of two 
proteins required for cholesterol and/or fatty acid 
homeostasis and are associated with cholesterol 
accumulation in the late endosomal compartment 
(Davies et al., 2000; Naureckiene et al., 2000). 
The brain contains depositions of amyloid plaques 
and NFTs of abnormally phosphorylated tau as 
in AD (Sawamura et al., 2001). Insoluble Aβ

accumulates together with cholesterol in the late 
endosomes in NPC mutant cells (Yamazaki et al., 
2000). Pharmacologic inhibition of cholesterol 
transport from the endosomal-lysosomal compart-
ment to the ER leads to retention of cholesterol 
along with accumulation of PS1 and PS2 colocal-
ized with Aβ42 in endosomal vesicular compart-
ments as in cells defi cient in the NPC1 cholesterol 
transport protein (Runz et al., 2002). It is of inter-
est that the NC1 protein shares homology with 
hydroxymethylglutaryl CoA reductase, the enzyme 
inhibited by the statin drugs used to lower blood 
cholesterol.

Membrane colocalization of α-secretase and 
substrate APP are critical for the activity α-
secretase. An α-secretase cleavage requires that 
APP be inserted into a membrane, and the site of 
APP cleavage is a fi xed distance from the mem-
brane rather than at a specifi c amino acid sequence 
(Maruyama et al., 1991; Sisodia, 1992). A change 
in the lipid ordering of the membrane may perturb 
the steric relationship of the enzyme to APP and 
may thereby inhibit α-cleavage. Impedance of 
membrane fl uidity due to cholesterol loading also 
appears to inhibit the required contact between the 
enzyme and the target protein (Bodovitz and 
Klein, 1996). In addition to the effect of choles-
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terol on membrane lipid ordering, elevated levels 
of cholesteryl esters are associated with increased 
Aβ production. Inhibitors of acyl-coenzyme A:
cholesterol acyltransferase, the ER enzyme that 
catalyzes synthesis of cholesteryl esters and is 
activated by elevated free cholesterol, reduce Aβ
generation in neuronal and other cell lines(Puglielli 
et al., 2001).

Cholesterol-enriched lipid rafts are a major site 
for amyloidogenic processing of APP. Signifi cant 
portions of Aβ along with presenilins are associ-
ated with detergent-insoluble-glycolipid (DIG)-
enriched fractions from rat brain cortical gray, 
hippocampal neurons and cultured neurons (Lee 
et al., 1998; Morishima-Kawashima and Ihara, 
1998). Copatching of APP and the β-site cleavage 
enzyme to plasma membrane and segregation 
away from nonraft markers dramatically increase 
Aβ production in a cholesterol- and endocytosis-
dependent manner (Ehehalt et al., 2003). 
Reductions in total cellular cholesterol in various 
neuronal types inhibits Aβ production and in 
some cases increases sAPPα production (Simons 
et al., 1998, 2001; Kojro et al., 2001). Current data 
suggest two pools of APP and that APP within 
the raft clusters undergoes amyloidogenic 
cleavage while APP outside the rafts undergoes 
α-cleavage (Simons et al., 1998, 2001; Ehehalt 
et al., 2003).

However, either excess cholesterol or acute 
depletion of cholesterol may be harmful to the 
cell. Acute cholesterol depletion disrupts the clus-
ters of SNAREs required for exocytosis (Lang et 
al., 2001); blocks the internalization of clathrin-
coated endocytic vesicles (Rodal et al., 1999; 
Subtil et al., 1999); and disperses PIP(4,5)P2 
from low-density membrane receptor domains, 
which inhibits hormone-stimulated PtdIns signal-
ing (Pike and Miller, 1998). Therefore, acute 
depletion of cholesterol in brain by lipophilic 
statins may have adverse effects on brain function 
(for discussion of membrane dynamics and 
cholesterol, see Chauhan, 2003).

5. Mutations of APP

The known mutated genes or chromosomes 
causing or defi nitely predisposing to AD are listed 
in Table 10-2. Transgenic animal models useful in 
investigating mutations causing AD are listed in 

Table 10-3 (see also Wong et al., 2001). The muta-
tions in APP all alter the proteolysis of APP in 
such a way as to augment production of Aβ pep-
tides, particularly that of the more highly amy-
loidogenic Aβ42. Alzheimer’s disease-causing 
mutations in APP near the β-site potentiate β-
cleavage, leading to elevation of both Aβ40 and 
Aβ42 (Citron et al., 1992; Cai et al., 1993), while 
mutations near the γ-site specifi cally increase 
levels of Aβ42 (Suzuki et al., 1994; Suh and 
Checler, 2002).

Down syndrome, trisomy 21, is a chromosomal 
dysgenesis syndrome consisting of a variable con-
stellation of abnormalities caused by triplication 
or translocation of chromosome 21. There result 
3 copies of the APP gene and excessive or dys-
regulated expression of APP and production of Aβ
peptides. Alzheimer’s disease with characteristic 
deposition of abundant amyloid plaques and NFTs 
develops invariably in these individuals by the age 
of 40 years. Immunoreactivity for APP is found 
in postmortem cortex of fetuses, neonates, and 
infants among control and DS brains but dis-
appears in childhood in both groups and reappears 
in adulthood only in the DS group. These data 
suggest that APP is a growth factor in early devel-
opment and that there is an excessive expression 
of APP in adulthood in DS (Arai et al., 1997). 
Increased soluble Aβ42 is found in postmortem 
brains of DS as early as gestational age 21 weeks 
and intraneuronal immunostaining for Aβ is found 
in hippocampus and cortex of young (3 years) DS 
patients earlier than the formation of amyloid 
plaques or NFTs (Teller et al., 1996; Gyure et al., 
2001; Mori et al., 2002). This is further evidence 
that toxicity leading to AD ensues fi rst from pro-
tofi brillar Aβ, which then results in NFTs and 
amyloid plaques. DS and AD markers map to 
mouse chromosomes 16 and 17 (Cheng et al., 
1988).

E. a-Secretase

This enzymatic activity entails properties of 
certain cell surface membrane-bound metallopro-
teases of the ADAM (a disintegrin and metallo-
protease) family. Two candidates are tumor 
necrosis factor-α (TNF-α)-converting enzyme 
(TACE or ADAM-17) and ADAM-10. These 
enzymes are also implicated in the Notch signal-
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ing pathway. Cleavage of APP on the C-terminal 
side of residue 16 of the Aβ peptide (between 
Lys16 and Leu17 within the Aβ domain) gener-
ates an 83-residue C-terminal fragment (CT83) 
and the large secreted ectodomain sAPPα (Figure 
10-2). Thus, α-secretase cleaves APP within the 
Aβ sequence and precludes amyloidogenesis or 
excessive formation of Aβ peptides, plaque for-
mation, and the array of effects subsequent to 
excessive Aβ formation.

α-Cleavage activity is found at the cell surface 
and in the trans-Golgi network. α-Secretase
appears to have an unregulated (basal or constitu-
tive) portion and a portion regulated by protein 
kinase C. The fraction of cellular α-secretase
activity regulated by protein kinase C (PKC) has 
also been attributed to the mentioned ADAM 
family members (Buxbaum et al., 1998). There is 
evidence for α-cleavage of APP at the cell surface 
(Ikezu et al., 1998); this activity has also been 
identifi ed as ADAM-10 (Kojro et al., 2001). While 
sAPPα is produced at the plasmalemma, there is 
evidence that the portion of cellular α-secretase
APP cleavage catalyzed by TACE/ADAM-10 and
regulated by PKC occurs in the trans-Golgi 
membranes, a site at which it is thought the bulk 
of β-secretase activity (see below) also occurs. It 
was observed that PKC activation increases 
sAPPα and decreases sAPPβ by altering the 
relative rates of α- and β-cleavages within 
the same organelle. Since it is the case that once 
the α-cleavage has occurred the formation of Aβ
is precluded, PKC-regulated α-secretase activity 
in the trans-Golgi network may be a strategic site 
for pharmacologic intervention (Skovronsky et al., 
2000; Levites et al., 2003).

A small portion, about 1% to 5%, of total neu-
ronal APP is associated with caveolae, which are 
cholesterol-enriched (not lipid rafts or clathrin-
coated pits) plasma membrane invaginations that 
concentrate signaling elements, including multiple 
tyrosine kinase receptors. The caveolae fraction 
of neuronal plasma membranes comprises 5% 
to 10% of the plasma membrane protein and is 
thought to be organized for signal transduction 
(Bouillot et al., 1996; Wu et al., 1997). APP in the 
caveolae is bound by its cytoplasmic domain to 
caveolin-1, a cholesterol-binding protein, and α-
secretase processing is promoted by recombinant 
overexpression of caveolin-1 in intact cells, result-
ing in increased secretion of the soluble extracel-

lular domain of sAPPα (Ikezu et al., 1998). The 
potential signifi cance of this pool to total APP 
processing is not clear (Hailstones et al., 1998; 
Parkin et al., 1999).

F. b-Secretase

Vassar et al. (1999) cloned a human transmem-
brane aspartyl protease that had all the known 
characteristics of the β-secretase, and this enzyme 
was designated BACE, for “beta-site APP-
cleaving enzyme.” The enzyme shares signifi cant 
sequence similarity with members of the pepsin 
subfamily of aspartyl proteases. The structure of 
BACE indicates that it is a type 1 transmembrane 
protein with the active site on the lumenal side of 
the membrane (with respect to the ER), where β-
secretase cleaves APP.

By in situ hybridization, expression of BACE 
mRNA in rat brain is observed at higher levels in 
neurons than in glia, supporting the idea that 
neurons are the primary source of the extracellular 
Aβ deposited in amyloid plaques. BACE in 
neurons is localized by immunocytochemistry 
to the Golgi and endosomes. It traverses a secre-
tory pathway to the plasmalemma where it is 
internalized to endosomes. BACE is targeted by 
its C-terminus dileucine signal to the late endo-
somal/lysosomal compartments to be degraded 
by the lysosomal pathway (Young HK et al., 
2005). BACE overexpression in cultured cells 
induces cleavage only at the known β-secretase
positions, Asp1 and Glu11, and decreases α-
cleavage. A second aspartyl protease capable of 
cleaving APP at the β-site was designated BACE2 
or ASP2 (Yan et al., 1999; Sinha et al., 1999; 
Hussain et al., 1999). BACE2 is localized to 
glia. While both enzymes might be involved in 
producing Aβ, Cai et al. (2001) established that 
BACE1 is the principal neuronal protease required 
to cleave APP at the +1 and +11 sites that generate 
N termini of Aβ.

Other specifi c pathophysiologic manifesta-
tions of BACE1 activity or defi ciency are not 
known. Both BACE enzymes may have substrates 
other than APP. In experimental knockout mice 
defi cient in BACE1, brains lacked Aβ and β-
secretase-cleaved APP C-terminal fragments. 
While earlier studies did not discern phenotypic 
abnormalities (Luo et al., 2001; Roberds et al., 
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2001), more recent work did reveal evidence of 
morbidity in BACE1 null mice, including postna-
tal mortality and retarded growth, hyperactivity 
and abnormal sodium-gated channels in surviving 
mice; BACE2 null animals on the other hand 
appeared normal (Dominquez et al., 2005). No 
evidence for either genetic linkage or allelic asso-
ciation between BACE and AD nor for coding 
sequence mutations in the open reading frame of 
the BACE gene was found (Nicolaou et al., 2001). 
This is in contrast to the situation with γ-secretase,
mutations of which are associated with familial 
AD (see below).

G. g -Secretase

1. Localization of 
g-Secretase Activity

Immunochemical analyses have localized PS1 
and PS2 to similar intracellular compartments (ER 
and Golgi complex) and perinuclear membranes. 
It has also been observed that PS1 immunoreactiv-
ity in the plasma membrane is concentrated in 
regions of cell-cell contact, suggesting that PS1 
may be a cell adhesion molecule (Takashima et 
al., 1996). However, localization in the ER and 
Golgi membranes may be related to sites of syn-
thesis of these proteins, particularly in overex-
pressing cell models, rather than to sites of their 
enzymatic activity.

Wilson et al. (2002) analyzed the production 
of several forms of secreted and intracellular Aβ
in mouse cells lacking PS1, PS2, or both proteins. 
Although most Aβ species were abolished in PS1/
PS2 −/− cells, the production of intracellular Aβ42
generated in the ER/intermediate compartment 
was unaffected by the absence of these proteins, 
either singly or in combination. It was concluded 
that another, as yet unknown, γ-secretase activity 
must be responsible for cleavage of APP within 
the early secretory compartments.

2. g-Secretase Membrane 
Protein Complex

γ-Secretase is considered the founding member 
of a class of intramembrane-cleaving aspartyl pro-
teases that hydrolyze a peptide bond within the 

hydrophobic environment of a lipid bilayer (Kopan 
and Goate, 2000; Wolfe and Selkoe, 2002). Besides 
its role in the production of Aβs, γ-secretase cata-
lyzes the proteolytic release of the intracellular 
domains of Notch, βAPP, and other transmem-
brane receptors, such as sterol regulatory element-
binding proteins (SREBPs) and an epidermal 
growth factor tyrosine kinase receptor for neu-
regulins (ErbB-4) (Lee et al., 2002).

PS1 and PS2 share 67% amino acid homology, 
but it is not clear whether they have different sub-
strates since they do reside in different complexes 
(Kopan and Goate, 2000). While presenilin is the 
active protease site, its activity is tightly regulated 
by its structure within the membrane complex. In 
studies of PS1, Kimberly and colleagues (2000) 
have found that this complex is composed of 4 
identifi ed proteins that copurify, coprecipitate, 
and together are suffi cient to produce the active 
enzyme. The complex consists of PS1, nicastrin, 
Aph-1, and Pen-2, presenting a total molecular 
mass of 200 to 250 kDa. Thus, the γ-secretase may 
be more accurately termed the γ-secretase protein 
complex (GSPC).

The mechanism of the γ-secretase activity is 
being intensively investigated. The γ-secretase is 
one of a group of intramembrane-cleaving 
proteases (I-CLiPs) which “must create a micro-
environment for water and the hydrophilic residues 
for catalysis within the membrane, then bend or 
unwind their substrates to make the amide bonds 
susceptible to hydrolysis” (Wolfe and Kopan, 
2004). The biological activity of PS1 involves its 
autoproteolytic cleavage into its N-terminal and 
C-terminal fragments that remain associated in 
the complex as a heterodimer. The active site is 
thought to be at the interface of the two segments. 
PS1 contains two conserved aspartate residues 
(Asp257, Asp385) that are situated in its trans-
membrane (TM) loops 6 and 7, respectively 
(Kimberly et al., 2003). Site-directed mutation of 
either of these residues to alanine in PS1 sub-
stantially reduces Aβ production and increases the 
amounts of the carboxy-terminal fragments of 
APP that are the substrates of γ-secretase, as mea-
sured in cell culture and cell-free microsomes (De 
Jonghe et al., 2001). Either of the Asp-to-Ala 
mutations also prevents the normal autoproteoly-
sis of PS1 in the TM6 to TM7 cytoplasmic loop 
to produce the N- and C-terminal segments (Wolfe 
et al., 1999). The current data indicate that Pen-2 
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preferentially binds to PS1 holoprotein and is 
required for autoproteolyis of PS1, while this 
function is regulated by Aph-1 (Luo et al., 
2003).

The level of heterodimerization of the two frag-
ments of PS1 in the membrane is tightly regulated 
by other limiting factors, which are not entirely 
understood. The combination of the 4 proteins in 
the GSPC has been found suffi cient to modify the 
regulation of the PS heterodimer levels and to 
thus augment γ-secretase activity in mammalian 
cells. Coexpression of all 4 proteins “unleashes γ-
secretase” and potentiates product formation. The 
model is one in which nicastrin, Aph-1, and Pen-2 
interact with PS to permit its autoproteolysis, with 
the active site of the mature protease located at the 
cytoplasmic interface between the two PS TM 
segments (Kimberly et al., 2003).

As mentioned above, γ-secretase activity in the 
early secretory pathway does not depend on PS. In 
addition, while PS itself may be demonstrated in 
the early ER and Golgi membranes, the γ-secretase
substrates are localized in late secretory compart-
ments and plasmalemma. This apparent paradox is 
resolved by fi nding that maturation and/or traffi ck-
ing of nicastrin through the Golgi and formation 
of the nicastrin-PS complex are associated with 
PS-dependent γ-secretase activity in the late 
secretory compartment (Siman and Velji, 2003; 
Herreman et al., 2003; Arawaka et al., 2002). Fluo-
rescence microscopy methods show that the stron-
gest interactions between APP and PS1 are at the 
cell surface (Berezovska et al., 2003).

3. Presenilin Mutations

As outlined earlier, accumulation of Aβ protein 
in the cerebral cortex is an early and invariant 
event in the pathogenesis of AD. The fi nal step in 
the generation of Aβ from APP is an apparently 
intramembranous proteolysis of APP by γ-secr-
etase(s). The most common cause of autosomal 
dominant familial AD is mutation of the genes 
encoding presenilins 1 and 2 on chromosomes 14 
and 1, respectively (Table 10-2). These mutations 
all alter γ-secretase activity to increase the produc-
tion of the highly amyloidogenic Aβ42 isoform. 
About 100 missense mutations and 1 exon dele-
tion of PS1 have been found, some of them causing 
familial AD before the age of 30 years. About 6 

mutations on PS2 gene have been identifi ed. Most 
mutations on PS1 occur at amino acids conserved 
in the two proteins and are clustered within their 
transmembrane domains (Citron et al., 1997; 
Russo et al., 2000).

The PS1 gene product facilitates function of 
the LIN12/Notch proteins involved in cell-cell 
recognition, signal transduction between plasma-
lemma and nucleus, and cell development during 
embryogenesis. Absence of the PS1 gene is lethal, 
and PS1-null embryos display abnormal somite 
development, neuronal defi cits, and growth retar-
dation. The particular mutations in PS1 that cause 
familial AD apparently do not involve functions 
of PS1 that are manifested during embryogenesis, 
since PS1-null mice can be rescued from embry-
onic lethality by either wild-type or AD-linked 
PS1 mutated genes (see Suh and Checler, 2002; 
Tandon and Fraser, 2002).

Almost all the pathogenic mutations of prese-
nilins associated with familial AD affect the pro-
cessing of APP such that γ-cleavage is augmented, 
leading to increased amounts of Aβ40 and more 
so of Aβ42 at the expense of physiologically 
secreted soluble APP products. The augmentation 
in catalytic activity caused by the mutation is 
called a “toxic gain in function.”

However, defi ciency and mutations in the 
presenilins may lead to manifestations of dys-
regulated metabolism, in addition to excessive 
production of Aβ, that may be operative in AD 
pathogenesis. PS1 and PS2 are known to posi-
tively regulate activation of the phosphatidylino-
sitol 3-kinase (PI3)/Akt and the MEK/ERK 
pathways while these pathways are suppressed by 
AD-linked PS1 mutations and PS1 or PS2 defi -
ciencies in vitro. The PI3/Akt pathway phos-
phorylates glycogen synthase kinase-3 (GSK3β),
thereby inactivating the latter, and reduces tau 
phosphorylation (see later) whereas PS1 or PS2 
defi ciency increases tau phosphorylation. The in
vitro data implicate platelet-derived growth factor 
receptors which are at the membrane surface, thus 
upstream of the signaling pathways (Kang et al., 
2005).

Large increases in levels of the Aβ peptides 
have been measured in brain, plasma, or secreted 
medium of fi broblasts from patients with PS-
related familial AD (Scheuner et al., 1996). The 
increased γ-cleavage activity and overproduction 
of Aβ peptides has been demonstrated in all bio-
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logical experimental models in which the muta-
ted PS gene is overexpressed, including transfected 
cells and transgenic mice (Borchelt et al., 1996; 
Duff et al., 1996; Harrison and Beher, 2003). 
Transfection with wild-type PS genes does not 
alter levels of APP, Aβ peptides, or α- and β-
secretase activities.

H. Learning and Memory: 
Effects of Amyloid and 
Mutations of APP and PS1

Many studies have shown that transgenic mice 
overexpressing mutated human genes for APP 
or presenilins linked to inherited AD gradually 
develop defi cits in learning and memory functions 
as they grow older and the degree of defi cit is 
correlated with accumulation of amyloid. The 
beginning of memory defi cits can, however, be 
discerned at young ages before the accumulation 
of plaques. Decreased Ca-dependent evoked 
potentials in hippocampal slices from such animals 
can also be seen at early ages as can depletion of 
presynaptic SNAP25, a protein required for vesicle 
exocytsis (Chauhan and Siegel, 2002). The early 
changes are thought to be due to pre-fi brillar or 
diffusible Aβ.

Using 3 groups of transgenic mice (see Table 
10-3) carrying the presenilin A246E mutation, 
the amyloid precursor protein K670N/M671L 
mutation, or both mutations, Dineley et al. (2002) 
showed that coexpression of both mutant trans-
genes resulted in accelerated Aβ accumulation, 
fi rst detected at 7 months in the cortex and hippo-
campus, compared to the APP or PS1 transgene 
alone. On the other hand, contextual fear learning, 
a hippocampus-dependent associative learning 
task, but not cued fear learning, was impaired in 
mice carrying both mutations or the APP muta-
tion, but not the PS1 mutation alone. The impair-
ment was manifested at 5 months of age, preceding 
detectable plaque deposition, and increased with 
age. While Aβ and/or the mutated proteins exert 
many neurotoxic effects that may disrupt cellular 
regulatory pathways, it is likely that the ultimate 
effect related to learning is on gene regulation. A 
number of immediate early genes (Arc, Nur77, 
Zif268) and plasticity-reelated genes (GluR1, 
CaMKIIα, Na,K-ATPase α3 isoform) critical for 
learning and memory were found normal in young 

mice harboring either or both of the mutant APP 
and PS1 genes. But the expression of these genes 
decreased as the mice grew older and accumulated 
amyloid plaques. The gene repression was correlated 
with amyloid burden (Dickey et al., 2004).

I. Tau Biology

1. Pathology

One of the two principal hallmarks for the 
pathologic diagnosis of AD is the presence of 
intraneuronal neurofi brillary tangles. The NFTs 
consist of bundles of silver-staining intraneuronal 
cytoplasmic fi bers that are paired, helically wound 
fi laments (PHF) of about 10 nm often mixed with 
15-nm straight fi laments. The NFTs are frequently 
present in the perikarya, whose axons project 
to sites of amyloid/neuritic plaques. The neuro-
nal networks earliest and most involved are 
the entorhinal-hippocampal perforant and the 
basal forebrain (nucleus basalis of Meynert)-
hippocampal-neocortical pathways (Terry et al., 
1999; Selkoe and Lansbury, 1999; Brion et al., 
2001).

The NFTs are also found in different dis-
tributions in the brain in the absence of amyloid 
plaques in the group of diseases called tauopathies 
(Table 10-1). It is now known that the NFTs in all 
cases are composed of abnormally phosphory-
lated twisted fi laments of tau, a low-molecular-
weight microtubule-associated protein (MAP; 
Vogelsberg-Ragaglia et al., 1999). However, the 
particular tau isoforms and their sites of phosphory-
lation as found in the NFTs are characteristic for 
the particular class of diseases (Table 10-1).

Small numbers of amyloid plaques and NFTs 
are found in postmortem brains and olfactory 
bulbs of nondemented aged individuals, and there 
is controversy as to which comes fi rst and whether 
the density of NFTs or plaques can be correlated 
with cognitive scores or onset and progression of 
dementia (Kovacs et al., 1999). A problem with 
such attempted correlations is that the triggering 
or toxic effects of Aβ on neuronal biology in 
general or on tau in particular may well be evident 
prior to the formation of anatomically distinct 
aggregates or plaques. The presence of NFTs and 
plaques in postmortem brains of nondemented 
aged persons leads to the idea that these forma-
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tions to a small extent are by-products of physio-
logic processes, while the pathogenesis of AD is 
the result of an exaggeration and dysregulation 
of these processes. Postmortem AD brain almost 
always contains abundant amyloid plaques and 
neurofi brillary tangles (NFTs), while brains from 
tauopathy subjects contain only NFTs (Table 10-
1). In transgenic mice harboring mutated human 
tau genes, the injection of exogenous Aβ fi brils 
into the brain (Gotz et al., 2001) or the cotrans-
genic expression of mutated human APP (Lewis 
et al., 2001; Perez et al., 2005) exaggerates the 
development of NFTs, whereas the overexpres-
sion of the mutated tau gene does not increase the 
Aβ formation. These data taken together indicate 
that in AD, Aβ is the initial trigger. Yet it ought to 
be kept in mind that these mutations also have 
effects on signaling pathways other than produc-
tion of Aβ.

2. Tau Isoforms and 
Phosphorylation in AD

Tau proteins in adult brain comprise 6 isoforms 
translated from a single gene on chromosome 17. 
The isoforms have either 3 or 4 repeats of micro-
tubule-binding domains that bind to tubulin mono-
mers, promoting their assembly into microtubules 
that form the neuronal microtubule network. Three 
of the isoforms have 3 repeats (3-R), and 3 have 
4 repeats (4-R). The assembly and disassembly of 
microtubules are involved in the dynamics of neu-
ronal function and structure, and their regulation 
must also be sensitive to rapid and fi nely tuned 
changes.

Microtubules maintain the cell shape and are 
the tracks for axonal transport. Tau proteins also 
link microtubules to other cytoskeletal proteins. 
Thus, interference with tubulin will disturb the 
cytoskeletal structure and axonal transport. Tau 
isoforms are mainly expressed in neurons but 
may function in glia as well (Ferrer et al., 2003a, 
2003b). The function of the tau isoforms is regu-
lated by their phosphorylation at multiple sites by 
kinases and dephosphorylation by phosphatases. 
When the isoforms are abnormally excessively 
phosphorylated, they cannot regulate the assembly 
of microtubules for axonal transport nor maintain 
linkages to other cytoskeletal proteins, thus leading 
to neuronal dystrophy. The abnormally phosphory-
lated tau isoforms themselves undergo conforma-

tional changes, aggregation, and formation of PHFs 
forming the intracellular NFTs. The tau in normal 
adult brain biopsied tissue is phosphorylated at 12 
sites, while the tau found in PHFs is phosphory-
lated at an additional 9 sites.

The isoforms that are hyperphosphorylated in 
neurons and oligodendroglia are disease specifi c. 
In AD, all 6 isoforms are hyperphosphorylated and 
aggregated into the NFTs, whereas in corticobasal 
degeneration and progressive supranuclear palsy 
only the 4-R, and in Pick’s disease only the 3-R, 
isoforms are hyperphosphorylated and aggregated. 
The tau isoforms in astrocytes accumulated simi-
larly in all (Arai et al., 2001).

a. Glycogen Synthase Kinase 3b
(GSK3b)

Glycogen synthase kinase-3β (GSK3β) is 
crtical to regulating many cellular functions (Hardt 
and Sadoshima, 2002). It was originally studied in 
conjunction with its regulation of glycogen syn-
thesis, but it is now known to phosphorylate tau 
as a major substrate, and it has been termed GSK/
tau kinase. In this chapter, the designation GSK3β
will be retained. The major substrates for GSK3β
phosphorylation identifi ed in brain are tau, β-
catenin, and kinesin light chain (KLC), related 
to axonal transport. In squid axoplasm, GSK3β
phosphorylates KLC and disrupts fast axoplasmic 
transport (see later) (Morfi ni et al., 2002). There 
is also evidence for GSK phosphorylation of the 
cytoplasmic portion of APP Thr743 in vitro
(Aplin et al., 1996). Of potential signifi cance to 
the axonal pathology in AD is the recent demon-
stration that active GSK3β also phosphorylates, 
thereby inhibiting, collapsing response mediator 
protein (CRMP-2) which is a microtubule assem-
bly regulatory protein promoting axon formation 
and important in neuronal polarization (Yoshimura 
et al., 2005). This provides another potential 
mechanism for dysregulated GSK kinase activity 
to produce neuronal pathology in AD (Doble and 
Woodgett, 2003).

In its active dephosphorylated form, GSK3β
phosphorylates tau, which inhibits the ability of 
tau to promote microtubule self-assembly and to 
organize microtubules into ordered arrays required 
for normal dynamic structural functions of neuro-
nal processes (Utton et al., 1997; Wagner et al., 
1996; Ishii et al., 2003). It should be kept in mind 
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that tau may be phosphorylated under various con-
ditions by several other kinases, including Cdk5, 
ERK-1,2, MAPK, p38K, and c-Jun-N-terminal 
kinase (JNK), but that phosphorylation of tau by 
GSK is most extensive (Anderton et al., 2001; Zhu 
et al., 2002).

GSK3β is an unusual protein-serine kinase that 
is active in resting cells and is inhibited by being 
phosphorylated in response to activation of several 
distinct pathways, including those acting by eleva-
tion of 3′ phosphorylated phosphatidylinositol 
lipids and adenosine 3′-5′-monophosphate
(cAMP), PI3K/Akt (PKB) and MEK/ERK (Kang 
et al., 2005; Aoukaty and Tan, 2005). Dephos-
phorylation by protein phosphatase, of which 
there are several classes, restores its kinase activ-
ity. Protein phosphatases are themselves subject to 
inhibitory regulation by several inhibitor proteins 
which are in turn positively or negatively regu-
lated by several kinases including GSK itself 
(Bibb and Nestler, 2006). GSK net kinase activity 
is therefore the resultant of an intricate interplay 
of other kinases, phosphatases and inhibitor pro-
teins (Iqbal et al., 2002). GSK3β is a substrate for 
PI3-kinase and protein kinase B (Akt) which have 
roles in survival of diverse cell types. PS1 or PS2 
defi ciency or mutation suppresses activation of 
both PI3K/Akt and MEK/ERK signaling path-
ways either of which suppression results in tau 
hyperphosphorylation (see above). Insulin and 
growth factors also activate Akt/PKB which 
inhibits GSK3β by phosphorylation. In addition, 
GSK3β is distinctly regulated by, and is a core 
component of, the Wnt pathway (see later). GSK 
can be regulated also by the non-kinase effectors, 
axin, GSK-binding protein and disheveled-1.

One of the fi rst sets of biochemical links 
between GSK3α or GSK3β and abnormal tau 
from AD brain was discovered by Hanger and 
colleagues (1992). They found that phosphoryla-
tion of tau by GSK3 altered the mobility of and 
prevented binding of a specifi c monoclonal anti-
body to human tau and that recombinant tau phos-
phorylated by GSK3 aligned on SDS-PAGE with 
the abnormally phosphorylated tau (PHF-tau) 
associated with the paired helical fi laments in AD 
brain. They localized GSK3 within granular struc-
tures in pyramidal cells and suggested that GSK3α
and GSK3β may have a role in the production of 
PHF-tau in AD.

In postmortem AD brain, active GSK3β was 
found distributed in neurons with tanglelike inclu-
sions in the entorhinal cortex, and the distribution 
extended to other brain regions coincident with that 
of neurofi brillary changes. This fi nding is consistent 
with the possible role of abnormally active GSK3β
in the formation of abnormally phosphorylated tau 
and the consequent NFTs and dystrophic neurons in 
AD brain (Pei et al., 1999). However, PKB/Akt, was 
also found increased in AD brain in association with 
increases in phosphorylated tau (Pei et al., 2003). 
GSK3β immunoreactivity was associated with 
cells showing granulovacuolar degeneration and 
with tau, although it was not enriched in tau 
fractions separated from AD brain (Leroy et al., 
2002). Phosphorylated GSK was also found colocal-
ized in neurons, NFTs, and glia with abnormal tau, 
suggesting partial inactivation of GSK in the regula-
tion of the cascade and possibly to protect tau-
containing cells from apoptosis (Ferrer et al., 2002).

In transgenic mice (2576) harboring the 
Swedish APP mutation linked to familial AD, it 
was found that feeding propentofylline (PPF) 
decreased levels both of tau phosphorylation and 
of active GSK3β and increased levels of inactive 
phosphorylated GSK3β (Chauhan and Siegel, 
2005) while in another experiment under similar 
conditions PPF feeding resulted in the induction 
of NGF, reduction in amyloid burden and a shift 
from β- to α-processing of APP (Chauhan and 
Siegel, 2003). NGF is a major trophic factor for 
the cholinergic mesial basal forebrain-hippocam-
pus circuitry principally involved in AD. These 
observations link the phosphorylation of tau with 
an increase in the ratio of active to inactive GSK3β
and with increased formation of amyloid due to 
the APP mutation and further suggest that these 
effects of the mutated transgene may be reversed 
by inducing NGF in the cholinergic basal fore-
brain neuronal circuitry (Chauhan and Siegel, 
2005).

In another transgenic mouse model (Tet/
GSK3β) harboring an overexpressing GSK3β
gene but without the mutated tau gene, the mice 
developed learning defi cits, while the overe-
xpression of GSK was found in hippocampal 
and cortical neurons in association with tau 
hyperphosphorylation, neuronal death, and reac-
tive gliosis, but there was no tau fi lament forma-
tion (Hernandez et al., 2002). Thus, the structure 
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of the tau may be critical to the outcome of the 
modifi ed phosphorylation.

Studies with knockout mice defi cient in Reelin 
or ApoE have shown increases in both GSK3β
activity and tau phosphorylation (Ohkubo et al., 
2003). This result may be signifi cant to the role of 
certain ApoE isoforms in the protection versus 
pathogenesis of AD.

Lithium ion, which induces phosphoryl-
ation and hence inhibition of GSK3β, also 
inhibits GSK3β phosphorylation of tau (Lee et al., 
2003). In cultures of various neuronal cell 
types, lysophosphatidic acid produces neurite 
retraction correlated with increased phosphoryla-
tion of tau mediated by activation of GSK3β
(Sayas et al., 2002). In familial tauopathies, 
increased expression has been found of various 
kinases in neuronal populations with NFTs and 
hyperphosphorylated tau (Ferrer et al., 2003). 
The abnormally phosphorylated tau isoforms in 
the tauopathies are not the same as in AD (Table 
10-1).

b. Cyclin-Dependent Kinase 5

Tau may be aberrantly glycosylated and abnor-
mally phosphorylated by cyclin-dependent kinase 
5 (CDk5) (Liu et al., 2002). In a study of trans-
genic mice overexpressing both the CDk5 activa-
tor p25 and the mutant (P301L) human tau, tau 
was hyperphosphorylated at several sites in the 
double transgenics, and there was a highly signifi -
cant accumulation of aggregated tau in brainstem 
and cortex. This was accompanied by increased 
numbers of silver-stained NFTs. Insoluble tau was 
also associated with active GSK. Thus, CDk5 can 
initiate a major impact on tau pathology progres-
sion that probably involves several kinases (Bian 
et al., 2002; Noble et al., 2003).

Defi nitive data concerning potential effects 
of Cdk5 activity in relation to Aβ-induced
toxicity were obtained in a study of fetal rat 
cortical neurons. It was found that a selective 
Cdk5 inhibitory peptide derived from p25 by 
calpain proteolysis specifi cally inhibits p25/Cdk5 
kinase activity, while suppressing Aβ1-42-induced
aberrant tau phosphorylation and Aβ1-42-
induced neuronal apoptosis (Zheng et al., 2005). 
However, possible effects of Cdk5 on GSK or on 
phosphatases have not been excluded in vertebrate 

neurons, leaving it possible that Cdk acts indirectly 
via GSK or perhaps both kinases act together.

A model for concerted Cdk5 and GSK actions 
in tau hyperphosphorylation is suggested by fi nd-
ings with regard to fast anterograde axoplasmic 
transport (FAT) in squid axoplasm. In this case, 
activation of GSK3β or inhibition of Cdk5 reduces 
the rate of FAT in association with increased phos-
phorylation of kinesin light chain (KLC) which 
results in reduced kinesin-based motility. It was 
found that inhibition of Cdk5 leads to activation 
(or deinhibition) of protein phosphatase 1 (PP1) 
and activation of GSK3β with subsequent phos-
phorylation of KLC by the GSK3β. These authors 
suggest that the activated PP1 dephosphorylates 
thereby activating GSK and that a similar mecha-
nism may be operative in AD both to impair axo-
plasmic transport and to hyperphosphorylate tau 
(Morfi ni et al., 2002).

One of the major questions pertaining to the 
role of Cdk5 or GSK in AD pathogenesis is which 
of multiple signaling systems predominates in 
their dysregulation in this disease. Cdk5 (Song et 
al., 2005; Sarker and Lee, 2004) and GSK (Kang 
et al., 2005; Aukati and Tan, 2005) both can be 
regulated by MEK/ERK and by PI3/Akt path-
ways. A difference which may be critical is that 
inhibition of ERK in human neuroblastoma (Song 
et al., 2005) or of PI3K/Akt in myoblasts (Sarker 
and Lee, 2004) blocks enhancement of Cdk5 
activity. These signaling effects on Cdk5 activity 
if true for differentiated neurons would be 
expected to lead to reduced phosphorylation in the 
presence of presenilin mutation or defi ciency 
which has been demonstrated to suppress both 
pathways while increasing tau phosphorylation 
in vitro (Kang et al., 2005). In contrast, GSK 
activity is increased by suppression of both 
PI3K/Akt and MEK/ERK pathways which would 
lead to increased tau phosphorylation, as indeed 
found.

To resolve this apparent paradox, one might 
hypothesize that suppression of PI3K/Akt and 
MEK/ERK pathways in AD brain leads to inhibi-
tion of Cdk5 and activation of a phosphatase with 
subsequent de-inhibition of GSK, as in the squid 
axoplasm described above (Morfi ni et al., 2002). 
This conclusion would contradict the results with 
fetal cortical neurons in which inhibition of Cdk5 
suppressed Aβ-induced aberrant phosphorylation 
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(see Zheng et al. above). The latter contradiction 
could be resolved on the presumption that Cdk5 
actually is stimulating the tau phosphorylation by 
GSK3b, for which there is evidence (see later). 
Alternatively, it could be resolved if there were 
identifi ed a putative Cdk5-activated P-GSK phos-
phatase activity in neurons. The actual effects of 
AD on all the possibly relevant signaling path-
ways in brain are not yet known. The pertinent 
experiments with inhibition or knock-out of Cdk5 
and GSK3β in transgenic mice harboring the 
various APP, presenilin and tau mutations are 
arduous and remain to be performed. Presently 
available data do not exclude either theory regard-
ing Cdk5 or GSK3β.

Dysregulation of Cdk5 may affect other 
systems besides tau. As described above, the 
Cdk5/p35 complex also phosphorylates β-catenin
which effect in turn enhances binding to presenilin 
1. Inhibition of Cdk/p35 reduces the amount of 
PS1 bound to β-catenin (Kesavapany et al., 2001). 
Thus, theoretically, Cdk/p35 may modify both 
regulation of tau phosphorylation and PS 
regulation of β-catenin transcriptional activity 
(see later).

Both Cdk5 and GSK3β are examples of 
proline-dependent protein kinases (PDPK). Tau 
may be phosphorylated at various sites by PDPKs 
and non-PDPKs. Sengupta et al. (1997) found 
that, similar to the activity of GSK3β, the tau 
phosphorylating activity of Cdk5 is stimulated if 
tau were fi rst prephosphorylated by any of several 
non-PDPKs (PKA, PKC, CK-1, CaM-kinase II). 
In addition, prephosphorylation of tau by Cdk5 
stimulated both the rate and extent of a subsequent 
phosphorylation catalyzed by GSK-3β, whereas 
no signifi cant stimulation of phosphorylation by 
Cdk5 was observed when GSK-3β was followed 
by Cdk5. By contrast, prephosphorylation of tau 
by Cdk5 served to inhibit subsequent phosphory-
lation catalyzed by PKC and CK-1, but not by 
PKA or CaM-kinase II. These results indicate 
complex regulation of tau phosphorylation at dif-
ferent sites by kinases. Most signifi cantly with 
respect to linking tau hyperphosphorylation to 
amyloidogenesis in AD, Cdk5 potentially has the 
combined effects of phosphorylating tau and of 
upregulating GSK3β phosphorylation of tau by 
priming tau. Cdk5 may have the additional effects 
of downregulating the activities of PKC and 
CK-1.

In summary, GSK3β activity is inhibited by 
Wnt, PI3K/Akt/(PKB), MEK/ERK, ILK, PKA, 
PKC, LiCl, and certain ribosomal-S6 kinases and 
is activated by tyrosine kinase. There is evidence 
that Cdk5 activity is enhanced by PI3K/Akt and 
MEK/ERK. Suppression of these pathways there-
fore would be expected to increase GSK3β and 
decrease Cdk5 activities. Both PI3K and MEK 
pathways are suppressed in presenilin defi cient 
neurons in vitro in association with hyperphos-
phorylation. Despite opposing effects of the sig-
naling pathways on their activities, both GSK3β
and Cdk5 are associated with tau hyperphosphory-
lation in various different in vitro experimental 
paradigms pertinent to AD pathogenesis. Informa-
tion on the effects of these multiple signaling path-
ways on the regulation of these kinases and on the 
relevant secretases and APP mutations in in vivo
models is lacking. Based on current available 
information, either or both kinases may be 
involved in aberrant tau phosphorylation and PHF 
formation.

J. Potential Regulatory 
Interactions in the 
Pathogenesis of Alzheimer’s
Disease

The following sections seek to identify pat-
terns within current information about the regula-
tory processes that may connect the abnormal 
processing of amyloid and tau in AD. Since most 
of the information is dynamic and derived from 
experimental model systems, rather than from AD 
brain, the conclusions point to mechanisms that 
are possibly but not necessarily causative in the 
actual disease.

1. WNT/GSK3b/b-Catenin/
E-Cadherin Pathways 
and Presenilin

A central regulatory pathway that may unite key 
features of AD is the Wnt/GSK3β/β-catenin path. 
We fi rst will defi ne the players. Wnt proteins are 
secreted glycoproteins that play important and 
diverse roles in cell polarity, cell proliferation, and 
development. Their roles in development have been 
probed in fruit fl ies, nematodes, zebrafi sh, frogs, 
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and mice. Wnts bind to the Frizzleds (Fz) family of 
transmembrane receptors and regulate multiple 
pathways, the best known being the Wnt/β-catenin 
pathway. The Frizzleds are members of the 
superfamily of heterotrimeric guanine nucleotide-
binding protein (G protein)-coupled receptors 
(GPCRs) and regulate Ca2+ signaling and cGMP 
through G protein-coupled effectors such as phos-
pholipase Cβ and phosphodiesterase (Woodgett, 
2001).

Some Wnts in association with Fz promote the 
accumulation of the Armadillo homologue β-
catenin, which, when translocated to the nucleus, 
regulates transcription of specifi c genes (Figure 
10-4, see color plate). GSK3β is one known criti-
cal regulator of this signaling mechanism. GSK3β
(described above) forms a complex with axin and 

the tumor suppressor APC. This complex, called 
the destruction complex, controls the stability of 
β-catenin. Axin is a scaffold molecule that seques-
ters GSK3β. When bound to axin and activated, 
GSK3β phosphorylates APC and β-catenin and 
stimulates interaction between β-catenin and β-
Trcp, a regulator of E3 ubiquitin ligase, resulting 
in sub-sequent degradation of β-catenin in protea-
somes. The result of activating GSK3β is to 
degrade β-catenin. β-catenin is found associated 
with PS in membranes but, as noted earlier, it is 
dissociable and not required for γ-secretase
activity.

In the canonical Wnt pathway, binding of Wnt 
to Fz activates disheveled-1 (dvl-1), which is 
thought to recruit a GSK-binding protein that 
binds GSK and disrupts the interaction between 

Disrupts interaction 
between GSK3β-Axin

GSK3β complexes 
with Axin, APC

Derepresses
(dephosphorylates) GSK3β

Phosphorylates
Tau and Kinesin 

Aβ
Mutant PS 

Represses
(phosphorylates) GSK3β

Inhibits phosphorylation 
of Tau and Kinesin 

PKA
PKC
Li+

β-Catenin stabilized 

Wnt binds to transmembrane 
receptor Frizzleds (Fz)

(Wnt + Fz)

Activates disheveled-1 
(dvl-1)

Promotes accumulation 
of β-Catenin

Recruits GSK-binding 
protein

Promotes nuclear 
translocation of β-Catenin

Binds to GSK3βUpregulates GSK3β and other genes

β-Catenin degraded

Figure 10-4. Schema showing GSK3β signaling possibly involved in linking amyloid, tau, and kinesin biology. 
Signaling pathway at the top indicates Wnt-GSK3β cascade under normal circumstances. Signaling events in the 
middle indicate dynamic balance between phosphorylation and dephosphorylation of tau under normal circum-
stances. Signaling events at bottom left indicate overactivation of GSK3β leading to overphosphorylation of tau and 
kinesin under abnormal conditions. Signaling events at bottom right indicate factors that attenuate overphosphoryla-
tion of tau and kinesin. (See color plate.)
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GSK3β and axin (Figure 10-4). This disruption 
inhibits the activity of GSK3β, thereby stabilizing 
β-catenin. Stabilized β-catenin is translocated to 
the nucleus, where it associates with members 
of the lymphoid enhancer factor (LEF)/T-cell 
factor (TCF) family and activates specifi c genes. 
However, there are gaps in the understanding of 
this signaling system. Inhibition of GSK3β is not 
suffi cient to activate LEF/TCF, and other factors 
are required to facilitate dissociation of GSK3β
from axin (Hardt and Sadoshima, 2002).

Two known functions of β-catenin linked to 
presenilin activity, not necessarily to γ-cleavage,
are as an element in the Wnt signaling pathway 
that leads to β-catenin activation of transcription 
and as an adhesion molecule linking epithelial-
cadherin molecules, E-cadherin, at adherens junc-
tions to the cytoskeleton. β-catenin translocation 
and its function in regulating transcription are in 
turn subject to modifi cation by Wnt, presenilin/
E-cadherin, and another kinase system, cyclin-
dependent kinase 5 (cdk5). Each of these path-
ways is implicated by data from various 
experimental models in Aβ toxicity, tau phos-
phorylation, and AD pathogenesis.

a. Presenilin and the 
Wnt/GSK Pathway

In CHO or HEK cells, transfection with Wnt 
increases cytoplasmic and nuclear β-catenin
levels and β-catenin transcriptional activity. 
Double transfection with Wnt and wild-type (wt) 
PS1 attenuates the effects of Wnt on both β-
catenin levels and transcriptional activity. Similar 
results are obtained when cells are transfected 
with the downstream effector dvl with or without 
PS1. When cells overexpress FRAT, the effector 
downstream to dvl, there are again increased 
levels of β-catenin in cytoplasm and nucleus 
with increased transcriptional activity. However, 
cotransfection with PS1 has no effect on the 
FRAT-induced increase in β-catenin but inhibits 
FRAT-induced transcription even though the 
levels of β-catenin are not changed. Li+ inhibits 
GSK phosphorylation of β-catenin and increases 
transcriptional activity. PS1 has no effect on the 
levels of β-catenin but inhibits the increased trans-
criptional activity resulting from Li+ inhibition 
of GSK.

Therefore, from these experiments, PS1 atten-
uates the β-catenin stabilization induced by Wnt/

dvl signaling but not the stabilization induced 
by the downstream FRAT or Li+-inhibition of 
GSK phosphorylation of β-catenin, although 
PS1 inhibits the transcriptional activity induced 
through both the Wnt/dvl and FRAT/GSK seg-
ments. This suggests that PS1 acts at two sites, one 
on the fi nal common pathway of β-catenin tran-
scriptional activation and another on the Wnt/dvl 
segment that reduces β-catenin stability and 
nuclear translocation independently of the FRAT/
GSK segment and GSK-phosphorylation (Killick 
et al., 2001).

Killick and colleagues also studied the effects 
of several PS1 mutations (mt) on the β-catenin
signaling path. All the mtPS1 were less effective 
than wtPS1 in attenuating Wnt- or dvl-induced β-
catenin stabilization or transcriptional activity. In 
contrast, when cells were transfected with FRAT 
or exposed to Li+, the cotransfection with wtPS1 
or any of the mtPS1 had no effect on the FRAT- or 
Li+-induced β-catenin stabilization, but all the 
mtPS1 as well as the wtPS1 inhibited the FRAT- 
or Li+-induced transcriptional activity. These 
authors conclude that wtPS1 may antagonize tran-
scriptional activity of β-catenin by acting at all 
levels of the Wnt pathway. Differences between 
the wt and mtPS1s associated with AD become 
apparent when wtPS1 attenuates the Wnt/dvl path 
but not the FRAT/GSK path. One exception was 
the AD-related delta 9 exon deletion, which had 
somewhat less inhibition of transcriptional activ-
ity compared to that of wtPS1 at all levels (Killick 
et al., 2001).

Kang and coworkers have adduced evidence 
for β-catenin phosphorylation by two kinases 
independent of the Wnt path and that PS1 defi -
ciency results in loss of this kinase activity together 
with increased β-catenin stability in the presence 
or absence of Wnt. In this view, PS1 acts as a 
scaffold bringing the β-catenin and kinases 
together (Kang et al., 2002).

Experimental evidence indicates that defi -
ciency of PS1 in cells results in altered response 
to Wnt signaling, impaired ubiquitination of β-
catenin, and increased β-catenin stability. The 
accumulated cytosolic β-catenin leads to a β-
catenin/LEF-dependent increase in cyclin D1 tran-
scription and accelerated entry into the S phase 
of the cell cycle. Conversely, PS1 specifi cally 
represses LEF-dependent transcription in a dose-
dependent manner. The effect of PS1 defi ciency 
on β-catenin response can be reversed by reintro-
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ducing PS1 expression or overexpressing axin, but 
not by expressing a PS1 mutant that does not bind 
β-catenin (PS1Deltacat) or by two different famil-
ial AD mutants. In contrast, PS1Deltacat restores 
Notch-1 proteolytic cleavage and Aβ generation 
in PS1-defi cient cells, indicating that the PS1 role 
in modulating β-catenin levels can be separated 
from its role in facilitating γ-secretase cleavage of 
Aβ precursor protein and in Notch-1 signaling. 
From these data, it is clear that the presenilin 
mutation may have parallel and independent 
effects on γ-cleavage and on Wnt signaling 
(Soriano et al., 2001).

b. Presenilin and the E-Cadherin/
b-Catenin Pathway

PS1 binding to E-cadherin stimulates E-
cadherin binding of β-catenin and promotes asso-
ciation of this junctional complex to the cytoskeleton. 
E-cadherin inhibits β-catenin/TCF signaling and 
transcriptional activation without changing the total 
levels of β-catenin. It is thought that a small fraction 
of the β-catenin exists as a “signaling-competent” 
pool that can bind to both the cytoplasmic domain 
of E-cadherin and to TCF. In this view, the small 
signal pool is regulated by E-cadherin indepen-
dently of the total cytoplasmic and nuclear pools. 
PS1 affects this signaling-competent pool indepen-
dently of its effects upstream on the Wnt pathway 
and, by promoting the binding of β-catenin to E-
cadherin, depletes the signaling-competent compo-
nent (Gottardi et al., 2001; Killick et al., 2001). 
Thus, the E-cadherin/PS1 reactions attenuate the 
transcriptional activity of β-catenin. There is 
growing evidence for another kinase system that 
regulates β-catenin and which is also involved in 
AD (see section on cdk5 below).

While there exist multiple putative mecha-
nisms or pathways, most evidence indicates some 
connections among Wnt, PS, β-catenin, kinases, 
and E-cadherins, in which normal PS downregu-
lates β-catenin levels, nuclear translocation, or 
signaling competency at different sites in the sig-
naling network to fi nally downregulate β-catenin
effects on transcriptional activity (Marambaud et 
al., 2002; Killick et al., 2001; Kawamura et al., 
2001; Soriano et al., 2001; Fraser et al., 2001; De 
Ferrari and Inestrosa, 2000; Van Gassen et al., 
2000; Nishimura et al., 1999).

AD-related mutations or defi ciencies in PS 
exert differential effects on β-catenin stability and 

transcriptional activity (Killick et al., 2001). Dys-
regulation involving β-catenin has been demon-
strated to potentiate toxicity due to Aβ. Activation 
of PKC protects rat hippocampal neurons from 
Aβ-induced toxicity in association with inhibition 
of GSK3β activity and accumulation of cytosol 
β-catenin. The Wnt activators Wnt 3a and lithium 
ion mimic the PKC activation, thus implicating 
the Wnt/β-catenin pathway in the protection 
mechanism (Garrido et al., 2002). In this view, 
mutant PS1 that fails to regulate the degradation 
of β-catenin in this Wnt-activated pathway would 
also potentiate the toxic effects of Aβ as well as 
the production of excessive Aβ through its gain of 
γ-cleavage activity.

β-catenin may be the target of multiple kinases, 
and the effect of phosphorylation of β-catenin
undoubtedly depends on the residue phosphory-
lated. For example, phosphorylation of β-catenin
at the Thr393 site by another kinase, protein kinase 
CK2, leads to proteasome resistance and increased 
transcriptional activity of β-catenin (Song et al., 
2003).

c. Cyclin-Dependent Kinase 5 
and b-Catenin

Cyclin-dependent kinase 5 (cdk5)/P35 is a 
system that may play a positive role in regulating 
β-catenin transcriptional activity. This kinase 
phosphorylates β-catenin at Tyr654 and decreases 
β-catenin binding to E-cadherin, increases binding 
to TATA-binding protein and increases β-cate-
nein/TCF transcriptional activity. Also, inhibition 
of cdk5 phosphorylation of β-catenin reduces its 
β-catenin binding to PS1 (Killick et al., 2001).

Regulation of β-catenin by cdk/P35 assumes 
great importance because of accumulating 
evidence that implicates cdk5 in AD pathogenesis 
in several ways (Maccioni et al., 2001). Cdk5 
and the regulatory proteins p35, p25, and p39 
are involved in tau phosphorylation, which 
regulates micro tubule assembly, and are concen-
trated at the leading edge of axonal growth cones. 
Cdk5 and its neuron-specifi c activator p35 are 
essential molecules for neuronal migration, axonal 
extension, and laminar confi guration of the 
cerebral cortex. Observations from cultured 
neurons show that Aβ induces deregulation of 
cdk5 and that cdk5 is involved in tau hyperphos-
phorylation promoted by fi brillary Aβ. Cdk5 
inhibitors protect hippocampal neurons against 
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both tau anomalous phosphorylations and neuro-
nal death.

P25, a truncated form of the required activator 
p35, accumulates in neurons in the brains of 
patients with AD (Patrick et al., 1999). This accu-
mulation correlates with an increase in cdk5 
kinase activity. Unlike p35, p25 is not readily 
degraded, and binding of p25 to cdk5 constitu-
tively activates cdk5, changes its cellular location, 
and alters its substrate specifi city. In vitro, the 
activity of p25/Cdk5 can be selectirely inhibited 
by a specifi c peptide cleavage product of p25, as 
mentioned above (Zheng et al., 2005). In vivo
the p25/cdk5 complex hyperphosphorylates tau, 
which reduces tau’s ability to associate with 
microtubules. Moreover, expression of the p25/
cdk5 complex in cultured primary neurons induces 
cytoskeletal disruption, morphological degenera-
tion, and apoptosis. These authors conclude that 
cleavage of p35, followed by accumulation of 
p25, may be involved in the pathogenesis of 
cytoskeletal abnormalities and neuronal death in 
neurodegenerative diseases.

In summary, dysregulation of β-catenin func-
tion induced by mutant presenilin or factors acting 
upon presenilin may lead to amyloid formation 
and abnormal tau phosphorylation with attendant 
neuronal dystrophy through signaling pathways 
that connect presenilin to Wnt, β-catenin, and 
Cdk5. These nodal points that may serve to 
connect abnormal processing of amyloid and tau 
are in addition to that of GSK3β, the activation of 
which bymutant presenilin also leads to abnormal 
phosphorylation of both tau and kinesin (see 
below).

2. Apoptosis, Caspase, 
Calsenilins, and Presenilins

There is evidence for programmed cell 
death, apoptosis, in brains from AD patients. AD 
brains also exhibit increased levels of activated 
caspase-3, a critical element in the cascade leading 
to apoptosis, particularly around amyloid plaques 
and NFTs. Aβ can induce apoptosis in mouse 
cortical neurons (Yuan and Yankner, 1999). In 
cultured neurons, Aβ stimulates apoptosis, appar-
ently via c-Jun N-terminal kinase (JNK) (Troy et 
al., 2001). One mechanism, that may lead to apop-
tosis in AD involves calsenilin, which is associ-

ated with presenilin (Leissring et al., 2000, 
2002).

Calsenilin is a substrate for caspase-3 and is a 
member of the Ca2+ sensor family involved in Ca2+

signaling pathways (Lilliehook et al., 2002; Choi 
et al., 2001). Calsenilin is strongly associated with 
cytoplasmic surfaces of intracellular membranes 
of ER and Golgi, is localized within neuronal 
perikarya and neuronal processes in hippocampus 
and cerebellum, and is developmentally regulated. 
This protein interacts with the carboxyl terminals 
of both PS1 and PS2 and colocalizes and copre-
cipitates with presenilins from mouse brain (Zaidi 
et al., 2002). It increases susceptibility of neurogli-
oma cells to apoptosis associated with release of 
calcium ion stores from ER (Lillliehook et al., 
2002). Increased release of calcium ion can induce 
apoptosis. However, in Xenopus oocytes, calsenilin 
reversed the mutant presenilin-mediated enhance-
ment of calcium ion release (Leissring et al., 2000). 
While PS, calsenilin, calcium ion, and caspase may 
be involved in apoptosis, the relationship to patho-
genesis of AD is not well understood.

Calsenilin, as well as certain other proteins that 
are found together with PS, β-catenin, and prese-
nilin-associated protein, is not required for the γ-
secretase function of PS (Esler et al., 2002). It 
may be noted that PS may bind to or interact 
with various proteins of ER and membrane 
channels or receptors (Morohashi et al., 2002). 
Not all of these associations are necessarily part 
of the γ-secretase function or of the pathogenesis 
of AD, however.

3. Presenilin, GSK3b and 
Axoplasmic Transport

Takashima et al. (1998) found that tau and 
GSK3β bind to the same region of PS1 and that 
the PS1 binding domain on tau is the repeat region 
that binds also to microtubules. Mutations in PS1 
that cause Alzheimer’s disease increase the ability 
of PS1 to bind GSK3β and, correspondingly, 
increase its tau-directed kinase activity. (see under 
Tau) On this basis, it was proposed that the 
increased association of GSK3β with mutant 
PS1 leads to increased phosphorylation of tau 
(Takashima et al., 1998). As discussed above, 
Pigino et al. (2003) found that GSK3β activity is 
increased and associated with increased phosphor-
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ylation of kinesin and disruption of fast axoplas-
mic transport in mutant PS1 transgenic mice. Thus 
normal PS1 may facilitate fast axonal transport. 
These authors concluded that mutations in PS1 
may compromise neuronal function by affecting 
GSK3β activity and kinesin-1-based motility 
(Pigino et al., 2003).

GSK prefers substrates that have fi rst been 
phosphorylated at some site (primed) by other 
kinases and it may be inhibited by small molecule 
inhibitors, e.g., aloisines, paullones, and maleimides 
(Doble et al., 2003). This feature makes it a plausi-
ble target for pharmacologic regulation as potential 
therapy in AD (Woodgett, 2001). GSK3β has been 
purifi ed and crystallized (Aoki et al., 2000) and its 
gene has been cloned (Lau et al., 1999).

4. Ab, Tau, Apoptosis, and 
GSK3b

Takashima and coworkers (1996) observed that 
treatment of cultured rat hippocampal neurons with 
Aβ (25–35) inactivated PI3K, and activated 
glycogen synthase kinase-3β  while enhancing tau 
phosphorylation and neuronal death. GSK3α or 
mitogen-activated protein kinase (MAP kinase) 
were not affected by the Aβ peptide. Treatment 
with GSK3β antisense oligonucleotide inhibited 
the enhancement of tau phosphorylation induced 
by Aβ (25–35) exposure. Another observation, 
little discussed at that time, was that Aβ treatment 
also induced accumulation of APP in the cytosol 
and decreased secreted APP released to the medium 
along with the increased GSK3β activity and 
neuronal death. These effects also were blocked 
by GSK-antisense oligonucleotide, and it was pro-
posed that Aβ impaired axonal transport of APP 
(Takashima et al., 1995). Now it is recognized that 
GSK3β also phosphorylates kinesin and interferes 
with fast axonal transport that involves APP (see 
section D.3).

In human umbilical vein endothelial cells, 
Aβ42 is proapoptotic, producing activation of 
caspase-3, while inhibiting Akt/PKB phosphoryla-
tion associated with reduced phosphorylation of 
the downstream substrates GSK3β and eNOS and 
reduced NO production. Activation of Akt reversed 
Aβ toxicity, showing that Aβ toxicity is mediated 
at least in part through disruption of the Akt/
GSK3β pathway (Suhara et al., 2003). These 

observations indicate that Aβ toxicity with respect 
to tau phosphorylation and apoptosis can be medi-
ated through its effects to activate or derepress 
GSK3β. In addition, tau is proteolyzed rapidly by 
caspases in Aβ-treated neurons, and the resulting 
product is assembled into tau fi laments more 
extensively than is the wild-type tau; a similar 
truncated tau is recognized immunologically in 
AD brain (Gamblin et al., 2003).

Reduced PI3-kinase/PKB activity can induce 
apoptosis in various central nervous system (CNS) 
and peripheral nervous system (PNS) neurons in 
culture in association with activated GSK3β activ-
ity, and these effects can be blocked by selective 
inhibition of GSK3β by small molecule inhibitors 
being explored as potential pharmacologic tools 
(Cross et al., 2001).

It is clear that Aβ produces neurotoxicity and 
apoptosis in association with inhibition of phos-
phorylation of GSK, thus enabling GSK3β activ-
ity, in various models. For example, activation of 
PKC by phorbol 12-myristate 13-acetate protects 
rat hippocampal neurons from Aβ toxicity via 
inhibition of GSK3β activity. This effect leads to 
the accumulation of cytoplasmic β-catenin and 
transcriptional activation through β-catenin/T-cell
factor/lymphoid enhancer factor-1 (TCF/LEF-1), 
of Wnt target genes, engrailed-1 (en-1), and cyclin 
D1 (cycD1). In contrast, inhibition of Ca2+-depen-
dent PKC isoforms activated GSK3β and offered 
no protection from Aβ neurotoxicity. Wnt-3α and 
lithium salts, classical activators of the Wnt 
pathway, mimic PKC activation. Thus, regulation 
of members of the Wnt signaling pathway by 
Ca2+-dependent PKC isoforms may be important 
in controlling the neurotoxic process induced by 
Aβ (Garrido et al., 2002; see section 5.1.b).

In rat hippocampal neurons, Aβ derepresses 
GSK3β, which leads to increased phosphorylation 
of tau (Takashima et al., 1998a). Aβ injected intra-
cisternally in rabbit brain produces activation of 
GSK3β and caspase-3, leading to mitochondrial 
injury, tau phosphorylation, and nuclear transloca-
tion of NF-κB (Ghribi et al., 2003). Moreover, Li+
inhibition of GSK3β blocks the accumulation of 
Aβ in mouse brain overexpressing APP (Phiel 
et al., 2003).

In summary, there is the setup for a vicious 
cycle in which mutant γ-secretase or increased 
production of Aβ from mutant APP or ineffi cient 
clearance of Aβ produced physiologically leads to 
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derepression of GSK3β, which in turn leads to 
further increases in Aβ accumulation and abnor-
mal tau and kinesin phosphorylation (see Figure 
10-4).

5. GSK3b, Tau, and 
Amyloidogenic Processing

If GSK is in fact the node that links all the 
components of AD, then links must also exist to 
α- and β-secretase activities and to Aβ toxicity 
that are not dependent on mutated or absent PS. 
Protein kinase C (PKC) is known to increase non-
amyloidogenic α-secretase cleavage of APP, pro-
ducing secreted APP (sAPPα) while therefore 
reducing β-cleavage and Aβ formation. Both PKC 
and GSK3β are components of the Wnt signaling 
cascade. Hence, Wnt signaling may provide the 
connection.

Amyloidogenic processing may also be linked 
to abnormal tau phosphorylation. Overexpression 
of a member of the Wnt signaling pathway, dishev-
eled (dvl-1), increases sAPPα production. Both 
human dvl-1 and Wnt-1 also reduce the phosphory-
lation of tau by GSK3β. The disheveled action on 
APP is mediated via both c-Jun N-terminal kinase 
(JNK) and protein kinase C (PKC)/mitogen-
activated protein (MAP) kinase but not via p38 
MAP kinase. These data position dvl-1 upstream of 
both PKC and JNK. Murine dvl-1 was also found 
to inhibit GSK3β-mediated phosphorylation of tau 
in cotransfected CHO cells (Wagner et al., 1997). 
Therefore, both the shift in balance between α-
secretase- and β-secretase-processing of APP and 
the abnormal tau and probably kinesin phosphory-
lation are potentially linked through Wnt signaling 
and GSK3β regulation (Mudher et al., 2001).

6. Nerve Growth Factor, 
Muscarinic Cholinergic 
Receptors, and GSK3b

Anatomically and biochemically, the pathol-
ogy in AD is distributed in specifi c brain regions 
and neuronal pathways. This regional specifi city 
also must be accounted for by a unifying hypoth-
esis. The neuronal pathways earliest involved in 
AD are the cholinergic neurons of the nucleus 
basalis of Meynert that project to the hippocampus 

and neocortical regions, the entorhinal nuclei that 
project to the hippocampus and, later, hippocam-
pal projections to the neocortex in the frontal and 
parietal regions, sparing the primary motor and 
sensory cortex, occipital cortex, basal ganglia, 
and cerebellum (see Chapter 2 DI–DIII). The 
specifi c regional distribution of biochemical 
pathology related to amyloidogenesis and tau 
phosphorylation (PHF/NFT) in AD arises pre-
dominantly in cholinergic systems, although even-
tually other systems and neurotransmitters are 
involved (Selkoe and Lansbury, 1999; Chauhan 
and Siegel, 2002). A critical issue is to identify the 
biochemical mechanisms that render these partic-
ular neuronal networks most sensitive to the dys-
regulation in the amyloid, tau, and kinesin 
molecular systems.

Nerve growth factor (NGF), a member of the 
NGF superfamily of neurotrophic factors (see 
Chapter 8 CI–CII), is known to be crucial to cho-
linergic neuronal development, synapse forma-
tion, and regulation in neurons of the nucleus 
basalis of Meynert (NBM) that terminate in the 
hilar region of the hippocampus and in cholinergic 
regulation of APP processing (Siegel and Chauhan, 
2000; Rossner et al., 1998). These appear to be the 
fi rst pathways to degenerate in AD.

NGF-mediated kinase pathways inhibit GSK 
activity, and it has been found that Li+, a potent 
inhibitor of GSK3β, diminishes Aβ40 and Aβ42
secretion from transfected COS7 cells in a dose-
dependent manner associated with inhibition of 
GSK3β activity (Sun et al., 2002). Phiel et al. 
(2003) demonstrated in studies of mouse brain 
that therapeutic concentrations of Li+ blocked 
production of Aβ by inhibiting γ-cleavage of APP 
while not inhibiting Notch protein processing. Li+

reduced accumulation of Aβ peptides in brains of 
mice with overexpression of APP. Hence, it is 
presumed that γ-cleavage of APP is potentiated by 
active GSK3β. If so, the protective effect of NGF 
and facilitation of α-processing opposed to amy-
loidogenesis may result from NGF inhibition of 
GSK3β.

Inhibition of GSK3β also has the effect of acti-
vating some Wnt target genes through the accumu-
lation of cytoplasmic β-catenin and transcriptional 
activation via β-catenin /TCF/LEF-1. Li+ and PKC 
activation by phorbol esters, both of which condi-
tions inhibit GSK3β activity, have similar effects 
on the β-catenin path and both protect hippocampal 
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neurons from apoptosis (Garrido et al., 2002). Thus, 
the synergistic effect of M1 Cholinergic receptor 
activation on NGF regulation of amyloidogenesis, 
accumulation of Aβ peptides, and apoptotic effects 
of Aβ may all be transduced through inhibitory 
regulation of GSK3β via the latter’s effects on γ-
cleavage, apoptotic activation, and transcriptional 
activation of Wnt proteins.

7. NGF Regulation of Ab
In young Tg2576 mice, which overexpress an 

APP mutation related to familial AD, whole brain 
NGF mRNA is reduced in association with greatly 
increased Aβ and decreased sAPPα. Feeding these 
animals propentofylline, which induces NGF 
mRNA, resulted in increasing NGF mRNA and 
sAPPα while reducing the Aβ levels (Chauhan 
and Siegel, 2003). Moreover, as discussed earlier, 
in a separate experiment it was demonstrated that 
feeding PPF under the same conditions resulted in 
decreased tau phosphorylation and an increase in 
the ratio of inactive to active GSK3β (Chauhan 
and Siegel, 2004). These data taken together 
suggest that normally NGF promotes α-secretase
at the expense of amyloidogenic processing, that 
the excessive Aβ produced by the overexpressed 
mutant APP gene downregulates NGF and that 
NGF downregulates GSK3β leading to decreased 
tau phopsphorylation. In the presence of the over-
expressing mutated APP gene, however, a vicious 
cycle is set up in which excess Aβ depresses NGF 
and the reduced NGF level permits Aβ to increase 
further. Inducing NGF reverses the mutant APP 
effects at least partly.

Activation of muscarinic M1/M3 acetylcholine 
receptor (AChR)-associated postsynaptic path-
ways shifts the balance in APP proteolysis to 
enhance α-secretase activity and sAPPα secretion 
and to decrease the β-secretase amyloidogenic 
processing. NGF is synergistic with M1 receptors 
in promoting atropine-sensitive neurite outgrowth. 
NGF is also synergistic with M1-selective ago-
nists in increasing sAPP secretion from rat cere-
bral cortex and in activating sAPPα secretion 
from PC12 cells via both MAPK and PKC-
dependent pathways (Haring et al., 1998).

In addition, selective M1 agonists result in 
reducing phosphorylation of tau while promoting 
nonamyloidogenic processing of APP (Fisher 
et al., 2000; Forlenza et al., 2000). Since it is 

known that PKC/MAPK inhibits GSK3β (see 
above), the activation of PKC/MAPK by the syn-
ergistic action of M1 receptor stimulation by ACh 
in the presence of NGF can at once regulate α-
secretase and tau phosphorylation inversely in 
cholinergic neurons. The ACh-M1/NGF/PKC 
activation that in turn inhibits GSK3β would 
confer neuronal or network specifi city onto this 
inverse relationship between α-secretase process-
ing and tau phosphorylation. The inverse relation-
ship is imposed by the fact that NGF-mediated 
phosphorylation of PKC/MAPK activates the path 
toward α-secretase while the phosphorylation of 
GSK3β is inhibitory toward its phosphorylation of 
tau and kinesin.

NGF may also regulate GSK3β through NGF-
stimulated integrin-linked kinase (ILK), the phar-
macologic inhibition or genetic depletion of which 
reduces NGF-induced neurite outgrowth and 
reduces NGF-mediated phosphorylation of both 
Akt/PKB and GSK3β in rat pheochromocytoma 
cells and dorsal root ganglion neurons, thus 
leading to hyperphosphorylation of tau. Stimula-
tion of ILK has the opposite effects. ILK, as with 
PKC/MAPK, permits NGF to exert inverse effects 
on tau phosphorylation and, in this case, on neu-
ritic outgrowth (Mills et al., 2003).

NGF trophic effects are not confi ned to cholin-
ergic neurons alone, nor are its actions mediated 
exclusively through GSK3β. bFGF also may 
induce APP (Gray and Patel, 1993).

A similar inverse regulatory relationship can be 
found between NGF protection from apoptosis and 
inhibition of GSK3β. Growth factor-dependent 
survival of a variety of mammalian cells is depen-
dent on the activation of PI3K and its downstream 
effector, the protein kinase Akt/PKB, which in turn 
phosphorylates and inhibits GSK3β. Overexpres-
sion of catalytically active GSK3β induces apop-
tosis in PC12 cells, whereas dominant-negative 
GSK3β prevents apoptosis that otherwise follows 
inhibition of PI3K. GSK3β thus plays a critical 
role in regulation of apoptosis and represents a key 
downstream target of the PI3K/Akt/PBK survival-
signaling pathway by which its inhibition can be 
regulated by NGF (Pap and Cooper, 1998).

In summary, NGF may regulate GSK3β via 
several kinase pathways: PKC/MAPK, ILK/Akt/
PKB, and PI3K/Akt/PKB. Phosphorylation of all 
these kinases is activating, except for the unique 
instance of GSK3β, which is inhibited by its 
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phosphorylation. In all these cases, NGF exerts 
inverse effects, positive regarding α-secretase
activity and decreased amyloidogenesis, increased 
neurite outgrowth, or protection from apoptosis, on 
the one hand, and GSK3β inhibition, on the other. 
Although upregulated GSK3β activity is required 
for the apoptosis that is induced by inhibition of 
the PI3K/Akt/PKB path, it can also be shown that 
apoptosis induced by withdrawal of NGF does not 
depend on GSK3β activity, thus indicating that 
NGF also acts via other pathways (Rabizadeh et 
al., 1994; Crowder and Freeman, 2000).

8. Ab Regulation of NGF

Aβ produces a vicious cycle of events in brain, 
and these may be through effects of Aβ on 
regulatory reactions. It is known that Aβ in sub-
lethal concentrations suppresses cAMP-response 
element binding (CREB) protein phosphorylation 
and downstream activation of the brain-derived 
neurotrophic factor (BDNF) promoter in cortical 
neurons. In addition, CREB phosphorylation is 
found early in granule cell differentiation prior to 
expression of BDNF and neurotrophin-3 (NT-3), 
which are in the NGF family, and is therefore 
upstream of neurotrophin regulation. Thus, CREB 
is a candidate for a site to transduce Aβ effects to 
NGF expression (Chauhan and Siegel, 2003).

There is emerging information that links CREB 
and GSK3β or Wnt. CREB is activated to induce 
gene transcription through phosphorylation at 
certain residues by PKA and other kinases. In
vitro, PKA phosphorylation of CREB increases 
the latter’s binding affi nity to gene elements while, 
in contrast, phosphorylation of CREB by GSK3β,
which proceeds after that by PKA, decreases 
CREB binding affi nity and inhibits the PKA-
stimulated CREB binding to DNA (Bullock and 
Habener, 1998; Tyson et al., 2002). GSK3β is 
required for phosphorylation of CREB at a serine 
residue (S129), which is involved in the cAMP 
control of CREB and gene expression (Fiol, 1994; 
Swarthout, 2002). GSK3β inhibitory regulation of 
CREB binding to DNA has been demonstrated in 
differentiated human neuroblastoma cells.

Activation of Akt/PKB (which is downstream 
to PI3K) or exposure to Li+, both of which inhibit 
GSK3β, serve to increase CREB DNA binding 
affi nity, while overexpression of GSK3β blocks 

the increases in CREB DNA binding otherwise 
induced by certain growth factors (e.g., EGF, 
ILGF-1, forskolin) and cAMP. Of interest is that 
another antidepressant medication that is an 
anticonvulsant and is believed to stabilize mood, 
sodium valproate, also inhibits GSK3β and 
reverses GSK3β inhibitory effects on CREB acti-
vation (Grimes and Jope, 2001).

Wnt activation increases both ILK activation 
and ILK induction of cyclin D1, which involves 
CREB signaling, and this induction of cyclin D1 
is blocked by overexpression of GSK3β. Inhibi-
tion of PI3K and its downstream activator Akt/
PKB also reduces ILK induction of cyclin D1 
(D’Amico et al., 2000). As mentioned above, Wnt 
activation promotes β-catenin stability and tran-
scriptional activity, while mutated PS1 or PS1 
defi ciency leads to reduced β-catenin and/or tran-
scriptional activity. Observations based on a yeast 
system show that β-catenin interacts with CREB, 
acting synergistically with CREB-binding protein 
to stimulate transcription (Takemaru and Moon, 
2000). Thus, a decrease in β-catenin stability 
through decreased Wnt activation or increased 
GSK3β activity is expected to result in decreased 
CREB transcriptional activity as well.

9. Amyloid and Tau 
Interactions

Intracisternal injections of Aβ in rabbits pro-
duced evidence for apoptosis, including activation 
of caspase and tau phosphorylation in the 
hippocampus. Li+ treatment blocked the caspase 
activation but did not prevent DNA damage or 
tau hyperphosphorylation, indicating that the 
amyloid-induced tau hyperphosphorylation was 
independent of GSK3β in this experimental model 
(Ghribi et al., 2003). Contrasting results have 
been obtained in cultured hippocampal neurons. 
Takashima and colleagues (1996) reported that 
Aβ25–35 exposure induced an inactivation of 
PI3K and an activation of GSK3β in rat 
hippocampal culture. Wortmannin, an inhibitor of 
PI3K, also activated GSK3β, leading to an 
enhancement of tau phosphorylation and 
neuronal death in hippocampal culture. Further 
experiments with hippocampal neurons in 
culture showed that this Aβ peptide fragment 
activates GSK3β activity and tau phosphoryla-
tion and that this effect of Aβ is blocked by 
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GSK3β-antisense oligonucleotide, indicating an 
effect of Aβ on transcriptional activation 
(Takashima et al., 1998a, 1998b).

There may be more than one mechanism for 
Aβ effects on tau phosphorylation, but all the data 
taken together indicate that excessive Aβ itself 
induces dysregulation of signaling pathways, 
particularly of Wnt and GSK3β, tau hyperphos-
phorylation, certain transcriptional effects, and 
neuronal death. Activation of GSK3β or of 
Cdk5 by Aβ may lead to phosphorylation of tau 
and of kinesin light chain (see above), both of 
which disrupt axonal transport and cytoskeletal 
structure.

There is controversy as to whether the produc-
tion of Aβ or of abnormal tau processing is the 
initial trigger in AD and as to how the constituents 
of amyloid plaques and NFTs are related patho-
genically to each other and to the synaptic pathol-
ogy and cognitive defi cits in AD. It is clear that 
NFTs and abnormal tau phosphorylation in the 
absence of excess Aβ or amyloid plaques may 
produce neuronal degeneration and cognitive 
losses, as observed in the tauopathies. Also, excess 
Aβ or amyloid plaques in the absence of abnormal 
tau or NFTs may cause neuronal degeneration and 
cognitive losses, as seen in some transgenic AD 
mouse models overexpressing mutated APP or 
presenilin (Games et al., 1995; Duff et al., 1996; 
Hsiao et al., 1996; Borchelt et al., 1997) and to 
some variable degrees in normal aged humans. 
However, these transgenic mouse models are not 
complete representations of AD in humans. In 
familial AD, mutations in APP or in enzymes pro-
cessing APP produce both amyloid plaques and 
NFTs.

Studies with transgenic mice harboring mutated 
human tau bear on this issue. Mice expressing 
human mutated tau develop NFTs without amyloid 
plaques, while the double mutant animals with 
mutant tau and APP develop amyloid deposits as 
expected and marked enhancement of NFT 
pathology as compared to NFTs in the single tau 
mutation (Lewis et al., 2001; Perez, 2005). 
Injections of Aβ fi brils into brain of homozygous 
transgenic mice expressing human wild-type tau 
fail to produce NFTs, while injections of Aβ
fi brils into brain of mutant tau transgenic mice 
increase by fi vefold the number of NFTs in the 
amygdala neurons projecting to the injection site 
(Gotz et al., 2001). These results indicate that Aβ

can potentiate NFT formation in the presence 
of the abnormal, but not normal, tau, while tau 
does not appear to potentiate amyloid plaque 
formation in the presence of mutated APP. In 
addition, Aβ accumulates in brain of early child-
hood Down syndrome prior to NFTs or plaques, 
and in familial AD, the abnormal APP processing 
is associated with both amyloid plaques and 
NFTs.

Taken all together, these data support the 
hypothesis that in AD, Aβ is the initial trigger that 
leads to NFT formation and that in human AD, 
there exists an as-yet-undiscovered unique factor 
related to tau gene or tau processing that permits 
the Aβ effect to potentiate neurofi brillary pathol-
ogy in humans. In this view, the abnormality 
probably precedes the hyperphosphorylation. 
While there is controversy with respect to the 
kinase responsible for tau hyperphosphorylation, 
the preponderance of available information on 
regulatory sequences suggests that GSK3β is the 
nodal point between amyloidogenesis and tau 
hyperphosphorylation that evntually leads to the 
classic hallmarks of AD pathology. There appear 
to be several set-ups for vicious cycles in which 
Aβ dysregulates GSK3β and other factors, the 
dysregulation of which leads to further production 
of Aβ and other wide-spread consequences to 
neuronal biology, including abnormalities in 
tau and transport functions (Figures 10.2 and 
10.4).

K. Therapy of Alzheimer’s
Disease and Future 
Directions

1. Acetylcholinergic 
Pharmacotherapy

Understanding of the genetics and biology of 
amyloid and tau and their intimate effects on regu-
latory processes in the cell has advanced consider-
ably in the past few years. However, there are no 
available means at present for preventing or 
reversing the inexorable progression of AD. The 
only pharmacotherapy approved currently by the 
Food and Drug Administration (FDA) is the use 
of acetylcholinesterase (AChE) inhibitors. In this 
section the anticholinesterase (antiChE) and cho-
linergic therapy will be described, followed by 
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discussion of the future possibilities and directions 
of AD therapy.

a. Cholinergic Therapy

It should be stressed that, today, several diag-
nostic, cholinergically related methods are avail-
able to assess Marsel Mesulam’s “tauopathy” 
concept, that is, the concept of early onset of cho-
linergic loss in AD (as well as in animal models 
of AD) via the use of micro-PET scan methods 
(see also section A-2). These methods are gener-
ally based on PET estimation of AChE and both 
muscarinic and nicotinic cholinergic receptors 
(the muscarinic receptors are, however, not neces-
sarily lost in AD; see section A-2, above). So far, 
the data on the whole support Mesulam’s concept 
(Thiel, 2003; Kemp et al., 2003; Xie et al., 2004; 
Mason and Mathis, 2003; Fujita et al., 2003; Nor-
dberg, 2003, 2004; Tsukada et al., 2004). Func-
tional magnetic resonance imaging (fMRI) begins 
to contribute to this diagnostic value of cholinergi-
cally correlated neuroimaging methods, and, in 
fact, to the demonstration of the effectiveness in 
AD of antiChE treatment (Thiel, 2003; Tanaka et 
al., 2003; Kessler, 2003; Saykin et al., 2004).

Today, several antiChEs and several musca-
rinic agonists are used to ameliorate the dementia 
component of AD or are being tested in clinical 
trials for their potential use in AD. The main 
reason for the clinical use of either antiChEs or 
cholinergic agonists is the well-documented loss 
in AD of cholinergic neurons, particularly in the 
nucleus basalis of Meynert (NBM) and its neo-
cortical projections, and hippocampus, which are 
structures critical to memory, learning, and cogni-
tion. The pathology and physiology supporting 
this rationale as well as the limitations of the use 
of antiChEs in AD are adduced in section A.

The antiChEs available for clinical use or clini-
cal trials are either synthetics or naturally 
occurring alkaloids. They include donepezil, 
galantamine, rivastigmine, heptastigmine, huper-
zine A, and tacrine. These agents are reversible or 
pseudoreversible inhibitors of AChE (and, to a 
varying extent, butyryl ChE); they are congeners 
of the carbamate antiChE physostigmine. Irrevers-
ible antiChEs of the organophosphorus type such 
as metrifonate are also employed (see, for example, 
Cummings et al., 2001; see also Chapter 7 A, BI, 
and BII and also Giacobini, 2000). After mediocre 

success with the use of physostigmine in AD, these 
drugs were developed following criteria posited by 
Ezio Giacobini and Robert Becker; these criteria 
include specifi city for brain forms of AChEs, good 
penetration into the brain, relatively long half-life, 
and limited or, ideally, absent side actions and 
toxicities (Becker and Giacobini, 1991; Giacobini 
and Becker, 1988; Giacobini, 2000).

It should be added that, rather than looking for 
antiChEs that are specifi c for AChE, a different 
strategy with respect to antiChE treatment of AD 
could be embraced: as AChE activity is dimin-
ished in AD, while BuChE activity may be spared, 
Giacobini (2000, 2003a) suggested that an antiChE 
that inhibits both enzymes or, indeed, exhibits 
signifi cant antiBuChE activity may be useful in 
AD, as it should accumulate ACh in AD cases (see 
section A and Chapter 3 DIII).

Giacobini stressed that antiChE treatment-
induced accumulation of ACh may impose a nega-
tive feedback on the release of endogenous ACh 
(see also Karczmar and Dun, 1988). Accordingly, 
he suggested that “a slow dose titration” of the 
antiChE and/or the use of slow-release agents 
(drugs that become active upon metabolically 
induced release of the active agent) may reduce 
this limiting feedback effect. He also posited that 
decreased clinical response of AD patients to an 
antiChE, which is noticed generally 30 to 36 
weeks after the initiation of therapy, may not 
depend on the progress of the disease but on the 
development of tolerance to the drug. He describes 
several treatment strategies that may limit the 
development of tolerance and he opines that 
antiChEs may differ with respect to their capacity 
to induce tolerance (Giacobini, 2000).

Tetrahydroaminoacridine (tacrine), the fi rst 
antiChE to be approved by the FDA for AD treat-
ment, was withdrawn from the market in the 
1990s, as it frequently induced hepatic toxicity. 
The subsequent intense synthesis of new antiChEs 
was prompted and facilitated by several 
developments.

First, multidimensional quantitative assess-
ments became available to measure, in AD, various 
components of cognition, behavior, special adap-
tation, and emotional responsivity, as well as to 
assess the caregiver milieu and the quality of life. 
Leon Thal has been a pioneer in this quantitative 
testing of the progress of the disease (Thal et al., 
1983; see also Tractenberg et al., 2002). Several 
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rating scales are available, including those devel-
oped by the National Institute of Neurological and 
Communicative Disorders and Stroke and the 
Alzheimer’s Disease and Related Disorders Asso-
ciation (NINCDS-ADRDA); the scales establish 
the criteria for diagnosis of AD and for monitoring 
its progress (see, for example, Morris, 1996; 
Battistin and Gerstenbrand, 1990).

New tests may be added in the future. The Dis-
orders of Consciousness Scale, which relies on 
observation protocols and appropriate tests of neu-
robehavioral effi ciency, and the earlier related 
scales, such as the Western Neuro Sensory Stimula-
tion Profi le, are novel diagnostic procedures ordi-
narily used for recovery from stroke and coma, but 
which seem to be usable for estimation not only 
of cognition but also of consciousness and self-
awareness in AD (see Bender-Pape et al., 2005; see 
also Chapter 9 BV-4). Also, special EEG methods 
such as coherence analysis may serve as effective 
diagnostic and testing tools (Adler et al., 2003).

At the outset of the treatment trials, the evalu-
ation of the effectiveness of AD treatment was 
relatively subjective and the results or conclusions 
were often inconsistent. Thus, the early use of 
physostigmine in AD led to conclusions varying 
from very positive to quite negative. The develop-
ment of testable, quantitative methods of evalua-
tion that could be subjected to statistical analysis 
provided a boost for the development of new anti-
AD agents.

Second, as already pointed out, the clinical 
appraisal of the results of the early attempts at 
antiChE treatment of AD was inconsistent and 
frequently pessimistic. In the 1990s, many inves-
tigators felt that antiChEs employed in AD treat-
ment have approximately similar and very modest 
effects in reducing the rate of progressive memory 
defi cits and that they do not alter the eventual 
outcome. A somewhat more positive attitude 
developed subsequently as statistically signifi cant 
results became available, and a certain degree of 
consensus seemed to have been reached as to the 
“real” effect of antiChEs in AD. The general sense 
is that when used in early AD antiChEs such as 
donepezil, galantamine, and rivastigmine reduce, 
initially, the neuropsychiatric symptoms, “stabi-
lize” the condition, and delay by perhaps a year 
the appearance of symptoms that would be present 
in untreated or placebo-treated cases at the time in 
question (Anand et al., 1998; Wynn and 

Cummings, 2004; see also Giacobini, 2000); 
indeed, abrupt withdrawal of the antiChE therapy 
in certain forms of dementia seems to cause a 
decline in cognition (Minett et al., 2003). Other 
possible benefi ts of antiChE treatment are sporadi-
cally reported, such as increased regional cerebral 
blood fl ow (Lojkowska et al., 2003; see also 
Chapter 9 BIV-2).The major benefi ts are seen in 
relatively improved behavior measurements and 
delays in nursing home placement compared to 
placebo controls or untreated groups. Certain 
aspects of AD besides cognition, such as apathy 
and agitation, also seem to be improved by the use 
of antiChEs (Boyle and Malloy, 2004; Profenno 
and Tariot, 2005).

Yet, it is also opined that the results at best are 
limited, and that major fi nancial and research 
efforts should be addressed at therapy other than 
antiChE therapy (New York Times, 2004; Jones, 
2003; see also section A-2). It must be stressed 
that the majority if not all of the evaluations of the 
effectiveness of antiChEs in AD were sponsored 
by pharmaceutical companies, and it was some-
times claimed that the reports in question favored 
the sponsor (Hogan et al., 2004).

It must be added that quantitative evaluation of 
the matter is not easy. For example, quantitative 
evaluation frequently compares the data obtained 
in the treated individuals with the projection of the 
progress of the disease in the placebo-treated 
patients; in view of the well-known variability of 
the progress of the disease, this comparison 
may not be reliable.2 It must be remembered that, 
in early AD, many or even the majority of cho-
linergic neurons remain intact and can serve as a 
basis for the cholinergic effect of antiChEs (see 
section A).

Third, certain special effects of antiChEs must 
be considered in this context. Thus, antiChE-
induced accumulation of ACh may activate, via 
the action of ACh on M1 muscarinic receptors, a 
cholinergic gene promoter (this effect was estab-
lished for the AChE gene promoter by Nitsch et 
al., 1998). AntiChE activation of M1 receptors 
(whether directly or via accumulating ACh) may 
be favorable in the treatment of AD via transcrip-
tional effects; it must be noted that muscarinic 
receptors are probably spared in AD (see section 
A) and therefore are potentially available for regu-
latory activation. Finally, as has been known since 
the 1970s (see, e.g., Glisson et al., 1972, 1974), 
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antiChEs cause effects on noncholinergic neurons, 
such as catecholaminergic and serotonergic cells, 
and these effects may be benefi cial in AD (see 
Chapter 9 BIII and Svensson and Giacobini, 
2000).

But the most important effect of antiChEs with 
respect to the biology and treatment of AD con-
cerns their action on the amyloid metabolism; 
Roger Nitsch’s initial observations on this ques-
tion were referred to in section A of this chapter 
(Nitsch et al., 1992). The abnormal or dysregu-
lated protein processing that constitutes the patho-
genesis of AD relates to abnormal processing of 
amyloid precursor protein (APP) and of tau 
protein, as described in this chapter. A number of 
reports, including those of Roger Nitsch and Paul 
Kasa (with Magdolina Pakaski), indicate that 
antiChEs acting possibly via M1 and M3 receptors 
modulate the APP processing pathway, promoting 
a nonamyloidogenic secretory pathway (Svensson 
and Giacobini, 2000; Pakaski et al., 2000). Other, 
amyloid metabolism-related actions of antiChEs 
were also reported; these include an effect on 
alpha-secretase and protection against amyloid-
induced apoptosis (in the case of human neuro-
blastoma), possibly via induction of anti-apoptotic 
proteins (Zimmerman et al., 2004; Orozco et al., 
2004; Arias et al., 2004, 2005). This type of 
neuroprotection may vary from one antiChE to 
another, and it may be mediated by nicotinic 
receptors (Arias et al., 2005; Laviolette and van 
der Kooy, 2004).

Support for the notion of the antiChE or cho-
linergic regulation of the Aβ peptide and APP 
secretion and metabolism is provided by the evi-
dence for the negative relationship between the 
cholinergic system and amyloid accretion. Thus, 
the Montreal team of Rene Quirion and Claudio 
Cuello demonstrated that lesions of the forebrain 
cholinergic system increase APP synthesis and 
induce its accumulation in the cortex and cerebro-
spinal fl uid (see, for example, Auld et al., 1998). 
Conversely, application of Aβ peptide directly to 
the rat NBM or its use in rat neuronal cultures 
decreases ACh synthesis and choline uptake and 
causes cholinergic hypofunction (Auld et al., 
1998; Harkany et al., 1998; see also Giacobini, 
2000); in addition, nicotinics and antiChEs seem 
to be capable of antagonizing Aβ peptide neuro-
toxicity in several in vitro preparations. These 
effects are the basis for the animal model of AD 

(see section A-2). In this context, transgenic mice 
expressing human APP also show increased levels 
of AChE (Sberna et al., 1998). AChE and BuChE 
are colocalized with Aβ peptide deposits in brains 
of patients suffering from AD (see section A), and 
Ezio Giacobini suggested that the incorporation of 
AChE into amyloid fi brils promotes their neuro-
toxic properties (Giacobini, 2000).

Certain caveats are in order. The work quoted 
above was carried out in rodents, sometimes in
vivo, but mostly in vitro; it is not certain that the 
results in question apply to human AD. Then, the 
data concerning the inhibitory effects of antiChEs 
on amyloid formation are not always consistent, 
and, occasionally, antiChEs such as tacrine seem 
to induce rather than reduce amyloidosis (Chong 
and Suh, 1996; Mazzucchelli et al., 2003). Then, 
the data concerning the inhibitory effects of 
antiChEs on amyloid formation are not always 
reliable, and occasionally, antiChEs, such as 
tacrine, seem to induce rather than reduce amyloi-
dosis (Chong and Suh, 1996; Mazzucchelli et al., 
2003). Commerting on the effects of tacrine, Ezio 
Giacobini suggested that “tacrine may reduce 
levels of neurotoxic beta-amyloid peptide as well 
as neuroprotective soluble ATP, and thereby infl u-
ence the formation of beta-amyloid peptide aggre-
gates” (Giacobini, 2000).3

Finally, it must be remembered that even when 
effective in early or moderate AD, antiChEs lose 
their “stabilizing” effect within 1 year or so from 
the initiation of the treatment; at best, their effect 
is limited, even in early AD. These fi ndings may 
suggest that the anti-amyloid action that the 
antiChEs exhibit in rodents does not obtain in the 
human; the fi ndings also suggest that the amelio-
rative antiChE effect in AD is not curative but 
rather “symptomatic” (see Jones, 2003). AntiChEs 
are not effective in late AD; by that time neuro-
toxic phenomena of AD may be irreversible and 
the substrates for antiChE action such as 
cholinergic synapses and receptors are probably 
eliminated. It must be added that AD cannot be 
considered a primarily cholinergic disease, as was 
already maintained some time ago by this author 
(Karczmar and Dun, 1988; Karczmar, 1991), and 
as opined recently by Marsel Mesulam (2004; see 
section A 2, above).

To turn now to cholinergic agonists: Nicotinic 
receptors seem to be gradually eliminated in AD 
(see section A-2), and thus it may be not expected 
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that nicotinic agonists would be useful in the treat-
ment of AD; yet, there is some development in this 
area (Nordberg, 2000; see also several chapters in 
Giacobini and Becker, 1988, and Becker and 
Giacobini, 1991). On the other hand, both pre- and 
postsynaptic central muscarinic receptors (of the 
M1 and M3 subtypes) are spared in AD, and a 
concerted effort is being made to develop appro-
priate muscarinic agonists. It was proposed that 
besides facilitating or initiating cholinergic trans-
mission, these compounds may have, similar to 
antiChEs, a benefi cial effect on amyloidosis 
(Fisher, 1997; Fisher et al., 1998).

One more consideration is appropriate in the 
present context. Routinely, drugs other than cho-
linergic agonists are employed in therapy of AD. 
Thus, the use of antidepressants is common; the 
antidepressants employed include tricyclics such 
as amitriptyline and oxepin and other antidepres-
sants such as bupropion. Also antispasmodics, 
antiemetics, and antihistaminics are utilized. The 
problem is that, besides the anticholinergic anti-
spasmodics, antihistaminics, antiemetics, and, 
particularly, tricyclics such as amitryptyline 
exhibit quite potent anticholinergic effects; anti-
cholinergics exert anticognitive and antimemory 
actions, as reviewed in detail in Chapter 9 BV.
Accordingly, it could be expected that the use of 
these drugs in AD cases treated with cholinergic 
therapy may diminish the cholinergic effi cacy in 
this condition. That this indeed is so is indicated 
in several studies (see, for example, Lu and Tune, 
2003); comprehensive evaluation of this problem 
is under way in several hospitals (personal com-
munication, J. Bieri, C. Palla, and P. Drahos, 
2004).

It should be added that antiChEs were employed 
and found relatively useful in dementias of non-
Alzheimer nature, such as Parkinson’s disease and 
Lewy bodies dementias (see, for example, Burn 
and McKeith, 2003). Finally, cholinergic agonists 
and antiChEs were used in certain human condi-
tions that are not relevant to their use in AD; thus, 
they are employed as antidotes in the case of tox-
icity arising from the use of tricyclic antidepres-
sants and to accelerate recovery from anesthesia 
(see Karczmar, 1979, 1995, see also Chapter 11-
1). Furthermore, both nicotinic and muscarinic 
agonists may facilitate, in animals and in elderly 
humans who do not suffer from AD, memory, 
learning, and cognition, although the pertinent 

data are inconsistent (see for example, Blacker, 
2005) (see also Chapter 9 BV). Occasionally, 
more exotic uses of antiChEs and cholinergic ago-
nists were reported sporadically; for example, 
according to Fujiki et al. (2005), donepezil attenu-
ated experimental cerebral infarction induced in 
rats.

b. Other Therapies and 
Future Directions

Observational evidence has accumulated sug-
gesting the possible benefi ts of some nonsteroidal 
anti-infl ammatory agents (McGeer et al., 1996), 
statins (Wolozin et al., 2000; Jick et al., 2000; 
Crisby et al., 2002), and antioxidants (Martin, 
2003) in reducing the progression of AD. The 
potential effects of anti-infl ammatory agents in 
brain of AD patients may be independent of their 
action on cyclooxygenase activity or infl ammation 
and may stem instead from their inhibition of γ-
secretase (Eriksen et al., 2003). One randomized, 
double-blind, prospective trial completed recently 
showed that rofecoxib (25 mg/d) or low-dose 
naproxen (440 mg/d) did not slow cognitive 
decline in patients with mild to moderate AD over 
1 year (Aisen et al., 2003). Other similar studies 
are in progress.

Statins, which inhibit hydroxymethylglutaryl 
CoA reductase and are used clinically to lower 
blood cholesterol, have been found effective in 
reducing β-amyloid peptides in transgenic animals 
and in vitro (Frears et al., 1999; Fassbender et al., 
2001). In the AD double APP mutation transgenic 
model TgCRND8, statins both increased the pro-
portion of α- to β-cleavage and reduced total 
expression of the human mutated APP, thus reduc-
ing the total of Aβ-peptides while increasing 
sAPPα quantitatively (Chauhan et al., 2004). It is 
known that cholesterol decreases α-secretase
activity (Bodovitz and Klein; 1996). These effects 
may ensue from reducing cholesterol content of 
neurocellular membranes and altering cholesterol 
traffi cking and the balance between free choles-
terol and cholesterol esters, and/or by decreasing 
mevalonate levels with the consequent reduced 
prenylation of certain small G proteins that are 
involved in plasmalemma-signaling pathways 
affecting α-secretase function. But the optimum 
dosages, duration of treatment, and ratios of risk 
to benefi t for long-term and early treatment or 
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prevention of dementia, possibly needed at young 
adult stages, have not been determined for any 
of these various agents, including the statins 
and anti-infl ammatory agents (Etminan et al., 
2003).

The N-methyl-d-aspartate (NMDA) receptor 
antagonist, memantine, has been tested in clinical 
trials on the theory that blockade of “weak” 
NMDA receptors at some low level of inhibitor 
may reduce calcium infl ux and associated excito-
toxicity in cholinergic neurons in the hippocam-
pus before interfering with memory and learning 
(Rogawski and Wenk, 2003). A meta-analysis 
revealed modest benefi ts in cognitive tests in 
moderate to severe AD but not in the clinical 
impression of change (Areosa and Sherriff, 
2003).

An exciting prospect is the potential benefi t of 
immunization against Aβ based on the pronounced 
effi cacy of anti-Aβ in reducing amyloid burdens 
in transgenic mice (Schenk et al., 1999; Janus et 
al., 1999; Weiner et al., 2000; Bard et al., 2000; 
DeMateos et al., 2001) and reducing or preventing 
memory and learning defi cits in various paradigms 
in transgenic mice (Janus et al., 1999; Morgan et 
al., 2000, 2003). In addition, passive immuniza-
tion by injection of antibodies into 3rd ventricle of 
transgenic mice has proved effective in reducing 
amyloid, reversing presynaptic changes and gliosis 
(Chauhan and Siegel, 2002, 2003, 2005). It is now 
needed to prove this effective in primate brain. 
And, a monkey model was developed by Gandy 
et al. (2004). A clinical trial of systemic active 
immunization against Aβ in humans had to be 
discontinued because 6% of 300 subjects devel-
oped meningoencephalitis (Schenk, 2002; Lee et 
al., 2005). Although dosing was interrupted, many 
patients developed signifi cant anti- Aβ antibody 
titers. Epitope mapping of serum samples from 
these patients showed that the predominant 
response was “exquisitely specifi c” for the free 
amino terminus of Aβ regardless of the presence 
or absence of meningoencephalitis. Autopsied 
cases revealed regions of brain with uncharacter-
istically low plaque burden suggesting that 
immunization is effective as shown by the 
transgenic animal studies (Lee et al., 2005). It 
should be added that encephalitis was not induced 
in Gandy’s model. A clinical trial with passive 
systemic immunization using anti-Aβ is in 
progress.

Increased reactivity of T cells to Aβ has been 
found in normal aging humans and subjects with 
AD (Monsonego et al., 2003). Patients with late-
onset AD were found to have lower serum levels 
of antibody to Aβ42 than had sera from elderly 
controls, suggesting a possible impairment of B 
cell production of antibodies to Aβ42 in the AD 
group (Weksler et al., 2002). Studies with trans-
genic animals suggest that prolonged active 
immunization is required to ameliorate behavioral 
defi cits (Austin et al., 2003). Yet, sustained high 
levels of plasma antibodies to Aβ from systemic 
immunization may adversely affect cerebral 
vessels containing amyloid and thereby cause 
hemorrhage and perivascular infl ammatory 
responses (Pfeifer et al., 2002a, 2002b). Passive 
immunization through intracerebroventricular 
(ICV) infusion of anti-Aβ, which may avoid sys-
temic T cell and macrophage responses and expo-
sure of vasculature luminal surface to antibodies, 
results in clearance of amyloid and reversal of 
infl ammatory responses with no microhemorrhage 
in transgenic mice this approach constitutes 
another potential means of antibody administra-
tion (Chauhan et al., 2004).

As discussed above, NGF is a critical cholin-
ergic trophic substance that promotes growth of 
cholinergic neurons and fi bers, most notably 
within the basal forebrain nuclei of Meynert in the 
CNS; these neurons degenerate in AD (see section 
A-2 this chapter). This information suggested the 
employment of trophic factors in the treatment of 
AD. Preclinical studies with primates showed 
safety and effi cacy of NGF gene delivery to brain 
with ex vivo genetically modifi ed cells. A clinical 
trial was mounted in which autologous fi broblasts 
genetically modifi ed ex vivo to produce and 
secrete human NGF were stereotactically 
implanted into the basal forebrain in 8 patients. 
After 22 months of follow-up in 6 individuals, no 
adverse effects had occurred and a 50% decrease 
in the rate of cognitive decline was measured at 
18 months while PET scans showed signifi cant 
increases in cortical metabolic rate (Tuszynski et 
al., 2005). Presently, a clinical trial is in progress 
with implanted NGF gene linked with adeno-asso-
ciated viral vector for in vivo genetic modifi cation. 
Other trials of the use of trophins in AD were 
undertaken in Scandinavia and Italy (Lars Olson, 
personal communcation; Hefti and Weiner, 1986; 
Russel, 1988; Massa et al., 2002; see also Butcher 
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and Woolf, 1989; see also Chapter VIIICI, CII and 
CIII). The fi nal verdict is far from being reached, 
for the success of this treatment is as yet unavail-
able. And, Larry Butcher and Nancy Woolf 
launched an interesting counterattack on the sug-
gestions in question, as well as posited new treat-
ment possibilities (Butcher and Woolf, 1999 and 
2003; Woolf et al., 1989). They pointed out that 
“abnormal structural profi les,” represented for 
example by “fi lopodia-like extensions form 
the  .  .  .  neuronal  .  .  .  soma” appear early in several 
brain parts of AD patients. They associated these 
aberrant morphologies with a change in the pro-
teins of the neuronal cytoskeletal framework (see, 
for example, Wolozin et al., 2000; Wolozin and 
Davis, 1987; and Section B, above), including an 
increase in the microtubule-associated proteins 
(MAPs; see also Chapter VIII BII). Finally, they 
related these morphopathologies and protein 
changes to the action of trophins, including NGF, 
astrocytes and the p75 neurotrophin receptor (see 
Chapter CI). Earlier (Butcher and Woolf, 1989) 
they hypothesized that rather than acting as an 
antagonist of apoptosis (see Chapter VIIICI), 
NGF and other trophins “accelerate the pathologi-
cal cascade” of AD. Subsequently, they stressed 
(Butcher and Woolf, 2003) the apoptotic function 
of p75 neurotrophin receptor, as it may, under 
certain circumstances, increase apoptosis; they 
point out that NGF and the neurotrophn receptor 
may be, indeed, increased in AD (see Atterwill 
and Bowen, 1986 and Rabidazeh, 1993). Accord-
ingly, they suggest that rather than using trophins, 
future therapies of AD should aim at diminishing 
NGF synthesis and blocking NGF receptors! 
Indeed, therapies that are not directed to eliminat-
ing the primary causative agent may produce 
limited symptomatic improvement but cannot cure 
the disease.

At this writing, many prospective, randomized, 
double-blinded clinical studies as well as animal 
investigations are under way, including: non-
steroidal anti-infl ammatory drugs (rofecoxib, 
naproxen, celecoxib, ibuprofen, dapsone), anti-
oxidants and oxygen radical scavengers (alpha-
tocopherol, selegeline, idebenone, Ginko biloba 
extract), estrogen replacements, estrogen plus pro-
gesterone, AMPA glutamate receptor modulators 
and glutamate receptor (NMDA) antagonists or 
neuroprotective agents (it is interesting that some 
derivatives or stereoisomers of antiChEs may 

serve as such (Li et al., 2005)); serotonin and nico-
tinic receptor agonists, GABA receptor antago-
nist, calcium fl ux regulators (memantine and its 
second genearation derivatives (Lipton, 2004)); 
statins (simvastatin, atorvastatin), agents such as 
folate, B6 and E12 that lower plasma homocyste-
ine levels, immunomodulatory agent (cyclophos-
phamide), and antigonadotrophins (such as 
neuprolide). One study seeks to improve CSF 
drainage through fl ow-regulated ventriculoperito-
neal shunting in order to remove putative toxins. 
Many of these measures are palliative, and fre-
quently the results so far obtained are not encour-
aging (see, for example, Thal et al., 2003). In 
addition, there are studies in progress to image and 
quantify amyloid plaques and muscarinic and 
nicotinic receptors in AD brain with PET and 
SPECT to aid in early diagnosis, prior to onset of 
dementia, and to follow the course of the illness 
and of treatment effects.

Based on what is known of the molecular 
pathology, research in therapeutic strategies is 
addressed to fi nding biological agents or synthe-
sizing molecules: that may control certain of the 
regulatory factors such as GSK3β and Cdk5 
involved in APP and tau processing 
and their functions; that inhibit the β- and γ-
secretases which produce Aβ; that regulate the 
balance between α- and β-processing of APP; that 
prevent Aβ from accumulating by binding to and 
blocking Aβ from aggregating; or that dissolve 
amyloid plaques with copper-zinc chelating 
(Cherny et al., 2001) and peptide trapping agents, 
that regulate cholesterol compartmentation and 
interaction with Aβ; and that regulate secondary 
immune and infl ammatory reactions in AD. These 
subjects have been frequently reviewed (Suh and 
Checler, 2002; Janus, 2003; Marks and Berg, 
2003; Gandy, 2003; Bush, 2003; Martin, 2003; 
Harrison, 2003; Etminan, 2003; DeKosky, 
2003).

In addition, understanding genetic polymor-
phism may help determine which individuals may 
respond to particular drugs (Frank and Hargreaves, 
2003). The research into these areas is very excit-
ing and promises to yield novel methods for treat-
ment based on the underlying pathologic processes 
and genetic regulation of responses but there is 
much yet to be learned about the physiology and 
pathology of all the cellular processes involved in 
AD.
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Notes

1. Nowadays, it is not generally recognized that Alois 
Alzheimer contributed signifi cantly to another degen-
erative disease, Huntington’s chorea (Alzheimer, 
1911).

2. It must be noted that the effectiveness in question 
involves statistically evaluated changes in scales; 
here Steve (Bernard B.) Brodie’s dictum comes to 
mind: “If one needs statistics to demonstrate a differ-
ence, then perhaps there is no difference.”

3. Ezio Giacobini refers to increased levels of BuChE 
in AD, as he suggests that this enzyme should be 
considered in AD therapy (Giacobini, 2003a, 2003b); 
his reasoning is not entirely clear (see this chapter 
and chapter 3 DIII).
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This book is a journey along the trails of cholin-
ergic research on the vertebrate central nervous 
system. It also presents the highlights of the 
present status of this research, whether directly 
concerned with central nervous system choliner-
gicity and its pathways or dealing with its compo-
nents, such as cholinesterases (ChEs), cholinergic 
receptors, acetylcholine (ACh) metabolism, and 
neuronal elements of ACh release.

Two kinds of fi nal comments concerning 
central cholinergicity are presented here. First, 
remarks will be made as to the tasks that remain 
to be accomplished within the various fi elds of the 
cholinergic system and which are rather mundane; 
that is, the state-of-art methodology for the fi eld 
in question is such that the accomplishment of 
these tasks is only a matter of time. Second, ques-
tions are raised that deal with matters that are far 
beyond the present status of cholinergicity and its 
methodology. Some of these questions are raised 
in the concluding remarks for each chapter of this 
book, but these matters are appropriate for this 
fi nal chapter, so at the risk of redundancy these 
questions are presented here.

A. Immediate, Mundane 
Concerns

1. Clinical Aspects

It may be said—regretfully on the part of a 
devoted cholinergiker—that the clinical use of 
cholinergics is not on par with the importance of 
cholinergic system for neurotransmission, brain 
function, and behavior. Yet, cholinergic and anti-
cholinergic drugs are used as muscle relaxants and 

in the treatment of glaucoma, myasthenia gravis, 
bladder dysfunction and incontinence, bronchiolar 
and intestinal dysfunctions, and chronic obstruc-
tive pulmonary disease, areas that are outside the 
scope of this book (see, for example, Stothers, 
2004; Barnes, 2004; Karczmar, 1979). More in 
keeping with the tone of this book, it should be 
stressed that cholinergic agonists are employed in 
the treatment of Alzheimer’s disease, Parkinson-
ism, and other degenerative diseases (see Chapter 
10; see also Barbeau, 1962, 1978), shortening the 
recovery from anesthesia (including the recovery 
from curarimimetics; Oh et al., 2004), and antidot-
ing overdose with tricyclics; and as adjuvants to 
anesthesia. It is interesting that anticholinesterases 
(antiChEs) are used in the treatment of venomous 
snake poisoning (see, for example, Bawaskar and 
Bawaskar, 2004). In the past, atropine coma was 
employed, quite successfully, in the management 
of depression; since the atropinic overdose is 
readily treated today, perhaps this therapy should 
be revisited (see Karczmar, 1979).

Certain potentials of cholinergic drugs should 
be explored. More attention should be devoted, in 
the case of Alzheimer’s disease, to the ameliora-
tive actions of antiChEs and cholinergic agonists 
on the amyloid cascade (see Chapter 10 K). In a 
related context, these drugs are currently employed 
in non–Alzheimer’s disease memory dysfunctions; 
since in these conditions cholinergic neurons 
remain mostly intact, this therapy should be theo-
retically effective and this use should be system-
atized. Then, cholinergically related trophic factors 
such as nerve growth factor (NGF) are at present 
used in degenerative diseases as well as in certain 
psychoses, and this use should be further explored 
and encouraged (Angelucci et al., 2004).
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Finally, Karl Pfeiffer proposed in nineteen 
forties that muscarinics and antiChEs may be 
helpful in the treatment of schizophrenia, and, in 
fact he used some of these agents, with some 
success, in the therapy of hebephrenics. Some 
twenty yeas ago this author adduced evidence 
supporting Pfeiffer’s notion (Karczmar, 1988), as 
did, more recently, Dean and his associates 
(2003).

2. Cholinergic Pathways

Though the identifi cation of the central cholin-
ergic pathways is nearly complete, a few outstand-
ing problems remain. These include the defi nition 
of ascending and descending spinal cholinergic 
pathways. Also, Marsel Mesulam’s description of 
Ch7 and Ch8 cholinergic sectors may be incom-
plete, and several sectors seem to work in series 
toward the same aim, the activating effects of 
the ascending cholinergic system (see Pepeu, 
1993; Chapter 2 DIII). Is this a case of redundancy, 
or of different delineations of the sectors in 
question?

Furthermore, the current defi nition of the asso-
ciation of the different pathways with their behav-
ioral outcome, while advanced, is incomplete, as 
in the case of Ch5 and Ch6 sectors innervating 
various thalamic neurons.

A longer-range problem is represented by the 
colocalization and corelease of ACh with other 
transmitters (particularly peptides) and concerns 
identifying neurotransmitter interaction at post- 
and presynaptic sites. This problem has been a 
part of the cholinergic lore since Thomas Hokefelt 
and others’ research during the 1970s (see Chapter 
9 BII-2 and BIII-2f), and while there are tools 
competent for providing pertinent evidence, the 
remaining task is long and laborious.

Choline acetyltransferase (CAT) immunohis-
tochemistry and other methods for localizing cho-
linergic cells, as well as similar methods used for 
identifi cation of other transmitters, are capable of 
resolving these problems. Yet, it is interesting to 
approach the problem via visualizing the cholin-
ergic transmitter itself. The methods for localizing 
ACh were developed (see Chapter 2 B-2), but they 
proved unsatisfactory; perhaps there will be a 
happy ending to this matter soon.

3. Cholinesterases

Remarkable success has been achieved with 
structurization of both butyryl cholinesterase 
(BuChE) and AChE, the three-dimensional image 
of their active sites, the polymorphism of ChEs, 
and the mechanisms of their catabolic function. 
The available three-dimensional images of ChEs, 
their active sites and catalytic gorges, and their 
anchoring subunits are well-nigh unbelievable! 
Jean Massoulié, Mona Soreq, Joel Sussman, Israel 
Silaman, Richard Rotundo, Nibaldo Inestrosa, 
Avigdor Shafferman, Palmer Taylor, and their 
associates made great strides in this area as well 
as with identifying isoforms and variants of ChEs. 
Mona Soreq presented a novel concept when she 
illustrated the ChE adaptability that leads to 
forming variants such as the stress-related variant 
(see Chapter 3 DIII). The remaining tasks include 
identifi cation of additional variants and complete 
defi nition of the localization and functional role of 
these variants.

A more complicated problem may be an expla-
nation for the role of AChE in nonneuronal tissues 
(such as red blood cells of several vertebrate 
species), particularly ephemeral tissues such as 
placenta, and in the embryo prior to neurogenesis 
(see the next section for discussion of this last 
point). A related and perhaps even more diffi cult 
problem concerns the role of BuChE. What does 
BuChE do in the neuronal or nonneuronal tissues? 
Several speculations have been offered, particu-
larly by Ezzio Giacobini (see Chapter 3 DIII), but 
they do not hit the crux of the matter.

4. Development and 
Phylogenesis

Development and phylogenesis comprise an 
area that concerns more than the delineation of 
cholinergic neurogenesis. Zenon Bacq, David 
Nachmansohn, and others (see Chapter 8 A) intro-
duced this area when they endeavored to establish 
the role of AChE in functions such as motility, and 
the need for AChE in synaptic transmission. 
Studies of cholinergic development continue to 
raise questions regarding the functional roles of 
ChEs and other cholinergic components. Since 
they appear in ontogenesis long before neurogene-
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sis is initiated (in the 2- or 4-cell stage in some 
species), what is the role of these components in 
ontogenesis? What light does this precocity throw 
on the roles of cholinergic components elsewhere 
than in ontogenesis (see Chapter 8 BIV and D-2)? 
An additional conundrum is added to this question, 
since cholinergic components appear early in phy-
logenesis, including in monocellular organisms 
such as bacteria and protozoa; in fact, their pres-
ence is ubiquitous not only across the animal but 
also plant phyla (see Chapter 8 BV). Indeed, in 
1963 Victor Whittaker referred to ACh as “the 
most ancient mediator.” In fl agellates, the presence 
of cholinergic components at the base of the fl a-
gella of the cholinergic system relates to the move-
ment of fl agellae—George Koelle suggested that 
BuChE plays a similar role in the smooth muscle 
(AChE is present in the skeletal muscle as well).

While this perplexing question regarding the 
precocious ontogeny and early phylogeny of 
cholinergic components has not been answered, 
certain plausible hypotheses have been presented. 
For example, cholinergic components, including 
ACh and ChEs, may act as morphogens (see 
Karczmar, 1963; Chapter 8 BI and BIV). This 
trophic action relates cholinergic components to 
trophic factors all the more since the trophic 
factors act on cholinergic targets. The discovery 
of trophic factors by Victor Hamburger and Rita Levi-
Montalcini is one of the watersheds of cholinergi-
cally related research. The role of the NGF in 
neuronal and axonal growth precipitated intense 
pharmaceutical and academic research concerning 
the discovery of additional trophic factors and 
identifying their role. Perhaps 50 trophic factors, 
mostly peptides, have been identifi ed, and addi-
tional factors are discovered just about each 
month. New mechanisms of trophisms will be 
described, and trophics endowed with affi nity to 
specifi c targets within the brain, acting on either 
the somata or axons, will be discovered.

In view of their morphogenetic, regenerative, 
and neuronal maintenance potential, it is some-
what disappointing that the trials of trophics in 
brain illnesses carried out mainly in Sweden and 
Italy did not show their clear-cut effectiveness in 
these conditions. It may be surmised that this may 
change in the near future.

Finally, it is electrifying to speculate that the 
cholinergic genome acted initially as a morpho-

gen, in ancestral living forms and, later, across the 
phyla, regulating cellular growth and differentia-
tion. The expression of the genome as a morpho-
gen was subjected subsequently to selective 
adaptation, while its transmittive function is exap-
tive in nature. Altogether, present-day ChEs may 
represent adaptations of an ancestral enzyme

1
 (see 

Chapter 8 BV).

5. Metabolism of ACh

Since the research of the 1940s and 1950s (see 
Chapters 2 B and 3 A), investigators have known 
that CAT, choline and its uptake, acetate, and 
coenzyme A constitute the system that synthesizes 
ACh. Following the realization of the signifi cance 
of choline as possibly the limiting factor in this 
synthesis, Konrad Loeffelholz, Jochen Klein, and 
Stanislas Tucek became concerned with the other 
side of the coin: under certain conditions choline’s 
synthesis and nerve terminal uptake may become 
excessive and choline may become an agonist. 
Choline’s special action as an agonist at choliner-
gic preterminals has recently been stressed 
(Chapter 9 BI-1 and BI-2); thus, there is a need 
for a system that would serve to maintain choline 
homeostasis; future research is necessary to 
confi rm this notion and to defi ne the components 
of the system.

Many attempts have been made to provide 
choline or ACh precursors that could facilitate 
cholinergic function and to maintain cholinergic 
function in aged animals or humans. Recently, 
Roger Wurtman, Kazimierz Blusztajn, and Lynn 
Wecker have been active in this area. If the notion 
of endogenous choline homeostasis is correct, and 
if it holds also for other endogenous precursors of 
ACh, this may prove to be a diffi cult task.

6. The Cholinergic Neuron and 
ACh Release

The cholinergic neuron owns an exceedingly 
complex active protein system that is involved in 
transporting cholinergic components such as ACh 
and the vesicles (for more about the consequences 
of this complexity, see the next section.) This 
system combines with the system subserving ACh 
synthesis to provide for ACh release, which can 
adapt to many environmental conditions. Some of 
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the fl exibility required for responding to environ-
mental needs is provided by cholinergic and 
noncholinergic nerve terminal regulation of the 
release.

Enormous success, partially resulting from the 
use of molecular biology methods, brought about 
a detailed description of the release system’s com-
ponents (Chapter 2 B and C). Even so, more detail 
should become available in the future; this addi-
tional information is particularly needed with 
regard to the interactive harmony that underlies 
the synthesis and release of ACh and the fl exibility 
of the systems in question vis-à-vis environmental 
demands.

Still another problem to be solved concerns the 
classical versus unorthodox images of the fi nal 
steps in the release process (see Chapter 2 C). Are 
the synaptic vesicles the only instruments of the 
quantal release, as proposed classically by Victor 
Whittaker? Ample evidence supports this classical 
tenet; yet, several unorthodox hypotheses includ-
ing the postulate of cytoplasmic rather than vesic-
ular ACh release have their adherents (see Chapter 
2 C-1 and C–2 and Victor Whittaker’s Foreword). 
The controversy among proponents of the various 
modes of release is sometimes almost violent. 
Further research is needed to resolve this matter. 
Is it possible that various release processes may 
coexist? May the mode of release depend on con-
ditions, such as high demand for release?

7. Receptology

The receptor research during the last 50 or 60 
years has led us a long way from Langley’s and 
Dale’s simple view of monotypic muscarinic and 
nicotinic receptors, as the brain exhibits many 
subtypes of nicotinic and muscarinic receptors at 
the presynaptic and postsynaptic sites. While 
much information is available with respect to 
brain distribution of nicotinic and muscarinic 
receptor subtypes (see Chapters 5 C, 6 C; 7 DII 
and DIII; and 9 BI-2, BIV, and BV), further work 
is needed to completely defi ne their brain 
location.

In context, our knowledge of discrete functions 
and behaviors associated with each transmitter 
subtype is certainly incomplete. Sometimes, 
several transmitter subtypes have been linked with 
a single function or behavior (see Chapter 9 BI-2, 

BIV, and BV). Is this because single functions and 
behaviors are not dealt with in these cases? Is it 
because the “fi nal shaping” of the activities needs 
the activation of several receptor subtypes?

Modern knowledge of receptor subtypes led to 
the development of agonists and antagonists that 
may be specifi c for human diseases. This develop-
ment will be aided with a more comprehensive 
understanding of the three-dimensional receptor 
subtype structures and the employment of quanti-
tative structure-activity relationship (QSAR) and 
Hansch analysis for a perfect fi t between the drug 
and the active sites of the receptors (see Chapter 
4 D and E). As for the nicotinic receptor, the 
crystallization of the molluscan nicotinic receptor, 
its structure, and the structure of its extracellular 
domain are available, but the crystal structure of 
mammalian extracellular domain has not been 
accomplished (see Chapter 6 B). This achieve-
ment and especially obtaining the structure of the 
human nicotinic receptor will have an enormous 
applied signifi cance.

As mentioned earlier, the activation of several 
receptor subtypes is needed for the “fi nal shaping” 
of a given function or behavior. The clarifi cation 
of this matter should be the fi nal step in the search 
for the therapeutic use of cholinergic agonists and 
antagonists.

8. Channels

Ion channels provide the response of the pre- 
or postsynaptic membrane to ACh (and other 
transmitters). Research concerning channel pro-
teins and the genes encoding these proteins has 
been progressing quickly, as there are a number of 
peripheral and central disease states caused by 
channelopathies (Hiremath et al., 2003). Recently, 
the complete structure of several voltage-gated 
channels, such as those conveying the fast ACh 
response, was determined (Chapter 6 B). As with 
the receptors, these discoveries will provide tem-
plates for drug design and for providing specifi c 
drugs to evaluate cholinergic transmission and for 
the therapies of channelopathies.

9. Central Cholinergicity

Problems remain to be solved on both the syn-
aptic and functional or behavioral levels. As for 
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the synaptic level, it was frequently demonstrated 
that a cholinergic radiation abuts directly on a 
noncholinergic postsynaptic membrane. However, 
sometimes a cholinergic-cholinergic link is 
present, and it is not easy to technically demon-
strate such a presence. In a related context, techni-
cal obstacles are great with regard to determining 
all the transmitter (including ACh) inputs into a 
cholinergic neuron, whether at its somatic or nerve 
terminal site; similarly, it is not easy to determine 
how many and which transmitters share with ACh 
access to a given noncholinergic neuron (see 
Chapter 9 BIII-1). In other words, much remains 
to be done with respect to the defi nition of trans-
mitter interactions at presynaptic or postsynaptic 
sites.

This question of transmitter interaction relates 
to cholinergic response modulations, whether 
post- or presynaptic (in the case of presynaptic 
modulation, the modulation regulates the release 
of trans mitters, including ACh). Transmitter inter-
action results in vectoral modulation between the 
excitatory and inhibitory responses, as proposed 
by Sir John Eccles (see Eccles, 1964). But, there 
are also modulations that are not caused by vec-
toral neurotransmitter interactions, as in the case 
of receptor inactivation and sensitization (see 
Chapter 9 BIII-2c). The status of modulation at a 
given synapse and at a given time is unclear. In 
other words, the post- or presynaptic outcome as 
illustrated by the generation of a productive spike 
and actual release of ACh cannot be readily 
predicted.

Finally, noncholinergic and cholinergic drugs 
maximally effective at any post- or presynaptic 
site may have not been developed (see above). 
Perhaps the most obvious lacuna concerns the pre-
synaptic facilitators of ACh release other than 
atropine and atropinics (the ACh-releasing capac-
ity of atropinics is counterbalanced by their post-
synaptic effects and their actions outside of the 
CNS; see Chapter 9 BIII-2a). There may be a 
potential for these drugs in cases of cholinergic 
hypofunction, as the antidepressive action of noo-
tropics may result from their facilitation of ACh 
release. However, this mechanism is poorly docu-
mented for nootropics, and other drugs of this type 
(including novel pyrimidines) will undoubtedly be 
developed in the future.

There are other applied aspects of central cho-
linergicity that should be further exploited. 

Accordingly, better analgetic muscarinic agonists 
should be developed; while they may not be 
appropriate for use as everyday painkillers, such 
as acetaminophen, there are indications that these 
analgesics may be useful in surgery and in attenu-
ating effective morphine doses. Finally, while 
unsuccessful attempts were made to control with-
drawal symptoms with atropinics (see Chapter 9 
BV-5), additional trials should be carried out in 
view of the demonstrated cholinergicity of absti-
nence and the availability of muscarinic subtype-
specifi c antagonists.

Several future tasks should be emphasized 
with respect to functions and behaviors that are 
endowed with cholinergic correlates. At one time, 
this author opined that cholinergic correlates were 
established for all measurable behaviors, particu-
larly in animals (see, for example, Karczmar, 
1990). While indeed cholinergicity of many func-
tions and behaviors has been established (see 
Tables 9-1 to 9-4), this author’s early opinion that 
all behaviors have cholinergic correlates should 
be revised and read as follows: “Though choliner-
gic correlates have been established for most mea-
surable behaviors in animals, the cholinergicity of 
many human behaviors have not been investi-
gated.” Very little is known with regard to animals 
and to the cholinergic correlates of their social 
behaviors. For example, territorial protection and 
defense and social behaviors, such as contactual 
behavior and grooming, may be studied in pseudo-
natural laboratory habitats, such as Mouse City 
(Chapter 9 BV-4), and in zoos. However, little 
information is currently available describing the 
cholinergicity of these behaviors.

Olfaction is also a part of social behavior. 
Pathway-wise, it is a part of the rhinencephalon 
and of the limbic system. Accordingly, olfaction 
exhibits cholinergic correlates (see Chapter 2 
DII-DIII and Chapter 9 V-c). Yet, there is little 
information as to the cholinergic and anticholin-
ergic effects on olfactory function; further work is 
needed in this area.

It is important to fi ll these lacunae: in toto, 
cholinergic behaviors constitute the cholinergic 
alert nonmobile behavior (CANMB; see Chapter 
9 BVIa), which, as postulated by this author, 
underlies animal and human adaptability to the 
environment and its changes. Social behaviors and 
olfaction are important components of CANMB, 
and their cholinergic correlates should be defi ned. 
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Moreover, emotional attitudes, particularly the 
state of being shy, are also pertinent with respect 
to social behaviors; they are not quantifi ed as yet 
in animals, although they are measured in humans 
and observed in primates (and in the human asso-
ciated with the limbic system). These emotional 
states should be measured and assessed as to their 
cholinergicity in animals; it is not impossible to 
do likewise in humans.

Development of language is a behavior that is 
a part of learning; presumably, this behavior is 
exhibited by the human and is not present or 
present to a limited extent only in animals. As 
postulated by Noam Chomsky (1968), acquisition 
of speech and grammar forms are brain based and 
thus amenable to pharmacological evaluation; this 
may be impossible in humans but it would be very 
important if it could be done.

Finally, the acquisition of CANMB may be an 
evolutionary step for vertebrates and the human 
(see Chapter 9 BVIa). Further pursuits of choliner-
gic phylogeny (Chapter 2 A) are worth undertaking 
to clarify the phylogenetic descent of the CANMB. 
As for self-awareness, this matter belongs to the 
“far beyond” subjects of central cholinergicity and 
is referred to in the next section.

B. The “Far Beyond” Matters

1. “Accountability” of 
Cholinergic Functions and 
Behaviors

First, there is the question of “accountability” 
of cholinergic functions and behaviors. Leaving 
aside the morphogenetic and trophic as well as 
tropic functions of the cholinergic system and 
focusing only on transmittive processes that cul-
minate in a given behavior, these processes are 
most complex. We may take their outcome for 
granted, so it is worthwhile to illustrate this com-
plexity by summarizing the pertinent events. At 
the very onset, this process consists of the synthe-
sis and catabolism of ACh; there are multicompo-
nent phenomena. Then, there is the release of ACh 
and its constituents, such as choline uptake, 
cycling and transport of vesicles and ACh, and the 
modes of its exocytosis. Further, there is the nerve 
terminal regulation—inhibition and facilitation—
of the release; this regulation is multitransmitter 

in nature. The channel phenomena are involved on 
the postsynaptic level; these phenomena control 
whether the released ACh is inhibitory or pro-
duces an excitatory potential. Vectoral multitrans-
mitter events follow, and they decide whether the 
release of ACh events leads to a transmittive spike. 
The transmittive spike, if it occurs, activates both 
cholinergic and noncholinergic chain of events, 
including a multitude of receptors and their sub-
types, second messenger mechanisms and modu-
lations, and receptor sensitization and receptor 
inactivation. Several semiparallel chains of this 
nature that include many cholinergic and noncho-
linergic pathways ultimately “shape” a given 
behavior or function.

All this complexity works harmoniously and 
is fl exible. The outcome changes from moment 
to moment, to assure the optimal organism-
environment interaction and adaptability and also 
to be responsive to inner drives and emotions.

In Chapter 2 C, I referred specifi cally to one of 
the steps of this complexity, the step concerning 
the release of ACh, and I opined that I am not sure 
that there can be a computer program that will 
defi ne this step and that will allow us to predict 
whether this step will be made under specifi c cir-
cumstances (see Pepeu, 1993). What, then, about 
the whole process that ultimately results in a given 
function or behavior? Yet, a science likes to be 
predictive as to the outcome of phenomena and it 
considers that it has a handle on a phenomenon 
when it becomes possible to construct a mathe-
matical formula describing the phenomenon in 
question. Is then cholinergicity (or the phenome-
nology of any other transmitter) still in its presci-
entifi c mode?

2. Consciousness in Its 
Self-Awareness Mode, or: 
How Does It Feel to 
See Red?

The second question is that of consciousness 
in its self-awareness mode. Or: how does it feel to 
see red?

2
 The related question is that of “free 

will,”
3
 and it must be stressed that this notion is 

beyond the phenomena of memory and cognition, 
even though memory is a substantive part of self-
awareness. Yet, even today, some neuroscientists 
relate the problem of consciousness and self-
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awareness simply to the identifi cation of the per-
tinent brain regions (Miller, 2005). The problem 
may be defi ned as that of body-consciousness 
relationship. As described in Chapter 9 BVI, there 
is an intense controversy between the reduction-
ists, who feel that self-awareness is as material 
and as brain dependent as any motor function 
(strict behaviorists such as B. F. Skinner and J. B. 
Watson), and the Cartesian dualists, who consider 
self-awareness as an expression of the brain but 
distinct from other brain functions (this is a two- 
or even three-worlds notion; see Popper and 
Eccles, 1977). John Searle (2004) may be unique 
among the discussants of mind and consciousness, 
as he opines that both the reductionists (“monists”) 
and dualists essentially talk nonsense, and that the 
mind (and/or consciousness) is simply a property 
of matter (see Chapter 9 BVI). Yet, the modern 
reductionists are sophisticated indeed. For 
example, Ben Libet based his notions of free will 
on the methodology of cortical evoked potentials 
and the capacity to measure within milliseconds 
cortical and volitional events, as he proposed that 
the time periods separating cortical potential 
evoked by sensory stimulation, subjective aware-
ness, and motor acts represent awareness and free 
will (see Chapter 9 BVI).

An even greater refi nement and interdisciplin-
ary approach characterizes certain modern inves-
tigations of consciousness and self-awareness. 
Thus, Roger Penrose “reduces” consciousness to 
quantal transition modes accompanying the transi-
tion from quantal to macroscopic events (Penrose, 
1994; Metzinger, 1995).

4
 Very interestingly, Nancy 

Woolf adapted Roger Penrose’s quantal phenom-
enon to the cholinergic cytoarchitecture of the 
cortex and to the notion of the cholinergicity of 
consciousness and self-awareness (see Figure 
9-36). It is also interesting that Nancy Woolf’s 
notion is in part based on the demonstrated plastic-
ity of the neurons in question (Woolf, 1997).

Nancy Woolf’s notion must be dear to every 
cholinergiker; however, I feel that at this time the 
notions presented by her, Roger Penrose, Ben Libet, 
and other modern reductionists do not bring about 
complete understanding of consciousness. Particu-
larly, their notions of self-awareness do not appear 
to me to be intuitive and parsimonious, parsimoni-
ousness being an accepted criterion of an accept-
able scientifi c hypothesis; many investigators are 
also not at ease with this problem, even when they 

avow to be “materialists” (see, for example, Dennet, 
2001, 2003). What strikes me also is the lack of 
commonality of languages used in the description 
of “neuroscientifi c” on the one hand and “con-
sciousness phenomena” on the other. Or, to put it 
more scientifi cally, the questions asked within 
one category of phenomena are not couched in the 
language of the other category; nevertheless, when 
the questions are transplanted from one language 
to another, they become nonquestions and there 
are no answers to them. Furthermore, it appears 
that the notions of self-awareness and free will, 
as presented by Libet, Penrose, and Woolf, 
cannot be verifi ed; yet, verifi ability is the 
criterion sine qua non of a scientifi c hypothesis 
(Popper, 1995; see also Karczmar, 1972 and 
Chapter 9 BVI).

Altogether, it is my belief that cholinergicity 
or any other transmitter phenomenon cannot 
be, today, related to consciousness, although the 
latter may be considered an observable fact; as 
explained in detail in Chapter 9 BVI, matters 
of self-awareness belong to the category of 
occurrences for which explanatory options are 
infi nite and/or illogical.

It should be stressed—to add another issue to 
this already immensely complicated subject—that, 
besides several aspects of self-awareness listed 
here (see also note 10 in Chapter 9), consciousness 
exhibits still another, special facet, which is the 
conscious perception of the fl ow of time and of 
the time’s “arrow” (see also note 10 to Chapter 9); 
again, this facet involves a dualism between the 
“real world” and consciousness. In this case it is 
clear that there is no time’s arrow and no concept 
of the fl ow and direction of time in classical (New-
tonian) physics, as time in classical physics is 
entirely symmetrical and there is no difference 
between “past” and “future” (see, for example, 
Greene, 2004). One could suspect that the phe-
nomenon of entropy and the seemingly steady 
increase of disorder do exhibit the time’s arrow, 
but the matter is not so simple, as is also the case 
with the question of time’s arrow in quantal 
physics (see, for example, Greene, 2004). If there 
is no concept of time in physics (perhaps in any 
kind of physics), then time’s arrow is a sole pre-
rogative of consciousness. And, even if entropy 
and/or quantal physics are asymmetrical with 
regard to time and exhibit the past and the future, 
how does the time’s arrow of the quantal or 



664 Exploring the Vertebrate Central Cholinergic Nervous System

entropic phenomena translate into consciousness 
of the time’s arrow?

All this does not mean that the question of the 
mind-consciousness relationship raised fi rst by the 
Greek philosophers and pursued ever since should 
not be asked: Aristotle referred to consciousness 
as “awesomely strange” (see Hecht, 2003), and 
since his days the knowledge of consciousness 
constitutes a “fi nal problem” in the domain of 
humanness. Accordingly, the work of the investi-
gators quoted in this chapter and Chapter 9 BVI 
is brilliant and is not in vain. But an entirely new 
methodology and epistemology are needed to 
answer this question that is most perennial and 
most important to humanity.

C. The Last Word

This book illustrates the peaks, gradually higher 
and higher, that have been reached in the course of 
the history of cholinergic research, but more and 

greater peaks appear in our sights and are still to 
be scaled (Figure 11-1, see color plate.).

Notes

1. Jean Massoulié (personal communication) stresses 
that the term “ancestral cholinesterase” may not be 
warranted, at least not today. He points out that ChEs 
of many animal species and plants were not cloned; 
thus, he feels that it is not possible to know whether 
these enzymes derive from an ancestral cholinester-
ase, common to all living groups. Yet, it appears to 
this author that the speculation regarding an “ances-
tral cholinesterase,” if proven, resolves many diffi cul-
ties in explaining the role of ChEs in cases described 
in this section and in Chapter 3 D.

2. For a defi nition of consciousness, see note 10 in 
Chapter 9. Consciousness or self-awareness must be 
distinguished from feelings of social self-identity (see 
Taylor, 1989). The mode of social self-identity and 
the feeling of what it is to be a human agent or a 
person depends on many sensory, social, and mental 
functions, as well as consciousness; these functions, 

Figure 11-1. Distant peaks. (From Goodwin Ahlberg, 1998, with permission.) (See color plate.)



11. Envoi 665

including the latter, exhibit cholinergic correlates; yet 
social self-identity is not consciousness.

3. Sir John Eccles tried to defi ne (in a commonsense 
way) the existence of free will, that is, of a phenom-
enon that is not a refl ex, simple or complex as the 
case may be. Let us imagine and perform a com-
pletely trivial action, that is, an action of no survival 
or other functional or behavioral consequence to the 
perpetrator, such as dropping a pencil at one spot 
rather than at another: we will drop the pencil one 
way or another way this supports the contention of 
free will. As in other instances of free will or self-
consciousness, there are many arguments against the 
alleged signifi cance of Eccles’ example.

4. The quantum referred to here is a physical entity 
and has nothing to do with the quantal release of 
ACh.
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Figure 1-3. Peter Waser, Alex Karczmar, and George Koelle during the 1974 Symposium on Cholinergic 
Mechanisms in Boldern, Switzerland. 
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Figure 1-4. Superimposed note from Edith Heilbronn. From left to right: row 1 (seated): John Blass, George B. 
Koelle, Peter G. Waser, Donald J. Jenden, Israel Hanin, Frank C. MacIntosh, Alex Karczmar, Edith Heilbronn, 
Giancarlo Pepeu, Alan M. Goldberg; row 2: Victor J. Nickolson, Nae J. Dun, Stanley M. Parsons, Agneta Nordberg, 
Ezio Giacobini, B.V. Rama Sastry, Kathleen A. Sherman, Mario Marchi, Michael Stanley, Larry L. Butcher, Fiorella 
Casamenti, Tsung-Ming Shih, Herbert Ladinsky, Silvana Consolo, Kenneth L. Davis, Darwin L. Cheney, Janusz B. 
Suszkiw, Michael R. Kozlowski; row 3: Dean O. Smith, Steven H. Zeisel, Susan E. Robinson, Barbara Lerer, R. 
Jane Rylett, Rochelle D. Schwartz, Joan Heller-Brown, Marie-Louise Tjörnhammer, Britta Hedlund, David S. 
Janowsky, Natraj Sitaram, Linda M. Barilaro, Paul M. Salvaterra, Denise Sorisio, Elias Aizenman, Ileana Pepeu, 
Aurora V. Revuleta, Felicita Pedata, Clementina Bianchi, Lorenzo Beani, Henry G. Mautner; row 4: S. Craig Risch, 
Guillermo Pilar, E. Sylvester Vizi, Thomas J. Walsh, Sikander L. Katyal, Rob L. Polak, Roni E. Arbogast, Jean 
Massoulié, Denes Agoston, Brian Collier, Lynn Wecker, Bruce Howard, Richard S. Jope, Bernard Scatton, Matthew 
Clancy, Paul T. Carroll; row 5: William G. VanMeter, Michael Adler, Peter Kasa, Annica B. Dahlström, Gary E. 
Gibson, Peter C. Molenaar, Ingrid Nordgen, John D. Catravas, Judith Richter, David M. Bowen, Mark Watson, 
Renato Corradetti, Lorenza Eder-Colli, Marvin Lawson, Ing K. Ho, Jack C. Waymire; row 6: Paul L. Wood, Matthew 
N. Levy, Jean-Claude Maire, Frans Flentge, Richard Dahlbom, Pierre Etienne, George G. Bierkamper, Robert G. 
Struble, A.J. Vergroessen, Seana O’Reagan, Robert Manaranche, Maurice Israel, Yacov Ashani, Abraham Fisher, 
Steven Leventer, Alan G. Mallinger; row 7: Anders Undén, Edward F. Domino, William D. Blaker, Peteris Alberts, 
Johann Häggblad, Daniel L. Rickett, Sten-Magnus Aguilonius, Serge Mykita, Hans Selander, Oliver Brown, Henry 
Brezenoff, Sven-Åke Eckernäs, Frederick J. Ehlert, Björn Ringdahl, Volker Bigl, Duane Hilmas, Clark A. Briggs, 
Nicolas Morel; row 8: Bo Karlén, Michael J. Dowdall, John J. O’Neill, Heniz Kilbinger, Wolf-D. Dettbarn, Konrad 
J. Martin, Konrad Löeffelholz, Roy D. Schwarz, Jerry J. Buccafusco, Ernst Wulfert, Howard J. Colhoun, Paul Martin, 
Jack R. Cooper, Crister Larsson, Harry M. Geyer, Michael J. Pontecorvo, William E. Houston, Jurgen von Bredow, 
Yves Dunant. (From Hanin, 1986. Reprinted by permission of Kluwer Academic/Plenum Press.) 
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Figure 1-7. U.J. (Jack) McMahon (left) 
and Rene Couteaux at the ISCM meeting 
in Arcachon, 1998. Jack McMahon is a 
prominent modern investigator of the ultra-
structure of the neuromyal junction. (From 
the Author’s private collection.)

Figure 1-9. Chris (Kazmir) Krnjevic at the Symposium in Honor of A.G. Karczmar, Loyola Medical Center, 
Maywood, IL, 1986. 
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Figure 1-10. From left to right: row 1: Doctoressa Ileana Pepeu, Erminio Costa, Marion Allen-Karczmar (Swami 
Sharadananda) and Leda Hanin; row 2: Israel Hanin, Giancarlo Pepeu, Alex Karczmar. Erminio (Mimo) Costa is a 
prominent psychoneuropharmacologist and one of the founders of the College of Neuropsychopharmachology. He 
pioneered the research on the role of serotonin, GABA, and catecholamines. He also contributed to the concept and 
measurement of the turnover of acetylcholine. 

Figure 1-11. Edith McGeer at the 1986 Symposium in Honor of A.G. Karczmar, Loyola Medical Center, Maywood, 
IL.
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Figure 1-12. Nobel Prize winner Rita Levi-Montalcini and Ezio Giacobini at a Vatican Symposium, 1990.

Figure 1-13. Hermona Soreq is a prominent scientist from the Hebrew University of Jerusalem. Soreq pioneered 
molecular studies of cholinesterases. Currently she studies stress-induced variants of acetylcholinesterase. 
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Figure 1-15. Vincenzo Longo and Alex Karcz-
mar in Rome, 1978. Vincenzo Longo, from the 
Istituto Superiore di Sanità, is a preeminent EEG 
investigator. He related EEG events and evoked 
potentials to behavior and REM sleep.

Choline ACh PCh

SM

Phosphatidylcholine

Figure 3-3. Distribution of choline in brain tissue. (From Loeffelholz and Klein, 2004, with permission.) 
ACh = acetylcholine; PCh = phosphatidylcholine; SM = sphingomyelin.
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Figure 3-8. Ribbon diagram of the three-dimensional structure of TcAChE. The side chains of the catalytic triad 
and of key aromatic residues in the active-site forge are indicated as purple stick figures. Acetylcholine, manually 
docked in the active site, is represented as a space-filling model, with carbon atoms shown in yellow, oxygen atoms 
in red, and nitrogen in blue. The quaternary group of the ACh faces the indole of Trp84. (From Silman and Sussman, 
2000, with permission.)
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Figure 3-9. Three-dimensional structure of G2
a AChE from Torpedo. The structure is represented in a ribbon 

diagram showing b strands (green) and a as helices (red). The active gorge is located above the central b sheet and 
the arrow marks the location of the active-site serine, Ser 200. (From Massoulie et al., 1993b. with permission.)
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Figure 7.2. The plant Physostigma venenosum Balforii. (From Karczmar et al., 1970.)
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Figure 10-2. Major events of amyloidogenic vicious cycle include: (top) Aβ-induced activation of nuclear tran-
scription factor-NFkB, which in turn activates the pro-inflammatory cytokines (TNFα, IL-1β, IFNγ), leading to 
subsequent induction of inflammatory molecules such as inducible nitric oxide (iNOS), cyclooxygenase 2 (COX-2), 
and prostaglandin E2 (PGE2). These inflammatory molecules produce reactive oxygen species (ROS), leading to 
oxidative damage. In addition, COX-2 and iNOS trigger further activation of NFkB. NFkB binds to the p65 subunit, 
translocates to the nuclear compartment, and promotes the formation of Aβ42. Besides being a part of this vicious 
cycle, all these inflammatory molecules have other detrimental effects on neurons and neuronal connections, thus 
participating in neurodegeneration and synaptic deficits in AD; (left) activation of caspase-3, which leads to apoptosis 
and simultaneously potentiates further Aβ generation; (bottom right) impairment of PKA- and ERK/CREB-signaling, 
leading to synaptic and LTP deficits in the hippocampus that result in impairment of memory and learning; (bottom 
left) cholesterol, lipid, and lipoprotein receptor interactions with Aβ.
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770

Figure 10-3. Schema showing proteolytic cleavage sites on the APP770 molecule and the different peptides result-
ing from proteolytic cleavages: bar with diagonal lines, extracellular N-terminal APP fragment; solid bar between 
diagonal- and vertical-line bars, Aβ-segment; bar with vertical lines, intracellular C-terminal fragment; dashed arrow, 
β-secretase site (after residue 671); center arrow, α-secretase site (after residue 687); right arrow, γ-secretase site 
(after residues 710 or 712). Second horizontal line represents full-length Aβ 40/42/43. Third horizontal line represents 
p3 fragment. Fourth horizontal line (left) represents sAPPα fragment (N-terminal-687). Fourth horizontal line (right) 
represents carboxyterminal fragment (CTF). Bottom horizontal line represents sAPPβ fragment (N-terminal-671). 
Vertical bar represents the membrane-spanning segment, which comprises residues 700 to 723.
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Figure 10-4. Schema showing GSK3β signaling involved in linking amyloid, tau, and kinesin biology. Signaling 
pathway in black indicates Wnt-GSK3β cascade under normal circumstances. Signaling events in lavender indicate 
dynamic balance between phosphorylation and dephosphorylation of tau under normal circumstances. Signaling 
events at bottom left indicate overactivation of GSK3β leading to overphosphorylation of tau and kinesin under 
abnormal conditions. Signaling events at bottom right indicate factors that attenuate overphosphorylation of tau and 
kinesin.
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Figure 11-1. Distant peaks. (From Goodwin Ahlberg, 1998, with permission.)




