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PATHWAYS AND FATE OF NEURAL CREST CELLS

Migration of the neural crest cells proceeds in two main
streams: dorsolateral to the somites and ventromedially
through the rostral portion of the somites (Fig. 1.1). It is the
latter stream that produces the neurons and nonneuronal
cells of the autonomic nervous system, while the former
stream produces pigment cells or melanocytes. The fate of
the neural crest cells is, however, different at different axial
levels [3]. Thus, the sympathetic ganglia and adrenal
medulla arise from truncal neural crest, whereas parasym-
pathetic ganglia arise from cranial and sacral levels (Fig.
1.2). The enteric nervous system, in contrast, is derived from
crest cells migrating predominantly from the vagal regions
and colonizing the gut in a unidirectional manner from ante-
rior to posterior, although a small contribution to the hindgut
is made by the sacral neural crest [4].

Because the neural crest gives rise to a number of diver-
gent cell types, including autonomic neurons and glia, it has
been of considerable interest to determine whether these
cells are committed to a particular phenotype from the onset
of migration or whether they are truly pluripotent—that is,
their final fate is dependent on interactions with molecules
along their migration pathways and at their final destination.
Whereas some of the neural crest derivatives, such as the
melanocytes, appear to be already committed before migra-
tion, recent data suggest that sympathetic neuroblasts, chro-
maffin cells, and enteric neurons may arise from pluripotent
cells that develop a restriction in their fate as migration 
proceeds [3].

FACTORS OPERATING DURING NEURAL 
CREST MIGRATION

The majority of sympathetic neurons, adrenal chromaffin
cells, and a subpopulation of enteric neurons are capable 
of synthesizing and releasing catecholamines such as 

The sympathetic, parasympathetic, and enteric neurons
and adrenal chromaffin cells of the autonomic nervous
system develop from the specific axial migration of neural
crest cells. Growth factors released by structures along the
migratory route contribute to the specification of the cells to
particular lineages. After ganglion formation, the neuro-
blasts extend neurites toward their target organs in a stereo-
typed manner independent of the presence of their putative
targets. This growth and the expansion of the neural plexus
within the target tissue again depends on specific growth
factors that regulate the further differentiation and survival
of the innervating neurons. These processes contribute to the
specificity of synaptic integration found within the auto-
nomic nervous system.

The autonomic nervous system is composed of neurons
and nonneuronal cells of the sympathetic, parasympathetic,
and enteric ganglia and the chromaffin cells of the adrenal
medulla. All of these cells are derived from neural crest
cells, which migrate early during embryonic development
from the dorsolateral margin of the neural folds following
fusion to form the neural tube. After migration, the pre-
sumptive neurons aggregate into ganglia and grow axons to
their targets, to provide homeostatic control for organ
systems such as the cardiovascular, urinogenital, respiratory,
and gastrointestinal systems. The neurons of the autonomic
nervous system, in turn, are under the control of the central
nervous system through preganglionic neurons, which are
located in the spinal cord and receive inputs from different
brain regions. Many studies have shown that the develop-
ment of both ganglionic and peripheral innervation proceeds
in a rostrocaudal manner with a correspondence between the
rostrocaudal position of preganglionic and postganglionic
elements [1, 2]. Different targets located at the same axial
level are also innervated in a stereotyped and specific
manner, suggesting the existence of particular subpopula-
tions of neurons governing different functions [1, 2]. Such
a degree of specificity invites a question concerning its
origin during development.
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4 Part I. Anatomy

noradrenaline, although the enteric neurons only express this
trait transiently. This characteristic develops during migra-
tion of the neural crest because of proximity with several
structures. Of particular importance are the notochord and
the dorsal aorta, the latter having been shown to release bone
morphogenetic proteins, which can induce expression of
several transcription factors important for the differentiation
of adrenergic neurons [3, 5].

In the case of the enteric neurons and chromaffin cells,
migration away from these inductive structures permits the
influence of other environmental factors. For adrenal chro-
maffin cells, glucocorticoid hormones produced by the
adrenal cortex have been suggested to play an important role
in their subsequent neuroendocrine development, although
recent studies with glucocorticoid receptor–deficient mice
indicate the involvement of additional factors [6]. Studies of
mice deficient in growth factors, their receptors, and partic-
ular transcription factors that regulate developmental fates
have provided evidence for the existence of different sub-
populations of enteric neurons [4]. In these mice, large
regions of the gut were devoid of enteric neurons. Because
these regions corresponded to the sites at which neural crest
cells from different rostrocaudal levels colonized the gut,
these data provide evidence that different neural crest pop-
ulations have different growth factor requirements during
early development.

Although the majority of sympathetic neurons use nora-
drenaline as their principal neurotransmitter, many of 
these neurons also express during development properties
associated with the neurotransmitter acetylcholine [7].

These cholinergic properties develop in many sympathetic
neurons long before contact with their target, often even
before they have extended their axons. The fate and purpose
of these early cholinergic neurons and the growth factors
that affect them are currently unknown.

NEURITE OUTGROWTH AND TARGET CONTACT

The rudimentary sympathetic chain forms as a uniform
column of cells alongside the dorsal aorta and subsequently
elongates into individual ganglia [1]. Similarly, in the gut, the
enteric ganglia form secondarily to the initial colonization of
a particular gut region [4]. As the presumptive neurons leave
the cell cycle they begin to extend axons. The progress of
both the preganglionic axons to their targets in the autonomic
ganglia and of the postganglionic axons to their targets in the
periphery occurs at a similar time and in a stereotyped way,

ntc

da

som

nt

Melanocytes

gut

Sympathetic ganglia

Enteric ganglia

FIGURE 1.1 Migration pathways for the neural crest. The dorsolateral
stream (1) gives rise solely to melanocytes, whereas the ventromedial
stream (2) gives rise to four cell lineages of the autonomic nervous
system—for example, sympathetic ganglia and enteric neurons—depend-
ing on the axial level. da, dorsal aorta; gut, gastrointestinal tract; nt, neural
tube; ntc, notochord; som, somite.

FIGURE 1.2 Fate of neural crest cells. The migration of neural crest cells
at different axial levels gives rise to the four components of the autonomic
nervous system. The superior cervical ganglion is the most anterior of the
paravertebral sympathetic chain ganglia.



guided by factors elaborated in the intervening environment
[1, 2]. Thus, in both systems the target is not required to
direct this nerve growth, because axons take the correct path
to the periphery despite target ablation. Within the target
organ, the axons branch and form a network. Swellings or
varicosities along the axons, containing the neurotransmitter
vesicles, come into close contact with the target cells to form
the functional autonomic synapses [8].

FACTORS INVOLVED IN NEURITE OUTGROWTH
AND NEURONAL SURVIVAL

For both the preganglionic and postganglionic autonomic
neurons, the removal of the target tissue leads to significant
neuronal death [5, 9]. These observations have led to the
proposal that particular factors are synthesized and released
by target organs and taken up by nerve fibers to ensure the
survival of the innervating neurons. Nerve growth factor
(NGF) is the archetypal neurotrophic factor, and recent
experiments with mutant mice lacking either NGF or its
receptor have confirmed its essential role in the survival and
differentiation of sympathetic neurons [5]. A related mole-
cule, neurotrophin-4 (NT-4), has been shown to serve a
similar role for preganglionic neurons because significant
neuronal losses occur in mice deficient in NT-4 [9]. The
equivalent factors for parasympathetic and enteric neurones
are unknown.

In addition to NGF, sympathetic neurons are also depend-
ent on the related molecule, neurotrophin-3 (NT-3). NT-3 is
produced by target tissues and blood vessels, which fre-
quently form the scaffolding for neurite growth. It is there-
fore possible that NT-3 operates to stimulate nerve growth
and maintain neurons during the process of neurite growth
to peripheral target organs. Within the target, NGF is avail-
able to stimulate axonal branching and enable continued
neuronal survival [5].

SYNAPSE FORMATION AND 
NEURONAL DIFFERENTIATION

Functional responses can be elicited after neural stimu-
lation early in development, soon after preganglionic and
postganglionic axons are detected within target organs [8].
For the majority of catecholaminergic neurons, there is little
evidence that significant changes in the expression of neu-
rotransmitter receptors and development of the target organ
occur as a result of the presence of innervating axons. Con-
versely, studies of cholinergic sympathetic neurons, which
form a small subpopulation of neurons in sympathetic
ganglia, do show significant reciprocal interactions with
their targets. For this population, which does not correspond
with the one that expresses cholinergic properties early

during development, cholinergic differentiation is a late
event, completely dependent on target contact [2, 5, 7].
Indeed, neurotransmitter release from these neurons pro-
motes the release of a cytokine, which, in turn, induces a
change in the innervating neurons from a catecholaminergic
to a cholinergic phenotype. The close association between
the neurotransmitter release sites on the varicosities and the
target membranes is likely to facilitate these short-range
inductive events [8].

CONCLUSIONS

Development of the autonomic nervous system proceeds
in a stereotyped manner from the migration of the neural
crest cells from particular rostrocaudal levels of the spinal
cord through to the growth of axons to their peripheral
targets. This specificity arises through the response of the
cells to growth factors released into the environment through
which the neural crest cells migrate or the axons grow. The
final differentiation and survival of the autonomic neurons
relies on the acquisition of additional growth factors from
their presumptive targets. The release of these factors may
be reciprocal, in response to release of transmitters from the
growing axons. Complex responses to multiple factors may
assist in the development of specifically coupled neurons
and effectors.
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During the last decade, impressive progress has been
achieved in identifying the extracellular signaling molecules
and key transcription factors that critically govern the 
development and fate determination of the autonomic
nervous system (ANS). In particular, molecular and cellular
mechanisms underlying the specification of the neurotrans-
mitter phenotype have been elucidated. Several key fate-
determining transcription factors such as Mash1, Phox2a,
and Phox2b have been identified to be responsible for devel-
opment of the ANS. One important emerging feature is that
those key transcription factors regulate not only develop-
ment, but also final properties of differentiated neurons such
as neurotransmitter identity. In line with this concept, those
factors directly or indirectly regulate the expression of both
cell type–specific markers and panneuronal markers.
Second, these transcription factors function in an intricate
regulatory cascade, starting from key signaling molecules
such as bone morphogenic proteins (BMPs). Finally, as evi-
denced by the study of dopamine b-hydroxylase (DBH) gene
regulation, multitudes of cell type–specific factors (e.g.,
Phox2a and Phox2b), and general transcription factors (e.g.,
CREB and Sp1) cooperatively regulate the expression of cell
type–specific marker genes. This new molecular information
will facilitate our understanding of the function of the ANS
in the normal and the diseased brain.

The ANS (also called the autonomic division or the auto-
nomic motor system) is one of two major divisions of the
peripheral nervous system. The ANS has three major sub-
divisions that are spatially segregated: the sympathetic, the
parasympathetic, and the enteric nervous systems. Whereas
the sympathetic system controls the fight-or-flight reactions
during emergencies by increasing the sympathetic outflow
to the heart and other viscera, the parasympathetic system is
responsible for the basal autonomic functions such as heart
rate and respiration in normal conditions. The enteric system
regulates peristalsis of the gut wall and modulates the activ-
ity of the secretory glands. During the last decade, impres-
sive progress has been made in regard to the molecular
mechanisms underlying the development of the ANS.

Among many different aspects, this chapter focuses prima-
rily on the transcriptional regulatory code that underlies the
development and neurotransmitter identity determination of
the ANS.

THE AUTONOMIC NERVOUS SYSTEM 
IS DERIVED FROM NEURAL CREST CELLS

During the early developmental period of vertebrate
embryo, the neural tube and notochord are formed from the
ectodermal and mesodermal layers, respectively. At this
time, neural crest cells originate from the dorsolateral edge
of the neural plate and are generated at the junction of the
neural tube and the ectoderm (Fig. 2.1). Interactions
between the nonneural ectodermal layer and neural plate
critically influence the formation of neural crest cells at their
interface [1]. On formation, neural crest cells migrate along
specific routes to diverse destinations and differentiate into
a variety of cell types that include all neurons and glial cells
of the peripheral nervous system and the neurons of the
gastric mucosal plexus. In addition, some other cell types
such as smooth muscle cells, pigment cells, and chro-
matophores are known to arise from neural crest cells. Much
progress has been achieved in the identification of signaling
molecules and downstream transcription factors that control
lineage determination and differentiation of neural crest
cells [2, 3].

SIGNALING MOLECULES REGULATE 
THE DEVELOPMENTAL PROCESSES OF THE

AUTONOMIC NERVOUS SYSTEM

Studies have demonstrated that various signaling mole-
cules—for example, members of the BMP family, Wnt,
sonic hedgehog, and fibroblast growth factor—play critical
roles in the early formation of neural crest cells and for final
determination of neuronal identity [1, 4, 5]. These signals
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are often provided from the neighboring tissues during
migration of neural crest cells. For instance, grafting and
ablation experiments in chick embryos demonstrate that the
notochord is necessary but not sufficient to induce adrener-
gic phenotypes of neural crest–derived sympathetic ganglia
[6, 7]. A possible candidate for notochord-derived mole-
cule(s) is sonic hedgehog [7]. In addition, a series of elegant
experiments has established that BMP family members,
expressed from the dorsal aorta, play a crucial role in the
differentiation and fate determination of the sympathetic
nervous system [see Reference 8, and references therein].
Notably, these extracellular signaling molecules seem to
work in concert with intracellular signals such as cyclic
adenosine monophosphate (cAMP). Consistent with this,
using neural crest cell culture, induction of differentiation
and neurotransmitter phenotypes by BMP is enhanced by
cAMP-increasing agents [9, 10]. Interestingly, it appears
that cAMP signaling acts as a bimodal regulator of sympa-
thoadrenal (SA) cell development in neural crest cultures

because its moderate activation promotes SA cell develop-
ment, whereas its robust activation opposes, even in the
presence of BMP-2, SA cell development and the expres-
sion of the SA lineage–determining genes [10]. Finally,
during the last decade, numerous studies demonstrate that
different neurotrophic factors such as nerve growth factor,
glial-derived neurotrophic factor, neurotrophin-3, and/or
their receptor signals critically regulate the survival and
development of all three divisions of ANS [2, 11].

TRANSCRIPTIONAL CODE UNDERLYING 
THE DEVELOPMENT AND PHENOTYPIC
SPECIFICATION OF THE AUTONOMIC 

NERVOUS SYSTEM

Various signaling molecules and factors are thought to
trigger a regulatory cascade by inducing the expression of
downstream transcription factors, which eventually activate
or repress the final target genes [4, 12]. Some transcription
factors in these cascades may be cell type–specific and
responsible for determination of neuronal phenotypes
including neurotransmitter identity. Several key transcrip-
tion factors that play critical roles in the development of 
the ANS have been identified as detailed in the following
sections.

Mash1

Mash1 (also called CASH1), a basic helix-loop-helix
protein, is the first transcription factor shown to be essential
for development of the ANS. In Mash1-/- mice, virtually all
noradrenaline (NA) neurons of the nervous system were
affected, suggesting that Mash1 is a critical factor for deter-
mining the NA fate. Mash1 appears to relay the signals of
BMP molecules for sympathetic development. Consistent
with this idea, Mash1 expression was induced by BMPs in
neural crest cultures and was largely diminished in sympa-
thetic ganglia after the inhibition of BMP function [13]. In
the Mash1-inactivated mouse embryos, neural crest cells
migrated to the vicinity of the dorsal aorta, but they did not
develop into mature sympathetic neurons, as evidenced by
the lack of the expression of tyrosine hydroxylase (TH),
DBH, and panneuronal markers [14]. In addition, Mash1
directly or indirectly affects the expression of another key
transcription factor, Phox2a (see below); however, neither
the immediate downstream targets nor the mechanisms of
how BMP signals control Mash1 expression are defined in
detail.

Phox2 Genes

Phox2a and Phox2b are two closely related home-
odomain transcription factors that are expressed in virtually

2. Mechanisms of Differentiation of Autonomic Neurons 7

FIGURE 2.1 All cell types of the autonomic nervous system (ANS) are
derived from neural crest cells. Neural crest cells are formed at the dorsal
neural tube and migrate along diverse routes. Depending on their specific
routes and interactions with the target tissues, they differentiate into a
variety of cell types including pigment cells, different types of neurons and
glia of the ANS, and parts of the adrenal gland. (See Color Insert)



8 Part I. Anatomy

all neurons that transiently or permanently express the NA
neurotransmitter phenotype [15]. Gene inactivation studies
have demonstrated that Phox2a or Phox2b, or both, are
essential for proper development of all three divisions of
ANS and some NA-containing structures of the central
nervous system (CNS). For instance, in both Phox2a-/- and
Phox2b-/- mouse brain, the major NA population in the locus
ceruleus does not form, strongly suggesting that both genes
are required for its development [16, 17]. In contrast, only
Phox2b seems to be required for the development of sym-
pathetic neurons. In Phox2a-/- mice, sympathetic neuron
development was largely normal. Interestingly, however,
both genes are able to induce sympathetic neuronlike phe-
notype when ectopically expressed in chick embryos [18].
During sympathetic development, Phox2b expression is
induced by BMP molecules independently of Mash1,
whereas Phox2a expression is regulated by both Mash1 and
Phox2b (Fig. 2.2). Recent promoter studies showed that
Phox2a and Phox2b are able to directly activate the DBH
promoter by interacting with multiple sequence motifs resid-
ing in the 5¢ flanking region (see later). Collectively, Phox2a
and Phox2b appear to regulate both development and 
neurotransmitter identity of sympathetic neurons and other
NA neurons.

GATA3

Transcription factors belonging to the GATA family
contain the C4 zinc finger DNA-binding motif and bind to
nucleotide sequences with the consensus motif, GATA.
Among the six known GATA family members, GATA3
emerges to be a candidate factor that may regulate develop-
ment of ANS and neurotransmitter identity. First, GATA3 is
expressed in the CNS, peripheral nervous system, adrenal
glands, and other tissues during development. Second, in
Gata3-/- mutant mouse, sympathetic ganglia are formed but
fail to express NA-synthesizing enzymes and die because of
the lack of NA [19]. Finally, our recent data show that
GATA3 is able to directly activate the promoter function of
the TH and DBH genes (Hong and Kim, unpublished data).
Taken together, it is likely that GATA3 plays a critical role
for specification of NA neurotransmitter phenotype in ANS
development.

Activator Protein 2

Activator protein 2 (AP2) is a retinoic acid–inducible and
developmentally regulated transcription factor. Because
AP2 has a deleterious effect on early development of the
embryo, its precise role on ANS development has not been
established. However, AP2 can robustly transactivate the
promoter activities of both the TH and DBH genes, and spe-
cific cis-regulatory elements that mediate transactivation by

AP2 are identified in the upstream promoters. Therefore, it
is likely that AP2 may play a direct role in specification of
NA phenotype in sympathetic development. In support of
this, AP2 is abundantly expressed in neural crest cell line-
ages and neuroectodermal cells.

Other Transcriptional Factors

Although the above transcription factors are the most
promising candidates, additional factors are emerging to be
important for ANS development and phenotype specifica-
tion. For example, dHand is another basic helix-loop-helix
transcription factor whose expression is induced by BMPs
and is dependent on Mash1. On the basis of its specific
expression in sympathetic neurons, dHand may directly 

FIGURE 2.2 Diagram depicting the regulatory network of the noradren-
aline (NA) phenotype determination and maintenance. Diagram shows the
possible regulatory interactions in the cascade of development and NA phe-
notype expression of autonomic nervous system (ANS) neurons. Thick
arrows indicate likely direct regulation and thin arrows indicate direct or
indirect regulation. Bone morphogenic proteins (BMPs) are secreted from
the dorsal aorta and activate the expression of MASH1/CASH1 and
Phox2b. Phox2b then activates the expression of Phox2a. Phox2a or
Phox2b, or both, in turn activate neurotransmitter-specifying genes tyrosine
hydroxylase (TH) and dopamine b-hydroxylase (DBH). Direct action of
Phox2a/2b on DBH transcription has been demonstrated. The transcription
factor CREB has been shown to interact with the 5¢ promoter and directly
activates transcription of the TH and DBH genes. The cyclic adenosine
monophosphate (cAMP) signaling pathway appears to regulate NA pheno-
type determination in concert with Phox2a/2b. A zinc finger factor GATA3,
presumably downstream of Phox2b, also appears to be required for expres-
sion of NA-specific genes. Phox2a and 2b also regulate the expression of
panneuronal genes including the glial-derived neurotrophic factor (GDNF)
receptor c-Ret, which may relate to their role in formation or survival, or
both, of ANS neurons.



contribute to ANS development. However, analysis of
dHand function was hampered because the knockout mice
died before sympathetic neuron development. Notably, tran-
scriptional regulation of ANS and phenotype identity may
require the combinatorial action of cell type–specific factors
(e.g., Phox2a and Phox2b) and general transcription factors.
Such examples may include cAMP response element
binding protein and Sp1, which are required for transcrip-
tional activity of both the TH and DBH gene (see later).

NEUROTRANSMITTER PHENOTYPES 
OF THE AUTONOMIC NERVOUS SYSTEM

Among the various phenotypes of a particular neuron,
neurotransmitter identity is an essential feature because it
determines the nature of the chemical neurotransmission a
given neuron will mediate and influences the specific con-
nectivity with target cells. For specification of the neuro-
transmitter identity, the given neurons should express
relevant genes encoding the biosynthetic enzymes and
cofactors, as well as the specific reuptake protein. In addi-
tion, expression of these genes needs to be matched with the
appropriate receptors of the target tissues. Therefore, expres-
sion of the particular neurotransmitter phenotypes should be
coordinated with the differentiation and phenotype specifi-
cation of the target tissues. Molecular mechanisms underly-
ing the specification of neurotransmitters in the nervous
system have been investigated extensively, and key signal-
ing molecules and transcriptional factors have been identi-
fied. Among these, specification of the NA phenotype of
sympathetic nervous system and CNS is well characterized.
Therefore, the discussion in this chapter focuses on molec-
ular characterization of NA phenotype determination and its
phenotypic switch to cholinergic phenotype.

Noradrenaline Phenotype

NA is a major neurotransmitter of the ANS, especially in
sympathetic neurons, and fundamentally mediates the func-
tion of the ANS. Consistent with this, a rare human disease
called the DBH-deficient disease, in which NA was unde-
tectable, was identified to have a severe autonomic function
failure ([20]; also see Chapter 80). NA is one of the cate-
cholamine neurotransmitters that are synthesized from tyro-
sine by three consecutive enzymatic steps. Whereas TH is
responsible for the first step of catecholamine biosynthesis,
converting tyrosine to l-dopa, and is expressed in all cate-
cholamine neurons, DBH is responsible for conversion of
dopamine to NA and is specifically expressed in NA
neurons. Thus, DBH is a hallmark protein of NA neurons
and the control mechanism of its expression is an essential
feature in the development of NA neurons.

Control Mechanism of DBH Gene Expression 
Is Closely Related to Autonomic Nervous 

System Development

DBH gene regulation has been studied by numerous
investigators using both in vivo transgenic mouse
approaches and in vitro cell culture systems. As schemati-
cally summarized in Figure 2.3, the 1.1kb region of the 5¢
upstream DBH gene promoter has three functional domains
that can drive reporter gene expression in an NA cell
type–specific manner. More detailed deletional and site-
directed mutational analyses indicate that as little as 486
base pair (bp) of the upstream sequence of the human DBH
gene can direct expression of a reporter gene in a cell-
specific manner [21]. Whereas the distal region spanning 
-486 to -263bp appears to have a cell-specific silencer 
function, the proximal part spanning -262 to +1bp is essen-
tial for high-level and cell-specific DBH promoter activity.
In this 262-bp proximal area, four protein-binding regions
(domains I to IV), initially identified by DNase I footprint-
ing analysis, were found to encompass functionally impor-
tant, multiple cis-regulatory elements [21], including the
cAMP response element (CRE), YY1, AP2, Sp1, and core
motifs of homeodomain binding sites. Site-directed muta-
genesis of each sequence motif has revealed that these mul-
tiple cis-acting elements synergistically or cooperatively, or
both, regulate the transcriptional activity of the DBH gene
[22]. Among these, two ATTA-containing motifs in domain
IV and another motif in domain II were identified to be NA-
specific, cis-acting motifs in that their mutation diminished
the DBH promoter function only in NA cell lines. Another
NA-specific cis-regulatory element was identified between
domain II and III (Fig. 2.3). Interestingly, analysis of
DNA–protein interactions on the DBH promoter demon-
strated that all of these four NA-specific, cis-regulatory ele-
ments are Phox2-binding sites [23]. Taken together, this
experimental evidence establishes that the DBH gene is an
immediate downstream target of Phox2 proteins.

Cholinergic Phenotype and the 
Switch of Neurotransmitter Phenotypes 

by the Target Cell Interactions

Another major neurotransmitter in the ANS is acetyl-
choline, and those neurons that generate this neurotransmit-
ter are designated cholinergic. The number of cholinergic
neurons is much less than NA neurons among sympathetic
neurons. Although differentiation and cholinergic specifica-
tion are extensively investigated in central motor neurons
[4], development of cholinergic ANS neurons is not well
characterized. Therefore, it is of great interest to understand
if key transcription factors, such as HB9 and MNR2, like-
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wise play key roles in determining cholinergic phenotype
during ANS development. Interestingly, it is well described
that the NA phenotype of sympathetic axons is switched into
the cholinergic phenotype, on contact with the developing
sweat glands [2]. The presumable cholinergic-inducing
factor secreted from the sweat gland remains to be defined,
although leukemia inhibitory factor and ciliary neurotrophic
factor are candidates. Consistent with the observation that
expression of TH and DBH remain even after neurotrans-
mitter switch from NA to cholinergic phenotype, a recent
study reported that TH cofactor tetrahydrobiopterin (BH4)
levels decreased significantly during the neurotransmitter
switch [24]. Immunoreactivity for the BH4-synthesizing
guanosine triphosphate cyclohydrolase became undetectable
in the sweat gland neurons during this phenotypic switch,
suggesting that suppression of cofactor expression underlies
the neurotransmitter switch during development.
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RECEPTORS

Classical Transmitters: The Discovery 
of Noradrenaline, Acetylcholine, 

and Their Receptors

Langley [1] first showed that suprarenal extract (adrena-
line) contracts and relaxes different smooth muscles, as does
stimulation of their sympathetic nerve supply. Then, his
student, Elliott, determined that adrenaline most likely acts
at the junction between nerves and smooth muscle cells, not
on nerve terminals, and made the audacious suggestion that
“adrenaline might then be the chemical stimulant liberated
on each occasion when the impulse arrives at the periphery”
[4]. Langley [2] subsequently developed the concept that a
“receptive substance” exists for alkaloids such as nicotine
and curare at the junction between motor–nerve and muscle.
Thus was developed the concept of transmitter release, the
idea of receptors and identification of the first transmitter
substance. Dale [5] showed that acetylcholine, which at that
time was not known to be a natural constituent of the body,
had similar actions on smooth muscles and cardiac muscle,
as did stimulating parasympathetic nerves, such as the
vagus, which Loewi [6] subsequently showed released a
“Vagusstoff” possessing the properties of acetylcholine.
Dale [7] concluded this classical research period with a
comment that was to erect a paradigm that is still taught to
this day, namely that “We can then say that postganglionic
parasympathetic fibers are predominantly, and perhaps
entirely ‘cholinergic’ and that postganglionic sympathetic
fibers are predominantly, though not entirely, ‘adrenergic’,
while some, and probably all of the preganglionic fibers of
the whole autonomic system are ‘cholinergic’.”

The Discovery of New Transmitters, Including
Nucleotides, Peptides, and Nitric Oxide

A search for new transmitters, other than acetylcholine
and noradrenaline, was prompted by the discovery in the
early 1960s that the paradigm established by Dale [7] more
than 30 years earlier was not correct. Nerves that relax some
smooth muscles were found that did not involve the release
of noradrenaline or acetylcholine [8]. A variety of non-
adrenergic, noncholinergic transmitters were subsequently
identified, including adenosine triphosphate, vasoactive
intestinal polypeptide, nitric oxide, and neuropeptide Y.

VARICOSITIES

Varicosities Shown to be the 
Source of Transmitters

Hillarp [9] described the autonomic neuromuscular junc-
tion as consisting of smooth muscle innervated by a “very
dense plexus, consisting of coarse non-varicose nerve fibers
and of finer nerves which as a rule are set with an abundance
of fairly gross varicosities.” The “extremely fine nerve
fibers” are “generally finely-varicose.” Bennett and Mer-
rillees [10] argued that each varicosity possesses the poten-
tial to release transmitter, not just the terminating varicosity,
commenting that “transmitter is released from the varicosi-
ties which occur about every 1–3 mm along an axon.”

Varicosities Have the Capacity to Take 
Up Transmitters After Their Release

Hertting and his colleagues [11] discovered that the prin-
cipal method of removal of catecholamines after their
release from varicosities is not by enzymatic breakdown 
but rather by reuptake into the varicosities by an active
process [11].
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This chapter, which summarizes the milestones in autonomic research,
begins with Langley’s great papers (1901–1906) [1, 2] on peripheral trans-
mission establishing the concept of the synapse and concludes at the time
of Bennett’s monograph [3] on “Autonomic Neuromuscular Transmission”
in 1972.
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Varicosities Possess Receptors That on Activation
Modulate Further Transmitter Release

Starke [12] showed an inhibition through alpha-
adrenoceptors of noradrenaline overflow from the isolated,
sympathetically stimulated and perfused rabbit heart, which
does not possess postsynaptic alpha-adrenoceptors, indi-
cating an inhibition of noradrenaline release caused by its
action on the nerve terminal varicosities.

Generation of Currents and Second Messengers
on Receptor Activation After Transmitter Release

from Varicosities

Synaptic Potential May Occur in Smooth Muscle 
and Cardiac Muscle on Transmitter Release 
from Varicosities

del Castillo and Katz [13] obtained the first intracellular
recording of transmission at an autonomic neuroeffector junc-
tion, observing hyperpolarizing inhibitory junction potentials
(IJPs) in the frog’s heart on stimulating the vagus nerve. This
provided the electrical signs of the effects of the “Vagusstoff”
of Loewi [6], first described some 34 years earlier. Subse-
quently, Burnstock and Holman [14] made the first intracel-
lular recordings of excitatory junction potentials (EJPs) in the
vas deferens on stimulating its sympathetic nerves.

Currents Generated by the Release of Transmitter
from a Varicosity Flow in an Electrical Syncytium

Bozler [15] showed that action potentials initiated at a
point in a smooth muscle could propagate away from the
muscle-stimulating electrode for distances much longer 
than that of a single smooth muscle cell, indicating that the
smooth muscle cells must be electrically coupled together 
in some kind of electrical syncytium. Bennett [16] subse-
quently showed that the currents initiated in smooth muscle
cells by released transmitter flowed in this electrical syn-
cytium and were not constrained to the cell in which they
were initiated, commenting that “It is therefore possible that
some cells are very little affected by chemical transmitter
and the EJP in these cells being predominantly due to elec-
trical coupling between the cells during transmission.” This
provided an explanation for how currents initiated at the
adventitial surface of a blood vessel could affect cells at the
intimal surface of the vessel.

Second Messengers May Be Generated by the Release
of Transmitter from a Varicosity and Subsequently
Flow in a Syncytium: The Distinction Between
Metabotropic and Ionotropic Receptors

The concept that second messengers could result in
control of the generation of potentials, such as IJPs, was

established by experiments that showed that introduction of
cyclic adenosine monophosphate (cAMP) into a cardiac cell
increases calcium currents during the plateau phase of the
action potential in the cell, thus mimicking the effects of
beta-adrenoceptor activation with noradrenaline [17]. Such
receptors were subsequently referred to as metabotropic to
distinguish them from those receptors that are ligand-gated
ion channels, referred to as ionotropic. Second messengers
were subsequently shown to diffuse through the syncytial
couplings of the muscle cells.

Action Potentials, Initiated by the Generation 
of Junction Potentials, Are Caused by the Influx 

of Calcium Ions

The pathways for raising the intracellular calcium in
smooth and cardiac muscle cells were identified in the
1960s. The action potential in smooth muscle is solely
caused by the influx of calcium ions through potential
dependent calcium channels [18].

The action of noradrenaline on beta-adrenoceptors in 
the heart is to greatly increase the inward calcium current
associated with the plateau phase of the action potential 
[19], which with the discovery of second messengers, is 
now known to be consequent on the phosphorylation of 
the calcium channel through cAMP. Activation of second
messenger pathways may also release calcium from intra-
cellular stores as a consequence of activation of inositol
1,4,5-triphosphate receptors and ryanodine receptors located
on the membranes of these stores.

Control of the Influx of Calcium Ions Is a Principal
Means of Decreasing Blood Pressure

Identification of pathways for raising the calcium in 
vascular smooth and cardiac muscle cells has led to the
development of some of the main blood pressure de-
creasing agents, including calcium channel blockers and
beta-adrenoceptor blockers.
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“preparatory” reactions in response to emotionally signifi-
cant stimuli [4].

The amygdala plays a critical role in emotional
responses, including conditioned fear. It has reciprocal inter-
actions with the cerebral cortex, basal forebrain, and limbic
striatum. The central nucleus of the amygdala (CeNA) proj-
ects to the hypothalamus PAG and autonomic areas of the
brainstem and integrates autonomic, endocrine, and motor
responses associated with emotion [6].

The preoptic–hypothalamic unit is subdivided into three
functionally distinct longitudinal zones: periventricular,
medial, and lateral. The periventricular zone includes the
suprachiasmatic nucleus, involved in circadian rhythms and
nuclei-controlling endocrine function. The median preoptic
nucleus, the paraventricular nucleus (PVN), and arcuate
nucleus produce regulatory hormones that control anterior
pituitary function. Magnocellular neurons in the supraoptic
nucleus and PVN produce vasopressin (AVP) and oxytocin.
The medial preoptic nucleus contains thermosensitive and
osmosensitive neurons, and the arcuate and ventromedial
nuclei are involved in regulation of appetite and reproduc-
tive function. The lateral hypothalamus controls food intake,
sleep wake cycle and motivated behavior. Neurons of the
posterior lateral hypothalamus secrete hypocretin/orexin and
regulate the switch between wakefulness and sleep through
projections to monoaminergic and cholinergic brainstem
nuclei. The PVN, dorsomedial nucleus, and lateral hypo-
thalamic innervate separate subsets of preganglionic sym-
pathetic and parasympathetic neurons. The PVN gives rise
to the most widespread autonomic output of the hypothala-
mus. The lateral hypothalamic area relays influences of the
insula and amygdala on autonomic nuclei [7].

Brainstem

The PAG integrates autonomic, motor, and antinocicep-
tive responses to stress. It receives multiple input from the
amygdala, preoptic area, and dorsal horn of the spinal cord.
It is subdivided into longitudinal columns, with specific
inputs and outputs and specific functions. The lateral PAG
initiates opioid-independent analgesia and sympathoexci-
tatory responses through projection to the VLM. The 

The central autonomic control areas are distributed
throughout the neuroaxis. They include the insular cortex,
anterior cingulate gyrus, amygdala, and bed nucleus of the
stria terminalis; hypothalamus; periaqueductal gray (PAG)
matter of the midbrain, parabrachial nucleus (PBN); nucleus
tractus solitarii (NTS); ventrolateral medulla (VLM) and
caudal raphe nuclei. These areas are reciprocally intercon-
nected, receive converging visceral and nociceptive infor-
mation, contain neurons that are affected by visceral inputs,
and generate patterns of autonomic responses through 
direct or indirect inputs to preganglionic sympathetic and
parasympathetic neurons [1–3].

ANATOMY OF CENTRAL AUTONOMIC AREAS

Forebrain

The insular cortex is the primary visceral sensory cortex.
It contains an organotropic visceral sensory map; the ante-
rior insula is the primary area for taste, whereas the poste-
rior insula is the general visceral afferent area [3, 4]. The
insular cortex has reciprocal, topographically, and function-
ally specific interconnections with the NTS and PBN, which
relay viscerosensory information carried by the vagus and
other cranial afferents to the insular cortex, through projec-
tions to the parvicellular subdivisions of the ventral poste-
rior medial nucleus of the thalamus. The posterior dorsal
insula is also the primary cortical area receiving pain, tem-
perature, and spinal visceroceptive information from lamina
I of the spinal cord, through a spinothalamic connection with
the posterior portion of the ventromedial nucleus of the thal-
amus, which projects to the insular cortex [3, 5].

The anterior cingulate cortex is critically involved in ini-
tiation, motivation, and execution of emotional and goal-
directed behaviors. Through its widespread interconnections
with central autonomic regions, it participates in high-level
regulation of autonomic and endocrine function. The ven-
tromedial prefrontal cortex also has extensive reciprocal
connections with the amygdala, and these interactions mod-
ulate emotional responses. Bilateral lesions of the ventro-
medial prefrontal cortex selectively impair autonomic
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ventrolateral PAG initiates opioid-dependent analgesia and
sympathoinhibitory responses through its projection to the
medullary raphe nuclei [8].

The PBN includes several subnuclei that receive visceral
inputs through the NTS and inputs from nociceptors, ther-
moreceptors, and muscle receptors through the spin-
oparabrachial tract originating in lamina I of the dorsal horn.
The PBN projects to the hypothalamus, amygdala, and the
thalamus and is involved in taste, salivation, gastrointestinal
activity, cardiovascular activity, respiration, osmoregulation,
and thermoregulation. This region includes the Kölliker-
Fuse nucleus (pontine respiratory group), which regulates
activity of respiratory and cardiovascular neurons of the
medulla. The dorsal pons also contains the Barrington
nucleus, corresponding to the “pontine micturition center.”
It innervates sacral preganglionic neurons innervating the
bladder, bowel, and sexual organs, as well as the Onuf
nucleus motor neurons innervating the pelvic floor and
external sphincters. It is critical for coordinated contraction
of the bladder detrusor and relaxation of the external sphinc-
ter during micturition [2, 3].

The NTS is the first relay station for general visceral and
taste afferents [2, 3]. It is critically involved in medullary
reflexes and relays viscerosensory information to all central
autonomic regions. The NTS consists of several subnuclei
with specific inputs and outputs and has a viscerotropic
organization. Taste afferents relay in its rostral, gastroin-
testinal afferents in its intermediate portion, and cardiovas-
cular and respiratory afferents in the caudal half of the NTS.
The NTS sends descending projections to spinal respira-
tory and preganglionic parasympathetic and sympathetic
neurons; propriobulbar projections to neuronal cell groups
of the medullary reticular–mediating baroreceptor, chemore-
ceptor, cardiopulmonary, and gastrointestinal reflexes; and
ascending projections to all other rostral components of the
central autonomic network, including the PBN, PAG, amyg-
dala, medial preoptic, paraventricular, dorsomedial, and
lateral hypothalamic nuclei, subfornical organ, and medial
orbitofrontal cortex. The area postrema is a chemosensitive
region with abundant connections with other central auto-
nomic areas. It has long been considered the “chemorecep-
tor trigger zone” for vomiting and contains receptors for
circulating angiotensin II, AVP, natriuretic peptides, and
other humoral signals involved in cardiovascular regulation.

The VLM contains the premotor neurons controlling
vasomotor tone, cardiac function, and respiration. Neurons
of the rostral VLM provide a major excitatory input to sym-
pathetic preganglionic vasomotor neurons of the intermedi-
olateral cell column (IML) [9]. Neurons of the caudal VLM
are an integral component of several medullary reflexes. The
VLM contains catecholaminergic neurons corresponding to
the rostral C1 (adrenergic) and caudal A1 (noradrenergic)
groups. C1 neurons project to the IML and A1 neurons to
the hypothalamus. The VLM contains the ventral respiratory

group (VRG), including the pre-Bötzinger complex, which
has a critical role in generation of the respiratory rhythm.
Inspiratory neurons of the rostral VRG and expiratory
neurons of the caudal VRG project to phrenic, intercostal,
and abdominal spinal motor neurons [2]. The central
chemosensitive region, located in the ventral surface of the
medulla, contains neurons that respond to increased Pco2

and decreased pH in the cerebrospinal fluid. Neurons of the
rostral ventromedial medulla, including the caudal raphe
nuclei, also provide direct inputs to the sympathetic pre-
ganglionic neurons and may contribute to control of arterial
pressure. The function of the raphe–spinal pathway is
complex and includes both sympathoexcitatory and sympa-
thoinhibitory influences. These neurons may be involved in
sympathetic control to endocrine organs and to skin effec-
tors for thermoregulation.

LEVELS OF INTEGRATION OF CENTRAL
AUTONOMIC CONTROL

Bulbospinal Level

Baroreceptor, cardiac receptor, chemoreceptor, and pul-
monary mechanoreceptor afferents preferentially activate
neurons located on separate NTS subnuclei. These neurons
generate several medullary reflexes by projecting to sympa-
thoinhibitory neurons of the caudal VLM, sympathoexcita-
tory neurons of the rostral VLM, vagal cardiomotor neurons
of the nucleus ambiguus and the dorsal vagal nucleus, 
respiratory neurons of the VRG and dorsal respiratory
group, and AVP-producing magnocellular hypothalamic
neurons [2].

Pontomesencephalic Level

The PBN is a site of viscerosomatic convergence and
serves as a substrate for integration of noxious, thermore-
ceptive, metaboreceptive, and viscerosensitive inputs with
motivational, emotional, and homeostatic responses [3]. The
lateral PAG initiates integrated sympathoexcitatory “fight or
flight” responses, whereas the ventrolateral PAG elicits
hyporeactive immobility and sympathoinhibition (the
“playing death” response) [8].

Forebrain Level

The cortical autonomic areas, the amygdala, hypothala-
mus, and PAG form a functional unit involved both in the
assessment of emotional content of stimuli and initiation and 
regulation of emotional autonomic, endocrine, and motor
responses. The PVN plays a central role in the integrated
response to stress, because it secretes corticotrophin releas-
ing factor (CRF) and AVP and projects to the rostral 



VLM and to the preganglionic sympathetic and sympathoa-
drenal neurons. It is activated by hypoglycemia, hypo-
volemia, cytokines, or other internal stressors. The CRF
neurons of the PVN are involved in reciprocal excitatory
interactions with the noradrenergic neurons of the locus
ceruleus, which selectively respond to novel, potentially
threatening external stimuli. The CeNA, lateral hypothala-
mus, and PAG are involved in the cardiovascular, viscero-
motor, somatomotor, and antinociceptive components of the
defense response [8].
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The autonomic nervous system (ANS) is structurally and
functionally positioned to interface between the internal and
external milieu, coordinating bodily functions to ensure
homeostasis (cardiovascular and respiratory control, thermal
regulation, gastrointestinal motility, urinary and bowel
excretory functions, reproduction, and metabolic and
endocrine physiology), and adaptive responses to stress
(flight or fight response). Thus, the ANS has the daunting
task of ensuring the survival and the procreation of the
species. These complex roles require complex responses and
depend on the integration of behavioral and physiologic
responses that are coordinated centrally and peripherally. 
In 1898, Langley, a Cambridge University physiologist,
coined the term “autonomic nervous system” and identified
three separate components: sympathetic, parasympathetic,
and enteric. The following section focuses on the first two
aspects of the peripheral ANS: the sympathetic nervous
system (SNS), including the adrenal medulla, and the
parasympathetic nervous system (PNS). The following
précis addresses the neuroanatomy of the SNS, adrenal
medulla, and PNS, and then presents a more detailed, albeit
brief, review of the functional neuroanatomy, physiology,
and pharmacology of the peripheral ANS. Importantly, the
role of the ANS at multiple interfaces in normal and abnor-
mal physiology is emerging as a key mediator of patho-
physiology in a range of complex disorders (anxiety and
panic, chronic fatigue syndrome, regional pain syndromes,
autonomic failure) and as a critical substrate underpinning
the field of neurocardiology. The following information
serves as a framework from which to view the complexity
of the ANS as revealed in the more detailed descriptions that
follow.

SYMPATHETIC NERVOUS SYSTEM

The SNS (Fig. 5.1) is organized at a spinal and periph-
eral level such that cell bodies within the thoracolumbar 
sections of the spinal cord provide preganglionic efferent
innervation to sympathetic neurons that reside in ganglia
dispersed in three arrangements: paravertebral, prevertebral,

and previsceral or terminal ganglia. Paravertebral ganglia
are paired structures that are located bilaterally along the
vertebral column. They extend from the superior cervical
ganglia (SCG), located rostrally at the bifurcation of the
internal carotid arteries, to ganglia located in the sacral
region. There are 3 cervical ganglia (the SCG, middle cer-
vical ganglion, and inferior cervical ganglion, which is
usually termed the cervicothoracic or stellate ganglion
because it is a fused structure combining the inferior cervi-
cal and first thoracic paravertebral ganglia), 11 thoracic
ganglia, 4 lumbar ganglia, and 4 to 5 sacral ganglia. More
caudally, two paravertebral ganglia join to become the gan-
glion impar. Prevertebral ganglia are midline structures
located anterior to the aorta and vertebral column and are
represented by the celiac ganglia, aorticorenal ganglia, and
the superior and inferior mesenteric ganglia. Previsceral, or
terminal ganglia, are small collections of sympathetic
ganglia located close to target structures; they are also
referred to as short noradrenergic neurons because their
axons cover limited distances. Generally, the preganglionic
fibers are relatively short and the postganglionic fibers are
quite long in the SNS. The axons of these postsynaptic
neurons are generally unmyelinated and of small diameter
(<5mm). The target organs of sympathetic neurons include
smooth muscle and cardiac muscle, glandular structures, and
parenchymal organs (e.g., liver, kidney, bladder, reproduc-
tive organs, muscles, and others [see Fig. 5.1]), as well as
other cutaneous structures.

The spinal cells of origin for the presynaptic input to
sympathetic peripheral ganglia are located from the first tho-
racic to the second lumbar level of the cord, although minor
variations exist. The principal neurons generally have been
viewed as located in the lateral horn of the spinal gray matter
(intermediolateral cell column), but four major groups of
autonomic neurons exist: intermediolateralis pars principalis
(ILP), intermediolateralis pars funicularis, nucleus interca-
latus spinalis, and the central autonomic nucleus or dorsal
commissural nucleus (anatomic nomenclature is nucleus
intercalatus pars paraependymalis). For paravertebral
ganglia, more than 85 to 90% of the presynaptic fibers orig-
inate from cell bodies in ILP or intermediolateralis pars
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funicularis. Prevertebral ganglia and terminal ganglia
receive a larger proportion of preganglionic terminals from
the central autonomic nucleus/dorsal commissural nucleus.
The nucleus intercalatus also contributes preganglionic
fibers, but the exact extent of these is not fully understood
and is probably limited. These spinal autonomic nuclei
receive substantial supraspinal input from multiple trans-
mitter systems located at multiple levels of the neuraxis,
diencephalon (hypothalamus), and brainstem (raphe, locus
coeruleus, reticular formation, and ventral lateral medulla)
provide the largest input, and the pattern of innervation
viewed in horizontal sections reveals a ladderlike arrange-
ment of the distribution of nerve terminals [1]. Without
detailing the source or course of specific systems, it is
important to point out that the following different neuro-
transmitter (NT) systems impinge on preganglionic neurons

within this ladderlike structure: monoamines—epinephrine,
norepinephrine (NE), and serotonin; neuropeptides—
substance P, thyrotropin-releasing hormone, metenkephalin,
vasopressin, oxytocin, and neuropeptide Y (NPY); amino
acids—glutamate, gamma-aminobutyric acid, and glycine.
Undoubtedly, others exist and more will be found. It is
apparent that dysfunction of these supraspinal systems or
alterations of these NTs by disease or pharmacologic agents
will alter the spinal control of peripheral ganglia and result
in clinical dysfunction.

The outflow from the spinal cord to peripheral ganglia 
is segmentally organized with some overlap. Retrograde
tracing studies indicate that there is a rostral–caudal gradi-
ent: SCG receives innervation from spinal segments T1–3;
stellate ganglia T1–6; adrenal gland T5–11; celiac and supe-
rior mesenteric ganglia T5–12; and inferior mesenteric and

FIGURE 5.1 Schematic diagram of the sympathetic and parasympathetic divisions of the peripheral autonomic
nervous system. The paravertebral chain of the sympathetic division is illustrated on both sides of the spinal outflow to
demonstrate the full range of target structures innervated. Although the innervation pattern is diagrammatically illus-
trated to be direct connections between preganglionic outflow and postganglionic neurons, there is overlap of innerva-
tion such that more than one spinal segment provides innervation to neurons within the ganglia.
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hypogastric ganglion from L1–2. These presynaptic fibers,
which are small in diameter (2–5mm) and thinly myelinated,
exit the ventral roots through the white rami communicantes
to join the paravertebral chain either directly innervating
their respective ganglion at the same level or traveling along
the chain to innervate a target ganglion many levels away
(Fig. 5.2). The distribution of postsynaptic fibers also follow
a regional pattern with the head, face, and neck receiving
innervation from the cervical ganglia (spinal segments
T1–4), the upper limb and thorax from the stellate and upper
thoracic ganglia (spinal segments T1–8), the lower trunk and
abdomen from lower thoracic ganglia (spinal segments
T4–12), and the pelvic region and lower limbs from lumbar
and sacral ganglia (spinal segments T10-L2). More recently,
with the introduction of transneuronal tracing techniques,
using such molecules as the pseudorabies virus, it has been
possible to inject ganglia in the periphery and examine the
transneuronal passage of tracer. Thus, supraspinal neurons
projecting to the specific sets of preganglionic neurons that
innervate the peripheral ganglia injected may be examined.
Interestingly, a surprisingly common set of central pathways
influencing the thoracolumbar sympathetic outflow were
labeled. For example, after injections in either the SCG, stel-
late or celiac ganglia, or the adrenal gland, the following five

brain areas are labeled: ventromedial and rostral ventrolat-
eral medulla, caudal raphe nuclei, A5 noradrenergic cell
group, and the paraventricular nucleus of the hypothalamus
[2]. Apparently, these central loci must share regulatory
functions that are coordinated through similar pathways of
thoracolumbar outflow. These same studies indicate that
other brain areas are only labeled from specific ganglia; thus,
site-specific central control also exists. Of additional inter-
est, numerous small interneurons in Rexed laminae VII and
X of the spinal cord were labeled, providing structural
support for the observation that spinal intersegmental and
intrasegmental autonomic interactions (including autonomic
reflexes) exist.

It is apparent that the structural organizational of the SNS
permits the integration and dissemination of responses
depending on demand. Multiple supraspinal descending
pathways provide a dense innervation of all four major auto-
nomic cell groups in the spinal cord, but clearly specific
topographic responses also exist. In turn, each preganglionic
neuron innervates anywhere from 4 to 20 postganglionic
sites (estimates), and each spinal outflow level may reach
multiple peripheral ganglia, which, in turn, supply multiple
targets, permitting additional dispersion of sympathetic
responses when indicated. At each thoracic level there are

FIGURE 5.2 Schematic illustration of the segmental spinal arrangement of the sympathetic and parasympathetic
nervous system. Although segmental interactions exist, they are polysynaptic, operating through interneurons; the
primary input to spinal preganglionic neurons is supraspinal originating from brainstem structures (not shown).
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an estimated 5000 preganglionic neurons (these counts have
generally been limited to the cells located in the ILP).
Because preganglionic output to prevertebral ganglia origi-
nates from more medially placed cell bodies, it is conceiv-
able that a greater number of neurons at certain segmental
levels contribute to the output. Thus, a given spinal segment
has a powerful base to influence greater than 100,000 post-
ganglionic neurons. Although previous thinking suggested
that responses were “all or none and widespread,” anatomic
studies continue to reveal subtleties of structural arrange-
ments that indicate that the system is not only poised for
generalized activation of the peripheral SNS, but is also able
to exert control of relatively specific sites and functions.

The postganglionic fibers in the SNS travel quite lengthy
paths to arrive at target organs. For instance, fibers from the
SCG traverse the extracranial and intracranial vasculature to
reach such targets as the lacrimal glands, parotid glands,
pineal gland, and pupils. Fibers from the stellate ganglia
course through the branchial plexus to reach vascular and
cutaneous targets in the upper limb and hand. Within the
abdomen, axons originating from the paravertebral ganglia
supply the viscera and the mesenteric vasculature. Lumbar
and sacral paravertebral ganglia course distally along
peripheral nerves and blood vessels to reach the distal vas-
culature and cutaneous structures in the feet. In humans, the
innervation to the leg requires a sympathetic axon to be 
50cm in length, and with an estimated overall diameter of
1.2mm the axonal volume is approximately 565,000 mm3.
This axonal cytoskeleton and its metabolic requirements are
supported by a perikaryon of about 30 mm with a somal
volume of 14,000mm3. With this structural architecture to
maintain, these neurons are vulnerable to various metabolic
and structural insults. Although most preganglionic fibers
have a relatively short course to their ganglion targets, the
upper thoracic preganglionic fibers travel relatively longer
distances to reach the stellate and SCG, and preganglionic
fibers to the adrenal medulla and prevertebral ganglia course
through the paravertebral chain, reaching these visceral
targets as the splanchnic nerves. Along the course, fiber
systems may be interrupted, resulting in local autonomic
dysfunction. For example, the Horner syndrome results from
lesion of either preganglionic fibers to the SCG or the post-
ganglionic axons, which leave the SCG to innervate
Müller’s muscle of the upper eyelid, pupillodilator muscles,
facial vasculature, and sudomotor structures of the face (see
Fig. 5.1).

The autonomic neuroeffector junction is generally a
poorly defined synaptic structure lacking the prejunctional
and postjunctional specializations that are observed in the
central nervous system or skeletal muscle motor endplates.
The unmyelinated highly branched postganglionic fibers
become beaded with varicosities as they approach their
targets. The varicosities are not static; they move along as
structures with a diameter of 0.5 to 2 mm and a length of

approximately 1.0 mm. The number of varicosities varies
from 10,000/mm3 to more than 2,000,000/mm3 depending
on the target being innervated. The varicosities are packed
with mitochondria and vesicles containing various transmit-
ters and are at varying distances from their target organs. For
instance, for smooth muscle targets, this distance varies
from 20nm in the vas deferens to 1–2 mm in large arteries.
In a sense the release of transmitter is accomplished en
passage as the impulse travels along an autonomic axon.
The lack of a restrictive synaptic arrangement permits the
released NTs to diffuse various distances along a target
organ and activate multiple receptors, again expanding the
overall effect of sympathetic activation. Between 100 and
1000 vesicles exist in each varicosity in noradrenergic fibers.
Traditional teaching suggests that vesicle characteristics
indicate the transmitter system: small granular vesicles are
noradrenergic; small agranular vesicles are cholinergic; and
large granular vesicles are peptidergic. However, exceptions
to these correlations exist.

The principal neuronal phenotype in peripheral sympa-
thetic ganglia is the noradrenergic neuron, which is gener-
ally multipolar in character with synapses mainly located
more on dendrites than somata. Depending on which ganglia
are examined, studies indicate that from 80 to 95% of gan-
glion cells will stain positively for tyrosine hydroxylase, the
rate-limiting enzyme in catecholamine biosynthesis, or will
have positive catecholamine fluorescence. The remaining
cells have a mixture of transmitters, or are postganglionic
cholinergic cells (the sudomotor and periosteal components
of sympathetic function). Within sympathetic ganglia there
is a small group of small, intensely fluorescent neurons. The
transmitters identified in small, intensely fluorescent cells
include dopamine, epinephrine, or serotonin. As described
later in this chapter, the original concept that pregan-
glionic neurons in the SNS are cholinergic and postgan-
glionic neurons are noradrenergic has given way to new
information that a whole array of molecules (cholinergic,
catecholaminergic, monoaminergic, peptidergic, “non-
cholinergic, nonadrenergic,” and gaseous) appear to be
involved in neurotransmission either as agents themselves
or as neuromodulators (vide infra).

SYMPATHOADRENAL AXIS AND 
THE ADRENAL GLAND

Interactions between the adrenal cortex and adrenal
medulla constitute a critical link between the autonomic and
endocrine systems. The adrenal cortex is largely regulated
by the hypothalamic-pituitary-adrenocortical axis, whereas
the adrenal medulla is primarily under neural control. Both
adrenal cortex and medulla respond to stress and metabolic
aberrations. The coordinated response of increased plasma
cortisol and catecholamines during stress indicate that
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central limbic and hypothalamic centers exert combined
influences to ensure the needed neurohumoral adaptations.
The interdependence of these two components of the adrenal
gland arises early in development: migrating sympathoblasts
destined for the adrenal medulla require the presence of 
the cortical tissue to change their developmental fate from
neurons to that of chromaffin cells. These cells, named
because they exhibit brown color when treated with “chrome
salts,” do not develop neural processes but instead serve an
endocrine function by releasing their neurohumors (epi-
nephrine, NE, and neuropeptides) into the bloodstream.
During adulthood the presence of the cortex is critical for
maintaining the levels of epinephrine, because the induction
of the enzyme phenylethanolamine-N-methyltransferase is
dependent on local levels of cortisol. Although traditional
teaching emphasizes the preganglionic cholinergic splanch-
nic innervation of the adrenal medulla, there is also evidence
that postganglionic sympathetic fibers, vagal afferents, and
other sensory afferents are present.

Tracing studies indicate that dye placed within the
adrenal medulla is transported retrogradely within spinal
preganglionic sympathetic neurons in a somewhat bell-
shaped distribution from approximately T2-L1, with the pre-
dominant innervation originating from T7–T10. Neuronal
cell bodies are primarily within the nucleus ILP, with the
pars funicularis and pars intercalatus providing a relatively
small portion of the innervation. The exiting nerve roots pass
through the sympathetic chain, join to form the greater
splanchnic nerve, and distribute themselves beneath the
adrenal capsule and within the medulla. A small number of
nerve cells are labeled in ganglia within the sympathetic
chain, suggesting that postganglionic sympathetic fibers
innervate the gland. Whether these terminals are labeled as
they pass along blood vessels within the gland or they inner-
vate medullary or cortical cells is not fully resolved. 
Also, at least in the guinea pig, tracing studies indicate that 
the PNS may contribute a small efferent innervation to the
gland, because neurons in the dorsal motor nucleus of the
vagus are labeled after injections in the medulla. Also, cell
bodies within the dorsal root ganglia and vagal sensory
ganglia (nodose) are also labeled after tracer studies of the
adrenal medulla, indicating an afferent innervation as well.
Lastly, although not a prominent innervation pattern, there
appears to be an intrinsic innervation that arises from gan-
glion cells sparsely populating the subcapsular, cortical, and
medullary regions of the gland. The innervation pattern of
the adrenal medulla is thus more complex than the tradi-
tionally listed thoracolumbar preganglionic cholinergic
outflow, although the major adaptive responses depend on
the preganglionic cholinergic innervation because surgical
section of these nerves or pharmacologic blockade with
cholinergic antagonists preclude the induction of tyrosine
hydroxylase and appropriate release of catecholamines after
various stress paradigms.

Morphologic studies of the adrenal medulla have
revealed the presence of two basic types of granules in chro-
maffin cells. A diffuse spherical granule contains the 
predominant monoamine secreted by medullary cells, epi-
nephrine, whereas eccentrically located dense core granules
contain NE. As indicated earlier for ganglion neurons, chro-
maffin cells of the adrenal medulla also co-contain other
molecules. For example, the opioid molecules are well rep-
resented: enkephalin is co-contained in vesicles with the
monoamines. The signaling cascade responsible for enhanc-
ing the synthesis and release of these neurohormonal agents
is complicated and includes preganglionic innervation,
steroid hormones (glucocorticoids), and growth factors
(nerve growth factor).

PARASYMPATHETIC NERVOUS SYSTEM

The craniosacral outflow is the source of central neuronal
pathways providing the efferent innervation of peripheral
ganglia of the PNS (see Fig. 5.1). The cranial nerves
involved include cranial nerves III, VII, IX, and X, and the
sacral outflow is largely restricted to sacral cord levels 2, 3,
and 4. As indicated for the SNS, the preganglionic innerva-
tion is largely cholinergic with these terminals releasing
acetylcholine (ACh) at the ganglion synapses. In contrast to
the SNS, the major transmitter postsynaptically is also ACh.
These cholinergic neurons also co-contain other transmitter
substances: preganglionic neurons contain enkephalins, and
ganglionic cholinergic neurons frequently contain vasoac-
tive intestinal peptide (VIP) or NPY, or both. The parasym-
pathetic fibers in cranial nerve III originate in the
Edinger-Westphal nuclei of the midbrain and travel in the
periphery of the nerve (where they are subject to dysfunc-
tion secondary to nerve compression), exiting along with the
nerve to the inferior oblique to supply the ciliary ganglion.
Second-order postganglionic fibers exit in the ciliary nerves
and supply the pupilloconstrictor fibers of the iris and the
ciliary muscle where their combined action permits the near
response, including accommodation. The salivatory nuclei,
located near the pontomedullary junction, provide the pre-
ganglionic parasympathetic innervation for cranial nerves
VII and IX. The superior salivatory nucleus sends pregan-
glionic fibers, which leave the facial nerve at the level of the
geniculate ganglion (nonparasympathetic sensory ganglion)
to form the greater superficial petrosal nerve to the ptery-
gopalatine (sphenopalatine) ganglia that provides postgan-
glionic secretomotor and vasodilator fibers to the lacrimal
glands through the maxillary nerve. Other preganglionic
fibers in the facial nerve continue and subsequently leave
through the chorda tympani to join the lingual nerve, even-
tually synapsing in the submandibular ganglion. Post-
synaptic cholinergic fibers supply the sublingual and 
submandibular glands. Postganglionic fibers from the 



pterygopalatine and submandibular ganglia also supply
glands and vasculature in the mucosa of the sinuses, palate,
and nasopharynx. The inferior salivatory nucleus sends 
preganglionic fibers through the glossopharyngeal nerve
(cranial nerve IX) to the otic ganglion, which, in turn, relays
postganglionic fibers to the parotid gland through the auricu-
lotemporal nerve. The preganglionic fibers in cranial nerve
IX branch from the nerve at the jugular foramen and con-
tribute to the tympanic plexus and form the lesser superficial
petrosal nerve. This nerve exits the intracranial compartment
through the foramen ovale along the third division of the
trigeminal nerve to reach the otic ganglion.

The most caudal cranial nerve participating in the pre-
ganglionic parasympathetic system is the vagus nerve
(cranial nerve X). The dorsal motor nucleus of the vagus is
located in the medulla and sends preganglionic fibers to
innervate essentially all organ systems within the chest and
abdomen, including the gastrointestinal tract as far as the left
colonic flexure (splenic flexure). Also, the nucleus ambiguus
supplies preganglionic fibers to the vagus and these fibers
are believed to be involved mostly with regulating visceral
smooth muscle, whereas the dorsal motor vagus neurons
may be secretomotor in nature. The glossopharyngeal and
vagus nerves also contain a substantial number of afferent
fibers (in the vagus, afferent fibers may exceed the efferent
fiber system by a ratio of 9 :1) so that a sensory component
related to autonomic control exists within cranial nerves IX
and X. These afferents provide a critical component of the
baroreceptor reflex arc, relaying information regarding the
systemic blood pressure to central cardiovascular areas in
the nucleus tractus solitarii and other medullary centers
involved in blood pressure and heart rate control.

The parasympathetic cell bodies in the spinal cord are
located in the intermediolateral cell column of second, third,
and fourth sacral segments (see Fig. 5.2). These neurons
send preganglionic nerve fibers through the pelvic nerve to
ganglia located close to or within the pelvic viscera. Post-
ganglionic fibers are relatively short, in contradistinction 
to their length in the SNS, and supply cholinergic terminals
to structures involved in excretory (bladder and bowel) and
reproductive (fallopian tubes and uterus, prostate, seminal
vesicles, vas deferens, and erectile tissue) functions. Of
interest, the pelvic ganglia involved in some of these func-
tions appear to be mixed ganglia (especially in rodents) in
which sympathetic and parasympathetic neurons are com-
ponents of the same pelvic ganglion. They appear to receive
their traditional preganglionic input, but may have local
interconnections that are not fully revealed by current
studies. As indicated later, there is clear evidence that the
cholinergic postganglionic neurons in the pelvic ganglion in
the rodent co-contain VIP and nitric oxide (NO) as two other
transmitter molecules. These neurons are believed to be inte-
grally involved in sexual functions in the male, permitting
the development and maintenance of potency. The exact 

5. Peripheral Autonomic Nervous System 25

regulatory factors controlling the synthesis and release of
these transmitter molecules and the specific receptor
systems involved remain to be fully explored.

THE CONCEPT OF PLURICHEMICAL
TRANSMISSION AND CHEMICAL CODING

The notion of the presence of multiple transmitters and a
chemical coding system of autonomic neurons is now firmly
established. Originally it was posited that principal neurons
were only noradrenergic (contained NE), but during the last
two decades it has become clear that within a single neuron
multiple transmitter systems may exist, and that within a
given ganglion the variety and pattern of NTs may be quite
extensive (Table 5.1). Also, the composition of NTs may
change depending on the location of the ganglia: paraverte-
bral ganglia tend to have fewer transmitters, whereas pre-
vertebral and terminal ganglia may have various NTs,
although as noted for the guinea pig SGC (Fig. 5.3), some
paravertebral ganglia have a broad array of transmitters. The

TABLE 5.1 Neurotransmitter Phenotypes 
in Autonomic Neurons

Transmitter characteristics 
Autonomic neurons (not all inclusive)

Sympathetic neurons
Paravertebral ganglia NE, CCK, somatostatin,
Prevertebral ganglia SP, Enk, ACh
Terminal ganglia VIP, 5-HT, NPY, DYN1-8, 

(previsceral ganglia) DYN1-17
Parasympathetic neurons

Major parasympathetic ganglia
Ciliary
Sphenopalatine ACh, VIP, SP, CAs-SIF, NPY, NO
Otic
Submandibular/sublingual
Pelvic ganglia

Terminal parasympathetic 
ganglia (previsceral ganglia)

Enteric neurons
Myenteric plexus (Auerbach’s) GABA, ACh, VIP, 5-HT
Submucosal plexus (Meisner’s) SP, Enk, SRIF, motilinlike 

peptide, bombesinlike peptide
Enteric ganglia

Chromaffin cells of adrenal medulla E, NE, Enk, NPY, APUD
Paraganglia-chromaffin
SIF cells, ganglia

5-HT, 5-hydroxyltryptamine; ACh, acetylcholine; APUD, amine 
precursor uptake and decarboxylation; CAs-SIF, catecholamines-small
intensely fluorescent; CCK, cholecystokinin; DA, dopamine; DYN, dynor-
phin A (DYN 1-8, or DYN 1-17; neurons with dynorphin A also contain
dynorphin B and “-neo-endorphine”); E, epinephrine; Enk, enkephalin;
GABA, gamma-aminobutyric acid; NE, norepinephrine; NO, nitric oxide;
NPY, neuropeptide Y; SP, substance P; SRIF, somatostatin; VIP, vasoactive
intestinal polypeptide.
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exact colocation and functions of these multiple transmitters
are not fully understood, but some general principles exist.
NPY is probably the most prominent peptide in sympathetic
ganglia and is highly colocalized with NE. The sudomotor
component of ganglia is dependent on a population of cells,
which are cholinergic in character (i.e., contain ACh as NT),
and the most frequent peptide colocalized with ACh is VIP.
The distribution of these cholinergic cells varies: in par-
avertebral ganglia they may represent 10 to 15% of the neu-
ronal population, whereas they represent less than 1% of the
neurons in prevertebral ganglia. NE + NPY and ACh + VIP
are believed to be released together, but some degree of
activity-chemical coding exists; that is, at lower levels of
activation NE is preferentially released, whereas greater
levels of stimulation result in NPY being released. Both
agents have vasoconstrictor properties and are integral in
cardiovascular control, especially in the maintenance of

blood pressure. Of course, the eventual action and effect of
a transmitter rests with the receptor system that is activated
(vide infra).

Purinergic neurotransmission expands the cotransmission
motif. Presynaptic and postsynaptic mechanisms exist: the
purine nucleotide adenosine triphosphate is in high concen-
tration in sympathetic synaptic vesicles, and after release
adenosine triphosphate is catabolized to adenosine moieties.
There are at least eight receptors (four purinergic and 
four adenosinergic) that serve to translate purinergic and
adenosinergic effects (vasoconstriction and vasodilation) 
to vascular beds through endothelium-dependent and
endothelium-independent mechanisms.

Chemical coding also reveals that ganglion neurons with
specific transmitter molecules innervate specific targets or
receive specific afferent inputs. Apparently, anterograde and
retrograde transsynaptic information appears to determine
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FIGURE 5.3 Chemical coding and target organization. Chemical coding of sympathetic neurons projecting from the
superior cervical ganglion to various targets in the head of guinea pigs. Each population of neurons has a specific com-
bination of neuropeptides. Note that all neurons containing a form of dynorphin A (DYN 1–8 or DYN 1–17) also contain
dynorphin B and “-neo-endorphin. No neuropeptides have been found in neurons projecting to secretory tissue in the
salivary or lacrimal glands. Neurons with similar peptide combinations also occur in other paravertebral ganglia of
guinea pigs, except that the salivary secretomotor neurons are absent. Conversely, the paravertebral ganglia have many
nonnoradrenergic vasodilatory neurons containing prodynorphin-derived peptides VIP and NPY. AVAs, arteriovenous
anastomoses; NA, noradrenaline; NPY, neuropeptide Y. (See Reference 7.)



the transmitter phenotype of the neuron. Thus, studies of
neuronal circuitry indicate that pathway-specific combina-
tions determine the presence and combinations of specific
peptides within autonomic neurons. This is particularly true
in the prevertebral ganglia, but studies in the guinea pig SCG
demonstrate that the transmitter molecules vary depend-
ing on the target organ supplied (see Fig. 5.3). Although all
principal cells portrayed are noradrenergic in character 
(as indicated by NA), the neuropeptides co-contained in
neurons vary depending on whether the targets are secretory
(salivary and lacrimal glands), vascular (small vs large 
arteries, arterioles vs arteriovenous anastomoses), pupil, 
or skin. Detailed pictures of these chemically coded circuits
are beginning to emerge from studies of paravertebral
(SCG), prevertebral (superior mesenteric), and previsceral
(pelvic) ganglia. This phenomenon pertains to both the 
SNS and PNS.

Preganglionic sympathetic neurons in the spinal cord
have traditionally been viewed as cholinergic neurons. More
recently, it has been recognized that neuronal cell bodies in
the cat ILP may contain a variety of transmitters including
enkephalin, neurotensin, somatostatin, and substance P. In
rodents, VIP and calcitonin gene–related peptide–containing
neurons also have been localized to the ILP by immunocy-
tochemistry. Also, preganglionic fibers in the sacral
parasympathetic outflow co-contain enkephalin. It is appar-
ent that neurotransmission is plurichemical in both pregan-
glionic and postganglionic fiber systems.

FUNCTIONAL NEUROANATOMY AND
BIOCHEMICAL PHARMACOLOGY

The peripheral ANS is well structured to provide the
physiologic responses critical for homeostasis and acute
adaptations to stressful, perhaps life-threatening, circum-
stances. As outlined in Figure 5.1 and Table 5.2, multiple
organ systems respond to NTs released from autonomic
endings and circulating catecholamines released from the
adrenal medulla. Traditional teaching is that the effects of
activation of the SNS and PNS are generally antagonistic;
this is still largely the case. However, viewed more specifi-
cally, the relationships between these two major components
of the ANS are far from simple. For instance, not all organs
receive an equal number of both sets of fibers, and, in some
situations, both SNS and PNS effects are similar. It is impor-
tant to remember that receptor systems, including the signal
transduction components, on the target organs are the criti-
cal molecular proteins that determine the actual effects of
ligand receptor interactions on the cell membrane. Thus,
when the SNS is stimulated with its capability to produce a
widespread response, a host of receptor systems are acti-
vated to affect the necessary and desired change. An
example of these responses includes the following aspects
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of SNS activation: dilatation of the pupil, slight increase in
glandular secretions, bronchodilation, increased heart rate
and force of contraction, decreased gastrointestinal tract
motility, decreased function of the reproductive organs, and
mobilization of energy substrates to meet demands. The
receptor systems mediating these responses include a1A, a1B,
a1D, a2A, a2B, a2C, b1, b2, and b3 receptors. a1 Receptors have
subtype-selective distributions, second messenger systems,
and functions. Activation of these receptors occurs after
interaction with NE and variously results in contraction of
smooth muscle in the vasculature and iris and relaxation of
smooth muscle in the gut. a1 Receptors exert a limited pos-
itive inotropic effect on the heart and mediate salivary gland
secretion and contraction of the prostate gland. a2 Receptors
also have discrete subtype-specific localizations and func-
tions in brain, peripheral nerve, and target tissues. a2 Recep-
tors serve as autoreceptors on sympathetic nerve terminals
and inhibit the release of NE as part of a negative feedback
loop. They also can act as constrictors of both arterial and
venous vascular smooth muscle. Furthermore, these recep-
tors play important roles in nociception and also mediate
metabolic and endocrine changes such as inhibition of lipol-
ysis in adipose tissue and reduction of insulin release from
the pancreas. Beta receptors (b1) provide positive inotropic
and chronotropic effects on the heart and stimulate renin
release from the kidney. b2 Receptors relax smooth muscle
of the bronchi and pelvic organs, as well as the vascular

TABLE 5.2 Autonomic Nervous System Functions

Sympathetic Parasympathetic
Organ nervous system nervous system

Eye
Pupil Dilatation Constriction
Ciliary muscle Relax (far vision) Constrict (near vision)

Lacrimal gland Slight secretion Secretion
Parotid gland Slight secretion Secretion
Submandibular gland Slight secretion Secretion
Heart Increased rate Slowed rate

Positive inotropism Negative inotropism
Lungs Bronchodilation Bronchodilation
Gastrointestinal tract Decreased motility Increased motility
Kidney Decreased output None
Bladder Relax detrusor Contract detrusor

Contract sphincter Relax sphincter
Penis Ejaculation Erection
Sweat glands Secretion Palmar sweating
Piloerection muscles Contraction None
Blood vessels

Arterioles Constriction None
Muscle

Arterioles Constriction or None
dilatation

Metabolism Glycogenolysis None
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structures of the gut and skeletal muscle. b2 Receptors
located in liver and skeletal muscle elicit activation of
glycogenolysis and gluconeogenesis. This receptor system
is particularly activated by epinephrine rather than NE.

The PNS is poised for more focal responses, but some
effects may be quite broad, particularly with the wide-
ranging innervation of the vagus nerve. Activation of
parasympathetic pathways leads to pupillary constriction,
substantial secretion from lacrimal and salivary glands,
slowed cardiac rate and negative inotropism, bronchocon-
striction, enhanced gastrointestinal motility, and contraction
of the detrusor muscle of the bladder. In contrast to the SNS,
the PNS does not appear to influence metabolic or endocrine
processes in any major way. However, recent evidence indi-
cates that preganglionic vagal fibers originating in the dorsal
motor nucleus innervate postganglionic parasympathetic
ganglia in the pancreas and appear to influence exocrine and
endocrine function. Thus, as new data emerge, the integrated
roles of the SNS and PNS will continue to expand.

An understanding of the receptor systems mediating the
responses to PNS activation is incomplete. Preganglionic
cholinergic receptors, which exist in the SNS and PNS, are
nicotinic in character, whereas postganglionic cholinergic
receptors are muscarinic. Molecular cloning studies have
revealed multiple subtypes of both sets of receptors. The
subtypes of muscarinic receptors, which are termed M1, M2,
M3, M4, M5, are more fully understood (at least for the first
three subtypes): M1 receptors are excitatory to neurons in
ganglia and lead to noradrenaline release in sympathetic
neurons; M2 receptors mediate the bradycardia and decrease
contractility of the heart after vagal activation; M3 stimula-
tion leads to contraction of smooth muscle and enhanced
secretion from glandular tissues. The discovery that multi-
ple subtypes of nicotinic receptors also exist will lead to new
understanding of how these cholinergic receptor systems
function with both the presynaptic and postsynaptic compo-
nents of the peripheral ANS.

The complexity of autonomic control and the range of
mechanisms available to peripheral sympathetic and
parasympathetic neurons and their targets are expanded by
presynaptic gaseous molecules (NO) and postsynaptic
endothelium released peptides. Also, central nervous system
centers involved in autonomic control contain NO synthase,
and evidence suggests that NO may mediate sympathoinhi-
bition or sympathoexcitation depending on the nuclear
groups involved. Peripherally, NO exerts tonic vasodilation
and mediates ACh-induced vasodilation, as well as mediat-
ing catecholamine release and action. Endothelins, released
abluminally by endothelial cells, bind to endothelial and

adrenoceptors on vascular smooth muscle and endothelial
cells and appear also to regulate sympathetic terminals.

The discoveries that a number of neurotrophic factors
(neurotrophins) and their receptors are part and parcel of the
development and integrity of the SNS and PNS expand the
horizons regarding how anatomic pathways are established
and maintained and adapt to intrinsic and extrinsic demands.
Because of its relatively simple anatomic architecture, the
peripheral ANS continues to serve as a model system to
understand neuronal development, structural and functional
linkages among neurons and their targets, and the integra-
tive role(s) these “little brains” (6000–30,000 neurons)
serve. As the structure–function relationships and molecular
pharmacology of the peripheral ANS are clarified, new
approaches to understanding its functions and treatments of
its maladies will undoubtedly emerge. The following sec-
tions in this Primer will expand on these issues.
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The autonomic neuromuscular junction differs in several
important respects from the better known skeletal neuro-
muscular junction; it is not a synapse with the well-defined
prejunctional and postjunctional specializations established
for the skeletal neuromuscular synapse or ganglionic
synapses. A model of the autonomic neuroeffector junction
has been proposed on the basis of combined electrophysio-
logic, histochemical, and electron-microscopical studies.
The essential features of this model are that the terminal 
portions of autonomic nerve fibers are varicose, transmitter
being released en passage from varicosities during conduc-
tion of an impulse, although excitatory and inhibitory junc-
tion potentials are probably elicited only at close junctions.
Furthermore, the effectors are muscle bundles rather than
single smooth muscle cells, which are connected by low-
resistance pathways (gap junctions) that allow electrotonic
spread of activity within the effector bundle. In blood
vessels, the nerves are confined to the adventitial side of the
media muscle coat, and this geometry appears to facilitate
dual control of vascular smooth muscle by perivascular
nerves and by endothelial relaxing and contracting factors.
Neuroeffector junctions do not have a permanent geometry
with postjunctional specializations, but rather the varicosi-
ties are continuously moving and their special relation with
muscle cell membranes changes with time, including dis-
persal and reformation of receptor clusters. For example,
varicosity movement is likely to occur in cerebral blood
arteries, where there is a continuously increasing density of
sympathetic innervation during development and aging and
in hypertensive vessels or those that have been stimulated
chronically in vivo, where there can be an increase in inner-
vation density of up to threefold.

STRUCTURE OF THE AUTONOMIC
NEUROMUSCULAR JUNCTION

Varicose Terminal Axons

In the vicinity of the effector tissue, axons become vari-
cose, varicosities occurring at 5–10 mm intervals (Fig. 6.1A),
and branches intermingle with other axons to form the 

autonomic ground plexus, first described by Hillarp in 1946. 
The extent of the branching and the area of effector tissue
affected by individual neurons varies with the tissue. 
Autonomic axons combined in bundles are enveloped by
Schwann cells. Within the effector tissue they partially lose
their Schwann cell envelope, usually leaving the last few
varicosities naked.

The density of innervation, in terms of the number of
axon profiles per 100 muscle cells in cross section, also
varies considerably in different organs. For example, it is
very high in the vas deferens (Fig. 6.2A), iris, nictitating
membrane, and sphincteric parts of the gastrointestinal 
tract, but low in the ureter, uterus, and longitudinal muscle
coat of the gastrointestinal tract. In most blood vessels, the
varicose nerve plexus is placed at the adventitial border 
and fibers rarely penetrate into the medial muscle coat 
(Fig. 6.2B).

Junctional Cleft

The width of the junctional cleft varies considerably in
different organs. In the vas deferens, nictitating membrane,
sphincter pupillae, rat parotid gland, and atrioventricular and
sinoatrial nodes in the heart, the smallest neuromuscular dis-
tances range from 10 to 30nm [1, 2]. The minimum neuro-
muscular distance varies considerably in different blood
vessels [3]. Generally, the greater the vessel diameter, the
greater the separation of nerve and muscle. Thus, minimal
neuromuscular distances in arterioles and in small arteries
and veins are about 50 to 100nm, in medium to large arter-
ies the separation is 200 to 500nm, whereas in large elastic
arteries where the innervation is sparser, the minimum
neuromuscular distances are as wide as 1000 to 2000nm.
Serial sectioning has shown that at close junctions in both
visceral and vascular organs there is fusion of prejunctional
and postjunctional basal lamina (see Fig. 6.1B). In the lon-
gitudinal muscle coat of the gastrointestinal tract, autonomic
nerves and smooth muscle are rarely separated by less than
100nm. However, in the circular muscle coat, close (20nm)
junctions are common, sometimes several axon profiles
being closely apposed with single muscle cells.

The Autonomic Neuroeffector Junction

Geoffrey Burnstock
Autonomic Neuroscience Institute
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Prejunctional and Postjunctional Specialization

Although there are many examples of prejunctional
thickenings of nerve membranes in varicosities associated
with accumulations of small synaptic vesicles, representing
sites of transmitter release (see Fig. 6.1C), there are no con-
vincing demonstrations of postjunctional specializations,
such as membrane thickening or folding or indeed absence

FIGURE 6.1 A, Scanning electron micrograph of a single terminal vari-
cose nerve fiber lying over smooth muscle of small intestine of rat. Intes-
tine was pretreated to remove connective tissue components by digestion
with trypsin and hydrolysis with HCl. Scale bar = 3mm. (Reproduced with
permission from Burnstock, G. 1988. Autonomic neural control mecha-
nisms. With special reference to the airways. In The airways. Neural control
in health and disease. M. A. Kaliner, and P. J. Barnes, Eds, 1–22. New
York: Marcel Dekker.) B, A medium-sized intramuscular bundle of axons
within a single Schwann cell (S). There is no perineurial sheath. Some
axons, free of Schwann cell processes, contain “synaptic” vesicles (e.g., 
A1 and A). For nerve profile A1, there is close proximity (about 80nm) 
to smooth muscle (M; m, mitochondria; er, endoplasmic reticulum) with
fusion of nerve and muscle basement membranes. Most of the axons in
bundles of this size have few vesicles in the plane of section, but they
resemble the vesicle-containing axons of the larger trunks in that they have
few large neurofilaments. The small profiles (N), less than 0.25 mm in diam-
eter, are probably intervaricosity regions of terminal axons. Scale bar =
1mm. (Reproduced with permission from Merrillees, N. C. R., G. Burn-
stock, and M. E. Holman. 1963. Correlation of fine structure and physiol-
ogy of the innervation of smooth muscle in the guinea pig vas deferens. 
J. Cell Biol. 19:529–550.) C, Autonomic varicosities with dense prejunc-
tional thickenings and bunching of vesicles, probably representing trans-
mitter release sites (arrows), but there is no postjunctional specialization.
Scale bar = 0.25mm. (Courtesy of Phillip R. Gordon-Weeks.)

of micropinocytic vesicles; this is in keeping with the view
that even close junctions might be temporary liaisons.

Muscle Effector Bundles and Gap Junctions

The smooth muscle effector is a muscle bundle rather
than a single muscle cell—that is, individual muscle cells
being connected by low-resistance pathways that allow elec-
trotonic spread of activity within the effector bundle. Sites
of electrotonic coupling are represented morphologically by
areas of close apposition between the plasma membranes of
adjacent muscle cells. High-resolution electron micrographs
have shown that the membranes at these sites consist of 
“gap junctions” (see Fig. 6.2C). Gap junctions (or nexuses)
vary in size between punctate junctions, which are not easily
recognized except in freeze-fracture preparations, and 
junctional areas more than 1mm in diameter. The number
and arrangement of gap junctions in muscle effector bundles
of different sizes in different organs and their relation to
density of autonomic innervation have not been fully ana-
lyzed. It is interesting that partial denervation has been
shown to result in an increase in gap junctions.

AUTONOMIC NEUROTRANSMISSION

Electrophysiology

Excitatory and inhibitory junction potentials can be
recorded in smooth muscle cells in response to stimulation
of the autonomic nerves in both visceral (Fig. 6.3A and B)
and vascular organs, which represent the responses to 
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adenosine triphosphate, released as a cotransmitter with
noradrenaline from sympathetic nerves, as a cotransmitter
with acetylcholine from parasympathetic nerves in the
bladder, and as a cotransmitter with nitric oxide from non-
adrenergic, noncholinergic inhibitory enteric nerves.
Detailed analysis of these responses revealed that transmit-
ter released from varicosities close (10–100nm) to smooth
muscle cells would produce junction potentials, although
transmitter released from varicosities up to 500 to 1000nm
away (especially in large blood vessels) was likely to
produce some muscle response; and that only about 1 to 3%
of the varicosities release transmitter with a single impulse,

although the probability for release increased to about 25%
with repetitive nerve stimulation [4, 5, 6].

Receptor Localization on Smooth Muscle Cells

The distribution of P2X purinoceptors on smooth muscle
cells in relation to autonomic nerve varicosities in urinary
bladder, vas deferens, and blood vessels has been examined
recently by using immunofluorescence and confocal
microscopy. Antibodies against the P2X1 receptor, the dom-
inant receptor subtypes found in smooth muscle, and an
antibody against the synaptic vesicle proteoglycan SV2
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FIGURE 6.2 Comparison between the adrenergic innervation of the densely innervated vas deferens of the guinea
pig (A) and the rabbit ear artery (B) in which the adrenergic fibers are confined to the adventitial–medial border. The
inner elastic membrane shows a nonspecific fluorescence (autofluorescence). (A and B, Reproduced with permission
from Burnstock, G., and M. Costa. 1975. Adrenergic neurones: Their organisation, function and development in the
peripheral nervous system. London: Wiley & Sons Ltd.) C, A gap junction between two smooth muscle cells grown in
tissue culture. (Reproduced with permission from Campbell, G. R., Y. Uehara, G. Mark, and G. Burnstock. 1971. Fine
structure of smooth muscle cells grown in tissue culture. J. Cell Biol. 49:21–34.) Scale bar = 500mm (A), 50 mm (B),
and 50nm (C).
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showed clusters of receptors (about 0.9 ¥ 0.2mm in size)
located beneath varicosities [7, 8]. Many more small clus-
ters (about 0.4 ¥ 0.04mm) were present on the whole surface
of smooth muscle cells unrelated to varicosities; they may
represent pools of receptors that can migrate toward vari-
cosities to form large clusters. In blood vessels, small clus-
ters of P2X receptors are present on cells throughout the
medial muscle coat, whereas large clusters are restricted 
to the muscle cells at the adventitial surface. Alpha-
adrenoceptors appear to be located only in extrajunctional
regions, so that the possibility that noradrenaline is released
from more distant varicosities has been raised. There are
hints from studies of receptor-coupled green fluorescent

protein chimeras that the receptor clusters are labile, dis-
persing when a varicosity moves to a new site where clus-
ters reform, perhaps within a 20- to 30-minute time scale.

MODEL OF AUTONOMIC 
NEUROEFFECTOR JUNCTION

A model of the autonomic neuromuscular junction has
been proposed on the basis of combined electrophysiologic,
histochemical, and electron-microscopical studies described
earlier (Fig. 6.4A and B) [1, 9, 10]. The essential features of
this model are that the terminal portions of autonomic nerve
fibers are varicose, transmitter being released en passage
from varicosities during conduction of an impulse, although
excitatory junction potentials and inhibitory junction poten-
tials are probably elicited only at close junctions. Further-
more, the effectors are muscle bundles rather than single
smooth muscle cells, which are connected by low-resistance
pathways (gap junctions) that allow electrotonic spread of
activity within the effector bundle. In blood vessels, the
nerves are confined to the adventitial side of the media
muscle coat, and this geometry appears to facilitate dual
control of vascular smooth muscle by endothelial relaxing
and contracting factors and perivascular nerves.

Neuroeffector junctions do not have a permanent geom-
etry with postjunctional specializations, but rather the vari-
cosities are continuously moving and their special relation
with muscle cell membranes changes with time. For
example, it is likely to occur in cerebral blood arteries,
where there is a continuously increasing density of sympa-
thetic innervation during development until old age, and in
vessels that have been stimulated chronically in vivo, where
there can be an increase in innervation density of up to three-
fold, including an increase in the number of varicosities 
per unit length of nerve from 10 to 20 per 100 mm to 30 per
100mm.

Autonomic effector junctions appear to be suitable not
only for neurotransmission, but also for neuromodulation. A
neuromodulator is defined as any substance that modifies the
process of neurotransmission. It may achieve this either 
by prejunctional action that increases or decreases transmit-
ter release or by postjunctional action that alters the time
course or extent of action of the transmitter, or both 
(Fig. 6.4B).

Finally, it should be emphasized that if this model of the
autonomic effector junction is true, then the earlier empha-
sis on looking for images of specialized nerve–cell close
apposition may not be appropriate; even if a varicosity 
has a passing close relation with a cell, releasing transmit-
ter for which receptors are expressed on that cell (e.g., mast
cells, epithelial cells, or even immune cells) then, in effect,
that cell is innervated.

FIGURE 6.3 Electrophysiology of transmission at autonomic neuro-
muscular junctions. Top trace, Mechanical record. Bottom trace, Changes
in membrane potential recorded with a sucrose-gap method (Burnstock &
Straub, 1958). The junction potentials recorded with this method are qual-
itatively similar to those recorded with intracellular microelectrodes. 
A, Excitatory junction potentials (EJPs) recorded in smooth muscle of the
guinea pig vas deferens in response to repetitive stimulation of postgan-
glionic sympathetic nerves (white dots). Note both summation and facili-
tation of successive EJPs. At a critical depolarization threshold, an action
potential is initiated that results in contraction. B, Inhibitory junction poten-
tials (IJPs) recorded in smooth muscle of the atropinized guinea pig taenia-
coli in response to transmural stimulation (white dots) of the intramural
nerves remaining after degeneration of the adrenergic nerves by treatment
of the animal with 6-hydroxydopamine (250mg/kg intraperitoneally for 2
successive days) 7 days previously. Note that the IJPs in response to repet-
itive stimulation results in inhibition of spontaneous spike activity and
relaxation. (Reproduced with permission from Burnstock, G. 1973. The
autonomic neuroeffector system. Proc. Aust. Physiol. Pharmacol. Soc.
4:6–22.)
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FIGURE 6.4 A, Schematic representation of control of visceral smooth muscle. “Directly innervated” cells (cross-
hatched) are those that are directly activated by neurotransmitter; “coupled cells” (hatched) are those where junction
potentials spread from “directly innervated” cells, when a sufficient area of the muscle effector bundle is depolarized,
a propagated action potential will activate the “indirectly coupled” cells (white). B, Schematic representation of control
of vascular smooth muscle by nerves (��—) and endothelial factors (arrows). (A and B, Reproduced with permission
from Burnstock, G. 1975. Control of smooth muscle activity in vessels by adrenergic nerves and circulating cate-
cholamines. In Smooth muscle pharmacology and physiology. Les colloques de l’INSERM, Vol. 50, 251–264. Paris:
INSERM.) C, Schematic representation of prejunctional and postjunctional neuromodulation. (Reproduced with per-
mission from Burnstock, G. 1982. Neuromuscular transmitters and trophic factors. In Advanced medicine 18, M. Sarner,
Ed, 143–148. London: Pitman Medical.)



NEW TRANSMITTERS AND THE CONCEPT 
OF COTRANSMITTERS

The greatest surprise in the study of autonomic neuro-
effector transmission, after the discovery that transmitters
other than noradrenaline and acetylcholine exist (see
Chapter 3), followed from the observation of Furchgott and
Zawadzki [2] on the obligatory role of endothelial cells in
the relaxation of arterial smooth muscle by acetylcholine.
This pointed to the existence of a substance that, when
released from endothelial cells, acts on vascular smooth
muscle cells to relax them. The subsequent identification of
this substance as nitric oxide (see, e.g., Reference 3) led to
the discovery that nitric oxide is a principal transmitter at
some autonomic neuromuscular junctions. The identity of
new transmitters other than the classical noradrenaline and
acetylcholine (see Chapter 3) raises the question as to the
relation between the new and the classical transmitters in the
control of the viscera and the vasculature. Burnstock [4] pro-
posed that nerve terminals may release more than one
transmitter, in many cases the release of a classical trans-
mitter from a terminal being accompanied with that of a 
new transmitter, which he referred to as a cotransmitter. This
concept, which seemed radical at the time, is now well estab-
lished [5].

VARICOSITIES, VESICLE-ASSOCIATED PROTEINS,
AND CALCIUM FLUXES

By 1972, it was known that varicosities are the source of
transmitter release at autonomic nerve endings, that once 
a transmitter is released it may act back on the varicosities
to modify their capacity to secrete further, and that in the
case of catecholamines, the varicosities also remove the

transmitter by an active uptake process (see Chapter 3).
More recently, it has been established that synaptic vesicles
in these varicosities possess proteins required for exocyto-
sis, namely synaptobrevin and SNAP25, and that these are
accumulated at a site that is defined by a high concentration
of syntaxin on the varicosity membrane necessary for
vesicle docking [6]. Furthermore, introduction of methods
that allow identification of the calcium influx into nerve ter-
minals necessary to trigger transmitter release show that all
varicosities receive a calcium influx on propagation of the
terminal action potential [7]. Each varicosity along the
length of a sympathetic terminal collateral branch then has
the capacity to secrete transmitter on arrival of the nerve
impulse.

IONOTROPIC RECEPTORS ARE LOCALIZED 
TO THE MUSCLE MEMBRANE AT VARICOSITIES

Although there are many different receptor types on the
muscular effectors of the autonomic nervous system (see
Chapter 3), only the spatial distribution of the purinergic
subtype P2X1 ionotropic receptor has been described in
detail at reasonably high resolution. Two size classes of
P2X1 receptor patches, one about 1 mm in diameter and the
other about 0.4 mm in diameter, occur in smooth muscles,
with a large size uniquely associated with varicosities (see,
e.g., Reference 6). It has generally been taken for granted
that metabotropic receptors will not be located in any special
way with respect to varicosities, but this is yet to be tested
with adequate techniques.

METABOTROPIC AND IONOTROPIC 
RECEPTORS ARE INTERNALIZED AND RECYCLED

AFTER BINDING TRANSMITTER

The question arises as to the stability of receptors located
in the membranes of muscle cells—that is, whether they are
of the metabotropic or ionotropic type (see Chapter 3).
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This chapter begins at the time of publication of Bennett’s (1972) mono-
graph [1], “Autonomic Neuromuscular Transmission” and ends in 2000.
See Chapter 3, “Milestones in Autonomic Research,” for further comments
on the autonomic neuroeffector junction.
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Chuang and colleagues showed more than 20 years ago that
desensitization of the beta-adrenergic receptor on binding
transmitter is associated with receptor internalization [8] into
lysosomes [9]. Subsequently, Lefkowitz and colleagues
showed that such internalized receptors could recycle to 
the membrane [10] and that desensitization of the beta-
adrenergic receptor after activation involved its phos-
phorylation before internalization [11]. This work on the 
beta-adrenergic receptor formed the basis for studies 
of desensitization and internalization of all the other
metabotropic receptors on autonomic effectors. It has been
taken for granted that because no evidence has accrued for
internalization and recycling of the nicotinic receptor at the
somatic neuromuscular junction on binding ligand, the other
ionotropic receptors would likewise fail to undergo such
recycling. Therefore, it came as a surprise when the P2X1
ionotropic receptor on smooth muscle was subsequently
shown to internalize on bindings to its transmitter [12].

SOURCES OF INTRACELLULAR 
CALCIUM IN SMOOTH MUSCLE 
FOR INITIATING CONTRACTION

An increase in intracellular calcium ion concentration is
required for the initiation of contraction in muscle effectors
[13]. After identification of calcium as the ion responsible
for the action potential in smooth muscle (see Chapter 3),
second messenger pathways were identified that also trigger
the release of calcium from intracellular stores [14] (see
Chapter 3). A further source of calcium is provided by the
action of certain transmitters on their receptors, which
increases the intracellular calcium concentration as a conse-
quence of the relatively high calcium permeability of the
channel opened by the receptor. Such is the case for adeno-
sine triphosphate acting on P2X1 purinoceptors in smooth
muscle [15]. The increases in calcium concentration in
smooth muscle from these different sources have been
directly observed by Fay and colleagues on the introduction
of techniques for observing calcium in single smooth muscle
cells using appropriate calcium indicators [16].

MODULATION OF CALCIUM INFLUX AND 
THE CONTROL OF HYPERTENSION

There is considerable evidence for altered calcium
channel function in vascular smooth muscle during hyper-
tension, suggesting that deficiencies in the action of the
calcium channel per se contributes in a major way to the eti-
ology of this condition [17]. Identification of the pathways
for increasing calcium in vascular smooth muscle cells and
cardiac muscle cells has led to the development of some of

the main blood pressure lowering agents, including calcium
channel blockers and beta-adrenoceptor blockers [18].
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The catecholamines share a common synthetic pathway,
with dopamine (DA) being the immediate precursor of nora-
drenaline (NA) (Fig. 8.1), so it is not surprising that
dopaminergic and noradrenergic neurons have many simi-
larities. The existence of a large dopaminergic pool of
neurons in the striatum has allowed the chemical, functional,
and pharmacologic characteristics of this phenotype to be
explored in detail. In the sympathetic nervous system, there
is evidence for dopaminergic neural influences on a variety
of visceral functions, particularly renal function, digestive
tract motility, and vascular resistance. However, these
dopaminergic neurons are admixed with larger populations
of noradrenergic cells. It is therefore necessary to be able to
accurately define the differences between the two types.
Classification of the receptors on which neurogenic DA acts,
and some of its functional correlates, may be found in later
chapters of this book. This chapter is concerned solely with
the neurochemical features that can be exploited to distin-
guish dopaminergic from noradrenergic phenotypes. The
reading list does not attempt to be comprehensive, but pro-
vides sources with useful summaries of specific aspects of
the field.

TRANSMITTER NEUROCHEMISTRY

Transmitter Synthesis

Both dopaminergic and noradrenergic neurons synthesize
their transmitters primarily from plasma tyrosine; thus, both
contain tyrosine hydroxylase (TH), and the levels and pres-
ence of this enzyme throughout the neuron are similar 
for both types. Because only noradrenergic cells convert 
DA to NA, only these cells require dopamine b-hydroxylase
(DBH). In these cells, DBH also is present throughout 
the length of the neuron at similar levels. However, 
antigenically active DBH is absent from dopaminergic cells
[1, 2].

The intermediate enzyme, dopa decarboxylase (DDC), is
present in low concentrations within proximal parts of nora-
drenergic cells, but is absent, at least in immunologically
demonstrable amounts, from the terminal regions [1, 2]. It

has been suggested that the absence of DDC from nor-
adrenergic terminals is a consequence of down-regulation 
by high local levels of end product. However, experimental
depletion of NA stores for up to seven days does not result
in demonstrable levels of DDC, suggesting that at least 
in the short term, the absence is a phenotypic characteristic
[3]. By contrast, the terminal regions of dopaminergic axons
contain levels of DDC equivalent to those in cell bodies 
and proximal axons, probably reflecting partial reliance of
transmitter synthesis on uptake of plasma dopa and on 
intraneuronal hydroxylation of tyrosine. This is consistent
with the fact that after total catecholamine depletion with
reserpine, transmitter stores in dopaminergic neurons, but
not in noradrenergic neurons, can be partially repleted by
systemic administration of l-dopa. The membrane uptake
process is not restricted to terminal axons because repletion
also can be demonstrated in cell bodies. Repletion occurs
only in the presence of monoamine oxidase inhibition, con-
firming that conversion of dopa to DA is cytoplasmic in
location, as it is in noradrenergic neurons [1, 2].

Transmitter Storage and Release

Ultrastructural and ultracentrifugation studies indicate
that storage of transmitter in dopaminergic and noradrener-
gic axons occurs in the same type of small vesicle, the
storage matrices of which can be visualized by creation of
electron-dense chromate complexes. These vesicular stores
are depleted equally effectively from both dopaminergic and
noradrenergic nerves by the alkaloid reserpine, which enters
the neuron by passive diffusion and displaces catecholamine
molecules from their protein-binding sites.

At noradrenergic synapses, presynaptic adrenoceptors
exist, whose activation reduces further NA release. Studies
suggest that a comparable feedback process exists at
dopaminergic synapses, with autoinhibition of release by
activation of presynaptic D2 receptors [4].

Transmitter Recycling

After activation-induced release, both NA and DA are
taken back into the axon terminals through specific trans-
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porters [5, 6]. The transporter on the noradrenergic plasma
membrane is denoted as Uptake1 and can be selectively
inhibited by tricyclic antidepressants such as imipramine.
The dopaminergic membrane transporter is not sensitive to
Uptake1 inhibitors, but is selectively inhibited by a series of
aryl dialkylpiperazine molecules typified by GBR12909.
Some antiparkinsonian drugs such as benztropine also
inhibit DA transport, but they exert a degree of inhibition on
Uptake1 at the same concentrations.

The presence of these selective transporters allows dif-
ferential entry to dopaminergic and noradrenergic axons 
of some pharmacologic agents that affect vesicular cate-
cholamine binding. Thus, guanethidine, which preferentially
uses the NA transporter (Uptake1), depletes transmitter
stores from noradrenergic axons at doses that do not affect
dopaminergic terminals [7]. The synthetic DA analog 6-
hydroxydopamine is taken up equally avidly by both trans-
porters, but it can be restricted to dopaminergic and
noradrenergic axons in the presence of an appropriately
selective transport inhibitor.

The characteristics of noradrenergic and dopaminergic
neurons are summarized in Table 8.1, and Table 8.2 outlines
the procedures that can be applied experimentally to distin-
guish the dopaminergic phenotype. Notably, the criteria to
be applied are not restricted to the autonomic nervous
system, and there is no reason to believe that they are appli-
cable only to mammalian species.

FUTURE QUESTIONS

A major uncertainty is the extent to which the distinction
between noradrenergic and dopaminergic neurons is
immutable. The demonstration that cholinergic and cate-
cholaminergic sympathetic neurons originate from a single
neural crest precursor [8] indicates that dopaminergic and
noradrenergic cells share a common ancestry and that the
phenotypic distinction is because of environmental influ-
ences. However, the fact that dopaminergic and noradrener-
gic sympathetic axons innervate the same effector cells 
argues against this environmental influence being a simple
retrograde neurotrophic one. Studies of developing mesen-
cephalic cells have indicated that the trophic cocktail nec-
essary for expression of TH is considerably less complex
than that needed for coexpression of other characteristics of
the dopaminergic phenotype, such as DDC and the DA
transporter [9]. It is therefore possible that chronic alter-
ations in availability of various factors in adulthood could
affect changes in noradrenergic and dopaminergic pheno-
type or the reverse.

A further possibility is that chronic alteration of transmit-
ter function could influence expression of the phenotypic
markers. For example, sympathetic noradrenergic axons in
patients with DBH deficiency store substantial amounts of
DA and this is released in response to reflex sympathetic
stimulation [10]. The plasma membranes of these axons must
therefore be exposed chronically to far greater levels of DA
than normal, and this could alter expression of the DA trans-
porter. Such questions are of considerable biological and
some clinical significance and warrant further research.
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FIGURE 8.1 The neuronal synthetic pathway for catecholamines.

TABLE 8.1 Summary of Major Neurochemical Features
Characterizing Noradrenergic and Dopaminergic Neurons

Feature Noradrenergic Dopaminergic

Synthesis Tyrosine hydroxylation Tyrosine hydroxylation
throughout neuron throughout neuron

Dopa decarboxylation Dopa decarboxylation
only in proximal neuron throughout neuron

Transmitter synthesis solely Transmitter synthesis from
from plasma tyrosine both plasma tyrosine 

and plasma dopa
Final step in transmitter Final step in transmitter

synthesis intravesicular synthesis cytoplasmic
Storage Some vesicular storage of Not known if any dopa

precursor dopamine with costored in vesicles 
noradrenaline in ratio with DA
c. 1 :20–1 :100

Release Inhibitory feedback on Inhibitory feedback on
release through presynaptic release by presynaptic 
a-adrenoreceptors D2 receptors

Inactivation Inactivation by reuptake Inactivation by reuptake
through NA transporter through DA transporter
(Uptake1)

DA, dopamine; NA, noradrenaline.
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TABLE 8.2 Checklist of Useful Experimental Approaches to Identification of Dopaminergic Autonomic Neurons

Criterion Comments Methodologies

Synthesis
Intraneuronal level of TH typical of Use noradrenergic neuron as positive control. Immunohistochemistry

catecholaminergic cell
Absence of dopamine b-hydroxylase Use noradrenergic neuron as positive control. Immunohistochemistry
Dopa decarboxylase in terminal axon Use noradrenergic neuron as negative control; use Immunohistochemistry

colocalization of TH to exclude “amine-handling” 
neurons.

Storage
High intraneuronal concentration of endogenous For immunohistochemical studies, use noradrenergic Immunohistochemistry, biochemistry,

DA, stored in chromaffin-reactive vesicles neuron as negative control. For biochemical studies, electron microscopy
pharmacologic manipulations may be needed to show 
independence from noradrenergic neurons (see below).

Axon carries DA transporter Use noradrenergic neuron as negative control. Some Immunohistochemistry
pharmacologic approaches also target the transporter 
(see below).

DA stores resistant to guanethidine depletion Use noradrenergic neuron as positive control. Immunohistochemistry, biochemistry, 
electron microscopy

DA stores depleted by reserpine Exclude nonneuronal cellular origin in SIF, SNIF, or Immunohistochemistry, biochemistry
enterochromaffin cells. Similar effect on noradrenergic
storage of NA and DA.

After reserpine, DA stores repleted by Monoamine oxidase inhibition may be necessary. Use Immunohistochemistry, biochemistry,
exogenous l-dopa noradrenergic neuron as negative control. electron microscopy

DA depletion by 6-hydroxydopamine Check that in noradrenergic neuron depletion of both NA Immunohistochemistry, biochemistry,
prevented by DA transporter inhibition, and DA prevented by Uptake1 inhibition, not by DA electron microscopy
not by Uptake1 inhibition transporter inhibition.

Action potential-dependent release of DA Remember that some DA is released from noradrenergic Biochemistry
independent of NA neurons.

Postsynaptic effect abolished by inactivation Beware nonspecificity of some antagonists. Function
of DA receptors, not affected by 
adrenoreceptor antagonists

DA release, postsynaptic effects enhanced by Check that comparable parameters at noradrenergic Biochemistry, function
inhibition of DA transporter, not by Uptake1 synapses enhanced by Uptake1 blockade, not by 
inhibition DA transporter inhibition.

Note the importance of using known noradrenergic neurons (same species, same preparative procedures, preferably same individual) as controls.
DA, dopamine; NA, noradrenaline; TH, tyrosine hydroxylase.
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Dopamine is a catecholamine that has a crucial physio-
logic role in the regulation of movement, affect, cognition,
reward, and hormone release. Its involvement in several
neuropsychiatric disorders has become increasingly evident
since 1958, when it was discovered to act as a neurotrans-
mitter by Nobel laureate Arvid Carlsson. Parkinson’s
disease, for example, is caused by a specific degeneration of
dopaminergic neurons in the brain, leading to dopamine
deficiency and a neurologic syndrome characterized by
muscle rigidity, tremor, and difficulty in initiating move-
ments. Conversely, practically all addictive drugs of abuse—
as well as naturally reinforcing behaviors such as eating 
and having sex—cause pleasure by increasing synaptic
dopamine concentrations in the brain reward areas, such as
nucleus accumbens (also called ventral striatum in humans
and other primates). Furthermore, the brain dopaminergic
system seems to be overactive in schizophrenic psychosis,
and dopamine receptor antagonists have formed the 
mainstay of antipsychotic pharmacotherapy for more than
40 years.

Dopamine released from presynaptic nerve terminals
elicits its effect through a family of G protein–coupled
dopamine receptors. In the 1970s it became evident that at
least two classes of dopamine receptors (D1 and D2) were
required to explain all the physiologic effects of dopamine
and the pharmacologic profile of drugs blocking its actions.
This traditional classification was mainly based on the
ability of D1 receptors to stimulate the signal transduction
enzyme adenylate cyclase, whereas D2 receptors either did
not have an effect or inhibited it. Development of molecu-
lar cloning techniques subsequently led to the identification
of all five dopamine receptors, but physiologic classification
to D1-like (D1 and D5) and D2-like (D2, D3, and D4) recep-
tors still seems practical today, because many properties in
structure, signaling, and pharmacology are shared within
subfamilies.

STRUCTURAL AND FUNCTIONAL
CHARACTERISTICS OF DOPAMINE RECEPTORS

Gene Structure

The genomic organization of dopamine receptor genes
supports the idea that dopamine receptors have evolved 
from two distinct gene families, giving rise to D1-like and
D2-like subfamilies [1–5]. Like many genes for G
protein–coupled receptors, the coding regions of D1 and D5
receptor genes lack introns (Table 9.1). Interestingly, the
human genome contains two D5 receptor pseudogenes,
D5y1 and D5y2, that are almost identical (95%) with the
D5 gene, but have premature termination codons. Although
they are expressed with distribution similar to the D5 recep-
tor, the mRNA appear not to be translated. D2-like receptor
genes, in contrast, have several introns in their coding
regions (see Table 9.1). Two isoforms of the D2 receptor,
D2-short (D2S) and D2-long (D2L), are formed by alterna-
tive splicing of an 87-base pair (bp) exon between introns 4
and 5. Although they are expressed in the same regions, D2L
is more ubiquitous. The functional significance of the two
D2 isoforms is discussed later. Several splice variants of the
D3 receptor mRNA also exist, although these seem to be
species-specific and many of them are not translated to func-
tional proteins. The human D4 receptor gene shows consid-
erable allelic variation. The number and sequence of 48-bp
repeat insertions in the coding region for third intracellular
loop are variable, with a four repeat allele being the most
frequent in studied populations. The functional conse-
quences of this polymorphism still remain obscure.

Receptor Structure

All dopamine receptors belong to a superfamily of G
protein–coupled receptors with seven transmembrane
regions (Fig. 9.1) [1–5]. D1-like receptors have a relatively
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short third cytoplasmic loop and long C-terminal tail,
whereas D2-like receptors have a considerably longer third
cytoplasmic loop and short C-terminal tail. These structural
properties are common in many G protein–coupled re-
ceptors that stimulate and inhibit adenylate cyclase, re-
spectively. D1 and D5 receptors have two potential
asparagine-linked glycosylation sites, one in the N-terminal
region and the other in the second extracellular loop,
whereas the D2 receptor has three glycosylation sites in the
N-terminal region and one in the second extracellular loop,
D3 has three, and D4 only one. All dopamine receptors have
cysteine residues in the first and second extracellular loops,
which form a disulfide bond and stabilize the receptor struc-
ture. The long C-terminal tail of D1-like receptors is
anchored to the membrane with a palmitoylated cysteine
residue near the last transmembrane region, whereas the
short tail of D2-like receptors ends with a palmitoylated 
cysteine (see Fig. 9.1). Hydrophobic membrane-spanning
regions seem to determine the ligand recognition, and thus
the pharmacologic profile of these receptors. Accordingly,
the sequence homology between receptor subtypes is great-
est in these regions, being 78% between D1 and D5 recep-
tors, 75% between D2 and D3, but only 53% between D2
and D4. Finally, the 29 amino acid insertion in the third cyto-
plasmic loop of the D2 receptor that differentiates between
the short and long variants of the D2 receptor affects the
coupling of the receptor to different G proteins. Therefore,

it is not surprising that D2S and D2L seem to have dif-
fering physiologic functions in different neuronal cell 
types [6, 7].

SIGNAL TRANSDUCTION

D1-like Receptors

Since the early 1970s dopamine has been known to stim-
ulate adenylate cyclase activity in the brain, leading to accu-
mulation of the second messenger cyclic adenosine
monophosphate [1–5]. This effect is mediated primarily
through D1 receptors, although D5 receptors also are able
to stimulate adenylate cyclase and may even display consti-
tutive agonist-independent activity on this effector. Whereas
D1 receptors can mediate this effect by coupling to Gsa sub-
units of G proteins, the most likely counterpart in the brain
is Golfa, which is much more ubiquitous in brain regions
where the D1 receptor is mostly expressed, such as the 
striatum. D1 receptors also can modulate the actitivity of
Na+/K+-adenosine triphosphatase, affecting the neuronal
depolarization state of neurons, as well as fluid absorption
in the kidney. In kidney cells, D1 stimulation also inhibits
the activity of the Na+/H+ ion pump. D1 receptors are also
able to increase intracellular calcium levels through a variety
of mechanisms, including the activation of phosphatidyli-

TABLE 9.1 Molecular Biology, Structure, and Pharmacology of Human Dopamine Receptors

D1-like D2-like

D1 D5 D2 D3 D4

Chromosomal 5q35.1 4p15.1–16.1 11q22–23 3q13.3 11p15.5
localization

Introns No No 6 5 3
mRNA size 3.8kb 3.0kb 2.5kb 8.3kb 5.3kb
Amino acids 446 477 414 (D2S) 400 387–515a

443 (D2L)
Agonists Fenoldopam Fenoldopam Lisuride R(-)-NPA Lisuride

SKF 38393 SKF 38393 R(-)-NPA Lisuride PD 168,077
SKF 81297 SKF 81297 Bromocriptine Pergolide Dopamine
Apomorphine Apomorphine Pergolide PD 128,907 Pergolide
Dopamine Dopamine Dopamine 7-OH-DPAT Quinpirole

Apomorphine Quinpirole
Quinpirole Bromocriptine

Dopamine
Apomorphine

Antagonists SCH 23390 SCH 23390 Spiperone Eticlopride Spiperone
SKF 83566 SKF 83566 Eticlopride Spiperone L-745,870
(+)-Butaclamol (+)-Butaclamol Haloperidol Raclopride Haloperidol
cis-Flupentixol cis-Flupentixol (+)-Butaclamol (+)-Butaclamol Chlorpromazine

Raclopride Chlorpromazine Clozapine
Chlorpromazine Haloperidol
Sulpiride Sulpiride

a Depending on the number of 16 amino acid tandem repeats in the third cytoplasmic loop.



nositol hydrolysis and modulation of calcium channels by
protein kinase A activation.

D2-like Receptors

The ability of D2 receptors to inhibit adenylate cyclase
was first observed in the anterior pituitary, where this sig-
naling pathway is crucial for the regulation of prolactin
release. Later, D3 and D4 receptors also were shown to
inhibit adenylate cyclase. At least in the brain, this effect is
most likely mediated by coupling of D2 receptors to the Goa
subunit, instead of various Gia proteins [8]. In addition, 
D2-like receptors also can decrease intracellular calcium
levels and induce cell hyperpolarization by increasing
outward potassium currents. Physiologically, these effects
are important for D2 receptor–mediated inhibition of pro-
lactin release from lactotrophic cells in the anterior pituitary

and for its function as an autoreceptor controlling dopamine
release.

Oligomerization

Only recently, G protein–coupled receptor signaling,
including that of dopamine receptors, was recognized to be
regulated by the formation of receptor oligomers [9].
Oligomers or dimers may consist of the same receptors
(homodimers) or even receptors for different neurotransmit-
ters (heterodimers). D1 receptors have been found to dimer-
ize at least with adenosine A1 receptors, D2 receptors with
somatostatin SSTR5 receptors, and D5 with g2 subunits of
GABAA receptor, which actually is a multimeric ion channel
receptor. Oligomers usually have slightly different pharma-
cologic properties and may have surprisingly different sig-
naling properties, when compared with interacting receptors
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FIGURE 9.1 The structure of D1 and D2 dopamine receptors. Both are G protein–coupled receptors with seven trans-
membrane domains (numbered 1–7). The D1 receptor has a short third intracellular loop and a long C-terminal tail,
which is palmitoylated and anchored to the membrane near the seventh transmembrane domain. The D2 receptor has a
long third intracellular loop (containing the 29 amino acid insert in the D2L splice variant) and a short C-terminal tail,
which ends with a palmitoylated cysteine. A disulfide bond connects the first and second extracellular loops of all
dopamine receptors. The D1 receptor has two asparagine-linked glycosylation sites, whereas the D2 receptor has four.
IL2, intracellular loop 2; IL3, intracellular loop 3.
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expressed or activated alone. In the near future, this field of
research may greatly increase our understanding of neuro-
transmitter interactions in the brain and periphery.

PHARMACOLOGY

The number of clinically used or scientifically interesting
compounds acting as agonists or antagonists at dopamine
receptors is enormous and cannot be thoroughly listed in this
chapter. Rather, we will try to give a useful overview and
name some drugs as typical examples (see Table 9.1) [1,
3–5]. Although several ligands display selectivity for D1-
like dopamine receptors over D2-like receptors or vice
versa, the development of truly subtype-specific ligands has
proven difficult. Dopamine itself has a 10- to 100-fold
greater affinity for D2 than D1 receptors, a 10-fold greater
affinity for D5 than D1, and a 10- to 20-fold greater affinity
for D3 and D4 than D2 receptors. D2 and D4 receptors also
exist in high and low agonist affinity states, where the low
affinity state probably represents spare receptors unable to
couple to G proteins, perhaps because of subcellular local-
ization. Clinically, dopamine receptor agonists, such as
bromocriptine, are used as adjuvant therapy in Parkinson’s
disease and in the treatment of hyperprolactinaemia caused
by benign pituitary adenomas, whereas antagonists of D2-
like receptors, like haloperidol, are widely used as neu-
roleptic drugs in the treatment of schizophrenia and other
psychoses. Some D2-like receptor antagonists, such as
metoclopramide, also are effective as antiemetic drugs.
Typical side effects of drugs blocking dopamine receptors
include extrapyramidal neurologic symptoms resembling
Parkinson’s disease, and hyperprolactinemia. Radiolabeled
receptor ligands have been used to study the distribution and
density of dopamine receptors in brain slices and other
organs such as the kidney, and also in humans using in vivo
brain imaging. Examples for this include [3H]/[11C]SCH-
23390 for D1-like receptors and [3H]/[11C]raclopride and
[3H]spiperone for D2 and D3 receptors.

DISTRIBUTION

The most striking feature of dopamine receptor distribu-
tion, especially in the brain, is that D1 and D2 receptors are
expressed at the levels that are an order of magnitude or two
greater compared with the other subtypes [3–5]. Moreover,
the brain distribution of D1 and D2 receptors closely follows
that of dopaminergic innervation, whereas D3, D4, and D5
receptors are expressed in more specialized patterns.
However, it has been difficult to determine the actual distri-
bution of these less common subtypes in the absence of truly
specific radioligands. The most specific means of assessing
the distribution is by in situ hybridization, but in the case of

presynaptic receptors, the hybridization signal may be
located far from the final localization of mature receptor pro-
teins, which are subject to axonal transport.

DISTRIBUTION IN THE BRAIN

D1 Receptors

The D1 receptor is a postsynaptic dopamine receptor, and
its highest levels are found in GABAergic medium spiny
neurons in brain regions receiving dense dopaminergic
innervation, including caudate and putamen, nucleus accum-
bens, and olfactory tubercle. In these regions, its density 
is approximately three times greater than the density of 
D2 receptors. Lower levels are found in cerebral cortex,
amygdala, thalamus, hypothalamus, and hippocampus. In
entopeduncular nucleus, globus pallidus, and substantia
nigra pars reticulata, it is probably expressed in axon termi-
nals of GABAergic neurons projecting from caudate and
putamen.

D2 Receptors

D2 receptors are present both as postsynaptic receptors
and presynaptic autoreceptors in dopaminergic neurons re-
gulating neurotransmitter release. Recent evidence from
genetically engineered animals suggests that D2L is more
important in mediating postsynaptic responses (seen behav-
iorally, for example, as haloperidol-induced catalepsy in
experimental animals), whereas D2S might be predominant,
or at least sufficient, as an autoreceptor [6, 7]. Greatest den-
sities are found in caudate and putamen, nucleus accumbens,
and olfactory tubercle, where D2 is expressed as a post-
synaptic receptor in medium spiny neurons and cholinergic
interneurons, and as a presynaptic receptor in dopaminergic
nerve terminals. D1 and D2 have opposite effects on adeny-
late cyclase, and their expression is actually mostly segre-
gated to distinct populations of medium spiny neurons in
these brain regions. Lower levels are expressed in substan-
tia nigra pars compacta and ventral tegmental area, where
most of the dopaminergic cell bodies are located, followed
by prefrontal, cingulate, temporal and entorhinal cortices,
septum, amygdala, and hippocampus.

D3 receptors

Like D2 receptors, D3 receptors also are expressed both
as presynaptic and postsynaptic dopamine receptors. Their
expression in the brain is limited to more limbic regions,
including shell of the nucleus accumbens, islands of Calleja,
and olfactory tubercle. Very low levels are found in sub-
stantia nigra, ventral tegmental area, hippocampus, cerebral
cortex, and Purkinje cells of cerebellum.



D4 Receptors

The greatest levels of D4 receptor are found in frontal
cortex, amygdala, olfactory tubercle, and hypothalamus,
whereas only very low levels are seen in caudate, putamen,
and nucleus accumbens.

D5 Receptors

The D5 receptor displays a restricted distribution, and at
least mRNA is expressed in hippocampus, lateral mamillary
nucleus, and parafascicular nucleus of the thalamus. Sensi-
tive polymerase chain reaction methods also have revealed
expression in few cells in caudate and putamen.

DOPAMINE RECEPTORS IN THE PERIPHERY

Outside the central nervous system, the most prominent
function of dopamine receptors is probably the inhibition of
prolactin release from anterior pituitary by D2 and possibly
D4 receptors [5]. All dopamine receptor subtypes are also
expressed in the kidney, where they participate in the regu-
lation of fluid and sodium reabsorption and renin release.
D1- and D2-like receptors are also found in both cortex 
and medulla of the adrenal gland, where they regulate 
aldosterone and catecholamine release, respectively. D2-like
receptors in sympathetic ganglia and nerve terminals inhibit
norepinephrine release, and both D1- and D2-like receptors
are present in blood vessels controlling vasodilation. Mod-
erately high levels (10 times greater than in the brain) of D4
receptors are found in the heart, but its function there is still
unknown.

REGULATION

Dopamine receptors are under constant regulation [2, 3].
Chronic treatment with antipsychotic drugs that block
dopamine receptors leads to increased expression and up-

regulation of D2 receptors in the brain. In contrast, in mice
that lack the dopamine transporter, and thus have increased
extracellular levels of dopamine, the expression of both D1
and D2 receptors is decreased by 50%. These long-term
changes take place at the level of gene expression, but
dopamine receptors also can undergo much more rapid reg-
ulation when stimulated by an agonist [10]. This agonist-
dependent desensitization leads to phosphorylation of serine
and threonine residues of the receptor, uncoupling from the
effectors, and finally the internalization of the receptor,
where it can be dephosphorylated and recycled back to the
membrane.
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The chemical transmitter at sympathetic nerve endings is
norepinephrine (NE). Sympathetic stimulation releases NE,
and noradrenergic binding to adrenoceptors on cardiovascu-
lar smooth muscle cells causes the cells to contract. Sym-
pathoneural NE therefore satisfies the main criteria defining
a neurotransmitter: a chemical released from nerve termi-
nals by electrical action potentials that interacts with spe-
cific receptors on nearby structures to produce specific
physiologic responses.

Different stressors can elicit different patterns of sympa-
thoneural outflows, and therefore differential NE release, in
the various vascular beds. This redistributes blood flows.
Local sympathoneural release of NE also markedly affects
cardiac function and glandular activity. The adjustments
usually are not sensed, and the organism usually does not
feel distressed. Examples of situations associated with
prominent changes in sympathoneural outflows include
orthostasis, mild exercise, postprandial hemodynamic
changes, mild changes in environmental temperature, and
performance of nondistressing locomotor tasks.

In contrast, in response to perceived global threats,
whether from external physical or internal psychologic or
metabolic stimuli—especially when the organism senses an
inability to cope with those stimuli—increased neural
outflow to the adrenal medulla elicits catecholamine secre-
tion into the adrenal venous drainage. In humans, the pre-
dominant catecholamine in the adrenal venous drainage is
epinephrine (EPI). EPI rapidly reaches all cells of the body
(with the exception of most of the brain), producing a wide
variety of hormonal effects at low blood concentrations. One
can comprehend all of the many effects of EPI in terms of
countering acute threats to survival that mammals have
faced perennially, such as sudden lack of metabolic fuels,
trauma with hemorrhage, and antagonistic confrontations.
Thus, even mild hypoglycemia elicits marked increases in
plasma levels of EPI, in contrast with small increases in
plasma levels of NE. Distress accompanies all these situa-
tions, the experience undoubtedly fostering the long-term
survival of the individual and the species by motivating
avoidance learning and producing signs universally under-
stood among other members of the species.

Increases in adrenomedullary activity, as indicated by
plasma EPI levels, often correlate more closely with

increases in pituitary-adrenocortical activity, as indicated by
plasma levels of corticotropin (ACTH), than with increases
in sympathoneural activity, as indicated by plasma NE
levels. For example, insulin-induced hypoglycemia pro-
duces drastic increases in plasma EPI and ACTH levels, with
rather mild NE responses.

NORADRENERGIC INNERVATION 
OF THE CARDIOVASCULAR SYSTEM

Sympathetic nerves to the ventricular myocardium travel
through the ansae subclaviae, branches of the left and right
stellate ganglia. The fibers in the ansae subclaviae pass along
the dorsal surface of the pulmonary artery into the plexus
that supplies the left main coronary artery. In primates,
cardiac sympathetic nerves originate about equally from the
superior, middle, and inferior cervical (stellate) ganglia.
Individual cardiac nerves supply relatively localized regions
of myocardium, with the right sympathetic chain generally
projecting to the anterior left ventricle and the left sympa-
thetic chain to the posterior left ventricle. Sympathetic
innervation of the sinus and atrioventricular nodes also has
a degree of sidedness, the right sympathetics projecting
more to the sinus node and the left to the atrioventricular
node. Thus, left stellate stimulation produces relatively little
sinus tachycardia.

Epicardial sympathetic nerves provide the main source of
noradrenergic terminals in the myocardium. Sympathetic
nerves travel with the coronary arteries in the epicardium
before penetrating into the myocardium, whereas vagal
nerves penetrate the myocardium after crossing the atri-
oventricular groove and then continue in the subendo-
cardium. Postganglionic noradrenergic fibers reach all parts
of the heart. The sinus and atrioventricular nodes and the
atria receive the densest innervation, the ventricles less
dense innervation, and the Purkinje fibers the least. Sympa-
thetic and vagal afferents follow similar intracardiac routes
to those of the efferents.

The heart contains high concentrations of NE compared
with concentrations in other body organs. Atrial
myocardium possesses the greatest concentrations. In
humans, ventricular myocardial NE levels range from 3.5 
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to 14nmol/g. Myocardial cells do not store NE; instead,
myocardial NE is localized to vesicles in sympathetic
nerves.

Although the coronary arteries possess sympathetic
noradrenergic innervation, assessing the regulation and
physiologic role of this innervation has proven to be diffi-
cult, because several interacting factors complicate neural
control of the coronary vasculature. Alterations in myocar-
dial metabolism and systemic hemodynamics change 
coronary blood flow, coronary vasomotion in response to
sympathetic stimulation depends on the functional integrity
of the endothelium, and coronary arteries appear to receive
less dense innervation than do other arteries.

The body’s myriad arterioles largely determine total
resistance to blood flow and therefore contribute importantly
to blood pressure. Sympathetic nerves enmesh blood vessels
in lattice-like networks in the adventitial surface that extend
inward to the adventitial–medial border, with the concen-
tration of sympathetic nerves increasing as arterial caliber
decreases, so that small arteries and arterioles, the smallest
nutrient vessels possessing smooth muscle cells, possess the
most intense innervation. The unique architectural associa-
tion between sympathetic nerves and the vessels that 
determine peripheral resistance has enticed cardiovascular
researchers, particularly in the area of autonomic regulation,
for many years. Sympathetic vascular innervation varies
widely among vascular beds, with dense innervation of
resistance vessels in the gut, kidneys, skeletal muscle, and
skin. Sympathetic stimulation in these beds produces pro-
found vasoconstriction, whereas stimulation in the coronary,
cerebral, and bronchial beds elicits weaker constrictor
responses, consistent teleologically with the “goal” of pre-
serving blood flow to vital organs.

NE released from sympathetic nerve terminals acts
mainly locally, with only a small proportion of released NE
reaching the bloodstream. One must therefore keep in mind
the indirect and distant relation between plasma NE levels
and sympathetic nerve activity in interpreting plasma NE
levels in response to stressors, pathophysiologic situations,
and drugs.

NOREPINEPHRINE: THE SYMPATHETIC
NEUROTRANSMITTER

Norepinephrine Synthesis

Enzymatic steps in NE synthesis have been characterized
in more detail than those for any other neurotransmitter. Cat-
echolamine biosynthesis begins with uptake of the amino
acid tyrosine (TYR) into the cytoplasm of sympathetic
neurons, adrenomedullary cells, possibly paraaortic ente-
rochromaffin cells, and specific centers in the brain. Tyro-
sine hydroxylase (TH) catalyzes the conversion of TYR to

dihydroxyphenylalanine (dopa). This is the enzymatic rate-
limiting step in catecholamine synthesis. The enzyme is
almost saturated under normal conditions. Thus, although
alterations in dietary TYR intake normally should not affect
the rate of catecholamine biosynthesis under baseline con-
ditions, after prolonged rapid turnover of catecholamines,
TYR availability may become a limiting factor. The enzyme
is stereospecific. Concentrations of tetrahydrobiopterin,
Fe2+, and molecular oxygen regulate TH activity. Dihy-
dropteridine reductase (DHPR) catalyzes the reduction of
dihydropterin produced during the hydroxylation of TYR.
Because the reduced pteridine, tetrahydrobiopterin, is a key
cofactor for TH, DHPR deficiency decreases the amount of
TYR hydroxylation for a given amount of TH enzyme. Both
phenylalanine hydroxylase and TH require tetrahydro-
biopterin as a cofactor. Therefore, DHPR deficiency also
inhibits phenylalanine metabolism and presents clinically as
an atypical form of phenylketonuria.

Catecholamines and dopa feedback-inhibit TH, and a-
methyl-para-TYR inhibits the enzyme competitively. Con-
versely, stressors that increase sympathetic neuronal and
adrenomedullary hormonal outflows augment the synthesis
and concentration of TH in sympathetic ganglia, sympa-
thetically innervated organs, the adrenal gland, and the locus
ceruleus of the pons. Multiple and complex mechanisms
contribute to TH activation. Short-term mechanisms include
feedback inhibition and phosphorylation of the enzyme, the
latter depending on membrane depolarization, contractile
elements, and receptors. Long-term mechanisms include
changes in TH synthesis. During stress-induced sympathetic
stimulation, acceleration of catecholamine synthesis in sym-
pathetic nerves helps to maintain tissue stores of NE. Even
with diminished stores after prolonged sympathoneural acti-
vation, increased nerve traffic can maintain extracellular
fluid levels of the transmitter.

l-Aromatic amino acid decarboxylase (l-AAADC, also
called dopa decarboxylase [DDC]) catalyzes the rapid con-
version of dopa to dopamine (DA). Many types of tissues
contain this enzyme—especially the kidneys, gut, liver, and
brain. Activity of the enzyme depends on pyridoxal phos-
phate. Although DDC metabolizes most of the dopa formed
in catecholamine-synthesizing tissues, some of the dopa
enters the circulation unchanged. This provides the basis for
using plasma dopa levels to examine catecholamine synthe-
sis. a-Methyl-dopa, an effective drug in the treatment of
high blood pressure, inhibits DDC and therefore NE syn-
thesis. This inhibition does not explain the antihypertensive
action of the drug; rather, a-methyl-NE, formed from a-
methyl-dopa in catecholamine-synthesizing tissues, stimu-
lates a-adrenoceptors in the brain, thereby inhibiting
sympathetic outflows. Other DDC inhibitors include car-
bidopa and benserazide. These catechols do not readily pen-
etrate the blood–brain barrier, and by inhibiting conversion
of dopa to DA in the periphery, they enhance the efficacy of
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l-dopa treatment of Parkinson’s disease. DDC blockade
increases dopa levels and decreases levels of dihydrox-
yphenylacetic acid (DOPAC), a DA metabolite. The rates of
increase in extracellular fluid dopa levels and of decrease in
DOPAC levels after acute DDC inhibition provide in vivo
indexes of TH activity.

Dopamine b-hydroxylase (DBH) catalyzes the conver-
sion of DA to NE. DBH is localized to tissues that synthe-
size catecholamines, such as noradrenergic neurons and
chromaffin cells. DBH is confined to the vesicles. Thus,
treatment with reserpine, which blocks the translocation of
amines from the axonal cytoplasm into vesicles, prevents the
conversion of DA to NE in sympathetic nerves. DBH con-
tains, and its activity depends on, copper. Because of this
dependence, children with Menkes disease, a rare, X-linked
recessive inherited disorder of copper metabolism, have
neurochemical evidence of concurrently increased cate-
cholamine biosynthesis and decreased conversion of DA to
NE, with high plasma and cerebrospinal fluid ratios of
dopa:dihydroxyphenylglycol (DHPG, the neuronal NE
metabolite). Patients with congenital absence of DBH have
virtually undetectable levels of NE and DHPG and high
levels of DA and DOPAC. DBH activity also requires ascor-
bic acid, which provides electrons for the hydroxylation.
Phenylethanolamine-N-methyltransferase catalyzes the con-
version of NE to EPI in the cytoplasm of chromaffin cells.

STORAGE

Varicosities in sympathetic nerves contain two types of
cytoplasmic vesicles: small dense core (diameter 40–60nm)
and large dense core (diameter 80–120nm). Vesicles gener-
ated near the Golgi apparatus of the cell bodies travel by
axonal transport in the axons to the nerve terminals. Nora-
drenergic vesicles may also form by endocytosis within the
axons. Because reserpine eliminates the electron-dense cores
of the small but not the large vesicles, the cores of the small
vesicles may represent NE, whereas the electron-dense cores
of the large vesicles may represent additional components.

Cores of both types of vesicle contain adenosine triphos-
phate (ATP). The vesicles also contain at least three types
of polypeptides: chromogranin A, an acidic glycoprotein;
enkephalins; and neuropeptide Y (NPY). Extracellular fluid
levels of each of these compounds have been considered as
indexes of exocytosis. Vesicles in sympathetic nerves
actively remove and trap axoplasmic amines. Vesicular
uptake favors L- over D-NE, Mg2+ and ATP accelerate the
uptake, and reserpine effectively and irreversibly blocks it.
The vesicular uptake carrier protein resembles the neuronal
uptake carriers. In the brain, mRNA for the vesicular trans-
porter is expressed in monoamine-containing cells of the
locus ceruleus, substantia nigra, and raphe nucleus, corre-
sponding to noradrenergic, dopaminergic, and serotonergic

centers. Neurotransmitter specificity appears to depend on
different transporters in the cell membrane, rather than on
different vesicular transporters.

Tissue NE stores are maintained by a balance of synthe-
sis and turnover. Under resting conditions, the main deter-
minant of NE turnover—that is, irreversible loss of NE from
the tissue—is net leakage of NE from the vesicles into the
axoplasm, with subsequent enzymatic breakdown of the
axoplasmic NE.

Sympathetic neuroimaging using radio-iodinated meta-
iodobenzylguanidine, positron-emitting analogs of sym-
pathomimetic amines, and 6-[18F]fluorodopamine depends
on uptake of the imaging agents via the cell membrane 
NE transporter and then translocation into vesicles via 
the vesicular monoamine transporter. Visualization of 
sympathetic innervation in organs such as the heart there-
fore results from radiolabeling of the vesicles in sympathetic
nerves.

RELEASE

Adrenomedullary chromaffin cells, much easier to study
than sympathetic nerves, have provided the most commonly
used model for studying mechanisms of catecholamine
release. Agonist occupation of nicotinic acetylcholine re-
ceptors releases catecholamines from the cells. Because
nicotinic receptors mediate ganglionic neurotransmission,
researchers have presumed that the results obtained in
adrenomedullary cells probably apply to postganglionic
sympathoneural cells.

According to the exocytotic theory of NE release, acetyl-
choline depolarizes terminal membranes by increasing
membrane permeability to sodium. The increased intracel-
lular sodium levels directly or indirectly enhance trans-
membrane influx of calcium, through voltage-gated calcium
channels. The increased cytoplasmic calcium concentration
evokes a cascade of as yet incompletely defined biome-
chanical events resulting in fusion of the vesicular and axo-
plasmic membranes. The interior of the vesicle exchanges
briefly with the extracellular compartment, and the soluble
contents of the vesicles diffuse into the extracellular space.
As predicted from this model, manipulations other than
application of acetylcholine that depolarize the cell, such as
electrical stimulation or increased K+ concentrations in the
extracellular fluid, also activate the voltage-gated calcium
channels and trigger exocytosis. During cellular activation,
simultaneous, stoichiometric release of soluble vesicular
contents—ATP, enkephalins, chromogranins, and DBH—
without similar release of cytoplasmic macromolecules, has
provided biochemical support for the exocytosis theory.
Electron micrographs occasionally have shown an “omega
sign,” with an apparent gap in the cell membrane at the site
of fusion of vesicle with the axoplasmic membrane.



At least two storage pools of NE appear to exist in sym-
pathetic nerve terminals—a small, readily releasable pool of
newly synthesized NE and a large reserve pool in long-term
storage. The relation between the two pools of NE and the
two forms of vesicles, large and small dense core, has not
been established.

Sympathetic nerve endings also can release NE by
calcium-independent, nonexocytotic mechanisms. One such
mechanism probably is reverse transport through the neu-
ronal uptake carrier. The indirectly acting sympathomimetic
amine, tyramine, releases NE nonexocytotically, because
tyramine releases NE independently of calcium and does not
release DBH. Myocardial ischemic hypoxia also evokes
calcium-independent release of NE.

The hydrophilic nature of catecholamines and their ion-
ization at physiologic pH probably prevent NE efflux by
simple diffusion. As noted earlier, sympathetic stimulation
releases other compounds besides NE. Some of these com-
pounds may function as neurotransmitters. ATP, adenosine,
NPY, acetylcholine, and EPI have received the most 
attention.

Pharmacologic stimulation of a large variety of receptors
on noradrenergic terminals affects the amount of NE
released during cellular activation. Compounds inhibiting
NE release include acetylcholine, gamma-aminobutyric acid
(GABA), prostaglandins of the E series, opioids, adenosine,
and NE itself. Compounds enhancing NE release include
angiotensin II, acetylcholine (at nicotinic receptors), ACTH,
GABA (at GABAA receptors), and EPI (through stimulation
of presynaptic b2-adrenoceptors). In general, whether at
physiologic concentrations these compounds exert modula-
tory effects on endogenous NE release remains unproven,
especially in humans. An exception, however, is inhibitory
presynaptic modulation by NE itself, through autoreceptors
on sympathetic nerves. This modulatory action appears to
vary with the vascular bed under study, being prominent in
skeletal muscle beds such as the forearm, relatively weak in
the kidneys, and virtually absent in the adrenals.

In addition to local feedback control of NE release,
reflexive “long-distance” feedback pathways, through high-
and low-pressure baroreceptors, elicit reflexive changes in
sympathoneural impulse activity. Alterations in receptor
numbers or of intracellular biomechanical events after
receptor activation also affect responses to agonists. There-
fore, these factors may regulate NE release by transsynap-
tic local and reflexive long-distance mechanisms.

DISPOSITION

Unlike acetylcholine, which is inactivated mainly by
extracellular enzymes, NE is inactivated mainly by uptake
into cells, with subsequent intracellular metabolism or
storage (Fig. 10.1). Reuptake into nerve terminals—

Uptake1—through the cell membrane NE transporter is the
predominant means of terminating the actions of released
NE. Uptake1 is energy requiring and can transport cate-
cholamines against large concentration gradients. The only
common structural feature of all known substrates for
Uptake1 is an aromatic amine, with the ionizable nitrogen
moiety not incorporated in the aromatic system. Uptake1

does not require a catechol nucleus. Alkylation of the
primary amino group decreases the effectiveness of the
transport, explaining why sympathetic nerves take up NE
more efficiently than they do EPI and why they do not take
up isoproterenol, an extensively alkylated catecholamine, 
at all. Methylation of the phenolic hydroxyl groups also
markedly decreases susceptibility to Uptake1; therefore,
sympathetic nerves do not take up O-methylated cate-
cholamine metabolites such as normetanephrine.

Neuronal uptake by dopaminergic neurons differs from
that by noradrenergic neurons, because the former take up
DA more avidly than they take up NE, whereas the latter
take up both catecholamines about equally well.
Desipramine and other tricyclic antidepressants block
uptake by noradrenergic neurons more effectively than they
block uptake by dopaminergic neurons. These pharmaco-
logic differences fit with the existence of distinct trans-
porters for NE and DA. The human NE transporter protein
includes 12 to 13 hydrophobic and therefore membrane-
spanning domains. This structure differs substantially from
that of adrenoceptors and other receptors coupled with G
proteins, but is very similar to that of the DA, GABA, sero-
tonin, and vesicular transporters, all members of a family of
neurotransmitter transporter proteins.
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FIGURE 10.1 Sources of catechols in sympathetic nerve terminals and
the circulation. DA, dopamine; DBH, dopamine b-hydroxylase; DHPG,
dihydroxyphenylglycol; DOPAC, dihydroxyphenylacetic acid; LAAAD, 
l-aromatic amino acid decarboxylase; MAO, monoamine oxidase; NE, 
norepinephrine; TH, tyrosine hydroxylase; VMAT, vesicular monoamine
transporter.
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Neuronal uptake absolutely requires intracellular K+ and
extracellular Na+ and functions most efficiently when Cl-

accompanies Na+. Transport does not directly require ATP;
however, maintaining ionic gradients across cell membranes
depends on ATP, and the carrier uses the energy expended
in maintaining the transmembrane Na+ gradient to cotrans-
port amines with Na+. Many drugs or in vitro conditions
inhibit Uptake1, including cocaine, tricyclic antidepressants,
low extracellular Na+ concentrations, and Li+.

NE taken up into the axoplasm by the Uptake1 transporter
is subject to two fates: translocation into storage vesicles 
and deamination by monoamine oxidase (MAO). The com-
bination of enzymatic breakdown and vesicular uptake 
constitute an intraneuronal “sink,” keeping cytoplasmic con-
centrations of NE very low. Reserpine, which effectively
blocks the vesicular transport, not only shuts down conver-
sion of DA to NE but also prevents the conservative recy-
cling of NE. Reserpine therefore rapidly depletes NE stores.
After reserpine injection, plasma DHPG levels increase first,
reflecting marked net leakage of NE from vesicular stores,
and then decline to very low levels, reflecting the abolition
of vesicular uptake and b-hydroxylation of DA.

Neural and nonneural tissues contain MAO, which cat-
alyzes the oxidative deamination of DA to form DOPAC 
and NE to form DHPG (Fig. 10.2). Because of the efficient
uptake and reuptake of catecholamines into the axoplasm of
catecholamine neurons, and because of the rapid exchange
of amines between the vesicles and axoplasm, the neuronal
pool of MAO, located in the outer mitochondrial membrane,

figures prominently in the overall functioning of cate-
cholamine systems. Two isozymes of MAO, MAO-A and
MAO-B, have been described. Clorgyline blocks MAO-A,
and deprenyl and pargyline block MAO-B. MAO-A pre-
dominates in neural tissue, whereas both subtypes exist in
nonneuronal tissue. Inhibitors of MAO-A potentiate pressor
effects of tyramine, whereas inhibitors of MAO-B do not.
NE and EPI are substrates for MAO-A, and DA is a sub-
strate for both MAO-A and MAO-B. The deaminated prod-
ucts are short-lived aldehydes. For DA, the aldehyde
intermediate is converted rapidly to DOPAC by aldehyde
dehydrogenase; for NE, the aldehyde intermediate is con-
verted mainly to DHPG by an aldehyde reductase. The for-
mation of the aldehydes reduces a flavine component of the
enzyme. The reduced enzyme reacts with molecular oxygen,
regenerating the enzyme but also producing hydrogen per-
oxide, which may be toxic to cells, because the peroxidation
releases free radicals. The aldehydes themselves are also
neurotoxic.

Because catechol-O-methyltransferase (COMT) in non-
neuronal cells catalyzes the O-methylation of DHPG to form
methoxyhydroxyphenylglycol (MHPG) and of DOPAC to
form homovanillic acid, plasma levels of DHPG and
DOPAC probably mainly reflect neuronal metabolism of NE
and DA.

MAO inhibitors are effective antidepressants. A phe-
nomenon known as the “cheese effect” limits their clinical
use. In patients taking MAO inhibitors, administration of
sympathomimetic amines such as in many nonprescription

FIGURE 10.2 Main enzymatic steps in catecholamine metabolism. AR, aldehyde reductase; COMT, catechol-O-
methyltransferase; HVA, homovanillic acid; MHPG, methoxyhydroxyphenylglycol; 3-MT, 3-methoxytyramine; MN,
metanephrine; NMN, normetanephrine; VMA, vanillylmandelic acid.



decongestants, or ingestion of foods such as aged cheese,
wine, or meat, which contain tyramine, can produce parox-
ysmal hypertension. Because tyramine and other sympath-
omimetic amines displace NE from sympathetic vesicles
into the axoplasm, blockade of MAO in this setting causes
axoplasmic NE to accumulate, and outward transport of the
NE stimulates cardiovascular smooth muscle cells, produc-
ing intense vasoconstriction and hypertension.

Nonneuronal cells remove NE actively by a process
called Uptake2, characterized by the ability to transport iso-
proterenol; susceptibility to blockade by O-methylated cat-
echolamines, corticosteroids, and ß-haloalkylamines; and an
absence of susceptibility to blockade by the Uptake1 block-
ers cocaine and desipramine. In contrast with Uptake1,
Uptake2 functions independently of extracellular Na+. The
Uptake2 carrier has little if any stereoselectivity and has low
affinity and specificity for catecholamines. For example,
extraneuronal cells remove imidazolines such as clonidine
by Uptake2. Whereas reverse transport through the Uptake1

carrier requires special experimental conditions, one can
readily demonstrate reverse transport through the Uptake2

carrier. Thus, during infusion of a catecholamine at a high
rate, the catecholamine can accumulate in extraneuronal

cells, with reentry of the catecholamine into the extracellu-
lar fluid through the Uptake2 carrier after the infusion ends.

COMT catalyzes the conversion of NE to nor-
metanephrine and EPI to metanephrine. Uptake2 and COMT
probably act in series to remove and degrade circulating cat-
echolamines. The methyl group donor for the reaction is S-
adenosyl methionine. COMT not only is expressed in
nonneuronal cells but also by adrenomedullary chromaffin
cells. Ongoing production of normetanephrine and
metanephrine in such cells explains the high sensitivity of
plasma levels of free (unconjugated) metanephrines in the
diagnosis of pheochromocytomas, which are chromaffin cell
tumors. Vanillylmandelic acid and MHPG, the products of
the combined O-methylation and deamination of NE, are the
two main end products of NE metabolism, with vanillyl-
mandelic acid formed mainly in the liver.
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SUBTYPES

a1-Adrenergic receptors are integral membrane glyco-
proteins and members of the biogenic amine or class A
family (which also includes a2- and b-ARs, as well as the
light-activated photoreceptor, rhodopsin) of G protein–
coupled receptors (GPCRs) [1]. Like other members of the
GPCR superfamily, the largest family of membrane recep-
tors and possibly the largest gene family in the human
genome, a1-ARs are long, single-chain polypeptides. Three
subtypes have been identified by molecular cloning in
several species including humans. They are classified as the
a1A- (previously the a1A/c), the a1B-, and the a1D-ARs (pre-
viously the a1a or a1a/d) (for a detailed consideration of a1-
AR subtype-classification, see References 1–3). For the
a1A-AR, four splice variants (a1A-1, a1A-2, a1A-3, a1A-4) have
been identified, and they are expressed at different levels in
various tissues, including the liver, heart, and prostate [4].
However, the functional significance of these splice variants
is unclear, because they all display similar ligand-binding
and functional activity when expressed in heterologous cell
systems. The characteristics of the various a1-AR subtypes
are shown in Table 11.1. In addition to these subtypes, a
putative fourth subtype, the a1L-AR, which displays low
affinity for prazosin and other a1-antagonists, has been iden-
tified by functional but not by molecular studies [4]. This
subtype is postulated to mediate contraction of prostate
smooth muscle, but it remains unclear if it is a distinct
subtype or a merely a functional variant of one of the cloned
a1 subtypes, such as the a1A splice variants, because the
latter all display some of the characteristics of an a1L

subtype when expressed in heterologous cell systems.
Another molecular variant of the a1A-AR is a coding

region polymorphism that involves an arginine to cysteine
(Arg492Cys) substitution in an arginine-rich region of the C-
terminal tail [5]. This polymorphic receptor is found with
greater frequency in black individuals, but it is not associ-
ated with the essential hypertension. In addition, it is unclear
if it alters receptor regulation or produces any other func-
tional effects.

STRUCTURE AND SIGNALING

Like rhodopsin, the only GPCR for which a high-
resolution structure is available, a1-ARs contain seven trans-
membrane (TM)-spanning a-helical domains linked by
three intracellular and three extracellular loops [1]. In addi-
tion, the juxtamembranous portion of the C-terminal tail
likely forms an eighth a-helix that lies parallel to the plain
of the membrane and is significantly involved in receptor
signaling. The N-terminus of a1-AR subtypes is located
extracellularly, and their C-terminus is located intracellu-
larly (Fig. 11.1). The ligand-binding pocket is formed by the
clustering of the seven a-helical domains to form a water-
accessible region for agonist to bind, and it is located in the
outer (extracellular) one third of the membrane-spanning
domain (Fig. 11.2). Residues of the intracellular (cytoplas-
mic) domains, particularly the third intracellular loop,
mediate specific interactions with the cognate G proteins,
and thus are involved in receptor engagement with its sig-
naling and regulatory pathways. All three subtypes couple
to phospholipase C, and thus to Ca2+-activation through
members of the Gaq/11 G protein family [1]. The a1B and a1D,
but not the a1A subtype may also couple to phospholipase d1

activation through Gh. In addition, a1-ARs may increase
intracellular Ca2+ levels by enhancing Ca2+ influx, both
through voltage-dependent and -independent Ca2+ channels,
and may augment arachidonic acid release, as well as phos-
pholipase D, mitogen-activated protein kinase, and rho
kinase activation.

LIGAND BINDING AND ACTIVATION

Binding of catecholamines to a1-AR involves an ionic
interaction between the basic aliphatic nitrogen atom
common to all sympathomimetic amines and an aspartate
(Asp125 in the hamster a1B-AR) in the third transmembrane-
spanning segment (TMIII) [1]. In the ground state, this
TMIII aspartate forms a salt bridge with a lysine residue
(Lys331 in the a1B-adrenergic receptor) in TMVII. Activation
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TABLE 11.1 Characteristics of the Cloned a1ARs

Receptor Subtype

Characteristics a1A a1B a1D

Mr* 68 80 �65
Amino acids§ 431–501 515–520 561–572
Glycosylation sites (N-terminus) 3 4 2
Phosphorylation sites PKA PKA —
Genomic organization

Introns 1 1 2
Exons 2 2

Chromosomal localization† 8 5 20 p13
Pharmacologic selectivity

Subtype-selective agents 5-Methylurapidil, (+)niguldipine, AH11110A, L-765,314 (+) Norepinephrine,
oxymetazoline, A-61603, BMY 7378, SKF105854
SNAP-5089, KMD-3213, RS17053

Nonselective agents‡ — Prazosin, phentolamine, benoxathian, —
abanoquil, terazosin, doxazosin, 
tamulosin, phenylephrine,
methoxamine, cirazoline

Prototypic tissues Rat kidney and submaxillary gland, Rat spleen, liver, and heart Rat aorta, lung, and
rabbit liver, human heart and liver cerebral cortex

Receptor-coupled signaling‡ — Ca2+ mobilization, PLC, PLA2, PLD —
G protein coupling Gq/11/4 Gq/11/4/16, Gh Gq11, Gh

*Apparent molecular weights (Mr) determined by sodium dodecyl sulfate–polyacrylamide gel electrophoresis are shown.
PKA, protein kinase A; PLA2, phospholipase A2; PLC, phospholipase C; PLD, phospholipase D.
†Refers to the human genome.
‡These characteristics are the same for all subtypes.
§Differences because of species variability or splice variants, or both.
Adapted from Graham, R., D. Perez, J. Hwa, and M. Piascik. 1996. Alpha1-adrenergic receptor subtypes: Molecular structure, function, and signalling.

Circ. Res. 78:737–749.
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FIGURE 11.1 Secondary structure model of the hamster a1B-AR. Dotted
lines indicate the approximate boundaries of the plasma membrane. A puta-
tive solvent-inaccessible disulfide bond between Cys118 and Cys195 [1],
which likely stabilizes the receptor’s tertiary structure by linking the first
two extracellular loops, is shown.

of a1-ARs likely involves disruption of this ionic interac-
tion. This is because of competition between the protonated
amine of catecholamines and the TMVII lysine, which is just
favored by the slightly more basic pKa of the protonated
amine (pKa 11.0) versus the lysine (pKa 10.5). Agonist
binding to a1-ARs also involves an H-bond interaction
between the meta hydroxyl group of catecholamines and a
serine residue (Ser188, a1A-receptor numbering) in TMV,
whereas an interaction between the para hydroxyl and
another TMV serine (Ser192) contributes only minimally to
receptor activation.

A further important interaction, for both binding and acti-
vation, involves aromatic–aromatic bonding between the
catecholamine ring and that of a phenylalanine (Phe310 for
the a1B-adrenergic receptor) in TMVI [6]. This interaction
also is important in receptor activation, which in addition to
the TMIII-TMVII salt bridge disruption mentioned earlier,
involves movement of TMVI that is likely required to allow
interaction between the intracellular third loop and the
receptor’s cognate G protein. Aromatic–aromatic interac-
tions between two phenylalanines (Phe163 and Phe187) in
TMIV and TMV, respectively, and the catecholamine ring,
also have been suggested to be important for agonist binding
[7], but not for activation, although that with Phe163 may be



52 Part II. Pharmacology

indirect, because this residue is replaced by a leucine in the
a1B- and a1D-adrenergic receptors.

Residues critical for subtype-selective agonist recogni-
tion have been evaluated and, importantly, just 2 of the
approximately 172 residues in the transmembrane domains
(Ala204 in TMV and Leu314 in TMVI, and Val185 in TMV and
Met293 in TMVI of the a1B- and a1A-receptors, respectively)
have been shown to account entirely for the selective
agonist-binding profiles of the a1A and a1B subtypes [1].

Interactions between antagonists and a1-ARs are less
well defined, although the selectivity of two a1A-antagonists,
phentolamine and WB4101, involves interactions with three
consecutive residues (Gly196, Val197, and Thr198) in the second
extracellular loop [7].

REGULATION

a1-Adrenergic receptors are subject to agonist-induced
regulation that results in both short- and long-term desensi-
tization of signaling. These regulatory responses are medi-
ated by agonist-induced conformational changes that lead to
C-terminal tail receptor phosphorylation, both by receptor-
linked protein kinase C and G protein–coupled receptor
kinases, followed by the binding of arrestins and internal-
ization by the clathrin pathway. These responses have been
studied in most detail for the a1A and a1B receptors, whereas
less information is available for the a1D subtype [8].

VASCULAR SUBTYPES

Despite the critical role of a-ARs in mediating arteriolar
vasoconstriction, the particular subtype(s) responsible
remains unclear. Consistent with findings in rodents, clini-
cal trials of a1A-selective blockers have implicated this
subtype as a major regulator of blood pressure. In contrast,
studies of a patient with sympathotonic orthostatic hypoten-
sion indicate that the a1B-AR may be a major regulator of
vascular resistance in humans [9]. Moreover, expression of
this subtype increases in the elderly at a time when hyper-
tension is commonly manifested. Thus, there is evidence for
both the a1A- and a1B-adrenergic receptors being involved in
blood pressure control in humans. Studies in the rat and in
mouse knockout models indicate that the a1D subtype also
can play a role in blood pressure regulation. Indeed, such
studies of genetically engineered animal models [reviewed
in References 7 and 10] indicate that sympathetic regulation
of vascular tone by the various a1 subtypes is complex and
may involve cross-regulation of their contractile effects or
of their expression, or both. For example, inactivation of the
a1A-adrenergic receptor results in a small but significant
decrease in basal blood pressure and in pressor responses 
to the a1-agonist, phenylephrine [11]. Inactivation of the
a1D-adrenergic receptor, however, also partially impairs
vasoconstrictor responses, but without a change in basal
blood pressure. Given that overexpression of the a1B-
adrenergic receptor in transgenic mice does not increase 
systemic arterial blood pressure, and that inactivation of this
subtype results in only a small attenuation of phenylephrine
pressor responses with no change in basal blood pressure, 
it could reasonably be suggested that the a1A- and a1D-, but 
not the a1B-ARs, are the mediators of vasoconstriction.
However, mice lacking both the a1A and a1B receptors, or
both the a1B and a1D receptors show profound attenuation of
phenylephrine pressor responses. Thus, under appropriate
circumstances, the a1B-subtype may contribute significantly
to sympathetic regulation of arteriolar tone. Further studies
are required to fully elucidate the mechanisms involved in
this apparent latent contribution of the a1B-AR to peripheral
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FIGURE 11.2 Cutaway three-dimensional model of the hamster a1B-AR,
showing the seven a-helical transmembrane domains indicated by Roman
numerals and by dashed circles and backbone ribbons (yellow corkscrews),
with the catecholamine agonist, epinephrine (magenta ball and stick model
with surrounding dot surface), modeled in its binding pocket. Top, Top
view (looking down onto the plane of the membrane). Bottom, Side view.
This model was kindly provided by Dr. J. Novotny. (See Color Insert)



resistance and to determine if these findings in animal
models are also germane to the regulation of vascular resist-
ance and blood pressure in humans.
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a2-Adrenergic receptors (a2-ARs) bind to their endoge-
nous ligands, epinephrine and norepinephrine, and are
blocked by the antagonist yohimbine. There are three sub-
types of a2-AR, encoded by three independent, intronless
genes. These subtypes are denoted as a2A (human chromo-
some 10), a2B (human chromosome 2), and a2C (human
chromosome 4).

Ligand selectivity for pharmacologic agents does exist
for the various a2-AR subtypes, although this selectivity has
been observed principally in vitro, because not all of these
ligands have been evaluated for their pharmacokinetic prop-
erties in vivo (Table 12.1).

The lack of truly specific ligands for each of the a2-AR
subtypes, particularly antagonists, has prevented the un-
equivocal assignment of the differing a2-AR subtypes to
various physiologic responses. However, tools to genetically
manipulate the mouse genome to create mutant (e.g., D79N
a2A-AR) or null alleles of each of these subtypes now
provide an understanding of many of the roles of the differ-
ent a2-AR subtypes, as outlined in Table 12.2. For example,
the a2A-AR appears to be critical for agonist-mediated
decreasing of blood pressure, suppression of pain percep-
tion, anesthetic sparing, and working memory. The a2A-AR
also appears to respond to endogenous catecholamines to
suppress epileptogenesis (kindling) and depressive symp-
toms, the latter measured in mouse behavioral studies. The
a2C-AR elicits depressive behaviors, behaving functionally
the opposite of the a2A-AR subtype. The a2B-AR, in contrast
to the a2A-AR, is involved in the vascular hypertensive effect
of a2-AR agonists. Both the a2A- and a2C-AR are involved
in suppression of catecholamine release from central and
peripheral neurons. The a2C-AR is critical for suppression
of epinephrine release from the adrenal cortex. Taken
together, these findings suggest that subtype-selective ago-
nists may be useful in manipulating one versus another
adrenergic response in vivo.

An even more refined therapeutic selectivity might be
achieved using partial agonists of a2-ARs. We have
observed that agonist-mediated decreasing of blood pressure
can occur in mice heterozygous for the a2A-AR, whereas
agonist-evoked sedation cannot. These data suggest that
partial agonists with less than 50% intrinsic activity (effi-

cacy) might be useful in a number of therapeutic settings,
such as treatment of attention deficit hyperactivity disorder
and improvement of cognition in the elderly, where sedation
as a side effect would undermine the therapeutic value of
these agents.

Interestingly, imidazoline compounds, for which there is
evidence of a role in the central nervous system in regulat-
ing blood pressure, nonetheless appear to decrease blood
pressure through a2-ARs when administered peripherally.
Thus, moxonidine and rilmenidine, developed as imidazo-
line I1-selective agents, are unable to decrease blood pres-
sure in D79N a2A-AR or a2A-AR knockout mice. Also of
interest is the finding that these agents are partial agonists
at the a2A-AR, which may explain their ability to decrease
blood pressure without evoking sedative side effects.

All three subtypes of the a2-AR share the same signaling
pathways in native cells: decrease in adenylyl cyclase activ-
ity, suppression of voltage-gated Ca2+ currents, and activa-
tion of receptor-operated K+ currents. In some target cells,
a2-ARs also regulate mitogen-activated protein kinase activ-
ity. In heterologous cells, the a2A-AR has been shown to
activate phospholipases A2 and D, although these responses
have yet to be observed in native target cells.

Despite the similarity of the signaling pathways of the 
a2-AR subtypes, there are interesting differences in the 
trafficking itineraries of these receptors (Table 12.3). In
polarized epithelial cells (using MDCKII cells as a model
system), the a2A-AR and a2C-AR are delivered directly to
the basolateral surface, whereas the a2B-AR is randomly
delivered. The steady-state localization of all three a2-AR
subtypes is at the basolateral surface; however, the a2B-AR
rapidly turns over at the apical surface (minutes), in contrast
to its t1/2 of 10 to 12 hours on the basolateral surface. (The
half-life of the a2A- and a2C-AR subtypes is similarly 10 to
12 hours on the basolateral surface.) Whereas the a2A- and
a2B-AR subtypes are enriched on the surface in MDCKII
cells, the a2C-AR distributes between the surface and intra-
cellular compartments in MDCK and other heterologous
cells (see Table 12.3).

Agonist-evoked receptor redistribution also varies among
the a2-AR subtypes (see Table 12.3). Agonist occupancy of
the a2B-AR evokes rapid sequestration, endocytosis, and
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TABLE 12.1 Relative Selectivity for Ligands at the 
Three a2-Adrenergic Receptor Subtypes

Agonists Shared: norepinephrine, epinephrine, aproclinodine
Selective: oxymetazoline (A > C >> B), clonidine, 

guanabenz (A,C), UK 14303 (A > C),
dexmedetomidine (A,B)

Antagonists Shared: yohimbine, rauwolscine, phentolamine, idazoxan,
RX 44408

Selective: ARC 239 (B > C >> A), prazosin (B,C > A),
BRL 44408 (A >> C), mianserin (A,B)

Modified from Saunders, C., and L. E. Limbird. 1999. Localization and
trafficking of alpha2-adrenergic receptor subtypes in cells and tissues.
Pharmacol. Ther. 84:193–205.

TABLE 12.2 Physiologic Effects of Altering a2-Adrenergic Receptor Gene Expression in Mice

Genetic alterations

Physiologic or behavioral effect D 79Na2A-AR KO a2A-AR KO a2B-AR KO a2C-AR

Hypotensive effects of a2-AR agonist X X � —
Bradycardic effects of a2-AR agonist Ø Ø — —
Hypertensive effects of a2-AR agonist Ø* — X —
Hypotensive effects of centrally administered imidazolines Ø —
Hypotensive effects of peripherally administered X X
Resting heart rate — ≠ — —
Resting blood pressure — — — —
Salt-induced hypertension X† —
Sedative effects of dexmedetomidine X X — —
Antinociceptive effects of a2-AR agonist X/Ø‡ — —
Antinociceptive effects of moxonidine Ø
Adrenergic-opioid synergy in spinal antinociception X
Anesthetic-sparing effects of dexmedetomidine X X
Hypothermic effects of dexmedetomidine X — —/Ø
Antiepileptogenic effects of endogenous catecholamines X
Presynaptic inhibition of norepinephrine release — Ø — Ø§
Inhibition of epinephrine release from adrenal cortex X
Startle reflex ≠
Prepulse inhibition of startle reflex Ø
Latency to attack after isolation Ø
General aggression —
Locomotor stimulation of d-amphetamine ≠
l-5-hydroxytryptophan-induced serotonin syndrome Ø
l-5-hydroxytryptophan-induced head twitches —
Performance in T-maze — — — Ø
Working memory enhancement of a2-AR agonist X —
Forced swim stress and behavioral despair test ≠ Ø
Anxiety in open field test ≠¶ —
Stimulus-response learning in passive avoidance test —

Data summarized previously in Kable, J. W., L. C. Murrin, and D. B. Bylund. 2000. In vivo gene modification elucidates subtype-specific functions of
alpha(2)-adrenergic receptors. J. Pharmacol. Exp. Ther. 293:1–7; and Rohrer, D. K., and B. K. Kobilka. 1998. G protein-coupled receptors: Functional and
mechanistic insights through altered gene expression. Physiol. Rev. 78:35–52.

*Dependent on site of agonist administration.
†Mice were heterozygous (+/-) for a2B-null mutation.
‡Extent of attenuation depended on test used.
§ In a2AC-double KO mice.
¶Only after injection (e.g., saline) as a stressor.
X, abolished; —, no effect; Ø, attenuated; a2-AR, a2-adrenergic receptor; KO, knockout; blank spaces denote effects unstudied.

recycling of the receptor. In contrast, agonists do not accel-
erate a2A-AR turnover at the cell surface. The functional rel-
evance of these different trafficking itineraries for the arrival
of nascent receptors at polarized surfaces or for agonist-
redirected trafficking of the receptors is yet to be established.

A number of individual human polymorphisms have been
identified for each of the a2-AR subtypes. Some of these
have resulted in alterations in G protein coupling, desen-
sitization, or G protein receptor kinase–mediated phos-
phorylation, at least when assessed in heterologous cells
expressing each of the a2-AR polymorphisms. What will be
of particular interest is to ascertain the in vivo consequences
of these polymorphisms and their impact as genetic risk
factors for pathophysiology linked to a2-AR function or
response to a2-AR–directed therapeutic agents.
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Given the new understanding of the a2-AR subtypes in
manipulating different physiologic effects and the refine-
ment of this understanding with regard to partial agonists at
the receptor, it would seem that pathway-selective agents
might soon be developed for therapeutic intervention in set-
tings that currently are not adequately addressed.
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Of the nine adrenergic receptors, three are classified 
by traditional pharmacologic and molecular criteria as b-
adrenergic receptors: b1-AR, b2-AR, and b3-AR (Fig. 13.1;
Table 13.1). Of the three subtypes, the b2-AR is by far the
most extensively expressed in the body [1]. Indeed, virtu-
ally every cell/tissue expresses some level of b2-AR expres-
sion, although in some cases expression is very low and no
physiologic role is known. Despite this essentially ubiqui-
tous expression, their function is robust in many tissues, and
therefore one can predict the effects of dysfunctional b2-AR
and administration of b2-AR agonists and antagonists.
Endogenous activation is primarily through epinephrine,
because norepinephrine has a significantly lower affinity for
b2-AR. The b1-AR has a more restricted expression, most
notably in the heart, adipose tissue, and the kidney. Epi-
nephrine and norepinephrine both display high affinity for
the b1-AR. The b3-AR is expressed primarily in brown and
white adipose tissue, with a greater affinity for norepineph-
rine. These ligand-binding properties are consistent with 
the lack of postsynaptic localization of b2-ARs, whereas
b1AR (and likely b3ARs) is primarily in neurotransmitter 
pathways.

SIGNALING OF b-AR SUBTYPES

All b-ARs serve to activate adenylyl cyclase through
interaction with the stimulatory guanine nucleotide binding
protein termed Gs. Like other G proteins, Gs is hetero-
trimeric, consisting of a, b, and g subunits. Classically,
signal transduction has been considered to be carried out by
the disassociated Gsa subunit, but it is also clear that the bg
subunits can activate additional signaling and that b-AR
signal in the absence of agonist, by spontaneously “tog-
gling” to the active conformation [2]. Binding of agonists
stabilize the active conformation, whereas neutral antago-
nists have no effect on this equilibrium, and inverse agonists
favor stabilization of the inactive conformation (Fig. 13.2).
In regards to the latter two agents, the physiologic response
to a neutral antagonist may be negligible if there are minimal
preexisting levels of agonists. In contrast, the physiologic
response to an inverse agonist should theoretically be

observed regardless of whether agonist is present. Taken
together, b-AR responsiveness at the cellular level is highly
dependent on multiple factors including expression levels of
receptors, G proteins and effectors, the specifics of various
G protein coupling, and conditions that favor spontaneous
activation.

REGULATION OF b-AR FUNCTION

With continuous agonist exposure, many G protein–
coupled receptors undergo a waning of function, which is
termed desensitization [3]. Desensitization is an adaptive
response, necessary for the cell to integrate multiple signal-
ing events, and is critical for maintenance of homeostasis,
whereas in some pathologic states, desensitization may be
maladaptive. This loss of effectiveness with repetitive
agonist exposure is observed clinically as tachyphylaxis.
The b2-AR is prototypic of receptors that undergo 
such regulation. Rapid desensitization, which occurs over
seconds to minutes after agonist exposure, is caused by
phosphorylation of the b2-AR by the b-AR kinase and by
the cyclic adenosine monophosphate (cAMP)–dependent
protein kinase A. Only those receptors that are activated (in
essence, those bound by agonist) are phosphorylated by the
b-AR kinase. The phosphorylated receptor is subsequently
bound by b-arrestin [4], which acts to partially uncouple the
receptor from Gs. Protein kinase A–mediated desensitization
does not require the activated state (i.e., receptor occupancy)
and is one mechanism of heterologous desensitization,
because the activation of any receptor that increases cAMP
in the cell will result in kinase activation, b2-AR phospho-
rylation, and partial uncoupling. The b1-AR also undergoes
agonist-promoted functional desensitization, which appears
to be mediated by the b-AR kinase and protein kinase A.
Short-term, agonist-promoted desensitization of the b3-AR
is highly dependent on cell type, but appears to be less than
the other two subtypes.

With longer exposure to agonists, many G protein–
coupled receptors also undergo a more extensive functional
desensitization, which is caused by a loss of cellular expres-
sion of the receptor. This appears to be true for all three b-
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AR subtypes, although again there appears to be a high
degree of cell type specificity. The mechanisms of 
down-regulation include decreases in receptor transcription,
enhanced degradation of mRNA, and an enhanced degrada-
tion of receptor protein. When testing for a functional 
receptor in vivo, it is important to consider whether there has
been recent exposure to pathologically elevated cate-
cholamines or exogenous agonists, or antagonists. If this is
not considered, then the basis of a perceived defect may be
obscured.

POLYMORPHISMS OF b-AR

With virtually any abnormality of the autonomic nervous
system that involves catecholamines, it is clear that there is
interindividual variation in expression of the phenotype. In
addition, in many diseases, the clinical response to agonists
and antagonists also displays this variability from one
person to another, which cannot be explained by the extent
of the underlying pathophysiology [5, 6]. These observa-
tions suggest that genetic variability of the receptors may be

β2AR
Gln or Glu 27

β2AR
Arg or Gly agonist binding

β1AR
Gly or Arg389

β1AR
Ser or Gly

β3AR
Trp or Arg

64

16
49

NH2

β2AR
Thr or IIe

HOOC

G-protein coupling

desensitization

164

FIGURE 13.1 Structural and genetic features of b-adrenergic receptors.

TABLE 13.1 b-Adrenergic Receptor Subtypes

Receptor Localization Function

b1-AR Heart Inotropy, chronotropy
White adipocytes Lipolysis
Kidney Renin release
Vasculature Dilatation

b2-AR Airway, uterus Smooth muscle relaxation
Eye Ciliary muscle relaxation
Bladder Relaxation
Vasculature Relaxation
White adipocytes Lipolysis
Skeletal muscle Glycogenolysis, contraction
Liver Glycogenolysis, gluconeogenesis
Pancreatic islet cells Insulin secretion

b3-AR Brown adipocytes Nonshivering thermogenesis, lipolysis
White adipocytes Lipolysis
Skeletal muscle FIGURE 13.2 Spontaneous activation of G protein–coupled receptors.

A, agonist; IA, inverse agonist; NA, neutral antagonist; PA, partial agonist;
R, receptor.



playing a role in risk, disease modification, or response to
therapy. These common variations, which occur with fre-
quencies greater than 1%, are termed polymorphisms and
should be distinguished from rare mutations. Each of the b-
AR subtypes has been found to have single nucleotide poly-
morphisms (SNPs) in their coding regions that alter the
encoded amino acid (nonsynonymous SNPs). Their loca-
tion, allele frequencies, and functional effects in vitro are
shown in Figure 13.1 and Table 13.2. Because of the rela-
tively high frequency of these b-AR SNPs, it has been con-
sidered to be unlikely that SNPs in one receptor can be a
major cause of disease. In part, this may be because of the
redundancy of signaling pathways, spare receptors, and
other means by which the body can counter-regulate aber-
rant receptor function at the physiologic level. However,
combinations of SNPs from several adrenergic receptors
may represent a significant risk, as has been suggested with
an a2CAR and b1-AR polymorphism combination and heart
failure [7]. Disease modification, such as severity, progres-
sion, or association with clinical subsets, has been shown for
a number of diseases and b-AR SNPs [8]. b2AR SNPs have
been associated with the bronchodilatory response to the
agonist albuterol in asthma [9, 10]. Other studies are likely
to show that b-AR polymorphisms are pharmacogenetic loci
for the treatment of other diseases where the receptors are
targets for agonists and antagonists.
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TABLE 13.2 b-Adrenergic Receptor Polymorphisms

Position Alleles Minor Allele Frequency (%)

Receptor Nucleotide Amino Acid Major Minor White Individuals Black Individuals In Vitro Phenotype

b1-AR 145 49 Ser Gly 15 13 Down-regulation: Gly49 > Ser49
1165 389 Arg Gly 27 42 Gs coupling: Arg389 > Gly389

b2-AR 46 16 Gly Arg 39 50 Down-regulation: Gly16 > Arg16
79 27 Gln Glu 43 27 Down-regulation: Gln27 > Glu27

491 164 Thr Ile 2–5 2–5 Gs coupling: Ile164 < Thr164
b3-AR 190 64 Trp Arg 10 12 Gs coupling: Arg64 < Trp64



Adenosine triphosphate (ATP) is a primitive extracellu-
lar signaling molecule and is now established as a cotrans-
mitter in most nerve types in the peripheral and central
nervous systems (CNS). There is purinergic cotransmission
from sympathetic nerves (together with noradrenaline [NA]
and neuropeptide Y), parasympathetic nerves (together with
acetylcholine [ACh]), sensory-motor nerves (together with
calcitonin gene–related peptide and substance P), enteric
nerves (together with nitric oxide [NO] and vasoactive intes-
tinal polypeptide [VIP]) and in subpopulations of central
neurons with glutamate, dopamine, NA, g-aminobutyric
acid, and 5-hydroxytryptamine. Postjunctional purinergic
P2X ionotropic receptors are involved in neurotransmission
both at neuroeffector junctions in the periphery and synapses
in ganglia and in the CNS, whereas prejunctional modula-
tion of neurotransmission is mediated largely by P1 (A1 sub-
types) and P2Y G protein–coupled receptors.

An increase in the role of ATP as a cotransmitter has been
demonstrated in pathologic conditions including interstitial
cystitis and hypertension. In addition to rapid signaling 
during neurotransmission, ATP appears to act as a long-term
(trophic) signaling molecule during development and regener-
ation, sometimes synergistically with growth factors. Puriner-
gic mechanosensory transduction has been proposed where
ATP released from epithelial cells closely associated with
sensory nerve terminals labeled with P2X3 receptors leads 
to activation of sensory nerve activity related to physiologic
events such as bladder voiding, or to nociception, or both. 
The therapeutic potential of purinoceptor agonists and antag-
onists, ATP transport inhibitors and promoters, and adenosine
triphosphatase (ATPase) inhibitors is being explored.

It is now more than 30 years since purinergic neuro-
transmission was proposed by Burnstock in 1972, but it is
only in the past few years that ATP has become widely
accepted as a neurotransmitter [1]. The early evidence that 
nonadrenergic, noncholinergic (NANC) nerves used ATP
as a transmitter when supplying the smooth muscle of the
intestine and bladder was based on the criteria generally
regarded as necessary for establishing a substance as a 

neurotransmitter. The criteria was summarized by Eccles in
1964 as the following: synthesis and storage of transmitter
in nerve terminals; release of transmitter during nerve stim-
ulation; postjunctional responses to exogenous transmitters
that mimic responses to nerve stimulation; enzymes that
inactivate the transmitter and/or an uptake system for the
transmitter or its breakdown products; and drugs that
produce parallel blocking of potentiating effects on the
responses of both exogenous transmitter and nerve stimula-
tion. There is evidence for neuronal synthesis, storage, and
release of ATP and for inactivation of released ATP by
ectoATPases. The model proposed for purinergic neuro-
transmission in 1972 is shown in Figure 14.1.

Receptors for ATP are implicit in the process of puriner-
gic neurotransmission, and the early proposal by Burnstock
in 1978 to distinguish receptors for adenosine (P1-
purinoceptors) from those for ATP (P2-purinoceptors) was
the start of many subsequent studies of both P1- and P2-
purinoceptor subtypes. In 1994, on the basis of molecular
cloning, transduction mechanisms, and selective agonist
potencies, Abbracchio and Burnstock made the proposal,
which has been widely adopted, that P2-purinoceptors
should be considered in terms of two major families: a 
P2X receptor family, which are ligand-gated ion channel
receptors, and a P2Y receptor family, which are G
protein–coupled receptors. This subdivision into ionotropic
and metabotropic families brings receptors for ATP in line
with most of the other major neurotransmitters (Table 14.1).
Four subtypes of the P1 receptor, seven subtypes of the P2X
receptor family, and seven subtypes of the P2Y receptor
family are currently recognized and have been characterized
(Table 14.2) [2, 3].

Following the proposal by Burnstock in 1976 that nerves
might store and release more than one transmitter, there 
is now considerable experimental support for ATP as a
cotransmitter with classical transmitters and neuropeptides
in most major nerve types (Fig. 14.2) [4, 5, 6]. ATP released
from nerves may also act as a prejunctional modulator of
cotransmitter release (often through adenosine) or as a
postjunctional modulator of cotransmitter actions.
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these junction potentials were blocked by guanethidine,
which prevents the release of sympathetic neurotransmitters,
at the time it was surprising that adrenoceptor antagonists
were ineffective. It was more than 20 years before selective
desensitization of the ATP receptor by a,b-methylene ATP
was shown to block the EJPs, when it became clear that we
were looking at the responses to ATP as a cotransmitter in
sympathetic nerves [7]. Release of ATP was shown to be
abolished by tetrodotoxin, guanethidine, and, after destruc-
tion of sympathetic nerves, by 6-hydroxydopamine, but not
by reserpine, which blocked the second slow noradrenergic
phase of the response but not the initial fast phase. Spritz-
ing ATP onto single smooth muscle cells of the vas defer-
ens mimicked the EJP, whereas spritzed NA did not.

Sympathetic purinergic cotransmission also has been
demonstrated in a variety of blood vessels. The proportion
of NA to ATP is extremely variable in the sympathetic
nerves supplying the different blood vessels. The purinergic
component is relatively minor in rabbit ear and rat tail arter-
ies, is more pronounced in the rabbit saphenous artery, and
has been claimed to be the sole transmitter in sympathetic
nerves supplying arterioles in the mesentery and the sub-
mucosal plexus of the intestine, whereas NA released from
these nerves acts as a modulator of ATP release.

PARASYMPATHETIC NERVES

Parasympathetic nerves supplying the urinary bladder
use ACh and ATP as cotransmitters, in variable proportions
in different species; and by analogy with sympathetic
nerves, ATP again acts through P2X ionotropic receptors,
whereas the slow component of the response is mediated by
a metabotropic receptor, in this case muscarinic. There is
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TABLE 14.1 Comparison of Fast Ionotropic and Slow
Metabotropic Receptors for Acetylcholine, g-Aminobutyric

Acid, Glutamate, and 5-Hydroxytryptamine with Those 
for Purines and Pyrimidines

Receptors

Messenger Fast ionotropic Slow metabotropic

ACh Nicotinic Muscarinic
Muscle type M1–M5

Neuronal type
GABA GABAA GABAB

Glutamate AMPA mGlu1–mGlu7

Kainate
NMDA

5-HT 5-HT3 5-HT1A-F

5-HT2A-C

5-HT4

5-HT5A-B

5-HT6

5-HT7

ATP P2X1–7 P2Y1,2,4,6,11,12,13

Modified from Abbracchio, M. P., and G. Burnstock. 1998. Purinergic
signalling: Pathophysiological roles. Jpn. J. Pharmacol. 78:113–145.

5-HT, 5-hydroxytryptamine; ACh, acetylcholine; AMPA, 2-
(aminomethyl)phenylacetic acid; ATP, adenosine triphosphate; GABA, 
g-aminobutyric acid; NMDA, N-methyl-d-aspartate.

FIGURE 14.1 Schematic representation of purinergic neuromuscular transmission depicting the synthesis, storage,
release and inactivation of adenosine triphosphate, and autoregulation through prejunctional adenosine (P1) receptors.
(Modified with permission from Burnstock, G. 1999. Purinergic cotransmission. Brain Res. Bull. 50:355–357.)

SYMPATHETIC NERVES

The first hint about sympathetic purinergic cotransmis-
sion was in an article published by Burnstock and Holman
in 1962, in which they recorded excitatory junction poten-
tials (EJPs) in smooth muscle cells of the vas deferens
through stimulation of the hypogastric nerves. Although
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some evidence to suggest parasympathetic, purinergic
cotransmission to resistance vessels in the heart and 
airways.

SENSORY-MOTOR NERVES

It has been well established since the seminal studies of
Lewis in 1927 that transmitters released after the passage of

antidromic impulses down sensory nerve collaterals during
“axon reflex” activity produces vasodilation of skin vessels.
It is now known that axon reflex activity is widespread in
autonomic effector systems and forms an important phy-
siologic component of autonomic control. Calcitonin
gene–related peptide and substance P are well established to
coexist in sensory-motor nerves and, in some subpopula-
tions, as first proposed by Holton in the 1950s, ATP is a
cotransmitter.

TABLE 14.2 Characteristics of Purine-Mediated Receptors

Receptor Main distribution Agonists Antagonists Transduction mechanisms

P1 (adenosine)
A1 Brain, spinal cord, testis, heart, CCPA, CPA DPCPX, CPX, XAC Gi (1–3); ØcAMP

autonomic nerve terminals
A2A Brain, heart, lungs, spleen CGS 21680 KF17837, SCH58261 GS; ≠cAMP
A2B Large intestine, bladder NECA Enprofylline GS; ≠cAMP
A3 Lung, liver, brain, testis, heart DB-MECA, DBX RM MRS1222, L-268,605 Gi (2,3), Gq/11; ØcAMP ≠IP3

P2X
P2X1 Smooth muscle, platelets, abmeATP = ATP = 2meSATP TNP-ATP, IP5I, Intrinsic cation channel 

cerebellum, dorsal horn spinal (rapid desensitization) NF023 (Ca2+ and Na+)
neurones

P2X2 Smooth muscle, CNS, retina, ATP ≥ ATPgS ≥ 2mSATP >> abme Suramin, PPADS Intrinsic ion channel
chromaffin cells, autonomic and ATP (pH + Zn2+ sensitive) (particularly Ca2+)
sensory ganglia

P2X3 Sensory neurones, NTS, some 2mSATP ≥ ATP ≥ abmeATP (rapid TNP-ATP, suramin, Intrinsic cation channel
sympathetic neurones desensitization) PPADS

P2X4 CNS, testis, colon ATP >> abmeATP — Intrinsic ion channel
(especially Ca2+)

P2X5 Proliferating cells in skin, gut, ATP >> abmeATP Suramin, PPADS Intrinsic ion channel
bladder, thymus, spinal cord

P2X6 CNS, motor neurones in spinal cord (does not function as homomultimer) — Intrinsic ion channel
P2X7 Apoptotic cells in immune system, BzATP > ATP ≥ 2meSATP >> abme KN62, KN04 Intrinsic cation channel 

pancreas, skin, etc. ATP Coomassie brilliant and a large pore with 
blue prolonged activation

P2Y
P2Y1 Epithelial and endothelial cells, 2meSADP > 2meSATP = ADP > MRS2279, MRS2179 Gq/G11; PLCb activation

platelets, immune cells, ATP
osteoclasts

P2Y2 Immune cells, epithelial and UTP = ATP Suramin Gq/G11 and possibly Gi;
endothelial cells, kidney tubules, PLCb activation
osteoblasts

P2Y4 Endothelial cells UTP ≥ ATP Reactive blue 2, Gq/G11 and possibly Gi;
PPADS PLCb activation

P2Y6 Some epithelial cells, placenta, T UDP > UTP >> ATP Reactive blue 2, Gq/G11; PLCb activation
cells, thymus PPADS, suramin

P2Y11 Spleen, intestine, granulocytes ARC67085MX > BzATP ≥ ATPgS > Suramin, reactive Gq/G11 and GS; PLCb
ATP blue 2 activation

P2Y12 Platelets, glial cells ADP = 2meSADP ARC67085MX, Gi (2); inhibition of 
ARC69931MX adenylate cyclase

P2Y13 Spleen, brain, lymph nodes, bone ADP = 2meSADP >> ATP and Gi

marrow 2meSATP

Modified from Burnstock, G. 2001. Purine-mediated signalling in pain and visceral perception. Trends Pharmacol. Sci. 22:182–188.
a,bme-ATP, a,b-methylene ATP; 2meSATP, 2-methylthioATP; ATP, adenosine triphosphate; BzATP, 2¢3¢-O-(4-benzoyl-benzoyl) ATP; cAMP, cyclic

adenosine monophosphate; CCPA, 2-chloro-N6-cyclopentyladenosine; CPA, N6-cyclopentyladenosine; CPX, 8-cyclopentyl-1,3-dipropylxanthine; DBX RM,
1–3-dibutylxanthine-1-riboside-5¢-N-methylcarboxamide; DPCPX, 8-cyclopentyl-1,3-dipropylxanthine; Ins (1,4,5)P3, inositol (1,4,5)-triphosphate; IB-
MECA, N6-(3-iodobenzyl)-5¢-N-methylcarboxamidoadenosine; IP5I, di-inosine pentaphosphate; NECA, N-ethylcarboxamidoadenosine; NTS, nucleus of the
solitary tract; PLC-b, phospholipase C-b; PPADS, pyridoxalphosphate-6-azophenyl-2¢,4¢-disulfonic acid; RB2, Reactive blue 2; TNP-ATP, 2¢3¢-O-(2,4,6-
trinitrophenyl)adenosine 5¢-triphosphate; XAC, xanthine amine congener.



INTRAMURAL (INTRINSIC) NERVES

Intrinsic neurons exist in most of the major organs of the
body. Many of these are part of the parasympathetic release
system; but certainly in the gut and perhaps also in the heart,
some of these intrinsic neurons are derived from neural crest
tissue that differs from that which forms the sympathetic 
and parasympathetic systems and appear to represent an
independent control system. In the heart, subpopulations of
intrinsic nerves in the atrial and intraatrial septum have been
shown to contain and/or release ATP, NO, neuropeptide 
Y, ACh, and 5-hydroxytryptamine. Many of these nerves
project to the microvasculature and produce potent vaso-
motor actions.

The enteric nervous system contains several hundred
million neurons located in the myenteric plexuses between
muscle coats and the submucous plexus. The chemical
coding of these nerves has been examined in detail. A
subpopulation of these intramural enteric nerves provides
NANC inhibitory innervation of the gastrointestinal smooth
muscle. It seems likely that three major cotransmitters are
released from these nerves: ATP produces fast inhibitory

junction potentials, NO also produces inhibitory potentials
but with a slower time course, whereas VIP produces slow
tonic relaxations. The proportions of these three transmitters
vary considerably in different regions of the gut and in dif-
ferent species; for example, in some sphincters, the NANC
inhibitory nerves largely use VIP and others largely use NO,
whereas in nonsphincteric regions of the intestine, ATP is
more prominent.

SKELETAL NEUROMUSCULAR JUNCTIONS

ATP coexists and is released with ACh in motor nerves
supplying skeletal muscle and, indeed, in developing
myotubes ATP, acting through P2X receptors, is equally
effective with ACh, acting through nicotinic receptors.
However, in adults, the cotransmitter role of ATP is lacking,
but the ATP released acts both as a postjunctional potentia-
tor of the nicotinic actions of ACh and as a prejunctional
modulator of ACh release after its breakdown to adenosine
and action on prejunctional P1 receptors.
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SYNAPTIC PURINERGIC TRANSMISSION 
IN GANGLIA AND BRAIN

Two articles published in Nature in 1992 made a strong
impression on the neuroscience community, both showing
that excitatory postsynaptic potentials were mimicked by
ATP and blocked by the P2 receptor antagonist, suramin.
One concerned the guinea pig celiac ganglion, and the other
concerned the rat medial habenula. Since that time, puriner-
gic synaptic transmission has been demonstrated in other
ganglia and other regions of the brain. Although the distri-
bution and modulatory roles of P1 receptors in the CNS have
been recognized for many years, the role of P2 receptors has
been neglected. However, there is growing evidence for
multiple roles for ATP receptors in ganglia and in the CNS.
Wide distribution of immunoreactivity to the antibodies for
P2X2, P2X4, and P2X6 receptors including P2X2/6 and P2X4/6

heteromultimers and, to a lesser extent, P2X1 and P2X3

receptors, as well as P2Y1 receptors, have been described in
many different regions of the brain and spinal cord and have
been correlated with electrophysiologic studies. Synaptic
purinergic transmission also has been demonstrated in 
the myenteric plexus. Some elegant studies have shown a
complex distribution of different P2 receptor subtypes in 
different cells in the inner ear and in the retina.

GLIAL CELLS

P2 receptor subtypes have been identified on cell types
closely associated with neurons, including astrocytes, oligo-
dendrocytes, Schwann cells, and enteric glial cells. Glial
cells have been shown to release ATP.

PLASTICITY OF EXPRESSION OF 
PURINERGIC COTRANSMITTERS

The expression of cotransmitters and receptors in the
autonomic nervous system shows marked plasticity during
development and aging in the nerves that remain after
trauma or surgery, under the influence of hormones, and in
various disease situations [8]. There are examples where the
role of ATP is significantly enhanced in disease—for
example, in interstitial cystitis and obstructed bladder, the
purinergic component of parasympathetic cotransmission is
increased by up to 40%. There is a significantly greater role
for ATP compared with NA in various blood vessels of spon-
taneously hypertensive rats.

LONG-TERM (TROPHIC) SIGNALING

In addition to the examples of short-term signaling de-
scribed earlier, there are now many examples of purinergic

signaling concerned with long-term events in development
and regeneration, including cell proliferation, differentia-
tion, migration, and death. For example, a,b-meATP pro-
duces proliferation of glial cells, whereas adenosine inhibits
proliferation. A P2Y receptor was cloned from the frog
embryo, which appears to be involved in the development
of the neural plate. An example of synergism between
purines and trophic factors comes from studies of the trans-
plantation of the myenteric plexus into the brain where the
myenteric plexus was shown to cause a marked prolifera-
tion of nerve fibers in the corpus striatum.

P2X3 RECEPTORS AND NOCICEPTION

There have been various reports over the years concern-
ing ATP on sensory nerves [9, 10]. In 1995, the P2X3 recep-
tor was cloned and shown to be expressed predominantly on
nociceptive neurons in sensory ganglia. Sensory nerve ter-
minals in the tongue are strongly immunopositive for the
P2X3 receptor, and a tongue sensory nerve preparation has
been developed to examine the properties of purinergic
sensory signaling. ATP and a,b-meATP applied to the
tongue were shown to preferentially activate sensory affer-
ent fibers in the lingual nerve, but not the taste fibers in the
chorda tympani.

A new hypothesis for purinergic mechanosensory trans-
duction in visceral organs involved in initiation of pain was
proposed by Burnstock in 1999, in which it was suggested
that distension of tubes, such as the ureter, salivary ducts,
and gut, and sacs, such as urinary and gallbladders, leads to
the release of ATP from the lining epithelial cells, which dif-
fuses to the subepithelial sensory nerve plexus to stimulate
P2X3 or P2X2/3 receptors, or both, which mediate messages
to pain centers in the CNS. ATP has been shown to be
released from the epithelial cells in the distended bladder,
gut, and ureter, and P2X3 receptors have been identified 
in subepithelial nerves in these organs. Recording in a P2X3

knockout mouse, it has been shown that the micturition
reflex is impaired and that responses of sensory fibers to
P2X3 receptor agonists are gone, suggesting that P2X3 recep-
tors on sensory nerves in the bladder have a physiologic and
a nociceptive role. Similarly, P2X3 receptors on projections
of neurons from the nodose ganglia supplying neuroepithe-
lial bodies in the lining of the lung may also mediate patho-
physiologic events, perhaps involved in protective responses
to hyperventilation or to noxious gases.

FUTURE DEVELOPMENTS

Future developments are likely to include purinergic sig-
naling in the brain, focusing on physiologic and behavioral
roles and long-term trophic roles of purines and pyrimidines
in the nervous system, particularly in embryonic develop-
ment and in regeneration.



There is likely to be substantial interest in the therapeu-
tic development of purinergic agents for a variety of diseases
of the nervous system. The therapeutic strategies are likely
to extend beyond the development of selective agonists and
antagonists for different P2 receptor subtypes, to the 
development of agents that control the expression of P2
receptors, to the development of inhibitors of extracellular
ATP breakdown, and to the development of ATP transport
enhancers and inhibitors. The interactions of purinergic 
signaling with other established signaling systems in the
nervous system also will be an important way forward.
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Adenosine is an endogenous nucleoside formed by 
the degradation of adenosine triphosphate (ATP) during
energy-consuming processes. Extracellular concentrations
of adenosine are increased when energy demands exceed
oxygen supply—that is, during ischemia. Adenosine modu-
lates many physiologic processes through activation of four
subtypes of G protein–coupled membrane receptors: A1, A2A,
A2B, and A3. Its physiologic importance depends on the affin-
ity of these receptors and the extracellular concentrations
reached. In general, adenosine is considered a “retaliatory”
metabolite, whose actions are apparent only during ischemic
conditions. However, adenosine may have tonic actions
even during physiologic conditions, mostly through activa-
tion of high-affinity A2A, and perhaps A1 receptors.

Adenosine has perhaps the shortest half-life of all auto-
coids, particularly in humans. It is rapidly and extensively
metabolized to inactive inosine by adenosine deaminase. It
also is quickly transported back into cells by an energy-
dependent uptake mechanism, which is part of a purine
salvage pathway designed to maintain intracellular levels of
ATP. The effectiveness of this adenosine transport system is
species dependent. It is particularly active in humans, and it
is mainly responsible for the extremely short half-life of
adenosine in human blood, which is probably less than 1
second. Adenosine mechanisms are the target of commonly
used drugs. Dipyridamole (Persantine, Aggrenox) acts by
blockade of adenosine reuptake, thus potentiating its
actions. Conversely, caffeine and theophylline are antago-
nists of adenosine receptors.

Adenosine receptors are ubiquitous and, depending on
their localization, may mediate opposite effects. This 
phenomenon is particularly evident in the interaction of
adenosine and the autonomic nervous system; adenosine can
produce either inhibition or excitation of autonomic neurons
[1]. This chapter first outlines the effects of adenosine in the
efferent, central, and afferent autonomic pathways, empha-
sizing those with clinical relevance. Then an integrated view
is proposed that may explain how these seemingly contra-
dictory effects may work together.

POSTSYNAPTIC ANTIADRENERGIC EFFECTS 
OF ADENOSINE

Adenosine A1 receptors are found in target organs 
innervated by the sympathetic nervous system. A1 receptors
are coupled to inhibition of adenylate cyclase, and their
effects are opposite those of b-adrenoreceptor agonists. For
example, adenosine will oppose b-mediated tachycardia and
lipolysis. This phenomenon is translated functionally as an
“antiadrenergic” effect. The physiologic relevance of this
effect is not entirely clear, but some studies suggest that
adenosine is more effective in reducing heart rate during
isoproterenol-induced tachycardia than in the baseline state
or during atropine-induced tachycardia [2].

PRESYNAPTIC EFFECTS OF ADENOSINE 
ON EFFERENT NERVES AND 

GANGLIONIC TRANSMISSION

Adenosine inhibits the release of neurotransmitters
through putative presynaptic A1 receptors in both the brain
and the periphery. This is true of practically all neurotrans-
mitters studied, including norepinephrine and acetylcholine.
Blockade of forearm adenosine receptors with intrabrachial
theophylline potentiates sympathetically mediated forearm
vasoconstriction, suggesting that endogenous adenosine
inhibits noradrenergic neurotransmission in vivo in humans.

A few studies have investigated the effects of adenosine
on ganglionic neurotransmission, and most of them show an
inhibitory effect. Adenosine inhibits the release of acetyl-
choline presynaptically and blocks calcium current post-
synaptically in ganglia.

ADENOSINE AND CENTRAL 
AUTONOMIC REGULATION

Adenosine acts as a neuromodulator within the central
nervous system, mostly through interaction with A1 and A2A

Adenosine Receptors and 
Autonomic Regulation
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receptors. Of particular relevance to this review are its
actions on brainstem nuclei involved in autonomic cardio-
vascular regulation. In general, the central actions of adeno-
sine result in inhibition of sympathetic tone through
complex, and incompletely understood, mechanisms of
action. Microinjection of adenosine into the nucleus tractus
solitarii (NTS) evokes a dose-related decrease in blood pres-
sure, heart rate, and renal sympathetic nerve activity. These
effects appear to be mediated, at least partially, through A2A

receptors. The NTS is the site of the first synapse of affer-
ent fibers arising from baroreceptors. The NTS provides
excitatory input to the caudal ventrolateral medulla, which
in turn provides inhibitory input to the rostral ventrolateral
medulla (RVLM), where sympathetic activity is thought to
be originated. Thus, stimulation of baroreceptor afferents
(e.g., by an increase in blood pressure) activates the NTS,
resulting in inhibition of the RVLM and a reduction in sym-
pathetic tone. The effect of adenosine in the NTS is similar
to that of the excitatory neurotransmitter glutamate, imply-
ing that adenosine has excitatory neuromodulatory effects
on the NTS. The precise mechanisms that explain this phe-
nomenon are not known. It has been proposed that adeno-
sine releases glutamate within the NTS [3, 4], or blunts the
release of the inhibitory neuromodulator g-aminobutyric
acid (GABA). The effects of adenosine in the NTS are also
blunted by microinjection of the nitric oxide synthase
inhibitor NG-nitro-l-arginine methyl ester (l-NAME), sug-
gesting an interaction between adenosine and nitric oxide in
the NTS. Regardless of the mechanism of action, micro-
injections of adenosine receptor antagonists into the NTS
results in blunting of the baroreflex gain, suggesting a role
of endogenous adenosine on central cardiovascular regula-
tion. A1 and A2A receptors are also found in the RVLM and
may modulate neuronal activity either directly or through
inhibition of GABA release [5].

NEUROEXCITATORY ACTIONS OF ADENOSINE
ON AFFERENT PATHWAYS

In contrast to the “inhibitory” actions of adenosine in
efferent pathways, adenosine excites a variety of afferent
fibers that evoke systemic sympathetic activation including
carotid body chemoreceptors, renal afferents, and myocar-
dial and skeletal muscle afferents [3, 6]. The neuroexcita-
tory actions of adenosine were first recognized in animals in
the early 1980s when it was found that adenosine activates
arterial chemoreceptors in rats and cats and renal afferents
in rats and dogs. The functional relevance of these findings,
however, was not apparent until human studies were per-
formed. The most striking effect of intravenous adenosine
in humans is a dramatic stimulation of respiration and 
sympathetic activation. This effect is caused by carotid 
body chemoreceptor activation because it is observed when

adenosine is injected into the aortic arch at a site proximal
to the origin of the carotid arteries, but not if adenosine is
injected into the descending aorta. The effects of intravenous
adenosine are dramatically different if the autonomic
nervous system is not involved. For example, adenosine
decreases blood pressure and heart rate in patients with auto-
nomic failure.

Pain resembling angina has been reported with intra-
venous and intracoronary administration of adenosine, 
presumably because of activation of sensory afferents. 
Intracoronary adenosine also elicits a pressor reflex in
humans, which may be explained by activation of myocar-
dial afferents. The few animal studies that have tested this
hypothesis have yielded conflicting results, perhaps because
of the confounding effects of anesthesia or because of
species differences. Intrabrachial adenosine also elicits a
sympathetic reflex that mimics the exercise pressor reflex—
that is, the increase in blood pressure and sympathetic 
activation that results from activation of skeletal muscle
chemoreceptor afferents during ischemic exercise (Fig.
15.1) [7]. This observation raises the possibility that adeno-
sine is a metabolic trigger of the exercise pressor reflex. 
It should be noted that adenosine activates only a small 
percentage of muscle afferents in anesthetized cats. Also,
adenosine-induced activation of skeletal muscle afferents
has not been apparent in the leg in humans, but forearm exer-
cise elicits a more potent exercise pressor reflex than leg
exercise.

In summary, whereas adenosine inhibits sympathetic
efferents, it activates virtually all afferent nerves that cur-
rently have been tested, including arterial chemoreceptors
(in animals and humans), renal afferents (animals), and
muscle afferents (humans). Adenosine may also activate
cardiac afferents in humans. It appears that adenosine-
induced afferent activation is greater in humans and may
explain the dramatic species differences in cardiovascular
responses to intravenous adenosine. The autonomic excita-
tory actions of adenosine clearly predominate when adeno-
sine is given intravenously to conscious human subjects [8].
This sympathetic activation may explain the usefulness of
intravenous adenosine in the triggering of neurogenic
syncope during tilt [9]. It remains speculative whether
endogenous adenosine plays a role in the generation of spon-
taneous neurogenic syncope. The adenosine receptor antag-
onist theophylline is used in the treatment of neurogenic
syncope, but controlled studies are lacking.

INTEGRATED VIEW OF ADENOSINE AND
CARDIOVASCULAR AUTONOMIC REGULATION

The neuroexcitatory actions of adenosine would seem at
odds with its postulated protective role, which heretofore
has been assigned to its “inhibitory” effects. We postulate,
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FIGURE 15.1 Activation of forearm muscle afferents by adenosine. A, The time course of systemic sympathetic acti-
vation, measured as muscle sympathetic nerve activity (MSNA) in the lower leg, induced by 3mg adenosine injected
either into the brachial artery (IA) or into the antecubital vein (IV). B, Representative tracings of MSNA before and
after injection of adenosine. C, A dose response of intrabrachial adenosine on MSNA before and during axillary gan-
glionic blockade that interrupts forearm afferent pathways.

FIGURE 15.2 Postulated modulation by adenosine of autonomic cardiovascular regulation.



however, that the neuroexcitatory actions of adenosine work
in tandem with its inhibitory effects to provide protection
against ischemia. This framework is presented in Figure
15.2.

I. Interstitial levels of adenosine are elevated under 
conditions of increased metabolic demand (exercise) and
decreased energy supply (ischemia), reaching physiologi-
cally relevant concentrations.

II. Adenosine then activates sensory afferent fibers that
produce pain and muscle or myocardial afferents (meta-
boreceptors) that trigger an ischemic pressor reflex. Pain
sensation is a primordial defense mechanism that signals the
individual to stop exercising. Sympathetic activation leads
to systemic vasoconstriction, increase in blood pressure, and
improved perfusion pressure.

III. This systemic vasoconstriction would be deleterious
to the ischemic organ if not for the simultaneous local
inhibitory actions of adenosine, which produce vasodilation
and inhibit norepinephrine release. These actions are, for 
the most part, circumscribed to the local ischemic tissue 
so that it is protected from sympathetically mediated vaso-
constriction while it benefits from the improved perfusion
pressure.

We propose, therefore, that the excitatory actions of
adenosine work in tandem with its inhibitory effects to
provide local protection against ischemia, even at the
expense of the rest of the organism. Furthermore, we
propose that adenosine provides a link between local mech-
anisms of blood flow autoregulation and systemic mecha-
nisms of autonomic cardiovascular regulation, heretofore
thought to work independent from each other. The individ-
ual components of this integrative postulate have been
proven, but this hypothesis as a whole has not been tested.
In particular, the sympatholytic effect of adenosine on 

sympathetically mediated vasoconstriction has not been
proven in vivo. This would require the selective adenosine
receptor antagonists that currently are not clinically 
available.

In summary, adenosine has both inhibitory and excitatory
effects on the different components of the autonomic arc.
We propose that these seemingly contradictory functions
work in tandem to ensure tissue protection against ischemia.
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Acetylcholine (ACh) is synthesized by choline acetyl-
transferase, a soluble cytoplasmic enzyme that catalyzes 
the transfer of an acetyl group from acetylcoenzyme A to
choline. The activity of choline acetyltransferase is much
greater than the maximal rate at which ACh synthesis
occurs. Choline acetyltransferase inhibitors have little effect
to alter the level of this bound ACh. ACh is stored in a bound
form in vesicles. Choline must be pumped into the cholin-
ergic neuron, and the action of the choline transporter is the
rate-limiting step in ACh synthesis. The choline uptake
system with a high affinity for choline has been identified
and designated CHT1.

On the arrival of an action potential in the cholinergic
neuron terminal, voltage-sensitive calcium channels open
and ACh stores are released by exocytosis to trigger a post-
synaptic physiologic response. The release of ACh can be
blocked by botulinum toxin, the etiologic agent in botulism.
Fortunately, botulinum toxin has been used to treat an aston-
ishing array of movement disorders and other conditions,
including hyperhidrosis. Unfortunately, it requires local
injection, but is often effective for weeks or months.

Much of the ACh released into the synapse is transiently
associated with ACh receptors. This action is terminated 
by the rapid hydrolysis of ACh into choline and acetic acid.
The transient, discrete, localized action of ACh is, in part,
because of the great velocity of this hydrolysis. The choline
liberated locally by acetylcholinesterase can captured by
CHT1 (the high-affinity system described earlier) and resyn-
thesized into ACh.

In addition to acetylcholinesterase (true cholinesterase),
which is found near cholinergic neurons and in red 
blood cells (but not in plasma), there is also a non-
specific cholinesterase (pseudocholinesterase or butyryl-
cholinesterase) that is present in plasma and in some organs
but not in the red blood cell or the cholinergic neuron.

Polymorphisms in pseudocholinesterase can result in a
marked deficiency. One in 3000 people is a homozygote for
the most common functionally abnormal variant: dibucaine-
resistant pseudocholinesterase. Cholinergic nerve activity 
in such individuals is normal, but some drugs such as 
succinylcholine (used during anesthesia), which are nor-
mally broken down by pseudocholinesterase, are poorly

metabolized by this variant enzyme. These patients may
have prolonged muscle paralysis from succinylcholine.

ACETYLCHOLINE SYNTHESIS AND METABOLISM:
DRUG MECHANISMS

Cholinergic neurotransmission can be modified at several
sites, including:

a. Precursor transport blockade Hemicholinium
b. Choline acetyltransferase inhibition No clinical example
c. Promote transmitter release Choline, black widow spider

venom (latrotoxin)
d. Prevent transmitter release Botulinum toxin
e. Storage Vesamicol prevents ACh storage
f. Cholinesterase inhibition Physostigmine, neostigmine
g. Receptors Agonists and antagonists

ACETYLCHOLINE RECEPTORS

ACh is the postganglionic neurotransmitter in the
parasympathetic nervous system. It is also the preganglionic
neurotransmitter for both the sympathetic and parasympa-
thetic nervous system, and it is important at nonautonomic
sites. For example, ACh is the neurotransmitter by which
motor nerves stimulate skeletal muscle and also the neuro-
transmitter at many sites in the brain and spinal cord.

As might be expected for an ancient and ubiquitous 
neurotransmitter, a variety of ACh (cholinergic) receptor
types have emerged in evolution. The most important clas-
sification depends on their responsiveness to the agonist
drugs muscarine and nicotine, and this distinction is so
crucial that the terms muscarinic receptor (M) and nicotinic
receptor (N) are used rather than cholinergic receptor.

Muscarinic receptors are located in the following:

• Tissues innervated by postganglionic parasympathetic
neurons,

• Presynaptic noradrenergic and cholinergic nerve 
terminals,

• Noninnervated sites in vascular endothelium, and
• The central nervous system.

Acetylcholine and Muscarinic Receptors
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Nicotinic receptors are located in the following:

• Sympathetic and parasympathetic ganglia,
• The adrenal medulla,
• The neuromuscular junction of the skeletal muscle, and
• The central nervous system.

There are at least five subtypes of muscarinic receptors:
referred to as M1, M2, M3, M4, and M5. They mediate their
effects through G proteins coupled to phospholipase C
(M1,3,5) or to potassium channels (M2,4). After activation by
classical or allosteric agonists, muscarinic receptors can be
phosphorylated by a variety of receptor kinases and second
messenger–regulated kinases. Phosphorylated muscarinic
receptor subtypes can interact with beta-arrestin and pre-
sumably other adaptor proteins as well. For this reason, the
various muscarinic signaling pathways may be differentially
altered, leading to desensitization of a particular signaling
pathway, receptor-mediated activation of the mitogen-
activated protein kinase pathway downstream, or long-term
potentiation of muscarinic-mediated phospholipase C stim-
ulation. Agonist activation of muscarinic receptors may also
induce receptor internalization and down-regulation. Unfor-
tunately, there are currently few truly subtype-specific mus-
carinic agonists and antagonists of clinical use.

Studies in knockout mice have helped to elucidate the
role of muscarinic receptor subtypes in a number of physi-
ologic domains. The M1 receptors modulate neurotransmit-
ter signaling in cortex and hippocampus. The M3 receptors
are involved in exocrine gland secretion, smooth muscle
contractility, pupil dilation, food intake, and weight gain.
The role of the M5 receptors involves modulation of central
dopamine function and the tone of cerebral blood vessels.
M2-subtype receptors mediate muscarinic agonist-induced
bradycardia, tremor, hypothermia, and autoinhibition of
release in several brain regions. M4 receptors modulate
dopamine activity in motor tracts and act as inhibitory
autoreceptors in the striatum.

In Sjögren syndrome, a systemic illness characterized by
dryness of eyes, mouth, and other tissues, and sensory and
autonomic neuropathy, antibodies to muscarinic receptors of
the M3 subtype have been reported in most of a small group
of subjects, in whom the Sjögren syndrome is primary or sec-
ondary to other rheumatologic diseases. Whether such anti-
bodies are a cause of some of the manifestations of Sjögren
syndrome or a consequence of it requires further study.

There are at least two subtypes of nicotinic receptors,
referred to as NM and NN. This distinction is clinically impor-
tant. The NM nicotinic receptor mediates skeletal muscle
stimulation, whereas the NN nicotinic receptor mediates
stimulation of the ganglia of the autonomic nervous system,
for which reason agonists and antagonists at the latter site
are sometimes called ganglionic agonists and ganglionic
blockers. (Nicotinic neurotransmission is discussed in
chapter 17 of this Primer.)

MUSCARINIC AGONISTS

ACh itself is rarely used clinically because of its rapid
hydrolysis after oral ingestion and rapid metabolism after
intravenous administration. Fortunately, a number of con-
geners with resistance to hydrolysis (methacholine, carba-
chol, and bethanechol) are available, and bethanechol has
the additional favorable property of an overwhelmingly high
muscarinic (vs nicotinic) specificity. There are also several
other naturally occurring muscarinic agonists such as mus-
carine, arecoline, and pilocarpine.

The pharmacologic effects of ACh and other muscarinic
agonists can be seen in the following section. All these
effects are parasympathetically mediated except sweat gland
function, which is the unique sympathetic cholinergic cate-
gory, much beloved by examination writers; these nerves are
sympathetic because of their thoracolumbar origin and are
cholinergic because they release ACh.

MUSCARINIC AUTONOMIC EFFECTS 
OF ACETYLCHOLINE

Iris sphincter muscle Contraction (miosis)
Ciliary muscle Contraction (near vision)
Sinoatrial node Bradycardia
Atrium Reduced contractility
Atrioventricular node Reduced conduction velocity
Arteriole Dilation (through nitric oxide)
Bronchial muscle Contraction
Gastrointestinal motility Increased
Gastrointestinal secretion Increased
Gallbladder Contraction
Bladder (detrusor) Contraction
Bladder (trigone, sphincter) Relaxation
Penis Erection (but not ejaculation)
Sweat glands Secretion
Salivary glands Secretion
Lacrimal glands Secretion
Nasopharyngeal glands Secretion

Bethanechol is used (rarely) to treat gastroparesis,
because it stimulates gastrointestinal motility and secretion.
It also is useful in patients with autonomic failure, in whom
modest improvement in gastric emptying and constipation
may occur, but at a cost of some cramping abdominal 
discomfort. If gastric absorption is impaired, subcutaneous
administration is sometimes used. Especially with intra-
venous administration, hypotension and bradycardia may
occur. Bethanechol also is used to treat urinary retention if
physical obstruction (e.g., prostate enlargement) is not the
cause. This agent also occasionally is used to stimulate 
salivary gland secretion in patients with xerostomia, which
entails the dry mouth, nasal passages, and throat occurring
in Sjögren syndrome, and in some cases of traumatic or radi-
ation injury. In rare cases, high doses of bethanechol appear
to have caused myocardial ischemia in patients with a 
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predisposition to coronary artery spasm; therefore, chest pain
in a patient taking bethanechol should be taken seriously.

Pilocarpine is more commonly used than bethanechol 
to induce salivation, and also is used for various purposes
in ophthalmology. It is especially widely used to treat 
open-angle glaucoma, for which a topical (ocular) prepara-
tion is available. Intraocular pressure is decreased within 
a few minutes after ocular instillation of pilocarpine. It
causes contraction of the iris sphincter, which results in
miosis (small pupils), and contraction of the ciliary muscle,
which results in near (as opposed to distant) focus of vision.
Pilocarpine possesses the expected side effect profile,
including increased sweating, asthma worsening, nausea,
hypotension, bradycardia (slow heart rate), and occasionally
hiccups.

Methacholine often is used to provoke bronchocon-
striction during diagnostic testing of pulmonary function.
Elicitation of significant bronchoconstriction with inhaled
methacholine challenge sometimes leads to the diagnosis of
reactive airways disease (asthma) in patients with little base-
line abnormality in pulmonary function.

MUSCARINIC ANTAGONISTS

The classical muscarinic antagonists are derived from
plants. The deadly nightshade (Atropa belladonna), a rela-
tive of the tomato and potato, belongs to the Solanceae
family, many of whose members contain atropinelike com-
pounds. Jimson weed (Datura stramonium) is even more
widespread than the deadly nightshade. The tiny dark seeds
from the jimson weed pod are sometimes ingested for their
hallucinogenic effect, a central side effect of atropinelike
substances. Henbane (Hyoscyamus niger) contains primarily
scopolamine and hyoscine.

Some plants of the Solancea family grow well in poor,
rocky soil, whereas tomatoes grow poorly in these locations.
The grafting of tomato plant stalks onto the root systems of
these plants yields an unusually productive “tomato” that
bears well even in dry weather, resulting in abundant large
red tomatoes. Unfortunately, if the grafting is not done prop-
erly, alkaloids may enter the tomato fruit, creating the so-
called happy tomatoes. Tachycardia and hallucinations (as
well as more life-threatening problems) may ensue when
such tomatoes are eaten.

Side effects of muscarinic antagonists include constipa-
tion, xerostomia (dry mouth), hypohidrosis (decreased
sweating), mydriasis (dilated pupils), urinary retention, pre-

cipitation of glaucoma, decreased lacrimation, tachycardia,
and decreased respiratory secretions.

Clinically, atropine is used for increasing heart rate
during situations in which vagal activity is pronounced (e.g.,
vasovagal syncope). It is also used for dilating the pupils.
Its most widespread current use is in preanesthetic prepara-
tion of patients; in this situation, atropine reduces respira-
tory tract secretions, thus facilitating intubation. It probably
also has some efficacy as a bronchodilator. Ipratropium is
marketed for maintenance therapy in chronic obstructive
pulmonary disease. It has a long half-life.

Pirenzepine shows selectivity for the M1 muscarinic
receptor. Because of the importance of this receptor in medi-
ating gastric acid release, M1 antagonists such as pirenzepine
help patients with ulcer disease or gastric acid hypersecre-
tion. However, antihistamines and proton pump inhibitors
are more useful and more widely used for this purpose.
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Nicotinic acetylcholine receptors are members of a large
superfamily of ligand-gated ion channel receptors that
include the 5-hydoxytryptamine3 (5-HT3), glycine, and g-
aminobutyric acid (GABA) families of receptors. Less
closely related are the ligand-gated ion channels that
respond to the excitatory amino acids and adenosine [1, 2].
Because of the abundance of nicotinic receptors in the elec-
tric fish and findings showing that peptide toxins that block
motor activity bind to subtypes of nicotinic receptor with
high affinity and selectivity, the nicotinic receptor was the
first pharmacologic receptor to be purified and the cDNA
encoding its subunits cloned. Appropriately, the nicotinic
receptor became the prototype for the ligand-gated ion
channel family.

STRUCTURAL CONSIDERATIONS

Nicotinic receptors assemble as pentamers of individual
subunits. Assembly occurs in a precise manner and order
such that the assembled subunits encircle an internal mem-
brane pore and the extracellular vestibule leading to the
pore. The replicated pattern of front to back assembly of sub-
units ensures that identical subunit interfaces are formed
from the pentameric assembly of identical subunits. More-
over, the amino acid residues found at homologous positions
in the receptors with heteromeric subunit assemblies should
occupy the same position in three-dimensional space 
(Fig. 17.1).

Each subunit is believed to encode a protein with four
transmembrane spans. The amino-terminal ~210 amino
acids lie in the extracellular domain; this is followed by three
tightly threaded transmembrane spans. A relatively large
cytoplasmic loop is found between transmembrane spans 3
and 4 with a short carboxyl terminus winding up on the
extracellular side. The overall structure has been detailed 
in a series of electron microscopy imaging studies (Fig.
17.2) and reveals a large extracellular domain, a wide-
diameter vestibule on the extracellular side, and the gorge 

constriction region controlling the gating function to exist
within the transmembrane-spanning region [3]. Rapid and
slow binding of ligands appear to induce shape changes
within the receptor structure that may be reflective of the
individual conformational states [1–3].

More recently, a soluble protein, termed the acetylcholine
binding protein, exported from glial cells of the fresh water
snail has been shown to bind acetylcholine and many of the
classical nicotinic agonists and antagonists [4, 5]. Homolo-
gous proteins also have been found in other invertebrate
species. This protein, with identical subunits of slightly
more than 200 amino acids, is composed of residues with
homology to the amino-terminal, extracellular domain of
family of nicotinic receptors. Its structural characterization
by x-ray crystallography (Fig. 17.3) shows it to be pen-
tameric and to contain an arrangement of amino acid
residues consistent with findings from a large number of
protein modification and site-specific mutagenesis studies
conducted with acetylcholine receptors isolated from neu-
ronal and muscle systems [5, 6]. The binding protein is
homomeric, and its five binding sites reside at the five
subunit interfaces with the binding site determinants resid-
ing on both of the proximal subunit surfaces forming the
subunit interface. The ligands bind from an outer radial
direction and appear to be lodged behind a loop that appears
to contain selective binding determinants and proximal cys-
teines at or near its tip (see Fig. 17.3). Hence, consistent with
other proteins that exhibit homotropic cooperativity, the
binding protein and the nicotinic receptors have their
binding sites located at the subunit interfaces.

SUBTYPE DIVERSITY OF NICOTINIC RECEPTORS

The receptor from skeletal muscle and its homologous
forms in the fish electric organ consist of four distinct sub-
units, where the pentamer has two copies of the a subunit and
one copy of b, g, and d subunits. When muscle becomes
innervated, the g subunit is replaced by an e subunit. Within
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FIGURE 17.1 Structure of the nicotinic acetylcholine receptor. A,
Arrangement of receptor subunits as pentamers in muscle and neuronal
receptors. The muscle receptor exists as a pentamer with two copies of a
and one copy of b, g, and d, as seen for the receptor found in embryonic
muscle. The binding sites as designated are found at the ag and ad inter-
faces. In the case of the innervated receptor in skeletal muscle, an e subunit
of different composition replaces g at the same position. Two types of neu-
ronal receptors are shown: the heteromeric type is thought to have two
copies of a, where a is a2, a3, a4, or a6, and three copies of b, where b
can be b2, b3, or b4. The a5 subunit is thought to substitute for a b subunit
at one of the nonbinding positions. The homomeric neuronal receptors are
made up of pentamers of a7, a8, a9, and a10. The possibility that these
a subunits can form heteromeric subtypes with each other or with certain
b subunits remains open, but not proven. B, Threading pattern of the a-
carbon chain of the subunits of the nicotinic receptor. The first ~210 amino
acids form virtually the entire extracellular domain, contain the residues on
the primary and complementary subunit interfaces forming the binding site
determinants, and govern the subunit assembly process. Transmembrane
span 2 segments from the five subunits form the inner perimeter of the
channel and are involved in the ligand gating. The other transmembrane
segments contribute to the structural integrity of the receptor. The extended
segment between transmembrane spans 3 and 4 forms the bulk of the cyto-
plasmic domain.

TABLE 17.1 Nicotinic Acetylcholine Receptor Subunits

Composition Assembly

Muscle a1, b1, g, d, e a2bgd or a2bed
Neuronal a2 a6 b2 Various pentameric

a3 a7 b3 assemblies of a
a4 a8 b4 and b or a alone
a5 a9

a10

this pentameric structure, the two binding sites exist at the ad
and ag(e) subunit interfaces. Opposing faces of the homolo-
gous a and the g, d, or e subunits make up the binding site.

The subunit compositions of the receptors expressed in
the nervous system are far more complex where nine dif-
ferent a subtypes and three different b subtypes are found
(Table 17.1). The a subtypes have been defined as those con-
taining vicinal cysteines on a loop on which reside several
binding site determinants. All a subunits, except a5, use the
face with the vicinal cysteines to form the binding site. The
b subunits that lack this sequence, and presumably the a5
subunit, use the opposite or complementary face to form the
binding site (see Fig. 17.1).

The a subunits a2, a3, a4 and a6 combine with certain
b subunits, mainly b2 and b4, to form pentameric receptors.
The a5 subunit has the capacity to substitute for a b subunit
in the pentameric assembly. Typically, it is thought that two
of the neuronal a subunits assemble with three b subunits.
Hence, typical stoichiometries would be a2b3 or a2a51b2,
where the generic a subtypes are usually a3 or a4, and the
b subtypes are b2 or b4. Each of these heteromeric recep-
tors would have two binding sites. Receptors composed of
a7 through a10 subunits appear as functional homomeric
entities where five copies of a single subunit confer func-
tion, when assembled. However, formation of functional
homomeric receptors does not preclude the possibility that
a7 can also partner with other subunits.

Although the assembly patterns of the neuronal nicotinic
receptor subunits are diverse, only certain combinations
yield functional receptors, and particular combinations seem
to be prevalent within regional areas of the nervous system.
For example, pentamers of a3b4 are prevalent in ganglia 
of the autonomic nervous system, a4b2 is most prevalent 
in the central nervous system, and a7 appears widely dis-
tributed [6].

ELECTROPHYSIOLOGIC EVENTS ASSOCIATED
WITH RECEPTOR ACTIVATION

Currently, all of the nicotinic receptors that are well char-
acterized are cationic channels. Thus, their activation causes



an increase in cation permeability, which results in a depo-
larization. They differ substantially with respect to the per-
meabilities of the open channel state to Na+ and Ca2+. Na+

permeability is most effective in initiating a rapid depolar-
ization, whereas Ca2+ permeability could serve as an intrin-
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FIGURE 17.2 Overall dimensional characteristics of the nicotinic receptor. Image reconstruction of electron micro-
graphs shows the receptor to be some ~140 Å in length and perpendicular to the membrane. Its diameter is 80 to 90 Å
and contains a large central channel on the membrane surface. Rapid and prolonged exposure to acetylcholine followed
by rapid freezing has yielded distinctive structures for the agonist bound, unligated, and desensitized states of the recep-
tor [3, 6]. A, Arrangements of subunits with g removed. Vertical arrow shows the cation path; horizontal arrows show
the two binding sites. B, Electron densities of the receptor. The solid angles show the position of the M2 transmem-
brane span. C, Space filling model of the receptor. Top, View from the outer perimeter; the darkened area shows the
transmembrane span. Bottom, View toward the extracellular membrane face showing the channel vestibule. (Adapted
from Unwin, N. Nicotinic acetylcholine receptor at 9 Å resolution. J. Mol. Biol. 229:1101–1124, 1993.)

FIGURE 17.3 X-ray crystallographic structure of the acetylcholine binding protein. The structure was produced from
crystallographic coordinates of Sixma and colleagues [4, 5]. Surfaces are represented as Connolly surfaces. Left, Colors
are used to delineate the subunit interfaces in the homomeric pentamer. The vestibule on the extracellular surface that
represents the entry to the internal channel in the receptor is shown by the arrow. Right, A single subunit interface.
Note the residues that have been found to be determinants in the binding of agonists and alkaloid and peptidic antago-
nists to the receptor. Hence, the numbers (yellow, a subunit; white, g subunit) delineate the probable binding surface(s)
for large and small antagonists. These residues come from seven distinct segments of amino acid sequence in the subunit,
as determined from extensive mutagenesis and labeling studies [6]. (See Color Insert)

sic activating function in cell signaling or in effecting an
excitation step. However, depolarization per se through an
increase in Na+ permeability also can mobilize Ca2+ through
voltage-sensitive Ca2+ channels. Typically postsynaptic 
nicotinic receptors, such as those found in ganglia and the
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neuromuscular junction, function through the simultaneous
occupation of the receptor by more than a single agonist
molecule. Agonist association and the ensuing channel
opening reveals positive cooperativity in ligand binding.
These rapid binding events cause channel opening to occur
in a millisecond timeframe. Several openings and closings
may occur during the short interval of agonist occupation,
and the intrinsic efficacy of an agonist may be related to
whether the ligand–receptor complex favors an open or
closed state.

With continuous exposure to agonists, most receptors
desensitize. Desensitization confers a receptor state wherein
the agonist has a high affinity, but the receptor is locked in
a closed channel state. Desensitization may provide an addi-
tional means by which temporal responses to an agonist can
be regulated.

Antagonists may be competitive or noncompetitive. Com-
petitive antagonists show binding that is mutually exclusive
with agonists and exhibit a surmountable block of the recep-
tor in which the dose–response curve to the agonist is shifted
rightward in a parallel fashion. Occupation by a single antag-
onist molecule is sufficient to block function. Noncompeti-
tive antagonists typically block the channel through which
ions pass in the open state of the receptor. In the case of gan-
glionic nicotinic receptors, trimethaphan is a competitive
agonist, whereas hexamethonium and mecamylamine are
noncompetitive, therein blocking channel function.

DISTRIBUTION OF NICOTINIC RECEPTORS

Nicotinic receptors have a wide distribution in the central
and peripheral nervous systems. In innervated skeletal

muscle they are found in high densities localized at the end-
plate. Also, certain motor neurons may contain receptors at
the presynaptic nerve ending to control release. In ganglia,
the primary nicotinic receptor is found on the postsynaptic
dendrite and nerve cell body. Others may exist presynapti-
cally to control release from the presynaptic nerve ending.
In the central nervous system, one finds that the majority of
receptors are presynaptic or prejunctional. As such, they
control the release of other transmitters, or in the case of
acetylcholine, they play an autoreceptor role. Presynaptic
nicotinic receptors found in the spinal cord and in higher
centers of the brain have a functional role in modulating
central control of autonomic function and sensory to auto-
nomic control of reflexes and other functions.
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Acetylcholine (ACh) is an endogenous neurotransmitter
at cholinergic synapses and at neuroeffector junctions in the
central and peripheral nervous systems. The actions of ACh
are mediated through nicotinic and muscarinic cholinergic
receptors, which transduce signals through distinct mecha-
nisms. To keep actions within the central nervous system
and at peripheral nerve terminals localized and accessible
for subsequent stimulations, ACh must be destroyed or inac-
tivated at or near the site of its release, preferably with high
velocity. The destruction of ACh at such sites is accom-
plished by the enzyme acetylcholinesterase (AChE). AChE
is present in all parts of cholinergic neurones, in the vicin-
ity of cholinergic synapses and in a variety of other tissues.
It is also highly concentrated at neuromuscular junctions.
AChE regulates the precision of nerve firing, enabling some
nerve cells to fire as rapidly as 1000 times per second
without overlap of the neural impulses.

MECHANISM OF ACTION

The enzyme AChE hydrolyzes ACh into choline and
acetic acid. This hydrolysis reaction is preceded by a nucle-
ophilic attack at the carbonyl carbon, by acylating the
enzyme, and by liberating choline. This leads for some
microseconds to an acetylated enzyme before the hydroly-
sis takes place, the acetate is released, and AChE is reacti-
vated (Fig. 18.1). On the basis of interaction studies between
the enzyme and various substrates and inhibitors, a hypo-
thetical catalytic model for the cholinesterase (ChE) was
elaborated. The active center in AChE has been assigned to
contain two principal subsites: a negatively charged anionic
site and the esteratic site containing the crucial residues. The
existence of additional binding sites of AChE has been pre-
dicted, such as one hydrophilic region or peripheral anionic
sites where cationic ligands bind to perform conformation
changes of the enzyme. The multiple binding sites of AChE
for reversible ligands are causal to the different inhibition
mechanisms obtained with different classes of AChE
inhibitors [2].

This model was substantiated by the pioneer work of
Sussman and colleagues published in 1991 that elucidated

the first X-ray structure of AChE from Torpedo californica
(Fig. 18.2) [3].

ACETYLCHOLINESTERASE INHIBITORS

The mechanism of AChE inhibition can be either
reversible, by a complete blockade of the active site by the
substrate, or quasi-irreversible, by a covalent reaction
between the substrate and a serine residue within the active
site, thereby inactivating the catalytic ability of the enzyme.
On the basis of their chemical structure, AChE inhibitors can
be classified into the following three broad classes: the
mono- and bis-quaternary amines, the carbamates, and the
organophosphates [4] (Table 18.1).

Competitive inhibition takes place by blocking the access
of the substrate at the active site (tacrine, edrophonium);
noncompetitive inhibition occurs by binding to the periph-
eral site (propidium, gallamine). The bis-quaternary ligands
decamethonium and BW284c51 bind across both active and
peripheral sites.

The longest known and most widely used inhibitor is the
natural alkaloid physostigmine. This carbamoylates the
serine residue of the active site, slowing down the acyl-
enzyme hydrolysis reaction compared with the acetylated
enzyme. Organophosphorus compounds, such as diiso-
propyl fluorophosphate, are potent inhibitors of AChE and
are used both as agricultural insecticides and as nerve gases
in chemical warfare. These compounds react with the active
site serine and form a stable covalent phosphoryl–
enzyme complex [4, 5].

PHARMACOLOGIC ACTIONS OF
ACETYLCHOLINESTERASE INHIBITION

Inhibition of AChE potentiates the effects of neuronal
cholinergic stimulation at cholinoceptive cells of the central
nervous system, at cholinergic synapses of the autonomic
nervous system, at neuromuscular junctions, at autonomic
ganglia, and at adrenal medulla (Table 18.2). The extent of
the observed effects depends on the inhibitor applied and 
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FIGURE 18.1 Mechanism of acetylcholine (ACh) hydrolysis by acetylcholinesterase (AChE). AChE contains a
“catalyptic triad” in the active site formed by a serine (Ser200), a histidine (His440), and a glutamic acid (Glu327). Ser200

activated by His440 and Glu327 forms a nucleophilic attack on the carbonyl group of ACh (step 1) and the quaternary
transition state (step 2) decomposes, resulting in the intermediate acetyl enzyme (step 3). Hydrolysis of the acetyl enzyme
reactivates the enzyme. (See Color Insert)

FIGURE 18.2 Ribbon scheme of the three-dimensional structure of acetylcholinesterase (AChE) from Torpedo cal-
ifornica. Light blue arrows represent b-strands, and red coils represent a-helices. The side chains of the catalytic triad
(Ser200, His440, and Glu 327) and the peripheral site (Trp84) in the active site gorge are indicated as stick figures. Acetyl-
choline (ACh) docked manually is represented in yellow as ball stick figure. Source: PDB ID: 2ACE (Sussman et al.
1991). (See Color Insert)



the route of exposure or administration. Whereas some
inhibitors act only peripherally (i.e., compounds that do not
cross the blood–brain barrier such as the mostly charged
molecules (quaternary compounds), other inhibitors act at
both peripheral and central sites (i.e., lipophilic substances,
including carbamates) [6].

CLINICAL APPLICATIONS 
OF ANTICHOLINESTERASES

Glaucoma is a disease characterized by increasing
intraocular pressure that results in damage of the optic nerve.
Anticholinesterases produce miosis and are therefore, by
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TABLE 18.1 Classification of Cholinesterase Inhibitors into Three Classes Based on Their
Chemical Structures Including Some Examples

Class General Formula Examples
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R3

R4

R1

R2

N+
R2¢

R2¢
R1¢ R4

5,55 N+

R2
55

R2
55

R1
55

R N O

O

R¢

P
R1 O

XR2

R1 and R2: e.g. alkoxy or alkoxy or alkyl groups
X: leaving groups e.g. fluorine, thiocholine
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O
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O
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NO2

Parathion

Bis-quateranary amines

Mono-quaternary amines

Carbamates

Organophospates and phosphonates
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improving outflow facility, useful in glaucoma. AChE
inhibitors such as neostigmine can be used in the treatment
of atony of the urinary bladder and of adynamic ileus result-
ing from surgery.

A large number of drugs such as tricyclic antidepressants,
phenothiazines, and antihistamines are known to exert anti-
cholinergic (antimuscarinic) toxicity. Anticholinesterase
agents, such as physostigmine, can be used as antidotes
during acute intoxication with these drugs [7].

Myasthenia gravis is characterized by an impaired
cholinergic neurotransmission at skeletal muscles. Symp-
toms including ptosis and diplopia, ultimately leading to res-
piratory paralysis depending on the muscles involved, also
can be treated with anticholinesterase drugs. The most
common drugs in therapeutic use are pyridostigmine and
neostigmine, which both are devoid of central effects [8].

CHOLINESTERASE INHIBITORS 
AND ALZHEIMER’S DISEASE

Centrally acting ChE inhibitors gained new attractiveness
once for this class of compounds. Symptomatic improve-
ments have been reported in this age-related increasing
disease. A central feature of Alzheimer’s disease is chronic
and progressive neurodegeneration characterized sympto-
matically by progressive deterioration of activities of daily
living, behavioral disturbances, and cognitive loss. Cur-
rently, it is accepted that an impaired cholinergic function in

the brain is causally linked with the symptomatology of
Alzheimer’s disease. Together with a decline in cholinergic
neurotransmission, in Alzheimer’s disease a substantial
reduction in the choline acetyltransferase, the enzyme
responsible for the synthesis of ACh, and a subsequent
decline in the level of ACh in the brain is present. Currently,
the only successful treatment concept that results in a sig-
nificant symptomatic benefit in Alzheimer patients is ChE
inhibitors [9]. ChE inhibitors with brain specificity slow 
the inactivation of ACh after synaptic release, thereby pro-
longing central ACh activity. Currently, the four ChE
inhibitors—tacrine, donepezil, rivastigmine, and galan-
thamine—have been approved and the latter three are in
wide clinical use. There are differences among these com-
pounds with regard to their mechanism of inhibition and
their selectivity toward AChE and a second esterase,
butyrylcholinesterase. Donepezil and galanthamine exclu-
sively inhibit AChE, whereas the other compounds inhibit
both AChE and butyrylcholinesterase. Such a dual action
could, as currently hypothesized on the basis of preclinical
data, contribute to a more efficacious treatment seen in the
clinic [10].
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TABLE 18.2 Summary of Effects of Cholinesterase Inhibitors
in Humans

System or tissue Physiological or pharmacological effects

Central nervous Tremor, anxiety, restlessness disrupted memory,
system confusion, convulsions, desynchronization of 

EEG, sleep disturbances, coma, circulatory and 
respiratory depression.

Cardiovascular Bradycardia, decreased cardiac output, hypotension.
Respiratory Bronchoconstriction, paralysis of respiratory 

muscles, increased bronchial secretions.
Digestive Salivation, increased tone and motility in gut,

abdominal cramps, diarrhea, defecation, 
pancreatic and intestinal secretions.

Urinary Incontinence, increased urinary frequency.
Skeletal muscle Paralysis, fasciculations, muscle weakness.
Visual Lacrimation, miosis, accomodative spasm, blurred

vision.
Skin Sweating.

All the well-known side effects from these agents are cholinergic in
nature due to the prolonged availability of ACh.



As detailed in earlier chapters, the autonomic nervous
system is highly organized from its peripheral receptors to
the terminals of visceral efferents. Afferent nerve fibers from
mechanoreceptors and chemoreceptors originate in neurons
of autonomic ganglia. Those cells project into the central
nervous sytem, where signals are processed and, through
actions of converging peripheral and central inputs, are inte-
grated into meaningful autonomic responses to simple and
complex stimuli. Amino acids acting as putative neuro-
transmitters may play a role in signal transduction at each
level of this system.

This chapter briefly outlines participation of three repre-
sentative amino acids—the excitatory amino acid glutamate,
and inhibitory amino acids GABA and glycine—in trans-
mitting signals that modulate sympathetic output of one
well-defined cardiovascular reflex: the baroreceptor reflex.
Depending on the brain region under consideration, evi-
dence for this involvement varies considerably. In no region
can it be said that all criteria have been met to establish any
one of these amino acids as a transmitter at a particular
synapse, but significant data have developed over the past
two decades to suggest that each agent may contribute to
varying degrees at different sites.

Although none of the three amino acids has been impli-
cated in mechanoreceptor or chemoreceptor transduction at
the level of the peripheral receptor, some evidence suggests
that glutamate transmission may be involved in the periph-
ery. Specifically, glutamate binding sites are present on
nodose ganglion neurons and are transported from the
nodose ganglion toward the aortic arch [1]. Thus, both
receptors that bind glutamate and aortic baroreceptors may
be found in close proximity. In addition, neurons within the
nodose ganglion are activated by their exposure to glutamate
and its analogs.

Each of the three putative transmitters is present in the
nodose ganglion, but neurochemical evidence suggests that
of the three only g-aminobutyric acid (GABA) and gluta-
mate may be released from baroreceptor afferent fibers in
the nucleus tractus solitarii (NTS), the primary site of ter-
mination of those and other visceral afferent fibers of the
vagus and glossopharyngeal nerves. At this important site,
each amino acid potentially may modulate cardiovascular

activity. However, an agonist’s actions alone are not suffi-
cient evidence to support a role for the agent as a transmit-
ter at a specific synapse. Another important criterion is the
ability of selective antagonists to block effects of natural
activation of that synapse. In the NTS, glutamate has met
this criterion.

Numerous studies have confirmed that the baroreceptor
reflex may be blocked by antagonists to glutamate receptors
in the NTS. Thus, although glutamate and other agents,
including glycine, may produce cardiovascular responses
like those of baroreceptor reflex activation, only blockade of
glutamate receptors leads to nearly total blockade of the
baroreceptor reflex itself [2]. It would seem then that gluta-
mate, whose receptors are found in the NTS [3], may be a
transmitter of primary afferents in the reflex. That it may also
be involved in other cardiovascular reflexes is suggested by
pressor responses produced by injecting it into discrete
regions of NTS where chemoreceptor reflex transmission
predominates or into larger regions of NTS in unanesthetized
animals [4]. Evidence from such studies supports a role for
the amino acid in transmission of chemoreceptor reflexes, as
well as baroreceptor reflexes at the level of NTS. Attenuation
of the chemoreceptor reflex by injection of glutamate antag-
onists into the NTS further supports its participation in that
reflex. It is likely that glutamate exerts its cardiovascular
actions through NTS by interacting with other transmitters in
the region. One particularly intriguing interaction is between
glutamate and nitric oxide systems in NTS [5], but glutamate
is clearly colocalized with other putative transmitters as well.
GABA, conversely, may also be released from vagal, possi-
bly baroreceptor, afferents, but its release into NTS does not
produce a cardiovascular effect like that of baroreceptor
reflex activation. Instead, it may inhibit baroreceptor reflex
neurons in the NTS. Whether directly involved in cardiovas-
cular reflex transmission, GABA and also glycine have been
shown to participate in integration of signals coming into
NTS. It is possible that the former is derived from peripheral
afferents and from projections of other central nuclei,
whereas glycine, which apparently is not released from vagal
afferents, may arise from local interneurons or from other
central nuclei. Like GABA, it participates in modulating
responses of neurons in NTS to multiple incoming signals. 
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In addition, glycine also indirectly activates local neurons by
initiating release of the excitatory agent acetylcholine from
nerve terminals in NTS [6].

The baroreceptor reflex pathway continues beyond NTS
with rostral and caudal projections to cardiovascular nuclei
in the ventral medulla. More rostrally axons project directly
to the rostral ventrolateral medulla (RVLM), which plays an
important role in tonic maintenance of blood pressure. With
activation of those fibers, there is sympathoexcitation,
apparently caused by release of glutamate into the RVLM.
Activation of the more caudal projection also apparently
leads to release of glutamate, but, in this case, the excitatory
effect is manifest on GABAergic neurons that project 
from the caudal ventrolateral medulla to the RVLM. Thus,
their activation reduces blood pressure by inhibiting 
sympathoexcitatory cells on which they terminate. The
mechanisms that favor activation of one pathway that 
is sympathoexcitatory versus another that is sympatho-
inhibitory are not known, but clearly other input to the
RVLM may also integrate function in that nucleus during
well defined behaviors.

For example, activation of the lateral hypothalamus,
which may elicit a behavioral response, leads to activation
of glutamate receptors on neurons in the RVLM [7]. Result-
ing increased sympathetic nerve activity tends to increase
blood pressure. This glutamatergic input to the RVLM pro-
vides an important integrative function by overriding the
inhibitory influence of baroreceptor reflex activation that
would otherwise occur with increased blood pressure asso-
ciated with the behavior.

Well before any role had been found for either GABA or
glutamate in the RVLM, potential involvement of glyciner-
gic transmission had already been suggested. Initially,
glycine was applied to the ventral surface of the medulla,
where it elicited reductions in blood pressure. Thus, a
depressor function was ascribed to it within the general
region of the rostral ventral medulla. However, it is now
clear that glycine may elicit either depressor or pressor
responses depending on the site at which it is injected into
the rostral ventral medulla. The mechanism of its differing
actions and the origin of glycine terminals in the region is
still not known.

Completing the central portion of the sympathetic limb
of the baroreceptor reflex, neurons in the RVLM project to
the intermediolateral column of the spinal cord, where sym-
pathetic preganglionic fibers originate. Glutamate may play
an important role at this site also. Released from descend-
ing fibers from the medulla, it affects maintenance of sym-
pathetic tone or increases sympathetic activity in response
to stimuli. GABA and glycine, likewise, may participate 
in modulating sympathetic activity at the level of the inter-
mediolateral column and may be colocalized with each other
or with other more classic neurotransmitters in terminals
within the region.

Clearly, each of these amino acids may contribute to reg-
ulation of cardiovascular function in normal animals, but
they may also be part of derangements that lead to hyper-
tension in experimental animals. Their importance is sup-
ported by shifts in sensitivity to GABA and glutamate
injected into central nuclei in the spontaneously hyperten-
sive rat model of genetic hypertension.
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Until the mid-1970s, it was generally thought that hor-
mones, which included regulatory peptides, worked in a
quite different way from neurotransmitters. Clear examples
were recognized of functions that were regulated by both
hormones and autonomic neurons (e.g., stimulation of
gastric and pancreatic secretion by gut hormones and by
vagal efferent neurons), but the two control systems were
considered complementary. It then became clear that regu-
latory peptides, some of which were related to gut hor-
mones, were also produced in neurons including those of the
autonomic nervous system [1].

Events mediated by autonomic neurons that cannot be
readily attributable to cholinergic or adrenergic transmission
have been appreciated for decades. Recognition of the
importance of these events is reflected in the widespread 
use of the generic term “nonadrenergic, noncholinergic”
(NANC) transmission. There are many potential mediators
of different NANC phenomena including nitric oxide (NO),
purinergic transmitters, and serotonin. However, the biolog-
ically active peptides are by far the largest and most diverse
group of putative NANC transmitters, and the term “pep-
tidergic transmission” is used to describe the relevant mech-
anisms. Putative peptide transmitters frequently act in
concert with classical transmitters and other NANC 
transmitters [2, 3].

FAMILIES OF PEPTIDE TRANSMITTERS

Peptide transmitters belong to families on the basis of
their common amino acid sequences. These are considered
to have evolved by a process of gene duplication and diver-
gence—for example, the group that includes vasoactive
intestinal polypeptide (VIP) and pituitary adenylate cyclase
activating peptide (PACAP), and the neuropeptide Y (NPY)
and peptide YY (PYY) family. Different family members
may be expressed in neurons, endocrine, or other cell 
types [4].

GENERIC FEATURES OF 
PEPTIDERGIC TRANSMISSION

Biosynthesis

Neuropeptides are synthesized initially as large precursor
molecules at the endoplasmic reticulum in the neuronal cell
soma. Rapid cleavage of an NH2-terminal signal peptide
leaves the so-called propeptide, which traverses the Golgi
complex and is sequestered at the trans-Golgi network in
dense-cored secretory vesicles (Fig. 20.1). During passage
through the Golgi complex and in secretory vesicles, the
propeptide is usually modified to generate the final secretory
product—for example, by endopeptidase and exopeptidase
cleavage by enzymes of the prohormone convertase family
and by carboxypeptidase E, and by COOH-terminal amina-
tion, glycosylation, Tyr-sulfation, or Ser-phosphorylation.
These processes often vary among cell types expressing 
the same gene and may not be completely efficient in any 
particular cell type, so that mixtures of structurally related
peptides all derived from the same precursor may be
secreted.

Storage and Release

Golgi-derived vesicles containing neuropeptides are dis-
tinct from small clear synaptic vesicles that contain classi-
cal transmitters such as noradrenaline and acetylcholine.
The latter are generated close to their site of release, and
their loading into secretory vesicles depends on reuptake
mechanisms at the plasma membrane and transport across
the vesicle membrane. Comparable processes do not occur
for peptide transmitters, the stores of which are replaced
only by the generation of new vesicles at the level of the
Golgi complex. The exocytosis of both synaptic and dense-
cored vesicles depends on increased intracellular calcium,
although at least in some cases, peptide release is associated
with higher frequency stimulation.
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Receptors

The targets of neuropeptide transmitters are characteris-
tically G protein–coupled receptors (GPCRs). These may be
postjunctional or prejunctional. There need not be a close
morphologic relationship between the release site and target
cell, and peptide transmitters are often considered to act over
greater distances than classical autonomic transmitters.
Stimulation of GPCRs activates heterotrimeric G proteins
that work through diverse patterns of second messengers,
including control of cyclic adenosine monophosphate, intra-
cellular Ca2+, protein kinase C, mitogen-activated protein
kinase, and phosphatidyl inositol-3-kinase cascades. Fami-

lies of GPCRs may exhibit differential selectivity for dif-
ferent related peptides. Naturally occurring and synthetic
nonpeptide ligands, both agonists and antagonists, have
been identified for a number of the peptide-regulated
GPCRs.

Degradation

After their secretion, peptide transmitters either diffuse
away from the target or are degraded to smaller peptides and
amino acids by proteases in the extracellular fluid. These
processes appear to be relatively slow so that peptide trans-
mitters act over longer periods than classical transmitters.
Some relevant peptidases have been characterized including
endopeptidase 24.11, which cleaves many small peptide
transmitters.

CHEMICAL CODING

Different patterns of expression of neuropeptide genes
frequently occur in neuronal populations utilizing the same
classical transmitter. These patterns, sometimes called
“chemical coding,” make it possible to identify subpopula-
tions of cells within the group as a whole [5]. Importantly,
changes in the pattern of expression of neuropeptide-
encoding genes may occur after nerve section, damage, or
inflammation, so that the neurochemical phenotype of a
neuron is not an unambiguous code [2].

OVERVIEW OF PEPTIDES IN THE AUTONOMIC
NERVOUS SYSTEM

The diversity in peptide distribution among species and
among autonomic neurons innervating similar structures can
be striking [6]. However, there are also good examples of
conserved expression and function (Table 20.1). Thus, 

FIGURE 20.1 Schematic representation of the events involved in pro-
duction of neuropeptide transmitters. Left, In the neuronal cell soma, the
steps of transcription, mRNA nuclear export, and mRNA translation at the
rough endoplasmic reticulum (ER) give rise to peptide transmitter precur-
sors (propeptides). The latter pass through the Golgi and are sequestered in
Golgi-derived large dense-cored vesicles (ldv) that pass along the nerve
axon to sites of release. Right, Neuropeptides are released from Golgi-
derived dense-cored vesicles (ldv) and act at G protein–coupled receptors
(GPCR), which may be either postjunctional or prejunctional. Small synap-
tic vesicles (ssv) may release classical autonomic transmitters at the same
sites.

TABLE 20.1 Common Autonomic Neuropeptide Transmitters

Peptide family Main members Receptors Representative action

VIP VIP, PHI, PACAP PAC1, VPAC1, VPAC2 Relaxation of smooth muscle, stimulation of intestinal secretion
Tachykinins SP, NKA NK-1, NK-2, NK-3 Vasodilation, contraction of gut smooth muscle
NPY NPY Y-1 to Y-6 Vasoconstriction, inhibition of noradrenaline release
Opioids Enk, dynorphin -m, -d, -k Prejunctional inhibition in ENS
Galanin Galanin GAL-1, GAL-2 Contraction of gut smooth muscle
Somatostatin Som SSTR1-3 Inhibition of epithelial cell function
CGRP CGRP CGRP Vasodilator
Cholecystokinin CCK CCK-1, CCK-2 Contraction of gallbladder, secretion of pancreatic enzymes

CCK, cholecystokinin; CGRP, calcitonin gene–related peptide; Enk, enkephalin; ENS, enteric nervous system; GAL, galanthamine hydrobromide; NK,
neurokinin; NKA, neurokinin A; NPY, neuropeptide Y; PACAP, pituitary adenylate cyclase activating peptide; PHI, peptide histidine isoleucine amide; SP,
substance P; VIP, vasoactive intestinal polypeptide.



postganglionic parasympathetic neurons serving a number
of visceral structures express VIP and PACAP, and these
peptides are thought to contribute to nerve-mediated secre-
tion (e.g., in pancreas) and to vasodilation. Similarly, post-
ganglionic sympathetic neurons supplying blood vessels
frequently express NPY, which is a vasoconstrictor and also
acts prejunctionally to inhibit noradrenaline release [6]. 
A particularly impressive array of neuropeptide-encoding
genes is expressed in the enteric nervous system, where
there are complex patterns of colocalization of different 
neuropeptides and classical transmitters [5]. Across a range
of mammalian species, the tachykinin substance P occurs in
enteric cholinergic neurons stimulating smooth muscle con-
traction, and VIP occurs in enteric neurons that also act
through NO and perhaps adenosine triphosphate to inhibit
smooth muscle. Finally, peptidergic transmitters, notably
substance P and calcitonin gene–related peptide, are well
recognized to be produced in afferent neurons and to
mediate some of the peripheral responses to stimulation of
these neurons [3, 7].
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Historically, the importance of the central nervous system
in the regulation of energy homeostasis derived from the
clinical observation of excessive subcutaneous fat in
patients with pituitary tumors. The role of the hypothalamus
in body energy storage was later established using discrete
lesions or surgical transection of neural pathways [1]. For
years, it was postulated that to control body fat stores, the
brain must receive afferent input in proportion to the current
level of body fat. The identification in 1994 of leptin [2], the
ob gene product, provided powerful support for the concept
of a feedback loop between the periphery and the brain for
energy homeostasis (Fig. 21.1). Leptin, a 167–amino acid
protein secreted by adipocytes, circulates in proportion to
the adipose tissue mass. This hormone relays a satiety signal
to the hypothalamus after entering the brain by a saturable-
specific transport mechanism. Leptin gene expression and
secretion are increased by overfeeding, a high-fat diet,
insulin, and glucocorticoids, and it is decreased by fasting
and sympathetic nerve activation.

The severe obesity and the hyperphagia caused by the
absence of leptin in rodents and humans make it clear that
this hormone is fundamental for the control of body weight
and food intake. Leptin promotes weight loss by reducing
appetite and by increasing energy expenditure through stim-
ulation of sympathetic nerve activity (see Fig. 21.1). The
effect of leptin on the sympathetic nervous system is an
important aspect in the regulation of energy homeostasis and
several other physiologic functions. Leptin also is involved
in regulation of glucose metabolism, sexual maturation and
reproduction, the hypothalamic-pituitary-adrenal system,
thyroid and growth hormone axes, angiogenesis and lipoly-
sis, hematopoiesis, immune or proinflammatory responses,
and bone remodeling [3]. It also appears to contribute in the
regulation of cardiovascular function and may be implicated
in the pathophysiology of obesity-associated hypertension
[4]. Leptin regulates most of these functions by its action in
the hypothalamus.

CENTRAL NEURAL ACTION OF LEPTIN

Leptin Receptor

The leptin receptor is a single transmembrane protein
belonging to the cytokine receptor superfamily. Because of
alternative splicing of the mRNA, at least six leptin recep-
tor isoforms have been identified (designated Ob-Ra to Ob-
Rf). Five isoforms (Ob-Ra to Ob-Rd and Ob-Rf) differ in
the length of their intracellular domain [5, 6], whereas Ob-
Re, which lacks the transmembrane domain, is a soluble
form of the receptor. The Ob-Rb form encodes the full recep-
tor, including the long intracellular domain, which contains
all the motifs necessary to stimulate the intracellular
machinery involved in leptin signaling. Leptin exerts its
effects through interaction with this Ob-Rb form of the
leptin receptor in specific classes of neurons. The Ob-Rb
isoform is expressed in several hypothalamic nuclei, includ-
ing the arcuate nucleus, ventromedial hypothalamus, par-
aventricular nucleus, and dorsomedial hypothalamus [5, 7].
The high levels of the short intracellular domain forms in
the choroid plexus may act to transport leptin across the
brain barrier [6].

INTRACELLULAR MECHANISMS 
OF LEPTIN SIGNALING

The leptin receptor signals through the Janus kinase/
signal transducer and activator of transcription (JAK/STAT)
pathway [5, 7]. On leptin stimulation, intracellular JAK pro-
teins are activated, which, in turn, activate by phosphoryla-
tion the cytoplasmic STAT proteins. Phosphorylated STAT
proteins translocate to the nucleus and stimulate transcrip-
tion of target genes (Fig. 21.2).

The leptin receptor has divergent signaling capacities as
its activation modulates the activity of different intracellu-
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INTERACTION OF LEPTIN AND NEUROPEPTIDES
IN THE HYPOTHALAMUS

After activation of leptin receptors in the central nervous
system, the signal is transduced by a series of integrated neu-
ronal pathways that regulate endocrine and autonomic func-
tion. Several hypothalamic neuropeptides, monoamines, and
other transmitter substances have emerged as candidate
mediators of leptin action in the brain. Two classes of
neurons account for leptin sensitivity in the brain: those 
activated (catabolic pathway, represented essentially by 
proopiomelanocortin neurons) and those inhibited (anabolic
pathway, represented principally by the neuropeptide Y
[NPY] neurons) (Fig. 21.3) [7].

Neuropeptide Y

NPY, a 36–amino acid peptide, is the most potent orexi-
genic (promote increased energy intake) peptide activated
by decreases in leptin [9]. In the hypothalamus, NPY is syn-
thesized by neurons of the arcuate nucleus and is secreted
from their terminals in the paraventricular nucleus and
lateral hypothalamus. Injection of NPY into the cerebral
ventricles or direct hypothalamic administration increases
food intake and promotes obesity [7]. Levels of NPY are
dramatically increased in the hypothalamus of leptin-
deficient mice. Moreover, leptin inhibits NPY gene expres-
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FIGURE 21.1 Role of leptin in the negative loop regulating body weight. Leptin is secreted by the adipocyte and cir-
culates in the blood in concentrations proportional to fat mass content. Action of leptin on its receptor present in the
hypothalamus inhibits food intake and increases energy expenditure through stimulation of sympathetic nerve activity
(SNA). This leads to decreased adipose tissue mass and body weight.

lar enzymes, including mitogen-activated protein kinase,
phosphoinositol 3 kinase, type 3 phosphodiesterase, insulin
receptor substrate protein, and protein kinase C. These dif-
ferent intracellular pathways might mediate some central
neural effects of leptin. For example, leptin-induced hyper-
polarization of subsets of hypothalamic neurons that occurs
within minutes of application is mediated by phosphoinosi-
tol 3 kinase (see Fig. 21.2) [7].

SITE OF LEPTIN ACTION IN THE BRAIN

The arcuate nucleus is considered as the major site of
transduction of the afferent input from circulating leptin into
a neuronal response [1, 7, 8]. This is supported by the
decrease in food intake induced by local injection of leptin
in this area, and the inability of central neural administra-
tion of leptin to affect food intake or sympathetic nerve
activity after the arcuate nucleus has been destroyed. Other
brain areas innervated by the arcuate nucleus neurons, such
as the paraventricular nucleus and lateral hypothalamus, are
considered downstream neurons of second order in the path-
ways regulating neuronal activity by leptin [1, 7].



88 Part II. Pharmacology

sion, and knockout of the NPY gene reduces the obesity and
other endocrine alterations resulting from chronic leptin
deficiency in ob/ob mice by about 50% [9].

Melanocortin System

There is strong evidence that many of leptin’s actions are
mediated by stimulation of the melanocortin system [9, 10].
The melanocortins are peptides that are processed from 
the polypeptide precursor proopiomelanocortin, which is
produced by neurons in the arcuate nucleus of the hypo-
thalamus and the nucleus of the tractus solitarius. 
Proopiomelanocortin neurons are known to express the
leptin receptor, and leptin binding leads to the secretion of
a-melanocyte–stimulating hormone, which in turn binds to
a number of a family of melanocortin receptors. Five
melanocortin receptors (MC-1R to MC-5R) have been iden-
tified. MC-3R and MC-4R are highly expressed in the
central nervous system [9]. The critical role for MC-4R in
energy balance was demonstrated by target disruption of the
MC-4R gene that induces hyperphagia and obesity in mice
[8, 9].

Antagonism of a central melanocortin receptor also is
important in the regulation of energy homeostasis [7–10].
This concept emerged with the discovery of production
within the hypothalamic neuron of a potent and selective
antagonist of MC-3R and MC-4R. This molecule known as
agouti-related peptide (AgRP) is expressed only in the
arcuate nucleus of the hypothalamus by the same neurons
that express NPY. The expression levels of AgRP are up-
regulated by fasting and by leptin deficiency.

Other Mediators

The complicated nature of leptin signaling pathways may
be suggested from the essentially normal phenotype of NPY
knockout mice [9], despite the potent stimulatory effects 
of NPY on food intake and body weight. This suggests that
there are complementary and/or overlapping effector
systems that compensate for the absence of NPY. Sub-
sequently, other candidate molecules that can mediate 
the effects of leptin have been identified (Table 21.1) 

FIGURE 21.3 Interaction of leptin with neuropeptide Y (NPY)/agouti-
related protein (AgRP)- and proopiomelanocortin (POMC)-containing
neurons in the hypothalamic arcuate nucleus. Increased action of leptin
inhibits the NPY/AgRP anabolic pathway and stimulates the POMC cata-
bolic pathway, leading to decrease in food intake and increase in sympa-
thetic nerve activity (SNA). MC3-R, melanocortin-3 receptor; MC4-R,
melanocortin-4 receptor; a-MSH, a-melanocyte–stimulating hormone.
(See Color Insert)

FIGURE 21.2 The long form of leptin receptor (Ob-Rb) and the intra-
cellular mechanisms involved in leptin signaling. Leptin modulate the 
transcription of target genes through the Janus kinase/signal transducer and
activator of transcription (JAK/STAT) pathway. Phosphoinositol 3 kinase
(PI3K) seems to mediate leptin-induced hyperpolarization of hypothalamic
neurons, and perhaps other actions of leptin.



[7, 10]. For example, leptin-dependent sympathetic activa-
tion to brown adipose tissue appears to be mediated by 
corticotrophin-releasing factor, because the sympathoexci-
tatory effect of leptin to this tissue was substantially inhib-
ited by pretreatment with the corticotrophin-releasing factor
receptor antagonist [4].

CONCLUSION

Energy balance is a highly regulated phenomenon, 
and the importance of the central nervous system in this 

regulation of energy homeostasis is well established. The
centers of regulation of food intake and body weight are
located in the hypothalamus. The discovery of leptin has
illuminated this field of neuroscience. This hormone consti-
tutes the signal from adipose tissue that acts in the hypo-
thalamus to complete the feedback loop that regulates
appetite and energy expenditure. The identification of the
leptin receptor and its site of action in the hypothalamus
have resulted in striking progress in dissecting the hypo-
thalamic circuitry that regulates energy homeostasis.
Despite the lack of many pieces of this puzzle, the network
of the hypothalamic pathways that control energy balance is
rapidly being defined.
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TABLE 21.1 List of Neuropeptide and Monoamine
Candidate Mediators in the Transduction of Leptin Action 

in the Central Nervous System

Catabolic molecules Anabolic molecules

Proopiomelanocortin and derived Neuropeptide Y
peptides

Corticotrophin releasing factor Agouti-related peptide
Cocaine-and amphetamine-regulated Melanin-concentrating hormone

transcript
Urocortin Hypocritin 1 and 2/Orexin A

and B
Neurotensin Galanin
IL-1b Noradrenaline
Glucagon-like peptide 1
Oxytocin
Neurotensin
Serotonin
Dopamine

Adapted from Schwartz, M. W., S. C. Woods, D. Porte, Jr., R. J. Seeley,
and D. G. Baskin. 2000. Central nervous system control of food intake.
Nature 404:661–671.



Nitric oxide (NO) is one of the most recent substances to
be proposed to act as a neurotransmitter in the autonomic
nervous system and is very different from the classical neu-
rotransmitters, noradrenaline and acetylcholine. NO is a free
radical and potentially very toxic. It passes freely through
membranes and, thus, cannot be stored in vesicles for release
during an action potential. In addition, it cannot act in a
stereospecific way on postjunctional receptors on the target
membrane to produce a response. Therefore, new pharma-
cological approaches have had to be developed to prove that
NO is a neurotransmitter. It is now known that NO does act
as a neurotransmitter wihin the autonomic nervous system,
particularly within the parasympathetic and enteric nervous
systems. It is synthesized by the neuronal isoform of nitric
oxide synthase (nNOS) in a highly regulated, Ca2+-depend-
ent, manner. NO relaxes smooth muscle by activating
soluble guanylate cyclase, which increases cGMP levels.
Nitrergic neurotransmission has been demonstrated in the
gastrointestinal, urogenital, and cardiovascular systems and
is particularly important in the control of penile erection and
of sphincteric regions in the gastrointestinal tract. Loss of
nitrergic neurotransmission has also been implicated in a
variety of pathological conditions.

SYNTHESIS OF NITRIC OXIDE

NO is synthesized by the enzyme nitric oxide synthase
(NOS), which can exist in three isoforms. The isoform
involved in nitrergic neurotransmission in the autonomic
nervous system is known as neuronal (nNOS) or type I NOS.
The other sources of NO are endothelial NOS in the
endothelium of blood vessels and inducible NOS, which is
produced as part of an immune response. nNOS is a highly
complex enzyme (Fig. 22.1A) that exists as a dimer, in
which each monomer consists of two enzymes in one. One
end, the reductase domain, produces electrons during the
conversion of reduced nicotinamide adenine dinucleotide
phosphate (NADPH) to NADP. The electrons are passed

along the enzyme by flavin cofactors until they reach the
oxygenase domain. An important region, the calmodulin-
binding region, links the two domains. In the oxygenase
domain there is a heme-binding site. In the presence of elec-
trons, heme and O2, l-arginine is converted to citrulline,
resulting in NO synthesis. At resting concentrations of Ca2+

within the nerve, nNOS is inactive [1].

MECHANISMS OF NITRERGIC
NEUROTRANSMISSION

The process of nitrergic neurotransmission is represented
schematically in Figure 22.1B, together with the pharmaco-
logic tools that have been used to demonstrate this process.
During an action potential, intracellular concentrations of
Ca2+ increase resulting in the binding of calmodulin to nNOS
and activation of the enzyme. Thus, in contrast with clas-
sical neurotransmitters, it is the synthesis rather than 
the release of the neurotransmitter that is coupled with 
the action potential. Nitrergic neurotransmission can be in-
hibited by Ca2+ chelators and calmodulin antagonists. 
Once activated, nNOS converts l-arginine to citrulline and
NO. The most important step in demonstrating nitrergic 
neurotransmission has been the development of l-arginine
analogs that can inhibit NO synthesis in a stereospecific
manner. Analogs such as NG-nitro-l-arginine methyl ester
(l-NAME) or NG-monomethyl-l-arginine (l-NMMA) can
inhibit nitrergic neurotransmission, whereas the d-analogs
are ineffective. In addition, the effects of such nNOS
inhibitors can be reversed by application of l-arginine but
not d-arginine.

NO cannot be stored but reaches the postjunctional target
by diffusion. Drugs have been developed that act as NO
donors (e.g., S-nitroso-N-acetyl-d,l-penicillamine), and
these have demonstrated that exogenous NO can mimic the
effects of nitrergic neurotransmission. The half-life of NO
is short, and there is no need for any specific mechanism to
inactivate it (unlike classical neurotransmitters). NO reacts
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with hemoglobin or other reactive species such as superox-
ide anions, both of which inhibit neurotransmission or the
response to NO donors, or both. There is still some contro-
versy as to whether NO comes out of the nerve as free NO
or as a thiol derivative that subsequently breaks down to NO
to produce a response in the target. Once NO enters the
postjunctional smooth muscle cell, it produces a response by
interacting with the enzyme soluble guanylate cyclase
(sGC); indeed, sGC has been described as the “intracellular
receptor” for NO. NO binds to the heme group on sGC,
resulting in the activation of the enzyme and production 
of increased levels of cyclic guanosine monophosphate
(cGMP), which causes relaxation of smooth muscle. Thus,
drugs that inhibit sGC can inhibit the response to stimula-
tion of nitrergic transmission and to NO donors, and cGMP
analogs can mimic the response. Drugs that inhibit the
breakdown of cGMP by phosphodiesterases can potentiate
nitrergic neurotransmission, and this forms the basis of clin-
ical therapy, such as Viagra in impotence. Once the physio-
logic stimulus of the action potential has ended, Ca2+ levels
in the nerve return to low resting levels and NO synthesis
stops. Thus, the amount of NO synthesized in autonomic
nerves does not reach toxic levels [1, 2].

NITRERGIC NEUROTRANSMISSION 
IN THE AUTONOMIC NERVOUS SYSTEM 

AND PATHOLOGIC IMPLICATIONS

NO, itself, is difficult to detect or measure. However, 
the capacity to synthesize NO can be readily demonstrated
in the autonomic nervous system either by immuno-
histochemical localization of nNOS or by NADPH dia-
phorase histochemistry, which uses the electrons produced
in the reductase domain of nNOS to convert nitroblue tetra-
zolium to a blue formazan product that can be visualized.
nNOS has been localized in both sympathetic and parasym-
pathetic preganglionic neurons; but, in postganglionic neu-
rones, it is largely restricted to the parasympathetic nervous
system, where it is commonly colocalized with vasoactive
intestinal polypeptide or acetylcholine. In addition, nNOS is
particularly prominent in the enteric nervous system, where
it is localized in the myenteric and submucosal plexuses [1,
3]. Functional studies have demonstrated nitrergic neuro-
transmission throughout the cardiovascular, urogenital, res-
piratory, and gastrointestinal systems (Table 22.1) [1, 3–6].
NO can function either to cause direct inhibition of smooth
muscle or as a neuromodulator by inhibiting excitatory
transmission. It is probable that NO also can regulate secre-
tion, but the precise mechanisms for this have yet to be
clearly defined.

NO was first discovered as an autonomic neurotransmit-
ter in the bovine retractor penis muscle, and NO is currently
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FIGURE 22.1 Schematic representation of (A) neuronal nitric oxide syn-
thase (nNOS) and (B) the processes involved in nitrergic neurotransmis-
sion. A, nNOS consists of a dimer with two identical subunits joined in a
head-to-head configuration. Each subunit has a reductase domain where
electrons (e-) are produced from the oxidation of reduced nicotinamide
adenine dinucleotide phosphate (NADPH) and transported by flavin
adenine dinucleotide (FAD) and flavin mononucleotide (FMN). Synthesis
of nitric oxide (NO) is carried out during the conversion of l-arginine to
citrulline in the presence of heme and O2 in the oxygenase domain. Tetrahy-
drobiopterin (BH4) plays several roles in catalysis including the promotion
of dimerization. When bound to Ca2+, calmodulin (CM) promotes the trans-
fer of electrons from one domain to the other and activates NO synthesis.
B, Nitrergic neurotransmission consists of six steps, each of which can be
influenced by different types of agents: (1) an action potential increases
Ca2+—inhibited by Ca2+ chelators; (2) Ca2+ binds to CM, which enables it
to bind to nNOS and activate the enzyme—inhibited by calmodulin antag-
onists; (3) l-arginine is converted to citrulline and NO—inhibited by l-
analogs of l-arginine that bind to nNOS but do not act as a substrate; (4)
NO diffuses out of the nerve into the target smooth muscle—hemoglobin
and reactive species such as superoxides react with NO preventing its
actions; (5) NO interacts with heme (H) on soluble guanylate cyclase (sGC)
activating the enzyme—sGC inhibitors inhibit effects of nitrergic neuro-
transmission; (6) increased cyclic guanosine monophosphate (cGMP)
levels lead to relaxation of smooth muscle—mimicked by cGMP ana-
logues, inhibited by phosphodiesterases, potentiated by phosphodiesterase
inhibitors.
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accepted as the major parasympathetic neurotransmitter
mediating penile erection. Decreased nitrergic neurotrans-
mission has been demonstrated in erectile tissue in diabetes
and has been implicated in the development of impotence
[4]. In the lower urinary tract, NO may contribute to relax-
ation of the urethra alongside other inhibitory neurotrans-
mitters [4, 5]. nNOS has been demonstrated in perivascular
nerves supplying many blood vessels. The most detailed evi-
dence for parasympathetic nitrergic vasodilation has been
found in cerebral vessels where NO and acetylcholine are
both released from the same nerves. In addition, acetyl-
choline may regulate NO synthesis by modulating Ca2+

influx into the nerves [6]. Thus, cotransmission and neuro-
modulation also form part of nitrergic mechanisms. NO 
synthesized in the enteric nervous system causes relaxation
throughout the gastrointestinal tract, but it may be of par-
ticular functional significance in sphincteric regions [1, 3].
A notable feature of knockout mice with targeted deletion
of nNOS is the presence of gross distension of the stomach,
which is similar to infantile pyloric stenosis, in which
reduced nitrergic neurotransmission has been found. Simi-

TABLE 22.1 Summary of Selected Regions Where There Is Functional Evidence from In Vitro
Pharmacological Studies that NO Acts as an Autonomic Neurotransmitter

Response to nitrergic Response to nitrergic 
Region neurotransmission in vitroa Region neurotransmission in vitroa

Cardiovascular System Respiratory Tract
Cerebral arteries Ø * acetylcholine modulates NO Trachea inhibition of cholinergic

synthesis excitation
Mesenteric artery Ø inhibition of sympathetic Airway smooth muscle Ø * inhibition of cholinergic

excitation excitation
Renal artery Ø inhibition of sympathetic Gastrointestinal Tract

excitation Oesophagus Ø *
Saphenous artery Ø Lower Oesophageal sphincter Ø *
Hepatic portal vein Ø Sphincter of oddi Ø
Uterine artery Ø * Stomach Ø *
Urinary Tract Pyloric sphincter Ø
Urethra Ø * Duodenum Ø inhibition of excitatory
External urethral sphincter Ø transmission
Bladder trigone Ø little evidence for transmission in Ileum Ø * tonic inhibition

detrusor Ileocolonic junction Ø *

Genital Tract Colon Ø * and rebound excitation?

Bovine retractor penis muscle Ø Internal anal sphincter Ø *

Corpus cavernosum Ø *
Prostate Ø * may also be involved in 

secretion
Uterus Ø * tonic inhibition

a Ø indicates that the response to nitrergic neurotransmission and/or to NO donors is relaxation of smooth muscle. * indicates that evidence has been
obtained from experiments on human tissue as well as other species.

larly, reduced nNOS activity or impaired nitrergic neuro-
transmission has been reported in achalasia and severe idio-
pathic constipation, disorders of the gastroesophageal
junction, and anal sphincter, respectively [1, 3].
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Serotonin (or 5-hydroxytryptamine [5-HT]) is a neuro-
transmitter and a circulating hormone. Serotoninergic
neurons in the brain synthesize and store serotonin at axon
terminals, where it is released and interacts with cell-surface
receptors on adjacent neurons. The action of serotonin is ter-
minated by reuptake into presynaptic terminal mediated by
the serotonin transporter or by metabolism by monoamine
oxidase. Of the 14 different receptor subtypes, most gener-
ate intracellular messengers by coupling to G proteins and
modulate, rather than mediate, fast neurotransmission. This
multitude of receptors explains the variety of actions of sero-
tonin in normal and abnormal states and provides ample
opportunity for drug development for treatment of brain 
diseases.

LOCALIZATION

Serotonin, or 5-HT, is a simple indoleamine (Fig. 23.1),
which was discovered more than five decades ago. Since
then, 5-HT has been shown to function as a neurotransmit-
ter in the central nervous system (CNS) and also as circu-
lating hormone [1]. The principal source of circulating 5-HT
is the intestinal enterochromaffin cells, where 5-HT is syn-
thesized, stored, and released into the bloodstream. 5-HT in
blood is concentrated in platelets by an active transport
mechanism. In the pineal gland, 5-HT is converted by a two-
step process to melatonin (5-methoxy-N-acetyltryptamine),
a hormone that regulates ovarian function and has been
implicated in the control of biologic rhythms. The brain 5-
HT–containing neurons are localized in raphe nuclei of the
brainstem, which project diffusely throughout the brain and
spinal cord.

SYNTHESIS AND METABOLISM

The pathway of synthesis is common throughout the
body. 5-HT is synthesized from tryptophan, an essential
amino acid obtained in the diet. 5-HT synthesis requires the
action of two synthetic enzymes, as illustrated.

Tryptophan hydroxylase, the rate-limiting enzyme, is not
saturated under normal conditions, rendering 5-HT levels
sensitive to changes in blood tryptophan. This translates into
the remarkable finding that brain levels of this neurotrans-
mitter can be regulated by the dietary intake of tryptophan.
Clinical studies of the role of 5-HT in behavior and drug
action often have used a tryptophan-free diet to decrease
brain 5-HT and, by inference, evaluate its role in a particu-
lar behavior or drug effect.

The principal metabolism of 5-HT is mediated by the
ubiquitous enzyme, MAO, to form an inactive product, 5-
HIAA. 5-HIAA is subsequently secreted in the cerebrospinal
fluid and urine. MAO is a family of mitochondrial enzymes
that metabolize all biogenic amines.

NEUROTRANSMISSION

In the CNS, the entire pathway of synthesis and metab-
olism exists at axon terminals; MAO is also highly
expressed in adjacent cells. The life cycle of 5-HT at the
synapse is illustrated in Figure 23.2. Both synthetic enzymes
are present in the presynaptic terminal. Newly synthesized
5-HT is accumulated in synaptic vesicles to protect it from
degradation by MAO. Uptake into vesicles is mediated by
the vesicular monoamine transporter (VMAT). Stored 5-HT
is released from synaptic vesicles by a complex series of

METABOLIC PATHWAY

1. monoamine oxidase (MAO)
5-HT

1
5-hydroxyindole acetic acid (5-HIAA)

SYNTHETIC

Tryptophan

 PATHWAY

2. 5-hydroxytrytophan decarboxylase—generates 5-HT
as end product

1 2
5-hydroxytryptophan 5-HT

1. tryptophan  hydroxylase—rate limiting.
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phosphorylation-dependent protein–protein interactions ini-
tiated by the influx of calcium. Once released, 5-HT is inac-
tivated by MAO in the synaptic cleft or its action is
terminated by reuptake into the presynaptic terminal by the
5-HT transporter (SERT). Once in the presynaptic terminal,
5-HT is either accumulated in synaptic vesicles through
VMAT or metabolized by MAO.

The two transporters in 5-HT nerve terminals, VMAT and
SERT, belong to different gene families and have markedly
different properties. SERT is a sodium-dependent carrier
that translocates 5-HT into the presynaptic nerve terminal.

VMAT is driven by a proton gradient; it is promiscuous,
present in 5-HT and catecholamine vesicles. SERT is
expressed exclusively in serotoninergic neurons in the CNS
and also is found in the enteric nervous system and in blood
platelets. Platelets are devoid of 5-HT synthetic enzymes;
transport into platelets by SERT is responsible for the high
level of 5-HT found in platelets.

RECEPTORS

5-HT in the synaptic cleft interacts with postsynaptic
receptors localized at the postsynaptic membrane or on the
presynaptic terminal. The 14 serotonin receptors were 
reclassified in 1994 [2] and are currently grouped into 7 fam-
ilies (Table 23.1). All but one are members of the superfam-
ily of G protein–coupled receptors (GPCRs), which are
predicted to span the plasma membrane seven times, with the
N-terminus on the outside of the cell and the C-terminus
intracellularly [3]. The intracellular loops and C-terminal tail
interact directly with G proteins (Fig. 23.3). As illustrated 
in Figure 23.2, most of the G protein–coupled 5-HT
receptors are localized on postsynaptic membranes and 
modulate neurotransmission through second messenger
pathways. In contrast, the 5-HT3 receptor is a multimeric 
5-HT–gated cation channel; it is primarily localized on pre-
synaptic terminals of nonserotoninergic neurons, where it
regulates the release of other neurotransmitters such as
acetylcholine.

GPCRs generate intracellular second messengers such as
cyclic adenosine monophosphate and calcium and stimulate
or inhibit various kinases and phosphatases, which, in turn,
regulate proteins by changes in their phosphorylation state
[4]. Therefore, these receptors act as neuromodulators, mod-
ulating other receptors and ion channels that mediate fast
neurotransmission. The 5-HT3 receptor is the only 5-HT
receptor that gates ions, hence, directly altering membrane
potential. The other 5-HT receptors indirectly modify the
membrane potential by regulating voltage-gated ion chan-
nels (such as Ca2+ or K+ channels) or ligand-gated ion chan-
nels (such as glutamate receptors). For example, presynaptic
5-HT1B receptors inhibit N-type calcium channels through G
protein, thereby decreasing 5-HT release. This receptor and
other G protein–coupled 5-HT receptors are expressed on
the presynaptic terminals of other neurotransmitter releasing
neurons; these so called heteroreceptors inhibit or potenti-
ate neurotransmitter release at these synapses. Thus, the pos-
sibilities of neurotransmitter crosstalk are numerous and
widespread.

PHARMACOLOGY AND ROLE IN DISEASE

The large number of receptors translates into a complex
pharmacology and a myriad of targets for drug development.

FIGURE 23.1 The chemical structure of serotonin (5-hydroxytryptamine
[5-HT]).
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FIGURE 23.2 Schematic of serotonin (5-hydroxytryptamine [5-HT])
nerve terminal. Newly synthesized 5-HT is stored in synaptic vesicles to
avoid metabolism to 5-hydroxyindole acetic acid (5-HIAA) by mitochon-
drial monoamine oxidase (MAO). Released 5-HT interacts with receptors
on the postsynaptic membrane or on autoreceptors presynaptically. The
principal mechanism of inactivation is reuptake into presynaptic terminal
by the 5-HT transporter.



Specific drugs do exist, but they are rare. The drugs listed
in Table 23.1 are at least 50-fold more potent at their primary
target, which translates into reasonable specificity in vivo.
(For more information about pharmacologic properties,
access the extensive database at http://pdsp.cwru.edu/
pdsp.htm.) Serotonin plays a role in a myriad of behaviors
[5]. Recent advances in genetically modified mice have
advanced our understanding of the role of specific receptors
in behaviors and drug actions [6].

The clinically available drugs that target 5-HT neuro-
transmission (Table 23.2) have a range of disease targets and
varying degrees of specificity. Citalopram, for example, is a
highly specific inhibitor of 5-HT transporter with three
orders of magnitude lesser affinity for secondary targets 
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TABLE 23.1 Serotonin Receptor Subtypes and Pharmacology

Recept or Family Subtype Transduction pathway Pharmacology: agonist Pharmacology: antagonist

5-HT1 5-HT1A 8-OH-DPAT WAY100635

5-HT1B Anpirtoline SB 224289

5-HT1D PNU-142633 BRL15572

5-HT1E LY344864

5-HT1F

5-HT2 5-HT2A DOI MDL100907

5-HT2B DOI LY 266097

5-HT2C DOI SB 221284

5-HT3 Ligand-gated ion channel m-CPBG Ondansetron

5-HT4 Activation of adenylate cyclase (Gas) Cisapride SB 203186

5-HT5 5-HT5A Inhibition of adenylate cyclase (Gai/o)

5-HT5B

5-HT6 Activation of adenylate cyclase (Gas) SB 271046

5-HT7 Activation of adenylate cyclase (Gas) 8-OH-DPAT SB 258741

5-HT, 5-hydroxytryptamine; CNS, central nervous system; MAO, monoamine oxidase; 5-HTAA, 5-hydroxyindole acetic acid; VMAT, vesicular
monoamine transporter; SERT, serotonin transporter; GPCR, G protein–coupled receptor.

Inhibition of
Adenylate Cyclase

(Gai/o)

Activation of
Phospholipase Cb

(Gaq)

TABLE 23.2 Clinically Available 5-Hydroxytryptamine Drugs

Target Action Clinical use Examples

MAO Antagonist Major depressive illness Tranylcypromine
5-HT transporter Antagonist Major depressive illness, panic attacks Fluoxetine, citalopram
5-HT1A receptor Agonist (partial) Anxiety Buspirone
5-HT1D receptor Agonist Migraine Sumatriptan
5-HT2 receptor Antagonist Migraine Methysergide
5-HT2A receptor Antagonist Schizophrenia Clozapine, risperidone
5-HT3 receptor Antagonist Chemotherapy-induced nausea Ondansetron
5-HT4 receptor Agonist Gastroesophageal reflux disease Cisapride

5-HT, 5-hydroxytryptamine; MAO, monoamine oxidase.
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FIGURE 23.3 Serotonin (5-hydroxytryptamine [5-HT]) receptors couple
to multiple G proteins. G proteins are classified on the basis of their a sub-
units. 5-HT receptors have been definitively shown to couple to four dif-
ferent families of G proteins. (See Color Insert)
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(catecholamine transporters). Conversely, tranylcypromine
blocks the degradation of serotonin, dopamine, and norepi-
nephrine equally well. One of the most exciting areas of
current research deals with genetic variations in 5-HT recep-
tor and transporter genes and their association with human
diseases, such as schizophrenia and major depressive illness.
Research has focused on more common genetic alterations
referred to as single-nucleotide polymorphisms (SNPs) and,
although inconsistent, the early results suggest that SNPs in
serotonin-related genes may be associated with disease
symptoms and drug response [7].
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Chemical signaling at central and peripheral noradrener-
gic synapses is terminated through reuptake of released nor-
epinephrine (NE) [1]. The protein executing this activity, the
antidepressant-sensitive NE transporter (NET), has been
cloned from multiple species, including humans [2]. The
human NET (hNET) gene encodes a 617–amino acid poly-
peptide believed to span the plasma membrane 12 times with
intracellular NH2 and COOH termini (Fig. 24.1). Expression
of the original hNET isolate confers antidepressant-sensitive
NET on non-neuronal cells [2]. During biosynthesis, hNET
protein is N-glycosylated at sites on a large extracellular
loop situated between transmembrane domains (TMDs) 3
and 4, and the protein is subsequently trafficked to the
plasma membrane [3]. Although hNET glycosylation is not
known to be regulated, this modification enhances catalytic
function and protein stability [4]. Once inserted in the
plasma membrane, hNET is exposed to the transmembrane
sodium gradient that the transporter uses to catalyze NE
uptake. Extracellular chloride also facilitates uptake of NE
and intracellular potassium may offer further stimulation,
although evidence that potassium is countertransported is
lacking. In addition, hNET supports NE-gated channel states
that may allow NE to translocate hNET at high rates when
synaptic concentrations are increased [5]. To take advantage
of this possibility, NETs would need to be enriched at synap-
tic sites. Studies with NET-specific antibodies revealed a
marked enrichment at varicosities [6, 7] consistent with this
possibility.

Additional hNET splice variants have been identified at
the mRNA level, predicting additional NET species with
altered COOH termini [8]. Whereas related, though not
identical, mRNA variants have been identified in rat brain
[9] and bovine adrenal [10], evidence of splice variant
protein expression currently is lacking. Recent heterologous
expression studies incorporating these variants reveal sig-
nificantly disrupted maturation and surface trafficking [11],
raising doubt as to their functional relevance, at least as
monomers. In this regard, although a single hNET cDNA
can confer NE transport activity, multiple hNET proteins

may assemble together as an oligomeric complex. Indeed,
dimer or higher order complexes have been documented for
the closely related dopamine transporter (DAT) [12] and
serotonin transporter (SERT) [13] and their presence for
hNET would offer an explanation for genetic NET defi-
ciency exhibited by subjects with only a single mutant hNET
gene [14]. Mouse models of genetic NET deficiency are cur-
rently available and support a contribution of transporter
expression to presynaptic NE homeostasis, extracellular NE
clearance, and psychostimulant action [15].

Studies conducted over the past few years have revealed
that NET and related transporters are subject to rapid regula-
tion including changes in transporter surface expression and
intrinsic catalytic activity [16–19]. This regulatory potential
is believed to involve both transporter phosphorylation and
the regulated associations of accessory proteins. Thus, NETs
have been found to complex with the catalytic subunit of
protein phosphatase 2A (PP2Ac) [16], the SNARE protein
syntaxin 1A [7], and the scaffolding protein PICK1 [20]. The
NH2 terminus of hNET supports syntaxin 1A associations,
whereas the transporter’s COOH terminal PDZ domain is
required for PICK1 binding. Protein kinase C activators
disrupt syntaxin and PP2Ac associations, stimulation that
also leads to NET internalization. PP2Ac also appears to be
required for alterations in hNET catalytic activity triggered
by insulin and mitogen-activated protein kinase–linked
pathways [18]. Possibly, trafficking and catalytic function
are coregulated through kinase-dependent mechanisms.
Although these are early days in molecular studies of NET
regulation, it is already clear that NE clearance capacity is
likely to involve multiple regulatory proteins that localize,
stabilize, and activate NETs (Fig. 24.2). They may also influ-
ence the tendency of NETs to support catecholamine efflux
when ion gradients are perturbed because they can be in
ischemic insults. Finally, successful assimilation of these
proteins into a regulatory model of NE inactivation should
offer new opportunities to manipulate NET in cardiovascu-
lar and mental disorders, including depression, in which
altered noradrenergic signaling has been recognized.
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ambiguus, among others, help to integrate input from vis-
ceral afferents before directing them toward sympathetic and
vagal autonomic motor fibers that distribute outflow to car-
diovascular effector organs. This reflex arc forms the
pathway for visceral reflexes concerned with regulation of
the cardiovascular system.

AFFERENT STIMULI

Visceral afferent fibers responsive to mechanical stimuli
can be classified as either high or low threshold, with the
high-threshold endings serving as nociceptors [2, 3]. Low-
threshold mechanosensitive receptors respond to changes in
stress or strain and provide information relevant to digestion
(gut) or cardiac filling or function (cardiac venoatrial, atrial,
and ventricular). For example, cardiac atrial receptors,
located mainly in the venoatrial junctions, that are inner-
vated by myelinated afferents that course through the vagus
trunk, respond to changes in balloon distension involving
modest changes in volume but high tensions [4]. Many ven-
tricular mechanosensitive C-fibers appear to respond to
changes in end-diastolic volume (i.e., stretch) rather than
systolic pressure (i.e., compression) [4]. The differences in
responsiveness likely are related to the location of the
endings of these afferents. Sensory nerves that respond to
changes in stress or strain in the gastrointestinal tract largely
course through the vagus nerves and appear to be concerned
with transmission of information related to digestion rather
than cardiovascular function.

Many of the high-threshold mechanosensitive endings
also respond to chemical events and, hence, are at least
bimodal in their sensitivity. A number of chemical stimuli
activate these endings, depending on the organ in which they
are situated and the condition imposed [5]. For example,
ischemia causes the production and release of a number of
chemical mediators, including protons, kinins, serotonin,
histamine, cyclooxygenase and lipoxygenase products, reac-
tive oxygen species, such as hydroxyl radicals, among other
species (Fig. 25.1). Each mediator either primarily stimu-
lates these high-threshold afferent endings or sensitizes them
to the action of other chemical mediators. Other chemical

Visceral afferents subserve an important warning 
mechanism: alerting the organism to both physiologic and 
pathophysiologic changes in the local environment. Physio-
logically, visceral afferents provide information about the
function of abdominal and thoracic organ systems, includ-
ing visceral organs of digestion and excretion, and the lungs
and heart, allowing for reflex responses that typically aid in
the normal function of these systems. Pathophysiologically,
these sensory nerves provide a warning system—for
example, to alert the organism to the presence of injury or
conditions that can lead to injury. Thus, they assist both in
normal function and to maintain homeostasis. The reflex arc
includes the afferent or sensory limb, central neural inte-
gration, and efferent motor system innervating effector
organs. This chapter focuses on afferent fibers present in the
vagus and sympathetic (spinal) pathways that respond to
mechanical and chemical alterations in the environment, and
the resulting reflex responses highlighting the condition of
ischemia. Ischemia is relevant to all visceral organs because
it can lead to irreversible cell death and dysfunction and,
hence, constitutes an important condition associated with
cardiovascular disease. Stimulation of visceral sensory
nerves leads to important cardiovascular reflex responses
mediated by the autonomic nervous and humoral systems.

ANATOMIC FRAMEWORK

Finely myelinated and unmyelinated afferent pathways,
including Ab, Ad, and C fibers, innervating either unspe-
cialized dense, diffuse, or bare nerve endings, form the affer-
ent pathway of visceral cardiovascular reflexes (Table 25.1)
[1]. The nerve endings typically are located within the inter-
stitial space and respond to mechanical or chemical events,
or both. Afferents ascend to the central nervous system
(CNS) through either the vagus or sympathetic (spinal, e.g.,
spinothalamic and spinoreticular) pathways. A number of
nuclei in the thalamus, hypothalamus, midbrain, and
medulla, including the nucleus tractus solitarii, caudal and
rostral ventral lateral medulla, parabrachial nucleus, para-
ventricular nucleus periaqueductal gray, lateral tegmental
field, dorsal motor nucleus of the vagus, and nucleus
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changes occurring with ischemia, which are associated with
activation of central and peripheral chemoreceptors, such 
as hypoxia and hypercapnia, are not important stimuli of
chemosensitive abdominal or thoracic (cardiac) visceral
sensory nerve endings. This differential sensitivity has led
to use of the term chemosensitive visceral receptors to dis-
tinguish them from the arterial chemoreceptors.

The sources of many of these mediators are the parenchy-
mal cells of the organ (e.g., cardiac myocytes) [6]. Also, cir-
culating precursors or enzymes that initiate cascades leading
to the production of mediators, such as kinins, which form
an important source together with blood elements, such 
as platelets, have been shown to play a critical role in the
production and release of mediators during ischemia and

TABLE 25.1 Classification of Afferent Fibers from Abdominal Viscera

Cross-sectional Conduction
diameter velocity

Fiber type (mm) (m/sec) Terminal ending Effective stimulus

Ab (myelinated) 6–12 20–84 Pacinian corpuscle Vibration
Ad (finely myelinated) 2–6 3–30 Unknown, bare nerve endings Vibration, pulse pressure, contraction, distension,

chemicals, noxious stimuli
C (unmyelinated) 0.3–1.5 0.3–2.5 Unknown, bare nerve endings Strong mechanical stimuli, chemicals, noxious stimuli

FIGURE 25.1 Chemical pathways involved in activation of visceral afferents during ischemia and reperfusion. Cap-
illary, lymphatic, prototypic parenchymal cell, and two afferent (C-fibers) nerve endings are shown. Ischemia and reper-
fusion activate pathways that lead to changes in Pco2; protons (H+); histamine; arachidonic acid cleavage products
through 5, and 15 lipoxygenase pathways including leukotriene B4 (LTB4) and 8R, 15S-dihydroxyicosa (5E-9,11,13Z)
tetraenoic acid (8R, 15S-diHETE), respectively; and cyclooxygenase (COX) pathway products, including thromboxane
A2 (TxA2), and prostaglandins I2 and E2 (PGI2, PGE2); 5-hydroxytryptamine (5-HT), or serotonin; bradykinin (BK) and
reactive oxygen species, including superoxide (O2•̄) and hydroxyl radicals (COH) and hydrogen peroxide (H2O2). 5-
HTP, 5-hydroxytryptamine; CA, carbonic anhydrase; ECT, electron transport chain in the mitochondria; Fe2+, ferrous
iron; HCO3G, bicarbonate; KC, Krebs cycle; LA, lactic acid; O2, oxygen; PLA2, phospholipase A2; PLC, phospholipase
C. (Modified with permission from Longhurst J. C. 1995. Chemosensitive abdominal visceral afferents. In Proceedings:
Visceral pain symposium, ed. G. F. Gebhard, 99–132. Seattle: IASP Press.)



reperfusion. Platelets aggregate at the site of injury of arte-
rial endothelium after rupture of an atherosclerotic plaque
or after occlusion of a coronary artery. Activated platelets
release serotonin, histamine, and thromboxane A2, each of
which independently or in combination may activate cardiac
sympathetic afferent endings (Fig. 25.2).

Some mediators, like adenosine, remain controversial
with regard to their role in stimulating afferent endings
during ischemia [4]. Some reports, consisting mainly of
reflex studies in larger species, such as the dog, suggest that
adenosine mediates autonomic reflexes that influence renal
function. Other studies, such as in the cat, suggest that
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adenosine is ineffective in stimulating ischemically sensitive
afferents, either during ischemia or when administered in
large (pharmacologic) concentrations in the absence of
ischemia.

AUTONOMIC REFLEX RESPONSES TO VISCERAL
AFFERENT ACTIVATION

Cardiovascular reflex responses evoked by stimulation of
visceral afferents can be divided broadly into two types:
those that consist of cardiovascular inhibition and those that
lead to reflex excitation (Fig. 25.3). For the most part, stim-
ulation of vagal afferents, whose pathways travel with
parasympathetic nerves, causes reflex inhibition, including
decreased heart rate, blood pressure, and myocardial con-

tractility, as a result of withdrawal of sympathetic neural
tone to the heart and blood vessels. Conversely, stimulation
of sympathetic afferents that travel centrally through sym-
pathetic nerves and spinal pathways leads to reflex cardio-
vascular excitation, including increases in heart rate, blood
pressure, and myocardial performance, caused mainly by
increased sympathetic efferent activity and, to a small
extent, withdrawal of parasympathetic tone to the heart. Car-
diovascular reflex responses originating from the heart
consist of either reflex inhibitory or excitatory responses, or,
more often, a combination of the two. For example, stimu-
lation of the posterior–inferior and inner regions of the wall
of the left ventricle, either in animal preparations or during
myocardial ischemia in patients, results in reflex brady-
arrhythmias and hypotension. Conversely, stimulation of the
anterior and superficial regions of the wall of the left ven-
tricle leads to reflex tachyarrhythmias and hypertensive
responses. Frequently, however, both vagal and sympathetic
afferent pathways are stimulated concomitantly, and the
resulting reflex reflects a mixed response often consisting of
a small increase (and less commonly a small decrease) in
blood pressure (see Fig. 25.3) as a result of a neural occlu-
sive response occurring in the CNS, in regions that include
the nucleus tractus solitarii [7].

Although stimulation of cardiac afferents can lead to
reflex cardiovascular depression or excitation, stimulation of
abdominal visceral afferents more commonly leads to reflex
stimulation because spinal pathways from this region pre-
dominate. Thus, stimulation of chemosensitive, mechano-
sensitive, and polymodal receptors in the mesenteric region
and a number of abdominal organs activate spinal pathways
that result in increased heart rate, myocardial contractility,
and arteriolar constriction in several regional circulations,
including the coronary system [1, 5]. Vagal afferent path-
ways from the abdominal region appear to reflexly regulate
digestive organ function rather than the cardiovascular
system.

In addition to cardiovascular regulation, stimulation of
visceral afferents can cause a number of other important
reflex events. For example, stimulation of cardiac vagal
afferents during myocardial ischemia can lead to relaxation
of the stomach, the antecedent of nausea and vomiting that
frequently accompanies inferior myocardial infarctions 
[4, 6]. Stimulation of sympathetic afferents in the heart or
abdominal region frequently leads to pain. Hence, many of
the high-threshold visceral sympathetic afferents function as
nociceptors [3].

PATHOLOGIC ALTERATIONS 
OF VISCERAL AFFERENTS

In addition to ischemia, there are a number of conditions
that activate visceral afferents. For example, inflammatory
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states typically lead to the production of a number of chem-
ical (and sometimes mechanical) changes, including
increases in kinins, activation of the cyclooxygenase and
lipoxygenase systems, and enhanced formation of reactive
oxygen species. Interestingly, some chemical mediators
appear to act as primary stimuli, whereas others either sen-
sitize (e.g., prostaglandin E2; Fig. 25.4) or modulate (e.g.,
leukotriene B4) the sensory nerve endings to the action of
the primary stimulus. Other clinical conditions, like hyper-
tension or heart failure, modify the responsiveness of nerve
endings in the atria or ventricles. Hypertension may do this
by altering the mechanical substrate in which the endings
are located. Heart failure may do this by altering the sensi-
tivity of the nerve ending to mechanical or chemical events.
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Skeletal muscle afferents, when stimulated by exercise,
cause important reflex autonomic responses. In particular,
stimulation of these afferents evokes reflex increases in 
sympathetic activity, decreases in parasympathetic activity,
and increases in a-motoneuronal discharge to respiratory
muscles. These reflex increases in autonomic and a-
motoneuron discharge cause cardioacceleration, vasocon-
striction, airway dilation, and increases in cardiac
contractility and minute volume of ventilation [1]. The con-
stellation of cardiovascular and respiratory responses
evoked by the stimulation of skeletal muscle afferents has
been termed the exercise pressor reflex [2].

The obvious purpose of the exercise pressor reflex is to
deliver oxygenated blood to metabolically active tissues
(i.e., the exercising muscles) and to remove carbon dioxide
and hydrogen ions from these tissues. In addition, the exer-
cise pressor reflex contributes significantly to the increase in
cardiac output evoked by dynamic exercise. Furthermore,
the reflex increases sympathetic discharge to the vascular
beds of dynamically exercising muscles [3], an effect that
partly counters the increase in vascular conductance, which,
in turn, is caused by the increase in muscle metabolism. The
exercise pressor reflex also plays an important role during
static exercise. Specifically, it functions to increase the per-
fusion pressure of working muscles whose arterioles are
mechanically constricted by the increases in intramuscular
pressure that arise during sustained contraction.

Skeletal muscle is innervated by five types of afferents.
The first afferent is the primary muscle spindle (group Ia),
whose afferent fiber is thickly myelinated; in cats, it con-
ducts impulses between 72 and 120 meters per second [4].
The primary muscle spindle is stimulated by stretch and is
inhibited by shortening, such as that which occurs during
muscle twitch. The second type is the Golgi tendon organ
(group Ib), whose afferent fiber also is thickly myelinated;
in cats, it also conducts impulses between 72 and 120 meters
per second [4]. The Golgi tendon organ responds vigorously
to muscle shortening and weakly to stretching. The third
type is the secondary muscle spindle (group II), whose 

afferent fiber is myelinated and, in cats, conducts impulses
between 31 and 71 meters per second [4]. The discharge
properties of secondary muscle spindles are similar to those
of primary spindles, except that secondary spindles do not
display dynamic sensitivity to muscle stretch, whereas
primary spindles do. The fourth type is the group III (Ad)
afferent, which has a free ending and whose afferent fiber is
thinly myelinated, conducting impulses, in cats, between 2.5
and 30 meters per second [1]. Group III endings are fre-
quently found in connective tissue (i.e., collagen), such as
that found near the junction of skeletal muscle and tendon
[5]. The fifth type is the group IV (C) afferent, which also
has a free ending, but whose afferent fiber is unmyelinated,
conducting impulses in cats at less than 2.5 meters per
second [1]. Group IV endings are frequently found in the
walls of small vessels, including arterioles, venules, and
lymphatics [5].

The afferent limb of the exercise pressor reflex is com-
posed of group III and IV afferents (Fig. 26.1), which
together are called thin fiber afferents. Groups Ia, Ib, and II
play no role in evoking this reflex [1, 6]. Consequently, the
remainder of this chapter focuses solely on the discharge
properties of group III and IV muscle afferents. Particular
attention will be paid to the mechanical and metabolic
stimuli that cause these thin fiber afferents to discharge
during muscular contraction.

In general, group III muscle afferents display a greater
sensitivity to mechanical stimuli than do group IV muscle
afferents. For example, most group III afferents respond to
muscle stretch, a pure mechanical stimulus, whereas most
group IV afferents do not [1]. Likewise, most group III
afferents respond to non-noxious and often gentle probing
of their receptive fields, whereas most group IV afferents do
not. Group IV afferents usually require vigorous and often
noxious squeezing of the muscle to discharge them [1]. In
addition, many group III afferents respond to static contrac-
tion by discharging a burst of impulses with a latency of less
than 1 second, whereas some group IV afferents may
respond to static contraction by discharging an impulse or
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FIGURE 26.1 The exercise pressor reflex is evoked by the stimulation of thinly myelinated (group III) and unmyeli-
nated (group IV) muscle afferents. Each panel shows tidal volume, arterial pressure, and dorsal root compound poten-
tials. Top, Static contraction (signaled by the bracket) before topical application of lidocaine to the L7-S1 dorsal roots.
Middle, Static contraction 3.5 minutes after application of lidocaine. Note that static contraction had no effect on arte-
rial pressure or ventilation, yet the A wave of the compound action potential was, for the most part, unaffected by the
blockade. Bottom, Static contraction after the lidocaine was washed from the spinal cord. Note the restoration of the
pressor and ventilatory responses to contraction. (From McCloskey, D. I., and J. H. Mitchell. 1972. Reflex cardiovas-
cular and respiratory responses originating in exercising muscle. J. Physiol. 224:173–186.)

two with a latency of about 2 or 3 seconds, but the great
majority of their response comes after the muscle has been
contracting for at least 5 seconds. Finally, group III affer-
ents synchronize their discharge in response to repetitive
twitch contraction, whereas group IV afferents do not [1].

Both groups III and IV afferents respond to exogenous
chemical stimuli injected into the arterial supply of skeletal
muscle [1]. These chemical stimuli include lactic acid,
prostaglandins, bradykinin, and potassium [1]. The finding
that group III afferents respond to both mechanical and
chemical stimuli has led some investigators to classify them
as polymodal. Nevertheless, a significantly greater percent-
age of group IV afferents respond more to contraction when
the arterial supply to the working muscles is occluded than
when it is not occluded (i.e., the working muscles are freely
perfused) [1]. These findings have led to the conclusion that
group IV afferents respond to metabolic stimuli arising in an
exercising muscle and that these C-fiber afferents signal the
central nervous system that muscle blood flow is not ade-
quate to its metabolic needs.

Exercise physiologists often perceived the exercise
pressor reflex as a mechanism that attempts to correct a 
mismatch between blood supply and demand in exercis-
ing muscles. Consequently, they paid little attention to
mechanoreceptor (i.e., group III afferents) contributions to
this reflex. Recently, however, blockade of mechanorecep-
tor channels in muscle with gadolinium has shown that the
pressor component of the exercise pressor reflex was
reduced by more than half [7] in decerebrate cats (Fig. 26.2).
This finding raised the possibility that group III afferents
play an important role in evoking the reflex.

Finally, although thin fiber muscle afferents were known
to respond to static (i.e., tetanic) contraction, their response
to a true form of exercise remained in doubt. This concern
was eliminated when both group III and IV afferents were
found to respond to dynamic exercise induced by stimula-
tion of the mesencephalic locomotor region in decerebrate
cats (Figs. 26.3 and 26.4) [8–10]. Moreover, these thin fiber
afferents responded to dynamic exercise at a relatively low
level of oxygen consumption (25% of maximal).
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FIGURE 26.2 Time course of pressor, cardioaccelerator, and ventilatory responses to static contraction (left) and
tendon stretch (right) before (filled circle) and 60 minutes after (open circle) gadolinium injection into the femoral artery
(n = 7). Circles represent means, and brackets represent ± SE. Circles at time zero represent baseline (i.e., before the
maneuver). First circle after time zero represents the mean 2 seconds after either contraction or tendon stretch started,
and every circle afterward represents the mean at 5-second intervals starting from time zero. Time period when the
muscle were contracted or stretched is represented by the filled horizontal bar. During contraction and stretch, all means
for change in mean arterial pressure (DMAP) and change in heart rate (DHR) before gadolinium injection were signi-
ficantly greater (P < 0.05) than their corresponding means 60 minutes after gadolinium injection. Also, during contrac-
tion, means for the change in minute volume of inspiratory ventilation (DVI) at 2, 5, 10, and 15 seconds before gadolinium
were significantly greater (P < 0.05) than corresponding means 60 minutes after gadolinium injection. During stretch,
however, only the mean DVI value at 5 seconds before gadolinium was significantly greater (P < 0.05) than its corre-
sponding mean 60 minutes later. (From Hayes, S. G., and M. P. Kaufman. (2001). Gadolinium attenuates exercise pressor
reflex in cats. Am. J. Physiol. 280:H2153–H2161.)
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FIGURE 26.4 Original trace of two group IV afferents (unmarked action potentials [APs] have a conduction veloc-
ity [CV] = 2.4m/sec; AP with • have a CV = 1.7m/sec) with femoral artery freely perfused (A and B) and with femoral
artery occluded (C and D). Afferent with unmarked AP responded to exercise whether femoral artery was occluded or
was freely perfused. Afferent with AP marked by (•) did not discharge when femoral artery was freely perfused but did
discharge during rest and exercise when femoral artery was occluded. (From Adreani, C. M., and M. P. Kaufman. 1998.
Effect of arterial occlusion on responses of group III and IV afferents to dynamic exercise. J. Appl. Physiol.
84:1827–1833.)

FIGURE 26.3 Response of group III afferent (conduction velocity = 20.3m/sec) to dynamic exercise of left triceps
surae muscles induced by stimulation of the mesencephalic locomotor region (MLR). A, Before stimulation of MLR.
Traces from top to bottom are electromyograph (EMG) from right gastrocnemius muscle, tension from left triceps surae
muscles, and action potentials (APs) before stimulation of MLR. Note that group III afferent was silent while cat was
at rest. B, Response of group III afferent to dynamic exercise. Note that group III afferent discharged in synchrony with
contractions of triceps surae muscles. (From Adreani, C. M., J. M. Hill, and M. P. Kaufman. 1997. Responses of group
III and IV muscle afferents to dynamic exercise. J. Appl. Physiol. 86:1811–1817.)
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SYMPATHETIC RHYTHM

The term “sympathetic rhythm” describes the moment to
moment waxing and waning in amplitude (signal strength)
of population activity recorded from whole sympathetic
nerves that contain thousands of fibers. Such rhythms are
commonly observed in the discharges of preganglionic and
postganglionic nerves regulating heart and blood vessels.
Rhythm is frequently only an emergent property of popula-
tion activity; that is, the discharges of single neurons
sampled from the population may not necessarily demon-
strate rhythmicity, however, the tendency for subpopulations
of neurons to discharge action potentials almost coinciden-
tally but intermittently gives rise to rhythmicity in aggregate
activity. Although Adrian and colleagues described rhythmic
activity in the first published recordings of mammalian sym-
pathetic nerves (1932), underlying mechanism(s) and pos-
sible functional significance are still uncertain [1–4].

CARDIAC- AND RESPIRATORY-RELATED
RHYTHMS

The most common sympathetic rhythms are cardiac-
(pulse-) and respiratory-related. With regard to respiratory
rhythm, two components can be distinguished: one associ-
ated with central respiratory activity and another dependent
on afferent activity related to pulmonary ventilation (e.g.,
from pulmonary stretch receptors and baroreceptors) [5, 6].

MECHANISMS UNDERLYING RHYTHMS

Two major hypotheses have been proposed to account for
the appearance of cardiac- and respiratory-related rhythms
in sympathetic discharges.

Phasic Inputs Generate Rhythms

The classic view holds that these rhythms are imposed 
on sympathetic discharge by “external” inputs. In the case
of the cardiac-related rhythm, an increase in baroreceptor

discharge during systole is considered to inhibit tonic exci-
tatory drive to sympathetic nerves, thereby giving rise to
waxing and waning of sympathetic discharges [4]. A similar
mechanism is proposed for rhythms related to pulmonary
ventilation cycles where activation of lung stretch and
baroreceptors afferents, for example, may cause periodic
inhibition of activity (independent of the central respiratory
rhythm-generating network) [5, 6]. Concerning central 
respiratory-related rhythms, it is suggested that elements
within the central respiratory network provide excitatory or
inhibitory inputs, or both, to central networks providing
tonic drive to sympathetic nerves [5, 6]. In addition, Richter
and colleagues [7] have argued for the existence of a
common cardiorespiratory network.

Entrainment of Rhythms

The observation of a non–respiratory-related and
non–cardiac-related sympathetic rhythm (“10-Hz” rhythm:
Green and Heffron, 1967; see 1, 4) provided the first indi-
cation that sympathetic rhythms might not arise exclusively
from phasic inputs to tonic sympathetic tone–generating net-
works. Some 8 years later, Taylor and Gebber observed that
sympathetic rhythms with a frequency similar to heart rate
persisted after baroreceptor denervation [see 1, 4]. Thus, the
idea developed that cardiac-related rhythms in sympathetic
nerve discharge are a consequence of the entrainment of
central oscillator(s) within the brainstem (i.e., that central
networks driving sympathetic outflow may be intrinsically
capable of generating their own rhythms). Here, phasic
baroreceptor input acts as a forcing input that can entrain a
central oscillator. Consequently, in the absence of, or with
reduced, baroreceptor activity, there is a continuous phase
shift between cardiac cycle and sympathetic rhythm result-
ing from lack of entrainment [1, 2, 4]. There is evidence also
supporting the hypothesis that respiratory-related rhythm in
sympathetic discharges arises from oscillator(s) other than
those responsible for central respiratory rhythm [8]. First, in
vagotomized anesthetized animals, a “slow” rhythm in the
range of central respiratory rhythm has been observed
during central apnea (indicated by absence of rhythmic
phrenic discharge). Second, “slow” rhythms in the dis-
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charges of pairs of sympathetic nerves at the frequency of
central respiratory drive have been observed to remain cor-
related after mathematical removal of the component of
these signals common to phrenic nerve activity (an indi-
cator of central respiratory drive)—that is, “theoretical
removal of central respiratory drive.” Third, locking ratios
other than 1 :1 can be observed between rhythmic phrenic
and sympathetic discharge (e.g., 2 : 1, 3 :1, and 2 :3). It is
also apparent that afferents activated during pulmonary ven-
tilation can act as an entraining force [3].

HOW MANY CENTRAL OSCILLATORS?

Zhong and colleagues [8] have provided evidence that
separate oscillators, capable of coupling, may drive activity
to different sympathetic nerves: they noted from paired
nerve recordings that rhythmic discharges of similar fre-
quency could be but were not obligatorily phase-locked, and
their variation in amplitude was not necessarily proportion-
ate. In addition, the observations of Gilbey and colleagues
[3, 9] have raised the intriguing possibility that activity of
sympathetic neurons regulating the same target may be
influenced by a family of weakly coupled or uncoupled
oscillators, and that their degree of synchronization is influ-
enced by inputs related to lung inflation, central respiratory
drive, various afferents (e.g., somatic and baroreceptor), and
possibly arousal state.

FUNCTIONAL SIGNIFICANCE

Whatever mechanism(s) lie behind the generation of
sympathetic rhythms, their characteristic phasic nature indi-
cates coordination of neuronal discharges. Whereas it is
clear why coordinated phasic discharges are required in
locomotor and respiratory motor control, the need for pat-
terning and synchronization in sympathetic motor control of
heart and blood vessels is not readily apparent. With regard
to neuroeffector transmission, many rhythms will be filtered
out (i.e., a sympathetic rhythm >1Hz will not lead to a 
1-Hz vasomotion) as the time constant for response is ~2
seconds [1, 3, 4].

It has been suggested that coordination may be particu-
larly easy to achieve between oscillating neural networks.
Barman and Gebber [1] have suggested, on the basis of
experimental observation, that coupled sympathetic oscilla-
tors may be important in the generation of differential pat-
terns of sympathetic activity to blood vessels of muscle,
skin, and viscera associated with behavioural alerting. Fur-
thermore, the observations on entrainment of sympathetic

rhythms indicate that, when appropriate, sympathetic and
respiratory networks may “bind” together to form a highly
coordinated “supernetwork” [3].

There are also many indications that pattern and syn-
chrony coding are used in addition to rate coding in various
nervous system functions [3]. At the level of the single
neuron, pattern of firing appears important in determining
probability of transmitter release, synaptic plasticity, types
of transmitter released, and receptors activated. In these
ways, firing pattern probably influences ganglionic and neu-
roeffector transmission [3, 4, 10]. Synchrony may be im-
portant because it favors summation, which increases the
efficacy of transmission and also can have longer-term influ-
ences on synaptic and neuroeffector function. Synchrony,
therefore, may enhance ganglionic transmission by increas-
ing the probability of summation of weak inputs and
improve neuroeffector control by coordinate activation of
postjunctional receptors [3, 4]. Consequently, if as suggested
by Gilbey and co-workers [3] a population of neurons reg-
ulating a single target is influenced by a family of oscilla-
tors, their dynamic and graded synchronization through
variable entrainment could lead to the modulation of target
organ function.
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Sexual function is controlled by the complex integrated
activity of the central nervous system (supraspinal and
spinal) and the autonomic and somatic components of the
peripheral nervous system. Penile and clitoral engorgement
is a central part of this process, brought about by vascular
dilatation of the cavernosal tissues. The most important
mediator of this is nitric oxide (NO) released from non-
adrenergic noncholinergic (NANC) nerves. Other nerves,
neurotransmitters, and modulators play contributory roles.
Glandular secretion and semen ejaculation are the other neu-
rally mediated components of the sexual act.

The physiologic events of the sexual act are mediated 
by the integrated activities of the central and periph-
eral somatic and autonomic nervous systems. Despite the
obvious anatomic differences between male and female 
individuals, many of the physiologic sexual responses are
similar: arousal, erectile tissue engorgement and detumes-
cence, glandular secretion, and contraction of smooth and
striated muscles.

PERIPHERAL STRUCTURES

The erectile tissue of the penis and clitoris consists of 
the corpora cavernosa. These comprise many blood-filled
spaces called lacunae [1, 2]. The walls of the lacunae are the
trabeculae, which, like blood vessels, consist of smooth
muscle and fibroelastic tissue. Within each cavernosum lies
a cavernosal artery, which gives off numerous helicine arter-
ies that open directly into the lacunae. Small veins lie among
the lacunae and drain into the deep dorsal vein of the penis
(or clitoris). The striated muscles of the perineum—the bul-
bospongiosus and ischiocavernosus muscles—contribute to
the maintenance of erections in some species and are impor-
tant for ejaculation.

CENTRAL NERVOUS SYSTEM

The parts of the central nervous system involved in
sexual responses are a central brain network, descending and
ascending pathways, and the lower spinal cord.

The central network remains poorly understood; infor-
mation is based primarily on data from animals. The hypo-
thalamus (particularly the paraventricular nucleus) and
limbic pathways play a key role in erection. However, many
structures are involved: prefrontal cortex, hippocampus,
amygdala, midbrain, pons, and medulla [3, 4]. Descending
pathways include the bulbospinal and other pathways.
Ascending pathways such as the spinothalamic tract trans-
mit tactile and other such stimuli centrally. The distal spinal
cord contains the cell bodies of the sympathetic and
parasympathetic nerves and also Onuff’s nucleus—the
origin of the motor fibers to the muscles of the perineum.

Three sets of peripheral nerves are involved [1, 3, 5]: (1)
thoracolumbar sympathetic nerves, (2) sacral parasympa-
thetic nerves, and (3) pudendal somatic nerves. The sympa-
thetic and parasympathetic nerves join to form the pelvic
plexus. From this arise adrenergic, cholinergic, and NANC
nerves. These innervate erectile tissue, nonerectile smooth
muscle, glandular tissue, and blood vessels. The pudendal
somatic nerves supply the bulbocavernosus and ischiocav-
ernosus muscles and contain the sensory nerves of the 
genitalia.

PHYSIOLOGIC EVENTS

Penile erection and clitoral engorgement result from the
integrated activity in the vasomotor nerves that modify the
flow of blood in the erectile tissues and its drainage. Relax-
ation of the smooth muscle of the cavernosal and helicine
arteries and of the cavernosal trabeculae are the key physi-
ologic changes. These occur from both active relaxation of
the smooth muscle walls and a reduction in their tonically
contracted state.

The most important neurotransmitter mediating these
changes is NO. This is derived from two sources: (1) directly
from NANC parasympathetic nerves and (2) indirectly from
the endothelium lining the cavernosal sinusoids and blood
vessels in response to cholinergic stimulation. The former 
is the more important. NO activates guanylate cyclase,
which induces the formation of intracellular cyclic guano-
sine monophosphate. This, in turn, produces relaxation of
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vascular and trabecular smooth muscle in the corpora 
cavernosa.

Noradrenergic nerves release norepinephrine that acts on
a1 receptors to cause arterial and trabecular smooth muscle
contraction, thereby maintaining flaccidity; a reduction in
this activity contributes to erection.

Other neurotransmitters and neuromodulators that are
probably involved in these responses include vasoactive
intestinal peptide, other peptides, adenosine triphosphate,
and endothelin.

Emission of semen occurs by smooth muscle contraction
in the epididymis, vas deferens, seminal vesicles, and the
prostate gland. This deposits spermatozoa and seminal fluid
into the proximal urethra. Contraction of bladder neck
sphincters prevents backflow of semen into the bladder 
(retrograde ejaculation). These events are principally medi-
ated by the sympathetic nerves. Ejaculation consists of the
semen being rapidly transmitted down the urethra and
released in spurts. This is accomplished by rhythmic con-

tractions of the bulbocavernosus, ischiocavernosus, and
periurethral striated muscles supplied by the pudendal nerve.
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Proper function of the gastrointestinal tract is essential
for the orderly digestion, absorption, and transport of food
and residue. Digestion requires secretion of endogenous
fluids from the salivary glands, stomach, pancreas, and small
bowel to facilitate intraluminal breakdown of foods; fluids,
electrolytes, and smaller building blocks of the macronutri-
ents are then absorbed, leaving nondigestible residue to be
excreted [1].

The motor activity of the gut is one of the integrated func-
tions that is essential for the normal assimilation of food.
Gut motility facilitates the transport of nutrients, brings
together digestive enzymes and their substrates, temporarily
stores content, particularly in the distal small bowel and
right colon, for optimal absorption, and finally, excretes
nondigestible residue by defecation in a well-coordinated
function under voluntary control. The extrinsic autonomic
nervous system is critically important for almost all secre-
tory and motor functions in the digestive tract (Fig. 29.1).

SALIVARY SECRETION

Presentation of food to the mouth and olfactory stimula-
tion trigger afferent nerves that stimulate secretory centers
in the medulla. These reflexly stimulate efferent fibers along
parasympathetic and sympathetic pathways: parasympa-
thetic fibers course along the facial nerve to sublingual and
submaxillary glands, and the glossopharyngeal nerve to the
parotid gland. Synapse with postganglionic fibers occurs in
or near the glands. Sympathetic fibers reach the salivary
glands through the cervical sympathetic trunk, but the brain-
stem centers are unclear. Parasympathetic efferents stimu-
late secretion; sympathetic fibers serve to cause contraction
of myoepithelial cells on the duct.

The human salivary glands secrete 0.5–1.0 liter saliva per
day at a maximal rate of 4ml/min. Saliva facilitates speech,
lubricates food for swallowing, and contains the amylase
ptyalin, which begins the digestion of starch. Bicarbonate in
saliva neutralizes noxious acidic ingesta.

GASTRIC SECRETION

Gastric secretion is stimulated by the act of eating
(cephalic phase) and the arrival of food in the stomach
(gastric phase). Arrival of the food in the intestine also con-
trols gastric secretion (intestinal phase). The secreted fluid
contains hydrochloric acid, pepsinogen, intrinsic factor,
bicarbonate, and mucus. Gastric secretion of acid and
pepsinogen follows stimulation of oral and gastric vagal
afferents. Efferent vagal pathways synapse with submucous
plexus neurons, which innervate secretory cells through
several important bioactive molecules including gastrin, his-
tamine, and somatostatin. In the stomach, there is some
digestion of carbohydrate and protein, but little absorption
except for some fat-soluble substances. The mucus-
bicarbonate layer protects the stomach lining from auto-
digestion by acid.

PANCREATICOBILIARY SECRETION

Pancreatic juice consists of alkaline (chiefly bicarbonate)
fluid and enzymes; 200–800mL is produced each day. The
enzymes trypsin, lipase, and amylase are essential for diges-
tion of most of the protein, fat, and carbohydrate in the meal.
The pancreas consists of exocrine and endocrine portions:
bicarbonate and fluid are secreted by ductular cells, chiefly
under the influence of secretin; enzymes are produced by
acinar cells in response to vagal stimulation of intrapancre-
atic cholinergic neurons. Recent data suggest that cholecys-
tokinin (CCK), which is released from the duodenal mucosal
enteroendocrine cells after chemical stimulation by food,
activates pancreatic enzyme secretion by stimulating vagal
afferents.

BILE

Bile is continuously secreted by the liver as two fractions:
the bile salt-independent fraction, controlled by secretin and
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CCK, is similar to pancreatic juice; the bile salt–dependent
fraction contains bile salts. Bile flow is controlled by storage
in the gallbladder and by the sphincter of Oddi. Postprandi-
ally, the gallbladder contracts under vagal and CCK stimu-
lation, and the basal sphincter tone within the ampulla of
Vater falls to allow bile to enter the duodenum. There is evi-
dence for interdigestive cycling of pancreaticobiliary secre-
tion that is synchronous with the main phases of the gut’s
cyclical migrating motor complex (vide infra).

INTESTINAL SECRETION AND ABSORPTION

The small bowel produces about 5 liters of fluid per day
during the equilibration of osmotic loads induced by
ingested nutrients and during intraluminal digestion. Yet,
most of the 7 liters entering the digestive tract each day is
reabsorbed (about 80% in small bowel, 20% in colon) during
the organized flow of chyme through the small bowel and
colon, thereby ensuring a stool weight less than 200g/day in
health. Water and electrolyte fluxes are generally independ-
ent of extrinsic neural control; conversely, the submucosal
plexus is increasingly recognized as a key factor influenc-
ing mucosal blood flow and enterocyte function.

Absorption of macronutrients and micronutrients is 
generally determined by concentration gradients or active
carrier-mediated, energy-requiring transport processes.
These are indirectly influenced by the autonomic nervous
system through its effects on the secretion of salivary,
gastric, and pancreaticobiliary juices and by the motor
processes of mixing and delivery of substrate to sites of 
preferential absorption—for example, B12 to the ileum.

CONTROL OF GUT MOTILITY

The function of the gastrointestinal smooth muscle is inti-
mately controlled by release of peptides and transmitters by

the intrinsic (or enteric) nervous system; modulation of the
latter input arises in the extrinsic autonomic nerves, the cran-
iospinal (vagus, and S2, S3, and S4 nerves) parasympathetic
excitatory input, and the thoracolumbar sympathetic outflow,
which is predominantly inhibitory to the gut, but excitatory
to the sphincter (Fig. 29.2). Gastrointestinal smooth muscle
forms an electrical syncytium whereby the impulse that
induces contraction of the first muscle cell results in efficient
transmission to a sheet of sequentially linked cells in the
transverse and longitudinal axes of the intestine. The pace-
maker of the intestinal muscle syncytium is the network of
interstitial cells of Cajal, which serve to coordinate contrac-
tion circumferentially and longitudinally along the gut [2, 3].

In several species, including humans, the enteric nervous
system is formed of a series of ganglionated plexuses, such
as the submucosal (Meissner), myenteric (Auerbach), deep
muscular (Cajal), mucosal, and submucosal plexuses.
Together these enteric nerves number almost 100 million
neurons; this number is roughly equivalent to the number of
neurons in the spinal cord.

At the level of the diaphragm, the vagus nerve consists
predominantly of afferent fibers. Thus, the classical concept
that preganglionic vagal fibers synapse with a few motor
neurons is not tenable, in view of the overwhelmingly larger
number of effector cells that would need to be innervated by
the smaller number of preganglionic nerves. The current
concept (Fig. 29.3) is that each vagal command fiber sup-
plies an integrated circuit that is hardwired in the intestinal
wall and results in a specific motor or secretory response [4].
These hardwired circuits in the enteric nervous system are
also important in many of the automated responses of the
gut, such as the peristaltic reflex, which persist even in a
totally extrinsically denervated intestine. The enteric nerves
also control pacemaker activity. Pacemakers located on the
greater curve of the gastric corpus and the duodenal bulb
“drive” the maximum intrinsic frequency of contractions: 3
per minute in the stomach and 12 per minute in the small
intestine. As in the heart, malfunction of the pacemaker with
the greatest frequency results in “take over” of pacemaker
function by the region with the next greatest intrinsic con-
tractile frequency. Derangement of the extrinsic neural
control of the gastrointestinal smooth muscle forms the 
basis for disorders of motility encountered in clinical prac-
tice, such as diabetic gastroparesis and anal incontinence
after obstetric trauma. Other diseases result from dis-
orders of enteric neural function including achalasia or
Hirschsprung’s disease.

NORMAL GASTROINTESTINAL 
MOTOR FUNCTION

Swallowing involves chewing of food, transfer from the
oral cavity to the hypopharynx, ejection of the bolus into the
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FIGURE 29.1 Gastrointestinal physiology: functions under extrinsic
autonomic control.
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FIGURE 29.2 Neural pathways with sympathetic and parasympathetic nervous systems to the gastrointestinal tract.

FIGURE 29.3 Integration between extrinsic and intrinsic (or enteric) neural control. Hardwired programs controlling
such functions of peristalsis are modulated by efferents in the vagus and sympathetic nerves, which also contain affer-
ent fibers mediating visceral sensation, nociception, and reflex responses.

esophagus, and esophageal peristalsis. The lower
esophageal sphincter relaxes at the onset of the swallowing
reflex and remains open for a period of about 8 seconds until
the bolus passes through the entire esophagus. Then the
sphincter contracts to prevent gastroesophageal reflux.
Reflux also is prevented by the positive intraabdominal pres-
sure that occludes the short intraabdominal portion of the
esophagus. Extrinsic neural control reaches the esophagus
through efferent pathways in the glossopharyngeal (upper
esophagus) and vagus nerves.

The motor functions of the stomach and small bowel
differ greatly between the fasting and postprandial periods.

During fasting, cyclical motor events sweep through the
stomach and small bowel and are associated with similarly
cyclical secretion from the biliary tract and pancreas. The
cyclical motor activity is called the interdigestive migrating
motor complex; this consists of a phase I of quiescence,
phase II of intermittent pressure activity, and phase III or the
activity front when contractions of the maximal frequency
typical of each region (3 per minute in stomach, 12 per
minute in the small bowel) sweep through the gut like a
housekeeper, transporting nondigestible residue, products of
digestion, and epithelial debris toward the colon for subse-
quent excretion. The pacemaking functions, cyclical motor



activity, and peristalsis are essentially controlled by intrin-
sic neural pathways, but they can be modulated by extrinsic
nerves.

Postprandially, this cyclical activity is abolished, and the
different regions of the gut subserve specific functions.
Tonic contractions in the gastric fundus result in the empty-
ing of liquids; antral contractions sieve and triturate solid
food and propel particles that are less than 2mm in size from
the stomach. Irregular, frequent contractions in the post-
prandial period serve to mix food with digestive juices in
the duodenum and jejunum and to propel it aborally. The
duration of small bowel transit is on average about 3 hours,
and the ileum is a site of temporary storage of chyme, allow-
ing salvage of nutrients, fluids and electrolytes, that were not
absorbed upstream. Residues are finally discharged from the
ileum to the colon in bolus transfers that probably result
from prolonged propagated contractions or reestablished
interdigestive cyclical motor activity. The vagus nerve is
critically important in efferent control of the fed phase;

splanchnic and vagal afferents convey signals from the gut
to the prevertebral ganglia, spinal cord, and brain to 
evoke reflex responses and coordinate secretory and motor
functions.

In the dog, the colon also demonstrates cyclical activity,
but this is less understood than in the small bowel. The prox-
imal colon (ascending and transverse regions) stores solid
residue. The ascending colon has variable patterns of emp-
tying: relatively linear, or constant; intermittent; or sudden
mass movements. The descending colon is mainly a conduit,
and the rectosigmoid functions as a terminal reservoir
leading to the call to defecate and empty under voluntary
control.

Defecation results from a well-coordinated series of
motor responses (Fig. 29.4). The rectoanal angle is main-
tained relatively acute by the puborectalis muscle sling or
pelvic floor, and this is important to maintain continence.
For defecation to occur, this sling relaxes, thereby opening
the rectoanal angle to allow a straighter rectal conduit; the
anal sphincters are inhibited by parasympathetic (S2, S3, S4)
input; and intracolonic pressure increases predominantly 
by an increase in intraabdominal pressure associated with
straining. In contrast, continence is maintained by contrac-
tion of the puborectalis (parasympathetic S2, S3, S4), 
contraction of the internal sphincter (sympathetic lumbar
colonic nerves), and contraction of the external sphincter
(pudendal nerve).
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FIGURE 29.4 Dynamics of normal defecation. Note the straightening of
the rectoanal angle by relaxation of the puborectalis to facilitate 
evacuation.



Epinephrine, the adrenal medullary hormone, and norep-
inephrine, the sympathetic neurotransmitter, have multiple
effects on intermediary metabolism, most of which act 
synergistically to mobilize stored fuels. In addition to 
direct effects on target organs (primarily liver, adipose, and
muscle), catecholamines act on the pancreatic islets where
they regulate the secretion of insulin and glucagon. The most
important effect on the islet is to suppress insulin secretion
by a-adrenergic mechanisms. Thus, the direct catabolic
effects of catecholamines are amplified by their suppression
of the predominant anabolic hormone: insulin.

CATECHOLAMINES AND 
GLUCOSE METABOLISM

Catecholamines activate b-adrenergic receptors in the
liver and stimulate hepatic glucose production by multiple
mechanisms. Glycogenolysis and gluconeogenesis are en-
hanced, whereas glycogen synthesis is inhibited. In addition
to stimulating the entry of glucose into the bloodstream, cat-
echolamines decrease plasma glucose clearance by both
direct (b) and indirect (a) adrenergic mechanisms as illus-
trated in Figure 30.1. These multiple catecholamine effects
are synergistic insofar as they all serve to increase plasma
glucose concentrations. These mechanisms become physio-
logically important in the setting of hypoglycemia, the 
classical stimulus to epinephrine secretion by the adrenal
medulla. Thus, the autonomic activation associated with
hypoglycemia serves the ultimate purpose of mobilizing
endogenous substrates for glucose production and increas-
ing glucose concentrations in the bloodstream so that central
nervous system demand for its obligatory fuel can be met.

The autonomic mechanisms for correcting hypo-
glycemia are well established; nevertheless, glucose counter-
regulation remains intact in adrenalectomized patients and in
those subjected to combined (a plus b) adrenergic blockade.
This is because the glucagon response to hypoglycemia,
which has effects similar to those of epinephrine, is pre-
served. Glucose counter-regulation, therefore, only becomes
compromised when there is failure of both glucagon secre-
tion and adrenergic responses. This commonly occurs in the

setting of diabetes, in which a single hypoglycemic event
may suppress all counter-regulatory responses to subsequent
hypoglycemic events for at least 24 hours, the syndrome of
hypoglycemia-associated autonomic failure [1]. Patients
with type 1 diabetes are especially vulnerable to severe hypo-
glycemia because most lose their ability to secrete glucagon
during the first decade of their illness. They, therefore,
become dependent on adrenergic mechanisms for counter-
regulation, which often are inadequate in patients with long-
standing disease and autonomic neuropathy [2].

CATECHOLAMINES AND FAT METABOLISM

Catecholamines act directly on adipose tissue to sti-
mulate fat breakdown. This is a b1-adrenergic effect 
involving adenyl cyclase–mediated activation of hormone-
sensitive triacylglycerol lipase, the enzyme that cleaves
triglyceride in adipose tissue into fatty acids and glycerol.
Insulin inhibits catecholamine-induced lipolysis; thus, 
catecholamine-mediated suppression of insulin secretion is
synergistic with the direct catecholamine effects on adipose
tissue.

Locally released norepinephrine is probably more impor-
tant than circulating catecholamines in regulating lipolysis.
In patients with diabetic ketoacidosis, however, circulating
catecholamines become high enough to stimulate both lipol-
ysis and ketogenesis.

CATECHOLAMINES AND THERMOGENESIS

Obligatory thermogenesis (basal metabolic rate) is regu-
lated by thyroid hormones, whereas facultative thermogen-
esis (total heat production minus basal) is regulated by the
adrenergic nervous system predominantly through b3-
adrenoreceptors. Cold exposure and exercise stimulate the
adrenergic nervous system and thereby enhance facultative
thermogenesis. The increase in heat production associated
with eating (dietary-induced thermogenesis) cannot be fully
attributed to the energy cost of digestion, absorption, and
metabolism of nutrients. Food ingestion activates the 
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sympathetic nervous system, stimulates thermogenesis, and
may serve to protect against obesity.

INSULIN AND AUTONOMIC FUNCTION

Fasting suppresses the activity of the sympathetic
nervous system, whereas overeating is stimulatory [3, 4].
These considerations have suggested that insulin mediates
these nutritional effects because it stimulates sympathetic
activity. This theory has been controversial because studies
of the effects of insulin on plasma catecholamines have
yielded inconsistent results [5, 6]. Moreover, it has been

argued that insulin’s stimulation of sympathetic activity is a
nonspecific response to its vasodilator effects. Microneuro-
graphic studies, however, have confirmed that insulin stim-
ulates muscle sympathetic nerves and documented this at
doses of insulin that do not cause vasodilation. These find-
ings have supported the hypothesis that hyperinsulinemia
and sympathetic activation promote the development of
hypertension in patients with type 2 diabetes and obesity.
Increased spillover of norepinephrine into the renal veins
has been documented in patients with insulin resistance,
although this may reflect an effect of increased leptin rather
than hyperinsulinemia. In either case, activation of renal
sympathetic neurons probably explain the sodium retention
and hypervolemia that characterize the hypertension associ-
ated with obesity. Sympathetic activation may also lead to
left ventricular hypertrophy and increased cardiac output.
Thus, it appears that many of the cardinal physiologic dis-
turbances associated with obesity are linked to activation of
the sympathetic nervous system. It remains uncertain,
however, whether the latter is a consequence of hyperinsu-
linemia or some other obesity-related metabolic disturbance.
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ANATOMY AND FUNCTION 
OF THE SWEAT GLAND

Type

There are two types of sweat glands: eccrine and apoc-
rine. The eccrine sweat glands are simple tubular glands that
extend down from the epidermis to the lower dermis. The
lower portion is a tightly coiled secretory apparatus con-
sisting of two types of cells. The apocrine gland is a dark
basophilic cell that secretes mucous material, and the
eccrine sweat gland is a light acidophilic cell that is respon-
sible for the passage of water and electrolytes. Differences
between the two types of glands are described in Table 31.1.
Apocrine sweat glands are found in the axilla, the anogeni-
tal zone, the areola of the nipple, and the external auditory
meatus.

Density and Distribution

Eccrine sweat glands are of greater interest in neuro-
science, and the rest of the description focuses on eccrine
sweat glands. It weighs about 30–40 mg each [1]. It first
appears in the 3.5-month-old fetus in the volar surface of the
hands and feet. Eccrine glands show area differences with
the greatest density in the palms and soles. They vary in
density from 400/mm2 on the palm to about 80/cm2 on the
thigh and upper arm. The total numbers are approximately
2 to 5 million. Male and female individuals have the same
number of sweat glands. However, the size and volume
secreted by each gland is about 5 times greater in males [2].

Surrounding the secretory cells are myoepithelial cells
whose contraction is thought to aid the expulsion of sweat.
These glands receive a rich supply of blood vessels and 
sympathetic nerve fibers, but they are unusual in that 
sympathetic innervation is largely cholinergic. The full 
complement of eccrine glands develops in the embryonic
state [3]; no new glands develop after birth.

Physiology of Sweat Glands

The physiology of human sweat response is known from
the detailed in vitro studies of Sato [4]. Acetylcholine secre-
tion results in the production of an ultrafiltrate (isotonic) by
the secretory coil. Directly collected sweat samples yield Na+

and K+ values identical with plasma. Reabsorption of sodium
ions by the eccrine sweat duct results in hypotonic sweat,
confirmed in directly collected sweat samples from proximal
duct (Na+: 20–80mM; K+: 5–25mM; [1]). Extracellular Ca2+

is important because removal of periglandular Ca2+ with
EGTA completely inhibits sweat secretion, whereas Ca
ionophore A23187 strongly and persistently stimulates
sweating [1]. Magnesium ions appear to be unimportant.

Function

The major function of the sweat gland in humans is 
thermoregulatory. There are a number of factors that affect
the sweat response (Table 31.2). With repeated episodes of
profuse sweating, the salt content of the sweat progressively
declines. In the individual acclimatized to a hot climate, the
salt content is reduced, probably reflecting an increase of
mineralocorticoids in response to thermal stress [3]. The
sweat gland is prone to atrophy and hypertrophy. Repeated
stimulation results in a several-fold increase in the size and
function of the gland.

Diffuse loss or absence of sweat can be caused by
absence of sweat glands or widespread denervation. Heat
intolerance can be a major problem, especially in young
patients with widespread anhidrosis, for example, in the con-
dition chronic idiopathic anhidrosis [5].

INNERVATION OF SWEAT GLAND

Innervation of the sweat gland is mainly by sympathetic
postganglionic cholinergic fibers. In isolated human eccrine
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sweat gland regulation, the regulation of sweating is cholin-
ergic and muscarinic, being completely inhibited by atropine
[1]. Sudomotor function is metabolically active; it is inhib-
ited by cold, involves active transport, and is inhibited 
by metabolic inhibitors. Microtubules may be important
because vinblastine strongly, but reversibly, inhibits sweat-
ing. Endogenous cyclic adenosine monophosphate (cAMP)
appears to be the second messenger, because theophylline
by phosphodiesterase inhibition markedly increases the
sweat response. The muscarinic receptor subtype is M3 [6].

The prostaglandin E1 has a sudorific effect in vitro com-
parable to ACh and was thought to act through cAMP. 
Histochemical labeling studies show prominent innervation
with vasoactive intestinal polypeptide and calcitonin gene–
related peptide fibers and presence of substance P and tyro-
sine hydroxylase fibers [7].

There is, however, dual innervation with a loose network
of catecholamine-containing nerves around sweat glands.
Innervation of human sweat glands show similarities to rat
and mouse sweat glands. In rodents, innervation is initially
completely adrenergic followed by an adrenergic to cholin-
ergic switch during development [8]. It is not known if such
a switch occurs in humans during development or with 
neuropathy and fiber regeneration. There are a number of
observations that suggest adrenergic innervation increases
with certain diseases. The human sweat gland responds to
intradermal and intraarterial adrenaline (10% of cholinergic)
[9]. There is evidence of both a-adrenergic (blocked by
dibenamine) and b-adrenergic mechanism (blocked by pro-
pranolol, but not phentolamine). Prominent hyperhidrosis
and adrenergic sensitivity occurs in certain neuropathies and
complex regional pain syndrome type I (CRPS I), suggest-
ing increased sympathetic innervation. Indeed, the postgan-
glionic sympathetic neuron has been shown to enhance
adrenergic sweating in CRPS I [10]. In vitro studies suggest

TABLE 31.1 Comparison of Eccrine with Apocrine 
Sweat Gland

Parameter Eccrine Apocrine

Size Relatively small Large
Duct Long and thin Short and thick
Ductal opening Skin surface (near hair) Directly into upper 

follicular canal
Secretory coil Small external diameter Large external diameter

Very narrow lumen Wide lumen
Cell type Secretory (clear); dark Columnar secretory; 

myoepithelial myoepithelial
Intercellular Present Absent

canaliculi
Development Present at birth Present at birth
Pharmacology Cholinergic >> Cholinergic =

b-adrenergic b-adrenergic
>> a-adrenergic

Sweat secret rate Continuous high Intermittent variable
Secretory product Serous Milky protein-rich

TABLE 31.2 Factors That Affect the Sweat Responses

Parameter Comments

Factors that increase the sweat response
Mental stress Greatest effect on palmar, sole, and axillary

sites
Exercise rehydration Precedes increase in core temperature

Decreases core temperature
Male sex Greater sweat gland volume
Race Blacks > whites but difference is quite small
Acclimatization Increased gain (sweating/temperature change);

reduced sweat sodium content
Circadian rhythm Higher in PM
Seasonal variation Greater response in winter
Alcohol and drugs Cutaneous vasodilatation; reduced 

hypothalamic set-point

Factors that reduce the sweat response
Skin pressure Mechanoreceptor stimulation; inhibition of 

local sympathetic efferents
Hydromeiosis Water on skin surface reduces sweating rate
Dehydration Reduced skin blood flow
Hyperosmolarity Reduced skin blood flow
Cold stimulus Inhibition of sudomotor activity

FIGURE 31.1 Human eccrine sweat gland from a normal subject (A)
and a patient with chronic idiopathic anhidrosis (B). There is marked sweat
gland atrophy secondary to disuse. D, duct; SC, secretory coil. (Reprinted
with permission from Sato, K. 1997. Normal and abnormal sweat gland
function. In Clinical autonomic disorders: Evaluation and management, ed.
P. A. Low, 97–108. Philadelphia: Lippincott-Raven.)
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the following rank order of sudorific effect ACh > epineph-
rine (a + b) � isoproterenol (b) > phenylephrine (a).

Denervation

Denervation of sweat glands occurs in preganglionic
lesions (such as spinal cord injury or multiple system
atrophy) or postganglionic lesions (as in the autonomic 
neuropathies). The size and function of the sweat gland
under these circumstances undergoes dramatic atrophy (Fig.
31.1 [4]). Another mechanism of injury is that of trans-
synaptic degeneration of postganglionic axons that could
occur with chronic preganglionic lesions. There is also evi-
dence that in early or mild neuropathy affecting the feet
there is excessive forearm response, suggesting hypertrophy.
The postganglionic sweat response progressively fails with
increasing age [11]. The sweat loss is associated with a loss
of cholinergic unmyelinated fiber stained with the panaxonal
marker PGP9.5 and acetylcholinesterase [12].

In summary, the eccrine sweat gland is an important
appendage, which subserves thermoregulation. Its absence
results in heat intolerance. Alterations in its function provide
important clues to the status of the autonomic nervous
system.
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Homeotherms, including humans, can regulate their body
temperature by controlling the rates of heat production and
heat loss. Heat is continuously produced in the body, 
primarily by visceral organs and muscles. To maintain a 
constant body temperature, heat loss must exactly balance
heat production. At high environmental temperature, there
is reduced heat loss from skin surface; body temperature
would become increased and this, in turn, enhances heat loss
activity such as cutaneous vasodilatation or sweating. Body
temperature regulation depends on the integrated activities
of the autonomic nervous system, centered predominantly in
the hypothalamus.

CENTRAL INTEGRATION

The human thermoregulatory system is outlined in Figure
32.1. The preoptic and anterior hypothalamus (PO/AH) are
assumed to be the brain structures most responsible for body
temperature regulation [1]. There are two types of ther-
mosensitive neurons in PO/AH: warm-sensitive and cold-
sensitive neurons. These neurons are sensitive to changes in
brain temperature. The PO/AH neurons also integrate the
thermal signals that arise at these neurons (brain tempera-
ture) and the skin (skin temperature). Body (core) tempera-
ture is regulated with reference to the set-point temperature,
which is determined as a temperature at which the signal rate
of the warm-sensitive and the cold-sensitive neurons
balance (set-point theory). The set-point temperature is not
fixed, but it is altered dynamically by various nonthermal
signals that arise at various homeostatic regulatory systems
[2]. In the case of fever, which is induced by pyrogen, activ-
ities of warm-sensitive neurons decrease, whereas those of
cold-sensitive neurons increase [3], resulting in an upward
shift of the set-point. Thus, the body temperature is regu-
lated around an increased set-point (Fig. 32.2). Similarly, an
upward shift of set-point is induced by the action of prog-
esterone [4]. Conversely, thyrotropin-releasing hormone
(TRH) elicits a downward shift of the set-point temperature
[5], but, interestingly, TRH fails to produce such a down-
shift in patients with Parkinson’s disease [6]. Alcohol 

ingestion may also induce a downward shift of the set-point
temperature (see Fig. 32.2), as is evidenced by a profuse
sweating during drinking. During slow wave sleep, the set-
point also is decreased. Thus, thermoregulation is modulated
by other homeostatic regulatory systems. The convergence
of nonthermal signals to PO/AH neurons is evidenced in
animals by the abundant neuronal connections from other
hypothalamic or extrahypothalamic regions [7].

EFFECTOR MECHANISMS

Effector mechanism to maintain thermoregulation com-
prises autonomic and behavioral regulation. Behavioral reg-
ulation is phylogenetically older and plays a major role for
many poikilotherms to respond to various temperature envi-
ronments, whereas autonomic regulation has evolved only
in birds and mammals [1]. Autonomic thermoregulation
involves the control of shivering, nonshivering thermogen-
esis, cutaneous blood flow, sweat secretion, and piloerection.
Thermoregulatory behavior, conversely, involves such
behaviors as seeking shelter, changing posture, clothing,
adjusting artificial heating or cooling, and occurs in response
to temperature perceptions and emotional feelings of
thermal comfort or discomfort. Behavioral reactions to heat
and cold modify the relation between the organism and its
environment, and thereby may contribute to reducing the
costs for autonomic thermoregulation.

SHIVERING

Shivering is the involuntary contraction of skeletal
muscle to increase the production of heat. Shivering ther-
mogenesis is functionally an autonomic (involuntary) phe-
nomenon, although it is mediated by somatic motor nerves.
Shivering is a major thermogenetic response in humans,
except in neonates, in whom shivering mechanisms are
immature. The center of control for shivering is assumed 
to be in the posterior hypothalamus. The efferent pathway
travels through tegmentum, the pons, the lateral part of the
medullary reticular formation, and rubrospinal tracts [8].
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NONSHIVERING THERMOGENESIS

Nonshivering thermogenesis is metabolic heat produc-
tion. Metabolic heat production is dependent on sympathetic
and sympathoadrenal systems. Thermogenesis produced by
sympathetic activity can be distinguished from that pro-
duced by the sympathoadrenal system. The sympatho-
adrenal system stimulates hepatic glycogenolysis and
glyconeogenesis and modulates pancreatic insulin and
glucagons release [8]. Sympathetic nerves, however, can
also directly affect metabolic activity. In humans, brown
adipose tissue is the most important site for nonshivering
thermogenesis during the perinatal period. With increasing
age, however, the amount of brown adipose tissue decreases.
In small animals, a1-receptors of brown adipose tissue
increase in number when acclimatized to cold [9].

VASOMOTOR RESPONSE

In most areas of the body surface, the counteraction
between neurogenic mechanisms (vasoconstrictor and pos-
sibly sudomotor or vasodilator) and local vasodilator actions
(vasodilator metabolites, vasoactive peptides, and the direct
effects of temperature) determines vascular insulation in
skin tissues. Sympathetic vasoconstrictor tone is marked 
in the limbs, and the inhibition of this tone induces general-
ized vasodilatation (passive vasodilatation). Vasoconstrictor
fibers supplying the skin are (nor)adrenergic and release
neuropeptide Y as a cotransmitter. Vasodilatation, however,
may also be produced by vasodilator peptides such as
vasoactive intestinal polypeptide or calcitonin gene–related
peptide that are released from cholinergic sudomotor nerves
during sweating (active vasodilatation) [10]. It is not still

FIGURE 32.1 Outline of the human thermoregulatory system.

FIGURE 32.2 Concept of thermoregulatory set point as being a balance between activities or warm-sensitive (W)
and cold-sensitive (C) neurons.
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clear whether vasodilator fibers are present in the human
skin. Arteriovenous anastomosis, which is present abun-
dantly in the palms, ears, and soles, is innervated densely by
the sympathetic vasoconstrictor system and is responsible
for remarkable increases in cutaneous blood flow at the
extremities. In a cool environment, the arteriovenous anas-
tomoses close, leading to a reduced blood flow in the distal
part of the extremities. In addition, superficial cutaneous
veins constrict, resulting in a redirection of blood to deep
veins, the venae comitantes. Because these veins run close
to the limb arteries, a countercurrent heat exchange system
operates between the veins and arteries. Thus, the heat con-
veyed from the body core is largely restored to the core
before it reaches the hands or feet, which is the major part
of heat loss. In a warm environment, arteriovenous anasto-
moses open and superficial veins dilate, enhancing the
removal of heat from venous blood at skin surface. Finger
blood flow begins to increase at a lower ambient tempera-
ture than does toe blood flow [1].

SUDOMOTOR RESPONSE

Sweat glands are conventionally classified to apocrine
and eccrine glands, on the basis of their secretory processes.
The latter glands are distributed all over the body surface,
and those except the palm and the sole are involved in 
thermoregulation. Sympathetic postganglionic cholinergic
innervation of the eccrine sweat gland plays a major role in
thermoregulatory heat loss in humans [1]. Sudomotor
neurons are activated during body heating and are inhibited
during body cooling. Sudomotor neurons also are activated
transiently by various mental stimuli. There are topographic
differences in the regional distribution of the 2 to 5 million
eccrine sweat glands in human skin [11]. In spontaneous
thermoregulatory sweating, sweat is discharged in a pul-
satile fashion with irregular rhythm, the rate ranging from

several to more than 20 times per minute. These sweat
expulsions reflect the burst activity of the postganglionic
sudomotor neuron. Accordingly, sweat expulsions appear
synchronously all over the body surface except the palm and
the sole, and their rate is highly related to the ambient 
temperature or the body temperature [1].
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Airway nerves regulate the caliber of the airways and
control airway smooth muscle tone, airway blood flow, and
mucus secretion.

OVERVIEW OF AIRWAY INNERVATION

Three types of airway nerve and several neurotransmit-
ters are recognized (Table 33.1):

• Parasympathetic nerves that release acetylcholine
(ACh),

• Sympathetic nerves that release norepinephrine, and
• Afferent (sensory) nerves whose primary transmitter

may be glutamate.

In addition to these classical transmitters, multiple neu-
ropeptides have now been localized to airway nerves and
may have potent effects on airway function. Several neural
mechanisms are involved in the regulation of airway caliber,
and abnormalities in neural control may contribute to airway
narrowing in diseases, such as asthma and chronic obstruc-
tive pulmonary disease (COPD), contributing to the symp-
toms and possibly to the inflammatory response. There 
is a close interrelation between inflammation and neural
responses in the airways, because inflammatory mediators
may influence the release of neurotransmitters through acti-
vation of sensory nerves leading to reflex effects and through
stimulation of prejunctional receptors that influence the
release of neurotransmitters [1]. In turn, neural mechanisms
may influence the nature of the inflammatory response,
either reducing inflammation or exaggerating the inflamma-
tory response.

AFFERENT NERVES

At least three types of afferent fibers have been identified
in the lower airways (Fig. 33.1).

Slowly Adapting Receptors

Myelinated fibers associated with smooth muscle of
proximal airways are probably slowly adapting (pulmonary

stretch) receptors that are involved in reflex control of
breathing and in the cough reflex.

Rapidly Adapting Receptors

Ad myelinated fibers in the epithelium show rapid 
adaptation. Rapidly adapting receptors (RARs) account for
10–30% of the myelinated nerve endings in the airways.
These endings are sensitive to mechanical stimulation 
and to protons, low chloride solutions, histamine, cigarette
smoke, ozone, serotonin, and prostaglandin F2a, although it
is possible that some responses are secondary to the mechan-
ical distortion produced by bronchoconstriction.

C-Fibers

There is a high density of unmyelinated (C-fibers) in the
airways, which contain neuropeptides, including substance
P (SP), neurokinin A (NKA), and calcitonin gene–related
peptide (CGRP). They are selectively stimulated by cap-
saicin and also activated by bradykinin, protons, hyper-
osmolar solutions, and cigarette smoke.

Cough

Cough is an important defense reflex that may be trig-
gered from either laryngeal or lower airway afferents [2].
Both RAR and C-fibers may mediate the cough reflex, which
may be sensitized in inflammatory diseases by the release of
mediators, including neurotrophins [3].

Neurogenic Inflammation

Activation of C-fibers may result in the antidromal
release of neuropeptides, such as SP, NKA, and CGRP (Fig.
33.2). This may increase inflammation in the airways in
asthma and COPD, although the role of neurogenic inflam-
mation has been debated [4].

CHOLINERGIC NERVES

Cholinergic nerves are the major neural bronchocon-
strictor mechanism in human airways and are the major
determinant of airway caliber.
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TABLE 33.1 Neurotransmitters in the Airways

Airway
smooth Mucus Airway

Neurotransmitter Receptors muscle secretion vessels

Acetylcholine M3 Constrict Increase Dilate
Norepinephrine a1 No effect No effect Constrict
Epinephrine b2 Dilate Increase No effect
Nitric oxide GMP Dilate Increase Dilate
VIP VIP Dilate Increase Dilate
Substance P NK1, NK2 Constrict Increase Dilate

GMP, guanosine monophosphate; NK, neurokinin; VIP, vasoactive
intestinal polypeptide.

mechanical stimuli
(bronchocontriction)
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capsaicin, bradykinin
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FIGURE 33.1 Afferent nerves in airways. Slowly adapting receptors (SARs) are found in airway smooth muscle,
whereas rapidly adapting myelinated receptors (RARs) and unmyelinated C-fibers are present in the airway mucosa.
CGRP, calcitonin gene–related peptide; NKA, neurokinin A; NP, neuropeptide; SP, substance P.

Cholinergic Efferents

Cholinergic nerve fibers arise in the nucleus ambiguus in
the brainstem and travel down the vagus nerve and synapse
in parasympathetic ganglia that are located within the 
airway wall. From these ganglia short postganglionic fibers
travel to airway smooth muscle and submucosal glands 
and release ACh that acts on muscarinic receptors (Fig. 33.3).

Muscarinic Receptors

Three subtypes of muscarinic receptor are found in
human airways [5]. M1 receptors are localized to parasym-
pathetic ganglia and facilitate neurotransmission. M2 recep-
tors serve as feedback inhibitory receptors on postganglionic
nerves (and may be defective in asthma), whereas M3 recep-
tors mediate the bronchoconstrictor and mucus secretory
effect of ACh.

Cholinergic Reflexes

Reflex cholinergic bronchoconstriction may be activated
by afferent receptors in the larynx or lower airways. Cholin-
ergic reflexes are exaggerated in asthma and COPD because
of increased responsiveness to ACh.

Anticholinergics in Airway Disease

Muscarinic antagonists (anticholinergics), such as iprat-
ropium and tiotropium, cause bronchodilatation in airway
disease through the relief of intrinsic cholinergic tone [6].
They are the bronchodilators of choice in COPD treatment,
but they are less effective than b2-adrenergic agonists in
asthma in which several other bronchoconstrictor mecha-
nisms are operative.

BRONCHODILATOR NERVES

Neural bronchodilator mechanisms exist in airways and
there are considerable species differences.

Sympathetic Nerves

Sympathetic innervation of human airways is sparse 
and there is no functional evidence for direct innervation of
airway smooth muscle, although sympathetic nerves regu-
late bronchial blood flow and to a lesser extent mucus secre-
tion (Fig. 33.4). Adrenergic tone in the airways is primarily
regulated by circulating epinephrine.
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Inhibitory Nonadrenergic Noncholinergic Nerves

The bronchodilator nerves in human airways are non-
adrenergic noncholinergic, and the major neurotransmitter 
is nitric oxide (NO). Neuronal NO synthase is expressed
mainly in cholinergic neurons.

NEUROPEPTIDES

Multiple neuropeptides have been localized to nerves in
the respiratory tract and function as cotransmitters of clas-
sical autonomic nerves to fine-tune airway function [7, 8].
Vasoactive intestinal peptide and related peptides act as
bronchodilators and vasodilators, whereas neuropeptide Y is
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FIGURE 33.3 Cholinergic control of airway smooth muscle. Preganglionic and postganglionic parasympathetic
nerves release acetylcholine (ACh) and can be activated by airway and extrapulmonary afferent nerves. E, epinephrine;
NE, norepinephrine.

FIGURE 33.2 Neurogenic inflammation. Possible neurogenic inflammation (axon reflex) in asthmatic airways
through retrograde release of peptides from sensory nerves through an axon reflex. Substance P (SP) causes vasodi-
latation, plasma exudation, and mucus secretion, whereas neurokinin A (NKA) causes bronchoconstriction, enhanced
cholinergic reflexes, and calcitonin gene–related peptide (CGRP) vasodilatation.
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a bronchoconstrictor and vasoconstrictor. The neuropeptides
in sensory nerves (SP, NKA, and CGRP) act as bron-
choconstrictors and also increase mucus secretion and
inflammation in the airways [9].

NEURAL CONTROL OF AIRWAYS IN DISEASE

Autonomic control of airways may be abnormal and con-
tribute to the pathophysiology in several airway diseases.

Asthma

Neural mechanisms contribute to the pathophysiology of
asthma is several ways [10, 11]. Several triggers activate
reflex cholinergic bronchoconstriction and the cough reflex
may be sensitized by inflammatory mediators, including
neurotrophins. The role of neurogenic inflammation and
neuropeptides, however, remains uncertain.

Chronic Obstructive Pulmonary Disease

The structural narrowing of the airways in COPD means
that the normal vagal cholinergic tone has a relatively

greater effect on caliber than in normal airways for 
geometric reasons. Cholinergic mechanisms are the only
reversible component of COPD and may contribute to the
mucus hypersecretion of chronic bronchitis.
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The autonomic neural regulation of cardiovascular func-
tion is of great importance for survival. The centrally orches-
trated sympathetic and parasympathetic neural pathways
enable the cardiovascular system to optimize its delivery of
blood flow to specific regions of the organism to satisfy the
requirements of different physiologic and behavioral stimuli
such as eating, sleeping, and the many conditions of exer-
cise and stress to which the body is subjected. It has long
been recognized that each of the components of the cardio-
vascular system can operate and respond independently of
neural and hormonal control systems. The classical example
for this was the demonstration by Starling early in the twen-
tieth century that an isolated heart is capable of increasing
its stroke volume simply by increasing the volume preload
into the right ventricle. Thus, when a greater amount of
blood returns to the heart under conditions such as exercise,
the heart is intrinsically capable of increasing its workload
and responding with an increase of cardiac output. It is rec-
ognized, however, that this intrinsic length–tension mecha-
nism of the cardiac muscle is only capable of increasing
cardiac output from resting levels of about 5 liters per
minute in humans to a maximum permissive pumping level
of about 13 liters per minute. This is far less than the
maximum permissive pumping level of normal individuals
who can achieve levels of nearly 20 liters per minute during
sustained exercise. The optimum levels of cardiac pumping
ability can be achieved only in the presence of increased
contraction force and an increased heart rate brought about
through the coordinated activities to the sympathetic and
parasympathetic nervous system as described later.

Although blood flow to many regions of the systemic cir-
culation may be regulated by local mechanisms (autoregu-
lation) independent of the nervous system, optimization of
blood flow to the various regions of the body cannot be
achieved without complex sensors, central coordination, and
effectors of the autonomic nervous system. This includes
stressors such as exercise; underwater submersion; high 
altitudes; temperature stress such as fever, frost bite, and
hypothermia; hypotensive hemorrhage; systemic hyperten-
sion; congestive heart failure; and emotional behavior such
as excitement and aversion.

AUTONOMIC NERVES INNERVATING 
THE MAMMALIAN HEART

The classical view of autonomic control of cardiac func-
tion presumes a dual regulation by both divisions of extrin-
sic cardiac nerves. In general, the sympathetic nerves to 
the heart are facilitatory, whereas the parasympathetic
(vagus) nerves are inhibitory. Efferent neurons projecting to
the heart originate in intrathoracic or cervical sympathetic
ganglia. Postganglionic axons originating in those ganglia
run parallel with coronary vessels and innervate the sino-
atrial (S-A) and atrioventricular (A-V) node, the conduction
system, the myocardial fibers, and the coronary vessels. The
parasympathetic neurons originated within the medulla of
the brainstem relay at ganglia of the epicardial neural plexus,
mainly located at the A-V groove within 0.25–0.5mm of 
the epicardial surface. These regions are densely innervated
by cardiac intrinsic neurons, which include short postgan-
glionic parasympathetic neurons, among others. Abundant
nerve terminals from the postganglionic vagal fibers inner-
vate the region of the S-A and A-V nodes, but a small 
to moderate number of cholinergic nerves, compared with
many adrenergic nerves, are distributed within the atrial and
ventricular myocardium.

Cardiac neurons actually constitute an intrinsic plexus
that retains the ability to act independently when severed
from their efferent inputs. These intrinsic neurons are organ-
ized in multiple aggregates and neural interconnections,
localized to discrete atrial and ventricular regions. Among
these distinct ganglionated plexuses that constitute what 
is now recognized as the intrinsic cardiac nervous system,
preferential control of specific cardiac functions has been
identified. For example, the ganglionic plexus of the right
atrial neurons have been associated primarily, but not exclu-
sively, with the control of sinoatrial nodal function. The gan-
glion of the inferior vena cava–inferior atrial plexus neurons
primarily, but not exclusively, are involved with control of
A-V nodal function. Moreover, the intrinsic cardiac plexus
also contains the somata of afferent neurons, some of which
project axons to central neurons, mainly through the vagus
and nerves that conduct efferent sympathetic fibers.
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Cardiac intrinsic plexus contain a heterogeneous popula-
tion of neurons and fibers capable of synthesizing or
responding to several different neurotransmitters and neu-
ropeptides, besides the classical norepinephrine and acetyl-
choline. Enzymes involved in the synthesis of nitric oxide,
dopamine, and norepinephrine exist within cardiac ganglia.
Techniques of immunohistochemistry have also revealed the
presence of vasoactive intestinal peptide (VIP), substance P,
somatostatin, and neuropeptide Y (NPY) immunoreactivity
within cardiac intrinsic neurons. Receptor characterization
studies suggest not only cholinergic but also b-adrenergic,
serotonergic, and purinergic receptors on these neurons. 
Furthermore, electrophysiologic studies show that neurons
within cardiac ganglia respond to application of cholinergic,
adrenergic, histaminergic, purinergic, and peptidergic 
agonists, and antagonists. This diverse neuronal and 
neurotransmitter composition of cardiac intrinisic neurons
suggests potentially complex neuronal processing within
cardiac ganglia. Although the function of intrinsic neurons
in cardiac function remains largely unknown, it has been
proposed that they are important for the maintenance of ade-
quate cardiac output, particularly in disease states such as
myocardial ischemia. Intrinsic cardiac neurons of chroni-
cally decentralized canine hearts also were shown to display
spontaneous activity capable of being modulated by cardiac
mechanoreceptors.

Mammalian heart displays regionality in the distribution
of autonomic innervation. The general distribution of nerves
throughout selected regions of endocardium, myocardium,
and epicardium has been assessed quantitatively by
immunofluorescent staining for the general neural marker
PGP 9.5 (neuron-specific cytoplasmic protein); these studies
reveal a gradient in the endocardium from right to left sides,
with a significantly higher density of immunostained nerves
being found in the right ventricular and right atrial endo-
cardium compared with that of the left-sided chambers. An
atrial to ventricular gradient also has been characterized with
significantly higher density of PGP 9.5–immunoreactive
nerves in the myocardium of the right atrium, followed by
left atrium, and then the left and right ventricles, which
possess a similar, but much lower, density of nerves. In con-
trast, the epicardial innervation of both left and right ventri-
cles displayed a greater percentage of immunostained nerve
area than that of the right and left atria. The complex neural
network of these cardiac tissues is composed of numerous
nerve trunks (diameter, 10–25um), together with varicose
and nonvaricose nerve fibers (diameter, 1–6um). Large
nerve trunks were abundant within the epicardial plexus,
especially in the epicardial tissue of the left ventricle (dia-
meter, 40–160um).

Nerves marked positively for acetylcholinesterase
(AChE-positive) are the predominant neural subtype
observed throughout the endocardium, myocardium, and
epicardium. The density and pattern of distribution of these

nerves, however, vary within and between the endocardial,
myocardial, and epicardial tissues, and also between the
chambers of the heart. AChE-positive nerves of the endo-
cardial plexus display a right to left gradient in density 
that was absent from both the myocardial and epicardial 
tissues.

Sympathetic efferent fibers display tyrosine hydroxylase
(TH) immunoreactivity and immunoreactivity for NPY. 
TH and NPY immunoreactivity show a subpopulation of
ganglion cell bodies in the atrial epicardial plexus, and 
particularly in the ganglia of the atrioventricular groove.
Endocardial TH and NPY-immunoreactive nerves also
display a right to left gradient in density, whereas in the epi-
cardial tissues they display a ventricular to atrial gradient in
density. The right ventricular endocardium possesses a sig-
nificantly greater percentage stained area of TH and NPY-
immunoreactive nerves than the other chambers, but this is
significantly less than the percentage stained area of AChE-
positive nerves observed in the same endocardial region.
Similar proportions of TH and NPY-immunoreactive nerves
were observed throughout the myocardial tissues, ranging
from 35 to 40% of the total innervation.

Besides AChE and TH, cardiac neurons and fibers also
show immunoreactivity for other neurotransmitters such as
calcitonin gene–related peptide (CGRP), somatostatin, sub-
stance P, and VIP, with currently largely unknown fuction.

The conduction system is differentially innervated as
visualized by the general marker PGP 9.5. The rank order in
relative neural density is transitional atrioventricular node,
sinus node and atrioventricular penetrating bundle, left
bundle branch, and right bundle branch. Rank order cor-
rected by PGP 9.5–immunoreactive innervation throughout
the conduction system has been reported as AChE
(60–70%), TH and NPY (25–35%), CGRP (8–19%),
somatostatin (<13%), and VIP. Substantial proportion of
AchE-positive innervation within the conduction system is
intrinsic in origin. The large TH-positive fibers are probably
postganglionic efferent nerves.

There is histochemical evidence for the existence of dual
adrenergic and cholinergic innervation of coronary arteries
and arterioles, which have been shown to play a role in the
fine control of coronary circulation.

MYOCARDIAL NERVE TERMINALS

Terminal ramifications of nerves are found in the
myocardium, especially in relation to sinoatrial and atrio-
ventricular nodes, and the outer layer of coronary arteries
and arterioles. Three main types of axon varicosities can be
distinguished in the myocardium. (1) Typical cholinergic
varicosities that enclose small (diameter, 30–60nm) clear
vesicles containing acetylcholine, as well as a few large
granular vesicles and numerous mitochondria. There is no
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recognizable thickening on the axolemma or on the sar-
colemma of nearby cardiac myocytes, which are separated
by variable gap ranging from 20 to 100nm. (2) Noradren-
ergic terminals enclose small granular vesicles (30–60nm)
containing norepinephrine, large granular vesicles, and
mitochondria. Like cholinergic terminals, there are no pre-
synaptic or postsynaptic membrane thickenings in these 
terminals, and the gap between the terminal and the nearest
myocyte may be as much as 100 nm. (3) Noncholinergic,
nonadrenergic terminals are characterized by their content
of densely packed mitochondria and no small vesicles of the
clear or granular variety.

THE AUTONOMIC NERVOUS SYSTEM 
AND CARDIAC FUNCTION

Sympathetic and parasympathetic divisions of the auto-
nomic nervous system play a major role in the regulation of
cardiac performance. In general, the sympathetic nerves to
the heart are facilitatory, whereas the parasympathetic
(vagus) nerves are inhibitory. The kinetics of the two 
autonomic divisions differ substantially. The vagal effects
develop rapidly, often within one heartbeat, and they decay
nearly as quickly. Hence, the vagus nerves can exert beat-
by-beat control of cardiac function. Conversely, the onset
and decay of the sympathetic effects are much more gradual;
only small changes are affected within the time of one
cardiac cycle. When both autonomic systems act concomi-
tantly, the effects are not additive algebraically, but complex
interactions prevail. Such interactions may be mediated
either prejunctionally or postjunctionally with respect to the
neuroeffector junction.

The resting activity of the sympathetic postganglionic
neurons is determined by the interaction between intrinsic
rhythms generated in the central nervous system and the
cyclic inputs from various afferent signaling pathways.
Under different conditions, the activity may be influenced
by inputs from a variety of peripheral reflexes and from
central areas involved in the coordination of the cardiovas-
cular responses to complex behaviors. Tonic and reflex
activity of sympathetic efferents results in release of nor-
epinephrine and other neurotransmitters such as NPY and
adenosine triphosphate. Norepinephrine is responsible for
most of the postsynaptic sympathetic effects on cardiac
function, which include the positive inotropic and
chronotropic effects, and coronary vasoconstriction. During
stimulation of the cardiac sympathetic nerves, the heart rate
and cardiac contraction begin to increase after a latent period
of 1–3 seconds, approaching a steady-state level in about 30
seconds. After cessation of stimulation, the return toward the
control level takes place much more gradually than at the
onset of stimulation. The slow return of the heart rate and
cardiac contraction to the normal levels after cessation of the

sympathetic stimulation is related to the relatively slow rate
of metabolism of norepinephrine by the cardiac tissue.

Sympathetic activation also enhances the contractile
activity and the diastolic relaxation of the left ventricle.
Radioligand binding techniques have shown that both b1-
and b2-adrenergic receptors coexist in the heart. Physiologic
studies indicate that b1 receptors are predominantly related
to the inotropic response, whereas both b1 and b2 receptors
are linked to the chronotropic response. In the heart, the 
a-adrenergic receptors are almost exclusively of the a1

subtype, and their stimulation usually causes a modest
inotropic effect by increasing transarcolemmal calcium
influx. In coronary vessels, the a1-receptor stimulation
causes vasoconstriction, but usually this effect is over-
shadowed by the simultaneous increase in the oxygen con-
sumption that stimulates local mechanisms to increase blood
flow. As illustrated in Figure 34.1, b-adrenergic receptors 
are members of a large multigene family of the G
protein–coupled receptors, which have a secondary structure
consisting of seven transmembrane-spanning domains and
transduce signal through a G protein (GS). The positive
inotropic effect of the sympathetic nervous system is 
partially mediated by an increase in voltage-gated Ca2+

current. This increase is generally attributed to a b-
adrenergic, receptor-stimulated, cyclic adenosine mono-
phosphate (cAMP)–dependent phosphorylation of calcium
channels. The positive effects of b-adrenergic stimulation on
heart rate are related to a stimulation of the slow calcium
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FIGURE 34.1 A simplified scheme of sarcolemma-related receptors and
channels. The two receptors shown are the b-adrenergic receptor and the
cholinergic muscarinic (M2 receptor), the latter for acetylcholine (ACh).
Left, The b-adrenergic receptor is coupled to adenylate cyclase through the
activated G protein subunit aS-guanosine triphosphate (GTP). Consequent
formation of cyclic adenosine monophosphate (cAMP) activates calcium
channel to increase calcium entry. Activity of adenylate cyclase can be
decreased by the inhibitory subunits of the ACh-associated G protein (a1;
b-g). Also note activation of ACh-operated potassium channel through b-
gG and phospholipase A2. (Reprinted with permission from Opie, L. H.
1998. The heart. Physiology: From cell to circulation, 3rd ed. Philadelphia:
Lippincott-Raven Publishers.)
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channel by the increased intracellular cAMP on the S-A and
A-V node, bundle of His, and Purkinje fibers.

Under normal conditions, cardiac parasympathetic
neurons fire in synchrony with the cardiac cycle, because of
an excitatory input arising from peripheral baroreceptors.
They also can be excited powerfully by inputs arising from
peripheral chemoreceptors, cardiac receptors, and trigemi-
nal receptors. Vagus activation releases acetylcholine and
VIP in the heart. Although VIP may exert some presynaptic
effect on the autonomic transmission, the parasympathetic
influence on cardiac function occurs predominantly through
the binding of acetylcholine to muscarinic receptors. As
illustrated in Figure 34.1, muscarinic receptors are also
members of the G protein–coupled receptors and the M2

receptor is the isoform most frequently found in the heart.
Acetylcholine binding to the muscarinic receptors stimulates
the Gi protein to combine with guanosine triphosphate
(GTP), which, in turn, inhibits adenylate cyclase activity.
These events result in the decrease of intracellular cAMP,
which is apparently responsible for the negative inotropic
effect of acetylcholine, through the inhibition of the calcium
current.

Muscarinic receptors are also directly and importantly
coupled to specific sarcolemmal potassium channels (IK, Ach)
apparently by Gi or G0. Acetylcholine-induced opening of
potassium channels results in membrane hyperpolarization
that occurs within 100 msec of the initiation of vagal stim-
ulation. This leads to a longer period for the membrane
potential of S-A node to reach the activation threshold for
spontaneous firing (Fig. 34.2).

The net effect of cholinergic activation is a decrease in
the heart rate because of a decrease in the excitability of the
pacemaker cells and a decrease in the conductivity of intra-
cardiac conduction pathways. The chronotropic response
depends on the timing of the vagal stimuli relative to the
phase of cardiac cycle. This phase dependency related to
repetitive vagal stimulation confers a peculiar characteristic
to each stimulation such that the stimuli tend to entrain the
S-A nodal pacemaker cells and coordinate the automatic
activity of diverse cell clusters within the S-A node. The
changes in heart rate produced by vagal stimuli appear after
a brief latent period, reach a steady-state response within a
few beats, and decay rapidly back to the control level once
stimulation is discontinued. This rapid decay is attributed to
the large quantities of AChE present in close proximity to
the automatic cells in the S-A node. Electrophysiologic
studies have revealed that the initial prolongation of the
cardiac cycle length evoked by brief vagal stimulus is a
result of prolongation of the S-A conduction time rather than
a true reduction in firing rate of automatic cells of S-A node.
Vagal stimulation also reduces the contractile force of
myocardial cells of left and right ventricles and atria.

One of the most dramatic illustrations of the parasympa-
thetic efferents of the cardiovascular system related to stress

is associated with the diving reflex. Head submersion 
activates the trigeminal afferents and chemoreceptors and
simultaneously elicits a potent sympathetic and parasympa-
thetic activation. The sympathetic activation increases 
vascular resistance in all organs, except in the heart and in
the brain. The potent cardiac-vagal activation elicits an
intense bradycardia and a decrease in cardiac contraction,
which allows a reduction in energy demand by the heart in
a situation of precarious oxygen availability.

INTERACTIONS BETWEEN SYMPATHETIC 
AND PARASYMPATHETIC NERVES

The tonic vagal inhibitory effects on the heart oppose the
facilitatory influence of the sympathetic nerve. Changes in
heart rate and A-V nodal conduction result not simply from
individual additive increases or decreases in sympathetic 
or vagal nerve activity, but from opposing variations in the
tone of these branches of the autonomic nervous system.
Although antagonism between the two divisons is a well-
known phenomenon, other, more complex interactions may
occur. For example, simultaneous activation of sympathetic
nerve fibers may exaggerate or blunt cardiovascular
responses to parasympathetic activity, depending on the cir-
cumstances. Functional interactions between both branches
of cardiac autonomic nervous efferents have been demon-
strated to occur through presynaptic interneuronal and 
postsynaptic intracellular mechanisms. Interneuronal inter-
actions occur between the terminal postganglionic vagal 
and sympathetic fibers, which often lie in close apposition
to each other in the heart. Acetylcholine liberated at vagal
endings is able to reduce the quantity of norepinephrine
released at the sympathetic terminals at any given level of
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FIGURE 34.2 Mechanism for sinus bradycardia in response to increased
vagal tone. At the terminal neurons of vagus, acetylcholine (ACh) is
released, which acts on the muscarinic receptor to stimulate the intracellu-
lar protein G, which, in turn, opens the activation gate of IK, ACh. The result
is flow of potassium current and hyperpolarization, and a longer time is
needed to reach the activation threshold for spontaneous firing of the nodal
action potential. The result is a sinus bradycardia. (Reprinted with permis-
sion from Opie, L. H. 1998. The heart. Physiology: From cell to circula-
tion, 3rd ed. Philadelphia: Lippincott-Raven Publishers.)
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sympathetic neural activity. In addition, NPY released by
sympathetic activation may exert inhibitory influence on
vagal cholinergic transmission. At the postsynaptic level, the
interactions occur through effects on the sarcolemmal mem-
brane receptor sites. Activation of b-adrenergic and mus-
carinic receptors influence ionic currents, adenylate cyclase
activity, and changes in the concentrations of cAMP, cyclic
GMP, and other cellular processes. These are generally
counter-regulatory responses and are not generally under-
stood at this time.
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The small arteries with thick muscular walls and diame-
ters of 250 mm or less and the arterioles are responsible for
the major resistance to blood flow in the circulatory system.
Normally these vessels are maintained in a state of func-
tional constriction (vascular tone) determined by the inter-
action between intrinsic (myogenic tone) and extrinsic
(neurotransmitters, hormones, autacoids, and products of
metabolism) factors. Myogenic tone is a property of arteri-
olar smooth muscle that is independent of any other influ-
ence and is the reference tone for the control of vascular
resistance by extrinsic factors. A complex interaction
between these factors allows the circulatory system to
accomplish the requirements for increased or decreased
blood flow to different organs during various physiologic
situations.

Neurogenic mechanisms occupy a central position in the
normal regulation of vascular tone. The importance of the
contribution of neurogenic mechanisms to baseline vascular
tone is apparent by the decrease of nearly 50mm Hg in mean
arterial pressure after pharmacologic blockade of the a-
adrenergic receptors or surgical sympathectomy in normal
subjects or animals. In addition, neurogenic mechanisms, by
coordinating the degree of transient changes in vascular tone
in many regions and organs, enable the rapid redistribution
of blood flow to areas functionally important to specific
activities. This redistribution of blood flow, coordinated by
a combination of centrally driven autonomic nerve activity
and its modulation by cardiovascular receptors (mainly the
arterial baroreceptors), allows, for example, a person to
stand up after awakening without exhibiting hypotension
and syncope. In exercise, it enables optimization of skeletal
muscle blood flow by diverting cardiac output away from
the splanchnic and renal circulation.

Less apparent but by no means less important for circu-
latory homeostasis is the regulation of venous capacity by
neurogenic mechanisms. By controlling the venous tone,
neurogenic mechanisms control the systemic blood volume
distribution—a critical mechanism in the regulation of
venous return to the heart, and thereby in the regulation of
cardiac output. Most of the blood in the body is contained
in the veins (approximately 70%) and venules, which are 
relatively flaccid and of larger diameter when compared

with arteries and arterioles at normal distending pressures.
Smooth muscle lines the wall of much of the venous 
system, and its volume can be altered by sympathetic 
venoconstriction.

Finally, although neurogenic mechanisms predominantly
have vasoconstrictor function through noradrenergic termi-
nals, vasodilator neurogenic mechanisms play an essential
role in more restricted areas such as those supplied by
cranial and sacral nerves from the parasympathetic division
of the autonomic nervous system.

SYMPATHETIC COMPONENT

The sympathetic division is by far the most important
division influencing both the whole-body hemodynamics
and the local vascular tone in many areas. The activity of
sympathetic neurons usually elicits vasoconstriction roughly
proportional to the level of neural activity. This vasocon-
striction is determined by various combinations of norepi-
nephrine, neuropeptides, and purines. However, there are
some species, including humans, in which stimulation of
sympathetic fibers directed to vessels of skeletal muscles
causes vasodilatation that is blocked by atropine. When this
type of fiber is stimulated, the responses are transient and
confined to arterioles. In addition, adrenergic influence may
also produce vasodilatation when b2–adrenergic receptors
instead of a1-adrenergic receptors are the mediators of nor-
epinephrine released by the adrenergic terminals.

Sympathetic Fibers

The sympathetic innervation of the vascular system is
divided into different groups on the basis of the particular
bed and its reflex responses. Physiologically, these different
groups do not function as one; rather, the activity of the
neurons in each pathway is governed separately. Blood flow
to the skin, for example, is regulated separately from blood
flow to the skeletal muscles or to abdominal organs. Dis-
crete neuronal phenotypes can be distinguished in preverte-
bral ganglia on the basis of electrophysiologic properties,
neurochemistry, or morphology.
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Neuroeffector Junction

The postganglionic autonomic nerves innervating blood
vessels ramify into small bundles, which form a primary
plexus located in the loose adventitia of the blood vessels.
The autonomic nerve bundles form the terminal effector
plexus located on the medial layer where they approach the
surface of smooth muscle cell and establish neuromuscular
contact (Fig. 35.1). These nerves end in strings of varicosi-
ties (~1mm in extent and separated by 2–4 mm) entirely
devoid of Schwann cell sheathes from which the transmit-
ter is released on arrival of the nerve impulse. Compared
with central synaptic clefs, which are not wider than 20nm,
the peripheral neuroeffector units are generally no closer
than 100nm in distance to the membrane of the smooth
muscle cells. It is now known that the sympathetic axon
varicosities commonly form structurally specialized neuro-
muscular junctions with vascular smooth muscle cells of
most resistance arteries and some small veins (Fig. 35.2).
Neuromuscular junctions, defined as axon varicosities con-
taining synaptic vesicles, closely apposed to the outer
surface of smooth muscle cells, with only a single layer of
basal lamina intervening between axon and muscle mem-
branes, were identified in all three species. Junctions are also
found in most vessels less than 1mm in diameter with a 
frequency ranging from 8000 to 150,000 junctions/mm2

smooth muscle surface, the number generally increasing
with decreasing arterial diameter. These small arteries are
primarily, but not exclusively, muscular rather than elastic.

Neurotransmitters of Sympathetic Component

Neurotransmitters are stored in vesicles at the neuro-
effector junction. Norepinephrine is the classical neuro-
transmitter released from sympathetic nerve terminals
during sympathetic discharge and produces vasoconstriction
by activating a-adrenoceptors located on vascular smooth
muscles. Most of the norepinephrine contained in adrener-
gic nerves is stored in granular vesicles. Two types of gran-
ular vesicles—small and large dense-cored vesicles, both
storing norepinephrine—have been identified by separation
by density gradient electron microscopy. Norepinephrine is
believed to be stored in the vesicles in a complex with
adenosine triphosphate (ATP), but the vesicles also contain
enzymes involved in norepinephrine synthesis, such as
dopamine b-hydroxylase, and proteins, such as chromo-
granin. It is currently widely accepted that the ATP released
together with norepinephrine from sympathetic nerves may
act as a sympathetic cotransmitter together with norepi-
nephrine. The concentration of norepinephrine in the nerve
cell body is on the order of 10–100 mg/g wet weight and

FIGURE 35.1 Arrangement of vascular neuroeffector apparatus. Postganglionic autonomic nerves ramify into small
bundles forming a primary plexus, which is located in loose adventitia. Bundles give rise to varicosed fibers forming
terminal effector plexus, located on surface of medial layer. (Reprinted with permission from Verity, M. A. 1971. Mor-
phologic studies of the vascular neuroeffector apparatus. In Physiology and pharmacology of vascular neuroeffector
systems, ed. J. A. Bevan, R. F. Furchgott, R. A. Maxwell, and A. A. Somlyo, 2–12. Basel, Switzerland: Karger.)
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amine synthesis and storage occurs in this part of the neuron,
where turnover has been calculated as 1–5 hours. A
varicosity-forming contact with vascular smooth muscle
cells contains from 500 to 1500 synaptic vesicles, and the
norepinephrine concentration in each synaptic vessel has
been estimated to be about 2.4M.

In addition to norepinephrine, neuropeptide Y (NPY) and
galanin also are found in sympathetic nerve fibers. Subcel-
lular fragmentation experiments suggest that NPY, galanin,
and norepinephrine are colocalized in large dense-core vesi-
cles. NPY elicits a pressor response after intravenous admin-
istration or release by the sympathetic terminals. In certain
blood vessels, the vasoconstrictor potency of NPY is 25
times greater than norepinephrine on a molar basis. In addi-
tion, a prominent action of NPY is to potentiate the postjunc-
tional contractile effect of norepinephrine and that of other
vasoactive agents.

Release of Transmitter and Effector Action

The variations in distance between adrenergic nerve ter-
minals and smooth muscle cells vary depending on vessel
size and location (Table 35.1). In the smallest arterioles and
venules, only one or two muscle cells may be present, but
in large arteries, the media thickness may be as great as 
500mm or more. The concentration of norepinephrine in the

extracellular space has been difficult to estimate during
nerve activation, but in extracellular spaces where the axon
varicosity is at close contact to the vascular smooth muscle,
it appears to be on the order of 10-6 to 10-5 g/ml. Only a small
fraction of the cells in the vascular musculature is directly
innervated by autonomic nerves; therefore it appears that
individual smooth muscle cells probably are electrically and
mechanically coupled. Gap junctions have been identified
between the opposing membranes between adjacent smooth
muscles that offer pathways for low electrical resistance and
electrical coupling between adjacent muscle cells.

Released norepinephrine binds to lipoprotein sites called
receptors on the vascular smooth muscle membrane where
the vasoconstrictor response is initiated. Norepinephrine 
is removed from the junctional cleft by active reuptake, by
the neuronal cell membrane (active carrier coupled to Na+,
K+, and adenosine phosphatase), and by leakage into the
capillaries. Nearly 80% of the norepinephrine released is
incorporated back into the nerve terminal for storage. The
amount that is spilled into the capillaries, if widespread, can
serve as a rough index of total sympathetic nervous activity.

NPY is released together with norepinephrine and ATP,
although there is preferential release of NPY with higher fre-
quencies and intermittence of stimulation. Release of NPY
from vasoconstrictor neurons occurs in vivo in response to
moderate or intense, but not mild, reflex activation of sym-
pathetic pathways. The three major sympathetic cotransmit-
ters—norepinephrine, ATP, and NPY—each have been
demonstrated to contribute to sympathetic vasoconstriction,
although the relative contribution of each varies between
vascular beds and segments. Although norepinephrine seems
to be responsible more for the fast phase of vasoconstric-
tion, NPY mediates the slow phase of vasoconstriction
through Y1 receptors.

FIGURE 35.2 Electron micrograph of sympathetic neuromuscular junc-
tion. A varicosity has formed a flange extending along the surface of a
smooth muscle cell of a rabbit ear artery. (Reprinted with permission from
Luff, S. E. 1996. Ultrastructure of sympathetic axons and their structural
relationship with vascular smooth muscle. Anat. Embryol. 193:515–531,
1996; Secaucus, NJ: Springer-Verlag New York, Inc.)

TABLE 35.1 Distance between Autonomic Nerve Terminals
and Smooth Muscular Media Layer in Arterial Vessels

External diameter Neuromuscular
Blood vessel (mm) interval (nm)

Precapillary arteriole ~20 20
Renal cortex arteriole 25–35 200–400
Pancreatic arteriole 20–50 <400
Coronary arteriole ~50 300–700
Auricular artery ~1500 ~500
Mesenteric artery 100–200 ~500
Pulmonary artery >5000 ~2000

Reprinted with permission from Verity, M. A. 1971. Morphologic
studies of the vascular neuroeffector apparatus. In Physiology and phar-
macology of vascular neuroeffector systems, ed. J. A. Bevan, R. F. 
Furchgott, R. A. Maxwell, and A. P. Somlyo, 2–12. Basel, Switzerland:
Karger.

Note that mean neuromuscular interval roughly parallels vessel 
diameter.
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PARASYMPATHETIC COMPONENT

The cranial and sacral nerves of the parasympathetic
nervous system also regulate the vascular tone, and their
activity results in vasodilatation because of the combined
action of acetylcholine, vasoactive intestinal peptide (VIP),
and nitric oxide (NO). It is generally accepted that cholin-
ergic nerves contain predominantly small agranular vesicles
(35–60nm). However, a few large granular vesicles with a
dense core usually also are present. Cholinergic fibers orig-
inating in the craniosacral-parasympathetic outflow are
known to supply arterioles in the brain, heart, erectile tissue
of the genitalia, and various glands in the gastrointestinal
tract. Although the role played by these vasodilator fibers is
generally unknown, their importance in contributing to
hyperemia in the engorgement of erectile tissue in the gen-
italia is well established. However, the parasympathetic
nervous system does not appear to participate in any signi-
ficant way in the major homeostatic reflexes contributing to
the vascular tone.

Despite its high endogenous concentration in cerebral
blood vessels, acetylcholine is not the transmitter for vasodi-
lation in this region. Acetylcholine exhibits a negligible
direct effect on vascular smooth muscle tone, possibly
because of its low synaptic concentration and the wide
synaptic distance. In fact, the direct effect of exogenous
acetylcholine on cerebral vascular smooth muscle is a con-
striction rather than a dilation. Results from pharmacologic
studies have demonstrated that NO, but not acetylcholine,
mediates the major component of neurogenic vasodilation.
In this context, NO synthase and choline acetyltransferase
have been found to coexist in the parasympathetic ganglion
and perivascular nerves in cerebral blood vessels of several
species. More recently, acetylcholine and NO have been
shown to corelease from the same cholinergic-nitrergic
nerves, and it has been shown that acetylcholine acts as a
presynaptic transmitter in modulating NO release. The exact
mechanism of this presynaptic cholinergic modulation of
NO-mediated vasodilation, however, is not clarified.

Parasympathetic neurons also contain VIP, which
together with NO contribute to vasodilation of head and
pelvic nerve. It is currently known that there is almost 
universal coexistence of VIP with acetylcholine and NO
synthase in vasodilator neurons innervating the major 
distributing arteries in the head and pelvis. VIP was the first
neuropeptide found colocalized with acetylcholine in cranial
vasodilator neurons, and it can be detected in perivascular
nerve fibers supplying most of the major arteries and many
veins in the head. Furthermore, VIP is strongly expressed 
in pelvic vasodilator neurons of many species and in 
cholinergic sympathetic vasodilator neurons innervating 
skeletal muscle arteries. Vasodilator neurons that synthesize
VIP also contain structurally unrelated peptides, including
NPY, dynorphins, enkephalin, galanin, somatostatin, and

calcitonin gene–related peptide, but their function remains
unknown.

NEURAL CONTROL OF VEINS

Veins appear to be innervated by a-adrenergic fibers of
the sympathetic nervous system only. It is important to rec-
ognize that the two regions in the human cardiovascular
system that contain the most capacity to store volume (high-
capacitance regions) are the splanchnic and cutaneous
venous beds. These venous beds are also the most richly
innervated, particularly the larger veins in these regions,
which contain the major fraction of the total blood volume,
whereas the smaller venules are sparsely innervated. There
is evidence that active sympathetic vasoconstriction of veins
participates in the regulation of ventricular filling pressure.
Reflex-induced increase in venous tone in compensation for
mild hemorrhage in dogs appears to account for about one
third of the reduction in venous capacitance, whereas
another third appears to be accounted for by passive venous
collapse and another third by transcapillary fluid shifts. Such
assessments have been difficult to make in human subjects,
and it can only be assumed that active control of venous tone
is of at least as great importance and probably greater, given
the responses required of the veins to upright posture and
heat stress.

DIFFERENTIAL VASOMOTOR CONTROL

The concept originally put forward by Cannon in 1915,
that the entire sympathetic nervous system is activated en
masse so as to produce uniform outflow, had to be modified
over the past several decades. There are significant regional
variations in the responsiveness of arterioles to sympathetic
activity. There are a number of factors that enable the
nervous system to provide differential vasomotor control
among organs. One important factor is that the density of a-
adrenergic innervation varies from organ to organ. Innerva-
tion to arterioles is especially dense in vessels supplying
skin, splanchnic organs, skeletal muscle, kidneys, and
adipose tissue. Veins in the splanchnic and cutaneous circu-
lation are heavily innervated, whereas veins deep in the
limbs are sparsely innervated. Second, sensitivity of vascu-
lar smooth muscle to norepinephrine varies from region 
to region, in part because of the density of a-adrenergic
receptor sites. Third, there is heterogeneity of a-adrenergic
receptors among organs. Fourth, neuronal reuptake of 
norepinephrine differs from region to region. Fifth, structure
and vascular size vary among tissues and contribute to the
heterogeneity of responses to changes in sympathetic stim-
ulation. In small vessels with small junctional clefts, the
actions of released norepinephrine can be more localized.
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Regional variations in the responsiveness of arterioles to
sympathetic activity also result from variations in regional
levels of basal myogenic tone. It is well recognized that the
level of myogenic tone varies among different organs, being
greatest in the heart, brain and skeletal muscle, and less in
the kidneys. Vasoconstrictor sympathetic nerves increase
resistance above vascular basal tone by active vasoconstric-
tion, but can only decrease vascular resistance below basal
tone by so-called passive dilatation. Thus, in regions with
high basal tone (e.g., skeletal muscle), which receive a tonic
sympathetic vasoconstrictor outflow, considerable vasodi-
latation can be achieved by withdrawal of resting sympa-
thetic tone. In contrast, in regions that have low basal tone
(e.g., kidneys), minimal vasodilatation can be achieved by
withdrawal of sympathetic tone.

It is important to recognize that blood flow is closely
linked to the rate of metabolism in active vascular beds such
as skeletal muscle, cerebral and coronary. An increase in
metabolic activity in these beds normally results in an
autoregulatory vasodilatation of blood vessels in these beds,
which overrides sympathetic neural control.

Release of endogenous vasoactive substances (autacoids)
such as NO, eicosanoids, histamine, kinins, adenine
nucleotides, and locally produced vasodilator metabolites all
can counteract sympathetic vasoconstriction and contribute
to regional modulations of vascular sympathetic responses.

Finally, it must be recognized that circulating humoral
agents can both impede and potentiate the response to neu-
rogenic vasoconstrictor activity. For example, angiotensin II
potentiates the effects of norepinephrine, whereas vasodila-
tor substances such as atrial natriuretic peptide impede the

response to neurogenic vasoconstrictor activity. Thus, the
sympathetic influence on regional circulations may also vary
depending on the circulating levels and on regional differ-
ences in the vascular reactivity to vasoactive hormones. It is
evident that all of the above factors that account for regional
differences in the response to sympathetic vasoconstrictor
discharge must be carefully considered when examining the
contribution of sympathetic nerves to the regulation of 
vascular tone and regional blood flow.
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The maintenance of cerebral perfusion is one of the fun-
damental goals of the autonomic nervous system. This is
achieved by means of cardiovascular regulatory mecha-
nisms designed to control perfusion pressure and the local
effects of the autonomic innervation of the cerebral vessels.
The classic regulatory functions of the brain circulation 
are perfusion autoregulation, vasoneuronal coupling, and
carbon dioxide/oxygen–driven changes. Cerebral perfusion
autoregulation allows vessels to adjust their lumen to main-
tain brain blood flow constant in the face of changes in blood
pressure. Vasoneuronal coupling allows local brain blood
flow to respond to metabolic needs, whereas brain circula-
tory responses to carbon dioxide and oxygen provide a
general mechanism to control the biochemical milieu of the
brain in the face of important changes in arterial blood gases.
These issues are covered more generally elsewhere in spe-
cialized physiologic textbooks [1–3]. This chapter covers
the neurovascular influences on the brain circulation with
emphasis on the extrinsic autonomic nervous influences.
Necessarily this will have a more physiologic flavor. For a
more clinical perspective, information is available elsewhere
in other textbooks [4, 5].

NEURAL INNERVATION OF BRAIN CIRCULATION

The neural innervation of the brain provides a means by
which brain vessel caliber can be altered without changes in
perfusion pressure, local metabolic needs, or arterial blood
gases. The intrinsic systems consist of nerves that arise from
within the brain and pass through brain substance to inner-
vate parenchymal vessels (Table 36.1). The extrinsic
systems, although arising in the brain, pass out of the brain
to traverse peripheral nerves returning to innervate large
intracranial and pial vessels (Table 36.2). It is the extrinsic
system that is the branch of the autonomic nervous system
that influences brain blood flow. The intrinsic system is
detailed in Table 36.1; also, specific reviews are available
elsewhere [5].

EXTRINSIC NEURAL INFLUENCES

Here the autonomic extrinsic neural influences on the
cerebral circulation are reviewed. The third component of
the extrinsic innervation is the sensory innervation from the
trigeminal nerve: the trigeminovascular system [6]. The
trigeminovascular system has important antidromic and
reflex orthodromic vasodilator effects on the cerebral circu-
lation. Its reflex connections act through the parasympa-
thetic outflow that is detailed later in this chapter.

Sympathetic Nervous System

Anatomy of Sympathetic Nerves

It has been established by careful anatomic studies that
the origin of the major part of the sympathetic innervation
arises from the superior cervical ganglion. The fibers form
a meshwork around the vessels. The innervation is densest
for forebrain structures whose vascular supply is from the
carotid system when compared with hindbrain structures,
which are more usually supplied by the vertebrobasilar
system. Few of the fibers that innervate these vessels pass
deep into the muscularis mucosa. For the large cerebral
vessels and pial vessels, these nerves arise from the superior
cervical ganglion. The noradrenaline-containing nerves that
appear to innervate the cerebral parenchymal vessels do not
arise from the superior cervical ganglion, but do arise cen-
trally from the major central source of noradrenaline in the
pons: the nucleus locus ceruleus (see Table 36.1).

Transmitters in the Sympathetic Nervous System

The sympathetic nervous innervation of the cerebral 
circulation has been classically marked by its content of
noradrenaline, which is now recognized to colocalize with
the peptide transmitter neuropeptide Y (NPY). Sympathetic
fibers containing noradrenaline course from the superior cer-
vical ganglion along the internal carotid artery and to the
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circle of Willis, and then to the basilar artery. After superior
cervical ganglionectomy noradrenaline is undetectable,
whereas stimulation of perivascular nerves releases nor-
adrenaline from the neuronal vesicles. There is a rich supply
of nerves containing NPY in the adventitia and adventitia-
medial border of the large cerebral vessels that is substan-
tially eliminated by removal of the superior cervical
ganglion.

Role of the Sympathetic Innervation

Cerebral arteries and arterioles constrict in response to
sympathetic nerve stimulation in vivo. It also has been
shown that the sympathetic nervous system can have trophic
influences on the cerebral circulation, which further com-
plicates the understanding of its influence here. There is evi-
dence to suggest that the sympathetic nervous innervation
plays a permissive role in cerebral autoregulatory responses.
Sympathetic nerve stimulation extends the upper limit of
autoregulation, whereas acute sympathectomy, a-blockade,
or inhibition of the effects of NPY shift the lower limit of
autoregulation toward a lower blood pressure. The pharma-
cologic action of NPY is to constrict cerebral vessels as
potently as noradrenaline, but with a more prolonged time
course. This similar, but more sustained, action of NPY may
have functional implications particularly because autoregu-
lation has a time course of seconds.

Parasympathetic Nervous System

The parasympathetic innervation represents the most
powerful of the neural vasodilator influences on the cerebral
circulation, and its further definition will ultimately lead to
a better physiologic understanding of the brain circulation.

Anatomy of the Parasympathetic Innervation

The parasympathetic system may be characterized as
arising from the superior salivatory nucleus and passing out
of the central nervous system in facial (cranial nerve VII)
nerve–distributing fibers through the cranial autonomic
ganglia, and acting to dilate cerebral vessels almost certainly
by way of a peptidergic transmitter. The terms pterygopala-
tine and sphenopalatine are completely equal, with the
former being used in humans. In some species, including
humans, there may be additional variably sized microgan-
glia located in the wall of the internal carotid artery that 
contribute to this system. Fibers arising from the superior
salivatory nucleus pass through the geniculate ganglion
without synapsing. The fibers pass in the greater superficial
petrosal nerve to the carotid plexus directly, and to the
carotid artery through the sphenopalatine and otic ganglia
where they synapse. Postsynaptic fibers pass into the 
ethmoidal nerve to innervate cerebral vessels.

Transmitters and Modulators

The parasympathetic system uses several neurotrans-
mitter/neuromodulators that have a vasodilator action. 
Substances found include acetylcholine, nitric oxide, and
secretin family peptides: vasoactive intestinal polypeptide
(VIP), peptide histidine isoleucine (methionine; PHI/M),

TABLE 36.1 Intrinsic Neural Innervation of the Cerebral
Circulation–Implicated Structures

Effect on
Structure cerebral blood flow

Medulla
Dorsal medullary reticular formation +
Rostroventrolateral medulla +

Pons
Locus ceruleus -
Parabrachial nucleus (medial) -

Midbrain
Dorsal raphe nucleus +

Cerebellum
Fastigial nucleus (electrical) +

Forebrain
Basal forebrain +
Centromedian parafascicular thalamus +

+, Increased cerebral blood flow; -, decreased cerebral blood flow
(when the listed structure is stimulated).

TABLE 36.2 Extrinsic Innervation of the Cerebral Circulation

Effect of
stimulation Transmitters/

Ganglia on CBF Receptors

Sympathetic Superior cervical - Noradrenaline
NPY

Parasympathetic Pterygopalatine Acetylcholine
Otic + VIP
IC miniganglia PHI (M)

PACAP
Helodermin
Helospectin I and II
NO

Trigeminal Trigeminal + Substance P
CGRP
Amylin
Neurokinin A
Cholecystokinin-8
PACAP
Nociceptin
NO
VR1

CBF, cerebral blood flow; CGRP, calcitonin gene–related peptide; IC,
internal carotid; NO, nitric oxide; NPY, neuropeptide Y; PACAP, pituitary
adenylate cyclase–activating polypeptide; PHI (M), peptide histidine
isoleucine (methionine); VIP, vasoactive intestinal polypeptide; VR1, vanil-
loid receptor 1.
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pituitary adenylate cyclase activating polypeptide, heloder-
min, and helospectin I and II.

Effect of Parasympathetic Blockade 
on Normal Physiology

The facial/greater superficial petrosal innervation is not
involved in autoregulatory responses of the cerebral vessels.
Sectioning the facial nerve does not alter autoregulation,
resting cerebral blood flow, or glucose utilization. The main
parasympathetic outflow ganglia, the pterygopalatine gan-
glion, may be ablated without any alteration of hypercapnic
vasodilatation.

Effect of Direct Parasympathetic Stimulation 
on Cerebral Blood Flow 

Direct stimulation of the facial nerve in humans leads to
an increase in total cranial blood flow, as does chemical
stimulation of the superior salivatory nucleus. Stimulation
of the facial nerve increases cerebral blood flow without
altering metabolic activity as reflected by stable glucose 
utilization or sagittal sinus oxygen content. These responses
are meditated through a classical parasympathetic ganglion
because they can be blocked by hexamethonium. VIP is
released when cerebral arterial nerves are stimulated.
Indeed, although no antagonist to VIP is available, a specific
VIP antiserum has been used to inhibit noncholinergic, non-
adrenergic dilator responses in the cranial circulation result-
ing from both direct and distant nerve stimulation. It has
been shown that facial nerve stimulation results in local 
cortical release of VIP, and this release is blocked by hexa-
methonium. Similarly, direct stimulation of the ptery-
gopalatine ganglion leads to cerebral vasodilation that is not
dependent on any change in local metabolic activity.

Possible Roles for the Parasympathetic Innervation

The parasympathetic nerves are not directly involved in
the most basic cerebrovascular responses, such as hypoxic

In Vivo

or hypercapnic vasodilatation, and they do not appear to play
a role in autoregulation. There are capable, however, of eli-
citing vasodilation of a neurogenic, or neurovascular, nature
without any associated change in brain metabolism. What
role could this have? Perhaps their role is during physiologic
threat, such as in ischemia, or in perceived threat as might
be associated with activation of nociceptive pathways [7].
The parasympathetic system is ideally placed to be engaged
to increase cerebral blood flow when ordinary metabolic
driving factors are impaired. This protection may, however,
be regionally variable because the posterior circulation
innervation with VIP is much less than that seen anteriorly.
This finding may have implications in situations in which
predominantly posterior changes are reported such as
migraine. It may be too narrow a perspective to consider
only a vasomotor function for these nerves because there is
evidence that cholinergic mechanisms can alter capillary
permeability including the movement of amino acids.
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High- and low-pressure baroreflexes represent classic
negative feedback mechanisms. Pressure changes alter firing
of stretch-sensitive neurons located in the walls of arteries
and cardiac chambers. Changes of baroreceptor input to the
brain provoke changes of neural output from vagal and sym-
pathetic motoneurons. These changes of efferent nerve
activity set in motion cardiovascular adjustments that
counter the pressure changes that initiated the cascade of
neurologic events. Thus, baroreflex mechanisms finely tune
heart rate, atrioventricular node conduction, myocardial
contractility and electrophysiologic properties, and periph-
eral resistance on a beat-by-beat basis, and dampen the
effects of environmental perturbations that arise during
everyday living [1]. This chapter focuses primarily on arte-
rial baroreceptors in healthy humans.

ANATOMY

Arterial baroreceptors are located in the adventitia of the
carotid sinuses and aortic arch. Neurons thought to be
baroreceptors appear in histologic sections as complex
arborizations. All barosensitive neurons are tethered to sur-
rounding structures; this coupling contributes viscoelastic
properties that figure importantly in baroreceptor transduc-
tion. Afferent baroreceptor impulses travel over rapidly con-
ducting myelinated and slowly conducting unmyelinated
nerve fibers in the carotid sinus and aortic nerves to the
medulla.

The experimental literature groups together (inappropri-
ately) a variety of heterogeneous receptors located in the
walls of intrathoracic vessels and the heart as cardiopul-
monary baroreceptors. These receptors are distributed
widely in the superior and inferior vena cavae; atria, ventri-
cles, and coronary arteries; and pulmonary arteries and
veins. Afferent fibers from cardiopulmonary receptors
course with sympathetic nerves to the spinal cord and with
vagus nerves to the medulla. Most myelinated afferent car-
diopulmonary neurons fire with periodicities related to atrial

or ventricular events; most unmyelinated afferent neurons
fire sporadically, without clear relation to cardiac events [2].

Nearly all baroreceptor neurons, cardiopulmonary and
arterial, converge on the same neuron pools (and on the same
neurons in about 15% of cases) in the solitary tract nucleus
of the medulla. Because of its position as a way station for
incoming baroreceptor information, the solitary tract
nucleus may be a major center for arterial and cardiopul-
monary baroreflex integration [3]. Incoming baroreceptor
information is carried over interneurons (with many possi-
bilities for interactions with other neural activity, particu-
larly that related to respiration) to vagal motoneurons in the
medulla and, through the rostral ventrolateral medulla, to
sympathetic motoneurons in the spinal cord.

TRANSDUCTION

Arterial baroreceptors sense distortion, not pressure.
However, because the degrees of pressure and distortion
usually are related closely, baroreceptor transduction is dis-
cussed in terms of pressure changes. Arterial baroreceptors
are extraordinarily sensitive; they respond to changes of
arterial flow that do not provoke measurable changes of
pressure. (This assertion may be true, in part, because the
ability of laboratory devices to transduce pressure changes
is crude, relative to that of baroreceptors.) Individual recep-
tors begin firing when some threshold pressure is exceeded,
fire in proportion (i.e., nearly linearly) to further pressure
increases, and reach a saturation level, above which addi-
tional increases of pressure do not provoke increases of
firing.

Recordings made from families of baroreceptor neurons
document a smoothly rounded threshold region—a gradual
increase, rather than the abrupt onset of firing that occurs in
individual baroreceptors. This appearance results because as
pressure increases, more baroreceptors are recruited, and
those whose firing had already commenced fire at more
rapid rates. Thus, the relation between arterial pressure and
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multifiber baroreceptor nerve activity is sigmoid, with
threshold, linear, and saturation regions. In animals, and
probably also in humans, resting arterial pressure (called the
operational, or set point) lies on the linear portion of this
relation.

The viscoelastic coupling of baroreceptors to their sur-
roundings exerts an important influence on their function.
One manifestation of this is rate-sensitivity: rapid pressure
changes elicit more rapid firing rates than slow pressure
changes. Another manifestation is adaptation: firing rates are
more rapid at the beginning of a step increase of pressure
than they are at the end. A third manifestation is hysteresis:
firing rates are greater when pressure is increasing than
when pressure is returning to or below baseline levels.

METHODS FOR STUDY OF 
HUMAN BAROREFLEXES

Although two groups have recorded human arterial
baroreceptor traffic directly (during neck surgery), virtually
all that is known about human baroreflex function is derived
from correlations between R-R interval (or heart rate) or
sympathetic nerve activity and spontaneous or provoked
changes of arterial distending pressure [1]. Such correlations
usually yield a baroreflex slope (or gain) over a limited range
of the linear portion of the sigmoid arterial pressure/vagal
or reverse sigmoid/sympathetic response relations.

More information on baroreflex responses can be
obtained when pressure changes are elicited experimentally.
For example, substantial increases (amounting to tens of 
mmHg) can be provoked by Valsalva maneuvers (voluntary
straining against a closed glottis). After release of straining,
R-R interval increases can be plotted as functions of pre-
ceding arterial (usually systolic) pressures to derive baro-
reflex slopes and, sometimes, indications of baroreflex
threshold. Bolus injections or infusions of vasoactive drugs,
such as sodium nitroprusside or phenylephrine hydrochlo-
ride, can be given to provoke arterial pressure changes, and
these pressure changes can be related to R-R intervals and
sympathetic nerve activity. (However, it may be difficult to
provoke significant changes of arterial pressure with vasoac-
tive drug infusions in subjects who have very responsive
baroreflexes.) Sequential injections of a vasodepressor fol-
lowed by a vasoconstrictor agent may yield information on
baroreflex thresholds and slopes in the linear range.

Finally, pressure or suction can be applied as single or
repetitive pulses to a chamber strapped to the anterior neck,
to modify carotid transmural pressure. This approach has
two advantages: first, activity of only one barosensitive area,
the carotid baroreceptors, can be modified selectively; and,
second, large pressure changes (limited primarily by the
subject’s tolerance) can be applied. (One method [1] uses 
a brief 40–mmHg pressure increment, followed by a series

of 15–mmHg pressure decrements, to -65mmHg—a total
change of 105mmHg.) Neck chamber methods have several
disadvantages. Although pressure is transmitted from the
chamber to internal structures in the neck reproducibly in
serial applications of neck pressure or suction, it is not trans-
mitted totally. More importantly, changes of transmural
carotid pressure provoked by neck pressure or suction are
opposed by reflex changes of arterial pressure sensed by
aortic baroreceptors. Because all baroreceptor inputs termi-
nate on the same solitary tract nucleus neuron pool, abrupt
changes of carotid baroreceptor activity occurring simulta-
neously with opposing changes of aortic baroreceptor activ-
ity are discounted. For example, sustained (lasting seconds)
neck pressure may alter efferent sympathetic nerve traffic
for only one heart beat. (Vagal, or R-R interval, responses
to carotid baroreceptor stimulation last longer than sympa-
thetic responses.) Probably as a result of aortic baroreceptor
opposition, baroreflex slopes measured during neck pressure
changes are much less than baroreflex slopes measured
during arterial pressure changes (which provoke parallel
changes of firing in all baroreceptors).

One problem besets all methods used to estimate baro-
reflex gain during sustained (lasting more than 1 second)
changes of baroreceptor input: because baroreflex adjust-
ments occur so rapidly, measured arterial pressure changes
represent pressure changes driving baroreceptors, less
baroreflex-mediated pressure adjustments. Therefore, meas-
ured pressure changes are functions of baroreceptor stimuli
rather than the stimuli themselves.

It is unlikely that noninvasive methods can alter activity
of human cardiopulmonary baroreceptors selectively. A
genre of literature from human and animal studies is based
on the mistaken notion that experimental perturbations, such
as infusions of “subpressor” doses of pressor agents, leg
raising, mild hemorrhage or fluid infusion, or lower body
suction, which alter pressure measured in the cardiopul-
monary region (usually in the vena cavae or right atrium),
but which do not alter pressure measured in arteries, are
selective for cardiopulmonary receptors. The fallacy in this
thinking arises from at least two mistaken notions. The first
notion is that the cardiovascular system can be segmented;
because this system is continuous, it is unlikely that a per-
turbation can be applied to one segment that does not affect
all segments. The second mistaken notion is that arterial
baroreceptors sense pressure; baroreceptors sense changes
of dimensions, not pressure. Therefore, absence of pressure
changes cannot be taken as evidence for absence of dimen-
sion changes. (This assertion is related to the fact that arte-
rial baroreceptors are so sensitive and efficient that they can
respond to changes of dimensions in baroreceptive arteries
by restoring arterial pressure nearly perfectly.) Although
minor levels (20mmHg or less) of lower body suction (the
prototype of experimental interventions used in humans to
perturb cardiopulmonary receptors selectively) do not alter
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arterial pressure, they provoke major reductions of carotid
artery and ascending aorta dimensions.

INTEGRATED BAROREFLEX RESPONSES

Figure 37.1 illustrates several features of integrated
human baroreflex responses [4]. These data were obtained
from a healthy human volunteer who was given sequential
intravenous bolus injections of nitroprusside and phenyle-
phrine. At the beginning of the recording, the reduction of
arterial pressure provoked parallel reductions of R-R inter-
vals (withdrawal of vagal restraint) and increases of muscle
sympathetic nerve activity. Note that the increase of arterial
pressure after the phenylephrine injection silenced muscle
sympathetic nerve activity (see Fig. 37.1, bottom left,
extreme right). The top right graph in Figure 37.1 documents
proportionality between R-R intervals and arterial pressure
and indicates that the R-R interval/systolic pressure relation
is steeper when pressures are increasing than when they are
decreasing (baroreflex hysteresis). The bottom right graph
in Figure 37.1 documents inverse proportionality between
arterial pressure and muscle sympathetic nerve activity.

Figure 37.2 shows stylized (but faithfully reproduced)
muscle sympathetic nerve and R-R interval responses of a
group of healthy subjects to abrupt increases or decreases of
carotid baroreceptor input provoked by brief neck suction or
pressure. These data illustrate several important features of
human baroreflex function. First, in humans as in animals,
the relation between arterial distending pressure and vagal-
cardiac nerve activity is sigmoid (reverse sigmoid in the case
of sympathetic nerve activity). Second, resting pressure
(denoted by the closed circles in Fig. 37.2) lies on the linear
portion of both relations; therefore, all arterial pressure
changes elicit sympathetic and vagal neural responses.
Third, in healthy young supine subjects (who were studied
to obtain these data), resting arterial pressure is only slightly
below the threshold for sympathetic activation. In such sub-
jects, baseline levels of sympathetic activity are low, and
small increases of arterial pressure above baseline levels
silence muscle sympathetic motoneurons.

Figure 37.3 illustrates how arterial baroreceptors control
vagus nerve traffic to the heart (as reflected by R-R intervals)
and sympathetic nerve traffic to the large (about 40% of body
mass) muscle vascular bed. During increases and decreases
of arterial pressure provoked by infusions of phenylephrine

FIGURE 37.1 Vagal and sympathetic responses to sequential arterial pressure reductions and increases. (Reproduced
with permission from Rudas, L., A. A. Crossman, C. A., Morillo, J. R., Halliwill, K. U. O., Tahvanainn, T. A., Kuusela,
and D. L. Eckberg. 1999. Human sympathetic and vagal responses to sequential ntiroprusside and phenylephrine. Am.
J. Physiol. 276:H1691–H1698.).
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However, subsequent denervation of cardiopulmonary
baroreceptors raises arterial pressure above normal levels
[5].

BAROREFLEX RESETTING

Tethering of baroreceptors to surrounding structures
introduces a viscoelastic element that importantly deter-
mines baroreceptor function. After the beginning of abrupt
distension of a baroreceptive artery, afferent baroreceptor
nerve traffic decays (or adapts) as a power function—that is,
the log of baroreceptor nerve firing, plotted as a function of
the log of time, is linear. After an abrupt step increase 
of pressure, baroreceptor firing decays to about one fourth
of its peak value in less than 0.5 second. One practical impli-
cation of this is that changes of baroreceptor nerve activity
provoked by sustained stimuli, such as neck suction, are
likely to decline rapidly. (The experimental literature con-
tains numerous examples of studies in which the tacit and

FIGURE 37.2 Average muscle sympathetic nerve and R-R interval
responses of a group of healthy subjects to brief neck pressure or suction.
Open circles indicates resting arterial pressure.

FIGURE 37.3 Average (±SEM) muscle sympathetic nerve traffic and R-R intervals of one supine healthy subject at
different arterial pressures during infusions of phenylephrine (top), saline (middle), and nitroprusside (bottom).

and nitroprusside, sympathetic and vagal traffic varied recip-
rocally. At the greatest pressure (see Fig. 37.3, top), sympa-
thetic “bursts” were absent and fluctuations of R-R intervals
were maximal; and at the lowest pressure (see Fig. 37.3,
bottom), sympathetic bursts were plentiful and large, and
fluctuations of R-R intervals were nearly absent.

The role of baroreceptors in setting absolute levels of arte-
rial pressure is controversial. Denervation of arterial baro-
receptors leads to permanent and large lability of arterial
pressure, but to only transient arterial pressure increases.
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erroneous assumption is made that increases of barorecep-
tor nerve traffic are the same at the beginning as at the end
of neck suction.)

The relation between arterial pressure and efferent auto-
nomic outflow is highly fluid (Fig. 37.4). These sigmoid
arterial pressure input/vagal–cardiac nerve output relations
were measured in two supine subjects studied while awake,
every 3 hours, for 24 hours. Shifts of the stimulus-response
relations shown in Figure 37.4 occur rapidly (within tens of
seconds) during experimentally induced arterial pressure
changes and extend the range of pressures over which
baroreflexes are operative.

CARDIOPULMONARY BAROREFLEXES

Hainsworth ably reviewed reflexes triggered by cardiac
receptors [2], and Chapter 38 reviews reflexes triggered by
cardiac receptors that are chemosensitive. As mentioned
earlier, I am skeptical about claims that small changes of
effective blood volume, such as those provoked by low
levels of lower body suction, alter cardiopulmonary, but not
baroreceptor, function. Nonetheless, there are several human
reflex responses that seem to be initiated by cardiopul-
monary receptors. One response is the human response to
intracoronary injections of radiographic contrast medium.
The simultaneous occurrence of bradycardia and hypoten-
sion suggests that during such injections arterial baroreflex
responses are overridden. (The combination of hypotension
and bradycardia also occurs during inferior left ventricular
ischemia.) A second response is the marked diuresis that
sometimes accompanies supraventricular tachycardias,
which may represent a neurohumoral response initiated by
atrial receptors.

SUMMARY

Arterial baroreflexes are prime examples of negative
feedback mechanisms. Pressure changes alter stretch of
barosensitive neurons, and changes of baroreceptor nerve
activity trigger changes of sympathetic and vagal nerve
activity and set in motion reflex adjustments that restore
pressure toward baseline levels. Viscoelastic coupling of
baroreceptors exerts important effects on their pressure
transduction. The relation between arterial pressure and
baroreflex responses is sigmoid (or reverse sigmoid in the
case of sympathetic traffic), with threshold, linear, and 
saturation ranges. Arterial baroreflexes can be studied in
humans by quantitating the effects of spontaneous or pro-
voked changes of arterial distending pressure on sympa-
thetic and vagal activity. Because denervation of all
barosensory areas, cardiopulmonary and arterial, provokes
sustained hypertension, it is likely that baroreceptors set
absolute levels of arterial pressure.
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SKIN BLOOD FLOW

Skin is a highly complex structure with a multitude of
nerve fibers and their receptors, blood vessels, sweat glands,
hair follicles, sebaceous glands, and numerous other 
structures, all of which may be affected by vasomotor 
dysfunction.

There are two types of skin blood flow (SBF) that serve
different purposes and have quite different morphologic sub-
strates. Nutritive skin blood flow (SBFn) is carried in capil-
laries that are 5–8mm in diameter. These microvessels are
thin walled and supply oxygen and other nutrients to tissue.
Arteriovenous skin blood flow (SBFA-V), in contrast, is
carried in large-diameter (25–150mm), low-resistance
vessels that shunt blood from arterioles to venules at high
flow rates and do not delivery oxygen to tissue. Instead, in
human skin, SBFA-V shunts blood to superficial skin to
enhance heat loss, serving its key role in thermoregulation.
An increase of either SBFA-V or SBFn increases heat con-
ductance. Under conditions of maximal heat conductance,
both SBFA-V and capillary flow are usually maximal.
However, high heat conductance can occur with maximal
SBFA-V and low SBFn, suggesting that SBFA-V is far more
important in thermoregulation. This conclusion is not sur-
prising considering that maximal capillary flow is 19 ml/
100g/min, whereas minimal SBFA-V flow is 92ml/100g/min
[1]. The major role of SBF is thermoregulatory. It also is
important in the maintenance of skin nutrition, barrier func-
tion, and wound healing. SBF also affects sweat production.

VENOARTERIOLAR REFLEX

The maintenance of stable blood flow despite changes in
posture of the whole subject or a limb is important. A major
change in position causes a change in blood and pulse pres-
sure and activation of arterial baroreflexes. A lesser change
in position changes venous volume and activation of venous
baroreflexes. When only a limb is moved, these baroreflexes
are not activated. Instead, when venous transmural pressure
is increased by 25 mmHg (e.g., by lowering a limb), there is
a reduction in blood flow by 50%. This abrupt reduction in

flow is often termed the venoarteriolar reflex [2] (Fig. 38.1).
This response exists in all tissues of the limbs, including
subcutaneous adipose, muscle, and skin; hence, it is an
important vasoregulatory mechanism. Henriksen and co-
workers [3] suggested that ~45% of the change in systemic
vascular tone during upright tilt may be caused by this
response, with the remaining 55% caused by reflex mecha-
nisms elicited through baroreceptors unloading.

The existence and importance of the reflex is unques-
tioned, but the mechanism of this “reflex” is uncertain [4].
Investigators have attempted to define the neural pathway,
citing intactness of the reflex with acute spinal blockade, but
disappearing after sympathectomy [3]. They proposed an a-
adrenergic mechanism because the venoarteriolar reflex was
blocked or markedly reduced by local injections of phento-
lamine [5]. Henriksen and colleagues [2, 3] concluded that
the underlying neural pathway was that of an axon reflex,
and they advanced apparently convincing documentation.
The response is blocked by local anesthetic without impair-
ing vasomotion [3, 6].

More recent rigorous studies cast doubt on the role of the
axon reflex. Crandall and colleagues [6] found that none of
a variety of antiadrenergic drugs had a significant effect on
the reflex. These findings do not support an adrenergic
mechanism. Presynaptic blockade of sympathetic nerve 
terminals with intradermal bretylium did not affect the
response, ruling out roles both for noradrenaline and any
coreleased transmitter [7]. The recent studies suggest that
sympathetic vasoconstrictor nerves are not required for the
venoarteriolar reflex.

These recent studies are consonant with the clinical expe-
rience. The venoarteriolar reflex has been measured in the
foot of patients with diabetes and is reported to be reduced
in those with diabetic neuropathy [8]. However, the dis-
sonance with other evidence of peripheral autonomic 
denervation has been problematic. For example, Moy and
colleagues [9] compared this response with other indexes of
autonomic denervation in 45 control subjects, 49 patients
with diabetes, and 29 patients with other neuropathies.
Results for patients whose postganglionic sudomotor axon
reflex test was completely absent and who also had severe
orthostatic hypotension (indicating postganglionic adrener-
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gic failure) were not significantly different from the rest of
the neuropathic group, whereas both quantitative sudomotor
axon reflex test (QSART) and heart rate responses were sig-
nificantly more abnormal in this subset. We concluded that
the venoarteriolar reflex, although impaired in the neu-
ropathies, is of little value as a clinical test and is a poorer
test of autonomic function than the QSART or the cardio-
vascular heart rate tests.

Currently, there is good evidence for “reflex” venocon-
striction in response to distension of veins. Neural and 
vascular mechanisms are involved, but evidence for an
adrenergic reflex is weak.
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The heart serves not only as a pump, but also as a sensory
organ with both neural and endocrine functions. Stimulation
of sensory nerve endings in the heart can induce potent
reflex hemodynamic effects, primarily vasodilation and
bradycardia. Afferents for this reflex are located predomi-
nantly in the inferoposterior wall of the left ventricle. 
Activation of this reflex may contribute to neurocardiogenic
or vasovagal syncope and to exertional syncope in aortic
stenosis [1]. The cardiac inhibitory reflex should be sus-
pected whenever hypotension is associated with paradoxical
bradycardia, such as during inferoposterior myocardial
infarction.

PHYSIOLOGY

The afferent limb of the reflex consists of cardiac sensory
nerve endings that originate in the atria and ventricles and
travel through the vagus to the central nervous system. The
sensory receptors are distributed predominantly in the 
ventricles and are activated by chemical agents such as 
veratrum alkaloids, nicotine, and phenylbiguanide (the
Bezold-Jarisch reflex). Mechanical stimulation of the ven-
tricle, either by acute increases in left ventricular pressures
and inotropism or by ventricular distortion, may also elicit
the reflex.

CLINICAL CONDITIONS PREDISPOSING 
TO ACTIVATION OF THE REFLEX

Afferents for the reflex are distributed preferentially in
the inferoposterior wall of the left ventricle. Thus, in animal
studies, occlusion of the circumflex coronary artery (sup-
plying the inferoposterior left ventricle) results in hypoten-
sion and bradycardia, and no reflex skeletal muscle
vasoconstriction in response to the hypotension. These
reflex responses are less pronounced with occlusion of the
left anterior descending artery (supplying the anterior wall).
Vagotomy abolishes the reflex inhibitory response to occlu-

sion of the circumflex artery. In humans, there is an
increased incidence of bradyarrhythmias and hypotension in
inferior wall infarction (70%) compared with anterior wall
infarction (30%). In patients with Prinzmetal’s angina,
spasm of vessels supplying the inferior myocardium induces
bradycardia, in contrast to tachycardia during anterior wall
ischemia. After intracoronary thrombolytic therapy, patients
with right coronary artery occlusion and reperfusion have a
greater incidence of bradycardia and hypotension than those
with left coronary reperfusion, in whom hypertension and
tachycardia are more frequent. During coronary arteriogra-
phy, bradycardia and hypotension are most marked during
injections into a dominant right coronary artery, supplying
the inferior wall of the heart.

The reflex may also be implicated in exertional syncope
in patients with aortic stenosis. During exercise in normal
subjects, blood pressure and heart rate increase in response
to stimulation of somatic afferent receptors in skeletal
muscle (Fig. 39.1). The increased blood pressure results
from increased cardiac output and vasoconstriction in
viscera and in nonactive muscles. In patients with aortic
stenosis, leg exercise is associated with increased left ven-
tricular end-diastolic pressure and absence of vasoconstric-
tion in the nonexercising (forearm) muscle. Furthermore, in
patients with aortic stenosis and a history of exertional
syncope, paradoxic forearm vasodilation occurs during leg
exercise. After valve replacement, the paradoxic forearm
vasodilation is replaced by forearm vasoconstriction during
exercise.

Acute hypotension occurs in about 30% of patients
during hemodialysis. Possible etiologic factors include peri-
cardial effusion and tamponade or autonomic neuropathy.
However, Converse and colleagues [2] showed that patients
with hypotension during dialysis often have intact sym-
pathetic activity, but paradoxic bradycardia, vasodilation, 
sympathetic inhibition, and profound hypotension develop
with reduction of intravascular volume. In these patients,
echocardiographic studies demonstrated that hemodialysis
was accompanied by progressive reduction in left ventricu-
lar end-systolic dimensions with virtual cavity obliteration
before hypotensive episodes. In patients on hypotension-
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FIGURE 39.1 Schematic diagram showing effects of activation of left
ventricular baroreceptors during exercise in patients with severe aortic
stenosis. Top, Afferent impulses originating in exercising leg muscle, 
normally producing reflex vasoconstriction in the nonexercising forearm.
Bottom, Increased left ventricular pressure with activation of left ventricu-
lar baroreceptors and consequent inhibition, and reversal of forearm vaso-
constriction. (From Mark, A. L. 1983. The Bezold-Jarisch reflex revisited:
Clinical implications of inhibitory reflexes originating in the heart. J. Am.
Coll. Cardiol. 1:90–102, with permission).

FIGURE 39.2 Vasovagal response during sodium nitroprusside infusion in a healthy subject. Initially, as arterial blood
pressure decreases, muscle sympathetic nerve activity increases. Impending vasovagal syncope is accompanied by 
a decrease in blood pressure with simultaneous reduction in sympathetic nerve discharge. (From Eckberg, D. L., and 
P. Sleight. 1992. Human baroreflexes in health and disease, 153–215. Oxford: Clarendon Press, with permission).

resistant hemodialysis, arterial pressure remained stable
throughout dialysis, with progressive increases in heart rate
and sympathetic activity. Thus, excessive myocardial 
contraction around an empty chamber, with consequent
deformation of ventricular mechanoreceptors, may activate

the cardiac inhibitory reflex and promote hypotension and
syncope in patients on hemodialysis.

There has been a surge of interest in the use of upright
tilt as a diagnostic test in patients with recurrent neurocar-
diogenic or vasovagal syncope. In many of these patients,
upright tilt results in hypotension with paradoxic bradycar-
dia and syncope. Sequential atrioventricular pacing does not
prevent syncope, indicating a potent vasodilator component
[3]. There is marked withdrawal of efferent sympathetic
nerve activity to muscle blood vessels during vasovagal
syncope in humans [4] (Fig. 39.2). Prolonged upright tilt
with pooling of blood in the lower extremities results in
decreased cardiac filling pressure and increased myocardial
contractility. This can produce activation of cardiac
mechanoreceptors with consequent sympathetic withdrawal,
vasodilation, bradycardia, and syncope. Release of humoral
agents such as epinephrine, vasopressin, and prostaglandins
potentiate this response. Tilt testing also has implicated the
cardioinhibitory vasodepressor reflex in the syncope associ-
ated with blood phobia [6].

Mechanisms other than the cardiogenic cardioinhibitory
vasodepressor reflex may be implicated in neurocardiogenic
syncope. Vasodepressor syncope has been reported during
nitroprusside infusion in a patient after heart transplantation,
where ventricular vagal afferent pathways are presumably
denervated. A study of patients after heart transplantation
revealed that 7 of 10 patients demonstrated bradycardia 
and hypotension during upright tilt. In four of these 
patients there was no evidence of vagal efferent reinnerva-
tion [5]. Thus, left ventricular receptors alone may not com-
pletely explain all cases of simultaneous hypotension and
bradycardia.

In this regard, studies indicate a possible role for humoral
substances such as serotonin and nitric oxide in mediating
simultaneous hypotension and bradycardia. These may 
act at a central neural level. During severe hemorrhagic
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hypotension in rats, paradoxic bradycardia and sympathetic
withdrawal are accompanied by increased sympathetic
activity to the adrenal gland. This increased adrenal nerve
activity is prevented by inhibitors of serotonin synthesis.
Serotonin administration into cerebral ventricles can induce
hypotension, inhibition of renal sympathetic activity, and
increased adrenal sympathetic activity. Thus, serotonin may
act centrally to inhibit reflex sympathetic activation and
serotonin antagonists may be effective in preventing vaso-
depressor syncope. Nitric oxide also has been reported to act
as a central neurotransmitter that might inhibit sympathetic
nerve activity and promote bradycardia and hypotension.
The role of serotonin and nitric oxide in reflex control and
the pathogenesis of neurocardiogenic syncope in humans is
unclear.
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INNERVATION OF THE KIDNEY

Autonomic control of the kidney is predominantly sym-
pathetic, and there is only scant evidence for parasym-
pathetic innervation [1, 2]. Postganglionic sympathetic
neurons densely innervate the kidneys and have varicosities
on renal vascular smooth muscle cells in the interlobar,
arcuate, and interlobular arteries, on afferent and efferent
arterioles, on juxtaglomerular cells, and on epithelial cells
in proximal tubules, thick ascending limbs of Henle’s loops,
distal convoluted tubules, and collecting ducts (Fig. 40.1).
In this regard, the density of sympathetic varicosities is
much greater on vascular structures and juxtaglomerular
cells compared with renal tubular epithelial cells.

The cell bodies of renal sympathetic postganglionic
neurons reside for the most part in prevertebral sympathetic
ganglia including the celiac, superior mesenteric, aorticore-
nal, and posterior renal ganglia, as well as in a variable
number of smaller renal ganglia. The axons of renal sym-
pathetic preganglionic neurons that synapse with renal post-
ganglionic neurons exit the thoracic (T10-T12) and lumbar
(L1-L3) sympathetic trunk and reach the outlying preverte-
bral ganglia through the thoracic splanchnic and lumbar
splanchnic nerves, respectively. Some renal preganglionic
neurons have cell bodies in T4-T8 with axons that descend
through the sympathetic trunk to T10-L3.

Cell bodies of premotor neurons projecting to and con-
trolling renal sympathetic preganglionic neurons in the
intermediolateral column of the spinal cord reside predom-
inantly in the rostral ventrolateral medulla, A5 noradrener-
gic cell group in the caudal ventrolateral pons, the caudal
raphe nuclei, and the paraventricular nucleus of the hypo-
thalamus, with the rostral ventrolateral medulla being most
critical and providing the primary tonic excitatory input to
preganglionic sympathetic neurons. The premotor neurons
controlling the renal sympathetic system, in turn, receive
projections from a number of brain regions involved in 
cardiovascular and renal regulation, the most important of
which is the nucleus tractus solitarius, which receives direct
inputs from the peripheral arterial and cardiopulmonary
baroreceptors and chemoreceptors. This arrangement allows
blood volume, pressure, and composition to modulate

appropriately renal function, which, in turn, corrects blood
volume, pressure, and composition in an elegant negative
feedback loop.

AUTONOMIC RECEPTORS IN THE KIDNEY

The basal discharge rate of renal sympathetic nerves is
0.5 to 2Hz, and this causes the continuous basal release of
the dominant neurotransmitter in the sympathetic varicosity,
norepinephrine, together with lesser amounts of the cotrans-
mitter, neuropeptide Y. Both norepinephrine and neuro-
peptide Y cause autoinhibition (prejunctional negative
feedback) of neurotransmitter release through prejunctional
a2-adrenoceptors and Y2 receptors, respectively. In addition,
several other humoral and paracrine factors also prejunc-
tionally modulate noradrenergic neurotransmission—for
example, angiotensin II through AT1 receptors and epineph-
rine through b2-adrenoceptors, both of which facilitate renal
noradrenergic neurotransmission (Fig. 40.2).

Norepinephrine acts directly on granular juxtaglomerular
cells, a type of modified smooth muscle cell in afferent arte-
rioles, to increase the rate of renin release. This effect of nor-
epinephrine is mediated exclusively by b1-adrenoceptors
and involves the following signal transduction process: (1)
activation of Gs; (2) stimulation of adenylyl cyclase; (3)
increased levels of cyclic adenosine monophosphate; (4)
stimulation of protein kinase A; (5) phosphorylation of 
proteins leading to increased H+ translocation into renin-
containing granules; (6) increased KCl/H+ exchange; (7)
osmotically driven influx of H2O into the granule; (8)
granule swelling; and (9) exocytosis of renin.

Renal artery hypotension (intrarenal baroreceptor mech-
anism) and decreased influx of NaCl into macula densa cells
in the thick ascending limb of Henle’s loop (macula densa
mechanism) also stimulate renin release, and renal sympa-
thetic nerve activation can indirectly increase renin release
by activating these mechanisms secondary to changes in
renal hemodynamics. Importantly, a powerful synergy exists
between b1-adrenoceptor–induced renin release and
intrarenal baroreceptor and macula densa-induced renin
release.
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Norepinephrine released from renal sympathetic vari-
cosities also acts directly on renal epithelial cells to accel-
erate the rate of solute and water reabsorption from the
tubular lumen. This effect of norepinephrine occurs in most
nephron segments, but it is particularly pronounced in the
proximal tubule. Although norepinephrine directly affects
epithelial cell transport, norepinephrine-induced changes in
renal blood flow and glomerular filtration rate may also con-
tribute to sympathetically induced decreases in renal excre-
tion of electrolytes and water [3–7]. The direct effects of
norepinephrine on tubular transport are mediated exclu-
sively by a1-adrenoceptors, which appear to engage the fol-
lowing signal transduction process: (1) activation of Gq; (2)
stimulation of phospholipase C-b; (3) increased production
of inositol trisphosphate; (4) release of intracellular calcium;
(5) calcium-mediated activation of the phosphatase cal-
cineurin; and (6) calcineurin-mediated dephosphorylation
and activation of Na+-K+ ATPase.

Stimulation of renal sympathetic nerves profoundly
decreases renal blood flow and glomerular filtration rate.
These effects are mediated mostly by norepinephrine-induced
activation of a1-adrenoceptors, which mediate intense con-
traction of vascular smooth muscle cells leading to constric-

tion of the renal microcirculation. The signal transduction
pathway is, in part, the following: stimulation of Gq Æ acti-
vation of phospholipase C-b Æ inositol trisphosphate
–induced calcium release + diacylglycerol production Æ acti-
vation of protein kinase C. In this regard, preglomerular
microvessels appear to be more responsive to norepinephrine
than are postglomerular microvessels, an imbalance that 
contributes to norepinephrine-induced reductions in glomeru-
lar capillary hydrostatic pressure. Norepinephrine reduces
single nephron glomerular filtration rate by (1) decreasing
glomerular capillary hydrostatic pressure; (2) reducing 
the glomerular capillary ultrafiltration coefficient by contract-
ing mesangial cells; and (3) decreasing single nephron blood
flow.

Although a1-adrenoceptors mediate most of the renal
hemodynamic effects of renal sympathetic nerve stimula-
tion, a2-adrenoceptors and Y1 receptors also participate,
with considerable species variation. Both a2-adrenoceptors
and Y1 receptors may contribute to renal vasoconstriction 
by inhibiting adenylyl cyclase through a Gi-mediated
mechanism.

Studies involving direct electrical stimulation of renal
nerves support the conclusion that different frequency
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threshold levels of efferent renal sympathetic nerve activity
alter renin release (0.5Hz), tubular transport (1Hz), and
renal hemodynamics (2.5Hz). However, direct simultaneous
recordings of renal sympathetic nerve activity and renal
blood flow in conscious animals suggest that the full spec-
trum of physiologically relevant renal sympathetic nerve
activity affects renal blood flow. Currently, this is an unre-
solved controversy.

REFLEX REGULATION OF BLOOD VOLUME

Autonomic control of the kidney enables an important
renal reflex that buffers changes in blood volume and con-
tributes to the rapid restoration of normal blood volume after
a positive or negative perturbation in volume status caused
by, for example, a large volume load or blood loss (Fig.
40.3). Increases in blood volume stimulate cardiopulmonary
baroreceptors, particularly those in the left atrium. Stimula-
tion of cardiopulmonary baroreceptors by an expanding
blood volume increases afferent vagal signals to the nucleus
tractus solitarius, which relays these incoming signals to 
cardiovascular centers in the brain for further integration.

The net result is an inhibition of antidiuretic hormone secre-
tion from the posterior pituitary and a reduction in efferent
renal sympathetic nerve activity. The decrease in efferent
renal sympathetic nerve activity decreases renin release 
and renal tubular epithelial transport and increases renal
blood flow and glomerular filtration rate. These changes, in
conjunction with decreases in antidiuretic hormone levels,
markedly increase the excretion rate of NaCl and water,
which accelerates the restoration of a normal blood volume.
Conversely, a reduction in blood volume (e.g., by severe
bleeding) increases antidiuretic hormone levels and efferent
renal sympathetic nerve activity, and these changes reduce
NaCl and water excretion to prevent further reductions in
blood volume.

As a general rule, evolution provides multiple homeo-
static mechanisms controlling physiologic parameters 
critical to life, and blood volume is no exception. Redun-
dancy exists in the homeostasis of blood volume and 
the extent to which autonomic control of the kidney con-
tributes to blood volume regulation depends on multiple
factors such as the magnitude of blood volume, perturba-
tion and the physiological status of other regulatory mecha-
nisms [8].

      

–

PGs
Histamine
Ach
ANP
NO
Bradykinin

NENE
(–)

(–)

A u t o n o m i c  R e c e p t o r s  i n  t h e  K i d n e y

Renin
Release

Vascular
Contraction

Renal Vascular
Smooth Muscle

Cell

(+)

(+)

(+)

(+)

(+)

(+)(–)

�1

�2

Y1

Threshold = 2.5 Hz

Threshold =  1 Hz

Thr
es

ho
ld 

= 
0.

5 
Hz

Renal Epithelial
Cell Solute

& H20

�1

NPYNPY

Y2

 �2

Juxtaglomerular
Cell

Sodium
Reabsorption

Other Prejunctional
Modulators

Adenosine(A1)

Ang II (AT1)
Epi (b2)

Basal
Frequency= 

0.5–2Hz

Renal Sympathetic
Varicosity

�1

Renin

FIGURE 40.2 Summary of autonomic receptors in the kidney. a1, a1-adrenoceptors; A1, A1 adenosine receptor; Ach,
acetylcholine; Ang II, angiotensin II; ANP, atrial natriuretic peptide; b1, b1-adrenoceptors; Epi, epinephrine; NE, 
norepinephrine; NO, nitric oxide; NPY, neuropeptide Y; PGs, prostaglandins; Y1, Y1 receptors for neuropeptide Y; Y2,
Y2 receptors for neuropeptide Y.



160 Part III. Physiology

THE RENORENAL REFLEX

Because two kidneys regulate blood volume, pressure,
and composition, it is not surprising that a mechanism exists
to balance these critical tasks between the two kidneys. This
mechanism is the renorenal reflex (Fig. 40.4).

Increased renal blood flow and glomerular filtration rate
to one kidney results in ipsilateral increases in renal venous
and pelvic pressures because of greater volumes of blood
and urine, respectively, in those compartments. Pressure in
the renal venous and pelvic structures activates renal
mechanoreceptors residing in the major renal veins, the
renal pelvis, and the corticomedullary connective tissue.
Release of substance P and calcitonin gene–related peptide
from afferent nerve endings, as well as local formation of
prostaglandin E2, may augment the discharge of afferent
renal sensory nerves [8].

Renal afferent nerves have their cell bodies in the ipsi-
lateral dorsal root ganglia (T10-L1), and incoming signals
pass through the spinal cord to cardiovascular/renal integra-
tion centers in the central nervous system. With increased

incoming afferent traffic from the ipsilateral kidney, these
centers of integration command a decrease in efferent renal
sympathetic nerve activity to the contralateral kidney, which
results in increases in renal blood flow to and glomerular 
filtration by the contralateral kidney, thereby increasing the
workload on the contralateral kidney. Moreover, diuresis
and natriuresis by the contralateral kidney gradually
decreases arterial blood pressure, which ultimately reduces
the renal blood flow and glomerular filtration rate of the 
ipsilateral kidney. The net result is a near equal renal blood
flow and glomerular filtration rate between the kidneys and,
consequently, an equal sharing of the workload of maintain-
ing a constant blood volume, pressure, and composition 
(see Fig. 40.4).

AUTONOMIC CONTROL OF THE KIDNEY 
IN PATHOPHYSIOLOGIC STATES

The relation between mean arterial blood pressure and
the renal excretion rate of sodium—that is, the renal 
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pressure-natriuresis curve—determines long-term levels of
arterial blood pressure. Increased renal efferent sympathetic
nerve activity impairs renal sodium excretion and shifts the
renal pressure-natriuresis curve to the right such that greater
long-term levels of blood pressure are required to maintain
sodium excretion in balance with sodium intake [9]. It is not
surprising, therefore, that efferent renal sympathetic nerve
activity contributes to the pathophysiology of hypertension
[8]. Evidence for this conclusion includes: (1) complete
renal denervation delays or attenuates, or both, the devel-
opment of hypertension in a wide spectrum of experimental
animal models; (2) efferent renal sympathetic nerve activity
is usually increased in hypertension; (3) chronic low-level

renal nerve stimulation or chronic intrarenal infusions of
norepinephrine induce hypertension; and (4) sympatholytic
drugs decrease blood pressure. It is certain, however, that
the pathophysiology of hypertension is multifactorial and
that efferent renal sympathetic nerves are only one among
several participating mechanisms.

Renal retention of NaCl and water is a prerequisite for
edema formation in congestive heart failure, hepatic cirrho-
sis, and nephrotic syndrome. In these pathophysiologic
states, blood pressure, intravascular extracellular fluid
volume, or both are often diminished, even though total
extracellular fluid volume is usually expanded. These per-
turbations inappropriately engage an arterial baroreceptor-
mediated or cardiopulmonary baroreceptor-mediated reflex
increase in efferent renal sympathetic nerve activity, or both,
which contributes significantly to the retention of NaCl and
water and, consequently, to the edematous state. Accord-
ingly, maneuvers that attenuate efferent renal sympathetic
nerve activity—for example, head-out water immersion,
bilateral lumbar sympathetic anesthetic block, and adminis-
tration of sympatholytics—increase NaCl and water ex-
cretion in edema associated with heart, liver, or kidney
disease [9, 10].
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cosmetic use of these substances as mydriatics in sixteenth-
century Venice. The mischief caused by the ubiquitous 
jimsonweed is typical of this group of plants. Jimsonweed
has been used as a poison, has been taken as a hallucinogen,
has caused accidental illness and death, and it can cause an
alarming accidental mydriasis. These solanaceous plants,
which are related to the tomato, potato, and eggplant, are
still cultivated for medical purposes.

Atropine and scopolamine block parasympathetic activ-
ity by competing with acetylcholine at the effector cells of
the iris sphincter and ciliary muscle, thus preventing depo-
larization. After conjunctival instillation of atropine (1%),
mydriasis begins within about 10 minutes and is fully devel-
oped at 35 to 45 minutes; cycloplegia is complete within 
1 hour. The pupil may stay dilated for several days, but
accommodation usually returns in 48 hours. Scopolamine
(0.2%) causes mydriasis that lasts, in an uninflamed eye, 
for about 2 days; it is a less effective cycloplegic than
atropine.

Tropicamide and cyclopentolate are synthetic parasym-
patholytics with a relatively short duration of action. Tropi-
camide (1%) is an effective, short-acting mydriatic (3 to 6
hours), which results in only a transient paresis of accom-
modation. Compared with tropicamide, cyclopentolate (1%)
seems to be a more effective cycloplegic and a slightly less
effective mydriatic, especially in dark eyes; accommodation
takes about half a day to return and the pupil still may not
be working perfectly after more than 24 hours.

Botulinum toxin blocks the release of acetylcholine, and
hemicholinium interferes with the synthesis of acetylcholine
both at the preganglionic and postganglionic nerve endings,
thus interrupting the parasympathetic pathway in two places.
The outflow of sympathetic impulses is also interrupted 
by systemic doses of these drugs, because the chemical
mediator in sympathetic ganglia is also acetylcholine.

PARASYMPATHOMIMETIC 
(CHOLINERGIC) DRUGS

Pilocarpine and methacholine are structurally similar to
acetylcholine and are capable of depolarizing the effector

The iris hangs in a bath of aqueous humor. The actions
of the sphincter and dilator muscles on the size of the pupil
are not impeded by bulky tissue, and they are in plain view.
It is not surprising that 80 to 100 years ago, at the very
beginning of autonomic pharmacology, the pupil was fre-
quently used as an indicator of drug action. In those years it
was shown that parasympathetic and sympathetic neural
impulses to the iris muscles could be modified by drugs at
the synapses and at the effector sites, because it was at these
locations that the transmission of the impulse depended on
chemical mediators (Fig. 41.1). In this chapter, these well
known, autonomically active drugs are grouped according
to the site and their mechanism of action.

A few general cautionary words should first be said about
the interpretation of pupillary responses to topically instilled
drugs. There are large interindividual differences in the
responsiveness of the iris to typical drugs, and this becomes
most evident when weak concentrations are used. For
example, 0.25% pilocarpine will produce a minimal con-
striction in some patients and an intense miosis in others.
This means that the most secure clinical judgments stem
from comparisons with the action of the drug on the other
normal eye.

The general status of the patient also will influence the
size of the pupils. If the patient becomes uncomfortable or
anxious while waiting for the drug to act, both pupils may
dilate. If the patient becomes drowsy, both pupils will con-
strict. Thus, if a judgment is to be made about the dilation
or contraction of the pupil in response to a drug placed in
the conjunctival sac, one pupil should be used as a control
whenever possible [4].

PARASYMPATHOLYTIC (ANTICHOLINERGIC)
DRUGS

The belladonna alkaloids occur naturally. They can be
found in various proportions in deadly nightshade (Atropa
belladonna), henbane (Hyoscyamus niger), and jimsonweed
(Datura stramonium). Potions made from these plants were
the tools of professional poisoners in ancient times. The
word belladonna (“beautiful lady”) was derived from the
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cell, thus causing miosis and spasm of accommodation.
Methacholine is still sometimes used in a weak (2.5%) solu-
tion to test for cholinergic supersensitivity of the sphincter
muscle in autonomic failure. It is being replaced by weak
pilocarpine (0.1%).

Arecoline is a naturally occurring substance with an
action similar to that of pilocarpine and methacholine. Its
chief advantage is that it acts quickly; a 1% solution pro-
duces a full miosis in 10 to 15 minutes (compared with 20
to 30 minutes for 1% pilocarpine) [3].

Carbachol acts chiefly at the postganglionic cholinergic
nerve ending to release the stores of acetylcholine. There
also is some direct action of carbachol on the effector cell.
A 1.5% solution causes intense miosis, but the drug does not
penetrate the cornea easily and is therefore usually mixed
with a wetting agent (1 :3500 benzalkonium chloride).

Acetylcholine is liberated at the cholinergic nerve end-
ings by the neural action potential and is promptly hydro-
lyzed and inactivated by cholinesterase. Cholinesterase, 

in turn, can be inactivated by any one of the many anti-
cholinesterase drugs. These drugs either block the action of
cholinesterase or deplete the stores of the enzyme in the
tissue. They do not act on the effector cell directly; they just
potentiate the action of the chemical mediator by prevent-
ing its destruction by cholinesterase. It follows from their
mode of action that these drugs will lose their cholinergic
activity once the innervation has been completely destroyed.

Physostigmine (eserine) is the classic anticholinesterase.
Along the Calabar coast of West Africa, the native tribes
once conducted trials “by ordeal” using a poison prepared
from the bean of the plant Physostigma venenosum.
The local name for this big bean was the “esere nut.” The
organic phosphate esters (echothiophate [Phospholine],
isoflurophate [diisopropyl fluorophosphate], tetraethyl
pyrophosphate, hexaethyltetraphosphate, parathion), many
of which are in widespread use as insecticides, cause a much
longer miosis than the other anticholinesterases, but even
this potent effect, thought to be caused by interference with

FIGURE 41.1 The innervation of the iris muscles, showing the pathways and the terminology in general use. Note
that an alerting stimulus dilates the pupil in two ways, both of them with a noradrenergic step in the pathway. The alert-
ing stimulus inhibits the iris sphincter nucleus and at the same time sends a message down to the cervical cord and the
out along the cervical sympathetic pathway. This arrives at the iris about half a second after the sphincter-relaxing
message and causes the radial dilator muscle to tighten, thus widening the pupil.
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cholinesterase synthesis, can be reversed by pralidoxime
chloride.

SYMPATHOMIMETIC (ADRENERGIC) DRUGS

Epinephrine stimulates the receptor sites of the dilator
muscle cells directly. When applied to the conjunctiva, the
1 :1000 solution does not penetrate into the normal eye in
sufficient quantity to have an obvious mydriatic effect. 
If, however, the receptors have been made supersensitive 
by previous denervation, or if the corneal epithelium has
been damaged, allowing more of the drug to get into the 
eye, then this concentration of epinephrine will dilate 
the pupil.

Phenylephrine in the 10% solution has a powerful
mydriatic effect. Its action is almost exclusively a direct
alpha stimulation of the effector cell. The pupil recovers in
8 hours and shows a “rebound miosis” lasting several days.
A 2.5% solution is now commonly used for mydriasis.
Ephedrine acts chiefly by releasing endogenous norepi-
nephrine from the nerve ending, but it also has a definite
direct stimulation effect on the dilator cells.

Tyramine (5%) and hydroxyamphetamine (1%) have
an indirect adrenergic action: they release norepinephrine
from the stores in the postganglionic nerve endings. Accord-
ing to current knowledge, that is their only effective 
mechanism of action.

Cocaine (5 to 10%) is applied to the conjunctiva as a
topical anesthetic, a mydriatic, and a test for Horner syn-
drome. Its mydriatic effect is the result of an accumulation
of norepinephrine at the receptor sites of the dilator cells.
The transmitter substance builds up at the neuroeffector
junction because cocaine prevents the reuptake of the nor-
epinephrine back into the cytoplasm of the nerve ending.
Cocaine itself has no direct action on the effector cell, it does
not serve to release norepinephrine from the nerve ending,
and it does not retard the physiologic release of norepi-
nephrine from the stores in the nerve ending. Its action is
indirect, it interferes with the mechanism for prompt dispo-
sition of the chemical mediator, and in this respect its action
is analogous to that of the anticholinesterases at the cholin-
ergic junction. If the nerve action potentials along the sym-
pathetic pathway are interrupted, as in Horner syndrome, the
transmitter substance will not accumulate and the pupil will
not dilate. The duration of cocaine mydriasis is quite vari-
able; it may last more than 4 hours. It does not show
“rebound miosis.”

Sympatholytic Drugs (Adrenergic Blockers)

Thymoxamine HCl (0.5%) and dapiprazole (“Rev
Eyes”) are a-adrenergic blockers that will reverse phenyle-

phrine mydriasis by taking over the a-receptor sites on the
iris dilator muscle.

Other Agents

Substance P affects the sphincter fibers directly and will
constrict the pupil of a completely atropinized eye. The chief
pupillary action of morphine is to cut off cortical inhibition
of the iris sphincter nucleus in the midbrain, with resultant
miosis. Topical morphine, however, even in strong solutions
(5%), has a minimal miotic effect on the pupil. Nalorphine
and levallorphan are antinarcotic drugs that when adminis-
tered parenterally reverse the miotic action of morphine.

Intravenous heroin seems to produce miosis in propor-
tion to its euphoric effect. In a habituated heroin user, the
same dose of the drug seems to produce less pupillary con-
striction than in a naïve subject. Thus, given the plasma drug
concentration and the size of the pupil in darkness, it should
be possible to produce a measure of the degree of physical
dependence in a given individual.

During the induction of anesthesia the patient may be in
an excited state and the pupils are often dilated. As the anes-
thesia deepens, supranuclear inhibition of the sphincter
nuclei is cut off and the pupils become small. If the anes-
thesia becomes dangerously deep and begins to shut down
the midbrain, the pupils become dilated and fail to react 
to light.

The concentration of calcium and magnesium ions in the
blood may affect the pupil. Calcium facilitates the release of
acetylcholine, and when calcium levels are abnormally low,
the amount of acetylcholine liberated by each nerve impulse
decreases to less than the level needed to produce a 
postsynaptic potential, thus effectively blocking synaptic
transmission. Magnesium has an opposite effect—a high
concentration of magnesium can block transmission and this
may dilate the pupil.

IRIS PIGMENT AND PUPILLARY 
RESPONSE TO DRUGS

In general, the more pigment in the iris, the more slowly
the drug takes effect and the longer its action lingers. This
is probably because of the drug being bound to iris melanin
and then slowly released. It should be noted that there are
wide individual differences in pupillary responses to topical
drugs. There is probably a greater range of responses among
blue eyes than there is between the average response of blue
eyes and the average response of dark brown eyes. Some of
these individual differences are because of corneal penetra-
tion of the drug [4].
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populations. Increased peripheral resistance from arte-
riosclerosis may account for this change [2].

OCULAR BLOOD FLOW

Ocular or optic nerve head blood flow (OBF) is defined
with reference to systemic and IOP variables:

From this equation it can be determined that a decrease
in blood pressure or an increase in IOP can decrease OBF
unless blood pressure and IOP change concurrently or
autoregulation is intact to alter resistance. Autoregulation
occurs over a physiologic range of pressures. The system
can be overcome with extreme changes. For example,
normal human OBF autoregulation can be overwhelmed by
a marked acute increase of IOP to 45 to 55mmHg [6]. The
lowest IOP that permits ocular autoregulation as indicated
by blue-field entopic leukocyte speed in acutely induced
ocular hypotension in healthy subjects is 6mmHg [7].

AUTONOMIC DYSFUNCTION

Patients with autonomic failure can experience dimming
of their vision as they assume an upright posture. These
symptoms improve with treatment of their autonomic 
dysfunction. Some also will report ocular pain with wide
fluctuations in blood pressure. Untreated patients have sig-
nificant declines in systolic and diastolic blood pressures,
IOPs, and mean ocular perfusion pressures compared with
matched control subjects when changing from supine to
standing positions [8].

A patient with unbuffered autonomic activity from
baroreflex failure can have a strong positive correlation
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/3 diastolic blood pressure  systolic blood

 pressure IOP tance

=
= +(
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The ocular ciliary body produces aqueous humor that
nourishes the lens and other ocular structures before exiting
the eye, primarily through the trabecular meshwork in the
anterior chamber or through the secondary uveal-scleral
pathway (Fig. 42.1). An inadequate outflow of aqueous
causes an increase of intraocular pressure (IOP). An IOP
increase is a significant risk factor for the development of
glaucoma. Glaucoma is defined as optic nerve damage in
which there is a characteristic acquired loss of retinal gan-
glion cells and damage to the optic nerve. Vision loss in
untreated glaucoma is progressive and permanent. Glau-
coma generally is bilateral and affects the peripheral vision
initially. It may also occur in patients with measured 
IOP within the population physiologic range of 10 to 
21mmHg. Therapy is directed at decreasing IOP.

An IOP may also become too low with folds developing
in the retina and choroid (hypotony maculopathy), or fluid
collecting beneath the choroid to push it upward into the vit-
reous cavity (choroidal detachment). This may occur after
ocular surgery or in inflammatory ocular conditions.
Therapy is directed at increasing the IOP.

The regulation of IOP is not well understood, but it 
may be partially under systemic vascular control [1]. 
The vascular system is influenced by myogenic tone, local
metabolic changes, humoral influences, and autonomic
control.

SYSTEMIC BLOOD PRESSURE AND
INTRAOCULAR PRESSURE RELATION

A positive correlation has been found between systemic
blood pressure and IOP in large population studies. Gener-
ally, systolic rather than diastolic blood pressure was the
responsible component. This is believed to be caused by
increased ultrafiltration in aqueous production. This relation
occurs in multiple races and in both sexes [2–5]. The ratio
of IOP/systolic blood pressure declines with age in normal
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between blood pressure and IOP fluctuations (Fig. 42.2) [9].
Values of IOP, mean arterial pressure, and mean ocular 
perfusion pressure are closest to corresponding control
values in the standing position [8]. Through extrapolation,
these values increase when position changes from standing
to supine in untreated patients with baroreflex failure.

IOP also is associated with blood pressure readings in
such forms of primary autonomic failure as multiple system
atrophy and pure autonomic failure [8, 10]. A correlation
between changes in mean arterial pressure and IOP occurs
with variation of positions on a tilt table [10]. With physio-
logic positional changes in untreated patients, IOP, mean
arterial pressures, and mean ocular perfusion pressures 
were closest to corresponding control values in the supine
position [8]. These values decline to less than corresponding
control values with a positional change from supine to 
standing in patients with peripheral or central autonomic
dysfunction.

The autonomic system appears to have a significant role
in stabilizing IOP and may indirectly act through blood pres-
sure maintenance. Decreases in mean ocular perfusion pres-
sure and the development of symptoms including dimming

of vision, eye pain on standing, or both could suggest at least
a temporarily overwhelmed ocular autoregulatory capacity.
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FIGURE 42.1 Ocular anatomy with aqueous inflow and outflow path-
ways indicated. (Courtesy National Eye Institute, National Institutes of
Health, Bethesda, MD.)
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FIGURE 42.2 Correlation of mean arterial pressure (MAP) and intra-
ocular pressure (IOP) in a patient with selective baroreflex failure. Dotted
lines, 95% confidence interval. (Reprinted with permission from Elsevier:
Joos, K. M., S. K. Kakaria, K. S. Lai, J. R. Shannon, and J. Jordan. 1998.
Intraocular pressure and baroreflex failure. Lancet 351:1704).
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terminals. At the ganglion, Ang II facilitates synaptic neuro-
transmission by direct excitation of ganglionic neurons.
Complex effects of Ang II at nerve terminals include several
important long- and short-term actions. Ang II increases the 
synthesis of tyrosine hydroxylase in sympathetic nerves,
facilitates release of norepinephrine, and prevents reuptake.
The adrenal medulla is another site where Ang II receptors
exist in great abundance to facilitate catecholamine release.

Sympathetic Nervous System Influence 
on the Renin-Angiotensin System

The earlier focus on Ang II modulation of SNS activity
should not overshadow the considerable influence of the
SNS on the RAS. Increased renal sympathetic nerve activ-
ity (SNA) is a major stimulus for release of renin through
b-adrenergic receptors on juxtaglomerular cells. Along with
intrarenal baroreceptors, sodium status and Ang II receptor
subtype 1 (AT1)-mediated feedback is one of four major
stimuli regulating renin release. Thus, the SNS and RAS
have a reciprocal relation akin to a positive feedback loop.
Disorders of this pathway, as seen in certain dysautonomias,
may render suboptimal renin release in response to increases
in SNS. The resulting postural hypotension with tachycar-
dia reflects the importance of the interplay of these two
systems to orthostatic competence.

PARASYMPATHETIC NERVOUS SYSTEM

Angiotensin II Influence on the Parasympathetic
Nervous System

Although early studies on the effects of Ang II on the
baroreflex yielded information on inhibition of vagal control
of heart rate, the sites and mechanisms for these effects were
not known. With the revelation in the mid-1980s that Ang
II receptors were associated with central and peripheral
components of vagal sensory and motor systems, a neu-
roanatomic substrate was provided for these actions. Sub-
sequent studies clearly show that Ang II receptors are
distributed at each synaptic relay within the parasympathetic

Anatomic studies indicate that Angiotensin (Ang) II
receptors are abundant at all levels of the synaptic relays for
both sympathetic and parasympathetic branches of the auto-
nomic nervous system. Thus, activation of the renin-
angiotensin system (RAS) may have profound consequences
on regulation of various autonomic functions.

SYMPATHETIC NERVOUS SYSTEM

Angiotensin II Influence on the Sympathetic
Nervous System

Ang II is noted for its facilitatory effects on the sympa-
thetic nervous system (SNS). What is less frequently appre-
ciated is the widespread distribution of Ang II receptors,
which positions the peptide to influence function at each
relay of the synaptic circuitry of the SNS. Ang II receptors
are localized within central nervous system (CNS) sites
involved in control of sympathetic outflow: hypothalamus,
pons, dorsal medullary centers processing visceral afferent
input, and the caudal and rostral ventrolateral medullary
(CVLM and RVLM, respectively) centers that ultimately
project to sympathetic preganglionic neurons (SPNs). The
excitatory actions of Ang II on neurons within hypothalamic
and pontine sites are pressor and tachycardic, largely acti-
vating descending pathways to increase sympathetic nerve
activity in general and to the kidney in particular. Figure
43.1 is a schematic of medullary, spinal, and peripheral sites
where Ang II receptors exist. At the level of the dorsal
medulla, Ang II excites neurons of the nucleus tractus soli-
tarii (NTS) and A2 catecholamine cell group. It attenuates
baroreceptor reflex actions that restrain sympathetic outflow
to heart and vasculature in response to increases in blood
pressure. Sympathetic activity to various peripheral organs
is the result of the ability of RVLM neurons to integrate
inputs from other CNS sites. A number of studies show that
Ang II endogenous to the RVLM enhances sympathoexci-
tation produced by activation of paraventricular neurons of
the hypothalamus or by elicitation of the somatosympathetic
reflex. In addition, Ang II receptors are located on SPN, 
in sympathetic chain ganglia, and on sympathetic nerve 
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nervous system (PSNS). Ang II influences PSNS outflow
through actions at sites in CNS, ganglia, and peripheral end
organs (see Fig. 43.1), similar to what is seen for the SNS.
Receptors for Ang II are present in the dorsal motor nucleus
of the vagus (DMN) and nucleus ambiguus, sites of
parasympathetic motor neurons, and in the NTS, site of the
first CNS synapse of visceral afferent fibers in the vagus
nerve. Ang II has excitatory actions on cells in the NTS and
DMN; injection of the peptide at these sites produces
depressor and bradycardic actions mediated largely through
the cardiac vagus. In the NTS, the response is dependent on
substance P. Ang II receptors are found on cell bodies in the
nodose ganglion, where excitatory actions are consistent
with direct effects on sensory afferent fibers. Potter showed
that Ang II inhibited release of acetylcholine from cardiac
vagal fibers, evidence consistent with effects on the efferent
limb of the system and the presence of receptors in the
peripheral vagus nerve.

PHYSIOLOGIC EXAMPLES 
OF REGULATION/INTERACTIONS

Baroreceptor Reflex

Ang II attenuates the gain or sensitivity of the barore-
ceptor reflex. Injection of Ang II into the NTS impairs

vagally mediated reflex bradycardia demonstrating inhibi-
tion of baroreceptor reflex control of heart rate. Blockade of
Ang II receptors in the dorsomedial medulla facilitates
vagally mediated reflex bradycardia, which underscores the
importance of Ang II in tonic modulation of the cardiac
baroreflex. This effect occurs particularly by inhibiting the
limb of the reflex arc mediating activation of the vagus to
slow the heart and inhibition of the sympathetics to slow the
heart and reduce tone to the vasculature. The overall effect
to control sympathetic outflow is mixed with the most strik-
ing influence being to increase or to maintain renal nerve
activity even in the face of reductions in other sympathetic
nerve activities.

Chemoreceptor Reflex

The role of Ang II in responses to chemoreceptor stimu-
lation is complex (see Reference 4 for review). There are
distinct differences in effects depending on the site of action
(central or peripheral) and whether the carotid body
chemoreceptors or cardiopulmonary chemosensitive affer-
ents are being studied. Facilitation of increases in sympa-
thetic outflow by Ang II in the face of activation of the
carotid chemoreceptors may occur at the carotid body itself
or at the dorsal and ventral medullary centers serving as sites
of integration and relay for the information. In contrast,
increased brain Ang II in hypertensive animals is associated
with an inhibitory influence on the response to activation of
vagal cardiopulmonary sensory afferent fibers that respond
to serotonergic stimuli (e.g., phenylbiguanide). This would
be consistent with the inhibitory influence of the peptide 
on baroreceptor responses involving activation of the 
aortic depressor nerve, another component of the sensory
vagus nerve.

Other Sensory Modalities

The presence of Ang II receptors in the motor and sensory
vagal system is far more extensive than projections of car-
diopulmonary afferent and efferent fibers. This indicates a
more widespread role of the peptide in modulation of non-
cardiovascular aspects of vagal function than currently
appreciated including gastric and respiratory function. The
association of Ang II receptors at numerous sites in the
spinal cord, dorsal root ganglia, and higher CNS areas
responsible for integration of sensory neural input provides
a potential role for the peptide in influencing pain, stress and
anxiety, memory and learning, and temperature regulation
(see Reference 4 for review). That each of these contributes
to overall autonomic function suggests that important 
discoveries linking Ang II to a variety of sensorimotor
processes await further research.

FIGURE 43.1 Neural pathways participating in baroreceptor reflex
control of sympathetic and parasympathetic nervous systems. This schema
emphasizes the multiple sites where angiotensin (Ang) II may exert actions
on reflex control of the autonomic nervous system. Identification of these
sites (indicated by the burst icon) is based on studies using receptor binding
or functional assessment of actions of Ang II on sympathetic or parasym-
pathetic nerve activity. CVLM, caudal ventrolateral medulla; DMN, dorsal
motor nucleus of the vagus; NA, nucleus ambiguus; NTS, nucleus tractus
solitarii; RVLM, rostral ventrolateral medulla; SPN, sympathetic pregan-
glionic neurons of the intermediolateral cell column; VSM, vascular
smooth muscle.
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PATHOPHYSIOLOGY

Hypertension

Enhanced activity of the SNS contributes to the patho-
genesis and maintenance of hypertension. Given the evi-
dence presented earlier, it is not surprising that Ang II has
been implicated as playing an important role in regulation
of sympathetic outflow in hypertension. Experimental
studies demonstrated that blockade of Ang II receptors on
vasomotor neurons in the RVLM causes a drastic reduction
in sympathetic nerve activity emanating from SPNs. With
hypertension, the sympathoexcitatory effect of Ang II in the
RVLM is even more pronounced, thereby driving enhanced
activity of the SNS. In hypertension, Ang II has two actions
to significantly alter baroreceptor reflex regulation of SNA.
First, the peptide acts in the NTS to reduce the sensitivity
of the baroreflex. Thus, for a given increase in arterial pres-
sure, the baroreceptor reflex is less capable of appropriately
reducing SNA or activating vagal activity. Second, although
Ang II has long been recognized as being a potent vaso-
constrictor, this peptide has an independent action in the
CNS to shift baroreflex regulation of SNA to greater arterial
pressures. This pressure-independent resetting of the barore-
flex was demonstrated in rats in which the RAS was stimu-
lated by a low-salt diet. More recently, pressure-independent
resetting of the baroreflex to greater arterial pressure was
demonstrated in transgenic hypertensive rats that over-
express Ang II in the CNS. Figure 43.2 depicts some of these

effects of Ang II on baroreflex control of sympathetic
outflow.

Congestive Heart Failure

b-Adrenergic blockade and inhibition of angiotensin-
converting enzyme dramatically improve the management
of patients with congestive heart failure (CHF). Conversely,
patients with less heart rate variability and lower vagal tone
have increased rates of mortality. These clinical findings
underscore important interactions between activation of the
RAS and enhanced sympathetic outflow/reduced vagal tone
that characterizes CHF. It is particularly interesting that Ang
II has dual but opposite actions in regulation of SNA.
Studies from Zucker and colleagues show that Ang II
increases sensitivity of the cardiac sympathetic afferent
reflex, whereas other investigators have found that Ang II
blunts arterial baroreflex sensitivity. Although these effects
appear opposite, the net effect is to promote enhanced sym-
pathetic outflow to the heart and kidney. Evidence indicates
that Ang II acts at AT1 receptors in the hypothalamus (par-
aventricular nucleus [PVN]) and the RVLM to modulate
reflex regulation of SNA. For both reflexes (cardiac sympa-
thetic afferent reflex and arterial baroreflex) Ang II may
down-regulate nitric oxide (NO) synthase activity in the
CNS such that reduced production of NO contributes to
enhancement of cardiac sympathetic afferent reflex and
blunting of arterial baroreflex. Although the PVN has been
implicated in these actions of Ang II, further studies need to
explore whether this modulation of NO exists at other brain
sites implicated in Ang II-mediated regulation of SNA.

Consequences of Ang II–Mediated Enhancement
of Sympathetic Nerve Activity to the Kidney

Both hypertension and CHF are typified by dysregulation
of salt and water balance by the kidney. In both situations,
Ang II may act directly in the kidney to promote salt and
water retention. However, it is currently appreciated that
increased SNA to the kidney also promotes sodium reab-
sorption. Thus, the aforementioned actions of Ang II in the
CNS may be directed importantly to increase renal SNA,
thereby reinforcing the direct renal actions of Ang II for
retention of salt and water. Ang II also is associated with
renal nerve activation in the face of ganglionic blockade,
suggesting direct ganglionic effects to increase nerve 
activity.

Receptor Pharmacology

Ang II acts through at least two separate receptors: the
AT1 and AT2 subtypes. The majority of actions of Ang II on
the SNS and PSNS are mediated by AT1 receptors. Within
the CNS, however, AT2 receptors may play a role in 

FIGURE 43.2 Influence of Angiotensin (Ang) II on baroreceptor reflex
control of sympathetic nerve activity. Each curve illustrates the relation
between increases and decreases in mean arterial pressure (MAP) and sym-
pathetic nerve activity (SNA). During resting conditions, the prevailing
levels of SNA and MAP are found at the midpoint of each curve. The
baroreflex function curve for subjects and animals with normal blood pres-
sures is depicted by the solid curve. Ang II–dependent hypertension is asso-
ciated with a rightward shift of the baroreflex function curve (solid arrow
and interrupted line). Blockade of Ang II receptors shifts the baroreflex
curve to decrease pressures and increases the slope of the linear portion of
the curve (open arrow and dashed line).



neuronal cell maturation and differentiation, growth, repair,
and pain threshold. In the adrenal, both AT2 and AT1 recep-
tors are responsible for the increase in catecholamine
release. An important consideration in understanding the
complexities of the interactions between the SNA and RAS
are reports suggesting that Ang II alters a2-receptor affinity.
These studies suggest a decreased function of the major
receptor involved in mitigating activation of the SNS at the
level of the CNS.

Antihypertensive therapy with converting enzyme
inhibitors or AT1 receptor blockers removes the positive
modulatory actions of Ang II on SNS activity. As indicated
earlier in heart failure or hypertension, the improvements
seen are largely because of attenuation of SNS overactivity
mediated by actions at each level of the system. With the
increasing use of AT1 receptor blockers in treatment of
hypertension, it should be noted that many of these com-
pounds contain imidazole moieties. At greater doses, poten-
tial interactions with other biologically important receptors,
such as the thromboxane A2 receptor and imidazoline/guani-
dinium receptor sites, may occur to confound interpretation
of results.

CONCLUSIONS

Ang II is well positioned for regulation of both SNS and
PSNS, which emphasizes the importance and multiplicity of
pathways by which Ang II contributes to cardiovascular
homeostasis. The wider role of this peptide with respect to
noncardiovascular actions includes potential influences on
learning and cognitive function, pain and anxiety, vagally
mediated insulin release, control of G-I function, and 
regulation of whole body metabolism. These latter aspects
require further elucidation.
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azepine that has the ability to decrease sympathetic outflow,
although not to the extent of propofol. It is not commonly
associated with decreases in blood pressure, which suggests
that the recorded decrease in sympathetic outflow may be
regional and that other sympathetic beds might respond dif-
ferently to this drug, such that blood pressure is maintained.

The potent anesthetic gases appear to have multiple
effects on the ANS, and detailed dissection of these effects
has been reported in animal studies (Fig. 44.1). These gases
impair cardiac–vagal activity as suggested by a loss of res-
piratory sinus arrhythmia. The anesthetic gases (aside from
halothane) are associated with dose-dependent decreases in
blood pressure. This effect is most likely because of their
ability to directly relax vascular smooth muscle rather than
to inhibit sympathetic outflow. Direct recordings of human
sympathetic outflow indicate that the commonly used anes-
thetic gases, isoflurane and sevoflurane, have little effect on
basal sympathetic activity (Fig. 44.2) [4]. The outlier is des-
flurane. For unclear reasons, desflurane increases sympa-
thetic outflow and norepinephrine levels with increasing
concentrations.1 The curious finding with desflurane is that
the increase in sympathetic outflow does not sustain blood
pressure (see Fig. 44.2). Desflurane also has the ability to
cause substantial surges in sympathetic outflow when the
inspired concentration is increased rapidly [5]. This is likely
related to the pungency of this anesthetic and subsequent
activation of airway irritant receptors when desflurane is
used in high concentrations [6]. Halothane is the single
volatile anesthetic still in limited clinical use that maintains
sympathetic outflow and peripheral resistance. Blood pres-
sure decreases from halothane have been attributed to direct
myocardial depression.

Anesthetic agents vary in their chemical structure and
also vary in their ability to influence the autonomic nervous
system (ANS). The anesthetic agents with the most signifi-
cant effects on the ANS are the potent volatile anesthetic
gases, which are derivatives of ether. They include
halothane, isoflurane, sevoflurane, and desflurane. Liquid
anesthetics also are used for intravenous (IV) induction of
anesthesia (establish unconsciousness); the three most
common liquid anesthetics are sodium thiopental, etomi-
date, and propofol. Propofol (2,6-di-isopropylphenol) is a
sedative/hypnotic that can be used in low doses for sedation
and in greater doses to induce anesthesia. Of these IV anes-
thetic agents, the one with the least influence on the ANS
and baroreflex control of autonomic outflow is etomidate
[1]. Etomidate is commonly used to initiate anesthesia in the
compromised patient, including those with impaired auto-
nomic control.

DIRECT EFFECTS OF ANESTHETICS 
ON SYMPATHETIC OUTFLOW

Intravenous Anesthetics (Sedative/Hypnotics)

One of the more popular techniques is to establish general
anesthesia with an IV bolus of propofol followed by a 
maintenance infusion. This is commonly associated with
substantial hypotension. Investigations using human sym-
pathetic microneurography have clearly identified propofol
to be a potent inhibitor of sympathetic efferent activity 
[1, 2]. The mechanism is probably central in origin, but also
may involve depression of baroreflex function. For mainte-
nance of anesthesia, propofol is commonly infused in com-
bination with inhalation of the nonpotent anesthetic, nitrous
oxide (typically 50–70% inspired concentration). This
allows the use of less propofol and results in modest return
of sympathetic outflow, baroreflex function, and blood pres-
sure. Earlier work has indicated that nitrous oxide maintains
or slightly increases sympathetic outflow when used in con-
centrations of 20 to 40% [3].

Another common anesthetic agent is the sedative/hyp-
notic and amnestic drug, midazolam. This is a benzodi-
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1 Anesthetic gases are typically given as a fraction of the total inspired
gas concentration and range anywhere from 0.5 to 11% inspired concen-
trations. They are expressed as multiples of MAC (minimum alveolar con-
centration). This is the concentration of anesthetic gas at steady state that
will prevent 50% of patients from moving to a surgical stimulus. One MAC
of sevoflurane, isoflurane, and desflurane in a 45-year-old patient is 2%,
1.2%, and 6% expired concentration, respectively.
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HUMAN BAROREFLEX FUNCTION 
AND ANESTHETIC GASES

The maintenance of baroreflex control of the circulation
would serve as an important counter-regulatory mechanism
in the face of surgical blood loss. Unfortunately, the baro-
reflex is reasonably attenuated during general anesthesia.

Low-Pressure (Cardiopulmonary) Baroreflexes

Although little information exists on the function of this
reflex during anesthesia, several studies performed with
lower body negative pressure (LBNP) have provided some
important insights. Cardiopulmonary baroreflex activation
of sympathetic outflow and peripheral resistance can be 
triggered by graded applications of LBNP to reduce central
venous pressure. In awake patients, blood pressure (BP)
does not decrease during this preload reduction because
peripheral resistance is increased (Fig. 44.3). However,
during general anesthesia with clinically relevant doses of
halothane, the reflex increase in sympathetic outflow, and
therefore vascular resistance, is markedly attenuated during

LBNP. Thus, BP is not well maintained, which predisposes
patients to exaggerated effects of blood volume loss 
during anesthesia [7]. This is not true for all anesthetics.
Sometimes combinations of greater doses of fentanyl with
diazepam or midazolam are used to achieve a general 
anesthetic state. This combination of drugs clearly pre-
serves reflex function during application of LBNP [8] (see
Fig. 44.3).

High-Pressure Baroreflexes

Many anesthetics sensitize the baroreceptors themselves,
such that afferent activity of these receptors has been found
to increase. However, recordings from both preganglionic
and postganglionic sites have indicated a decrease in effer-
ent activity (see Fig. 44.1).

Intravenous Anesthetics

The primary IV anesthetic used for general anesthesia is
propofol. It is clear that this substance impairs reflex control
of sympathetic outflow [2]. Interestingly, reflex control of

FIGURE 44.1 This schematic of the baroreflex pathway exemplifies neural mechanisms of cardiovascular control.
Specific sites of anesthetic action are summarized. Volatile anesthetics can sensitize baroreceptors to increase afferent
activity, but most efferent sites are depressed by anesthetic agents. Other agents such as barbiturates, propofol, narcotics,
desflurane, and sevoflurane also are known to affect neural control of the vasculature at various levels. However, the
actions of the agents at sites indicated in this figure have been specifically identified in different studies. (Reprinted with
permission from Stekiel, T. A., W. J. Stekiel, and Z. J. Bosnjak. 1997. The peripheral vasculature. In Anesthesia bio-
logic foundations, ed. T. L. Yaksh, C. Lynch, W. M. Zapol, M. Maze, J. F. Biebuyck, and L. J. Saidman, 1159. Philadel-
phia, Lippincott-Raven.)
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FIGURE 44.2 Sympathetic nerve activity and plasma norepinephrine
concentration responses to steady-state periods of anesthesia with desflu-
rane, isoflurane, or sevoflurane in healthy volunteers. During the adminis-
tration of isoflurane and sevoflurane, there were no significant changes in
basal levels of sympathetic nerve activity and circulating norepinephrine
concentrations. However, at desflurane concentrations greater than 0.5
minimum alveolar anesthetic concentration, there were increases in sym-
pathetic outflow leading to significant increases in plasma norepinephrine.
Bursts/100HB, bursts per 100 heart beats. (Reprinted with permission from
Ebert, T. J., C. P. Harkin, and M. Muzi. 1995. Cardiovascular responses to
sevoflurane: A review. Anesth. Analg. 81:S11–S22.)

FIGURE 44.3 Low-pressure cardiopulmonary baroreflex control of peripheral resistance during two different
approaches to general anesthesia. Lower body negative pressure (LBNP) was used to produce progressive reductions
in central venous pressure triggering increases in peripheral resistance. Halothane anesthesia at each of two clinically
relevant doses impaired the reflex response and blood pressure (BP) was compromised. In contrast, general anesthesia
with a combination of fentanyl and diazepam preserved reflex vasoconstriction to LBNP, and therefore prevented BP
from decreasing.



44. Autonomic Effects of Anesthesia 175

heart rate (a vagal mechanism) is well preserved with the
use of propofol.

Inhaled Agents

The three most common clinical inhaled anesthetic gases
appear to have similar effects on baroreflex function in
humans (Fig. 44.4). At low concentrations, slightly less than
clinically relevant concentrations, there is only a slight
depression of the reflex control of sympathetic outflow and

heart rate. However, at 1.0 and 1.5 MAC, these gases clearly
depress baroreflex control of heart rate and sympathetic
outflow. There do not appear to be differences among the
three commonly used anesthetic gases [4].

In summary, most anesthetic gases and IV agents have
relatively consistent effects to diminish autonomic control
mechanisms in humans. This removes an important com-
pensatory mechanism to maintain blood pressure in the face
of blood volume decreases during surgical procedures.
Despite this adverse situation, cardiovascular homeostasis,
specifically blood pressure support for patients under anes-
thesia, typically is through direct acting pharmacologic
agents and generous IV fluid supplementation to help main-
tain or increase intravascular volume. Other techniques used
to achieve anesthesia include spinal and epidural regional
anesthesia with drugs such as lidocaine or bupivacaine given
into either the cerebrospinal fluid at the lumbar level or the
epidural space. Commonly, sympathetic denervation below
the mid-thoracic level is achieved through spinal or epidural
anesthesia, resulting in vasodilation and decreases in blood
pressure. Compensatory baroreflex control of upper extrem-
ity and cardiac function is maintained to help offset many
of these unwanted peripheral vasodilating effects.
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catecholamines. Most dopamine in urine derives from renal
uptake and decarboxylation of circulating l-dopa and
reflects the function of the renal dopamine paracrine/
autocrine system.

DOPAMINE IN THE GASTROINTESTINAL TRACT

Although the kidneys represent the major source of
urinary free dopamine, this source does not account for the
larger amounts of excreted dopamine metabolites, such as
homovanillic acid and dopamine sulfate. Findings of large
arterial to portal venous increases in plasma concentrations
of dopamine and its metabolites imply that substantial
amounts of dopamine are produced in the gastrointestinal
tract. Mesenteric organs account for between 40 and 50% of
the dopamine produced in the body that is not converted to
norepinephrine or epinephrine.

The substantial production and metabolism of dopamine
in the human gastrointestinal tract suggests that dopamine
functions as an enteric neuromodulator or paracrine/
autocrine substance. Dopamine and dopamine receptor 
agonists stimulate bicarbonate secretion and protect against
ulcer formation, whereas dopamine antagonists augment
secretion of gastric acid and promote ulcer development.
Dopamine also appears to influence gastrointestinal motil-
ity, sodium transport, and gastric and intestinal submucosal
blood flow. In the pancreas, dopamine may modulate secre-
tion of digestive enzymes and bicarbonate.

Morphologic studies have demonstrated the presence of
cells in the gastrointestinal tract that contain dopamine and
express components of dopamine-signaling pathways,
including catecholamine biosynthetic enzymes and specific
dopamine receptors and transporters. In the stomach, tyro-
sine hydroxylase is expressed in epithelial cells, including
acid-secreting parietal cells. In the small intestine, cells of
the lamina propria, including immune cells, also express
tyrosine hydroxylase. The enzyme is additionally found in
pancreatic exocrine cells.

The high rates of dopamine production by mesenteric
organs cannot be accounted for by local extraction and
decarboxylation of circulating l-dopa. Thus, unlike in the

Dopamine is usually thought of as a neurotransmitter in
the brain or as an intermediate in the production of norepi-
nephrine and epinephrine in the periphery. It has been pre-
sumed that these sources account for the large amounts of
dopamine and its metabolites excreted in urine. The contri-
bution of the brain to circulating levels and urinary excre-
tion of dopamine metabolites is now known to be minor.
Also, in sympathetic nerves and the adrenal medulla, most
dopamine is converted to norepinephrine. Therefore, other
sources and functions of dopamine in the periphery have to
be considered. Emerging evidence suggests the presence of
a third peripheral catecholamine system, in which dopamine
functions not as a neurotransmitter or circulating hormone,
but as an autocrine or paracrine substance (Table 45.1).

DOPAMINE IN THE KIDNEYS

In the kidneys, dopamine is now well established as an
autocrine/paracrine effector substance contributing to the
regulation of sodium excretion. Unlike neuronal cate-
cholamine systems, production of dopamine in the kidneys
is largely independent of local synthesis of l-dihydrox-
yphenylalanine (l-dopa) by tyrosine hydroxylase. Thus,
renal denervation does not affect urinary dopamine excre-
tion. Instead, production of dopamine in the kidneys
depends mainly on proximal tubular cell uptake of l-dopa
from the circulation. The l-dopa is then converted to
dopamine by aromatic amino acid decarboxylase, the activ-
ity of which is up-regulated by a high-salt diet and down-
regulated by a low-salt diet.

It is not exactly clear how the dopamine produced in renal
tubules is secreted to exert its natriuretic actions. The pres-
ence in kidneys of plasma membrane transporters that use
dopamine as a substrate suggests one possible mechanism
of secretion of the amine. Other possible points of regulation
include the uptake of l-dopa through another transporter and
intracellular metabolism of dopamine by catechol-O-
methyltransferase and monoamine oxidase.

The presence of a renal dopamine paracrine/autocrine
system explains the considerable amounts of free dopamine
excreted in the urine, which exceeds amounts for the other
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kidneys, where dopamine is produced mainly from circulat-
ing l-dopa, in the gastrointestinal tract, production of
dopamine requires the presence of tyrosine hydroxylase or
other sources of l-dopa.

DIET AND DOPAMINE SULFATE

Consumption of food increases plasma concentrations of
l-dopa, dopamine, and dopamine metabolites, particularly
dopamine sulfate, indicating that dietary constituents may
also represent an important source of peripheral dopamine.
Such a source does not, however, account for the substan-
tial amounts of dopamine produced in peripheral tissues
outside of the digestive tract, or of that produced in diges-
tive tissues of fasting individuals. In particular, plasma con-
centrations of both l-dopa and dopamine sulfate remain high
even after a 3-day fast.

The source and physiologic significance of dopamine
sulfate, which is present in plasma at much greater concen-
trations than of free dopamine, have long posed a puzzle.
Although liver, brain, and platelets have all been suggested
sources, it is now clear that dopamine sulfate is mainly pro-
duced in the gastrointestinal tract from both dietary and
locally synthesized dopamine. The substantial contribution
of mesenteric organs to the production of the sulfate conju-
gates of dopamine and other catecholamines and their
metabolites is consistent with findings that the gastrointesti-
nal tract contains high concentrations of the sulfotransferase
isoenzyme, SULT1A3. In humans, a single amino acid sub-
stitution confers on this isoenzyme a high affinity for metab-
olism of monoamines, particularly dopamine. Production 
of sulfate conjugates in the digestive tract could provide 
an enzymatic “gut–blood barrier,” for detoxifying dietary
biogenic amines and delimiting physiologic effects of
locally produced dopamine.

PERSPECTIVES

Because of the different sources of dopamine in the
periphery, sources that are distinct from those of the other
catecholamines, one may speculate that abnormalities of
peripheral dopamine systems will manifest clinically in
ways that the concept of a unitary “sympathoadrenal
system” would not predict. For example, dopamine defi-
ciency in the digestive tract might contribute to gastric or
duodenal ulcers; abnormalities in the enzymatic “gut–blood
barrier” might increase toxicity from ingested monoamines;
and interferences with the renal l-dopa–dopamine system
might promote sodium-retaining states.
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TABLE 45.1 Peripheral Catecholamine Systems

Catecholamine System Mechanism Disorder
Norepinephrine (noradrenaline) Sympathetic nervous system Neurotransmitter Hypertension

Heart failure
PAD/MSA/PD

Epinephrine (adrenaline) Adrenomedullary hormonal system Hormone Distress
Dopamine Dopa–dopamine system Autocrine/paracrine substance Hypertension?

Peptic ulcer?
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DOPAMINERGIC REGULATION OF RENAL
SODIUM EXCRETION

D1-Like Receptors

The renal D1-like receptor family plays a major role in
the regulation of tubule sodium transport. The natriuretic
action of DA is caused by inhibition of both proximal and
distal tubule sodium reabsorption. The action of endogenous
DA to inhibit tubule sodium transport is distinct from the
renal vasodilator action of exogenous DA, which depends
on increased plasma concentrations of DA [5].

A major cell-signaling process whereby renal DA induces
natriuresis is inhibition of Na+,K+-ATPase along the entire
nephron (PTC, thick ascending limb of Henle’s loop, distal
tubule, and CCD). This action is thought to be mediated by
the D1-like receptor family, although synergism between D1-
and D2-like receptors in the inhibition of Na+,K+-ATPase has
been demonstrated.

The signaling processes whereby DA inhibits Na+,K+-
ATPase activity are nephron-specific [6]. Both protein kinase
A (PKA) and protein kinase C (PKC) are involved in the
PTC, whereas only PKA is required in the medullary thick
ascending limb and CCD. PKA and PKC phosphorylate the
catalytic subunit of the enzyme inhibiting its activity.

A primary component of the regulation of Na+,K+-
ATPase by DA is the action to inhibit the Na+/H+ exchanger
(NHE) and the Na+/P1 cotransporter in the apical membrane
of the tubule cell. This action of DA inhibits transport of Na+

into the cell, thus rendering intracellular Na+ too low to stim-
ulate Na+,K+-ATPase. The ability of DA to inhibit NHE
activity is primarily because of activation of cyclic adeno-
sine monophosphate (cAMP) and PKA, but also can occur
through D1-like receptors directly without involving cAMP
and PKA. DA also can inhibit NHE activity by stimulation
of P-450 eicosanoids such as 20-HETE.

Endogenous intrarenal DA is a major physiologic regu-
lator of urinary sodium excretion in vivo [7]. About 50% 
of basal sodium excretion during normal sodium balance 
is controlled by DA. There is currently clear evidence 
that renal DA acts as a paracrine substance (cell-to-cell

RENAL DOPAMINE FORMATION 
AND EXCRETION

Dopamine (DA) biosynthesis in the kidney occurs in
proximal tubule cells (PTC) as a result of uptake of filtered
l-dihydroxyphenylalanine (l-dopa) by way of a sodium
transporter in the apical (brush border) membrane. Once
inside the PTC, l-dopa is rapidly decarboxylated to DA
through aromatic amino acid decarboxylase, the activity of
which is dependent on the sodium load to the tubule. DA is
secreted by PTC either across the apical or basolateral mem-
brane. The basolateral outward transporter also is dependent
on sodium and pH.

The supply of l-dopa to the PTC is the major regulator
of DA synthesis and secretion. In vivo, DA is preferentially
secreted across the apical membrane into the tubule lumen,
as the increase in urinary DA far exceeds its increment in
the renal interstitial fluid [1]. In contrast to the usual
pathway for DA biosynthesis in neurons, in the kidney DA
is synthesized independently of nerve activity. Figure 46.1
depicts the scheme of DA formation and secretion in 
the PTC.

RENAL DOPAMINE RECEPTOR EXPRESSION

D1-Like and D2-like receptor families are expressed at
postjunctional sites within the kidney. The D1 receptor (D1A

in the rodent) and probably also the D5 receptor (D1B in the
rodent) are localized in the smooth muscle cells of renal arte-
rioles, juxtaglomerular cells, PTC, and cortical collecting
duct (CCD) both by immunohistochemistry and by in situ
amplification of mRNA [2, 3]. The D3 receptor is localized
in renal arterioles, glomeruli, PTC, medullary thick ascend-
ing limb cells, and the CCD by immunohistochemistry [4].
The D4 receptor is localized specifically in the CCD. Renal
DA receptor distribution is shown in Table 46.1.

Dopamine Mechanisms in the Kidney
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mediator) locally modulating renal sodium excretion by an
action at the renal tubule independently of renal hemody-
namic function [7]. This has been demonstrated both by
pharmacologic blockade of the renal D1-like receptor family
and also by antisense oligonucleotide-induced inhibition of
D1A receptor protein expression [7, 8].

D2-Like Receptors

Evidence suggests that the renal D3 receptor may increase
glomerular filtration rate through postglomerular (efferent)
arteriolar constriction. Also, a D2-like receptor, possibly D4,
in the basolateral membrane of CCD cells is probably
responsible for a natriuretic action of DA in this tubule
segment. However, relatively little is known about the D2-
like receptor family, compared with D1-like receptors, in the
control of sodium excretion.
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FIGURE 46.1 Schematic depiction of dopamine formation and cell-
signaling mechanisms activating sodium transport across the proximal
tubule cell. AC, adenylyl clyclase; DA, dopamine; DAG, diacylglycerol;
D1R, dopamine D1 receptor; PLC, phospholipase C.

TABLE 46.1 Renal Dopamine Receptor Expression

Receptor subtype

Tissue Expression D1 D2 D3 D4 D5

Arterioles + - + - +
Glomerulus - - + - -
Proximal tubule + - + - +
mTal + - + - +
Distal tubule + - + - +
Cortical collecting duct + - + + +
Renal nerves - + - + -
Juxtaglomerular cells + - +? - +?

TABLE 46.2 Effects of Renal Dopamine 
Receptor Stimulation

D1-LIKE RECEPTORS (D1 and D5)
• Vasodilation of renal arterioles (requires circulating DA)
• Inhibition of proximal and distal tubule sodium reabsorption
• Stimulation of renin secretion
• Inhibition of angiotensin AT1 receptor expression

D2 RECEPTOR
• Inhibition of norepinephrine release from renal sympathetic neurons

D3 RECEPTOR
• Inhibition of renin secretion
• Inhibition of angiotensin AT1 receptor expression
• Possible increase in glomerular filtration
• Possible vasodilation of renal arterioles
• Possible inhibition of tubule sodium reabsorption (natriuresis)

D4 RECEPTOR
• Possible inhibition of sodium reabsorption in the cortical collecting 

duct

PHYSIOLOGIC INTERACTIONS OF THE 
RENAL DOPAMINERGIC SYSTEM AND 

THE RENIN-ANGIOTENSIN SYSTEM

In addition to direct modulation of renal tubule sodium
transport, DA stimulates renin release from renal juxta-
glomerular cells through the D1-like receptor family. The
interaction of DA with the renin-angiotensin system (Fig.
46.2) is an area of continuing investigation. DA has been
demonstrated to decrease PTC angiotensin AT1 receptor
expression through the D1A receptor; therefore it appears that
the net effect of DA is to increase intrarenal angiotensin II
and to down-regulate its actions. Current evidence suggests
that DA may promote natriuresis both by direct action at the
renal tubule and indirectly by decreasing angiotensin
II–stimulated sodium reabsorption [9]. The renal D3 recep-
tor is thought to inhibit renin secretion and may also inhibit
AT1 receptor expression.

Renal DA serves as one of several paracrine mediators of
renal sodium excretion. During low sodium intake, sodium
is retained to meet the body’s requirement for sodium home-
ostasis. Under these conditions, the renin-angiotensin
system is stimulated and DA biosynthesis is markedly cur-
tailed, both leading to antinatriuresis during sodium loading;
conversely, the renin-angiotensin system is suppressed and
DA biosynthesis is activated, both leading to natriuresis.
When DA synthesis is increased, DA stimulates renin secre-
tion, which serves to increase the activity of the renin-
angiotensin system, which was suppressed by sodium
loading. Thus, the interaction between these two systems
leads to a series of overlapping steps, which attempt to nor-
malize each other to bring the control of sodium excretion
into equilibrium.
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RENAL DOPAMINE AND HYPERTENSION

Two fundamental defects in the renal DA system have
been described in hypertension: (1) deficient DA production
caused by decreased PTC uptake, decarboxylation of DOPA,
or both; and (2) defective D1-like receptor/G protein cou-
pling, so that DA is ineffective in transmitting a signal to
inhibit sodium excretion. The latter defect is confined to the
PTC and evidence suggests that the defect is caused by
hyperphosphorylation of the D1 receptor by a mutation in 
G protein–coupled receptor kinase-4 [10]. Under these 
circumstances, the hyperphosphorylated D1 receptor is inter-
nalized in the cytoplasm and is desensitized. More research
needs to be done to determine whether this defect is respon-
sible for states of salt sensitivity and sodium-dependent
hypertension in humans.

Clearly, the role of DA receptors in hypertension has been
substantial by studies in animals in which a specific DA
receptor has been disrupted. Knockout of the D1 receptor
in mice leads to hypertension, but a mutation in the cod-
ing region of the receptor has not been found in human
essential hypertension or in genetically hypertensive rats.

Disruption of the D2 receptor also induces hypertension, but
the increase in blood pressure is related to noradrenergic dis-
charge at the whole body level, and there is no sodium reten-
tion. Absence of the D3 receptor generates a renin-dependent
form of hypertension with an inability to excrete a sodium
load. Although these studies show potentially interesting
interactions, particularly between renin-angiotensin and
dopaminergic systems, compensatory mechanisms may alter
the resulting phenotype. Additional research needs to 
be done, especially with renal-specific knockout of the 
individual DA receptors and combinations of receptors 
of the DA and renin-angiotensin systems.

References

1. Wang, Z-Q., H. M. Siragy, R. A. Felder, and R. M. Carey. 1997.
Intrarenal dopamine production and distribution in the rat: Physiolog-
ical control of sodium excretion. Hypertension 29:228–234.

2. O’Connell, D. P., S. J. Botkin, S. P. Ramos, D. R. Sibley, M. A. Ariano,
R. A. Felder, and R. M. Carey. 1995. Localization of dopamine D1A

receptor protein in the rat kidney. Am. J. Physiol. 268:F1185–F1197.
3. O’Connell, D. P., A. M. Aherne, E. Lane, R. A. Felder, and R. M. Carey.

1998. Detection of dopamine receptor D1A subtype-specific mRNA in
rat kidney by in situ amplification. Am. J. Physiol. 43:232–241.

4. O’Connell, D. P., C. J. Vaughan, A. M. Aherne, S. J. Botkin, Z.-Q.
Wang, R. A. Felder, and R. M. Carey. 1998. Expression of the
dopamine D3 receptor protein in rat kidney. Hypertension 32:886–895.

5. Hughes, J., N. V. Ragsdale, R. A. Felder, R. L. Chevalier, B. King, and
R. M. Carey. 1988. Diuresis and natriuresis during continuous
dopamine-1 receptor stimulation. Hypertension 11(Suppl 1):I-169–
I-174.

6. Aperia, A. C. 2000. Intrarenal dopamine: A key signal in the interac-
tive regulation of sodium metabolism. Ann. Rev. Physiol. 62:621–647.

7. Siragy, H. M., R. A. Felder, N. L. Howell, R. L. Chevalier, M. J. Peach,
and R. M. Carey. 1989. Evidence that intrarenal dopamine acts as a
paracrine substance at the renal tubule. Am. J. Physiol.
257:F469–F477.

8. Wang, Z.-Q., R. A. Felder, and R. M. Carey. 1999. Selective inhibition
of renal dopamine subtype D1A receptor induces antinatriuresis in 
conscious rats. Hypertension 33:504–510.

9. Cheng, H.-F., B. N. Becker, and R. C. Harris. 1996. Dopamine
decreases expression of type-1 angiotensin II receptors in renal proxi-
mal tubule. J. Clin. Invest. 97:2745–2752.

10. Felder, R. A., H. Sanada, J. Xu, P.-Y. Yu, Z. Wang, W. Wang, I. 
Yamaguchi, D. Hazen-Martin, L.-J. C. Wong, R. M. Carey, and P. A.
Jose. 2002. G protein-coupled receptor kinase 4 gene variants in human
essential hypertension. Proc. Natl. Acad. Sci. USA 97:3872–3877.

FIGURE 46.2 Schematic depiction of the interactions between the renal
dopaminergic system and the renal renin-angiotensin system. ACE,
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from cardiac vagal afferents, contribute to the regulation of
sympathetic activity to the peripheral circulation.

Mechanosensitive and chemosensitive receptors located
in the muscle provide important afferent signals relative to
the activity and perfusion of exercising muscles. In general,
we assume that mechanical activation of the muscle recep-
tor signals muscle activity and that the resulting afferent
activity contributes to central command. Activation of the
chemosensitive receptors by metabolites released during
muscle contraction are probably involved when a mismatch
between vascular resistance and cardiac output occurs.
Increased activity from these receptors results in an increase
in sympathetic activity to active and inactive muscles.

In most animal models and humans, there is a redistrib-
ution of cardiac output to the exercising muscle. Basically,
this involves an increase in sympathetic outflow to the 
visceral organs, which results in an increase in vascular
resistance in these regions. Conversely, the resistance to the
exercising muscle is diminished. The increased resistance to
the nonexercising regions is initially the result of the upward
resetting of the arterial baroreflex. As the exercise con-
tinues, an additional increase in vascular resistance may
occur because of activation of chemosensitive muscle af-
ferents [1, 2].

In addition to the arterial baroreflexes and chemosensi-
tive reflexes from the exercising muscle, cardiac vagal affer-
ents also contribute to the redistribution of cardiac output
during exercise. In rabbits, renal and mesenteric vascular
resistances increase during running, whereas systemic resist-
ance decreases. Blockade of cardiac vagal afferents by
intrapericardial injections of procainamide results in further
increases in renal and mesenteric vascular resistance.
However, it does not significantly affect systemic vascular
resistance (Fig. 47.2A). This observation suggests that
cardiac afferents modulate the magnitude of the sympa-
thetic-mediated vasoconstriction of the visceral organs. Fur-
thermore, when the tonic influence of the cardiac vagal
afferents is increased by exercise training, the role of the
cardiac vagal afferents in modulating vascular resistance 
of the visceral organs also is increased. Note that in the 
exercised endurance-trained state, the increase in renal and
mesenteric vascular resistance is substantially less than in

The autonomic nervous system plays a key role in the
regulation of the cardiovascular response during exercise.
The general concept is that at the onset of exercise, the
central nervous system generates a cardiorespiratory pattern
(central command) appropriate to the somatomotor sig-
nal. The central command then initiates a withdrawal of
parasympathetic activity to the heart and an increase in ven-
tilation rate, and it is also probably involved in the resetting
of the arterial baroreflex toward greater pressures. Although
little is known about the central neural connections involved
in initiating the changes in parasympathetic and sympathe-
tic outflow in the exercised state, it is known that cen-
tral command and the arterial baroreflexes are critical to 
the sympathoexcitatory response at the onset of exercise
(Fig. 47.1).

At the onset of exercise, it is generally accepted that heart
rate (HR) is increased primarily by central command
(decrease in vagal activity to the heart). As exercise contin-
ues or its level increases, further increases in HR may occur
as a result of increases in sympathetic outflow to the heart.
If the resulting increase in cardiac output is inadequate to
increase the arterial pressure to the level required by the new
operating point of the arterial baroreflex, then sympathetic
outflow to the peripheral circulation will increase. The net
effect of this increase in sympathetic outflow is to increase
vascular resistance in regions not involved in the exercised
response. Upward resetting of the operating point of the arte-
rial baroreflex appears to be the major factor responsible for
the sympathoexcitatory response to exercise (see Fig. 47.1).
As a result of this upward resetting, an error signal is created
between the actual arterial pressure and the pressure of the
new operating point. To minimize the error, sympathetic
outflow is increased. Notably, once the error signal is cor-
rected and the system is operating on the new baroreflex
curve, not only is the systemic pressure increased, but the
level of sympathetic outflow relative to the pressure also is
increased. This resetting of the operating point of the reflex
provides an effective means of increasing sympathetic
outflow and arterial pressures. In addition, to the sympa-
thoexcitatory response resulting from the resetting of 
the arterial baroreflexes, reflexes initiated from muscle
mechanosensitive and chemosensitive receptors, as well as
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the untrained state (see Fig. 47.2). However, in the exercise-
trained rabbit, blockade of the cardiac vagal afferents causes
a greater increase in renal and mesenteric vascular resistance
than in the untrained exercising rabbit. These findings
suggest that cardiac vagal afferents may be involved in
determining the cardiovascular responses to a given work-
load [4, 5].

In conclusion, one must realize that the role of neural
mechanisms in the exercise response varies depending on
many factors, including the type of exercise, the number of
muscle groups involved, the duration of the exercise, and the
level of endurance training.
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FIGURE 47.1 Schematic illustration of the role of central command and
arterial baroreceptor afferents on the sympathetic component of the arterial
baroreflex. Studies from DiCarlo and Bishop [3] indicate that central
command and baroreceptor afferents are required for the upward resetting
of the baroreflex. (Adapted from Rowell, L. B., and D. S. O’Leary. 1990.
Reflex control of the circulation during exercise: Chemoreflexes and
mechanoreflexes. J. Appl. Physiol. 69(2):407–418, with permission.)

FIGURE 47.2 A, The change in systemic, renal, and mesenteric resist-
ance during exercise with cardiac afferents intact (control) and when
cardiac afferents are blocked with procainamide (blockade). B, Illustration
of the influence of cardiac afferents on systemic, renal, and mesenteric
resistance during exercise in rabbits after endurance exercise training.
Trained: response to exercised in endurance-trained rabbits with cardiac
afferents intact. Trained plus blockade: response of the endurance-trained
rabbits with cardiac afferents blocked with procainamide.



Ascent to high altitude reduces the inspired partial pres-
sure of O2, leading to hypobaric hypoxia. This requires a
complex adaptive process (acclimatization), which, in its
early phases, is largely influenced by the autonomic nervous
system. This process is complex, and the integrated response
depends on a number of factors, including the extent and
duration of hypoxic exposure. Acute responses are modified
by chronic adaptations that restore circulatory function
toward normoxic levels, over periods that may range from
a few days or weeks for the sea-level sojourner, to years for
the high-altitude native. Tolerance to hypoxia varies greatly
among individuals, and subjects with a particular suscepti-
bility may develop inappropriate responses, leading to acute
mountain sickness and even to life-threatening conditions,
such as high-altitude cerebral and pulmonary edema
(HAPE). Sympathetic overactivity seems to play an impor-
tant role in HAPE.

EFFECTS OF ACUTE HYPOXIA

The main oxygen sensors involving the autonomic
nervous system response are the peripheral chemoreceptors,
which are located in the carotid body and in the arch of the
aorta. The carotid sensors respond mainly to a decrease in
arterial oxygen pressures (Pao2); aortic sensors respond
mainly to arterial oxygen content (Cao2). Chemoreceptor
afferents synapse in the primary cardiovascular control
center of the rostral ventrolateral medulla. Stimulation of
this center by hypoxia leads to hyperventilation and excita-
tion of sympathetic and parasympathetic neurons. However,
this response is modified by numerous secondary influences
of hypoxia, such as hyperventilation and hypocapnia [1].
The hyperventilation, which is proportional to the decreases
in Pao2, stimulates lung stretch receptors (during inspira-
tion), whose final response is an inhibition of vagal tone. In
addition, hyperventilation induces hypocapnia, which at-
tenuates the sympathetic activation associated with the
peripheral chemoreflex, and also reduces the stimulus 
for the central chemoreflex [2]. Because of the increase in

ventilation, the respiratory changes in stroke volume also are
increased, and this contributes to increased baroreceptor
loading and unloading during expiration and inspiration,
respectively. The baroreflexes remain able to maintain 
adequate cardiovascular modulation during chemoreflex
activation [3]. Thus, arterial baroreceptors, central chemore-
ceptors, and pulmonary stretch receptors all may modulate
the sympathetic activation associated with peripheral
chemoreflex excitation [1].

The purpose of this combined cardiovascular and auto-
nomic response is to maintain systemic and regional oxygen
despite the decrease in Pao2 [4]. This is achieved by an
increase in cardiac output (proportional to the altitude),
mainly because of an increase in heart rate; tachycardia
results from increased sympathetic activity caused by
chemoreceptor stimulation, and probably also from vagal
withdrawal, as a consequence of hyperventilation (central
pathways, feedback from pulmonary stretch receptors, and
hypocapnia) [2].

Acute hypoxia provokes vasodilation in all vascular beds
[5], except the lung (where hypoxic vasoconstriction in sus-
ceptible subjects often is exaggerated and may be a crucial
factor leading to HAPE). Peripheral vasodilation, in addi-
tion to increases in heart rate and cardiac output, causes a
remarkably effective redistribution of flow to vascular beds
with the greatest metabolic demand, similar to physical
exercise [6]. The increment in blood flow associated with
hypoxia, at rest and during exercise, precisely matches the
decrease in arterial oxygen content, keeping O2 delivery to
tissues constant. Endothelial and neurally derived NO may
be involved in this integrated autonomic and cardiovascular
response to hypoxia [1, 7].

Blood pressure depends on the balance between hypoxic
vasodilation and the vasoconstrictor effect of sympathetic
activation, and it changes little during acute hypoxia. When
peripheral vasodilation is not effectively compensated by
sympathetic activity, syncope may occur; this is more fre-
quent after rapid ascent to high altitude. Hypoxia also causes
cerebral vasodilation, which is counteracted partially by
hypocapnia, so that pulsating headache is a common
symptom on arrival at high altitude.
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EFFECTS OF CHRONIC HYPOXIA

Over a period of days to weeks, reduction in plasma
volume and later increase in red cell mass increase hemo-
globin concentration and Cao2 (also with contribution of
hyperventilation). The increased Cao2 reduces the hyper-
dynamic circulation and both cardiac output and peripheral
blood flow returns toward normal. However, the still low
Pao2 maintain chemostimulation and, hence, sympathetic
activation. This results in a progressive increase in vascular
resistance and blood pressure, as the increase in CaO2

reduces the vasodilatory effect of hypoxia. The arterial
baroreflexes, although diminished, continue to function at
high altitude despite the marked increase in chemoreflexes
[3], suggesting a central resetting of the baroreflex with
exposure to hypoxia [1].

Cardiac output is consistently depressed after acclimati-
zation to high altitude, often to less than baseline sea-level
values, because of a decrease in stroke volume (with pre-
served contractile function), in turn caused by a reduction 
in left ventricular end-diastolic volume, the latter because 
of a 20 to 30% reduction in plasma volume. Sympathetic
activation and slower acting neurohormones, such as
angiotensin, aldosterone, or vasopressin, may be important
in sustaining the reduction in plasma volume in chronic
hypoxia. This relative dehydration unloads low-pressure
cardiopulmonary receptors and arterial baroreceptors (by
reducing aortic dimensions and by decreasing pulsatile flow
through arterial baroreceptors [1]).

Chronic sympathetic hyperactivity leads to down-
regulation of peripheral b receptors, with gradual diminu-
tion of the heart rate response to sympathetic activation [8].
After prolonged sojourn to high altitude, sympathetic activ-
ity diminishes and blood pressure normalizes. After years of
acclimatization, lowlanders and high-altitude natives appear
similar to sea-level natives [9].

Whereas this response is typically observed at altitudes
varying from 3000 to 5000m, at extreme altitudes, the
acclimatization process cannot normalize Cao2; as a result,
peripheral vasodilation and reduction in peripheral resist-
ance persist as in acute hypoxia.

AUTONOMIC NERVOUS SYSTEM 
AND HIGH-ALTITUDE ILLNESS

HAPE is associated with severe pulmonary hypertension
(probably with uneven distribution, thus allowing pul-

monary areas of hyperperfusion), pulmonary capillary leak,
endothelial dysfunction, possibly a late inflammation, and
alveolar edema.

Although the origin of HAPE is still debated, recent
studies in the Italian/Swiss Alps on patients with HAPE sus-
ceptibility have confirmed the essential role of pulmonary
hypertension. Such patients have a marked increase in sym-
pathetic activity during acute exposure to hypoxia, even
before the development of HAPE. Sympathetic activation
may thus play at least a facilitatory role in HAPE, presum-
ably by contributing to the development of pulmonary
hypertension in susceptible individuals [10].
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Hypothermia is defined as a core body temperature of less
than 35°C. It may range from mild (32–35°C) to profound
(<30°C). Several types of hypothermia exist.

Induced hypothermia protects organs in cardiac and
transplantation surgery and preserves isolated tissues such
as blood and skin. Profound cold (cryotherapy) is used to
destroy tissues and preserve cells such as sperm. Accidental
hypothermia occurs if there is unexpected heat loss exceed-
ing heat production and maintenance. Incidental hypother-
mia develops in neurologic, metabolic, dermatologic, and
other diseases that interfere with body temperature control
such as hypothyroidism, diabetes, stroke, and brain tumors
affecting the hypothalamus. Gram-negative sepsis is fre-
quently associated with hypothermia.

ETIOLOGIC FACTORS

Heat is lost by four modes: conduction, convection,
evaporation, and radiation. Pathophysiologic responses
depend on speed of hypothermia development and duration.
Immersion in very cold water induces hypothermia quickly
with only minor changes in physiologic balance. Prolonged
exposure to ambient hypothermia may cause severe changes
in metabolism, electrolyte, and acid-base balance.

GENERAL RESPONSE TO HEAT LOSS

The hypothalamus controls responses on the basis of
signals received from the periphery (skin) and the tempera-
ture of the blood. Shivering increases metabolism and vaso-
constriction restricts further heat loss. Changes in skin
temperature trigger shivering that can increase heat produc-
tion fivefold, at the expense of increased oxygen consump-
tion. Oxygen consumption decreases 7% per degree Celsius
decrease in core temperature, and there is commensurate
slowing or reduction of many physiologic functions.

SPECIFIC SYSTEMATIC CHANGES

Systematic changes include progressive diminishing of
heart rate. Less than 30°C blood pressure may be difficult

to measure by usual means because of stiff arteries and low
blood pressure. Less than 29°C cardiac arrhythmias are
likely, of which atrial fibrillation is the most common. Less
than 27°C ventricular fibrillation or bradycardia may lead to
asystole and death. Vasoconstriction shunts blood to core
structures, maintains blood pressure, and reduces peripheral
heat loss.

Respiratory rate decreases and ventilation becomes
shallow, partly because of increasing stiffness of the chest
wall muscles. Respiration may cease below 29°C, but occa-
sionally continues to as low as 20°C. Tracheal and bronchial
ciliary function stops; the cough reflex is suppressed and
pneumonia is a common complication. Pulmonary edema is
frequent in prolonged hypothermia.

Between 32 and 35°C, cognitive functions deteriorate
with disorientation, confusion, and character changes;
unconsciousness usually occurs at 25 to 28°C. Reflexes
slow, then cease; pupils dilate and become fixed, simulating
death. Diminished oxygen demand protects the central
nervous system, permitting occasional prolonged submer-
sion or cessation of blood flow without residual damage. 
The spinal cord is similarly protected from prolonged
ischemia.

Gastrointestinal motility decreases, stress ulcers may
occur, and pancreatitis is found after prolonged exposure to
hypothermia. Serum sodium decreases, potassium increases,
and glucose levels are variable with hypothermia. Metabolic
acidosis is common if hypothermia is prolonged. The hema-
tocrit and viscosity increase, the coagulation cascade slows
without a specific abnormality, disseminated intravascular
coagulation occurs occasionally, and thrombotic complica-
tions are common in fatal cases.

There is no correlation between thyroid-stimulating
hormone and temperature: thyroid hormone levels are
normal unless the patient is hypothyroid, and adrenal 
corticosteroids are usually normal, but may be reduced in
prolonged exposure with adrenocortical exhaustion. Corti-
sol levels may increase during rewarming. Endogenous
insulin levels remain normal. Both endogenous and exoge-
nous insulin are ineffective if body temperature is less 
than 31°C. Thermoregulation is impaired with age. There 
is diminished perception of ambient temperature with 
lower body temperature, metabolic rate, and peripheral
blood flow.

Hypothermia
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DIAGNOSIS

Core temperature (rectal, esophageal, tympanic, bladder)
is essential for correct diagnosis. Hypothermia is possible in
(1) healthy victims of exposure or drowning; (2) otherwise
healthy persons intoxicated by drugs or alcohol; (3) indi-
viduals with predisposing diseases such as hypothyroidism,
hypopituitarism, malnutrition, muscular dysfunction and
inactivity, hypoglycemia, or ketoacidosis; and (4) elderly,
without serious illness, who are exposed to mild cold.

Physical findings include slurred speech; impaired co-
ordination; shivering; cold trunk; pale skin color (but color
may be bright pink if there is vasodilation); diminished or
absent reflexes; dilated and fixed pupils; slow respirations;
slow heart rate, imperceptible pulses, blood pressure not
measurable; and no bowel sounds. Sometimes patients ini-
tially appear dead.

Clinical management consists of assessing conscious-
ness, cardiorespiratory function, temperature, associated
diseases, and/or injuries, etiologic factors, and duration 
of hypothermia. Laboratory evaluation should include a 
complete biochemical blood screen including blood urea
nitrogen, sugar, and electrolytes, and in severe cases, a coag-
ulation screen, acid-base measurement. A chest x-ray also
should be obtained. Severely affected patients should be
treated in intensive care with full physiologic monitoring
(temperature, arterial and venous pressures, fluid balance,
cardiac output); endotracheal intubation may be necessary.

The risk for inducing ventricular fibrillation is small if 
the patient is actively ventilated and oxygenated before 
intubation.

Treatment includes correction of physiologic abnormali-
ties with rewarming. Rewarming methods are: (1) Passive:
remove cold wet clothing, place in warm dry environment,
allow spontaneous rewarming; (2) active-external: hot water
tub, hot water bottles, hydraulic or warm air blankets; and
(3) active-internal: hot food and drink, warmed intravenous
fluids, warmed humidified air, lavage (gastric, thoracic, 
peritoneal, bladder), hemodialysis, and extracorporeal cir-
culation. The method chosen should be appropriate to 
severity. The patient should be rewarmed as rapidly as pos-
sible with full physiologic control. Choose a method that
permits access to the patient for resuscitation in case of 
need. Mortality (0–80%) depends on severity, duration,
associated diseases, and injuries. Serum potassium greater
than 10mEq/liter or need for cardiopulmonary resuscitation
may predict fatal outcome.
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PATTERNS OF AUTONOMIC RESPONSE 
TO STRESS

The general response to both physical and psychological
stress is activation of the sympathetic nervous system 
with inhibition of the parasympathetic nervous system.
When stress becomes severe or uncontrolled, then adreno-
medullary release of epinephrine ensues. As stress increases
even further, then CRF not only activates the sympathetic
nervous system but leads to the release of adrenocorti-
cotropic hormone and adrenocortical steroids.

Sympathetic nervous stimulation to the muscles activates
vasoconstriction and increases peripheral vascular resist-
ance. Sympathetic nerves that supply the skin both vaso-
constrict and supply sweat glands through sympathetic
cholinergic innervation. Activation of this skin sympathetic
pathway can precipitate a “cold sweat” or perspiration and
flushing of the skin. During sleep, muscle sympathetic
nervous activity and skin sympathetic nervous activity have
similar firing intensity and frequency. However, during
stress, muscle and skin sympathetic nerves activities
diverge. When a doctor took patients’ blood pressure, skin
sympathetic nerve activity increased by 38%, whereas
muscle sympathetic nerve activity decreased by 25%. This
was accompanied by an apparent increase in sympathetic
nerve activity to the heart as heart rate and blood pressure
increased [2] (Table 50.1).

Some stimuli such as hypoglycemia elicit a fairly specific
activation of adrenomedullary epinephrine release without 
a marked increase in sympathetic nerve activity. When
medical residents climbed stairs, their plasma norepineph-
rine increased; however, when they presented a public
speech, epinephrine levels showed an even greater increase.
Psychological stress not only tends to increase epinephrine
disproportionately, it also tends to increase sympathetic
nerve activity to the heart, leading to increased cardiac
output. As we age, norepinephrine release in response to the
cold pressor test increases. Less epinephrine is released from
the adrenal medullae in the elderly; however, epinephrine
blood levels are similar because of diminished clearance of
epinephrine from the circulation with advancing age.

Autonomic responses to psychological stress prepare the
body for fight or flight. Cannon and Selye described stereo-
typic responses to stress that involved activation of sym-
pathetic nerves and adrenocortical hormone release.
Corticotropin-releasing factor (CRF) in the central nervous
system activates autonomic and adrenocortical responses to
stressors. CRF injected into the brain increases arousal and
responsiveness to stressful stimuli. Conversely, CRF antag-
onists can reverse behavioral responses to many stressors.
CRF alters the discharge of locus ceruleus neurons in the
brainstem, and these effects are mimicked by some stressors.
Locus ceruleus noradrenergic neurons project into the cere-
bral cortex. In the paraventricular nucleus of the hypothala-
mus, norepinephrine stimulates further CRF release. Other
central nervous system pathways also mediate stress-
induced activation of the sympathetic nervous system, but
they generally have not been studied as thoroughly as the
CRF pathways [1].

NORMAL PSYCHOLOGICAL STRESSES 
AND AUTONOMIC ACTIVITY

There is a 24-hour rhythm in the plasma levels of nor-
epinephrine and epinephrine that tend to be lowest at 3 am,
and increase rapidly until a peak at 9 am, similar to the 
cortisol rhythm. Sleep decreases sympathetic nerve activity.
Arousals during sleep cause a rapid increase in muscle sym-
pathetic nerve electrical activity, which decreases back to
baseline when sleep resumes. Muscle sympathetic nerve
activity nearly doubles when going from sleep to wake, and
doubles yet again when going from recumbent to standing
posture. Exercise, pain, and cold lead to even more dramatic
increases in sympathetic nerve activity, which is detailed
elsewhere in this textbook. These are normal responses to
the stresses of day-to-day life. These autonomic responses
to the stresses of daily life may help to explain why there is
a preponderance of myocardial infarction and sudden death
between 6:00 am and 12 pm. The autonomic responses to
stress might also help to explain early mortality during both
unemployment and bereavement.
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GASTROINTESTINAL CONTROL

The thought of food can elicit salivation, gastric motility,
and acid secretion. Stress inhibits gastrointestinal (GI)
motility when it activates the sympathetic nervous system,
primarily through release of norepinephrine at its synaptic
interface with the enteric nervous system. Postganglionic
projections from sympathetic nerves terminate in myenteric
submucous ganglia of the enteric nervous system where they
suppress motility and secretion. a-Adrenergic stimulation
inhibits both GI secretion and GI blood flow. In animal
models, cold water immersion is associated with an inhibi-
tion of gastric emptying. Although stress decreases gastric
emptying and intestinal motility, it does not decrease colonic
motility. Activation of the sympathetic nervous system
cannot explain the symptoms of secretory diarrhea and
abdominal discomfort associated with psychological stress.
Current evidence suggests that degranulation of enteric mast
cells by nerve input releases inflammatory mediators, and
this is postulated to underlie the secretory diarrhea and
abdominal discomfort associated with stress [3].

PSYCHOSOMATIC DISORDERS AND 
THE AUTONOMIC NERVOUS SYSTEM

Autonomic responses to stress frequently lead to medical
care. Feelings of warmth and cold, palpitations, tachycardia,
nausea, abdominal pain, diarrhea, and constipation can all
be the consequence of autonomic stress responses. Twenty
percent of patients with borderline hypertension in the
doctor’s office have entirely normal home blood pressures.
Sympathetic nervous stimulation of the heart increases heart
rate, cardiac output, and blood pressure in novel or stressful
environments. This cardiovascular stress response increases

myocardial oxygen consumption and can precipitate angina
pectoris in patients with coronary artery disease.

A vasovagal response can be triggered by a stressful sit-
uation that makes a person want to run away even though
social constraints prevent the person from leaving. When
this happens, hypothalamic activation of medullary cardio-
vascular responses triggered by emotional stress can lead to
venodilation and increased inotropic stimulation to the heart.
This can stimulate ventricular mechanoreceptors and pro-
mote vasodilation, bradycardia, and fainting.

POSTTRAUMATIC STRESS DISORDER, 
PANIC, AND ANXIETY

Posttraumatic stress disorder (PTSD) occurs when intru-
sive thoughts elicit memories of an unusually stressful
event. Nineteenth century descriptions of “soldier’s heart”
noted abnormal excitability of the cardiac nervous system 
in the absence of serious cardiac disease. PTSD often is ac-
companied by tachycardia, palpitations, and high blood
pressure [4].

In panic disorder, a psychological stimulus elicits an
autonomic response characterized by flushing, tachycardia,
palpitations, hypertension, and GI symptoms. The auto-
nomic response can sometimes be extinguished by repeated
exposure to the stimulus under reassuring circumstances. In
anxiety disorder, similar autonomic symptoms occur with no
inciting stimulus. In all three of these psychological disor-
ders baseline norepinephrine and epinephrine are normal,
but there are increased plasma and urinary catecholamines
when symptomatic reactions are triggered [5]. b-Adrenergic
blocking drugs tend to diminish subjective symptoms of 
palpitations and tremor, and they often eliminate episodes of
tachycardia.

Autonomic responses to psychological stress serve the
useful function of preparing us for action by increasing
muscle blood supply and slowing vegetative functions.
However, inappropriate stress responses are the basis for
many psychosomatic disorders. Familiarity with the patterns
of autonomic response to psychological stress is essential to
understanding human disease.
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TABLE 50.1 Sympathetic Nerve Responses to Stress

Organ Response Receptor

Cardiac atrium Heart rate b1

Cardiac ventricle Inotropism b1

Eye Pupil dilation a1

Skin blood vessel Constriction a1

Hand sweat glands Sweat Cholinergic
Blood vessels Constriction a1

Salivary glands Constriction, dry mouth a1, a2

Gut Decrease motility a1, a2, b2

Gut sphincters Contraction a1

Kidney Renin release b1

Bladder Relaxation b2

Bladder sphincter Contraction a1

Hair Piloerection a1

Muscle cells Glycogenolysis b2

Muscle cells K+ uptake b2

Muscle blood vessels Dilation b2



to drugs such as phenylephrine, which increase blood pres-
sure. Reduced baroreflex sensitivity also manifests as larger
blood pressure reductions to straining during Valsalva
maneuver and hypotensive stimuli such as standing up or
eating a meal. The baroreflex may be impaired at any one
of multiple sites along its arc, including carotid and car-
diopulmonary pressure receptors, afferent pathways, 
brainstem (nucleus tractus solitarii) and higher regulatory
centers, efferent sympathetic and parasympathetic neurons,
postsynaptic cardiac b receptors, or defects in intracellular
signal transduction pathways within the myocardium. Age-
associated blood pressure increase contributes to baroreflex
impairment.

SYMPATHETIC ACTIVITY

Studies of sympathetic nervous system activity in healthy
human subjects demonstrated an age-related increase in
resting plasma norepinephrine levels, muscle sympathetic
nerve activity, and vascular resistance, as well as the plasma
norepinephrine response to upright posture and exercise.
The increase in plasma norepinephrine is primarily caused
by an increase in norepinephrine spillover at sympathetic
nerve endings and secondarily caused by a decrease of its
clearance. Despite apparent increases in sympathetic tone
with aging, cardiac and vascular responsiveness is dimin-
ished. Infusions of b-adrenergic agonists result in smaller
increases in heart rate (HR), left ventricular ejection frac-
tion, cardiac output, and vasodilation in older compared with
younger men [3].

PARASYMPATHETIC ACTIVITY

Previous studies demonstrating age-related reductions 
in HR variability in response to respiration, cough, and the
Valsalva maneuver suggest that aging is associated with
impaired cardiac–vagal control. Elderly patients with ortho-
static hypotension or syncope have even greater reduction
in HR responses to cough and deep breathing than healthy

Healthy aging is associated with several abnormalities in
autonomic nervous system function that can impair adapta-
tion to orthostatic stress in older people. Aging affects
central and peripheral autonomic regulations and it is asso-
ciated with loss of small nerve fibers. However, aging should
be differentiated from symptoms of autonomic failure,
because many mechanisms compensating for demands of
daily living remain intact.

Orthostatic and postprandial hypotension are the two
most prominent manifestations of age-associated autonomic
nervous system impairment. Both are defined as a
20–mmHg or greater decline in systolic blood pressure on
assumption of the upright posture, or within 1 hour of eating
a meal, respectively [1, 2]. These are two distinct conditions
that may or may not occur in the same patient. Orthostatic
hypotension is observed in less than 7% of healthy nor-
motensive elderly people and in as many as 30% of elder
older than 75 years with multiple pathologic conditions. The
epidemiology of postprandial hypotension is unknown, but
it is particularly common in the nursing home population
and in patients with unexplained falls and syncope. Ortho-
static hypotension is an important symptom that may hall-
mark onset of generalized autonomic failure associated with
diabetes, malignancy, amyloidosis, parkinsonism, and other
syndromes. Medications used to treat comorbidities may
contribute to orthostatic hypotension. Pathophysiologic
mechanisms predisposing healthy elderly people to hypoten-
sion are summarized in Table 51.1.

The following sections address the effects of normal
aging on autonomic function. These effects are most obvious
in the cardiovascular system, where they have received the
most rigorous investigation.

BAROREFLEX FUNCTION

Normal human aging is associated with impairment in
baroreflex sensitivity. This is evident from the blunted car-
dioacceleration to stimuli that decreases blood pressure,
such as standing up, nitroprusside infusions, and lower body
negative pressure, as well as reduced bradycardic response

Aging and the Autonomic Nervous System

Vera Novak
Division of Gerontology

Beth Israel Deaconess Medical Center
Harvard Medical School

Boston, Massachusetts

51

191

Lewis A. Lipsitz
Division of Gerontology

Beth Israel Deaconess Medical Center
Harvard Medical School

Boston, Massachusetts



192 Part IV. Stress

age-matched subjects without syncope. Loss of the respira-
tory sinus arrhythmia and attenuation of the HR response to
vagal maneuvers suggest that impaired parasympathetic HR
control can be associated with length-dependent autonomic
neuropathy with aging. Reflex responses to respiratory
maneuvers have to be evaluated under standardized condi-
tions and compared with age-matched normative values to
quantify the severity of cardiac–vagal impairment.

VARIABILITY OF CARDIOVASCULAR SIGNALS

The complexity of HR signal reflects interactions
between the cardiovascular and autonomic nervous systems
in response to environmental demands. HR spectral analy-
sis is used to quantify the relative contributions of sym-
pathetic and parasympathetic nervous systems to HR
variability [4]. The HR power spectrum can be divided into 
low- and high-frequency components. Previous studies
using b-blockade, atropine, or both demonstrated that the
low-frequency oscillations (0.05–0.1Hz) in blood pressure
reflect sympathetic modulation of vasomotor tone and in HR
reflect a combination of baroreflex-mediated sympathetic
and parasympathetic influences. Spectral power at high-
frequency portions of the HR power spectrum (0.15–0.5Hz)
is under parasympathetic control and represents the respira-
tory sinus arrhythmia. Spectral analysis techniques have
confirmed that healthy aging is associated with reductions
in baroreflex and parasympathetic modulation of HR, with
a relatively greater loss of the high-frequency parasympa-
thetic component. Reduced complexity of cardiovascular
signals can hallmark cardiac disease, but also central or
peripheral autonomic nervous system impairment.

NEUROTRANSMITTERS AND RECEPTORS

Plasma norepinephrine levels increase with advancing
age, in large part because of increased spillover at adrener-
gic nerve terminals, and to a smaller extent because of
decreased plasma clearance [5]. Likewise, any change in the

level of a neurotransmitter must be interpreted with regard
to changes in production and clearance. Other cate-
cholamines, as well as serotonin and acetylcholine neuro-
transmitters, that influence autonomic nervous system
functions have received much less attention in humans. In
the brain, a decline in dopamine and norepinephrine is
related to a loss of dopaminergic and noradrenergic neurons
in the substantia nigra and locus ceruleus. The clinical 
implications of these changes are not fully understood. The
enzymes choline acetyltransferase and acetylcholinesterase,
which are responsible for synthesis and degradation of
acetylcholine, respectively, decrease in the cerebral cortex
with aging. Furthermore, muscarinic and nicotinic receptors
have been reported to decrease in cortical structures. These
findings provide indirect evidence for a decrease in central
cholinergic neurotransmission with normal aging.

CARDIAC b-ADRENERGIC RECEPTORS

The age-related decrease in chronotropic response to
sympathetic stimulation has been attributed to multiple
molecular and biochemical changes in b receptor–coupling
and postsynaptic signaling. The number of b receptors in
cardiac myocytes is unchanged with advancing age, but the
affinity of b receptors for agonists is reduced. Postsynaptic
changes with aging include a decrease in the activity of Gs
protein and the adenylate cyclase catalytic unit, and a
decrease in cyclic adenosine monophosphate–dependent
phosphokinase-induced protein phosphorylation. As a result
of these changes, G protein–mediated signal transduction is
impaired. The decrease in cardiac contractile response to
sympathetic stimulation has been studied in rat ventricular
myocytes, where it appears to be related to decreased influx
of calcium ions through sarcolemmal calcium channels and
a reduction in the amplitude of the cytosolic calcium tran-
sient after b-adrenergic stimulation. These changes are
similar to those seen in receptor desensitization caused by
prolonged exposure of myocardial tissue to b-adrenergic
agonists. Thus, age-associated alterations in b-adrenergic
response may be caused by desensitization of the adenylate
cyclase system in response to chronic increases of plasma
catecholamine levels.

VASCULAR REACTIVITY

Aging is associated with increased vascular stiffness and
peripheral resistance. Vasoconstriction responses are pre-
served, and endothelium-dependent vasodilation is progres-
sively impaired with aging. The vasorelaxation response of
both arteries and veins to infusions of the b-adrenergic
agonist isoproterenol is attenuated in elderly people. Hyper-
lipidemia and other cardiovascular risk factors further affect

TABLE 51.1 Age-Related Physiologic Changes Predisposing
to Hypotension

1. Decreased baroreflex sensitivity
a. Diminished heart rate response to hypotensive stimuli
b. “Impaired” adrenergic vascular responsiveness

2. Impaired defense to reduced intravascular volume
a. Reduced secretion of renin, angiotensin, and aldosterone
b. Increased atrial natriuretic peptide, supine and upright
c. Decreased plasma vasopressin response to orthostasis
d. Reduced thirst after water deprivation

3. Impaired early cardiac ventricular filling (diastolic dysfunction)



vasodilation response. Arterial adrenergic responses to nor-
epinephrine infusion also appear to be reduced in healthy
elderly subjects. However, this impairment is reversible by
suppression of sympathetic nervous system activity with
guanadrel. This remarkable observation suggests that the
abnormality in a-adrenergic response also represents recep-
tor desensitization caused by heightened sympathetic
nervous system activity. It also indicates that some of 
the physiologic changes associated with aging may be
reversible.

VOLUME REGULATION

Aging is associated with a progressive decline in plasma
renin, angiotensin II, and aldosterone levels, and increases
in atrial natriuretic peptide, all of which promote salt
wasting by the kidney. In many healthy elderly individuals,
there is also a defective plasma vasopressin response to
upright posture. These physiologic changes predispose
elderly people to volume contraction and hypotension [6].
Furthermore, healthy elderly individuals do not experience
the same sense of thirst as younger subjects when they
become hyperosmolar during water deprivation or hyper-
tonic saline infusion. Consequently, dehydration may
develop rapidly during conditions such as an acute illness,
preparation for a medical procedure, diuretic therapy, or
exposure to a warm climate when fluid losses are increased,
access to oral fluids is limited, or both.

Conditions that reduce preload, such as upright posture,
meal digestion, or volume contraction, may threaten cardiac
output and predispose older people to hypotension.

CEREBRAL VASOREGULATION

Cerebral vasoregulation reflects the ability of the cere-
bral circulation to maintain stable perfusion pressure when
blood pressure changes occur [7]. It is maintained by active

vasodilation of cerebral microvasculature during hypoten-
sive stimuli and by vasoconstriction during blood pressure
increases. Cerebral vasomotor reserve can be evaluated from
blood flow increment with CO2 rebreathing (vasodilation)
and reduction during hyperventilation (vasoconstriction).
Vasomotor reserve is reduced with aging, and cardiovascu-
lar risk factors further contribute to this decline. Cerebral
autoregulation is effective within the pressure range of 80 
to 150mmHg. Autoregulation range is narrowed with aging
and the lower limits are shifted toward greater values with
hypertension. Orthostatic hypotension can be associated
with normal or impaired autoregulation [8]. With impaired
autoregulation, cerebral blood flow follows decreasing
blood pressure. Therefore, older people may be at risk for
cerebral hypoperfusion, if blood pressure decreases to less
than an autoregulated range during hypotension.
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which target faces were family members, friends, and self,
and another in which target faces were famous individuals
(movie stars, politicians, and sports figures). These experi-
ments showed that patients with prosopagnosia could gen-
erate nonconscious discrimination of familiar faces they
could not otherwise recognize and for which even a remote
sense of familiarity was lacking. The results suggest that
some part of the physiologic process of face recognition
remains intact in the patients, although the results of this
process are not available at a conscious level. The neural
structures that mediate this “recognition without awareness”
may involve a dorsal pathway that goes through parietal–
frontal and ventromedial prefrontal structures to activate
ANS control nuclei, such as the amygdala and various brain-
stem nuclei.

Nonconscious Recognition 
in the Auditory Modality

The phenomenon of nonconscious recognition of famil-
iar stimuli also has been revealed in the auditory modality.
We studied a patient who, after damage to the right auditory
association cortexes, developed a special form of auditory
agnosia: specifically, an inability to recognize familiar music
and singing voices (including his own; he was a professional
opera singer). A paradigm akin to the one described earlier
for prosopagnosia was used: we played a series of music
pieces, or singing voices, and included a randomly ordered
mix of items that should have been familiar (targets), and
ones the patient had never heard before (nontargets). The
patient produced discriminatory SCRs to the target stimuli
in both experiments. This outcome suggests that, as was the
case for the visual modality, there is a preserved route from
sensory input to ANS effectors such as the amygdala, prob-
ably again through the ventromedial prefrontal cortex. It is
intriguing that for both the visual and auditory modalities,
the brain can preserve a type of ANS-based discrimination
mechanism (which can be indexed through SCRs), even
when conscious recognition processes have been precluded
by brain damage.

The electrodermal skin conductance response (SCR) is a
remarkably powerful and informative psychophysiologic
index. The SCR is considered to be part of the sympathetic
division of the autonomic nervous system (ANS), although
the neural mechanisms for the higher level control skin con-
ductance are complex and not well understood [1]. Because
SCRs are relatively easy to measure and provide reliable
indexes of a wide variety of psychologic states and pro-
cesses, SCRs have been arguably the most popular aspect of
ANS activity used to study human cognition and emotion
[2]. We have used SCRs in neurologic patients with brain
damage, to study processes such as nonconscious memory,
nonconscious learning, and emotional processing.

NONCONSCIOUS MEMORY

Nonconscious Face Recognition in Prosopagnosia

Individuals who sustain brain damage to modality-related
association cortexes can manifest impairments of recogni-
tion of stimuli presented through that modality (agnosia).
For example, bilateral damage to visual association cor-
texes, in the vicinity of the occipitotemporal region, causes
the condition known as prosopagnosia, which is an 
inability to recognize familiar faces. When patients with
prosopagnosia see faces of family members, friends, or even
their own face, the patients have no sense that they know
the people, and they cannot remember who the people are.
Each face looks like a complete stranger.

Using SCRs, we discovered that patients with prosopag-
nosia, despite their profound inability to recognize familiar
faces, could still discriminate those faces nonconsciously
[3]. In these experiments, skin conductance was recorded
while the patients viewed faces that they used to know
(targets), mixed in random order with faces the patients had
never seen before (nontargets). A summary of these exper-
iments is presented in Figure 52.1. All of the six patients
with prosopagnosia that we studied produced significantly
larger amplitude SCRs to target faces, compared with non-
targets. This occurred in two separate experiments, one in
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NONCONSCIOUS LEARNING

Nonconscious Face Learning in Prosopagnosia

In the experiments reviewed earlier, SCRs were indexing
knowledge that had been stored in the brain before the onset
of brain damage. What about learning—that is, acquiring
new information? To address this question, we studied five
patients with prosopagnosia with the same type of experi-
ment as described earlier, except that the target faces were
persons the patients had encountered only after the onset of
their brain injury. All five patients produced discriminatory
SCRs to the target faces (Fig. 52.2), suggesting that despite
the patients’ inability to learn new faces consciously, some
mechanism for acquiring new information about faces was
preserved. We have speculated that this mechanism involves
ANS-related structures, including ventromedial prefrontal
cortex and amygdala.

Nonconscious Learning of Affective Valence

One of our patients, known as Boswell, experienced
development of a profound amnesic syndrome after damage
to the entire mesial temporal lobes, bilaterally. Boswell is
incapable of learning any new declarative information,
including facts, faces, and names. We conducted an experi-
ment in which we exposed Boswell to three stimulus indi-
viduals: a “Good Guy,” who always treated Boswell
exceptionally well; a “Bad Guy,” who always was stern and
grumpy; and a “Neutral Guy,” who was always neutral in

demeanor. In one experiment, this exposure took place over
the course of a week; in another, we carried out this manip-
ulation over the course of several years [4]. Despite his 
profound amnesia, Boswell demonstrated nonconscious
learning of the individuals. For example, when we showed
him pairs of faces, one of which was one of the stimulus
persons and one of which was a complete stranger, and
asked him to “choose the one you would prefer to ask for a
treat,” Boswell reliably selected the Good Guy. He reliably
selected against the Bad Guy, and his selection of the
Neutral Guy was at chance. Moreover, Boswell generated
discriminatory SCRs to both the Good Guy and the Bad Guy
(Fig. 52.3). And all of this occurred despite that Boswell
never produced a shred of evidence that he had learned any
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FIGURE 52.1 Nonconscious face recognition in prosopagnosia. Six
patients with prosopagnosia produced large-amplitude skin conductance
responses to pictures of family members and famous individuals, despite
their inability to recognize those faces at conscious level.

FIGURE 52.2 Nonconscious face learning in prosopagnosia. Five
patients with prosopagnosia produced large-amplitude SCRs to pictures of
individuals with whom they had extensive exposure after the onset of 
their brain damage, but not before (e.g., psychologists and physicians). This
occurred despite that the patients had failed to learn the faces of these 
individuals at a conscious level.

FIGURE 52.3 Covert learning of affective valence in patient Boswell.
Boswell generated large-amplitude SCRs to the Good Guy and Bad Guy,
but not to the Neutral Guy. This occurred despite his complete inability to
learn the faces of those individuals at a conscious level.
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of the individuals at conscious level. We have proposed that
the neostriatum, and the caudate nucleus in particular, may
be part of the neural substrate that supports this noncon-
scious learning of affective valence.

Conditioning Without Awareness

Another remarkable example of learning without con-
scious influence comes from an experiment in which a
patient with bilateral hippocampal damage, which caused
severe amnesia for declarative knowledge, was shown to
demonstrate intact emotional conditioning [5]. This patient
went through an experiment in which he was exposed to a
long series of differently colored slides, one of which (the
conditioned stimulus [CS], a blue slide) was paired with an
aversive unconditioned stimulus (UCS, a loud noise). The
patient demonstrated normal conditioning: after several CS-
UCS pairings, the patient began to produce reliable SCRs to
the CS presented alone—that is, the blue slide evoked a con-
ditioned emotional response from the patient. This occurred
despite that the patient was incapable of factual learning—
for example, mere minutes after the experiment, he could
not remember which color of slide had been the CS, or even
what had happened in the experiment. Given that the patient
had intact amygdalae, this experiment supports a role for the
amygdala in emotional conditioning, a result that is consis-
tent with some recent functional imaging studies [6, 7].

EMOTION

In the situations reviewed earlier, SCRs were informative
of brain processes that operate below the level of conscious
awareness. We also have learned from the opposite sce-
nario—that is, situations in which SCRs are missing despite
conscious knowledge of the stimuli. Two such examples are
presented in the following sections.

Impaired Skin Conductance Responses 
to Emotionally Charged Stimuli

Patients with damage to the ventromedial prefrontal
sector of the brain develop striking changes in personality
and emotional functioning. In the hallmark cases, the
patients develop a sort of psychopathic personality style and
seem to lose their ability to learn from their mistakes. We
made a remarkable discovery in these patients: when pre-
sented with emotionally charged pictures that normally
evoke large-amplitude SCRs (e.g., mutilation scenes and
nudity), patients with ventromedial damage failed to
produce such SCRs—their polygraph record was almost
completely flat (Fig. 52.4) [8]. This occurred despite the fact
that the patients were fully capable of producing normal
SCRs under other circumstances, for example, in response
to a sudden loud noise or light flash.

FIGURE 52.4 Impaired skin conductance responses (SCRs) to emotionally charged stimuli after ventromedial pre-
frontal damage. The polygraph record shows four stimulus presentations: stimuli S10 and S12 are nontargets (farm scenes),
and stimuli S11 and S13 are targets (a nude and mutilation scene, respectively). A control patient with brain damage pro-
duced normal, large-amplitude SCRs to the target stimuli; the patient with ventromedial prefrontal damage did not.



Impaired Skin Conductance Responses 
to Familiar Faces

In another experiment with patients with ventromedial
damage, we found that the patients failed to produce SCRs
to well-known faces [9]. In fact, the pattern was exactly the
opposite of the one we had obtained in patients with
prosopagnosia: the ventromedial patients had completely
normal conscious recognition of familiar faces, but they
failed to produce discriminatory SCRs. As in the case of the
emotionally charged pictures, the patients with ventromedial
damage seemed to be oblivious to the emotional significance
of the stimuli.

The Somatic Marker Hypothesis

The findings reviewed here, and other related observa-
tions, have led to the development of a framework that is
termed the somatic marker hypothesis [10]. In summary, the
theory posits that feelings and emotions give rise to “somatic
markers,” which serve as guideposts that help steer behav-
ior in an advantageous direction. Deprived of these somatic
markers, patients with ventromedial damage lose the ability
to experience appropriate emotional responses to various
stimuli and events. And we have proposed that the absence
of these emotional responses—evidenced, for example, by
the missing SCRs in the experiments described earlier—
leads to defective planning and decision making; this, in
turn, leads to the psychopathic-like behavior that is charac-
teristic of patients with ventromedial damage.
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including vasodilator and neuromodulator. NO also may
directly inhibit some enzymes such as ribonucleotide reductase
because it reacts efficiently with tyrosyl radical (rate constant 
> 109 M-1 S-1). NO reacts with O2

- to produce peroxynitrite
(ONOO-), a potent oxidant (Fig. 53.1, Reaction 4). In turn,
reaction of ONOO- with ubiquitous CO2 forms nitrosoperoxy
carbonate that spontaneously cleaves to form a nitrating agent,
nitrogen dioxide radical, and an oxidant, carbonate anion
radical (see Fig. 53.1, Reaction 5). Finally, ONOO- may
decompose to nitrous oxide and OH on protonation.

MECHANISMS TO LIMIT REACTIVE 
OXYGEN SPECIES AND REACTIVE NITROGEN

SPECIES ACCUMULATION

A number of low molecular weight molecules and
enzyme-catalyzed mechanisms have evolved to limit the
accumulation of ROS and RNS in cells [1]. Low molecular
weight antioxidants include glutathione, a-tocopherol, and
ascorbate. Enzymes include superoxide dismutases (SODs),
catalase, and peroxidases such as glutathione peroxidase
(GPX). SODs are high-capacity enzymes located in the
cytosol (Cu/Zn-SOD), mitochondria (Mn-SOD), or extracel-
lular space (EC-SOD) that catalyze the conversion of O2

- to
H2O2. H2O2 is reduced to water by cytosolic GPX or peroxi-
somal catalase. Detoxification of ONOO- is obtained largely
by preventing its formation, that is, metabolism of O2

-.
However, ONOO- can be reduced to nitrite (ONO-) by GPX
and selenoprotein P. As noted earlier, if not reduced to water
by GPX or catalase, H2O2 is labile to Fenton chemistry and
thereby generates OH. There are no known enzymes that
detoxify OH. Moreover, glutathione, a-tocopherol, and
ascorbate are not especially effective at detoxifying OH.

OXIDATIVE DAMAGE TO CELLULAR
MACROMOLECULES

Lipid Peroxidation

Free radical–mediated damage to polyunsaturated fatty
acids, termed lipid peroxidation, is a self-propagating

OXIDATIVE STRESS

Oxidative stress results from excess generation of free
radicals and related reactive molecules. Free radicals are
atoms or molecules with one or more unpaired electron(s)
in the outer valence shell. A growing body of research indi-
cates that free radical production under controlled condi-
tions is a component of second messenger signaling in cells.
However, excess or uncontrolled free radical production is
detrimental to cells either by direct damage to macromole-
cules or liberation of toxic second messengers.

A number of sources of free radical generation exist in cells
including cytochromes, oxygenases, and oxidases; however,
the major source is thought to be mitochondrial oxidative
phosphorylation, given that more than 90% of oxygen deliv-
ered to a cell is consumed by this organelle. In disease states,
other sources of free radical generation may become patho-
physiologically significant—that is, myeloperoxidase and
inducible nitric oxide synthase in inflammatory conditions,
advanced glycation end products in aging and diabetes, xan-
thine oxidase in ischemia/reperfusion injury, and possibly
cyclooxygenases in some neurodegenerative diseases.

Although there are many types of free radicals, research
in biologic systems has focused largely on reactive oxygen
species (ROS) and reactive nitrogen species (RNS) [1].
During the sequential four electron reduction of molecular
oxygen to water (Fig. 53.1, Reaction 1), two free radicals—
superoxide anion (O2

-) and hydroxyl radical (OH)—are pro-
duced along with hydrogen peroxide (H2O2); because H2O2

is not a radical, these three molecules are collectively
referred to as ROS. Both O2

- and H2O2 are signaling mole-
cules under normal physiologic conditions. Conversely, OH
is the most reactive and is capable of oxidizing lipids, car-
bohydrates, proteins, and nucleic acids at a rate limited by
its own diffusion. OH is formed from O2

- and H2O2 by the
Haber–Weiss reaction (see Fig. 53.1, Reaction 2) or from
H2O2 by Fenton chemistry (see Fig. 53.1, Reaction 3).
Several metal ions may participate in the Fenton reaction
including, Fe(II), Cu(I), Mn(II), Cr(V), and Ni(II).

Nitric oxide (NO), a free radical product of nitric oxide 
synthase–catalyzed oxidation of l-arginine to citrulline, ini-
tiates a cascade of RNS. NO has several physiologic functions
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process that both damages cellular membranes and gener-
ates cytotoxic by-products [2]. Membrane damage derives
from the generation of fragmented fatty acyl chains,
lipid–lipid crosslinks, and lipid–protein crosslinks. In addi-
tion, lipid hydroperoxyl radicals can undergo endocycliza-
tion to produce novel fatty acid esters that may disrupt
membranes. Bioactive secondary products are formed by
fragmentation of lipid hydroperoxides to liberate a number
of diffusible products, some of which are potent elec-
trophiles. The most abundant diffusible products of lipid
peroxidation are chemically reactive aldehydes such as
acrolein, 4-hydroxy-2-hexenal, and 4-hydroxy-2-nonenal
(HNE) (Fig. 53.2) [3]. In addition, enzymatic hydrolysis of
the abnormal fatty acyl groups generated by lipid peroxida-
tion also can liberate novel byproducts.

Some products of lipid peroxidation are thought to con-
tribute significantly to its deleterious effects in tissue. Reac-
tive aldehydes produced from lipid peroxidation react with
a number of cellular nucleophiles, including protein, nucleic
acids, and some lipids [3]. Indeed, many of the cytotoxic
effects of lipid peroxidation can be reproduced directly by
electrophilic lipid peroxidation products such as acrolein
and HNE. These include depletion of glutathione, dysfunc-
tion of structural proteins, reduction in enzyme and trans-
porter activities, and induction of cell death.

In addition to chemically reactive lipid peroxidation
products, chemically stable products of lipid peroxidation
also may contribute to disease through receptor-mediated
signaling. For example, peroxidation and fragmentation of
polyunsaturated fatty acyl groups in phosphatidylcholines
can generate platelet-activating factor (PAF) analogues that
stimulate the PAF receptor, thereby stimulating inflamma-
tory responses [4]. In addition, one isomer of the iso-
prostanes, products of arachidonic acid peroxidation, has
been shown to be a potent vasoconstrictor both peripherally
and in the cerebrovasculature, likely through a receptor-
mediated mechanism [5].

Nucleic Acid

Unlike lipid peroxidation, oxidative damage to DNA is
not self-propagating and is not thought to release cytotoxic
effectors. However, if oxidative damage does cause a muta-
tion, then DNA replication propagates the consequences of
DNA oxidative damage to progeny. Oxidative damage 
to DNA can result in several structural changes to DNA
such as single- and double-strand breaks, abasic sites, 
and a number of chemically modified nucleotides includ-
ing thymine and cytosine glycols, 5-hydroxycytidine, 8-
hydroxyguanine, and 8-hydroxyadenine [6]. In addition,
many other products can be formed; for example, oxidative
damage to cytosine alone generates more than 40 different
species. One study of urinary concentrations of 8-
hydroxyguanine and thymine glycol estimated that approx-
imately 20,000 bases in DNA per cell per day are damaged
by ROS. In addition to direct attack by ROS, reactive prod-
ucts of lipid peroxidation mentioned in the previous section
also chemically modify DNA to form a variety of species.

Oxidative damage to DNA, either directly from ROS or
by lipid peroxidation products, can lead to mutations; among
the most common mutations are C Æ T substitutions, G Æ
C transversions, and G Æ T transversions. However, it must
be stressed that the common oxidative damage–induced
mutations are not specific because they also are produced by
errors by DNA polymerase copying of undamaged DNA.
Thus, although there is substantial circumstantial evidence
that oxidative damage–induced mutations can contribute to
the initiation or progression of cancer, this lack of oxidative
damage–specific mutations confounds definite demonstra-
tion of oxidative damage as a cause of malignancy.

Protein

Unlike lipid peroxidation, oxidative damage to protein is
not self-propagating, and unlike oxidative damage to DNA,
structural damage to protein from oxidative processes is not
propagated to progeny. Nevertheless, oxidative damage to
protein is thought to be the major effector of oxidative
damage–mediated cellular dysfunction and death. As with
DNA, protein may be directly modified by ROS and by

FIGURE 53.1 Some reactions that underlie oxidative stress, including
reduction of molecular oxygen to water (1), Haber-Weiss reaction (2),
Fenton reaction (3), peroxynitrite formation (4), and carbonate anion
radical formation (5).

FIGURE 53.2 Some reactive alpha-beta unsaturated aldehydes gener-
ated during lipid peroxidation, including 4-hydroxy-2-nonenal (HNE), 4-
hydroxy-2-hexenal (HHE), and acrolein.



products of lipid peroxidation. Given the ubiquitous distri-
bution and much greater susceptibility of polyunsaturated
fatty acids to free radical attack, it is proposed that lipid per-
oxidation products are the major source of protein modifi-
cation from oxidative damage to cells.

CELLULAR REPAIR AND DETOXIFICATION
MECHANISMS FOR OXIDATIVE DAMAGE

Glutathione- -transferases

Glutathione-S-transferases (GSTs) are a nearly ubiqui-
tous multigene enzyme superfamily that catalyze nucle-
ophilic attack of glutathione on a broad group of
electrophiles, including reactive compounds generated from
lipid peroxidation. Typically, glutathionyl thioether forma-
tion results in a less toxic product, the exceptions being
some aromatic compounds [7]. Organisms that have GST
activity generally express multiple forms of the enzyme.
Indeed, there are at least 21 human GST genes, of which 15
encode cytosolic GSTs; the main cytosolic classes are alpha,
mu, and pi.

GSTs catalyze the committed step in the mercapturic acid
pathway, a multistep mechanism to detoxify and excrete
electrophiles. GSH-conjugates are transported out of the 
cell where they are cleaved sequentially by two ectoen-
zymes. The first, membrane-bound g-glutamyltranspepti-
dase, cleaves the g-glutamyl moiety. After this, a dipeptidase
catalyzes removal of the glycine residue, leaving the 
cysteinyl thioether conjugate. The cysteinyl conjugate is
then transported back into cells where it is N-acetylated by
microsomal cysteine S-conjugate N-acetyltransferase. This
N-acetylcysteine thioether, or mercapturic acid, conjugate is
then exported from cells. Mercapturic acids conjugates
formed in the kidney go directly into urine, whereas those
synthesized in the liver may be transported into bile. Mer-
capturic acids synthesized in other tissues enter the blood-
stream and are cleared by the kidney or liver.

Aldo-keto Oxidoreductases

Several cytotoxic products of lipid peroxidation, such as
HNE and acrolein, are reactive carbonyls, similar to precur-
sors of advanced glycosylation end products. Aldo-keto oxi-
doreductases oxidize or reduce carbonyl groups, thereby
diminishing cytotoxicity from “carbonyl stress.” This class
includes a large number of enzymes involved in phase I
metabolism. Examples of enzymes that reduce reactive 
carbonyls to alcohols are aldose reductase, aldehyde reduc-
tases, and members of the alcohol dehydrogenase family.
Prominent among the enzymes that catalyze the oxidation
of reactive carbonyls to carboxylic acids are the aldehyde
dehydrogenases, for which there are multiple genes in
humans.

S

DNA Repair

In broad terms, there are two pathways by which cells
cope with DNA damage. If the damage is extensive, cells
initiate cell death programs that result in apoptosis. Alter-
natively, in less extreme circumstances, cells use several dif-
ferent mechanisms to repair DNA damage. Overall, the
fundamental processes of DNA repair are (1) recognition of
the damage, (2) removal of the structurally altered base if
appropriate, (3) new DNA synthesis, and (4) ligation [8].
The outcome is either true repair, disrepair, or nonrepair, the
latter two having the potential to be propagated as mutations.
The major mechanisms of DNA repair are base excision
repair, nucleotide excision repair, double-strand break
repair, mismatch repair, and O6-methylguanine-DNA
methyltransferase repair. Of these, base excision repair is
thought to be especially important in repairing oxidative
damage to DNA.

SUMMARY

ROS and RNS play critical roles in normal physiology
and the pathophysiology of several diseases, including ath-
erosclerosis, cancer, and neurodegeneration. Multiple modes
for the production of ROS and RNS exist, and they can have
diverse effects on cellular macromolecules. Numerous
mechanisms have evolved by which cells defend themselves
from these reactive species and their toxic consequences.
Although complex, these offer multiple potentially thera-
peutic targets to intervene in the initiation and progression
of these common diseases.
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KTKEGV. The repeats are followed by a hydrophobic inter-
mediate region and a negatively charged carboxy-terminal
domain. Synucleins are natively unfolded proteins with little
ordered secondary structure that have only been identified
in vertebrates. Of the three synucleins, only a-synuclein is
associated with the filamentous inclusions of Lewy body
diseases and MSA. Experimental studies have shown that a-
synuclein can bind to lipid membranes through its amino-
terminal repeats, indicating that it may be a lipid-binding
protein. Mice that lack a-synuclein have been produced by
homologous recombination [4, 5]. In the hippocampus of
these mice, a marked reduction in the number of undocked
synaptic vesicles was observed [5], suggesting that a-
synuclein may influence the mobilization of synaptic vesi-
cles in nerve terminals.

THE a-SYNUCLEIN DISEASES

Two missense mutations (A30P and A53T) in the 140-
amino acid a-synuclein have been identified in familial
cases of PD [1, 6]. Where examined, abundant Lewy bodies
and Lewy neurites consisting of filamentous a-synuclein
were present. Therefore, it is clear that the basis of this 
autosomal-dominant inherited form of PD resides in a 
toxic property conferred by the mutation in a-synuclein. A
corollary of this thought is that a similar toxic property 
of wild-type a-synuclein may underlie the much more
common forms of Lewy body diseases and MSA. The
pathway leading from soluble to filamentous a-synuclein
is probably central to Lewy body diseases and MSA
(Fig. 54.3). It remains to be established whether the 
mere presence of filaments is sufficient to cause neurode-
generation or whether other toxic moieties, such as protofib-
rils, play a major role [7]. Filaments are space-occupying
lesions that are likely to be detrimental to the long-term sur-
vival of nerve cells, especially when present in neurites
(Table 54.1).

The a-synuclein filaments are unbranched, with a length
of 200 to 600nm and a width of 5 10nm. Full-length a-
synuclein is found in the filaments. Biochemically, the 
presence of inclusions correlates with the accumulation of

Parkinson’s disease (PD) is the most common movement
disorder. Neuropathologically, it is defined by nerve cell loss
in the substantia nigra and the presence there of Lewy bodies
and Lewy neurites. Nerve cell loss and Lewy body pathol-
ogy also are found in a number of other brain regions, such
as the dorsal motor nucleus of the vagus, the nucleus basalis
of Meynert, and some autonomic ganglia. Lewy bodies and
Lewy neurites also constitute the defining neuropathologic
characteristics of dementia with Lewy bodies (DLB), a
common late-life dementia that exists in a pure form or over-
laps with the neuropathologic characteristics of Alzheimer’s
disease (AD). Unlike PD, DLB is characterized by large
numbers of Lewy bodies in cortical brain areas.

Ultrastructurally, Lewy bodies and Lewy neurites consist
of abnormal filamentous material. Despite that the Lewy
body was first described in 1912, its biochemical composi-
tion remained unknown until 1997 [1].

Two developments have imparted a new direction to
research on the etiology and pathogenesis of PD and DLB.
First, the discovery that a missense mutation in the a-
synuclein gene is a rare genetic cause of PD [2]. Second, the
identification of the a-synuclein protein as the main com-
ponent of Lewy bodies and Lewy neurites in PD, DLB, and
several other diseases [3] (Fig. 54.1). Subsequently, the fil-
amentous glial and neuronal inclusions of multiple system
atrophy (MSA) also were found to be made of a-synuclein,
revealing an unexpected molecular link with Lewy body dis-
eases (Fig. 54.2). These findings have placed a-synuclein
dysfunction at the center of several common neurodegener-
ative diseases (Table 54.1).

THE SYNUCLEIN FAMILY

Synucleins are proteins that are abundant in the brain;
their physiologic functions are poorly understood. The synu-
clein family consists of three members—a-synuclein, b-
synuclein and g-synuclein—that range from 127 to 140
amino acids in length and are 55 to 62% identical in
sequence, with a similar domain organization [1]. The
amino-terminal half of each protein is taken up by imperfect
11 amino acid repeats that bear the consensus sequence
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insoluble a-synuclein. Phosphorylation, nitration, and ubiq-
uitination are posttranslational modifications of filamentous
a-synuclein. Phosphorylation at serine residue 129 and
nitration appear to be common to all filaments. It remains to
be seen whether they precede the assembly into filaments.
By contrast, ubiquitination of a-synuclein is a late event that
follows its assembly into filaments.

MODELS OF a-SYNUCLEINOPATHIES

In cell-free systems, a-synuclein assembles into fila-
ments that share many of the morphologic and ultrastruc-
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FIGURE 54.1 The a-synuclein pathology of Parkinson’s disease. Lewy bodies and Lewy neurites in the substantia
nigra and several other brain regions define Parkinson’s disease at a neuropathologic level. These entities are shown
here at the light (A–C) and electron microscopic (D–G) levels, labeled by a-synuclein antibodies. A, Two pigmented
nerve cells, each containing an a-synuclein–positive Lewy body (red arrows). Lewy neurites (black arrows) also are
immunopositive. Scale bar = 20mm. B, Pigmented nerve cell with two a-synuclein–positive Lewy bodies. Scale bar =
8mm. C, a-Synuclein–positive extracellular Lewy body. Scale bar = 4mm. D–G, Isolated filaments from the substantia
nigra of patients with Parkinson’s disease are decorated with an antibody directed against the carboxyl-terminal (D and
E) or the amino-terminal (F and G) region of a-synuclein. The gold particles conjugated to the second antibody appear
as black dots. Note the uniform decoration in D and E, and the labeling of only one filament end in F and G. Scale bar
(for D–G) = 100nm. (See Color Insert)

TABLE 54.1 a-Synuclein Diseases

Lewy body diseases
Idiopathic Parkinson’s disease
Dementia with Lewy bodies
Pure autonomic failure
Lewy body dysphagia
Incidental Lewy body disease
Inherited Lewy body diseases (mutations of the a-synuclein gene, 

PARK3 and PARK4)
Multiple system atrophy

Olivopontocerebellar atrophy
Striatonigral degeneration
Shy–Drager syndrome



206 Part V. Neuropathology

tural characteristics of filaments present in humans. The
A53T mutation increases the rate of filament assembly, sug-
gesting that this may be its primary effect. The mechanism
of action of the A30P mutation in a-synuclein is less clear.
An increase in the rate of oligomer formation and reduced
lipid binding have been described. The assembly of a-
synuclein is accompanied by the transition from random coil
conformation to a b-pleated sheet. By electron diffraction,
a-synuclein filaments show a conformation characteristic of
amyloid fibers. Under the conditions of these experiments,
b- and g-synuclein failed to assemble into filaments and
remained in a random coil conformation. However, when
incubated with a-synuclein, they inhibited assembly into 
filaments.

Numerous laboratories are currently engaged in the pro-
duction of animal models of a-synucleinopathies. Most
work has involved the overexpression of wild-type or
mutant human a-synuclein in nerve cells. To date, two

studies, one in Drosophila and one in mouse, have described
the formation of filamentous a-synuclein inclusions and
nerve cell loss, confirming the direct link between dysfunc-
tion of a-synuclein and neurodegeneration [8, 9]. An
intriguing model of a-synuclein pathology has been devel-
oped in the rat by the chronic intravenous infusion of the
pesticide rotenone [10]. The rats developed a progressive
degeneration of nigrostriatal neurons and filamentous, Lewy
body–like inclusions that were immunoreactive for a-
synuclein and ubiquitin. It would thus seem that oxidative
stress can lead to the assembly of a-synuclein into filaments.
During the last two decades, oxidative stress has received
much attention as a pathogenic mechanism, because the
metabolism of dopamine is a potential source of reactive
oxygen species. Therefore, the rotenone model could have
a direct bearing on the mechanisms by which Lewy bodies
and Lewy neurites form in the substantia nigra in idiopathic
PD.

FIGURE 54.2 The a-synuclein pathology of multiple system atrophy. Glial cytoplasmic inclusions in several brain
regions define multiple system atrophy at a neuropathologic level. Similar inclusions also are present in the nucleus of
some glial cells, the cytoplasm and nucleus of some nerve cells, and in nerve cell processes. Here, these entities are
shown at the light (A–F) and electron microscopic (G–J) levels, labeled by a-synuclein antibodies. A–D, a-
Synuclein–immunoreactive oligodendrocytes and nerve cells in white matter of pons (A, B, and D) and cerebellum (C).
E and F, a-Synuclein–immunoreactive oligodendrocytes and nerve cells in gray matter of pons (E) and frontal cortex
(F). Arrows identify examples of each of the characteristic lesions stained for a-synuclein: cytoplasmic oligodendroglial
inclusions (A and F), cytoplasmic nerve cell inclusions (B), nuclear oligodendroglial inclusion (C), neuropil threads
(D), and nuclear nerve cell inclusion (E). Scale bars = 33mm (E); 50mm (A–D, F). G–J, Isolated filaments from the
frontal cortex and cerebellum of patients with multiple system atrophy are decorated with an antibody directed against
the carboxyl-terminal (G and H) or the amino-terminal (I and J) region of a-synuclein. The gold particles conjugated
to the second antibody appear as black dots. Note the uniform decoration in G and H, and the labeling of only one fil-
ament end in I and J. A “twisted” filament is shown in G, whereas H shows a “straight” filament. Scale bar = 100nm.
(See Color Insert)
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FIGURE 54.3 Model of disease pathway in Parkinson’s disease. Genetic
factors (mutations in the a-synuclein gene and mutations at the PARK3 and
PARK4 loci) or environmental factors (oxidative damage, as exemplified
by the experimental effects of rotenone) lead to a dysfunction of a-
synuclein, which results in its ordered assembly into the filaments that 
characterize Lewy bodies and neurites. It is probable that the space-
occupying Lewy body pathology contributes directly to nerve cell death.
In addition, it is possible that conformationally altered, nonfilamentous a-
synuclein is toxic to nerve cells.
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Indeed, many patients with AAN have serum autoanti-
bodies specific for the neuronal ganglionic nAChR (see
Chapter 87). Greater antibody levels are significantly corre-
lated with more severe dysautonomia [3] and with a pre-
dominance of “cholinergic” symptoms (impaired bowel and
bladder motility, impaired pupillary function and sicca
symptoms) [4]. These observations strongly support the
concept that AAN is an antibody-mediated disorder.

EXPERIMENTAL AUTOIMMUNE 
AUTONOMIC NEUROPATHY

Rigorous criteria for proving that a disorder is antibody-
mediated have been advanced [5]. A critical step is demon-
stration that the specific autoantibodies reproduce the
cardinal features of the disease in animals. Antibodies can
be obtained from affected individuals and administered 
to the animal (passive transfer) or induced in the animal 
by immunization with the antigen of interest (active 
immunization). In the ideal setting (as with myasthenia
gravis and experimental autoimmune myasthenia gravis),
both passive transfer and active immunization reproduce 
the disease.

An active immunization model of ganglionic AChR
autoimmunity has been reported. EAAN is produced by
immunizing rabbits with a recombinant a3 neuronal nAChR
subunit fusion protein and adjuvant [6]. Within a few weeks
of immunization, rabbits begin to produce ganglionic AChR
antibodies and develop chronic severe generalized dysau-
tonomia with prominent “cholinergic” failure.

EAAN recapitulates the clinical phenotype of human
AAN. Rabbits producing high levels of ganglionic AChR
antibody develop gastrointestinal dysmotility and fail to
gain weight because of reduced food intake [6]. Gastro-
paresis and impaired intestinal motility are evident by fluo-
roscopy and by examination of the gut at autopsy. Severe
parasympathetic dysfunction manifests as dilated and poorly
responsive pupils (Fig. 55.1A), decreased lacrimation,

Autoimmune autonomic neuropathy is an acquired
pandysautonomia often associated with autoantibodies
against the acetylcholine receptor in autonomic ganglia. An
animal model of this disorder, experimental autoimmune
autonomic neuropathy (EAAN), can be induced in rabbits
by immunization with the ganglionic acetylcholine receptor.
Rabbits with EAAN manifest symptoms of autonomic
failure similar to those seen in patients. Histologic and 
electrophysiologic studies of EAAN indicate that this
autoimmune form of autonomic neuropathy is caused by an
immune-mediated impairment in ganglionic synaptic 
transmission.

AUTOIMMUNE AUTONOMIC NEUROPATHY

Many cases of acute and subacute autonomic neuropathy
likely result from neurologic autoimmunity. These include
cases of Guillain–Barré syndrome with dysautonomia, para-
neoplastic autonomic neuropathy, and idiopathic auto-
immune autonomic neuropathy (AAN). Several clinical
features of AAN, including the observation that some
patients respond to intravenous immunoglobulin, suggest
that this disorder is caused by pathogenic autoantibodies.

In myasthenia gravis (the prototypical antibody-mediated
neurologic disorder), antibodies against the muscle acetyl-
choline receptor (AChR) impair transmission at the neuro-
muscular junction. In the autonomic nervous system,
neuronal AChRs mediate fast synaptic transmission through
both sympathetic and parasympathetic autonomic ganglia.
The ganglionic neuronal AChR (nAChR) is a pentameric ion
channel receptor that is structurally similar to the muscle
nAChR and is typically composed of two a3 subunits in
combination with b4 subunits [1]. Transgenic mice that are
homozygous for null mutations in the a3 gene lack gan-
glionic nAChRs and have profound autonomic dysfunction
[2]. By analogy with myasthenia gravis, ganglionic AChR
antibodies could impair transmission through autonomic
ganglia and cause autonomic failure.

Experimental Autoimmune 
Autonomic Neuropathy

Steven Vernino
Department of Neurology
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reduced heart rate variability (especially at respiratory fre-
quencies, see Fig. 55.1B), and dilated bladder [6, 7]. EAAN
rabbits also have reduced levels of plasma catecholamines
indicating reduced sympathetic tone. As in patients with
AAN, the severity of autonomic disturbances is greater in
rabbits with greater antibody levels. Individual measures of
autonomic function in EAAN rabbits also correlate with
antibody level [7].

In the animal model, the pathophysiology of autoimmune
autonomic neuropathy can be elucidated. Neurons in auto-
nomic ganglia from EAAN rabbits are intact but show a

selective loss of surface ganglionic AChR [7]. Electrophys-
iologic studies of mesenteric ganglia isolated from EAAN
rabbits demonstrate a failure of ganglionic synaptic trans-
mission consistent with the loss of postsynaptic receptors
(Fig. 55.2) [6].

This animal model serves to define human AAN as an
antibody-mediated disorder. Studies of EAAN suggest that
the autonomic deficits in AAN may be reversible (at least
early in the disease course). An animal model also facilitates
the preclinical development and testing of novel therapeutic
strategies for autonomic failure.
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FIGURE 55.1 Parasympathetic failure in experimental autoimmune autonomic neuropathy (EAAN). A, Pupillary
response to light. EAAN rabbits have dilated pupils with impaired pupillary light response. B, Power spectral analysis
of heart rate variability in a control rabbit (top trace) reveals large high-frequency (arrow) and low-frequency peaks. In
a rabbit with high antibody level (bottom trace), there is a complete loss of high-frequency variability (reflecting impair-
ment of cardiovagal innervation) [6, 7].
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FIGURE 55.2 Ganglionic synaptic transmission failure in experimental autoimmune autonomic neuropathy (EAAN)
[6]. Intracellular electrode recordings from neurons in an isolated inferior mesenteric ganglia preparation. Neurons in
this ganglia provide extrinsic control of gut motility and receive cholinergic innervation from the spinal cord and gut.
A, Supramaximal stimulus of lumbar colonic nerve (asterisk) fails to elicit a response in most neurons (70% showed
no response), whereas direct depolarization of the neuron readily elicits an action potential. In contrast, preganglionic
stimulation produced an action potential response in all neurons studied from ganglia of control rabbits (not shown). 
B, A minority of ganglionic neurons from EAAN rabbits respond to a single stimulation of the preganglionic lumbar
colonic nerves. In these neurons, repetitive nerve stimulation at increasing stimulation frequency was applied. At low
stimulation frequency (up to 1Hz), each stimulus produces an action potential in the postsynaptic neuron. At greater
stimulus frequencies, synaptic transmission begins to fail frequently. A similar failure of synaptic transmission with
repetitive stimulation is seen at the neuromuscular junction in animals with experimental myasthenia gravis. Repetitive
stimulation studies in control ganglia (not shown) showed no synaptic failure during repetitive stimulation up to 7Hz.
This finding indicates a reduced safety margin for synaptic transmission at the ganglionic synapse as the cause of EAAN.
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muscles leads to a transient muscle vasodilation and minor
decrease in arterial pressure for which the reflexes are not
immediately able to completely compensate, but this short-
lived depressor phase is not usually seen with passive (tilt-
table) upright posture. Immediately after 90-degree head-up
tilt, about 500ml blood moves into the veins of the legs and
about 250ml into the buttocks and pelvic area. There is a
rapid, vagally mediated increase in heart rate followed by a
sympathetically mediated further increase. As right ventric-
ular stroke volume declines, there is depletion of blood 
from the pulmonary reservoir and central blood volume
decreases. Stroke volume decreases, and cardiac output
decreases about 20%. With this decline in cardiac output,
blood pressure is maintained by vasoconstriction that
reduces splanchnic, renal, and skeletal muscle blood flow in
particular, but other circulations as well.

In the orthostatic test, mild autonomic impairment
usually leads to a dramatic tachycardia with relatively little
change in blood pressure (Table 56.6). In the presence of a
still functioning baroreflex, the increased heart rate can com-
pensate for the mild peripheral denervation, thus preventing
significant decrement in blood pressure. With moderate
autonomic neuropathy, the tachycardia may still be present,
but may be unable to compensate completely and mild
orthostatic hypotension may occur. As the neuropathy
becomes more severe, the orthostatic decrease in blood 
pressure becomes greater and greater, and the ability of the
efferent autonomic system to manifest a tachycardia is 
progressively attenuated. In the severe autonomic failure,
the decrease in blood pressure may be more than 100mmHg,
and yet the heart rate may not increase at all.

Orthostatic tolerance is challenged by a number of
factors. Important among these factors are food ingestion,
high environmental temperature, hyperventilation, endoge-
nous vasodilators, and many pharmacologic agents. If no
abnormality in orthostatic blood pressure or heart rate is
detected in the hour after ingestion of a large meal, auto-
nomic neuropathy of sufficient severity to cause cardiovas-
cular instability is effectively ruled out.

An important aspect of evaluation of responses to
orthostasis is the rapid reduction in total blood volume that

There are more tests of the autonomic nervous system
than of any other neurologic system. Many of these tests are
readily applied at the bedside. Unfortunately, although these
bedside autonomic tests are easy to perform, they may be
difficult to interpret in an individual patient. Most physicians
who routinely treat patients with autonomic disorders
develop a small armamentarium of tests they feel comfort-
able with and rely on. For the neurologist, tests of periph-
eral sudomotor function may form the organizing nucleus of
autonomic evaluation; for the cardiologist, it may be tests of
blood pressure and heart rate; for the endocrinologist, it may
be circulating catecholamines and renin; for the ophthal-
mologist, it may be pupillary tests; and for the pharmaco-
logist, it may be drug tests for evidence of stimulated
autonomic function or hypersensitivity. Despite such dra-
matically divergent diagnostic approaches, it is remarkable
how much consensus is often achieved in terms of the actual
diagnosis and therapy of an individual patient.

A carefully taken history is obviously the single most
valuable diagnostic resource. A brief listing of important
points in questioning patients is shown in Table 56.1. More
detailed discussions of some of these may be found in the
Low text. Key features for evaluation in the physical exam-
ination are shown in Table 56.2.

In this section, attention is given to highly informative
autonomic tests. A listing of widely used tests is shown in
Tables 56.3, 56.4, and 56.5. Because many of these tests
provide redundant information, most of them are unneces-
sary outside of a research environment.

ORTHOSTATIC TEST

Orthostatic symptoms are usually the most debilitating
aspect of autonomic dysfunction readily amenable to
therapy, and for this reason the blood pressure and heart rate
response to upright posture should be the starting point of
any autonomic laboratory evaluation. In healthy human sub-
jects, the cardiovascular effect of upright posture has been
carefully defined. When assumption of the upright posture
is active (standing), the vigorous contraction of large
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TABLE 56.1 Key Features in the Autonomic History

Orthostatic intolerance or hypotension Urinary retention
Dizziness or lightheadedness Urinary incontinence
Visual changes Recurrent urinary tract infection
Neck and shoulder discomfort Gastrointestinal dysautonomia
Weakness Constipation
Confusion Postprandial fullness
Slurred speech Anorexia
Presyncope or syncope Diarrhea
Postprandial angina pectoris Fecal urgency and incontinence
Nausea Weight loss
Palpitations Poorly characterized dysautonomia features
Tremulousness Early transient autonomic hyperfunction
Flushing sensation Anemia
Nocturia Ptosis
Worsening by the following: Supine nasal stuffiness

Bedrest Supine hypertension and diuresis
Food ingestion Fatigue
Alcohol Nonautonomic features in multiple system atrophy
Fever Problems with balance/movement
Hot weather/environment Loud respirations/snoring
Hot bath Episodic gasping respirations
Environmental heat Sleep apnea
Exercise Brief crying spells
Hyperventilation Emotional lability

Hypohidrosis Leg pain
Dry skin Altered libido
Dry socks and feet Hypnagogic leg jerking
Reduced skin wrinkling Hallucinations
Excessive sweating in intact regions Difficulty swallowing

Genitourinary dysautonomia Aspiration pneumonia
Impotence Drooling
Nocturia Other cerebellar and extrapyramidal symptoms

TABLE 56.2 Key Features in the Autonomic Physical Examination

Skin Genitourinary
Dryness Impaired morning erection
Dry socks and feet Retrograde ejaculation
Reduced hand wrinkling Urgency
Absent pilomotor reaction Sphincter weakness
Pallor Atonic bladder

Eyes Other
Impaired pupillary motor function Abnormal temperature regulation
Dryness of eyes (redness and itching) Extrapyramidal signs (rigidity > tremor)
Ptosis Cerebellar signs

Cardiovascular Impaired ocular movements
Low standing blood pressure ± tachycardia Slurred speech
Unchanging pulse rate on standing Laryngeal paralysis
Increased supine blood pressure Muscle wasting
Loss of respiratory arrhythmia

Gastrointestinal
Reduced salivation
Stomach fullness
Reduced transit time
Impaired anal tone
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TABLE 56.5 Other Autonomic Tests

Test Afferent Integration Efferent Response

Cold pressor Pain fibers CNS Sympathoadrenal ≠ BP
Handgrip Muscle afferents CNS Autonomic ≠ BP, ≠ HR
Mental arithmetic CNS CNS Sympathoadrenal ≠ BP
Startle Auditory CNS Sympathoadrenal ≠ BP, ≠ HR
Face immersion V Medulla Autonomic Ø HR
Pupil cycle time Optic nerve Edinger–Westphal III Dilate/constrict
Venous response venoconstriction (inspiratory gasp) Spinal nerve Cord Sympathetic
Venoarterial reflex vasoconstriction Noradrenergic axon neuron noradrenergic axon
Reflex heating Spinothalamic Hypothalamus Sympathetic Vasodilatation
Thermoregulatory Temperature receptors Hypothalamus Sympathetic Sweating
QSART Sympathetic cholinergic axon Neuron Sympathetic Sweating

cholinergic axon

BP, blood pressure; CNS, central nervous system; III, oculomotor nerve; QSART, quantitative sudomotor axon reflex test; V, trigeminal nerve.

TABLE 56.3 Tests of Baroreflex Function

Test Afferent Integration Efferent Response

Orthostasis IX, X, CNS Medulla Autonomic ≠ HR
Deep breathing X Medulla X ≠ HR (inspiration)
Valsalva maneuver IX, X, CNS Medulla Autonomic ≠ HR then Ø HR
Cuff occlusion IX, X Medulla Autonomic Ø BP, ≠ HR
Saline infusion IX, X Medulla Autonomic ≠ BP, Ø HR
Barocuff (suction) IX Medulla X Ø HR
Barocuff (pressure) IX Medulla X ≠ HR
LBNP IX, X Medulla Autonomic ≠ HR
Carotid massage IX Medulla Autonomic Ø HR, Ø BP
Phenylephrine IX, X Medulla Autonomic Ø HR
Nitroprusside IX, X Medulla Autonomic ≠ HR

BP, blood pressure; CNS, central nervous system; HR, heart rate; LBNP, lower body negative pressure; IX, glossopharyngeal; X, vagus.

TABLE 56.4 Tests of Neurotransmitter Receptor Responsiveness

Name Administration Receptor Response

Agonists
Phenylephrine IV, eye a1 Pressor; pupillary dilation
Clonidine Oral a2, I Depressor (central); MSNA
Isoproterenol IV b1 Increased HR
Isoproterenol IV local b2 Depressor; vascular resistance
Acetylcholine IV local Muscarinic Decreased vascular resistance
Methacholine Eye Muscarinic Pupillary constriction
Nicotine IV Nicotinic Increase HR

Antagonists
Phentolamine IV a1, a2 Depressor
Yohimbine IV a2 Increased BP, plasma NE
Propranolol IV b1 Reduced HR
Propranolol IV local b2 Increased vascular resistance
Atropine IV Muscarinic Increased HR
Trimethaphan IV Nicotinic Depressor; MSNA

Neurotransmitter-releasing agents
Tyramine IV a, b Increased BP; plasma NE
Hydroxyamphetamine eye a1 Pupillary dilatation

Pheochromocytoma-provoking agents
Histamine IV a1, b Increased BP; plasma NE
Glucagon IV a1, b Increased BP; plasma NE

BP, blood pressure; HR, heart rate; I, imidazoline; IV, intravenous; MSNA, muscle sympathetic nerve activity; NE, norepinephrine.
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occurs. It is not unusual for a 12% decrease in total plasma
volume to occur within 10 minutes of assumption of the
upright posture as fluid goes from the vascular compartment
into the extravascular space. This accounts for the delay in
appearance of symptoms in patients with mild autonomic
impairment for some minutes after the actual assumption of
upright posture. Therefore, the long stand (30 minutes) test
is a much more severe orthostatic stress than the short stand
(5 minutes) test commonly used.

TILT-TABLE TESTING

Many investigators prefer the use of upright tilt to the
orthostatic test in the evaluation of the variables. In general,
analogous but not identical results are obtained. The use of
upright tilt is described in detail in the Grubb text (7).
Although there is no proof that upright tilt offers any 
diagnostic advantage over carefully obtained upright blood
pressure data, many investigators use tilt because of its con-

venience, its capacity to calibrate the gravity stimulus, and
its safety for the patient.

PHARMACOLOGIC TESTS

Information about prevailing sympathetic and parasym-
pathetic activation and denervation hypersensitivity can be
achieved by use of muscarinic and adrenergic agonists and
antagonists. References 1 and 3 provide instructive exam-
ples of how biochemical and physiologic tests may be com-
bined to make novel diagnostic discoveries.
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TABLE 56.6 Hemodynamics of Autonomic Failure 
on Standing

DBP DHR

Normal — ≠
Mild AF — ≠≠≠
Moderate AF ØØ ≠≠
Severe AF ØØØ —

AF, autonomic failure; BP, blood pressure; HR, heart rate.



this book), and to neurally mediated syncope (i.e., vasova-
gal syncope).

Orthostatic hypotension caused by drugs is a common 
but often overlooked cause of syncope, particularly in the
elderly in whom baroreflexes may be impaired. Another fre-
quent reason for syncope in the elderly is postprandial
hypotension. This is believed to be caused by impaired
baroreflex-mediated vasoconstriction that fails to compen-
sate for the splanchnic vasodilation induced by food [2].

The most frequent cause of syncope in apparently healthy
subjects is neurally mediated syncope. Neurally mediated
syncope (also referred to as vasovagal, vasodepressor, or
reflex syncope) is an acute hemodynamic reaction produced
by a sudden change in autonomic nervous system activity.
In neurally mediated syncope, the normal pattern of auto-
nomic outflow that maintains blood pressure in the standing
position (increased sympathetic and decreased parasympa-
thetic activity) is acutely reversed. Parasympathetic outflow
to the sinus node increases producing bradycardia, whereas
sympathetic outflow to blood vessels is reduced and there is
profound vasodilation, which, interestingly, is heteroge-
neous. Vasodilation occurs in skeletal muscle and probably
in the splanchnic vascular bed, but not in the skin. Brady-
cardia is not the cause of hypotension because ventricular
pacemakers prevent it but they do not prevent syncope.
Whether the reduction in sympathetic activity is the sole
mechanism responsible for vasodilation is unknown.
Increased levels of adrenaline and an increase in nitric
oxide–mediated vasodilation may also be involved [3].

Neurally mediated syncope can be triggered centrally by
stimuli such as pain or fear, presumably, by descending
signals from cortical, limbic, or hypothalamic structures to
autonomic control centers in the medulla. Neurally mediated
syncope also can be triggered peripherally by stimulation of
sensory receptors located in the arterial tree or viscera.
These receptors respond to pressure or mechanical defor-
mation and have afferent fibers in the vagus and glossopha-
ryngeal nerves, and when discharged excessively may
inhibit vasomotor centers in the medulla (Fig. 57.1). For
example, neurally mediated syncopal syndromes occur after

Syncope (Greek, “synkcope”: cessation, pause) is a tran-
sient loss of consciousness and postural tone with sponta-
neous recovery and no neurologic sequelae. Syncope is
caused by a global reversible reduction of blood flow to the
reticular activating system, the neuronal network in the
brainstem responsible for supporting consciousness. Tem-
porary loss of consciousness caused by noncardiovascular
mechanisms such as seizure and metabolic and psychiatric
disorders may stimulate syncope but can usually be distin-
guished from true syncope by clinical features.

Syncope is a common clinical problem. In the 26-year
surveillance of the Framingham study, syncope occurred in
3% of men and in 3.5% of women [1]. Moreover, syncope
accounts for up to 6% of hospital admissions.

MECHANISMS OF SYNCOPE

Three hemodynamic abnormalities may produce syncope
(Table 57.1): (1) a decrease in systemic blood pressure,
which usually occurs in the standing position (i.e., orthosta-
tic hypotension) and is mainly caused by ineffective control
of peripheral vascular resistance; (2) an acute decrease in
cardiac output; and (3) an acute increase in cerebrovascular
resistance.

Orthostatic Hypotension

In the standing position, arterial pressure at brain level is
15 to 20mmHg less than arterial pressure at the level of the
aortic arch. Local autoregulatory mechanisms maintain cere-
bral blood flow fairly constant despite changes in cerebral
arterial pressure. However, if cerebral arterial pressure
decreases to less than 40mmHg, cerebral autoregulation
does not prevent decreases in cerebral blood flow. Thus, if
a person is standing and mean aortic pressure decreases to
less than 70mmHg, cerebral blood flow is likely to decrease
sufficiently for syncope or presyncope to occur.

Orthostatic hypotension can be secondary to drugs, to
chronic autonomic failure (which is discussed elsewhere in
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compression of carotid baroreceptors in the neck, after rapid
emptying of a distended bladder or distention of the gas-
trointestinal tract and during glossopharyngeal or trigeminal
neuralgia.

In addition, in susceptible individuals, neurally mediated
syncope may occur with no obvious trigger while the subject
is standing or walking. It had been postulated that in these
cases the trigger of syncope was excessive stimulation of
afferent nonmyelinated nerves from the ventricle (i.e., neu-
rocardiogenic or “ventricular” syncope) [4]. However, neu-
rally mediated syncope has been induced in patients with
heart transplants, in whom the ventricle is likely to be den-
ervated. Perhaps, sensory receptors in the patient with heart
transplant are in the arterial tree rather than the ventricle.

Neurally mediated syncope needs to be distinguished
from syncope in autonomic failure. In autonomic failure,
orthostatic hypotension is persistent and caused by chronic
inability to appropriately activate efferent sympathetic
fibers. In contrast, hypotension in neurally mediated
syncope is an acute, self-limited event caused by a parox-
ysmal transient disruption of baroreflex function (Fig. 57.2).
Between syncopal episodes, patients with neurally mediated
syncope have normal autonomic cardiovascular responses.

ACUTE DECREASE IN CARDIAC OUTPUT

A decrease in cardiac output resulting in syncope may 
be caused by cardiac arrhythmias, by obstruction to flow in
aortic stenosis or pulmonary embolism, and as a result of
acute myocardial infarction. Episodes of profound sinus
bradycardia or sinus arrest caused by sinoatrial disease may
present as recurrent syncope. Similarly, supraventricular
tachyarrhythmias and the sinus pauses that follow, as well
as rapid ventricular tachycardia that progresses to ventricu-
lar fibrillation before reverting spontaneously to normal,
may be responsible for recurrent episodes of syncope or near
syncope.

ACUTE INCREASE IN CEREBROVASCULAR
RESISTANCE

Rarely, syncope may occur when blood flow to the retic-
ular activating system is compromised by acute increases in
cerebrovascular resistance or intracranial pressure. A reduc-
tion in carbon dioxide in blood induced by alveolar hyper-
ventilation, as it occurs in panic attacks, may produce diffuse
cerebral vasoconstriction severe enough to induce syncope,
particularly if the person is standing. An increase in intracra-
nial pressure induced by coughing or straining against a
closed glottis may precipitate syncope in patients with cran-
iocervical malformations.

Atherosclerotic disease involving the posterior cerebral
circulation is an infrequent cause of syncope and is usually
accompanied by other neurologic abnormalities. A rare
cause of syncope is the subclavian steal syndrome. It is
caused by occlusive disease of the subclavian artery, proxi-
mal to the origin of the vertebral artery usually on the left
side. Syncope occurs during upper arm exercise because
blood is shunted through the circle of Willis retrograde
through the vertebral artery to the distal subclavian artery to
the arm.

TABLE 57.1 Causes of Syncope

Orthostatic hypotension (reduction in vascular resistance of intravascular
volume or both):

Drugs
Chronic baroreflex failure
Neurally mediated syncope

Decrease in cardiac output:
Cardiac arrhythmia
Obstructions to flow
Myocardial infarction

Increased cerebrovascular resistance:
Hyperventilation
Increased intracranial pressure

FIGURE 57.1 Afferent and efferent pathways in neurally mediated syncope.



DIAGNOSIS

History, physical examination, and electrocardiography
have a combined diagnostic yield of about 50%. A thorough
history-taking may reveal the cause of syncope in a sub-
stantial number of cases [5]. Accounts of witnesses must be
sought to rule out a seizure disorder. A few myoclonic jerks,
tonic contractions of the limbs, or “rolling of the eyes” can
occur in syncope, but frank tonic clonic convulsions suggest
seizure. Urinary incontinence is rare in syncope, but it is fre-
quent with seizures and postictal confusion is almost diag-
nostic of seizure activity.

A complete drug history is essential. The use of anti-
hypertensives, neuroleptics, tricyclic antidepressants, and
dopaminergic agonist is a frequent cause of orthostatic
hypotension and syncope, particularly in the elderly.

When syncope is preceded by emotionally stressful or
painful situations or by nausea, abdominal discomfort,
pallor, diaphoresis, and blurred vision (all symptoms of
autonomic activation), neurally mediated syncope should be
suspected. When the victim falls, the horizontal position
improves cerebral blood flow and consciousness is quickly
regained, but hypotension and bradycardia may persist for
several minutes; therefore, on attempting to stand, con-
sciousness is frequently lost again. A characteristic setting
is typical in several well known neurally mediated syncopal
syndromes. For example, syncope after standing immobile,
particularly in hot weather or after a period of bedrest;
syncope occurring during micturition, coughing, or while
playing a wind instrument such as the trumpet; and syncope
with trigeminal or glossopharyngeal neuralgia are likely to
be neurally mediated.

In marked contrast to the prodromal symptoms charac-
teristic of neurally mediated syncope, syncope in patients
with autonomic failure is never preceded by signs of auto-
nomic activation.

Syncope during or after exercise suggests fixed or
dynamic aortic stenosis. Syncope in aortic stenosis can be
caused by obstruction to flow, arrhythmias, or reflex vasodi-
lation. The latter resulting from increased ventricular
mechanoreceptor discharge, a mechanism similar to that of
neurally mediated syncope.

On physical examination, blood pressure and heart rate
should be taken in the supine and upright position checking
for orthostatic hypotension with or without a compensatory
increase in heart rate. Special attention should be given to
signs of cardiac valvular disease, autonomic failure, or other
neurologic abnormalities commonly associated with auto-
nomic failure, such as parkinsonism, cerebellar ataxia, or the
presence of deafness as in Romano–Ward syndrome (con-
genital long QT syndrome). A bruit over the supraclavicular
area and induction of symptoms by exercise of the arm are
diagnostic of subclavian steal syndrome.

Because of its potential severity, the possibility of a
cardiac arrhythmia causing syncope should always be con-
sidered first. A severe or potentially severe conduction
defect such as third-degree atrioventricular block or the long
QT syndrome are easily identified by 12-lead electrocardio-
graphy. In most cases, however, an arrhythmic cause of
syncope is difficult to prove. Ambulatory electrocardio-
graphic monitoring for 24 hours may be diagnostic, but the
test is frequently inconclusive because arrhythmias that do
not correlate with clinical symptoms are common. Portable
and implantable loop electrocardiographic recorders that a
patient can wear for weeks or months and that can be acti-
vated after a syncopal episode are currently available and
have a diagnostic yield of 25 to 35% [5]. Invasive electro-
physiologic studies, by introducing extra electrical stimuli
into the heart, identify susceptibility to ventricular arrhyth-
mias that can cause syncope. The procedure has shown some
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FIGURE 57.2 Continuous RR intervals and blood pressure (Finapres)
recordings during passive head-up tilt in (A) subject with primary auto-
nomic failure and (B) subject with neurally mediated syncope. First arrow
indicates tilt up and second arrow tilt down after syncope occurred.
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predictive value only in patients with structural heart
disease. The use of signal-averaged electrocardiogram to
identify late potentials in the terminal portion of the QRS
complex (indicative of heterogeneous myocardial activation
and a possible substrate of sustained ventricular tachy-
arrhythmias) has been reported to be useful.

TILT TESTING

In patients with syncope in whom a cardiac arrhythmia
cannot be documented by electrocardiography, hemody-
namic monitoring during passive tilt (i.e., tilt-table test) is
the best available diagnostic procedure. Passive head-up tilt
by preventing the pumping effect of skeletal muscle con-
traction exaggerates the reduction in venous return of the
upright posture and triggers neurally mediated syncope in
susceptible individuals.

During prolonged tilt, between 30 and 80% of patients
with recurrent unexplained syncope experience neurally
mediated syncope with symptoms similar to those they
experience spontaneously. Their initial response to tilt is
normal. However, after a variable period with well-
maintained blood pressure and tachycardia, hypotension and
sudden bradycardia develop. As shown in Figure 57.2, there
is a differentiation between these patients and those with
classic autonomic failure, because in patients with auto-
nomic failure, blood pressure decreases progressively imme-
diately after tilt and there is no bradycardia.

Although tilt-induced neurally mediated syncope appears
to be identical to spontaneous syncope, the mechanism
responsible for triggering this abnormal reflex response and
the reason for individual susceptibility are still unknown.

The tilt-table test also is useful to assess the effect of
drugs in orthostatic tolerance. Orthostatic hypotension

caused by drugs may not be evident after a few minutes in
the standing position, but may become apparent during pro-
longed tilt.

PROGNOSIS

The prognosis of syncope depends on the underlying
cause. Among participants in the Framingham Heart Study,
subjects with cardiac syncope were at increased risk for
death from any cause and cardiovascular events, and those
with syncope of unknown cause were at increased risk for
death from any cause. There was no increased risk for car-
diovascular morbidity or mortality associated with vasova-
gal syncope [6].
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since childhood. In some cases, a family history of OI 
is obtained. Physical examination should be directed to
unmasking evidence of heightened sympathetic activity
during orthostatic stress and evidence of excessive venous
pooling (see Table 58.1, part C). There may also be evidence
of impaired sudomotor function (reduced plantar sweating
and compensatory hyperhidrosis) or small-fiber sensory
neuropathy.

PATHOPHYSIOLOGY OF 
ORTHOSTATIC INTOLERANCE

The pathophysiology of OI is complex, and more than
one etiologic factor for this condition is likely. The main
putative mechanisms of OI are summarized in Table 58.3. A
selective autonomic neuropathy that predominantly affects
the lower extremities may explain the excessive venous
pooling [5], and an impairment of renal sympathetic inner-
vation may explain the decreases in plasma volume or red
cell mass seen in OI. Conversely, the reduction in plasma
volume in OI may be caused by an increase in sympathetic
activity. Sympathetic overactivity and partial autonomic
denervation have both been described in OI [6, 7]. Dener-
vation supersensitivity has been suggested as a cause for
cardiac ß-adrenergic hypersensitivity in OI, although direct
testing failed to provide confirming evidence [8]. Other 
possible mechanisms for the increased tachycardia during
infusion of ß-adrenergic agonists include reduced vagal 
cardioinhibitory activity (vagal braking effect) or a com-
pensatory heart rate response to enhanced b-adrenergic
vasodilation.

LABORATORY EVALUATION OF 
ORTHOSTATIC INTOLERANCE

The brief discussion of pathophysiology underscores the
complexity of OI and highlights the limitations of “closed
loop” measurements made in these patients. Objective doc-
umentation of OI is nonetheless required. Standard labora-
tory documentation requires provocation of symptoms of OI

OVERVIEW

Autonomically mediated increases in heart rate and in
systemic vascular resistance maintain normotension during
any physiologic stress that diminishes central blood volume.
Orthostatic intolerance (OI) is defined as the development
of symptoms during standing that are relieved by recum-
bency. Typically these symptoms occur even in normal 
individuals once autonomic reflexes near the limit of 
compensation. There exists, however, a significant patient
cohort who chronically or frequently have these symptoms
to stressors that would have minimal or no effect on healthy
subjects. These patients predictably experience disabling
symptoms that are exacerbated by even the most basic activ-
ities of daily living (Table 58.1, parts A and B). The true
prevalence of OI is unknown, although it has been estimated
that as many as 500,000 individuals in the United States
have OI [1]. Patients often have complaints dismissed
because of the nonspecific nature of the symptoms reported
and because patients with OI do not have orthostatic
hypotension. Our understanding of chronic OI also is
obscured by the large number of terms used to describe these
patients (Table 58.2).

CLINICAL FEATURES

The age of presentation of OI is most commonly between
15 and 50 years, and women are five times as likely as men
to be affected. The onset of symptoms is subacute and often
a viral prodrome is noted [2]. The nonspecificity of symp-
toms may cause confusion between OI and panic disorder,
but a history of a close relation between presence of ortho-
static stressors and symptoms (see Table 58.1), as well as
resolution of symptoms in the absence of these stressors,
generally helps to clarify the diagnosis. Many patients with
OI also will fulfill diagnostic criteria for chronic fatigue syn-
drome (CFS) [3, 4], and the presence of CFS should be doc-
umented. Other causes of OI such as prolonged bedrest,
hypovolemia, dehydration, or medications must be elimi-
nated. New-onset OI also must be differentiated from con-
stitutional OI, in which patients have a history of mild OI
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in the absence of orthostatic hypotension within 5 minutes
of active standing or head-up tilt. An increase in heart rate
of 30 beats/min or more from baseline or a heart rate that
exceeds 120 beats/min confirms the presence of OI (Fig.
58.1). Attention should be paid, however, to the chrono-
tropic reserve following simple orthostatic stress. A heart
rate increase from 50 to 80 beats/min cannot be equated with
an increase from 100 to 130 beats/min, although in both
cases an increase of 30 beats/min is observed. Other abnor-
mal responses to orthostatic stress include diastolic hyper-
tension, diminished pulse pressure, and large (0.1-Hz)
fluctuations in blood pressure. The heart rate response to
deep breathing is usually normal, indicating intact cardio-
vagal function. The heart rate response to the Valsalva
maneuver is normal or exaggerated. Phase 2 blood pressure
may be diminished, and phase 4 overshoot often is increased
[2]. We recommend evaluation of sympathetic sudomotor
function using a combination of quantitative sudomotor
axon reflex test (QSART) and thermoregulatory sweat test
to search for autonomic neuropathy. Routine biochemistry,
complete blood count, thyroid function, serum cortisol,
renin, aldosterone, and 24-hour urine collection for cate-
cholamines and urinary sodium should be measured.
Healthy subjects should have a sodium excretion greater
than 150mmol over 24 hours. A threefold increase in plasma
norepinephrine from supine to standing may also help
confirm the diagnosis of OI. Measurement of plasma
volume, baroreflex sensitivity, the response to infusion of
adrenergic agonists, and microneurographic of sympathetic
nerve activity should not be done routinely (see “Patho-
physiology of Orthostatic Intolerance”).

TABLE 58.1 Clinical Evaluation of Orthostatic Intolerance

A: Symptoms of orthostatic intolerance
Lightheadedness
Dizziness
Exercise intolerance
Palpitations
Fatigue
Cognitive difficulties (fuzzy head)
Blurred vision
Tremulousness or anxiety
Nausea
Tight chest
Clamminess

B: Stressors contributing to symptoms of orthostatic intolerance
Rapid positional change
Standing (waiting in line)
Standing after prolonged recumbency
Exercise
Heat
Meals
Time of day
Medications

C: Signs of orthostatic intolerance
Tachycardia
Diastolic hypertension
Exaggerated blood pressure oscillations
Livedo reticularis
Cold extremities
Sudomotor dysfunction
Distal small-fiber neuropathy

TABLE 58.2 Terms for Orthostatic Intolerance

Mitral valve prolapse syndrome
Soldier’s heart
Vasoregulatory asthenia
Neurocirculatory asthenia
Irritable heart
Orthostatic anemia
Hyperadrenergic orthostatic hypotension
Orthostatic tachycardia syndrome
Postural tachycardia syndrome
Sympathotonic orthostatic hypotension
Hyperdynamic b-adrenergic state
Idiopathic hypovolemia
Chronic orthostatic intolerance

TABLE 58.3 Putative Mechanisms of Orthostatic Intolerance

Length-dependent autonomic neuropathy
Hypovolemia
Impaired venous compliance
b-Adrenergic supersensitivity
a-Adrenergic hyposensitivity
Impaired baroreflex response
Impaired norepinephrine transporter
Centrally mediated increase in sympathetic activity
Paradoxic decrease in cerebral blood flow

FIGURE 58.1 Hemodynamic profile of a patient with orthostatic 
intolerance during 15 minutes of head-up tilt (5–20 minutes). There is 
significant tachycardia without orthostatic hypotension. The head-up 
tilt reproduced the patient’s typical symptoms of orthostatic intolerance.



SYMPTOMS OF ORTHOSTATIC INTOLERANCE

Even after sophisticated laboratory evaluation, our
understanding of symptoms of OI remains incomplete. For
example, lightheadedness and visual blurring may indicate
cerebral hypoperfusion, but many patients have similar
symptoms with normal cerebral blood flow [9]. Palpitations
and tremulousness may be the result of sympathetic over-
activity, although appropriate pharmacologic treatment
often is ineffective in relieving OI. Other symptoms such as
chest tightness and fatigue remain poorly understood. The
hemodynamic abnormalities of OI may also be provoked in
healthy individuals by combining simple stressors of ortho-
static tolerance such as mild heat combined with head-up
tilt. These healthy subjects do not experience the severe
symptoms of OI that patients do. Patients with OI are
undoubtedly severely disabled [10]. Increased recognition
and standardized evaluation of OI will undoubtedly lead to
improved treatment of this condition.
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neurogram, transmitting only the positive and negative
peaks of the signals to the audio amplifier (see Reference 4,
for technical details).

Procedure

The nerve is located by the paraesthesia/muscle twitches
evoked first by percutaneous electrical stimulation, and then
by stimulation through the microelectrode after it has been
inserted through the skin. Peripheral nerves contain many
fascicles, and, in the distal part of the extremities, fascicles
are connected either to a defined skin area or to a muscle.
The fascicle and its innervation zone are identified by the
type of peripheral stimuli that evoke afferent mechanore-
ceptive impulses: muscle stretch and light touch stimuli for
muscle and skin fascicles, respectively. Sympathetic nerve
fibers are not evenly distributed within the fascicle; they lie
together with afferent C fibers in bundles inside Schwann
cells (Fig. 59.1); therefore, repeated small needle adjust-
ments may be necessary before a sympathetic recording site
is found.

Sympathetic fibers discharge spontaneously in synchro-
nized bursts, which occur irregularly in characteristic tem-
poral patterns, which differ between skin and muscle nerve
fascicles (see Fig. 59.1). Furthermore, the activity increases
in a predictable way with certain maneuvers (Fig. 59.2). In
muscle nerve fascicles, multiunit bursts presumably contain
only vasoconstrictor impulses, which occur in the cardiac
rhythm, preferentially during reductions of arterial blood
pressure; their number increases with apneas or Valsalva
maneuvers. In skin fascicles, sympathetic bursts may
contain vasoconstrictor, vasodilator, and/or sudomotor
impulses; cardiac rhythmicity is usually absent but any sur-
prising sensory stimulus regularly evokes a single discharge.

Recordings from single sympathetic fibers are achieved
by repeated minute electrode adjustments in a region of a
fascicle in which multiunit sympathetic bursts are present
[6]. To facilitate fiber identification in skin nerves, experi-
ments are done while subjects are cooled or heated; this

Microneurography was developed in the mid-1960s for
percutaneous recordings of action potentials in human
peripheral nerves. The technique was intended for myeli-
nated sensory fibers, but it was found to be useful also for
recordings from unmyelinated postganglionic sympathetic
axons [1]. Since then, many studies have been published on
human sympathetic nerve traffic to skin and muscle, mostly
in groups of sympathetic fibers (multiunit activity), but 
also in single axons. Large extremity nerves are commonly
used, but recordings have been made from face and mouth
nerves. The methodology has provided valuable new knowl-
edge on autonomic physiology and pathophysiology, but it
is not suitable for diagnostic assessment in individual pa-
tients. This chapter summarizes methodologic aspects of
microneurography from biological and technical view-
points. Detailed accounts have been published previously
[2–4].

METHODOLOGY

Equipment

Commonly used equipment includes insulated monopo-
lar tungsten microelectrodes with tip diameters of a few
micrometers, but a concentric needle electrode has been
described [5]. Electrodes are available commercially or may
be produced in the laboratory. Impedances range from about
50kW to several MW; single fiber recordings require elec-
trodes with smaller uninsulated tips and higher impedance.
Usually, the neurogram is amplified (gain 50–100k) in two
steps: first in a preamplifier/impedance converter positioned
close to the recording site, and then in a main amplifier. To
quantify multiunit activity, the raw neurogram is full wave
rectified and passed through a leaky integrator with a time
constant of 0.1 second. Audio monitoring, which facilitates
the actual recording, is made after noise reduction. This 
is achieved by filters (e.g., bandwidth 500–2000Hz) and 
a discriminator, which cuts out the central portion of the 
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biases sympathetic traffic toward vasoconstriction and
sweating, respectively. Sites with adequate signal-to-noise
ratio for multiunit activity are obtained in ~90% of attempts;
the corresponding figure for single-unit activity recordings
is much less.

Analysis

Multiunit Activity

In a given electrode site, the strength of multiunit activ-
ity in the mean voltage neurogram can be quantified as the
number of bursts multiplied by mean burst area (= total
activity). In muscle nerves, burst duration is relatively con-
stant; therefore, burst amplitude can be substituted for burst
area. Measurement of total activity is suitable for quantify-
ing changes of activity induced by maneuvers.

The strength of resting sympathetic activity, con-
versely, can only be quantified in terms of the number of
bursts; burst amplitude cannot be compared among elec-
trode sites because it depends on the proximity of the elec-
trode tip to the active fibers, which varies among sites.
Because muscle sympathetic activity always displays
cardiac rhythmicity, the strength of activity is expressed both

as number of bursts/100 heartbeats (burst incidence) and
bursts/min (burst frequency). Burst detection often is made
visually, but computer-assisted analysis is valuable because
it is faster, reduces observer bias, and gives accurate meas-
ures of burst area (see Reference 7 for additional references).

Single-Unit Activity

Single-unit analysis requires (1) fiber identification and
(2) evidence that all impulses derive from the same fiber.
Fiber identification is difficult in skin nerves, which contain
several different types of sympathetic fibers. Therefore, to
aid the identification, a thermally induced bias of the activ-
ity during recordings and spike-triggered averaging of effec-
tor responses should be used whenever possible.

To ensure that all impulses derive from one fiber, spike
amplitude is important. However, because signal-to-noise
ratio often is low, considerable spike amplitude variability
may be induced by the noise. Therefore, only triggering 
on spikes exceeding a certain amplitude level is inadequate;
spikes may be missed or, alternatively, spikes from 
other axons may be included. For this reason, computer-
assisted inspection of wave form and amplitude, com-
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FIGURE 59.1 Schematic figure of microneurographic recording from the peroneal nerve at the fibular head (top left).
The nerve contains skin and muscle fascicles, and, in both types of fascicles, sympathetic fibers are located in bundles
inside Schwann cells and surrounded by myelinated axons (top right). Bottom left, Spontaneous variations of muscle
sympathetic activity (integrated neurogram) and blood pressure. Note cardiac rhythmicity and the inverse relation
between neurogram and blood pressure levels. Bottom right, Spontaneous skin sympathetic activity in original and inte-
grated neurograms. Note that the single unit can be identified only in the original neurogram (bandpass, 0.3–5kHz).
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bined with spike superimposition, is necessary before a 
population of spikes can be attributed to a single axon 
(Fig. 59.3).

Firing in single muscle sympathetic fibers displays
cardiac rhythmicity; therefore, it is useful to quantitate not
only firing frequency, but also the number of cardiac inter-
vals with unit activity and the number of spikes/cardiac
interval.

POTENTIAL DIFFICULTIES

Mixed Sites

Usually, the character of the sympathetic activity agrees
with the classification of a fascicle on the basis of afferent
mechanoreceptor responses to sensory stimuli. However,
mixed sympathetic activity may be encountered in a fasci-
cle that appeared “pure” based on afferent testing. To avoid

such mistakes, careful testing of the sympathetic respon-
siveness is needed before accepting a recording site as
“pure.”

Changes of Electrode Site

Movements of the electrode tip during a recording (e.g.,
in association with a maneuver) are usually easy to detect.
A slow change of site without obvious artifacts may,
however, lead to problems. If signs of such changes are
present (e.g., a drifting baseline level or slowly increasing
burst amplitudes in the mean voltage neurogram), burst
amplitude/area cannot be used in the quantitative analysis.

Acknowledgment

The author thanks Göran Pegenius for excellent technical assistance.
Work was supported by Swedish Medical Research Council Grant no.
12170.

FIGURE 59.2 Simple maneuvers aiding the identification of skin and muscle sympathetic activity. In skin nerve fas-
cicles (A), a single sympathetic discharge is regularly evoked by a deep breath (right) or any type of arousal stimu-
lus—for example, a sudden sound (left). Note that the sympathetic burst is followed by transient signs of vasoconstriction
(reduced pulse amplitudes in the plethysmogram) and sweating (reduction of skin resistance), indicating that vasocon-
strictor and sudomotor fibers are activated in parallel. In muscle nerve fascicles (B), the activity increases markedly
toward the end of an expiratory apnea.
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tion with six multiunit bursts (see integrated neurogram), the fiber discharges a single impulse (*). Variations in spike
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independent of units of measure, assesses the sympathova-
gal instantaneous relation (balance) [5].

FUNCTIONAL SIGNIFICANCE 
OF CARDIOVASCULAR RHYTHMS

Two major oscillatory components are observed in
healthy subjects in recumbent position [5]. One is the high-
frequency (HF ª 0.25Hz) component. If extracted from RR
variability (HFRR), it is an accepted index of the vagal mod-
ulation of the sinoatrial node activity [2]. Indeed, HFRR is
reduced after muscarinic blockade [6] and is enhanced
during the reflex increase of cardiac vagal activity obtained
by phenylephrine administration. The HF component of sys-
tolic arterial pressure variability reflects the mechanical
influence of respiratory activity. The other oscillatory com-
ponent is indicated as low frequency (LF ª 0.10Hz). In the
case of systolic arterial pressure variability, LFSAP is a
marker of the sympathetic modulation of vasomotor activ-
ity [5] because it is increased in animals during baroreflex
unloading induced by nitroglycerine and in humans during
tilt test, moderate physical exercise, and mental stress. The
LFRR, when expressed in normalized units (n.u.), reflects pri-
marily the sympathetic efferent modulation of the sinoatrial
node [7]. Indeed, in conscious dogs, reflex increase of sym-
pathetic activity by nitroglycerin administration enhanced
LFRR n.u., whereas the same stimulus after chronic bilateral
stellectomy, which selectively abolishes cardiac sympathetic
innervation, could not elicit any LFRR. In humans, conditions
characterized by an increased sympathetic activity such 
as gravitational, mental and mild physical stresses, baro-
reflex unloading induced by nitroprusside administration, 
and lower body negative pressure were associated with 
a remarkable increase of the normalized power of LFRR.
Chronic b-blocker consumption reduced LFRR in n.u. [5].
The same oscillatory component was undetectable in sub-
jects with pure autonomic failure, a condition characterized
by the degeneration of sympathetic efferent neurons.

The neural control of heart rate is mainly regulated at the
level of the sinoatrial node by the interaction of sympathetic
and vagal efferent discharge. In most conditions, an increase
of cardiac sympathetic activity is accompanied by a simul-
taneous inhibition of the vagal modulation to the heart and
vice versa, hence the concept of sympathovagal balance [1].
It has been demonstrated that the state of sympathovagal
balance can be broadly assessed by quantifying RR interval
variability.

Similarly, arterial pressure spontaneously oscillates in
part as a consequence of the sympathetic regulatory activity.
The various types of blood pressure oscillations are repre-
sented in Figure 60.1. The second-order oscillations are 
produced mechanically by the respiratory activity. The 
third-order fluctuations, with a period of about 10 seconds,
are related to vasomotion and are modulated by sympathetic
activity; thus, they increase during conditions associated
with a sympathetic excitation such as on standing. Therefore,
the study of circulatory rhythms by spectrum analysis tech-
niques may furnish a valuable insight into the autonomic reg-
ulation of the cardiovascular system in health and disease.

METHODOLOGY

Power spectrum analysis on the basis of Fast Fourier
Transform [2] or autoregressive modeling [3] provides the
center frequency of rhythmic fluctuations (see Fig. 60.1),
their time relation (phase), and amplitude both in absolute
and in normalized values [4]. Absolute values are computed
as the integral of each oscillatory component (see Fig. 60.1,
hatched area). Normalization procedure is obtained by
dividing the absolute power of each oscillatory component
by total variance (minus the power of the frequency com-
ponents <0.03Hz) and then multiplying by 100. Normaliza-
tion overcomes the problems due to the marked changes in
RR variance when comparing different subjects and exper-
imental conditions [5]. The low-frequency/high-frequency
component of RR variability (LFRR/HFRR) ratio, which is
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RELATION BETWEEN CARDIOVASCULAR 
AND NEURAL RHYTHMS

Rhythmic discharge activity is a general property of the
nervous system [1]. A 0.1-Hz rhythmicity linked with low-
frequency fluctuations of RR interval and arterial pressure
variability was found to characterize sympathetic neurons
located in areas within the central nervous system involved
in cardiovascular regulation. Interestingly, these fluctuations
remain after baroreflex afferent inputs were removed by a
stabilizer device connected to the arterial system of the
animal, suggesting that baroreceptor activity is not neces-
sary to the genesis of such fluctuations that, instead, may
result from a central oscillator. Rhythmic LF and HF peri-
odicities characterize the discharge activity of postgan-
glionic sympathetic fibers of humans (muscle sympathetic
nerve activity [MSNA]). In humans, the sympathetic acti-
vation induced by a gravitational stimulus was accompanied
by a marked increase of the 0.1-Hz oscillatory component
of MSNA, resembling the changes observed in the same
oscillatory component of RR and systolic arterial pressure
variability [8]. In addition, the linear coupling between LF
fluctuations of MSNA and heart rate and MSNA and sys-

tolic arterial pressure was increased during the tilt maneu-
ver, suggesting the onset of a common oscillatory pattern
involving the different variables on the basis of prevailing
0.1-Hz fluctuations [8].

PHYSIOLOGY AND PATHOPHYSIOLOGY

In a study performed on habitual day workers based on
spectral analysis of heart rate and arterial pressure variabil-
ity over 24 hours, LFRR in n.u. and LFSAP were reduced
during sleeping hours, increased with awakening in the early
morning, and high during the work period. In habitual 
shift workers, LFRR and the LF/HF ratio showed 24-hour
oscillations with different time of maximum and minimum
in accordance with the working and sleeping periods,
respectively [9]. Lower values of LFRR and LF/HF sugges-
tive of a reduced cardiac sympathetic modulation were
present when the job task was performed at night compared
with the values observed when the work was performed
during morning and evening [9]. The reduced values of the
indexes of cardiac sympathetic modulation during night
work might be related to the presence of sleepiness or

FIGURE 60.1 Examples of arterial pressure spontaneous fluctuations. Notice differences in both the amplitude and
the period of the rhythmic oscillations. First-order fluctuations, generated by cardiac activity, are characterized by the
interbeat period, and their amplitude is represented by the differential pressure. A period of 24 hours is the feature of
day–night oscillations of systemic pressure. Second-and third-order fluctuations define the so-called short-term vari-
ability mostly related to neural influences.
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reduced alertness that, in turn, could facilitate errors and
accidents.

In a study based on time-variant spectrum analysis of RR
variability, which enabled the monitoring of beat-by-beat
changes of LFRR and HFRR, the two spectral components
were relatively stable during a 15-minute tilt maneuver in
healthy subjects. Conversely, in subjects with sudden
syncope, the progression of tilt was characterized by wide
fluctuations of LFRR and HFRR, suggestive of a marked insta-
bility of the cardiac autonomic control up to the onset of
syncope [10].
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sexes, the slope relating the decrease in sweat volume with
age was steeper in the lower extremity compared with the
upper extremity, suggesting a length-dependent mechanism
of autonomic failure.

Complete or partial damage of sympathetic fibers is
inferred from the resting sweat activity, latency to onset 
and morphology of the response, and by integrated sweat
volume. An absent response indicates a lesion of the post-
ganglionic axon, providing iontophoresis is successful and
eccrine sweat glands are present. Milder axonal damage may
be associated with persistent sweating or with a “hung-up”
response. Many length-dependent neuropathies manifest a
progressive reduction in sweat volumes occurring in a 
proximodistal distribution, maximal distally. The QSART
also provides objective documentation of progression of
neuropathies as sudomotor failure advances to more proxi-
mal sites. In most preganglionic or central disorders, the
QSART is unimpaired, although with increasing duration of
the preganglionic lesion, the QSART may be reduced. This
suggests a transsynaptic defect or sweat gland atrophy.

SKIN IMPRINT RECORDINGS

The number and sizes of sweat droplets from sweat gland
can be imprinted in rapidly setting silastic material [3].
Sweating can be evoked by directly stimulating muscarinic
receptors of sweat gland (iontophoresis of pilocarpine) or
indirectly through the axon reflex using nicotine or ACh [4].
Using this method it was demonstrated that sweat gland
density was the same in men and women, but the greater
sweat volume in men was caused by the larger volume
secreted per sweat gland.

SKIN POTENTIAL RECORDINGS

The sympathetic skin response (SSR) is a polysynaptic
reflex that requires integrity of hypothalamic, brainstem and
spinal circuits, and postganglionic sympathetic sudomotor
axons [5]. The SSR is generated in deep layers of the skin
by sympathetically mediated activation of sweat glands. The

TESTS OF SUDOMOTOR FUNCTION

In the clinical neurophysiology laboratory, a number of
tests of sudomotor function have been adapted or developed
for clinical use. The most widely used tests are the TST
(thermoregulatory sweat test), QSART (quantitative sudo-
motor axon reflex test), PASP (peripheral autonomic surface
potential), and SIT (sweat imprint test). This chapter, there-
fore, focuses on these four tests; a comparison of the tests
is shown in Table 61.1.

QUANTITATIVE SUDOMOTOR 
AXON REFLEX TEST

The physiologic basis of the QSART is summarized in
Figure 61.1 [1]. The neural pathway consists of an axon
“reflex” mediated by the postganglionic sympathetic sudo-
motor axon. The axon terminal is activated by acetylcholine
(ACh). The impulse travels antidromically, reaches a branch
point, and then travels orthodromically to release ACh from
nerve terminal. ACh traverses the neuroglandular junction
and binds to M3 muscarinic receptors [2] on eccrine sweat
glands to evoke the sweat response. Acetylcholinesterase in
subcutaneous tissue cleaves ACh to acetate and choline,
resulting in its inactivation and cessation of the sweat
response.

The QSART specifically evaluates the functional status
of postganglionic sympathetic axons. Current is applied
through the anode of a constant current generator [2] within
one compartment of a multicompartmental sweat cell, and
the sweat response is recorded from a second compartment
with a sudorometer (Fig. 61.2). To obtain an adequate sam-
pling of postganglionic sudomotor function, the multi-
compartmental sweat cells are attached to four standard sites
on the upper and lower extremity. This distribution permits
the detection of dysfunction that can be localized to one spe-
cific peripheral nerve territory or of a length-dependent auto-
nomic neuropathy.

There is an age effect on the axon reflex–mediated sweat
response, which declined with age in the lower extremity
[2]. There was no change with age in the forearm. In both
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morphology of the SSR potential is determined by the inter-
action between these sweat glands and the surrounding 
epidermal tissue. At normal ambient temperatures, SSR is
recorded from the glabrous skin of the palms and soles. This
activity is referenced to the adjacent hairy skin whose sweat
glands are not typically active under these conditions. In
routine clinical practice, the SSR is recorded after stimu-
lation of median or posterior tibial nerve afferents at an
intensity at three least times sensory threshold. In cases of
peripheral neuropathy where afferent input may be insuffi-
cient to evoke an SSR, the response to acoustic stimuli or to
an inspiratory gasp also should be recorded.

Although the SSR is easy to perform using standard elec-
tromyograph equipment, its clinical use in the evaluation of
sympathetic sudomotor function is questionable. The crite-
ria for what constitutes an abnormal SSR are controversial.
Many only use lack of an SSR to define an abnormal result,
but SSRs may not be obtained from the lower extremities in
50% of healthy subjects older than 60 years. There is often
little correlation between severity of autonomic dysfunction
and presence or absence of SSR. The SSR specifically tests

TABLE 61.1 Comparison of Quantitative Sudomotor Axon Reflex Test, Silastic Imprint, 
and Skin Potential Recordings

Test QSART TST Silastic imprint Skin potential
Principle Sympathetic axon reflex Central warming Direct sweat gland muscarinic Somatosympathetic response

response
Stimulus Acetylcholine ≠ Ambient temperature Pilocarpine Various reflex stimulation

Neural pathway
Afferent Sympathetic C Mainly central Nil Groups II and III
Efferent Sympathetic C Sympathetic sudomotor Nil Sympathetic B and C
Effector Eccrine sweat gland Sweat gland Sweat gland Sweat gland secretion

Response characteristics
Latency Long (1–2min) V long (>30min) ? brief Brief (seconds)
Turn on Rapid Gradual (minutes) Rapid Rapid
Turn off Relatively fast (2–3min) Slow (minutes) Very slow (>2 hours) Fast (seconds)
Neuropathy Sensitive Very Sensitive Sensitive Somewhat insensitive
Detection

Advantages Sensitive, reproducible, Sensitive, reproducible Sensitive, reproducible, Standard electromyograph
accurate, quantitative accurate, quantitative equipment

Disadvantages Time-consuming, special Time-consuming, special Time-consuming, special Variable (habituation),
equipment, rare problem equipment, qualitative equipment inaccurate, many factors
with thick skin affect the response

Dynamic recording Yes Semi No Yes
Histogram No No Yes No

QSART, quantitative sudomotor axon reflex test; TST, thermoregulatory sweat test.

FIGURE 61.1 Quantitative sudomotor axon reflex test (QSART). Stim-
ulus of nerve terminals by acetylcholine iontophoresis results in activation
of postganglionic sympathetic sudomotor fibers, acetylcholine release, and
activation of a new population of sweat glands. FIGURE 61.2 Multicompartmental sweat cell. Stimulus (acetylcholine)

is iontophoresed through C and recorded in A. A and C are separated by
air gap (B). Acetylcholine is administered through cannula E and current
is applied through anode F. A stream of humidified nitrogen is run in
through D to evaporate sweat. The capsule is held in place with straps
applied to posts G.
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sudomotor fibers that do not participate in thermoregulation,
and hence the correlation between presence or absence of
SSR and other modalities of measurement of sudomotor
function is poor.

THERMOREGULATORY SWEAT TEST

The TST is a sensitive qualitative test of sudomotor func-
tion, providing important information on the pattern and
degree of sweat loss. A color indicator (quinizarin powder
[6]) is applied onto dry skin. The environmental tempera-
ture is increased until an adequate core temperature increase
is attained and the presence of sweating causes a change in
the indicator from brown to a violet color. Thermal stimu-
lation using heat cradles or sweat cabinets can be used.

The test can be rendered semiquantitative by estimating
the percent of anterior surface anhidrosis [7]. This percent-
age has proven to be a useful parameter in differentiating
autonomic disorders. For example, multiple system atrophy
(MSA) is usually associated with anhidrosis greater than
40%, and Parkinson’s disease with and without orthostatic
hypotension is usually associated with anhidrosis less than
40%. It also has been helpful in monitoring the status
(improvement or worsening) of dysautonomias.

There are some characteristic patterns of anhidrosis in the
peripheral neuropathies (Table 61.2) [7], including the 
following:

1. Distal anhidrosis is seen in distal small fiber neuropa-
thy and length-dependent axonal neuropathy.

2. Global anhidrosis is generally seen in the generalized
autonomic disorders such as MSA, pure autonomic
failure, or the autonomic neuropathies.

3. Regional anhidrosis is another pattern; an example is
the anhidrosis of chronic idiopathic anhidrosis, a form
of restricted autonomic neuropathy.

The disadvantages of TST are its inability to distinguish
between postganglionic, preganglionic, and central lesions;
discomfort; the qualitative nature of the information
obtained; and staining of clothing. There are many factors
that affect the sweat response. These include sex, race, accli-
mation, and drugs, especially anticholinergic medications.

INTEGRATED EVALUATION OF SWEATING

By combining the different tests of autonomic function,
it is possible to generate unique information. The TST and

TABLE 61.2 Some Causes and Patterns of Anhidrosis 
and Hypohidrosis

Pattern Examples Site and mechanism

Distal DSFN; many Postganglionic denervation
neuropathies

Global Panautonomic Preganglionic or 
neuropathy; multiple postganglionic lesions
system atrophy

Segmental Chronic idiopathic Postganglionic ±
anhidrosis preganglionic denervation

Dermatomal Diabetic radiculopathy Radicular postganglionic
Ulnar neuropathy denervation

Nerve trunk involvement
Hemianhidrosis Cerebral infarction Central lesion of 

sympathetic outflow
Spinal cord tumor

DSFN, distal small fiber neuropathy.

QSART can be combined to define the site of the lesion. 
A preganglionic lesion results in loss of sweating on TST
with preserved sweating on QSART. TST and QSART can
be combined to provide information on the distribution of
anhidrosis (percentage of anhidrosis), whereas QSART can
define the volume of sweat loss. Sweat imprint yields infor-
mation on the diameter distribution of sweat droplets. Com-
bined with QSART, it is possible to determine the volume
per sweat droplet.
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physiologic assessment of SAS activity. There is still occa-
sional use of 24-hour urinary VMA excretion in the diag-
nosis of pheochromocytoma (≥7mg/day by the Pisano assay
is consistent with pheochromocytoma), but plasma and
urinary metanephrines are substantially more specific and
sensitive than urinary VMA, which retains little if any 
clinical usefulness.

Urinary-Free Catecholamines

Total or fractionated urinary catecholamines are used
occasionally in the determination of 24-hour sympathetic
nervous activity and are still quite commonly used in the
diagnosis of pheochromocytoma. Under usual conditions,
the bulk of urinary NE is derived from circulatory rather
than renal sources. Normal total urinary catecholamine
values are usually 100mcg or less per day.

Urinary Metanephrines

Metanephrines, the primary O-methylated metabolites of
catecholamines, have limited usefulness in the physiologic
assessment of sympathetic tone. Metanephrines exist in both
free and sulfate-conjugated forms. Pheochromocytoma cells
release mostly free metanephrines, whereas sulfoconjugated
metanephrines are produced principally in the gastrointesti-
nal tract. Metanephrines have become the primary screen-
ing test for pheochromocytoma; total 24-hour metanephrine
excretion less than 150mcg/day is usually considered
normal in most laboratories.

Urinary Methoxyhydroxyphenyl Glycol

Methoxyhydroxyphenyl glycol (MHPG) is produced in
two steps: (1) oxidative metabolism in neural tissue, and (2)
O-methylation by the liver or kidney. MHPG also can be 
sulfoconjugated or further metabolized to VMA. Urinary
MHPG excretion was originally thought to represent central
nervous system (CNS) sympathetic output, but MHPG is
now known to be principally derived from peripheral sym-
pathetic neuronal NE metabolism.

To respond to the many acute stressors presented by
everyday life, the sympathoadrenal system (SAS) can be
activated in an extremely pleiotropic pattern that results in
varying contributions of adrenal and regional neuronal cat-
echolamine release. At the same time, catecholamines are
metabolized by a redundant series of degradative enzymes
that differ in their relative activities within different tissues.
Thus, the patterns of responses of catecholamines and
metabolites found in biologic fluids are affected by the
nature of the stimulus, the characteristics of the accompa-
nying physiologic response, and potentially by disease
states. Because of this complex pattern, it logically follows
that no single measurement of a catecholamine or its
metabolites can provide a full assessment of SAS activity at
any given time. Rather, full assessment of SAS activation
requires the integration of information from several diverse
analytic approaches that are generally more complementary
than redundant. This chapter discusses the major biochemi-
cal techniques for assessment of SAS activity that have been
developed during the about last 40 years, largely in order of
historical appearance.

CATECHOLAMINE METABOLISM

Knowledge of the usual patterns of intraneuronal and
extraneuronal metabolism is the first requirement in assess-
ing the strengths and limitations of each potential marker of
SAS activity (Fig. 62.1).

URINARY EXCRETION OF CATECHOLAMINES
AND METABOLITES

Urinary Vanillylmandelic Acid Excretion

Vanillylmandelic acid is the major end product of com-
bined oxidation and transmethylation of norepinephrine
(NE) and epinephrine. As such, it is completely insensitive
to physiologic variations in regional sympathetic output, and
because of the 24-hour collection, has limited value in any
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PLASMA CATECHOLAMINES AND METABOLITES

Plasma Norepinephrine

Plasma NE remains the most durable and widely used
biochemical index to assess physiologic and pathologic
increases in sympathetic activity. The NE in plasma is
derived both from adrenal and peripheral neuronal sources,
but under usual circumstances, the latter predominates. In
general, venous plasma NE concentrations are about 30%
greater than corresponding arterial values, indicating net
release of catecholamines from peripheral sympathetic
nerves. Variation in plasma NE caused by alterations in
clearance and metabolism have not proven to be a major
problem in using plasma NE within or between individuals.
Forearm venous plasma NE is closely related to the corre-
sponding muscle sympathetic activity. In addition to the
assessment of SAS activity, plasma catecholamines are still
useful in the diagnosis of pheochromocytoma. One caveat
to their use is that the normal range reported by most 
commercial laboratories is derived from young volunteers,
not appropriately controlled “at risk” patients. Increased
plasma NE occurs with age, obesity, hypertension, cardiac
decompensation, and other conditions in which false-
positives can exist. There are few false-negatives, however,
and a plasma NE less than 1000pg/ml is highly unusual 
in pheochromocytoma.

Despite repeated attacks by some investigators on the
basis of poor sensitivity, plasma NE remains a reliable and
highly specific index of peripheral nerve traffic. The sensi-
tivity of venous plasma NE to detect small changes in sym-
pathetic activity is clearly less than that of direct nerve traffic
studies, but the latter technique simply cannot be applied to
large clinical studies. The technical inability to perform ade-
quate microneurography studies in as many as half of all
subjects, the need to maintain subjects in an uncomfortable
motionless position for relatively long periods, and the
expense of the procedure are some of the problems that
justify the continued use of plasma catecholamines in clin-
ical studies. There are also major barriers to microneuro-
graphy caused by the difficulties of comparing data between
or within individuals on different study days. Other investi-
gators have proposed that potential differences in NE 
clearance within and between individuals necessitates a
kinetic approach. It is further stated that because unequal
sympathetic innervation across different organs causes 
differential NE release rates from these organs, assessment
of whole body SAS activity requires use of arterial rather
than venous NE. Yet, further analysis reveals that this stance
also can be problematic, not only because of the varying
responses that may occur during different stimuli, but
because the lung also metabolizes catecholamines. As a rea-
sonable compromise, it may be appropriate to measure arte-
riovenous differences across the organ of interest. If regional

FIGURE 62.1 Metabolism of catecholamines. Norepinephrine (NE) is produced in postganglionic neurons and the
adrenal medulla, through the actions of dopamine b-hydroxylase, the enzyme that incorporates dopamine into granules
and converts it to NE. In the adrenal, and to a much lesser extent in certain brain regions and cardiac chromaffin cells,
the presence of the enzyme phenylethanolamine-N-methyltransferase (PNMT) confers the ability to produce epineph-
rine from NE. The principal mechanism for the clearance of catecholamines from synaptic clefts is neuronal reuptake
(U1). Enzymatic degradation of catecholamines within neurons occurs largely through monoamine oxidase (MAO),
which produces dihydroxyphenyl glycol (DHPG), a marker of neuronal NE turnover. The other major pathway for inac-
tivation of NE, epinephrine, or DHPG requires uptake by nonneuronal cells (U2) followed by o-methylation through
catechol-O-methyl transferase (COMT) to form normetanephrine, metanephrine, or methoxyhydroxyphenyl glycol
(MHPG), respectively. Sulfoconjugates (-S) of a variety of catecholamines and metabolites arise through the actions of
phenyl sulfotransferase (PST) in platelets and in a variety of nonneural tissues. Vanillylmandelic acid (VMA) is the
product of both MAO and COMT actions. DA, dopamine.



blood flow is measured and the Fick equation is used, a
highly specific regional NE release rate can be obtained. For
the most part, however, standard venous plasma NE values
are reasonable indexes of organ-specific catecholamine pro-
duction and are at least the equivalent of turnover studies in
a variety of conditions.

Plasma Epinephrine

In contrast to NE, epinephrine in plasma simply reflects
adrenal output. In general, venous values are slightly lower
than corresponding arterial values because of peripheral
uptake. Thus, there is a slight advantage to the measurement
of arterial rather than venous epinephrine, but the difficulty
of arterial sampling probably justifies use of venous values
in many studies.

Plasma Dopamine

Free plasma dopamine normally circulates in very low
concentrations (<50pg/ml, which is often the limit of assay
sensitivity); approximately 20 times as much dopamine 
circulates in the sulfoconjugated form compared with free
dopamine. Plasma dopamine has no direct relation to other
indexes of SAS activity and is not a diagnostic test in 
any well-accepted clinical syndromes. Why commercial 
laboratories continue to report plasma dopamine values as
part of a “fractionated catecholamine” profile remains
unclear.

Plasma Dihydroxyphenyl Glycol

Dihydroxyphenyl glycol (DHPG), the principal neuronal
metabolite of NE, can be quantitated in plasma and has been
shown to correlate closely with plasma NE and with neu-
ronal NE turnover in humans. Catalyzed by monoamine 
oxidases (MAOs), it is formed from oxidative deamination
of NE. Despite the presence of MAO in both neural and
extraneural sites, a primarily neuronal source of circulating
DHPG is suggested from experiments showing minimal
conversion of infused NE to DHPG and minimal DHPG pro-
duction by NE-secreting pheochromocytomas. In nerve ter-
minals, DHPG formed from NE is derived from reuptake of
NE through Uptake1 or from NE that leaked out from storage
vesicles. Granular leakage may be the predominant mecha-
nism for DHPG formation because Uptake1 inhibitors have
minimal effects on plasma DHPG levels, whereas inhibition
of granular transport mechanisms decreases DHPG.

Plasma Metanephrines

Evidence suggests that free plasma normetanephrine and
metanephrine concentrations are the most sensitive (99%)
and specific (89%) test for detection of hereditary and spo-

radic pheochromocytoma. This test is not yet in widespread
clinical use, but its popularity appears to be increasing.

Sulfoconjugates

In contrast to dopamine, sulfoconjugated NE and epi-
nephrine circulate in concentrations only about threefold
greater than their respective free catecholamines. Acute
changes in plasma catecholamines do not necessarily affect
sulfoconjugate concentrations. Some investigators have pos-
tulated that tissue sulfatases can liberate free catecholamines
from their respective sulfoconjugates, but the biologic and
clinical significance of this possibility remain unclear.

OTHER PROTEINS AND PEPTIDES IN PLASMA

Dopamine b-Hydroxylase

Dopamine b-hydroxylase (DBH) is the enzyme respon-
sible for the uptake and conversion of dopamine into NE in
neuronal storage granules. DBH is a membrane-associated
protein in granules that is released in limited quantities
during the process of neuronal NE release; therefore, plasma
DBH is a marker of SAS activity. DBH is much less sensi-
tive to change than plasma NE or its metabolites, however,
and it is not a reliable diagnostic tool in pheochromocytoma.

Chromogranin A

Chromogranin A (CGA) is the major intravesicular
storage protein that acts to shield NE from oxidation. Like
DBH, CGA is released during degranulation; but unlike
DBH, CGA can be used in the diagnosis of pheochromocy-
tome. Both DBH and CGA are quite stable in plasma and can
be considered to be additional surrogates for increased SAS
activity that may be preferable to catecholamines or metabo-
lites in conditions in which sample preservation is difficult.

Neuropeptide Y

Neuropeptide Y (NPY) is stored in catecholamine-
containing granules and also is released with NE during
postganglionic sympathetic nerve stimulation. Although its
role as cotransmitter is well established, the plasma NPY
level as an independent indicator of SAS activity is not uni-
versally accepted. If SAS activation is intense, plasma NPY
responses parallel those of NE, but during milder degrees of
SAS stimulation, such as orthostatic stress or handgrip, cir-
culating NPY changes often are undetectable. Plasma NPY
also exhibits different kinetics from NE, with a slower rate
of appearance after SAS activation, in part because of a
slower diffusion rate from tissues. Its circulating level is
further prolonged by its longer plasma half-life.
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TISSUE CATECHOLAMINE CONCENTRATIONS

Tissue Catecholamines

Catecholamine turnover in neural and peripheral tissues
can be relatively reliably assessed by the measurement of
total tissue content, which is usually expressed in concen-
tration per milligram of tissue. Peripheral tissue cate-
cholamine content is generally inversely proportional to the
sympathetic nerve traffic in that tissue because as cate-
cholamine release increases, tissue stores are depleted.
Tissue concentrations have been used most widely in the
brain and heart, both in animal and human experiments.

Platelet Catecholamine

Platelet catecholamine content also has been used as a
global integrated index of sympathetic function and in the
diagnosis of pheochromocytoma. In platelets, nonspecific
uptake (Uptake2) causes platelet catecholamine content to
increase in parallel with systemic sympathoadrenal activity.

CEREBROSPINAL FLUID CATECHOLAMINES 
AND METABOLITES

Free catecholamines and glycolic metabolites have been
quantitated in cerebrospinal fluid (CSF) and exist in con-
centrations similar to those observed in plasma. The glycolic
metabolites move rapidly from the CNS to the periphery, but
the greater volume of peripheral NE-containing synapses is
reflected in the large contribution of peripheral sympathetic
nerves to plasma DHPG concentration. Nevertheless, in
most experiments, it is unnecessary to collect CSF to quan-
titate SAS activity.

KINETIC (TURNOVER) STUDIES

General Methodology

Modified clearance techniques have been used to esti-
mate SAS activity. These studies are based on the assump-
tion that the rate of appearance of NE in the plasma is a more
reliable index of SAS activity than the plasma NE concen-
tration, which can be theoretically affected by different rates
of removal from plasma. The approach uses relatively stan-
dard formulas for the kinetic turnover of a given substance.
First, the plasma clearance rate is determined using a steady-
state infusion by the following formula:

Clearance
usion rate of X mg

X mg ml
Cx

 of X =
steady-state plasma concentrationml min

inf min

,

    ( )

( )
( )

If the infused substance is identical to a native substance,
it is also necessary to account for the basal plasma X con-
centration (subtracting this value from the plateau concen-
tration of X achieved during the steady-state infusion). From
the plateau plasma X value (corrected if necessary) and the
corresponding Cx, the basal plasma appearance rate of X can
be calculated:

When these formulas have been applied to the infusion
of exogenous NE, the NE appearance rate has been called
the “NE spillover rate.” Because about 80% of neuronally
released NE is removed from the synapses by reuptake
mechanisms, about 20% of the NE that is release is part of
the “spillover.” As long as the activities of the uptake mech-
anisms remain constant, the NE spillover rate (or plasma
appearance rate) is a reasonable index of neuronal NE
release and sympathetic nervous activity. As discussed
earlier, the basic rationale for the use of turnover studies is
the largely hypothetic concern that interindividual or inter-
organ variations in catecholamine metabolism limit the reli-
ability of free plasma catecholamines as indexes of whole
body or organ-specific SAS activity. In some cases,
however, turnover studies may increase the likelihood of
artifact by virtue of the complex assumptions and calcula-
tions involved.

Radiotracer Infusions

Objections have been made to the use of unlabeled NE
infusions, largely on the theoretic grounds that the vasoac-
tive properties of infused catecholamines could alter their
own clearances. As a result, Esler [4] and others developed
a tracer technique using tiny amounts of labeled cate-
cholamines to quantitate the NE spillover rate according to
the following formula:

where C = concentration, a = arterial, v = venous, E = extrac-
tion, and PF = plasma flow. Central to the validity of 
this technique is the assumption that true steady-state, 
radiolabeled, NE concentrations are achieved across all 
cellular compartments, an assertion that has not been fully
proven.

Kinetic techniques have confirmed that different organ
beds can respond differently to systemic SAS stimulation,
and that plasma catecholamines are not always sensitive
enough to detect differences among organ beds or between
populations. For example, the kidney may experience sym-
pathetic activation during periods of reduced cardiac filling,
whereas muscle beds are unaffected. Similarly, using
spillover methodology, hypertensives have been found to

Regional NE spillover = -( ) +[ ]Cv Ca Ca E PF* *

Appearance of X mg min  plasma X mg ml

 ml min

( ) = ( )[ ]
¥ ( )[ ]
basal
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release more NE than normotensives in response to mental
stress, whereas parallel studies of plasma NE demonstrated
no significant difference between the two conditions. There
remain, however, significant limitations to the use of kinetic
techniques. Perhaps the biggest drawback is the reluctance
of many institutional review boards to approve the use of
infused tritiated radiotracers for research purposes. Other
major drawbacks include the great expense of the studies
and the practice of infusing radiotracer through a fluoro-
scopically placed central venous catheter. This technique,
therefore, is highly limited in use.

ANALYTIC METHODS FOR CATECHOLAMINES

The analysis of catecholamines and metabolites is always
relatively expensive and can be artifactual if samples are 
not fastidiously collected and preserved before laboratory
analysis.

Sample Preservation

Catecholamines and metanephrines are highly labile,
whereas the glycolic metabolites are somewhat more stable.
Plasma samples should be collected with antioxidant and
iced immediately before plasma separation. Plasma should
generally be stored at very low temperatures (<-70°C)
before analysis. Urine samples for metanephrines or VMA
should be collected with acid present to prevent spontaneous
oxidation.

Analytic Techniques

Several methods are currently available for analysis of
catecholamines and metabolites. Several of the techniques
allow quantitation of several catecholamines or metabolites
simultaneously, including glycolic metabolites. High-
pressure liquid chromatography (HPLC) with electrochem-
ical detection is the preferred method for catecholamine
studies in urine and tissue, especially when the amount
available for analysis is at least 50pg per sample. Plasma
NE concentrations can be reliably measured, but resting
plasma epinephrine values (often <25pg/ml) usually chal-
lenge HPLC sensitivity limits. Technical difficulties with the
HPLC assay include the problems of consistency of cate-
cholamine extraction and instability of the electrochemical
detection system. Because of these difficulties, laboratories
that remain consistently productive use more than one
HPLC system for catecholamine analysis.

Radioenzymatic methods most commonly use cate-
chol-O-methyl transferase to quantitatively incorporate a 
tritiated methyl group onto NE or epinephrine (to form

normetanephrine or metanephrine, respectively) before
chromatographic separation, oxidation, and extraction for
scintillation counting. In a similar approach, NE can 
be measured by quantitating the amount of tritiated 
methylation caused by exposure of the sample to
phenylethanolamine N-methyltransferase, which converts
NE to epinephrine. Radioenzymatic methods for cate-
cholamines are extremely sensitive (usually to 1pg per
sample) and are capable of detecting fentomolar quantities
reliably. Unfortunately, they are the most labor intensive and
are therefore extremely expensive. Radioenzymatic deter-
minations are most clearly justified for the reliable quanti-
tation of plasma epinephrine, analysis of samples with low
catecholamine content, and repeated blood sampling in
small animals.

Immunoassays are recent additions in quantifying plasma
and urinary catecholamines. There are two methods in this
category using the same basic principle: radioimmunoassay
(RIA) and enzyme-linked immunoassay (ELISA). Immuno-
assays generally involve the use of capture antibodies that
recognize the catecholamine of interest. This assay gener-
ally requires that the samples are chemically derivatized
before incubation with capture antibodies. In the ELISA
system, a second antibody conjugated with an enzyme is
added to recognize another portion of the catecholamine.
The amount of bound enzyme is proportional to the amount
of catecholamine. Current commercially available RIAs are
reported to have sensitivities of as low as 10pg/ml, well
within the physiologic range and consistent with HPLC data.
Immunoassays offer the distinct advantage of lower cost and
more readily accessible equipment but still require further
validation.
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subjects. In a study using microneurography, resting muscle
sympathetic nerve activity (MSNA) was more than doubled
in patients with hypertension receiving hemodialysis com-
pared with age-matched healthy normotensive individuals
with normal renal function. Interestingly, MSNA is normal
in patients receiving hemodialysis who have undergone
bilateral nephrectomy, suggesting that sympathetic overac-
tivity in patients with renal failure is caused by a neurogenic
signal originating in the failing kidneys (Fig. 63.1).

CARDIAC SYMPATHETIC STIMULATION 
IN HUMAN HYPERTENSION

Multiple population-based studies have demonstrated a
positive correlation between heart rate and future develop-
ment of hypertension. For example, the multicenter longitu-
dinal Coronary Artery Risk Development in Young Adults
(CARDIA) study followed 4762 black and white men and
women, initially aged 18 to 30 years, over a 10-year period.
In this cohort, heart rate was an independent predictor of
subsequent diastolic blood pressure in white men and
women and black men. Overall, the mean increase in dias-
tolic blood pressure was 1.3mmHg per 10 heartbeats per
minute. Because heart rate is, in large part, under sympa-
thetic control, these results support the concept that chronic
sympathetic overactivity induces hypertension. Because
diastolic pressure relates more closely to vascular resistance
and is less affected by cardiac function, the CARDIA inves-
tigators suggest that increased sympathetic tone, as evi-
denced by heart rate increase, may cause smooth muscle cell
proliferation, resulting in reduced compliance of the periph-
eral vasculature and, consequently, increased diastolic blood
pressure.

Consistent with population-based observations relating
increased heart rate to the development of hypertension, 
norepinephrine spillover studies indicate that sympathetic
cardiac stimulation is greater in young patients with hyper-
tension compared with similarly aged normotensive control
subjects. Together, these results suggest that increased

Sympathetic nervous system activity is increased in both
the developmental and chronic stages of primary hyperten-
sion. Animal and human studies demonstrate that sustained
sympathetic stimulation of the kidney promotes sodium and
fluid retention; stimulation of the heart increases cardiac
output; and chronic stimulation of the vasculature induces
smooth muscle cell hypertrophy and hyperplasia, resulting
in sustained increases in peripheral resistance. These obser-
vations indicate that sympathetic activation plays a key role
in both initiating and maintaining chronic increase of blood
pressure.

RENAL SYMPATHETIC STIMULATION IN
EXPERIMENTAL AND HUMAN HYPERTENSION

In animal models of hypertension, direct renal nerve
stimulation induces renal tubular sodium and water reab-
sorption and decreases urinary water and sodium excretion,
resulting in increased blood pressure secondary to increased
intravascular volume. Direct assessments of renal sympa-
thetic innervation have consistently demonstrated height-
ened sympathetic activation in rat models of primary
hypertension. Denervation of the kidney, either surgically or
pharmacologically, eliminates or blunts salt and water reten-
tion and prevents or reverses the development of hyperten-
sion in these models.

Renal sympathetic stimulation also is increased in 
human subjects with primary hypertension. Investigators in
Australia have demonstrated that plasma norepinephrine
spillover from the kidneys, an index of sympathetic activity,
is increased in human patients with hypertension compared
with normotensive control subjects. Renal arterial adminis-
tration of phentolamine, an a-adrenoreceptor antagonist,
reduces renal blood flow to a greater degree in hyperten-
sive than normotensive subjects, which is consistent 
with increased greater renal sympathetic stimulation in
hypertension.

In humans with renal failure, peripheral sympathetic
activity is increased compared with normotensive control
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cardiac sympathetic stimulation correlates and likely con-
tributes to the development of hypertension.

SYMPATHETIC NERVOUS SYSTEM ACTIVITY 
AND VASCULAR REMODELING

Vascular smooth muscle cell proliferation/hypertrophy is
a consequence of the complex interaction of intravascular
pressure, systemic and local hormones, genetic predisposi-
tions, and environmental factors. Animal and human studies
demonstrate that sustained increases in sympathetic activa-
tion directly induce vascular remodeling. In cell culture and
in whole animal models, norepinephrine promotes the syn-
thesis and release of a variety of trophic substances, includ-
ing transforming growth factor-b, insulin-like growth factor,
and fibroblast growth factors. Inhibition of sympathetic
stimulation, by sympathectomy, pharmacologic blockade, or
both, prevents or diminishes cardiac and vascular hypertro-
phy in rat models of hypertension. Lastly, animal models

demonstrate that local sympathetic denervation prevents
hypertrophy and remodeling of cerebral arterioles.

Human studies likewise demonstrate vascular trophic
effects of chronic sympathetic stimulation. In a large 
population-based study, circulating norepinephrine levels
correlated positively with left ventricular mass. Italian
investigators demonstrated that increased plasma norepi-
nephrine levels are associated with reduced radial artery
compliance, which is consistent with increased vascular
hypertrophy.

PLASMA NOREPINEPHRINE LEVELS

Many studies report greater circulating levels of norepi-
nephrine in patients with hypertension than in normotensive
control subjects. A review of 64 studies found that 52 (81%)
reported greater norepinephrine levels in patients with
hypertension compared with normotensive subjects; but in
only 25 (39%) of the 64 original studies were the greater

FIGURE 63.1 Recordings of sympathetic nerve discharge to the leg muscles in a healthy subject and in two patients
receiving hemodialysis, one with and one without bilateral nephrectomy. The top three panels are representative seg-
ments of the neurograms from three subjects, and the bottom two panels display the neurogram and simultaneous elec-
trocardiogram from the third subject on an expanded time scale. On these mean-voltage displays of muscle sympathetic
nerve activity, each peak represents a spontaneous burst of sympathetic nerve discharge. The rate of sympathetic nerve
discharge was much greater in the patient undergoing hemodialysis who had not had a nephrectomy than in the patient
undergoing hemodialysis who had had a bilateral nephrectomy, with the rate in the latter being indistinguishable from
that in the healthy subject. (Reproduced from Converse, R. L. Jr., T. N. Jacobsen, R. D. Toto, C. M. Jost, F. Cosentino,
F. Fouad-Tarazi, and R. G. Victor. 1992. Sympathetic overactivity in patients with chronic renal failure. N. Engl. J. Med.
327:1912–1918, with permission.)



norepinephrine levels statistically significant. Most studies
that evaluated younger subjects (<40 years of age) found
that norepinephrine levels were significantly greater in hy-
pertensive versus normotensive subjects. Although plasma
norepinephrine levels provide imprecise indexes of sympa-
thetic nervous system activity, these studies provide indirect
evidence that sympathetic activity is increased in human
hypertension.

REGIONAL NOREPINEPHRINE SPILLOVER

The norepinephrine spillover technique is used to assess
the tissue clearance of norepinephrine by determining the
degree of dilution of a small amount of intravenously
infused radiolabeled norepinephrine. The norepinephrine
spillover rate is thought to reflect norepinephrine release
from the sympathoeffector terminal and, thereby, sympa-
thetic activity. In addition to the increased renal and cardiac
norepinephrine spillover noted earlier, application of this
technique has demonstrated that whole body norepinephrine
spillover is increased in young patients with hypertension
compared with normotensive control subjects, suggesting
that heightened sympathetic activity contributes to the
development of hypertension.

MICRONEUROGRAPHY

In the 1960s, Swedish neurophysiologists developed the
technique of microneurography to directly record sympa-

thetic activity from peripheral nerves in humans. Microneu-
rography has been used to compare MSNA in patients with
hypertension and normotensive subjects. The largest current
study compared resting MSNA recorded from the tibial
nerve in 63 Japanese subjects with hypertension (48 male
and 15 female subjects) to 43 Japanese normotensive sub-
jects (32 male and 11 female subjects). The Japanese inves-
tigators found that resting MSNA values were significantly
greater in the subjects with hypertension compared with 
the normotensive subjects (31 vs 21 bursts/min; P < 0.01).
MSNA was found to increase with age, but even when cor-
rected for this factor, MSNA remain increased in the sub-
jects with hypertension. Investigators at the University of
Milan confirmed that MSNA is increased in patients with
established hypertension. In this study, resting MSNA was
found to be progressively greater in patients with mild, 
moderate, and serve hypertension (Fig. 63.2).

Resting MSNA also has been found to be greater in the
developmental stages of hypertension than in normotensive
control subjects. Investigators at the University of Iowa
found that MSNA was significantly greater in 12 young male
patients with “borderline” or intermittent hypertension com-
pared with 15 age-matched normotensive control subjects
regardless of high or low dietary NaCl ingestion. In a similar
comparison, Canadian investigators found resting MSNA to
be significantly greater in young patients with hypertension
than in normotensive control subjects.
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SYMPATHETIC AND VASCULAR REACTIVITY

Patients with hypertension manifest greater vasocon-
strictor response to infused norepinephrine than normoten-
sive control subjects. In normotensive subjects, increased
levels of circulating norepinephrine generally induce 
down-regulation of noradrenergic receptors. In patients with
hypertension, however, such down-regulation appears not to
occur, resulting in enhanced sensitivity to norepinephrine.
The combination of enhanced sensitivity to and increased
circulating levels of norepinephrine likely contributes sig-
nificantly to sympathetic nervous system activity-related
hypertension. Increased sensitivity to norepinephrine also
has been observed in normotensive offspring of parents with
hypertension compared with control subjects without a
family history of hypertension, suggesting that the phenom-
enon may be genetic in origin and not simply a consequence
of increased blood pressure.

Exposure to stress is well known to increase sympathetic
output. A vicious circle is hypothesized to link stress and
increases in sympathetic activity to the development of
hypertension. According to this hypothesis, repeated 
stress-induced vasoconstriction causes vascular hypertro-
phy, which promotes even more vigorous vasoconstrictive
responses to stress, leading to progressive increases in
peripheral vascular resistance and blood pressure. Stress-
induced hypertension has been observed in the laboratory
setting. Stress may explain, in part, the greater incidence 
of hypertension in lower socioeconomic groups, because
individuals in such groups must endure greater stress levels
associated with day-to-day living.

Studies of sympathetic reactivity suggest that young 
subjects with a genetic predisposition to development of
hypertension—that is, a positive family history of hyper-
tension—manifest greater vasoconstrictive responses to lab-
oratory stressors, such as mental stress, cold pressor testing,
or physical exercise. In some studies, this greater vascular
reactivity has been shown to correlate with a greater likeli-
hood of hypertension development.

The results of stress testing are most consistent in young
black individuals. The majority of studies report that young
black individuals with normotension or mild hypertension
manifest greater stress-induced vascular reactivity than age-
matched white individuals, particularly in response to cold
pressor testing. A study from this laboratory used microneu-
rography to record MSNA responses in young normotensive
black and white subjects and found that the greater pressor
response to cold pressor testing observed in black indivi-
duals was attributable to greater increases in peripheral 
sympathetic nervous system activity (Fig. 63.3). It is

hypothesized that greater stress-induced increases in sym-
pathetic activity, in combination with the greater socioeco-
nomic stress that black individuals often endure, likely
contribute to the significantly greater incidence of hyper-
tension in black compared with white individuals in the
United States.
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ity; both of these have been used to identify subsets of patients
at high risk for SCD after acute myocardial infarction.

Some have termed LQTS as a “Rosetta stone” allowing
translation of how autonomic function interacts with an
arrhythmia-prone myocardium [5]. Elegant clinical and
molecular genetic studies have established that mutations in
at least seven different genes can cause congenital LQTS,
characterized by QT prolongation on the surface electrocar-
diogram and arrhythmias [6]. This genetic heterogeneity, in
turn, confers considerable phenotypic heterogeneity in this
disease, and it is probably more appropriate to refer to the
“long QT syndromes.” The three commonest forms of
LQTSs arise as a result of mutations in the genes encoding
pore-forming subunits for potassium currents termed IKs

(LQT1) and IKr (LQT2), and for the cardiac sodium current
(LQT3). LQT1 and LQT2 together account for 80 to 90%
of cases. In surveys of nongenotyped patients, adrenergic
activation (e.g., awaking from sleep, exercise, or emotional
stress) is a common precipitant for syncope and sudden
death in LQTS. More recent studies in genotyped subjects
have shown that these are characteristics of the LQT1 (and
to a lesser extent the LQT2) forms of the disease, whereas
the small minority with LQT3 generally have “events” at
rest and die during sleep. These clinical findings, in turn,
have driven research into basic mechanisms, as described in
the following section.

BASIC MECHANISMS

A fundamental characteristic of diseased myocardium 
is the phenomenon of “electrophysiologic remodeling” 
in which the repertoire of ion channel (and other) genes
expressed in individual myocytes change as a result of
disease. Although such changes can be adaptive (e.g., to
long-standing hypertension), they are frequently maladap-
tive. That is, they increase electrophysiologic hetero-
geneities with the result that the risk of reentrant excitation
that underlies VT or VF is enhanced. These heterogeneities

In 1998, the last year for which figures are available,
sudden cardiac death (SCD) killed an estimated 420,000
individuals in the United States [1]. This represented 64%
of all cardiac deaths, up from 56% in 1989. In half of the
patients, SCD is the first manifestation of heart disease. In
the other half, the typical patient is a man in his 50 to 69
years old known to have heart disease, but who was in stable
condition at the time of the fatal event. When heart rhythm
is serendipitously recorded during sudden death, fast ven-
tricular tachycardia (VT) or ventricular fibrillation (VF) is
found as the primary precipitant in more than 80% of cases.
The most common underlying heart disease is remote
myocardial infarction; in one data set, the average time
between index infarct and SCD was more than 6.5 years [2].
The other heart diseases associated with SCD include the
cardiomyopathies and a group of increasingly frequently
recognized familial arrhythmia syndromes, notably the long
QT syndrome (LQTS) and hypertrophic cardiomyopathy.
Although the latter are uncommon, study of underlying
mechanisms has shed great light on mechanisms in the more
usual patients.

CLINICAL LINKS BETWEEN AUTONOMIC
DYSFUNCTION AND SUDDEN CARDIAC DEATH

Evidence from large clinical studies point to a prominent
role for autonomic activation in SCD. In the late 1970s, land-
mark clinical trials established that b-blocker therapy in
patients surviving acute myocardial infarction was highly
effective in reducing overall mortality and SCD [3], and this
has now become the standard of care. More recently, markers
of activation of the autonomic nervous system (such as
increased plasma norepinephrine) have been shown to be sen-
sitive markers of mortality in patients with heart failure from
all causes, and judicious use of b-blockers has been shown to
reduce mortality in this setting as well [4]. Markers of auto-
nomic dysfunction in patients with heart disease include
reduced heart rate variability and blunted baroreflex sensitiv-
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can occur at multiple levels, such as among action potential
durations, cell-to-cell coupling, or activation of intracellular
signaling pathways, including those controlling intracellular
calcium. This formulation likely underlies arrhythmias in
the LQTS and other monogenic arrhythmia syndromes, as
well as in more common diseases such as coronary disease
and cardiomyopathies. In animals, even small myocardial
infarctions in the basal regions can result in denervation of
more apically located myocytes with the resultant denerva-
tion hypersensitivity increasing arrhythmia risk.

A contemporary view of the way in which autonomic
dysfunction modulates cardiac electrophysiology holds that
receptor stimulation results directly or indirectly in changes
in the function of individual molecules, usually the ion 
channels that underlie individual cardiac ion currents. An
example of indirect changes is increased intracellular
calcium, which can then activate enzymes, change patterns
of gene expression, or activate protein kinases with direct
channel phosphorylation.

Perhaps the most well-recognized acute autonomic effect
on cardiac electrophysiology is increased heart rate and con-
tractility with acute b-stimulation. Such changes presumably
involve direct protein kinase A–mediated phosphorylation
of channel proteins or modulating proteins, and in some
cases, residues that are phosphorylated to mediate these
electrophysiologic changes have been identified. Adrenergic
stimulation results in prominent increases in inward current
through L-type calcium channels caused by the phenome-
non of “mode switching” in which the probability of open
time of phosphorylated calcium channels is much increased.
All things being equal, therefore, action potential durations
(and thus QT intervals) would be increased by adrenergic
stimulation. However, this is not the case under physiologic
circumstances, thus indicating that other mechanisms are
brought into play under these conditions. These mechanisms
likely include increased activity of the electrogenic Na,K-
ATPase (as a consequence of rate), as well as an increase in
the magnitude of IKs. This formulation, then, leads directly
to the prediction that mutations disrupting function of the
genes underlying IKs will result in action potential prolonga-
tion that is especially marked under conditions of adrener-
gic stimulation. Indeed, this is the exactly the phenotype of
patients with the LQT1 form of LQTS. In fact, in whole
heart preparations, IKs block alone does not result in an
arrhythmogenic substrate until b agonists are added, with 
a resultant marked increase in heterogeneity of action 
potential durations and reentrant excitation. Interestingly, an
opposite phenomenon has been reported in animal models
of LQT3, a form of the disease not linked to adrenergic

stimuli. In this setting, considerable action potential hetero-
geneity is present at baseline, and adrenergic stimulation
actually reverses these arrhythmogenic changes; whether,
therefore, patients with the more uncommon LQT3 form of
the disease should avoid b-blockers has not been settled.

The way in which kinase activation modulates channel
function has received considerable attention. It is now
apparent that, as with other target proteins, channels likely
exist in macromolecular signaling complexes in association
with kinases and specific anchoring proteins. Thus, it is close
proximity (and in some cases the physical association) of the
anchoring protein and the ion channel that is the final medi-
ator of channel phosphorylation [7].

CONCLUSION

The problem of sudden death remains a huge public
health issue. It is clear that there is a prominent autonomic
influence on risk, and that b-blockers reduce risk whereas
conventional antiarrhythmics targeting ion channels do not.
Studies in human subjects and in cellular and animal models
are currently elucidating molecular and genetic mecha-
nisms modulating that risk. Ultimately, the development of
improved therapies, possibly by modulating specifically tar-
geted intracellular signaling pathways, may result in reduced
risk for this devastating health issue.
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baroreceptors as reflected by decreased muscle sympathetic
nerve activity (MSNA) and forearm vascular resistance,
implying that the increased activity of Na,K-ATPase may be
responsible for altered baroreceptor sensitivity [6]. Interest-
ingly, in CHF, sympathetic drive directed to skeletal muscle
is enhanced, whereas sympathetic activity to skin is not
increased [7].

Muscle afferents may also play an important role in 
regulation of SNS activity in patients with CHF [8, 9]. It is
likely that muscle afferent activity contributes to heightened
sympathetic tone during exercise but not to high resting SNS
activity.

IMPLICATION OF SYMPATHETIC 
NERVOUS SYSTEM ACTIVATION IN 

CONGESTIVE HEART FAILURE

In acute heart failure, heightened sympathetic activation
serves to counteract the effects of decreased cardiac output.
Specifically, increased sympathetic drive will increase heart
rate, myocardial contractility, peripheral vasoconstriction,
and venous return. These compensatory responses serve to
preserve blood pressure and to maintain perfusion to vital
organs (i.e., heart and brain). However, in chronic heart
failure, these compensatory responses have numerous dele-
terious effects that perpetuate the syndrome of CHF. These
deleterious effects include decreased muscle perfusion and
an impaired ability to maintain systemic sodium and water
balance. These factors, in turn, contribute to the classic signs
and symptoms of CHF: fatigue, shortness of breath, and
peripheral edema.

At rest, the sympathetic vasoconstrictor tone regulates
the blood flow to skeletal muscle. With exercise, despite an
increase in SNS activity, vasodilation occurs, in part,
because of local metabolite production resulting in aug-
mentation of blood flow to the active muscle. Altered control
of the peripheral circulation contributes to the reduced exer-
cise capacity in patients with CHF. Zelis and colleagues [10]
demonstrated that blood flow to exercising muscle was
reduced in CHF. Musch and Terrell [11] demonstrated that
the magnitude of muscle blood flow reduction was related

Congestive heart failure (CHF) is a complex syndrome
resulting from an insult to the myocardium. Regardless of
the etiology (ischemic, valvular, idiopathic, and others), the
pathophysiology of the disease and the evoked compen-
satory mechanisms are similar. Of these compensatory
responses, the autonomic nervous system adaptations are
particularly important in discussions of CHF disease patho-
genesis and progression. The sympathetic nervous system
(SNS) component of the autonomic nervous system has been
studied extensively in patients with CHF. Moreover, modern
therapy for heart failure has been revolutionized by the use
of agents that block some of the effects of the SNS.

SYMPATHETIC NERVOUS SYSTEM

In CHF, the increased plasma levels of norepinephrine
(NE) and the increased urinary excretion of catecholamines
indicate heightened activation of the SNS [1]. This activa-
tion of SNS occurs early in the course of the disease as
shown in the Studies of Left Ventricular Dysfunction
(SOLVD) trial [2]. SOLVD has demonstrated that NE is sig-
nificantly greater in asymptomatic patients with impaired
left ventricular (LV) function (ejection fraction <35%) than
in control subjects. The magnitude of SNS activation is
closely linked with prognosis in CHF. Individuals with high
levels of SNS activation, as estimated by plasma NE values,
have the worst prognosis [3].

REGULATION OF SYMPATHETIC NERVOUS
SYSTEM ACTIVITY IN CONGESTIVE 

HEART FAILURE

The mechanisms that cause exaggerated SNS activity in
patients with CHF remain unclear. Data from animal and
human subjects with heart failure suggest that baroreceptor
restraint of SNS drive is reduced [4, 5]. Altered barorecep-
tor function may be caused by a resetting of the reflex 
pathways, by altered Na,K-ATPase activity in the barore-
ceptor cell itself, or by both. In patients with CHF, intra-
venous administration of digitalis restores the sensitivity of

Congestive Heart Failure

Mazhar H. Khan
Pennsylvania State University College of Medicine

Milton S. Hershey Medical College
Hershey, Pennsylvania

65

247

Lawrence I. Sinoway
Pennsylvania State University College of Medicine

Milton S. Hershey Medical College
Hershey, Pennsylvania



248 Part VII. Cardiovascular Disorders

to the amount of LV dysfunction and the degree of flow
reduction was greatest in muscles having the largest per-
centage of oxidative muscle fibers. Shoemaker and col-
leagues [12] demonstrated that reduced flow with exercise
in CHF is caused by increased sympathetic vasoconstriction.
This increase in SNS activity with exercise is caused by
heightened engagement of the muscle reflex.

Activation of the SNS in CHF is also a strong stimulus
for the renin-angiotensin system (RAS). Activation of RAS
causes salt and water retention and further vasoconstriction,
leading to an increase in preload and afterload.

Augmented SNS activity is also largely responsible for
the greater catecholamine exposure of cardiac myocytes in
CHF. This leads to direct toxic effects of the catecholamine,
as well as contributing to myocyte apoptosis. There is evi-
dence suggesting that increased levels of NE associated with
SNS activation along with other neuroendocrine factors play
an important role in LV remodeling.

Finally, in patients with CHF, activation of SNS leads to
sinus tachycardia, enhanced activity of ectopic atrial and
ventricular foci, and increased transmural dispersion of
refractoriness. These factors create a highly arrhythmogenic
milieu and can produce chronic incapacitating, as well as
acute and lethal, rhythm disturbances.

IMPLICATIONS FOR THERAPY

The current antiadrenergic treatment of CHF is based on
the hypothesis that blockade of SNS will have positive
effects on the course of this disease. Increased concentra-
tions of NE cause down-regulation of b1-adrenergic recep-
tors. Blockage of these receptors with adrenergic antagonists
ameliorates the negative effects of this down-regulation.
Increased concentrations of catecholamines in CHF can be
countered by administration of b-blockers that have been
shown to improve cell function, increase ejection fraction,
reduce end-diastolic pressures, enhance diastolic relaxation,
improve myocardial energetics, and reduce the predilection
to arrhythmias. Recent clinical trials have convincingly
demonstrated the survival benefit of b-blockers added to the
standard treatment for CHF (CIBIS II, MERIT). Survival
benefit has been demonstrated even in patients with New
York Heart Association Class IV heart failure (COPERNI-
CUS trial). It has been hypothesized that attenuation of
central sympathetic outflow using a centrally acting agent

may be even more beneficial in the syndrome of CHF. A 2-
month administration of clonidine reduces MSNA by 26%
and plasma NE by 47% [13]. However, it must be empha-
sized that these beneficial laboratory findings do not trans-
late into increased patient survival (MOXCON, MOXSE).
Thus, it appears that some degree of sympathoexcitation and
peripheral vasoconstriction are important in the physiologic
response to heart failure.
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Syncope is a sudden, transient loss of consciousness with
spontaneous recovery that is associated with a loss of pos-
tural tone. It is common, with conservative estimates that
3% of the general population has experienced at least one
syncopal spell, with a greater proportion of groups such as
the elderly affected [1]. Syncope is responsible for more
than 1% of hospital admissions [1]. Syncope can have many
possible causes, ranging from benign to life-threatening con-
ditions. The common underlying mechanism of syncope is
a transient decrease in cerebral perfusion. Neurally mediated
syncope (NMS, or reflex fainting) is the most common cause
of syncope, especially in those patients without evidence of
structural heart disease. NMS most commonly occurs after
prolonged sitting or standing, although it can also occur with
exercise (initiation or peak exercise) or with emotional/
psychological triggers (e.g., phlebotomy).

PATHOPHYSIOLOGY OF NEURALLY 
MEDIATED SYNCOPE

The pathophysiology of NMS is not completely under-
stood [2]. The most common explanation for NMS is known
as the “Ventricular Hypothesis” (Fig. 66.1). This hypothesis
argues that the initiating event is a pooling of blood in the
legs (from prolonged sitting or standing) with a resultant
reduction in venous return (preload) to the heart. The 
resultant decrease in blood pressure leads to a baroreceptor-
mediated increase in sympathetic tone. This increased sym-
pathetic tone leads to an increased chronotropic and
inotropic effect. The vigorous contraction, in the setting of
an underfilled ventricle, is thought to stimulate unmyeli-
nated nerve fibers (“ventricular afferents”) in the left ven-
tricle. This is thought to trigger a reflex loss of sympathetic
tone and an associated vagotonia (with resultant hypoten-
sion, bradycardia, or both). In addition, there is a release of
epinephrine from the adrenal gland that may also potentiate
the hypotension.

This hypothesis seems to provide a plausible explanation
for the “postural prodrome” to many of the episodes of

NMS. It also provides a rationale for the use of the tilt-table
test, which is currently commonly used to aid in the diag-
nosis of NMS. However, this hypothesis does not provide
the complete truth. It fails to explain the mode of NMS in
those patients with an emotional or psychological trigger,
and it fails to account for episodes of NMS among dener-
vated patients after cardiac transplantation. Even among
patients with postural NMS, there are some experimental
observations that do not fit with this hypothesis.

DIAGNOSIS OF NEURALLY MEDIATED SYNCOPE

The history and physical examination are at the heart of
the diagnosis of NMS. A clinical diagnosis can be made with
these alone in most cases. Much of the effort is focused on
excluding more malignant causes of syncope. The history
should focus on the circumstances surrounding the syncope,
the associated symptoms before and after the event, and any
collateral history from witnesses. The medical history may
contain evidence of structural heart disease and coexisting
medical conditions, which both point away from NMS.
Medications may provoke syncope, and a family history of
sudden death may point to an arrhythmic cause. Historical
features of NMS have been found to include female sex,
younger age, associated diaphoresis, nausea or palpitation,
and postsyncopal fatigue [1]. A long duration of spells (from
the first lifetime spell) also suggests NMS. Some historical
features have been incorporated into a point score that can
be used to distinguish between NMS and seizures (Table
66.1) [3].

The physical examination should focus on ruling out
structural heart disease and focal neurologic lesions. The
most useful examination maneuver is the carotid sinus
massage. The current technique involves performing up to
10 seconds of massage to the carotid sinus (per side) in 
both the supine and upright posture, with a positive result
requiring a decrease in blood pressure or heart rate with 
an associated reproduction in presenting symptoms [1]. 
This procedure is associated with a low rate of neurologic
complications.
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TILT-TABLE TESTING

Tilt-table testing has been widely used since the late
1980s. These tests subject patients to head-up tilt at angles
of 60 to 80 degrees, and all aim to induce either syncope or
intense presyncope, with a reproduction of presenting symp-
toms. Passive tilt tests simply use upright tilt for up to 
45 minutes to induce vasovagal syncope (sensitivity ~40%,
specificity ~90%) [1]. Provocative tilt tests use a simultane-
ous combination of orthostatic stress and drugs such as iso-
proterenol, nitroglycerin, or adenosine to provoke syncope
with a slightly greater sensitivity, but reduced specificity.
There is little agreement about the best protocol. Many
physicians are more comfortable treating patients if a diag-
nosis can be established with a tilt-table test. Studies with
implantable loop recorders have called the value of tilt
testing into question. The International Study on Syncope of
Uncertain Etiology (ISSUE) investigators have reported that
in the absence of significant structural heart disease, patients
with tilt-positive syncope and tilt-negative syncope have
similar patterns of recurrence (34% in each group during a
follow-up of 3–15 months), with electrocardiographic
recording consistent with NMS [4]. Despite these data, 
tilt-table testing is still recommended for the evaluation of
recurrent NMS [5]. Tilt tests are contraindicated in patients
with severe aortic or mitral stenosis or critical coronary or
cerebral artery stenosis.

NATURAL HISTORY OF NEURALLY 
MEDIATED SYNCOPE

Most people with NMS faint only once, but for some
patients it can be a recurring and troublesome disorder. Most
patients do well after assessment, with only a 25 to 30% like-
lihood of syncope recurrence after tilt testing in patients who
receive neither drugs nor a device [6]. The cause for this
apparently great reduction in syncope frequency may be
spontaneous remission, reassurance, or advice about the
pathophysiology of syncope, and postural maneuvers to
prevent syncope. However, patients with a history of syn-
copal spells are more likely to faint in follow-up [7]. The
time to the first recurrence of syncope after tilt testing is a
simple and individualized measure of eventual syncope 
frequency, because those patients who faint early after a 
tilt test tend to continue to faint often [8].

Neurally Mediated Syncope Treatment

Most patients should simply be reassured about the usual
benign course of NMS and should be instructed to avoid
those situations that precipitate fainting. The use of support
stockings or increased salt intake may be helpful. They
should be taught to recognize an impending faint and urged

TABLE 66.1 Diagnostic Questions to Determine Whether
Loss of Consciousness Is Due to Seizures or Syncope

Question
Points (If Yes)

At times do you wake with a cut tongue after your spells?
2

At times do you have a sense of deja vu or jamais vu before your spells?
1

At times is emotional stress associated with losing consciousness?
1

Has anyone ever noted your head turning during a spell?
1

Has anyone ever noted that you are unresponsive, have unusual posturing
or have jerking limbs during your spells or have no memory of your
spells afterwards? (Score as yes for any positive response)

1

Has anyone ever noted that you are confused after a spell?
1

Have you ever had lightheaded spells?
-2

At times do you sweat before your spells?
-2

Is prolonged sitting or standing associated with your spells?
-2

The patient has seizures if the point score is ≥1, and syncope if the point
score is <1.  Reprinted with permission from Sheldon, R., M. S. Rose, D.
Ritchie, et al. 2002. Historical criteria that distinguish syncope from
seizures. J. Am. Coll. Cardiol. 40:142–148.
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FIGURE 66.1 The “Ventricular Hypothesis of Neurally Mediated
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to lie down (or sit down if lying down is not possible)
quickly. However, these prevention methods will not be
enough for some patients, and other treatment options may
be necessary.

Some drugs may be helpful [1]. Although salt replenish-
ment and fludrocortisone have not been rigorously studied,
they are both commonly used because of their low side
effect profile and probable efficacy. Although a common
therapy, there is only poor evidence for the effectiveness of
b-blockers. A large, international, multicenter, double-blind,
randomized, placebo-controlled trial is currently underway
to assess the effectiveness of oral metoprolol in NMS [9].
The a1 agonist midodrine has been found to decrease the
rate of recurrent syncope among patients who frequently
faint [10], whereas another a1 agonist, etilefrine, was not
found to be useful [11]. The selective serotonin reuptake
inhibitor paroxetine also has been shown to be useful in one
well-designed study [12].

Orthostatic (tilt) training has been suggested as an effec-
tive nonpharmacologic therapy for patients with recurrent
NMS [13]. This treatment involves having the patients lean
upright against a wall for 30 to 40 minutes, 1 to 2 times per
day. Although the initial results from this therapy are quite
promising, this therapy has not yet been subjected to a
proper trial.

Permanent dual-chamber pacemakers have been shown
to be associated with a significant reduction in recurrent
syncope among highly symptomatic patients with NMS in
several unblinded randomized trials [14]. However, this
therapy is expensive and invasive (requiring a small surgi-
cal procedure). A recent double blind placebo controlled trial
found that the benefits of dual-chamber pacing are much
more modest than was originally thought [15]. Currently,
permanent pacemaker implantation cannot be recommended
as a “first-line” therapy for NMS.
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Over the last half-century, anecdotal reports have
described common experiences of dizziness, nausea, and
symptoms of syncope in endurance-trained athletes. From
these observations emerged the hypothesis that aerobically
fit athletes were predisposed to orthostatic hypotension and
intolerance. Although numerous investigations reported in
the literature have failed to support a relation between
aerobic fitness and orthostatic intolerance [1, 2], a few
studies have provided evidence that individuals who habit-
ually participate in endurance exercise training have demon-
strated some degree of symptomatic orthostatism [1, 3, 4].

The mechanisms underlying syncope in athletes are
unclear. Early cross-sectional investigations demonstrated
that lower orthostatic tolerance was associated with greater
venous compliance in the legs of athletes compared with
nonathlete subjects [1, 2]. However, more recent cross-
sectional and longitudinal studies have failed to demonstrate
differences in leg compliance between trained and untrained
states. High cardiac vagal tone or depressed carotid and
aortic baroreceptor reflex responsiveness have been impli-
cated as possible mechanisms that may limit the ability 
of athletes to increase heart rate during orthostatism 
[4]. However, cross-sectional and longitudinal data have
demonstrated little difference in carotid–cardiac baroreflex 
responsiveness associated with exercise training [1, 2]. Fur-
thermore, expanded blood volume, which is associated with
endurance exercise training, is known to reduce heart rate
and vasoconstrictive baroreflex responses to baroreceptor
stimulation [5]. Because endurance athletes are hyper-
volemic, their reduced heart rate and vasoconstrictive
responses may therefore represent a greater reserve for
tachycardia and vascular resistance compared with nonath-
letes. It is important to emphasize that blood pressure is the
product of heart rate ¥ stroke volume ¥ peripheral resistance.
Athletes who have large stroke volumes secondary to eccen-
tric hypertrophy and a large end-diastolic volume may
require smaller baroreflex-mediated tachycardia and vaso-
constriction in response to arterial hypotension to affect an
appropriate corrective increase in cardiac output than does
a nonathlete with a smaller stroke volume. This concept is
supported by the observation that the lower tachycardia
observed in athletes during an orthostatic challenge is 

compensated for by greater stroke volume, thus maintaining
cardiac output at or above levels of nonathletes [1, 2]. There-
fore, it is difficult to contend that syncope in athletes can be
attributed to deficiencies in blood volume, compliance of 
the lower extremities, or baroreflex control of cardiac and
vascular responses.

With the lack of evidence supporting the role of attenu-
ated baroreflex function in athletes to explain their predis-
position to syncope, an alternative hypothesis has emerged
describing evidence that athletes have structural changes in
the cardiovascular system that, although beneficial during
exercise, can lead to an excessively large decrease in stroke
volume during orthostatism. This hypothesis is based on 
the evidence that endurance-trained athletes demonstrate a
greater effective left ventricular compliance and distensibil-
ity than nonathletes, and a steeper slope of the Frank–
Starling relation between left ventricular filling pressure 
and stroke volume [3]. Thus, greater reduction in stroke
volume for the same reduction in filling pressure may repre-
sent the most likely mechanism predisposing the athlete to
syncope.

It should be emphasized that syncope in athletes occurs
in few high-endurance–trained individuals. Because there is
an important genetic component to being an elite athlete, it
is not unreasonable to speculate that a steeper Frank–
Starling curve may be an innate characteristic of some ath-
letes, thus predisposing them to syncope. It is important that
the predisposition to syncope in a few elite athletes not
detract from the health benefits to be gained by sedentary
individuals who undertake aerobic exercise programs. 
The phenomenon of syncope in the elite athlete most 
likely represents a mechanical change in the cardiovascular
system that benefits the athlete during exercise and should
not be interpreted as a clinical abnormality.
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of diencephalic or brainstem sympathoexcitatory regions
either caused by direct activation or by disinhibition (release
phenomenon) secondary to loss of cortical and subcortical
control [2, 4]. Resetting of baroreflex mechanisms could
explain the coexistence of hypertension and tachycardia,
whereas a combination of increased adrenomedullary cate-
cholamines and neural sympathetic traffic could account 
for the increase in pulse pressure during the episodes [2].
Activation of somatosympathetic reflexes from muscle
mechanoreceptors or chemoreceptors during episodes of
hypertonia or fluctuations in intraventricular pressure could
trigger the paroxysmal symptoms [2, 4, 6, 9]. Although
epileptic discharges may cause a similar syndrome [5], they
appear to be uncommon in patients with autonomic storms
after severe head injury [2, 4, 6].

INCIDENCE

Autonomic storms may be much more common than sug-
gested by the surprisingly scarce literature on this disorder.
It is not infrequent to find patients with diffuse axonal injury
showing features of dysautonomia both in intensive care and
rehabilitation units. However, the lack of well-defined diag-
nostic criteria hampers the definition of true cases of auto-
nomic storm. Currently, there is only one systematic review
of consecutive patients (n = 35) with severe head trauma and
paroxysmal dysautonomia available in the literature [1], and
no prospective data have been published on this subject.
Hence, currently, the real incidence of autonomic storms
after traumatic brain injury and other forms of acute
intracranial disease is unknown.

CLINICAL MANIFESTATIONS

The clinical features of autonomic storms include fever
(often >39°C), tachycardia, hypertension (often with widen-
ing of the pulse pressure), tachypnea, hyperhidrosis, and
extensor posturing. Pupillary dilation, intense flushing, 
and severe dystonia may also be present. Intracranial 
pressure may increase during the episodes; autonomic 

Episodes of acute autonomic disturbances may occur
after central nervous system catastrophic injury and are
often misinterpreted. This is due, in part, to the confusing
and scant literature on this topic and the lack of a system-
atic nomenclature [1]. Episodic hypersympathetic states
have been variably named paroxysmal sympathetic storms
[2], autonomic storms [3], diencephalic seizures [4], dien-
cephalic epilepsy [5], autonomic dysfunction syndrome [6],
or simply dysautonomia [1]. This chapter focuses on the
diagnosis and management of paroxysmal autonomic
derangements that occur after severe brain injury.

DEFINITION

Autonomic storms are acute disorders of sympathetic
function that result in alterations of body temperature, blood
pressure, heart rate, respiratory rate, sweating, and muscle
tone. For the purpose of this chapter, use of the term auto-
nomic storm is limited to patients with acute central nervous
system disease.

CAUSES AND PATHOPHYSIOLOGY

Autonomic storms are most common after severe head
trauma with diffuse axonal injury [1] and in postresuscita-
tion encephalopathy caused by an anoxic–ischemic insult
[7]. However, they can occur in patients with other forms of
acute intracranial lesions, such as intracerebral hemorrhage
[8], and in patients with brain or brainstem tumors [5] or
hydrocephalus [9]. Immediately after an intracranial catas-
trophe, there is a massive catecholamine surge that may
produce seizures, neurogenic pulmonary edema, and
myocardial injury. Sympathetic outflow diminishes over
time, and manifestations of autonomic dysfunction tend to
disappear within a few days in most patients. However,
some individuals go on to develop recurrent paroxysms of
sympathetic overactivity (autonomic storms) during the
acute hospitalization and later recovery phase.

The pathophysiology of autonomic storms remains
unclear. Proposed mechanisms include heightened activity

The Autonomic Storm68

257

Alejandro A. Rabinstein
Department of Neurology

Mayo Clinic
Rochester, Minnesota

Eelco F. M. Wijdicks
Department of Neurology

Mayo Clinic
Rochester, Minnesota



258 Part VIII. Catecholamine Disorders

dysfunction usually precedes the increase in intracranial
pressure [4, 6], except in patients whose episodes seem trig-
gered by acute hydrocephalus [6].

The paroxysms usually begin 5 to 7 days after the injury,
but may start earlier. The episodes follow a regular pattern,
occurring on average 1 to 3 times per day; each episode may
last between 2 and 10 hours. The changes in vital signs
observed during a typical autonomic storm are illustrated in
Figure 68.1. Over time, the episodes tend to become less
frequent but more prolonged and severe before subsiding
months after the inciting event [2, 4, 6].

DIFFERENTIAL DIAGNOSIS AND 
DIAGNOSTIC EVALUATION

The diagnosis of autonomic storm is based on the recog-
nition of the regular pattern of dysautonomic spells in a
patient with acute intracranial disease. It must be distin-
guished from other syndromes that also present with features
of autonomic instability, such as neuroleptic malignant syn-
drome (see Chapter 82), malignant hyperthermia (see
Chapter 49), and lethal catatonia. Lethal catatonia is most
often seen in patients with psychiatric disorders, but also can
occur after viral encephalitis. It begins subacutely with

insomnia, anorexia, agitation, and rigidity with intermittent
posturing. Labile blood pressure, tachycardia, fever, and
diaphoresis become prominent, and extreme exhaustion and
dehydration ensue. Outcome is fatal unless patients are
timely treated with electroconvulsive therapy [10].

Cushing response, typically seen in patients with acute
distortion of the lower brainstem, should not be confused
with autonomic storm, because in these cases hypertension
is associated with bradycardia, as opposed to tachycardia,
and irregular breathing [3].

In all patients with suspected autonomic storm, sepsis
should be excluded by serial blood cultures and encephali-
tis should be excluded by cerebrospinal fluid examination.
However, the search for an infection should be efficient and
must not preclude prompt recognition and treatment of auto-
nomic storms. Epileptiform activity also should be ruled out
by electroencephalography. The possibility of underlying
spinal cord injury must be considered because autonomic
dysreflexia can occur in patients with transections above the
fifth or sixth thoracic level (see Chapter 81). Thus, magnetic
resonance imaging of the cervical and upper thoracic spine
should be obtained. Finally, all patients with autonomic
storms need computed tomography or magnetic resonance
scans of the brain to exclude the presence of hydrocephalus.
Table 68.1 summarizes the differential diagnosis and diag-
nostic evaluation of autonomic storm.

TREATMENT

Morphine sulfate (10mg every 4 hours), bromocriptine
(1.25–2.5mg three times a day), and nonselective b-
blockers such as labetalol (100–200mg twice a day) or pro-
pranolol (20–60mg four times a day) have been successfully
used to treat autonomic storms [2, 4, 6, 11]. These agents
may be used alone or in combination, especially during the
acute phase. In our experience, morphine sulfate seems to
be most effective. Once dysautonomic manifestations have
been under control for several weeks, the medications may
be tapered while carefully watching for symptom recur-
rence. Often, it is necessary to continue treatment for several
months. The mechanisms by which opioids, dopamine ago-
nists, and b-blockers improve dysautonomia remain specu-
lative. Antiepileptic drugs are typically not helpful in true
cases of autonomic storm but should be tried if questions
about a possible epileptic nature of the spells persist. Sys-
tematic studies of different treatment regimens are needed
to optimize outcome in patients with autonomic storm.

PROGNOSIS

Autonomic storms have been associated with poor func-
tional outcome after severe traumatic brain injury [1]. 

FIGURE 68.1 Changes in vital signs in a patient with typical autonomic
storm after severe head trauma with diffuse axonal injury. Body tempera-
ture is measured in Celsius degrees, blood pressure in mmHg, and pulse in
beats/minute. (Reproduced from Boeve, B. E., E. F. M. Wijdicks, E. E.
Benarroch, and K. D. Schmidt. 1998. Paroxysmal sympathetic storms
(“diencephalic seizures”) after severe diffuse axonal head injury. Mayo
Clin. Proc. 73:148–152, with permission.)



of secondary brain insult during dysautonomic episodes—
from hyperthermia, extreme increase in energy expenditure,
and increase in intracranial pressure—on neurologic out-
come deserves further investigation. Permanent cardiac and
skeletal muscle fiber damage also is possible because of the
effects of massive catecholamine release.
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TABLE 68.1 Differential Diagnosis and Diagnostic
Evaluation of Autonomic Storm

Diagnosis Diagnostic clue/evaluation/action

Neuroleptic malignant syndrome History of neuroleptic use
Remove antidopaminergic drugs
Creatinine kinase*

Malignant hyperthermia History of triggering event/drug
Remove potential triggers
Creatinine kinase*
Muscle biopsy

Lethal catatonia Subacute onset with agitation
Creatinine kinase*

Cushing response Bradycardia
Irregular breathing pattern
Brain MRI with upper brainstem

distortion
Spinal cord injury MRI of cervical and upper thoracic

spine
Sepsis Serial blood cultures

Lactic acid
Chest radiographs

Encephalitis Cerebrospinal fluid examination
Seizures Electroencephalography
Hydrocephalus† CT or MRI scan of brain

*Serum creatinine kinase levels may fluctuate with the spells in patients
with autonomic storm, whereas they remain persistently high in patients
with unrelenting severe muscle rigidity such as seen in these three syn-
dromes. However, the value of this potential differentiating clue has not
been formally evaluated.

† Hydrocephalus could actually trigger true episodes of autonomic
storm.

CT, computed tomography; MRI, magnetic resonance imaging.

Disabling dystonia and spasticity are the most common
sequelae and may render patients almost unable to com-
municate [1]. Although these symptoms may simply be a re-
flection of the severity of the initial brain injury, the impact



Embryologically related diseases arising from neural
crest maldevelopment (e.g., pheochromocytoma, neuroblas-
toma, neurofibromatosis, MTC, carcinoid, and MEN) have
been designated neurocristopathies. Some of these tumors
are capable of amine and amine precursor uptake and decar-
boxylation (the APUD system) and may secrete cate-
cholamines and a variety of peptides.

Pheochromocytomas coexist in ~14% of patients with
VHL disease, which is characterized by central nervous
system hemangioblastoma and retinal angioma; renal and
pancreatic cysts, renal carcinoma, and cystadenoma of the
epididymis may coexist. Familial paraganglioma and famil-
ial pheochromocytoma appear associated with genetic muta-
tions in mitochondrial succinate dehydrogenase enzymes.

Pheochromocytomas average 3 to 5cm in diameter but
may be microscopic or weigh up to 4kg. Average weight 
is ~70g. Cells contain secretory granules that release 
catecholamines by diffusion, exocytosis, or both (along with
dopamine b-hydroxylase, neuropeptide Y, and chromo-
granins); catecholamines exert cardiovascular and metabolic
effects by stimulating a- and b-adrenergic receptors. Pro-
longed exposure to excess catecholamines can decrease
receptor responsiveness (desensitization). Other peptides
may be secreted and contribute to unusual clinical 
manifestations.

About 10% of adrenal pheochromocytomas and up to
40% of extraadrenal tumors are malignant (evidenced by
metastases or invasion of adjacent structures), but
histopathology cannot differentiate benign from malignant
tumors.

Pheochromocytoma may be cured by surgical resection
in ~90% of patients, but, if unrecognized, it almost invari-
ably causes lethal cerebrovascular or cardiovascular com-
plications from excess circulating catecholamines (e.g.,
stroke, myocardial infarction, arrhythmias, catecholamine
cardiomyopathy, ischemic enterocolitis, shock, and multi-
system organ failure).

Hypercatecholaminemia may cause manifestations sug-
gesting many conditions, some with increased excretion of
catecholamines and metabolites (Table 69.1). However,

Pheochromocytoma, a rare catecholamine-secreting tu-
mor of neuroectodermal chromaffin cells, occurs in 0.01 to
0.05% of patients with sustained systolic and diastolic
hypertension. Fifty percent of tumors cause sustained hyper-
tension, often fluctuating and sometimes accompanied by
orthostatic hypotension; 45% cause only paroxysmal hyper-
tension and ~5% of patients remain normotensive, espe-
cially those with familial tumors.

Eighty-five percent of pheochromocytomas occur in the
adrenal medulla; about 15% arise in extraadrenal sites (para-
gangliomas)—for example, organ of Zuckerkandl, urinary
bladder (<1%), paraganglia chromaffin cells associated with
sympathetic nerves elsewhere in the abdomen, pelvis, chest
(<2%), neck (<0.1%), and rarely at the base of the skull.
Extraadrenal and multiple pheochromocytomas are more
frequent in children (30% and 35%, respectively) than adults
(15% and 18%, respectively).

About 20% of pheochromocytomas are familial with an
autosomal dominant mode of inheritance and may be asso-
ciated with multiple endocrine neoplasms (MENs), von
Hippel–Lindau disease (VHL), carotid body or multiple
paragangliomas, and neurofibromatosis type-1. These famil-
ial pheochromocytomas are caused by genetic mutations, for
example, RET protooncogene on chromosome 10 for MEN
type 2a and 2b syndromes, on chromosome 3p for VHL, on
chromosome 11q for carotid body and multiple paragan-
gliomas, and on chromosome 17q for neurofibromatosis.
Coexistence of pheochromocytoma with medullary thyroid
carcinoma (MTC) or C cell hyperplasia and sometimes with
parathyroid neoplasm or hyperplasia constitutes MEN type-
2a. Coexistence of pheochromocytoma with MTC, mucosal
neuromas, thickened corneal nerves, alimentary tract 
ganglioneuromatosis, and sometimes a marfanoid habitus
constitutes MEN type-2b. Hyperparathyroidism occurs in
~50% of patients with MEN type-2a, but rarely in type-2b.
MTC almost always precedes pheochromocytoma in 
MEN syndromes. von Recklinghausen’s peripheral neuro-
fibromatosis coexists in 5% of patients with pheochromo-
cytoma; 1% of individuals with neurofibromatosis have a
pheochromocytoma.
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manifestations of “attacks” suggesting hypercatecholamine-
mia without hypertension are highly atypical. Symptomatic
hypertensive attacks caused by pheochromocytoma usually
occur 1 or more times a week and last less than 1 hour in
~75% of cases, but they may occur at any frequency. They
may be precipitated by deep abdominal palpation, postural
changes, exertion, anxiety, trauma, pain, ingestion of foods
or beverages containing tyramine (certain cheeses, beer, 
and wine), use of certain drugs (b-blockers, phenothia-
zines, metoclopramide, monoamine oxidase inhibitors, 
tricyclic antidepressants, adrenocorticotropic hormone, 
and chemotherapy), intubation, anesthesia induction, opera-
tive manipulation, and micturition or bladder distension
(with a bladder pheochromocytoma). Rarely, patients with
predominantly epinephrine-secreting tumors have hyperten-
sion alternating with hypotension.

The most common symptoms and signs in patients with
pheochromocytoma are listed in Table 69.2. Severe
headaches (sometimes accompanied by nausea and vomit-
ing) and/or generalized sweating and/or palpitations with
tachycardia (rarely reflex bradycardia) occur in up to 95%
of persons with functional pheochromocytomas. Anxiety,
fear of death, and pallor (rarely flushing) are frequent during
paroxysmal hypertension. Severe constipation or pseudo-
obstruction may occur in patients with sustained hyperten-

sion because catecholamines inhibit peristalsis. Secretion 
of vasoactive intestinal peptide, serotonin, or calcitonin by
some pheochromocytomas may cause diarrhea.

Retinopathy can occur with sustained hypertension. Fine
tremors and slight fever (rarely hyperpyrexia) may occur.
Polydipsia, polyuria, and convulsions may occur in children.

Transient arrhythmias, electrocardiogram (ECG) changes,
or sudden heart failure may occur, and catecholamine car-
diomyopathy, hypertension, and coronary atherosclerosis can
cause persistent ECG changes.

Hypercatecholaminemia may cause hyperglycemia, in-
creased triglycerides, and hyperreninemia. Endocrine abnor-
malities are sometimes caused by pheochromocytoma and
coexisting conditions—for example, MEN type-2a or type-
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TABLE 69.2 The Most Common Symptoms and Signs in
Patients (Almost All Adults) with Pheochromocytoma

Associated with Paroxysmal or Persistent Hypertension

Paroxysmal Persistent
(% of 37 (% of 39
patients) patients)

Symptoms
Headaches (severe) 92 72
Excessive sweating (generalized) 65 69
Palpitations with or without tachycardia 73 51
Anxiety, nervousness, fear of impending 60 28

death, or panic
Tremulousness 51 26
Pain in chest, abdomen (usually epigastric), 48 28

lumbar regions, lower abdomen or groin
Nausea with or without vomiting 43 26
Weakness, fatigue, prostration 38 15
Weight loss (severe) 14 15
Dyspnea 11 18
Warmth or heat intolerance 13 15
(Noteworthy are painless hematuria, urinary

frequency, nocturia, and tenesmus in
pheochromocytoma of the urinary bladder).

Signs
Hypertension with or without wide fluctuations (rarely paroxysmal

hypotension or hypertension alternating with hypotension or
hypertension absent)

Hypertension induced by physical maneuver such as exercise, postural
change, or palpation and massage of flank or mass elsewhere

Orthostatic hypotension with or without postural tachycardia
Paradoxic blood pressure response to certain antihypertensive drugs;

marked pressor response with induction of anesthesia
Inappropriate and severe sweating
Tachycardia or reflex bradycardia, very forceful heartbeat and arrhythmia
Pallor of face and upper part of body (rarely flushing)
Anxious, frightened, troubled appearance
Leanness or underweight
Hypertensive retinopathy

Modified from Manger, W. M., and R. W. Gifford, Jr. 1996. Clinical
and experimental pheochromocytoma, 2nd ed. Cambridge, MA: Blackwell
Science.

TABLE 69.1 Differential Diagnosis of Pheochromocytoma

All hypertensive patients (sustained and paroxysmal) when diagnosis is
unknown

Anxiety, panic attacks, psychoneurosis, tension states
Hyperthyroidism
Hyperdynamic b-adrenergic circulatory state
Menopause
Vasodilating headache (migraine and cluster headaches)
Coronary insufficiency
Renal parenchymal or renal arterial disease with hypertension
Focal arterial insufficiency of the brain; cerebral vasculitis
Intracranial lesions (with or without increased intracranial pressure)
Autonomic hyperreflexia
Diencephalic seizure; Page syndrome; dopamine surges
Preeclampsia (or eclampsia with convulsions)
Hypertensive crises associated with monoamine oxidase inhibitors

Hypoglycemia
Neuroblastoma; ganglioneuroblastoma; ganglioneuroma
Acute infectious disease; acute abdomen (cardiovascular catastrophe)

Unexplained shock
Neurofibromatosis (with hypertension)
Rare causes of paroxysmal hypertension (adrenal medullary hyperplasia;

acute porphyria; clonidine withdrawal; baroreflex failure;
pseudopheochromocytoma; factitious-induced by certain illegal,
prescription, and nonprescription drugs); fatal familial insomnia

From Manger, W. M., and R. W. Gifford, Jr. 1996. Clinical and exper-
imental pheochromocytoma, 2nd ed. Cambridge, MA: Blackwell Science.

Conditions in italics may increase the excretion of catecholamines,
metabolites, or both.
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2b or Cushing’s syndrome. Rarely, pheochromocytomas or
coexisting hemangioblastoma secrete erythropoietin and
cause polycythemia.

Pheochromocytoma should be considered in all patients
with unexplained paroxysmal or sustained hypertension
associated with symptoms suggesting hypercatecholamine-
mia; when increased blood pressure is refractory to or some-
times aggravated by antihypertensive therapy; with a
personal history of a previously resected or a family history
of pheochromocytoma; or with discovery of an adrenal inci-
dentaloma. Asymptomatic patients with unexplained hyper-
tension and ECG abnormalities that may be caused by
hypercatecholaminemia, with imaging evidence suggesting
pheochromocytoma, or with diseases sometimes coexisting
with pheochromocytoma should be screened. Also, first-
degree relatives of patients with familial pheochromocy-
toma should be screened biochemically and genetically for
evidence of pheochromocytoma and familial disease.

Plasma-free (unconjugated) metanephrine, normetane-
phrine, and catecholamines, and 24-hour urinary catecho-
lamines, metanephrine, and normetanephrine (determined 
by high-pressure liquid chromatography) are almost always
increased with sustained hypertension or during paroxys-
mal hypertension caused by pheochromocytoma. Total 
metanephrine determined by spectrophotometry and vanillyl-
mandelic acid (VMA) measurements are less reliable. Even
in the absence of hypertension, plasma-free metanephrine and
normetanephrine will detect sporadic or familial pheochro-
mocytoma with a sensitivity of 99% and 98%, respectively;
however, measurement of urinary metanephrine and nor-
metanephrine are almost as sensitive as their plasma measure-
ments for detecting pheochromocytoma.

Because no biochemical test is totally specific, repeating
a combination of tests may help in establishing or exclud-
ing presence of a pheochromocytoma. Physiologic stress
and stress occurring with various diseases (e.g., heart or
renal failure), hypotension, hypoglycemia, acidosis, some
medications (e.g., acetaminophen, buspirone, tricyclic anti-
depressants, phenoxybenzamine, labetalol, sympathomimet-
ics, and some vasodilators), and coffee may increase plasma
or urinary concentrations of catecholamines and their
metabolites or interfere with biochemical analyses.

Some patients with neurogenic or essential hypertension
have increased plasma catecholamines and manifestations,
which suggests pheochromocytoma. The clonidine suppres-
sion test permits differentiation of these conditions by sup-
pressing plasma norepinephrine concentrations in patients
without tumors but not in those with tumors (b-blockers,
diuretics, and tricyclic antidepressants can interfere with this
test). A glucagon provocative test combined with cate-
cholamine quantitation may rarely be needed to establish
presence of a pheochromocytoma.

Imaging localization of pheochromocytomas is indicated
after establishing the diagnosis biochemically. Computer-

ized tomography identified 95% of adrenal pheochromocy-
toma 1cm or larger and 90% of extraadrenal tumors greater
than 2cm, but intravenous (IV) and oral contrast are neces-
sary. Magnetic resonance imaging (MRI) is more sensitive
than computed tomography for detecting pheochromocy-
toma and also is more specific, because high-signal inten-
sity of T2-weighted images on MRI may be fairly
characteristic; it is noninvasive and is ideal for imaging chil-
dren and pregnant patients, because no radiation is involved.

The radiopharmaceutical agents 131I or 123I metaiodoben-
zylguanidine (MIBG) concentrate in about 80% and 90%,
respectively, of pheochromocytomas; MIBG is highly spe-
cific and may help to detect metastases and very small
tumors. MIBG uptake may occur in neuroblastomas, MTC,
carcinoids, and small cell lung carcinomas; uptake may be
inhibited by some antihypertensives, antidepressants, sym-
pathomimetics, and tranquilizers. Sometimes a combination
of imaging studies can be especially helpful in detecting
pheochromocytomas and confirming the diagnosis.

Optimal treatment of pheochromocytoma requires exper-
tise. Preoperative adrenergic blockade with phenoxybenza-
mine or prazosin usually prevents clinical manifestations
and reverses any hypovolemia and promotes a smooth anes-
thetic induction and a fairly stable blood pressure during
surgery. Calcium channel blockers also can control pheo-
chromocytic hypertension.

b-Blockade is used to prevent or to treat supraventricu-
lar arrhythmias and tachycardia. Ventricular arrhythmias are
treated with IV lidocaine. b-Blockers should never be given
without first creating a-blockade because b-blockade alone
can cause marked hypertension.

Malignant hypertension, acute cardiovascular complica-
tions or acceleration of severity, and/or frequency of hyper-
tensive crises may require immediate medical or surgical
therapy, or both. Hypertensive crises are best controlled by
IV phentolamine, nitroprusside, or nitroglycerin. If immedi-
ate surgery is necessary, hypovolemia is corrected with IV
fluid, blood, or both. Morphine and phenothiazine should be
avoided because they may precipitate hypertensive crises or
shock.

With improvement of imaging techniques and with
increasing experience with laparoscopic removal of adrenal
and some extraadrenal pheochromocytomas, open sur-
gical removal is indicated sometimes if tumors are multiple,
greater than 6cm in diameter, or difficult to remove 
laparoscopically.

Pheochromocytoma of the chest, neck, and urinary
bladder require special surgical procedures. Pheochromocy-
toma or MEN (with MTC or C cell hyperplasia and/or 
hyperparathyroidism) may cause hypercalcitonemia, hyper-
calcemia, or both. Therefore, patients with these biochemical
increases should be reevaluated after pheochromocytoma
removal, because return of these increases to normal levels
eliminates MEN as the cause.



Chemotherapy and radiation therapy may be helpful in
treating aggressive malignant tumors and metastases. a- And
b-adrenergic blockers may control symptomatology and
blood pressure for many years. Metyrosine can markedly
inhibit catecholamine synthesis and reduce symptomatology.
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paragangliomas. Children of a female parent positive for 
the abnormal trait will not experience development of para-
gangliomas, but they may pass the abnormal gene to their
children. Because of potential complications from an undi-
agnosed tumor, recognition of potential expression of this
gene in family members is of utmost importance. The para-
ganglioma gene (PGL1) has been mapped to 11q22.3–q23.
Furthermore, analysis of families carrying the PGL1 gene
has revealed germ-line mutations in the SDHD gene on
chromosome 11q23.

Paragangliomas, which grow by local extension, exhibit
intimate anatomic association with the carotid artery, jugular
vein, sympathetic chain, and lower cranial nerves (IX–XII).
This accounts for both the symptoms and signs of patients,
including dysphagia, dysphonia, aspiration, tinnitus, hearing
loss, pain, chronic cough, and shoulder weakness. However,
most patients with an isolated CBT present with an asymp-
tomatic mass either in the high cervical region or in the
lateral pharyngeal wall. On physical examination, if the
tumor is larger than 2cm, a mass is palpable just inferior to
the angle of the mandible. The mass has moderate lateral
mobility and limitations in vertical mobility because of its
attachment to the carotid artery.

There are multiple imaging modalities used in the diag-
nosis of cervical paragangliomas. With clinical suspicion of
a cervical or parapharyngeal space paraganglioma, magnetic
resonance imaging (MRI) is the most informative and valu-
able imaging modality, allowing for greater soft-tissue res-
olution and imaging in multiple planes. Thus, for evaluation
of suspected CBTs, we initially evaluate the patient with
MRI with and without contrast. The lone advantage of com-
puted tomography scanning is as an adjunct to the MRI,
allowing for evaluation of bony involvement at the skull
base. With clinical suspicion of a CBT, fine-needle aspira-
tion is not indicated because of unnecessary costs and poten-
tial complications.

Unlike pheochromocytomas, less than 5% of paragan-
gliomas secrete catecholamines. Jugular and vagal tumors
have a greater rate of catecholamine excretion than CBT.
Despite this, however, it is still prudent to evaluate patients
with a 24-hour urine for fractionated catecholamines to

The carotid body is one of the paraganglia located along
the course of the vagus nerve in the head, neck, and chest.
It functions as a chemoreceptor to stimulate respiration.
Located on the medial surface of the carotid bifurcation, it
is approximately 2 ¥ 5mm (Fig. 70.1). The carotid body is
composed of clusters of epithelium-like cells in a richly vas-
cular connective tissue stroma. Two cell types make up the
cell nests. Chief cells (type 1, epithelioid cells) are the larger
polygonal cells. They have an epithelioid appearance and
contain neurosecretory granules. Sustentacular cells (type II,
supporting cells) are smaller, irregularly shaped cells situ-
ated between the sinusoids and the type I cells. They are
devoid of neurosecretory granules. These cell clusters are
encased in a network of myelinated nerve fibers mixed with
a rich vascular plexus.

Although there are no known tumors that arise from the
carotid sinus, neoplastic growth of the carotid body can
occur either as an isolated tumor or as part of the familial
paraganglioma syndrome. Because of the chemoreceptor
function of the carotid body, these tumors were first called
chemodectomas or carotid body tumors (CBTs), but carotid
paraganglioma is the most accurate histologic terminology
for these lesions. Paragangliomas that develop from the
paraganglia adjacent to the vagus nerve and the jugular bulb
are usually described in the literature as glomus vagale and
glomus jugulare, respectively.

Fewer than 1000 CBT cases were reported before 1980,
indicating the rarity of these tumors. About 5% of these
patients presented with bilateral CBTs. Bilateral or multiple
paragangliomas, including those arising from the carotid,
jugular, vagal, and tympanic regions, are most commonly
seen in patients with familial paraganglioma syndrome.

The inheritance pattern of familial paraganglioma syn-
drome appears to be autosomal dominant modified by
genomic imprinting. In genomic imprinting, the imprintable
gene is transmitted in a Mendelian manner, but the expres-
sion of the gene is determined by the sex of the transmitting
parent. In the case of paragangliomas, the gene does not
result in the development of tumors when maternally inher-
ited. Thus, male and female children of a male parent posi-
tive for the genetic defect have a 50% chance of manifesting
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determine if catecholamine excretion is increased. At a
minimum, patients with accompanying flushing, hyperten-
sion, palpitations, and headaches should undergo a 24-hour
urine collection for catecholamine determination. To com-
plicate matters, such increases of catecholamines may also
occur as part of tumor-induced baroreflex failure.

Most CBTs grow from 1 to 2mm per year. Some tumors,
however, appear to advance at an even slower rate with
minimal change over a several year period. Rarely, para-
gangliomas progress at a much faster rate. Because of this
slow rate of enlargement, it is reasonable to initially observe
some tumors to establish the rate of progression before
deciding on a treatment course.

Surgical excision continues to be the mainstay of treat-
ment for CBT, particularly for unilateral isolated CBT. 
This decision becomes more complicated in patients with
bilateral CBT or patients with multiple bilateral paragan-
gliomas. Tumors less than 4.0cm have minimal neural
involvement and can usually be separated from the carotid
with minimal damage to the artery. Complication rates
increase as the tumors enlarge to more than 5cm. Preoper-

ative embolization may decrease blood loss and facilitate
surgical removal of these tumors, but its role has not been
fully established.

Cranial nerve loss is the most common complication with
surgical excision. In various series, the rate of loss ranges
from 10 to 50%. The most commonly injured nerve is the
superior laryngeal nerve, which provides sensory feedback
from the superior half of the larynx and motor function to
the cricothyroid muscle. Because of its location deep to the
carotid bifurcation, it is usually enveloped within the vas-
cular capsule on the medial surface of the tumor. Loss of the
superior laryngeal nerve results in moderate dysphagia with
mild aspiration caused by loss of sensory function and a
decrease in the vocal range with the loss of motor function.
Although the vocal range rarely returns to normal, compen-
sation for the dysphagia occurs within several weeks to
months after injury. Infrequently, the vagus and or the
hypoglossal nerves must be resected with the tumor sec-
ondary to tumor involvement. More commonly, these nerves
are injured because of retraction as they are separated 
away from the tumor. The hemilaryngeal and hemiglossal
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FIGURE 70.1 The carotid body lies on the medial surface of the carotid bifurcation adjacent to the carotid sinus in
the lateral wall of the carotid bifurcation. The afferent signals travel up the carotid sinus nerve (nerve of Hering) to join
with the glossopharyngeal nerve.
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paralysis, which develops with retraction injury to these
nerves, causes voice weakness, dysarthria, and significant
aspiration. Other nerves that are occasionally injured during
surgical resection include the glossopharyngeal, spinal
accessory, and the sympathetic trunk.

First bite syndrome can occur after resection of CBTs.
This is manifest by pain in the region of the parotid gland,
which occurs with the first few bites of each meal. This pain
results from the loss of the postganglionic sympathetic
innervation to the parotid gland. These postganglionic fibers
lie within the periadventitial tissue of the external carotid
artery. This loss results in a denervation supersensitivity of
the sympathetic receptors on the myoepithelial muscle cells
within the parotid. It is hypothesized that crossover stimu-
lation occurs during parasympathetic stimulation of the
gland resulting in spasm of the myoepithelial cells. The pain
decreases over time, but most patients alter their diets to stay
away from strong sialogogues.

Baroreceptor dysfunction is usually mild and transient
after unilateral CBT resection if there is normal innervation
to the contralateral carotid sinus, although cases of barore-
flex failure after unilateral resection have been reported.
With bilateral CBT resection, most patients manifest barore-
flex failure to some degree, thus requiring medical inter-
vention. With baroreflex failure, the ability to maintain
blood pressure and heart rate with a normal narrow range is
impaired. This results in wide swings in pressure and heart
rate in response to certain stimuli. An in-depth discussion of
baroreflex failure is presented in Chapter 71.

Radiation therapy has had a limited role in the treatment
of CBT. Although the series are small, it appears that radi-
ation therapy can control tumor growth in a significant per-
centage of patients treated. Averaging several series, 25% of
the tumors completely regressed, 25% of the tumors under-
went a partial regression, and the final 50% either stayed the
same size with no further growth or continued to advance 
in size.

Observation is a reasonable form of treatment in selected
individuals. Because of the slow growth rate, these tumors
can be observed to establish their rate of progression before
final treatment planning. A few patients have been observed
in some series for over a decade with minimal or no pro-
gression in the size of their tumors. We routinely observe
tumors in patients older than 65 years, or in individuals
whose life expectancy is decreased because of some other
disease process. During this period of observation the size
of the tumor is monitored to be sure that rapid growth does
not unexpectedly occur.
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CAUSES OF BAROREFLEX FAILURE

In most patients, the mechanism that led to bilateral inter-
ruption in afferent baroreflex input is suggested by the
history. A common cause of baroreflex failure is extensive
neck surgery and radiation therapy for cancers of the neck,
which may damage baroreceptors, afferent baroreflex
neurons, or both. In some patients, the bilateral loss results
from repeated trauma to the neck. For example, surgical
resection of the glossopharyngeal nerve resulted in baro-
reflex failure in a patient who had previously sustained
injury to the contralateral glossopharyngeal and vagus
nerves. Another patient reported in the literature experienced
baroreflex failure after repeated surgery to the cervical spine
and an auto accident. Baroreflex failure also has been
described in patients with the familial paraganglioma syn-
drome. Bilateral damage to the nuclei of the solitary tract,
the most important relay station for afferent autonomic
input, is a rare cause of baroreflex failure. In a number of
patients with typical signs and symptoms of baroreflex
failure, no cause could be documented.

CLINICAL PRESENTATION

Most patients who are ultimately diagnosed with barore-
flex failure are sent to tertiary care centers for the evalua-
tion of volatile arterial hypertension. The hypertension can
be sustained or episodic. Even with sustained hypertension,
blood pressure is highly variable (Fig. 71.2). During hyper-
tensive episodes, blood pressure recordings may be in the
range of 170 to 280/110 to 135mmHg. Hypertensive
episodes are usually accompanied by tachycardia, a so-
called tracking of blood pressure and heart rate. Patients may
experience sensations of warmth or flushing, palpitations,
headache, and diaphoresis. The hypertensive episodes are
triggered by factors such as psychological stress, physical
exercise, and pain. A minority of patients present with
episodes of hypotension and bradycardia. Spontaneous
hypotension and bradycardia is a feature of selective barore-
flex failure. Hypotensive episodes can be observed when

Baroreflexes have a pivotal role in blood pressure regu-
lation. Changes in blood pressure elicit changes in stretch of
carotid and aortic baroreceptors. The altered stretch of
carotid and aortic baroreceptors is conveyed to medullary
brainstem nuclei through the glossopharyngeal and vagus
nerves, respectively. In the brainstem, information from
baroreceptors is integrated with input from other afferents
and cortical input. Efferent parasympathetic and sympa-
thetic activity are adjusted to compensate for the change in
systemic blood pressure. Thus, the baroreflexes attenuate
excessive swings in blood pressure. This effect serves to
maintain blood flow to the organs, especially the brain.
Moreover, the vasculature is protected from large, poten-
tially deleterious, fluctuations in blood pressure.

Bilateral damage to structures of the afferent baroreflex
arc results in baroreflex failure. Any afferent arc structure
including baroreceptors, the afferent neurons transmitting
the information from baroreceptors, or afferent brainstem
nuclei may be involved. In contrast, damage to the efferent
part of the baroreflex causes autonomic failure (Table 71.1).
Whether the afferent baroreflex input must be completely
lost to develop baroreflex failure is not known. In most
patients with baroreflex failure, the lesion of the afferent arc
of the baroreflex seems to be associated with damage to
efferent neurons in the vagus nerve. The damage results in
partial or complete parasympathetic denervation of the heart
(“nonselective baroreflex failure,” Fig. 71.1). In a minority
of patients, efferent parasympathetic neurons are intact
(“selective baroreflex failure,” see Fig. 71.1).

There is a large body of literature on baroreflex function,
both in different animal species and in humans. However,
the number of patients with baroreflex failure reported in 
the literature is relatively small. The small number of
reported cases may suggest that baroreflex failure is a rare
condition. Perhaps the probability to experience bilateral
damage to afferent baroreflex structures is low. An alterna-
tive explanation is that many cases of baroreflex failure go
undetected.
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patients are resting and cortical input is diminished. With
profound hypotension, patients may experience presyncopal
symptoms. Frank syncope seems to be uncommon. Severe
orthostatic hypotension is not a typical symptom of barore-
flex failure. Indeed, some patients feature a marked increase
in blood pressure with standing, namely, orthostatic hyper-

tension. Orthostatic hypotension may be observed in
patients with baroreflex failure who are volume depleted or
are treated with sympatholytic drugs. One possible expla-
nation for the absence of severe orthostatic hypotension in
most patients is sparing of cardiopulmonary stretch recep-
tors. An alternative explanation is that other signals, such as
visual and vestibular cues, are sufficient to increase sympa-
thetic activity with assumption of the upright posture. The
baroreflex buffers the effect of vasoactive medications.
Therefore, patients with baroreflex failure may experience
severe hypotension after ingestion of standard doses of anti-
hypertensive medications (e.g., vasodilators, diuretics, and
sympatholytic drugs). Medications that increase vascular
tone can lead to dramatic increases in blood pressure. Clin-
ical observations suggest that patients with baroreflex failure
also feature emotional lability, particular during hyperten-

TABLE 71.1 Distinction of Baroreflex Failure 
and Autonomic Failure

Baroreflex Autonomic 
failure failure

Labile hypertension +++ +/-
Orthostatic hypotension +/- +++
Orthostatic hypertension ++ -
Supine hypertension +/- ++
Postprandial hypotension +/- -
Episodic tachycardia - ++
Bradycardic episodes ++* +/-
Hypersensitivity to vasoactive drugs +++ +++

*Bradycardia associated with hypotension is a typical feature of malig-
nant vagotonia caused by selective baroreflex failure.

FIGURE 71.1 Selective baroreflex failure (top) contrasted to nonselec-
tive baroreflex failure (bottom). Baroreflex afferents (BA) are damaged in
patients with selective and nonselective baroreflex failure. Efferent sym-
pathetic (SNS) and parasympathetic nerves (PNS) are intact in selective
baroreflex failure. In nonselective baroreflex failure, efferent parasympa-
thetic nerves are at least in part damaged. BP, blood pressure; HR, heart
rate. (From Jordan, J., J. R. Shannon, B. K. Black, F. Costa, A. C. Ertl, R.
Furlan, I. Biaggioni, and D. Robertson. 1997. Malignant vagotonia due to
selective baroreflex failure. Hypertension 30:1072–1077.)

FIGURE 71.2 Continuous blood pressure (BP) and heart rate (HR)
recordings at rest in a patient with baroreflex failure. There are large spon-
taneous oscillations of HR and BP that parallel each other. The decreases
of BP are very brisk. (From Jordan, J., J. R. Shannon, B. K. Black, F. Costa,
A. C. Ertl, R. Furlan, I. Biaggioni, and D. Robertson. 1997. Malignant
vagotonia due to selective baroreflex failure. Hypertension 30:1072–
1077.)



sive episodes. However, this issue has not been systemati-
cally addressed.

The onset of baroreflex failure can be abrupt or more
gradual. An abrupt onset of symptoms typically occurs in
patients with baroreflex failure caused by neck surgery. A
more gradual onset of baroreflex failure has been observed
in some patients who had undergone radiation therapy of the
neck. The degree of hypertension seems to be different
during the acute and the chronic phase of the disease. After
acute interruption of afferent baroreflex input, blood pres-
sure is particularly high (“Entzügelungshochdruck”).
Apneic spells can be seen during the first 24 hours when
carotid body input to the central nervous system is lost. In
the more chronic phase, the average blood pressure tends to
decrease. Yet, blood pressure remains highly variable. A
similar time effect has been observed in animal models of
baroreflex failure.

DIAGNOSING BAROREFLEX FAILURE

Baroreflex failure should be suspected in patients with
volatile arterial hypertension. However, in the majority of
patients, volatile arterial hypertension is not caused by
baroreflex failure. Alternative causes of volatile hyperten-
sion, such as renovascular hypertension, should be consid-
ered first. In patients in whom labile hypertension develops
immediately after neck surgery, arriving at the correct diag-
nosis may be straightforward. Patients in whom the loss of
afferent baroreflex function develops more gradually over
time as a consequence of radiation therapy or a neuropathy
may be difficult to diagnose. Pheochromocytoma can some-
times mimic baroreflex failure. Hypertensive episodes,
tachycardia, flushing, and impaired baroreflex function have
been described in both conditions. Therefore, the differen-
tial diagnosis pheochromocytoma should be considered and
ruled out by appropriate testing. Other entities from which
baroreflex failure needs to be distinguished are panic attack,
generalized anxiety disorder, hyperthyroidism, alcohol with-
drawal, and drug abuse (e.g., amphetamines and cocaine).
Hyperadrenergic orthostatic intolerance may also present
with volatility of blood pressure, but severe hypertension is
uncommon. One patient reported in the literature who fea-
tured typical signs of baroreflex failure was later shown to
have Munchausen syndrome. Baroreflex failure is a rare
cause of hypotension and bradycardia.

Patients with baroreflex failure exhibit a normal or exag-
gerated pressor response to psychological (e.g., mental arith-
metic test) and physiologic stimuli (e.g., cold pressor or
handgrip testing). The pressor effect can be markedly pro-
longed in these patients. Baroreflex testing should be con-
sidered in patients with typical signs and symptoms of
baroreflex failure. In patients with an atypical clinical pres-
entation or a gradual onset of symptoms, more common 

entities should be ruled out before baroreflex testing is con-
sidered. The diagnostic abnormality in patients with baro-
reflex failure is the absence of a bradycardic response to
pressor agents or a tachycardic response to vasodilators (Fig.
71.3). In healthy subjects, the heart rate will decrease 7 to
21 beats per minute (bpm) in response to a phenylephrine
dose that increases systolic blood pressure 20mmHg and the
heart rate will increase 9 to 28bpm in response to a nitro-
prusside dose that decreases blood pressure by 20mmHg. 
In contrast, the heart rate in patients with baroreflex failure
did not alter by more than 4bpm with either maneuver. The
loss of baroreflex blood pressure buffering in these patients
is associated with about a 10- to 20-fold hypersensitivity to
vasoactive medications (see Fig. 71.3). Therefore, barore-
flex testing should be conducted starting with low doses of
phenylephrine (e.g., 12.5 mg) and nitroprusside (e.g., 0.1 mg/
kg). The doses should be increased to obtain a change in sys-
tolic blood pressure of at least 20 to 25mmHg. Baroreflex
heart rate control can be assessed noninvasively using cross-
spectral analysis or the so-called sequence method. These
methods have not been evaluated in patients with baroreflex
failure and cannot be recommended as a diagnostic test in
this setting. Theoretically, one would like to assess barore-
flex regulation of heart rate and sympathetic nerve traffic,
which are both impaired in baroreflex failure. However,
recording of sympathetic activity is not feasible in the clin-
ical setting. Abnormal baroreflex tests alone are not suffi-
cient to diagnose baroreflex failure. Absence of heart rate
changes during baroreflex testing also can be observed in
patients with autonomic failure.

Biochemical assessment of patients with baroreflex
failure demonstrates surges of sympathetic activity associ-
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FIGURE 71.3 Blood pressure (BP) increase after a 25-mg bolus dose of
phenylephrine (PHE) in a patient with baroreflex failure. Systolic blood
pressure increased more than 40mmHg. The same phenylephrine dose
increases systolic blood pressure approximately 6mmHg in healthy sub-
jects. There was no baroreflex-mediated decrease in heart rate (HR). (From
Jordan, J., J. R. Shannon, B. K. Black, F. Costa, A. C. Ertl, R. Furlan, I.
Biaggioni, and D. Robertson. 1997. Malignant vagotonia due to selective
baroreflex failure. Hypertension 30:1072–1077.)
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ated with hypertensive episodes. Venous plasma norepi-
nephrine concentrations as high as 2660pg/ml have been
reported. Conversely, levels drawn during normotensive
periods may be within the normal range. Clonidine pro-
foundly reduces blood pressure and plasma norepine-
phrine concentrations in patients with baroreflex failure.
Determination of the norepinephrine response to cloni-
dine can be useful to differentiate baroreflex failure from
pheochromocytoma.

TREATMENT

Treating patients with baroreflex failure is a challenge.
The first step in the treatment of baroreflex failure is the edu-
cation of the patient, family members, and referring physi-
cians. It is particularly important to convey the information
that many medications that do not elicit changes in blood
pressure may have a dramatic effect on patients with barore-
flex failure. Medications that may change sympathetic activ-
ity or vascular tone, including a variety of over-the-counter
drugs, must be used with great caution.

One of the main goals in treating patients with baroreflex
failure is to prevent extreme hypertension (Table 71.2). The
pharmacologic treatment of choice for the hypertension is
clonidine. Clonidine can be given orally or applied as a skin
patch. Clonidine decreases sympathetic activity in the
central nervous system and in the periphery. Moreover,
clonidine causes mild sedation. These effects attenuate pres-
sure surges. a-Methyl-dopa also can be used in these
patients but there are some concerns regarding possible
hepatotoxicity. Some patients with baroreflex failure do not
tolerate clonidine or a-methyl-dopa (e.g., exacerbation of
depression). In these patients, peripherally acting sympa-
tholytic agents, such as guanethidine and guanadrel, may be
used. Because the hypertension in patients with baroreflex
failure often is driven by cortical input, which is unopposed
by the baroreflex, benzodiazepines elicit a reduction in
blood pressure. Chronic treatment with relatively large
doses of benzodiazepines can be used in selected patients.
All the antihypertensive medications have to be taken very

regularly even when blood pressure is relatively low. Dis-
continuation of the medication elicits a particularly severe
rebound phenomenon in these patients.

Some patients, particularly patients with selective barore-
flex failure, experience hypotensive episodes. Sometimes,
the hypotension is acutely exacerbated by the antihyperten-
sive treatment. However, in the long term, prevention of
hypertension may attenuate pressure-induced volume loss
through the kidney. Thus, effective control of the hyperten-
sion may improve hypotension. We encourage patients who
experience hypotension and are receiving chronic anti-
hypertensive treatment to increase their dietary salt intake.
In selected patients, pharmacologic treatment of the hypo-
tension is required. Because of its long duration of action,
fludrocortisone is a good choice for the treatment of
hypotension in these patients. Other pressor agents should
be used with great caution. Pacemakers generally are not
indicated in persons with syncope. However, in a few
patients with malignant vagotonia, hypotensive episodes
may be accompanied by life-threatening bradycardia and
asystole. Implantation of a cardiac pacemaker may be
required in selected patients.
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TABLE 71.2 Treatment of Baroreflex Failure

Blood pressure reduction Clonidine
a-Methyl-dopa
Guanethidine
Guanadrel
Diazepam

Blood pressure increase Fludrocortisone
Dietary salt

Prevention of bradycardia/asystole Cardiac pacemaker



AADC leads to deficiencies of both 5-HT and the cate-
cholamines [2]. A defect of TRYPH has not been described.

PRESENTATION AND NEUROLOGIC SYMPTOMS

The neurologic symptoms of the central BH4 defects
(except dominantly inherited GTP cyclohydrolase defi-
ciency) and AADC deficiency are very similar and reflect a
combined lack of both 5-HT and the catecholamine neuro-
transmitters. Patients present between 2 and 8 months of age
with a fairly well-characterized syndrome. Symptoms
include hypersalivation, temperature instability, pinpoint
pupils, ptosis of the eyelids, oculogyric crises, hypokinesis,
distal chorea, truncal hypotonia, swallowing difficulties,
drowsiness, and irritability [3]. Autonomic features are vari-
able with symptoms including ptosis, miosis, a reverse
Argyll Robertson pupil, chronic or paroxysmal nasal con-
gestion, paroxysmal sweating, temperature instability, gas-
trointestinal reflux, and constipation. In the first described
cases of AADC deficiency, postural decrease in blood pres-
sure was not present at 9 months but was noted at 1 year of
age [2]. Some patients with DHPR deficiency develop long
tract signs associated with multifocal perivascular calcifica-
tion located mainly in the basal ganglia and, to a lesser
degree, in areas of white and gray matter [4]. These changes
are thought to occur as a result of an insidious folate defi-
ciency that has been postulated to arise as a result of inhi-
bition of folate metabolism by the unusual forms of
biopterin that accumulate in this disease. The neurologic
signs associated with peripheral forms of 6-PTPS deficiency
and pterin-4a-carbinolamine dehydratase deficiency are
minimal and disappear after correction of the hyperpheny-
lalaninemia. A peripheral form of 6-PTPS deficiency pro-
gressing to give a central phenotype has been reported; thus,
all patients should be reevaluated in terms of their central
neurotransmitter status at a later age.

BIOCHEMISTRY

Tetrahydrobiopterin (BH4) is the cofactor for tyrosine
hydroxylase (TH) and tryptophan hydroxylase (TRYPH),
the rate-limiting enzymes required for the synthesis of the
catecholamines (dopamine, norepinephrine, and epineph-
rine) and serotonin (5-HT). BH4 is formed from guanosine
triphosphate (GTP) in a multistep pathway and defects in its
biosynthesis have been described at the level of GTP cyclo-
hydrolase, 6-pyruvoyltetrahydropterin synthase (6-PTPS),
and sepiapterin reductase (SR). In addition, deficiency of
dihydropteridine reductase (DHPR) leads to the inability to
regenerate BH4 after its oxidation in the hydroxylase reac-
tions (Fig. 72.1). All the defects affecting BH4 metabolism
are inherited in an autosomal recessive fashion, except GTP
cyclohydrolase deficiency. In this disorder there is also an
autosomal dominant form.

The various defects of BH4 metabolism that occur within
the central nervous system (CNS) lead to a deficiency of 5-
HT and the catecholamines. There are, however, peripheral
forms of 6-PTPS deficiency in which central neurotransmit-
ter metabolism is normal [1]. BH4 also is the cofactor for
phenylalanine hydroxylase (PH); hence, defects in BH4

metabolism generally lead to hyperphenylalaninemia. Dom-
inantly inherited GTP cyclohydrolase deficiency and SR defi-
ciency, however, only cause a lack of BH4 within the CNS;
therefore phenylalanine metabolism is unaffected. Another
enzyme, pterin-4a-carbinolamine dehydratase, is involved in
the hydroxylation of phenylalanine; deficiency again leads to
hyperphenylalaninemia, but effects on central 5-HT and cat-
echolamine metabolism are minimal, if present at all [1].

l-Dopa and 5-hydroxytryptophan (5-HTP), the products
of the TH and TRYPH reactions, are decarboxylated by
vitamin B6, requiring aromatic l-amino acid decarboxylase
(AADC) to form the respective neurotransmitters (see Fig.
72.1). Deficiency of TH leads to decreased concentrations
of catecholamines [1], whereas a defect at the level of
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Dominantly inherited GTP cyclohydrolase deficiency,
otherwise known as Segawa’s disease or dopa-responsive
dystonia, does not present as in the other defects of BH4

metabolism. Normal presentation is the appearance of a dys-
tonic gait disorder at around 4 to 6 years of age; however,
the age of presentation and the spectrum of clinical mani-
festations is broad. Occasionally, onset has been with arm
dystonia, retrocollis, torticollis, poor coordination, or slow-
ness in dressing before the development of leg signs. There
may also be hyperreflexia and apparent extensor plantar
responses, as well as other clinical features suggesting spas-
ticity. The symptoms often, but not always, show a marked
diurnal variation [5].

Clinical presentation in TH deficiency also is varied,
ranging from exercise-induced dystonia, to progressive gait
disturbance and tremor in childhood, to a severe infantile
parkinsonism [6–8]. The patients reported to date appear to
have a paucity of autonomic features, suggesting a com-
pensatory peripheral mechanism.

DIAGNOSIS

Tetrahydrobiopterin Deficiencies

Defective BH4 metabolism should be considered in all
cases of hyperphenylalaninemia and in any child who 

presents with the neurologic syndrome described earlier.
Methods for diagnosis rely initially on the appearance of
characteristic high-pressure liquid chromatography profiles
of neopterins and biopterins in urine [1]. The changes
expected in each condition are marked on Figure 72.1.

A BH4 loading test also can help to distinguish between
BH4 defects in which there is hyperphenylalaninemia and
primary PH deficiency. Administering 2 to 20mg/kg orally
leads to a decrease in plasma phenylalanine in deficiencies
of GTP cyclohydrolase, pterin-4a-carbinolamine dehy-
dratase, and 6-PTPS; however, some cases of DHPR defi-
ciency do not respond, and BH4-responsive PH deficiency
has been reported.

Further tests are required in suspected cases of domi-
nantly inherited GTP cyclohydrolase deficiency, 6-PTPS,
SR, and DHPR deficiency. The biopterin, neopterin profiles
are similar in both DHPR and PH deficiency; therefore, it is
necessary to measure DHPR activity in blood spots or ery-
throcytes. Pterin analysis also cannot distinguish between
the peripheral and central forms of 6-PTPS deficiency; here
it is necessary to measure cerebrospinal fluid (CSF) levels
of 5-hydroxyindole acetic acid (5-HIAA) and homovanillic
acid (HVA), the major catabolites of 5-HT and dopamine.
These are normal in the peripheral condition, but they are
reduced in the central forms of the disease [1]. Hyper-
phenylalaninemia does not develop in patients with 
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FIGURE 72.1 Biosynthesis of serotonin and dopamine, showing sites of metabolic block and abnormal metabolite
profiles. 1 = GTP cyclohydrolase; 2 = 6-pyruvoyltetrahydropterin synthase; 3 = sepiapterin reductase; 4 = dihy-
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dominantly inherited GTP cyclohydrolase deficiency and SR
deficiency; diagnosis in these cases is again dependent on
CSF analyses. Neurotransmitter metabolite levels are low
and there are also characteristic abnormal pterin patterns
(see Fig. 72.1) [1].

Tyrosine Hydroxylase Deficiency

The deficiencies of TH and AADC do not lead to abnor-
mal profiles using traditional screening methods (blood spot
screening, organic acid or amino acid analyses, etc.), and
biopterin and neopterin levels also are normal. Recognition
requires the clinician to consider an abnormality in biogenic
amine metabolism in a child with clinical signs similar to
those described earlier. Diagnosis of TH deficiency requires
the analysis of catecholamine metabolites in CSF, where
concentrations of HVA and 3-methoxy-4-hydroxyphenyl-
glycol are low [1]. Confirmation of the diagnosis relies on
mutation analysis because there is no easily available
peripheral tissue that can be used for enzyme analysis.

Aromatic L-Amino Acid Decarboxylase Deficiency

The pattern of biogenic amine metabolites in AADC defi-
ciency is very characteristic. There is marked increase of 
l-dopa, 5-HTP, and 3-O-methyldopa in CSF, plasma, and
urine. HVA and 5-HIAA concentrations are greatly reduced
in CSF, as are the levels of 5-HT, catecholamines, and their
catabolites in blood and urine. Positive diagnosis is accom-
plished by analysis of AADC activity in plasma [2].

TREATMENT

BH4 Deficiencies

Hyperphenylalaninemia may be corrected using a low
phenylalanine diet or, in deficiencies of GTP cyclohydro-
lase, 6-PTPS and pterin 4a-carbinolamine, by administra-
tion of oral BH4 (0.5–40mg/day). BH4 is usually ineffective
in DHPR deficiency. Central neurotransmitter deficiency is
corrected by oral administration of the precursors, l-dopa
(2–20mg/kg per day) and 5-HTP (0.8–12mg/kg per day), in
conjunction with carbidopa (0.3–4.0mg/kg per day). Initial
doses should be low, with clinical monitoring of the thera-
peutic effect. Adverse symptoms because of overtreatment
are sometimes similar to the disease symptoms; therefore,
monitoring by measuring CSF levels of HVA and 5-HIAA
is crucial. Folinic acid (3mg/day) should be administered in
DHPR deficiency, with CSF 5-methyltetrahydrofolate levels
measured at the same time as the neurotransmitter metabo-
lites to ensure the adequacy of the dose.

Tyrosine Hydroxylase Deficiency

Treatment of TH deficiency aims to correct the abnormal
catecholamine levels. Treatment with low-dose l-dopa/car-
bidopa (3mg/kg and 0.75mg/kg, respectively), three times
daily has been extremely effective in some cases. In others,
very slow institution of small doses of l-dopa/carbidopa,
along with selegiline (monoamine oxidase B inhibitor) and
an anticholinergic agent such as trihexyphenidyl, has been
much more beneficial than l-dopa/carbidopa alone.

Aromatic L-Amino Acid Decarboxylase Deficiency

Treatment in the index cases of the disease consisted of
bromocriptine (dopamine agonist, 2.5mg twice daily),
tranylcypromine (nonselective monoamine oxidase inhib-
itor, 4mg twice daily), and pyridoxine (100mg twice daily)
in combination. Therapy led to a marked clinical and bio-
chemical improvement [2]. Pergolide has since been shown
to be an effective alternate to bromocriptine in some cases.
As AADC is a B6-requiring enzyme, high-dose pyridoxine
monotherapy should be tried in all future cases.
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small, but they respond to light and accommodation. Sweat-
ing is normal. Of the reported seven patients with DBH 
deficiency, blepharoptosis is present in five, whereas hyper-
extensible joints and sluggish deep tendon reflexes have
been reported in three, and mild weakness of facial muscles
and hypotonic skeletal musculature in two patients.

DIAGNOSIS

A 5- to 10-fold increased plasma dopamine concentration
(i.e., values as high as plasma norepinephrine concentration
in healthy subjects), together with undetectable concentra-
tions of plasma norepinephrine and epinephrine, is pathog-
nomonic for DBH deficiency. These findings are reflected in
low or absent urinary norepinephrine, epinephrine, and their
metabolites, whereas dopamine and its degradation products
homovanillic acid and 3-methoxytyramine are increased. In
cerebrospinal fluid norepinephrine and epinephrine also are
undetectable and dopamine is markedly increased. Although
DBH, measured either as enzymatic activity or immunolog-
ically, is absent, its measurement is not suitable as a key
diagnostic criterion in DBH deficiency, because extremely
low DBH values, genetically determined, are present in 3 to
4% of the population. The markedly increased plasma
dopamine concentration in DBH deficiency is explained by
induction of tyrosine hydroxylase, the rate-limiting enzyme
in the formation of norepinephrine. Most likely, loss of the
inhibitory feedback of norepinephrine in sympathetic nerves
accounts for this induction and explains why the concentra-
tion of l-dopa, the precursor of dopamine, also is increased.
Interestingly, the increased plasma dopamine concentration
in DBH deficiency responds to various physiologic and
pharmacologic stimuli, as does norepinephrine in healthy
subjects. Thus, in response to upright posture a twofold 
to threefold increase in dopamine occurs. Likewise, in
response to insulin-induced hypoglycemia, infusion of tyra-
mine (which liberates neurotransmitters from sympathetic
nerve terminals), and ganglionic stimulation with edro-
phonium, plasma dopamine increases several times, 
whereas plasma norepinephrine and epinephrine remain

The syndrome of dopamine b-hydroxylase (DBH) defi-
ciency is characterized by sympathetic noradrenergic dener-
vation and adrenomedullary failure, but intact vagal and
sympathetic cholinergic function. It is a rare congenital form
of severe orthostatic hypotension, caused by complete
absence of DBH, the enzyme involved in the conversion of
dopamine to norepinephrine, thus resulting in absence of
both norepinephrine and epinephrine.

The first two reported patients with DBH deficiency were
described in 1986 and 1987 by Robertson and colleagues [1]
and Man in’t Veld and co-workers [2]. A total of seven
patients currently have been reported: two in the United
States, two in the Netherlands, two in England (siblings),
and one in Australia.

CLINICAL PRESENTATION

Despite congenital sympathetic noradrenergic failure,
presence of orthostatic hypotension was not documented
before the age of 20 years in 6 of the 7 patients with DBH
deficiency, and at age 14 in one patient. During childhood,
impaired exercise tolerance, fatigue, and episodes of faint-
ing and syncope, usually worsening after exercise, were fre-
quently present. All patients were born after an uneventful
pregnancy, although one was four weeks premature. Ortho-
static hypotension worsened in late adolescence and early
adulthood. As is typical of autonomic failure, symptoms are
more severe in the morning hours, during hot weather, after
alcohol, but, interestingly, not after food ingestion. Physical
and mental development and sexual maturation are normal
with DBH deficiency. Sexual function is normal in female
patients; however, in male patients, ejaculation is retrograde
or unachievable.

Physical examination in DBH deficiency reveals a low
normal supine blood pressure and a low supine heart rate
caused by unopposed cardiac vagal innervation. In the
upright position, systolic blood pressure always decreases to
less than 80mmHg; but, contrary to most other types of
autonomic failure, the compensatory increase in heart rate
because of vagal inhibition is preserved. Pupils may be
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undetectable. Conversely, a decrease in dopamine occurs 
in response to clonidine, a centrally acting sympatholytic
agent. Microneurography, norepinephrine kinetics, and
spectral analysis in one patient with DBH deficiency showed
high resting nerve firing rate (2x normal) with appropriate
increase during tilt, very low total-body norepinephrine
spillover, and absence of low-frequency heart rate variabil-
ity at rest with preservation of the respiratory-related 
high-frequency peak. All these observations imply that 
sympathetic nerves and reflex arcs are intact in DBH defi-
ciency, but dopamine instead of norepinephrine is stored and
released in sympathetic nerves. Analogous to other forms of
autonomic failure, there is increased sensitivity to the hemo-
dynamic effects of a- and b-adrenoceptor agonists in DBH
deficiency, but because of complete (nor)adrenergic failure
“denervation supersensitivity” is more extreme. Conversely,
because of absent noradrenergic and adrenomedullary func-
tion, heart rate does not decrease in response to b-blockers
and blood pressure does not decrease in response to a-
blockers. As expected, heart rate increases normally in
response to atropine, because parasympathetic innervation
is intact.

DIFFERENTIAL DIAGNOSIS

DBH deficiency is easily differentiated from other types
of autonomic insufficiency on clinical grounds (congenital
orthostatic hypotension, intact cholinergic innervation) and
biochemical grounds (markedly increased plasma dopamine
and undetectable plasma norepinephrine and epinephrine

levels). In another form of congenital orthostatic hypoten-
sion, familial dysautonomia (Riley–Day syndrome), there is
combined sympathetic–parasympathetic insufficiency, as
well as other neurologic abnormalities.

GENETICS

Mutations in the DBH gene causative for the lack of func-
tioning enzyme have been reported. The two reported U.S.
patients are heterozygous for an IVS1 + 2 T > C splice muta-
tion; interestingly, this same mutation was independently
found to be present in the two Dutch patients (homozygous
in one). In the three heterozygous patients, four different
other missense mutations have been found.

THERAPY

The treatment of choice in DBH deficiency is l-threo-
3,4-dihydroxyphenylserine (DOPS), an unnatural amino
acid devoid of direct pressor activity. DOPS is converted in
one step into norepinephrine by aromatic l-amino acid
decarboxylase (present in most tissues and in sympathetic
nerves), thereby bypassing DBH. Administration of DOPS
in a dose of 250 to 500mg, twice daily, produces a moder-
ate increase in blood pressure and a sustained dramatic relief
of orthostatic symptoms, although postural hypotension is
not completely cured. Plasma norepinephrine becomes
detectable and plasma dopamine moderately decreases
during administration of DOPS. In response to standing and
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FIGURE 73.1 Biochemical consequences of dopamine b-hydroxylase (DBH) deficiency and conversion of l-threo-
3,4-dihydroxyphenylserine (l-DOPS) to norepinephrine. Because of deficiency of DBH, norepinephrine and epineph-
rine are not formed in DBH deficiency. Loss of negative feedback of norepinephrine leads to induction of tyrosine
hydroxylase, so that l-dopa and dopamine are increased. l-DOPS is converted to norepinephrine by aromatic l-amino
acid decarboxylase (ALAAD), thereby bypassing DBH. n.d., not detectable; ≠, elevated.
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tyramine infusion, plasma norepinephrine concentration
increases further, indicating storage of norepinephrine in
sympathetic nerves. Because in response to tyramine and
standing increase in the plasma level of DOPS occurs as
well, it may be that de novo formation of norepinephrine
from DOPS takes place in the sympathetic nerves. Alterna-
tively, norepinephrine may be formed extraneuronally and
taken up by the sympathetic nerves.

In conclusion, DBH deficiency is a rare congenital cause
of autonomic failure. Diagnosing DBH deficiency and dif-
ferentiating it from other causes of autonomic failure is
important, because with DOPS treatment almost complete
relief of orthostatic symptoms is easily achievable.
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suggest the diagnosis. The presenting signs and symptoms
of 127 patients reported in the medical literature up to 1985
have been compiled [3]. In the natural history of classical
Menkes disease, death usually occurs by 3 years of age.

BIOCHEMICAL PHENOTYPE

The biochemical phenotype in Menkes disease and its
variants involves the following: (1) low levels of copper in
plasma, liver, and brain because of impaired intestinal
absorption; (2) reduced activities of numerous copper-
dependent enzymes; and (3) paradoxic accumulation of
copper in certain tissues (i.e., duodenum, kidney, spleen,
pancreas, skeletal muscle, and placenta). The copper-
retention phenotype also is evident in cultured fibroblasts in
which reduced egress of radiolabeled copper is demonstra-
ble in pulse-chase experiments [4].

AUTONOMIC MANIFESTATIONS

Clinical Signs of Dysautonomia in Menkes Disease

Clinical features of Menkes patients attributable to DBH
deficiency include temperature instability, hypoglycemia,
and eyelid ptosis, autonomic abnormalities that may result
from selective loss of sympathetic adrenergic function.
Similar clinical problems have been described in patients
with Riley–Day dysautonomia in which DBH deficiency has
been documented, in patients with congenital absence of
DBH [1], or both. In patients with milder variants of Menkes
disease (e.g., occipital horn syndrome), in which overall
neurologic functioning is greater, orthostatic hypotension
and chronic diarrhea are common complaints.

Neurochemical Abnormalities

Partial deficiency of DBH is responsible for a distinc-
tively abnormal plasma and CSF neurochemical pattern in
patients with Menkes disease [5–9]. In our experience, the
ratio of a proximal compound in the catecholamine biosyn-

Menkes disease is an inborn disorder of copper metabo-
lism with multisystem ramifications. It is caused by defects
in an X-chromosomal gene that encodes an intracellular
copper-transporting adenosine phosphatase (ATPase). This
gene product is localized to the trans-Golgi network and
normally governs incorporation of copper into secreted
copper enzymes, including dopamine b-hydroxylase (DBH).
Clinical autonomic abnormalities in Menkes disease (and its
allelic variants) reflect partial deficiency of this enzyme.
Levels of plasma and cerebrospinal fluid (CSF) catechols
influenced by DBH activity are distinctively abnormal and
provide a highly sensitive and specific diagnostic marker for
this disorder. In fact, plasma catechol analysis is arguably
the best diagnostic test for at-risk newborns during the first
month of life because other biochemical parameters are
unreliable in this period and molecular analysis is less rapid.
Early identification of affected infants is a fundamental
requirement for successful medical intervention, underscor-
ing the assay’s importance.

EPIDEMIOLOGY

Menkes disease is a rare condition with incidence esti-
mates ranging from 1/100,000 live births to 1/250,000 [1].
On the basis of recent annual birth rates in the United States
(ª3.5 million), an estimated 15 to 30 affected babies are
expected to be born in the United States each year. One third
of these are predicted to be nonfamilial cases, representing
new mutations [2]. The clinical and biochemical features
important for the diagnosis of Menkes disease are summa-
rized in Table 74.1.

CLINICAL PHENOTYPE

As an X-linked recessive condition, Menkes disease typ-
ically occurs in male infants who present at 2 to 3 months
with loss of previously obtained developmental milestones
and the onset of hypotonia, failure to thrive, and seizures.
Characteristic physical changes of the hair and facies (Fig.
74.1), in conjunction with typical neurologic findings, often
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thetic pathway (Fig. 74.2), dihydroxyphenylalanine, to a
distal metabolite dihydroxyphenyl glycol, provides a better
index of DBH deficiency in patients with Menkes disease
than norepinephrine (NE) levels alone. Plasma and espe-
cially CSF levels of NE, the direct product of DBH, are rel-
atively well maintained in some patients with Menkes
disease, presumably because of compensatory mechanisms.
Peptidyl glycine a-amidating monooxygenase (PAM) is a
copper enzyme related to DBH, which is required for
removal of the carboxyl-terminal glycine residue character-
istic of numerous neuroendocrine peptide precursors [1].
Failure to amidate these precursors can result in 100- to
1000-fold diminution of bioactivity compared with the
mature, amidated forms. PAM deficiency may have impor-
tant and wide-ranging physiologic effects that contribute to
the Menkes phenotype.

Molecular Diagnosis

Rapid and robust molecular diagnosis of Menkes disease
has become available [10], although this approach typically
is still not as fast as neurochemical analysis.

TABLE 74.1 Diagnosis of Classical Menkes Disease

Clinical Characteristics
Age/Sex Birth to 1 year/male
History Neonatal hypothermia, hypoglycemia

Loss of early developmental milestones
Poor weight gain
Seizures

Physical examination Profound hypotonia
Abnormal hair
Loose skin
Pectus excavatum

Laboratory findings
Local hospital or clinic Serum copper <70mg/liter*

Serum ceruloplasmin <200mg/liter*
Pili torti on microscopic examination of hair

Specialized testing Copper egress in cultures fibroblasts
Plasma catecholamine analysis†

Placental copper level†

Mutation analysis†

*Unreliable in newborns during first several weeks of life.
† Rapid diagnostic test in newborns.

FIGURE 74.1 Menkes disease in an eight-month-old male infant. Note
the abnormal hair, eyelid ptosis, and jowly facial appearance.

FIGURE 74.2 Conversion of dopamine to norepinephrine by the copper-dependent enzyme dopamine b-hydroxylase
(DBH) is a critical step.

Treatment

Early diagnosis and institution of subcutaneous copper
injections has been successful in about 20% of our cohort
of infants treated within the first 2 weeks of life (n = 18).
The type and severity of the underlying mutation appears to
be an important factor in response to early treatment.
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phisms with disease. Single-nucleotide polymorphisms
(SNPs) are the most common type of genetic variability, the
most likely to contribute to disease susceptibility differences
among individuals; thus, the information assembled for
hNET comes mainly in the form of SNPs (Fig. 75.2) [4].
Several nonsynonymous SNPs (polymorphisms that result
in the substitution of a single amino acid) were observed at
frequencies of less than 0.02 and were not associated with
bipolar disorder, schizophrenia, or Tourette syndrome.
G155A, a synonymous polymorphism in exon 10, present at
the relatively high frequency of 0.35 for the A allele, lacked
association with major depression and suicidal ideation. Our
laboratory has examined a group of nonsynonymous SNPs
identified in a study of blood pressure variance for their
effects on hNET expression and transport in transfected cells
(see Fig. 75.2). This revealed both loss-of-function and gain-
of-function hNET alleles that now must be explored in the
context of individual patient phenotypes [8].

A457P AND ORTHOSTATIC INTOLERANCE

To increase the probability of uncovering hNET SNPs,
our laboratory has focused on autonomic disturbances in
which hNET dysfunction has been described. Orthostatic
intolerance (OI) is a disorder characterized by an increase
in standing heart rate of at least 30 beats per minute that is
not accompanied by hypotension [9]. In some patients, a
hyperadrenergic state characterized by increased plasma NE
exists that may be caused by increased sympathetic outflow.
Another way of achieving the same end-point would be 
dysfunction of hNET, thus preventing uptake of NE and 
prolonging sympathetic nervous system response. Indeed,
treatment of healthy individuals with reboxetine, a selective
NET blocker, recapitulates many of the salient characteris-
tics of OI, including increased upright heart rate with a lack
of a pressor response [10]. A proband with OI was identi-
fied who demonstrated features of hNET deficiency, includ-
ing standing-induced increased NE spillover and decreased
clearance, decreased dihydroxyphenyl glycol (DHPG) to NE
ratios, and a blunted response to tyramine [11]. The proband
and family members carry the heterozygous mutation,
A457P (see Fig. 75.2) [12]. Although this is a rare variant

ROLE OF THE NOREPINEPHRINE TRANSPORTER

Norepinephrine (NE) is the major neurotransmitter in
postganglionic sympathetic synapses and also is released at
synaptic terminals of brainstem neurons that control cardio-
vascular function. A presynaptically localized NE trans-
porter (NET) retrieves released NE to limit the spread and
duration of synaptic excitability and allows repackaging of
NE into synaptic vesicles [1]. The uptake mechanism is par-
ticularly important in the heart [2] where NET binding sites
and activity show compromise in heart disease [3]. NET also
is present at NE synapses in the brain, mediating functions
of cognition, learning and memory, and emotions and stress
responding. The importance of NET to the regulation of NE
signaling and its implication in disease processes suggest
that genetic variability that directs NET expression and
activity contributes to individual differences in vulnerabil-
ity to disease.

THE HUMAN NOREPINEPHRINE 
TRANSPORTER GENE

Organization of the human NET (hNET) gene suggests a
susceptibility to the influence of polymorphic sequences
(Fig. 75.1) [4]. hNET is a single-copy gene; thus, opportu-
nity for compensation by other gene products in response to
hNET genetic variation is limited. This is supported by
studies of transgenic mice in which disruption of NET mod-
ifies behavioral and biochemical measures [5]. Furthermore,
alternative splicing of exon 16 in hNET yields two protein
variants that confer differing levels of transport activity in
heterologous cells [6, 7]. Although evidence of in vivo
expression of variants has yet to be demonstrated, polymor-
phisms that direct a favored use of one splice pattern over
others pose a potential influence on hNET function.

HUMAN NOREPINEPHRINE TRANSPORTER
SINGLE-NUCLEOTIDE POLYMORPHISMS

The examination of hNET genetic variation is in its
infancy, with limited evidence for association of polymor-
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that has not been found in other kindreds, analysis of the
proband’s family revealed a significant correlation between
A457P and increase in standing-induced heart rate and
plasma NE and decreased plasma DHPG-to-NE ratio [12].

Transient transfection of A457P into heterologous
expression systems revealed a protein with a near complete
loss of transport activity [12] and greatly diminished cell
surface expression of the mature, glycosylated form of the
transporter (Fig. 75.3) [13]. Furthermore, A457P exerts a
dominant negative effect on wild-type hNET uptake activ-

ity and suggests that individuals heterozygous for A457P, 
or other transporter polymorphisms, may be affected to a
greater extent than predicted for harboring one mutant 
allele [13].

CONCLUSIONS

As we found for some patients with OI, other disorders
with hyperadrenergic features may be contributed to by
hNET polymorphisms. Altered hNET function measured in
cardiovascular disease may reflect subsequent damage to the
system caused by a distinct insult, but in some cases hNET
polymorphisms may be one of the precipitating factors for
disease. The presence of hNET regulation at synapses gov-
erning cognitive and affective processes provides potential
for hNET SNPs to give rise to complex and diverse pheno-
types that encompass both autonomic and psychiatric 
syndromes. hNET SNPs could contribute to a complex
interaction between physical illnesses and mental and emo-
tional coping. For example, outcome after heart attack is
linked to depression history. Cardiovascular symptoms such
as increased heart rate aid in identification of hNET dys-
function in diseases considered primarily psychiatric in
nature [14]. For example, the role of NE in cognition and
attention through actions in the prefrontal cortex suggests an
involvement of this neurotransmitter system in attention-
deficit hyperactivity disorder (ADHD). Patients with ADHD
with increased standing heart rate might be more likely to
harbor hNET SNPs. In this way, hNET dysfunction provides
a clue to identifying hNET genetic variation in multiple
complex and perhaps disparate disorders.
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FIGURE 75.1 Exon/intron structure of the human norepinephrine transporter (hNET) gene showing the correspon-
ding regions of the protein encoded by each exon. Untranslated regions of exons are shown in gray and protein trans-
membrane domains (TMD) are shown in black. The three protein variants generated by alternative splicing of the hNET
gene are depicted. Scale bar = 100 base pair of exon sequence; introns are not drawn to scale.
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FIGURE 75.2 Human norepinephrine transporter (hNET) amino acid
variants generated by nonsynonymous single-nucleotide polymorphisms
(SNPs). hNET is depicted as a 12-transmembrane domain-spanning protein
with intracellular N- and C-termini. The approximate positions of the
variant residues are shown. The number refers to the amino acid position
in the protein and is preceded by the single-letter code for the amino acid
commonly at that position followed by the single-letter code for the variant.
Synonymous SNPs and SNPs in introns and flanking regions are deposited
at http://www.ncbi.nlm.nih.gov/SNP.
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and MAO-B genes. In particular, ratios of plasma
normetanephrine to DHPG were substantially increased,
although less so than in patients with the combined MAO-
AB deficiency (see Fig. 76.1). The distinguishing feature in
patients with selective MAO-A deficiency was normal
urinary PE excretion. The frequency of this mutation must
be extremely rare because currently no other patients with
selective MAO-A deficiency have been described.

Two patients have been identified with deletions of
MAO-B and ND genes, but with the MAO-A gene intact.
These subjects showed the usual clinical features of ND and
were of normal intelligence and without behavioral abnor-
malities. The neurochemical phenotype was similarly mild
with normal levels of serotonin (5-HT), catecholamines, 
and catecholamine metabolites, but with increased urinary
levels of PE.

The above clinical observations of MAO-A and MAO-B
deficiency states closely agree with observations in MAO-A
and MAO-B knockout mice. MAO-Aknockout mice demon-
strated aggressive behavior, probably related to impaired
metabolic degradation of 5-HT. These mice showed sig-
nificantly increased 5-HT levels in several brain areas and
architectural alterations in the somatosensory cortex. Both
phenomena were reversed by postnatal administration of a 5-
HT synthesis inhibitor. As expected from the human findings,
MAO-B–deficient mice showed little or only mild pheno-
typic changes, with the main neurochemical abnormality
being increased PE levels.

From the above data, it is clear that MAO-A and MAO-B
do not share equal or complementary capacities for the
deamination of biogenic monoamines. In particular, cate-
cholamines, including dopamine, are metabolized in vivo
mainly if not exclusively by MAO-A. Apart from different
affinities for monoamine substrate, the importance of MAO-
A for catecholamine metabolism likely reflects selective
expression of MAO-A in catecholaminergic neurons, the cel-
lular compartment where most catecholamine deamination
takes place.

Several polymorphisms of MAO-A or MAO-B genes
have been described. Some studies report positive rela-
tions between MAO-A polymorphisms and psychiatric or

Monoamine oxidase A (MAO-A) and B (MAO-B) cat-
alyze the oxidative deamination of biogenic monoamines.
Both mitochondrial isoenzymes are widely expressed
among tissues, but some cell types selectively express
MAO-B (platelets) and others express MAO-A (skin fibro-
blasts, catecholaminergic neurons). The two isoenzymes
share 70% homology in amino acid sequence and are
encoded by two distinct genes with adjacent locations on the
human X chromosome (Xp11.23).

The genes encoding MAO-A and MAO-B are located
close to the gene for Norrie disease (ND). Exclusive deletion
of the ND gene results in X-linked congenital blindness 
and, in 30 to 50% of patients, progressive hearing loss 
and mild mental retardation. Several patients have been
described with a contiguous chromosomal deletion of 
MAO-A, MAO-B, and ND genes resulting in a clinical syn-
drome characterized by severe mental retardation, seizures,
hypotonic crises, impaired somatic growth, and altered
peripheral autonomic function. Loss of MAO-A and 
MAO-B activity was reflected neurochemically by severely
reduced plasma and urinary concentrations of catecholamine
deaminated metabolites, including dihydroxyphenyl glycol
(DHPG), the deaminated metabolite of norepinephrine and
epinephrine. In contrast, concentrations of the O-methylated
metabolites, normetanephrine and metanephrine, were
increased. Thus, ratios of plasma normetanephrine to DHPG,
which are increased by more than 1000-fold, provide a useful
marker for the deficiency (Fig. 76.1). Also increased are
platelet contents of 5-hydroxytryptamine and urinary con-
centrations of phenylethylamine (PE), the respective sub-
strates of MAO-A and MAO-B.

In 1993, a family with X-linked selective and complete
MAO-A deficiency was described. The clinical phenotype
involved borderline mental retardation and impaired
impulse control, including stress-induced aggressive behav-
ior. Carrier female subjects of this syndrome appeared 
phenotypically normal. The responsible point mutation con-
sisted of a single base pair substitution in the MAO-A gene
that introduced a stop codon leading to complete loss of
MAO-A activity. The neurochemical phenotype closely
resembled that in patients with deletion of both MAO-A
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neurologic conditions, including alcoholism, affective 
disorders, panic disorder, stress-induced aggression, and
Parkinson’s disease. No study suggests any link of MAO-B
polymorphisms to a specific behavioral phenotype. It
remains unclear whether any of the reported polymorphisms
are of functional significance to monoamine metabolism, as
reflected by altered plasma or urinary levels of monoamine

metabolites, particularly ratios of plasma normetanephrine
to DHPG.
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norepinephrine spillover or venous-arterial increments in
plasma levels of dihydroxyphenyl glycol and l-dopa. These
findings were unrelated to disease duration, disease sever-
ity, or l-dopa treatment and suggest that loss of cate-
cholamine innervation in PD occurs in the sympathetic
nervous system in the heart.

TESTS OF SYMPATHETIC FUNCTION

Sympathetic skin responses (SSRs) represent a function
of sympathetic sudomotor fibers. Results of studies of SSR
in PD have been mixed but suggest that they are abnormal
in a minority (0–14%) of patients with PD [3, 4]. Abnormal
SSR correlated with duration of disease and with impotence.
The abnormality of SSR seen in PD may be caused by inter-
mediolateral column dysfunction. Abnormalities in blood
pressure responses to handgrip and standing also have been
found in patients with PD as compared with control subjects.

TESTS OF PARASYMPATHETIC FUNCTION

R-R interval variation is primarily indicative of the para-
sympathetic function of the vagus nerve. Most studies 
have found mild parasympathetic function in a minority 
of patients with PD. Spectral analysis of 24-hour ambula-
tory electrocardiogram have shown that the degree of
parasympathetic function correlates with the severity of
hypokinesia [5].

ORTHOSTATIC HYPOTENSION

Symptomatic OH may be present as a primary part of PD
or as a complication of medications or inactivity [6]. All
dopaminergic drugs used to treat PD may exacerbate OH
and should be initiated slowly to minimize this effect.
Supine hypertension is uncommon in PD and its presence
combined with a lack of response to l-dopa suggests the
diagnosis of Shy–Drager syndrome. In addition to the
general symptomatic measures used to treat OH, the periph-

Parkinson’s disease (PD) is a common idiopathic neuro-
degenerative disorder that affects an estimated 1% of the
population older than 65 years. The cardinal features of 
PD are resting tremor, bradykinesia, rigidity, and loss of 
postural reflexes. Signs and symptoms of altered autonomic
dysfunction also are frequently present even early in the
disease course [1] (Table 77.1).

PD results from a loss of pigmented, dopaminergic nerve
cells within the substantia nigra that project to the striatum
(putamen and caudate). The diagnosis is made clinically and
confirmed only at autopsy when the substantia nigra shows
a visible loss of pigment on gross inspection and a markedly
reduced population of neurons containing intracytoplasmic
inclusions (Lewy bodies) on histologic examination. Lewy
bodies, sometimes associated with neuronal loss, may also
be found in the preganglionic structures of the sympathetic
and parasympathetic nervous system. Shy–Drager syn-
drome, or multiple system atrophy, characterized by auto-
nomic failure plus parkinsonism or cerebellar ataxia may
mimic PD especially early in disease. This difficulty in
making a correct early diagnosis complicates any study of
the incidence of autonomic failure in PD.

CARDIAC SYMPATHETIC DENERVATION

There is increasing evidence that loss of functional
cardiac sympathetic nerve terminals may contribute to the
orthostatic hypotension (OH) seen in some patients with PD.
To determine the frequency of cardiac sympathetic dener-
vation in PD, Goldstein and colleagues [2] studied 29
patients with PD, 24 patients with multiple system atrophy,
7 patients with pure autonomic failure, 33 control subjects
with episodic or persistent orthostatic intolerance without
sympathetic neurocirculatory failure, and 19 healthy volun-
teers [2]. Of the 29 patients with Parkinson disease, 9 with
and 11 without sympathetic neurocirculatory failure had low
septal 6-[18F]fluorodopamine–derived radioactivity. All six
patients with Parkinson disease and decreased 6-[18F]
fluorodopamine–derived radioactivity who underwent 
right heart catheterization had a decreased cardiac extraction
fraction of [3H]norepinephrine and virtually no cardiac 
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eral decarboxylase inhibitor carbidopa (Lodosyn) or the
peripheral dopamine antagonist domperidone (Motilium)
may be added to a patient’s regimen to decrease the periph-
eral effects of dopamine. Among the available drugs, a1-
adrenergic agonists (mainly midodrine) or plasma volume
expanders (mainly fludrocortisone) are the most frequently
used [7].

CONSTIPATION

Constipation is eventually seen in almost all patients with
PD and is the chief complaint in some cases. The exact
mechanism of the constipation remains unknown, but
increased transit time probably plays a major role. The
antimuscarinic effects of the anticholinergic medications
used to treat parkinsonian tremor may also exacerbate con-
stipation. Initially, symptoms may respond to additional
dietary fiber and stool softeners, but many patients eventu-
ally require a daily bowel regimen that includes an osmotic
laxative such as lactulose.

DYSPHAGIA

Dysphagia is seen as a prominent symptom in some
patients with PD, usually as part of end-stage disease. It typ-
ically occurs earlier in the course of other parkinsonian syn-
dromes such as multiple system atrophy and progressive
supranuclear palsy. Although swallowing may improve with
dopaminergic therapy, dysphagia is a symptom that is 
relatively resistant to medication. Anticholinergics lead to
drying of the oral mucosa and may make swallowing more
difficult. When anticholinergics are necessary for control of
parkinsonism, artificial saliva may be used. Some patients
may also benefit from a change in diet or speech therapy
consultation for swallowing training.

DROOLING

Drooling is a common late manifestation of the disease.
Because saliva production is normal, drooling probably

arises from the poverty of automatic swallowing. It would
therefore be regarded as caused by hypokinesia, a cardinal
motor feature, rather than a strictly autonomic manifesta-
tion. Use of sugarless gum or hard candy may stimulate
swallowing and decrease drooling. It may also respond
somewhat to l-dopa. Some investigators have recommend
treatment with a peripheral-acting anticholinergic such as
propantheline. Direct injection of small amounts of botu-
linum toxin directly into the salivary glands has been used
to treat disabling drooling [8]. Others have suggested that
administration of antimuscarinics may further impair swal-
lowing by increasing the viscosity of the saliva.

SEXUAL FUNCTION

Increasing information is becoming available regarding
sexual function in PD [9, 10]. A majority of patients report
that sexual frequency is less than before they had PD. A
decrease in sexual interest was seen in 83% of men and 84%
of women. Almost 80% of men were unable to ejaculate,
and the majority of women report a decreased frequency of
orgasm since the parkinsonism. These changes are not felt
to be solely caused by depression. Although dopaminergic
medications have been reported to lead to hypersexuality,
this is rarely seen. Conversely, these medications are one of
the few families of medication not reported to impair sexual
function. Erectile dysfunction in men may respond to the use
of a vacuum device, papaverine injections, or penile pros-
thesis. Phosphodiesterase-5 inhibitors may also be effective
but should be used with caution in those with OH.

BLADDER DYSFUNCTION

Surveys have suggested that the majority of patients with
PD have some degree of bladder dysfunction [9]. This is
usually irritative symptomatology caused by involuntary
bladder contraction, but obstructive symptoms may also be
present. Because the pontine micturition center is spared,
these patients have coordinated voiding. Formal urodynam-
ics may be necessary to exclude a coexisting obstructive 
disorder such as prostatism. Anticholinergics (oxybutynin 
or tolterodine) may be used to help control symptoms if
obstruction is not documented.
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recent estimates are that about 30% of idiopathic late-onset
cerebellar ataxia cases will turn out to have MSA.

In 1989, Papp and colleagues [3] described the presence
of abundant argyrophilic GCIs in a series of cases clinically
labeled as sOPCA, SDS, or SND, which provided a 
pathologic rationale for “lumping” such cases under the 
term MSA. In 1998, these inclusions, which are not present
in hereditary OPCA/SCA cases, were shown to contain 
a-synuclein.

Recently, the terms sOPCA, SDS, and SND have largely
been jettisoned in favor of describing cases of MSA
according to their predominant motor disorder—cerebellar
(MSA-C) or parkinsonian (MSA-P).

Epidemiology

The population prevalence of MSA has been estimated at
4/100,000, although with wide confidence intervals. In most
reported series, MSA-P cases predominate compared with
MSA-C in a ratio of about 4 :1; however, a few series from
“cerebellar” units, and also a large series from Japan, have
reported the converse.

Demographics and Prognosis

The incidence regarding sex is approximately equal. No
proven case has had onset earlier than age 30 years, the mean
age at onset is about 53 years, and onset after age 70 years
is uncommon.

The disease is relentlessly progressive and significantly
shortens life expectancy. Survival from first symptom (auto-
nomic or motor) averaged 9 to 10 years in one large clini-
cal series [4], but is shorter in pathologic series.

CLINICAL FEATURES

Core clinical features used in published diagnostic 
criteria include parkinsonism (usually poorly levodopa-
responsive), cerebellar features, pyramidal signs, and uro-
genital (male erectile dysfunction, incontinence, incomplete
bladder emptying and retention) and cardiovascular auto-
nomic (particularly orthostatic hypotension) dysfunction.
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Multiple system atrophy (MSA) is a progressive sporadic
degenerative disease of the central and autonomic nervous
system of unknown cause. Clinically, it manifests as a motor
disorder, incorporating parkinsonism or (less frequently)
cerebellar or pyramidal features, together with urogenital or
cardiovascular autonomic involvement. Pathologically, it
involves cell loss and gliosis, in varying combinations, prin-
cipally in the striatum (mainly putamen), substantia nigra,
locus ceruleus, inferior olives, pontine nuclei, cerebellum,
and the intermediolateral columns and Onuf’s nucleus in the
spinal cord. In most of these areas, characteristic oligoden-
droglial cytoplasmic inclusions (GCIs) are seen, which stain
for a-synuclein.

HISTORY, NOSOLOGY, EPIDEMIOLOGY,
DEMOGRAPHICS, AND PROGNOSIS

History and Nosology

Cases of MSA have been reported variously as “olivo-
pontocerebellar degeneration” or atrophy (OPCA), as
Shy–Drager syndrome (SDS) [1], and as “striatonigral
degeneration” (SND). In 1969, Graham and Oppenheimer
[2] first introduced the umbrella term multiple system
atrophy. It was later emphasized that the combination of
parkinsonism and autonomic failure could be caused either
by MSA or by Lewy body pathology. The term progressive
autonomic failure became frequently attached to descrip-
tions of MSA, but almost imperceptibly the abbreviation
PAF then came to be used to signify pure autonomic failure,
an even rarer disorder usually associated with Lewy body
pathology. Many authors also lumped together genetic with
sporadic forms of OPCA or spinocerebellar ataxia (SCA);
consequently, chaos reigned. It gradually became apparent
that sporadic OPCA (sOPCA) should be considered sepa-
rately—patients had later onset than hereditary OPCA/SCA
cases, their course was more aggressive, and autonomic
failure was virtually universal. Later, the term idiopathic
late-onset cerebellar ataxia (ILOCA) was introduced for
patients with sporadic adult-onset cerebellar ataxia in whom
other known causes had been excluded. Currently, genetic
testing for various SCAs has reduced this pool, and the most



The parkinsonism is just as often asymmetric as in
Parkinson’s disease (PD), and although accompanied by 
a tremor in two thirds of cases (usually irregular and 
postural/action), less than 10% of cases display a classical
pill-rolling tremor of the hands. Frank pyramidal weakness,
or a scissors gait, is not seen.

Other clinical features (“red flags”) commonly occur and
may help to point toward a clinical diagnosis of MSA. These
include the frequent, and early, occurrence of rapid eye
movement–associated behavior disorder (RBD), the pres-
ence of sleep apnea, increased snoring, nocturnal or daytime
stridor, inspiratory sighs, contractures, disproportionate
antecollis or truncal deviation (Pisa syndrome), myoclonic
jerks of the fingers, cold violaceous extremities, sweating
disturbances, and emotional incontinence.

CLINICAL DIAGNOSTIC CRITERIA

Quinn [5, 6] introduced the first clinical diagnostic crite-
ria for MSA. These were later operationalized in the (more
complex) Consensus Criteria formulated by Gilman and col-
leagues [7]. A clinicopathologic study in the Queen Square
Brain Bank for Neurological Disorders showed a low (13%)
rate of false-positive, but an earlier study showed a consid-
erably greater (up to 55%) rate of false-negative, diagnosis
in life.

DIFFERENTIAL DIAGNOSIS

The commonest cause for misdiagnoses of MSA in life
is PD. Cases of progressive supranuclear palsy (PSP), cor-
ticobasal degeneration, and cerebrovascular disease, partic-
ularly when it coexists with PD, can sometimes be difficult
to differentiate. When the presentation is mainly cerebellar,
other conditions entering into the differential diagnosis are
SCAs 1, 2, 3, and 6 with an apparently negative family
history, late-onset Friedreich’s ataxia, and demyelinating
disease, especially primary progressive multiple sclerosis.

PARACLINICAL INVESTIGATIONS

MRI may reveal supratentorially putaminal atrophy, pos-
terior putaminal hypointensity or a hyperintense rim at the
lateral putaminal border, and infratentorially cerebellar and
pontine atrophy, a hyperintense “hot-cross bun” appearance
in the pons, and hyperintensity of the middle cerebellar
peduncles [8]. However, a normal scan, especially early in
the disease course, does not rule out the diagnosis, a “hot-
cross bun” may also be seen in SCAs 1 and 3, and pontine
atrophy in SCA2. MR spectroscopy tends to show reduced
N-acetyl aspartate signal in the lentiform nucleus, but this is

not specific in individual patients. 18F-fluorodopa positron
emission tomography (PET), or dopamine transporter single
photon emission computed tomography (SPECT), scans can
not reliably distinguish among PD, MSA, and PSP [8].
Reduced D2 receptor binding in striatum on 11C-raclopride
PET or IBZM-SPECT may suggest postsynaptic parkinson-
ism in l-dopa naive patients, but it is much less helpful in
treated cases because of down-regulation of postsynaptic D2
receptors by levodopa treatment. Clearcut striatal hypo-
metabolism on 18F-FDG PET scanning argues against PD.
The cardiac sympathetic defect in the Lewy body diseases
PD and PAF is classically preganglionic, whereas that in
MSA is postganglionic. Thus, if cardiac scintigraphy with
123-I-metaiodobenzylguanidine, a precursor of noradrena-
line, reveals a clear deficit, Lewy body pathology is much
more likely. Conventional cardiovascular autonomic func-
tion tests can demonstrate autonomic failure, but not
whether it is caused by Lewy body pathology or by MSA
[9]. Recordings of urethral and anal sphincter electromyo-
gram may be more helpful. Thus, loss of specialized ante-
rior horn cell neurons in MSA (and also PSP) leads to
denervation and reinnervation of the striatal external sphinc-
ter muscles, manifesting as increased amplitude, polyphasia,
and duration of sphincter muscle potentials. This can be
diagnostically helpful provided a number of potential pit-
falls are avoided [10]. The growth hormone response to a
brief intravenous clonidine infusion is impaired in MSA, but
also in some cases with PD. Currently, it appears that a
normal response argues against MSA, but that a defective
response cannot distinguish between MSA and PD.

MANAGEMENT

It is important to make a definitive diagnosis. Unfortu-
nately, especially early in the disease course, this may not
yet be possible, and the diagnosis may need to be reviewed
at intervals.

If parkinsonism is prominent, a trial of a levodopa prepa-
ration is required. If this causes unacceptable side effects,
for example, dystonias/dyskinesias, a trial of a dopamine
agonist may be warranted. About 20% of patients benefit
from amantadine. There is no effective medical treatment for
the cerebellar symptoms. Spasticity and myoclonus rarely
need treatment with baclofen, or clonazepam or valproate,
respectively. RBD may be helped by clonazepam. Breathing
disorders may require continuous positive airway pressure,
vocal cord lateralization, or tracheostomy. Emotional incon-
tinence can be helped by selective serotonin reuptake
inhibitors or tricyclics. Male erectile dysfunction may be
helped by sildenafil, but this can aggravate postural hypoten-
sion. Detrusor hyperexcitability can be helped by a periph-
erally acting anticholinergic such as oxybutynin; but if the
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residual volume is more than 100ml, intermittent self-
catheterization may also be needed.

For many patients, paramedical intervention—physio-
therapy, occupational therapy (including a home visit),
speech therapy (including attention to swallowing difficulty)
social work, and an expert wheelchair clinic assessment—
may give most benefit. Patient organizations such as the
Shy–Drager Syndrome/Multiple System Atrophy Support
Group (www.shy-drager.com) and the Sarah Matheson Trust
for MSA (www.msaweb.co.uk) can provide information and
support. In the later stages of the disease, outreach and 
inpatient care from hospice/palliative care facilities can 
be invaluable.
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PRACTICAL MANAGEMENT

Management of patients with DLB has to be based on a
multidimensional approach taking into account the cognitive
decline and dementia that form the core clinical syndrome,
the characteristic hallucinations and visual delusions present
in a majority of cases, as well as in dementia-associated
behavioral symptoms and depression. Furthermore, parkin-
sonism is a therapeutic issue in these patients as are 
symptoms and signs of autonomic dysfunction and, not
infrequently, sleep disorders like rapid eye movement
(REM)–associated behavior disorder (RBD).

DEMENTIA

On the basis of one randomized placebo-controlled trial,
rivastigmine can be considered efficacious in improving
cognitive function and psychotic behavior in DLB [7].
Dosages range between 3 and 12mg/day with a usual mean
target dose close to 10mg. Main side effects are gastroin-
testinal with nausea and vomiting, and there is generally no
negative impact on motor symptoms. Donepezil, although
not tested in randomized controlled fashion, is also likely
efficacious in a similar way as rivastigmine. Donepezil is
started as a dosage of 5mg/day and can be increased to 
10mg/day. Side effects are similar to rivastigmine. Tacrine
has been poorly studied in DLB and, because of its worse
safety profile compared with rivastigmine and donepezil, 
is not generally recommended.

HALLUCINATIONS AND PSYCHOSIS

Visual hallucinations, delusions, and psychotic behavior
may improve when patients with DLB are put on chol-
inesterase inhibitors like rivastigmine or donepezil. How-
ever, add-on treatment with antipsychotics is still frequently
needed. As in patients with PD, classic neuroleptics should
be avoided because of their potential to significantly worsen
motor symptoms. Unfortunately, this is also true for the

CLINICAL ASPECTS AND 
DIFFERENTIAL DIAGNOSIS

Dementia with Lewy bodies (DLB) represents a still
somewhat controversial entity defined by coexistent parkin-
sonism and progressive cognitive decline accompanied by
spontaneous recurrent visual hallucinations and conspicuous
fluctuations in alertness and cognitive performance [1].
Affected patients at postmortem examination show numer-
ous Lewy bodies in many parts of the cerebral cortex, 
particularly neocortical and limbic areas, in addition to 
the nigral Lewy body degeneration characteristic for 
Parkinson’s disease (PD). Progressive cognitive decline with
particular deficits of visuospatial ability and frontal execu-
tive function is accompanied by usually only mildly to mod-
erately severe parkinsonism, which is often akinetic–rigid
without the classical parkinsonian rest tremor. Recurrent
visual hallucinations may occur without exposure to
dopaminergic antiparkinsonian agents. Marked diurnal fluc-
tuations in cognitive performance have been the most diffi-
cult to define feature of the disease but are often conspicuous
to the environment. Current consensus restricts a diagnosis
of DLB only to patients with parkinsonism who experience
development of dementia within 12 months of the onset of
motor symptoms. Patients with PD who experience devel-
opment of dementia after 12 months of motor onset should
be labeled PD dementia (PDD). Whether DLB and PDD 
are distinct neuropathologically remains a matter of contro-
versy. To improve the differential diagnosis of DLB, con-
sensus criteria have been developed that establish possible
and probable levels of diagnostic accuracy [2, 3]. In a
prospective validation study these criteria have shown 
good sensitivity and specificity [2]. Supportive features of
DLB according to the criteria developed by McKeith 
include syncope. Symptomatic orthostatic hypotension
(OH) (including syncope) occurs in up to 30% of patients
with DLB [1, 4], sometimes as the presenting feature [5].
Syncope may also result from carotid sinus hypersensitivity,
which appears to be more common in DLB than Alzheimer
disease [6]. Dysautonomic features in DLB may also include
urogenital disturbance [4].

Dementia with Lewy Bodies79
Gregor K. Wenning

Movement Disorders Section
Department of Neurology

University Hospital
Innsbruck, Austria

Michaela Stampfer
Movement Disorders Section

Department of Neurology
University Hospital
Innsbruck, Austria



294 Part IX. Central Autonomic Disorders

daily), but this peripherally acting anticholinergic may pre-
cipitate urinary retention. A substantial postmicturition
residue of greater than 100ml is an indication for intermit-
tent self-catheterization (or catheterization by the spouse).
In the advanced stages of DLB, a urethral or suprapubic
catheter may become necessary. Erectile failure can be
improved by oral yohimbine (2.5–5mg three times daily) or
sildenafil (50–100mg) or by intracavernosal injection of
papaverine or a penis implant. RBD is a common cause for
disturbed night sleep in patients with DLB. When reason-
able suspicion for the presence of RBD emerges from inter-
view with spouses or sleep laboratory studies, a trial of
clonazepam starting with 0.5mg/day may be tried. As with
other benzodiazepines, patients should be closely monitored
for possible paradoxic reactions and increased anxiety, 
agitation, or confusion.
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atypical neuroleptics risperidone and olanzapine. Clozapine
with starting bedtime doses of 6.25mg/day (maintenance
dose range between 6.25 and 50mg/day; rarely 75–
150mg/day) is probably the best current option, although it
may be less well tolerated in patients with DLB compared
with psychotic patients with PD. Weekly blood count mon-
itoring is cumbersome but inevitable for the first 6 months
of the drug regimen (to be followed by biweekly blood count
controls). Quetiapine may therefore prove to be an easier to
use option with a starting dose of 25mg, which generally
has to be increased in a range between 50 and 150mg/day. 
Currently, however, the clinical study data on the use of 
quetiapine in DLB are limited.

PARKINSONISM

l-Dopa is the gold standard of symptomatic efficacy in
PD and also is the drug of choice to treat parkinsonism in
DLB. Doses are usually in the low middle range between
300 and 500mg l-dopa plus decarboxylase inhibitor per day,
but may be increased if clinically required. Visual halluci-
nations and psychotic behavior can be dose limiting. The
best compromise between need for improvement of akine-
sia and rigidity and the risk for increasing psychotic behav-
iour has to be sought. Dopamine agonists do not offer
significant advantages over l-dopa in DLB, but they have a
greater risk to induce psychotic side effects.

DYSAUTONOMIA

OH may be a disabling feature of DLB that, if present,
frequently exacerbates the disability arising from progres-
sive motor disturbance. A number of simple nonpharmaco-
logic strategies such as elastic support stockings or tights, a
high-salt diet, frequent small meals, head-up tilt of the bed
at night, and rising slowly from a sitting to a standing posi-
tion, may all improve orthostatic symptoms and should be
tried before resorting to drug therapy. If these measures fail,
the mineralocorticoid fludrocortisone may be given at night
(0.1–0.3mg). If orthostatic blood pressure decrease persists,
sympathomimetics such as ephedrine (15–45mg three times
daily) or midodrine (2.5–10mg three times daily) should be
added to fludrocortisone. Frequency and urge incontinence
often are helped by oxybutynin (2.5–5mg two to three times
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autonomic manifestations, frequently misdiagnosed as a
primary disorder of the target organ. They may occur during
clinical auras, before any recognizable epileptiform dis-
charges in the surface electroencephalogram (EEG) [4]. The
most common manifestations are cardiac arrhythmias, par-
ticularly ictal sinus tachycardia [5], but atrial fibrillation,
premature atrial or ventricular contractions, supraventricu-
lar or ventricular tachycardia, and ventricular fibrillation
may also occur. Ictal bradycardia is a rare manifestation of
temporal or frontotemporal lobe seizures, predominantly
from left hemisphere, and may lead to sinus arrest or sino-
atrial block [6]. Syncope may be the first manifestation of
seizures, and their differentiation may require simultaneous
electrocardiogram (ECG)/EEG recordings. Autonomic dys-
regulation and cardiac arrhythmias may underlie sudden
unexpected death in epilepsy. Temporolimbic seizures may
also produce mydriasis, flushing, pallor, shivering, sweating,
and piloerection, which may be unilateral. Unilateral pilo-
motor seizures may be a manifestation of ipsilateral tempo-
ral lobe lesions. Ictal abdominal pain or vomiting is more
common in children than in adults [4].

DISORDERS OF THE DIENCEPHALON

Hypothalamic Disorders

Disorders of the hypothalamus or its connections produce
complex autonomic manifestations, commonly associated
with disturbances in endocrine, thirst, caloric balance, or
sexual functions. Disorders of thermoregulation are an
important manifestation of hypothalamic disease. Hypother-
mia occurs in Wernicke’s encephalopathy and may also be
a consequence of head injury, mesodiencephalic hematoma,
multiple sclerosis, or toluene toxicity. Wernicke’s ence-
phalopathy should be suspected in alcoholic or malnour-
ished patients presenting with unexplained hypothermia, and
it requires immediate treatment with thiamine. Episodic
hyperhidrosis with hypothermia may be the primary mani-
festation of agenesis of the corpus callosum (Shapiro syn-
drome) or structural lesions affecting the third ventricle and
has been attributed to involvement of the thermoregulatory

The central autonomic network includes the insular, ante-
rior cingulate, and orbitofrontal cortex, amygdala, hypo-
thalamus, periaqueductal gray matter, parabrachial nucleus
of the pons, nucleus tractus solitarii (NTS), intermediate
reticular zone of the medulla including the ventrolateral
medulla, and the raphe nuclei and adjacent ventromedial
medulla. Disorders involving any of these regions or their
connections to the preganglionic sympathetic or parasym-
pathetic nuclei may result in the following: (1) syndromes
of autonomic failure, characterized by orthostatic hypoten-
sion, anhidrosis, gastrointestinal dysmotility, neurogenic
bladder, impotence, and Horner syndrome; or (2) syndromes
of autonomic hyperactivity, resulting in cardiac arrhythmias,
hypertension, hyperthermia or hypothermia, hyperhidrosis,
myocardial damage, or neurogenic pulmonary edema. 
These manifestations may occur in isolation or in various
combinations [1].

DISORDERS OF TELENCEPHALIC 
AUTTONOMIC REGIONS

Stroke

Hemispheric stroke involving the insular or anterior cin-
gulate cortex can produce cardiac arrhythmias, which are a
potential cause of sudden death. Right hemispheric strokes
are more frequently associated with supraventricular tachy-
cardia and left hemispheric strokes with ventricular tach-
yarrhythmias. Infarctions involving the insula may produce
hyperhidrosis in the contralateral face and arm. Unilateral or
bilateral infarction of the cingulate gyrus can produce
urinary and fecal incontinence, tachycardia, and even
sudden death [2, 3].

Hydrocephalus and meningioma compressing the medial
surface of the frontal lobes commonly produce neurogenic
uninhibited bladder.

Seizures

Seizures arising from the amygdala, anterior cingulate
cortex, or other limbic–paralimbic areas can produce several
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preoptic anterior hypothalamic region. The episodes may be
associated with other manifestations of autonomic hyperac-
tivity and alterations of the level of consciousness; they may
vary in duration and may be associated with long-lasting
remissions. Anticonvulsants, cyproheptadine, clonidine, or
muscarinic antagonists (oxybutynin or glycopyrrolate) may
control both hyperhidrosis and hypothermia. Posterior cere-
bral artery territory infarction involving the hypothalamus
and upper brainstem may produce the combination of ipsi-
lateral Horner syndrome and contralateral hyperhidrosis,
referred to as hemiplegia vegetativa alterna.

Paroxysmal Sympathetic Storms 
(“Diencephalic Seizures”)

Acute brain lesions may disrupt hypothalamic control of
sympathetic function and produce hypertension, tachycar-
dia, hyperthermia or hypothermia, diaphoresis, skin vasodi-
lation, pupil dilation, hyperventilation, shivering, and
increased muscle tone [7]. This syndrome of diencephalic
autonomic hyperactivity was first described by Penfield 
in 1929 [8]. It commonly occurs as a complication of 
closed head injury producing widespread axonal injury and
decortication. These patients may respond to opioids and
bromocriptine. The other common cause is acute hydro-
cephalus, which most frequently occurs in the setting of sub-
arachnoid hemorrhage or with mass lesions near the third
ventricle [7]. Shunt treatment may completely reverse the
episodes.

In intracranial catastrophes, acute sympathoadrenal exci-
tation may produce ECG changes of cardiac ischemia,
serious cardiac arrhythmias, and neurogenic pulmonary
edema [9].

Fatal Familial Insomnia

Fatal familial insomnia is an autosomal dominant prion
disease linked to a point mutation of the prion protein gene.
The main manifestations are progressive intractable insom-
nia, sympathetic hyperactivity (manifested by fever, hyper-
hidrosis, tachycardia, and hypertension), and abnormal
circadian endocrine function. The characteristic pathologic
findings are atrophy of the anteroventral and dorsomedial
thalamic nuclei, both involved in circuits controlling auto-
nomic function.

DISORDERS OF THE BRAINSTEM

Several neuronal groups of the lower pons and medulla,
including the NTS, dorsal vagal, and ambigual nuclei, and
intermediate reticular formation and ventrolateral medulla
interactively control tonic and reflex vasomotor, cardiova-

gal, and respiratory functions. Involvement of these nuclei
by ischemic, inflammatory, neoplastic, or degenerative
disease may produce severe cardiovascular and respiratory
disturbances, including excessive sympathoexcitation,
baroreflex failure, orthostatic hypotension, syncope, and
sleep apnea [1]. Sympathoexcitation reflects stimulation 
of hypoxia-sensitive neurons of the rostral ventrolateral
medulla that excite the preganglionic sympathetic neurons.
Baroreflex failure reflects bilateral damage of the NTS, the
first relay station of baroreceptor afferents. It resembles clin-
ically a pheochromocytoma with episodes of acute hyper-
tension or excessive lability of blood pressure. Orthostatic
hypotension or syncope may occur with tumors or vascular
lesions involving the descending sympathoexcitatory pro-
jections of the rostral ventrolateral medulla. Central hypo-
ventilation and sleep apnea may reflect involvement of the
ventral and dorsal respiratory groups of the medulla or their
descending projections to the upper cervical cord.

Vertebrobasilar Disease

Transient ischemic attacks may present with paroxysmal
hypertension that precedes any focal neurologic deficit.
Bilateral pontomedullary strokes may produce persistent
tachycardia, episodic bradycardia, orthostatic hypotension,
cardiorespiratory arrest, Ondine’s curse, unexplained fever,
generalized hyperhidrosis, vomiting, hiccups, dysphagia,
aperistaltic esophagus, gastric retention, and urinary reten-
tion. Lateral medullary infarction (Wallenberg syndrome)
produces Horner syndrome and occasionally profound
bradycardia, supine hypotension, acute hypertension, or
central hypoventilation. Pulsatile compression of the left
ventrolateral medulla by a basilar artery aneurysm or vas-
cular loops has been implicated in neurogenic hypertension.
The presence of an arterial loop pressing or distorting the
medulla is not a reliable predictor of beneficial response to
microvascular decompression in patients with essential
hypertension refractory to treatment.

Posterior Fossa Tumors

Posterior fossa tumors, such as cerebellar astrocytoma,
hemangioblastoma, medulloblastoma, cerebellopontine an-
gle tumors, and brainstem glioma may initially manifest
with orthostatic hypotension, paroxysmal hypertension, or
intractable vomiting. Orthostatic hypotension may be the
presenting manifestation or may develop after surgical 
treatment.

Degenerative and Developmental Disorders

Syringobulbia may affect the NTS or its connections with
cardiovagal and vasomotor neurons of the ventrolateral



changes in the limbs, especially the hands. Micturition and
defecation may be affected at an advanced stage.

Amyotrophic lateral sclerosis may produce subclinical
impairment in sudomotor axon reflex in the foot and im-
paired heart rate response to deep breathing.

Tetanus may produce severe sympathetic and parasym-
pathetic hyperactivity because of both disinhibition of 
preganglionic neurons and direct damage of brainstem auto-
nomic nuclei. Parasympathetic hyperactivity produces sinus
arrest, salivation, and increased bronchial secretions; sym-
pathetic hyperactivity produces tachycardia and other
arrhythmias, labile hypertension, fever, and profuse sweat-
ing. The stiff-man syndrome, caused by autoantibodies
against glutamic acid decarboxylase, may also manifest with
paroxysmal sympathetic hyperactivity. This occurs in asso-
ciation with the severe muscle spasms typical of the disease,
and both reflect lack of GABAergic inhibition of spinal cord
circuits.
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medulla [10]. This may produce orthostatic hypotension,
impaired cardiovagal function, exaggerated fluctuations of
blood pressure and central hypoventilation, contributing to
the risk for sudden death. Chiari type I malformation is a
common incidental finding with no clinical consequence,
but in rare cases it may produce compressive or vascular
involvement of the lower medulla, resulting in sleep apnea,
cardiorespiratory arrest, or syncope triggered by Valsalva-
type maneuvers.

Inflammatory, Toxic, and Metabolic Disorders

Poliomyelitis, brainstem encephalitis, or multiple sclero-
sis affecting the ventrolateral medulla or NTS may produce
hypertension, respiratory arrest, or neurogenic pulmonary
edema. Leigh syndrome may produce severe hypertension
caused by bilateral involvement of the NTS.

DISORDERS OF THE SPINAL CORD

Traumatic spinal cord lesions above T5 level produce
profound abnormalities in control of cardiovascular, 
thermoregulatory, bladder, bowel, and sexual functions,
including the syndrome of autonomic dysreflexia. The auto-
nomic manifestations of spinal cord injury are described in
Chapter 81.

Multiple sclerosis can lead to neurogenic bladder with
detrusor-sphincter dyssynergia and neurogenic bowel and
sexual dysfunction. Abnormal thermoregulatory sweating
and subclinical abnormalities in cardiovascular tests, includ-
ing reduced heart rate response to deep breathing variabil-
ity and sympathetic vasoconstrictor failure, are frequently
found in patients with multiple sclerosis. Devic’s neu-
romyelitis optica produces extensive demyelination and
necrosis of the spinal cord, particularly in the thoracic seg-
ments, which may result in severe dysautonomia.

Syringomyelia produces interruption of descending auto-
nomic pathways to the intermediolateral cell columns of the
spinal cord, either directly by a cervical syrinx or by an asso-
ciated Chiari malformation [10]. The manifestations include
Horner syndrome, sweating abnormalities, and trophic
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because of the inability to breathe. It is necessary to prevent
such episodes by adequate oxygenation, treatment of 
respiratory infection and pulmonary emboli (which con-
tribute to hypoxia), avoidance of cholinomimetic agents
such as neostigmine and carbachol, and, if necessary, the use
of parenteral atropine or a demand cardiac pacemaker.

In the chronic stage, the levels of basal systolic and dias-
tolic blood pressure are related closely to the level of the
spinal lesion—that is, pressure is lower in the high lesions,
and increases toward normal as the lesion descends. In
tetraplegic patients, plasma norepinephrine levels are about
25% of the levels observed in healthy subjects, and they
have reduced basal muscle sympathetic nerve activity, as
measured by microneurography. Complicating factors, such
as renal damage and failure, can increase blood pressure,
regardless of the lesion.

In high lesions, the blood pressure is sensitive to a
number of physiologic stimuli. Postural (orthostatic)
hypotension is a particular problem in the early stages (Fig.
81.3). It may cause a variety of symptoms, including neck
(“coathanger”) pain [2] similar to symptoms noted in other
forms of chronic autonomic failure. Plasma norepinephrine
levels are low and do not increase with head-up postural
change, unlike in healthy subjects. There is a marked
increase in levels of plasma renin, aldosterone, and vaso-
pressin, which may contribute to the recovery of blood pres-
sure and account for other symptoms, such as reduced urine
output. Improvement in symptoms and in postural blood
pressure follows repeated head-up tilt, which presumably
improves cerebral autoregulation and releases the various
hormones that constrict blood vessels, increase intravascu-
lar volume, and thus reduce the postural blood pressure
decrease. Drugs such as the sympathomimetics ephedrine or
midodrine may need to be used.

The reverse, severe hypertension, may occur during auto-
nomic dysreflexia after stimulation below the level of the
lesion. This may occur through the skin (such as from com-
plicating pressure sores), from abdominal and pelvic viscera
(by contraction of the urinary bladder or irritation from a

Normal functioning of the autonomic nervous system is
critically dependent on integrity of the spinal cord, because
the entire sympathetic outflow (T1–L2/3) and the sacral
parasympathetic outflow travel and synapse within the
spinal cord, before supplying various target organs (Fig.
81.1). In spinal cord injuries, therefore, autonomic impair-
ment usually occurs, and this depends on the site and the
extent of the lesion. In cervical and high thoracic transec-
tion, the entire or a large part of the sympathetic outflow,
together with the sacral parasympathetic outflow, is sepa-
rated from cerebral control. Autonomic malfunction may
affect the cardiovascular, thermoregulatory, sudomotor, 
gastrointestinal, urinary, and reproductive systems [1]. The
problems are usually worse in those with higher lesions.

Soon after cord injury, there is a transient state of hypo-
excitability, described as “spinal shock.” There is flaccid
paralysis of muscles, lack of tendon reflexes, impairment of
spinal autonomic function with atony of the urinary bladder
and large bowel, dilation of blood vessels, and lack of spinal
autonomic reflexes. This may last from a few days to a few
weeks, after which activity in the isolated cord returns. In
the chronic phase, with return of isolated spinal function, a
different set of autonomic abnormalities occurs.

CARDIOVASCULAR SYSTEM

In recent high injuries, basal blood pressure, especially
diastolic, is usually lower than normal. Plasma norepineph-
rine and epinephrine levels are low, as in the chronic phase.
Basal heart rate is usually below normal. In patients with
high cervical lesions, who need artificial ventilation because
of diaphragmatic paralysis, severe bradycardia and cardiac
arrest may occur during tracheal stimulation (Fig. 81.2).
This results from increased vagal activity, because efferent
muscarinic blockade with atropine prevents bradycardia.
Vagal activity is increased by hypoxia and by the absence
of sympathetic reflexes; furthermore, there is an inability to
reduce vagal activity through the pulmonary inflation reflex
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urethral catheter) (Fig. 81.4), or through skeletal muscles
(during muscle spasms). The paroxysmal increase in blood
pressure is the result of increased spinal sympathetic neural
activity causing constriction of both resistance and capaci-
tance vessels. These changes occur below the level of the
lesion, whereas above the lesion there may be sweating and
dilation of cutaneous vessels over the face and neck. Auto-
nomic dysreflexia is accompanied by increased levels of
plasma norepinephrine. Plasma norepinephrine levels, even
at the height of hypertension, however, are increased only
twofold or threefold above the low basal levels and are still
within the range of basal levels in healthy subjects; this
differs markedly from the levels seen in hypertensive crises
caused by a pheochromocytoma.

During autonomic dysreflexia muscle sympathetic nerve
activity measured by microneurography shows only a
modest increase, suggesting that the pressor response may
be caused by increased a-adrenergic receptor sensitivity.
This also may explain the increased pressor response to

intravenously infused norepinephrine. Other factors, such as
impaired baroreflex activity, may be of importance because
there is pressor hypersensitivity to a wide range of vaso-
active agents of different chemical structures that act on 
a variety of receptors. Tetraplegic patients also have an
enhanced depressor response to vasodilator agents, which
further favors baroreflex impairment. Experimental studies
indicate the importance of certain neuronal cells with acti-
vated nerve growth factors (NGF); furthermore, neutraliz-
ing intraspinal NGF prevents the development of autonomic
dysreflexia [3].

FIGURE 81.1 Schematic outline of the major autonomic pathways con-
trolling circulation. The major afferent input into the central nervous system
is through the glossopharyngeal (CR 9) and vagus (CR 10) nerves by acti-
vation of baroreceptors in the carotid sinus and aortic arch. Chemorecep-
tors and low-pressure receptors also influence the efferent outflow. The
latter consists of the cranial parasympathetic (PS) outflow to the heart
through the vagus nerves, and the sympathetic outflow from the thoracic
and upper lumbar segments of the spinal cord. Activation of visceral, skin,
and muscle receptors, in addition to cerebral stimulation, influences the
efferent outflow. In high spinal cord lesions, therefore, the input from
chemoreceptors and baroreceptors is preserved together with the vagal
efferent outflow, but there is no connection between the brain and the rest
of the sympathetic outflow. The spinal sympathetic outflow may be acti-
vated through a range of afferents (visual, skin, and muscle). This occurs
through isolated spinal cord reflexes, not controlled by cerebral pathways,
as seen normally.

0.6 mg IV

20 min post atropine
(0.6 mg IV)

6 hr post atropine
(0.6 mg IV)

FIGURE 81.2 A, The effect of disconnecting the respirator (as required
for aspirating the airways) on the blood pressure (BP) and heart rate (HR)
of a recently injured tetraplegic patient (C4/5 lesion) in spinal shock, 6
hours after the last dose of intravenous atropine. Sinus bradycardia and
cardiac arrest, also observed in the electrocardiograph, were reversed by
reconnection, intravenous atropine, and external cardiac massage. (From
Frankel, H. L., C. J. Mathias, and J. M. K. Spalding. 1975. Mechanisms of
reflex cardiac arrest in tetraplegic patients. Lancet 2:1183–1185.) B, The
effect of tracheal suction 20 minutes after atropine in the same patient. Dis-
connection from the respirator and tracheal suction did not decrease either
heart rate or blood pressure. (From Mathias, C. J. 1972. Bradycardia and
cardiac arrest during tracheal suction—mechanisms in tetraplegic patients.
Eur. J. Inten. Care Med. 2:147–156.)
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Autonomic dysreflexia is a serious problem. It may result
in considerable morbidity, with severe sweating and a throb-
bing headache, and even mortality as a result of intracranial
hemorrhage. The management consists of preventing the ini-
tiating factors that increase sympathoneuronal activity. If
necessary, a variety of drugs to reduce sympathetic efferent
activity can be used.

CUTANEOUS CIRCULATION

In higher lesions, the skin below the lesion is usually
warmer and veins appear dilated. There may be extravasa-

tion of fluid into subcutaneous tissue that could contribute
to skin breakdown and pressure sores. Vasodilation often
occurs in the nose (Guttmann’s sign); similar changes occur
after a-antagonists, reserpine and guanethidine in patients
with hypertension.

In spinal shock, the cutaneous responses to the triple or
Lewis response are exaggerated, hence, the term der-
matographia rubra. With the return of spinal cord reflex
activity in the chronic phase, there is sympathetic vasocon-
striction and skin pallor, hence the term dermatographia
alba.

THERMOREGULATION AND 
SUDOMOTOR FUNCTION

Hypothermia may readily occur in high lesions because
shivering is diminished and they may be unable to vaso-
constrict the cutaneous circulation. The reverse may occur
causing hyperthermia because of the inability to sweat and
to reflexly vasodilate in the periphery, when heat is lost.

Therefore, maintenance of environmental temperature is
of critical importance. With hyperthermia, tepid sponging,
increasing airflow with a fan to accelerate heat loss, and, in
severe cases, ice-cooled saline by intravenous infusion or
urinary bladder irrigation may be needed.

The sympathetic skin response (SSR), a technique that
records neurogenic activation of sweat glands, is abnormal
in spinal injuries, depending on the level of lesion [4]. Acti-
vation of supraspinal centers and descending sudomotor

FIGURE 81.3 A, Blood pressure (BP) and heart rate (HR) in a
tetraplegic patient before and after head-up tilt, in the early stages of reha-
bilitation, where there were few muscle spasms and minimal autonomic
dysreflexia. (From Mathias, C. J., and H. L. Frankel. 1992. The cardiovas-
cular system in tetraplegia and paraplegia. In Spinal Cord Trauma, ed. P.
J. Vinken, G. W. Bruyn, H. L. Klawans. Vol. 61 of Handbook of Clinical
Neurology, ed. H. L. Frankel. Elsevier, Science Publishers, Netherlands,
435–456.) B, BP and HR in a chronic tetraplegic patient before, during, and
after head-up tilt to 45 degrees. BP promptly decreases, but with partial
recovery, which in this case is linked to skeletal muscle spasms (S) induc-
ing spinal sympathetic activity. Some of the later oscillations may be caused
by the increase in plasma renin, which was measured where there were
interruptions in the intraarterial record. In the later phases of head-up tilt,
skeletal muscle spasms occur more frequently and further increase the BP.
On return to the horizontal, BP increases rapidly above the previous level
and then returns slowly to horizontal levels. HR usually moves in the oppo-
site direction, except during muscle spasms when there is an initial increase.
(From Mathias, C. J., and H. L. Frankel. 1988. Cardiovascular control in
spinal man. Ann. Rev. Physiol. 50:577–592.)

FIGURE 81.4 Blood pressure (BP), heart rate (HR < intravesical pres-
sure [IVP]), plasma norepinephrine (NE) (open histograms) and plasma
epinephrine (E) (filled histograms) in a tetraplegic patient before, during,
and after urinary bladder stimulation induced by suprapubic percussion of
the anterior abdominal wall. The increase in BP is accompanied by a
decrease in HR as a result of increased vagal activity in response to the
increased blood pressure. Plasma NE but not E levels increase, suggesting
an increase in sympathetic neural activity, independently of
adrenomedullary activation. (From Mathias, C. J., and H. L. Frankel. 1986.
The neurological and hormonal control of blood vessels and heart in spinal
man. J. Auto. Nerv. Sys. (suppl):457–464.)



to be an automated reflex or neurogenic bladder. Catheters
should ideally be used intermittently in the early stages.
Urinary infection in skin, bone, and other tissues may cause
secondary amyloidosis, with renal infiltration and serious
sequelae.

REPRODUCTIVE SYSTEM

In male patients, sexual function is affected, especially in
the early stages, with both erectile and ejaculatory failure.
In the chronic phase, priapism may occur during autonomic
dysreflexia. Ejaculation, if it occurs, is often retrograde.
Various approaches, including electrical stimulation and col-
lection of seminal fluid, have been used for artificial insem-
ination. The phosphodiesterase inhibitor sildenafil (Viagra)
is an effectively used drug in spinal injuries; whether it also
decreases blood pressure excessively, as it does in other
groups with autonomic failure such as multiple system
atrophy, is not known [5].

In female patients, menstrual cycle disruption often
occurs in the early stages. There is usually recovery within
a year, and successful pregnancy has occurred in both
tetraplegics and paraplegics. In high lesions, severe auto-
nomic dysreflexia may accompany uterine contractions.
Such patients are particularly prone, with the increase of
blood pressure, to epileptic seizures and cerebral hemor-
rhage. It is essential to decrease their blood pressure. A com-
bination of anticonvulsants (such as phenytoin) and agents
to reduce spinal cord activity (such as spinal anesthetics)
may be needed, together with other agents, to control blood
pressure.

References

1. Mathias, C., and H. L. Frankel. 2002. Autonomic disturbances in spinal
cord lesions. In Autonomic failure: A textbook of clinical disorders 
of the autonomic nervous system, 4th ed., ed. C. J. Mathias and R. 
Bannister, 494–513. Oxford: Oxford University Press.

2. Cariga, P., S. Ahmed, C. J. Mathias, and B. P. Gardner. 2002. The pre-
valence and association of neck (coathanger) pain and orthostatic 
(postural) hypotension in human spinal cord injury. Spinal Cord
40:77–82.

3. Krenz, N. R., S. O. Meaking, A. V. Krassioukov, and L. C. Weaver. 1999.
Neutralizing intraspinal nerve growth factor blocks autonomic dys-
reflexia caused by spinal cord injury. J. Neurosci. 19:7405–7414.

4. Cariga, P., M. Catley, G. Savic, H. L. Frankel, C. J. Mathias, P. H.
Ellaway. 2002. Organisation of the sympathetic skin response in spinal
cord injury. J. Neurol. Neurosurg. Psychiatry 72:356–360.

5. Hussain, I. F., C. Brady, M. J. Swinn, C. J. Mathias, and C. Fowler. 2001.
Treatment of erectile dysfunction with sildenafil citrate (Viagra) in
parkinsonism due to Parkinson’s disease or multiple system atrophy 
with observations on orthostatic hypotension. J. Neurol. Neurosurg. 
Psychiatry 71:371–374.

81. Autonomic Disturbances in Spinal Cord Injuries 301

neural pathways in the spinal cord are necessary for the SSR,
which is absent in the plantar region in low injuries, and
absent in the palmar region in high spinal injuries. Impor-
tantly, the presence or absence of the SSR can be a useful
marker of spinal cord autonomic involvement, in addition to
motor and sensory evaluation, and may improve classifica-
tion of the extent of spinal functional deficits.

GASTROINTESTINAL SYSTEM

In the early stages of spinal cord injury, there is vagal
hyperactivity that may contribute to acid hypersecretion,
with gastric ulceration and hemorrhage. H2 receptor antag-
onists, or allied agents, need to be used prophylactically. In
high lesions, paralytic ileus may occur; the mechanisms are
unclear and often follow ingestion of solid food, which
should be avoided. Large bowel dysfunction is common, and
adequate training, together with the use of an appropriate
diet, mild laxatives, and stool softeners, may be needed.

URINARY SYSTEM

In the early stages, bladder atony occurs, with urinary
retention, bladder distention, and urinary overflow. With
recovery of isolated cord function, the bladder can be trained

FIGURE 81.5 Changes in mean blood pressure (MBP) and heart rate
(HR) in patients with spinal cord lesions at different levels (cervical and
thoracic) after urinary bladder stimulation induced by suprapubic percus-
sion of the anterior abdominal wall. In the cervical and high thoracic
lesions, there is a marked increase in blood pressure and a decrease in heart
rate. In patients with lesions below T5 there are minimal cardiovascular
changes. (From Mathias, C. J., and H. L. Frankel. 1986. The neurological
and hormonal control of blood vessels and heart in spinal man. J. Auto.
Nerv. Sys. (suppl):457–464.)
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aminases, lactic acid dehydrogenase, aldolase, and periph-
eral catecholamines.

The main morbidity and mortality in patients with neu-
roleptic malignant syndrome are irreversible brain injury
from hyperthermia and renal failure from myoglobinuria
secondary to rigidity-induced skeletal muscle necrosis.
Other conditions contributing to morbidity and mortality are
aspiration pneumonia, myocardial infarction, disseminated
intravascular coagulation, and metabolic and electrolyte
derangements.

In 1994, the Diagnostic and Statistical Manual of Mental
Disorders-IV (DSM-IV) [2] recommended diagnostic crite-
ria for neuroleptic malignant syndrome (Table 82.2) with the
intention of creating more consistency in diagnosis and
facilitating early recognition and intervention, thus reducing
morbidity and mortality.

MEDICATIONS AND RISK FACTORS

Neuroleptics are among the most commonly prescribed
drugs in the United States. Phenothiazine, thiothixene, and
butyrophenones are the agents most commonly implicated 
in causing neuroleptic malignant syndrome. Haloperidol is
the single most common drug associated with the neuroleptic
malignant syndrome, most likely because it is one of the most
commonly prescribed neuroleptics [3]. The expanding list of
implicated drugs now includes amoxapine, tetrabenazine,
reserpine, metoclopramide, clozapine, risperidone, olanzap-
ine, monoamine oxidase inhibitors, and tricyclic antidepres-
sants (Table 82.3) [4]. Dopamine antagonism in the central
nervous system is the common factor shared by all of these
agents; some are more potent dopamine antagonists than
others. Intramuscular injection of depot preparations of 
neuroleptics may increase the risk for neuroleptic malignant
syndrome and definitely prolong recovery because prompt
drug withdrawal is not possible.

Individuals at increased risk for neuroleptic malignant
syndrome cannot be identified before initiating therapy. The
onset of symptoms is most often within the first 30 days 
of starting treatment. Rapid neuroleptic dose escalation,

The neuroleptic malignant syndrome is a rare and poten-
tially fatal syndrome of hyperthermia, rigidity, autonomic
instability, and mental status derangement [1]. It is an idio-
syncratic reaction to drugs that alter the dopaminergic path-
ways of the central nervous system. Neuroleptics are the
usual inciting agents. These are dopamine antagonists com-
monly prescribed for the treatment of psychiatric disorders.
The incidence of neuroleptic malignant syndrome is esti-
mated to be 0.1 to 2.2% of patients treated with neurolep-
tics. A similar syndrome can be caused by the sudden
withdrawal of dopamine agonists used in the treatment of
Parkinson’s disease.

CLINICAL FEATURES

The clinical features of neuroleptic malignant syndrome
are distinctive, but the four cardinal findings need not occur
in every patient. The considerable list of potential symptoms
(Table 82.1) can be grouped into the four general areas of
hyperthermia, muscular rigidity, mental status changes, and
autonomic dysfunction.

Hyperthermia is present in all cases of neuroleptic malig-
nant syndrome and often exceeds 103.0°F. Muscular rigid-
ity is severe and can be associated with tremor and
bradykinesia; all three features are caused by extrapyrami-
dal dysfunction. Passive movement of the limbs in all direc-
tions (lead pipe rigidity) is resisted. Mental status changes
include confusion, delirium, speech disorders, and decreased
states of consciousness. Autonomic dysfunction is usually
characterized by rapid fluctuations in blood pressure and
heart rate. Other autonomic features include sialorrhea,
incontinence, and dysphagia. Tachypnea is probably caused
by a combination of autonomic instability, muscular rigid-
ity of the chest wall, and aspiration.

The laboratory findings of neuroleptic malignant syn-
drome are useful in establishing the diagnosis. The sustained
muscular contraction causes muscle fiber necrosis and the
blood concentration of creatine kinase may exceed 10,000
IU. Other less specific features are a leukocytosis, myo-
globinuria, and increased serum concentrations of trans-
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dehydration, psychomotor agitation, catatonia, and underly-
ing organic brain disease probably increase the incidence of
neuroleptic malignant syndrome in at-risk individuals. A
high serum creatinine kinase level during non-neuroleptic
malignant syndrome psychotic episodes may also be a risk
factor for future neuroleptic malignant syndrome [5]. There
is evidence of a genetic predisposition to neuroleptic malig-
nant syndrome in individuals carrying the TaqI A polymor-
phism of the dopamine D2 receptor gene [6]. Other gene
polymorphisms have yet to be implicated in the pathogene-
sis of the syndrome. Neuroleptic malignant syndrome recurs
in one third of patients when neuroleptics are reintroduced
after recovery from the initial episode. In situations in which
the need for neuroleptic therapy outweighs the risk, the
chance of a second neuroleptic malignant syndrome episode
can be reduced by waiting at least 2 weeks after resolution
of symptoms and then using the lowest possible dose of a
low-potency agent [4].

DIFFERENTIAL DIAGNOSIS

The differential diagnosis of neuroleptic malignant syn-
drome includes other syndromes with hyperthermia as a
prominent feature, fever complicating Parkinson’s disease 
or other extrapyramidal syndromes, and lethal catatonia.
Malignant hyperthermia and neuroleptic malignant syn-
drome have similar clinical features, but they are distin-
guishable because malignant hyperthermia is inherited as an
autosomal dominant condition and is only triggered by the
administration of anesthetic agents [4]. Heat stroke shares
some features with neuroleptic malignant syndrome but

TABLE 82.1 Clinical Findings in Neuroleptic 
Malignant Syndrome

Hyperthermia
Often >103°F

Rigidity
Lead pipe in nature

Other extrapyramidal findings
Tremor
Bradykinesia
Dystonic posturing

Mental status changes
Confusion
Obtundation
Mutism

Autonomic instability
Blood pressure lability
Tachycardia
Tachypnea
Sialorrhea
Incontinence
Diaphoresis

Laboratory results
Creatine phosphokinase often >10,000 IU
Leukocytosis
Lactic acid dehydrogenase elevation
Aldolase increase
Transaminase increase

TABLE 82.2 Research Criteria for Neuroleptic 
Malignant Syndrome

A. The development of severe muscle rigidity and increased temperature
associated with the use of neuroleptic medication

B. Presence of two (or more) of the following:
1. diaphoresis
2. dysphagia
3. tremor
4. incontinence
5. changes in level of consciousness ranging from confusion to

coma
6. mutism
7. tachycardia
8. increased or labile blood pressure
9. leukocytosis

10. laboratory evidence of muscle injury (e.g., increased creatine
phosphokinase)

C. The symptoms in Criteria A and B are not caused by another
substance (e.g., phencyclidine) or a neurologic or other general
medical condition (e.g., viral encephalitis)

D. The symptoms in Criteria A and B are not better accounted for by a
mental disorder (e.g., mood disorder with catatonic features)

From American Psychiatric Association. 1994. Diagnostic and statisti-
cal manual for mental disorders, 4th ed., 798. Washington, D.C.

TABLE 82.3 Potential Precipitants: Neuroleptic 
Malignant Syndrome

Precipitants Examples

Typical neuroleptics
Phenothiazine Fluphenazine, chlorpromazine,

thioridazine, promethazine,
prochlorperazine, trifluoperazine

Dibenzoxazepines Pimozide
Butyrophenones Haloperidol
Dihydroindolones Molindone
Thioxanthenes Thiothixene
Dibenzoapines Loxapine

Atypical neuroleptics Clozapine, risperidone, olanzapine
Antiemetics Metoclopramide
Tricyclic antidepressants Amitriptyline, imipramine, etc.
Benzodiazepines (in overdose Diazepam, lorazepam, etc.

and in pharmacy)
Withdrawal of dopamine agonist l-Dopa, pergolide, bromocriptine, etc.
Polypharmacy (in combination Alcohol, lithium, cimetidine

with neuroleptics)
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lacks rigidity and sweating and is characterized by an abrupt
onset after physical exercise or exposure to a high ambient
temperature. Neuroleptics increase the risk for heat stroke;
this may confuse diagnosis in individuals whose history is
compatible with both disorders [3]. The clinical features of
neuroleptic malignant syndrome can be mimicked in
patients with Parkinson’s disease whose rigidity worsens at
the time of concurrent fever or infection. The same is true
for other neurodegenerative disorders of the extrapyramidal
system. Common infectious and metabolic disorders must
be ruled out before making the diagnosis of neuroleptic
malignant syndrome. Lethal catatonia is a rare disorder of
psychotic patients known years before the development 
of neuroleptics. Its clinical features are identical to those of
neuroleptic malignant syndrome and the two conditions are
only distinguished by the prior use of neuroleptics [7].

PATHOGENESIS

The precise pathogenesis of neuroleptic malignant syn-
drome is not fully understood. Central dopaminergic
hypoactivity has been identified in patients susceptible to
neuroleptic malignant syndrome [6]. This supports a hypoth-
esis that dopamine receptor blockade in the basal ganglia
and hypothalamus results from treatment with neuroleptics
[3]. Disruption of the dopaminergic pathways of the 
hypothalamus and basal ganglia leads to hyperthermia and
rigidity. The experimental infusion of a dopamine agonist 
on the thermoregulatory center of the hypothalamus causes
a dose-dependent decrease in body temperature. Basal
ganglia dysfunction commonly produces tremor and other
extrapyramidal symptoms in addition to rigidity. The auto-
nomic instability combined with sustained muscle contrac-
tion and impaired heat dissipation exacerbates hyperthermia.
The cerebrospinal fluid of patients with neuroleptic malig-
nant syndrome shows a persistent reduction of homovanil-
lic acid, the major metabolite of dopamine, supporting 
the dopamine-blocking hypothesis. Sympathetic nervous
system hyperactivity has been recorded in the neuroleptic
malignant syndrome active phase, implicating central nora-
drenergic activity dysregulation in the pathogenesis of 
neuroleptic malignant syndrome [8]. Other factors must be
involved in the pathogenesis of neuroleptic malignant 
syndrome because its occurrence is rare, whereas the drugs
known to induce the syndrome are prescribed to millions 
of patients each year. Furthermore, the reintroduction of
neuroleptic agents in patients with a history of neuroleptic
malignant syndrome does not always cause a recurrence.

TREATMENT

Patients with neuroleptic malignant syndrome should be
treated in an intensive care unit. Treatment begins with the

immediate withdrawal of the offending agent or the reintro-
duction of the antiparkinson agent that was discontinued.
The average time for recovery from neuroleptic malignant
syndrome is 10 days, and this is prolonged when depot
preparations of neuroleptics were used. Therapy with
dopamine agonists, such as bromocriptine, reduces the
recovery time of neuroleptic malignant syndrome [7]. They
act primarily by restoring the dopaminergic balance in 
the preoptic area of the hypothalamus and basal ganglia.
Levodopa/carbidopa also has been used successfully to
reverse the hypodopaminergic state and to reverse hyper-
thermia [4]. Dantrolene, a skeletal muscle relaxant, reduces
the muscle rigidity of malignant hyperthermia and also is
useful in neuroleptic malignant syndrome. It is widely
accepted that early therapy with bromocriptine/dantrolene
can reduce the occurrence of aspiration pneumonia, one of
the leading causes of death in neuroleptic malignant syn-
drome. Benzodiazepines also are useful to treat the agitated
mental confusion and the rigidity [4].

Early diagnoses resulting in prompt supportive mea-
sures in combination with drug therapy have significantly
reduced the mortality from neuroleptic malignant syndrome.
Cooling blankets are effective in combating hyperthermia,
and vigorous fluid replacement is essential to prevent 
dehydration. Aspiration is a common complication of neuro-
leptic malignant syndrome because of decreased chest 
wall compliance and depressed level of consciousness.
Therefore, mechanical ventilation, when indicated, com-
bined with aggressive pulmonary toilet and appropriate anti-
biotic therapy in the event of pneumonia, is helpful. Renal
failure, resulting from muscle breakdown, is the most com-
mon and severe complication of neuroleptic malignant syn-
drome. Fluid replacement and hemodialysis are the primary
treatment modalities. The mortality from neuroleptic 
malignant syndrome increases to 50% if renal failure 
develops [3].

Electroconvulsive therapy is a last resort when lethal
catatonia enters the differential diagnosis [9]. The two syn-
dromes are clinically indistinguishable and lethal catatonia
would not respond to the recommended treatment of neu-
roleptic malignant syndrome.
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blood pressure, preferably early in the morning or after a
meal, may be necessary. Patients with pure autonomic
failure also have decreased sinus arrhythmia and absent
blood pressure overshoot during phase IV of Valsalva
maneuver, indicating parasympathetic and sympathetic
efferent dysfunction. Pure autonomic failure mainly affects
efferent postganglionic neurons. Afferent pathways and
somatic neurons are not affected.

DIFFERENTIAL DIAGNOSIS

Pure autonomic failure should be distinguished from
other forms of neurogenic OH, such as peripheral somatic
neuropathies with autonomic involvement (e.g., diabetes
and amyloid), multiple system atrophy (MSA), and Parkin-
son’s disease (PD). Patients with pure autonomic failure
have no sensory, cerebellar, pyramidal, or extrapyramidal
dysfunction. In general, this allows clinical distinction with
other forms of neurogenic OH. Early in the course of the
disease, the diagnosis of pure autonomic failure is always
tentative. After a few years, it is not uncommon that
extrapyramidal or cerebellar deficits (frequently both)
develop in a patient who appeared to have pure autonomic
failure and it turns out that the patient did not have pure
autonomic failure but rather MSA. Therefore, a diagnosis of
pure autonomic failure may require a five-year history of
autonomic dysfunction because other neurologic deficits
may develop, thus causing reclassification of the subject’s
disorder. It is incumbent on physicians to make a meticulous
search for central nervous system disorders before diagnos-
ing pure autonomic failure. In PD, clinical evidence of
parkinsonism usually precedes the symptoms of autonomic
failure by several years but this is not always the case in
MSA. Hoarseness (caused by dystonia of the vocal cord
abductor) and sleep apnea are highly suggestive of MSA.
Pure autonomic failure is less progressive and generally
induces less disabling symptoms than do these other syn-
dromes. Patients with pure autonomic failure most often will
have a prolonged and sometimes stable course.

Pure autonomic failure was first described by Bradbury
and Eggleston in 1925 [1]. The disorder has been most fre-
quently referred to as idiopathic orthostatic hypotension
(OH). The name pure autonomic failure was introduced by
Oppenheimer as one of the primary autonomic failure syn-
dromes. It is a sporadic, adult-onset, slowly progressive,
neurodegenerative disorder of the autonomic nervous
system characterized by symptomatic OH, bladder and
sexual dysfunction, and no somatic neurologic deficits.

Pure autonomic failure affects men slightly more often
than women, usually during middle age. Its onset is slow
and insidious; the patient may recall that symptoms first 
presented several years before seeking medical treatment.
Unsteadiness, lightheadedness, or faintness on standing,
worse in the morning, after meals, during exercise, or in 
hot weather, usually causes the patient to seek medical
advice.

Questioning often reveals aching in the neck or occiput
only when standing. Lying down relieves all symptoms. A
decreased ability to sweat may be apparent, particularly in
hot climates. Men found to have pure autonomic failure may
have sought advice about urinary tract symptoms, including
hesitancy, urgency, dribbling, and occasional incontinence.
Other signs of autonomic disturbance including impotence,
erectile and ejaculatory dysfunction, an inability to appreci-
ate orgasm, and retrograde ejaculation may also be apparent.
Women may experience urinary retention or incontinence as
early symptoms [2, 3]. In contrast to the nausea and pallor
that occurs before losing consciousness in patients with neu-
rally mediated syncope, which are prominent signs of auto-
nomic activation, in patients with pure autonomic failure,
these signs are noticeably absent and consciousness is lost
with little or no warning [2, 3].

Definitive diagnosis of OH as the cause of symptoms is
made when symptoms are reproduced while documenting a
decline in systolic blood pressure of at least 20mmHg and
diastolic pressure of at least 10mmHg, within 3 minutes of
standing. The diagnosis cannot be excluded with a single
measurement of upright blood pressure, which does not
fulfill these criteria. Several measurements of orthostatic
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CATECHOLAMINE STUDIES

Patients with pure autonomic failure have very low
plasma norepinephrine levels when recumbent, whereas
plasma norepinephrine levels when recumbent are normal in
MSA and variable in patients with PD [4]. On standing,
patients with pure autonomic failure, MSA, and some with
PD with autonomic failure do not have the expected increase
in plasma norepinephrine levels, indicating an inability to
normally stimulate the release of catecholamines by barore-
flex activation in all these disorders. When norepinephrine
is infused into patients with pure autonomic failure, there is
an exaggerated increase in blood pressure, reflecting an
excessive sensitivity of postsynaptic a-adrenergic receptors
to exogenous catecholamines. Patients with MSA and PD
have only a mildly increased blood pressure response to
infused norepinephrine (Table 83.1), without leftward shift
in the dose-response curve. Similarly, b-adrenergic receptor
supersensitivity is present to a greater degree in patients with
pure autonomic failure than in those with MSA, as shown
in a study using intravenous isoproterenol [5].

NEUROENDOCRINE STUDIES

Pure autonomic failure selectively involves efferent auto-
nomic neurons with the postganglionic neurons mainly
affected. Afferent pathways are not affected. Baroreceptor-
mediated vasopressin release—a measurement of afferent
baroreceptor function—is normal in pure autonomic failure,
and presumably in PD, but is blunted in MSA [6]. Intra-
venous clonidine, a centrally active a2-adrenoceptor agonist
that stimulates growth hormone secretion, also tests the
function of hypothalamic–pituitary pathways. Clonidine
increased serum growth hormone in patients with PD and
patients with pure autonomic failure, but not in those with
MSA [7]. In summary, neuroendocrine responses to

hypotension or centrally acting adrenergic agonists are
blunted in patients with MSA, but are preserved in patients
with PD and pure autonomic failure because brainstem–
hypothalamic–pituitary pathways are only affected in MSA.

DIAGNOSTIC IMAGING TECHNIQUES

Magnetic resonance imaging (MRI) of the brain and
positron emission tomography (PET) of the brain and heart
may help in distinguishing among patients with pure auto-
nomic failure, MSA, and PD. In patients with MSA, MRI
of the brain frequently shows signal hypointensity in the
putamen (relative to pallidum) on T2-weighted images and
atrophy of the brainstem and cerebellum. MRI results of the
brain in pure autonomic failure are normal. PET in patients
with MSA shows a generalized reduction in glucose utiliza-
tion rate, indicating hypometabolism, most prominently in
the cerebellum, brainstem, striatum, and frontal and motor
cortices. None of these findings was present in patients with
pure autonomic failure. Sympathetic cardiac innervation,
visualized with PET after intravenous infusion of 6-[18F]
fluorodopamine, a catecholamine taken up by sympathetic
postganglionic neurons and handled similarly to norepi-
nephrine, is selectively affected in PD and pure autonomic
failure, but it is intact in MSA. This may turn out to be a
useful diagnostic test to distinguish between PD and MSA.
Moreover, in a patient with apparent pure autonomic failure,
finding normal sympathetic cardiac innervation should indi-
cate a likely development of MSA [10].

NEUROPATHOLOGY

In patients with pure autonomic failure, intracytoplasmic
eosinophilic inclusion bodies with the histologic appearance
of Lewy bodies, similar to those found in PD, are identified
in neurons of the substantia nigra, locus ceruleus, thora-
columbar and sacral spinal cord, and sympathetic ganglia
and postganglionic nerves [8].

a-Synuclein, a neuronal protein of unknown function, is
a major component of the Lewy body in PD, dementia with
Lewy body, and the glial and neuronal cytoplasmic inclu-
sions of MSA. a-Synuclein also is a major component of
Lewy bodies in the brain and peripheral autonomic ganglia
in patients with pure autonomic failure [9]. Thus, abnor-
malities in the expression or structure of a-synuclein or
associated proteins may cause degeneration of cate-
cholamine-containing neurons [10].

MANAGEMENT

Patient education is an important aspect of treatment.
Patients should be encouraged by the relatively benign

TABLE 83.1 Measurement of Plasma Norepinephrine and
Response to Exogenous Catecholamines in Pure Autonomic

Failure and Multiple System Atrophy

PAF MSA

Plasma NE with Very low Normal
patient recumbent

Plasma NE when Minimal or no increase Subnormal increase
patient stands

NE infusion Very marked increase Modest increase in
in blood pressure blood pressure

Adapted from Schatz, I. J. 1986. Orthostatic hypotension, 60, Philadel-
phia: FA Davis, with permission.

MSA, multiple system atrophy; NE, norepinephrine; PAF, pure auto-
nomic failure.



nature of pure autonomic failure. Treatment of OH with
volume expansion and a-adrenergic agonist agents allows
for increased standing time and improved quality of life.
Bladder management may require intermittent catheteriza-
tion. See Chapter 109 for a discussion of nonpharmacologic
and pharmacologic approaches to therapy.
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because molecular DNA diagnosis is now the definitive con-
firmatory test.

PATHOLOGY

Sural Nerve

The sural nerve fascicular area is reduced and contains
markedly diminished numbers of nonmyelinated and small-
diameter myelinated axons [1, 5]. Catecholamine-containing
fibers are missing. Even in the youngest subject extensive
pathology is evident.

Spinal Cord

The dorsal root ganglia are grossly reduced in size
because of decreased neuronal population. Within the spinal
cord, lateral root entry zones and Lissauer’s tracts are
severely depleted of axons. With increasing age, there is
further depletion of neurons in dorsal root ganglia and an
increase in residual nodules of Nageotte [5]. In addition, loss
of dorsal column myelinated axons becomes evident in older
patients. Diminution of primary substance P axons in the
substantia gelatinosa of spinal cord and medulla has been
demonstrated using immunohistochemistry [1, 5].

Sympathetic Nervous System

In adult patients with FD, the mean volume of superior
cervical sympathetic ganglia is 34% of the normal size, re-
flecting a severe decrease in number of neurons [5]. The
anatomic defect in the ganglion cells extends to pregan-
glionic neurons as the intermediolateral gray columns of the
spinal cord also contain low numbers of neurons. Although
clinical, anatomic, biochemical, and pharmacologic data
suggest diminution in the numbers of sympathetic neurons
in FD, sympathetic ganglia show enhanced staining of cells
containing tyrosine hydroxylase, the rate-limiting enzyme in

Familial dysautonomia (FD) is one of the hereditary
sensory and autonomic neuropathies that are generally char-
acterized by widespread sensory dysfunction and variable
autonomic dysfunction [1]. Sensory abnormalities primarily
affect pain and temperature perception. Abnormalities of the
autonomic nervous system affect central and peripheral
functions. The disorder manifests at birth, slowly progresses
with age [2], and cannot be arrested. Symptoms and prob-
lems vary with time and there is only preventative, sympto-
matic, and supportive treatment [3].

GENETICS AND DIAGNOSIS

FD is an autosomal recessive disorder that appears con-
fined to individuals of Ashkenazi Jewish extraction. In this
population, the estimated carrier rate is 1 in 30, with a
disease frequency of 1 in 3700 live births. Two mutations in
the IKAP gene, located on chromosome 9 (9q31), were
shown to cause FD [4]. The most common mutation is a
single-base substitution in intron 20. More than 99% of
patients with FD are homozygous for this mutation that
affects the splicing of the IKAP transcript. This splicing
alteration may be tissue (i.e., neuron) specific [4].

Although penetrance is complete, there is marked vari-
ability in expression of the disease. A de novo diagnosis is
based on clinical recognition and documentation of both
sensory and autonomic dysfunction. In addition to lack of
emotion overflow tears, there should be four other “cardi-
nal” criteria—absent fungiform papillae (Fig. 84.1), de-
pressed deep tendon reflexes, abnormal histamine test, and
pupillary hypersensitivity to parasympathomimetic agents
(pilocarpine 0.0625%)—in an individual of Ashkenazi
Jewish extraction [1]. Further supportive evidence is pro-
vided by findings of decreased response to pain and tem-
perature, orthostatic hypotension, periodic erythematous
blotching of the skin, and increased sweating. In addition,
there is prominent oromotor incoordination and gastroin-
testinal dysmotility. Sural nerve biopsy rarely is required
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catecholamine synthesis [6]. Ultrastructural study of periph-
eral blood vessels demonstrates the absence of autonomic
nerve terminals [1, 7].

Parasympathetic Nervous System

The sphenopalatine ganglia are consistently reduced in
size with low total neuronal counts, but the neuronal popu-
lation is only questionably reduced in other parasympathetic
ganglia, such as the ciliary ganglia.

BIOCHEMICAL DATA

Consistent with the decrease in the sympathetic neuronal
population, there is a 60% diminution in norepinephrine
(NE) synthesis and reduced catabolite excretion. However,
dopamine products continue to be excreted in normal
amounts resulting in a reduced 3-methoxy-4-hydroxyman-

delic acid to 3-methoxy-4-hydroxyphenylacetic acid ratios
[7]. In addition, plasma levels of NE and dopamine b-
hydroxylase (DBH) do not increase when the patient with
FD goes from supine to standing position; but during emo-
tional crises, plasma NE and dopamine are markedly
increased [8, 9]. During such crises, vomiting usually coin-
cides with high dopamine levels. Increased NE may appear
through peripheral conversion of dopamine by DBH. Supine
early morning plasma renin activity is increased in patients
with FD and the release of renin and aldosterone is not co-
ordinated. In patients with FD with supine hypertension, an
increase in plasma atrial natriuretic peptide occurs [8]. The
combination of these factors may explain the exaggerated
nocturnal urine volume and increased excretion of salt in
some patients with FD.

CLINICAL SYMPTOMS AND TREATMENTS

There is a baseline neurologic dysfunction and slow
degeneration with age in FD (Table 84.1). In addition, the
pervasive nature of the autonomic nervous system results in
protean functional abnormalities involving other systems.
Frequent manifestations include hypotonia, delayed devel-
opmental milestones, oromotor incoordination and gastro-
intestinal dysmotility, labile body temperature and blood
pressure, absence of overflow tears and corneal anesthesia,
marked diaphoresis with excitement, breath-holding
episodes, and spinal curvature. Patients with FD also are
susceptible to periodic autonomic storms, termed dysauto-
nomic crises (Table 84.2). The crises are a systemic reaction
to stress, either physical or emotional. Currently, the disease
process cannot be arrested. Treatment must be directed
toward specific problems within each system, which vary
considerably among patients, as well as with age.

Signs of the disorder are present from birth. Poor sucking
or uncoordinated swallowing is observed in 60% of infants
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FIGURE 84.1 A, Normal tongue with fungiform papillae present on the tip. B, Dysautonomic tongue.

FIGURE 84.2 A, Normal histamine test. Reaction displays diffuse axon
flare around a central wheal. B, Dysautonomic histamine test. Only a
narrow areola surrounds the wheal.
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in the neonatal period. Oropharyngeal incoordination often
persists and puts the patient at risk for aspiration pneumo-
nia, the major cause of lung infections. Gastrostomy often
is necessary [3]. If gastroesophageal reflex is present, the
risk for aspiration increases. If medical management with
prokinetic agents, H2 antagonists, thickening of feeds, and
positioning is not successful, then surgical intervention 
(fundoplication) is performed [3]. Failure of medical man-
agement would result in persistence of pneumonia,
hematemesis, or apnea.

Crises occur in approximately 40% of patients with FD.
Diazepam is the most effective antiemetic for the dysauto-

nomic crisis and can be administered orally, intravenously,
or rectally at 0.1 to 0.2mg/kg per dose. Subsequent doses of
diazepam are repeated at 3-hour intervals until the crisis
resolves. If diastolic hypotension persists (>90mmHg) after
administering diazepam, then chloral hydrate or clonidine
(0.004mg/kg per dose) is suggested. Clonidine can be
repeated at 8-hour intervals [1, 3, 7].

Patients with FD have decreased sensitivity to hypoxia
and increased baseline CO2 levels with rather normal CO2

sensitivity. Hyperventilation induces prolonged apnea and
severe oxygen desaturation. Thus, tachypnea rarely is seen
with respiratory infections, and high altitudes and airplane
travel can result in syncope and even asystole.

Clinical manifestations of orthostatic hypotension worsen
with age and include episodes of lightheadedness, dizzy
spells, and leg weakness. Frequently, hypotension is not per-
ceived, although postural changes occur such as a forward
list. Unless there is associated hypoxia, hypotension rarely
results in syncope. There seems to be an adaptation of cere-
brovascular autoregulation to both orthostatic hypotension
and chronic supine [10]. Orthostatic hypotension is treated
by maintaining adequate hydration, encouraging lower
extremity exercise to increase muscle tone and promote
venous return, and elastic stockings. Fludrocortisone and
midodrine also have been of some benefit [11].

Renal function also appears to deteriorate with advanc-
ing age. Pathologic studies reveal excess glomerulosclero-
sis. Although the cause of the progressive renal disease is
not certain, hypoperfusion of the kidney seems a likely
explanation. Hypoperfusion could occur because of dehy-
dration, postural hypotension, or vasoconstriction of renal
vessels as a result of sympathetic supersensitivity during
vomiting crisis.

Sexual maturation is frequently delayed, but primary and
secondary sex characteristics eventually develop in both
sexes. Women with dysautonomia have conceived and de-
livered healthy infants. Pregnancies were tolerated well. 
At time of delivery, blood pressures were labile. One 
male patient has fathered seven children. All offspring have
been phenotypically normal despite their obligatory hetero-
zygote state.

PROGNOSIS

With greater understanding of the disorder and develop-
ment of treatment programs, survival statistics have mark-
edly improved so that increasing numbers of patients are
reaching adulthood. Survival statistics before 1960 reported
that 50% of patients died before 5 years of age. Current 
survival statistics indicate that a newborn with FD has a
greater than 50% probability of reaching 30 years of age.
Many of the adults have been able to achieve independent
function. Causes of death are less often related to pulmonary

TABLE 84.2 Autonomic Crisis Features

Excessive sweating of head and trunk
Erythematous blotching of face and trunk
Mottling of peripheral extremities (cutis marmorata)
Hypertension and tachycardia
Nausea/Vomiting
Severe dysphagia/drooling
Irritability
Insomnia
Worsening of tone

TABLE 84.1 Neurologic Abnormalities

Sensory system
*Pain loss sparing hands, soles of feet, neck, genital areas, and viscera
*Temperature appreciation abnormal
Deep tendon reflexes depressed
Insensitivity to fractures/Charcot joints

Autonomic system
Oropharyngeal incoordination (feeding problems, especially liquids)
*Esophageal dysmotility, gastroesophageal reflux
Insensitivity to hypoxia and relative insensitivity to hypercapnia
Breath-holding
*Postural hypotension without compensatory tachycardia
*Supine hypertension
Motor system
Hypotonia
Mild/moderate development delay
*Gait often broad-based and progressive ataxia
*Spinal curvature (95%, especially kyphosis)

Cranial nerves
No overflow tears
Taste deficient, especially sweet
Corneal reflexes depressed/corneal ulcerations
*Optic nerve atrophy
Exotropia, myopia
Speech frequently dysarthric and nasal

Intelligence/personality
Usually normal intelligence (verbal skills better than motor)
Tend to be concrete or literal
Skin picking (especially fingers and nose)
*Resistant to change (some patients are phobic)

*Progressive neurologic features.



complications, indicating that more aggressive treatment 
of aspirations has been beneficial. Still of concern are the
patients who succumb to unexplained deaths that may have
been the result of unopposed vagal stimulation or a sleep
abnormality. A few adult patients have died of renal failure.
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upper thigh regions and, at times, in oral mucosa and con-
junctive; hypohidrosis; heat intolerance; and lenticular and
corneal opacities. Any boy or young man with severe painful
sensory neuropathy should be suspected as having Fabry’s
disease, and careful scrutiny for the skin lesions should be
conducted because typical skin lesions are usually sparse
and may be easily overlooked.

Triggering factors for the episodic pain include fatigue,
exercise, emotional stress, and rapid changes in temperature
and humidity. The pathophysiologic events leading to the
incapacitating episodes of pain or acroparesthesias have not
been clarified.

Early albuminuria, uremia, renal failure, cardiomyopa-
thy, cardiac hypertrophy, conduction abnormalities, aortic
degeneration, hypertension, mitral valve thickening, atrio-
ventricular block, and supraventricular arrhythmias may
occur. Short P-R interval, ST-T changes, and left ventricu-
lar hypertrophy are common electrocardiogram abnormali-
ties of Fabry’s disease.

Although cardiac involvement is a constant feature of
Fabry’s disease, most patients do not experience cardiac
symptoms until late in the disease course. Cerebrovascular
disease secondary to multifocal abnormalities of large and
small vessels may also occur. In young male patients with
unexplained cardiovascular abnormalities and a history of
acroparesthesia, angiokeratoma, and ophthalmologic find-
ings, the diagnosis of Fabry’s disease should always be con-
sidered. Ocular manifestations involving the cornea, lens,
conjunctiva, and retina are early and prominent, but require
slit lamp microscopic evaluation.

Involvement of many other tissues and organs results in
a variety of symptoms and signs including gastrointestinal
(episodic diarrhea, abdominal cramps, and achalasia), mus-
culoskeletal (bony deformities), hematopoietic (anemia,
foamy macrophages, and iron deficiency), pulmonary,
vestibular, and auditory symptoms and signs.

Autonomic Involvement

Although there are many reports of structural abnormal-
ities of the autonomic nervous system in Fabry’s disease,
overt clinical autonomic dysfunction is not commonly

There are few inherited peripheral neuropathies in which
autonomic dysfunction, whether clinical or subclinical, is
detected (Table 85.1).

Autonomic abnormalities are frequent and prominent in
familial dysautonomia and amyloidosis (see separate
reviews in Chapters 84 and 86). This chapter discusses 
the remaining inherited neuropathies with autonomic
involvement.

FABRY’S DISEASE

Fabry’s disease or Anderson–Fabry’s disease (angioker-
atoma corporis diffusum) is an X-linked recessive, slowly
progressive metabolic disorder with protean and nonspecific
clinical manifestations. Although the skin, kidney, heart, and
peripheral and central nervous system are the most fre-
quently involved organs, autonomic dysfunction also may
be present. The clinical manifestations of the disease in the
affected hemizygous male individuals result from progres-
sive and widespread accumulation of neutral glycosphin-
golipids, caused by a-galactosidase A deficiency, in the
lysosomes of vascular endothelial, smooth muscle, skin,
cornea, neural cells, perineural cells of the autonomic
nervous system, ganglia, and body fluids. Heterozygous
female carriers are usually asymptomatic; 15%, however,
have severe involvement of one or more organs. The clas-
sically affected male individuals have no detectable a-
galactosidase A activity with the onset of disease manifes-
tation in childhood or adolescence. Variants and milder
forms of the disease in which residual enzyme activity may
be detected have been reported. The gene for the enzyme
has been mapped to the region between Xq21.33 and Xq22
of the long arm of the X chromosome. Currently, more than
30 different small mutations in this gene have been reported.

Clinical Manifestations of Fabry’s Disease

The most prominent and frequent clinical presentation of
Fabry’s disease includes bouts of severe painful burning sen-
sation in the hands and feet; a reddish purple maculopapu-
lar rash (angiokeratoma) of lower abdomen, pelvic, genital,
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observed. The contribution of autonomic dysfunction to the
overall morbidity of Fabry’s disease is unknown.

Anhidrosis or hypohidrosis and possibly the episodic
pain are probably caused by the involvement of sympathetic
ganglion cells and degeneration of unmyelinated nerve
fibers. Both glycosphingolipid accumulation and vascular
ischemia appear to play a role in the abnormalities of auto-
nomic ganglia. There is a preferential loss of small myeli-
nated and unmyelinated fibers in the sural nerve biopsies.
Detailed clinical autonomic testing has shown involvement
of both sympathetic and parasympathetic systems, the latter
being more readily demonstrate. Diminished pupillary
responses to pilocarpine, impaired gastrointestinal motility,
and reduced tear and saliva formation may be observed early
in the disease course. Sympathetic dysfunction is evident by
the loss of the cutaneous flare response to scratch and his-
tamine and the absence of thermal fingertip wrinkling.
Blood pressure, heart rate, and plasma norepinephrine
responses to tilt are usually intact. Accumulation of
ceramide trihexoside in the myenteric nerve plexuses
throughout the gut results in disturbances in peristalsis and
gastrocolic reflexes in more than 60% of hemizygous
patients. Intestinal dysmotility may produce areas of high
intraluminal pressure, allowing the formation of diverticula.
Intestinal stasis and bacterial overgrowth will result in 
diarrhea.

Diagnosis in male patients can be established by meas-
uring a-galactosidase A activity in plasma, leukocytes, or
fibroblasts. Laboratory, histologic, and molecular diagnoses
identify 100% of hemizygotes and more than 80% of 
heterozygotes.

Until recently, there was no effective treatment for the
autonomic dysfunction observed in Fabry’s disease. A recent
study has revealed that recombinant a-galactosidase A
replacement therapy cleared microvascular endothelial
deposits of glycosphingolipid from the kidneys, heart, and
skin in patients with Fabry’s disease, reversing the patho-
genesis of the chief clinical manifestations of this disease.
Intravenous Agalsidase b (Fabrazyme) is now approved by
the FDA and should be initiated soon after diagnosis. It has
been suggested that carbamazepine used in the treatment of

episodic pain may result in a dose-dependent aggravation of
autonomic dysfunction including urinary retention, nausea,
vomiting, and ileus. Fludrocortisone acetate therapy results
in a reduction in the frequency of patients’ syncopal events.

A successful renal transplantation not only corrects the
renal function but may also result in relief from acropares-
thesia and pain and a partial restoration of sweating. Enzyme
replacement, especially when obtained from human pla-
centa, has been feasibly used in an experimental trial in the
treatment of a few patients with Fabry’s disease.

PORPHYRIA

Acute hepatic porphyrias (acute intermittent porphyria,
variegate porphyria, and hereditary coproporphyria) are a
group of autosomal dominant inherited metabolic disorders
that manifest as acute or subacute, severe, life-threatening
motor neuropathy, abdominal pain, autonomic dysfunction,
and neuropsychiatric manifestations. Its gene is thought to
be present in 1/80,000 people, although only one-third
affected persons ever manifest symptoms of the disease. The
basic defect is a 50% reduction in hydroxymethylbilane syn-
thase, previously known as porphobilinogen deaminase
activity (acute intermittent porphyria), protoporphyrinogen-
IX oxidase (variegate porphyria), and coproporphyrinogen
oxidase (coproporphyria), resulting in abnormalities of
heme synthesis. In the presence of sufficient endogenous or
exogenous stimuli (e.g., drugs, hormones, menstruation, 
and starvation), this partial deficiency may lead to clinical
manifestations.

Clinical Manifestation of Porphyria

The neurologic manifestations of all forms of the acute
porphyrias are identical. Symptoms of the acute attack
include severe abdominal pain, nausea, vomiting, constipa-
tion, diarrhea, urinary frequency and hesitancy, urine dis-
coloration, labile hypertension, tachycardia, pain in limbs
and back, and convulsions. Abdominal pain and ileus may
occur several days before neurologic manifestations. Por-
phyria affects predominantly motor nerves, often leading to
proximal, facial, and bulbar weakness. It usually develops
within 2 to 3 days of the onset of abdominal pain and psy-
chiatric symptoms and may begin in the upper limbs with
wrist and finger extensor weakness or with cranial nerve
dysfunction. The progression of weakness to trunk and res-
piratory muscles may resemble Guillain–Barré syndrome,
but the ascending pattern of weakness is rare, cerebrospinal
fluid is usually normal, and, in some patients, the reflexes
remain intact.

The nerve conduction velocities in porphyria are not
slowed to the levels observed in demyelinating lesions. The
mechanism of the neuropathic changes is poorly understood.
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TABLE 85.1 Inherited Peripheral Neuropathies 
with Dysautonomia

1. Hereditary sensory and autonomic neuropathies types I, II, III* (see
Chapter 84), IV, and V

2. Hereditary motor and sensory neuropathy types I and II (Charcot-
Marie Tooth disease 1,2)

3. Fabry’s disease*
4. Multiple endocrine neoplasia type 2B
5. Amyloidosis* (see Chapter 86)
6. Porphyrias*

*Dysautonomia is prominent and clinically significant.
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Two hypotheses—the possible neurotoxicity of heme
pathway intermediates such as delta-aminolevulinic and
porphyrins, and heme deficiency in nervous tissue—have
been suggested.

Autonomic Involvement in Porphyria

Autonomic disturbances in sympathetic and parasympa-
thetic systems are prevalent immediately before and during
the attacks of porphyrias, suggesting a greater and earlier
susceptibility of the autonomic nerves. Persistent sinus
tachycardia invariably precedes the development of periph-
eral neuropathy and respiratory paralysis and, together with
labile hypertension, may be explained by damage to vagus
or glossopharyngeal nerves, their nuclei, or central connec-
tions. Tachycardia and hypertension may be associated with
increased catecholamine release and urinary excretion, sug-
gesting increased peripheral sympathetic activity. Patients
may have chronic hypertension between the attacks leading
to renal function impairment. Orthostatic hypotension may
occur in acute attacks of variegate porphyria. Use of a
battery of baroreflex tests during the acute attack reveals
mostly reversible parasympathetic or sympathetic dysfunc-
tion. The parasympathetic tests, however, become abnormal
earlier and more frequently than sympathetic tests. Early
parasympathetic dysfunction is detected during remission
and in late asymptomatic patients. The immediate response
of heart rate to standing (30 :15 ratio) or the Valsalva maneu-
ver may be mildly abnormal in asymptomatic subjects with
acute intermittent porphyria, suggesting the occurrence of a
subclinical autonomic neuropathy in latent porphyrias.

Gastrointestinal disturbances including abdominal pain,
severe vomiting, obstinate constipation, intestinal dilation,
and stasis may be explained by the impaired gut motor activ-
ity caused by autonomic or enteric nerve damage, or both.
Studies on impaired proximal gastrointestinal tract motility
and reduced circulating gut peptides in a few patients with
acute intermittent porphyria tend to support this hypothesis.
Other autonomic dysfunctions observed in acute intermittent
porphyrias include sweating disturbances, pupillary dilation,
and hesitancy in micturition and bladder distension.

Limited pathologic studies of the autonomic nervous
system in acute intermittent porphyrias have revealed
lesions of vagus nerve including axonal degeneration and
demyelination, and chromatolysis of dorsal nuclei and sym-
pathetic chain, as well as the splanchnic motor cells of the
lateral horns and cells of the celiac ganglion. The sympa-
thetic chain ganglia shows a decrease of 50% in the density
of ganglion cells and myelinated axons compared with
control subjects.

The Watson–Schwartz test is used as a screening test for
the detection of porphobilinogen (PBG) in urine during the
attack. The laboratory diagnosis of porphyria depends on the
measurement of porphyrin precursors in urine. To evaluate

the porphyria type, measurement of porphyrins in both urine
and feces is required. Enzyme measurements are used to
identify asymptomatic family members whose quantitative
excretions of porphyrins are normal.

Treatment of Porphyria

The most effective treatment of porphyria attacks is the
administration of hematin intravenously. With modern inten-
sive care techniques and the advent of hematin therapy, the
mortality rate for acute intermittent porphyrias is less than
10%. Porphyrinogenic drugs avoidance, high glucose intake,
vitamin B6, b-blockers, analgesics, selective anticonvul-
sants, and hematin therapy (2–5mg/kg per day intravenously
for 3–14 days) are the mainstays of therapy. Phenylephrine
and phentolamine are reported to restore normal blood pres-
sure. Recovery from psychiatric and autonomic dysfunction
is usually rapid. All at-risk relatives should be screened for
the latent disease.

MULTIPLE ENDOCRINE NEOPLASIA TYPE 2B

Multiple endocrine neoplasia type 2 (MEN 2) syndromes
are neural crest disorders. The MEN 2 syndromes comprise
clinically related autosomal dominant cancer syndromes.
MEN 2A (Sipple syndrome) is characterized by medullary
thyroid carcinoma, pheochromocytoma in about 50% of
cases, and parathyroid hyperplasia or adenoma in about 25%
of cases. MEN 2B is similar to MEN 2A but is character-
ized by earlier age of tumor onset and the developmental
abnormalities, which include intestinal ganglioneuromato-
sis, atypical facies with mucosal neuromas of distal tongue
and subconjunctiva, marfanoid habitus, muscle underdevel-
opment, and bony deformities.

Autonomic manifestations of MEN 2B are not prominent
and are generally overshadowed by its other symptoms and
signs. They include impaired lacrimation, orthostatic hypo-
tension, impaired reflex vasodilatation of skin and parasym-
pathetic denervation supersensitivity of pupils, with intact
sweating and salivary gland function. There are gross 
and microscopic abnormalities of the peripheral autonomic
nervous system with both sympathetic and parasympathetic
systems affected. There is disorganized hypertrophy and
proliferation of autonomic nerves and ganglia (ganglioneu-
romatosis). Neural proliferation of the alimentary tract
(Auerbach and Meissner’s plexus), upper respiratory tract,
bladder, prostate, and skin may also be seen. Nerve biopsy
shows degeneration and regeneration of unmyelinated
fibers.

Genetic linkage studies of MEN have mapped the gene
responsible for this syndrome to the pericentromeric region
of chromosome 10. This region also contains the RET
protooncogene, which codes for a receptor tyrosine kinase.



Different missense mutation within RET protooncogene is
thought to be responsible for MEN 2A and 2B.

Diagnosis of and screening for MEN 2A and 2B have
been done using pentagastrin stimulation test and plasma
calcitonin determinations. Pheochromocytoma is diagnosed
by assessing a 24-hour urine collection for metanephrine,
vanillylmandelic acid, and fractionated catecholamine
levels.

The prognosis in the MEN 2B syndrome is generally poor
as a result of an aggressive medullary thyroid carcinoma that
develops earlier in life for patients with MEN 2B than those
with MEN 2A (5-year survival rate of 78% for MEN 2B and
86% for MEN 2A). This can be improved by regular screen-
ing of patients at risk; early diagnosis allows thyroidectomy,
adrenalectomy, or both, which are likely to be curative.

HEREDITARY MOTOR AND SENSORY
NEUROPATHIES TYPE I AND II (CHARCOT-MARIE

TOOTH 1 AND 2)

Clinically significant autonomic dysfunction is not a
common feature of Charcot-Marie Tooth disease types 1 and
2 (CMT 1 and 2). When a battery of autonomic function tests
are systematically given to patients with well-established
CMT abnormalities of sudomotor and local vasomotor
responses, heart rate and blood pressure changes, pupillary
abnormalities, impairment of sweating, and impaired tear
production may be observed, suggesting involvement of
postganglionic sympathetic and parasympathetic nerve
fibers. Sural nerve biopsies may show abnormalities of
unmyelinated nerve fibers, which explains the frequently
observed abnormalities of sweat function tests. Pupillary
abnormalities are secondary to a parasympathetic dener-
vation of the iris sphincter and ciliary muscle, as shown 
by a positive methacholic test. Several patients with myo-
tonic pupils received symptomatic relief from 0.025% 
pilocarpine.

TYPES I, II, IV, AND V HEREDITARY SENSORY
AND AUTONOMIC NEUROPATHY

Type I hereditary sensory and autonomic neuropathy
(HSAN) with an autosomal dominant gene on chromosome
9q22 and type II with a probable autosomal recessive inher-
itance pattern exhibit no significant autonomic dysfunction
except for hypohidrosis. Types III and IV are autosomal

recessive. Type III has preserved and, at times, excessive
sweating. Type IV shares some of the features of type II and
III, but the patients may have episodes of fever, low IQ,
severe hypohidrosis with abnormal or absent sympathetic
skin response test, and markedly reduced pain perception.
There is a marked loss of small myelinated and unmyeli-
nated nerve fibers. Type V presents with selective loss of
extremity pain perception and thermal discrimination and
impaired sudomotor function. Sural nerve biopsy reveals
selective loss of small myelinated fibers with only a slightly
decreased number of larger myelinated fibers.
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IMMUNOGLOBULIN AMYLOIDOSIS

The amyloid fibrils in immunoglobulin amyloidosis (AL)
amyloidopathy are composed of immunoglobulin light chain
proteins or their degradation products. AL is the most
common form of systemic amyloidosis. The monoclonal
immunoglobulin light chains are produced by monoclonal
plasma cells, which may be derived from nonproliferative
populations or from a malignant clone, such as in multiple
myeloma (MM), Waldenström’s macroglobulinemia, non-
Hodgkin’s lymphoma, and solid tumors like hyper-
nephroma. In nonmalignant AL, the peripheral nervous
system is involved in more than 50% of patients and is the
presenting symptom in 40% of those cases. In amyloidosis
associated with MM, clinical and electrophysiologic evi-
dence of polyneuropathy develops in 13% and 40% of
patients, respectively.

The peripheral neuropathy in AL is axonal, distal, sym-
metric, and sensory with impaired pinprick and temperature
more than vibratory and proprioceptive sensations, which 
is consistent with a small fiber neuropathy. As the disease
progresses, large fiber involvement appears. Subtle auto-
nomic abnormalities, as detected by autonomic function
tests, seem to be prevalent even in asymptomatic patients.
Both sympathetic and parasympathetic systems are affected
to different extents. Signs of AN include orthostatic
hypotension (OH) with inappropriate heart rate response,
impotence, dry mouth, gastrointestinal (GI) autonomic dis-
turbances (dysphagia, early satiety, diarrhea, and constipa-
tion), sluggish papillary reaction, impairment of sweating,
and bladder dysfunction. Autonomic dysfunction, rather
than deposition of amyloid in the mucosa, seems to be a
more frequent cause of GI symptoms in these patients.
Target organs other than in the peripheral nervous system
include the heart, skeletal muscles, liver, intestine, spleen,
kidney, tongue, and skin.

Pathogenesis

Pathologic investigations have shown infiltration of
dorsal root and sympathetic ganglia in patients with amy-
loidotic neuropathy early in the course of the disease. 

The term amyloid was coined by Rudolph Virchow in
1854 to describe a macroscopic tissue deposit that displayed
a positive reaction on staining with iodine. Since then, our
knowledge about amyloid and amyloidosis has dramatically
expanded. There are now more than 20 different protein
molecules that are known to undergo conformational
changes leading to the generation of amyloid deposits. These
are homogeneous insoluble protein deposits, consisting of
polypeptide fibrils, 7.5 to 10nm in width, arranged in highly
ordered aggregates of b-pleated sheets, conferring to them
a high degree of stability. Amyloid deposits display a char-
acteristic apple green birefringence when examined under
polarized light after staining with Congo red (Fig. 86.1).
Amyloidosis refers to a wide spectrum of disorders that
result from abnormal extracellular deposits of amyloid.
These deposits may be widespread (systemic amyloidosis)
or restricted to certain organs (localized amyloidosis). Pre-
vious classification of amyloidosis was confusing and ever
changing. Refined knowledge about the chemical composi-
tion of the amyloid deposits, as well as the recognition of
hereditary amyloidosis, has resulted in a much more rational
classification (Table 86.1).

The clinical presentation of amyloid deposits depends on
the organs involved and the size of the amyloid fibrils.
Involvement of the peripheral nervous system is an im-
portant feature of the systemic amyloidoses and typically
presents with the classical clinical triad of small fiber 
neuropathy, autonomic neuropathy (AN), and carpal tunnel
syndrome (CTS). Autonomic failure is an important feature
of immunoglobulin amyloidosis and hereditary systemic
amyloidosis and must be considered in all patients with
familial or paraproteinemic neuropathies having autonomic
dysfunction (especially when CTS coexists). The mecha-
nism of nerve injury is probably the same in all amyloidoses,
and it involves physical pressure exerted by amyloid
deposits on dorsal root ganglia or autonomic ganglia, or
directly on nerve fibers, leading to loss of normal tissue 
elements and disorientation of tissue architecture. Toxic,
ischemic, and immunologic mechanisms have been sug-
gested as alternatives.

The following sections discuss amyloidoses that may
demonstrate autonomic involvement.
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Intermediolateral cell column neurons at the T7 level of the
spinal cord, which contains the cell bodies of preganglionic
sympathetic neurons, may also be reduced.

Diagnosis

Tests of autonomic function are often abnormal. Serum
and urine protein electrophoresis detect a monoclonal gam-
mopathy (M protein) in 80% of cases. Lambda light chains
are three times as frequent as Kappa. Erythrocyte sedimen-
tation rate is commonly increased. Anemia and proteinuria
are common. Congo red is the most specific stain, whereas
electron microscopic examination of the amyloid-laden
tissues is the most sensitive method of recognizing this dis-
order. The recently developed iodine-123 serum amyloid P
component (123I-SAP) scintigraphy allows for safe and reli-
able diagnosis and monitoring of progression of disease and
response to treatment. Abdominal fat aspiration and rectal
biopsy show amyloid in 80% of cases, and bone marrow
stains positive for amyloid in 50% of cases. The bone
marrow also provides an estimate of the number of plasma
cells. In AL without MM, 3 to 5% of the bone marrow cells
typically are plasma cells with no malignant features. This
is increased in AL with MM to more than 50%, and many

plasma cells display malignant features. Sural nerve biopsy
provides another tissue source for diagnosis. In patients sus-
pected of having amyloidosis, any tissue obtained during
any surgery (e.g., flexor retinaculum during carpal tunnel
surgery) may contain amyloid and should be specifically
examined for amyloid deposit. Specific antisera currently
have been developed that allow the identification of the type
of amyloid deposit.

Treatment

Treatment approaches to AL amyloidosis are either spe-
cific, geared to suppress or reverse the disease process, or
symptomatic. Specific treatments include immunosuppressive
or cytotoxic agents. High dose intravenous melphalan with
autologous blood stem cell transplantation results in hemato-
logic remission, improved five-year survival, and reversal of
amyloid-related disease in a significant number of patients
when compared to no treatment. In patients unable to tolerate
autologous stem cell transplantation, the combination of high
dose dexamethasone and melphalan is an effective therapeu-
tic option. Etanercept may also be used in patients refractory
or ineligible to other modalities. In some select cases with spe-
cific organ involvement (heart or liver), organ transplantation
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FIGURE 86.1 Amyloid deposits. A, Hematoxylin and eosin staining. B, Crystal violet. C, Teased nerve preparation.
D, Congo red under fluorescence. (See Color Insert)
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may be successfully attempted, with recovery of organ func-
tion. Symptomatic approaches to treatment target various
complaints, mostly those associated with autonomic dysfunc-
tion. Metoclopramide has been used to treat early satiety,
whereas octreotide, a somatostatin analog, has been success-
fully used to treat amyloidosis-associated diarrhea. Cisapride
was reported to be useful in intestinal pseudoobstruction 
in AL associated with MM. Although fludrocortisone is the
mainstay of treatment of OH, midodrine, erythropoietin, and
l-threo-3,4-dihydroxyphenylserine (DOPS) are also reported
to be helpful. Other therapies for OH include elastic support
extending to the waist and instructions to the patients to 
rise slowly from the lying position and to sit on the edge 
of the bed for a few minutes before walking. In patients 
with syncope, investigation of cardiac arrhythmias or heart
block can be life-saving. Treatment of the nonneurologic
manifestations of this condition also is symptomatic (diuret-
ics, antiarrhythmics, etc.).

Prognosis

The prognosis of AL remains poor. The 5-year survival
rate is only 20%. Patients with MM have a poor prognosis
with a median survival of 24 to 36 months. Death is attrib-
uted to cardiac involvement from congestive heart failure or
arrhythmias in 50% of patients. The median survival of
patients with AL who have congestive heart failure is only
4 months. The impact of more aggressive therapies, such as
autologous stem cell transplantation or organ transplanta-

tion, on prognosis is still unclear. AL amyloidosis present-
ing solely as neuropathy has a better prognosis with a
median survival of more than 5 years. The influence of the
AN on the evolution of the disease has been evaluated.
Median survival from the time of diagnosis of patients with
AL with AN was 7.3 months versus 14.8 months for those
without AN. Patients with prolonged QT interval on elec-
trocardiogram had even shorter survival periods. The pro-
longed QT is believed to result from autonomic dysfunction
rather than a primary cardiac disorder.

REACTIVE AMYLOIDOSIS

Reactive amyloidosis (AA) is associated with several
chronic inflammatory diseases like rheumatoid arthritis, sys-
temic lupus erythematosus, chronic inflammatory bowel
disease (especially Crohn’s disease), tuberculosis, leprosy,
osteomyelitis, Castleman’s disease, and suppurative infec-
tions. The amyloid in these conditions contains a degradation
product of an acute phase serum protein (A protein), which
is a nonimmunoglobulin. Renal insufficiency and nephrotic
syndrome is seen in 90% of patients. AN has been reported
only rarely in association with this type of amyloidosis.

HEREDITARY AMYLOIDOSIS

Hereditary amyloidoses have been linked to various pro-
teins, including transthyretin (TTR), gelsolin, apolipopro-

TABLE 86.1 Classification of Amyloidosis

Type Previous name Subunit protein PNS involvement

Systemic Ig derived (AL) Primary/myeloma Ig light chain PN, AN, CTS
amyloidosis associated

Reactive (AA) Secondary A protein PN, AN
(acquired)

Dialysis associated B2-microglobulin CTS
Hereditary Heredofamilial

FAP I, II TTR PN, AN, CTS
FAP III Apolipoprotein PN
FAP IV Gelsolin PN, CN

— Fibrinogen None
— Lysosome None

Localized Alzheimer’s disease
amyloidosis (H,A), HCHA(H),

CAA(A),
Genitourinary (A),
Lichen (A),
Cutaneous (H,A),
IBM(H,A),
Medullary thyroid

cancer (H),
Bronchopulmonary (A)

A, acquired; AN, autonomic neuropathy; CAA, cerebral amyloid angiopathy; CN, cranial neuropathy; CTS, carpal tunnel syndrome; FAP, familial amyloid
neuropathy; H, hereditary; HCHA, hereditary cerebral hemorrhage with amyloidosis; IBM, inclusion body myopathy; Ig, immunoglobulin; PNS, peripheral
nervous system; PN, peripheral neuropathy.



tein A1, lysozyme, and fibrinogen. The most common hered-
itary amyloidosis is familial amyloid polyneuropathy (FAP),
associated with mutated TTR, apolipoprotein A1, or gel-
solin. The latter two subtypes are exceedingly rare, being
restricted to two kindreds in the United States (in Iowa) and
Italy (both apolipoprotein A1), and a few kindreds in Finland
(gelsolin). Significant autonomic dysfunction has only been
described in TTR amyloidosis. A few patients with
apolipoprotein A1 amyloidosis have mild gastroparesis as
their only sign of autonomic involvement.

TTR is a normal plasma protein tetramer. Each TTR
monomer is composed of 127 amino acids synthesized in the
liver and choroid plexus. TTR is involved in the transport of
vitamin A and thyroid hormones. It is coded by a single gene
located on chromosome 18. Most patients with TTR amyloido-
sis are heterozygous for that gene. Currently, more than 80 TTR
point mutations have been described, the most common being
the one that substitutes methionine to valine at position 30.

Autonomic involvement in TTR A is common and occurs
early with both sympathetic and parasympathetic systems
being affected. The severity of autonomic involvement 
generally correlates with the progression of the disease.
Autonomic symptoms include alternating diarrhea and con-
stipation, palpitation caused by cardiac dysrhythmias,
anorexia, nausea and vomiting, OH, impotence, urinary and
fecal incontinence, and hypohidrosis. Delayed gastric emp-
tying may cause organ distension and anorexia with subse-
quent cachexia, which may be an important factor in
mortality. GI dysfunction is caused by autonomic involve-
ment and direct deposition of amyloid in the intestinal wall.
The scalloped pupil deformity has been described in 
Portuguese and Swedish kindreds and is probably caused by
involvement of the ciliary nerves. AN may also cause severe
urinary retention with secondary renal damage.

Although diagnosis should not be difficult in typical
cases, other hereditary neuropathies like hereditary motor
and sensory neuropathies and hereditary sensory and auto-
nomic neuropathies should be excluded. The late onset, pre-
dominant sensory symptoms, prominent early autonomic
involvement, and frequent association with CTS strongly
favor the diagnosis of FAP. Nevertheless, nerve biopsy and
DNA analysis may be required for confirmation of diagnosis.

Pathogenesis

Normal TTR is not amyloidogenic, although it is
arranged in an extensive b-sheet conformation. Most amy-
loidogenic mutations increase the content of the b-pleated
sheets and result in the production of an insoluble amy-
loidogenic monomer. Met30 TTR, which is the most
common mutation, demonstrated amyloidogenicity in trans-
genic mice. Amyloid deposits were eventually noted in
intestine, kidney, and heart, but not in peripheral nerves (the
most common site of involvement in humans). Demonstra-

tion of amyloid deposits in dorsal root ganglia and sympa-
thetic chains in FAP is, perhaps, because of the absence of
blood–nerve barrier in these structures, allowing easy 
access of amyloidogenic protein. The mechanism of OH in
patients with FAP is not fully understood. Low levels of
plasma norepinephrine in patients with OH without signifi-
cant plasma norepinephrine response to postural changes
and low serum dopamine b-hydroxylase activity suggest
depletion of peripheral norepinephrine secondary to adren-
ergic denervation.

Laboratory Data and Diagnosis

Autonomic function tests are abnormal frequently and
early in the course of the disease. Amyloid tissue diagnosis
is not different from AL. DNA analysis allows the detection
of specific mutations and provides valuable information for
genetic counseling of family members at risk. This test can
be applied to chorionic villi samples for prenatal diagnosis.

Treatment and Prognosis

If left untreated, TTR amyloidosis is invariably fatal, with
death occurring within 10 to 15 years. The only available
therapeutic approach is orthotopic liver transplantation
(OLT). Because the liver is the main source of TTR, OLT is
supposed to eliminate the bulk of mutated TTR. Worldwide
experience with the procedure currently exceeds 500 cases,
with a 5-year survival rate of 80%. In a majority of patients,
the progression of neurologic deficits stopped. Whether any
significant improvement of symptoms occurs is debatable.
For unclear reasons, cardiac amyloidosis may continue to
progress despite OLT. The growing experience with OLT has
rendered all previous treatment approaches, including
plasmapheresis, obsolete.
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Peripheral autonomic dysfunction may result from neu-
rologic autoimmunity. Autoimmune autonomic neuropathy
(AAN) typically presents as a subacute panautonomic neu-
ropathy with orthostatic hypotension, gastrointestinal dys-
motility, sicca complex, and anhidrosis. The usual course is
monophasic worsening followed by incomplete recovery.
Some patients experience a chronic progressive course or
stable dysautonomia without recovery. Ganglionic acetyl-
choline receptor (AChR) antibodies are frequently found in
patients with AAN, and the level of this antibody correlates
with the severity of autonomic signs and symptoms. Cur-
rently, there is no proven treatment. The use of intravenous
immunoglobulin or plasma exchange is anecdotally effec-
tive and may be considered for severe cases of recent onset.
Because paraneoplastic autonomic neuropathy can present
in a similar fashion, tests for paraneoplastic autoantibodies
and evaluation for occult malignancy are warranted in these
patients.

Acquired autonomic neuropathy can involve dysfunction
of peripheral autonomic nerves or ganglia and can take
many forms. Chronic progressive autonomic neuropathy
may occur in the context of a more diffuse peripheral neu-
ropathy associated with diabetes, amyloidosis, or other
definable causes. A chronic idiopathic presentation without
sensorimotor neuropathy has customarily been called pure
autonomic failure (PAF, first described by Bradbury and
Eggleston), but this arbitrary classification probably encom-
passes disorders with several different pathophysiologies
including chronic AAN. Conversely, most cases of subacute
autonomic neuropathy (onset to peak deficit within 3
months) are attributable to neurologic autoimmunity. This
also is true for acute autonomic neuropathy when toxic and
metabolic causes are excluded. Subacute autonomic 
neuropathies can be further divided into dysautonomia asso-
ciated with sensory and motor neuropathy (acute inflam-
matory neuropathies such as Guillain–Barré syndrome),
dysautonomia associated with malignancy (paraneoplastic
AAN), or idiopathic AAN. The former two disorders are dis-
cussed further in Chapters 89 and 105.

Autoimmune Autonomic Neuropathy87

AUTOIMMUNE AUTONOMIC NEUROPATHY

Description

The typical presentation of AAN (formerly known as
acute pandysautonomia, idiopathic subacute autonomic
neuropathy, or autonomic variant of Guillain–Barré syn-
drome) is highly characteristic [1]. The typical syndrome
occurs in a previously healthy individual in whom auto-
nomic failure develops over the course of a few days or
weeks. The most common pattern is severe generalized sym-
pathetic and parasympathetic autonomic failure. Sympa-
thetic failure is manifested as severe orthostatic hypotension
and anhidrosis, and parasympathetic failure as dry mouth,
dry eyes, sexual dysfunction, constipation, impaired pupil-
lary light response, and fixed heart rate. Gastrointestinal
dysmotility is common (70% of patients) and presents with
symptoms of anorexia, early satiety, postprandial abdominal
pain and vomiting, constipation, or diarrhea. Orthostatic
hypotension, anhidrosis, and gastrointestinal dysfunction
each occur in more than 50% of patients [1]. Objective auto-
nomic abnormalities are usually obvious and include ortho-
static hypotension, tonic pupils, and a fixed heart rate.

The spectrum and severity of dysautonomia, however,
varies from patient to patient. Less common presentations
include selective cholinergic failure, selective adrenergic
neuropathy, or isolated gastrointestinal dysmotility. Motor
and sensory nerve abnormalities are minimal or absent. Neu-
ropathic symptoms, such as tingling in distal extremities, are
reported by some patients, but these symptoms are not
accompanied by objective signs or electrophysiologic evi-
dence of sensory neuropathy.

The concept that subacute autonomic neuropathy is an
autoimmune disorder is based on the following observa-
tions:

• Clinical associations with lung cancer, myasthenia
gravis, and/or thymoma [2],

• Similarity to the autonomic disturbances that can accom-
pany Guillain–Barré syndrome,
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• High frequency of organ-specific autoantibodies
(thyroid, gastric parietal cell, and glutamic acid decar-
boxylase antibodies) in patients with AAN compared
with patients with degenerative autonomic disorders
(V.A. Lennon, unpublished observation),

• Frequent antecedent symptoms consistent with a viral
illness (in a review of 27 patients, an antecedent viral
syndrome occurred in 59% of cases [1]),

• Increased spinal fluid protein, and
• Individual case reports of benefit from intravenous

immunoglobulin therapy [3–5].

The most convincing evidence of an autoimmune patho-
genesis is the demonstration of ganglionic nicotinic AChR
antibodies in high titer in about 50% of patients [6] (Fig.
87.1). The antibody level correlates with severity of dysau-
tonomia (Fig. 87.2). This observation suggests that some
cases of AAN result from an antibody-mediated impairment
of synaptic transmission in autonomic ganglia.

Diagnosis

The diagnosis of idiopathic AAN requires the demon-
stration of autonomic failure of subacute or acute onset and
the exclusion of a toxic or paraneoplastic cause. Patients
with paraneoplastic AAN may be clinically indistinguish-
able from patients with idiopathic AAN until a cancer,
usually small cell carcinoma of the lung, is detected (see
later). History of an antecedent event (viral syndrome or sur-
gical procedure) or a personal or family history of other
autoimmune disorders (such as autoimmune thyroiditis, per-
nicious anemia, type I diabetes, or myasthenia gravis) sup-
ports the diagnosis.

A high serum level of ganglionic AChR antibody is most
characteristic of idiopathic AAN. Low values are found in a
minority of patients with limited forms of acquired dys-
autonomia. The serum level of ganglionic AChR antibody
cannot distinguish idiopathic from paraneoplastic AAN, and
failure to detect this antibody does not rule out the diagno-
sis of AAN [6].

On the basis of a review of autonomic findings in
seropositive patients [7], a particular combination of
“cholinergic” autonomic symptoms (neurogenic bladder,
impaired pupillary function, gastroparesis, dry eyes, and dry
mouth) are most suggestive of AAN.

Clinical Course

The original case of acute pandysautonomia reported by
Young and colleagues [8] was remarkable for the highly
selective autonomic involvement and the patient’s complete
recovery. Subsequent reports have generally documented
only partial improvement. In a clinical series from Mayo
Clinic (Rochester, MN) [1], most patients had a distinct 
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FIGURE 87.1 Serum concentrations of ganglionic–acetylcholine recep-
tor (AChR)–binding antibody in patients with acquired dysautonomia and
in control subjects. Values for healthy control subjects and control patients
with functional gastrointestinal symptoms were less than 50pmol/liter.
Values for individual patients in each diagnostic group are plotted on a 
logarithmic scale. Seropositivity was identified in five groups. Ganglionic
AChR antibodies were most frequent and of greatest value in patients with
idiopathic or paraneoplastic autoimmune autonomic neuropathy (AAN).
Antibody values were modestly increased in a minority of patients with
postural tachycardia syndrome, idiopathic gastrointestinal dysmotility, or
diabetic autonomic neuropathy. In this study, all patients with neurodegen-
erative autonomic disorders, pure autonomic failure, or multiple-system
atrophy (Shy–Drager syndrome) were seronegative. Half the patients with
idiopathic AAN were seropositive (i.e., >50pmol/liter). (Reproduced with
permission from Vernino, S., et al. 2000. Autoantibodies to ganglionic
acetylcholine receptors in autoimmune neuropathies. N. Engl. J. Med.
343:847–855.)
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FIGURE 87.2 Correlation of serum levels of ganglionic–acetylcholine
receptor (AChR)–binding antibody and severity of autonomic deficits
(Composite Autonomic Severity Scale) in 19 seropositive patients with
dysautonomia. Antibody values for individual patients are plotted on a log-
arithmic scale. According to linear regression analysis, higher levels of anti-
body were significantly associated with greater severity of autonomic
dysfunction (r = 0.59; P = 0.007). Of these 19 patients, 7 also had gan-
glionic-AChR–blocking antibodies (solid diamonds) and 12 did not (open
diamonds). (Reproduced with permission from Vernino, S., et al. 2000.
Autoantibodies to ganglionic acetylcholine receptors in autoimmune neu-
ropathies. N. Engl. J. Med. 343:847–855.)
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clinical course with monophasic worsening followed by sta-
bilization or remission without recurrences. Most patients
improved spontaneously, but recovery was typically incom-
plete. Only a third of patients experience major functional
improvement of autonomic deficits.

It is now apparent that a subset of patients can present
with a more insidious and progressive form of AAN rather
than the typical subacute monophasic presentation. Some of
these patients are readily identified as having AAN by their
pattern of autonomic symptoms or by their serum profile of
autoantibodies (ganglionic AChR and other organ-specific
antibodies). Some seronegative patients may be difficult to
distinguish from degenerative forms of dysautonomia. Fea-
tures that help to differentiate AAN from PAF and multiple
system atrophy are shown in Table 87.1.

Treatment

Treatment for AAN has largely been symptomatic. On the
basis of evidence of an autoimmune pathogenesis, it is 
reasonable to consider plasma exchange or intravenous
immunoglobulin. Single case reports of a successful intra-
venous immunoglobulin therapy [3–5] have all involved
early therapeutic intervention. It remains to be determined
whether this treatment is effective for patients with a chronic
progressive or chronic stable course.

PARANEOPLASTIC AUTOIMMUNE 
AUTONOMIC NEUROPATHY

Subacute AAN indistinguishable from idiopathic AAN
can occur as a remote effect of malignancy (most commonly
small cell carcinoma of the lung, less commonly thymoma

or other neoplasm). This manifestation of small cell lung
carcinoma is less common than sensorimotor neuropathy,
polyradiculoneuropathy, or sensory neuronopathy [9]. Para-
neoplastic AAN may manifest as pandysautonomia or as
severe isolated gastrointestinal dysmotility [10]. More com-
monly, dysautonomia in these patients is accompanied by
symptoms of limbic encephalitis or other elements of a sub-
acute autoimmune neurologic disorder.

Several different autoantibody specificities may be
encountered in patients with paraneoplastic autonomic neu-
ropathy. As a group, cation channel autoantibodies are most
common (ganglionic or muscle AChR antibodies, voltage-
gated N-type or P/Q-type calcium channel antibodies, or
neuronal potassium channel antibody). The next most
common autoantibody is antineuronal nuclear antibody type
1 (ANNA-1, also known as anti-Hu). A minority of patients
will lack any currently recognized autoantibody marker.
Small cell lung carcinoma is found in at least 80% of
patients who are seropositive for ANNA-1 [9].
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TABLE 87.1 Differentiation of Autoimmune Autonomic Neuropathy, Pure Autonomic Failure, and Multiple System Atrophy

Parameter AAN PAF MSA

Onset Subacute or insidious Insidious Insidious
First symptom Multiple Orthostatism Neurogenic bladder
Gastrointestinal symptom Common Absent Uncommon
Pupillary involvement Common Absent Uncommon
CNS involvement Absent Absent Present
Somatic neuropathy Mild/minimal* Absent Present in 15–20%
Pain Often present Absent Absent
Autonomic findings Widespread Limited Relatively widespread
Progression Often monophasic Slow Inexorably progressive
Prognosis Relatively good Relatively good Poor
Lesion Postganglionic Postganglionic Preganglionic; central
Supine plasma norepinephrine Reduced Markedly reduced Normal
EMG Usually normal Normal Usually normal
Ganglionic AChR antibody Positive (50%) Negative† Negative

*More common in paraneoplastic cases.
† Chronic autoimmune autonomic neuropathy (AAN) may be indistinguishable from pure autonomic failure (PAF) [7].
AChR, acetylcholine receptor; CNS, central nervous system; EMG, electromyogram; MSA, multiple system atrophy.
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and pharyngeal motility dysfunction through barium
swallow generally is adequate. Other sources of pain should
be ruled out. Currently, an effective drug therapy does not
exist.

STOMACH

Signs and symptoms of gastric emptying abnormalities
include early satiety, nausea, vomiting, “brittle” diabetes,
large fluctuations in blood glucose, and weight loss. Some
patients may be asymptomatic. The most effective diagnos-
tic tool for evaluation of gastric emptying abnormality is
nuclear medicine solid phase gastric emptying studies.
These studies measure both liquid and solid phase empty-
ing, unlike upper gastrointestinal x-ray series, which
measure only liquid phase gastric emptying. The use of beef
stew or chicken livers is a more adequate test of solid gastric
emptying than oatmeal, scrambled eggs, or hard-boiled
eggs, which are commonly used. These measure semisolid
gastric emptying.

Successful treatment of gastric emptying abnormalities
may be complex. Hyperglycemia, per se, may result in
atonic stomach. Improvement in glucose control has the
potential to correct the problem. However, it is difficult, if
not impossible, to improve glucose control because of the
mismatch between caloric absorption and insulin action
onset. Therefore, it may be necessary to initially improve
gastric emptying with pharmacologic agents, and then
attempt to improve glucose control. Once glucose control is
within acceptable limits, it is reasonable to discontinue phar-
macologic therapy and evaluate whether glucose control
alone is adequate therapy.

Effective pharmacologic therapies with prokinetic action
include metoclopramide, bethanechol, cisapride, erythromy-
cin, octreotide, and famotidine. Metoclopramide inhibits the
dopaminergic pathway, which inhibits gastric emptying. By
inhibiting this pathway, endogenous peristalsis may occur
uninhibited. Severe vagal impairment will obviate its effi-
cacy. The usual dose is 10mg, 30 minutes before meals. Side
effects include extrapyramidal symptoms, drooling, and
nystagmus.

All organ systems innervated by the autonomic nervous
system may be impaired in patients with diabetes. The extent
of impairment is highly variable from patient to patient, but
it is generally related to duration of diabetes as with 
other complications of diabetes. Nerve impairment can 
be further complicated by the normal decline in function
with age.

Currently, the only preventive treatment for diabetic
autonomic dysfunction is maintenance of near-normal blood
glucose. Each affected system is reviewed later in this
chapter, but, in general, manifestations of autonomic dys-
function are treated symptomatically when appropriate.
Often, patient education can avoid many potentially life-
threatening problems.

IRIS

Sympathetic nerves, which dilate the iris, show earlier
and more extensive impairment than the parasympathetic
nerves that constrict the iris. Pupillometry, which is used to
measure the ability of pupils to change size, suggests that
pilocarpine hypersensitivity demonstrates early parasympa-
thetic autonomic dysfunction in diabetes mellitus before 
evidence of sympathetic defects. The imbalance between
parasympathetic and sympathetic nerves causes an inability
to respond quickly to a dark stimulus. Patients will complain
of inability to see in dark places such as the movie theater
and will have difficulty driving at night. On clinical exami-
nation, small, poorly dilated pupils in a dark room combined
with the above complaints are indicative. Education about
recognition of the problem, reassurance, and proper precau-
tions when in darkness are adequate in most cases. Treat-
ment with sympathetic stimulants or parasympathetic
blockers generally is not necessary.

ESOPHAGUS

Dysphagia is the most common presenting symptom of
diabetic autonomic dysfunction. This is often confused with
cardiac pain, gastric atony, or both. Diagnosis of esophageal
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Bethanechol directly stimulates the stomach through the
muscarinic receptors. Thus, it is generally effective in
increasing gastric emptying even in cases in which meto-
clopramide is not effective. To overcome an atonic stomach,
bethanechol is given subcutaneously for the first 2 weeks.
Beginning dose is 2.5mg subcutaneously, 30 minutes before
each meal, for approximately 3 to 4 days. Subcutaneous
bethanechol is increased to 5mg before each meal and snack
for the remainder of the 2 weeks. At the end of this period,
patients are switched to 50mg oral bethanechol, 30 minutes
before each meal and snack. Side effects include urinary
urgency, sweating, and occasional nausea. If given after or
too soon before the meal, it may cause regurgitation.

Cisapride increases smooth muscle activity of the intes-
tines and has some direct ganglionic activity. About 10 to 
20mg is given before meals. Erythromycin works by mim-
icking motilin. Typically, 250mg is given every 6 hours. The
drawback to this drug is that it often interferes with antibi-
otic coverage.

Octreotide decreases gut hormone motility inhibitors
such as gastric inhibitory polypeptide. As a promotility drug
it is not as good as cisapride or bethanechol, but it is not
worse than metoclopramide. Typically, 100 mg is given sub-
cutaneously every 6 hours. Famotidine is an unusual H2

blocker in that it has a neutral effect or some prokinetic
effect unlike other H2 blockers. Doses of 20 to 40mg are
given every 12 to 24 hours. This drug must be adjusted for
renal function.

It is recommended that gastric emptying studies be
repeated after pharmacologic therapy has begun to verify
that emptying has improved. If not, other pharmacologic
therapies should be considered. An efficient method to
measure efficacy of therapy is to give the drug the gastric
emptying study and measure the response. If a patient is
unresponsive to any of these therapies, frequent small meals,
six times a day, with high-calorie liquid food may be nec-
essary to maintain adequate nutrition.

GALLBLADDER

Diarrhea and the development of gallstones are symp-
toms of gallbladder atony. Gallstones are much more likely
to develop in patients with hypercholesterolemia, as often is
seen in patients with diabetes. Gallbladder disease is evalu-
ated by observing the response of the gallbladder to a fatty
meal or cholecystokinin. Cholecystectomy may be indicated
in some cases.

COLON

The most common gastrointestinal symptom of auto-
nomic neuropathy is constipation. It is evaluated by clinical

history. Constipation is treated with a variety of medications
including high-fiber products such as psyllium, which is
bulk-forming fiber acting to encourage peristaltic activity.
Mineral oil and bisacodyl may also be effective. Bisacodyl
acts directly on the colonic mucosa to produce normal peri-
stalsis throughout the large intestine.

Diabetic diarrhea is a common result of autonomic 
dysfunction. However, other causes need to be ruled out.
Diabetic diarrhea is characterized by frequent (8–20 bowel
movements per day, .300g of stool per day), watery, per-
sistent bowel movements and is often nocturnal. Mild steat-
orrhea is common. Treatment is aimed at the cause. Initially
a broad-spectrum antibiotic is used to eliminate bacterial
overgrowth. Inappropriate spillage of bile salts into the
intestines also is a common cause of diarrhea among patients
with diabetes. If spillage of bile salts is suspected, bile salt
binders should be tried. Pharmacologic therapies include
methylcellulose, diphenoxylate hydrochloride with atropine
sulphate (10ml, 6–24 hours), and loperamide hydrochloride
(10ml, 6–24 hours). Octreotide (100 mg subcutaneously
every 4–6 hours) has been effective when other treatments
have failed.

BLADDER

Both afferent and efferent nerves to the bladder may be
affected in patients with diabetes. Afferent neuropathy
results in the inability to feel the need to void. Therefore,
there is a decrease in frequency of urination, which may be
misinterpreted as an improvement in glucose control. The
decreased frequency causes bladder stasis and may lead to
an increase in the occurrence of urinary tract infections
(UTIs). Efferent neuropathy generally occurs later in the
course of diabetes causing incomplete voiding, dribbling,
and frequent UTIs. Incontinence is a late finding and is rare.
Evaluation for bladder dysfunction is considered in male
individuals with more than two UTIs per year and in female
individuals with more than three UTIs per year. Cystomet-
rogram effectively evaluates both afferent and efferent neu-
ropathy. Having the patient schedule urination every 4 hours
generally can treat afferent neuropathy. Efferent neuropathy
is treated with bethanechol given orally at a dosage of 30 to
50mg four times a day. Incontinence may require placement
of a suprapubic catheter, permanent catheterization, or both.

PENIS

The incidence of erectile dysfunction (ED), or impotence,
which may result from autonomic neuropathy, is nearly three
times more common in male patients with diabetes than 
in age-matched male individuals without diabetes. Signs 
and symptoms include decreased tumescence and rigidity.
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Retrograde ejaculation occurs rarely and may be related to
sympathetic dysfunction. The diagnosis of neuropathic ED
is one of exclusion (Fig. 88.1).

Treatment is aimed at the cause. Alternative medications
for antihypertensive and psychotropic therapy should
always be initiated before pharmacologic or mechanical
measures are used. Sildenafil has been found to effective in
alleviating ED in 50 to 60% of patients with types I or II
diabetes mellitus. If the cause is neuropathic, yohimbine
occasionally is helpful for patients with early loss of penile
rigidity or with pelvic steal syndrome. Suction devices or
injections with phentolamine, prostaglandins, or papaverine
can be useful. If the above methods fail or are unacceptable,
penile prostheses may be useful. Contraindications for use
of sildenafil include prior heart attack, atherosclerosis,
angina, arrhythmia, chronic low blood pressure problems,
and use of organic nitrates. Complications with yohimbine
include hypertension. Injections may cause bruising, pain,
and priapism. Prostheses often fail to meet the patient’s
expectations and may be painful.

VAGINA

A dry, thin, atrophic vaginal wall and lack of lubrication
characterize vaginal autonomic neuropathy resulting in
painful intercourse. Over-the-counter lubricants help to
decrease pain during intercourse. However, an estrogen
cream not only adds moisture but helps thicken the vaginal
wall, thus preventing tearing.

ADRENAL MEDULLA

In patients with severe autonomic neuropathy, there is a
loss of the adrenal output of epinephrine and probably of
sympathetic tone to the liver resulting in a decreased

counter-regulatory response to hypoglycemia. Without the
adrenergic signs and symptoms, hypoglycemia may become
severe before it is treated. Diagnosis of hypoglycemic
unawareness is based on the lack of adrenergic responses
such as tachycardia and blood pressure when blood glucose
is less than 40mg/dl. Effective management of this condi-
tion requires that the patient, family members, and co-
workers be taught to recognize the subtle signs and
symptoms of hypoglycemia (mood changes, confusion,
slurred speech, fugue-like state, and memory lapses) and
how to treat it with glucagon injections and glucose.

SUDOMOTOR

Abnormal sweating patterns are commonly found in
patients with diabetes. Both upper and lower extremities fail
to sweat, whereas the trunk overcompensates. Eventually,
complete anhidrosis may occur. The patient generally com-
plains of excessive sweating in the trunk area. Abnormal
temperature regulation predisposes to heat stroke and heat
exhaustion. Treatment is limited to education. Patients
should be warned that they are at increased risk for heat
stroke and heat exhaustion and that necessary precautions
should be taken.

CARDIOVASCULAR

Clinical manifestations of cardiovascular autonomic neu-
ropathy include exercise intolerance and painless myocar-
dial ischemia. Postural hypotension as a result of vascular
autonomic dysfunction is characterized by postural dizzi-
ness, nausea, vertigo, weakness, presyncope, or syncope.
These signs and symptoms can be misinterpreted as hypo-
glycemia. Measurement of change in heart rate and blood
pressure when moving from sitting or lying to a standing
position provide evidence of this condition. This is a diag-
nosis of exclusion (Fig. 88.2). Treatment of postural
hypotension resulting from autonomic neuropathy can be
complex because supine hypertension and upright hypoten-
sion often occur concurrently. Both the supine hypertension
and upright hypotension cannot be treated in the same
patient because treatment of one may aggravate the other
and vice versa. Keeping the head of the bed in an upright
position during sleep often helps the patient adjust to change
in position and lessens supine hypertension. The simplest
and most efficacious treatment is an atomized spray of 10%
phenylephrine hydrochloride (Neo-synephrine). The spray is
used approximately every 2 to 4 hours, 3 to 4 sprays per
nostril at each dosing. This nearly always results in an
improvement in upright hypotension; rare complications
include septum perforation and ulceration. Fludrocortisone
(0.1–0.5mg) increases plasma volume and catecholamine
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Fig. 88.1 The diagnosis of impotence secondary to diabetic autonomic
neuropathy is one of exclusion. The above algorithm is suggested to eval-
uate the other possible etiologies of impotence.



sensitivity and often is effective. Sympathetic stimulants
(ephedrine and midodrine) also are useful.

Cardiac denervation syndrome, a total loss of innerva-
tion to the heart, results in exercise intolerance, poor anes-
thesia outcome, pregnancy complications, sudden death, 
and probably cardiomyopathy and painless myocardial
ischemia. This syndrome may be evaluated with simple,
noninvasive tests such as heart rate variability (R-R varia-
tion), heart rate changes during deep breathing at 6 breaths
per minute (>15 beat variation is normal for patients
younger than 60 years), heart rate ratio during and after a
standardized Valsalva maneuver of 40mmHg for 10 seconds
(>1.21 is normal for patients younger than 60 years).
Cardiac parasympathetic dysfunction may be evident by
decreased heart rate variation to these maneuvers. These
heart rate variations decrease with level of dysfunction and
age. Awareness of this condition may decrease long-term
morbidity and mortality rates. There is no evidence that 
the occurrence of sudden death and cardiomyopathy can be
prevented.

Painless myocardial ischemia, associated with increased
morbidity and mortality in patients with diabetes, is more

common than in the nondiabetic population. An algorithm
to identify those at risk for painless ischemia is provided in
Figure 88.3. A study in a small number of patients has shown
that approximately 66% of patients screened via this algo-
rithm had ischemia confirmed by stress thallium testing.

Cardiac denervation may also cause exercise intolerance
in patients with diabetes. Symptoms may be vague and 
the patient may present with only fatigue. The American
Diabetes Association recommends that all patients with dia-
betes who are new to an exercise program and are older than
40 years with type II diabetes or have had type I diabetes
for more than 15 years should have an exercise tolerance test
before initiating an exercise program. There is no known
treatment for exercise intolerance, although one study 
has shown that aldose reductase inhibitors may improve
intolerance.
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tends to correlate with the severity of somatic involvement,
being especially common in patients with respiratory failure.
In addition to orthostatic hypotension, hypertensive episodes
can occur and are usually paroxysmal but occasionally may
be sustained [5]. Microneurographic evidence of sympa-
thetic overactivity has been documented, which subsides
with recovery from the neuropathy [6]. Sinus tachycardia is
present in more than 50% of patients with severe GBS.

Less common autonomic symptoms include constipation,
fecal incontinence, gastroparesis, ileus, erectile failure, and
pupillary abnormalities. Gastrointestinal dysmotility is
fairly common but rarely progresses to severe adynamic
ileus. In one study, adynamic ileus occurred in 17 of 114
patients (15%) with severe GBS [7]. Cardiovascular dys-
autonomia coincided with ileus in only 50 patients. Ileus was
thought to be related to mechanical ventilation, immobi-
lization, and preexisting conditions such as prior abdominal
surgery or incremental doses of opioids.

Related entities are the autonomic variant, acute motor
axonal neuropathy, acute motor and sensory axonal neu-
ropathy, and the Miller–Fisher syndrome (characterized by
the triad of ophthalmoplegia, ataxia, and areflexia). These
are best considered autoimmune neuropathies with different
targets.

INVESTIGATIONS

Tests of autonomic function often are abnormal. Ortho-
static hypotension and impaired cardiovagal, sudomotor,
and adrenergic vasomotor function have been described.
Abnormalities of cardiac rhythm include sinus tachycardia,
bradyarrhythmias, heart block, and asystole, and they may
necessitate a cardiac pacemaker. Sinus arrest may occur
after vigorous vagal stimulation, usually caused by tracheal
suction.

ETIOLOGY OR MECHANISMS

The disorder is likely to be immune-mediated, although
the antigen is unknown. The evidence is based on the sural

Guillain-Barré syndrome (GBS) is a subacute immune-
mediated demyelinating neuropathy that may cause pro-
found weakness and respiratory failure. Although the
disease affects motor fibers preferentially, paresthesias and
pain are common sensory manifestations. Autonomic neu-
ropathy of some degree, particularly involving cardiovascu-
lar and gastrointestinal function, is found in two thirds of
patients and may be a life-threatening complication of the
disease. Autonomic dysfunction in GBS can affect the sym-
pathetic and parasympathetic nervous systems. Autonomic
manifestations comprise a combination of autonomic failure
and autonomic overreactivity, the latter most commonly
being manifested as sinus tachycardia and systemic hyper-
tension. Marked arrhythmias and wide fluctuations in blood
pressure may also occur. Gastrointestinal dysmotility is
fairly common but rarely progresses to adynamic ileus. Typ-
ically, autonomic neuropathy improves in concert with
motor and sensory nerve function. Long-term autonomic
sequelae are not typical.

CLINICAL FEATURES

The core features of GBS are the acute onset of an
ascending, predominantly motor polyradiculoneuropathy
associated with areflexia and increased cerebrospinal fluid
protein. The disease follows an antecedent bacterial or viral
infection in about two thirds of cases. Campylobacter jejuni
infections are implicated in 17% to 39% of cases in North
America and Europe and the frequency is greater in Asian
countries [1]. Loss of tendon reflexes is usual. The ascend-
ing weakness progresses usually within a couple of weeks.
Severe weakness including respiratory paralysis is common.

Although autonomic involvement is not a requirement for
diagnosis, autonomic overactivity or underactivity is not
uncommon [2–4]. Autonomic dysfunction is relatively
common in some series [3]. Patients may have tachycardia,
and orthostatic hypotension may alternate with hyperten-
sion. Bladder or bowel involvement tends to be mild com-
pared with somatic involvement. Some patients with GBS
have life-threatening dysautonomia, which presents most
frequently in the acute evolving phase of the disease and
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nerve biopsy finding of perivascular round cell infiltration,
the presence of relevant serum antibodies causing demyeli-
nation, frequent antecedent infections, the selectivity of
involvement by fiber type, response to immunotherapy, and
the overlap with cases of pandysautonomia. The auto-
immune basis of GBS and its variants is slowly being un-
raveled. For example, the Miller–Fisher syndrome is known
to have IgG autoantibodies directed at the ganglioside GQ1b
in more than 90% of patients [8].

COURSE AND PROGNOSIS

Septic and autonomic complications are the major causes
of death in GBS because respiratory failure is usually suc-
cessfully managed with mechanical ventilation. Typically,
autonomic neuropathy in GBS improves in concert with
improvement in motor and sensory nerve function. Long-
term autonomic sequelae are not typical.

MANAGEMENT

Patients with autonomic instability require close moni-
toring of heart rate and blood pressure. Paroxysmal hyper-
tension may alternate with hypotension, and patients may be
supersensitive to hypotensive and other agents. For these
patients, the use of hypotensive drugs is usually best
avoided. When sustained hypertension develops, combined
a- and b-adrenergic blockade has been suggested, and brad-
yarrhythmias are probably best treated by the use of a
demand pacemaker.

The mainstay of treatment is supportive for the manage-
ment of orthostatic hypotension and bowel and bladder

symptoms. Because there is suggestive evidence of an
immune-mediated process, treatment with intravenous
immunoglobulin or plasma exchange should be undertaken
in patients who have moderate to severe weakness, respira-
tory compromise, or continue to worsen. Intravenous
immunoglobulin is given as 0.4g/kg (over 4 hours) daily for
5 days, but it has little, if any, effect if administered later
than 14 days after onset of the illness [9].
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Blood-borne transmission through transfusions has
decreased dramatically thanks to the implementation of
mandatory plans for the detection of the disease in blood
donors. Countries such as Uruguay and Chile have been
declared free from transmission, both by the vector and
through transfusions [2].

Almost all autonomic structures may be affected, and
there is an acute and a chronic stage. The acute stage is char-
acterized by a high parasitemia with tissue invasion and a
distinct neurotropism of T. cruzi. There is an inflammatory
infiltration of many tissues, especially involving the heart
and the autonomic ganglia. Approximately a month after the
acute stage, T. cruzi practically disappears from blood and
tissues and the diagnosis is subsequently serologic. Of the
individuals infected, 70% will enter the chronic indetermi-
nate stage, defined as the presence of positive serology in
asymptomatic subjects with normal electrocardiogram,
chest radiograph, and GIT contrast imaging [3, 4].

A dilated cardiomyopathy develops in approximately 25
to 30% of the infected individuals. It presents as global heart
failure, with severe arrhythmias and heart block (right
bundle branch block and left anterior hemi-block). There is
typically an apical aneurysm. Sudden death is not rare. Auto-
nomic dysregulation may play a significant role in the
genesis and maintenance of severe ventricular arrhythmias
in this cardiac disease [5, 6].

Koeberle [7] was the first to describe involvement of
autonomic structure in Chagas’ disease, leading to the neu-
rogenic theory of the cardiomyopathy. Autonomic dysfunc-
tion is almost invariable in the chronic stage [8]. Autonomic
function tests have shown a predominantly parasympathetic
neuropathy. These abnormalities have been demonstrated
even in patients in the indeterminate phase. Studies have
included heart rate variability, the Valsalva ratio, the blood
pressure response to sustained handgrip, and the cardio-
vascular response to norepinephrine, atropine, and b-
blockers [9].

Studies using lower body negative pressure have shown
impaired reflexes of the cardiopulmonary receptors in
patients with Chagas’ disease without cardiac failure.
Involvement of the sympathetic cardiac function in the ven-
tricles was shown using meta-iodobenzyl guanidine I123 with

Chagas’ disease is a trypanosomiasis that is almost
entirely limited to the American continents. It has three
periods: acute, asymptomatic, and chronic. There is an
unusual affinity for involvement of the autonomous nervous
system, with pathologic evidence of involvement of virtu-
ally all autonomic structures evaluated. The immun-
opathologic theory is the one most broadly accepted as the
cause of those lesions. The heart and gastrointestinal tract
(GIT) are the most prominently involved structures, but the
disease also involves other organs, such as the urinary tract,
eye, and the bronchial tree. Clinical manifestations vary in
the different periods, each of which typically lasts many
years. Although there is no consensus for specific therapy of
the chronic stage, persistence of trypanosoma emphasizes
the need to continue treating the parasite once there is clin-
ically significant involvement of these structures. The
disease continues to be an experimental model for the study
of autoimmune inflammatory autonomic denervation.

Chagas’ disease is a trypanosomiasis caused by Try-
panosoma cruzi (T. cruzi), occurring almost exclusively in
Latin America. The World Health Organization has esti-
mated that 18 million people have been infected by T. cruzi
and 45,000 of those infected die every year of Chagas’
disease. The economic loss because of early mortality and
disability exceeds $8 billion per year [1, 2].

There are three relevant routes of transmission: through
the vector, through transfusions, and from mother to child.
Although vectors are the most important route in Latin
America, transfusions are the main source of infection in
countries such as the United States and Canada, because of
the high immigration rate from endemic regions.

The vector is an insect that belongs to the Hemiptera
order, the Reduviidae family, and the Triatominae subfam-
ily. There are 118 classified species, a few of which (those
in the domestic habitat) are mainly responsible for trans-
mission to humans [1].

The social and demographic trends observed in recent
years, resulting in the movement of persons from rural to
urban areas, have resulted in an “urbanization” of the
disease. There continue to be sources of these vectors in the
poorest areas, and new species of Triatoma tend to occur in
areas surrounding these homes.
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single photon emission computed tomography [6]. This
apparently occurs early in the course of the cardiomyopathy
and is related to the regional perfusion of the myocardium
[10]. However, orthostatic hypotension is not frequent at any
stage of the disease.

The GIT is involved in more than 90% of Chagas’ disease
cases, but not all patients are symptomatic. Neuron loss
leads to the dilation of these structures after several years,
resulting in “megaorgans.” Megaesophagus and megacolon,
the most frequent megaorgans, represent the final stage 
of autonomic involvement, with more than a 90% loss of
Auerbach’s and Meissner’s parasympathetic plexuses.
Motor dysfunction precedes dilation and can be detected
through GIT radionuclide studies of motility in a high per-
centage of patients. The megacolon tests [11] used in exper-
imental models and in patients with Chagas’ disease in the
chronic, asymptomatic stage show that the esophagus and
other segments of the GIT lack any cholinergic innervation,
which differs from the idiopathic megacolon seen in
Hirschsprung’s disease. Functional testing using esophageal
manometry and esophageal transit studies with gastric emp-
tying with radiocolloids [12] show early changes in the
chronic asymptomatic stage in patients with normal barium
studies. There are no follow-up studies of these early
changes, considering that the megaformations are less fre-
quent than these, which is evidence of an unequal impair-
ment of the intramural nervous plexuses.

Other portions of the GIT, such as stomach, small bowel,
and gall bladder, may also be affected. There are regional
differences in the prevalence of these megaformations and
myocardial disease. Such organ enlargements are not
observed north of the equator, and they are more frequent
than myocardial disease in Chile. In Uruguay, the myo-
cardial disease prevails as compared with the enlarged
“mega” viscera [5]. Symptoms consist of dysphagia and
constipation.

Autonomic changes also have been found in other struc-
tures, including the urinary tract, the central nervous system,
iris, and bronchia. Scanning with 99m Tc DTPA showed func-
tional disorders in the urinary tract. Abnormal studies were
frequently found in patients with chronic undetermined
disease [12]: pyelectasia, urethral and pyeloureteral dyski-
nesias, and unilateral or bilateral flow from bladder to
urethra. The same voiding technique showed an increase 
or reduction of the total residual volume and longer evacu-
ation times.

Therapy includes specific antiparasitic treatment only at
the acute stage. The finding of evidence of trypanosomes 
in tissue has currently posed the need for these drugs at the
chronic stage, especially at the first stages when the anatomic
changes described earlier are initially seen clinically.

Despite the reduction in the incidence of Chagas’ disease
as a result of the improved epidemiologic control mentioned
earlier, patients infected with T. cruzi may proceed with the
course of the disease for years after infection, therefore the
problem is not solved [6]. The follow-up studies of these
changes and the better understanding of their immunopatho-
genesis have made this an experimental autonomic dener-
vation model; therefore, further research is needed.

References

1. Wendel, S., Z. Brener, M. E. Camargo, and A. Rassi. 1992. Chagas’
disease (American trypanosomiasis): Its impact on transfusion and
clinical medicine. Sao Paulo, Brazil: ISBT.

2. World Health Organization. Chagas’ disease. Annual report 2002:
http://www.who.int/ctd/chagas/dates.htm.

3. Bannister, R., and C. Mathias. 1992. Autonomic Failure, 3rd ed.
Oxford: Oxford University Press.

4. Amorin, D. S. 1984. Cardiopatía chagásica. Modelos experimentales.
Arq. Bras. Cardiología 42:243–247.

5. Ponce de León, R., D. Bulla, A. Cardozo, A. Pintos, J. Torres, G. Lago,
A. Berriolo, C. Heugerot, F. Mut, E. Touya, and M. Franca Rodriguez.
1986. Compromiso del sistema nervioso autónomo en la Enfermedad
de Chagas. Acta. Neurol. Latinoam. 30:123–131.

6. Marín Neto, J. A., M. Vinicius Simoes, and A. V. Lima Sarabanda.
1999. Chagas’ heart disease. Arq. Bras. Cardiol. 72(3):264–280.

7. Koberle, F. 1957. Die chronische Chagas Kardiopathie. Virchows Arch.
(Pathol. Anat.) 330:267–295.

8. Machado, C. R., E. R. Camargos, L. B. Guerra, and M. C. Moreira.
2000. Cardiac autonomic denervation in congestive heart failure, com-
parison of Chagas’ heart disease with other dilated cardiomyopathy.
Hum. Pathol. 31(1):3–10.

9. Junqueira, L. F., and J. D. Soares. 2002. Impaired autonomic control
of heart interval changes to Valsalva manoeuvre in Chagas’ disease
without other manifestation. Auton. Neurosci. 97(1):59–67.

10. Simoes, M. V., A. O. Pintya, G. Bromberg-Marin, A. V. Sarabanda, 
C. M. Antloga, A. Pazin-Filho, B. C. Maciel, and J. A. Marin-Neto.
2000. Relation of regional sympathetic denervation and myocardial
perfusion disturbance to wall motion impairment in Chagas’ car-
diomyopathy. Am. J. Cardiol. 86:975–981.

11. de Rezende, J. M., and U. G. Meneguelli. 2001. A visita ao Brasil 
de Franz J. Ingelfinger e sua participacao dos conhecimentos sobre o
megaesofago chagásico. Rev. Assoc. Med. Bras. 47(3):262–268.

12. Ponce de León, R., D. Bulla, and A. Larre Borges. 1996. Estudio del
Sistema Nervioso Autónomo cardiovascular en la Enfermedad de
Chagas en etapa crónica indeterminada. Arch. Med. Int. XVIII(3):103–
107.

90. Chagas’ Disease 335



IMPORTANCE OF AGING

The elderly are more susceptible than younger people to
drug-induced orthostatic hypotension; and drugs are an
important cause of syncope and falls in the elderly. Typi-
cally, drug-induced orthostatic hypotension in the elderly
results from therapeutic use of drugs such as sedative-
hypnotics, diuretics, antihypertensive drugs, cardiac nitrates,
and/or antidepressants. The elderly are less able than
younger people to compensate for drug-induced distur-
bances in cardiovascular function. In particular, the elderly
may have abnormal baroreceptor function, with less accel-
eration of the heart rate and cardiac contractility, as well as
a diminished ability to conserve sodium and water, com-
pared with younger people. Another contributor to the high
incidence of drug-induced orthostatic hypotension is that the
elderly often take multiple drugs and therefore are more
exposed to adverse drug interactions. Orthostatic hypoten-
sion in the elderly may be prevented or minimized by the
use of vasoactive drugs in low doses, gradual escalation of
doses, and a careful consideration of risk–benefit issues in
deciding to use pharmacotherapy with vasoactive drugs in
this population.

DRUG INTERACTIONS

Orthostatic hypotension is more likely to occur when 
the mechanisms of postural blood pressure adjustments are
impaired at multiple sites. The most common circumstance
predisposing to orthostatic hypotension is probably diuretic-
induced hypovolemia. In the presence of hypovolemia,
treatment with vasodilators such as angiotensin-converting
enzyme inhibitors, a-adrenergic blockers, or cardiac nitrates
may induce supine and orthostatic hypotension. Drugs such
as b-blockers or postganglionic sympathetic blockers that
inhibit sympathetic reflex responses to orthostatic stress 
may similarly predispose to orthostatic hypotension when
vasodilators, including antiarrhymic drugs such as quini-
dine, antidepressants, or antipsychotic drugs, are adminis-
tered. These interactions may be minimized by taking

Drugs and chemicals induce orthostatic hypotension by
interfering with the normal mechanisms of the regulation of
blood pressure. Major sites of action include: (1) depletion
of blood volume; (2) interference with the function of the
sympathetic nervous system at a variety of sites resulting in
a failure to maintain vascular resistance, venous tone, or
cardiac output with upright posture; (3) direct vasodilation,
which decreases vascular resistance, venous tone, or both.
Vasodilators may act directly on blood vessels or through
interference with the renin-angiotensin system. Table 91.1
describes various drugs and toxins that act on various sites
of blood pressure regulation.

In general, when drugs induce orthostatic hypotension by
depleting the blood volume or by vasodilation alone, there
will be evidence of a compensatory sympathetic neural-
reflex response to upright posture—that is, tachycardia, 
palpations, sweating, increased circulating catecholamines,
etc. This presentation may be termed hyperadrenergic 
orthostatic hypotension. When drugs that impair sympa-
thetic function are involved in the pathogenesis of orthosta-
tic hypotension, the expected sympathetic reflex response
will be blunted or absent (hypoadrenergic orthostatic
hypotension).

Vasovagal syncope may be triggered by drugs, primarily
those that produce hyperadrenergic orthostatic hypotension
by vasodilation. The typical response in patients with vaso-
vagal syncope is a period of reflex tachycardia after assum-
ing an upright posture, followed after several minutes by
sudden bradycardia and hypotension with signs and symp-
toms of hypoperfusion and increased vagal discharge. The
mechanism is believed to be activation of afferent C fibers
in ventricular mechanoreceptors, because of the intense
myocardial contractile state. Activation of these receptors,
similar to the Bezold–Jarisch reflex, produces parasympa-
thetic discharge and inhibits sympathetic responses, result-
ing in bradycardia and vasodilation with no increase in
plasma catecholamines. This type of vagal discharge can be
produced in the laboratory by administering isoproterenol to
people during upright tilting.
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patients off diuretics for a few days to allow volume reple-
tion before initiation of vasodilator therapy and/or by giving
potentially interacting drugs in low doses with a gradual
escalation of the dose as tolerated.

AUTONOMIC NEUROPATHY PRODUCED 
BY SPECIFIC CHEMICALS AND DRUGS

Although most drug-induced orthostatic hypotension
occurs when the pharmacology of the drug interferes with
vascular homeostasis as described in Table 91.1, several
drugs may produce autonomic dysfunction by producing
injury to autonomic nerves.

Wernicke’s encephalopathy occurs with chronic alcohol
abuse and is commonly associated with orthostatic hypoten-
sion. Typically, hypotension occurs without an adequate
compensatory tachycardia and is associated with an abnor-
mal heart rate response to Valsalva, a subnormal cold pressor
response, and hypersensitivity to exogenously infused cate-
cholamines [1]. Hypovolemia often is present, but correc-
tion of hypovolemia only transiently improves orthostatic
hypotension. On the basis of pathologic findings, the site of
the autonomic lesion may be peripheral (peripheral nerves,
preganglionic neurons of the intermediolateral cell column
of the spinal cord), central (hypothalamus, midbrain
tegmentum, fourth ventrical roof nucleus), or both.

Antineoplastic agents including vincristine and cisplat-
inum have been associated with autonomic dysfunction.

Vincristine is neurotoxic and is known to cause bowel 
disturbances (severe constipation), bladder dysfunction
(urinary retention), and peripheral neuropathy. Vincristine
has been associated with orthostatic hypotension caused 
by autonomic neuropathy, and the affected patients usually
have evidence of peripheral neuropathy [2]. Recovery from
orthostatic hypotension may occur over several months after
vincristine is discontinued. In one patient who was carefully
studied, near total loss of urinary norepinephrine excretion
with intact afferent and preganglionic responses was found,
suggesting the lesion was localized to the postganglionic
adrenergic nerves [3]. Cisplatinum rarely has been associ-
ated with autonomic neuropathy, including severe orthosta-
tic hypotension with a subnormal heart rate response, and in
one case gastroparesis with recurrent vomiting. Peripheral
neuropathy also is present [4]. Cisplatinum also can cause
orthostatic hypotension by inducing the salt-wasting nep-
hropathy and hypovolaemia. In each patient, orthostatic
hypotension was aggravated by fluid restrictions and could
be ameliorated with fludrocortisone and salt [5].

Ciguatera toxin is produced by dinoflagellates consumed
by reef fish. Intoxication—most common after ingestion of
barracuda, red snapper, or grouper—typically presents with
vomiting, abdominal pain, myalgias, weakness, paresthesias
of the mouth, face, and extremities, and pruritus. A peculiar
“hot and cold reversal,” in which cold objects feel hot and
vice versa is reported. Cardiovasular features include brady-
cardia, hypotension, and in some cases severe orthostatic
hypotension [6]. The nature of the autonomic disturbance
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TABLE 91.1 Mechanisms of Chemical-Induced Orthostatic Hypotension

Hypovolaemia
Diuretics
Adrenal insufficiency secondary to discontinuation of chronic 

glucocorticoid theraphy

Reduced central nervous system sympathetic activity
Barbiturates and other sedative drugs
Methyldopa
l-Dopa
Bromocriptine
D9-THC (marijuana)

Autonomic ganglionic blockade
Trimethaphan

a-Adrenergic blockers
Phentolamine
Phenoxybenzamine
Prazosin
Terazosin
Labetolol
Verapamil
Quinidine
Imipramine and other tricyclic antidepressants
Trazodone
Chlorpromazine

Postganglionic sympathetic blockers
Guanethidine

Debrisoquine
Bretylium
Phenelzine and other MAOIs

Direct vasodilators
Nitrates
Morphine and other opiates
Insulin
Captopril and other ACE inhibitors

Autonomic neuropathy
Alcohol (Wernicke’s)
Amiodarone
Vincristine
Cisplatinum
Ciguatera toxin (fish poisoning)
Vacor (rat poisoning)

Release of vasoactivtive substances from microbes
Ivermectine
Diethylcarbamazine
Choroquine and pyrimethamine
Mefloquine and pyrimethamine

Vasovagal
Any hypotension drug reaction with an intact sympathetic response may

trigger a vasovagal episode
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has been characterized in one patient with severe orthostatic
hypotension [7]. This patient had evidence of both increase
of vagal tone (the bradycardia and in part orthostatic
hypotension was reversed by atropine) and sympathetic
insufficiency (low plasma catecholamines and hypersensi-
tivity to the infused noradrenaline). The orthostatic hypo-
tension is reversible in most cases, resolving within 4 to 
6 weeks in those cases for which recovery has been 
documented.

Vacor (N-3-pyridymethyl-N¢–p-nitrophenyl urea) is a
rodenticide that was sold in packet of cornmeal-like mate-
rial. Vacor is no longer marketed in the United States, but is
still available in some homes and for use by professional
exterminators. Vacor ingestion (usually suicidal) produced
an unusual syndrome, including irreversible and severe
autonomic dysfunction and insulin-dependent diabetes mel-
litus [8]. Severe orthostatic hypotension developed from 6
hours to 2 days after ingestion of Vacor. The autonomic dis-
turbance in cardiovascular regulation has been characterized
as having very low circulating catecholamines at rest
without a response to upright posture and hypersensivity to
exogenous catecholamines, consistent with destruction of
vascular adrenergic neurons. In some patients the response
of the heart rate to upright posture is impaired, but in others
there is a substantial tachycardia suggesting selective spar-
ing of cardiac autonomic nerves. Other features of intoxica-
tion include a peripheral sensory and motor neuropathy 
and encephalopathy. Other features of the autonomic 
neuropathy include dysphagia, urinary retention, constipa-
tion, lost of sweating, and impotence. These findings 

suggest generalized peripheral autonomic dysfunction. In
many cases the autonomic disturbances and diabetes 
have been irreversible, but in some cases at least partial
recovery occurs, although recovery may take months or
years. Treatment of patients with orthostatic hypotension
from ingestion of Vacor often has been difficult, but there
has been some success with the use of diets high in salt, 
fludrocortisone, and pressor drugs, including injections of
dihydroergotamine.
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Short Form Health Survey [SF-36]) and symptom severity
(Autonomic Symptom Profile). Compared with a healthy
population, patients with POTS reported impairment in mul-
tiple domains of quality of life, including physical, social,
and role functioning. Hierarchical regression analyses
revealed that symptom severity (P < 0.001) and disability
status (P < 0.001) were independent predictors of the SF-36
physical component score, with all variables accounting for
54% of the variance (P < 0.0001).

EVIDENCE OF PERIPHERAL DENERVATION

POTS is heterogeneous; some patients have a limited,
presumably autoimmune autonomic neuropathy. Distal
anhidrosis affecting the legs is commonly found on the ther-
moregulatory sweat test and has shown to be postganglionic
by the quantitative sudomotor axon reflex test. Peripheral
adrenergic denervation is present. There is a loss of 
baroreflex-mediated reflex vasoconstriction (phase II-L of
the Valsalva maneuver) (Fig. 92.1). Leg arteriolar vaso-
constriction is impaired [3] because of reduced lower
extremity secretion of norepinephrine when compared with
the upper extremity [4]. There often is a modest gradual
decrease in blood pressure associated with excessive tachy-
cardia (Fig. 92.2). Perivascular round cell infiltration some-
times is seen on nerve biopsy [5], and ganglionic antibody
is occasionally positive, especially in the more severely
affected patients [6]. Loss of epidermal fibers sometimes is
seen on skin biopsy. As a result of peripheral denervation
and a reduced edema threshold, venous pooling and leg
swelling occurs [3], and hypovolemia develops with con-
tinued standing. Pooling may occur in both the abdominal
viscera and the legs.

OTHER PATHOPHYSIOLOGIC STUDIES

A mutation in the norepinephrine transporter has been
reported [7], but it is rare. There could be an increase in
adrenergic tone, evidenced by an increased decline in blood
pressure after ganglion blockade [4]. Cerebral hypoperfu-

Orthostatic hypotension is well recognized but is rela-
tively uncommon. For every patient seen with orthostatic
hypotension, there are approximately 5 to 10 patients with
orthostatic intolerance, defined as the development on stand-
ing of symptoms of cerebral hypoperfusion (e.g., lighthead-
edness, weakness, and blurred vision) associated with those
of sympathetic activation (such as tachycardia, nausea, and
tremulousness) and an excessive heart rate increment (≥30
beats/min). The female to male ratio is about 4–5 :1, and
most cases occur between the ages of 15 and 50 years [1].

CLINICAL FEATURES

We prospectively evaluated autonomic symptoms in a
large cohort of 108 patients with postural tachycardia syn-
drome (POTS) using a structured and validated autonomic
symptom profile, consisting of 167 questions encompassing
10 autonomic categories of symptoms [2]. About 50% of
patients have an antecedent viral illness. Symptoms of
dysautonomia were frequent or persistent (64%) and at least
moderately severe in the majority and were either un-
changed or getting worse in almost all patients (93%) at
presentation. Positive family history of similar complaints
occurred in 25% of patients. The following orthostatic
symptoms occurred in >75% of subjects: lighthead-
edness/dizziness, lower extremity or diffuse weakness, 
disequilibrium, tachycardia, and shakiness; hence, the symp-
toms were caused by a combination of hypoperfusion and
autonomic activation. These symptoms were most com-
monly aggravated by ambient heat, meals, and exertion.
Other autonomic symptoms were dry eyes or mouth, gas-
trointestinal complaints of bloating, early satiety, nausea,
pain, and alternating diarrhea and constipation. Fatigue is a
significant complaint in about half the patients. Episodic,
nonorthostatic symptoms of autonomic surges are common.

QUALITY OF LIFE

In a study of 94 patients (89% female, mean age = 34.2
years), Benrud-Larson evaluated quality of life (36-item
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sion is caused by an increase in cerebral vasoconstrictor
tone, partly because of hypocapnia [8].

FOLLOW-UP

On follow-up, 80% of patients showed improvement 
in their condition and 90% were able to return to work,
although only 60% were functionally normal [2]. Some
symptoms tend to persist and exercise tolerance is impaired.

Patients who had an antecedent event appeared to do better
than those with spontaneous POTS. Salt supplementation
and b-blockers were the most efficacious therapies.

MANAGEMENT

A variety of approaches have been used to alleviate
symptoms in POTS. All patients need volume expansion and
a high-salt/high-fluid regimen. Drugs that seem to enjoy the

HR/BP (bpm/mmHg)HR/BP (bpm/mmHg)

Time (Minutes)Time (Minutes)

FIGURE 92.1 A 35-year-old woman with neuropathic postural tachycardia syndrome. Heart rate (HR) in beats 
per minute (bpm) is shown above and blood pressure (BP) in mmHg is shown below. There is a loss of late phase II of
the Valsalva maneuver during the Valsalva maneuver.

HR/BPHR/BP (bpm/mmHg)(bpm/mmHg)

Time (Minutes)Time (Minutes)

Tilt-upTilt-up

FIGURE 92.2 Same patient as in Figure 92.1. During head-up tilt, there is a progressive and excessive increase in
heart rate (HR). Blood pressure (BP) undergoes a transient decrease with recovery in the first half minute followed by
a modest gradual decrease in BP.
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greatest success are midodrine, propranolol, and fludrocor-
tisone. Other measures used include body stockings and
physical counter maneuvers. These treatments may influ-
ence pathophysiologic mechanisms of POTS such as a-
receptor dysfunction, b-receptor supersensitivity, venous
pooling, and brainstem center dysfunction. Acutely, we
could demonstrate significant improvement after treatment
with midodrine and saline [9].
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that enhanced sympathetic activation, or b-adrenoreceptor
hypersensitivity, was somehow involved. It was noted early
that these patients often had abnormal electrocardiogram
tracings, especially ST-T wave changes in the inferior leads
(II, III, and AVF) suggestive of ischemia, even though at
coronary arteriography no atherosclerosis was noted. It 
was known that similar hyperadrenergic symptoms were eli-
cited in rare cases of tumors involving the brainstem 
and in baroreflex failure, and studies in rats showed that
destruction of the nuclei of the solitary tracts yielded a 
profound hyperadrenergic state that culminated in death
within hours.

This view was strengthened by the finding that plasma
norepinephrine often was increased in POTS and that a2

agonists, b antagonists, and phenobarbital attenuated the
tachycardia or relieved some of the symptoms in patients,
or both. Mild baroreflex dysfunction proved to occur com-
monly. However, it was eventually found that many patients
with POTS with mildly increased plasma norepinephrine
had neuropathic POTS. Perhaps in such patients there was
a combination of compensatory sympathetic activation of
still-functioning noradrenergic neurons, especially to the
heart, and a slightly reduced clearance of norepinephrine
because of a decline in the population of remaining norepi-
nephrine transporters.

One of the most important lines of evidence in support
for a central etiology emanates from studies in which both
sympathetic and parasympathetic activity have been blocked
by the Nn-nicotinic antagonist trimethaphan. With this
agent, patients with POTS had greater decreases in sympa-
thetic activity than control subjects; systolic blood pressure
decreased by 17mmHg in patients with POTS but only 
4mmHg in control subjects. Among patients with POTS, 
the half having the greatest decrease (28mmHg) after
trimethaphan had greater pre-trimethaphan supine systolic
blood pressure and greater supine and upright plasma nor-
epinephrine levels. However, supine and upright heart rates
were similar in both POTS subgroups.

Analysis of simultaneous peroneal sympathetic nerve
traffic (to gauge vascular sympathetic tone) and heart rate
(to gauge cardiac sympathic tone) in patients with POTS
showed increased sympathetic tone to the heart but not to

Patients with orthostatic intolerance have symptoms on
standing that resemble those elicited by inadequate cerebral
blood flow. They have heart rate increases on standing of at
least 30 beats/min with dizziness, palpitations, poor exercise
tolerance, and presyncopal symptoms, although syncope
itself is infrequent. There is a 5 :1 increased prevalence in
women, usually in the 15 to 45 year-old age group. They are
usually the most common patient category referred to auto-
nomic clinics. There appear to be dozens, perhaps hundreds,
of underlying pathophysiologies, because orthostatic in-
tolerance (postural tachycardia syndrome [POTS]) is a
symptom complex rather than a disease entity itself 
(Table 93.1). There are two major problems in evaluating
such patients. First, physical deconditioning (e.g., because
of bedrest) can be difficult to distinguish from true pathol-
ogy; most commonly patients encountered have both an
altered pathophysiology plus an overlay of deconditioning.
This is one reason elucidation of pathophysiology has
moved so slowly. Second, many relatively common diseases
have orthostatic intolerance as a rare presentation, and the
clinician must exercise special caution that in “diagnosing”
POTS the continued importance of ongoing evaluation for
the true cause of the illness is not neglected, because there
may be important therapeutic implications.

Many of these patients have orthostatic intolerance
because of a peripheral cause (see Chapter 92). However,
others have a pathophysiology that likely originates in the
brain. In this chapter, the term hyperadrenergic postural
tachycardia syndrome, or hyperadrenergic orthostatic intol-
erance, is used to designate such patients. Unfortunately, it
has been difficult for investigators to clearly distinguish
between these two pathophysiologies, which are probably
themselves heterogeneous. All clinical studies have hereto-
fore included patients with both kinds of orthostatic intoler-
ance mixed together. As our ability to evaluate and define
pathophysiology increases, better classification of study sub-
jects should be achieved in future investigations. Perhaps
distinguishing clinical signs and symptoms differentiating
them will emerge. This chapter considers the evidence for
this central form of orthostatic intolerance.

Notably, early investigators observing the tachycardia
and “hyperkinetic heart” in these patients generally assumed
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the vasculature, a finding confirmed by studies of cardiac
norepinephrine spillover, which was increased. This discor-
dance seems robust and may prove to be an important clue
to the nature of the central pathophysiology of POTS.

Currently, it is often impossible to identify patients with
POTS likely to have enhanced central sympathetic outflow,
but some help is afforded by features in Table 93.2 if they
are encountered. The use of such tables must be approached
cautiously given our limited data and should not be viewed
as definitions. In particular, the plasma norepinephrine is
limited in that its increase on standing relates in part to the
altered blood flow distribution in different postures.

Treatment of hyperadrenergic POTS currently is not very
specific (Table 93.3). Physical measures do appear to help.
Almost all patients with POTS feel much better for 6 to 48
hours after a saline infusion of 500 to 2000ml, and even
though it is usually impractical to maintain patients on such
a regimen, it is sometimes encouraging to a severely affected
and frightened patient to see that something can in fact be
done to make them feel better.

Low-dose propranolol is the most commonly used agent
in our experience, and patients usually describe experienc-
ing fatigue if administered doses greater than 80mg daily.
Yet failures with this agent are common and we often re-
quire additional drugs if the simple initial measures fail.

Phenobarbital sometimes helps without worsening fatigue,
but many failures occur. Low-dose clonidine or low-dose
methyldopa sometimes helps.
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TABLE 93.1 Terms Used for Postural Tachycardia Syndrome

Orthostatic intolerance
Mitral valve prolapse syndrome
Neurocirculatory asthenia
Vasoregulatory asthenia
Hyperkinetic heart syndrome
Postural orthostatic tachycardia syndrome
Orthostatic tachycardia
Effort syndrome
Soldier’s heart
Irritable heart

TABLE 93.2 Features of Hyperadrenergic and Neuropathic
Postural Tachycardia Syndrome

Features suggestive of hyperadrenergic postural tachycardia
syndrome

Plasma norepinephrine levels >1000pg/ml
Increased muscle sympathetic nerve activity
Increase in low-frequency/high-frequency ratio of heart rate variability
Symptomatic benefit with low-dose clonidine

Features suggestive of neuropathic postural tachycardia syndrome
Plasma norepinephrine levels of high normal to 800pg/ml
Absent galvanic skin response or abnormal quantitative sudomotor axon

reflex test
Other evidence of peripheral neuropathy
Poor response to low-dose clonidine

TABLE 93.3 Treatment of Hyperadrenergic Postural
Tachycardia Syndrome

16oz water 2–3 times daily as needed (acts for ~1 hour only)
10g sodium diet
Support garment
Propranolol 10–20mg two to four times daily
Clonidine 0.05–0.10mg orally twice daily
Methyldopa 125–250mg half strength or twice daily
Fludrocortisone 0.05–0.30mg daily
Midodrine 2.5–10mg three times daily
Phenobarbital 30–100mg daily



Syncope, presyncope, and orthostatic intolerance re-
present a disease spectrum and occur as a result of brain
hypoxia, which is usually secondary to postural hypotension
and reduction of cerebral perfusion pressure beyond the
cerebral autoregulation function. Among the causes of
syncope, presyncope and orthostatic intolerance are:

1. Cardiovascular causes: cardiac (obstructive or elec-
trophysiologic), vascular (large arterial compliance, small
arteriolar reactivity, or venous capacitance causes), and
severe hypovolemia

2. Autonomic dysfunction:

• Peripheral primary autonomic disorders (pure auto-
nomic failure, familial dysautonomia), peripheral
secondary autonomic disorders (amyloid autonomic
failure, diabetic autonomic failure, paraneoplastic
autonomic dysfunction, Guillain–Barré syndrome,
Chagas disease, and others)

• Central autonomic disorders (multiple system
atrophy)

• Neurocardiogenic reflex-mediated postural
intolerance

• Postural tachycardia syndrome (progressive
orthostatic tachycardia syndrome [POTS], primary
autonomic or secondary to a circulatory
provocative mechanism)

• Specific reflex syncope (e.g., cough and
micturition)

• Others: baroreflex failure, carotid sinus
hypersensitivity, drug-related autonomic
dysfunction.

It has become more widely recognized that patients 
with migraine, vertigo, sympathetic dystrophy syndrome,
and chronic fatigue syndrome present clinically with home-
ostatic derangement that operates in parallel to convey new
messages to the autonomic nervous system and subse-
quently present clinically with cardiovascular manifesta-
tions of orthostatism.

BLOOD VOLUME AND SYNCOPE

Circulatory volume depletion is usually considered a sec-
ondary phenomenon that occurs as a result of fluid loss

The integrative regulation of the circulation by the auto-
nomic nervous system counterbalances postural stressors.
The physiologic response to the redistribution of blood
volume is crucial to the maintenance of homeostasis in
response to orthostatic stress. In humans, the main effector
of this physiologic response is the sympathetic nervous
system. During orthostasis, the low-pressure receptors in the
cardiopulmonary field and the high-pressure receptors in 
the large arteries (carotids and aortic arch) sense the initial
reduction of cardiac filling and of stroke volume and send
impulses to the central autonomic network. The resulting
sympathetic vasomotor outflow allows maintenance of 
mean arterial pressure for a given amount of cardiac filling
through an immediate vasoconstriction, venoconstriction,
cardiac inotropy, and chronotropy.

Furthermore, there is a regulatory increase of extracellu-
lar fluid volume and cardiac filling for a given amount of
hydrostatic pooling of blood. Indeed, antinatriuresis and
water retention are provoked in the upright posture by the
following: (1) decreased renal sodium excretion caused by
reflex increase of norepinephrine during orthostasis, which
decreases renal blood flow followed by decreased glomeru-
lar filtration of sodium, as well as augmentation of reab-
sorption of the filtered sodium; (2) the increased arginine
vasopressin secretion and decreased atrial natriuretic peptide
secretion caused by decreased atrial stretch during upright
posture; and (3) the stimulation of the renin-angiotensin
aldosterone system, which results from decreased renal
blood flow and renal perfusion pressure and causes enhance-
ment of sodium/potassium exchange and medication of a
delayed vasoconstriction.

In addition, other reflex adjustments take place during
orthostatic stress including leg pumping of skeletal muscles,
which enhances venous return to the heart, and venoarterial
reflex provoked by venous distension, which results in aug-
mentation of arterial vasoconstriction.

Sensors that communicate these perturbations to the
central nervous system fall within five categories:

1. Volustat (cardiopulmonary)
2. Arterial barostat
3. Propriostat
4. Vestibular homeostat
5. Engo receptors (change in skeletal muscle tension).
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through the kidney, the gastrointestinal tract, or the skin.
Acute circulatory volume depletion also may be caused by
hemorrhagic blood loss. Contrary to acute volume depletion,
which is characterized by hypotension and compensatory
tachycardia, chronic volume depletion presents with clinical
features related to the associated hemodynamic and com-
pensatory neurohormonal mechanisms.

Chronic intravascular volume depletion is usually
thought to be “secondary” to an underlying event. Patients
are interrogated about their dietary habits, salt intake,
diuretic use, gastrointestinal losses, excessive diuresis, 
and nocturia, as well as paroxysmal tachycardia. Search is
usually pursued for surreptitious intake of medications, and
urine toxicity screening tests are often performed. When no
cause can be found, the hypovolemia is labeled idiopathic.

RELATION BETWEEN CHRONIC GLOBAL BLOOD
VOLUME DEPLETION AND NEUROCARDIOGENIC

RESPONSE TO UPRIGHT POSTURE

The relation between chronic global blood volume deple-
tion (either idiopathic or secondary) and neurocardiogenic
response to upright posture is still unclear, probably because
of the nonhomogeneous tilt protocols and the differences in
the definition of hypovolemia. Indeed, further evaluation of
this question is needed to determine if a threshold blood
volume is a prerequisite for an abnormal response to ortho-
static stress.

Cody and colleagues [1] report orthostatic hypotension
after overtreatment with diuretic and converting enzyme
inhibition [1]. In 1993, we compared the response to head-
up tilt (HUT) among 30 patients with hypovolemia (defined
as £90% of normal for corresponding sex) and 15 patients
with normovolemia; both groups had a similar history of
dizziness, syncope, or both [2]. Results showed that varia-
tions in blood volume (within the range defined in the study)
did not correlate with the occurrence of tilt-induced vaso-
vagal response; however, accentuated orthostatic tachy-
cardia was more prevalent in patients with hypovolemia
compared with patients with normovolemia with nonvaso-
vagal response to tilt. In a more recent study [3], we tested
the hypothesis that hypovolemia predicts the extent of
POTS, as well as the occurrence of secondary neurocardio-
genic response (vasovagal reaction/vasodepressor reaction).
We evaluated HUT data from 22 patients with a POTS
response to HUT who also all had blood volume examina-
tion using the 125I-albumin technique [4]. The POTS/VVR
group had a more pronounced decrease of systolic blood
pressure and a greater increase in heart rate at a shorter dura-
tion of the same level of HUT than the POTS/non-VVR
group. The plasma volume level and the presence of hypo-
volemia did not seem to determine the extent of POTS or
the occurrence of VVR/VVS in these patients.

Conversely, Jacob and colleagues [5] report that hypo-
volemia occurred commonly in patients with orthostatic
intolerance and is associated with an inappropriately low
plasma renin activity. Furthermore, Jacob and colleagues [6]
report that idiopathic orthostatic tachycardia (a condition
presenting clinically with symptoms of orthostatic intoler-
ance and occasionally with frank syncope) responded acute
to saline infusion and to the a1-adrenoreceptor agonist mido-
drine; the authors conclude that these findings are consistent
with the hypothesis that idiopathic orthostatic tachycardia is
principally caused by hypovolemia and loss of adequate
lower extremity vascular tone.

DYNAMICS OF POSTURAL BLOOD 
VOLUME SHIFTS

Less frequently discussed is the distribution of blood
volume and the role of the extent of venous pooling on
homeostasis. Cardiopulmonary volume influences both
cardiac output and low-pressure mechanoreceptors in the
cardiopulmonary region. Inadequate cardiac filling is an
important cause of postural intolerance and postural tachy-
cardia, and it has been part of the Bezold–Jarisch reflex
hypothesis of neurocardiogenic syncope. Increased venous
capacitance of various etiologies is an important determi-
nant of cardiac filling [7]. Also, regional autonomic neu-
ropathy [8] was reported as a contributor to the increase of
postural heart rate in sympathotonic orthostatic hypotension.

The syndrome of idiopathic hypovolemia is important to
recognize because its normal clinical picture may lead to
delays in diagnosis and use of appropriate therapy.

CLINICAL FEATURES OF CHRONIC 
IDIOPATHIC HYPOVOLEMIA

Orthostatic intolerance is a common symptom in patients
with chronic idiopathic hypovolemia. However, in contrast
with other types of orthostatic intolerance, these patients fre-
quently have episodic clinical manifestations suggestive of
adrenergic hyperactivity even in the supine resting posture
[9]. Extreme increases in blood pressure have been reported
to be associated with symptoms of apprehension and per-
spiration, simulating pheochromocytoma [9]. The plasma
and urinary catecholamines are typically not increased.

Our initial clinical impression was that of an increased
prevalence of vasovagal syncope in patients with severe
idiopathic hypovolemia. However, this impression was not
substantiated by data analysis in 11 such patients [9]; only
1 of the 11 patients experienced development of vasovagal
syncope during the HUT, whereas another had vasodepres-
sor syncope without slowing of heart rate.
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Marked reduction of pulse pressure may occur in patients
with hypovolemia because of the increase of diastolic blood
pressure and the accompanying reduction of systolic blood
pressure secondary to the reduction of cardiac output. The
peripheral radial pulse may be difficult to palpate in such
patients. The clinical importance of this phenomenon is to
be stressed because it can be misleading clinically and give
a false impression of hypotension unless the femoral arte-
rial pulse is palpated or an intraarterial blood pressure
recording is obtained [9].

HEMODYNAMIC PROFILE OF CHRONIC
IDIOPATHIC HYPOVOLEMIA

Intense vasoconstriction is the most important systemic
hemodynamic finding even when blood pressure is normal
at rest (Tables 94.1 and 94.2). In our experience, cardiac
index was in the low range of normal, whereas left ventric-
ular ejection fraction was normal. The intravascular blood
volume was normally distributed between the cardiopul-
monary and peripheral segments of the circulation, but the
absolute value of the cardiopulmonary volume was reduced
compared with that of normal.

NEUROHUMORAL INDEXES OF CHRONIC
IDIOPATHIC HYPOVOLEMIA

Patients with severe idiopathic hypovolemia typically
have normal baroreceptor reflexes and normal response of
the autonomic nervous system to the Valsalva maneuver,
cold pressor test, and hyperventilation [9]. Furthermore,
supine plasma catecholamines were normal at rest and stim-
ulated adequately during HUT. The heart rate response to
graded isoproterenol infusion was increased; however, con-
trary to patients with hyper-b-adrenergic state [10], there
was no excessive anxiety reaction and the only symptoma-
tology was mild palpitation without chest discomfort. Serum
electrolytes are normal in patients with idiopathic hypo-
volemia and unrestricted sodium intake. Supine plasma
aldosterone was at the upper limit of normal and normal
plasma cortisol was normal. Twenty-four hour urinary
sodium excretion ranged from 22 to 236mEq without cor-
relation to the aldosterone excretion rate.

POSSIBLE MECHANISMS OF CHRONIC
IDIOPATHIC HYPOVOLEMIA

The mechanism of volume depletion in patients with
idiopathic hypovolemia is difficult to explain. It remains
unclear whether the intravascular blood volume contrac-
tion induces a reflex hyperadrenergic response or if it is 

secondary to increased vasoconstriction induced by a
primary accentuation of sympathetic activity. Sympathetic
overactivity accentuates hypovolemia because of the effects
of catecholamine on the venous circulation. The venocon-
strictive effect of catecholamines increases capillary hydro-
static pressure and results in transudation of fluid out of the
vascular space [11]. Conversely, hypovolemia induced
reflex sympathoadrenergic vasoconstriction so that a vicious
circle is created. It also has been postulated that the intense
vasoconstriction observed in patients with idiopathic hypo-
volemia could be caused by vascular hyperreaction to a
normal adrenergic stimulus affecting both arterial and
venous circulation. In our experience, there was no evidence
of adrenocortical hypofunction. Although no strict metabolic
studies were done, there was no clinical or laboratory evi-
dence of sodium wasting in these patients.

TABLE 94.1 Blood Volume in Patients 
with Idiopathic Hypovolemia

Patients with idiopathic
hypovolemia Healthy subjects*

(n = 11) (n = 24)

TBV (ml/cm) 73 ± 2.3% of normal 29.4 ± 0.81 (male)
23.7 ± 0.54 (female)

CPV (ml/m2) 277 ± 14† 413 ± 13
CPV/TBV (%) 14.5 ± 0.14† 16.5 ± 0.5
Hematocrit 42 ± 1.0 41 ± 0.6

Data from Fouad, F. M., L. Tadena-Thome, E. L. Bravo, and R. C.
Tarazi. 1986. Idiopathic hypovolemia. Ann. Intern. Med. 104:298–303.

All values were obtained during normal salt intake and are given as
mean ± SE.

*Normal values taken from 12 men and 12 women.
† P < 0.05.
CPV, cardiopulmonary volume; TBV, total blood volume.

TABLE 94.2 Systemic Hemodynamics in Patients with
Idiopathic Hypovolemia and Normal Subjects

Patients Healthy subjects
(n = 11) (n = 45)

Age (yr) 23–50 18–66
Systolic blood pressure (mmHg) 129 ± 7.0 117 ± 1.6
Diastolic blood pressure (mmHg) 85 ± 3.0* 78 ± 1.2
Heart rate (beats/min) 76 ± 3.3* 65 ± 1.3
Cardiac index (liters/min/m2) 2.7 ± 0.1† 2.9 ± 0.07
Total peripheral resistance (U/m2) 38 ± 1.3‡ 32 ± 0.8
Mean transit time (sec) 6.4 ± 0.4‡ 8.2 ± 0.3
Ejection fraction (%) 55 ± 1.5 55 ± 1.0

Data from Fouad, F. M., L. Tadena-Thome, E. L. Bravo, and R. C.
Tarazi. 1986. Idiopathic hypovolemia. Ann. Intern. Med. 104:298–303.

All values are given as mean ± SE.
*P < 0.02, † P < 0.05, and ‡ P < 0.01 from healthy subjects.



RESPONSE TO THERAPY

The syndrome of idiopathic hypovolemia is important to
recognize because of its important therapeutic implications.
Unlike patients with hyper-b-adrenergic state, patients with
idiopathic hypovolemia did not manifest improvement of
symptoms when treated with b-blockers. Conversely, acute
expansion of blood volume using human serum albumin led
to obvious improvement of symptoms; the increase in blood
volume was associated with an increase in cardiac output, a
reduction of systemic vascular resistance, and an attenuation
of the tilt-induced accentuated tachycardic response.

Chronic blood volume expansion was difficult to main-
tain in our patients. Treatment with fludrocortisone and a
high-sodium diet led to some relief of symptoms in four of
six patients who received this treatment [9]. Addition of
clonidine proved helpful in three of four patients, probably
by toning down the sympathetic nervous system and buffer-
ing heart rate response to upright posture. Another mecha-
nism of action of clonidine could be an increase of
transcapillary transfer of fluid into the venous system [12].

Contrary to what would be generally conceived, the
episodic hypertension in patients with idiopathic hypo-
volemia has been primarily treated with volume expansion,
which shuts off the excessive hyperreactive sympathoad-
renal and/or vascular mechanisms induced by the hypo-
volemic state. Indeed, it was previously reported that blood
pressure response to treatment with ganglion blockers is
inversely related to the extent of intravascular blood volume,
which was thought to explain the increased sensitivity of
patients with hypovolemia to neural blocking drugs [13];
accentuation of the hypotensive reaction in these patients
may be attributed to sudden inhibition by the neural block-
ing agent of the venoconstriction that would have been
induced by secondary adrenergic activation during uncor-
rected hypovolemia. Consequently, a marked decrease of
venous return would be associated with an accentuated
hypotensive response.

Thus, idiopathic hypovolemia is a definite syndrome
characterized by orthostatic intolerance, disabling orthosta-
tic tachycardia, and episodes of paroxysmal supine hyper-
tension. The pathophysiologic mechanism of the syndrome
is still unclear. Favorable clinical response has been
observed when patients are treated with blood volume
expansion, either alone or in combination with clonidine
therapy.

FUTURE CONSIDERATIONS

Standardization of the definition of hypovolemia is nec-
essary. Normal blood volume in humans has been shown to
vary with the degree of leanness or obesity of an individual
rather than linearly with body mass [14, 15]. It also has been

shown to be related primarily to the tissue mass of individ-
uals rather than surface area.

Feldschuh and Enson [16] demonstrated that blood
volume can be most precisely predicted in relation to degree
of deviation from ideal weight. Normal blood volume varies
from 105 to 41ml/kg in extremely obese individuals. 
Feldschuh and Enson’s published algorithms using height
and weight, although significantly more precise, were diffi-
cult to calculate and were not widely used.

Blood volume measurements also have been hampered
by the technical requirements in preparing precisely
matched injectants and standards for tracers. Chromated red
cells (for red cell measurements) are a particularly complex
procedure that involves multiple steps and requires retrans-
fusion of the patient’s autologous blood sample.

Radiolabeled iodine has been commonly used as a
plasma tracer. In 1999, the U.S. Food and Drug Adminis-
tration approved a new semiautomated system, the Daxor
BVA-100, that included the use of a prepackaged injectate,
matching standards, and collection kit. The kit uses an
albumin I-131 tracer and enables a 4- to 5-point postinjec-
tion sampling to be collected from a single venipuncture site.
The system has an accuracy of ±2.5% for the blood volume
measurement. It was shown that the system also can be used
to measure red cell volume precisely [17, 18]. The system
also incorporated the published algorithms for using degree
of deviation from ideal weight for predicting individual
normal blood volumes. More precise individual predicted
normal values permit a sharper differentiation between indi-
vidual normal and abnormal blood volume measurements.

Preliminary data from our laboratory (unpublished) using
this technique of blood volume determination in 611 patients
with a history of orthostatic intolerance confirmed that hypo-
volemia is present in a large number of patients. Normal
blood volume was considered to be ±8% of ideal (for sex,
height, and body weight). As a group, hypovolemia was
more common than hypervolemia; 15.7% of the group was
more than 16% hypovolemic; only 7.1% were 16% or more
hypervolemic. Furthermore, for the 611 patients as a group,
there was a finding of overall incomplete plasma com-
pensation in response to decreased red cell volume. In our
previously reported study, we focused on plasma volume
diminution in regard to hypovolemia. In our much larger
series, it is apparent that plasma volume abnormalities must
be considered in the context of their relation to red cell
volume. A patient, for example, who has a significant
anemia, may have a normal or an expanded plasma volume,
yet may be significantly hypovolemic. In contrast, a patient
with syncope with an identical degree of plasma volume
expansion and a normal red cell volume is not hypovolemic
and has primarily a disturbance of the autonomic nervous
system.

Use of blood volume measurement in conjunction with
tilt-table testing provides for the first time a clearer under-
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standing of patients with identical symptoms whose under-
lying pathology may be very different and who require 
different treatments.

Further evaluation is needed to determine if a critical
threshold blood volume is a prerequisite for an abnormal
response to orthostatic stress. Also, it is essential to include
the dynamics of blood volume shifts when addressing pos-
tural changes, exercise, postprandial conditions, and other
situational issues. Furthermore, the interaction between
volume factors, autonomic reflexes, and the renin-
angiotensin aldosterone system needs more in-depth 
evaluation.
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responsible. This is a disorder that occurs in adolescents and
young adults. A familial tendency is present 25 to 50% of
the time. Axillary hyperhidrosis may present without other
areas involved and vice versa. Essential hyperhidrosis is fre-
quently socially and occupationally disabling and requires
treatment. Commonly used therapeutic modalities with the
details of treatment are given in Table 95.4.

Another fairly common localized hyperhidrosis occurs in
postmenopausal women and primarily affects the head and
upper trunk. Multiple factors including age and hormonal-
hypothalamic set-point alterations are likely involved. A
disorder known as idiopathic paroxysmal localized hyper-
hidrosis, which occurs in men and women, may be related
because both conditions are responsive to clonidine, a cen-
trally acting a2-adrenergic receptor agonist.

Otherwise, localized hyperhidrosis is usually the result of
autonomic nervous system lesions, which are associated
with compensatory or perilesional hyperhidrosis. Not un-
commonly the patient’s attention is given to the excessive
sweating area when the abnormality is the widespread
anhidrosis elsewhere! Diabetic autonomic failure, pure 
autonomic failure (Bradbury–Eggleston syndrome), Ross
syndrome, harlequin syndrome, and chronic idiopathic
anhidrosis are examples in which the phenomenon may
occur. Both gustatory sweating and the auriculotemporal
(Frey’s) syndrome represent examples of localized hyper-
hidrosis caused by aberrant regeneration of autonomic
nerves damaged either surgically or by neuropathy.

Rare cases of essential hyperhidrosis occur in which the
acral (distal) parts sweat heavily whereas other body parts
do not exhibit any thermoregulatory sweating. Contralateral
hyperhidrosis after cerebral infarction has been described as
an uncommon complication possibly because of interruption
of descending inhibitory pathways.

Patients with cervical and upper thoracic complete spinal
cord traumatic transections are frequently troubled with
localized hyperhidrosis of the head and upper trunk when
noxious stimuli below the level of their lesion cause auto-
nomic hyperreflexia. When accompanied by paroxysmal
hypertension, this syndrome can be confused with pheochro-
mocytoma. Often, the causative stimulus is a distended
bladder or rectum. Increased spinal a-adrenoreceptors and

Sweating, an important thermoregulatory activity under
autonomic control, can be disturbed by disorders resulting
in excessive (hyperhidrosis) or deficient (hypohidrosis and
anhidrosis) sweating. The distribution of abnormal sweating
can be ascertained through established autonomic tests and
inferences regarding the pathophysiology of the disorder
made. Sweating excess of the hands (essential hyper-
hidrosis) and global anhidrosis with heat intolerance and
hyperthermia are examples of disorders that are readily rec-
ognized and treated.

Hyperhidrosis is defined as sweating that is excessive
for a given stimulus. Some of the physiologic factors that
increase the sweat response normally are mentioned in Table
95.1. When sweating exceeds these physiologic considera-
tions, pathologic responses or conditions need to be 
considered.

Hyperhidrosis can be generalized or localized, which
presents the physician with a challenging differential diag-
nosis (Tables 95.2 and 95.3).

Generalized hyperhidrosis can be primary (as in episodic
hypothermia with hyperhidrosis or Shapiro syndrome) or
secondary and caused by general medical disorders. The
hyperhidrosis is usually episodic rather than continuous with
most disorders. In pheochromocytoma, high circulating
levels of catecholamines may stimulate normal thermo-
regulatory structures to produce cholinergic sudomotor 
activity. Tumors may produce cytokines (especially inter-
leukin-6), which are pyrogenic, causing prostaglandin E2

release, intermittent fever, and eventually sweating. Anti-
cholinergics, H2 receptor antagonists, plasma exchange, and
prostaglandin inhibitor drug therapy can be effective in these
disorders. In hyperthyroidism, inappropriate heat production
and increased autonomic nerve sensitivity to circulating epi-
nephrine may cause increased body temperature and sweat-
ing, and b-adrenergic blockade can be effective treatment.

Localized hyperhidrosis of the hands, soles, and axillae
with normal sweating elsewhere is a common disorder
known as essential hyperhidrosis, by far the most commonly
encountered. Evidence suggests an abnormal, regional
increased activity of the adrenergic component of sweat
gland innervation, coupled with overactivity of sympathetic
fibers passing through the T2–T4 ganglia, may be partially
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peripheral microvascular adrenoreceptors, accumulation of
substance P, and reduction of inhibitory transmitters below
the cord lesion may be causative. In syringomyelia, the
excessive sweating is segmental and often appears in der-
matomes where sensation is later disturbed.

Hyperhidrosis with partial nerve trunk injury occurs as
part of a complex regional pain syndrome and may be
because of an obvious lesion or an occult problem such as

paraspinal metastatic deposits affecting the sympathetic
chain or white rami.

HYPOHIDROSIS AND ANHIDROSIS

Hypohidrosis is reduction in sweating and anhidrosis is
the absence of sweating in response to an appropriate ther-
moregulatory or pharmacologic stimulus. Physiologic hypo-
hidrosis occurs in skin over bony prominences, in proximal
extremities in the elderly, and in dehydrated states in which
delayed sweat onset and generalized hypohidrosis is
observed.

Pathologic hypohidrosis and anhidrosis may produce
symptoms of heat intolerance and dry skin; for example, a
patient may recognize that exercise in hot weather causes
exhaustion but not sweating or that their feet are dry and
stockings no longer wet at day’s end. More often, patients
are unaware of specific symptoms, therefore trophic skin
changes or other signs and symptoms of autonomic neu-
ropathy should be sought. Areas of compensatory, excessive
sweating may be noted rather than the anhidrotic regions.
The distribution and severity of pathologic sweat loss can
be characterized by tests of sympathetic sudomotor function
(Table 95.5). These tests may provide clues as to the 

TABLE 95.1 Normal (Physiologic) Factors 
Affecting Sweating

Parameter Comments

Age and sex effects Threshold lower and gland output higher in men
Higher sweat output per gland in young vs. old

individuals
Acclimatization Increased output with endurance training, chronic

heat, or greater humidity exposure
Circadian rhythm Threshold temperature to sweat varies often lowest

from midnight to 4 am
Posture Lying on side produces a contralateral

hyperhidrosis and ipsilateral hypohidrosis
Stress and eating Stress can augment sweating in palms, axillae, feet

forehead; some healthy subjects have symmetric
gustatory sweating with spicy foods

TABLE 95.2 Pathologic Hyperhidrosis: Differential Diagnosis and Some Causes of Generalized Hyperhidrosis

Condition Pathophysiologic mechanism

Pheochromocytoma Physiologic response to inappropriate catecholamine-induced thermogenesis; inhibited by anticholinergics
Thyrotoxicosis Physiologic response to inappropriate heat production–induced thermogenesis; inhibited by b-blockers
Acromegaly Growth hormone–induced increase in sweat gland secretion rate; treated with somatostatin analogs, and

dopamine agonists especially with prolactin cosecretion
Malignancy and chronic infection Night sweats; ? related to altered hypothalamic set-point temperature and effects on prostaglandin E2 or other

thermogenic cytokines like interleukin (IL)-1b, tumor necrosis factor, IL-6; probably vagal afferent
“pyrogenic” pathways activated by complement factors

Episodic hypothermia and Developmental abnormalities of central thermoregulatory nuclei/corpus callosum usually present; clonidine,
hyperhidrosis: Shapiro syndrome cyproheptadine, anticonvulsants, oxybutynin, glycopyrrolate may be effective prescriptions

Other causes Severe anxiety, hypoglycemia, hypotension, cholinergic agents, diencephalic epilepsy

TABLE 95.3 Pathologic Hyperhidrosis Differential Diagnosis and Some Causes of Localized Hyperhidrosis

Condition Pathophysiologic mechanism of sweating
Essential hyperhidrosis Excessive physiologic and emotional sweating affecting hands, feet, and axillae; type 1: rest of body sweats normally; 

type 2: coexists with large areas of anhidrosis; probably contribution from adrenergic-mediated sweating as well as
cholinergic; symmetric distribution

Perilesional and compensatory Central and/or peripheral denervation of large numbers of sweat glands produces increased sweat secretion in those 
hyperhydrosis remaining innervated; often asymmetric distribution

Gustatory sweating Resprouting of secremotor axons to supply denervated sweat glands
Postcerebral infarct Loss of contralateral inhibition with cortical and upper brainstem infarction
Autonomic dysreflexia Uninhibited segmental somatosympathetic reflex; recent drug prescription; includes nifedipine and sublingual captopril
Complex regional pain Localized sympathetic sudomotor hyperactivity; probably axon reflex vs. direct irritation/infiltration of sympathetic

syndromes preganglionic or postganglionic fibers
Paroxysmal localized Idiopathic; ? transiently decreased hypothalamic set-point temperature; responsive to clonidine, a centrally acting, 

hyperhidrosis a2-adrenergic agonist
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TABLE 95.4 Treatment Measures for Primary Hyperhidrosis

Treatment Details of treatment Side effects/Complications

Topical Rx 20% Aluminum chloride hexahydrate in anhydrous ethyl alcohol Irritation of skin; less effect on palms and soles, which
(Drysol). Apply to dry skin daily or every other day half-strength may require occlusive (plastic wrap) technique
wash off, am.

Tanning Rx. Glutaraldehyde (2–10%) solution; apply 2–4 times/week as needed Stains skin brown; for soles of feet only
Iontophoresis For palms/soles; 15–30ma. current 20min. at start. Drionic battery- Shocks, tingling may occur

run unit or galvanic generator needed. 3–6 treatments/week for Difficult to use in axilla
total of 10–15 treatments initially; 1–2 treatments/week maintenance Drionic unit not effective when batteries low

Anticholinergic Glycopyrrolate (Robinul/Robinul Forte) at 1–2mg orally three times Dry mouth, blurred vision
daily as needed; for intermittent/adjunctive treatment Contraindicated: glaucoma

GI or GU tract obstruction
Clonidine Useful for paroxysmal, localized (e.g., hemibody) hyperhidrosis Somnolence, hypotension, constipation, nausea, rash, 

0.1–0.3mg orally three times daily or as TTS patch impotence, agitation
(0.1–0.3mg/day) weekly

Excision 2nd and 3rd thoracic ganglionic sympathectomy (palmar Horner syndrome, dry skin, transient dysesthetic pain
hyperhidrosis), sweat glands (axillary liposuction); recent Postoperative scar or infection
preference is for T2 sympathectomy to limit compensatory Compensatory hyperhidrosis of trunk, pelvis, legs, and 
hyperhidrosis feet

BOTOX 50 to 100mU of botulinum toxin A into each axilla or body area Injection discomfort, variable, duration of effect 3–12 
treated; high doses 200mU prolong effect; can be repeated months, expensive, mild grip weakness when palm 

is treated; contraindicated in pregnancy, NMJ disease

GI, gastrointestinal; GU, genitourinary; mU, mouse units; NMJ, neuromuscular junction; Rx, prescription.

TABLE 95.5 Some Tests of Sympathetic Sudomotor Function

Test Method Use

TST (thermoregulatory sweat test) Whole body heating; Alizarin red indicator Good screen for focal or generalized lesions; determine
of sweating and nonsweating skin preganglionic vs. postganglionic when used with a

postganglionic test; body surface anhidrosis can be 
quantitated

QSART (quantitative sudomotor axon Iontophoresis of 1% acetylcholine; record Quantitative response from one or more sites; determine
reflex test) indirect axon reflex response sweat volume and latency of response; test of

postganglionic axons
Pilocarpine sweat test Iontophoresis of 1% pilocarpine solution; Quantitative response from one or more sites; determine 

record sweat rate or volume output sweat output from directly activated glands; test of
postganglionic axons and sweat glands

Silastic imprint method Iontophoresis of pilocarpine; count sweat Quantitative response from one or more sites; determine 
glands directly activated sweat drop size, density test of postganglionic axons

and sweat glands
Q-TST (quantitative thermoregulatory Analyzes frequency sweat expulsion and Quantitative response from one or more sites; determine

sweat test) local sweat rate sweat volume and latency of response; test for
postganglionic lesions frequency of sweat expulsions
with TRH and heating tests central control

PASP (peripheral autonomic skin Measures change in sweating indirectly by Dynamic, semiquantitative; adaptable to EMG equipment; 
potential) change in skin resistance complex, multisynaptic somatosympathetic loop with

CNS and PNS components

ACh, acetylcholine; CNS, central nervous system; EMG, electromyography; PNS, peripheral nervous system; TRH, thyrotropin-releasing hormone.
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underlying pathophysiology, and the common distributions
of anhidrosis are discussed in the following sections.

Distal Anhidrosis

Distal anhidrosis refers to sweat loss affecting the periph-
eral (acral) portions of the extremities, the lower anterior
abdomen, and the central forehead. The feet by far are the
most commonly affected and the lesion is usually a post-
ganglionic denervation as occurs in peripheral neuropathy.

Global Anhidrosis

A global anhidrosis pattern denotes near total body
(>80%) sweat loss. This can occur in central lesions (i.e.,
multiple system atrophy [MSA-parkinsonism and MSA-
cerebellar], hypothalamic tumor, cervical spinal cord tran-
section); at times, residual acral (distal) sweating will be
present in MSA. Large areas of sweat loss that are shown to
be preganglionic or central in origin characterize early
MSA. Tests such as the thermoregulatory sweat test show
global anhidrosis, whereas postganglionic sweat tests such
as quantitative sudomotor axon reflex test (QSART) often
are normal.

Global anhidrosis combined with minute islands of pre-
served sweating and absent QSART is most often caused by
a widespread postganglionic lesion (i.e., panautonomic neu-
ropathy). Recently, reversible global anhidrosis has been
observed in some cases of autoimmune autonomic neuro-
pathy associated with a3 acetylcholine receptor ganglionic
antibodies.

Dermatomal, Focal, or Multifocal Anhidrosis

Dermatomal, focal, or multifocal anhidrosis refers to
sweat loss within the distribution of a peripheral nerve(s) or
its branches or root(s) of origin (T1 to L2 or L3 ventral
roots). Mononeuritis multiplex produces a multifocal
pattern. Focal abnormalities also can occur with skin disor-
ders that damage sweat glands or plug their ducts.

Segmental Anhidrosis

This pattern occurs when large, contiguous body areas of
sweat loss with sharply demarcated borders conforming to
sympathetic dermatomes are present. Sympathectomy pro-
duces such a pattern. When borders are not well defined and
anhidrosis is not contiguous a regional pattern is said to
exist. Both postganglionic and preganglionic lesions may
produce these distributions.

Hemianhidrosis

Sweat loss over one half of the body caused by a lesion
of the descending sympathetic efferents in the brainstem or

upper cervical cord is called hemianhidrosis. Often the
pattern is incomplete. Strokes, tumors, demyelinating
lesions, and trauma are frequently causative. Mixed patterns
of anhidrosis (i.e., distal with focal) often occur (e.g., in dia-
betic neuropathy).

Examples of most of the distributions described above
are shown in Figure 95.1. Many disorders cause distur-
bances in sweating and characteristic abnormalities of tests
of sudomotor function. Primary autonomic disorders, central
and peripheral nervous system lesions, iatrogenic causes,
and disorders of skin can be implicated. Table 95.6 summa-
rizes some of these disorders.

Hyperthermia, heat intolerance, heat prostration, and heat
stroke may occur with widespread failure of thermoregula-
tory sweating, whereas local skin trophic changes occur with
chronic postganglionic sudomotor neuropathy. Observing
some preventative guidelines can lessen heat prostration and
dangerous hyperthermia with heat stroke can be successfully

A B C

D E F
FIGURE 95.1 Examples from patients with diabetes mellitus (A–E);
patient in F had Pancoast’s syndrome (apical lung tumor) on the right.
Shown are distal (A), segmental (B and F), focal (multifocal, dermatomal)
(C), global (D), normal (E), and mixed (C; showing multifocal and distal
patterns). Sweating in dark shaded areas. Note how pattern of anhidrosis
can suggest the pathophysiology: the glove and stocking pattern (A) in
length-dependent neuropathy, the unilateral limb loss (B and F) with 
sympathetic chain lesions, and the curvilinear dermatomal anhidrosis in
diabetic truncal radiculopathy (C).
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TABLE 95.6 Sweating Disorders: Typical Findings on Tests of Sudomotor Function

Clinical disorder Pattern/Site of lesion on the basis of TST/QSART data

Primary autonomic disorders
PAF; CIA, Ross syndrome Global or segmental anhidrosis without acral sparing; probably ganglionic neuron or preganglionic synapse or 

postganglionic axon
Multiple system atrophy Global, segmental, or regional widespread anhidrosis with or without acral sparing; early preganglionic 

(both MSA-P and MSA-C) (IML cell column) involvement, both preganglionic and postganglionic later stages
Acute pandysautonomia Segmental or distal (or both) anhidrosis without acral sparing but with scattered islands of preserved 

(panautonomic neuropathy); sweating; global at times; ganglionic neuron, axon, or preganglionic synaptic involvement; may show 
subacute, paraneoplastic, dramatic improvement in months; may show associated a3-ganglionic AChR antibodies
other autoimmune autonomic
neuropathies

Neurogenic chronic idiopathic Often normal studies; occasional distal or more widespread regional postganglionic involvement
intestinal pseudoobstruction

Central nervous system lesions
Tumors: hypothalamic, parasellar, Global or segmental with or without acral sparing; preganglionic involvement

pineal, posterior fossa 
(brainstem), spinal cord

Cerebral infarction Contralateral hyperhidrosis occurs (most prominent acutely) with cortical lesions and ipsilateral anhidrosis with 
brainstem stroke; preganglionic

SCI; syringomyelia; Global anhidrosis with cervical cord level; segmental loss below level with thoracic, little, or no anhidrosis
demyelinating myelopathy with lumbar complete cord lesions; preganglionic

Parkinson’s disease, progressive Often sweating is normal; distal loss in feet and regional loss in lower extremities can occur and is usually a 
supranuclear palsy postganglionic lesion

Dysautonomia of advanced age Regional affecting proximal extremities, lower trunk; preganglionic (IML cell loss) and sweat gland (atrophy)

Peripheral nervous disorders
Diabetic neuropathy Distal (length-dependent) postganglionic anhidrosis most common; focal (dermatomal), segmental (head 
Primary systemic and familial and neck), unilateral lower limb occur; global loss at times with profound autonomic involvement; usually 

amyloidosis postganglionic lesion
Hereditary sensory and 

autonomic neuropathy
Guillain-Barré syndrome; Can be global without acral sparing; regional, segmental, and distal occur; postganglionic; partial recovery not

Lambert-Eaton myasthenic unusual
syndrome

Vincristine, propafenone, Distal (length-dependent) anhidrosis; postganglionic
heavy metal, uremic,
nutritional idiopathic small
fiber neuropathies

Connective tissue diseases Focal, multifocal, dermatomal anhidrosis (forearm common); postganglionic axonal and skin involvement
Tangier and Fabry’s diseases Distal, focal, multifocal; segmental affecting head and upper extremities; postganglionic except preganglionic in 

Tangiers’s disease and sweat gland in Fabry’s disease
Leprosy Multifocal affecting cooler areas of body; scattered islands of anhidrosis to widespread distal, postganglionic 

sweat loss depending on type

Iatrogenic causes
Drug induced: (phenothiazines, Block central and peripheral autonomic pathway receptors; antimuscarinics can reduce QSART responses for 

butyrophenones, tricyclic up to 48 hours depending on half-life, dose TST shows mild, generalized, symmetrically reduced sweating
antidepressants,
anticholinergic/antiparkinson
drugs nicotinic and
muscarinic anticholinergics

Surgical sympathectomy Segmental loss preganglionic and postganglionic; compensatory hyperhidrosis elsewhere common but depends on
extent of sympathectomy

Cutaneous disorders
Cholinergic urticaria Focal loss/postganglionic or sweat gland
Psoriasis and miliaria rubra Focal loss related to skin-sweat duct inflammation, blockage
Hypohidrotic ectodermal Scattered areas to global anhidrosis; absence of sweat glands

dysplasia
Radiation injury Sharp bordered (often rectangular), areas of anhidrosis conforming to radiation ports; affects sweat glands

AChR, acetylcholine receptor; CIA, chronic idiopathic anhidrosis; IML, intermediolateral cell column of spinal cord; MSA-C, multiple system atrophy
with cerebellar dysfunction presentation; MSA-P, multiple system atrophy with parkinsonian features; PAF, pure autonomic failure; QSART, quantitative
sudomotor axon reflex text; SCI, spinal cord injury; TST, thermoregulatory sweat test.
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treated. Table 95.7 provides the therapeutic measures for
these clinical situations.
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TABLE 95.7 Heat Intolerance and Heat Stroke Management

Management of heat intolerance Heat stroke management

Avoid exercise in hot/humid conditions Heat stroke is a medical emergency!
Plan outdoor activities for early am or late pm Diagnosis: CBT > 41°C (105.8°F), central nervous system disturbances (incoordination, 

confusion, coma), ashen or pink skin
Decrease house thermostat setting Immediately remove from hot environment, loosen and remove clothing
Wear head covering and loose, lightweight, breathable Circulatory collapse, seizures, hypoxia are common; tracheal intubation, IV isotonic 

clothing outdoors fluids through central line, IV anticonvulsants (diazepam 5- to 10-mg doses) may be
necessary

Stay well hydrated (2–2.5 liters of fluid/day), drink water, Surface cooling using tepid water sponging and fanning is preferred method; cool to 
sports drinks; an aspirin can decrease core “set-point” achieve core temperature of 39.0°C; massaging skin with ice bags or ice water
temperature of sweat onset immersion are less preferred methods

Avoid alcohol, diuretics, caffeine, benzodiazepines, Avoid shivering, use IV diazepam if shivering occurs
barbiturates, anticholinergic and neuroleptic drugs

Gradually acclimate to a hot environment over weeks Give 5% dextrose in water in IV fluids as hypoglycemia is common; be prepared for 
before attempting strenuous activity outdoors evacuation to treat disseminated intravascular coagulation, prolonged shock, renal

failure, rhabdomyolysis
Cease any activity and cool down if heat edema, heat Phenothiazines and dantrolene have been advocated to reduce core temperature

syncope, heat cramps, or heat exhaustion occur

CBT, core body temperature; IV, intravenous.



segments 2–4 and join the pelvic plexus. Discrete nerves
carrying both sympathetic and parasympathetic fibers inner-
vate the organs of the pelvis. In 1982, Walsh and Donker [5]
demonstrated that nerves coursing immediately lateral to the
urethra continue on to innervate the corpora cavernosa. It is
now known that branches of those nerves are the principal
innervation of the neuromuscular junction where arterial
smooth muscle controls penile blood flow.

Sexual stimulation causes the release of nitric oxide (NO)
by the cavernous nerves into the neuromuscular junction
(Fig. 96.1). NO activates guanylyl cyclase, which converts
guanosine-5¢-triphosphate into cyclic guanosine monophos-
phate (cGMP). Protein kinase G is activated by cGMP and,
in turn, activates several proteins that decrease intracellular
calcium (Ca2+) concentration. Decreased smooth muscle
Ca2+ concentration causes muscular relaxation, cavernosal
artery dilation, increased blood flow, and subsequent penile
erection. The control of blood flow on the venous outflow
side is less well understood.

ETIOLOGIC FACTORS OF ERECTILE DYSFUNCTION

The anatomic site currently believed to be the most
common cause of ED is the neuromuscular junction where
the cavernosal nerves meet the smooth muscle of the deep
cavernous penile arteries. This is where NO and cGMP play
a critical role in regulating penile blood flow [6]. Neurologic
diseases also can produce discrete lesions in central or
peripheral nerves that cause ED. In particular, MSA, multi-
ple sclerosis, and other processes affecting the spinal cord
can produce decreased erectile rigidity, failure of emission,
or retrograde ejaculation. Other causes of impotence include
drug-induced ED, endocrine disorders, vascular disease, and
venogenic ED.

NEUROMUSCULAR JUNCTION DISORDERS

NO is released from cavernosal nerves causing activation
of guanylyl cyclase within the corpus cavernosum. Figure
96.1 illustrates that there are several steps that, if not 

Impotence is defined by inability to attain penile rigidity
sufficient for vaginal penetration or inability to maintain
rigidity until ejaculation. Individuals with autonomic dys-
function are markedly more prone to development of impo-
tence than those without autonomic dysfunction. Of men in
the population at large, at age 40, approximately 5% never
have penile rigidity sufficient for vaginal penetration [1]. By
age 70, at least 15% of men experience complete erectile
dysfunction (ED), whereas approximately 50% have varying
degrees of ED. Age and physical health are the most impor-
tant predictors of the onset of ED. Smoking was the most
important lifestyle variable and ED did not correlate with
male hormone levels.

These figures contrast sharply with the prevalence of
impotence in the autonomic dysfunction population. Pati-
ents with Parkinson’s disease and multiple system atrophy
(MSA) both have a high rate of impotence. Impotence is 
a common early finding in MSA, whereas patients with
Parkinson’s disease usually experience development of
impotence later in their disease. Singer and colleagues [2],
in a population of older patients with Parkinson’s disease,
demonstrated that 60% of men were affected compared with
37.5% of age-matched control subjects. Beck and colleagues
[3] evaluated 62 patients with MSA for impotence. Their
data indicate that 96% of the men were impotent and 37%
appeared to have impotence as the initial symptom of auto-
nomic dysfunction. Other studies have demonstrated similar
results [4].

MECHANISM OF ERECTION

Psychogenic or tactile sexual stimulation, or both, is the
initial point in the pathway leading to penile erection. Nerve
signals are carried through the pelvic plexus, a portion of
which condenses into the cavernous nerves of the penile
corpora cavernosa. The pelvic plexus receives input from
both the sympathetic and parasympathetic nervous system.
Sympathetic fibers originate in the thoracolumbar spinal
cord, condense into the hypogastric plexus located immedi-
ately below the aortic bifurcation, and course into the pelvic
plexus. Parasympathetic fibers originate in sacral spinal cord
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functioning properly, could impede erectile function. Most
work currently is focused on generation of NO by the cav-
ernous nerves. Further understanding of all the steps in the
erectile pathway will likely implicate other biochemical
reactions as causes of ED. That at least 50% of patients with
decreased rigidity from all causes other than trauma or
medical treatment respond to phosphodiesterase type-5
(PDE-5) inhibition is strong evidence supporting the infer-
ence that biochemical dysfunction at the neuromuscular
junction is by far the most common cause of impotence.

NEUROGENIC ERECTILE DYSFUNCTION

Pure neurogenic ED is a frequent cause of erectile failure.
Interruption of either somatic or autonomic nerves or their
end units may cause ED. These nerves control the flow of
blood into and likely out of the corpora cavernosa. Afferent
somatic sensory signals are carried from the penis through
the pudendal nerve to sacral segments 2–4. This information
is routed both to the brain and to spinal cord autonomic
centers. Parasympathetic autonomic nerves originate in the
intermediolateral gray matter of sacral segments 2–4. These
preganglionic fibers exit the anterior nerve roots to join with
the sympathetic fibers of the hypogastric nerve to form the
pelvic plexus and cavernosal nerves. The paired cavernosal
nerves penetrate the corpora cavernosa and innervate the
cavernous artery and veins. Parasympathetic ganglia are
located distally near the end organ.

Sympathetic innervation also originates in the intermedi-
olateral lateral gray matter but at thoracolumbar levels 
T10-L2. Sympathetic efferents course through the retroperi-
toneum and condense into the hypogastric plexus located
anterior and slightly caudal to the aortic bifurcation. A
concentration of postganglionic sympathetic fibers forms 
the hypogastric nerve, which is joined by parasympathetic

efferents. Adrenergic innervation appears to play a role in
the process of detumescence. High concentrations of nor-
epinephrine have been demonstrated in the tissue of the
corpora cavernosa and tributary arterioles. In addition, the
a-adrenergic antagonist, phentolamine, is routinely used for
intracorporal injection therapy to produce erection.

Afferent signals capable of initiating erection can either
originate within the brain, as is the case with psychogenic
erections, or result from tactile stimulation. Patients with
spinal cord injury often respond to tactile sensation, but
usually require medical therapy to maintain the erection
through intercourse. There is no discrete center for psy-
chogenic erections. The temporal lobe appears to be impor-
tant, however; other locations such as the gyrus rectus, the
cingulate gyrus, the hypothalamus, and the mammillary
bodies also appear to be important.

ENDOCRINE DISORDERS

Testosterone plays a permissive role in erectile function.
Androgen replacement (testosterone cipionate 200mg every
2–3 weeks or daily topical testosterone preparations) is
expected to induce return of erectile function in patients with
very low or undetectable serum testosterone concentrations
because of hypogonadism. These patients are relatively
uncommon, however. More commonly, the impotent patient
will have normal or mildly decreased levels of circulating
androgens. Testosterone replacement rarely restores erectile
function in those with mildly decreased serum testosterone
levels and should not be routinely given for that indication.
Testosterone supplementation is never indicated for patients
with normal circulating androgen levels.

The most common endocrine disorder affecting erectile
ability is diabetes mellitus. The most important effect dia-
betes has on erectile ability appears to relate to loss of func-
tion of long autonomic nerves. Erection is partially mediated
by efferent parasympathetic cholinergic neural stimuli. Loss
of long cholinergic neurons results in interruption of the
efferent side of the erectile reflex arc. Diabetes also appears
to produce dysfunction of the neuromuscular junction at the
level of arterial smooth muscle in the penile corpora caver-
nosa. Studies have indicated markedly decreased acetyl-
choline and NO concentrations in the trabeculae of the
corpora cavernosa in patients with diabetes [7]. These find-
ings probably represent a combination of neural loss and
neuromuscular junction dysfunction.

MEDICAL AND SURGICAL TREATMENT

Effective oral medical therapy has changed the work-up
and treatment of ED. Diagnostic tests such as plasma testos-
terone often are deferred to medical therapy failures if the
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patient has normal libido, no gynecomastia, and testes of
normal size and consistency.

Current medical therapy is based on inhibition of PDE-5
[8]. Figure 96.1 illustrates that cGMP is broken down to
inactive 5¢-GMP by PDE-5. Sildenafil, vardenafil, and
tadalafil competitively inhibit PDE-5 breakdown of cGMP
by binding to the catalytic domain of PDE-5. Use of a PDE-
5 inhibitor results in improved erectile rigidity even in
patients with decreased NO or cGMP synthesis. Generally,
60% of patients overall and 80% with ED caused by spinal
cord injury respond to PDE-5 inhibition.

A study examined the response to sildenafil in patients
with Parkinson’s disease and MSA [9]. Patients with Parkin-
son’s disease experienced improved erectile rigidity similar
to patients with idiopathic ED. They did not experience sig-
nificant orthostatic hypotension. One hour after medication,
the standing mean blood pressure decreased 9mmHg, com-
pared with 6mmHg in healthy volunteers. However, this
was not the case for patients with MSA. Six patients had
been enrolled before the study was halted because of pro-
found hypotension. Three patients who had stable blood
pressures at study entry experienced standing blood pressure
decreases of 128/85 to 65/55, 104/60 to 56/32, and 115/70
to 55/39 1 hour after taking medication. PDE-5 inhibitors
should be used with caution in patients with MSA.

Other therapeutic interventions including pharmacologic
injection of prostaglandin E1, intraurethral delivery of pro-
staglandin E1, vacuum erection devices, and inflatable penile
implants produce excellent results in selected patients.
Patients who have good performance status should be

offered urologic referral if initial medical therapy does not
achieve adequate penile rigidity.
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resistance. This physiologic sleep-related hypoventilation
becomes prolonged during pathologic alteration.

SLEEP-DISORDERED BREATHING 
IN AUTONOMIC FAILURE

SDB including sleep apnea has been described in many
patients with AF. AF can be primary or secondary to a
variety of central or peripheral neurologic or other medical
disorders and familial dysautonomia. The best known con-
dition with primary AF is multiple system atrophy (MSA)
with progressive AF (also known as the Shy-Drager syn-
drome). MSA is a multisystem neurodegenerative disease
characterized initially by dysautonomic manifestations (e.g.,
the four most important manifestations consist of orthosta-
tic hypotension, urinary sphincter dysfunction, hypohidrosis
or anhidrosis, and impotence in men) followed by a parkin-
sonian–cerebellar syndrome, and upper motor neuron and
lower neuron dysfunction. A number of sleep-related respi-
ratory arrhythmias have been noted in most of these patients
(Fig. 97.1) in the intermediate stage of the illness, which
lasts on an average about 9 years. Polysomnographic (PSG)
recordings confirmed the presence of sleep apnea and other
respiratory arrhythmias in many reports.

The most common respiratory disturbances in MSA are
sleep apnea or hypopnea, dysrhythmic breathing, and noc-
turnal stridor. Sleep apnea can be three types: central (CA),
upper airway obstructive (OA), and mixed type (MA).
During CA, there is cessation of both airflow and effort (i.e.,
no diaphragmatic or intercostal muscle activities), whereas
during OA there is no airflow but the effort continues (see
Fig. 97.1). MA is characterized by an initial period of CA
followed by OA (see Fig. 97.1). Hypopnea has the same 
significance as apnea and is manifested by a reduction of 
the tidal volume by one half of the value of the preceding
respiratory cycle with or without oxygen desaturation or
arousal. To be significant, apnea or hypopnea must last at
least 10 seconds, and apnea or hypopnea index (number of
episodes per hour of sleep) or respiratory disturbance index
(total number of apneas and hypopneas per hour of sleep)
should be five or more.

Autonomic nervous system (ANS), sleep, and breathing
are closely interrelated. Sleep has a profound effect on the
functions of the ANS and the control of breathing. The basic
ANS changes during sleep include increased parasympa-
thetic tone and decreased sympathetic activity with inter-
mittent increase of sympathetic activity during phasic 
rapid eye movement (REM) sleep. Respiratory homeostasis
becomes unstable during normal sleep, causing a few
periods of apneas and hypopneas, particularly at sleep onset
and during REM sleep. The nucleus tractus solitarius (NTS),
located in the dorsal medulla, can be considered a central
station in the central autonomic network with its reciprocally
connected ascending projections to the hypothalamus, the
limbic system, and other supramedullary regions, as well as
the descending projections to the ventral medulla and inter-
mediolateral neurons of the spinal cord. Furthermore, the
peripheral respiratory receptors, the central respiratory and
the sleep-promoting neurons in the preoptic-anterior hypo-
thalamic region, and the NTS are intimately linked by the
ANS. Therefore, it is logical to expect sleep-disordered
breathing (SDB) in patients with autonomic failure (AF).
This chapter briefly summarizes such respiratory arrhyth-
mias in AF.

Two separate and independent systems control breathing
during wakefulness and sleep: the metabolic (the automatic
or autonomic) and the voluntary (or behavioral) systems.
These two systems behave differently during wakefulness
and two states of sleep (e.g., non–rapid eye movement
(NREM) and REM sleep determined on the basis of elec-
troencephalogram criteria). During NREM sleep, respiration
is controlled entirely by the metabolic controlling system,
whereas during wakefulness both the voluntary and the
metabolic systems remain active, and during REM sleep, the
voluntary system also is partly active. Therefore, a failure
of the metabolic controlling system in the medulla as a result
of pathology in the ascending, descending, or afferent pro-
jections of the central autonomic network or brainstem
lesions will cause sleep apnea and other respiratory arrhyth-
mias during sleep (Ondine’s curse). During normal sleep,
there is mild hypoventilation as a result of decreased number
of functioning respiratory units, decreased sensitivity of the
medullary chemoreceptors, and increased upper airway
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Apneic–hypopneic episodes are accompanied by oxygen
desaturation, repeated arousals throughout the night causing
a reduction of slow wave and REM sleep, and increased
wakefulness after sleep onset. These nocturnal episodes of
repeated oxygen desaturation and arousals may cause
daytime somnolence, daytime fatigue, intellectual deteriora-
tion, impotence in men, and occasionally early morning
headache, and they also may lead to systemic or pulmonary
hypertension, congestive cardiac failure, or cardiac arrhyth-
mias. Hypercapnic ventilatory responses may be impaired in
some of these patients, suggesting impairment of central
respiratory chemoreceptors in the brainstem. Dysrhythmic
breathing, characterized by a pattern of nonrhythmic respi-
ration of irregular rate, rhythm, and amplitude (see Fig.
97.1), more apparent during sleep than during wakefulness
and often accompanied by short periods of apneas or hypo-
pneas, is common in MSA. Normal hypercapnic ventilatory
responses in some patients and dysrhythmic breathing imply
a defect in the respiratory pattern generators in the brain-
stem. In many patients with MSA, nocturnal stridor is a
common feature causing marked inspiratory breathing diffi-
culty and is associated with laryngeal abductor paralysis,
severe snoring, and upper airway obstruction. Less com-
monly, the patients with MSA may have other respiratory
disturbances, which may include alveolar hypoventilation,
paradoxic breathing (opposing chest wall and abdominal
movements denoting upper airway obstruction), apneustic
breathing with a prolonged inspiration and an increase in the
ratio of inspiratory to expiratory time, inspiratory gasps,

Cheyne-Stokes or Cheyne-Stokes variant breathing (see Fig.
97.1), which is a type of CA, and sudden respiratory arrest,
often during sleep at night leading to sudden death.

Neuropathologic findings in MSA comprise those noted
in striatonigral and olivopontocerebellar degeneration, a dis-
tinctive argyrophilic oligodendroglial cytoplasmic inclusion
in the cortical motor, premotor and supplementary motor
areas, extrapyramidal and corticocerebellar systems, brain-
stem reticular formation, and supraspinal autonomic systems
and their targets. In addition, there is neuronal loss in the
same regions and in the intermediolateral column of the
spinal cord. Respiratory arrhythmias probably result in part
from direct involvement of the brainstem region containing
respiratory neurons in addition to other mechanisms.

Sleep apneas accompanied by oxygen desaturation also
have been noted in patients with familial dysautonomia
(Riley–Day syndrome). Familial dysautonomia is a reces-
sively inherited disorder confined to the Jewish population.
In addition to the dysautonomic manifestations of fluctuat-
ing postural hypotension and paroxysmal hypertension,
defective lacrimation, impaired sweating, and vasomotor
instability, the patient presents a variety of cardiovascular,
skeletal, renal, neuromuscular, and respiratory abnormali-
ties. PSG recordings in several reports of familial dysau-
tonomia documented central and upper airway obstructive
sleep apneas.

Sleep apneas and hypopneas have been described in
Parkinson’s disease (PD) and chronic renal failure associ-
ated with AF and acquired polyneuropathies, particularly

97. Sleep-Disordered Breathing and Autonomic Failure 363

FIGURE 97.1 Schematic diagram showing different respiratory patterns in multiple system atrophy. A, Central apnea.
B, Upper airway obstructive apnea. C, Mixed apnea. D, Paradoxic breathing. E, Cheyne–Stokes breathing. F, Cheyne-
Stokes variant pattern. G, Dysrhythmic breathing. H, Apneustic breathing. I, Inspiratory gasp. (Reproduced with per-
mission from Chokroverty, S. 1999. Sleep, breathing and neurological disorders. In Sleep disorders medicine: Basic
science, technical consideration and clinical aspects. S. Chokroverty, Ed, 509–571. Boston: Butterworth-Heinemann.)
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diabetic autonomic neuropathies (DANs), and occasionally
in amyloidosis and Guillain-Barré syndrome. Patients with
PD may have SDB characterized by laryngeal stridor,
diaphragmatic dyskinesias, OA, CA, MA, and upper airway
dysfunction with tremor-like oscillations. Unlike patients
with MSA, those with PD do not have vocal cord abductor
paralysis. Autonomic dysfunction in idiopathic PD is less
severe than in MSA. A poor response to levodopa and abnor-
mal urethral sphincter electromyography may distinguish
MSA from idiopathic PD. Sleep apneas also have been
described in many patients with chronic renal failure and
autonomic dysfunction. In DAN, PSG recordings have doc-
umented a variety of SDB including CA and OA, and res-
piratory irregularities associated with esophageal reflux
during sleep causing frequent awakenings. Sleep apnea in
DAN may have an adverse effect on insulin resistance.
However, the mechanism of SDB in DAN is poorly under-
stood. Patients with congenital central hypoventilation 
syndrome and neonatal Hirschsprung disease (intestinal
aganglionosis) with dysautonomia may also present with
SDB. A few scattered reports of autonomic dysfunction
including cardiac arrhythmias have been described in
patients with upper airway obstructive sleep apnea syn-
drome, a common primary sleep disorder.

DIAGNOSIS

First and foremost in the diagnosis of AF is the clinical
manifestation of dysautonomia followed by autonomic func-
tion tests. For secondary AF, appropriate tests to establish
the primary cause should be performed. To document the
presence, type, and severity of sleep apnea, it is essential 
to perform overnight PSG consisting of simultaneous
recording of electroencephalogram, electrooculogram, elec-
tromyogram, electrocardiogram, recording of respiration 
by oronasal thermistors and preferably by nasal pressure
cannula to record airflow and respiratory effort by piezo-
electric or mercury strain gauges or respiratory inductive
plethysmography, and oxygen saturation by finger oximetry.
All patients with reports of excessive daytime sleepiness
should have a PSG preformed. Daytime nap studies are not
adequate because REM sleep is usually not recorded and 
the severity and presence of sleep apnea are difficult to
assess.

Multiple sleep latency test during daytime may be
obtained to objectively document propensity to sleepiness.
A mean sleep latency of less than 5 minutes is consistent
with excessive sleepiness. Pulmonary function tests includ-
ing ventilatory functions, measurement of lung volumes, gas
distribution, arterial blood gases, and assessment of chemi-
cal control of breathing by determining hypercapnic and

hypoxic ventilatory responses and mouth occlusion pressure
(P.01) are important to exclude intrinsic pulmonary diseases
and to identify impairment of chemical control of breathing.
Electromyogram of the laryngeal and urethral sphincter
muscles may be indicated in selected patients with MSA. In
patients with nocturnal stridor, upper airway endoscopy and
laryngoscopy may be needed to detect laryngeal paralysis.
Newer techniques of autonomic monitoring such as heart
rate variability, spectral frequency of heart rate, and pulse
transit time may also be used during PSG recording.

TREATMENT

Only symptomatic measures for sleep apnea or other 
respiratory arrhythmias and treatment of the primary 
condition causing secondary AF are available. MSA is an
inexorably progressive neurologic disease pursuing a relent-
less course despite improvement of orthostatic hypotension
and other dysautonomic manifestations following symp-
tomatic treatment that may improve the quality of life 
temporarily.

GENERAL MEASURES AND 
MEDICAL TREATMENT

General measures include avoidance of alcohol and 
sedative–hypnotics, which may depress respiration. Medical
treatment of sleep apnea is not generally satisfactory, but
protriptyline, a nonsedative tricyclic, and selective serotonin
reuptake inhibitors in mild cases of CA and OA and aceta-
zolamide in CA may have some limited usefulness.

MECHANICAL TREATMENT

In moderate to severe cases of upper airway obstructive
sleep apnea, nasal continuous positive airway pressure
(CPAP) by using a nasal mask throughout the night is useful.
After such treatment, sleep quality often will improve and
daytime somnolence will be eliminated because of reduction
or elimination of sleep-related OAs or MAs or oxygen desat-
uration. However, the natural history of MSA will not be
altered by such treatment. The benefit of nasal CPAP in
MSA has not been as dramatic as in patients with primary
obstructive sleep apnea syndrome because of the natural
history of inexorable progression of the illness despite all
symptomatic measures. A sufficient number of studies of
such disorders using CPAP treatment have not been made.
In acquired autonomic neuropathies, CPAP treatment is an
excellent therapy for OAs. Several types of home CPAP
units are available.



SURGICAL TREATMENT

Tracheostomy remains the only effective emergency
treatment for severe respiratory dysfunction in patients with
laryngeal stridor caused by laryngeal abductor paralysis and
in patients who have been resuscitated from respiratory
arrest. However, the decision to perform tracheostomy in a
progressive neurodegenerative disease with AF with an
overall unfavorable prognosis must be carefully weighed
before pursuing this therapy. Palliative measures, however,
should be used to improve a patient’s quality of life 
temporarily.
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forms of peripheral neuropathy. It may cause hyperkalemia
and hypovolemia, which are reversible with fludrocortisone
administration. It also contributes to the severity of the
orthostatic hypotension that results predominantly from the
direct effect of autonomic failure on vascular contractility,
and this is somewhat ameliorated, but not completely cor-
rected, by fludrocortisone in these patients.

EFFECTS OF HYPOADRENOCORTICISM 
ON AUTONOMIC FAILURE

Cortisol, secreted by the cells of the zona fasciculata,
reaches the zona medullaris through the adrenal portal
venous circulation to create an usually high concentration of
the steroid within the adrenal medulla. This increased corti-
sol concentration is required for induction of the enzyme
phenylethanolamine N-methyltransferase, which normally
methylates norepinephrine to form epinephrine. The defi-
ciency of epinephrine production that one would, therefore,
expect to result from adrenocortical insufficiency may play
an important role in the excessive susceptibility of patients
with primary or secondary hypocortisolism to fasting or
insulin-induced hypoglycemia. There is no clear evidence
that adrenocortical deficiency has other direct effects on the
function of autonomic neurons.

Cortisol and other glucocorticoids do have essential 
functions in sensitizing the vasoconstrictive response of the
peripheral vasculature to norepinephrine. This phenomenon
was first demonstrated in the experiments of Fritz and
Levine [4], who found that the sensitivity of the meso-
appendicular arterial supply of the rat to locally applied NE
was strikingly reduced in vivo by previous bilateral adrena-
lectomy. This requirement of the vasculature for adequate
concentrations of glucocorticoid is of great clinical impor-
tance. It probably underlies the orthostatic hypotension that
is so reliable as an early clinical manifestation of cortisol
deficiency, and it causes recumbent hypotension and shock
in patients with adrenocortical deficiency during stress. The
common stress-induced hypotension that is unresponsive 
to intravenous infusions of phenylephrine, norepinephrine,
epinephrine, and dopamine is certainly caused by hypo-
cortisolism in many patients. In these individuals, gluco-
corticoid administration rapidly restores normal vascular

The autonomic nervous system has important relations
with the function of the adrenal cortex (1) in the actions of
sympathetic nervous function on adrenocortical secretion,
and (2) in the profound effects of cortisol and aldosterone
deficiency on the efficacy of sympathetic nervous activity in
maintaining the blood pressure, especially during stress.

EFFECTS OF AUTONOMIC ACTIVITY 
ON ADRENOCORTICAL SECRETION

There is convincing evidence from animal studies that 
the hypothalamic-pituitary-adrenal (HPA) system is stimu-
lated at various central sites, resulting in an increase in 
corticotropin-releasing hormone (CRH) secretion and the
release of adrenocorticotrophic hormone (ACTH) from pitu-
itary corticotropes in vitro [1]. Conversely, measurements in
the human subject have shown that increasing plasma nor-
epinephrine (NE) levels by NE infusions, into the range seen
in moderate stress, had no effect on the ACTH or cortisol
response to CRH administration [2]. Although these obser-
vations fail to show any direct action of NE on the pituitary
response to CRH, they do not rule out the possibility that
autonomic neuronal activity within the hypothalamus might
increase CRH or vasopressin release and consequently cor-
tisol secretion in human subjects. In patients with multiple
system atrophy (MSA) and idiopathic orthostatic hypoten-
sion, insulin-induced hypoglycemia, normally a potent stim-
ulus to the sympathetic nervous system, frequently fails to
stimulate epinephrine release from the adrenal medullae, but
does not fail to increase HPA function, as indicated by a
normal increase in cortisol secretion [3]. These important
observations strongly suggest that diffuse autonomic insuf-
ficiency has little, if any, effect on adrenocortical secretion
in response to hypoglycemic stress in humans. In contrast
with these findings related to the release of cortisol, there is
little doubt that autonomic failure, through the loss of b-
adrenergic stimulation of renin release from the juxta-
glomerular apparatus, which it induces, profoundly reduces
the adrenocortical section of aldosterone. Hyporeninemic
hypoaldosteronism may arise either centrally in patients
with MSA or peripherally in patients with diabetic or other
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responsiveness to sympathomimetic drugs and is followed
by restoration of normotension.
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The major symptoms experienced by these patients are listed
in Table 99.1. Probably the most important clinical clue that
should lead to the suspicion of a diagnosis of systemic mast
cell disease is flushing. In some patients, cutaneous vasodi-
lation is not appreciated, but patients will usually note that
they feel very warm. Unlike allergic anaphylaxis, bron-
chospasm, angioedema, and urticaria are uncommon mani-
festations. Characteristically, after an episode of mastocyte
activation, patients experience extreme fatigue and lethargy,
which can last for hours.

Hemodynamic alterations frequently occur during
episodes of systemic mast cell activation [3]. Characteristi-
cally, the blood pressure decreases and the heart rate
increases. At times the reduction in blood pressure can be
profound, resulting in severe lightheadedness or frank
syncope. The reduction in blood pressure is accentuated in
the upright position, and patients note that lightheadedness
is improved on assuming the supine position. However, in
some patients, the blood pressure increases, at times dra-
matically, during episodes of mast cell activation. The
increase in blood pressure also is accompanied by an
increase in heart rate. The basis for the increase in blood
pressure in some patients remains speculative.

MAST CELL MEDIATORS RESPONSIBLE 
FOR THE SYMPTOMS AND SIGNS

The hemodynamic alterations and symptoms experienced
by patients with mastocytosis had previously been attributed
to the release of excessive quantities of histamine from mast
cells. However, treatment with antagonists of histamine H1

and H2 receptors had not been found to prevent episodes 
of vasodilation in these patients. In 1980, the discovery 
of marked overproduction of prostaglandin D2, a potent
vasodilator, in patients with mastocytosis was reported. Sub-
sequently, it was found that treatment of patients with mas-
tocytosis with inhibitors of prostaglandin biosynthesis in
addition to antihistamines can be effective in ameliorating
episodes of vasodilation in these patients [3]. However, a
subset of patients with disorders of systemic mast cell acti-
vation are “aspirin hypersensitive” and administration of

Although mastocytosis is not a disorder of the autonomic
nervous system, some of the symptoms and signs of the
disease may be interpreted as consistent with autonomic
dysfunction. Thus, it is important for physicians involved in
the evaluation of patients suspected of having disorders of
the autonomic nervous system to recognize the hallmarks of
mastocytosis.

MASTOCYTOSIS AND ALLIED ACTIVATION
DISORDERS OF THE MAST CELL

Mastocytosis is a disease characterized by an abnormal
proliferation of tissue mast cells. The cause of the overpro-
liferation of mast cells remains unknown. Although unusual
forms of the disease can occur primarily in children (e.g., a
localized mastocytoma), the disease in adults exists prima-
rily in two forms: the abnormal proliferation of mast cells
appears to be either limited to the skin (cutaneous mastocy-
tosis) or involves multiple tissues throughout the body (sys-
temic mastocytosis) [1, 2].

In recent years, an allied activation idiopathic disorder(s)
of mast cells also has been identified in which patients expe-
rience episodes of systemic mast cell activation in the
absence of any evidence of abnormal mast cell proliferation
[3]. An allergic basis for the activation of mast cells may be
suspected in some patients, whereas in others the cause
remains unclear. Whereas mastocytosis is an uncommon
disease, idiopathic activation disorders of the mast cell are
encountered more frequently.

SYMPTOMS AND SIGNS

The symptoms of both mastocytosis and systemic acti-
vation disorders of the mast cell are attributed primarily to
episodic release of mast cell mediators [3]. The episodes of
mastocyte activation can be brief, lasting several minutes,
or protracted, lasting a few hours. These episodes frequently
occur without any identifiable inciting cause. However,
exposure to heat, exertion, and emotional upset are com-
monly identified as precipitating factors by many patients.
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any prostaglandin inhibitor, even in small doses, can
provoke a severe episode of mastocyte activation. Thus,
great caution must be exercised in treating patients with dis-
orders of systemic mast cell activation with inhibitors of
prostaglandin biosynthesis. The pathogenesis of “aspirin
hypersensitivity” remains poorly understood.

DIAGNOSIS

The diagnosis of systemic disorders of the mast cell is
not always straightforward [4]. Patients with mastocytosis
frequently have small pigmented cutaneous lesions, termed
urticaria pigmentosa. Urticaria pigmentosa lesions charac-
teristically urticate when stroked (Darier’s sign). When
visible cutaneous clues to the diagnosis are absent, the diag-
nosis relies on the recognition of a compatible clinical
history. In patients with mastocytosis, a diagnosis may be
made histologically by demonstrating abnormal mast cell
proliferation in the skin or bone marrow. In patients with
activation disorders of the mast cell in the absence of abnor-
mal mast cell proliferation, the diagnosis relies entirely on
demonstrating a release of increased quantities of histamine

and prostaglandin D2 during episodes of suspected masto-
cyte activation. In patients with systemic mastocytosis,
increased urinary excretion of metabolites of histamine and
prostaglandin D2 can usually be demonstrated even at qui-
escent times. Conversely, in patients with idiopathic activa-
tion disorders of the mast cell, increased excretion of
metabolites of histamine and prostaglandin D2 can only be
demonstrated in fractional urine collected during episodes
of mastocyte activation.

SUMMARY

Patients with disorders of systemic mast cell activation
may be encountered more frequently than previously
thought, and some of the symptoms and signs manifested by
these patients (e.g., orthostatic hypotension, during episodes
of mastocyte activation) are not unlike some of those expe-
rienced by some patients with autonomic dysfunction.
Specifically, a patient with “spells” characterized by flush-
ing that may be precipitated by heat, exertion, or emotional
upset accompanied by lightheadedness and either a reduc-
tion or increase in blood pressure and tachycardia should
lead the astute clinician to consider the possibility of a dis-
order of systemic mast cell activation.
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TABLE 99.1 Symptoms of Systemic Mast Cell Activation

1. Flushing (and/or a feeling of warmth)
2. Palpitations
3. Dyspnea (usually without wheezing)
4. Chest discomfort
5. Headache
6. Lightheadedness and occasionally syncope
7. Gastrointestinal symptoms

A. Nausea and occasionally vomiting
B. Abdominal cramps and occasionally diarrhea

8. Profound lethargy after the attack



cocaine administration by the concomitant infusion of intra-
venous nitroprusside to minimize the increase in BP and
baroreflex activation (Fig. 100.1), however, the increase in
venous NE concentrations also was restored, matching the
increase seen with intrabrachial cocaine.

Therefore, our studies in healthy cocaine-naïve subjects
indicated that baroreceptor reflexes play a key role in buffer-
ing the sympathomimetic actions of cocaine in the human
peripheral circulation. The degree of peripheral vasocon-
striction induced by a given dose of cocaine is critically
dependent on the ambient level of central sympathetic
outflow, which is suppressed in individuals with intact
baroreceptor function. In this regard, patients with impaired
baroreceptor reflexes such as those with long-standing
hypertension or heart failure would experience augmented
risk for hypertensive crisis and other catastrophic cardio-
vascular complications from cocaine because of unre-
strained central sympathetic outflow coupled with inhibition
of peripheral NE reuptake.

AUTONOMIC EFFECTS OF COCAINE 
ON THE HEART

Effects of cocaine on the heart rate, myocardial contrac-
tility, and coronary tone also are assumed to be related to
inhibition of the cardiac NE reuptake [1]. However, studies
in humans challenged this hypothesis because these excita-
tory effects of cocaine were seen only with the systemic route
of administration. Intranasal cocaine increased heart rate and
caused a-adrenergic–mediated coronary vasoconstriction in
humans, whereas infusion of cocaine directly into the coro-
nary circulation, even at the dose that produced very high
local concentration, did not produce the same effects [5].
Similarly, intranasal cocaine acutely increased left ventricu-
lar contractility [6], whereas intracoronary cocaine did not
increase ejection fraction [7]. These data suggest a central
rather than peripheral site of action of cocaine to increase
sympathetic outflow to the heart. Although direct measure-
ment of SNA to the heart is not feasible in humans, our pre-
vious study indicates that intranasal cocaine stimulates

Cocaine abuse has reached epidemic proportions in the
United States and has emerged as a major cause of life-
threatening cardiovascular emergencies. The cardiovascular
complications induced by cocaine has been attributed to
inhibition of norepinephrine (NE) reuptake in peripheral
sympathetic nerve terminals, leading to increased NE con-
centration in the synaptic cleft [1]. However, this hypothe-
sis was based on ex vivo rodent experiments with little
supporting evidence from studies in intact animals or
humans. Our data from series of experiments in humans not
only indicated that peripheral NE reuptake inhibition is
much less important than previously assumed, but also
underscored the role of central sympathoexcitatory effect of
cocaine, the neural stimulus for NE release [2].

EFFECTS OF COCAINE ON THE 
PERIPHERAL CIRCULATION

Until recently, cocaine was thought to increase blood
pressure (BP) only by inhibition of peripheral NE reuptake.
However, this is unlikely to be the only mechanism, because
other drugs such as tricyclic antidepressants, which are more
effective than cocaine at blocking the NE transporter, do not
increase BP [3]. Furthermore, in healthy humans, intranasal
cocaine increases BP and activates baroreceptor reflexes,
thereby reflexively decreasing sympathetic nerve activity
(SNA), the neural stimulus for NE release [4]. If there is
little stimulus for NE release into the synaptic cleft, there
should be little NE available for reuptake by the transporter,
and thus little transporter activity to be blocked by cocaine.
Indeed, administration of small doses of intranasal cocaine
used in rhinolaryngologic procedures had no effect on
plasma NE levels in cocaine-naïve healthy individuals,
whereas the intrabrachial administration of cocaine that
matched the same venous concentration caused a substan-
tial increase in venous forearm NE in the same subjects [2].
Failure of intranasal cocaine to increase plasma NE is
because of baroreflex-mediated withdrawal of SNA during
systemic cocaine counterbalancing the inhibition of periph-
eral NE reuptake. When SNA was clamped during systemic
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central sympathetic outflow, as measured by intraneuronal
recordings of SNAto the cutaneous circulation. Furthermore,
the increase in SNA is accompanied by a parallel increase 
in heart rate that is abolished by b-adrenergic receptor block-
ade but unaffected by muscarinic receptor blockade, indicat-
ing sympathetic rather than parasympathetic mediation. 
This sympathetic-mediated increase in the heart rate is a
potent effect of cocaine because it can overcome the oppos-
ing influence of baroreceptors to activate parasympathetic
outflow to the sinus node. In humans, this central sympa-
thoexcitatory effect of cocaine on the heart rate is the 
main mechanism by which cocaine increases BP (Fig.
100.2), because other determinants of BP such as systemic
vascular resistance and stroke volume remain unchanged
after systemic administration of cocaine [6].

EFFECTS OF COCAINE ON THERMOREGULATION

Hyperthermia is a well-known complication of cocaine
overdose, which further amplifies its cardiovascular toxic-
ity. Fatal cocaine overdose typically is associated with high
blood cocaine levels (3–6mg/liter), but cocaine-related
deaths also can occur at 10 to 20 times lower blood levels
when hyperthermia is present [8]. The hyperthermic prop-
erties of cocaine have been attributed largely to a hyperme-
tabolic state (agitation with increased locomotor activity)

that increases heat production. However, we recently
demonstrated that impaired heat dissipation is another major
mechanism by which cocaine increases body temperature
[8]. When healthy cocaine-naïve individuals were subjected
to passive heating, pretreatment with even a small dose of
intranasal cocaine impaired both sweating and cutaneous
vasodilation, the major autonomic adjustments to thermal
stress (Fig. 100.3) [8]. The precise mechanism by which
cocaine impairs both cutaneous vasodilation and sweating is
still unknown, but it is likely to be a central mechanism of
action because heat perception also is impaired. This was a
dramatic effect because subjects experienced less thermal
discomfort even though core temperature was greater than
with placebo (Fig. 100.4). In addition, heat perception is the
key trigger for behavioral adjustments such as seeking a
cooler environment or adjusting the thermostat on the air
conditioner, which, in humans, constitute the most powerful
thermoregulatory responses [9].

TREATMENT OF COCAINE OVERDOSE

Treatment of cocaine-induced acute hypertension should
be targeted to minimize the increase in cardiac output.
Because cocaine causes a sympathetic increase in heart rate,
a b-blocker theoretically should be the treatment of choice.
However, unopposed b-adrenergic blockade can exacerbate
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cocaine-induced coronary vasoconstriction, and thus should
be avoided. Combined b- and a-adrenergic receptor 
blockers such as labetalol have the advantage over pure 
b-blockers in abolishing BP-increasing effects of cocaine,
but still do not reverse cocaine-induced coronary vasocon-
striction [1]. Whether antihypertensive medications that

decrease central sympathetic discharge such as the a2

agonist clonidine will be effective in antagonizing cocaine-
induced acute hypertension and coronary ischemia remains
to be seen.

Treatment of cocaine-induced myocardial ischemia
should include nitroglycerin, aspirin, oxygen, morphine, and
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FIGURE 100.2 Diagram showing how cocaine increases blood pressure
(BP) in humans. Cocaine increases sympathetic nerve discharge to the heart
causing tachycardia and increased BP. The increase in BP activates arterial
baroreceptors, which, in turn, trigger sympathetic withdrawal to the skele-
tal muscle vasculature. Although cocaine can inhibit the peripheral NE
transporter, this mechanism is not effective in increasing NE levels at the
synaptic cleft because the muscle SNA, the neural stimulus for NE release,
is suppressed.
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benzodiazepine. Phentolamine and verapamil also are effec-
tive in reversing cocaine-induced coronary vasoconstriction
[1]. Propranolol is contraindicated.

Patients with cocaine-induced hyperthermia should be
taken into a cool environment to promote heat dissipation.
Patients with agitation and increased motor activity should
be treated with sedatives and anxiolytics to minimize heat
production. Systemic administration of clonidine has been
shown to decrease skin sympathetic vasoconstrictor activ-
ity in humans and to prevent postoperative shivering in
patients undergoing surgery [10]. Its usefulness in the 
treatment of cocaine-induced hyperthermia requires further
investigation.
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by the sympathetic fibers. Either the nociceptors have
expressed adrenoceptors and/or the excitatory effect is gen-
erated indirectly—for example, through changes in blood
flow. Sympathetically maintained activity in nociceptive
neurons may generate a state of central sensitization/hyper-
excitability leading to spontaneous pain and secondary
evoked pain (mechanical and cold allodynia) [20, 22].

The coupling between sympathetic postganglionic neu-
rons and primary afferent neurons that underlies SMP can
occur in several ways. First, it may occur after trauma with
nerve lesions at the lesion site, along the nerve, and in the
dorsal root ganglion. The afferent activation is mediated by
norepinephrine released by the postganglionic axons and by
a-adrenoceptors expressed by the afferent neurons. It may
also occur indirectly by changes in the micromilieu of the
lesioned primary afferent neurons (e.g., by changes of blood
flow in the dorsal root ganglion). Second, after trauma
without nerve lesion the sympathetic activity may be medi-
ated indirectly to the afferent neurons (i.e., through the vas-
cular bed). Experiments supporting both general ideas have
been performed on human models, on animal behavioral
models, and on reduced animal models in vivo and in vitro
[6, 7, 14, 20–24].

ROLE OF SYMPATHETIC NERVOUS SYSTEM 
IN GENERATION OF PAIN AND HYPERALGESIA

DURING INFLAMMATION: HYPOTHESES
DEVELOPED ON THE BASIS OF EXPERIMENTS 

IN BEHAVIORAL ANIMAL MODELS

Ideas that the sympathetic nervous system also may be
involved in the generation of pain during inflammation have
been developed from experiments using animal behavioral
models. These hypotheses are not yet directly linked to and
anchored in clinical observations. The hypothetical mecha-
nisms by which the sympathetic nervous system might be
involved in inflammatory pain are different from those
underlying pain after trauma with nerve lesion (neuropathic

Normally the sympathetic nervous system is involved in
various protective body reactions that are associated with
pain or impending pain [1–4], but not in the generation of
pain by activation of afferent neurons [5–7]. Under certain
biologic and pathophysiologic conditions it may also be
involved in the generation of pain. These conditions have
been defined by quantitative investigations conducted on
patients with pain depending on the sympathetic nervous
system and on animal behavioral models. On the basis of
these quantitative data, hypotheses have been developed to
test experimentally the mechanisms underlying the role of
the (efferent) sympathetic nervous system in the generation
of pain.

SYMPATHETIC–AFFERENT COUPLING 
DEPENDING ON ACTIVITY IN SYMPATHETIC

NEURONS: HYPOTHESES DRIVEN 
BY CLINICAL OBSERVATIONS

Pain dependent on activity in sympathetic neurons is
called sympathetically maintained pain (SMP) [8, 9]. SMP
is a symptom and includes generically spontaneous pain and
pain evoked by mechanical and cold stimuli. It may be
present in the complex regional pain syndrome type I and
type II and in other neuropathic pain syndromes [8]. The
idea about the involvement of the (efferent) sympathetic
nervous system in pain is based on various clinical obser-
vations, which have been documented in the literature for
decades [10–14]. Representative for these multiple observa-
tions on patients with SMP are quantitative experimental
investigations conducted recently [15–19]. These experi-
ments demonstrate the following: (1) sympathetic postgan-
glionic neurons can be involved in the generation of pain;
(2) blockade of the sympathetic activity can relieve the pain;
and (3) norepinephrine injected intracutaneously is able to
rekindle the pain.

The interpretation of these data is: Nociceptors are
excited and possibly sensitized by norepinephrine released
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pain). Behavioral signs of hyperalgesia elicited by mechan-
ical or heat stimulation will generically be called (mechan-
ical or heat) hyperalgesia.

Cutaneous Mechanical Hyperalgesia Elicited 
by the Inflammatory Mediator Bradykinin

In rats, the paw withdrawal threshold to mechanical stim-
ulation is dose-dependently decreased by intracutaneous
injection of bradykinin (BK) [25]. BK reacts with BK2

receptors and leads to release of a prostaglandin, which sen-
sitizes nociceptors for mechanical stimulation; sensitization
is blocked by the cyclooxygenase inhibitor indomethacin
[26, 27]. After surgical sympathectomy (performed ≥8 days
before the behavioral measurements), mechanical hyper-
algesia after intracutaneous BK injection disappears.
However, it does not change after decentralization of the
lumbar sympathetic trunk (leaving the postganglionic
neurons in the paravertebral ganglia intact). It is hypothe-
sized that the cutaneous nociceptors are sensitized for
mechanical stimulation by a prostaglandin (possibly
prostaglandin E2), which is released either from the sympa-
thetic terminals or from other cells in association with the
sympathetic terminals in the skin. This novel function of the
sympathetic innervation of skin is independent of its activ-
ity and norepinephrine release [24, 27].

Cutaneous Hyperalgesia Generated 
by Nerve Growth Factor

Systemic injection of nerve growth factor (NGF) is fol-
lowed by a transient thermal and mechanical hyperalgesia
in rats [28, 29] and humans [30]. During experimental
inflammation (evoked by Freund’s adjuvant in the rat hind
paw), NGF increases in the inflamed tissue paralleled by the
development of thermal and mechanical hyperalgesia [31,
32]. Both are prevented by anti-NGF antibodies [29, 32].
The mechanisms responsible are sensitization of nociceptors
through high-affinity NGF receptors (trkA receptors) and an
induction of increased synthesis of calcitonin gene–related
peptide and substance P in the afferent cell bodies by NGF
taken up by the afferent terminals and transported to the cell
bodies. The NGF-induced sensitization of nociceptors also
seems to be mediated indirectly by the sympathetic post-
ganglionic terminals. Heat and mechanical hyperalgesia
generated by local injection of NGF into the skin is pre-
vented or significantly reduced after chemical or surgical
sympathectomy [33, 34]. These experiments suggest that
NGF released during inflammation by inflammatory cells
acts on the sympathetic terminals through high-affinity trkA
receptors, inducing the release of inflammatory mediators,
and subsequently sensitization of nociceptors for mechani-
cal and heat stimuli [24, 35, 36].

MECHANICAL HYPERALGESIC BEHAVIOR
GENERATED BY ACTIVATION OF THE

SYMPATHOADRENAL SYSTEM 
(ADRENAL MEDULLA)

Activation of the sympathoadrenal system (adrenal
medulla; e.g., by release of the central sympathetic circuits
from vagal inhibition), but not of the sympathoneural
system, generates mechanical hyperalgesia and enhances
BK-induced mechanical hyperalgesia (decrease of paw
withdrawal threshold to mechanical stimulation of the skin).
Both develop over 7 to 14 days after activation of the adrenal
medullae and reverse slowly after denervation of the adrenal
medullae [27, 37]. Application of epinephrine through 
a minipump over days simulates the slow development 
of mechanical hyperalgesia (S. G. Khasar, July 2003, per-
sonal communication).

The results of this experiment are interpreted in the fol-
lowing way: Epinephrine released by persistent activation of
the adrenal medullae sensitizes cutaneous nociceptors for
mechanical stimuli. This sensitization of nociceptors and its
reversal are slow and take days to develop. The slow time
course implies that the nociceptor sensitization cannot be
acutely blocked by an adrenoceptor antagonist given intra-
cutaneously. Epinephrine probably does not act directly on
the cutaneous nociceptors, but rather on cells in the micro-
environment of the nociceptors inducing slow changes that
result in nociceptor sensitization. Candidate cells may be
mast cells, macrophages, or keratinocytes [24, 37, 38]. This
novel mechanism of pain and hyperalgesia involving the
sympathoadrenal system may operate in ill-defined pain
syndromes such as irritable bowel syndrome, functional
dyspepsia, fibromyalgia, chronic fatigue syndrome, and
others [39–41].
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We had the opportunity to revisit this family with 
Bilginturan more than 20 years later. We confirmed the pres-
ence of severe hypertension and brachydactyly. The two
phenotypes were associated in every case. No clinical studies
in eastern Turkey were possible at that time. To study the
hypertension further, we invited affected and nonaffected
family members to come to our clinical research center in
Berlin [3]. We confirmed that affected adults were 10 to 
15cm shorter than unaffected individuals; however, their
body mass index (27kg/m2) was not different. Blood pres-
sure increased steeply with age in the affected people so 
that by age 40 years, they had a mean blood pressure of 
140mmHg, compared with 92mmHg in unaffected individ-
uals. Complete clinical, roentgenographic, and laboratory
evaluation was performed in six subjects, including 24-hour
blood pressure measurements and humoral determinations
before and after volume expansion with 2 liters normal saline
over 4 hours, followed by volume contraction on the follow-
ing day with a 20-mmol sodium diet and 40mg furosemide
at 8 am, 12 pm, and 4 pm. Two affected men aged 46 and 
31 years; three affected women aged 40, 31, and 30 years;
and one unaffected man aged 29 years were studied.

The systolic pressures ranged from 170 to 250mmHg,
and diastolic pressures ranged from 100 to 150mmHg in
affected people; the unaffected man had a blood pressure of
120/70mmHg. Thyroid, adrenal, and renal functions were
normal; electrolyte and acid-base status was normal.
Calcium and phosphate homeostasis was normal. Day–night
circadian blood pressure rhythm was preserved. The sub-
jects were not salt sensitive; renin, aldosterone, and cate-
cholamine values reacted appropriately to volume expansion
and contraction. Affected persons had mild cardiac hyper-
trophy and increased radial artery wall thickness. Fibroblasts
from affected people grew more rapidly in culture than from
unaffected people. We concluded that this novel form of
inherited hypertension resembles essential hypertension.
The most remarkable finding in our view was that, in con-
trast to all the other monogenic hypertension forms
described, our syndrome did not cause salt-sensitive hyper-
tension. Genomic DNA from affected and nonaffected 
individuals enabled us to perform a linkage analysis. We

Essential hypertension has a strong genetic component;
however, the genes involved are not known. Presumably,
many genes are involved. Rare forms of monogenic hyper-
tension exist in which only one gene is responsible for 
the hypertensive phenotype. Elucidating the function of 
such genes has given us much insight into hypertensive
mechanisms. Examples include glucocorticoid-remediable 
aldosteronism, apparent mineralocorticoid excess, pseudo-
hypoaldosteronism, Liddle syndrome, and pseudohypo-
aldosteronism type 2. A chimeric, adrenocorticotrophic
hormone–regulated gene causing increased aldosterone pro-
duction, a defective 11 b-hydroxysteroid dehydrogenase
gene, a gain-of-function mutation in the mineralocorticoid
receptor, a mutated b or g subunit of the epithelial sodium
channel, and mutated with no lysine (WNK) kinases are
responsible for these syndromes [1]. All of these monogenic
forms feature salt-sensitive hypertension. Diuretic therapy
and decreased salt in the diet are effective treatments.
Because the mechanism of the hypertension in these forms
of monogenic hypertension is so well elucidated, baroreflex
regulation has drawn relatively little attention. We have been
investigating a monogenic form of hypertension that has not
yet been elucidated. Perhaps because the molecular genetic
approach has not brought us to a solution and our attempts
to clone the responsible gene have been unsuccessful, we
have concerned ourselves with clinical clues that might help
us in terms of candidate genes. Our subjects have undergone
extensive clinical testing.

AUTOSOMAL-DOMINANT HYPERTENSION 
WITH BRACHYDACTYLY

Bilginturan first described autosomal dominant hyper-
tension syndrome in 1973 [2]. He and his associates identi-
fied a family residing on the Black Sea coast in eastern
Turkey. Affected persons had severe hypertension and died
of stroke before age 50 years. Interestingly, all affected
persons also had brachydactyly and were about 10cm
shorter than nonaffected family members. No further inves-
tigations were possible at that time.
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showed that the responsible gene lies on the short arm of
chromosome 12 [4]. Our LOD score (logarithm of the odds
ratio) was greater than 9, indicating strong evidence for
linkage.

At the beginning we were faced with an area of interest
spanning 10cM. We ruled out some promising candidate
genes, including the genes for parathyroid hormone–related
peptide and the sulfonyl urea receptor type 2. We then
returned to the patients for more clues. We reasoned that
perhaps clinical pharmacology might help us and that 
blood pressure might be more responsive to a particular
pharmacologic agent [5]. Thus, we performed a ran-
domized double-blind, crossover trial of six regimens, 
b-blocker, hydrochlorothiazide, angiotensin-converting en-
zyme inhibitor, calcium channel blocker, a centrally acting
imidazole receptor agonist, and placebo. All the drugs
decreased blood pressures about 10mmHg compared 
with placebo. No single agent was superior. b-Blockade
decreased heart rate and hydrochlorothiazide decreased
serum potassium levels as expected. Thus, the patients
indeed resembled individuals with essential hypertension.
However, the pharmacologic phenotype did not help us
further in the identification of candidate genes.

NEUROVASCULAR CONTACT

The notion that hypertension might be initiated by neu-
rovascular contact between the posterior inferior cerebellar
artery and the ventrolateral medulla (VLM) stems from 
Jannetta and colleagues [6]. They observed that patients with
trigeminal neuralgia who underwent vascular decompres-
sion surgery often were relieved of their hypertension and
their pain [6]. Jannetta and colleagues [7] subsequently per-
formed animal investigations in baboons, which had a small
balloon implanted into the region of the VLM. This balloon
was connected by a catheter to a second balloon in the tho-
racic aorta. The aortic balloon caused the balloon impinging
on the VLM to pulsate. The pulsatile impulse was conducted
over days in the baboons and was associated with an
increase in blood pressure sufficient to induce an increase in
heart size. Because Bilginturan had found “tortuous vessels”
on cerebral arteriography in one of the patients years earlier,
we asked affected and nonaffected family members to
undergo magnetic resonance angiography [8]. We studied 15
hypertensive affected and 12 normotensive nonaffected
family members. We then tested for linkage between the
hypertension–brachydactyly phenotypes and the presence of
neurovascular contact. All 15 affected family members had
evidence for neurovascular contact. All had left-sided pos-
terior inferior cerebellar artery or vertebral artery loops,
whereas six had bilateral neurovascular contact. None of the
nonaffected family members had neurovascular contact. The
phenotypes were linked with an LOD score of 9.2 given a

penetrance of 99%. We next embarked on investigations of
baroreflex function in this family.

BAROREFLEX TESTING

We first performed a “field study” using a Portapres
device (sample rate 100Hz) to measure pulse intervals and
finger blood pressure [9]. Brachial arterial blood pressure
was measured oscillometrically. After a supine baseline
period of 15 minutes, the subjects stood up and measure-
ments were continued for another 5 minutes. The Ewing
coefficient was calculated as the coefficient of the longest
and shortest R-R interval immediately after standing as the
RR30/15 ratio. The Valsalva maneuver was performed to
permit determination of the Valsalva ratio and blood pres-
sure responses. We studied 17 hypertensive affected and 12
normotensive nonaffected family members. Overall, barore-
flex sensitivity (BRS) calculated using the cross-spectral
(low-frequency BRS, high-frequency BRS) and sequence
techniques (BRS+, BRS-) was not different between the
groups. However, in younger family members, BRS+ was 12
and 22msec/mmHg in affected and in nonaffected family
members, respectively. Figure 102.1 shows the BRS calcu-
lated using the sequence technique for up slopes (BRS+).
Figure 102.2 shows the up slopes plotted against mean arte-
rial blood pressure. In nonaffected family members, the BRS
decreased with increasing mean arterial blood pressure,
which was not the case in affected persons. The decline in
BRS with age and with increasing blood pressure was absent
in affected family members. Thus, noninvasive testing
showed impaired baroreflex control of heart rate at a young
age. The reduced BRS in young family members with mod-
erate arterial hypertension suggested to us that the impaired
baroreflex function is not secondary to the hypertension, but
it might be a primary abnormality, which aggravates the pro-
gression of hypertension.

INVASIVE BAROREFLEX TESTING

To study the possible autonomic abnormalities in this
family further, we studied five patients in Berlin under com-
plete ganglionic blockade with trimethaphan and also per-
formed microneurography [10]. The blood pressure during
complete ganglionic blockade was 134/82 and 90/49mmHg
in patients and in control subjects, respectively. During 
ganglionic blockade, plasma vasopressin concentration
increased 24-fold in control subjects and less than 2-fold in
the patients. In the patients, cold pressor testing, handgrip
testing, and upright posture all increased blood pressure
excessively. In contrast, muscle sympathetic nerve activity
was not increased at rest or during cold pressor testing. The
phenylephrine dose that increased systolic blood pressure



12.5mmHg was 8 mg in patients and 135 mg in control sub-
jects before ganglionic blockade and 5 mg in patients and 
13mg in control subjects during ganglionic blockade.

Figure 102.3 shows the orthostatic hypertension that we
observed in the patients. The orthostatic hypertension was
ameliorated by volume expansion. Figure 102.4 shows the
blood pressure increases with phenylephrine in patients and
control subjects with or without ganglionic blockade. When
ganglionic blockade was performed, results for patients 
and control subjects were similar. The patients were also
hypersensitive to nitroprusside. Interestingly, their sponta-
neous muscle sympathetic nerve activity was no different
than control subjects. We interpreted these data as indicat-
ing that baroreflex blood pressure buffering and baroreflex-
mediated vasopressin release are severely impaired in these
subjects.

COMPARISONS WITH PATIENTS WHO 
HAVE ESSENTIAL HYPERTENSION

We, of course, had no evidence that neurovascular
contact is responsible for these responses; however, we
elected to investigate the issue further. Because neurovas-
cular contact also occurs in patients with essential hyper-
tension, we decided to recruit individuals with hypertension
with neurovascular contact who did not have monogenic
hypertension [11]. Patients were screened with magnetic
resonance angiography, and those with neurovascular
contact were invited to participate. Six patients with neu-
rovascular contact and essential hypertension were com-
pared with the five patients with monogenic hypertension
and brachydactyly. The responses to incremental phenyle-
phrine doses were assessed before and during ganglionic
blockade with trimethaphan. The supine blood pressure was
172/89mmHg before ganglionic blockade in the patients
with essential hypertension. Their blood pressure decreased
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FIGURE 102.1 Baroreflex sensitivity through the sequence technique
for up slopes (BRS+) presented as mean ± SEM for younger and older
affected and nonaffected subjects.

FIGURE 102.2 Baroreflex sensitivity (BRS) calculated using the
sequence technique for up slopes (BRS+) plotted against mean arterial blood
pressure. In nonaffected family members, BRS decreased with increasing
blood pressure. In affected members, no relation was observed.

FIGURE 102.3 Affected persons showed orthostatic hypertension that
was ameliorated with volume expansion, suggesting a sympathetic 
mechanism.
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by 47/18mmHg with trimethaphan, which was more than
was observed in the patients with monogenic hypertension.
Before ganglionic blockade, 25 mg phenylephrine increased
systolic blood pressure by 17mmHg in patients with essen-
tial hypertension, compared with 30mmHg in patients with
autosomal dominant hypertension. Thus, the patients with
essential hypertension and neurovascular contact did not
resemble the patients with monogenic hypertension and 
neurovascular contact. We interpreted the findings as sug-
gesting no proof for a causative association between neu-
rovascular contact and absent baroreflex buffering of blood
pressure.

Our microneurography data are not in accord with an
observation by Schobel and colleagues [12]. Although we
found no increase in muscle sympathetic nerve activity in
our patients with monogenic hypertension and brachy-
dactyly, Schobel and colleagues [12] report that patients
with essential hypertension and neurovascular contact had
increased muscle sympathetic nerve activity, compared with
patients with essential hypertension who had no signs of

neurovascular contact. Schobel and colleagues [12] believe
that neurovascular contact may stimulate sympathetic nerve
activity and elicit hypertension through stimulation of the
VLM. Because we found no evidence for increased sympa-
thetic nerve activity in our subjects with monogenic hyper-
tension, compared with nonhypertensive healthy subjects,
we have elected not to perform measurements of muscle
sympathetic nerve activity in our patients with essential
hypertension and neurovascular contact. We are aware that
patients with hypertension with neurovascular contact are
being subjected to decompression surgery [13]. However,
the results, although intriguing, are uncontrolled. We do not
believe it is justified to recommend surgery to our patients
with monogenic hypertension until we have a better under-
standing of their disease on a molecular basis.

LESSONS FROM MONOGENIC HYPERTENSION

We have not yet cloned the gene for monogenic hyper-
tension and brachydactyly. A deletion syndrome on chro-
mosome 12p and three additional (non-Turkish) families
have enabled us to sharply reduce our area of interest from
12cM to about 3cM. We have experienced frustrations and
misadventures in the molecular genetics laboratory, but are
convinced that we will achieve our goal. In contrast, we
believe that our clinical studies have taught us a great deal
about baroreflex buffering of blood pressure. We have com-
pared patients with idiopathic orthostatic intolerance,
patients with essential hypertension, patients with mono-
genic hypertension, patients with multiple system atrophy,
and healthy control subjects in terms of sensitivity to
phenylephrine and nitroprusside, with and without gan-
glionic blockade [14]. Figure 102.5 shows systolic blood
pressure changes with phenylephrine, potentiation of the
phenylephrine pressor effect under ganglion blockade, and
baroslopes in the five groups. Blood pressure increased more
in patients with monogenic hypertension and multiple
systems atrophy. These two groups also exhibited the
weakest potentiation of the pressor effect with ganglion
blockade and had the smallest baroslope. Furthermore, they
showed the greatest decrease in blood pressure in response
to nitroprusside. These findings suggest that patients with
multiple system atrophy and patients with this form of
monogenic hypertension both have severely impaired
baroreflex buffering of blood pressure. We also learned that
the sensitivity to vasoactive drugs was much more a func-
tion of baroreflex buffering and much less a function of vas-
cular sensitivity. Both heart rate and sympathetic vasomotor
tone contribute to blood pressure buffering. We suggest that
even minor changes in baroreflex function can greatly influ-
ence the sensitivity to vasoactive medications.

In conclusion, we are still far removed from under-
standing monogenic hypertension with brachydactyly 

FIGURE 102.4 Top, Substantial increase in blood pressure to incre-
mental doses of phenylephrine in patients compared with control subjects.
Bottom, With ganglionic blockade, this difference was sharply reduced.



mechanistically. Nevertheless, our investigations have con-
tributed much to our understanding of baroreflex buffering
in other conditions. Elucidation of hypertension on a molec-
ular level hopefully will clarify the baroreflex defect further.
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FIGURE 102.5 Top, Change in systolic blood pressure with 25 mg
phenylephrine in control subjects, subjects with orthostatic intolerance
(OI), patients with essential hypertension (HTN), patients with monogenic
(genHTN) hypertension, and patients with multiple system atrophy (MSA).
The patients with genHTN and the patients with MSA were the most sen-
sitive. Middle, Potentiation of the pressor effect after complete ganglionic
blockade. Again, the genHTN and MSA subjects showed the least potenti-
ation. Bottom, The baroslope was most reduced in these same groups.



“Carcinoid syndrome” describes the humoral manifesta-
tions of carcinoid tumors (Table 103.2). Most patients with
the carcinoid syndrome have hepatic metastasis [1–3]. The
association between hepatic metastases and carcinoid syn-
drome is caused by efficient inactivation by the liver of
amines released into the portal circulation by primary gas-
trointestinal tumors. In contrast, venous drainage from
metastatic hepatic tumors goes directly into the systemic 
circulation.

The typical paroxysmal flushing of the carcinoid syn-
drome is manifested by transient episodes of erythema
usually limited to the face, neck, and the upper trunk [2].
Patients may experience a sensation of warmth during flush-
ing and sometimes palpitations. Although severe flushing
and hypotension can occur, most episodes are brief (1–2
minutes) and do not cause dizziness or palpitations. Rare,
severe attacks of flushing may be accompanied by shock and
syncope. Flushing over a long period can cause a constant
facial erythema and persistent cutaneous telangiectasia.
Flushing usually occurs spontaneously in the absence of any
evident precipitating cause. Serotonin is not the mediator of
the flushing. Bradykinin is released in some patients during
flushing, but the absence of detectable bradykinin release in
other patients suggests that it is not a universal mediator of
the flush. Production of the vasodilator prostaglandin E2 is
not increased in patients with the carcinoid syndrome. With
tumors of the midgut, tachykinins are believed to be medi-
ators of the flushing. Tachykinins are a family of structurally
related peptides that exert similar biologic effects, such as
vasodilation and contraction of various types of smooth
muscle. These peptides include substance P, substance K
(neurokinin a), and neuropeptide K (an extended form of
substance K).

Diarrhea varies from 2 to 30 stools a day. It is usually a
discomfort and an annoyance, but is not disabling. Occa-
sionally, voluminous diarrhea may cause malabsorption 
and fluid and electrolyte imbalance. Diarrhea is frequently
accompanied by abdominal cramping. A variety of carcinoid
tumor products (serotonin, substance P, histamine, etc.)
stimulate peristalsis. Small and large bowel transit times 
are two and six times faster in patients with carcinoid syn-
drome than healthy subjects [7]. Bronchospasm may occur
with episodes of flushing. Pellagra from excess tryptophan 

Carcinoid tumors arise from neuroendocrine cells. They
are composed of monotonously similar cells with round
nuclei, pink granular cytoplasm, and few mitosis [1]. Elec-
tron microscopy shows granules of various size and shape
that contain many biologic amines including serotonin, his-
tamine, dopamine, substance P, neurotensin, prostaglandins,
gastrin, kallikrein, somatostatin, corticotrophin, and neuron-
specific enolase [2]. When released into the systemic circu-
lation, these neuropeptides may cause flushing, diarrhea,
wheezing, heart disease, and rarely hypotension (the carci-
noid syndrome).

Carcinoid tumor can arise anywhere in the body (Table
103.1). About 70% originate within three organs: the appen-
dix, the small intestine, and the rectum [3]. Most appen-
diceal carcinoids are small, do not cause symptoms, and are
diagnosed incidentally during appendectomy [4]. Larger
tumors are found more frequently with small bowel than
with appendiceal carcinoids. Most small bowel carcinoids
occur in the ileum. Carcinoids may cause mesenteric fibro-
sis with partial bowel obstruction. Patients may have
abdominal symptoms for months before diagnosis [5]. Half
of rectal carcinoids are found incidentally at routine sig-
moidoscopy. Rectal carcinoids do not secrete serotonin and
are not associated with the carcinoid syndrome.

Less commonly, carcinoids may originate in the stomach,
colon, or bronchus. Gastric carcinoids can be divided into
three types: (1) those associated with chronic atrophic gas-
tritis type A (CAG-A), (2) those associated with multiple
endocrine neoplasm-1 or Zollinger–Ellison syndrome, and
(3) those of the sporadic type [1, 6]. Gastric atrophy results
in hypergastrinemia leading to hyperplasia of multiple
benign carcinoids. Sporadic gastric carcinoids are more
aggressive than CAG-A tumors and are associated with an
atypical carcinoid syndrome mediated by histamine and 5-
hydroxytryptophan. The flush of the atypical carcinoid 
syndrome consists of patchy, serpiginous areas of erythema
with defined bonders rather than the common diffuse rash
of most carcinoids. Pulmonary carcinoids usually present
with symptoms of bronchial obstruction (pneumonia, cough,
and hemoptysis). They can secrete adrenocorticotrophic hor-
mone, growth hormone, or serotonin resulting in Cushing’
syndrome, acromegaly, or carcinoid syndrome (5% of
cases).
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catabolism is uncommon. Carcinoid heart disease is mani-
fest pathologically by plaquelike thickening on the endo-
cardium of heart leaflets. Tricuspid regulation and tricuspid
stenosis occurs in 92% and 27% of patients with carcinoid
heart disease, respectively. Left-sided lesions are rare. Car-
cinoid heart disease is associated with high plasma serotonin
concentrations [8].

The most dramatic manifestation of carcinoid tumors is
the carcinoid crisis. This is observed in patients who have the
more intense syndromes associated with foregut carcinoids
or patients who have greatly increased 5-hydroxyindole
acetic acid (5-HIAA) levels (>200mg/24hr). Carcinoid
crisis is frequently precipitated by physically stressful situa-
tions, particularly by induction of anesthesia. Patients will
develop an intense generalized flush that persists for hours or
days. There may be severe diarrhea. Central nervous system
symptoms are common, ranging from mild light-headedness
or vertigo through somnolence to deep coma. There are
usually associated cardiovascular abnormalities including
tachycardiac, rhythm irregularity, hypertension, or severe
hypotension.

Urinary excretion of 5-HIAA, the end metabolite of sero-
tonin metabolism (Fig. 103.1), is used to confirm the diag-
nosis of carcinoid syndrome. Normal excretion is less than
10mg/24hr. Values of more than 25mg/24hr are essentially
diagnostic of carcinoid syndrome. A sensitivity of 73% and
a specificity of 100% have been reported for increased
urinary 5-HIAA in metastatic carcinoid tumors. Serine chro-
mogranin A is increased in 60 to 80% of carcinoid tumors

and appears to correlate with tumor mass. Somatostatin
receptor scintography (111In-pentreotide) is useful in tumor
localization with 65 to 80% sensitivity in detecting metasta-
tic disease [6].

Treatment of localized carcinoid tumors is surgical 
resection. Carcinoids smaller than 2cm are usually cured [5,
9]. Therapy for patients with metastatic disease is usually
palliative. It is important to remember that carcinoid tumors
have an indolent growth pattern and patients may live many
years even with metastatic disease (median survival >5
years). Somatostatin analogues have a central role in the
treatment of patients with carcinoid syndrome. Somatostatin
is a 14-amino acid peptide that inhibits the secretion of a
broad range of hormones. Somatostatin binds to somato-
statin receptors expressed on 80% of carcinoid tumors.
Somatostatin analogues, such as octreotide, are effective 
in relieving the symptoms of carcinoid syndrome in 90% 
of patients and decrease urinary 5-HIAA excretion in 
72%. Long-acting preparations of somatostatin analogs
(Lanreotide, Octreotide-LAR) can be administered once a
month [10]. Chemotherapy has shown only minimal benefit
in treatment of carcinoid tumors. Hepatic artery emboliza-
tion can be used for hepatic metastases. Urinary 5-HIAA
excretion and symptoms improve in up to 80% of patients
after tumor embolization. Survival benefit from emboliza-
tion procedures has not been documented.
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TABLE 103.1 Characteristics of Carcinoid Tumors

Foregut* Midgut† Hindgut‡

Carcinoids, % 20% 60% 15%
Argentaffin stain Negative Positive +/-
Urine excretion 5-HTP, histamine 5-HIAA negative
Metastasis frequency 20% 5–35% 3%
Carcinoid syndrome Atypical type Typical type Rare

*Respiratory tract, pancreas, stomach, and proximal duodenum.
† Jejunum, ileum, appendix, cecum, and ovary.
‡ Distal colon and rectum.
5-HIAA, 5-hydroxyindole acetic acid; 5-HTP, 5-hydroxytryptophan.

TABLE 103.2 Clinical Features of Carcinoid Syndrome

Feature Frequency

Diarrhea 70–80%
Flushing 60–75%
Heart disease 20–40%
Telangiectasia 20–25%
Wheezing 10–20%
Pellagra 1–2%

FIGURE 103.1 Metabolism and structure of serotonin and 5-hydroxy
indolacetic acid.
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proposed by Streeten and Anderson [4]. They suggested,
based on tilt-table studies of patients with CFS, that neurally
mediated hypotension might be an unrecognized cause of
chronic fatigue [5]. These investigators documented a posi-
tive tilt-table test in 97% of patients with CFS and suggested
that a predisposition to neurally mediated syncope (also
called neurocardiogenic, vasovagal syncope, and neurally
mediated hypotension) may underlie some of the symptoms
of CFS [5, 6]. Several follow-up studies [7–10] (with some
exceptions [11, 12]) confirmed the presence of tilt-table
abnormalities in patients with chronic fatigue and docu-
mented other autonomic abnormalities. The incidence of
neurally mediated syncope in patients with CFS in these
studies, however, was somewhat less than that documented
by Rowe and co-workers [5]. Furthermore, the incidence of
neurally mediated syncope in control subjects was some-
what greater [7–10] For example, we observed that 25% of
patients with CFS and 0% of control subjects had neurally
mediated syncope provoked by tilt-table testing [7]. Studies
from other centers report similar results. Stewart and 
colleagues [9] reported 8% of adolescent subjects with 
CFS exhibited neurally mediated syncope on tilt-table test-
ing in comparison with 31% of control subjects; whereas
Schondorf and colleagues [8] reported that 34% of subjects
with CFS exhibited neurally mediated syncope in compari-
son with 17% of control subjects.

Confounding variables that are responsible for the dif-
ferences among studies include the clinical heterogeneity of
patients with CFS and control subjects studied, but more
importantly differences in tilt-test protocols. Intravenous
cannulation, fasting, and isoproterenol use all increase the
likelihood of a positive test result. Our current studies under-
score this phenomenon. When patients with CFS were tested
after an overnight fast and with intravenous cannulation, the
incidence of neurally mediated syncope was not different
from that in control subjects.

Despite these exciting initial observations, which raised
the possibility of rational pharmacologic treatment for some
patients with CFS, well designed therapeutic interventions
in patients with chronic fatigue, even those with documented
autonomic features, have not met consistent success. Several

Chronic fatigue syndrome (CFS) is a heterogeneous 
disorder. Features of autonomic dysfunction manifesting as
autonomic symptoms and signs, autonomic test abnormali-
ties, a predisposition to neurally mediated syncope, ortho-
static intolerance, and postural tachycardia are present in
some patients. The prevalence of autonomic dysfunction in
CFS is unknown.

CFS is characterized by disabling fatigue accompanied
by multiple systemic symptoms. The cause of the syndrome
is unknown and there are no validated diagnostic tests. A
case definition for CFS was developed under the leadership
of the U.S. Centers for Disease Control and Prevention in
1988 and was revised in 1994 [1]. Autonomic features are
not listed in this case definition. Nevertheless, signs and
symptoms referable to the autonomic nervous system have
appeared repeatedly in case studies of sporadic and epidemic
CFS [2, 3]. Features of autonomic dysfunction have
included orthostatic hypotension and tachycardia, episodes
of sweating, pallor, sluggish pupillary responses, constipa-
tion, and frequency of micturition [2, 3].

Streeten and Anderson [4] first drew attention to the pos-
sibility that fatigue and exhaustion in some patients with the
CFS might be caused by failure to maintain blood pressure
in the erect posture. Although numerous studies have con-
firmed the association between autonomic dysfunction and
CFS, the prevalence of autonomic dysfunction is not known,
and it is not known in what ways patients with CFS with
and without autonomic manifestations differ.

This subgroup of patients with CFS, however, is well rec-
ognized and was classified as subtype “orthostatic intolerant
predominant” by the Name Change Workgroup of the
federal CFS Coordinating Committee of the Department of
Health and Human Services.

CHRONIC FATIGUE SYNDROME, 
ORTHOSTATIC INTOLERANCE, AND NEURALLY

MEDIATED SYNCOPE

Rowe and colleagues [5] were first to address systemat-
ically the relation between CFS and orthostatic intolerance
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factors may be responsible. First, the pathophysiology of the
autonomic dysfunction in CFS remains incompletely under-
stood. Second, it is probable that there is dysfunction at
several sites of the nervous and cardiovascular systems, thus
a single intervention may not be sufficient. Third, although
it is currently well accepted that there is heterogeneity in
patients with chronic fatigue, it is likely that heterogeneity
also exists in chronic fatigue patients with autonomic 
manifestations.

CHRONIC FATIGUE SYNDROME, 
POSTURAL TACHYCARDIA, AND 

ORTHOSTATIC INTOLERANCE

A postural tachycardia with associated orthostatic intol-
erance is the autonomic marker that, in our and other studies,
is observed most frequently in individuals with CFS. The
pathologic basis of the postural tachycardia and its relation
to the features of CFS is unknown, although of all autonomic
symptoms and signs associated with CFS it seems most
likely to have a primary role in symptoms and to be
amenable to therapeutic intervention [13].

The relation between CFS and postural tachycardia was
first noted in a study of five subjects with symptoms of
orthostatic intolerance and postural tachycardia on tilt-table
testing. All subjects fulfilled criteria for CFS [14]. Other
studies in the ensuing years documented a strong associa-
tion between CFS and postural tachycardia. There also is a
high prevalence of chronic fatigue in cohorts of patients
selected for postural tachycardia. Furthermore, the two con-
ditions have other features in common. Female predomi-
nance, light headedness, dizziness, palpitations, exercise
intolerance, chest pain, gastrointestinal symptoms, anxiety,
antecedent viral infection, and dependent skin changes are
characteristic features in patients with postural tachycardia
and also frequently occur in patients with CFS [15–17].

PATHOPHYSIOLOGY OF 
POSTURAL TACHYCARDIA

The physiologic basis of the postural tachycardia syn-
drome is unresolved. Investigators, studying the disorder
from different standpoints, have documented baroreflex dys-
function, a-adrenoreceptor and b-adrenoreceptor supersen-
sitivity, hypovolemia, reduced erythrocyte volume, venous
system abnormalities, increased venous plasma norepineph-
rine levels at rest and on standing, lower norepinephrine
spillover in the legs than the arms to the arms, and, pre-
sumably a rare association, a deficiency in norepinephrine
transport because of a functional mutation in the gene
encoding the norepinephrine transporter. These deficits may
underlie the symptoms of orthostatic intolerance that occur

despite normal blood pressure. It is not known which of
these pathophysiologies occurs more frequently or how they
contribute to the clinical features of patients with CFS [13].

CONCLUSION

On the basis of our current understanding, it seems likely
that CFS is a heterogeneous disorder and that autonomic
dysfunction, frequently manifesting as orthostatic intoler-
ance, plays a role in its pathophysiology in some patients.
To date, no epidemiologic studies have defined the preva-
lence of orthostatic intolerance in CFS. Similarly, although
it is estimated that 500,000 individuals in the United States
have orthostatic intolerance [18], it is not known how many
of these individuals have chronic fatigue or satisfy Fukuda
criteria for CFS [1]. Future studies are likely to elucidate 
the relation between autonomic dysfunction and CFS, and
thereby contribute to our understanding of CFS in general.
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increases neuronal excitability in mice. Antibodies against
VGCKs have been demonstrated in the serum and on neu-
ronal dendrites in the hippocampus, thalamic neurons, and
peripheral nerves. Patients show improvement after plasma
exchange and immunosuppression with prednisone and 
azathioprine.

SUBACUTE SENSORY NEURONOPATHY

First described by Denny Brown in 1948, subacute
sensory neuronopathy is characterized by subacute onset
and asymmetric distribution of dysesthesia, lancinating
pains, and numbness affecting the limbs, face, and tongue.
Loss of proprioception, sensory ataxia, pseudo-athetosis,
and areflexia are common, whereas motor strength is spared.
This syndrome may mimic subacute combined degeneration
or tabes dorsalis. Autonomic dysfunction is present in more
than one third of cases. Tests show local or widespread sym-
pathetic and parasympathetic insufficiency. Hu antigens are
expressed throughout the central nervous system, sensory
and sympathetic ganglia, and cancer cells. Anti-Hu/type 1
anti-neuronal nuclear autoantibodies (ANNA-1) is the sero-
logic marker.

ENTERIC NEURONOPATHY

Pseudoobstruction of bowels, a distinguishing feature of
enteric neuronopathy, may precede or follow the diagnosis
of tumor. Postural dizziness, syncope, and other symptoms
may follow. Somatic neurologic findings are of variable
severity and affect the peripheral or central nervous system.
The syndrome may mimic MSA, but pseudoobstruction of
bowels in MSA is rare. Myenteric plexus neurons display
lymphocytic infiltration and progressive loss.

AUTONOMIC NEUROPATHY

Autonomic dysfunction may occur with minimal or no
somatic involvement. There is subacute onset of orthostatic,

Paraneoplastic autonomic dysfunction (PAD), as a result
of the tumor’s remote effect on the autonomic nervous
system, is rare, but it is extremely important to recognize for
the following reasons: (1) it may be the initial manifestation
of an underlying malignancy; (2) it may be more devastat-
ing than the tumor itself; (3) it may simulate metastatic
disease or other conditions such as B12 deficiency and mul-
tiple system atrophy (MSA); (4) it may be confirmed with
serologic tests; and (5) early treatment of the tumor may
arrest the progression or improve the autonomic dysfunc-
tion. PAD may be immune-mediated or nonimmune-
mediated. The latter (inappropriate diuresis, Cushing syn-
drome, neoplastic fever, etc.), attributed to the ectopic pro-
duction of hormones and cytokines, is not included in this
review. Immune-mediated PAD is discussed later and in
Table 105.1; see Table 105.2 for supplemental details.

BRAINSTEM DYSFUNCTION SYNDROME

Brainstem dysfunction syndrome is a rare syndrome
characterized by dilated and nonreactive pupils, which 
are supersensitive to dilute epinephrine and methacholine,
hypoalacrima, sudomotor abnormality, daytime somno-
lence, labile pressure, and fatal sleep apnea. Autopsy of 
one case showed neuronal loss in the regions of Edinger–
Westphal nucleus, the locus ceruleus, the dorsal motor
nucleus, and the brainstem reticular formation.

MORVAN SYNDROME

Clinical features of Morvan syndrome include muscle
stiffness, cramps, myokymia, weakness, pseudomyotonia,
hallucinations, complex nocturnal behavior, insomnia,
hyperhidrosis, increased salivation and lacrimation, tachy-
cardia, abnormal hormonal circadian rhythm, severe consti-
pation, and urinary incontinence. Electromyography shows
spontaneous firing of motor units as doublet, triplet, or mul-
tiple discharges occurring at irregular intervals with a high
intraburst frequency. The passive transfer of neuromyotonia
IgG (voltage-gated potassium channel [VGKC] antibody)
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gastrointestinal, genitourinary, and papillary symptoms.
Autonomic tests show widespread parasympathetic and
sympathetic dysfunctions. The patients may be seropositive
for ganglionic acetylcholine receptor autoantibodies, and
ANNA-1.

LAMBERT–EATON MYASTHENIC SYNDROME

Patients with Lambert–Eaton myasthenic syndrome
(LEMS) present with symmetric proximal weakness,
reduced or absent reflexes, and ptosis. Autonomic symptoms
(subclinical, except dry mouth) occur in about three fourths
of patients. Autonomic tests show widespread cholinergic

and adrenergic abnormalities. The electrophysiologic hall-
marks LEMS are low amplitude of the compound muscle
action potentials, decremental responses on 2- to 5-Hz nerve
stimulation, and augmentation greater than 100% on 20- to
50-Hz stimulation. Almost all patients show autoantibody
against PQ-type voltage-gated calcium channels (VGCC).
The following evidence proves the pathogenicity of the
VGCC antibodies: expression of VGCC antigen cancer
cells, passive transfer of the human disorder to mice with
the injection of LEMs IgG, antibody binding to the active
zone particles (AZPs) of the presynaptic calcium channels,
reduced number and disorganization of AZPs demonstrated
by freeze-fracture studies of the patient’s neuromuscular
junction, reduced presynaptic quantal release of acetyl-
choline, and relatively rapid improvement after removal of
antibodies with plasma exchange. Immunoglobulin G in
LEMS, found to impair transmitter release from parasym-
pathetic (bladder) and sympathetic (vas deferens) neurons,
is probably responsible for autonomic dysfunction.
However, contribution of other factors such as antibodies
against neuronal ganglionic acetylcholine receptor cannot be
excluded.

DIAGNOSIS

Paraneoplastic disorder should be suspected in patients
with progressive autonomic symptoms such as orthostatic
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TABLE 105.1 Classification of Immune-Mediated
Paraneoplastic Autonomic Dysfunction

I. Involving the central nervous system
A. Brainstem dysfunction syndrome

II. Involving both the central nervous system and peripheral nervous
system
A. Morvan syndrome
B. Sensory neuronopathy
C. Enteric neuronopathy

III. Involving the peripheral nervous system
A. Autonomic neuropathy

IV. Involving the neuromuscular junction
A. Lambert–Eaton myasthenic syndrome

TABLE 105.2 Paraneoplastic Neurologic Syndromes: Clinical and Immunologic Features and Associated Tumors

PNS Distinguishing clinical feature Antibodies Common tumor type Other tumors

Brainstem dysfunction Sleep apnea and hypoventilation Cytotoxic antineuroblastoma Ganglioneuroma —
Immunoglobulins

Morvan syndrome Pseudomyotonia, myokymia, Anti-VGKC Thymoma SCLS, Hodgkin’s disease
abnormal EKG

Sensory neuronopathy Progressive and severe Anti-Hu/ANNA-1 SCLC GIT, breast, adrenal glands, 
proprioceptive deficit Antiamphiphysin uterus, prostate, lymphoma,

neuroblastoma, testicular 
seminoma, embryonal 
carcinoma

Enteric neuronopathy Intestinal pseudoobstruction Anti-Hu/ANNA-1, SCLC Pulmonary carcinoid,
enteric neuronal, undifferentiated epithelioma
ganglionic acetylcholine
receptor, N-type calcium 
channel

Autonomic neuropathy Widespread autonomic failure Anti-Hu/ANNA-1 SCLC Pancreas, bladder, rectum, prostate,
with little somatic thymus, Hodgkin’s disease
involvement

Lambert–Eaton Proximal weakness improves Anti-VGCC, ganglionic SCLS Breast, GIT, GU tract, prostate,
myasthenic with exercise, abnormal acetylcholine receptor gallbladder, lymphosarcoma
syndrome repetitive nerve stimulation 

test

ANNA-1, antineuronal nuclear antibody; EKG, electrocardiogram; GIT, gastrointestinal tract; GU, genitourinary; PNS, paraneoplastic neurologic 
syndrome; SCLC, small cell lung cancer; VGCC, voltage-gated calcium channel; VGKC, voltage-gated potassium channel.



TABLE 105.3 Algorithm

Autonomic symptoms with or without
Somatic neurologic symptoms
Ø
Neurological examination
Brain MRI with contrast
CSF examination, nerve conduction studies
Autonomic evaluation
Ø
Autonomic dysfunction with a distinguishing feature (i.e., intestinal

pseudoobstruction in patients with enteric neuropathy)
Ø
Exclude other causes with similar presentation
Using appropriate laboratory tests
Obtain antibody/antibodies titers against the most frequent tumor/tumors
Ø
If serology positive, work-up for commonly
Suspected tumor. If serology negative,
Ø
Screen for others tumors
Ø
If work-up negative, longitudinal follow-up and repeat studies
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hypotension, dry mouth, urinary retention, and constipation
(Table 105.3). Occurrence of sleep apnea, pseudomyotonia,
myokymia, pseudoobstruction of bowels, or progressive
proprioceptive deficit should strengthen this suspicion. The
diagnosis is made by exclusion of other causes of autonomic
dysfunction, by electrophysiologic studies in patients with
neuromyotonia or suspected LEMS, and by serologic studies
indicating the presence of Anti-Hu/ANNA-1, enteric neu-
ronal antibodies, and/or ganglionic acetylcholine receptor
autoantibodies. These antibodies constitute a diagnostic tool
and may suggest the likely location of the neoplasm, but
their pathogenetic role (except in LEMS and Morvan syn-
drome) remains unclear. These antibodies may also serve as
markers of antigen expression in tumors. Because tumors
producing paraneoplastic manifestations are usually small,
a diligent search with appropriate tests is mandatory. Close
longitudinal follow-up and repeat studies may be necessary
to diagnose the tumor.

TREATMENT

A proper diagnosis can spare the patients unnecessary
surgery in cases of pseudoobstruction of the bowels. Treat-
ment may be directed at the tumor, the antibodies, and 
the symptoms. An early surgical and cytotoxic reduction 
of the tumor may diminish autonomic dysfunction in 
some patients. Use of steroids, plasmapheresis, intravenous
immunoglobulin, or immunosuppression with cyclophos-
phamide to reduce the antibody may provide benefit. For
example, plasma exchange results in clinical and electro-
physiologic improvements in patients with LEMS or
Morvan syndrome. The patients with LEMS show 
symptomatic benefit from drugs such as guanidine and 
3,4-diaminopyridine, which enhance cholinergic function.
Symptomatic improvement of orthostatic hypotension with
fludrocortisone, dry mouth with artificial saliva, neoplastic
fever with naproxen, etc., can symptomatically improve the
quality of life.
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heart, predisposing to disturbances of cardiac rhythm and
possibly coronary artery spasm. Accordingly, studying the
mediating autonomic mechanisms of cardiac risk in patients
with panic disorder is pertinent, both in terms of devising
strategies for primary heart attack prevention in them [5, 6]
and, in a broader context, for exploring the larger issue of
the ways by which mental stress might contribute to cardiac
risk [7].

RESTING SYMPATHETIC NERVOUS SYSTEM
FUNCTION IN PANIC DISORDER

Sympathetic Nervous Activity and Epinephrine
Secretion Rates

Sympathetic nerve firing rates measured directly by
microneurography, in the sympathetic outflow to the skele-
tal muscle vasculature, and rates of norepinephrine spillover
from the sympathetic nerves of the whole body are normal
in untreated, resting patients with panic disorder, as is 
the spillover of norepinephrine measured selectively for 
the sympathetic nerves of the heart [5]. Similarly, adrenal
medullary secretion of epinephrine, measured by isotope
dilution, typically is normal [5].

Epinephrine Cotransmission 
in Sympathetic Nerves

Release of epinephrine from the sympathetic nerves of
the heart, as an accessory neurotransmitter, has been demon-
strated in patients with panic disorder (Fig. 106.1). Sympa-
thetic nerves have the capacity to extract circulating

Some people are subject to episodes of recurring, often
inexplicable anxiety. These attacks typically are unpleasant
and are accompanied by physical symptoms such as sweat-
ing, palpitations, tremor, and a sensation of suffocation.
There may be a precipitating cause, such as being in a con-
fining space (as in claustrophobia) or in public places (as in
agoraphobia), but in many cases the occurrence of the panic
attacks is unexpected. Recurring attacks over a period of
months, or in many cases years, forms the basis for the diag-
nosis of panic disorder [1]. This is a distressing and often
very restricting condition, and it can lead to social avoid-
ance behavior in some cases so extreme that the affected
individuals never leave their home.

Until recently, it has been thought that although panic dis-
order was distressing and disabling, it did not constitute a
risk to life. Affected individuals often fear that they have
heart disease, because of the nature of their symptoms, but
have been reassured that this is not the case. Understanding
autonomic nervous system responses during a panic attack
has been seen as relevant clinically, because this might
provide a rational basis for understanding the symptoms,
and through this, for facilitating treatment, which can be
based in part on patient self-knowledge, as with cognitive
behavior therapy [2].

Epidemiologic studies, however, indicate that there is an
increased risk for myocardial infarction and sudden death in
patients with panic disorder [3, 4]. Although this is a sig-
nificantly increased risk, it is, of course, still small in indi-
vidual sufferers, and applies not only in men who may be of
such an age that unrecognized underlying coronary artery
disease may be present, but also in premenopausal women
with low coronary risk. The cause is not known, but possi-
bly involves activation of the sympathetic nerves of the
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epinephrine from plasma [8]. During the surges of epineph-
rine secretion accompanying panic attacks, this process
loads the sympathetic neuronal vesicles with epinephrine,
which is continuously coreleased with norepinephrine in the
interim periods between attacks (see Fig. 106.1) [5].

Reduction in Neuronal Norepinephrine 
Reuptake by Sympathetic Nerves

Each pulse of the sympathetic neural signal is terminated
in tissues primarily by reuptake of the released norepineph-
rine into the sympathetic varicosity through the norepi-
nephrine transporter [8]. The processes of neuronal reuptake
of norepinephrine can be quantified in humans during the
course of an infusion of tritiated norepinephrine by analysis
of the disposition and intraneuronal processing of the tracer
[8] (Fig. 106.2). In untreated patients with panic disorder,
there is evidence that the process of neuronal reuptake of
norepinephrine is impaired (see Fig. 106.2). Such an abnor-
mality, possibly genetic in nature [9], would be expected to
magnify sympathetically mediated responses, particularly 
in the heart, where norepinephrine inactivation is so de-
pendent on neuronal reuptake [8], causing sensitization to
symptom development and predisposition to the develop-
ment of panic disorder.

AUTONOMIC NERVOUS CHANGES 
DURING A PANIC ATTACK

Heart rate and blood pressure increase during a panic
attack, primarily because of sympathetic nervous system
activation and adrenal medullary secretion of epinephrine
[5] (Figs. 106.1 and 106.3).

Sympathetic Nerve Firing and 
Secretion of Epinephrine

When recorded directly by microneurography, the size 
of sympathetic bursts increases remarkably during a panic
attack, without any increase in firing rate [5] (see Fig.
106.3), presumably by recruitment of additional firing fibers.
This response is qualitatively different from that seen during
laboratory mental stress with stimuli such as difficult men-
tal arithmetic, where muscle sympathetic nerve activity
increases little, if at all [8]. During a panic attack, the secre-
tion of epinephrine increases twofold to sixfold [5].

Adrenal medullary epinephrine
secretion increases twofold to
sixfold in a panic attack

FIGURE 106.1 Adrenal medullary secretion of epinephrine increased
twofold to sixfold during a panic attack. Uptake of epinephrine from plasma
into the sympathetic nerves of the heart during epinephrine surges increases
the neuronal epinephrine stores, leading to continuous release of epineph-
rine, as a sympathetic cotransmitter.

FIGURE 106.2 Representation of transcardiac processing of tritiated
norepinephrine (3H NE). The majority of titrated norepinephrine is
removed from plasma through a clearance mechanism involving neuronal
uptake by sympathetic nerves. Within sympathetic nerves, 3H NE is metab-
olized to tritiated 3,4-dihydroxyphenylglycol (3H DHPG) by monoamine
oxidase (MAO), with some subsequent release into the venous circulation.
Tritiated norepinephrine uptake by the heart was reduced in 10 patients with
panic disorder (PD), 59% (SD 19%) compared with 82% (SD 5%) in
healthy subjects (NS) (P < 0.01). In parallel, release of tritiated DHPG into
the coronary sinus venous drainage of the heart was lower, 1048dpm/min
(SD 482dpm/min), than in healthy subjects, 4231dpm/min (SD 2885dpm/
min) (P < 0.02). This provides strong phenotypic evidence of impaired neu-
ronal norepinephrine reuptake in panic disorder.



Release of Neuropeptide Y

With the pronounced activation of the cardiac sympa-
thetic outflow occurring during a panic attack, neuropeptide
Y (NPY) is coreleased from the cardiac sympathetic nerves
and appears in measurable quantities in coronary sinus
venous blood (see Fig. 106.3).

MEDIATING AUTONOMIC MECHANISMS OF
CARDIAC RISK DURING A PANIC ATTACK

Epidemiologic studies indicate that there is an increased
risk for sudden death and myocardial infarction in patients
with panic disorder (a threefold to sixfold increase) [3, 4].
Our own extensive clinical experience with the cardiologic
management of patients with panic disorder has provided

case material encompassing the range of cardiac complica-
tions that occur. Those patients with typical, severe anginal
chest pain during panic attacks, who are in the minority,
appear to be at cardiac risk. During panic attacks in such
patients, we have documented various triggered cardiac
arrhythmias (Fig. 106.4), recurrent emergency room atten-
dances with angina and electrocardiogram changes of
ischemia [6], coronary artery spasm during panic attacks
occurring at the time of coronary angiography (see Fig.
106.4), and myocardial infarction associated with coronary
spasm and thrombosis [6]. Our research findings suggest
that release of epinephrine as a cotransmitter from car-
diac sympathetic nerves and activation of the sympathetic
nervous system during panic attacks may be mediating
mechanisms.

In this context, release of NPY from the sympathetic
nerves of the heart into the coronary sinus during the sym-
pathetic activation accompanying panic attacks is an intrigu-
ing finding, given the capacity of NPY to cause coronary
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FIGURE 106.3 Top, Multifiber sympathetic nerve firing in the sympa-
thetic outflow to the skeletal muscle vasculature in a patient with panic dis-
order, measured by clinical microneurography. During a panic attack, there
was a large increase in the amplitude of sympathetic “bursts,” without any
increase in burst frequency. Bottom, The arterial and coronary sinus 
concentration of the sympathetic cotransmitter, neuropeptide Y (NPY), is
shown in patients with panic disorder at rest and during a panic attack.
There was no net release of NPY from the sympathetic nerves of the heart
into the coronary sinus at baseline, but a panic attack evoked measurable
release of the sympathetic cotransmitter. *P < 0.05.

FIGURE 106.4 Top, Coronary angiograms in a patient with panic dis-
order, performed because of recurrent angina. During a panic attack occur-
ring during angiography, spasm occurred in the left anterior descending
coronary artery (LAD). The arterial spasm was reversed by administration
of glyceryl trinitrate (GTN). Bottom, Atrial fibrillation precipitated by a
panic attack.
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artery spasm [10]. A better understanding of the mechanism
of coronary artery spasm in panic disorder would facilitate
therapeutic intervention. Currently, we treat patients with
panic disorder and clinical evidence of coronary spasm with
drugs and other measures aimed at preventing or minimiz-
ing their panic attacks, a dihydropyridine calcium channel
blocker as a nonspecific antispasm measure and low-dose
aspirin as prophylaxis against coronary thrombosis during
spasm [6]. NPY antagonists are not yet available for clini-
cal testing.
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However, after approximately five years disease duration,
type 1 DM patients, lose the ability to release glucagon in
response to hypoglycemia. Therefore, type 1 DM patients
become dependent on autonomic counterregulatory re-
sponses to prevent hypoglycemia.

Hypoglycemic Associated Autonomic Dysfunction

Unfortunately, repeated hypoglycemia, similar to that
occurring with intensive glucose control, compromises ANS
function during subsequent physiological stress. Heller and
Cryer [3] provided the first comprehensive study illustrating
this dysfunction. They showed that norepinephrine, epi-
nephrine, pancreatic polypeptide (a plasma marker for the
parasympathetic nervous system) and hypoglycemic symp-
toms initiated by the ANS were all substantially reduced one
day after two episodes of antecedent hypoglycemia. Several
other studies [4, 5, 6] including our own [7, 8, 9] have shown
similar results in type 1 DM and non-diabetic subjects. In
fact, type 2 DM patients have also been discovered to have
reduced ANS responses during hypoglycemia [10]. Cryer
described the acute reduction of the ANS responses in
defending against recurrent hypoglycemia as hypoglycemia-
associated autonomic failure [11]. We have coined the term
hypoglycemic associated autonomic dysfunction (HAAD)
both because it is acute (within hours, [8] and because it is
reversible with strict avoidance of hypoglycemia [12, 13].
Importantly, these factors also distinguish HAAD from clas-
sical diabetic autonomic neuropathy, which occurs due to the
effect of chronic hyperglycemia on autonomic neurons.

Frequency, Intensity and Duration 
of Antecedent Hypoglycemia

Understanding the frequency, intensity and duration of
antecedent hypoglycemia necessary to induce HAAD is of
considerable clinical importance. Two 90 minute antecedent
bouts of hyperinsulinemic hypoglycemia (~2.9mM; 50mg/
dl) causes an approximate 50% blunting of plasma cate-
cholamine, pancreatic polypeptide and muscle sympathetic
nerve activity during next day hypoglycemia [7, 9]. Inter-

INTRODUCTION

The hallmark study, the Diabetes Control and Complica-
tions Trial, found that type 1 diabetes mellitus (DM) patients
who maintained glucose levels close to the normal range
slowed the progression or prevented microvascular diabetes
complications (e.g. nephropathy, retinopathy and neuropa-
thy [1]. Unfortunately, along with these important benefits
came a threefold greater incidence of severe hypoglycemia
(blood sugar < 2.9mM; 50mg/dl) [2]. Hypoglycemia
impairs cognitive function, which may contribute to an
increase in life threatening accidents, and if untreated can
lead to seizures, coma and even death. Under normal 
circumstances, autonomic and neuroendocrine systems
(termed counterregulatory mechanisms) are able to prevent
hypoglycemia and maintain glucose homeostasis. Dysfunc-
tion in either of these counterregulatory systems would lead
to serious inabilities in maintaining glucose levels. This
chapter discusses how dysfunction of the autonomic nervous
system (ANS) contributes to an increase in the incidence of
hypoglycemia in type 1 DM.

Maintenance of Glucose Homeostasis

The autonomic nervous system (ANS) plays an integral
role in defending the body against hypoglycemia. Both
sympathetic and parasympathetic branches of the ANS are
activated during hypoglycemia. Sympathetic nervous
system (SNS) activation leads to increased circulating levels
of norepinephrine and epinephrine. This increase in SNS
drive leads to increases in heart rate, blood pressure, fat
metabolism and glucose output by the liver and kidney.
Importantly, glucose utilization by peripheral tissues (e.g.
muscle) is significantly reduced by SNS activation.
Increased SNS drive and/or increased plasma epinephrine
levels can increase glucagon secretion from the pancreas.
Glucagon is an important fast acting mediator of glucose
output by the liver and is thus an important defender of
glucose homeostasis. Together epinephrine (via the ANS)
and glucagon are the primary factors that defend against
hypoglycemia during physical stress.

Hypoglycemic Associated 
Autonomic Dysfunction107
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estingly, we have seen a similar effect within hours after the
first exposure to hypoglycemia. Plasma epinephrine (~50%),
norepinephrine (~33%), and pancreatic polypeptide (~50%)
responses to afternoon hypoglycemia were blunted two
hours after a single episode of morning hypoglycemia [8].
Thus, one episode of hypoglycemia of 2.9mM (50mg/dl)
may be enough to induce HAAD and therefore increase the
cycle of hypoglycemia in type 1 DM.

We have also investigated the depth and duration of
antecedent hypoglycemia needed to induced HAAD [7, 9].
Two-90 min episodes of mild day 1 antecedent hypo-
glycemia (3.9mM; 70mg/dl) was enough to significantly
blunt epinephrine and muscle sympathetic nerve activity
while deeper levels of antecedent hypoglycemic (3.3 and 
2.9mM; 60 and 50mg/dl) further and significantly blunted
epinephrine, norepinephrine, and pancreatic polypeptide
responses to next day hypoglycemia (~2.9mM; 50mg/dl)
[9]. In addition, a minimal duration of antecedent hypo-
glycemia may induce HAAD. Two five-minute episodes of
antecedent hypoglycemia at 2.9mM (50mg/dl) significantly
blunted epinephrine and muscle sympathetic nerve activity
by a similar extent as compared to two 90-minute episodes
of equivalent hypoglycemia. Thus, it seems that minimal
duration (~5min) and frequency (one previous episode on
the same day) are necessary for development of HAAD.

Exercise May Also Induce HAAD

Until recently it was thought that autonomic dysfunction
could only be induced by hypoglycemia and was not general
to other types of stress such as exercise [14]. However, data
from our laboratory has demonstrated that two 90 minute
antecedent bouts of hypoglycemia (2.9mM; 50mg/dl) sig-
nificantly blunt plasma catecholamine and pancreatic
polypeptide responses to subsequent moderate intensity
exercise (~50% VO2max) in healthy non-diabetic [15] and
type 1 DM [16] subjects. Furthermore, we have found a
reciprocal effect in that two 90-minute bouts of exercise
blunt plasma catecholamine, pancreatic polypeptide, and
muscle sympathetic nerve activity (Figure 1) responses to
next day hypoglycemia in non-diabetics [17]. McGregor et
al. [18] showed qualitatively similar results using a shorter
duration (60 vs. 90min) and higher intensity of exercise (70
vs. 50% VO2max). Interestingly, we have also found that
morning exercise (90 minutes at ~50% VO2max) will not only
increase insulin sensitivity but will also blunt plasma cate-
cholamine and pancreatic polypeptide responses to subse-
quent afternoon exercise (90 minutes at ~50% VO2max)
occurring three hours later [16]. Thus, although exercise has
many potential therapeutic benefits to type 1 DM patients
(i.e. reductions in cardiovascular risk factors, weight main-
tenance, and stress relief), the combination of increased
insulin sensitivity and blunted autonomic function may
increase the incidence of hypoglycemia up to one day after

a prolonged exercise bout. A summary graph of the effects
of antecedent hypoglycemia on epinephrine and muscle
sympathetic nerve activity on day 2 exercise, or antecedent
exercise on responses to day 2 hypoglycemia are summa-
rized in Figure 2. It remains unknown how duration and
intensity of prior exercise impact these responses.

Mechanisms for HAAD

The cause for HAAD remains unknown at this time.
Several mechanisms including antecedent elevations in
lactate and ketone bodies [19] or cortisol [20, 21] have been
implicated in causing HAAD. Infusion of lactate, reaching
levels equivalent to that of intense exercise, and millimolar
levels of betahydroxybutyrate, both reduced the cate-
cholamine response to hyperinsulinemic induced hypo-
glycemia [19]. These substrates have been postulated to
provide an alternative fuel to the brain leading to reduced
sympathetic drive and thus may explain the incidence of
HAAD. However, it should be noted that the levels achieved
with these infusions are greater than levels typically seen
during a hypoglycemic episode (~5 vs. 1.4mM for lactate
and ~1600 vs. 14mM for betahydroxybutyrate). Thus, it
remains unclear whether elevations of these substrates
during antecedent hypoglycemia would be high enough to
elicit HAAD.

Elevations in cortisol during antecedent hypoglycemia
may be another mechanism by which HAAD occurs. Infu-
sions of cortisol blunted norepinephrine synthesis and
release to a similar extent as repeated immobilization stress
in rats [22]. In humans, we have also found that antecedent
infusion of cortisol during a hyperinsulinemic euglycemic
clamp reduces plasma catecholamine, pancreatic polypep-

Antecedent Euglycemia 
Baseline    Hypoglycemia 

Antecedent Exercise 
Baseline    Hypoglycemia 

FIGURE 107.1 Changes in muscle sympathetic nerve activity from a
representative type 1 DM patient during day 2 responses to hypoglycemia
after prior euglycemia or 90 minutes of exercise at 50% VO2max.



tide, and muscle sympathetic nerve responses to subsequent
hypoglycemia [21]. In addition, Addison’s patients, who are
unable to release cortisol, have been found to have similar
responses of plasma catecholamine, pancreatic polypeptide
and muscle sympathetic nerve activity during repeated
episodes of hypoglycemia [20]. More recently, McGregor et
al. [23] infused ACTH to increase endogenous cortisol
levels on day 1 and also saw blunted epinephrine, norepi-
nephrine, and pancreatic polypeptide responses to day 2
hypoglycemia. These data strongly support a role for
antecedent elevations of cortisol in causing HAAD during
subsequent episodes of hypoglycemia.

Conclusions

Type 1 DM patients who tightly regulate their blood
glucose levels can suffer from repeated episodes of hypo-
glycemia. Fear of hypoglycemia limits widespread imple-
mentation of this intensive glucose treatment. This fear may
prevent patients from realizing the benefits of intensive
glycemic control in reducing diabetes related complications
such as retinopathy, nephropathy, and neuropathy. Although
hyperinsulinemia clearly plays a role in the incidence of

hypoglycemia, HAAD magnifies the incidence. In addition,
despite the beneficial therapeutic effects of exercise, exer-
cise may independently increase incidence of hypoglycemia
through similarly blunted autonomic function. The cause of
HAAD may be due to antecedent elevations of cortisol.
Further research examining how cortisol may blunt the ANS
responses to stress may aid in the development of interven-
tions to reduce HAAD and thus remove a major obstacle to
intensive glucose treatment in patients with DM.
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FIGURE 107.2 Day 2 responses of epinephrine and muscle sympathetic
nerve activity to 2 hours of clamped hypoglycemia (50mg/dl) or exercise
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iological Society (Galassetti, et al. 2001. Effect of antecedent prolonged
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in essentially everyone immediately after surgery, but it was
reported to disappear over time. Some investigators recom-
mended a total or subtotal adrenalectomy in combination
with a less extensive sympathectomy (T12 to L2) to be as
effective as Smithwick’s procedure, but with less postoper-
ative morbidity and disability.

Endoscopic sympathectomy procedures were introduced
in the 1940s. Thoracoscopic sympathectomies have been
performed since then to treat several neurologic and vascu-
lar conditions, including palmar hyperhidrosis, Raynaud’s
syndrome, Buerger’s disease, reflex sympathetic dystrophy,
refractory cardiac arrhythmia, and intractable visceral pain.

Surgical sympathectomy (T1–T3) has sometimes been
found to be helpful in the treatment of pain syndromes,
including reflex sympathetic dystrophy (no significant nerve
injury) and causalgia (nerve involvement). Both types of
pain are likely to be related to increased sensitivity of
primary afferent sensory fibers to catecholamines and have
been reported to improve after sympathectomy in patients
who experienced good, although temporary, pain relief from
sympathetic block. However, these studies have not
included a placebo control and the recurrence of pain may
necessitate additional surgery. Furthermore, postsympathec-
tomy pain, unrelated to the pain for which surgery was 
performed, occurs in 30 to 50% of patients undergoing sym-
pathectomy for chronic pain. Because pathways for upper
abdominal visceral pain involve the splanchnic nerves, a
thoracoscopic sympathetic–splanchnicectomy has been per-
formed, with at least short-term benefit, in patients with
upper abdominal pain related to cancer.

Peripheral vascular disease has been prominent in the
history of surgical sympathectomy. Interruption of sympa-
thetic pathways reduces peripheral resistance and increases
blood flow. In the mid-twentieth century, it was commonly
agreed that lumbar sympathectomy reduced the need for
amputation because of ischemic rest pain and ulceration in
the lower extremities. Even after it had largely been replaced
by direct arterial surgery (bypass), sympathectomy was still
recommended for the subgroup of patients with a relatively
high ankle: brachial systolic pressure ratio, and less
advanced skin changes. Sympathectomy also has been rec-
ommended for treatment of severe or refractory Raynaud

The history of surgical sympathectomy as a treatment
strategy originated in 1889, the same year that Gaskell and
Langley described the anatomy of the sympathetic ganglia.
The sympathetic ganglia are located in two chains that run
along both sides of the vertebral column. Each chain con-
sists of 3 cervical, 12 thoracic, 3 to 5 lumbar, and 3 to 4
sacral ganglia. Destruction of parts of the sympathetic chain
(sympathectomy) has been used to treat a variety of disor-
ders, initially because no other effective treatment could be
found. The first cervical sympathectomy was performed 
in 1889 for epilepsy. During the next 20 years, this opera-
tion was performed without success to treat exophthalmos,
glaucoma, trigeminal neuralgia, optic nerve atrophy, and
angioma of the external carotid artery. Finally, in the early
1920s, sympathectomy that included excision of the upper
thoracic ganglia was found to be of benefit for hyperhidro-
sis, vasospastic conditions, and angina pectoris.

In the 1930s and 1940s, open thoracolumbar sympathec-
tomy was used in the treatment of hypertension and angina.
Unfortunately, the benefits were outweighed by an operative
mortality rate of 5 to 10%. The extent of the surgery was
variable; the procedure, introduced by Smithwick, which
included a splanchnicectomy and removal of the sympa-
thetic ganglia from T6–9 to L1–2, was found to optimize
efficacy whereas minimizing morbidity and mortality.
Although largely replaced by medical therapy or cardiovas-
cular surgery, sympathectomy was still recognized as an
effective treatment for essential hypertension into the 1950s.
A 10-year follow-up study published in 1960 reported a
long-term decrease in blood pressure in about one third of
the 100 patients. Improvement was presumably related to
vasodilation of the arteries and veins in the denervated area.
Other investigators reported a return toward preoperative
blood pressure levels after 2 years and a less favorable 
long-term outcome. In addition to reduction in blood 
pressure, other benefits included increased longevity, re-
lief of congestive failure, angina pectoris and headache, 
improvement in electrocardiogram, and disappearance of
papilledema and retinopathy. Renal insufficiency was a con-
traindication to surgery. Many complications were related to
fluid or air accumulation in the chest cavity. Pain and impo-
tence also were common. Orthostatic hypotension occurred
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syndrome. Despite the recurrence of symptoms, their fre-
quency and severity are reduced. Intermittent claudication is
not benefited by surgical sympathectomy, and this procedure
has been replaced by medical treatment and smoking cessa-
tion in the treatment of Buerger’s disease.

A major indication for endoscopic thoracic (T2 and T3)
sympathectomy, for the past three decades, is essential
hyperhidrosis and facial blushing. Hyperhidrosis is caused
by localized overactivity of sympathetic fibers, leading to
excessive sweating in specific parts of the body. Long-term
improvement has been reported in more than 90% of
patients with palmar hyperhidrosis treated by thoracoscopic
sympathectomy. This procedure is not recommended for
hyperhidrosis of the feet because destruction of that part of
the sympathetic chain can result in impotence.

Over the years, the procedures for sympathectomy have
been varied to maximize the chances of success and to min-
imize the number of postoperative complications. The extent
of the sympathectomy used to treat hypertension resulted in
failure of ejaculation, increased colonic motility, impaired
perception of pain, pain, and postural hypotension. By lim-
iting surgery to T2–T3 for palmar hyperhidrosis and adding
only T4 for axillary hyperhidrosis, many side effects can be
avoided. Mild short-term postoperative complications are
more common than severe complications and include atelec-
tasis, pneumonia, pneumothorax, and hemothorax. Neural-
gia, Horner syndrome, and compensatory sweating are
possible long-term complications. The risk for Horner syn-
drome can be minimized by leaving the lower part of the
stellate ganglion untouched. The most common side effect
of thoracodorsal sympathectomy is compensatory sweating,
the occurrence of which can be reduced to 20 to 25% by
limiting the surgery to T2 and the portions of the chain
between T2 and adjoining ganglia. Other side effects might
prove to be beneficial in some patients. The sympathetic
fibers passing through the T2 and T3 ganglia also affect

cardiac autonomic activity. Endoscopic thoracic sympathec-
tomy has been found to reduce resting heart rate and to mod-
erate the stimulus of heart rate elicited by exercise testing.
Accordingly, endoscopic transthoracic sympathicotomy has
been applied with improvement to patients with severe
angina pectoris, who are not suitable for coronary artery
bypass grafting or angioplasty.
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Although the increase in upright blood pressure induced
by leg-crossing alone is relatively small, with an average
increase in mean arterial pressure of 10 to 15mmHg (see
Figs. 109.1 and 109.2), one should realize that medical treat-
ment with fludrocortisone, erythropoietin, and midodrine
results in similarly small blood pressure increases. Despite
these small increases, the standing time improves markedly
by all four methods, because they shift mean arterial pressure
from just below to just above the critical level of perfusion
of the brain. A driving pressure of about 40mmHg is needed
to maintain cerebral blood flow in young adult subjects in
supine posture. Healthy subjects in the upright position need
a mean arterial pressure of about 70mmHg measured at heart
level to compensate for the effects of gravity on the circu-
lation. Patients with orthostatic hypotension tolerate a 
much lower standing mean pressure, occasionally as low as
50mmHg, probably by adaption of autoregulatory mecha-
nisms of the blood vessels in the brain.

Crossing one’s legs often is applied unintentionally also
by healthy humans when standing for prolonged periods
(cocktail party posture). Studies show that instruction to
apply physical counter maneuvers is helpful to otherwise
healthy subjects with functional orthostatic disorders like
the postural tachycardia syndrome (Fig. 109.3). The com-
bination of leg-crossing and tensing of leg and abdo-
minal muscles can abort an impending vasovagal reaction
(Fig. 109.4).

SQUATTING

Squatting increases arterial mean pressure and pulse pres-
sure (see Fig. 109.1) by two mechanisms. First, blood is
squeezed from the veins of the legs and the splanchnic vas-
cular bed, which increases cardiac filling pressures and
cardiac output. Second, the mechanical impediment of the
circulation to the legs increases systemic vascular resistance.
Squatting is an effective emergency mechanism to prevent
a loss of consciousness when presyncopal symptoms
develop rapidly both in patients with autonomic failure and
in patients with vasovagal episodes. Bending over as if to

PHYSICAL COUNTER MANEUVERS

Specific treatment of the underlying disease in patients
with autonomic failure usually is not possible; consequently,
the goal in management is to obtain symptomatic improve-
ment by other means. Physical maneuvers that are both easy
to apply and effective in combatting orthostatic lighthead-
edness in daily life are, therefore, of obvious importance.
Patients with autonomic failure have discovered several
such maneuvers themselves. The beneficial effects of 
leg-crossing, squatting, abdominal compression, bending
forward, and placing one foot on a chair have been described
(Fig. 109.1). A great advantage of these maneuvers is that
they can be applied immediately at the start of hypotensive
symptoms. Physical counter maneuvers need to be related
specifically to the individual patient. They may be difficult
to perform in patients with multiple system atrophy, who
may have motor disabilities and compromised balance.

LEG-CROSSING

Leg-crossing is the simplest maneuver to increase the
standing time in a patient with autonomic failure. It has the
advantage that it can be performed without much effort and
without bringing much attention to the patient’s problem.
The maneuver is performed by crossing one leg in direct
contact with the other while actively standing on both legs
(see Fig. 109.1). The increase in mean arterial pressure and
pulse pressure induced by leg-crossing can be attributed to
compression of the muscles in the upper legs and abdomen
with mechanical squeezing of venous vessels resulting in an
increase in central blood volume, and thereby in cardiac
filling pressures and cardiac output. Tensing of leg and
abdominal muscles can increase this effect considerably
(Fig. 109.2), most likely by the combination of a further
increase in venous return and the mechanical effects of
skeletal muscle tensing on the arterial circulation to the legs
increasing systemic vascular resistance. Leg-crossing also
can be used for the prevention of orthostatic lightheadedness
in the sitting position (see Fig. 109.1).

Physical Measures
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tie one’s shoes has similar effects and is simpler to perform
by elderly patients. The beneficial effects of sitting in knee-
chest position or placing one foot on a chair while standing
(see Fig. 109.1) are comparable to squatting. When rising
again from the squatted position, immediate leg muscle
tensing should be advised to prevent hypotension.

EXTERNAL SUPPORT

Applying external pressure to the lower half of the body
substantially reduces venous pooling when upright; conse-
quently, arterial pressure and cerebral perfusion are better
maintained. External support can be applied by bandages
firmly wrapped around the legs, or a snugly fitted abdomi-
nal binder, but it is best accomplished by a custom-fitted

counterpressure support garment, made of elastic mesh,
which forms a single unit extending from the metatarsals to
the costal margin. External support garments are helpful in
the treatment of a patient with incapacitating orthostatic
hypotension, but have the disadvantage that the motivation
of the patient must be strong, because they are uncomfort-
able to wear. In addition, counterpressure support garments
prevent the formation of peripheral edema in the legs, which
is considered to be an essential factor for effective therapy
of orthostatic hypotension by acting as a perivascular water
jacket that limits the vascular volume available for ortho-
static pooling. We, therefore, only use an abdominal binder
as a temporary external support expedient to achieve mobil-
ity in our most severely affected patients.

Small lightweight portable fishing chair or a derby chair,
which is a cane when folded but a seat when unfolded, are
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FIGURE 109.1 Physical counter maneuvers using isometric contractions of the lower limbs and abdominal com-
pression. The effects of leg-crossing in standing and sitting position, placing a foot on a chair and squatting on finger
arterial blood pressure (FINAP) in a 54-year-old male patient with pure autonomic failure and invalidating orthostatic
hypotension. The patient was standing (sitting) quietly before the maneuvers. Bars indicate the duration of the maneu-
vers. Note the increase in blood pressure and pulse pressure during the maneuvers. (Courtesy M. P. M. Harms and 
W. Wieling, Amsterdam Medical Center, Amsterdam, The Netherlands.)



109. Physical Measures 405

FIGURE 109.2 The efficacy of sitting, crossing legs, muscle pumping,
and squatting to improve orthostatic hypotension in patients with auto-
nomic failure. Mean finger arterial blood pressures are expressed as the
blood pressure change during the intervention from the premaneuver stand-
ing blood pressure. Left to right, Sitting on a derby chair (height, 48cm),
a fishing stool (height, 38cm), and a foot stool (height, 20cm), without (O)
and with crossed legs (�); standing in crossed-legs position (CL) without
(�) and with (�) contraction of lower extremity musculature; standing
while muscle pumping (MP), marching on the spot (�), toe raising (�),
and squatting (	). The vertical line represents mean and SD. (From Smit,
A. A. J., J. R. Halliwill, P. A. Low, and W. Wieling. 1999. Topical review.
Pathophysiological basis of orthostatic hypotension in autonomic failure.
J. Physiol. 519:1–10.)

FIGURE 109.3 The effects of leg-crossing and tensing on orthostatic tolerance in a healthy subject. The effects of
leg-crossing and leg-crossing combined with muscle tensing of the lower limbs in a 34-year-old woman reporting ortho-
static intolerance. a and d, free standing; b, leg-crossing; c, leg-crossing combined with tensing of leg and abdominal
muscles. Note the increase in blood pressure and pulse pressure during the maneuvers. Arterial pressure was monitored
with a Finapres device. (Courtesy C. T. P. Krediet and W. Wieling, Amsterdam Medical Center, Amsterdam, The 
Netherlands.)

FIGURE 109.4 Aborting a vasovagal faint by the combination of leg-
crossing and muscle tensing. Typical vasovagal syncope in a 24 year-old
male subject with recurrent syncope during orthostatic stress testing on a
tilt-table. Note progressive decrease in finger arterial pressure and heart
rate. After crossing of the legs and tensing of leg and abdominal muscles,
blood pressure and heart rate recover quickly. Bar indicates onset of leg-
crossing and muscle tensing. (Courtesy C. T. P. Krediet and W. Wieling,
Amsterdam Medical Center, Amsterdam, The Netherlands.)
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useful mechanical aids for severely affected patients. They
enable the patients to sit for brief periods when presyncopal
symptoms develop during standing. The lower the chair 
the more pronounced is the effect on blood pressure (see 
Fig. 109.2).

CONCLUSION

Mechanical maneuvers such as leg-crossing and squat-
ting are simple to perform and can increase the standing time
decisively of patients with orthostatic hypotension. Their
beneficial effect is an increase in mean arterial pressure,
small in magnitude but sufficient to guarantee adequate cere-
bral blood flow. The underlying mechanism is an aug-
mentation of thoracic blood volume. Instruction in these
maneuvers should be part of a treatment program for
patients with orthostatic hypotension. It is our experience
that after proper instruction and training, patients automati-
cally apply leg-crossing in daily life.
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gests that the potential for nutritional measures in the treat-
ment of orthostatic hypotension has not been fully explored.

WATER: A PRESSOR AGENT

Drinking water elicits a profound pressor response in a
large subgroup of patients with autonomic failure [1–3].
Drinking 480ml tap water increases seated systolic blood
pressure 33mmHg in patients with multiple system atrophy
and 37mmHg in patients with pure autonomic failure (Fig.
110.1) [2]. Older control subjects, who ingest 480ml water,
exhibited a moderate increase in systolic blood. In contrast,
drinking water does not increase blood pressure in healthy
young subjects. The pressor effect has a rapid onset within
5 minutes after drinking water. The maximal increase in
blood pressure is reached after 30 to 40 minutes. The water
pressor response is sustained for more than 1 hour. The sen-
sitivity to water varies markedly between patients.

The water pressor response appears to be mediated by an
increase in systemic vascular resistance rather than volume
expansion. Several lines of evidence suggest that the water
pressor response might be related to sympathetic activation.
In healthy subjects, drinking water increases muscle sym-
pathetic nerve traffic and venous plasma norepinephrine
concentrations. The time course of both sympathetic nerve
traffic and plasma norepinephrine responses corresponds to
the time course of the pressor effect. The pressor response
can be abolished with interruption of ganglionic transmis-
sion. The stimulus that triggers sympathetic activation with
water is not known. The water pressor response is not related
to water temperature. Gastric distension increases sympa-
thetic activity in humans and may be contributory.

Drinking water improves standing blood pressure and
orthostatic tolerance in a large subgroup of patients with
autonomic failure [4]. Drinking water may also improve
orthostatic tolerance in patients with orthostatic intolerance
(“POTS”) and in healthy subjects exposed to severe ortho-
static stress [4, 5]. The maximal pressor effect is achieved
well before commonly used pressor agents even begin to
increase blood pressure. The use of oral water may be 

Patients with autonomic failure are particularly sensitive
to changes in vascular tone or volume status. Dietary com-
ponents that do not cause a major change in healthy subjects
may elicit profound cardiovascular responses. For example,
drinking water and ingesting salt elicit a pressor response.
Dietary components that increase blood pressure can be
exploited in the treatment of orthostatic and postprandial
hypotension. Ethanol ingestion and consumption of a meal
decrease blood pressure and may exacerbate orthostatic
hypotension.

Dietary components can affect blood pressure through
different mechanisms. They may directly influence vascular
tone. Ethanol and ingestion of a meal, for example, cause
vasodilation. They may modulate sympathetic activity. Tyra-
mine and water drinking increase norepinephrine release
through different mechanisms. Dietary components may
also influence sodium homeostasis. Obviously, sodium
intake is important in the regulation of sodium balance, and
thereby volume status. Similarly, potassium, calcium, and
magnesium intake all play a role in blood pressure regula-
tion. Less appreciated is that the diet may contain sub-
stances, such as components in licorice, chewing tobacco,
and certain “health foods” that interfere with sodium regu-
lation. Dietary stimuli that do not change blood pressure in
healthy subjects may elicit profound blood pressure changes
in patients with autonomic failure. In patients with severe
orthostatic hypotension caused by autonomic failure, the
efferent limb of the baroreflex is disrupted. Therefore,
patients with autonomic failure are exquisitely sensitive to
changes in vascular tone or changes in cardiac preload.
Dietary components that elicit a pressor response may be
useful to treat orthostatic hypotension. Components that
decrease blood pressure and ingestion of larger meals may
need to be avoided during the day. Yet, they may be useful
to attenuate supine hypertension during the night. All dietary
constituents that influence blood pressure may cause side
effects and interfere with medications that are used for the
treatment of orthostatic hypotension. The following sections
provide an overview of dietary interventions that have been
tested in patients with orthostatic hypotension. That the
number of published interventions in this area is few sug-
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particularly useful in conjunction with pressor drugs in the
morning to provide a marked and rapid increase in blood
pressure when orthostatic symptoms are more severe. Water
taken just before a meal prevents postprandial hypotension
(Fig. 110.2) [4]. We usually recommend that the daily fluid
intake should be in the range of 2 to 3 liters. However, the
timing of the water intake is of major importance. Patients
should drink most of the water when their orthostatic symp-
toms tend to be worst. Drinking water should be avoided
within the hour before bedtime in patients with supine
hypertension.

CAFFEINE

The naturally occurring methylxanthine caffeine has been
tested in patients with autonomic failure. The most impor-
tant sources are coffee, tea, and caffeine-containing soft
drinks. One cup of instant coffee or tea contains 5 to 70mg
caffeine, whereas filtered coffee contains approximately
twice as much caffeine. Caffeine tablets also are available
(typical dose, 250mg). The pharmacologic effects of caf-
feine in humans are mainly related to nonselective adeno-
sine receptor blockade. The receptor blockade attenuates
adenosine-mediated vasodilatation and modulates sympa-
thetic activity. Caffeine ingestion increases venous plasma
norepinephrine and epinephrine concentrations, as well as
plasma renin activity. Caffeine ingestion may also elicit a
mild degree of phosphodiesterase inhibition. Phosphodi-
esterase inhibition decreases cyclic adenosine monophos-
phate (cAMP) breakdown and mimics the effect of those
mediators that stimulate cAMP production.

Caffeine elicits an acute pressor response in healthy vol-
unteers, patients with hypertension, and patients with severe
autonomic failure [6, 7]. In patients with severe autonomic
failure, seated systolic blood pressure increases 12mmHg
within 1 hour after ingestion of 250mg caffeine [7].
However, the response is heterogeneous [8]. Commonly
used pressor agents, such as a-adrenoreceptor agonists or
yohimbine, elicit a much greater pressor response than caf-
feine. However, compared with these agents, caffeine has a
faster onset of the pressor effect. The fast effect of caffeine
can be exploited in the treatment of postprandial hypoten-
sion. In one study in patients with severe autonomic failure,

FIGURE 110.1 Changes in systolic blood pressure (SBP), diastolic
blood pressure (DBP), and heart rate (HR) after patients with multiple
system atrophy (top) and pure autonomic failure (bottom) drank 480ml
tap water. Patients started drinking at 0 minute. The blood pressure increase
was evident within 5 minutes of drinking water, reached a maximum after
approximately 20 to 30 minutes, and was sustained for more than 60
minutes. (From Jordan, J., J. R. Shannon, B. K. Black, Y. Ali, M. Farley,
F. Costa, A. Diedrich, R. M. Robertson, I. Biaggioni, and D. Robertson.
2000. The pressor response to water drinking in humans: A sympathetic
reflex? Circulation 101:504–509.)

FIGURE 110.2 Change in systolic blood pressure in seven patients with
primary autonomic failure (four multiple system atrophy, three pure auto-
nomic failure) after ingestion of a standardized meal. The effect of 480ml
water taken just before ingestion of the meal is compared with the effect
of the meal alone. Oral water substantially attenuated the hypotensive effect
of food. (From Shannon, J. R., A. Diedrich, I. Biaggioni, J. Tank, R. M.
Robertson, D. Robertson, and J. Jordan. 2002. Water drinking as a treat-
ment for orthostatic syndromes. Am. J. Med. 355–360.)



blood pressure decreased 28/18mmHg after a standardized
meal. When patients ingested 250mg caffeine before the
meal, blood pressure decreased only 11/10mmHg.

Whether the beneficial pressor effect of caffeine in
patients with autonomic failure is sustained in the long term
is not known. Tachyphylaxis may occur. Methylxanthines
have the potential to increase diuresis, which might negate
the positive acute effect. Furthermore, patients may experi-
ence central nervous system side effects. We recommend
that patients ingest caffeine with or before meals. Caffeine
should be avoided before bedtime in patients with supine
hypertension. Drinking water (see earlier) may be more effi-
cacious in preventing orthostatic and postprandial hypoten-
sion than caffeine ingestion.

TYRAMINE

Tyramine-rich foods, such as aged cheddar cheese, in
combination with monoamine inhibitors have been tested as
a potential treatment of orthostatic hypotension [9, 10].
Tyramine is taken up in adrenergic neurons through the 
norepinephrine transporter and releases norepinephrine.
Monoamine oxidase (MAO) inhibition profoundly aug-
ments the tyramine response by at least two mechanisms.
MAO inhibition decreases the degradation of dietary tyra-
mine in the gut wall and in the liver. The mechanism
increases systemic bioavailability of tyramine. Moreover,
MAO inhibition attenuates the metabolism of the norepi-
nephrine released by tyramine. The combination of tyramine
and MAO inhibitors can lead to unpredictable pressure
surges and cannot be recommended as standard treatment of
orthostatic hypotension. Furthermore, tyramine is not likely
to be effective in patients who lost most of their sympathetic
terminals (e.g., severe pure autonomic failure).

SODIUM

When healthy subjects are exposed to a low-sodium diet,
renal sodium excretion decreases according to intake.
Sodium homeostasis is restored within several days to the
new level. The decrease in sodium excretion is explained by
an increase in sodium reabsorption through activation of
sympathetic efferents to the kidney and activation of the
renin-angiotensin system. Activation of both the sympa-
thetic and the renin-angiotensin system are impaired in
patients with severe autonomic failure. When sodium intake
is restricted in these patients, sodium excretion is not suffi-
ciently suppressed. With insufficient sodium intake, patients
experience a negative sodium balance, weight loss, and
worsening of orthostatic hypotension [11–13]. The inability
to conserve sodium provides a rationale for the therapeutic
use of sodium. We recommend that patients ingest 150 to

200mmol sodium per day. It may be necessary to supple-
ment the diet with salt tablets. Clearly, patients with auto-
nomic failure with severe orthostatic hypotension need to
avoid low-sodium diets. Regular weighing is the most reli-
able method to assess chronic changes in sodium balance.
Monitoring of 24-hour urinary sodium excretion can be
useful to assess compliance with a high-sodium diet. Suffi-
cient sodium ingestion is necessary in patients who are
treated with fludrocortisone to attain an increase in blood
pressure.

In addition to more long-term diet-related changes in
sodium homeostasis, patients with autonomic failure expe-
rience substantial fluctuations in sodium balance with
changes in posture. These fluctuations are probably related
to fluctuations in blood pressure. In the upright position, as
blood pressure is low, sodium is retained. Thus, orthostatic
hypotension tends to improve during the day. In the supine
position, as blood pressure is high, sodium excretion
increases (i.e., pressure natriuresis). The excessive sodium
loss worsens orthostatic hypotension in the morning. There
are no data to suggest that changes in dietary sodium intake
can attenuate the postural changes in sodium balance.

LICORICE

Licorice, and surprisingly many other “food” sources,
contains glycyrrhizin, which inhibits 11b-hydroxysteroid
dehydrogenase (11-HSD) activity. The enzyme is located in
most mineralocorticoid target tissues. Normally, aldosterone
is a much stronger mineralocorticoid than cortisol in vivo
even though the mineralocorticoid receptors have identical
in vitro affinities for these hormones. The specificity of the
receptors in vivo is the result of activity of 11-HSD. The
enzyme converts cortisol to cortisone. The latter is inactive
at the mineralocorticoid receptor. Inhibition of 11-HSD with
licorice prevents the inactivation of cortisol, which results
in mineralocorticoid receptor activation. Licorice ingestion
has been used as a treatment of orthostatic hypotension in
patients with diabetic autonomic neuropathy [14]. However,
the glycyrrhizin content in licorice is not standardized,
which limits its therapeutic use. Furthermore, individual
responses to licorice are highly variable.

NUTRITIONAL TREATMENT OF 
SUPINE HYPERTENSION

Approximately 50% of the patients with severe orthosta-
tic hypotension feature supine hypertension. Supine hyper-
tension is associated with excessive nocturnal sodium
excretion, which worsens orthostatic hypotension the next
morning. Whether supine hypertension is associated with
increased cardiovascular morbidity or mortality is not
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known. Nutritional measures may be useful in the manage-
ment of patients with supine hypertension. Substances that
increase blood pressure, such as water and caffeine, should
be avoided before bedtime. Licorice ingestion may cause
more chronic increases in supine blood pressure. A small
meal ingested before retiring may attenuate nocturnal hyper-
tension. Ethanol consumption can exacerbate orthostatic
hypotension. However, ingested before bedtime, ethanol
may decrease supine hypertension. Patients who eat or drink
alcohol before bedtime have to be made aware that they 
may experience more severe orthostatic hypotension during
the night.
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twice daily rather than once a day. However, some patients
clearly receive benefit even with a once daily regimen.

On the basis of this information, there are several issues
to consider to ensure that fludrocortisone is being used most
effectively. First, because the full pressor action of fludro-
cortisone is not seen for 1 to 2 weeks, doses should not be
altered more frequently than at weekly or biweekly inter-
vals. The initial dose should be 0.05 to 0.1mg (usually the
latter) orally daily, and weekly or biweekly titration by 
0.1-mg increments per week should aim for a weight gain
of 5 to 8 lb and mild ankle swelling. The patient should be
educated about the expected time course of the effect. It will
be rare to find additional benefit beyond 0.2mg orally twice
daily, but doses as high as 2.0mg/day have been reported.
There is little, if any, glucocorticoid effect at doses in the
range of 0.1 to 0.2mg daily, but reduced cortisol levels
caused by adrenocorticotrophic hormone suppression have
been seen after a single dose of 2.0 mg. Weight is a good
guide to the required dose, and the weight gain caused by
fluid retention should be limited to less than 15 lb. Because
much of the blood pressure effect is related to this fluid
retention, the addition of a waist-high compression garment
helps to keep this fluid distributed in the most beneficial
manner.

Fludrocortisone should not be used in patients who
cannot tolerate increased fluid retention, but this is rarely an
issue, because such patients will rarely have significant
orthostatic hypotension. In fact, patients with preexisting
mild autonomic failure may actually find that their ortho-
static hypotension improves when congestive heart failure
develops. If symptoms of pulmonary congestion or even of
pulmonary edema do develop in patient with autonomic
failure after a fludrocortisone-induced increase in plasma
volume, these symptoms will respond rapidly with assump-
tion of the seated or upright posture.

There are potential side effects and complications that
can develop with the use of fludrocortisone. Hypokalemia
will develop in nearly 50% of patient, and it can appear
within the first week of treatment. It will respond to oral sup-
plementation with potassium, which usually must be given
chronically in such patients. Concomitant hypomagnesemia

Fludrocortisone is a frequent component of the medica-
tion regimen in patients with autonomic failure and ortho-
static hypotension. Studies by Frick and by Liddle in the
1960s demonstrated that the addition of a fluorine atom to
the cortisol molecule fundamentally altered the pharmaco-
dynamics of the parent compound, producing a drug with
potent mineralocorticoid, but minimal glucocorticoid effect.
The overall effect of this agent in patients with autonomic
failure is an increase in blood pressure, both in the supine
and the upright postures, and fludrocortisone has been used
as a pressor agent in these disorders for 40 years. It also has
been helpful in the management of those patients with vaso-
vagal syncope in whom maintaining an adequate fluid
balance is otherwise difficult, but it has been tested and
found not to be helpful in patients with the chronic fatigue
syndrome without autonomic deficits.

Careful studies of the cardiovascular responses to flu-
drocortisone determined that the increase in blood pressure
in patients with orthostatic hypotension is related to an
initial increase in plasma volume, because of sodium reten-
tion. This effect, dependent on mineralocorticoid receptors
within the nucleus and altered gene transcription, takes
several days to weeks to reach its peak. Although the plasma
volume may return to baseline subsequently, in many
patients a residual beneficial pressor effect continues. At
least in some patients, this has been demonstrated to be
caused by increased peripheral resistance, and the enhanced
response to infused norepinephrine seen in several studies
suggests a mechanism through cell surface receptors acting
through second messengers. Such mechanisms would be
expected to be activated more rapidly and to follow a dif-
ferent time course than those requiring alteration of cellular
transcription.

Over the past decade studies have improved our under-
standing of the pharmacokinetic profile of fludrocortisone.
An assay for fludrocortisone was developed and has been
used to demonstrate that the drug is rapidly absorbed after
oral administration and declines with a half-life of about 2
to 3 hours. Although this relatively short half-life was unex-
pected, it provides an explanation for the clinical observa-
tion that the drug seems to be more efficacious when given
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will develop in a smaller group, perhaps 5%; although cor-
rection of the hypokalemia often will lead to secondary cor-
rection of the hypomagnesemia, if this is not complete, small
doses of magnesium sulfate can be added.

Fludrocortisone therapy commonly produces the side
effect of headache, especially initially, and particularly in
younger, healthier patients. For example, although transient
fludrocortisone therapy would seem to be an ideal approach
for astronauts, who commonly experience orthostatic intol-
erance when they return from the exposure to microgravity
associated with space travel, headache has been a limitation.
Likewise, young patients using fludrocortisone to prevent
vasovagal syncope may find headache a limiting factor.
However, patients with severe autonomic failure, in whom
it is most helpful, do not usually describe headache with flu-
drocortisone. An additional important issue is the develop-
ment of an excessive increase in blood pressure, especially
in the supine posture. Although supine hypertension can be
decreased acutely by raising the head of the bed, by having
the patient sit or stand, and/or by giving a carbohydrate
snack, if it persists, a reduction in dosage or discontinuation
may be necessary. As with all drugs, interactions with other
medications must be considered. Although it is rare for
patients with the potential for falling caused by orthostatic
hypotension to be treated with warfarin, occasionally some
patients will require the latter for valvular heart disease or
another indication. In some of these patients, fludrocortisone
will lead to an increased warfarin requirement to achieve the
same international normalized ratio.

A theoretic concern with the long-term use of fludrocor-
tisone has arisen in recent years with the description of novel
effects of aldosterone. Classically, aldosterone has been
known to act at the epithelial cell level to induce sodium
reabsorption and potassium excretion, leading to intravas-
cular volume expansion, and the antagonism of aldosterone
by spironolactone has been used to good effect in the treat-
ment of congestive heart failure. However, in the Random-
ized Aldactone Evaluation Study (RALES), the addition of

spironolactone to existing therapy in patients with heart
failure led to a significant reduction in morbidity and mor-
tality as well. Data have demonstrated that aldosterone has
additional, nonepithelial effects in the kidney and in vascular
smooth muscle, involving activation of the sodium/hydro-
gen antiporter, and it is possible that this can produce car-
diovascular damage independent of the level of blood
pressure. Because this cardiovascular damage in experi-
mental settings can be prevented by administering a selec-
tive mineralocorticoid receptor antagonist, one must have
some concern about the chronic use of a mineralocorticoid
receptor agonist. However, fludrocortisone has been used
chronically in patients with Addison’s disease with good
results, and in patients with severe orthostatic hypotension,
the benefit would seem to outweigh this theoretic risk. It 
is prudent in all patients to be certain that all appropriate
measures of cardiovascular protection and prevention are
being used.
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pulmonary, renal, or blood coagulation function, or changes
in blood glucose and lipids [1].

Pharmacology

Midodrine is well absorbed after oral administration. In
the liver, midodrine hydrochloride is converted through
hydrolytic cleavage to its active metabolite, desglymido-
drine, which is 93% bioavailable. Desglymidodrine is
excreted primarily in the urine, whereas fecal elimination of
the prodrug and its metabolite is not significant.

The half-life of desglymidodrine and midodrine in
healthy subjects is 2 to 3 hours and 0.49 hour, respectively.
The duration of action is longer than that of the other sym-
pathomimetic agonists. The dose-response curve for the
effect of midodrine on the standing systolic blood pressure
shows a log linear dose relation [2]. In healthy individuals
without autonomic dysfunction, the maximal pharmacologic
effect is found to be 1 hour after administration and duration
of action is generally 4 to 6 hours. In patients with neurogenic
orthostatic hypotension, these effects may be somewhat 
variable. This may reflect the differences in receptor and
postreceptor impairments of the autonomic nervous system.

Efficacy

Midodrine is effective for treating orthostatic hypoten-
sion in patients with either preganglionic (multiple system
atrophy [MSA] and Parkinson’s disease) or postganglionic
(pure autonomic failure [PAF] and diabetes mellitus)
lesions. Earlier studies by Kaufmann and colleagues [3]
evaluated seven patients after treatment with midodrine and
found an increase in mean arterial pressure of 15mmHg
compared with baseline levels in the three responders (two
MSA and one PAF) with decreased orthostatic symptoms.
Other studies demonstrated maintenance of blood pressure
improvements over 15 months [1]. In a later study of 97
patients with varying causes of neurogenic orthostatic hypo-
tension, the 10mg three times daily dosage significantly
increased standing systolic blood pressure by 22mmHg

The sympathomimetics used for treatment of neurogenic
orthostatic hypotension have either direct a1 (e.g., mido-
drine) or mixed direct and indirect actions (e.g., ephedrine).
Midodrine, a direct a1 agonist, produces vasoconstriction of
the arteriolar and venous vasculature and decreases venous
pooling. Because it does not cross the blood–brain barrier,
there are no central nervous system side effects. Midodrine
does not cause cardiac stimulation. Midodrine is a prodrug
that is hydrolyzed in the liver to its active form, desglymi-
dodrine. The peak activity is 1 hour after administration and
its duration of action is 4 to 6 hours. Studies have demon-
strated efficacy for improving both standing blood pressure
and symptoms. Side effects are generally mild, dose related,
and include piloerection, urinary retention, and supine
hypertension. Other sympathomimetics, such as ephedrine,
pseudoephedrine, phenylpropanolamine, and methylpheni-
date have both direct and indirect actions and cross the
blood–brain barrier. These pharmacologic agents have a
short duration of action and are associated with marked
central nervous system and cardiac toxic effects. Compara-
tive studies with these mixed sympathomimetics show less
efficacy in terms of blood pressure and symptomatic
improvement.

MIDODRINE

Mechanism of Action

Midodrine [(1-2¢,5¢-dimethoxyphenyl 1)-2 glycinamido-
ethanol (1)-hydrochloride] is a selective a1 agonist and
results in a-adrenergic receptor activation of the arteriolar
and venous vasculature. These actions produce vasocon-
striction of the blood vessels and a decrease in venous
pooling, thereby increasing blood pressure in the upright
position. In addition, midodrine does not stimulate b-
adrenergic receptors. This agent lacks central nervous
system side effects, because it does not cross the blood–
brain barrier. In contrast to the nonselective sympath-
omimetic agents, midodrine also does not cause cardiac
stimulation [1]. This drug has no known effects on the 
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without affecting heart rate. There was significant improve-
ment of symptoms (dizziness, lightheadedness, syncope, and
depressed feelings), even at doses lower than that required
to show significant improvement in systolic blood pressure.
Global evaluation scores assessed by patients and investi-
gators also improved [4, 5]. A second study by Gilden and
Kaufmann [6] evaluated 53 patients with severe neurogenic
orthostatic hypotension treated in a double-blind fashion
with three daily doses of 10mg midodrine versus placebo.
There was not only an increase in standing systolic blood
pressure compared with placebo, but also improvement of
symptoms, and a 50% increase in motionless standing time.
In a 6-week, double-blind study of 162 patients with severe
neurogenic orthostatic hypotension (10mg three times
daily), systolic blood pressure significantly improved by 
22mmHg in all 4 weeks of treatment with symptomatic
improvement, as rated by patients and investigators [7].
Other studies also have demonstrated the effectiveness of
midodrine for treating patients with familial dysautonomia,
neurocardiogenic syncope, and intradialytic orthostatic
hypotension.

In comparative studies with etilefrine, dimetofrine, and
ephedrine, midodrine treatment resulted in a greater
improvement in standing blood pressure. When compared
with norefenefrine, midodrine therapy resulted in a greater
improvement in symptoms [1]. Fouad-Tarazi and colleagues
[8] compared midodrine with ephedrine and confirmed
greater improvement in upright blood pressure and symp-
toms with midodrine.

When midodrine was combined with the b-adrenoreceptor
agonist, denodopamine, postprandial hypotension was pre-
vented by increasing cardiac output and peripheral vascular
resistance [1]. A subanalysis of the study by Low and col-
leagues [7] showed that the effect of midodrine was not
altered by fludrocortisone or support garment use.

Adverse Effects and Disadvantages

The most common side effects are related to piloerection
(paraesthesia, pruritus of the scalp, goose pumps, and chills)
and urologic problems (urgency, hesitancy, frequency, and
retention). Therefore, this drug needs to be used with caution
in patients with urinary retention, as well as in diabetics also
taking fludrocortisone, because the latter is known to
increase intraocular pressure and glaucoma. There also is the
risk for supine hypertension, especially in greater doses [2,
4, 7]. Percentages for supine hypertension have generally
ranged from 4 to 7% [4, 7]. However, one study observed
an 11% rate for blood pressures greater than 200mmHg in
response to a single dose of 10mg [2]. It also should be
noted that supine hypertension is a common feature of more
severe autonomic failure, even before treatment, and hyper-
tensive cerebrovascular accidents are not increased in auto-
nomic neuropathy. Cerebral hypoperfusion with ischemic

strokes caused by the decreases in blood pressure during the
daytime may occur. Nevertheless, it is still recommended to
administer the final dose 4 hours before bedtime. Side
effects of midodrine are generally dose related and can be
reversed by standing or a receptor antagonist phentolamine.
Midodrine is contraindicated in patients with severe organic
heart disease, pheochromocytoma, or thyrotoxicosis. Pati-
ents with renal failure may require smaller doses, because
the active metabolite is excreted renally. Furthermore,
patients with hepatic dysfunction also should be treated with
caution because of the hepatic metabolism.

Dosing

The dose of midodrine is quite variable and should be
individualized. Because there is generally a marked varia-
tion in symptoms and decreases in blood pressures (gener-
ally more profound in the early morning hours), this agent
may be administered orally from 2.5 to 10mg every 3 to 4
hours up to a maximum of 50 to 60 mg per day, depending
on the clinical response. In addition, those patients with
postprandial exacerbation may be given a dose before meals,
so that the peak effect of the medication coincides with the
maximal postprandial decrease in upright blood pressure.
This medication also can be withheld during recumbency in
patients with supine hypertension. Studies are currently in
progress to determine the most effective and optimal dose
with the least side effects for specific causes of neurogenic
orthostatic hypotension.

EPHEDRINE/OTHER a AGONISTS

Mechanism of Action

The other sympathomimetics such as ephedrine and pseu-
doephedrine are nonselective a agonists, having both direct
and indirect effects. A comparison of the various sympath-
omimetics is listed in Table 112.1. These agents stimulate
both a and b receptors. The effectiveness of these agents
depends on the increase in receptor number and affinity and
the reduction in baroreflex modulation that accompanies
autonomic failure. Ephedrine produces smooth muscle
relaxation and cardiac stimulation. This results in blood
pressure increases with increased cardiac output and, to a
lesser effect, peripheral vasoconstriction [9, 10].

Adverse Events and Disadvantages

Because ephedrine crosses the blood–brain barrier,
central nervous system stimulation is similar to that pro-
duced by amphetamines. Frequent side effects, such as 
nervousness, anxiety, headaches, weakness, dizziness,
tremulousness, and supine hypertension result from this



class of pharmacologic agents. Furthermore, angina and
potentially fatal arrhythmias may be provoked in patients
with ischemic heart disease. Ephedrine may also constrict
renal blood vessels and decrease urine production. Other
disadvantages can occur including tachyphylaxis (toler-
ance), which often develops within weeks [9, 10].

Dosing

The doses required for effective treatment of neurogenic
orthostatic hypotension with these a sympathomimetic
agents are often greater than those contained in commonly
used decongestants. Ephedrine doses of 12.5 to 25mg three
times daily are the most commonly used. Other over-the-
counter sympathomimetics, such as pseudoephedrine (30 to
60mg three times daily) and phenylpropanolamine (12.5 to
25mg three times daily), are also included in this class.
Phenylpropanolamine has been found to be associated with
a small but significant risk for cerebrovascular accident 
and has been removed from the market by the Food and
Drug Regulation Administration. Methylphenidate and dex-
tromethorphan sulfate also have indirect and amphetamine-
like actions [9, 10]. The vasoconstrictor effect results from
norepinephrine release from postganglionic neurons, and it
may be more effective in patients with partial or incomplete
lesions. Doses required for methylphenidate are 5 to 10mg
three times daily with meals, with the last dose being given
before 6 pm. Common side effects include agitation, tremor,
insomnia, and hypertension. This pharmacologic agent also
has central nervous system stimulation, which limits its use,
and it is also a controlled substance.
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TABLE 112.1 Sympathomimetic Agents for Treatment of Neurogenic Orthostatic Hypotension

Pharmacologic agent Mechanism of action Dose ΩSide effects

Direct actions
Midodrine HCL a1-Adrenergic agonist with 2.5–10mg every Piloerection, urinary retention 

activation of arteriolar and 3–4hr, to maximal supine, hypertension
venous vasculature, and dose of 50–60mg
decreases venous pooling

Mixed direct and indirect actions
Ephedrine Stimulation a/b receptors 12.5–25mg three times Nervousness, tremors, anxiety, 
Pseudoephedrine action depends on receptors daily, 30–60mg insomnia, agitation, arrhythmias,

and baroreceptor defects three times daily supine hypertension
Phenylpropanolamine Action depends on 12–25mg three times Nervousness, tremors, anxiety, 

Methylphenidate norepinephrine release from daily, 5–10mg insomnia, agitation, arrhythmias,
postganglionic neurons three times daily supine hypertension

dosage before 6 pm



cerebral blood flow; and (4) an improvement in postural
hypotension in anesthetized rats.

Biaggioni and Robertson [2] and Man in’t Veld and col-
leagues [6] first showed that administration of DOPS could
be used to treat orthostatic hypotension. These investigators
reported that l-DOPS improved orthostatic hypotension in
autonomic failure caused by deficiency of the enzyme
dopamine b-hydroxylase (the enzyme that catalyzes the 
conversion of dopamine to norepinephrine). l-DOPS
replenished norepinephrine stores and treated orthostatic
hypotension in these patients because its conversion to 
norepinephrine is catalyzed by the ubiquitous enzyme, 
l-AADC, and thus bypasses the deficient dopamine 
b-hydroxylase (Fig. 113.1).

The role of DOPS in the treatment of orthostatic hypoten-
sion caused by the more prevalent degenerative disorders of
central and peripheral autonomic neurons is unresolved.
Most studies have been small, open-label, single-blinded,
and individual case studies. For example, a placebo-
controlled study using racemic dl-threo-DOPS in six
patients with autonomic failure (caused by diabetic auto-
nomic neuropathy and pure autonomic failure) showed no
improvement in orthostatic hypotension, and only 2% of the
administered DOPS converted to norepinephrine [7].

Using a greater dosage of dl-DOPS, we showed a pressor
effect in patients with autonomic failure and an increased
plasma concentration of norepinephrine. This effect was
present in patients with orthostatic hypotension [8, 10] and
postprandial hypotension [11] caused by peripheral and
central autonomic disorders. The pressor effect was associ-
ated with an increase in forearm vascular resistance. The
pressor response had a gradual onset and a long duration.
The maximum supine blood pressure occurred 300 minutes
after ingestion of medication (Fig. 113.2) [8]. In addition, 
in studies using l-DOPS in a small number of patients, a
significant improvement in orthostatic hypotension was
demonstrated, particularly in patients with multiple system
atrophy [12]. An open-label trial with a larger number 
of patients with autonomic failure showed that DOPS
improved orthostatic hypotension [13].

The mechanism(s) whereby DOPS improves blood 
pressure control in autonomic failure also is unresolved.

Norepinephrine plays a major role in central and periph-
eral blood pressure control. It is the primary neurotransmit-
ter at the peripheral autonomic neurovascular junction and
an important neurotransmitter in those brainstem regions
involved in the maintenance of blood pressure. Neurogenic
orthostatic hypotension results from impaired noradrenergic
neurotransmission; postganglionic sympathetic neurons do
not release norepinephrine appropriately [1]. This defect in
norepinephrine release can be caused by disorders of central
and peripheral autonomic neurons and, rarely, by an enzy-
matic defect in catecholamine synthesis [2].

The successful therapy of Parkinson’s disease, a disorder
of dopaminergic neurotransmission, with the dopamine pre-
cursor, l-dihydroxyphenylalanine (l-Dopa), suggested that
3,4-dihydroxyphenylserine (DOPS), a synthetic precursor of
norepinephrine, might improve noradrenergic neurotrans-
mission and relieve orthostatic hypotension in patients with
autonomic failure.

DOPS has two asymmetric carbons and four stereoiso-
mers, but only one of the stereoisomers—l-threo-DOPS—
is converted to biologically active l-norepinephrine by the
enzyme l-aromatic amino acid decarboxylase (l-AADC).
Because pure l-DOPS was unavailable in the United States,
most studies have used the racemic mixture of DOPS (which
contains 50% d- and 50% l-threo DOPS) [3]. It has been
suggested, however, that the d isoform may inhibit the
decarboxylation of the l isoform to l-norepinephrine, which
may explain the lack of therapeutic efficacy of racemic
DOPS in several clinical studies [4].

PRECURSOR THERAPY FOR 
ORTHOSTATIC HYPOTENSION

There is a large body of preclinical evidence showing that
DOPS, both orally and parenterally, produces noradrenergic
effects, thereby counteracting some effects of norepineph-
rine depletion [5]. Of special interest are the observations
that DOPS had cardiovascular effects, particularly (1) the
production of a chronotropic effect in isolated rat atria; (2)
the production of a long-lasting pressor response in rats; (3)
an increase in mean arterial blood pressure and regional
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Investigators have proposed central and peripheral mecha-
nisms. In patients with autonomic failure caused by
dopamine b-hydroxylase deficiency, DOPS is most likely
decarboxylated to norepinephrine in intact sympathetic
neurons, and the generated norepinephrine acts as a neuro-
transmitter [2]. Investigators have suggested that DOPS
exerts its effect after entry into the central nervous system,
thereby stimulating sympathetic outflow [14]. However, it
seems more likely that DOPS is converted to norepineph-
rine outside sympathetic neurons because the enzyme l-
AADC is ubiquitously distributed in tissues, including
kidney, gut, and liver. The generated norepinephrine then
acts as a circulating vasoconstrictor hormone.

Although more recent data suggest that precursor therapy
with DOPS increases plasma norepinephrine and effectively
treats orthostatic hypotension [9], it is not yet known
whether supplementation of the depleted neurotransmitter
offers additional advantages over direct agonist therapy,
with agents such as midodrine, a direct a-adrenergic agonist.
Precursor therapy may be helpful for those patients who do
not respond to standard therapies. The different mechanisms 
of action, pharmacokinetics, and duration of effect suggest
that combination therapy with a precursor and direct a-
adrenoreceptor agonist may be beneficial in some patients.
Such an approach has been successfully implemented in 
the treatment of extrapyramidal dysfunction in patients 
with Parkinson’s disease.
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FIGURE 113.1 The formation of norepinephrine from dihydrox-
yphenylserine (DOPS). (Modified from Freeman, R., L. Landsberg, and J.
Young. 1999. The treatment of neurogenic orthostatic hypotension with 3,4-
dl-threo-dihydroxyphenylserine: A randomized, placebo-controlled,
crossover trial. Neurology 53:2151–2157.)

FIGURE 113.2 The systolic blood pressure (SBP) response to dl-
dihydroxyphenylserine (DOPS) and placebo. Note the attenuation of the
postprandial blood pressure decrease after the midday meal approximately
3 hours after ingestion of medication. (Modified from Freeman, R., L.
Landsberg, and J. Young. 1999. The treatment of neurogenic orthostatic
hypotension with 3,4-dl-threo-dihydroxyphenylserine: A randomized,
placebo-controlled, crossover trial. Neurology 53:2151–2157.)
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efficacy of this agent has been demonstrated in double-blind,
placebo-controlled studies [1–3]. The prodrug midodrine is
activated to desglymidodrine, the active a-adrenoreceptor
agonist. Midodrine is rapidly absorbed from the gastroin-
testinal tract. There is 93% bioavailability after oral admin-
istration. The peak plasma concentration of midodrine
occurs in 20 to 40 minutes. Midodrine has an elimination
half-life of 0.5 hour and is undetectable in plasma 2 hours
after an oral dose. There is minimal protein binding and the
agent undergoes enzymatic hydrolysis (deglycination) in the
systemic circulation to form the active agent, desglymido-
drine. Desglymidodrine is 15 times more potent than mido-
drine and is primarily responsible for the therapeutic effect.
The elimination half-life of desglymidodrine is 2 to 4 hours.
Desglymidodrine is predominantly excreted by the kidneys.

Patient sensitivity to this agent varies and the dose should
be titrated from 2.5 to 10mg three times a day. The peak
effect of this agent occurs 1 hour after ingestion [3]. Poten-
tial side effects of midodrine include pilomotor reactions,
pruritus, supine hypertension, gastrointestinal complaints,
and urinary retention. Central nervous system side effects
occur infrequently.

The mixed a-adrenoreceptor agonists, which act directly
on the a-adrenoreceptor and release norepinephrine from
the postganglionic sympathetic neuron, include ephedrine,
pseudoephedrine, and phenylpropanolamine. Ephedrine is
an agonist of a, b1, and b2 receptors. The b2 vasodilatory
effects may attenuate the pressor effect of this drug. Pseu-
doephedrine, a stereoisomer of ephedrine, and phenyl-
propanolamine (d,l-norephedrine), an ephedrine metabolite,
have similar pharmacologic and therapeutic properties.
Phenylpropanolamine may have less b-adrenoreceptor ago-
nists than ephedrine and less central sympathomimetic
effects [4]. Typical doses of these indirect agonists are
ephedrine (25–50mg three times a day), pseudoephedrine
(30–60mg three times a day), and phenylpropanolamine
(12.5–25mg three times a day). Because the effectiveness
of the indirect agonists is at least in part because of the
release of norepinephrine from the postganglionic neuron,
these medications are in theory most likely to benefit
patients with partial or incomplete lesions [5–7].

Neurogenic orthostatic hypotension in autonomic failure
is caused by impaired release of norepinephrine from post-
ganglionic sympathetic neurons. The a1-adrenoreceptor
agonists are the primary therapeutic agents in the treatment
of this disorder. The direct (those that act directly on the a-
adrenoreceptor) and mixed (those that act directly on the 
a-adrenoreceptor and release norepinephrine from the post-
ganglionic sympathetic neuron) are the most widely used
agents. The indirect agonists and a2-adrenoreceptor agonists
and antagonists may have therapeutic benefits in selected
patients.

Neurogenic orthostatic hypotension is in large part a con-
sequence of the failure to release the adrenoreceptor agonist,
norepinephrine, from sympathetic neurons, which results in
impaired vasoconstriction in response to postural change.
Thus, once intravascular volume is replete with varying
combinations of fluid, sodium chloride, and fludrocortisone
acetate, the adrenergic agonists and antagonists are used to
treat this disorder. The pressor response of these agents is
caused by the reduction in venous capacity and constriction
of the resistance vessels.

SYMPATHOMIMETIC AGENTS

The effectiveness of the sympathomimetic agents is most
likely dependent on the increase in receptor number and
affinity and the reduction in baroreceptor modulation that
accompanies autonomic failure. These drugs do not increase
blood pressure significantly in patients who do not have
autonomic failure.

The available a1-adrenoreceptor agonists include those
with direct and indirect effects (ephedrine, pseudoephedrine,
and phenylpropanolamine), those with direct effects (mido-
drine and phenylephrine), and those with only indirect
effects (methylphenidate and dextroamphetamine sulphate).

The peripheral, selective, direct, a1-adrenoreceptor
agonist, midodrine, is the only agent approved by the U. S.
Food and Drug Administration (FDA) for the treatment of
orthostatic hypotension [1]. The pressor effect of midodrine
is caused by both arterial and venous constriction. The 
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The indirect agonists, methylphenidate and dextroam-
phetamine, that release norepinephrine from postgan-
glionic neurons are infrequently used to treat orthostatic 
hypotension.

There are few head-to-head comparisons of the a-
adrenoreceptor agonists. In a small clinical trial, midodrine
(mean dosage 8.4mg three times daily) improved standing
blood pressure and orthostatic tolerance more than eph-
edrine (22.3mg three times daily) [8]. Phenylpropanolamine
(12.5mg) and yohimbine (5.4mg) produced equivalent
increases in standing systolic blood pressure, whereas
methylphenidate failed to increase standing systolic blood
pressure significantly [4].

The use of the sympathomimetic agents (with the possi-
ble exception of midodrine) may be complicated by tachy-
phylaxis, although efficacy may be regained after a short
drug holiday. The central sympathomimetic side effects such
as anxiety, tremulousness, and tachycardia that invariably
accompany the use of these agents are frequently intolera-
ble to patients. Midodrine, which does not cross the
blood–brain barrier, does not have these central sympath-
omimetic side effects. Although phenylpropanolamine may
result in less central nervous system stimulation than the
other agents, recent data suggest that phenylpropanolamine
increases the risk for hemorrhagic stroke in women [9]. 
The FDA is examining the toxicity of this and other indirect
and mixed a-adrenoreceptor antagonists and has suggested
that phenylpropanolamine be removed from all drug 
products.

CLONIDINE

Clonidine is an a2 antagonist that usually produces a
central, sympatholytic effect and a consequent decrease in
blood pressure. In patients with autonomic failure who have
little central sympathetic efferent activity, the effect of this
agent on postsynaptic a2-adrenoreceptors may predominate.
These receptors may be more numerous on veins than arte-
rioles. The use of clonidine (0.1–0.6mg/day) could, there-
fore, result in an increase in venous return without a
significant increase in peripheral vascular resistance. The
use of this agent, at least theoretically, is limited to patients
with severe central autonomic dysfunction in whom there is
no ostensible effect of further sympatholysis and the periph-
eral effect may dominate. The hypertensive effect is incon-
sistent, and, in some patients, residual sympathetic activity
could be inhibited. The agent may cause profound hypoten-
sion in patients with autonomic failure. Other side effects
include dry mouth and sedation [10, 11].

YOHIMBINE

Yohimbine is a centrally and peripherally active selective
a2-adrenoreceptor antagonist that increases sympathetic
nervous system efferent output by antagonizing central 
or presynaptic a2-adrenoreceptors, or both. Yohimbine
(2.5–5.4mg three times daily) enhances norepinephrine
release from postganglionic sympathetic neurons and pro-
duces a modest pressor effect. This agent, theoretically,
should be more effective in patients that have some residual
sympathetic nervous system output, although this has not
always been borne out in clinical studies. Side effects of
yohimbine include anxiety, tremor, palpitations, diarrhea,
and supine hypertension [4, 12].
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Lack of sympathetic stimulation may thus result in
decreased erythropoietin production and the development of
anemia in patients with autonomic failure. In support of this
hypothesis, it has been found that the magnitude of sympa-
thetic impairment correlates with the severity of the anemia,
and that plasma norepinephrine levels are lowest in patients
with the most severe anemia. These results support the
hypothesis that sympathetic innervation is required for an
adequate erythropoietin response. However, the acute renal
denervation does not affect levels of mRNA encoding ery-
thropoietin in animals. It is not certain, therefore, if the
anemia of autonomic failure is solely caused by the lack of
sympathetic input to erythropoietin-producing cells in the
kidney.

That anemia can be associated with low erythropoietin
levels in autonomic failure led to its treatment with recom-
binant erythropoietin (epoetin alfa). This therapy has suc-
cessfully corrected anemia [1–3], even when used at modest
doses (25–50U/kg body weight, subcutaneously, three times
a week). This response further confirms that inadequate ery-
thropoietin production underlies anemia in these patients.
Recombinant erythropoietin also increases supine and
upright blood pressure in autonomic failure patients and may
be effective in ameliorating orthostatic hypotension. This
pressor response is expected, because it is a well docu-
mented side effect of erythropoietin treatment in chronic
renal failure.

RECOMBINANT HUMAN 
ERYTHROPOIETIN IN THE TREATMENT 

OF ORTHOSTATIC HYPOTENSION

Treatment of orthostatic hypotension remains a challenge
in patients with autonomic failure, and treatment with ery-
thropoietin may provide a therapeutic alternative. These
patients are sensitive to volume changes, which explains
why administration of fludrocortisone often is the first step
in their treatment. Fludrocortisone increases plasma volume
only transiently and at the expense of expanding interstitial
space. Its effectiveness may be explained by potentiation of
pressor hormones rather than by volume changes. Treatment
with erythropoietin, therefore, has the theoretic advantage of

Patients with severe autonomic failure have a high inci-
dence of anemia, which may contribute to their symptoms.
Sympathetic failure can contribute to this anemia by blunt-
ing of the expected compensatory erythropoietin response.
Recombinant erythropoietin reverses anemia of autonomic
failure, improves upright blood pressure, and may amelio-
rate symptoms of orthostatic hypotension. In the absence 
of controlled studies, a drug trial with erythropoietin in
selected patients who do not respond to other treatment
options may be warranted. The long-term safety of this treat-
ment, however, is not known.

MODULATION OF ERYTHROPOIETIN
PRODUCTION BY THE AUTONOMIC 

NERVOUS SYSTEM

Animal studies suggest that the sympathetic nervous
system modulates erythropoiesis. The reticulocyte response
to acute bloodletting was greatly diminished in rats when
their kidneys were functionally denervated. Intravenous
administration of the b-adrenergic agonist, salbutamol, in-
creased plasma concentrations of erythropoietin-like factor
in rabbits. Conversely, b-blockers blunted the erythropoietin
response to hypoxia in rabbits and rats. Thus, b2-adrenore-
ceptors could positively modulate erythropoiesis by stimu-
lating erythropoietin production.

THE ANEMIA OF AUTONOMIC FAILURE

Studies in patients with autonomic failure reveal the phys-
iologic significance of the animal experiments described
above, and their relevance to humans. Patients with severe
autonomic failure have an unusually high incidence of
anemia; if World Heath Organization criteria are followed
(hemoglobin <120g/liter for women and <130g/liter for
men), up to 38% of patients are anemic [1] without obvious
cause. The anemia of autonomic failure is mild to moderate
and is not accompanied by a compensatory increase in retic-
ulocytes, suggesting an inadequate erythropoietic response.
Furthermore, an inappropriately low serum erythropoietin is
evident in those patients with lower hemoglobin levels.
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selectively increasing intravascular volume. This, however,
may not be the only explanation for the increase in 
blood pressure produced by erythropoietin. Erythropoietin
increases blood pressure in animals with experimental
chronic renal failure, even if anemia is not corrected because
of iron deficiency. Therefore, the mechanism by which 
erythropoietin increases blood pressure is not clear and is
likely to be multifactorial. Several mechanisms have been
explored, including increased sensitivity to the pressor
effects of norepinephrine and angiotensin II, increased
plasma endothelin levels, enhanced renal tubular sodium
reabsorption, impaired nitric oxide production, and in-
creased cytosolic free calcium in vascular smooth muscle
[4]. Hemoglobin can bind nitric oxide, and it has been pro-
posed that anemia can contribute to hypotension because of
increased nitric oxide. Treatment of anemia with erythro-
poietin could increase blood pressure by limiting nitric oxide
availability [5]. The relevance of these findings to its pressor
effect in autonomic failure remains speculative.

Even though long-term, placebo-controlled studies are
lacking, improvement of orthostatic hypotension by ery-
thropoietin has been a consistent finding of published
reports. In our anecdotal experience, erythropoietin has been
extremely successful in many patients with autonomic
failure, but others did not believe that the cost and incon-
venience of the treatment justified the modest symptomatic
improvement. Thus, a therapeutic trial aimed at normalizing
hematocrit often is useful in patients that do not respond to
other treatment options.

Potential limitations of this therapy should be considered.
Up to 50% of patients with severe autonomic failure also

experience significant supine hypertension, and erythropoi-
etin therapy can worsen this problem. This side effect,
however, is probably common to all currently available 
therapies. Other limitations include the inconvenience of
injectable administration and the high cost of this medica-
tion. It is not known if erythropoietin will prove superior to
currently available therapeutic alternatives. The long-term
safety of treatment with erythropoietin is not known.
Notably, patients with chronic renal failure, in whom hema-
tocrit was “normalized” (to 42%) with erythropoietin, had a
greater mortality rate than those in whom correction of
anemia was less aggressive (hematocrit, 30%). Notably,
however, both groups received similar doses of erythropoi-
etin. These results may not be applicable to patients with
autonomic failure, in whom anemia is moderate at worst, but
they may be a reason to use this medication with caution.
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BIONIC BAROREFLEX SYSTEM

Theoretic Background

It is of critical importance to identify the algorithm of the
artificial vasomotor center—that is, how to determine the
stimulation frequency (STM) of the vasomotor sympathetic
nerves in response to changes in arterial pressure (AP). On
the basis of expertise of bionics and systems physiology, the
algorithm has been determined as transfer function by a
white-noise system identification method [2]. First, the func-
tional characteristics to be mimicked by the BBS—that 
is, the open-loop transfer function of native baroreflex
(Hnative)—is identified in healthy subjects (Fig. 116.2).
Second, the open-loop transfer function of the AP response
to STM (HSTMÆAP) is determined in patients with central
baroreflex failure. Finally, a simple process of division,
HNative/HSTMÆAP, could yield the transfer function required for
the artificial vasomotor center of the BBS—that is, HAPÆSTM.

Implementation of Algorithm of Artificial
Vasomotor Center in Bionic Baroreflex System

To operate in real time as the artificial vasomotor center,
the computer was programmed to automatically calculate
instantaneous STM in response to instantaneous AP changes
according to a convolution algorithm [2, 3]:

where h(t) is an impulse response function computed by an
inverse Fourier transform of HAPÆSTM.

Efficacy of Bionic Baroreflex System

In a prototype of the BBS for rats with central baroreflex
failure, the celiac ganglion was selected as the sympathetic
vasomotor interface [3]. The efficacy of the BBS against
orthostatic hypotension during head-up tilting (HUT) is
shown in Figure 116.3. Without the activation of the 
BBS, HUT produced a rapid progressive decrease in AP by

STM h AP dt t( ) = ( ) ◊ -( )
•

Ú t t t
0

A novel therapeutic strategy against central baroreflex
failure is proposed on the basis of bionic technology. A
recent innovation, bionic baroreflex system (BBS), was
achieved to revitalize baroreflex function through a neural
interface approach. In the BBS, arterial pressure is sensed
through a micromanometer placed in the aortic arch and fed
into a computer ambitious of functioning as an artificial
vasomotor center. On the basis of measured changes in arte-
rial pressure, the artificial vasomotor center commands an
electrical stimulator to provide a stimulus of the appropriate
frequency to the vasomotor sympathetic nerves. Although
the BBS is not currently available for clinical practice, the
future advance in its development is expected.

The arterial baroreflex is the most important negative
feedback system to suppress the effects of rapid daily dis-
turbances in arterial pressure [1]. Therefore, in patients with
autonomic failure without baroreflex control of arterial pres-
sure, the simple act of standing would cause a decrease in
arterial pressure, reducing perfusion of the brain, and result-
ing potentially in loss of consciousness. The functional
restoration of the arterial baroreflex is essential to patients
with baroreflex failure caused by autonomic failure.

In patients with central baroreflex failure such as barore-
ceptor deafferentation, Shy–Drager syndrome, and spinal
cord injuries, peripheral sympathetic nerves are still func-
tional but not controlled by the brain. A novel therapeutic
strategy has been proposed to use a BBS with a neural inter-
face approach to control arterial pressure [2, 3]. A bionic
system is an artificial device for functional replacement of
a physiologic system able to mimic its static and dynamic
characteristics. In the proposed BBS (Fig. 116.1), arterial
pressure is sensed through a micromanometer placed in the
aortic arch and fed into a computer ambitious of function-
ing as an artificial vasomotor center. On the basis of mea-
sured changes in arterial pressure, the artificial vasomotor
center commands an electrical stimulator to provide a stim-
ulus of the appropriate frequency to the vasomotor sympa-
thetic nerves. This recent innovation, BBS, was achieved to
revitalize baroreflex function in an animal model of central
baroreflex failure.
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40mmHg only in 2 seconds. In contrast, whereas the BBS
was activated, it automatically computed STM and appro-
priately stimulated the sympathetic nerves to quickly and
effectively attenuate the AP decrease. Such an AP response
to HUT during the real-time execution of the BBS was indis-
tinguishable from that during functioning of the native
baroreflex system. Therefore, the BBS was considered to
revitalize the native baroreflex function.

EPIDURAL CATHETER APPROACH FOR HUMAN
BIONIC BAROREFLEX SYSTEM

To apply BIONIC technology to patients, a neural inter-
face with quick and effective controllability of AP in humans
is needed. Here we proposed an epidural catheter approach
for the human BBS [4]. We percutaneously placed an
epidural catheter with a pair of electrodes at the level of Th9-
11, and then we randomly altered the stimulation frequency
between 0 and 20Hz (Fig. 116.4A). The step response com-
puted by the transfer function analysis showed that AP
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FIGURE 116.1 Central baroreflex failure and its functional replacement
by a bionic baroreflex system.

FIGURE 116.2 Block diagrams of native and bionic baroreflex systems.
HNative denotes the open-loop transfer function of the native baroreflex
system. HAPÆSTM and HSTMÆAP are the open-loop transfer functions from
arterial pressure (AP) to the frequency of electrical stimulation (STM) and
from STM to AP, respectively. Pd is an external disturbance in pressure.
(Modified from Sato, T., T. Kawada, M. Sugimachi, and K. Sunagawa.
2002. Bionic technology revitalizes native baroreflex function in rats with
baroreflex failure. Circulation 106:730–734.)

FIGURE 116.3 Real-time operation of the bionic baroreflex system
during head-up tilting (HUT). In a model of central baroreflex failure
(broken line), when the bionic baroreflex system was inactive, arterial pres-
sure (AP) decreased rapidly and severely immediately after HUT. Con-
versely, whereas the bionic baroreflex system was activated (thick line),
such an AP decrease was buffered as if the native baroreflex function (thin
line) was restored. Although sensing changes in AP, the bionic baroreflex
system automatically computed the frequency of electrical stimulation
(STM) of the sympathetic nerves and drove a stimulator. (Modified from
Sato, T., T. Kawada, M. Sugimachi, and K. Sunagawa. 2002. Bionic tech-
nology revitalizes native baroreflex function in rats with baroreflex failure.
Circulation 106:730–734.)



quickly responded to the electrical stimulation and reached
90% of the steady-state response at 21 ± 5 seconds (see Fig.
116.4B). The gain was 1.0 ± 0.3mmHg/Hz. Therefore, the
epidural approach would be a potential interface for the
human BBS.

CLINICAL IMPLICATIONS

For practical use of the BBS for patients with central
baroreflex failure, clinically applicable materials and
devices should be developed—that is, a pressure sensor, an
implantable stimulator, and stimulating electrodes. Fortu-
nately, certain difficulties posed by these challenges have
been already addressed in other areas of clinical practice to
some degree, and may be readily adaptable for use with the
BBS. For example, a tonometer has been developed as a
noninvasive continuous monitor of AP [5]. Implantable
pulse generators such as cardiac pacemakers can serve as
permanent electrical stimulators. Also, implantable wire
leads for nerve stimulation and epidural catheters for spinal
stimulation have been approved for the long-term treatment
of some neurologic disorders [6].
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nervous system (CNS) where they lead to the release of neu-
rotransmitters and neuromodulators that can have a pro-
found effect on several regions concerned with pain and
neural humoral regulation of the cardiovascular system. The
type of neuromodulator released depends on the afferent
stimulus. Low-frequency EA (2–6Hz) leads to the release of
endogenous opioids, including endorphins and enkephalins,
because the effects can be substantially reduced by nalox-
one (Fig. 117.1) [2]. Other neurotransmitters that may play
a role in low-frequency EA include g-aminobutyric acid and
serotonin [3]. Preliminary data suggest that nociceptin also
may play a role in low-frequency EA [4]. High-frequency
EA (>100Hz) also leads to the release of opioids, particu-
larly dynorphin [5]. Low-frequency EA has been used most
extensively in treatment of pain and cardiovascular condi-
tions, although there also may be a role for high-frequency
EA, both in treatment of pain and in clinical conditions asso-
ciated with hypotension. The increase in blood pressure
evoked by high-frequency EA in hypotensive conditions
may be associated with release of the neurotransmitter
acetylcholine [3]. Low-frequency EA does not alter resting
blood pressure of normotensive subjects, but it can reduce
blood pressure during sympathoexcitatory reflex responses.

NEUROLOGIC SUBSTRATE

Direct multiunit and single-unit recordings show that
stimulation of group III and probably group IV somatic
afferents constitute the predominate sensory input to the
CNS during acupuncture [6]. During percutaneous acupunc-
ture or transcutaneous epidermal nerve stimulation, to sim-
ulate EA, most patients report a sensation of heaviness,
tingling, numbness, or mild pain that is called DeQi by
physicians of TCM. These sensations, including the absence
of sharp pain, suggest that group III afferents form the pre-
dominate afferent pathway stimulated by low-frequency,
low-intensity EA. Histologic mapping studies, using c-Fos,
have shown that the hypothalamic supramammillary bodies,
arcuate nucleus, midbrain ventrolateral periaqueductal gray
(PAG), and caudal raphe, as well as the raphe obscurus and

Acupuncture has been practiced for more than 3000 years
in China [1], an important component of traditional Chinese
medicine (TCM). TCM includes evaluation of the pulse, the
tongue, and the general appearance of the patient and treat-
ment using acupuncture, massage, and herbal therapy. Tra-
ditional physicians use acupuncture in a variety of disease
conditions, which they describe as either having a deficiency
or excess of Qi (pronounced “Chi”), a term for energy that
flows through meridians and organ systems. The organs are
named similarly, but they are not anatomically identical to
the Western equivalent, including the heart, pericardium,
lung, spleen, kidney, liver, gallbladder, stomach, small and
large intestine, bladder and triple burner (no Western corre-
late). The use of acupuncture has spread to other countries,
including Korea and Japan, and more recently to the United
States and Europe. In practice, acupuncture is applied at one
or more of the greater than 600 acupuncture points (also
called acupoints) located along the meridians using thin
(~32ga) needles that are inserted and left in place or some-
times manipulated manually, or stimulated electrically
during electroacupuncture (EA). The actual practice varies
from country to country and from physician to physician,
but generally one acupuncture point, or more commonly a
combination of acupoints, is stimulated in an attempt to
restore Qi that is circulating through the meridians and their
associated organ systems. As alternatives to acupuncture,
acupressure or heat (called moxibustion) can be applied to
the acupoint. In addition to the classical 12 meridians, auric-
ular acupuncture, originating recently from Europe, is fre-
quently used in treatment.

WESTERN UNDERSTANDING OF ACUPUNCTURE

It is difficult to reconcile all aspects of acupuncture
according to our knowledge of anatomy and physiology.
However, many, if not all, of the meridians and their asso-
ciated acupoints are located over major peripheral somatic
neural pathways that can be stimulated by acupuncture
needles, pressure, or heat. Stimulated action potentials then
are transmitted by fine afferent nerve fibers to the central
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[4]. Much work remains to be done to fully define the
complex central neural interconnections and neurotransmit-
ter systems involved in EA regulation of sympathetic
outflow to the cardiovascular system.

CLINICAL ROLE OF ACUPUNCTURE

Strong randomized blinded controlled studies are avail-
able suggesting that acupuncture can be used clinically to
treat many, but not all, forms of pain [1, 5, 9–11]. For
example, a number of studies indicate that this therapy
reduces dental pain. There is a rich history in China of the
use of acupuncture as anesthesia. Currently, acupuncture is
used mainly as an adjunctive measure to decrease the doses
of injectable and inhalational anesthetics. There also is good
evidence suggesting that acupuncture reduces nausea and
vomiting [11]. A number of isolated studies indicate that
acupuncture also may be helpful in treatment of several 
cardiovascular disorders including hypertension, possibly
hypotensive disorders, myocardial ischemia (see Fig. 117.1),
and certain arrhythmias [3]. It appears that acupuncture,
especially EA, is useful in the treatment of these cardiovas-
cular disorders through its ability to alter premotor sym-
pathoexcitatory outflow from medullary regions like the
rVLM. The capability of acupuncture in reducing blood
pressure in hypertensive states and during excitatory
reflexes or to increase blood pressure in hypotensive condi-
tions has been documented both experimentally and clini-
cally, but deserves further study. Currently, prospective,
randomized, controlled, clinical studies are ongoing to more
rigorously define the role of acupuncture in treating hyper-
tension and other cardiovascular disorders.

OUTSTANDING ISSUES IN 
ACUPUNCTURE RESEARCH

Studies of acupuncture present a number of challenges.
Although we understand a great deal about this treatment
modality, much remains to be learned about the mechanism
by which acupuncture influences autonomic outflow and,
hence, the cardiovascular function. It is clear that the system
is complex, involving a number of neurotransmitters/neuro-
modulators and regions of the brain and spinal cord, with
many interactions likely and with different regions (e.g.,
pain vs. cardiovascular autonomic influences) playing a role
depending on the underlying condition and the specific
acupuncture input. Most acupuncturists perform an individ-
ualized form of therapy involving a combination of acu-
points that can vary from practitioner to practitioner [1, 5].
Point specificity, or the ability of a specific acupoint or a
combination of acupoints to cause a specific response, needs
further study. Another area is the substantial concern by
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FIGURE 117.1 Reflex increases in arterial blood pressure and regional
myocardial function after application of bradykinin 10 mg/ml) to the gall-
bladder (arrows). Regional function was measured with a single crystal
sonomicrometer system that assessed wall thickening (WTh), which was
measured online with a computer and expressed as percentage WTh. From
left to right are shown responses to blood pressure and cardiac function
after treatment with bradykinin under control normal coronary artery flow
conditions (A), after occlusion of a diagonal branch of the left anterior
descending coronary artery to create ischemia during gallbladder stimula-
tion (B), superimposition of 30 minutes of electroacupuncture (EA) (C) at
the Neiguan acupoints bilaterally, which are situated over the median nerve
and following intravenous administration of naloxone (0.4mg/kg) (D).
Naloxone was administered 5 to 10 minutes after termination of EA, at a
time when EA has been shown to significantly inhibit the ischemic
responses to the increased oxygen demand produced by the reflex increases
in arterial blood pressure after coronary artery occlusion. Because nalox-
one reversed the effect of EA, these results suggest that EA modulates the
reflexly induced myocardial ischemic response through an opioid mecha-
nism. (From Chao, D. M., L. L. Shen, S. Tjen-A-Looi, K. F. Pitsillides, P.
Li, and S. C. Longhurst. 1999. Naloxone reverses inhibitory effect of elec-
troacupuncture on sympathetic cardiovascular reflex responses. Am. J.
Physiol. 276:H2127–H2134, with permission.)

rostral ventral lateral medulla (rVLM), among other regions,
are activated during EA (Fig. 117.2) [3, 5, 7]. The arcuate
nucleus represents an important source of opioid peptides
that are either transported through direct neural connections
through the cerebrospinal fluid or via the circulatory system
to other regions such as the PAG and rVLM. Pharmacologic
studies have shown that m- and d-, but not k-opioid recep-
tors, in the rVLM are responsible for much of the inhibitory
effect of EA on sympathoexcitatory reflexes (Fig. 117.3) [8].
This information suggests that b-endorphin, endomorphin,
and met-enkephalin, but not dynorphin, serve as important
control neurotransmitters in low-frequency EA brainstem
modulation of sympathetic outflow to the cardiovascular
system. Likewise, preliminary studies indicate that noci-
ceptin in the rVLM also may play a role in this response 
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many scientists and practitioners that the acupuncture
response may simply represent a placebo effect that is not
much more than can be seen with sham intervention [11]. In
fact, placebo responses occur in many as 30 to 40% of
treated subjects and acupuncture leads to beneficial response
in only 70 to 80% of cases, suggesting a narrow difference
in response rate between the two treatments. Furthermore,

the mechanism of placebo, like acupuncture, involves the
endogenous opioid system [12]. A final issue that has to be
addressed with acupuncture is the difficulty of blinding the
subject and the acupuncturist [5, 11]. Experimental studies
are not complicated by this latter problem because anesthe-
sia is used. However, future clinical trials will need to con-
sider each of these issues.

FIGURE 117.2 Diagram of neural pathways and regions in central nervous system through which electroacupunc-
ture (EA) modifies sympathetic outflow and cardiovascular function. Because EA has the potential to attenuate sympa-
thoexcitatory cardiovascular reflexes, this model illustrates such reflex input through the splanchnic nerve (SN) from
gallbladder and stomach, which are stimulated by application of noxious chemicals like bradykinin (BK) or mechani-
cal stimulation with a balloon. Superimposed on this reflex is 30 minutes of EA at acupoints Neiguan and Zusanli (peri-
cardial or PE 6 and stomach or ST 36, located over the median [MN] and deep peroneal somatic nerves [DPN],
respectively). Somatic and visceral afferents enter spinal cord through dorsal horn and ascend through polysynaptic con-
nections to the brainstem and hypothalamus. Both somatic (EA) and visceral (reflex) input ascend to the midbrain ventral
lateral periaqueductal gray (vlPAG) and rostral ventral lateral medulla (rVLM) as shown by solid lines. In addition, EA
provides input to the arcuate nucleus (ARC) in the hypothalamus, an important site of production of opioid peptides.
Opioid peptides, including both endorphins and enkephalins, acting through m- and d-opioid receptors in the rVLM,
modify activity of premotor sympathoexcitatory neurons that project to the intermediolateral columns (IML) of the spinal
cord, which contain sympathetic motor fibers that innervate the heart and blood vessels. Thus, EA acting through an
opioid mechanism modulates sympathetic outflow during excitatory reflex stimulation. Such modulation has the poten-
tial capacity to limit demand-induced myocardial ischemia (as shown in Figure 117.1), arterial hypertension, and cardiac
arrhythmias.
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FIGURE 117.3 Reflex changes in mean arterial pressure (DMAP) during repeated stimulation of the gallbladder with
bradykinin and modulation of the reflex by electroacupuncture (EA) at the Neiguan acupoint. Immediately after termi-
nation of 30 minutes of EA, either antagonists (left) or, as a surrogate to EA, agonists (right) of one of three opioid
receptors were microinjected unilaterally into the rostral ventral lateral medulla (rVLM). There was reversal of EA-
related inhibition of reflex responses by the m- and d-opioid receptor antagonists, CTOP (B) and ICI-174-864 (A), and
transient reversal by the k-opioid receptor antagonist, nor-BNI (C). Similarly, the m- (D) and d-opioid (E), but not the
k-opioid (F) receptor agonists (as a surrogate for EA), modulated the reflex response to gallbladder stimulation. Thus,
endorphins (possibly endomorphin) and enkephalins, the ligands for the m- and d-opioid receptors, but not dynorphin,
the ligand for k-opioid receptors, are responsible in the rVLM for modulation of cardiovascular excitatory reflexes by
EA. (Modified from Li, P., S. Tjen-A-Looi, and J. C. Longhurst. 2001. Rostral ventrolateral medullary opioid receptor
subtypes in the inhibitory effect of electroacupuncture on reflex autonomic response in cats. Auton. Neurosci. 89:38–47,
with permission.)
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This method, however, is tedious and impractical for small
laboratory animals. Although immunologic and chemical
methods to kill NA neurons have been developed, surgical
ablation of non-NA sympathetic neurons and the adrenal
medulla are the only methods to remove these sympathetic
influences.

ANTI–NERVE GROWTH FACTOR
IMMUNOSYMPATHECTOMY

Treatment of neonates using anti-NGF antisera induces
sympathectomy in a number of species by deprivation of the
necessary NGF signaling, resulting in apoptosis of the NA
neuron. This treatment causes a 50% decrease in vascular
NA innervation with sparing of the adrenal chromaffin cells.
Immunosympathectomy can be performed antenatally by
injection of the antiserum to the pregnant female. In this
case, sensory and sympathetic neuron loss occurs. Similar
results are observed in NGF knockout mice. The effects of
anti-NGF on adult mice is not well characterized but is less
severe than in neonates.

IMMUNE-MEDIATED SYMPATHECTOMY

Immune-mediated forms of sympathetic lesioning in-
clude treatment with anti-dopamine b-hydroxylase (anti-
DBH) antibodies and with anti-acetylcholinesterase (AChE)
antibodies. The anti-DBH treatment causes reversible, 
complement-mediated damage of the NA neuronal terminal
in guinea pigs. Conversely, administration of anti-AChE to
rats leads to reversible, immune-mediated damage to the
preganglionic sympathetic terminals. This results in an 
alteration in plasma catecholamine levels and decreases in
adrenal medullary catecholamines without damage to
sensory neurons.

CHEMICAL SYMPATHECTOMY

6-Hydroxydopamine (6-OHDA), guanethidine, and 
N-(2-chloroethyl)-N-ethhyl-2-bromobenzylamine (DSP4)

Autonomic failure in animals is studied as a means to
determine the role of the autonomic nervous system in phys-
iologic regulation, the compensation as a result of denerva-
tion, and the therapeutic modalities for autonomic failure.
Experimentally, lesioning of the sympathetic nervous
system (sympathectomy) by numerous methods is well char-
acterized. These methods are reviewed in this chapter. Less
documented, but equally as important, are selective methods
to create experimental sympathetic and parasympathetic
autonomic failure in adult animals. Pathologic cases of auto-
nomic failure in animals are noted in the veterinary litera-
ture and also are described in this chapter.

SYMPATHECTOMY

The term sympathectomy used in this discussion refers
mainly to the lesioning of postganglionic noradrenergic
(NA) neurons and fibers except where noted. Although nor-
epinephrine depletion commonly is the desired effect, other
costored neurotransmitters (e.g., ATP, NPY, and enkephalins)
are depleted by sympathetic denervation. The multitude of
research studying the effects of sympathetic loss is made 
possible by the morphologically defined anatomy of the 
postganglionic sympathetic chains, the sensitivity of post-
ganglionic NA neurons to nerve growth factor (NGF) depri-
vation, and the phenotypic specialty of these neurons that
allows for the selective uptake of neurotoxins. A number of
relatively facile methods of inducing irreversible and
reversible sympathectomy in a number of species ranging
from nonhuman primates to mice have been described.
However, all possess advantages and disadvantages related
to the completeness of the lesion and age of susceptibility to
the toxin. In addition, methods that selectively target the NA
neurons would spare the non-NA sympathetic neurons such
as those that innervate the sweat glands.

SURGICAL SYMPATHECTOMY

Historically, surgical removal of the sympathetic chains
from cats by Arthur Cannon and co-workers was the first
method described to affect sympathetic nervous system loss.
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administration are three popular means of destroying NA
neurons and fibers on the basis of the selective uptake of
these chemicals by the presynaptic norepinephrine trans-
porter. 6-OHDA, after uptake into the NA fiber, undergoes
redox cycling leading to the formation of cytotoxic reactive
oxygen species. 6-OHDA lesioning in neonates of multiple
species causes irreversible loss of NA neurons, whereas in
adult animals it causes reversible damage to the synaptic 
terminal. Adrenal catecholamines are not decreased by 
6-OHDA.

Chronic guanethidine treatment, in contrast, causes irre-
versible, immune system–dependent destruction of NA
neurons in adults and neonates. However, in adult animals,
the treatment period entails daily injection of guanethidine
for approximately 6 weeks to affect a complete lesion.
Although guanethidine is transported into adrenal chromaf-
fin cells, adrenal catecholamine levels are not altered. Inter-
estingly, although guanethidine is used clinically without
neuronal damage, a related congener, guanacline was 
sympathotoxic to humans causing irreversible orthostatic
hypotension, reduced urinary catecholamine levels, and
parotid gland innervation.

The mechanism of action of DSP4 is unclear. It is able
to cross the blood–brain barrier and causes both peripheral
and central toxicity after intraperitoneal administration.
Recovery of peripheral catecholamine levels and histofluo-
rescence suggest a reversibility of the lesion. DSP4 lesions
serotonergic neurons through uptake by the serotonin 
reuptake transporter.

IMMUNOTOXIN SYMPATHECTOMY

A highly selective method of ablating peripheral NA
neurons was formed by chemically linking a monoclonal
antibody against DBH to the ribosome-inactivating protein,
saporin. The selectivity of this immunotoxin, anti-DBH
–saporin, is based on the binding and internalization of the
anti-DBH antibody to the membrane-bound form of DBH,
allowing entry of saporin, a potent cytotoxin, into the

neuron. Administration of anti-DBH-saporin causes irre-
versible loss of NA neurons in adults and neonates within 3
days of a single injection without damage to the nodose or
dorsal root ganglia. Although the immunotoxin accumulates
in the outer layer of adrenal chromaffin cells, plasma 
epinephrine levels are not decreased.

Another immunotoxin, 192-saporin, was formed using
saporin linked to a monoclonal antibody against the low
affinity, p75 NGF receptor. This immunotoxin destroys
peripheral, p75-expressing NA neurons and sensory neurons
of the nodose and dorsal root ganglia. The physiologic con-
sequences after peripheral administration of 192-saporin are
not well characterized.

PATHOLOGIC AUTONOMIC FAILURE 
IN ANIMALS

Autonomic failure consisting of parasympathetic and
sympathetic degeneration is documented in horses, dogs,
and cats. In horses, equine grass sickness consists of symp-
toms and pathology demonstrating peripheral autonomic
failure. A similar if not identical disease, the Key–Gaskell
syndrome, is observed in dogs and cats. Histologic analyses
of sympathetic and parasympathetic ganglia from affected
dogs show a marked loss or chromatolysis of neurons with
satellite cell infiltrate. The cause of this form of peripheral
autonomic failure is unknown. An incidence of 1/10,000
dogs has been noted in the rural midwestern United States.
These syndromes have high morbidity and current treat-
ments are for symptomatic relief only.
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appropriate dose of IT, which is internalized by the cells
bearing human IL-2Ra, resulting in elimination of these
cells through inhibition of protein synthesis. Because human
IL-2R does not respond to murine IL-2, the expression of
transgene products causes no biological effects on the trans-
genic animals. In addition, the IT treatment is nontoxic to
healthy animals because of the specificity of IT. Therefore,
some phenotypic influences can be induced as a conse-
quence of the selective cell loss in the transgenic mice
treated with IT.

MODEL FOR AUTONOMIC NEUROPATHY

IMCT was used to generate an animal model that exhibits
autonomic failure caused by ablation of the peripheral cate-
cholaminergic cell types [7]. To express human IL-2Ra in
these cell types, the dopamine b-hydroxylase gene promoter
was used (Fig. 119.2A). In the transgenic mice, IL-2Ra was
expressed in the adrenal medulla chromaffin cells and the
sympathetic ganglion principal neurons (see Fig. 119.2B).
Systemic treatment of adult mice with IT (1.5mg/mouse
intravenously) induced degeneration of the peripheral cate-
cholaminergic cell types in the transgenic mice, and, in 
particular, the sympathetic nerve fibers terminating the
peripheral tissues were markedly decreased (Fig. 119.3).
The histopathologic examination indicated no apparent
damages in many other cell types in the treated transgenic
mice. However, blood congestion in vessels in various
tissues and pulmonary edema were seen in the transgenic
mice showing signs of cardiovascular deficits. The degener-
ation was accompanied by a reduction in noradrenaline and
adrenaline levels in the peripheral tissues. The treated trans-
genic mice displayed progressive phenotypic abnormalities
including cardiac dysfunction and hypothermia (Fig. 119.4).
The cardiac dysfunction was mainly characterized by a
marked reduction in heart rate and prolongation of the 
P-Q interval in electrocardiography. These abnormalities
reflected deficits in autonomic regulation of heart function

TRANSGENIC ANIMAL MODEL

Activity of the autonomic nervous system including sym-
pathetic and parasympathetic pathways is controlled under
the brain and spinal cord functions. Development of several
autonomic disorders is closely linked to degeneration of
specific cell types in the central and peripheral nervous
systems [1]. In particular, pure autonomic failure or idio-
pathic orthostatic hypotension is mainly characterized by
lesion of the sympathetic nervous system [2]. For a clearer
understanding of the etiology and pathogenesis of auto-
nomic disorders, it is necessary to have animal models in
which degeneration of the causative neuronal types can be
induced. Immunotoxin-mediated cell targeting (IMCT) is a
technique for conditional genetic ablation of specific cell
types in transgenic mice [3, 4]. IMCT provides a useful
approach for generating animal models for human neuro-
degenerative disorders. It also has been used to eliminate
selective neuronal types from the complex neuronal network
in the brain [5, 6]. In this chapter, we describe the strategy
of IMCT and its use to generate a transgenic mouse model
for autonomic neuropathy derived from disruption of the
peripheral catecholaminergic cell types [7].

EXPERIMENTAL STRATEGY OF IMMUNOTOXIN-
MEDIATED CELL TARGETING TECHNIQUE

IMCT is designed on the basis of the species-specific
action of anti-Tac–based recombinant immunotoxin (IT),
which selectively kills the cell type bearing human inter-
leukin-2 receptor a-subunit (IL-2Ra) [8, 9]. The recombi-
nant IT is composed of the variable heavy and light chains
of the anti-Tac antibody, a monoclonal antibody against
human IL-2Ra fused a truncated form of Pseudomonas exo-
toxin. It selectively recognizes human IL-2R, but does not
cross-react with murine IL-2R. In the strategy of IMCT (Fig.
119.1), transgenic mice are generated that express human
IL-2Ra under the control of a cell type-specific gene pro-
moter. Subsequently, these animals are treated with an
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and cardiovascular system because of ablation of the periph-
eral catecholaminergic cell types.

FUTURE ASPECTS

IMCT provides a technique for conditionally ablating
specific neuronal types involved in autonomic functions. It
is possible to differentially target the central and peripheral
nervous systems depending on the impermeability of IT
across blood–brain barrier. The intracerebroventricular
injection is applicable for targeting the cells in the central

nervous system [3], whereas the intravenous injection is
applicable for targeting the cells in the peripheral nervous
system [7]. To optimize the human IL-2Ra expression in the
transgenic mice, the knockin strategy with gene targeting is
feasible that introduces the transgene cassette into the target
gene locus of the interest. Furthermore, the knockin of the
cassette located downstream of an internal ribosome entry
site into the 3¢-untranslated region of the target gene enables
IL-2Ra expression in the restricted cell types, while pre-
serving the intact target gene expression [10]. IMCT will be
useful for elucidating the role of different neuronal types and
their interactions in the development and in the symptoms
of autonomic disorders.

FIGURE 119.1 Strategy for immunotoxin-mediated cell targeting. Human interleukin-2 receptor a-subunit (IL-2Ra)
is expressed in specific cell types in transgenic mice under the control of an appropriate tissue-specific gene promoter.
Adult transgenic mice are treated with anti-Tac-based immunotoxin (IT), and the cells bearing the receptor are disrupted
by the cytotoxic activity of the IT. (See Color Insert)

FIGURE 119.2 Generation of transgenic mice expressing interleukin-2 receptor a-subunit (IL-2Ra) in specific cell
types. (A) Transgene containing the 4-kb promoter of the human dopamine b-hydroxylase (DBH) gene connected to
the human IL-2Ra gene cassette. (B) Expression of human IL-2Ra in the superior cervical ganglion (SCG) and adrenal
gland in the transgenic mice revealed by immunohistochemistry with anti-Tac antibody. Scale bar = 100mm.
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FIGURE 119.3 Ablation of the target cell types by immunotoxin (IT) injection. Histology of tissue sections prepared
from the IT-injected mice 3 days after the injection. (A and B) Hematoxylin and eosin staining. The insets show four-
fold magnifications. In the transgenic section, a decrease in staining intensity and vacuolation in the cytosol in the
medullary cells are evident, indicating cell degeneration as a consequence of IT action. (C–H) Immunostaining with
anti–tyrosine hydroxylase antibody. In the transgenic mice, degeneration and loss of the sympathetic nerve fibers inner-
vating the heart, lung, and kidney are remarkable. Scale bar = 100mm.



438 Part XIV. Experimental Autonomic Neuroscience

References

1. Robertson, D., and I. Biaggioni. 1995. Disorders of the autonomic
nervous systems. Luxembourg: Harvard Academic Publishers.

2. Robertson, D., C. Beck, T. Gary, and M. Picklo. 1993. Classification
of autonomic disorders. Int. Angiol. 12:93–102.

3. Kobayashi, K., S. Morita, H. Sawada, T. Mizuguchi, K. Yamada, I.
Nagatsu, K. Fujita, R. J. Kreitman, I. Pastan, and T. Nagatsu. 1995.
Immunotoxin-mediated conditional disruption of specific neurons in
transgenic mice. Proc. Natl. Acad. Sci. USA 92:1132–1136.

4. Kobayashi, K., I. Pastan, and T. Nagatsu. 1997. Controlled genetic
ablation by immunotoxin-mediated cell targeting. In Transgenic
animals: Generation and use, ed. L. M. Houdebine, 331–336. 
Amsterdam: Harwood Academic Publishers.

5. Watanabe, D., H. Inokawa, K. Hashimoto, N. Suzuki, M. Kano, R.
Shigemoto, T. Hirano, K. Toyama, S. Kaneko, M. Yokoi, K. Moriyoshi,
M. Suzuki, K. Kobayashi, T. Nagatsu, I. Pastan, and S. Nakanishi.
1998. Ablation of cerebellar Golgi cells disrupts synaptic integration
involving GABA inhibition and NMDA receptor activation in motor
coordination. Cell 95:17–27.

6. Kaneko, S., T. Hikida, D. Watanabe, H. Ichinose, T. Nagatsu, R. J. 
Kreitman, I. Pastan, and S. Nakanishi. 2000. Synaptic integration 

mediated by striatal cholinergic interneurons in basal ganglia function.
Science 289:633–637.

7. Sawada, H., K. Nishii, T. Suzuki, K. Hasegawa, T. Hata, I. Nagatsu,
R. J. Kreitman, I. Pastan, T. Nagatsu, and K. Kobayashi. 1998. 
Autonomic neuropathy in transgenic mice caused by immunotoxin 
targeting of the peripheral nervous system. J. Neurosci. Res. 51:162–
173.

8. Chaudhary, V. K., C. Queen, R. P. Junghans, T. A. Waldmann, D. J.
FitzGerald, and I. Pastan. 1989. A recombinant immunotoxin consist-
ing of two antibody variable domains fused to Pseudomonas exotoxin.
Nature 339:394–397.

9. Kreitman, R. J., P. Bailon, V. K. Chaudhary, D. J. P. FitzGerald, and I.
Pastan. 1994. Recombinant immunotoxins containing anti-Tac(Fv) and
derivatives of Pseudomonas exotoxin produce complete regression in
mice of an interleukin-2 receptor-expressing human carcinoma. Blood
83:426–434.

10. Kobayashi, T., Y. Kida, T. Kaneko, I. Pastan, and K. Kobayashi. 2001.
Efficient ablation by immunotoxin-mediated cell targeting of the cell
types that express human interleukin-2 receptor depending on the inter-
nal ribosome entry site. J. Gene Med. 3:505–510.
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and dissection of central versus peripheral regulation of
heart rate and blood pressure (MAO-A/B double knockout)
[11], the role of nicotinic acetylcholine receptor (nAChR)
subunits in neurotransmitter release and orthostatic tachy-
cardia (a3 and a7 nAChR knockouts) [12], ANS-independ-
ent regulation of blood pressure (endothelial [eNOS] and
neuronal nitric oxide synthase [nNOS] knockouts) [13, 14],
the role of norepinephrine and dopamine in cardiovascular
development (tyrosine hydroxylase [TH] knockout) [15],
and sudden death (vesicular monoamine transporter 2 
heterozygote) [16].

Regrettably, the number of transgenic mouse models tab-
ulated in this report has been limited to conserve space.
Among the excluded are genetic manipulations resulting in
embryonic or neonatal death. However, despite the obvious
limitations in assessment of an adult phenotype, many are
nonetheless worthy of brief mention. For example, there is
an estimated 70% and 90% embryonic mortality rate in mice
homozygous for the deletion of the b1-adrenoreceptor on a
mixed strain background versus a fixed 129/Sv background,
respectively [53]. Intuitively, one may assume that baseline
heart rate would be decreased because b1-AR signaling
mediates cardiac sympathetic activity, yet adult survivors
exhibit normal baseline heart rate and blood pressure,
although they lack chronotropic and inotropic responses to
b-AR agonists. Similar embryonic lethality occurs with
deletion of the G protein–coupled receptor kinase, bARK1
[54], which encodes the cytosolic enzyme responsible for
phosphorylation of b1-AR and receptor desensitization. Phe-
notypic analysis has revealed that embryonic knockouts are
smaller in size with an enlarged right atrium, myocardial
thinning, and overall myocardial hypoplasia. Decreased
cardiac ejection was visualized with intravital microscopy
in utero, suggesting heart failure as a probable cause of death
with underlying ventricular chamber dysfunction and an
associated thin myocardium syndrome. Similar cardiac
developmental defects are seen with genetic deletion of the
transcription factors RXRa [55], N-myc [56], TEF-1 [57],

Disruption or overexpression of targeted mouse genes
has been a boon to understanding the effect of individual
genes in mammalian physiology. There has been an ava-
lanche of reports describing historically well recognized
genes, as well as a number of seemingly unrelated genes,
that have a significant impact on autonomic nervous system
(ANS) function. This review focuses primarily on knockout
and transgenic mice with an autonomic phenotype charac-
terized by altered blood pressure, cardiac function, sympa-
thetic nerve activity, or catecholamine levels. Certain
ancillary mouse models also have been included for their
notable autonomic phenotypes, such as those with an exag-
gerated pressor response, hyperactivity, altered metabolism,
or end organ dysfunction. Because of the sheer number of
transgenic animals currently being studied, some will
undoubtedly be underrepresented or left out. In particular,
animals reported to have a behavioral phenotype, learning
or memory deficit, altered nociception, motor difficulties, or
an atypical pharmacologic response may, in fact, also reflect
altered autonomic function. Without specific testing,
however, prediction of a correlative autonomic phenotype is
mere speculation; therefore, refer to the many excellent
reviews for descriptions of these animal models [1–6].

A large number of publications are available that describe
knockout and transgenic mouse models with autonomic phe-
notypes characterized by altered blood pressure, heart rate,
or nerve activity measurements. Table 120.1 lists represen-
tative data compiled from reports of baseline heart rate 
and blood pressure measurements, weight, fertility, cate-
cholamine levels and sympathetic tone, and phenotypic
descriptions relevant to autonomic regulation of the heart
and vasculature. Among those of particular interest are
mouse models that may broaden our understanding of the
pathophysiology of human autonomic disorders with dis-
cernible hemodynamic aberrations, such as multiple system
atrophy (a1B-adrenergic receptor (AR) overexpression) [7],
pure autonomic failure (a1B [CaV2.2] N-type voltage-
dependent Ca2+ channel (VDCC) knockout) [8], dopamine
b-hydroxylase (DBH) deficiency [9], the circadian variation
of heart rate (Gsa) [10], dopamine and norepinephrine uptake
kinetics (monoamine oxidase type A [MAO-A] knockout)
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TABLE 120.1 Autonomic/Cardiovascular Phenotypes of Knockout (-) and Transgenic (OE) Mice

Gene or Gene CAT
Product Exp Fert Wt BP HR Source NE Epi DA DOPAC HVA 5HT 5HIAA Phenotype Model of Human Disease References

a1A-AR - ´ ´ cardiac contractility; pressor cardiac development; contractile [17]
response to PE diversity of vascular beds

a1B-AR OE age-related neurodegeneration; multiple system atrophy (MSA); [17, 18]
(+/-) (+/+) TH in substantia nigra; grand epilepsy; contractile 

mal seizure; hindlimb dysfunction; cardiac 
dysfunction; cardiac hypertrophy
hypertrophy; total plasma 
catecholamines (NE + Epi)

a1D-AR - ´ ´ ´ CATs agonist-induced pressor efficacy of a1D-AR antagonists [19]
´ response & contractility in aorta in salt-sensitive hypertension;

& mesenteric arterial bed; contractile diversity of 
< BP after subtotal vascular beds; comparative 
nephrectomy & salt diet role of a1A-AR

a2A-AR - ´ ´ P ´ sympathetic tone; shortened a2-AR sympathoinhibition; [20–22]
T/H onset of salt-sensitive hypertension

hypertension
a2B-AR - ´ ´ ´ ´ P ´ Mendelian ratios (12% at immediate hypertensive response [23, 24]

weaning); body fat to a2-AR agonists; 
hypertension; metabolism

a1B (Cav2.2) - ´ ´ P ´ sympathetic tone; << BP with PAF; N-type VDCC regulation [8, 25]
N-type VDCC bilateral carotid artery occlusion; of sympathetic neurotransmitter

aortic contractility with PE or release; baroreflex; 
thromboxane A2; diabetes hypertension; diabetes

a1D (Cacna 1d) - ´ ´ P ´ bradycardia; arrhythmias; congenital deafness; SA node [26]
L-type VDCC myocardial ischemia; deafness; pacemaker activity; CHF

Mendelian ratios (15%)
b1-AR OEd ´ sympathetic tone; ´BRS; exercise tolerance [27, 28]

HRV; exercise capacity
b2-AR OEf ±g cardiac hypertrophy pheochromocytoma [29]
aCGRP - ´ U a a a sympathetic tone; baroreflex-mediated tachycardia [30]

vagal tone; HRV
COMT - ´ ´ ´ T/B ´ ´ ´ HVA:DOPAC in brain; Na+ excretion; salt-sensitive [31, 32]

U a ´ DA in � frontal cortex; hypertension; sex differences in
baroreflex-mediated tachycardia; catecholamine metabolism;

natriuresis; anxiety (�); anxiety syndromes & OCD; 
� aggression (+/-) gene dosage effect

D2DAR - ´ U ´ ´ sympathetic tone; weight (+/-) endothelin B-mediated [33]
hypertension; Na+ excretion
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D5DAR - ´ ´ i T/A ´ ´ sympathetic tone; E/NE ratio; hypertension; role of oxytocin [34]
BP > post a-AR blockade or dependent sensitization of

adrenalectomy; BP with vasopressin & non-NMDA
oxytocin antagonist; cardiac glutamatergic receptors in
hypertrophy modulation of sympathetic

outflow
DbH - j ´ T ND ND ND embryonic death, fetal rescue DbH deficiency; role of NE in [9]

� with maternal DOPS; NE in development, metabolism &
kidney & pancreas with DOPS; thermoregulation; peripheral
ptosis; hyperphagia; metabolic amine precursor uptake &
rate; UCP1 in brown fat decarboxylation

ER-b - ´ ´ i ´ aortic NO release (�); age-dependent hypertension; role [35–38]
vasoconstriction; anxiety of ER in NO release, CNS

(�); progressive neuronal neuronal maintenance & 
hypocellularity, including LC lifespan; sex differences in
& NTS, � > �; astroglia neurodegeneration & anxiety

Gsa OEf circadian HR variation; role of Gs protein in b-AR [10]
respiratory rate; LF, HF, signaling; circadian variation of
LF :HF, TP, SDRR HR; cardiomyopathy

KKAy OE ´ U sympathetic tone; hyperphagia; role of leptin in mature-onset [39]
insulin; leptin; urine obsesity-related hypertension,

output diabetes, & melanocortin
antagonism

Leptin OE ´ U sympathetic tone; hypophagia; role of leptin in sustained [39]
loss of AT; insulin; hypertension with caloric

leptinemia; restriction; hypothalamic
insulin hypersensitivity melanocortin system

MAO-A - ´n T/B ´MAO-B, ´COMT; BRS; BRS; role of 5-HT & NE in [11, 40]
atypical 5-HT uptake by DAT development/maturation of
& NET in fetal & neonatal somatosensory & locomotor
hypothalamus & brainstem neuronal networks; DAT & 
(LC); altered thermoregulation; NET uptake kinetics; 5-HT

motor function; behavioral metabolism via MAO-B; 
changes thermoregulation; behavior

MAO-B - ´ ´ T/B ´ ´ ´ ´ ´ ´ phenylethylamine (PEA); PEA modulation of central [11]
´MAO-A; ´COMT; sympathetic activity & 
´behavior; absence of MPTP- peripheral VSM contraction; 
induced neurodegeneration PEA inhibition of DA, NE, 

5-HT uptake
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TABLE 120.1 (continued)

Gene or Gene CAT
Product Exp Fert Wt BP HR Source NE Epi DA DOPAC HVA 5HT 5HIAA Phenotype Model of Human Disease References

MAO-A/B Mo ´ a T/B ND � test group; PEA; BRS; role of NE, 5-HT & PEA in [11, 41, 42]
/- vagal tone; ´HRV; VLF, central vs. peripheral HR/BP

U ND LF, HF; hyperreactivity to regulation; ANS function in
handling Norrie’s disease &

pheochromocytoma
M2,3 mAChR -- ´ ´ sympathetic tone; BRS; ´GI BRS; cholinergic regulation of GI [43]

morphology; salivation; motility & sex differences in
urinary retention (�); urination; role of M2 in pupil
mydriasis dilation

a3 nAChR - neonatal/postnatal death; megacystis-microcolon-intestinal [12, 44]
pupil dilation, response to hypoperistalsis syndrome;

light; mydriasis/ptosis; bladder idiopathic autonomic 
distention, contractility neuropathy, orthostatic 

tachycardia
a7 nAChR - ´ ´ ´ T/H ´ NE release; baroreflex- baroreflex; syncope; [12, 45]

mediated tachycardia; b-AR hypertension; CHF; role of
supersensitivity nACHRs in neurotransmitter

release
b2,4 nAChR -- neonatal death (>90%); pupil multiorgan autonomic [46]

dilation, response to light; dysfunction; megacystis-
mydriasis/ptosis; bladder microcolon-intestinal
distention, contractility; hypoperistalsis syndrome
hypoperistalsis

NKCCI - ´ weanling mortality; GI hypotension; efficacy of [47, 48]
� bleeding; salivation; deaf; furosemide in venous return;

astrocyte EAA release; impaired K+ & Cl- secretion
venous contractility

eNOS - ´ BP variability; ´BRS; LF; ANS-independent regulation of [14, 49, 50]
(NOS3) cardiac hypertrophy; BP; eNOS modulation of bAR

contractility; kidney renin signaling & L-type VDCC
activation

nNOS - ´ ´ ´ vagal tone; HRV; cardiac HRV; NO central vs. peripheral [13, 14, 51]
(NOS1) hypertrophy; ´BRS; DHR & regulation of parasympathetic

HRV pressor response with G activity; nNOS modulation of
protein inactivation; ACh bAR- & G protein–independent
release in small intestine cardioinhibition
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ob - ´ U ´ a leptin deficient; obese; > BP role of leptin in sympathetic tone, [39]
with leptin despite weight loss hypertension & metabolism

TH - N/A embryonic death (≥97%), role of NE & DA in [15]
postnatal death by 4wk; cardiovascular development
embryonic bradycardia

VMAT2 - ´ T/B ´ neonatal death; hypoactive; impaired monoamine storage and [52]
hypothermia; suckling; release

VMAT2 +/- ´ ´ QT interval; sudden death; impaired monoamine storage and [16, 52]
psychostimulant sensitization release; gene dose effect; 

sudden death

increased; decreased; ´ no changes; 5-HT, 5-hydroxytryptamine (serotonin); 5-HIAA, 5-hydroxyindole acetic acid; A, adrenal; ANS, autonomic nervous system; B, brain; blank, not reported;
BP, blood pressure; BRS, baroreflex sensitivity; CGRP, calcitonin gene–related peptide; CHF, congestive heart failure; CNS, central nervous system; COMT, catechol-O–methyl transferase; DA, dopamine;
DBH, dopamine b-hydroxylase; DOPS, dihydroxyphenylserine; eNOS, endothelial nitric oxide synthase; Epi, epinephrine; GI, gastrointestinal; H, heart; HF, high frequency; HR, heart rate; HVA,
homovanillic acid; K, kidney; KO, knockout; LF, low frequency; M, mutation; mAChR, muscarinic acetylcholine receptor; MAO-A, monoamine oxidase type A; MAO-B, monoamine oxidase type B;
MSA, multiple system atrophy; N/A, not applicable; nAChR, nicotinic acetylcholine receptor; ND, below limit of detection; NE, norepinephrine; NET, norepinephrine transporter; NMDA, N-methyl-d-
aspartate; nNOS, neuronal nitric oxide synthase; NO, nitric oxide; NTS, nucleus tractus solitarii; OE, overexpression/transgenic; P, plasma; PAF, pure autonomic failure; PEA, phenylethylamine; SA,
sinoatrial; T, tissue; TH, tyrosine hydroxylase; U, urine; UE, underexpression; VMAT, vesicular monoamine transporter.

a Notable trend, not statistically significant.
b Outbred.
c Response to graded treadmill exercise.
d 8¥ atrial OE.
e Response to exercise or epinephrine.
f Cardiac expression.
g Gene dose-dependent BP increase or decrease.
h Peptide inhibitor of bARK1 ¥ calsequestrin.
i Age dependent.
j Improved 55% with DOPS.
k Guanosine triphosphate cyclohydrolase I (e.g., TH) deficiency in hph-l mouse mutant.
l Liver-inducible, inactivated at 4 weeks.
m Greater in female individuals (�).
n Altered reproductive behaviors.
o X-linked mutation of MAO-A in MAO-B (-/-) males.
p TH knockout with DbH targeted expression in noradrenergic neurons.
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and WT-1 [58], suggesting a convergence in the develop-
mental expression of these transcription factors and G
protein–coupled receptor signaling during cardiogenesis
[54].

Abnormal cardiac development also occurs in a1AB-AR
double knockout mice with a reduced adult heart size [17],
whereas cardiac hypertrophy is a common finding in mice
overexpressing a1B-AR, and animals deficient in a2AC-AR,
b2-AR, endothelial- or neuronal-derived NOS (eNOS,
nNOS, and the e/nNOS double knockout), as well as the
gene encoding the natriuretic peptide receptor A, Npr1 [14,
24, 59, 60]. These and other seemingly tangential mouse
models may also provide insight into autonomic compensa-
tory mechanisms that develop in an attempt to maintain
hemodynamic balance. Future interest in the characteriza-
tion of autonomic phenotype is predicted for mice deficient
in b1-AR or b1,2-AR (exercise tolerance) [61], the estrogen
receptor a (ER-a; cardiac L-type Ca2+ channels and arrhyth-
mia) [62], the G protein–activated inwardly rectifying potas-
sium channel, GIRK4 (HRV postmyocardial infarction)
[63], and the G protein–coupled receptor kinase, GRK3 
(role of M2 muscarinic AChR in cardioinhibition) [64]. Of
similar appeal are genetic deletions that at first glance would
not arouse expectations for a significant impact on the 
cardiovasculature, but may nevertheless reveal autonomic
abnormalities, such as the adenosine A2a receptor (hyperag-
gression, hypoalgesia) [65], the a2C-AR (thermoregulation)
[66], the b3- and b1,2,3-ARs (obesity, cold intolerance) [67,
68], the dopamine (hyperactivity, psychosis) and serotonin
transporters (thermogenesis) [69, 70], the guanosine triphos-
phate cyclohydrolase I, GTP-CHI (TH deficiency, progres-
sive dystonia) [71], and the M2 and M3 muscarinic AChRs
(pupil dilation, sex differences in micturition) [72].

Other homologous recombinants are noteworthy for 
profound developmental abnormalities in the ANS. Mice
lacking various constituents of the glial cell line–derived
neurotrophic factor (GDNF) family of ligands were studied
by Enomoto and colleagues [73], including the receptor
tyrosine kinase RET, GDNF, GDNF/neurturin (NRTN), and
the GDNF family receptor a2 (GFRa). These molecules are
essential for the development of cranial parasympathetic
ganglia; RET, in particular, is required for development of
sphenopalatine, otic, and submandibular ganglia, whereas
GDNF is crucial in RET/GFRa1 signaling that stimulates
proliferation and migration of ganglionic neuronal precur-
sors. A maturational switch in neurotrophic signaling is 
presumed because before ganglionic formation, parasympa-
thetic neuronal precursors are dependent on GDNF [74].
Later, however, NRTN assumes the role of neuronal trophic
support in the neonate, and receptor expression shifts
accordingly to reflect signaling through GFRa2. Targeted
disruption of upstream transcription factors that induce RET
expression further highlights the complex interdependence
of regulatory pathways affecting neural development before

RET/GFRa1 signaling. For example, expression of MASH1
precedes that of Phox2a, which, in turn, stimulates expres-
sion of RET. As might be expected, neuronal development
is severely blunted in both MASH1- and Phox2a-deficient
mice, and knockout animals die shortly after birth [75]. The
central effects of this elaborate genetic cascade are revealed
by the total absence of the locus ceruleus in both MASH1-
and Phox2a-deficient mice. Precursor neurons of the periph-
eral ANS, in contrast, undergo incomplete differentiation in
MASH1 knockout embryos and most sympathetic neurons,
certain enteric neurons, and paracardiac parasympathetic
ganglia undergo midgestational degeneration. The remain-
ing parasympathetic ganglia, however, are apparently
normal. This is in contrast to the phenotype of Phox2a-
deficient mice in which parasympathetic ganglia are com-
pletely missing. Ganglion formation, therefore, is believed
to require Phox2a activity in the presence of MASH1, yet
these results raise the possibility that parasympathetic 
ganglion development in the absence of MASH1 does 
not require Phox2a. Differentiation of sympathetic ganglia,
however, apparently requires MASH1-induced expression
of Phox2a or an alternate factor (e.g., Phox2b), because 
the neuronal primordia of Phox2a knockouts express
midgestational DbH, whereas the DbH gene remains silent
in MASH1-deficient mice [75]. Together, these data suggest
that alternative transcription factors may compensate for 
the absence of MASH1 or Phox2a, thereby allowing
parasympathetic ganglion formation, whereas both factors
are required for normal development of the noradrenergic
phenotype.

In good conscience, a cautionary statement must be
offered with regard to interpretation of results from this, or
any, report of genetic manipulation or hemodynamic assess-
ment in a mouse model. Although deletion or overexpres-
sion of an individual gene may truly reflect the effect of that
single gene on a particular outcome, it is also quite possible
that the underlying mechanisms of the observed phenotype
are, in fact, multifactorial. Phenotypic evaluation of animal
models designed to mimic human behavior and psychiatric
disorders has demonstrated that genetic makeup alone does
not dictate complex functional changes, and developmental
adaptation, background strain, and environmental variables
also must be considered when assigning phenotype [22, 76].
For example, adaptation may manifest itself as increased or
decreased expression of related genes in compensation for
the missing element, thus masking the true physiologic
uniqueness of the targeted gene. Moreover, multiple genes
are known to regulate blood pressure and cardiac function
[77], and phenotypic evaluation can be dramatically dis-
torted by factors such as age, sex, detection method, anes-
thesia, postoperative recovery period, restraint, isolation,
environmental novelty or stress, background strain(s) used
to generate the homologous recombinant, and the appro-
priate matching of control subjects [78–81]. Baseline 



catecholamine levels are equally dependent on many of the
same variables, the most important being anesthesia, han-
dling, restraint, and stress or fear [82]. In this review, there-
fore, hemodynamic values are preferentially reported from
conscious, unrestrained animals with telemetric data pre-
ferred over intraarterial catheterization, which, in turn, is
preferable to the tail-cuff method.

The true impact of targeted manipulation of the mouse
genome and its usefulness as a portal into the mechanistic
world of disease is yet to be fully realized, although results
gathered thus far have undeniably expanded medical and
scientific knowledge exponentially, with the future promis-
ing even greater returns. And, although objectionable to
some, such murine sacrifice will not be in vain so long as
we humans do not allow ourselves to forget that we are but
mere mammalian counterparts; on a loftier perch perhaps,
but atop branches of the same evolutionary tree. It is, there-
fore, more than a philosophic obligation as not-so-distant
relatives to be thorough in extracting all possible informa-
tion from a given animal model; this is a goal best achieved
with an interdisciplinary approach and a commitment to
continue search beyond the most obvious outcome. This
strategy is particularly applicable to the unobtrusive and
often overlooked ANS. The information provided here,
therefore, is offered in anticipation that more presumably
disparate genetic models of human disease will be recog-
nized for their underlying autonomic phenotype.
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Asthma, 133
Atherosclerotic disease, 218
Atropa belladonna, 72, 172
Atropine, 72, 162
Autoimmune autonomic neuropathy

AChR and, 208
characterization, 208
clinical course, 325–326
description, 324–325
diagnosis, 324–325
experimental, 208–209
paraneoplastic, 326
subset, 326
treatment, 326

Autonomic failure
amyloidotic, 320
anemia of, 421
animal models, 437–438
clinical assessment, 213–216
clonidine therapy, 424
erythropoietin therapy, 425–426
fludrocortisone therapy, 415–416
hypoadrenocorticism effects, 366–367
physical measures

external support, 408, 410
leg-crossing, 407
squatting, 407–408

pure, 309–311
SDB and, 362–365
sympathomimetic therapy, 423–424
yohimbine therapy, 424

Autonomic nervous system. See also
Parasympathetic nervous system;
Sympathetic nervous system

breathing and, 362
composition, 3
development

neural crest cells role, 6
signaling molecule regulation, 6–7
transcriptional code, 7–9

failure, assessments, 213–216
function, 20, 27–28

history, key features, 214t
neuroanatomy, 27–28
neurotransmitter phenotypes, 9
nitrergic neurotransmission, 91–92
pharmacology, 27–28
physical examination, 214t
-SCD, relationship, 245–246
sleep and, 362

Autonomic neuroeffector junction, 23
Autonomic neuromuscular junction

description, 29
electrophysiology, 30–31
model, 32
receptor localization, 31–32
structure, 29–30

Autonomic neuromuscular transmission, 34
Autonomic storms

causes, 257
clinical features, 257–258
definition, 257
in FD patients, 313
incidence, 257
paroxysmal sympathetic, 296
prognosis, 258–259
treatment, 258

AVP. See Vasopressin
Awareness, 196
Axons, 29

B
Baroreceptors, 147–148
Baroreflex

acute hypoxia and, 185
anesthesia effects, 175
Ang II effects, 169
bionic system

clinical implications, 429
description, 427
efficacy, 427–428
epidural catheter approach, 428–429
implementation, 427
theoretic aspects, 427

blockage, 81–82
characterization, 147
chronic hypoxia and, 186
dysfunction, CBTs and, 266
exercise and, 183–184
failure

causes, 267
diagnosing, 269–270
IOP and, 166–167
symptoms, 267–269
treatment, 270

function, effects of aging, 191
high-pressure, 173
integrated responses, 149–150
pathway, 81–82
resetting, 150–151
sensitivity, 378
study of, 148–149
tests, 215t, 378–379

Benzodiazepines, 172
Beta blockers, 245, 258, 262

Beta receptors, 27–28
Bethanechol, 71–72, 329
BH4. See Cofactor tetrahydrobiopterin
BHinf4/inf. See Tetrahydrobiopterin
Bile, 118–119
Bladder dysfunction, 288, 329
Blood flow

cerebral
neural innervation, 144
parasympathetic blockade, 146
parasympathetic innervation, 145–146
parasympathetic stimulation, 146
sympathetic innervation, 145

dermal, 152
integrative regulation, 346
ocular, 166
peripheral, effects of cocaine, 370
redistribution, 139
renal, 160
venoarteriolar reflex, 152–153

Blood pressure. See also Hypertension;
Orthostatic hypotension

acute hypoxia and, 185
anesthesia and, 173
chronic hypoxia and, 186
cocaine effects, 371
intraocular pressure and, 166
in pure autonomic failure, 309
regulation, 52–53, 267

Blood vessels
neurogenic control

differential vasomotor, 142–143
mechanisms, 139
parasympathetic component, 142
sympathetic component, 139–141
in veins, 142

Blood volume, 346–347, 349–350
Bone morphogenic proteins

cAMP enhancement, 7
characterization, 6
Mash1 expression, 7
in neural crest cell formation, 6–7

Bradycardia, 154
Bradykinin, 375
Brain. See also specific regions

blood flow, 144–146
central autonomic control, 17–19
circulation

neural innervation, 144
parasympathetic blockade, 146
parasympathetic innervation, 145–

146
parasympathetic stimulation, 146
sympathetic innervation, 145

damage
emotions and, 196
nonconscious learning, 195–196
nonconscious memory, 194, 197

dopamine receptors, 42–43
leptin sensitivity, 87
synaptic purinergic transmission, 64
thermoregulation and, 127
vasoregulation, aging and, 193
visceral afferent pathways, 103



Brainstem
adenosine effects, 67
anatomy, 4–5
disorders of, 296–297
dysfunction syndrome, 388

Breathing. See Respiratory system
Bromocriptine, 258
Bronchodilator nerves, 131–132

C
Caffeine, 412–413
Calcium

fluxes, identification, 34
influx, modulation, 35
intracellular, sources, 35
ions, 13, 74–76
ocular effects, 164
voltage-gated channels, 389

cAMP, 7
Carbachol, 163
Carcinoid tumors, 382–383
CARDIA. See Coronary Artery Risk

Development in Young Adults
Cardiac denervation syndrome, 331
Cardiovascular system. See also Heart

acute hypoxia and, 185
aging effects, 192
amino acid signaling, 81–82
autonomic regulation

adenosine and, 67, 69
description, 134
exercise and, 183–184
frequency domain assessment, 228–230
mammalian heart, 134–135
myocardial, 135–136
overview, 136–137
during panic attack, 393–394

chronic hypoxia and, 186
diabetes effects, 330–331
fludrocortisone effects, 414
hypovolemia syndrome and, 346
noradrenergic innervation, 44–45
reflex, amino acid, 81–82
reflex, visceral afferents, 107
rhythms

characterization, 114
functional significance, 228
neural rhythms and, 229

syncope and, 217–218
spinal cord injury, 298–299
stress response and, 190
vasodepressor reflex, 154–156
visceral afferents, 103–107

Catatonia, lethal, 258, 304
Catecholamines

analytic methods for, 238
a-AR binding, 50–51
cerebrospinal fluid levels, 237
excretion, 234
levels, idiopathic OH, 310
metabolism, 122, 234
plasma levels, 235–236
response, aging and, 192

thermogenesis and, 122–123
tissue levels, 237
urinary-free, 234

Catechol-O-methyltransferase, 48, 49
Caudal ventrolateral medulla, 168
CBTs. See Chemodectomas
CCD. See Cortical collecting duct
CCK. See Cholecystokinin
Central autonomic control, 17–19
Central nervous system

acupuncture and, 430
adenosine role, 66–67
autonomic storm effects, 257–259
BHinf4/inf deficiencies, 271
functions, sympathetic rhythm, 115
leptin activation, 88
regulation of energy homeostasis, 86
sexual function and, 116

Cerebrospinal fluid, 237
C-fibers, 130
CFS. See Chronic fatigue syndrome
cGMP. See Cyclic guanosine monophosphate
Chagas’ disease, 334–335
Charcot-Marie tooth, 319
Chemical coding, 25–27
Chemodectomas

catecholamine excretion, 264–265
characterization, 264
complications, 265–266
diagnosis, 264
incidence, 264
treatment, 265–266

Chemoreceptor reflex
acute hypoxia and, 185
Ang II and, 169
exercise and, 183–184

Chemosensitive visceral receptors, 104
Cheyne-Stokes, 363
CHF. See Congestive heart failure
Chiari type I malformation, 297
Chloral hydrate. See Clonidine
N-(2-Chloroethyl)-N-2-bromobenzylamine,

437–438
Cholecystokinin, 118
Cholinergic efferents, 131, 162–163
Cholinergic nerves, 9–10, 130
Cholinesterase, 163
Chromogranin A, 236
Chronic fatigue syndrome

characterization, 385
neurally mediated syncope and, 385–386
orthostatic intolerance, 385–386
postural tachycardia, 386

Chronic idiopathic hypovolemia. See
Hypovolemia syndrome

Chronic obstructive pulmonary diseases, 133
Ciguatera toxin, 337–338
Circulation. See Blood flow
Cisapride, 329
Cisplatinum, 337
Citalopram, 95–96
Clitoral engorgement, 116
Clonidine

baroreflex failure, 270
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characterization, 424
DBH patients, 275
FD patients, 314

Clozapine, 294
Cocaine

coronary effects, 370–371
ocular effects, 164
overdose, treatment, 371–372
peripheral circulation and, 370
thermoregulation and, 371

Cofactor tetrahydrobiopterin, 12
Colon, 121, 329
COMT. See Catechol-O-methyltransferase
Congestive heart failure, 170, 247–248
Continuous positive airway pressure, 364
COPD. See Chronic obstructive pulmonary

diseases
Copper transport, 277
Coronary Artery Risk Development in Young

Adults, 241
Cortical collecting duct, 178
Corticotropin-releasing factor, 189, 366
Cortisol, 402–403
Cough, 130
CPAP. See Continuous positive airway pressure
CRF. See Corticotropin-releasing factor
Cushing response, 258
Cutaneous circulation, 300
Cyclic guanosine monophosphate, 91
Cyclopentolate, 162

D
DA. See Dopamine
Dantrolene, 304
Dapiprazole, 164
Datura stramonium, 72, 162
DBH. See Dopamine ß-hydroxylase
DDC. See Dopa decarboxylase
Defecation, 121
Dehydration, 193
Dementia with Lewy bodies

characterization, 293
hallucinations and, 293–294
management, 293–294
pathology, 204
symptoms, 293
treatment, 293–294

Desflurane, 172
Desglymidodrine, 423
Dextroamphetamine, 424
dHand, 8–9
DHPG. See Dihydroxyphenyl glycol
DHPR. See Dihydropteridine reductase
Diabetes mellitus

type 1
ANS response, 401
exercise and, 402
HAAD-induction, 401–402
progression, delaying, 401

type 2, 123, 360
Diabetic autonomic dysfunction

effects on
adrenal medulla, 330
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Diabetic autonomic dysfunction (continued)
bladder, 329
cardiovascular system, 330–331
colon, 329
esophagus, 328
gallbladder, 329
iris, 328
reproductive organs, 329–330
stomach, 328–329
sudomotor, 330

SDB and, 364
Diazepam, 314
Diencephalon, 295–296
Dihydropteridine reductase, 45
3,4-Dihydroxyphensylserine, 420
l-Dihydroxyphenylalanine

in GI tract, 176–177
in kidneys, 176
PTC supply, 178

Dihydroxyphenyl glycol, 236, 283
DLB See Dementia with Lewy bodies
DNA, 202–203
Donepezil, 293
Dopa decarboxylase, 36
Dopamine

characterization, 39
food consumption and, 177
function, 39
GI tract-associated, 176–177
neurons

recycling, 36–37
release, 36
storage, 36
synthesis, 36

plasma levels, 236
renal

excretion, 178
formation, 178
function, 176
hypertension and, 180
RAS interactions, 178–179
receptor expression, 178–179
sodium excretion, 178–179

response, aging and, 192
sulfate, 177

Dopamine decarboxylase, 36
Dopamine receptors

distribution, 42–43
gene structure, 39
oligomerization, 41–42
peripheral distribution, 43
pharmacology, 42
regulation, 43
signal transduction, 40–41
structure, 39–40

Dopamine ß-hydroxylase
characterization, 236
deficiency

clinical presentation, 274
diagnosis, 274–275
genetics, 275
Menkes disease and, 277–278
treatment, 275–276

in FD patients, 313
function, 9

gene expression, 9
in NE synthesis, 46
regulation, 6
in transmitter synthesis, 36
l-DOPA. See l-Dihydroxyphenylalanine

DOPS. See 3,4-Dihydroxyphensylserine;
l-Threo3,4,-dihydroxyphenylserine

Drosophila, 206
Drug-induced autonomic dysfunction, 

336–338
DSP4, N–(2–Chloroethyl)–N–

2–bromobenzylamine
Dysautonomia

DLB patients, 294
familial, 312–315
life-threatening, 332

Dysautonomic crises. See Autonomic storms
Dysphagia, 288, 328
Dysreflexia, 299–300
Dystonia, disabling, 259

E
EJPs. See Excitatory junction potentials
Electrical syncytium, 13
Electroconvulsive therapy, 304
Electrophysiology
ELISA. See Enzyme-linked immunoassay
Endothelial cells, 34
Energy, 86, 89
Enteric neuronopathy, 388
Enzyme-linked immunoassay, 238
Ephedrine

autonomic failure therapy, 423
dosing, 419
mechanism of action, 418
ocular effects, 164
side effects, 418–418

Epinephrine
cotransmission in SNS, 391–392
in hyperalgesic behavior, 375
levels, 24-hour rhythm, 189
metabolism regulation, 122
ocular effects, 164
plasma levels, 236
stress response, 44

Erectile dysfunction. See also Penis
definition, 359
diabetes and, 329–330
endocrine disorders, 360
etiologic factors, 359
neurogenic, 360
neuromuscular junction disorders, 

359–360
nitrergic neurotransmission, 92
treatment, 360–361

Erythropoietin, 425–426
Eserine. See Physostigmine
Esophagus, 328
Excitatory junction potentials, 61
Exercise

ANS and, 183–184
diabetes I patients and, 402
endurance, syncope and, 252

induced HAAD, 402
pressor reflex, 109–110

Eye
blood flow, 166
dysfunction, autonomic, 166–167
dysfunction, diabetes-associated, 328
intraocular pressure, 166–167
pupil, 162–164
rapid movements, 362

F
Fabry’s disease

ANS involvement, 316–317
characterization, 316
diagnosis, 317
symptoms, 316
treatment, 317

Face recognition, 194–197
Familial dysautonomia

biochemistry, 313
characterization, 312
diagnosis, 312
genetics, 312
pathology, 312–313
prognosis, 314–315
symptoms, 313–314
treatment, 313–314

Famotidine, 329
Fast Fourier Transform, 228
Fasting, 120–121, 123
Fatal familial insomnia, 296
FD. See Familial dysautonomia
First bite syndrome, 266
Fludrocortisone, 251, 415–416
Forebrain, 4, 18–19
Free radicals

cellular damage, 201–203
cellular repair, 202
oxidative stress, 201

G
GABA, g–Aminobutyric acid
Galanin, 141
Gallbladder, 329
Ganglia

chemical coding, 26–27
neurotransmission, 66
peripheral, 21–22
prevertebral, 20–21
SNS, characterization, 20–23
superior cervical, 20, 23
synaptic purinergic transmission, 64
terminal, 20–21

Gap junctions, 30
Gastric secretion, 118
Gastrointestinal tract. See also specific 

organs
carcinoid tumors, 382–383
cyclical activity, 121
diabetes effects, 328–329
dopamine in, 176–177
FD patients, 314
GBS effects, 332



motility, control of, 119
motor activity, 118
motor function, 119–121
in porphyria, 317–318
secretions, 118–119
spinal cord injury, 301
stress response and, 190

GATA3, 8
GBS. See Guillain-Barré syndrome
Glaucoma, 79–80, 166
Glial cells, 64
Glomerular filtration rate, 179
Glucose

catecholamines and, 122
homeostasis, 401
metabolism, 86

Glutamate, 81–82
Glutathione-S-transferases, 203
Glycine, 81–82
Golgi complex, 83–84
Golgi tendon, 109
GPCRs. See G protein-coupled receptors
G protein-coupled receptors

dopamine
oligomerization, 41–42
signal transduction, 40–41
structure, 39–40

a-AR, 50
5-HT, 94

GSTs. See Glutathione-S-transferases
Guanethidine, 437–438
Guillain-Barré syndrome

characterization, 332
diagnostic tests, 332
etiology, 333
management, 333
prognosis, 333
symptoms, 332

H
HAAD. See Hypoglycemic associated

autonomic dysfunction
Hallucinations, 293–294
Haloperidol, 302
Halothane, 172
HAPE. See High-altitude cerebral and

pulmonary edema
Head trauma, 257–259
Head up tilt, 347
Heart. See also Cardiovascular system

autonomic nerves, 134–135
cocaine effects, 370
disease

carcinoid, 383
CHF, 170, 247–248
SCD, 245–246

muscles, synaptic potential, 13
NE levels, 44–45
rate

aging and, 191–192
exercise and, 183
hypothermia and, 187
neural control, 228

Heat intolerance management, 358t

Heat stroke management, 358t
Hematin, 318
Hemianhidrosis, 356–357
Henbane, 72, 162
Heroin, 164
5-HIAA. See 5-Hydroxyindole acetic acid
High-altitude cerebral and pulmonary edema,

185, 186
High-altitude illness, 186
High-pressure liquid chromatography, 238
Horner syndrome, 164
HPA. See Hypothalamic-pituitary-adrenal

system
HPLC. See High-pressure liquid

chromatography
HUT. See Head up tilt
Hydroxyamphetamine, 164
6-Hydroxydopamine, 437–438
5-Hydroxyindole acetic acid, 383
5-Hydroxytryptamine. See Serotonin
Hyoscyamus niger, 72, 162
Hyperalgesia, 374–375
Hypercalcitonemia, 262–263
Hypercatecholaminemia, 262–263
Hyperhidrosis

associated conditions, 353
description, 353–354
differential diagnosis, 354t
exercise-induced, 402
treatment, 355t

Hyperphagia, 86
Hypertension. See also Blood pressure

Ang II effects, 170
autosomal-dominant, 377–378
baroreflex failure and, 267–269
baroreflex testing, 378–379
cardiac sympathetic stimulation, 241–242
cocaine-induced, 371–372
control of, 35
development, 123
essential, 377, 379–380
monogenic, 380–381
NE levels, 242–243
NE spillover, 243
neurovascular contact, 378
paroxysmal, 333
renal sympathetic stimulation, 241
spinal cord injury, 298–299
supine, nutritional therapy, 413–414
sympathetic reactivity, 244
vascular reactivity, 244
vascular remodeling, 242
visceral afferent role, 108

Hyperthermia
causes, 356
cocaine-induced, 371, 373
treatment, 358t

Hypoadrenocorticism, 366–367
Hypoglycemia, 122
Hypoglycemic associated autonomic

dysfunction
description, 401
exercise induced, 402
induction, 401–402
mechanisms, 402–403

Index 453

Hypokalemia, 415
Hypomagnesemia, 415–416
Hypothalamic-pituitary-adrenal system, 366
Hypothalamus

control of shivering, 127
energy storage by, 86
hypothermia and, 187
role in thermoregulation, 127

Hypothermia
definition, 187
diagnosis, 188
disease-associated, 295–296
etiologic factors, 187
respiratory rate, 187
response to, 187
spinal cord injuries, 300–301
treatment, 188

Hypovolemia syndrome
characterization, 346
clinical features, 347–348
evaluation standards, 349–350
expansion, 349
hemodynamic profile, 348
mechanisms, 348
neurohumoral indexes, 348
therapy, 348–349

Hypoxia, 185–186

I
IKAP gene, 312
ILP. See Intermediolateralis pars principalis
Immunoassays, 238
Immunoglobulin amyloidosis, 320
Immunotoxin, 438, 439
Impotence. See Erectile dysfunction
Inflammation

neurogenic, 130
SNS role, 374–375
visceral afferent role, 107–108

Inhibitory nonadrenergic noncholinergic nerves,
132

Insomnia, fatal familial, 296
Insulin, 123
Interleukin-2R, 439
Intermediolateralis pars funicularis, 20–21
Intermediolateralis pars principalis, 20–21
Intraocular pressure, 166
Ionotropic receptors, 34
IOP. See Intraocular pressure
Isoflurane, 172

J
Jimson weed, 72, 162
Junctional cleft, 29
Junction potentials, 13

K
Kidney

autonomic receptors, 157–159
blood flow regulation, 160
blood volume regulation, 159–160
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Kidney (continued)
dopamine

excretion, 178
formation, 178
function, 176
hypertension and, 180
RAS interactions, 178–179
receptor expression, 178–179
receptors, 43
sodium excretion, 178–179

dysfunction, in FD patients, 314
innervation, 157
in pathophysiologic states, 160–161
renorenal reflex, 160
SNS activity, effects of Ang II, 170

L
Lambert-Eaton myasthenic syndrome, 393
Lateral medullary infarction, 296
Learning, nonconscious, 195–196
Leg-crossing, 407
Leptin

characterization, 86
function, 86
receptors

characterization, 86
isoforms, 86
signaling mechanism, 86–87
site of action, 87

Lew bodies with dementia
characterization, 293
hallucinations and, 293–294
management, 293–294
pathology, 204
symptoms, 293
treatment, 293–294

Licorice, 413
Lipid peroxidation, 201–202
Lipolysis, 122
Liver transplantation, 323
Lower body negative pressure, 173
Lung, 185

M
Magnesium, 164
Magnetic resonance imaging, 262, 264
MAO. See Monoamine oxidase
Mash1, 7–8
Mast cell disorders, 368–369
Mastocytosis

characterization, 368
diagnosis, 366
symptoms, 368

Melanocortin system, 88
Melphalan, 321
Memory, 194
MEN. See Multiple endocrine neoplasia
Menkes disease

characterization, 277
clinical presentation, 277
DBH deficiency and, 277–278
dysautonomia in, 277

epidemiology, 277
molecular diagnosis, 278
neurochemical abnormalities, 277–278
treatment, 278

Metabolism
catecholamines, 122
glucose, 122
insulin, 123

Metabotropic receptors, 34–35
Metaiodobenzylguanidine, 262
Metanephrines, 234, 236
Methacholine, 72, 162–163
Methoxyhydroxyphenyl glycol, 234–235
a-Methyl-dopa, 270
Methylphenidate, 424
Metoclopramide, 321–322
Metoprolol, 250
MHPG. See Methoxyhydroxyphenyl glycol
MIBG. See Metaiodobenzylguanidine
Microneurography

application, 243
development, 224
difficulties, 226
electrode site charges, 226
equipment, 224
procedure, 224–225

Midodrine
dosing, 418
efficacy, 417–418
half-life, 423–424
mechanisms of action, 417
pharmacology, 417
side effects, 418

Miller-Fisher syndrome, 332
Missense mutations, 204, 206
Monoamine oxidase

in catecholamine systems, 48
deficiency, 283–284
in DHPG catalysis, 236
effects of serotonin, 93–94
inhibition, 48–49, 409

Morphine sulphate, 164, 258
Morvan syndrome, 388
Motor neuropathies, 319, 443, 448–449
MSA. See Multiple stem atrophy
Multiple endocrine neoplasia

type 2B
ANS involvement, 318
characterization, 318
diagnosis, 319
genetics, 318
prognosis, 319

Multiple myeloma, 320–321
Multiple sclerosis, 297
Multiple stem atrophy

anhidrosis and, 233
characterization, 290
clinical features, 290–291
diagnosis, 291
epidemiology, 290
erectile dysfunction and, 361
history, 290
HPA function in, 366
-idiopathic OH, comparison, 309

imaging diagnosis, 291
incidence, 290
Lewy body link, 204
management, 291
midodrine therapy, 417–418
nosology, 290
prognosis, 290
sleep apnea and, 363–364

Muscarinic agonists, 71–72
Muscarinic antagonists, 72, 131
Muscarinic receptors

aging and, 192
airway function, 131
cardiac function, 137

Muscles
effector bundles, 30
nerve fascicles, 224
skeletal, 63, 109–110
smooth

cells, arterial, 141
contraction, 35
in gut motility, 119
intracellular Ca, 35
ionotropic receptors, 34–35
metabotropic receptors, 34–35
synaptic potential, 13
vascular, 242

sympathetic nerve activity, 243, 247
Myasthenia gravis, 80
Myelinated fibers, 130
Myeloma, multiple, 320–321
Myoepithelial cells, 124

N
NANC. See Nonadrenergic noncholinergic

nerves
NE. See Norepinephrine
Nerve growth factor

characterization, 5
hyperalgesia-generated, 375
sympathectomy, 437

NET. See Norepinephrine transporter
Neural crest cells

ANS development and, 6
migration, 3–4
pathways, 3

Neurites, 4–5
Neurocardiogenic syncope, 155
Neuroeffector junction, 140
Neurogenic inflammation, 130
Neuroleptic malignant syndrome

characterization, 302
clinical features, 302
differential diagnosis, 303–304
medications, risk factors, 302–303
pathogenesis, 304
treatment, 304

Neurons
cholinergic, 9–10
differentiation, 5
migration, 3
noradrenaline

characterization, 9



disposition, 47–49
Mash1 role, 7
in sympathetic nerves, 61
synthesis, 36

sensory-motor, 62
survival, 5
sweat glands, 124–125
transmitter phenotypes, 25–26

Neuropeptides. See also Peptides
chemical coding, 84
gene expression, 85
hypothalamus, leptin and, 87–89
receptors, 84
release, 83–84
respiratory tract, 133
storage, 83
synthesis, 83

Neuropeptide Y
in cardiac ganglia, 135
in cerebral circulation, 144–145
characterization, 87–88
function, 88–89
release, during panic attack, 393–394
renal function, 157–159
SAS activity and, 236
in vasoconstriction, 141

Neurotransmission
amino acid, 81–82
ganglionic, 66
nitrergic

in autonomic nervous system, 91–92
mechanisms, 90–91
pathologic implications, 91–92

peptidergic, 83–85
purinergic

intramural nerves, 63
long-term signaling, 64
parasympathetic nerves, 61–62
plasticity, 64
P2X receptors, 64
sensory-motor nerves, 62
skeletal neuromuscular junctions, 63
sympathetic nerves, 61

serotonin, 93–94
Neurotransmitters. See also specific transmitters

in autonomic neurons, 25–26
levels, effects of aging, 192
phenotypes, 9–10
receptors, 12, 215t
recycling, 34, 36
release, 12–13, 34, 36
in SNS, 21
storage, 36
synthesis, 36
varicosities, 12–13

Neurotrophin-3, 5
Neurotrophin-4, 5
Nexuses. See Gap junctions
NGF. See Nerve growth factor
Nicotinic receptors

acetylcholine
characterization, 73
distribution, 76
electrophysiologic effects, 74–76

structure, 73
subtypes, 73–74

aging and, 192
Nightshade, 72, 172
Nitric oxide

Ang II down-regulation of, 170
characterization, 90, 201
discovery, 12
donors, 90–91
in erectile pathway, 359–360
neurotransmission

in autonomic nervous system, 91–92
mechanisms, 90–91
pathologic implications, 91–92

sexual function role, 116
synthesis, 90
in vasodilation, 142

Nitric oxide synthase, 132
Nitrogen reactive species. See Reactive

nitrogen species
Nonadrenergic noncholinergic nerves, 116–

117
Noradrenaline

cardiovascular innervation, 44–45
discovery, 12
neurons

characterization, 9
Mash1 role, 7
in sympathetic nerves, 61
synthesis, 36

Norepinephrine
disposition, 47–49
function, 420
lipolysis regulation, 122
plasma levels

CHF patients, 247
FD patients, 313
24-hour rhythm, 189
hypertensive patients, 242–243
idiopathic OH patients, 310
SAS patients, 235–236

release, 46–47
renal function, 157–159
response, aging and, 191–192
reuptake, 370, 392
spillover technique, 243
storage, 46
stress response, 44
synthesis, 45–46
transports, antidepressant-sensitive, 97–98
vasoconstriction role, 140–141

Norepinephrine transporter
A4579, 280–281
function, 280
gene, 280
mutation, role in POTS, 341
orthostatic intolerance, 280–281
single-nucleotide polymorphism, 280

Norrie disease, 283
NT-3. See Neurotrophin-3
NT-4. See Neurotrophin-4
NTS. See Nucleus tractus solitarii
Nucleic acid, 202
Nucleotides, discovery, 12
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Nucleus intercalatus spinalis, 20–21, 67
Nucleus tractus solitarii

amino acid signaling, 81–82
disorders of, 296–297
effects of Ang II, 168, 170
function, 18

Nutrients, 119, 177
NYP. See Neuropeptide Y

O
Obesity

eating and, 122–123
leptin and, 86
sympathetic nervous system and, 123

Octreotide, 329
OI. See Orthostatic intolerance
Oligomerization, 41–42
OLT. See Orthotopic live transplantation
Orthostatic hypotension

aging and, 191, 193
baroreflex failure and, 268–269
DOPS therapy, 420
drug-induced, 336–338
erythropoietin therapy, 425–426
etiologic factors, 154–155
in FD patients, 314
fludrocortisone therapy, 415–416
idiopathic (See Pure autonomic failure)
nutritional therapy

caffeine consumption, 412–413
licorice, 413–414
sodium, 413
tyramine, 413
water consumption, 411–412

in PD patients, 287–288
sympathomimetic therapy, 417–419
in syncope patients, 217–218, 220

Orthostatic intolerance
CFS and, 385–386
characterization, 221, 280
clinical features, 221
NET dysfunction and, 281
pathophysiology, 221
symptoms, 223
testing, 221–222

Orthostatic test, 213, 216
Orthostatic training, 251
Orthotopic live transplantation, 323
Oxidative stress

cellular damage, 201–203
cellular repair, 201–203
sources, 201

Oxygen, 185, 201
Oxytocin, 17

P
Pacemakers

for baroreflex failure, 270
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