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PREFACE

Abundant evidence suggests that the buildup and aggregation of
amyloid-β (Aβ) peptide in the brain plays a primary role in
the pathogenesis of Alzheimer’s disease, the major cause of

dementia in the elderly. Thus, understanding the metabolism of
Aβ is important both for understanding why Aβ accumulates and
for development of preventive and therapeutic strategies. This book
provides the latest information regarding three major aspects of Aβ
metabolism: generation from its precursor, degradation within the
brain, and transport out of the brain. All of the authors are interna-
tionally known, cutting-edge scientists. This is the first book that
specifically, and in detail, covers all aspects of Aβ metabolism. This
book will be a resource for graduate students, post-doctoral fel-
lows, and scientists both in this and other disciplines. The contents
will hopefully inspire the combination of basic scientists, clinicians,
and pharmaceutical leaders to develop new and improved therapies
that will have a major impact on a disease that is becoming one of
the world’s major public health problems.

Takaomi C. Saido



This Page Intentionally Left Blank



CHAPTER 1

Aβ Metabolism and Alzheimer’s Disease, edited by Takaomi C. Saido. ©2003 Eurekah.com.

Overview—Aβ Metabolism:
From Alzheimer Research to Brain Aging Control

Takaomi C. Saido

Introduction

Readers and authors of this book alike are the allies of scientists and scientists-to-be in
the fight against one of our most common and mightiest enemies, Alzheimer’s disease
(AD), which deprives individuals of their basic human dignity after decades of (gener-

ally) respectful lives with families and friends. As a professional scientist, I am personally grate-
ful to be able to live in the present time when scientists from different ethnic groups, some of
which fought against each other in a brutal manner in the past, can now work together to fight
the real common enemy through friendly collaborations or in open competition under hope-
fully true democracies.

However, as authors, we would like readers to know that we do not always share entirely
identical ideas or hypotheses until such times as everyone reaches a relevant consensus concern-
ing different aspects of science. We actually need to critically evaluate each other’s work for the
advancement of science while at the same time maintaining good human relationships (see, for
instance, the open debate between Berislav Zlokovic, one of the authors who kindly contrib-
uted to this book, and myself ).1 In this respect, not all the chapters here are necessarily consis-
tent with each other, reflecting the differences in opinions. The AD research community is still
in the process of proposing different potentially beneficial strategies for the development of
preventive and therapeutic measures to combat AD. The ultimate proof of the relevance of any
hypothesis or of any experimental results will be real clinical success in a practical manner.
Therefore, some of the seemingly relevant strategies are undergoing or will undergo a form of
natural selection, such that those, in which the merits outweigh the demerits, will eventually
remain. The rest of this book will demonstrate that we are getting closer and closer to clinical
success in an accelerated manner, particularly since around the end of the 1980s. The discover-
ies of gene mutations that cause familial AD (FAD) in the amyloid precursor protein (APP)
gene and presenilin genes were the most significant milestones in the 1990s (see section Etiol-
ogy of AD in this chapter and Chapters 2 to 5 for details). (For the nonspecialists, the major
primary key abbreviations often used in this book are listed in Table 1.1.)

In any case, I certainly hope that this “scientific globalization,” in a positive sense, sharing
scientific achievements as cultural common human properties, will be even more improved in
the near future because the disease generally does not distinguish between different ethnic
groups and because the number of patients in the world will keep growing. Of note is the fact
that aging is the strongest risk factor for AD2 (see section Towards the Scientific Control of Brain
Aging).
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Table 1.1. Major primary abbreviations used in this book

AD Alzheimer’s disease
FAD* familial AD
SAD* sporadic AD
MCI mild cognitive impairment
FTDP-17 front-temporal dementia with Parkinsonism linked to chromosome 17
NFT neurofibrillary tangle
ADRD Alzheimer’s disease and Related Disorders (This is the title of the largest

international meeting on AD held every other year. The 2002 meeting was
held in Stockholm in July 20-25.)

Aβ amyloid β peptide
APP amyoid precursor protein (or amyloid protein precursor)
APPs/sAPP soluble extracellular fragment of APP
APPsα/sAPPα APPs generated by α-secretase
APPsβ/APPsβ APPs generated by β-secretase
NTF N-terminal fragment (of APP generated by α- or β-secretase)
CTF C-terminal fragment (of APP generated by α- or β-secretase)
C83 CTF generated by α secretase
C99 CTF generated by β secretase
APLP APP-like protein
NICD Notch intracellular domain
AICD APP intracellular domain
ELISA enzyme-linked immunosorbent assay
CSF cerebrospinal fluid
ISF interstitial fluid
BBB blood-brain barrier
KO (gene) knock-out
KI (gene) knock-in
Tg transgenic
BACE beta-site APP cleaving enzyme
ADAM a disintegrin and metalloprotease
PS presenilin
PKC protein kinase C
ER endoplasmic reticulum
TGN trans-Golgi network
ET endothelin
IDE insulin-degrading enzyme
ECE endothelin-converting enzyme
PDAPP APP-transgenic mice, in which the transgene expression was driven by

platelet-derived growth factor (PDGF) promoter (see ref. 5 in Chapter 11).
ApoE Apolipoprotein E
CEM cholesterol-enriched (membrane) microdomain: essentially identical to LDM,

DIG, or lipid raft
LDM (cholesterol- and sphingolipid-rich) low density (membrane) microdomain:

essentially identical to CEM, DIG, or lipid raft
DIG detergent-insoluble glycolipid-rich (membrane domain): : essentially identical

to CEM, LDM, or lipid raft
CNS central nervous system
CAA cerebral amyloid angiopathy

*FAD is defined as a form of AD that is inherited in an autosomal dominant manner with essentially
100% penetrance. Most FAD cases are early onset, starting between the late 20s and mid 60s. The rest
that does not fulfill the definition of FAD is treated as SAD in this book unless otherwise stated. Besides,
there has been no genetic risk factor identified that can be used for presymptomatic diagnosis in
clinical terms.



3Aβ Metabolism: From Alzheimer Research to Brain Aging Control

For instance, mainland China, with a population of more than one billion people, does
not seem to have as high an incidence of AD patients as might be expected from such a large
population because the average life span there has been much shorter than in what politicians
call more developed countries. However, if China maintains its current rate of industrial and
economical growth, this country with its “one-child-per-family” policy, will have not only the
largest number but also the highest population ratio of patients with AD and other
aging-associated disorders within decades. Unless we do something substantial for the preven-
tion and therapy of these diseases, this scenario would not only result in millions of tragic
situations within families but could even induce political destabilization and threaten the peace
in some areas, particularly in East Asia, as a result of serious recessions that would be caused by
the unexpectedly heavy economic burdens of caring for such people. BUT, if our research
efforts can contribute to helping people over the age of 60 stay healthier both physically and
intellectually, then society will profit from more active participation of the elderly. This will
have benefits for younger generations by reducing the inherent burdens on social welfare sys-
tems and on individual care giving, leading to more stable political environments.

The same logic could also apply to other regions of the world. In fact, it is generally
established among economists that one major factor which caused recessions in the US and
Western Europe in the 1970s to 80s and in Japan in 90s was the change in the ratio of those
who needed to be supported economically (and medically) to those who had to support them.
(Japan is still struggling with the transition processes even in the 21st century.) Therefore, all of
us are responsible not only for the advancement of science but also for the future of human
kind. Personally, I wish I could also do something about the other neurodegenerative disorder,
Parkinson’s disease, too, because my American mother, Dorothy J. Comings, with whom I
stayed for one year as a high school exchange student from 1976 to1977, is suffering from this
disorder.

Etiology of AD
AD is the major cause of senile dementia in the present world. The estimated number of

patients is approximately 20 million worldwide and is expected to keep growing as the world
population ages. Now that Mild cognitive impairment3,4 (MCI), a condition characterized by
a significantly reduced memory with cognition being within a normal range, is considered as a
prodromal form of dementing disorders primarily represented by AD, the actual number of
people being affected by AD pathology is probably much greater than 20 million. Our general
understanding is that at the age of 85 one out of every two people is affected either by AD or
MCI. In fact, if we consider the temporal distance of decades between the cause and effect in
AD pathogenesis, it is possible that some aspects of what has been considered as being part of
“normal” brain aging may be prodromal to MCI-associated conditions. (Note that even the
autosomal dominantly inherited gene mutations that cause aggressive early onset forms of AD
(see the later part of this section) require at least 30-60 years before definitive clinical diagnosis
of the onset of the disease can be made.)

Thus, to understand the etiology and mechanism of AD is important not only in con-
quering this cruel disease but also in realizing the historical dream of human beings to control
brain aging (see section Towards the Scientific Control of Brain Aging). Figure 1.1 shows a sim-
plified history of AD research since its initial scientific description by Alois Alzheimer in Ger-
many in 1906 (published in 1907).5 Pathological and patho-biochemical studies mostly up to
1990 established the chronology of the major pathological events at least in neocortex (Fig.
1.2) and identified the molecules comprising the pathological structures. Senile plaques, present
extracellularly, consist mainly of amyloid β (Aβ) peptide (Fig. 1.3) while neurofibrillary tangles
(NFTs), present intracellularly, contain primarily tau protein. The research community seems
to be reaching a consensus that these pathological structures as they appear may not be the
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direct causes of the symptoms, but rather, that the processes, not fully identified yet, that lead
to the pathology may be essential in the pathogenesis.

In any case, as mentioned above, the temporal distance of decades between the cause and
effect has been the most challenging factor in AD research. The chronology of pathological
events alone does not establish any cause-and-effect relationship. AD research resembles that of
archaeology in that researchers need to collect a large body of consistent circumstantial evi-
dence to form a consensus. The observations of pathological structures such as senile plaques
and neurofibrillary tangles in AD brain, for instance, have always engendered the arguments as
to whether these structures represent pathologically essential and significant pathways or just
by-products or consequences of something else essential.

In this respect, identification of the FAD- and tauopathy (FTDP-17: fronto-temporal
dementia associated with chromosome 17) causing gene mutations and analyses of their phe-
notypes in the 1990s have played a major indispensable role in resolving the etiology of AD.6-8

Consensus has now been reached in that the decades-long cascade leading to dementia is initi-
ated by the deposition of amyloid-β peptide (Aβ) in the brain and that tauopathy is likely to
play a major role in the neurodegenerative processes. Thus, the 1990s are called the ‘decade of
FAD.’ I surely hope that the first 10 years of the 2000s will be a decade of SAD, which repre-
sents the vast majority of all AD cases.

More than 100 mutations that cause FAD6,7 have been identified in the three genes en-
coding the proteins, APP, presenilin 1, and presenilin 2, involved in Aβ generation as shown in
Figure 1.4. (See Chapters 2-5 for more details.) A number of papers (probably several hundred)
in the 1990s described the phenotype caused by these mutations. Some papers examined the
effects of the mutations on Aβ production and others examined effects on cytoskeltal abnor-
malities involving tau protein, cell death or apoptosis, endoplasmic reticulum (ER)-stresses,
etc. These studies have established a consensus that the only phenotype shared by essentially all
the mutations in vitro (in cell culture), in vivo (in transgenic and knock-in (KI) mice), and in
patients is the increased production of a specific species of Aβ, Aβ1-42, which is much more
hydrophobic and fibrillogenic than the other major species, Aβ1-40. These results have strongly
suggested that Aβ1-42 is the primary pathogenic agent in the AD cascade. Figure 1.4 shows the
processing of APP. Typically, most of the presenilin 1 mutations, accounting for more than
70% of all FAD mutations thus far identified, cause very aggressive presenile Aβ amyoidosis in
humans by increasing the steady-state Aβ1-42 level approximately 1.5-fold, as detected in the
brains of mutant presenilin 1 transgenic or KI mice.9,10 (See also section on Towards the Scien-
tific Control of Brain Aging).

Atypical mutations in the intra-Aβ sequences of APP, such as the Dutch, Flemish, Italian,
and Arctic mutations,6 have also been identified. Most of these mutations result in hemor-
rhages or strokes caused by unusually severe cerebral Ab amyloid angiopathy (CAA) that also
accompanies the presenile parenchymal Aβ deposition. A number of test-tube experiments
have demonstrated that these mutations promote Aβ aggregation by altering the peptide con-
formation.11-13 Therefore, these rather atypical mutations are generally believed to cause Aβ
accumulation through augmenting aggregation11,12 or protofibril formation.13 We have re-
cently found that these mutations also cause Aβ to be more resistant to degradation by a physi-
ologically relevant peptidase, neprilysin described in Chapter 6 (Tsubuki S, Takaki Y, Saido
TC, submitted for publication). Therefore, these mutations may exert dual pathogenic effects
associated not only with aggregation/protofibril formation but also with one major aspect of
metabolism, proteolytic degradation.
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Figure 1.2. Chronology of the major AD pathological events.
The pathological studies mainly in the 1980s established the chronology of the major pathological events
at least in neocortex shown in the figure. In fact, the presence of senile plaques, NFTs, and degenerated
neurons is necessary for the definitive diagnosis of AD. There has been a consensus that dysfunction or
degeneration of neuronal synapses seems to exist between Aβ deposition or PHF formation and
neurodegeneration.

Figure 1.1. Simplified brief history of AD research since 1906.
The major-stream works since the initial clinical description of AD by A. Alzheimer is outlined. The author
apologizes for any oversimplification. A hopeful prediction for the future is also included.
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Figure 1.3. Primary and secondary structures of Aβ1-42.
The secondary structure was predicted by the Chou-Fasman algorithm using Genentyx software. The
molecule is very hydrophobic and has the tendency to aggregate in solution. The α-helix structure in the
N-terminal region can easily be converted to β-sheet, making the molecule even more hydrophobic and
more apt to aggregate.

Figure 1.4. Generation of Aβ from its precursor, APP.
APP is first cleaved by β- or α-secretase, generating a C-terminal fragment (C99 or C83), which then is
cleaved by γ-secretase to generate Aβ. The major species generated are Aβ1-40 and Aβ1-42. The latter is
more hydrophobic and more apt to aggregate and thus is considered to be primarily pathogenic, consistent
with the phenotype of the major FAD-causing mutations. The red arrows indicate where in these processes
the FAD mutations exert their effects.
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Aβ versus Tau
Until some years ago, there used to be arguments between “Baptists” who believed that

Aβ was more important and “Tauists” who believed that tau was more important in terms of
their contributions to the AD pathogenesis. However, those familiar with the major publica-
tions on AD and related disorders in the late 1990s (see the previous section and also Chapters
2-4) do not participate in this kind of discussion any more. I believe that most AD researchers
would agree with my view that both are likely to be equally important, particularly in clinical
terms. In the AD pathological cascade, it now seems to be just that Aβ is more closely associ-
ated with the primary cause while tau is closer to the consequences, such as neurodegeneration.
The importance of tau in AD pathogenesis is also apparent from the fact that the quantities of
tau accumulated in AD brains are much larger than those in the brains of other neurodegenerative
disorders accompanying tauopathy (Taniguchi and Hasegawa, personal communication). There-
fore, tau may be a better target for improving the symptoms of patients in a clinically pragmatic
manner. Not knowledgeable enough in this specific subject, I will leave this issue to such
well-known specialists as J.P. Brion, P. Davies, A. Delacourte, M.. Goedert, M. Hasegawa, Y.
Ihara, K Iqbal, V. Lee, Eva & Eckhard Mandelkow, M. Morishima-Kawashima, A. Takashima,
R. Terry, J. Trojanowski, C.M. Wischik, the late H.M. Wisniewski (names in alphabetical
order), and others (Just net-surf for the reviews and articles under these names), and instead
just present my current personal views as follows.

The primary question that is yet to be answered in the domain of tau research is the role of
phosphorylation; the tau proteins accumulated in NFT are heavily phosphorylated.14,15 Al-
though this is an issue beyond the scope of this book on Aβ metabolism, the observations
demonstrating that the PHF tau proteins in transgenic mice overexpressing FTDP-17
mutation-carrying tau are also highly phosphorylated16-18 provide some insights. They seem to
logically imply to me that phosphorylation is more likely to be a consequence, possibly of
neurons struggling to protect themselves, rather than a cause of NFT formation, unless the
mutations exert their effects through altering the phosphorylation/dephosphorylation status of
tau, which has never been demonstrated to my knowledge.

Aβ Metabolism: Three Major Targets
Another very important finding in the 1990s is that Aβ is a physiological peptide secreted

from neurons under normal conditions both in vitro and in vivo.19-21 Besides, Aβ does not
appear to play a major physiological role; the apparent role of APP processing by the α- and
β-secretases is the release of soluble forms of APP, APPs, known for its neuroprotective and
neurotrophic functions.22-24

Besides, splice variants containing the insert sequences corresponding to the Kunitz-type
protease inhibitor (KPI) domain have been identified as protease nexin II, an endogenous in-
hibitor against a group of serine proteases including thrombin.25 The other possible function
may be the release of a cytoplasmic fragment, generated by γ-secretase, which may translocate
to the nucleus and play a regulatory role in transcription in a manner similar to the cleavage of
Notch by the γ-secretase activity (See Chapter 5).26,27 Thus far, several substrates for γ-secretase
have been identified. In any of the known activities, the fragment that corresponds to Aβ in
APP does not seem to play any major role. Therefore, at present it is most likely that Aβ is
simply an unwanted by-product of APP processing.

In any case, APP processing occurs constitutively in the brains of both young and old,
and, at least in the brains of young and healthy individuals, no Aβ deposition takes place.
Taken all together, these observations clearly indicate that Aβ is constantly anabolized and
rapidly catalyzed before being deposited under normal conditions. This catabolism can take
place inside the brain or in the circulatory system after transport out of the brain. The kinetic
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relationships between these three metabolic processes are schematized in Figure 1.5. (Aβ40 is
left out for the sake of simplicity.)

K1, K2, and, K3 are the rate constants for production, in-parenchyma degradation, and
out-of-brain transport of Aβ, respectively. Under the assumptions that the kinetics of the reac-
tions can essentially be analyzed linearly, that these rate constants are independent of each
other, and that these processes exist in steady-state equilibrium (see one of the previous reviews
for details regarding these assumptions),28 the relationship between the amounts of Aβ42 and
APP, represented as [Aβ42] and [APP], respectively, can be expressed by the following equation.

[Aβ42] = K1/(K2 + K3) x [APP] (Formula 1.1)

This is based on the following differential equation (See again ref. 31 for details).

d[Aβ42]/dt = K1 x [APP] – [K2 + K3] x [Aβ42] = 0 (Formula 1.2)

A measure of time is expressed as “t” in Formula 1.2. Formula 1.1 is consistent with the
phenotypes of almost all the FAD mutations in APP and presenilin 1 genes; K1 is approxi-
mately 1.5-fold greater than that in normal controls, meaning that [Aβ42] also becomes 1.5-fold
greater. It also is consistent with one of the phenotypes of Down’s syndrome caused by trisomy
of chromosome 21 carrying the APP gene; [APP] is 1.5-fold greater than in normal controls
and [Aβ42] also becomes 1.5-fold greater.

Therefore, an increase of K1 (production) or decreases in K2 (in-parenchyma degradation)
and K3 (out-of-brain transport) can elevate [Aβ42] and thus be causal of pathological Aβ depo-
sition. This logic also indicates that down-regulation of K1 (production) or up-regulation of K2

(in-parenchyma-degradation) and K3 (out-of-brain transport) can decelerate Aβ deposition in
the brain and thus will be effective in the prevention and therapy of AD if indeed Aβ plays a
primary pathogenic role. Note that the activation of α-secretase(s) would also contribute to
reducing K1 (production) (Chapter 3). The current status of these strategies to achieve the goal
of preventing Aβ accumulation is schematized in Figure 1.6. Within the scope of this book,
Chapters 1-5 thus focus on the production, 6 and 7 on the in-parenchyma degradation, and
10-12 on the out-of-brain transport. Chapters 9 and 10 describe the possible role of the lipid
raft in parenchymal Aβ metabolism and also in pathological Aβ accumulation. Chapter 12
refers to the cellular mechanism of Aβ clearance and to the inflammatory processes associated
with Aβ vaccination.

Incidentally, there have been some discussions regarding the relative importance of K2

(in-parenchyma degradation) versus K3 (out-of-brain transport) in Aβ clearance.1 If K2 is ex-
cessively greater than K3, Formula 1.1 would practically simplify to [Aβ42] ≈ K1/K2 x [APP],
whereas, if K2 is excessively smaller than K3, it would be [Aβ42] ≈ K1/K3 x [APP].

I predict a bright future for the control of Aβ levels in the brain through the pursuit of
these pathways. Actual approaches and future approaches, based on these strategies, which will
have to survive ‘natural selection’ in a clinical sense (i.e., successes in clinical trials) will be
optimally combined so that we will be able to control the Aβ levels in our brains in a manner
similar to that of the “cocktail therapy” employed for the treatment of acquired immunodefi-
ciency syndrome (AIDS).29 In this latter treatment protocol used worldwide, a cocktail of three
different anti-human immunodeficiency virus (HIV) strategies suppresses disease development,
whereas use of one or two of the three agents generally is ineffective. Moreover, a combination
of these anti-Aβ strategies with other strategies such as that targeted at tauopathy will make
future prevention and therapy even more promising.
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Figure 1.5. Kinetic relationships between production, degradation inside the brain, and transport out
of the brain.
The steady-state Aβ (Aβ42) level in the brain, [Aβ] ([Aβ42]), is primarily a function of the APP level, [APP],
the rate constants for production, [K1], in-brain degradation, [K2], and out-of-brain transport, [K3]. See
section on Aβ Metabolism: Three Major Targets for details.

Figure 1.6. A schematized current status of the three major strategies to down-regulate Aβ levels in the brain.
Down-regulation of production or up-regulation of in-parenchyma degradation and out-of-brain transport
can decelerate Aβ deposition in the brain and thus will be effective in the prevention and therapy of AD if
indeed Aβ plays a primary pathogenic role. Note that the activation of α-secretase(s) would also contribute
to reducing K1 production (Chapter 3). Aβ vaccination seems to involve both out-of-brain transport (see
Chapters 10-12) and cellular disposal of aggregated Aβ (see Chapters 6 and 12 for brief descriptions).
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Questions Regarding the Mechanisms of the Cascade
of Aβ-Initiated Pathology

One currently unresolved issue is the elucidation of the precise mechanism(s), by which
Aβ deposition causes subsequent pathological processes, i.e., tauopathy, dysfunction and de-
generation of neurons. This will allow possible opportunities for therapeutic interventions at
various time points between Aβ deposition and neurodegeneration. The accelerating effect of
excessive amounts of Aβ on tauopathy demonstrated in mouse models30,31 would indicate the
presence of something unknown that relays pathological signals from the former to the latter.

However, perhaps the most important and fundamental question yet to be answered is
why Aβ is deposited in SAD which accounts for 99% or more of all AD cases32 (See Table
1.2.). It should be noted that the number of SAD patients will grow as the average life span
increases, whereas the number of FAD patients simply remains proportional to the total popu-
lation. Because the up-regulation of Aβ production (i.e., increases in [APP] or K1 in formula
1.1.) is rarely observed prior to the pathological Aβ deposition upon aging, a decrease in the
in-parenchyma degradation (K2) or in the out-of-brain transport (K3) (or both) is a logical candi-
date for the primary cause of the majority SAD cases, the expanding burden of aging populations.

Animal Models of AD: The Issues to be Further Addressed
I would like to point out some precautions that we need to bear in mind in relying on

research results stemming from the presently available animal models for AD. All the presently
available widely accepted Aβ amyloidosis mouse models are transgenic mice that highly
overexpress human APP. Although they do reconstitute some of the pathological features of
AD (other than Aβ amyloidosis) including synaptic dysfunction and degeneration, dystrophic
neurites, inflammatory responses involving activated astrocytes and microglia, and behavioral
abnormalities, none of them show the major pathological hallmarks that are actually essential
in defining AD: tauopathy and neurodegeneration. The accelerated tauopathy described in the
published literature concerning the double APP/tau-transgenic mice31 is in a sense a matter of
course and may simply depend on the high-level expression; even co-overexpression of other
proteins such as bovine serum albumin (BSA) may also exert a similar effect if the expressed
amount is extremely large. In addition, while the synaptic dysfunction or cognitive deficit has
been shown to precede Aβ deposition in the mouse models,33-35 the AD symptoms become
apparent many years after the initial Aβ deposition in humans. Before this deposition, there is
little or no apparent sign of synaptic dysfunction in human brains even in those carrying FAD
mutations. If it is the “soluble” Aβ oligomers, rather than deposits, that are causing the dys-
function in mice,36,37 they should be detectable in a well-defined and measurable form that
correlates with synaptic dysfunction. To date, this has not been demonstrated to the best of my

Table 1.2. Estimated numbers of FAD and SAD patients in Japan

Sporadic late-onset (> 60 of age) AD 1-2 million (>99% of all)
Familial late-onset (> 60 of age) AD not available*
Sporadic early-onset (< 60 of age) AD approximately 14,000
Familial early-onset (< 60 of age) AD approximately 1,800

The numbers are based on Campion et al32 and other epidemiological studies. These figures essentially
are doubled in the USA and keep growing as the entire population ages. *To my knowledge, there are
no late-onset FAD cases that meet the definition of the autosomal dominant inheritance (see Table 1.1).
Having the genotype of apolipoprotein E4 among E2, E3, and E4 is indeed the only genetic risk factor
confirmed worldwide, but is not a cause of late-onset FAD by definition herein.
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knowledge. There can be a number of possible reasons accounting for the lack of tauopathy
and neurodegeneration in mice as follows.

1. It may be just a matter of time. Mice only live up to three years of age at most, whereas even
the most aggressive form of FAD takes at least a couple of decades to present. However, the
assumption is not consistent with the fact that APP-transgenic mice accumulate as much
Aβ as AD patients do,37 if Aβ plays the major role in AD pathogenesis.

2. It may be a matter concerning the primary structure of Aβ. In human AD cases, in which
the majority (approximately 90%) of both soluble and insoluble Aβ is N-truncated, the
most abundant species being Aβ3(pE: pyroglutamate)-42.37-39 In contrast, the majority of Aβ
accumulated in the mice overexpressing APP is full-length Aβ1-40/42.37 The former species
differs from the latter by lacking one positive and two negative charges, thus making it
more hydrophobic at the N-terminus than the latter, and thus could be more pathogenic,
in a manner analogous to Aβ42 versus Aβ40.38,40 Although overexpression of an APP mu-
tant that produces Aβ3(pE: pyroglutamate)-42 in primary neurons does not seem to have any
significant neurodegenerative effect,41 I believe that the effect must be examined under
relevant in vivo conditions.

3. The extent of APP overexpression is unphysiologically high, being several-fold to several
tens of times greater than nontransgenic controls. What could one expect if other secretase
substrates such as Notch are overexpressed? Most would expect to observe enhanced Notch
signaling with an increased release of Notch intracellular domain (NICD); very few would
expect any physiological or pathological effect of the overproduced fragment that corre-
sponds to Aβ in APP. There is no reason to reject the same logic from being applied to the
APP overexpression paradigm. Indeed, the NICD counterpart fragment of APP, APP-ICD
or AICD, has been shown to play a similar transcription-associated role,26,27 which could
be unphysiologically enhanced by APP overexpression. Besides, the primary role of APP
processing has been well known for a long time, i.e., release of soluble forms of APP, APPs,
which plays neurotrophic and neuroprotective roles22,23 and also inhibits proteinases such
as matrix metalloproteinase (MMP) and a group of serine proteinases including throm-
bin.25,42 The presence of too much APPs may account for the absence of neurodegeneration
in these mice.

4. The exaggerated overexpression of APP may also affect the way that APP and other proteins
are metabolized. For instance, proteins including Aβ, which are axonally transported to
presynapses under normal conditions, may instead undergo endosomal-lysosomal metabo-
lism mainly in the soma. Consistently, the relative increases in the Aβ levels (ratios to the
endogenous Aβ) are much smaller than those in APP levels in all of the transgenic mice in
my knowledge.

5. Depending on the promoter to drive the expression of transgenic APP, the effects may
rather be overly artificial. Neurons are primarily categorized into two major groups, excita-
tory neurons and inhibitory neurons, and each group is further categorized into a number
of subgroups. APP mRNA is not evenly expressed in every neuron and those expressing
platelet-derived growth factor (PDGF), prion protein, and thy-1 antigen mRNAs do not
probably express the transgene-derived APP in a manner identical to that of the endog-
enous APP.

6. Humans and mice differ from each other in many ways. A good example is the complement
system.43 Indeed, T. Wyss-Coray demonstrated that inhibition of the complement system
led to increased Aβ deposition and occurrence of neurodegeneration.44 We may thus need
to humanize the mice in logically and physiologically relevant manners.

7. Environmental factors represented by diets45,46 are likely to influence the pathological cas-
cade. The ingredients used in producing experimental mice are different from what hu-
mans generally eat.
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These and other possible reasons and the lack of NFT and apparent neurodegeneration
strongly indicate that the animal models that we have been employing are far from the real
model of AD. Therefore, it probably is safe to point out the intrinsic limitation of the use of the
present mouse models. Such a careful statement would be even more highly evaluated in the
future if, for instance, all vaccination-related data unfortunately turned out to be artifacts that
can be observed only in the APP-transgenic mice but not in humans. We need to come up with
much more improved models that demonstrate all the major pathological features of AD with
minimum artificial manipulation(s). Besides, behind the scenes of the most transgenic studies,
one has to make tens, sometimes nearly a hundred, of different lines of mice and choose the
ones that show the pathological features seemingly worth publishing. Presence of such pro-
cesses does not seem to be as scientific as standard science should be because involvement of
researchers’ wishful thoughts is difficult to fully exclude.

From time to time, the cutting-edge techniques in science keep arising and being refined.
Now may be the time when AD researchers fully recognize the consensus of basic cell biologists
that overexpression paradigms are often unphysiological and can produce artifacts that may go
unnoticed unless there are definitive physiologically relevant controls. Without very careful
and logical interpretation and proper controls, the entire research community, led by a rela-
tively small number of influential scientists, could head off in the wrong direction. To perform
good science is to discover or to create something new that human beings have never known,
not just to put the trendy key words of the era together.

In fact, the term “neurodegeneration” itself is to be outdated for the frontrunners of neu-
roscience, being too general without specifying which of so many types of neurons undergo
neurodegeneration, in what chronology, and through what mechanisms it is preceded by neu-
ronal dysfunction. There already are invisible competitions among frontrunners of neuroscience
to be the first to establish each interneuron type-targeted manipulation of specific gene expres-
sion for understanding the role of each gene product in both chronological and spatial terms in
a relevant in vivo manner.

Moreover, I predict that we will need to introduce the concepts, facts, and methods of
Systems Neuroscience to fully understand how mainstream pathological events in the AD cas-
cade lead to the actual symptoms, i.e., loss of memory followed by abnormal reduction of
cognition often accompanying psychiatric symptoms such as unusual aggressiveness. I also
predict that human genetics to search for genetic risk factors will need to be further developed
by establishing more mathematically refined methodology (see Chapter 6.7. for the actual
proposal) although I am no specialist in this specific subject.

Towards the Scientific Control of Brain Aging
Recent studies indicate that virtually all humans start to accumulate Aβ in the brain upon

aging.47-50 This suggests that Aβ deposition is an important factor that could determine the life
span of our brain and that an AD cascade is initiated by the normal aging process; humans
whose “brain life span” is shorter than their “body life span” will suffer from AD in the later
stages of their lives. AD has even been described as an “ultimate form of brain aging.” This idea
provides us with the hope that a large portion of AD cases can be prevented if we can make the
brain life span longer than the body life span by reducing Aβ deposition. As outlined in Figure
1.7, most humans start to accumulate Aβ between the ages of 40 and 80.50-52 This accumula-
tion is initially slow but, after a certain point, deposition begins to accelerate exponentially.
Typically, the amounts of Aβ42 in the brains of AD patients are 1,000 to 10,000 times higher
than in young normal controls. The catastrophic increase implies the presence of multiple
positive-feedback vicious cycles originally caused by a slight increase of the steady-state Aβ
levels in the brain. Therefore, the profiles of Aβ accumulation in FAD and Down’s syndrome
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Figure 1.7. Relationship between age, Aβ42 accumulation, normal aging, MCI, and AD.
The Aβ levels in the brain are maintained low in at least young and healthy subjects, but they start to increase
at ages between 40 and 80 in most normal people. The increase is generally slow initially but gradually
accelerates and eventually reaches a catastrophic situation, where Aβ accumulates in an exponential manner.
(Note that the Y-axis is in a log scale.) Typically, the Aβ42 levels in the brains of AD patients are
1,000-10,000-fold higher than in the brains of normal controls.

Figure 1.8. FAD (and Down’s syndrome) versus SAD in the chronology of Aβ42 accumulation in the brain.
The profiles of Aβ accumulation in FAD and Down’s syndrome cases being presenile can be explained by
considering that the original curve for SAD is shifted to the left as shown in the Figure. The basis of this
assumption is an approximately 1.5-fold increase of the steady-state Aβ levels in the brain of FAD and
Down’s syndrome patients.
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cases being presenile can be explained by considering the original curve for SAD is shifted to
the left as shown in Figure 1.8.

I am optimistic in a sense that our research efforts will eventually make it possible to
control the Aβ levels in our brains. If we can do so in the early stages of AD development,
before the massive neurodegeneration takes place, it will serve as a post-symptomatic therapy.
(See Fig. 1.7.) If it becomes possible to prediagnose the MCI prodromal to AD, we will be able
to initiate a presymptomatic intervention. Because the conversion of what has been interpreted
as “normal aging” to AD via MCI appears as a continuous process primarily caused by the
gradually accelerating accumulation of Aβ, we may even become able to partially control some
very significant aspects of brain aging by maintaining low Aβ levels throughout our lives.

Final Comments
Before closing, I need to inform the readers that I did not succeed in obtaining chapters

from some outstanding scientists whose views may differ from some of those included in this
book. However, I and other authors have tried to acknowledge their papers and perspectives so
that the book covers all the major aspects of Aβ metabolism and adequately represents diver-
gent views of respected researchers. The authors would be more than happy if this book con-
tributes to Alzheimer research by imparting not only the accepted facts, but some of the cut-
ting edge excitement of scientific controversy and inspiring new investigators, particularly young
people, to further achievement.

I would like thank all the authors, the very top (relatively young and very active) scientists
in the world, and Ronald G. Landes, Landes Bioscience, who led me to edit this book, helped
me in many ways. I am very much grateful for Gregory Cole, UCLA, John Trojanowski, Uni-
versity of Pennsylvania, Cynthia Lemere, Harvard Medical School, David Holtzman, Wash-
ington University School of Medicine, Maho Morishima-Kawashima, University of Tokyo,
and Yasuo Ihara, University of Tokyo, for critical reading of the chapter. I also thank Paul
Robbins, University of Pittsburgh, for productive comments on the Introduction (For the
acknowledgements for my colleagues, collaborators, etc., see Chapter 6.) I myself have learned
a lot through all the editorial procedures, although this book will probably be the last book that
I will be editing for many years. Finally, responsibility for all the statements made in this
chapter rests with TCS, not with the other authors of this book.
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β-Secretase: Progress and Open Questions

Martin Citron

Abstract

Finding inhibitors of Aβ42 generation is a major goal of Alzheimer’s disease drug
development. Two target protease activities, β-and γ-secretases, were operationally
defined more than 10 years ago, but progress in this area has been slow because the

actual enzymes were not identified. Using an expression cloning strategy we have identified a
novel membrane bound aspartic protease, BACE1, as β-secretase. This finding has been con-
firmed and BACE1 and its homologue BACE2 have been characterized in detail by many
groups. Major progress has been made in two areas: First, the x-ray crystal structure, which is
critical for rational inhibitor design, has been solved and shown to be similar to that of other
pepsin family members. Second, knockout studies show that BACE1 is critical for Aβ genera-
tion, but the knockout mice show an otherwise normal phenotype, raising the possibility that
therapeutic BACE1 inhibition could be accomplished without major mechanism-based toxic-
ity. However, target-mediated toxicity of β-secretase inhibition cannot be ruled out based on
the currently available data alone. While various peptidic β-secretase inhibitors have been pub-
lished, the key challenge now is the generation of more drug-like compounds that could be
developed for therapeutic purposes. Other current areas of investigation, including identifica-
tion of BACE1 substrates and the potential role of BACE1 overexpression in AD, are discussed.

Identification of β-Secretase
Since the cloning of amlyloid precursor protein (APP) revealed that Aβ must be excised

from the middle of its large precursor protein,1 the two necessary proteolytic cleavage events,
one at the N-terminus by an enzyme termed “β-secretase” and one at the C-terminus by an
enzyme termed “γ-secretase”, have attracted a lot of attention. This is understandable because
Aβ formation is the initial step in the hypothetical amyloid cascade2 and is thus supposed to be
ultimately responsible for the pathology of Alzheimer’s disease (AD). Moreover, the necessity
of proteolytic cleavage for Aβ generation immediately suggested the existence of two potential
therapeutic intervention targets which could be addressed using standard protease inhibition
approaches. Consequently, APP processing and Aβ generation have been studied in a variety of
systems by many investigators and their results are summarized in Figure 2.1. At least three
distinct protease activities are involved in processing the membrane protein APP along two
major pathways, the α-secretase and the amyloid forming β-secretase pathway. A relatively
small minority of APP molecules enters the β-secretase pathway in which β-secretase cleaves
APP and releases a soluble fragment, β-APPs. The C-terminal membrane bound C99 peptide
is then cleaved by γ-secretase within the transmembrane domain and two major isoforms of 40
and 42 amino acid length with different C-termini, Aβ40 and Aβ42, are generated. In the
α-secretase pathway, α-secretase cleaves in the middle of the Aβ region (thus precluding Aβ
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formation) and releases a soluble fragment, α-APPs. The remaining membrane-bound
C-terminal fragment C83 is then cleaved by γ-secretase to give rise to p340 and p342, shortened
versions of Aβ that do not appear to be major plaque components. Pharmacological and cell
biological studies demonstrated early on that the three major activities, α- β- and γ-secretase
were distinct. By the mid 1990s an approximate subcellular localization of these activities was
established by defining where one can detect their respective cleavage products. Using this
approach it was for example shown that β-secretase activity must reside both in endosomes3

and in the secretory pathway,4 whereas α-secretase activity could be clearly detected on the
cell-surface.5 However, it was far less clear whether all cleavages within each major class were
carried out by one or several different, but related enzymes. Obviously, such questions could be
addressed directly, and inhibitors could be developed in a rational way, if the relevant enzymes
were identified and isolated. Therefore, isolating β-and γ-secretases has been a major goal for
laboratories in academia and the pharmaceutical industry for a long time. It took more than 10
years to accomplish this, primarily because the biochemical purification of these enzymes using
peptidic substrates proved exceedingly difficult. Upon homogenization of cells numerous ac-
tive enzymes capable of cleaving peptidic substrates at the right position are released and a
variety of them have been suggested as candidates for β- and/or γ-secretase over the years (for a
detailed review of these efforts from the mid-90s see ref. 6). Clearly, there was a problem with
irrelevant enzymes performing artifactual cleavages of short peptidic substrates that obscured
the less robustly expressed secretases. We decided to circumvent the intrinsic problems of

Figure 2.1. Overview of APP processing. APP is shown with the large N-terminal ectodomain in light grey,
the Aβ region in dark grey, and the C-terminal amyloid intracellular domain (AICD) in black (not drawn
to scale). APP can be processed by α-secretase to yield secreted α-APPs and the membrane bound C83
fragment or by β-secretase to yield β-APPs and the membrane bound C99 fragment. These membrane
bound fragments can each undergo γ-secretase cleavage to give rise to the secreted fragments Aβ and p3 and
AICD which may play a role in signaling (discussed in other chapters in this book).
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a biochemical purification approach by using an expression cloning strategy to identify genes
that modulate Aβ production. We hypothesized that overexpression of α secretase in cells
overexpressing APP could lead to increased Aβ production. A cDNA library was prepared from
293 human embryonic kidney cells (which are known to express the complete APP processing
machinery) and divided into pools of 100, and these pools were transfected into 293 human
embryonic kidney cells overexpressing APP. Pools causing increased Aβ production were then
subdivided into smaller pools and finally reduced to single clones. This expression cloning
strategy ultimately led to the identification of beta-site APP-cleaving enzyme 1 (BACE1) as the
major β-secretase.7 Subsequently three other groups reported isolation of the same enzyme
using different approaches. Hypothesizing that β-secretase belongs to the aspartic protease
family and using a genomics approach and antisense studies, Yan et al isolated β-secretase.8 In
contrast, Sinha et al used biochemical affinity purification to identify the enzyme.9 Finally,
Hussain et al also reported identification of β-secretase, but they did not report why the par-
ticular candidate was selected initially.10

Characterization of β-Secretase
BACE1 is a 501 amino acid protein with an aminoterminal signal peptide of 21 amino

acids followed by a proprotein domain spanning amino acids 22 to 45 (Fig. 2.2). The lumenal
domain of the mature protein extends from residues 46 to 460 and is followed by a transmem-
brane domain of 17 residues and a short cytosolic tail of 24 amino acids. BACE1 contains two
active site motifs at amino acids 93 to 96 and 289 to 292 in the lumenal domain, each contain-
ing the highly conserved signature sequence of aspartic proteases D T/S G T/S. Based on the
amino acid sequence, BACE1 is predicted to be a type I transmembrane protein with the active
site on the lumenal side of the membrane where β-secretase cleaves APP. At the amino acid
level, BACE1 shows less than 30% sequence identity with human pepsin family members. The
BACE1 gene is localized to chromosome 11q23.3, not associated with AD.

We have thoroughly demonstrated that BACE1 exhibits all the known properties of
β-secretase7 and subsequent publications from other groups have confirmed this analysis. Tis-
sue culture and animal studies indicated that β-secretase is expressed in all tissues, but higher in
neurons of the brain. This is exactly what we found for BACE1 mRNA. However, we and
others also found very high levels of BACE1 mRNA in the pancreas, leading to speculations
about a role of BACE1 as a protease in this tissue, but recently this mRNA has been shown to
encode a shortened BACE1 splice variant of unknown function which is deficient in protease
activity.11 We also demonstrated the presence of BACE1 protein in brain.7 BACE1 has the
right topological orientation to attack the β-secretase cleavage site of APP and is localized
within acidic intracellular compartments, such as endosomes and trans-Golgi network (TGN)
as expected for β-secretase.7 BACE1 is also detectable at the cell surface and cycling of the
protein between the cell membrane and endosomes was documented.12,13 Endosomal target-
ing of BACE1 depends on a cytoplasmic dileucine motif (residues 499 and 500).12 Endog-
enous BACE1 was shown to primarily localize to the TGN from which a small portion is
delivered to the plasma membrane from which it then recycles to endocytic compartments. It
appears that the BACE1 transmembrane domain contains a TGN targeting signal.14

Overexpression of BACE1 in cells increases the β-secretase products C99 (the major β-cleavage
product starting with the Asp1 amino acid of Aβ), C89 (the β’-cleavage product starting with
the Glu11 amino acid of Aβ) and APPsβ, while the α-secretase product APPsα is decreased. In
cells expressing wild-type APP this directly leads to increased Aβ generation.7 Under
overexpression conditions the ratio of β’/β-cleavage correlates with BACE1 expression levels,15

both APP and C99 can undergo β’-cleavage16 and β-site proteolysis predominates in the endo-
plasmic reticulum, whereas β’-cleavage predominates in the trans-Golgi network.17 Antisense
inhibition of BACE1 decreases β-secretase cleavage and Aβ generation.7,8 Purified forms of
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BACE1 cleave APP substrates in vitro at the correct site and with the same P1 specificity
previously described for β-secretase in cell-based assays. Purified forms of BACE1 have an
acidic pH optimum and are not inhibited by pepstatin, as expected for β-secretase. BACE1
undergoes a series of posttranslational modifications. All four potential N-glycsosylation sites
in the ectodomain are occupied by carbohydrate; no O-glycosylation is detected.18 Protease
activity is affected by the occupancy of glycosylation sites, but the effect is likely to be indirect,
e.g., by enhancing correct folding or increasing solubility of the protein.19 The six cysteine
residues in the ectodomain all form intramolecular disulfide bonds in a pattern which is not
conserved in other aspartic proteases.18 In pulse chase experiments BACE1 protein (calculated
MW 50 kDa) is initially detectable as a 60 kDa immature glycosylated form made in the ER
which undergoes rapid maturation to a 70 kDa product which is stable.13,18 Ectodomain shed-
ding of BACE1 upon overexpression has been reported.20 It is not known whether this
ectodomain shedding occurs under physiological conditions and its functional significance
remains unclear. BACE1 is initially synthesized as a proprotein that is cleaved at residue E46 to
form the mature enzyme. Interestingly, both the proprotein and the mature protein are pro-
teolytically active and the Pro domain does not suppress activity as in a strict zymogen, but
appears to facilitate proper folding of the active enzyme.21 The prodomain cleavage is not
autocatalytic, as in some other aspartic proteases. Instead, furin, or a furin-like protease is likely
responsible for the propeptide cleavage.22 After full maturation BACE1 can be phosphorylated
within its cytoplasmic domain at Ser498. The phosphorylation regulates retrieval of BACE1
from endocytosed vesicles, a mechanism reminiscent of furin trafficking.23

BACE2, the Closest Relative
Immediately after the identification of BACE1 database mining led to the discovery of

BACE2, an aspartic protease which has 64% amino acid sequence similarity to BACE1 and
which also shows a C-terminal transmembrane domain. Together BACE1 and BACE2 define
a novel family of aspartic proteases (Fig. 2.3). BACE2 localizes to the obligate Down’s syn-
drome region of chromosome 21, making it attractive to speculate that it may have β-secretase
activity and that its overexpression could contribute to the AD pathology observed in Down’s
syndrome. However, its brain expression is very low and it is primarily peripherally expressed.24

Several other studies also indicate that this enzyme does not play a major role in Aβ generation.
First, in contrast to BACE1, antisense inhibition does not impact Aβ generation.8 Second,
overexpression of BACE2 does not lead to increased Aβ production24-26 and very recent data

Figure 2.2. Schematic representation of BACE1, the β-secretase protein (drawn to scale). BACE1 is initially
synthesized as a 501 amino acid transmembrane protein. The signal peptide and the propeptide are indi-
cated. Active site aspartate residues are marked. The transmembrane domain is indicated in black. The four
N-glycosylation sites are marked and the connectivity of the intramolecular disulfide bonds of the extracel-
lular domain is shown. The last 4 amino acids are shown. Serine 498 is the cytoplasmic phosphorylation
site. The dileucine motif is an endosomal targeting signal.
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suggest that BACE2 may even have an antiamyloidogenic role.27 While BACE2 does recognize
the β-site of APP, it primarily cleaves APP after the known α-secretase sites Phe-19 and Phe-20
which does not lead to increased Aβ generation.26,28 Third, BACE1 knockout alone is suffi-
cient to abolish Aβ production (see below). Currently the physiological role of BACE2 and its
substrates are unknown, but because it is closely related to the important BACE1, it is interest-
ing to analyze the properties of BACE2. Like BACE1, BACE2 undergoes posttranslational
modifications and is transported through the secretory pathway to the plasma membrane, but
in contrast to BACE1 it is hard to detect in endosomes.29 The transmembrane domain of
BACE2 is only 22% identical to that of BACE1 and this may explain why BACE2 is not
primarily localized to the TGN, but has a more diffuse localization pattern.28 In contrast to
BACE1, BACE2 prodomain processing is autocatalytic.28,30 The crystal structure of BACE2
has not been disclosed and the phenotype of BACE2 knockout mice has not been reported yet.

BACE1 Transgenics and Knockouts
Mice transgenic for human BACE1 expressed under the mouse Thy-1 promoter have

been generated. High BACE1 protein expression in the hippocampus and cortex was observed
and stable lines were established, suggesting that neuronal BACE1 overexpression in vivo is not
lethal. Detailed pathology of the transgenics has not been reported, and the focus of the study
was on showing that in vivo BACE1 overexpression leads to increased amyloidogenic process-
ing of APP, as demonstrated by reduced levels of full-length APP and increased levels of C99,
C89 and APPsβ, ultimately resulting in increased Aβ production.31 This result does not come
as a surprise, but was expected based on the tissue culture data. A recent report from another
group suggests that BACE1 overexpression under the same promoter leads to a
neurodegeneration phenotype with motor deficits.32 It is not yet known why this phenotype
was not observed in the first study. For inhibitor development, knockout mouse studies are
more important, and consequently knockout mouse results were available earlier than transgenic
data. The finding that β-secretase knockout mice are deficient in Aβ production, indepen-
dently reported by us and two other groups, was not unexpected, but it did provide ultimate in
vivo validation of BACE1 as β-secretase and it demonstrated that in mice no compensatory
mechanism for β-secretase cleavage exists.33-35 The more exciting and unexpected aspect of the
knockout studies was the absence of major problems due to β-secretase ablation: We analyzed
the phenotype of our BACE1 knockout mice and found them to be healthy and fertile. A

Figure 2.3. Evolutionary tree showing the relationships between BACE1, BACE2 and other aspartic pro-
teases. BACE1 and BACE2 form a novel family of transmembrane aspartic proteases that are most closely
related to the pepsin family. The homodimeric retroviral aspartic proteases are evolutionarily more ancient
than the BACE and pepsin families.
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detailed analysis demonstrated that the knockout mice are normal in terms of gross morphol-
ogy and anatomy, tissue histology, hematology and clinical chemistry.33 In addition, behavioral
analysis of the knockout mice generated by Roberds et al showed no obvious deficits in basal
neurological and physiological functions.35 While no study has investigated aged knockout
mice or knockout mice subjected to various challenges, the absence of distinct pathology is
very encouraging for β-secretase drug development.

β-Secretase Drug Development Is Under Way
On theoretical grounds inhibition of either β- or γ-secretase should be sufficient to block

Aβ production (see Fig. 2.1), so the choice between these two targets could then be determined
by technical feasibility and mechanism-based toxicity issues. In the absence of purified secretase
enzymes, whole cell assays for inhibition of Aβ generation in the presence of compounds were
run, and these assays delivered potent γ-secretase inhibitor leads, but no potent β-secretase
inhibitors were disclosed in the scientific or patent literature. Consequently, during the 90s
most drug development focused on the γ-secretase target. The recent insights into the potential
liabilities of γ-secretase inhibition and the availability of pure β-secretase enzyme have led to a
surge in interest in β-secretase inhibitor development. BACE1 is an attractive drug target: Its
biology is relatively well understood, the knockout data show that the enzyme is necessary and
sufficient for β-secretase cleavage and, most importantly, they suggest that mechanism based
toxicity of inhibitors may be nonexistent or manageable, and other aspartic proteases have been
successfully targeted for drug development in the past.36 Moreover, BACE1 is predominantly
expressed in the brain and because only very few aspartic proteases exist, the risk for
cross-inhibition is limited. The crystal structure of the BACE1 ectodomain complexed with a
peptidic inhibitor has been solved and this structural information is now available to guide
inhibitor development. The overall structure of the enzyme is very similar to that of other
known aspartic proteases. However, there are differences in the details of the active site which
is generally more open and less hydrophobic than in other aspartic proteases.37 Potent peptidic
inhibitors of BACE1 have already been described in several publications.9,38-40 The goal of
ongoing studies is the design of smaller, more drug-like compounds. A recent kinetic study
using synthetic peptide libraries and mass spectrometry for initial rate determination has led to
a clearer understanding of the subsite specificity of BACE1. It was shown that a consensus
peptide defined by the kinetic study as EIDLMVLD was cleaved with a kcat/KM value 14-fold
better than the analogous APPsw derived octamer. These data can be used to design better
substrates and inhibitors. They also suggest that much better physiological substrates for
β-secretase than APP may exist.41 The relatively large active site of β-secretase may pose chal-
lenges for the development of small molecule inhibitors. Based on the experience with other
aspartic protease inhibitors, in particular renin and human immunodeficiency virus (HIV)
protease drugs, one can predict that the generation of drug-like β-secretase inhibitors will be
difficult and time consuming, but that it will be pursued by many companies, given the size of
the AD problem and the limited number of validated alternative AD targets.

Controversies and Open Questions
Compared to other areas of AD research, the β-secretase field has seen surprisingly little

controversy. I would define three major landmarks of the field for which all publications agree
or—if there is only one publication—everyone seems to agree with the published data and
their interpretation. These landmarks are identification of BACE1 as the major β-secretase
activity, the discovery that BACE1 knockout mice do not make Aβ, but seem otherwise nor-
mal and the description of the crystal structure of the enzyme. Several publications describing
the detailed properties of BACE1 are also in agreement with each other with some minor
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differences on subcellular localization. While there is no more doubt about the identity of the
long-sought after β-secretase, there are still numerous questions left to answer, and some of
these questions may impact β-secretase inhibitor development: First, what are the other sub-
strates of BACE1? Additional substrates are likely to exist, because it is counterintuitive to
assume that β-secretase has evolved just to generate Aβ. The above mentioned kinetic study
suggesting that physiological β-secretase substrates could have several-hundred-fold better kcat/
Km values than APP clearly supports this notion.41 This is interesting from a basic perspective,
but also important to know in order to predict potential liabilities of β-secretase inhibitors. So
far, two new potential β-secretase substrates, ST6Gal I, a sialyltransferase42 and most recently
p-selectin glycoprotein ligand-1,43 have been proposed, mainly based on the finding that their
secretion was increased upon BACE1 overexpression. It remains to be determined whether
these proteins are actually cleaved by BACE1 at physiological expression levels. Second, what is
the biological role of BACE2? What is the phenotype of a BACE2 knockout? What is the
phenotype of a BACE1,2 double knockout? Again this is interesting from a basic perspective,
but it would also be important to know, whether a β-secretase inhibitor drug would have to be
BACE1 specific or whether cross-inhibition of BACE2 will be acceptable. Third, does
overexpression of BACE1 play a role in some forms of AD? Three recent reports suggest that
this may be the case,44-46 but more work is needed to find out whether BACE1 overexpression
can be firmly linked to AD. Fourth, how is β-secretase expression regulated? This area still
appears largely unexplored. Fifth, can β-secretase activity be modulated by mechanisms other
than direct enzyme inhibition? A provocative recent paper claims that BACE1 partitions into
lipid rafts and that this may underlie the cholesterol sensitivity of Aβ production, thus poten-
tially linking BACE1 with the cholesterol field.47 And finally, the ultimate question addressing
the amyloid hypothesis remains to be asked in the clinic—assuming a safe β-secretase inhibitor
drug can be found, will it prevent AD, will it arrest progression or will it even give symptomatic
improvement?
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Abstract

The neurodegeneration in Alzheimer’s disease (AD) may be caused by deposition of
amyloid β peptide (Aβ) in plaques in brain tissue (amyloid hypothesis). Mechanisms
of Aβ production in the brain have been the subject of considerable interest. Several

factors regulate processing of amyloid precursor protein (APP), which is cleaved by three types
of membrane-bound proteases designated α- β- and γ-secretases. Although we are only begin-
ning to understand their functions, the discovery of nonamyloidogenic α–secretase has already
provided some answers to longstanding questions of Alzheimer drug development. Here we
summarize recent advances in the identification of APP α-secretases. Pharmacological
up-regulation γ-secretases should provide rational drug design for Alzheimer’s disease.

Introduction
Dementia can be produced by a large number of pathological processes. Alzheimer’s dis-

ease is the most common form of senile dementia and is characterized by the progressive im-
pairment of cognitive domains caused by a loss of neurons from particular regions of the cere-
bral cortex, accompanied by the presence of amyloid deposition. A major component of senile
plaques is amyloid β-protein (Aβ) and this 39-43 amino acid peptide plays a crucial role in the
pathogenesis of Alzheimer’s disease. Aβ is derived by proteolysis of the amyloid precursor pro-
tein (APP)1-4 a ubiquitously expressed type I transmembrane protein. But in normal brain, Aβ
deposition can not be found even in aged people. APP undergoes endoproteolytic processing
within the Aβ domain in the trans-Golgi network (TGN) and at the cell surface (Fig. 3.1), and
the generation of Aβ is inhibited. The α-secretase cuts the extracellular domain closer to the
membrane, leaving 12 amino acids on the external surface. This results in the “constitutive”
secretion of the large extracellular domain of APP (sAPP) into the medium. It has been shown
that the fraction of sAPP can be increased by activating protein kinase C (PKC) cascade (“regu-
lated” α-cleavage). Stimulation of α-cleavage of APP leads to a significant decrease in Aβ for-
mation. Three related metalloproteases seem to exert an α-secretase activity. Therefore, stimu-
lation of α-secretase as well as inhibition of amyloidogenic enzymes (β- and γ-secretases) have
been suggested to theoretically reduce Aβ production.5,6
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ADAMs and α-Secretase
Several lines of evidence suggest that α-secretase activity is modulated by metal ions and

metalloprotease inhibitors. Three members of ADAM (a distintegrin and metalloprotease) family
(Table 3.1), ADAM9 (meltrin γ MDC9, ADAM10 (MADM) and ADAM17 (TNFα-con-
verting enzyme or TACE), are reported to be candidate α-secretases (Table 3.2). These have the
consensus sequence of zinc-dependent metalloprotease “HEXGHXXGXXHD” and seem to
be active metalloprotease. In 1998, TACE was reported to play a central role in regulated
α-cleavage by the use of gene disruption.7 Primary embryonic fibroblasts derived from
TACE-knockout mice lost regulated sAPP secretion, while basal or constitutive secretion was
not affected. Recent results of Slack et al demonstrate that constitutive sAPP secretion was also
increased in HEK293 cells transiently transfected with TACE cDNA.8 These indicate that
TACE is capable of catalyzing constitutive α-secretory cleavage of APP, but additional mem-
bers of the metalloprotease, possibly ADAMs, mediate endogenous constitutive cleavage of APP.

In 1999, Lammich et al reported that transfection of ADAM10 cDNA into HEK293
cells increased basal and PKC-stimulated α-secretase activity.9 Several investigators confirm
the results.10-13 We independently demonstrated in 1999 that ADAM9 has an α-secretase
activity in COS cells.14 ADAM9 and 10 were localized by immunostaining and cell surface
biotinylation in the plasma membrane and Golgi apparatus. These results support the view
that APP is cleaved both at the cell surface and along the secretory pathway. Hooper et al
suggested that constitutive α-cleavage of APP occurred in a post-TGN,6 while it is primarily an
intracellular source that is cleaved in the regulated pathway. One possible explanation for the
uncertainty about the identity of α-secretase is that there may be more than one enzyme de-
pending on the cell type and on the cellular localization.

ADAM9 (MDC9) has been suggested to participate in the shedding of the ectodomain of
the heparin-binding epidermal growth factor (HB-EGF) in response to phorbol esters. We

Figure 3.1. Proteolysis of APP.
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found that coexpression of mouse ADAM9 (mADAM9) and APP cDNA into COS cells en-
hanced both constitutive and regulated α-cleavage of APP.15 When we transfected APP695-LAA
in which HHQK of Aβ13-16 is replaced with LHHAA to confer greater resistance to α-secretory
cleavage, phorbol ester failed to activate α-cleavage, indicating that regulated cleavage is con-
ducted by ADAM9. We also found that a general metalloprotease inhibitor SI-27 inhibited the
phorbol ester-induced increase in sAPPα secretion together with concomitant increase in sAPPβ
secretion. Increasing concentration of the inhibitor had reciprocal effects on sAPPα and sAPPβ
secretion.14 Purified recombinant mADAM9 could cleave APP in vitro at α-cleavage site.

To clone human counterpart of mADAM9, total RNA was prepared from human glio-
blastoma cell line A172 which shows a high endogenous α-secretase activity. cDNA was syn-
thesized with the Thermoscript RT-PCR System (Life Technologies). One clone had a diver-
gent carboxyl terminus and was designated hADAM9s.16 A full-length human ADAM9
(hADAM9) consists of an open reading frame of 2460nt encoding 819 amino acid residues.
The former lacks 106bp, resulting in premature termination (total 655 amino acids) and the
deletion of the C-terminal transmembrane domain. We isolated this truncated hADAM9s
protein from the culture medium of cDNA-transfected COS cells and showed that hADAM9s
was capable of processing APP at α-site. All these results strongly suggest that α-secretory
cleavage occurs at the cell surface and modulation of APP metabolism can be achieved from
extracellular space.

Some members of the ADAM family (ADAMs 11, 12, 28) have alternative splicing forms
and have been secreted. ADAM12s is expressed in some tumor cell lines and placenta, while
full-length ADAM12 is expressed in every tissue. ADAM12s is found in pregnancy serum and
cleaves the major IGF-binding protein in human serum, IGFBP-3. These results suggest that
the splicing form of ADAM has tissue-specific unique functions.

Recently mice lacking ADAM9 were generated.17 They developed normally, are viable
and fertile, and did not have any pathological phenotypes. Interestingly, there were no differ-
ences in the production of the Aβ and p3 (APP α- γ-secretase product as well as HB-EGF

Table 3.1. ADAM family

+: proteolytic activity confirmed; -: not confirmed.
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shedding. This argues against an essential role for ADAM9 as an α-secretase in mice (see Fu-
ture Perspectives).

Relations between α- and Other Secretases
Aβ peptide is generated through the proteolytic cleavage of the APP molecule by two

proteases, termed β- and γ-secretases. β-secretase the N-terminus of Aβ to produce a soluble
form of APP (sAPPβ) and a 99-residue C-terminal membrane-bound fragment C99. C99 is
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substrate for membrane-bound γ-secretase, which clips in the middle of the transmembrane
region. Candidate β-secretase was identified as BACE1, a membrane-bound aspartic protease.

Recent results from Selkoe laboratory suggest that presenilins 1 and 2, which are endo-
plasmic reticulum (ER) or Golgi protein and whose dysfuction is a cause of early-onset autoso-
mal dominant cases of familial Alzheimer’s disease, are atypical aspartic proteases involved in
the processing of APP and Notch.18 Since presenilins do not seem to fit into any known family
of protease, some investigators cast doubts on the proteolytic nature of presenilins19-21 and
they argue that presenilins are simply important components of a high-molecular-weight
γ-secretase complex and act like a cofactor or a molecular chaperone of γ–secretase. Purification
of γ-secretase complex to homogeneity could solve this problem.

Future Perspectives
To identify the endogenous α-secretase in A172 cells, RNA interference (RNAi) was in-

duced by double-stranded RNA (dsRNA) encoding ADAM sequences. Recently it was been
reported that specific gene-silencing with 21-nucleotide dsRNAs in mammalian cells provides
a useful and reasonable tool. A172 cells are exceptional human glioblastoma cells with an
endogenous potent α-secretase activity. A single application of RNAi decreased the amount of
sAPPα in the medium by 25% compared with the control, and double RNAi and triple RNAi
caused a 63-77% and 87% suppression of α-secretase activity, respectively (Asai M et al, manu-
script in preparation). The results indicate that ADAM9, ADAM10 and ADAM17 catalyze
α-secretory cleavage and therefore act as α-secretases in A172 cells.

Despite our lack of full knowledge concerning the identity of APP α-secretase, it is clear
that the activation of these proteases may offer new therapeutic methods. Inhibitors of β- and
γ-secretases may prevent the deposition of Aβ in brain, whereas an activator of α-secretase (and
Aβ-degrading enzymes) may inhibit the accumulation of Aβ with the same efficiency.

There is strong evidence to suggest that NSAIDs may prevent or delay the onset of
Alzheimer’s disease. Indomethacin at 25-50 mM promoted nonamyloidogenic α-secretase in
A172 cells.22 Therefore NSAIDs may provide an avenue to prevention of the Alzheimer’s disease.
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γ-Secretase and Presenilin

Michael S. Wolfe

Abstract

Because production and deposition of the amyloid-β peptide (Aβ) is intimately linked to
the pathogenesis of Alzheimer’s disease (AD), the proteases responsible for excising Aβ
from the amyloid-β precursor protein (APP), β- and γ-secretases, are considered im-

portant therapeutic targets. β-secretase is a membrane-anchored aspartyl protease in the pepsin
family. In contrast, γ-secretase is a highly complex and unusual protease that catalyzes hydroly-
sis within the transmembrane domain of its substrates. A large body of evidence now supports
the hypothesis that the catalytic component of γ-secretase is presenilin, a multi-pass membrane
protein. Genetic analysis identified presenilins as major loci for mutations that cause familial,
early onset AD. These mutations affect Aβ production by altering the specificity of γ-secretase,
and knockout of presenilins eliminates γ-secretase activity. The identification of transition-state
analogue inhibitors of γ-secretase suggested an aspartyl protease mechanism. Consistent with
all these findings, two conserved transmembrane aspartates in presenilin are critical for γ-secretase
activity, and active site directed inhibitors of γ-secretase bind directly to presenilin. Moreover,
presenilin copurifies with γ-secretase activity through size exclusion and affinity chromatogra-
phy, and antibodies to presenilin can precipitate γ-secretase activity. Presenilins by themselves
do not possess protease activity. Instead, presenilins are apparently part of a larger protease
complex that includes the single-pass protein nicastrin and at least two other components.

Introduction
Ever since the discovery that certain dominant missense mutations in the amyloid-β pre-

cursor protein (APP) cause early-onset Alzheimer’s disease (AD)1,2 and alter production of the
amyloid-β peptide (Aβ),3-6 the two proteases responsible for excision of Aβ from APP have
been considered prime targets for therapeutic intervention for the prevention and/or treatment
of AD. These proteases, β- and γ-secretases, have been the subject of intense study toward
identification and characterization in the hope that such understanding would facilitate drug
discovery efforts. β-secretase prunes APP on its lumenal/extracellular side near the transmem-
brane region, leading to shedding of the ectodomain and the formation of the N-terminus of
Aβ on the membrane-bound C-terminal remnant. β-secretase was identified in 1999 as a novel
membrane-tethered aspartyl protease in the pepsin family.7-10 A soluble form of β-secretase has
been cocrystallized with an inhibitor that coordinates with the two active site aspartates, open-
ing the door to structure-based drug design.11 γ-secretase, however, has proven to be much
more complicated. Nevertheless, the past few years have witnessed remarkable advances in our
understanding of the properties, mechanism, and composition of this protease. This chapter
will provide evidence that a multi-pass membrane protein called presenilin is the catalytic
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component of a larger γ-secretase complex, address objections to the presenilin as protease
hypothesis, place γ-secretase in context with other multi-pass membrane proteins, and project
future directions on the study of this enzyme.

Substrate Specificity and Intramembrane Proteolysis
γ-secretase has been considered central to understanding the etiology of AD because it

determines the proportion of the highly fibrillogenic 42 amino acid Aβ42 peptide that is par-
ticularly implicated in the pathogenesis of AD. After either α- or β-secretase release the APP
ectodomain, the resulting C83 and C99 APP C-terminal fragments, are clipped in the middle
their transmembrane regions by γ-secretase (Fig. 4.1).12 Normally, about 90% of the proteoly-
sis occurs between Val40 and Ile41 (Aβ numbering) to give the 40 amino acid Aβ40, and
roughly 10% takes place between Ala42 and Thr41 to produce Aβ42 (Fig. 4.2). Minor propor-
tions of other C-terminal variants, such as Aβ39 and Aβ43, are formed as well. γ-secretase has
been of interest not only because of its key role in AD pathogenesis, but also because it presents

Figure 4.1. Topology and proteolytic processing of APP. Cleavage by α-secretase forms C83, while process-
ing by β-secretase produces C99. In either event, the APP ectodomain is shed (α- and β-APPs). C83 and
C99 are further processed by γ-secretase within the transmembrane domain to produce p3 and Aβ, respectively.
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an intriguing biochemical problem: how does this enzyme catalyze a hydrolysis at a site located
within a membrane?

Does γ-secretase actually catalyze a hydrolysis within the boundaries of the lipid bilayer?
Molecular modeling of the γ-secretase cleavage site in APP as an α-helix, a conformation typi-
cal of transmembrane domains, showed that the two major cleavage sites, one leading to Aβ40

and the other to Aβ42, are on opposite faces of the helix.13 Moreover, in this model FAD-causing
APP mutations are immediately adjacent to the scissile amide bond that leads to Aβ42. Thus,
the helical model provides a simple biochemical explanation for why these FAD mutations
result in selective increases in Aβ42 production. Lichtenthaler et al provided important experi-
mental support for this model via a phenylalanine scanning mutagenesis study.14 Systematic
replacement of each APP transmembrane residue after the γ42 cut site with phenylalanine re-
sulted in periodic changes in effects on Aβ40 and Aβ42 production that were consistent with a
helical conformation of substrate upon initial interaction with the protease. In a second mu-
tagenesis study, Lichtenthaler et al further showed that the site of γ-secretase cleavage is changed
if the length of the transmembrane domain of APP is altered (e.g., by insertion or deletion of
two hydrophobic residues on either end of the transmembrane domain). Thus, the length of
the whole transmembrane domain is apparently a major determinant for the cleavage site of
γ-secretase.15 These findings are consistent with γ-secretase being a novel intramembrane-cleaving
protease (I-CliP), which hydrolyzes its substrates within the confines of the membrane.16

Inhibitor Studies Suggest an Aspartyl Protease Mechanism
Important mechanistic evidence that γ-secretase is an aspartyl protease came from obser-

vations that hydroxyl-containing peptidomimetics inhibit γ-secretase activity13,17,18 (Fig. 4.3).
Such analogues mimic the gem-diol transition-state of aspartyl protease catalysis, and a variety
of related compounds have been shown to inhibit other aspartyl proteases. For example, the
general aspartyl protease inhibitor pepstatin A contains two hydroxyethyl moieties,19 and the
difluoro alcohol group is found in peptidomimetic inhibitors of renin20 and penicillopepsin.21

Potent substrate-based inhibitors of β-secretase contain the hydroxyethyl moiety.22 Moreover,
all of the clinically marketed inhibitors of HIV protease contain a hydroxyethyl group.23 In
many cases, cocrystal structures of these compounds and their cognate proteases have been
determined (e.g., see refs. 11, 21,24), demonstrating that the hydroxyl group of the inhibitor
indeed coordinates with the two active site aspartates in the protease.

Figure 4.2. Sequence of APP in and around the γ-secretase cleavage site and disease-causing missense
mutations.
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The Presenilin/γ-Secretase Connection: AD-Causing Mutations
and Knockout Mice

During the search for the major FAD-causing genes on chromosomes 14 and 1, many
thought the encoded proteins would reveal at least one, if not both, of the proteases involved in
Aβ production. When the search identified the presenilins in 1995,25,26 it was far from clear
what the normal function of these proteins might be and why mutant forms might lead to AD.
The two proteins, presenilin-1 (PS1) and presenilin-2 (PS2), are 65% identical, but the only
homology they had to anything else known at the time was to a set of otherwise obscure
proteins in worms involved in egg-laying and spermatogenesis.27,28 Remarkably, these proteins
were the sites of dozens of FAD-causing missense mutations.29 Over 70 such mutations have
now been identified, with all but six occurring in PS1.30 These mutations are found in many
regions of the linear sequence, although they tend to cluster in certain areas (Fig. 4.4).

How could all these different PS mutations cause AD? Some mutations are extremely
deleterious, a single copy of the mutant gene resulting in the onset of dementia as early as 25
years old.31 Because of the amyloid plaque pathology of AD and because FAD-causing APP
mutations are near β- and γ-secretase cleavage sites and affect Aβ production, investigating the
effects of FAD-causing PS mutations on Aβ production, deposition, or toxicity seemed reason-
able. Indeed, all PS mutations examined to date have been found to cause specific increases in
Aβ42 production, and this effect can be observed in transfected cells, in transgenic mice, and in
blood plasma or media from cultured fibroblasts of FAD patients.32-35 Thus, presenilins could
somehow modulate γ-secretase activity to enhance cleavage of the Ala42-Thr43 amide bond. A

Figure 4.3. Transition-state inhibitors of γ-secretase and of known aspartyl proteases. Pepstatin A is a natural
product that inhibits a wide spectrum of aspartyl proteases. Indinavir and nelfinavir exemplify currently
marketed inhibitors of HIV protease.
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major clue to the function of the presenilins came via PS1 knockout mice: deletion of PS1 in
these mice was lethal in utero, indicating the clear requirement of this gene for proper develop-
ment of the organism.36,37

Unfortunately, the embryonic lethality resulting from deleting PS1 did not suggest rea-
sons why PS mutations might cause AD relatively late in life. Nevertheless, neurons from
PS1-deficient embryos could be cultured, and transfection of these cells with APP revealed that
γ-secretase activity was markedly reduced.38 The maturation and distribution of APP was not
affected by the deletion of the PS1 gene, nor was the release of α- or β-APPs altered. However,
γ-secretase substrates C83 and C99 were dramatically elevated, and Aβ production was sub-
stantially lowered. Formation of total Aβ and Aβ42 was reduced to similar degrees (to roughly
20% of levels seen in fibroblasts from PS1 +/+ littermates), indicating that PS1 plays a role in
the production of both Aβ40 (which makes up 90% of all Aβ) and Aβ42. The remaining
γ-secretase activity was thought to be due to PS2. Indeed, the development of PS1/PS2 double
knockout mice39,40 allowed the culturing of embryonic stem cells, and transfection of APP
demonstrated that complete absence of γ-secretase activity.41,42 Thus, presenilins are absolutely
required for the γ-secretase cleavage of APP.

Presenilin Topology and Maturation
Presenilins themselves undergo proteolytic processing within the hydrophobic region of

the large cytosolic loop between transmembrane domain (TM) 6 and TM 7 (Fig. 4.4) to form
stable heterodimeric complexes composed of the N- and C-terminal fragments.43,44 These
heterodimers are only produced to limited levels even upon overexpression of the holoprotein
and may be found at the cell surface.43,45-47 Expression of exogenous presenilins leads to re-
placement of endogenous presenilin heterodimers with the corresponding exogenous
heterodimers, indicating competition for limiting cellular factors needed for stabilization and
endoproteolysis.48

FAD-causing presenilin mutants are likewise processed to stable heterodimers with one
exception, a missense mutation in PS1 that leads to the aberrant splicing out of exon 9, a region
that encodes the endoproteolytic cleavage site.43,45 This PS1 ∆E9 variant is an active presenilin,
able to partially rescue a loss of function presenilin mutation in the worm C. elegans,49,50 and

Figure 4.4. Topology and proteolytic processing of presenilins. Presenilins are cleaved within the hydropho-
bic region of the large cytosolic loop between TM6 and TM7, resulting in the formation of a heterodimeric
complex composed of the N-terminal fragment (NTF) and the C-terminal fragment (CTF). Stars represent
sites of missense mutation that cause familial Alzheimer’s disease. The two conserved aspartates required for
presenilin endoproteolysis and γ-secretase processing of APP and Notch are predicted to be within TM6 and
TM7. The region of the protein encoded by exon 9 is denoted; natural deletion of this exon leads to a
noncleavable but functional presenilin.
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like other FAD-causing presenilin mutants, causes increased Aβ42 production.50,51 Upon
overexpression, most PS1 ∆E9 is rapidly degraded similar to unprocessed wild-type presenilins;
however, a small portion of this PS1 variant is stabilized in cells45,52 and forms a high molecular
weight complex like the N-, and C-terminal fragments,44,53 suggesting that it can interact with
the same limiting cellular factors as wild-type presenilins. These observations are consistent
with the idea that the bioactive form of presenilin is the heterodimer and that the hydrophobic
region is an inhibitory domain.

Presenilins: Intramembrane-Cleaving Aspartyl Proteases
Presenilins contain two transmembrane aspartates (Fig, 4.4), one found in TM6 and one

in TM7, predicted to lie the same distance within the membrane (i.e., they could interact with
each other) and roughly aligned with the γ-secretase cleavage site in APP (i.e., they might work
together to cut C99 and C83). These two aspartates are completely conserved from worms to
humans and are even found in a plant presenilin.54 Mutation of either TM aspartate to alanine
did not affect the expression or subcellular location of APP, and the subcellular distribution of
the mutant presenilins was also similar to the wild-type.55 However, the mutant presenilins
were completely incapable of undergoing endoproteolysis and acted in a dominant-negative
manner with respect to γ-secretase processing of APP. Similar effects on APP processing were
observed even when conservative mutations to glutamate55 or asparagine56,57 were made, indi-
cating the crucial identity of these two key residues as aspartates and suggesting that the effects
are not likely due to misfolding. These effects have been corroborated by several different
laboratories and have been seen for both PS1 and PS2.53,55-59

The aspartates are critical for γ-secretase activity independent of their role in presenilin
endoproteolysis: aspartate mutation in the PS1 ∆E9 variant still blocked γ-secretase activity,
even though endoproteolysis is not required of this presenilin variant.55 Together these results
suggest that presenilins might be the catalytic component of γ-secretase: upon interaction with
as yet unidentified limiting cellular factors, presenilin undergoes autoproteolysis via the two
aspartates, and the two presenilin subunits remain together, each contributing one aspartate to
the active site of γ-secretase. The issues of PS autoproteolysis and the role of PS endoproteolysis
is controversial, especially in light of the identification of certain uncleavable artificial missense
PS1 mutants are still functional with respect to γ-secretase activity.56 On the other hand, these
mutations may disrupt the putative pro domain so that it no longer blocks the active site.

Advancing the understanding of γ-secretase and the role of presenilins in this activity had
been hampered by the lack of an isolated enzyme assay. Li et al reported a solubilized γ-secretase
assay that faithfully reproduces the properties of the protease activity observed in whole cells.60

Isolated microsomes were solubilized with detergent, and γ-secretase activity was determined
by measuring Aβ production from a C-terminally modified version of C99. Aβ40 and Aβ42

were produced in the same ratio as seen in living cells (~9:1), and peptidomimetics that blocked
Aβ40 and Aβ42 formation in cells likewise inhibited production of these Aβ species in the
solubilized protease assay. Choice of detergent was critical for Aβ production in the assay:
CHAPSO was optimal, although CHAPS, a detergent known to keep presenilin subunits to-
gether,44 was also compatible with activity, and Triton-X100 did not allow any Aβ formation.
After separation of the detergent-solubilized material by size-exclusion chromatography,
γ-secretase activity coeluted with the two subunits of PS1. Remarkably, immunoprecipitated
PS1 heterodimers also produced Aβ from the artificial substrate, strongly suggesting that
presenilins are part of a large γ-secretase complex.

More direct evidence that presenilins are the catalytic components of γ-secretases came
from affinity labeling studies using transition-state analogue inhibitors. Shearman et al identi-
fied a peptidomimetic γ-secretase inhibitor by rescreening compounds originally designed against
HIV protease.18 The compound blocks γ-secretase activity with an IC50 of 0.3 nM in the
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solubilized protease assay60 and contains a hydroxyethyl isostere, a transition-state mimicking
moiety found in many aspartyl protease inhibitors. While the transition-state mimicking alco-
hol directs the compound to aspartyl proteases, flanking substructures determine specificity.
Indeed, this compound does not inhibit aspartyl proteases cathepsin D and HIV-1 protease.18

Photoactivatable versions of this compound bound covalently to presenilin subunits ex-
clusively.61 Interestingly, installation of the photoreactive group on one end of the inhibitor led
to labeling of the N-terminal presenilin subunit, while installation on the other end resulted in
the tagging of the C-terminal subunit. Moreover, while these agents did not label wild-type
PS1 holoprotein, they did tag PS1 ∆E9, which as described above is not processed to heterodimers
but nevertheless active. Similarly, Esler et al identified peptidomimetic inhibitors containing a
difluoro alcohol group, another type of transition-state mimicking moiety, and these com-
pounds were developed starting from a substrate-based inhibitor designed from the γ-secretase
cleavage site in APP.62 Conversion of one such analogue to a reactive bromoacetamide pro-
vided an affinity reagent that likewise bound covalently and specifically to PS1 subunits in cell
lysates, isolated microsomes, and whole cells. Either PS1 subunit so labeled could be brought
down with antibodies to the other subunit under coimmunoprecipitation conditions, demon-
strating that the inhibitor bound to heterodimeric PS1. Seiffert and colleagues likewise identi-
fied presenilin subunits as the molecular target of novel peptidomimetic γ-secretase inhibitors.
The affinity probe, however, does not resemble known transition-state mimics, so it is not clear
whether this compound would be expected to bind to the active site of the protease.63

Taken together, these results strongly suggest that heterodimeric presenilin contains the
catalytic component of γ-secretase: inhibitors in two of the three studies are transition-state
analogues targeted to the active site. The wild-type presenilin holoprotein could be an inactive
zymogen that requires cleavage into two subunits for activation. In any event, the active site is
likely at the PS heterodimeric interface: both subunits are labeled by γ-secretase affinity re-
agents, and each contributes one critical aspartate. Whether a separate “presenilinase” converts
the holoprotein to subunits or presenilins undergo autoproteolysis remains to be determined,
although the absolute requirement of the two transmembrane aspartates for heterodimer for-
mation suggests the latter.

Biological Roles of γ-Secretases
The presenilins are not only involved in the proteolytic processing of APP. They are also

critical for processing of the Notch receptor, a signaling molecule crucial for cell-fate determi-
nation during embryogenesis.64 After translation in the endoplasmic reticulum (ER), Notch is
processed by a furin-like protease, resulting in a heterodimeric receptor that is shuttled to the
cell surface65 (Fig. 4.5). Upon interaction with a cognate ligand, the ectodomain of Notch is
shed by a metalloprotease apparently identical to tumor necrosis factor-α converting enzyme
(TACE).66,67 Interestingly, metalloproteases such as TACE and ADAM-10 are among the iden-
tified α-secretases that shed the APP ectodomain68,69 (see section The Presenilin/γ-secretase Con-
nection). The membrane-associated C-terminus is then cut within the postulated transmem-
brane domain to release the Notch intracellular domain (NICD), which then translocates to
the nucleus where it interacts with and activates the CSL family of transcription factors.70

NICD formation is absolutely required for signaling from the Notch receptor: knock-in of a
single point mutation near the transmembrane cleavage site in Notch1 results in an embryonic
lethal phenotype in mice virtually identical to that observed upon knockout of the entire Notch1
protein.71

The parallels between APP and Notch processing are striking. Not only are both cleaved
by TACE, but also the transmembrane regions of both proteins are processed by a γ-secretase-like
protease that requires presenilins. Deletion of PS1 in mice is embryonic lethal, with a pheno-
type similar to that observed upon knockout of Notch1,36,37 and the PS1/PS2 double knockout
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phenotype is even more similar.39,40 Deficiency in PS1 dramatically reduces NICD forma-
tion,72 and the complete absence of presenilins results in total abolition of NICD produc-
tion.41,42 Treatment of cells with γ-secretase inhibitors designed from the transmembrane cleavage
site within APP likewise blocks NICD production72 and nuclear translocation73 and reduces
Notch signaling from a reporter gene.73 Moreover, the two conserved TM aspartates in presenilins
are required for cleavage of the Notch TM domain: as seen with γ-secretase inhibitors, expres-
sion of Asp-mutant PS1 or PS2 results in reduction of NICD formation, translocation and
signaling.59,73-75 Thus, if presenilins are the catalytic components of the γ-secretases that pro-
cess APP, they are also likely the catalytic components of the related proteases that clip the
transmembrane region of Notch.

Another γ-secretase substrate has recently been identified: the growth factor-dependent
membrane tyrosine kinase receptor ErbB4.76 Ectodomain shedding of ErbB4, but not other
ErbB receptors, can be stimulated by activator of protein kinase C or binding with its cognate
ligand heregulin. The remaining membrane-bound C-terminal fragment is cleaved to release
the cytosolic domain in a PS-dependent process that is blocked by γ-secretase inhibitors. Inhi-
bition of γ-secretase also prevented growth inhibition by heregulin. Thus, γ-secretase proteoly-
sis may be part of a new mechanism for receptor tyrosine kinase signaling.

Figure 4.5. Topology and proteolytic processing of the Notch receptor. Notch is processed in the Golgi by
a furin-like convertase and then transported to the cell surface as a heterodimer. Upon ligand binding, the
ectodomain is shed by TACE, and the resulting membrane-associated fragment (Notch extracellular trun-
cation; NEXT) is cleaved within its transmembrane domain by a γ-secretase-like protease, releasing the
Notch intracellular domain (NICD).
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Yet another single-pass membrane protein called E-cadherin is also apparently a substrate
for γ-secretase.77 Cadherins are involved in cell-cell adhesion as well as in cell signaling, prolif-
eration and differentiation. A presenilin-dependent γ-secretase-like protease mediates cleavage
of E-cadherin at the membrane-cytosol interface: release of the cytosolic domain is dramati-
cally reduced by either knockout of PS1 or treatment with a γ-secretase inhibitor. Both full-length
E-cadherin as well as a C-terminal fragment resulting from ectodomain shedding by a
metalloprotease are susceptible to this γ-secretase-like proteolysis. This stands in contrast to
other γ-secretase substrates so far identified, which require ectodomain shedding for trans-
membrane processing. Both β- and α-catenins associate with the cytosolic tail of E-cadherin,
and proteolysis of E-cadherin leads to release of these proteins into the cytosol. Such release
may affect cytoskeletal architechure at points of cell-cell contact and β-catenin-mediated modu-
lation of the Wnt signaling pathway. It seems likely that other substrates for γ-secretase will be
identified, especially because γ-secretase lacks sequence specificity.

Objections to the Presenilin as Protease Hypothesis
While the above evidence strongly suggests that the catalytic component of γ-secretase

resides in presenilin, this idea has not been without its skeptics.78,79 Four apparent inconsisten-
cies have been raised. First is the so-called “spatial paradox”:80 presenilin occurs mainly in the
endoplasmic reticulum and Golgi apparatus, whereas the γ-secretase cleavages of Notch and
APP are thought to occur at or near the cell surface. However, presenilin localization studies
have used antibodies that do not distinguish between full-length and heterodimeric presenilin
or between those heterodimers that have entered high-molecular weight, bioactive complexes
and those that have not. Moreover, presenilin heterodimers have actually been detected in cell
surface labeling experiments.74 Second, Notch and APP are not processed in the same way:
APP is cleaved heterogenously, whereas Notch is believed to be cut at a single site.70 However,
only one of the two Notch cleavage products, the cytosolic tail, has been analyzed. If only the
cytosolic tail of APP had been characterized, then the conclusion would be that Notch and
APP are cleaved at the same site.81,82 Isolation and characterization of the Notch counterpart of
Aβ may reveal heterogeneity as well. Third, mutating one of the two presenilin aspartates is
reported to affect APP and Notch processing differently in cells.75 However, this mutation does
inhibit γ-secretase cleavage of both substrates, and the apparent differences are difficult to
interpret with endogenous wild type presenilin in the background. Fourth, a class of γ-secretase
inhibitors blocks the γ-secretase cleavage of APP but not Notch in cells.83 These compounds,
however, do not interact with γ-secretase directly in cell-free assays,84 and their mechanism of
action may be upstream of the enzyme.

Nicastrin and Other Putative Members of the γ-Secretase Complex
In 2000, Yu and colleagues identified another factor apparently critical for γ-secretase

activity, a type I integral membrane protein they dubbed nicastrin.85 This protein
coimmunoprecipitated with anti-PS1 antibodies from glycerol gradient fractions containing
high molecular weight (~250 KDa) presenilin complexes. RNA interference in C. elegans re-
sulted in a Notch-deficient phenotype similar to that seen upon knockout of both worm
presenilin genes. Human nicastrin associates with the γ-secretase substrates C83 and C99, and
mutations in nicastrin can dramatically reduce Aβ production. More recently, knockout stud-
ies in Drosophila demonstrated that nicastrin is required for the γ-secretase processing of Notch
and subsequent signaling.86-88 Moreover, the development of an affinity purification method
for γ-secretase using an immobilized transition-state analogue inhibitor led to the isolation of
presenilin heterodimers and nicastrin.89 Also, γ-secretase activity could be precipitated with
anti-nicastrin antibodies. Thus, nicastrin appears to be an obligate member of the γ-secretase



Aβ Metabolism and Alzheimer’s Disease42

complex. The biochemical role nicastrin plays in substrate binding and turnover, however, is
completely unknown.

Genetic studies in C. elegans and D. melanogaster have identified two other candidate
members of the γ-secretase complex.90,91 Loss-of-function mutations in both genes lead to
developmental defects similar to those seen upon loss-of-function mutations in Notch or
presenilin. Both genes, called aph-1 and pen-2, encode highly conserved multi-pass membrane
proteins. Aph-1 is a ~30 kDa protein that contains seven putative transmembrane domains,
and pen-2 is a ~10 kDa protein with two transmembrane domains. RNA interference against
aph-1 or pen-2 results in dramatic reductions in Aβ production in Drosophila S2 cells trans-
fected with human APP,91 indicating that these two proteins are essential for γ-secretase activ-
ity. Biochemical studies are required to determine if these two integral membrane proteins are
truly part of the protease complex along with presenilin and nicastrin. Recent work in our
laboratory has indicated that human Aph-1 and Pen-2 do indeed form a complex with presenilin
and nicastrin and that these proteins also bind to our γ-secretase affinity matrix in an
activity-dependent manner. Overexpression of all four components (Aph-1, Pen-2, PS1, and
nicastrin) results in dramatic increases in the levels of PS1 NTF, PS1 CTF, and a highly
glycosylated form of nicastrin that tracks with γ-secretase activity. Overexpression of these pro-
teins together also results in a dramatic elevation in γ-secretase activity. Our findings are consis-
tent with the hypothesis that these four proteins assemble together, leading to PS endoproteolysis
and the formation of active γ-secretase.

An Emerging Family of Polytopic Membrane Proteases
The hypothesis that presenilin is the catalytic component of γ-secretase has generated

considerable controversy. The major reason for this is the lack of sequence homology with
other known aspartyl proteases. However, another family of putative polytopic aspartyl pro-
teases has been recently identified: type 4 prepilin peptidases.92 These proteins also contain
eight transmembrane domains and two conserved aspartates required for substrate proteolysis.
However, in this case, the two aspartates do not appear to lie within transmembrane domains.
Again, the type 4 prepilin peptidases do not bear sequence homology with other known (cyto-
solic) aspartyl proteases, but no other candidate protease has been proffered. More intriguing is
the finding that signal peptide peptidase (SPP) is a seven-transmembrane protein that contains
two conserved aspartate required for activity.100 SPP shares signature sequence motifs with
presenilins around the conserved aspartates, and expression of this protein in yeast reconsti-
tutes protease activity. Thus, among the suspected members of the γ-secretase complex, only
presenilin bears resemblance to a known protease, namely SPP.

In recent years, several other putative polytopic membrane proteases have been identified
(see Table 4.1). These include:

The site 2 protease (S2P) that processes the sterol regulatory element binding protein
(SREBP), a transcription factor essential for cholesterol biosynthesis.93-95 An entire family of
S2P-like proteins have been identified in bacteria and apparently process a mating factor.96

The S2P family contains a conserved HEXXH motif essential to catalysis, suggesting that they
are metalloproteases.

The yeast protein Ste24p that processes the CAAX C-terminus of certain proteins in
conjunction with protein prenylation.97 This protein has been purified to homogeneity and
shown to cleave its substrate, demonstrating that Ste24p is a bona fide protease.98 The require-
ment of zinc in this process suggests that Ste24p is a metalloprotease.

The rhomboid family of seven-TM proteins. Drosophila rhomboid-1 is responsible for
the proteolysis of a membrane-anchored TGF-α-like protein called Spitz. Mutagenesis studies
suggest that rhomboid-1 is a novel serine protease.99
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Other than the identification of conserved and essential residues suggesting a particular
proteolytic class, none of these proteins bears sequence homology with other known proteases.
This appears to be an example of mechanistic convergence: nature has arrived at the same basic
proteolytic mechanisms using polytopic proteins found in soluble proteins, suggesting that
there are few other catalytic solutions to the problem of efficient proteolysis.

Future Directions
A considerable body of evidence now supports the hypothesis that the active site of

γ-secretase lies at the interface of presenilin heterodimers and that γ-secretase is a complex of
integral membrane proteins. Presenilins alone do not show proteolytic activity. Moreover, at
the time of this writing, γ-secretase has not yet been purified to homogeneity nor has it been
reconstituted into a background lacking this protease activity. Both of these goals, purification
and reconstitution, will be required to identify all of the essential components of the γ-secretase
complex. Only after this is accomplished can rigorous studies be carried out to determine the
details of how this enzyme catalyzes hydrolysis within the hydrophobic environment of the
lipid bilayer, how the protease complex is assembled, and how so many different mutations in
presenilin result in increase Aβ42 production. A more practical biomedical issue is whether this
protease is an appropriate therapeutic target for AD. γ-secretase apparently processes a number
of other proteins besides APP, and it is unclear whether chronic inhibition will be tolerated in
aging adults. Resolution of this issue will require the development of potent, specific, and
bioavailable inhibitors of this unusual, complex and important protease.
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Functional Roles of APP Secretases

Dieter Hartmann

Abstract

Cleavage of APP by α-, β- and γ-secretases strikingly resembles regulated intramembrane
proteolysis (RIP), which is normally employed to generate signal-transducing fragments
from transmembrane proteins. Protein ‘RIPping’ is initiated by signals like ligand

binding causing the removal of the ectodomain by a sheddase-like activity. This exposes the
transmembrane stub to an intramembrane-cleaving protease (i-Clip) releasing the intracellular
domain that acts as a signal transducer directed towards the nucleus. At present, the presumed
signaling function of APP remains largely enigmatic, as both the putative signal triggering
RIPping and the elicited cellular response in vertebrates are unknown. Signaling deficits have
mostly been defined in C. elegans, inhibiting pharyngeal motility.

However, further analysis of the protease activities involved in APP RIPping has shown
that these enzymes also mediate shedding or RIPping of other proteins, some of which are of
critical importance for development and maintenance of the organism. Disintegrin
metalloproteases ADAM 9, 10 and 17, which together appear to constitute α-secretase, are
sheddases for EGF-R ligands (e.g., TGF-α) as well as other proteins like TNF-α, L1 and
L-selectin. ADAMs 10 and 17 also initiate the RIPping of Notch receptors, which are critical
for cell fate selection. Likewise, γ-secretase-like activities depending on presenilins 1 and 2 are
i-Clips for several type1 transmembrane proteins like APLPs, Notch receptors, erbB4 and pos-
sibly ATF6. Via a nonenzymatic binding of their loop domain, presenilins regulate cytosolic
β-catenin concentration and thereby critically modulate the Wnt signaling pathway. Recent
data also indicate a direct participation of presenilins in cadherin-mediated cell adhesion. Only
for the β-secretase BACE1, such additional functions appear to be rare. So far, only the shed-
ding of an otherwise Golgi-resident sialyl transferase was described and appears to be of low
functional significance.

The surprising finding that a small number of proteases forms a kind of common shed-
ding and RIPping machinery for a growing number of proteins not only underscores the func-
tional importance of these proteases (more often than not illustrated by disastrous knockout
phenotypes) but also indicates that the pharmacological targeting of these enzymes to treat
Alzheimer’s disease will have to be very carefully evaluated to avoid severe side effects.

Introduction: Cleavage of APP is a Special Case of Regulated
Intramembrane Proteolysis

The cleavage of amyloid precursor protein (APP) by three different protease activities
termed α-, β- and γ-secretase is the decisive event by which either the pathogenic amyloid β
(Aβ) peptides or the harmless (and possibly even beneficial) APPsα fragments are released.1,2
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Thereby, APP processing adheres to a stereotyped pattern of ectodomain secretion by either α- or
β-secretase cleaving shortly outside to the cell surface followed by intramembrane proteolysis
of the C-terminal stub by γ-secretase. The regulated ectodomain shedding—in other cases
triggered by specific signals like ligand binding,3-5 changing concentrations of a metabolite6,7

or ER ‘stress’8—renders the transmembrane fragment accessible to intramembrane proteolysis
by an intramembrane-cleaving protease (i-Clip) releasing a signal-transducing intracellular frag-
ment acting upon gene expression. This pattern of regulated intramembrane proteolysis (RIP)
is evolutionarily conserved in a broad spectrum of organisms, ranging from mammals “down”
to bacteria.9 In parallel, “isolated” shedding of protein ectodomains has been identified as a
part of the signaling mechanism in a number of growth factors like TNF-α and TGF-α or
HB-EGF.10-13

As a peculiarity of APP, ectodomain shedding is performed by two alternative protease
activities, α-secretase or β-secretase, whereby both ‘versions’ of ectodomain loss appear to re-
sult in the same signal-transducing fragment. As yet, the hypothetical signal triggering APP
‘RIPping’—if such a signal exists at all—remains to be identified. Likewise, knowledge about
the functional significance of this APP signaling is at best scarce.

APP is a member of a protein family for which as yet two other members, APP-like pro-
tein 1 (APLP1) and APLP2, have been identified. They are processed by the same secretase
activities eventually releasing corresponding intracellular domains. A number of diverse func-
tions have been—more or less speculatively—discussed for APP and APLPs during the past
years, including the function as a receptor protein, cell adhesion molecule or growth factor
(precursor).

The ‘traditional’ approach to define gene function by the analysis of knockout models, in
this case also including APP/APLP single and double knockouts to address compensation ef-
fects, has yielded surprisingly uninformative results.14,15 Mice deficient for APP or APLP1
develop almost normally except for minor growth retardation, ataxia and unspecific symptoms
of brain pathology like astrogliosis. Likewise, APLP2 deficient mice are viable and only
double-deficient APP/APLP2 or APLP1/APLP2 mice display a high mortality in the first post-
natal week. The surviving ones show a considerable growth deficit and a panel of neurological
abnormalities, which has however not been linked so far to any specific central nervous system
(CNS) lesion. This absence of any specific identifiable defect explaining the severe double
knockout phenotypes is at present the most severe obstacle in this important line of research.

The putative APP signaling function depending on intact secretase activity is likewise
enigmatic. Intramembrane proteolysis generates the APP intracellular domain (AICD). AICD
is able to bind to the adaptor protein Fe65 and to then enter the nucleus activating gene transcrip-
tion via binding of Fe65 to the transcription factor CP2/LPF1.16,17 Additionally, Fe65 may bind
to the C-terminus of APP in focal adhesion complexes, where it influences cell motility.18

Possibly comparable results have been obtained in C. elegans, where the inactivation of either
the homologues of APP (apl-1) or Fe65 (feh-1) has the identical inhibiting effect on pharyn-
geal pumping motility.19 Another possibly important interaction has been described with mdab1,
linking APP to the reelin pathway involved in the development of cortical cell layering.20

In contrast to our scant knowledge about the function of APP cleavage, considerable
progress has been made in the identification of the responsible proteases, which are important
drug targets for the therapy of AD.21 Thus, α-secretase activity is apparently distributed over
several enzymes, the best documented candidates of which are three disintegrin metalloproteases
termed ADAM 9 / meltrin γ, 21 ADAM 10 / kuzbanian23-25 and ADAM 17 / TACE.26

β-secretase activity is linked to a novel membrane-bound aspartyl protease termed BACE
1 / memapsin 2 / Asp2.27-30 A related protein, BACE 2 /Asp131-34 more efficiently exerts a
variant form of α-cleavage, its cleavage site being shifted by two amino acids in comparison to
the ‘original’ α site.
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γ-secretase activity is bound to a large multimeric complex centered around presenilin
(PS) 1 and 2,35-40 Within this complex, the actual protease activity is probably exerted by the
PSs themselves, which could act as atypical aspartyl proteases.

The APP-processing secretase machinery appears to be astonishingly standardized in the
sense that the same sets of sheddases and iCLIPs act upon several substrates, some of which are
of critical importance for development and integrity of an organism. As a result, an impair-
ment or loss of function of these secretases in many cases causes severe defects unrelated to
APP/APLP knockout phenotypes.12,41-46

α-Secretase
Of the many different proteases proposed during the past years as α-secretase candidates,

the discussion is now focusing on ADAM-type metalloproteases. ADAMs are type1 trans-
membrane proteins with a highly modular molecular architecture, strikingly similar to snake
venom reprolysins.47 They consist of a N-terminal prodomain inhibiting enzymatic activity, a
protease domain, and disintegrin and cystein-rich domains involved in cell adhesion and fu-
sion, a transmembrane domain and a short cytoplasmic tail. In mammals, this family consists
of >30 members, of which only a minority appears to have retained a functional, active pro-
teolytic site. For both proteolytic and adhesive functions deduced from the architecture of
ADAM proteins, important ‘applications’ in animal biology have been identified. Thus, ADAM
2 mediates sperm/egg interaction and ADAM 12 / meltrin α myoblast fusion.48 Proteolytically
speaking, several ADAMs are important sheddases and initiators of protein RIPping with a
partially overlapping substrate specificity, but may also act on extracellular matrix during cell
migration.49,50

According to this overall profile, the three ADAMs in question here are both implied in
‘simple’ ectodomain shedding of a variety of proteins (for instance cleavage of HB-EGF by
ADAM 9 or shedding of TGF-α and TNF-α in the case of ADAM 17) as well as in the
initiation of protein RIPping as in the case of Notch receptor ectodomain (‘S 2’ cleavage) by
ADAM 10 and ADAM 17. Many currently identified cases of protein shedding might turn out
to be further examples for protein RIPping, as has been the case with erbB4 in the last year.51

ADAM 9
Expression of ADAM 9 is ubiquitous during development, with especially high levels in

brain, heart and mesenchyme.52 For adult tissues, presence of ADAM 9 has been reported for
brain, kidney, bone (both osteoblasts and osteoclasts),53 and endometrium. In kidney, ADAM
9 localizes to the basolateral membrane of tubular epithelial cells and visceral glomerular epi-
thelium. Its colocalization with beta1 integrin chains has led to the assumption of an involve-
ment in cell-cell and cell-basal lamina contacts.54

In endometrium, ADAM 9 undergoes a phasic regulation with a peak expression during
the periimplantation period. It is further upregulated at the implantation site by the contacting
blastocyst and may be involved in cell fusion events at the nidation site.55 A participation of
ADAM 9 in cell fusion has also been reported during giant cell formation from blood mono-
cytes. Cell fusion in vitro at least in part depends on protease activity, as it could both be
inhibited by antibodies against ADAM 9 and by the metalloprotease inhibitor SI 27 (Namba
et al, 2001).

Additional functional data have been obtained from biochemical studies. Upon stimula-
tion with TPA, ADAM 9 releases the ectodomain of HB-EGF into the culture medium via a
mechanism involving binding of PKC δ to its cytoplasmic domain (Izumi et al, 1998).
Furthermore, the cytoplasmic domain of ADAM 9 interacts with MAD2beta,56 a protein re-
lated to the cell cycle regulator MAD2. However, a connection of ADAM 9 to cell cycle regu-
lation is as yet not proven or further characterized by any functional assay.
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In contrast to these reports pointing to the involvement of ADAM 9 in a number of
important cell functions, the recently published ADAM 9 knockout mouse52 is asymptomatic
and fertile. Moreover, the secretion of both APP and HB-EGF was unaltered, indicating that
the reported contribution of ADAM 9 to both events is either quantitatively unimportant or
that its loss is readily replaced by other candidate α-secretases in the case of APP or by e.g.,
ADAM 12 in the case of HB-EGF.57 However, several functions of ADAM 9 might be of
special relevance predominantly under pathologic conditions, for instance its role in giant cell
formation and neointima formation during vascular occlusion. Thus, the current characteriza-
tion of this knockout model urgently awaits completion by tests challenging e.g., monocyte /
macrophage function.52

ADAM 10
In contrast to ADAMs 9 and 17, which have exclusively been analyzed in vertebrates,

orthologues of ADAM 10 have been identified early in Drosophila (termed kuzbanian),41,58,59

and C. elegans (termed sup-17),97,42 As a consequence, a major part of the genetic and func-
tional analysis of ADAM 10 was performed in these species, and currently many of the data
still have to be transferred to mammals. Already, these attempts have led to a number of con-
flicting results, partially being due to the fact that the identification of related proteases (e.g.,
orthologues of ADAMs 9 and 17) with possibly overlapping substrate specificities in both
invertebrates is still incomplete.

The key “non-APP” function of ADAM 10 orthologues in both Drosphila and C. elegans
is its involvement in the Notch pathway. By genetic evidence, it was shown that kuzbanian and
SUP-17 are essential for Notch signaling and act in a cell-autonomous fashion. Their loss of
function in both invertebrate models resulted in phenotypes closely related to the inactivation
of Notch receptors.42,58-60

In parallel, biochemical studies have shown that triggered by ligand binding Notch recep-
tors undergo ectodomain shedding (“S2”-cleavage) by an α-secretase-like activity as a prerequi-
site to the γ-secretase-mediated release of the signal-transducing NICD fragment (“S3-cleavage”).
According to this model, loss of ADAM 10/kuzbanian/sup-17 should result in a phenotype
virtually identical to a total Notch receptor inactivation (e.g., a Notch knockout in Drosophila
or a hypothetical quadruple notch1-4 knockout in mammals). As also evidence has been pub-
lished for a secretase-independent Notch signaling pathway, a more precise correlation might
be drawn between a loss of (ADAM 10 mediated) S2 cleavage and γ-secretase-mediated
S3-cleavage, both interrupting the protease-dependant Notch signaling pathway at two lin-
early consecutive steps.

Whereas this correlation between a Notch and/or PS loss-of-function and inactivation of
the respective ADAM 10 orthologues is fairly precise in Drosophila and C. elegans (up to the
generation of “Notch-like” defects in Xenopus expressing dominant-negative Drosophila
kuzbanian variants), analysis of ADAM 10—negative murine fibroblasts surprisingly did not
show effects on Notch receptor processing.3,5 This stands in striking contrast to the phenotype
of ADAM 10 deficient mice, which closely resembles that of PS double knockout embryos
(Hartmann et al, in press). Such an impairment of Notch site 2 cleavage was however reported
for ADAM 17 knockout fibroblasts, in contradiction to the fact that ADAM 17 deficient mice
do not exhibit a phenotype consistent with defective Notch signaling.3,5,12 For Drosophila, an
additional impact of ADAM 10 / kuzbanian on Notch signaling could result from its role in
the shedding of the Notch ligand delta (Qi et al, 1999), the biological significance of which is
however unclear as yet.

In addition to its critical role in Notch signaling, ADAM 10 cleaves other biologically
relevant substrates as well. Specifically, shedding of TNF-α (overlapping function with ADAM
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17) and L1 49 adhesion molecules as well as an in vitro type IV kollagenase 61 activity have been
described, but the in vivo relevance of these interactions still awaits clarification.

In contrast, strong in vivo evidence was published for a critical role in axon extension,62

the molecular nature of which is not fully clear as yet. Intriguing candidates would be ephrins
(binding and cleavage of ephrinA2 is documented, Hattori et al 2000) and especially slit pro-
teins and/or their receptors of the roundabout family.63 With both options, a decisive role of
ADAM 10 also in axon tract crossing could be envisaged also in vertebrates.

ADAM 17
The capacity of ADAM 17 for ectodomain shedding was first identified for the

pro-inflammatory cytokine TNF-α10 and the EGF-R ligand TGF-α.12 The ‘substrate list’ was
rapidly expanded in the following years, now including neuregulin,64 but also amphiregulin as
further EGF-R ligand. ADAM 17 also sheds EGF-R and the related erbB4 receptors them-
selves. Further established substrates for ADAM 17-mediated shedding are L-selectin,65

TRANCE66 and the chemokine fractalkine.67

For some of these substrates, a considerable overlap may exist with other ADAMs. A key
example is the current controversy regarding the involvement of ADAMs 10 and 17 in the ‘S2’
cleavage of Notch receptors upon ligand binding (see above).

Previous data from invertebrate models clearly indicate a critical role of their respective
ADAM 10 orthologues for this function.42,58-60 Subsequent in vitro studies on murine cells
were however unable to detect alterations in Notch processing in ADAM 10-deficient cells, but
did so in ADAM 17 knockout fibroblasts.3,5 In line with this unexpected result, the authors
provided evidence for defective differentiation of ADAM 17-deficient bone marrow-derived
monocytic progenitor cells. However, the overall phenotype of ADAM 17 knockout mice (see
below) is unrelated to any of those obtained in models with a defective Notch signalling path-
way. One explanation could be that due to differential tissue distribution of both ADAMs, a
critical role for ADAM 17 in vivo is restricted to only a small number of cell types of low
significance for overall development and integrity of an organism. It is thus highly likely that
the current insight into Notch processing is subject to considerable change in the near future.

In line with such apparent overlaps in substrate specificity, the large number of potentially
important substrates that can be cleaved by ADAM 17 is in striking contrast to the number of
shedding events, for which ADAM 17 appears to be essential. This is best seen in ADAM 17
deficient mice.12 It should be emphasized that in this mouse model specifically the zinc-binding
site was targeted, inactivating the catalytic protease site of ADAM 17, but in all probability
leaving the disintegrin and cystein-rich domains relevant for adhesive functions intact. These
animals die between late prenatal development and the end of the first postnatal week, featur-
ing a defective development of skin and lungs,43 that can mostly be explained by the loss of
TGF-α secretion (or, more broadly speaking, by a loss of soluble EGF-R ligands). The latter
notion is supported by the observation that at least the defective lung development can in vitro
be rescued by supplementing soluble EGF. The authors also report the loss or severe reduction
of secretion of TNF receptor, L-selectin and TNF-α in their cell culture model. The contribu-
tion of these to the knockout phenotype still awaits further clarification.

Beyond the proteolytic functions discussed above and an as yet uncharacterized possible
role of ADAM 17 as an adhesion molecule, interactions of its cytoplasmic domain with MAD2
have been described,56 creating a link to cell cycle control of an as yet unknown significance.

With respect to APP secretion, ADAM 17 deficient fibroblasts have lost the capacity for
phorbol ester-induced cleavage (“regulated” APPsα-secretion), whereas the constitutive secretion
is not impaired. It should be noted that this stands in some contrast to results from transfection
experiments cited above done with ADAMs 9 and 10, which indicated their involvement in
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both fractions of α-secretase activity. Also, studies on tissue localization of the different ADAMs
consistently show that ADAM 17 is absent in most central neurons, further restricting its
potential importance as APP α-secretase in the context of AD pathogenesis.

β-Secretase
The APP β-secretase has recently been identified by several groups in parallel as a new

aspartyl protease, termed alternatively BACE 1, Asp 2 or memapsin 2.27,29,32,68,69 A related
enzyme, BACE 2, in addition exhibits an α-secretase like activity towards APP,33,70,71 but is
only weakly expressed in brain.

Almost in parallel with the identification of BACE 1, knockout mouse models28,72 pro-
vided the good news that its loss abolished Aβ secretion in mice that appeared otherwise per-
fectly healthy. As the inhibition of γ-secretase, the other enzyme activity directly responsible for
Aβ generation, is prone to cause severe side effects because it is also involved in the RIPping of
several other decisive membrane proteins (see below), BACE 1 seems to be a highly attractive
drug target.

Possibly in line with the lack of symptoms of BACE 1 knockout mice, the search for
additional substrates of this protease so far did not turn up much. As yet, only the shedding of
a Golgi resident sialyl transferase (ST6Gal) was shown in vitro to depend on BACE 1 activity.73

As yet, the functional significance of ST6Gal secretion is unclear, but given the description of
asymptomatic knockout mice, the role of BACE 1 is either compensated in vivo or may be
functionally irrelevant.

However, the role of BACE 1 as an apparently ideal drug target to stall AD progression in
a safe and effective manner is likely to cause an intense re-evaluation of BACE 1 deficient mice
for more subtle pathology that might have been overlooked in the first investigations but could
be severe enough to limit the use of BACE inhibitors in man. It is also an unanswered question,
whether BACE 1 and BACE 2 could share a critical ‘non-APP’ substrate, as would be revealed
by a double knockout model.

γ-Secretase
In contrast to α- and β-secretase activities, which are linked to single identifiable pro-

teases, γ-secretase activity appears to be exerted by a multimeric protein complex that in addi-
tion to PSs at least also contains aph-2 / Nicastrin.74 In this complex, PSs stand out by their
alleged role as the proteolytically active center.75 Their loss of function completely abolishes
γ-secretase activity.76

γ-secretase functions as an i-Clip towards a rapidly growing number of substrates, which
appear to share a type 1 topology as a common denominator.9 Identified examples are the
Notch receptor family, but also CD 44, erbB4,77 the APLPs and possibly ATF 6 (but see
refs.78) . Like in the case of the sheddases, the link between at least some of these substrates and
PSs seems to be highly conserved in evolution, as demonstrated by the ‘Notch phenotypes’ in
vertebrate and invertebrate PS deficient animals.44,80,81

Independent of their i-Clip function, PSs interact with other proteins. The
best-characterized example is binding of β-catenin via the cytoplasmic loop domain, by which
PSs downregulate its cytoplasmic concentration and thus the Wnt-mediated nuclear signaling.
PS 1 is also a component of adherent junction complexes of synapses and endothelia82 and
cleaves E-cadherin in a γ-secretase—like fashion,83 thereby dissociating membrane-associated
β-catenin from the cytoskeleton and increasing the cytoplasmic concentration involved in Wnt
signaling. Recently, telencephalin, a member of the ICAM family, has been added to the list of
proteins being bound by PSs.79

When evaluated in a knockout mouse model, PS 1 and PS 2 appear to quite asymmetri-
cally contribute to overall PS function, the vast majority of the γ-secretase activity depending



55Functional Roles of APP Secretases

on PS 1.35 The developmental phenotype appears to be strikingly linked to impaired Notch
signaling, which in the case of PS 1 deficient mice causes late prenatal death with cerebral
hemorrhages, defective caudal somitogenesis,84,85 cerebral and abdominal herniations and neu-
ronal migration defects due to a premature death of Cajal-Retzius pioneer neurons.86 This
pattern is severely aggravated in PS1/PS2 double deficient mice that have lost any capacity for
NICD generation,37 as presenilins liberate the NICD from all Notch subtypes.87 The embryos
already die at E 9.538,88 somitogenesis now being abrogated after the first 4 to 5 rostralmost
pairs, and yolk sac vasculature failing to reorganize in a pattern reminiscent of the situation in
notch1/notch4 double knockout mice. Of note, PS 1 hypomorphic mice89 likewise exhibited
the axial patterning defects, but no brain abnormalities.

In contrast, PS 2 single deficient mice survive up to normal age,88,90 but develop transient
lung hemorrhages in early adulthood that become organized into a moderate lung fibrosis,
identifying at least one organ in which PS 2 function cannot be replaced by PS 1.38

So far, the developmental PS knockout phenotype is interpreted as a ‘Notch phenotype’,
fulfilling the pattern of defective vasculogenesis and segmentation also seen in a number of
human Notch pathway mutants. It is as yet at best unclear, to what degree (if at all) an impair-
ment of the above-mentioned adhesion function in endothelia could contribute to the hemor-
rhages. A specific contribution of other identified PS substrates and interacting proteins to a PS
deficient phenotype has been characterized in PS1 knockout mice rescued with a PS1-encoding
construct under the control of a Thy-1 promoter.91 This promoter drives PS 1 expression in all
major tissues except skin keratinocytes. In line with data from human disease, hyperactivity of
this pathway has a tumor-promoting effect, causing a spectrum of malignant skin alterations in
mice. However, it should be pointed out that these lesions develop only in adult mice, whereas
for instance in ‘unrescued’ PS1 knockout mouse embryos the development of “catenin-type”
malignancies like liver and colon carcinoma was not recorded so far. This indicates that besides
the disturbed turnover of β-catenin, additional pathogenic events adding up over a consider-
able fraction of the murine life span are also required to elicit skin tumorigenesis.

Finally, PS function may be linked to ‘non-Alzheimer’ types of mental retardation. A
recently described mutation of PS 1 (L113P,)92 exhibiting a dominant–negative effect on
γ-secretase activity both towards Notch and APP was linked to fronto-temporal dementia (FTD)
with severe cortical atrophy. Clinical symptoms started around the age of 56 and severely dete-
riorated thereafter. The patient’s family was analysed over four generations, and the PS 1 muta-
tion fully cosegregated with the 6 clinically overt cases of FTD in this kindred. Most notably, a
mutation of MAP τ (the only identified genetic cause of FTD so far) could not be detected. As
the patient is still alive, histopathological data are not available. However, the secretion proper-
ties of the mutated PS1 make involvement of Aβ accumulations highly unlikely and have led
the authors to the assumption of neurodegenerative effects caused e.g., by impaired Notch
signaling to explain the frontal lobe atrophy.

Summary (Fig. 5.1)
Cleavage of APP is initiated by ectodomain shedding performed by either α- or β-secretase,

creating the respective secreted fragments (APPsα or APPsβ) and transmembrane “stubs” of
different lengths (C83 and C99). The stubs are further cleaved by γ-secretase releasing the APP
intracellular domain (AICD) and the p3 or Aβ fragments, respectively.

The APP α-cleavage appears to be performed by several ADAM-type metalloproteases in
parallel. All ADAMs in question are at least able to cleave a number of other substrates as well
and may also have cell adhesion function. However, knockout data indicate that for most of
the identified substrate of an ADAM protease other sheddases exist. For instance, the pheno-
type of the ADAM 17 deficient mouse is characterized by the loss of TGF-α secretion.
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Figure 5.1. Schematic representation of (candidate) APP secretases and their role in animal development..
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For BACE1, only a sialyl transferase has been identified as an additional shed substrate;
however, the functional significance is unclear. Within the multiprotein complex of γ-secretase,
protease activity is exerted in all probability by the presenilins. Their loss of function causes a
phenotype mainly explained by an incapacitated Notch pathway. However, presenilins have
additional nonenzymatic functions, for instance in the regulation of the Wnt/β-catenin path-
way. Their impairment consecutive to a partially rescued presenilin knockout causes symptoms
only during adulthood, but apparently does not contribute to developmental pathology.
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Abstract

Amyloid β peptide (Aβ), the pathogenic agent of Alzheimer’s disease (AD), is a
physiological metabolite in the brain. We focused our attention and effort on
elucidation of the unresolved aspect of Aβ metabolism, proteolytic degradation. Among

a number of Aβ-degrading enzyme candidates, we identified a member of the neutral en-
dopeptidase family, neprilysin, as the major catabolic enzyme using a novel in vivo paradigm.
Consistently, neprilysin deficiency resulted in defects in the metabolism of endogenous Aβ 40
and 42, notably, in a gene dose-dependent manner. Our observations suggest that even partial
down-regulation of neprilysin activity, which could be caused by aging, can contribute to AD
development by promoting Aβ accumulation. Moreover, we describe that an aging-dependent
decline of neprilysin activity, leading to elevation of Aβ levels in the brain is a natural process
preceding AD pathology. We not only hypothesize in this chapter on the likely role of neprilysin
down-regulation in sporadic AD (SAD) pathogenesis but also propose that the knowledge
itself be used for developing novel preventive and therapeutic strategies. Finally, we also discuss
the need for mathematical refinement of the current human genetic approaches to identify the
risk and anti-risk factors for AD.

Introduction: Why Aβ Degradation?
As discussed in Chapter 1, the steady-state Aβ levels are determined by the dynamic and

steady-state metabolic balances between the generation and clearance. The clearance mecha-
nism consists of proteolytic degradation within brain parenchyma and transport to the cere-
brospinal fluid (CSF) and to plasma followed by degradation outside the brain. In our labora-
tory, we chose to focus our attention and efforts on elucidation of the in-parenchyma
degradation1,2 (see Fig. 6.1), assuming that the rate constants in Formula 1.1 (Chapter 1) were
such that K2 > K3 and thus [Aβ42] ≈ K1/K2 x [APP] (almost). The basis of our reasoning is as
follows:

1. Brains are rich sources of various peptidases which can proteolyze Aβ as long as they are
accessible to the substrate.

2. Because the amounts of Aβ in the brain and in the CSF or plasma are poorly correlated
with each other in AD patients,3,4 there does not seem to exist an effective
transport-dependent mechanism that clears Aβ out of the brain at least in humans under
the pathological conditions.
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3. If reduced efficiency of transport out of brain to the circulatory system was a major cause of
the pathological Aβ deposition, one would expect vascular amyloid deposition to arise ear-
lier than parenchymal deposition, but the reality is generally the other way around particu-
larly in humans.

4. Human brains are approximately 1,000 times larger than mouse brains in size. Therefore,
the advantage of in-parenchyma degradation over the transport-dependent clearance is likely
to be even greater in humans than in mice particularly if the major transport pathway is via
the interstitial fluid (ISF) and then to the CSF and plasma.  Note that the primary function
of proteolysis is recycling of amino acids, therefore in-parenchyma degradation is more
economical from an energy metabolic point of view than out-of-brain transport especially
in the case of humans.

5. Because increases in Aβ production cause familial AD (FAD), leading to elevation of
steady-state Aβ levels in the brain,5 and because Aβ overproduction is rarely observed in
sporadic AD (SAD) cases, decreases in Aβ degradation could be the cause for the majority
of SAD cases.4

These reasons do not necessarily rule out the importance of the transport mechanism.
This is because, as discussed by Zlokovic and Holtzman in later chapters (Chapters 10 and 11),
a dynamic balance seems to exist between the bran and plasma through the transport across the
blood-brain barrier (BBB) and/or CSF under certain conditions at least in rodent models (par-
ticularly, when high-affinity anti-Aβ antibodies are injected into the plasma).6,7 If this also
applies to humans to the extent that affects the risk of developing AD, physiological steady-state
plasma and/or CSF Aβ levels could be an important parameter, and thus we may have to view
the Aβ-degradation issue in a more systemic manner rather than focusing only on the processes
within the brain. Besides, it is quite possible that the mechanism closely associated with CAA
formation may involve the transport mechanism rather than the in-parenchyma degradation.
The latter point, however, is beyond the scope of this chapter.

Two Major Categories of Aβ-Degrading Mechanisms
The mechanism of Aβ degradation can be classified into at least two categories: “physi-

ological degradation” that determines normal steady-state levels and “pathological degrada-
tion,” which may be mobilized to counter-balance the increased Aβ levels after the deposition

Figure 6.1. Relationships between Aβ anabolism, catabolism, and pathological accumulation.
Aβ is a physiological peptide constantly anabolized and immediately catabolized before being deposited in
the brain under normal conditions. The clearance mechanism involving the transport out of brain to the
circulatory system (see Fig. 1.5) is excluded in this scheme.



63Proteolytic Degradation of Aβ by Neprilysin and Other Peptidases

starts. The distinction between these two categories is not necessarily clear, because peptidase(s)
in the first category is likely to be involved in the second category degradation as well through
alteration of the dynamic balances between monomers, oligomers and polymers of Aβ.

Although both categories are probably equally important in general terms, our impression
is that the first category degradation is more likely to be associated with the etiology of SAD
because the common in vivo phenotype of almost all the FAD-causing mutations is elevation
of the steady-state Aβ42 levels in brain.5 We however had previously hypothesized that the
plasmin system and matrix metalloproteinase (MMP) system might be candidates that could
dispose of polymerized Aβ because they are the major proteinases capable of degrading fibrillized
proteins.8 Consequently, we identified a novel brain-specific MMP, MT-5 MMP.9 Although
our anti-MT5-MMP antibodies do in fact stain both senile plaques and neurofibrillary tangles
in AD patients.9 We noted that NFT is more strongly stained (Iwata and Saido, unpublished
data) and this was confirmed by Marion Maat-Schieman, Leiden University Medical Center,
in hereditary cerebral hemorrhage with amyloidosis Dutch-type (HCHWA-D) brains and also
by Takeshi Iwatsubo, University of Tokyo, in SAD brains (personal communications). Because
MT-5 is a type 1 membrane-spanning protein, we do not yet know how important this pro-
teinase is in AD pathogenesis. This project is presently suspended in our laboratory mainly
because we did not succeed in observing any proteolytic action of MT-5 MMP on fibrillized
Aβ even in an in vitro paradigm, because both the plasmin and MMP systems generally require
activation of latent precursors, and because proteinases belonging to these systems could be
destructive by degrading a number of matrix-consisting proteins and could worsen the patho-
logical states through, for instance, inducing inflammation.

We also need to consider such cellular degradation mechanism as phagocytosis and pi-
nocytosis conducted primarily by activated astrocytes and microglia.10,11 I left out this impor-
tant cellular aspect of Aβ clearance just to avoid complexity. In Chapter 12, Cindy Lemere et al
refer to this aspect of Aβ clearance in association with the vaccination topic. For further details,
see reviews and articles published by such experts as P. McGeer, G. Cole, F. Maxwell, T.
Weiss-Corary, etc.

Identification of Neprilysin as a Major in vivo Aβ-Degrading
Enzyme in Brain

A number of reports have described potential Aβ-degrading enzymes using either test-tube
or in vitro paradigms. See Table 6.1 for the list of major candidates thus far described.12-33 The
intrinsic problem of such paradigms is that, if you incubate Aβ with a given peptidase under
the optimal conditions for long enough, almost any peptidase will degrade the substrate. Our
quest to identify the physiologically relevant in vivo peptidase(s) was based on the philosophy
expressed by the following metaphor.

“If you feed a hungry lion (almost any protease) in a cage (test tube or cell culture) a
penguin (Aβ), the lion would probably eat the penguin, but such an observation obviously
does not tell you that lions are natural predators of penguins. You have to capture the process in
an environment that is as natural as possible (in the brain of live animals) without affecting the
environment.” This metaphor is not meant to be sarcastic to scientists who have been mainly
employing in vitro paradigms. It is just that the degradation problems cannot be dealt with
properly in the same way as the production problems have been, for which the molecular and
cellular approaches have indeed been powerful and relevant tools. Besides, it is not exactly our
original metaphor but rather is partly a form of cultural transmission. The late Efraim Racker
used to tell TCS something like “If you have sufficient amounts of a kinase, ATP, and necessary
cofactors, you can even phosphorylate your grandmother,” when TCS was a visiting graduate
student to Cornell University, working with a biophysicist, Watt W. Webb, in 1985-1986.
Another factor that makes degradation research more difficult to perform is that the major
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degradation processes are likely to take place extracytoplasmically, i.e., in extracellular space or
on the lumen side of intracellular vesicles represented by secretory vesicles axonally transported
from soma to presynaptic terminals. This means that not only the cellular topology but also the
complex structural organization of the brain tissue composed of various types of cells need to
be taken into consideration.

Therefore, we started our series of degradation studies by establishing a novel in vivo
experimental paradigm in which we injected synthetic internally multi-radio-labeled Aβ1-42 in
to the hippocampus of anesthetized live rats and analyzed the degradation process by
high-performance liquid chromatography (HPLC) directly connected a flow-type scintillation
counter (Fig. 6.2).1 Experiments using a panel of more than 20 peptidase inhibitors suggested
that a neutral endopeptidase family member similar or identical to neprilysin appears to play a
major role in the Aβ1-42 catabolism because thiorphan, a well-characterized neutral endopepti-
dase inhibitor, was the most potent inhibitor. In accordance, short-term and long-term infu-
sions of rat hippocampus with thiorphan resulted in biochemical and pathological accumula-
tion of endogenous Aβ, respectively.

The next task was to identify the major responsible peptidase among members of the
neutral endopeptidase family. We thus made efforts to determine its molecular identity by
biochemical and molecular biological approaches and, consequently, predicted that neprilysin
is likely to be the primary candidate.34,35 We thus examined the degradation of the radio-labeled
Aβ in neprilysin-KO mouse brains using their wild-type litter mates as positive controls and
confirmed our prediction as follows.2

Neprilysin is a type II membrane-associated peptidase with the active site facing the lu-
men or extracellular side of membranes36-39 (Fig. 6.3). This topology is favorable for the degra-
dation of extracytoplasmic peptides such as Aβ. Furthermore, we devised to establish quantita-
tive immunofluorescence visualization of neprilysin using neprilysin-KO40 mice as a negative
control. (We actually had to test several tens of combinations of antibodies and protocols to
optimize the experimental protocols). We have confirmed that neprilysin is essentially exclu-
sively expressed in neurons, not in glia, and that the peptidase, after synthesis in the soma, is
axonally transported to presynaptic terminals40 presumably in a manner similar to the way
APP is transported. Therefore, presynaptic terminals and nearby intracellular (lumen-sided)
locations are likely to be the sites of Aβ degradation by neprilysin (Fig. 6.4).

Based on the above observations, we examined the ability of neprilysin-KO mouse brains
to degrade Aβ in vivo and quantified the endogenous Aβ levels in the brains.2 Due presumably
to the redundancy in the neutral endopeptidase family,35,38,41 the KO mice are normal in

Table 6.1. List of some candidates for Aβ-degrading enzymes

Cathepsin D
Insulin-degrading enzyme (IDE)
Plasmin
Neprilysin
Endothelin-converting enzyme (ECE)
Angiotensin-converting enzyme (ACE)
Matrix metalloproteinase 2 (MMP-2)
Matrix metalloproteinase 9 (MMP-9)
Coagulation factor XIa
Carboxypeptidase
Metalloendopeptidase (unidentified)
Serinepeptiade (unidentified)
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Figure 6.2. The initial experimental paradigm used for analyzing in vivo Aβ degradation in the hippocampus.
We established a novel in vivo experimental paradigm in which we injected synthetic internally
multi-radio-labeled Aβ1-42 into the hippocampus of anesthetized live rats and analyzed the degradation
process by high-performance liquid chromatography (HPLC) directly connected a flow-type scintillation
counter. See the section on Identification of Neprilysin as a Major in vivo Aβ-Degrading Enzyme in Brain
and ref. 1 for details.

Figure 6.3. Schematic structure and cellular topology of neprilysin.
Neprilysin is a type II membrane-associated peptidase with the active site facing the lumen or extracellular
side of membranes. The enzyme requires zinc for its activity. N: N-glycosylation sites. The glycosylation is
reported also to be required for the enzymatic activity to be fully expressed.70
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reproduction, development, and adult anatomy to our knowledge.42 The ability to degrade the
radiolabeled Aβ (see Fig. 6.2) was significantly reduced in the KO mouse brains. Consistently,
both the endogenous Aβ40 and Aβ42 levels were elevated approximately 2-fold, in a manner
comparable to or even greater than what has been described in FAD-causing mutant presenilin
transgenic or knock-in mice43-46 (Fig. 6.5). More importantly, the elevation of Aβ levels was
inversely correlated with the gene dose of neprilysin and thus with the enzyme activity (Fig.
6.6). These observations suggest that even partial loss of neprilysin expression/activity causes
the elevation of Aβ42 levels and thus could induce Aβ amyloidosis on a long-term basis in a
manner similar to that of FAD-causing gene mutations. These results also indicate that the rate
constant for the in-parenchyma degradation conducted by neprilysin accounts for about 50%
of all the clearance activity, or K2 + K3 in Formula 1.1 in Chapter 1. Therefore, K2 being
negligibly smaller than K3 is unlikely and K2 is likely to be even greater in human brains for
fourth of the reasons stated in the Introduction section.

In a similar manner, some of the other Aβ-degrading enzyme candidates were examined
by a similar reverse genetic approach, i.e., by measuring the brain Aβ levels in the brains of
KO-mice (Table. 6.2). To our knowledge, neprilysin seems to be the only peptidase that actu-
ally regulates the steady-state level of the primarily pathogenic Aβ species, Aβ42, as the patho-
genic FAD presenilin mutations do. This however does not necessarily rule out these other
peptidases as relevant Aβ degrading enzymes in more general terms (see section Other
Aβ-Degrading Enzyme Candidates in this chapter and Chapter 7).

Although we previously described the pathological deposition of the endogenous Aβ in
mouse brains infused with thiorphan,1 we never observed such pathological structures in the
brains of neprilysin-deficient mouse brains.2 Several reasons for this apparent discrepancy can
be advanced as follows.

1. Neprilysin is a member of a family of endopeptidases that includes neprilysin-
like-endopeptidase, (NEPLP) α, β, and γ, PEX, XCE/DINE, and angiotensin-converting
enzyme (ACE).25,35 This molecular redundancy could have compensated for the absence of
neprilysin alone. Consistently, we observed the presence of thiorphan-sensitive non-neprilysin
Aβ-degrading activities in the raft (see Chapters 8 and 9) fractions from mouse brains
(Takaki Y et al, submitted for publication).

2. The injection paradigm used in our initial study is accompanied by various surgical stresses
because a cannula must be placed in the parenchyma for four weeks. These stresses com-
bined with the neprilysin inhibitor infusion may have contributed the pathological states in
the brain. We actually observed astrocyte activation within two days after injection of the
vehicle with or without the inhibitor (Hama and Saido, unpublished data).

3. The experimental paradigm requiring long-term insertion of cannula into the brain paren-
chyma is likely to have caused at least slight leakage of plasma from the circulatory system
directly into the brain parenchyma. Possible presence of plasma-derived amyloid-forming
proteins such as amyloid P component in an unphysiological manner could have contrib-
uted to the pathological Aβ deposition.

In any case, our conclusion was that the initial approaches accompanying surgical proce-
dures were, though more relevant than the solely in vitro paradigms, less appropriate than the
reverse genetic approaches in understanding the mechanism of Aβ catabolism, particularly on
a long-term basis. We have also been crossing the neprilysin-KO mice with the
APP-overexpressing transgenic mice. The results seem to vary depending on which transgenic
mouse strains are used. In one case, we observed that neprilysin deficiency caused more in-
creases in soluble Aβ than insoluble Aβ (the differences were significant in both cases), in
contrast to what we observed with the endogenous Aβ in nontransgenic mice; in another case,
we observed a significant but lesser elevation of the Aβ levels (Iwata and Saido, unpublished
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Figure 6.4. Cellular localization of neprilysin in the neuron.
Neprilysin is essentially exclusively expressed in neurons, not in glia. The peptidase, after synthesis in the
soma, is axonally transported to presynaptic terminals presumably in a manner similar to the way APP is
transported.

Figure 6.5. Effect of neprilysin deficiency on Aβ levels in the brain.
In neprilysin-KO mouse brains, both the endogenous Aβ40 and Aβ42 levels were elevated approximately
2-fold, in a manner comparable to or even greater than what has been described in FAD-causing mutant
presenilin transgenic or knock-in mice. The data indicate that neprilysin alone accounts for approximately
50% of the sum of (K2 + K3) in Formula 1.1 in Chapter 1.
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data). Although not proven in any relevant way, the following serve as possible explanations for
the differences in the effect of neprilysin deficiency in the transgenic mice (see also Fig. 6.4).

1. Depending on the promoter used to drive the expression of transgenic APP, the degree of
colocalization of the transgene-derived Aβ and neprilysin varies in a significant manner.

2. An unphysiologically high overexpression of APP (i.e., 10-100-fold) particularly in soma
may alter the way Aβ is metabolized, for instance, through the endosomal-lysosomal path-
way instead of being transported via secretory vesicles to presynaptic terminals.

3. Depending on the mouse strains and the cell types that express the transgene-derived APP,
the transport of Aβ across the BBB or via the CSF to the circulatory system may vary to
significant extent.

Region-Specific Decline of Neprilysin Expression and Activity
in Brain Upon Aging

McGeer and colleagues reported that neprilysin mRNA levels are significantly reduced in
the brain areas vulnerable to Aβ pathology in SAD patients at a relatively early stage (Braak
stage II) as compared to the age-matched normal controls.47,48 These observations are consis-
tent with our hypothesis described in Section 6.1. In this respect, Aβ resembles the garbage
that needs to be constantly disposed of on a daily basis (see Fig. 6.7). Just imagine the situation
if the public garbage collection service for large cities like New York or Tokyo was stopped for
several months; the entire city would be burdened by extremely large amount of garbage and
would lose the major city functions. In our view, AD brains resemble cities in such an analogy. This
analogy actually also applies to the transport-dependent clearance mechanisms (Chapters 10-12).

Nevertherless, it still remained unclear till 2002 whether reduction of neprilysin expres-
sion or activity precedes Aβ pathology during the course of aging. We thus established two

Table 6.2. Effects of deficiency of various Aβ-degrading enzymes on brain Aβ levels

KO or KI Mice Aβ42 Aβ40
(Primarily Pathogenic) (Secondarily Pathogenic)

Neprilysin-KO*1 2-fold increase 2-fold increase
ECE 2-KO*2 1.2-fold increase 1.3-fold increase
IDE-KO 3 No significance* 1.1-1.2-fold increase
tPA-KO*4 No significance No significance
uPA-KO*5 No significance No significance

FAD presenilin 1-KI*6 typically 1.5-fold increase No significance
(positive control)

KO: (gene) knock-out; KI: (gene) knock-in; ECE: endothelin-converting enzyme; IDE: insulin-degrading
enzyme; tPA: tissue-type plasminogen activator; uPA: urokinase. *No significance if the difference is
< 10%. *1: see reference 2; *2: presented by the group of Chris Eckman, Mayo Clinic, Jacksonville, at
the 32nd Society for Neuroscience Meeting (November 2-7, 2002, Orlando, USA) (Heterozygous ECE
1-KO mice were also shown to increase both Aβ 42 and 40 levels 1.2-fold in the brain.); *3: presented
by the group of Dennis Selkoe, Harvard Medical School, at the International ADRD Meeting (July
20-25, 2002, Stockholm, Sweden): *4: our unpublished data (Iwata and Saido); *5: presented by the
group of Steve Younkin, Mayo Clinic Jacksonville, at the International ADRD Meeting (July 20-25,
2002, Stockholm, Sweden). *6: See, for instance, references 1 and 46. The quantification was
performed using an identical ELISA developed by Nobuhiro Suzuki.71 The mice were around 8-10
weeks of age. Gender is likely to be male in each study. TCS accepts the responsibility if any of the data
are in error.
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Figure 6.6. Inverse correlation between neprilysin activity and Aβ levels in the brain.
The elevation of endogenous Aβ levels was inversely correlated with the gene dose of neprilysin and thus
with the enzyme activity. See ref. 2 for more details.
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distinct methods to quantify the expression/activity of neprilysin in a relevant manner using
neprilysin-KO mice as negative controls: (1) A biochemical assay to measure neutral endopep-
tidase activity in the brain (The advantage is that it is more quantitative than the latter, whereas
the disadvantage is that the method fails to provide information regarding the local or spatial
activity/expression of neprilysin); (2) An immunofluorescence detection using an anti-neprilysin
antibody40 (see also the previous section).

Representative immunofluorescence results are shown in Figure 6.8. The selective reduc-
tion of neprilysin expression upon aging is apparent in the polymorphic cellular, inner molecu-
lar layer, and outer molecular layer of the dentate gyrus and also in the stratum lucidum of the
hippocampal CA3 sector.49 The differences were also proven to be statistically significant ac-
cording to quantitative image analyses. The results of the enzymatic quantification were also
consistent with these observations; we observed a statistically significant reduction of approxi-
mately 10% of the enzyme activity per year in the entire hippocampus for two years and a 10%
reduction in the neocortex in two years. If the 1.5-fold increase of Aβ42, caused by the patho-
genic mutations in the presenilin gene is truly sufficient for the development of early-onset
FAD, then a 1% reduction of neprilysin activity per year, leading to 50% reduction of neprilysin
activity at the age of 50 and thus about 1.5-fold elevation of the Aβ levels in the brain, would
be sufficient to be causative of late-onset AD in humans. Obviously, this observation needs to
be confirmed in human brains as well, but the problem is that almost all the proteins begin to
be degraded within 30 min post-mortem and it is practically impossible to obtain samples
prior to protein degradation in clinical situations. We therefore must indicate that proteomics
using post-mortem human materials would make only a little sense if any. For reasons that we
do not know, mRNAs are much more stable than proteins under such conditions. It probably
is better to confirm the chronology using animals that show aging-associated Aβ amyloidosis,
such as polar bears, monkeys, and dogs.50-52

The major implications of the immunofluorescence observations are schematized in Fig-
ure 6.9. The most important of these is that the areas where we see selective reduction of
neprilysin expression correspond to the terminal zones of mossy fiber and of perforant path,
which suggests that the local Aβ concentrations are particularly elevated at the presynaptic
locations originally projecting from the entorhinal cortex. Note that entorhinal cortex is the
region where the initial neurodegeneration takes in AD brains.

Utilization of Neprilysin Activity for Prevention and Therapy of AD
We have thus far described the possible role of neprilysin in the etiology of SAD. Our

findings also indicate that regulation of neprilysin activity in a manner specific to brain regions
vulnerable to Aβ deposition can be one of the strategies to reduce the Aβ burdens in the brain.
Table 6.3 lists the advantages of utilizing neprilysin activity for the purpose of regulating brain
Aβ levels. A relatively straight-forward approach in experimental terms, but not necessarily in
clinical terms, is an application to gene therapy. Indeed, we demonstrated in an in vitro para-
digm that overexpression of neprilysin, but not of an inactivated mutant form, in primary
cultured neurons by Sindbis Virus leads to clearance of both the extracellular and cell-associated
Aβ40 and Aβ42.53

This observation by itself however is a matter of course as has been discussed using the
“lion and penguin” metaphor. Besides, it will be many years from now, if ever, when gene
therapy strategy becomes clinically realistic in the treatment of most of neurological disorders.
Instead, we have rather been focusing on the possible presence of specific peptide ligand-receptor
system(s) that regulates the neprilysin activity/expression in neurons in a selective manner as
shown in Figure 6.10. There are four major reasons upon which this assumption is based.

1. Neprilysin expression is transcriptionally regulated in a tissue specific manner.54
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Figure 6.8. Aging-dependent reduction of neprilysin in polymorphic cell layer, inner molecular layer, and
outer molecular layer in dentate gyrus.
The selective reduction of neprilysin expression is apparent in polymorphic cellular, inner molecular layer,
and outer molecular layer in dentate gyrus. See ref. 49 for further details.

Figure 6.7. Analogy of Aβ being similar to garbage requiring daily disposal.
The pictures show a garbage truck in Tokyo and the workers as part of the public service. Just imagine the
situation if the public garbage collection service for large cities was stopped for several months; the whole
city would over-burdened by excessive amounts of garbage, and it would not be possible for the city to
function normally. The AD brains resemble cities under such an analogy.
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Figure 6.9. Scheme demonstrating the relationship of entorhinal cortex with the areas expressing neprilysin
and those with apparent aging-dependent declines in neprilysin levels.
The hippocampal areas where we see selective reduction of neprilysin expression correspond to the terminal
zones of mossy fiber and of perforant path, which suggests that the local Aβ concentrations are particularly
elevated at the presynaptic locations originally projected from the entorhinal cortex. See ref. 49 for more details.

Figure 6.10. Hypothesis: Regulation of neuronal neprilysin expression/activity by a peptide ligand-system(s).
We predict the presence of specific peptide ligand-receptor system(s) that regulates the neprilysin activity/
expression in neurons in a selective manner. Identification of such a ligand-receptor system specifically
present in the hippocampus and neocortex would provide us with an idealistic pharmacological target. The
receptor is likely to be a GPCR(s).
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2. The mechanisms schematized in Figure 6.10. have been shown to exist in neutrophils and
fibroblasts.55,56 The ligands are morphine and substance P, respectively, indicating the pos-
sible presence of a specific peptide ligand(s)-regulated G-protein-coupled receptor(s) (GPCR)
that may be involved in the regulation of neprilysin activity/expression in neurons.

3. Several neuropeptides have been repeatedly reported to be down-regulated in AD brains.57-61

Some of them are also shown to be down-regulated upon aging.62 If any one of these hap-
pens to be the ligand, the aging-dependent decline of neprilysin activity resulting in eleva-
tion of Aβ levels in the brain can be accounted for by the scheme shown in Figure 6.10.

4. Neprilysin expression is closely associated with interneurons,40 which are the major sources
of neuropeptides in the hippocampus and neocortex.63

Identification of such a ligand-receptor system specifically present in hippocampus and
neocortex would provide us with an idealistic pharmacological target. See our forthcoming
publications for further discussions and details. Note that in the history of pharmaceutical
sciences approximately 60% of cases of successful utilization of clinically effective relatively
small molecules involve synthetic agonists or antagonists to such receptors. Enzyme inhibitors
account for about 30%. Thus, all the other approaches, which may be interesting in experi-
mental terms, account only for about 10%. On this basis, GPCRs would be pragmatic targets.

Other Aβ-Degrading Enzyme Candidates
As shown in Table 6.1, there have been a number of other Aβ-degrading enzyme candi-

dates thus far described mostly by in vitro paradigms. Endothelin-converting enzyme (ECE) is
similar to neprilysin in structural and biochemical properties (Fig. 6.11) and indeed seems to
play some role in distinct cellular compartments (see Chapter 7 for details).

Among the enzyme candidates, the most extensively studied one is insulin-degrading en-
zyme (IDE). IDE has an interesting characteristic in that it has the tendency of degrading
potentially amyloidogenic peptides. The enzyme is essentially cytoplasmic, but only a small
part of the entire population has been shown to be present on the cell surface and in the
extracellular space.64 The enzyme has also been shown to degrade the counterpart of the APP
fragment (AICD) corresponding to the Notch intracellular domain (NICD).45 One of the
difficulties in studying IDE is the lack of a specific inhibitor. Insulin is often used as a competi-
tive inhibitor but the problem is that insulin influences a number of cellular processes through
activation of its receptor in cell culture and in vivo. The genome region containing the IDE
gene has been claimed to be a candidate locus associated with the AD risk.66

Interestingly, not only neprilysin but a number of other Aβ-degrading enzyme candidates
including IDE (see Table 6.1 and Fig. 6.11) are zinc-requiring enzymes. Besides, all the
α-secretase candidates, a disintegrin and metalloproteinase (ADAMs) 9, 10, and 17 (see Chap-
ters 3 and 5), which would contribute to reduction of Aβ synthesis, also require zinc for their
proteolytic activities. Therefore, although too much zinc would be obviously harmful,67 a height-
ened zinc deficiency is likely to be a negative risk factor for AD.

Table 6.3. Advantages of utilizing neprilysin activity for clearance of Aβ from brain

1. Use of existing mechanism
2. No influence on processing of APP and other secretase substrates
3. Nondestructive nature (substrates < 5 kDa)
4. Preferential proteolysis of abundant substrates, i.e., Aβ in AD brain
5. Direct action on both extracellular and intracellular Aβ
6. No requirement for activation or any cofactors
7. Availability of neprilysin inhibitors for controlling hyperactivity
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Human Genetics of Risk and Anti-Risk Factors for AD: A Proposal
for Multi-Component Analysis*

In the past, researchers including ourselves tended to be more concerned about human
genetic evidence for the possible involvement of neprilysin activity in AD pathogenesis than
they are now. This is because the aging-dependent decline of neprilysin activity in the brain,
leading to local elevation of Aβ levels in areas relevant in pathogenic terms, has been shown to
be a natural process prior to any apparent AD pathology at least in mice,49 and is, in our view,
even programmed biologically (see forthcoming publications from our laboratory). Consis-
tently, the association of neprilysin gene with the risk of developing AD does not seem to be
very strong at least in the classical linkage analysis.

We have however been wondering why the apolipoprotein E ε4 allele is the only fully
confirmable risk factor for SAD after hundreds or more of publications devoted to the human
genetics of AD. There must be a reason. Although we are no specialists of human genetics,
probably much worse than graduate students who have taken courses focusing mainly on the
latest post-genome human genetics, there seems to be some limitation in the currently used
techniques particularly in the search for risk and anti-risk factors for late-onset SAD. A simple
question that led us to raise this issue is as follows: “Why has no one found risk or anti-risk
single nucleotide polymorphisms (SNPs) or mutations in the promoter or promoter-associated
regions of the APP gene in a consistent manner if the Aβ hypothesis is correct and if the pre-
senile Aβ pathology in Down’s syndrome brains is caused by only a 1.5-fold increase of the
precursor of Aβ, APP, due to the trisomy of chromosome 21 carrying the APP gene?” (See also
Formula 1.1 in Chapter 1).

If an individual happens to have both the risk and anti-risk factors with similar strengths
but opposite effects on AD development within a given genome region, he or she would appear
to be normal or average in human genetic terms in the presently used major approaches, i.e.,
(1) positional cloning through linkage analyses and (2) candidate gene-targeted approaches,
which usually are case-control studies and occasionally longitudinal studies, focusing primarily
on a single independent factor rather than a group of multiple genetic factors together. If such
SNPs and mutations are randomly present in each family, the LOD (logarithm of odds) score
in positional cloning would still be significantly high if a number of different families are
employed but will probably appear smaller than they should be without taking the above men-
tioned possibility into account. Besides, the situation will be even more complex if there is
some interaction among such risk factors, which is possible. Our prediction is that AD human
genetics needs to introduce the latest mathematically refined approaches such as have been
successfully employed in search for risk factors in cancer research,68,69 led by the groups of
E.S. Lander and others. (This may have actually begun in the AD research community
without our knowledge).

We also predict that there probably will be a number of directly and indirectly influencing
genetic factors not yet identified just because this could explain the presence of the substantial
number of presenile cases that do not qualify as FAD by definition, not being autosomal domi-
nantly inherited (See Table 1.1) and appearing like nongenetic SAD cases unless there exists a
definitive environmental factor(s) specifically influencing the development of AD. Another
fact that we have to keep in mind is that aging is the strongest risk factor; at the age of 85, one
out of two people is affected either by AD or mild cognitive impairment (MCI) (see Chapter 1)
whereas, at the age of 50, less than 0.1% of the population is affected. We would therefore look
for risk factors in relatively young (< 60-65) SAD patients and for anti-risk factors in very old

*Hiroyuki Nakahara made the major contribution in this section.
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(> 80-100) non-AD subjects. Taking these observations together, we propose the following
model as a simplest example (Fig. 6.8),

log(D) = log(D(a)) + ∑ ric δc(ic) (Formula 6.1)

where D represents the degree of dementia, D(a) is a function of age, and indicates the effect of
age on dementia, and the last term in the right hand side is to indicate the effect of SNPs. For
the sake of simplicity, the effect of gender is excluded here but could be easily incorporated if

Figure 6.11. Structural similarity of other Aβ-degrading enzyme candidates to neprilysin.
Many of the candidate Aβ-degrading enzymes share some structural similarity. In particular, ACE and ECE
are similar to neprilysin belonging to identical and relative clans, respectively.

Figure 6.12. Multi-component analysis for identification of genetics risk and anti-risk factors for AD
See the section on Human Genetics of Risk and Anti-Risk Factors for AD for details.
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necessary. Also note that Formula 6.1 expresses the multiplicative effect between D(a) and ∑ ric
δc(ic), since Formula 6.1 is equivalent to D = D(a) exp{∑ricδc(ic)}. Let us explain each term:

D: D can be any measure used to express the degree of dementia in principle but, preferably,
should reflect the degree of dementia on a linear scale. One possibility is (30 - MMSE
(mini-mental state examination) score), in which the values 0 to 2 would correspond to
normal people and those > 8-10 would correspond to demented patients and 30 would
correspond to the terminal stage. (The MMSE values seem to be quite linear at least be-
tween 10 and 23 in clinical impressions [H. Arai, personal communication]). Another
possibility is a quantity representing the pathological status, i.e., total Aβ levels, quantified
images of the pathological structures, etc.. This may become possible if, in the near future,
we can observe the presence of Aβ amyloidosis or NFT by novel imaging techniques.

a: age
D(a): D(a) indicates the average “D” value at an age “a”. We can simply use a look-up table for

D(a) with respect to a, or use any function of “a”, where a simplest example is polynomial of
“a” (with some degrees).

i: an address allocated to each SNP of a given locus (i =1, 2, 3, ----).
c = each nucleotide species: A, T, G, or C
ric: a risk constant for a given SNP nucleotide species “c” (A, T, G, or C) at the address “i.” . ric

will be a positive value if the SNP is a risk factor and negative if an anti-risk factor.
δc(ic): 1 if the nucleotide species of SNP at the address “i” is “c” (A, T, G, or C) and 0 if it is not “c.”

For simplicity, Formula 6.1 is given so as not to include any interaction between SNPs. If
it is safer to consider the possible interactions between SNPs, we would expand Formula 6.1. as
follows:

log(D) = log(D(a)) + ∑ ricδc(ic) + ∑ ricjc'δc,c' (ic,jc') (Formula 6.2)

where “j” corresponds to every SNP address other than “i,” and “ricjc'” to the risk generated by
the interaction between “ic” and “jc”. Here, Formula 6.2 includes only the second-order inter-
action, but it is straightforward to include the third-order and higher order interactions, if
necessary. We can also add into the above model some other features, such as specific etiologi-
cal, pathological, and clinical features. In addition, we note that regarding “D” as a probability
distribution of being demented at a given age with given SNPs would open further possibilities
to refine the above model. .

Given a set of samples, one should estimate the values of D(a) and ric in Formula 6.1. For
example, if the number of all the SNP nucleotide species in the candidate locus is 50, the
number of parameters ric, is 50 in Formula 6.1, while the number of parameters, ric and ricjc', is
50 + 50C2 = 1275 at the most in Formula 6.2. For example, there is no way to estimate, say, 50
parameters, given 10 samples, without any further assumptions. In other words, depending on
the number of samples, one may need to modify the above model. Then, given a model, one
must estimate the values of parameters. The SNPs that present distinctly larger or smaller “r”
values than most of the others tested will be the major risk and anti-risk factors, respectively.
For this purpose, one must examine the relevance of estimated values of parameters and also
must validate a predictive power of the model using different data sets. Furthermore, it would
be more thorough if one were to examine the predictive power of different models and select
the best one.

In any case, these formula are consistent with our prediction that the risk factors should
be easier to identify in young patients whereas the anti-risk factors should be easier to identify
in very old, normal individuals because the contribution of D(a) becomes extremely large at
ages > 80-100, and thus even the strongest risk constants will be negligibly small. The effect of
the apolipoprotein E ε4 allele on the incidence of AD is a good example; its effect becomes
nonsignificant at ages > 80. If we were a human geneticist ourselves, we would first apply this
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approach to look for risk and anti-risk factors in the noncoding regions of the APP gene. In this
post-genome era when more and more SNPs are being identfied, collaborations between hu-
man geneticists from all over the world may eventually make it possible to determine all the
major genetic risk and anti-risk factors of AD, the knowledge of which would be very valuable
not only for diagnosis but also for development of more preventive and therapeutic strategies.
Remember that much of what seemed impossible even to professionals ten years ago are easily
practiced now even by amateurs.
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Abstract

The abnormal accumulation of β-amyloid (Aβ) in the brain is an early and invariant
feature of Alzheimer’s disease and is believed to play a pivotal role in the etiology and
pathogenesis of the disease. The concentration of Aβ is regulated by multiple enzy-

matic activities, including proteases responsible for its degradation. In this chapter we present
evidence for endothelin-converting enzymes (ECEs) as Aβ-degrading enzymes. Overexpression
of ECE-1 in cultured cells reduces Aβ accumulation by up to 90%, and the enzyme is capable
of directly cleaving Aβ at multiple sites. As ECEs are expressed in brain, reduced ECE activity
by genetic mutation, altered transcriptional activity, or pharmacological inhibition, for ex-
ample, may be a risk factor for Alzheimer’s disease (AD). The risk of pharmacological reduc-
tion of ECE activity is of particular concern since ECE inhibitors are being developed for the
treatment of hypertension and other disorders.

Introduction: The Endothelin-Converting Enzymes
The endothelin-converting enzymes (ECEs) are a class of type II integral membrane zinc

metalloproteases (active site lumenal) named for their ability to hydrolyze a family of biologi-
cally inactive intermediates, big endothelins (big ETs), exclusively at a Trp21-Val/Ile22 bond to
form the potent vasoconstrictors endothelins.1 This specific cleavage event appears to be deter-
mined in part by the secondary/tertiary structure of disulfide-bonded big ETs, as linear big
ET-1 (in which the cysteines have been alkylated) is cleaved at multiple sites by ECE.2 Targeted
disruption of the ECE-1 gene in mice revealed that this enzyme is in fact a physiologically
relevant activating enzyme for both ET-1 and ET-3, and ECE-1 null mice die in utero or
within minutes of birth due to severe craniofacial and cardiac defects.3 In addition to the
specific cleavage of big ETs, ECE has been reported to hydrolyze several biologically active
peptides in vitro, including bradykinin, neurotensin, substance P, and oxidized insulin B chain
by cleaving on the amino side of hydrophobic residues.4,5

Two different endothelin-converting enzymes have been cloned. The first identified, ECE-1,
is abundantly expressed in the vascular endothelial cells of all organs and is also widely ex-
pressed in nonvascular cells of tissues including brain, lung, pancreas, testis, ovary, and adrenal
gland.6-8 Four isoforms of human ECE-1 differing only in the cytoplasmic tail are produced by
a single gene located on chromosome 1 (1p36) through the use of alternate promoters.6,9-13

The four isoforms cleave big ETs with equal efficiency but differ primarily in their subcellular
localization and tissue distribution.12,13 Human ECE-1a is localized predominantly to the plasma
membrane.12,13 Human ECE-1c and ECE-1d have also been reported to be localized
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predominantly to the plasma membrane with additional intracellular expression de-
tected.12,13 In contrast, human ECE-1b appears to be localized exclusively intracellularly.
Co-immunolocalization studies performed by Schweizer et al12 on human ECE-1b transfected
CHO cells indicate the presence of this isoform in the trans-Golgi network (TGN). Azarani et
al similarly demonstrated that human ECE-1b was located in an intracellular compartment
when expressed in Madin-Darby canine kidney (MDCK) cells.14 In an endogenous ECE-1b
and ECE-1c expressing cell line, ECV304, ECE-1 immunoreactivity was detected in intracel-
lular Golgi-like structures as well as at the cell surface.12

ECE-2 is a homologous enzyme with catalytic activity similar to that of ECE-1. ECE-2 is
localized intracellularly, has an acidic pH optimum, and is expressed most abundantly in the
nervous system.15 Immunocytochemical analysis of endogenous ECE-2 in HUVEC cells re-
vealed a punctate pattern of staining consistent with expression of ECE-2 in acidic intracellular
vesicles of the constitutive secretory pathway.16 Like ECE-1, ECE-2 cleaves big ET-1 most
efficiently among the three big ETs, and at least three isoforms of human ECE-2 are produced
from a single gene on chromosome 3 (3q28-q29).12,15,17 The catalytic activity, subcellular lo-
calization, and tissue distribution of the isoforms have not yet been compared.

ECE-2 null mice have been made and appear normal and healthy.18 In ECE-1/ECE-2
double knockout embryos the levels of two known products of ECE activity, ET-1 and ET-2,
are remarkably similar to the ECE-1 nulls alone. The highly restricted tissue distribution of
ECE-2 and modest effect of disruption of the ECE-2 gene on an ECE-1 null background
suggests that ECE-2 may have physiological substrates distinct from the big ETs.18

Both ECE-1 and ECE-2 Are Expressed in Brain
While many classes of proteases may degrade Aβ in vitro, to be physiologically relevant

Aβ degrading enzymes must be expressed in the brain and their cellular localization must be
consistent with having access to Aβ peptides. In the nervous system, ECE-1 immunoreactivity
has been detected in fibers within the glial limitans, in neuronal processes and cell bodies of the
cerebral cortex, in pyramidal cells of the neocortex and hippocampus, in astrocytes, and in
Purkinje cells in the cerebellum.7,19-21 Northern blot analysis of bovine tissues revealed that
ECE-2 is most abundantly expressed in neural tissues including cerebral cortex, cerebellum,
and adrenal medulla.15 In mouse brain, ECE-2 is expressed in heterogeneous populations of
neurons in the thalamus, hypothalamus, amygdala, dentate gyrus, and CA3.18 While detailed
co-localization studies have not been performed, separate studies indicate that ECE and Aβ are
present in the same cellular compartments. Human ECE-1b has been reported to be present in
the TGN, a proposed site of Aβ40 generation in neuronal cells.12,22 ECE-2 is also likely to be
present in the TGN and vesicles of the constitutive secretory pathway.15,16 The topology of the
ECEs is such that the active site is within the lumen of organelles and vesicles, providing access
to the Aβ peptide.

A Potential Role for Endothelin-Converting Enzymes
in Aβ Catabolism

The role that ECE may play in Alzheimer’s disease (AD) is only beginning to be explored.
While the data are controversial and factors other than ECE may contribute to endothelin
levels, it is worth noting that endothelin levels have been reported to be decreased in the CSF
of patients with AD when compared to nondemented control patients.23 Sib-pair analyses of
genetic factors contributing to late onset AD have not excluded the region on chromosome 1
where the ECE-1 gene is located,24 and interestingly the human ECE-2 gene is located on
chromosome 3 in the vicinity of a possible AD locus.17,25,26 In this chapter we will present
pharmacological and biochemical evidence for ECEs as Aβ degrading enzymes.
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The Serendipitous Discovery of Metalloproteases as Important
Modulators of Aβ Concentration in vivo

In the mid-1990s a major focus of Alzheimer’s disease research in our laboratory and
others was the identification of the proteases responsible for the generation of Aβ peptides
from a larger precursor, the β-amyloid precursor protein or βAPP. Two distinct proteolytic
activities, termed β and γ secretase, are required for the release of Aβ from the membrane-bound
βAPP, and the identification of specific inhibitors of these activities would aid greatly in the
identification and characterization of the then-elusive proteases. As such, our laboratory screened
an extensive collection of known protease inhibitors and other compounds for their ability to
reduce Aβ secretion by a human CNS-derived cell line, H4. These screens revealed not only
compounds that reduced Aβ concentration, but also some that dramatically increased the ac-
cumulation of the peptide. One of the most notable of these was the metalloprotease inhibitor
phosphoramidon, which caused a 2-3 fold elevation of Aβ concentration in the medium of H4
cells (Fig. 7.1). This finding was particularly interesting to us as the effect on Aβ observed
following phosphoramidon treatment was as great or greater than most of the AD-causing
mutations that we and others had previously examined.27

To determine whether phosphoramidon could modulate Aβ concentration in vivo as well
as in cell culture, we examined the effect of the compound following intravenous administra-
tion in guinea pigs, an animal model with an Aβ peptide sequence identical to that in humans.
Phosphoramidon treatment caused a rapid, dose-dependent increase in the concentration of
Aβ in the plasma of guinea pigs (Fig. 7.2), indicating that one or more phosphoramidon-sensitive
proteases play an important role in regulating Aβ concentration in vivo.

Figure 7.1. Effect of phosphoramidon on Aβ accumulation by H4 cells.
Confluent wells of H4 cells were incubated overnight with phosphoramidon at the indicated concentra-
tions. The medium was removed and Aβ40 concentration determined by sandwich ELISA. Data shown
represents the mean ± SE of triplicate wells for each dose, each measured in duplicate.
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Phosphoramidon Increases Aβ Concentration in CNS-Derived Cell
Lines Through the Inhibition of Intracellular Degradation

There are multiple mechanisms by which phosphoramidon could cause an increase in Aβ
concentration. For example, inhibition of α-secretase, which cleaves within the Aβ peptide,
could cause an increase in the production of Aβ by increasing the amount of substrate available
for the Aβ-generating β and γ secretases. This mechanism, however, was unlikely to be respon-
sible for the phosphoramidon-mediated effect on Aβ as the levels of other α-secretase derived
APP products such as secreted APP-α (sAPPα), and C-terminal fragment α (CTFα) were
unchanged in treated cells.28,29 An intriguing possibility was that phosphoramidon was some-
how inhibiting the turnover of Aβ.

Proteolytic degradation of Aβ may occur at multiple sites, both intracellular and extracel-
lular. To determine if the phosphoramidon-mediated increase in Aβ was due to inhibition of a
secreted protease we first examined the amount of Aβ remaining in isolated H4 conditioned
medium that was incubated at 37oC. While Aβ degradation was readily apparent, as assessed
by loss of signal in our sandwich ELISAs with increasing incubation time, this degradation was
not sensitive to phosphoramidon (data not shown). To examine whether the phosphoramidon
induced increases in Aβ could be due to inhibition of a cell-surface protease we performed a
spike experiment in which exogenous Aβ was added to the medium bathing H4 cells in the
absence or presence of phosphoramidon. Exogenous Aβ was removed equally well in the pres-
ence or absence of phosphoramidon, indicating that the phosphoramidon-induced effect is
not likely due to decreased internalization or to inhibition of a cell-surface or secreted pro-
tease.29 Collectively, these data suggested that phosphoramidon was exerting its effect on an
intracellular event that eventually culminated in an increase in extracellular Aβ concentration.
This is consistent with a report by Fuller et al showing an increase in cell-associated Aβ in
phosphoramidon-treated SY5Y cells.28 In H4 cells, however, we have been unable to detect an
elevation in intracellular Aβ levels, presumably due to rapid secretion of Aβ in this model system.

Figure 7.2. Effect of intravenous administration of phosphoramidon on plasma Aβ concentration in the
guinea pig.
Phosphoramidon was administered at the indicated concentrations as an i.v. bolus. At various time points,
blood was removed and plasma prepared and assayed by sandwich ELISA for Aβ1-40. Data points represent
the mean ± SE from at least two animals, each measured in duplicate.
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Endothelin-Converting Enzymes: Potential Targets
for the Phosphoramidon-Mediated Increase in Aβ Concentration

Phosphoramidon is known to inhibit several metalloproteases including ECE-1, ECE-2,
neprilysin, and angiotensin-converting enzyme (ACE), but not insulin-degrading enzyme
(IDE).30,31 Neprilysin and ACE, which are both capable of degrading Aβ, have been reported
to reside predominantly on the cell surface, although a soluble form of neprilysin is also present
in serum and CSF.32-38 A recently identified phosphoramidon and thiorphan-sensitive neprilysin
homologue SEP/NL1/NEPII is expressed both as a membrane-bound and secreted protease.39-41

While our spike experiments suggested that the phosphoramidon-induced increases in Aβ are
not likely due to inhibition of a cell-surface or secreted enzyme, we decided to further evaluate
a role for neprilysin and ACE in our cell culture system using more selective inhibitors of these
enzymes, thiorphan and captopril, respectively. We have not yet been able to similarly analyze
ECE, as a more selective inhibitor of ECE is not commercially available.

Treatment of H4 cells with phosphoramidon resulted in a greater than 2-fold elevation in
Aβ40 accumulation, with a half-maximal effect occurring at a dose of approximately 7.5 µM
(see Fig. 7.1). Treatment with thiorphan or captopril at concentrations greater than 1000 times
the reported IC50 for the target enzymes in in vitro studies,42,43 but less than that required to
inhibit ECE, failed to result in increases in extracellular Aβ (Fig. 7.3). These data indicated that
the phosphoramidon-induced effect in H4 cells is not likely due to inhibition of neprilysin,
SEP or ACE. Similar results were obtained for Aβ42 (data not shown). As endogenous ECE
activity was readily detected in solubilized membranes of H4 cells using a big ET conversion
assay6,44 (data not shown), our focus then shifted to evaluating a role for ECE in Aβ degradation.

Figure 7.3. Effect of metalloprotease inhibitors on Aβ concentration in the culture medium of H4 cells.
Confluent wells of H4 cells were treated with phosphoramidon, captopril (selective inhibitor of ACE), or
thiorphan (selective inhibitor of neprilysin) for 24 hours at the indicated concentrations. Aβ40 concentra-
tion in the conditioned media was determined by sandwich ELISA. Data are plotted as mean ± SE of
triplicate wells. MTS assays on the treated cells did not reveal cellular toxicity at any of the doses (data not
shown). Reprinted with permission from: Eckman EA, Reed DK, Eckman CB. J Biol Chem 2001;
276(27):24540-8, 2001 American Society for Biochemistry and Molecular Biology.
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Overexpression of Endothelin-Converting Enzyme-1 Results
in a Significant Decrease in Extracellular Aβ Concentration that
Is Completely Reversed by Treatment with Phosphoramidon

Evidence implicating a potential role for ECE in modulating Aβ concentration came
further from the observation that CHO cells, which have no endogenous ECE activity,6 pro-
duce very high levels of Aβ when compared to most other cell types (personal observation).
Conversely, HUVEC cells, which have high levels of endogenous ECE,45 accumulate very little
Aβ unless treated with high concentrations of phosphoramidon (data not shown). To follow up
on these casual observations and to further investigate the role of ECE in Aβ accumulation we
cloned and stably transfected CHO cells with human ECE-1a and ECE-1b. Overexpression of
either ECE-1a or ECE-1b in CHO cells, which lack endogenous ECE activity, resulted in a
striking 75-90% reduction in Aβ40 and a 45-60% reduction in Aβ42 (Fig. 7.4). No significant
changes were observed in the amount of sAPP accumulation in ECE-transfected cells com-
pared to the vector controls, indicating that the cells were similarly viable and that general
secretion is not affected by ECE overexpression. The reduction in Aβ concentration in
ECE-transfected cells was completely reversed by treatment with phosphoramidon, indicating
that the observed phenotype was likely due to the enzymatic activity of the overexpressed ECE.

Figure 7.4. Overexpression of ECE-1a or ECE-1b in CHO cells reduces extracellular Aβ concentration.
Aβ40 (A) and Aβ42 (B) concentration in the conditioned media of stable ECE-1a and ECE-1b transfected
CHO cell lines was determined by sandwich ELISA following a 24 hour incubation ± 100 µM
phosphoramidon. Data are plotted as mean ± SE of triplicate wells. Reprinted with permission from:
Eckman EA, Reed DK, Eckman CB. J Biol Chem 2001; 276(27):24540-8, 2001 American Society for
Biochemistry and Molecular Biology.
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Increased Removal of Exogenous Aβ Is Apparent Only in ECE-1a
Transfected Cells

In an endogenous ECE-expressing cell line, H4, extracellular Aβ removal does not appear
to be affected by phosphoramidon treatment.29 To determine whether extracellular Aβ re-
moval could account, at least in part, for the dramatic decrease in extracellular Aβ concentra-
tion in ECE-transfected cell lines, we spiked Aβ into the culture medium in the presence or
absence of phosphoramidon and determined the percent removal by sandwich ELISA at 6 and
24 hours. Following a 6 hour incubation, removal of Aβ was similar in the culture medium of
vector and ECE-transfected CHO cells, and was not affected by phosphoramidon treatment,
although secretion of endogenous Aβ in phosphoramidon treated ECE-transfected cells was
increased 1.5 to 2-fold during the same time period.29 After a 24-hour incubation, we did
observe a significant increase in the removal of the spiked-in Aβ in the medium of ECE-1a
transfected cells compared to the vector controls (Fig. 7.5). No significant change in exogenous
Aβ removal was observed in cells expressing ECE-1b. The ECE-1a induced increase in Aβ
removal could be completely attenuated by phosphoramidon treatment, indicating that the
effect was likely due to the enzymatic activity of ECE-1a (Fig. 7.5, inset).

These results suggest that ECE may contribute slightly to extracellular Aβ removal, at
least in cells overexpressing human ECE-1a. However, the dramatic increase in Aβ concentra-
tion in ECE-1a expressing cells upon treatment with phosphoramidon (see Fig. 7.4) does not
appear to be accounted for by the modest increase in exogenous Aβ degradation. While ECE-1a
has been reported to be localized predominantly to the cell surface, this isoform has been

Figure 7.5. Removal of exogenous synthetic Aβ by ECE-overexpressing CHO cells.
Synthetic human Aβ40 (150 pM) was added to confluent CHO cells stably transfected with ECE-1a,
ECE-1b, or the control vector, and incubated for 6 and 24 hours. Human Aβ40 was measured at the
indicated time points using the BAN50/BA27 sandwich ELISA which does not detect endogenous CHO
Aβ. Data shown represents the mean ± SE of triplicate wells that were incubated with synthetic Aβ40. The
concentration of Aβ remaining after 24 hours is significantly lower in ECE-1a cells than in vector controls
(p=0.0495, Mann-Whitney). Inset graph shows percent of exogenous Aβ removed by ECE-1a and
vector-transfected cells after 24 hours in the presence of phosphoramidon (34 µM). Reprinted with permis-
sion from: Eckman EA, Reed DK, Eckman CB. J Biol Chem 2001; 276(27):24540-8, 2001 American
Society for Biochemistry and Molecular Biology.
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shown to process big ET-1 intracellularly in CHO cells, most likely in secretory vesicles, as well
as at the cell surface.46 Therefore, ECE-1a may similarly degrade Aβ intracellularly in CHO
cells as it is being trafficked to the cell surface. Ultimately, the result of increased intracellular
degradation is a decrease in extracellular Aβ accumulation.

Recombinant ECE-1 Degrades Aβ in vitro
Recombinant, soluble forms of ECE-1 (solECE-1) lacking the intracellular and trans-

membrane domains have been reported to hydrolyze big ET-1 with activity comparable to that
of membrane-bound ECE-1a.5,44,47 To examine whether ECE-1 is capable of direct catabolism
of Aβ we generated a soluble ECE-1 similar to those previously described. Incubation of syn-
thetic Aβ40 and Aβ42 with this enzyme resulted in a nearly complete loss of the full-length
peptides as detected by sandwich ELISA, and this reduction was completely blocked by incu-
bation with ECE inhibitors.29

ECE-1 has been shown to cleave a number of biologically active peptides on the amino
side of hydrophobic residues and appears not to cleave peptides smaller than 6 amino acids in
length.5 Given this specificity, there are approximately 13 potential ECE cleavage sites in the
Aβ40 peptide. Using HPLC, mass spectrometry, and NH2-sequence analysis29 we determined
that soluble ECE-1 cleaves synthetic Aβ40 at at least three sites, resulting in the formation of
Aβ fragments 1-16, 1-17, 1-19, and 20-40 (Fig. 7.6). Consistent with the known substrate
specificity of ECE-1, each of these observed cleavages by solECE-1 occurred on the amino side
of hydrophobic residues (Leu17, Val18, Phe20). Given that ECE-2 is highly homologous to
ECE-1 and shares similar catalytic activity,15 ECE-2 is also likely capable of degrading Aβ.

Kinetic Analysis of Aβ40 Cleavage by solECE-1
To determine the catalytic efficiency of Aβ cleavage by solECE-1 we calculated kcat/Km by

measuring the rate of Aβ hydrolysis under second-order conditions at pH 6.5, the reported pH
optimum for big ET-1 cleavage by the enzyme. Using this method, the kcat/Km for Aβ40 hy-
drolysis by solECE-1 was determined to be (1.7 +/- 0.6) x 103 M-1sec-1 at pH 6.5, a value
15-fold lower than that for big ET-1 hydrolysis under the same conditions.29 Intrigued by a
report indicating that solECE-1 cleaves bradykinin and substance P with an acidic pH opti-
mum of approximately 5.6 compared to the optimum of pH 6.5 for big ET-1,48 we next
compared the efficiency of solECE-1 hydrolysis of Aβ40 and big ET-1 at pH 5.6. Similar to
bradykinin and substance P, solECE-1 cleaves Aβ40 greater than an order of magnitude more
efficiently at pH 5.6 than at pH 6.5. The value of kcat/Km for big ET-1 hydrolysis at pH 5.6 is
only 3-fold greater than that for Aβ40 at the same pH. This result may be particularly relevant
as the TGN, where ECE-1b appears to be expressed, has an acidic pH. It may also help to
explain why little exogenous Aβ is degraded by ECE-1a in transfected CHO cells.

Current Studies in Animal Models
A reasonable test for the physiological involvement of ECE or any enzyme in contributing

to Aβ accumulation in the brain is to examine the effect of animals null for the enzyme. While
several enzymes have been identified that can degrade Aβ in in vitro assays, only neprilysin has
thus far been reported to influence Aβ accumulation in the brains of knock-out mice.33,49,50

Ongoing studies in our laboratory are focused on determining the effect of ECE deficiency on
Aβ accumulation in the brains of knockout mice. As in the neprilysin knockout mice, elevated
levels of Aβ in the brains of ECE knockout mice would indicate a physiological role for this
enzyme family in regulating the accumulation of the peptide. Crossing the ECE knockout
mice with a mouse model that develops AD-like pathology will further test the hypothesis that
reduced ECE activity may critically alter the concentration of Aβ in the brain, accelerating
and/or enhancing the development of senile plaques.
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Summary: ECE Activity May Be One of Many Regulators
of Aβ Accumulation in the Brain

It is likely that multiple proteases, both intracellular and extracellular, may play a role in
determining Aβ concentration. Intracellular degradation of Aβ at the site of generation and/or
within the secretory pathway may affect the extracellular concentration of the peptide by lim-
iting the amount available for secretion. The concentration of secreted Aβ is further regulated
by direct degradation by extracellular proteases and by receptor-mediated endocytosis or pha-
gocytosis followed by lysosomal degradation. The relative contribution of Aβ degrading en-
zymes and other mechanisms of Aβ removal may vary in different regions of the brain and may
also differ for Aβ40 and Aβ42. Decreases in any one of these mechanisms of Aβ removal, whether
major or minor, may potentially result in increased Aβ accumulation and the development of
AD pathology. Conversely, an increase in the activity of any enzyme capable of degrading Aβ
may result in decreased accumulation of the peptide, potentially reducing the risk for AD.

We have presented extensive evidence that ECE is capable of degrading Aβ peptides, and
studies in cell-based models suggest that the major site of ECE’s effect on Aβ is intracellular,
possibly in an acidic compartment. Even in cells overexpressing ECE-1a, an isoform expressed
predominantly on the cell-surface, little ECE-mediated degradation of extracellular Aβ was
observed. This may be due to the unfavorable kinetics of Aβ degradation by ECE at neutral pH
and suggests that the dramatic reduction in Aβ concentration seen in these cells is due to
degradation of Aβ within the biosynthetic, secretory, endocytic or other slightly acidic or-
ganelles and pathways. Interestingly, inhibition of this intracellular event(s) has the net result
of a substantial increase in extracellular Aβ.

The Regulation of Endogenous ECE Activity Is Complex,
and Alterations May Influence Susceptibility to Alzheimer’s Disease

The regulation of ECE expression is complex, as evidenced by the production of multiple
isoforms of both ECE-1 and ECE-2 through the use of multiple promoters and alternative
splicing. ECE-1 activity may be modulated at the level of transcription, mRNA stability,
glycosylation, and zinc binding (see for example refs. 51-59). ECE-1 expression is increased
under a number of pathophysiological conditions including but not limited to hypertension,
congestive heart failure, subarachnoid hemorrhage, preeclampsia, and wound healing.55,60-62

In cultured endothelial cells, thrombin upregulates ECE-1 expression via the ERK path-
way.63 It has been reported that ECE-1 activity is regulated transcriptionally and/or
post-transcriptionally by endothelins (down-regulated via ETB receptors), and angiotensin-II
(up-regulated via ETA receptors).58,64-66 Glycosylation is required for the functional expression
of ECE-156,57 and altered glycosylation may be involved in the negative feedback regula-
tion of ECE-1 by ETB receptors.58 Superoxide, which may be generated during a variety

Figure 7.6. Sites of Aβ40 cleavage by solECE-1.
Sites of Aβ40 cleavage by solECE-1 (solid arrows) were determined by HPLC, mass spectrometry, and
NH2-sequence analysis.29 Open arrows under the sequence indicate previously determined neprilysin
cleavage sites.32
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of pathophysiological conditions, reversibly inhibits ECE by causing the release of zinc
from the active site.59

Additional studies are required to determine the extent of the role of ECE activity in
determining Aβ concentration in the brain, and the possible link between altered ECE activity
and the development and/or progression of Alzheimer’s disease. The complex regulation of
ECE activity suggests that physiological conditions that cause a reduction in ECE activity in
the brain may elevate Aβ levels and increase susceptibility to AD. Alterations in ECE activity in
the brain (either in total activity or in the relative expression of ECE isoforms) may possibly
occur in normal aging, the most common risk factor for AD. Genetic mutations in ECE that
decrease its activity may also be identified that are causative of Alzheimer’s disease in certain
individuals. Equally important, however, is the possibility that there may be individuals with
normally high levels of ECE activity who are at a reduced risk for the disease. A careful analysis
of ECE activity in AD and control individuals is necessary to determine the extent of the
involvement of this enzyme family in the development of AD.

Increased ECE Activity May Be Therapeutic for Alzheimer’s Disease
Regardless of the extent of the influence of endogenous ECE activity on Aβ accumulation

in vivo, increased activity of ECE or any other Aβ-degrading enzyme may be beneficial in AD.
Up-regulation of ECE activity through gene therapy, transcriptional activation, or by reducing
ECE turnover, for example, may provide a novel therapeutic approach for the treatment of
AD. One obvious concern with this treatment method is that patients may become hyperten-
sive. Up-regulation of ECE activity in the periphery of rats by intravenous injection of an
adenoviral construct containing a secreted form of ECE does not, however, appear to result in
increased circulating endothelin levels or in hypertension, indicating that ECE is not likely to
be rate-limiting in the biosynthesis of ET under these conditions.67 Further, even if increased
ECE activity does augment endothelin levels, endothelin receptor antagonists could be given
in parallel to reduce or block any effect of increased endothelin levels. Approaches to increase
Aβ catabolism by up-regulation of ECE or other Aβ degrading enzymes such as neprilysin49 or
IDE50 could be used alone or in conjunction with methods to prevent Aβ production, aggrega-
tion, and/or toxicity.

The Clinical Use of ECE Inhibitors Must Be Considered Carefully
ECE inhibitors have received a significant amount of pharmaceutical interest for their

potential as anti-hypertensive drugs and for other ailments.60,68,69 It is likely that if these drugs
enter the brain they will increase Aβ levels, potentially leading to the development and/or
acceleration of AD in susceptible individuals. Our data argue for a careful evaluation of the
effects of these compounds on Aβ accumulation prior to the initiation of human exposure.
Based on the genetic mutations that cause AD, in which Aβ levels are elevated for decades prior
to the development of the disease, this potential side effect of ECE inhibitors may not be
observed for years and must be considered very carefully before clinical use of this class of
compounds. The potential risks of neprilysin inhibition must also be carefully considered.
Because most ECE and neprilysin inhibitors will inhibit both enzymes at certain concentra-
tions, the use of these drugs may be particularly risky if ECE and neprilysin both play physi-
ological roles in the degradation of Aβ in the brain. ET receptors may be a safer target for
pharmacological interference with the endothelin system to reduce hypertension without the
side effect of decreased Aβ catabolism.
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Abstract

Aggregation and accumulation of Aβ is a pathological hallmark of the Alzheimer’s disease
(AD) brain. Studies on cerebrospinal fluid (CSF) from living patients and postmortem
control brain tissue show the normal level of Aβ in the brain to be in the low nM range.

Biophysical studies of Aβ aggregation indicate that in the absence of other factors monomeric
Aβ does not readily aggregate into amyloid fibrils unless it is present at µM concentrations.
Based on these observations it seems that other factors must exist within the brain that either
result in higher local concentrations of Aβ, catalyze Aβ fibril formation, or both. One possibil-
ity is that Aβ fibril formation takes place in buoyant cholesterol enriched membrane
microdomains (CEMs). There is evidence that Aβ is produced in these domains, and that
factors that foster Aβ aggregation such as cholesterol and GM1 ganglioside are concentrated in
these domains. Further studies of Aβ production, degradation, and clearance in CEMs may
reveal important clues as to how Aβ aggregation occurs. These studies could lead to novel
therapeutic approaches for the treatment of AD.

Introduction
There is compelling evidence that abnormal accumulation of the amyloid β protein (Aβ)

plays a causal role in the development of Alzheimer’s disease (AD) (reviewed in ref. 1). Because
of the presumed causal role of Aβ accumulation in AD, a number of therapies targeting Aβ
production, aggregation, or clearance are being considered. Despite impressive advances in the
preclinical development of therapeutic strategies targeting Aβ, to date no anti-Aβ therapy has
been successfully tested in the clinic. Moreover, despite the enormous advances in our under-
standing of Aβ metabolism that have been made over the last several years, many questions
regarding the normal metabolism of Aβ and its pathologic metabolism in AD remain unan-
swered. One of the central questions in this regard is how does Aβ aggregate in vivo. Average
concentrations of Aβ in the brain and cerebrospinal fluid (CSF) do not appear sufficient to
promote Aβ aggregation into amyloid.2-9 Multiple factors within the brain exist that could
promote the initial steps of Aβ aggregation. Surprisingly, there is evidence that many of these
Aβ promoting factors exist within buoyant cholesterol rich membranes. Thus, we postulate
that factors within these membranes may promote the formation of Aβ aggregates, possibly the
most critical step in AD pathogenesis.
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CEMs as a Generic Term for Cholesterol Enriched Membrane
Microdomains

For those unfamiliar with membrane microdomains, the associated terminology can be
quite confusing. We propose the term cholesterol enriched membrane microdomains (CEMs)
as a general term applicable to any cholesterol and sphingolipid enriched membrane
microdomain. Over the years, various terms have been used to describe CEMs, including caveolar
membranes, detergent resistant membranes, glycosphingolipid enriched membranes and lipid
rafts (reviewed in ref. 10). These descriptive terms stem from the original characterization of
these various types of membrane microdomains, and although each has been used to describe
a specific type of membrane microdomain, they are often used with less specificity than origi-
nally intended.

Some of these terms refer to the biochemical properties of these microdomains. For ex-
ample, the term “detergent resistant membrane” refers to the fact that these membranes can be
isolated after detergent homogenization by flotation to a low-density region of a sucrose den-
sity gradient by ultracentrifugation.10 This technique is often used as a first step towards defin-
ing proteins that may be associated with these membranes. Other terms such as caveolar mem-
branes are descriptive terms for a certain type of CEM. Caveolae are flask shaped invaginations
found on the plasma membrane. They are enriched for the protein caveolin (or in the case of
the brain, flotillin) and are thought to play a role in nonclathrin coat mediated endo- and
transcytotic events.10 Lipid rafts are a more functional description that refers to dynamic as-
semblies of membranes enriched in cholesterol and sphingolipids that cluster proteins such as
glycosylphosphatidylinositol anchored proteins and signaling molecules in the membrane.10

Although CEMs and lipid rafts might be considered interchangeable terms, it is not clear that
all buoyant cholesterol enriched membranes are rafts, as a rather specific definition of rafts and
subsets of rafts has been proposed with an emphasis on functional as well as structural properties.10

The CEM or raft concept has been controversial. It had previously been argued that the
apparent properties of the microdomains were experimental artifacts and not present in living
cells. However, recent studies reviewed in Simons and Toomre have largely dispelled most of
these concerns.10 Briefly, these studies demonstrated that proteins cluster in CEMs in cells and
that certain proteins are found in CEMs and others are not. CEMs are dynamic, not static,
structures that can form rapidly and then dissipate. With respect to the study of proteins in-
volved in AD, most of the studies of CEMs can be viewed as incomplete, as they have relied on
more traditional techniques such as isolation of detergent resistant membranes to demonstrate
association with CEMs.

One key concept regarding CEMs is that they are functionally important. CEMs have
been implicated in mediating a range of signaling events and various aspects of organelle traf-
ficking.10 It is thought that through the clustering of important proteins these microdomains
favor specific protein-protein interactions that result in efficient cell signaling. As described
below, this clustering may also facilitate the proteolytic processing of various membrane bound
proteins. Insight into CEM function can be gained by disrupting the membranous compo-
nents of the CEM. Typical methods to disrupt CEMs involve cholesterol sequestration, deple-
tion, or inhibition of cholesterol synthesis. Other methods less commonly used involve alter-
ation of other CEM components, such as gangliosides.

Aβ Production in CEMs
Two proteases produce Aβ from the amyloid β protein precursor (APP) through sequen-

tial cleavages (reviewed in ref.11). APP is first cleaved by β-secretase (BACE1, Asp-2,
memapsin-1), a transmembrane aspartyl protease, at the amino terminus of Aβ to generate a
large secreted derivative (sAPPβ) and a membrane bound APP carboxyl terminal fragment
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(CTFβ). Subsequent cleavage of CTFβ by γ-secretase results in production of the Aβ peptide
and CTFγ. In a second pathway, APP is cleaved within the Aβ sequence by α-secretase, which
generates another large secreted derivative and CTF (sAPPα and CTFα).

Recent evidence indicates that the first cleavage step in Aβ generation (Fig. 1), β-secretase
cleavage, may occur in CEMs. β-secretase is enriched in CEMs that are distinct from caveolar
containing CEMs.12 Although β-secretase activity was not measured, the concentration of
mature β-secretase in these membranes provides initial evidence that this cleavage may occur at
this site. This localization would also be consistent with the observation that lowering choles-
terol reduces β-secretase cleavage, described in detail below. In addition, there is evidence that
alterations in caveolin-3 expression can alter β-secretase cleavage of APP.13 How this relates to
the presence of β-secretase in noncaveolar CEMs is not clear.

γ-secretase activity is also enriched in CEMs (Fig. 1), as are two proteins necessary for
γ-secretase activity, presenilins (PS) and nicastrin.14,15 PS are polytopic membrane proteins
that appear to be the catalytic subunits of a high molecular weight complex (reviewed in ref.
11). Although the precise catalytic mechanism of γ-secretase is not yet established, there is
evidence that supports the concept that PS and γ-secretase represent a novel type of aspartyl
protease. Nicastrin is predicted to be a type 1 transmembrane glycoprotein and its expression is
essential for γ-secretase activity and PS complex formation.16-18 Its mechanistic role in γ-secretase
cleavage is not known. In human and mouse brain, almost all of the nicastrin is detected in
CEMs that possess γ-secretase activity (Murphy and Golde, unpublished observation). Upon
overexpression in cultured cells wild-type, but not mutant, nicastrin increases Aβ production.
In these cell culture experiments, mature forms of wild-type nicastrin is present in CEMs
whereas mutant nicastrin is not. Localization of γ-secretase in the CEMs also appears to be of
critical functional importance. Depletion of cholesterol from CEMs results in almost complete
reduction in γ-secretase activity, and replenishment of cholesterol restores activity.14

Although previous studies of CEMs have focused on domains that are found in the plasma
membrane, Golgi, or vesicles of the secretory and endocytic pathway, these studies on PS,
Nicastrin and γ-secretase activity indicate that CEM domains must be present in the endoplas-
mic reticulum (ER), as a majority of PS is found in the ER.14,15 Importantly, immunoelectron
microscopic studies of PS1 in cultured cells reveals a patched distribution of PS1 in the ER and
ER Golgi trafficking intermediates, suggesting that PS1 is normally clustered in membrane
microdomains.19 However, these studies do not prove that the ER localized PS is responsible
for γ-secretase activity. It is more likely that a small amount of PS within the γ-secretase com-
plex in other organelles is responsible for the majority of γ-secretase cleavage of APP.

Studies in cell culture have demonstrated that alterations in cholesterol levels can alter Aβ
production (reviewed in ref. 20). Depletion of cellular cholesterol decreases Aβ production and
can, under certain circumstances, increase nonamyloidogenic processing by α-secretase.21-23

Although depletion of cellular cholesterol in vivo does appear to decrease γ-activity, the major
effect of this reduction is to decrease β-secretase cleavage of APP. More recently, it has been
shown that treatment of animals with HMG-Co-A reductase inhibitors (also known as statins)
can decrease Aβ production by reducing amyloidogenic β-secretase processing.24 In the statin
treated animals Aβ levels decreased in parallel with cholesterol.

Because cholesterol is an essential component of CEMs and since the removal of choles-
terol from these membranes disrupts their function, it is possible that the effect of cholesterol
on secretase activity can largely be explained by APP processing events that are associated with
CEMs. Additional studies will be needed to determine if physiologic alterations in cholesterol
levels can influence cholesterol levels in CEMs. To date, there have been no studies exploring
whether modulation of cholesterol levels in vivo can alter CEMs and their composition. Never-
theless, there is an intriguing correlation between amyloidogenic processing of Aβ in CEMs
and alterations in Aβ production that occur when cholesterol levels are altered.
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Figure 8.1. APP processing in CEMs. The amyloid protein precursor (APP) is a type I transmembrane
protein that is processed in several different pathways. Generation of the amyloid β protein (Aβ) in the
β-secretase pathway (A and B) requires two proteolytic events, a proteolytic cleavage at the amino terminus
of the Aβ sequence, referred to as β-secretase cleavage and a cleavage at the carboxyl terminus, known as
γ-secretase cleavage. Cleavage by β-secretase results in the secretion of sAPPβ and production of the mem-
brane bound carboxyl terminal fragment β (CTFβ). γ-secretase cleavage of CTFβ produces the secreted Aβ
peptide and the CTFγ. In the α-secretase pathway (C), the APP is cleaved within Aβ to generate a large,
secreted derivative referred to as sAPPα and a membrane associated CTFα. Aβ production in the β-secretase
pathway appears to occur in CEMs that are indicated by the presence of high levels of cholesterol in the
membrane (light gray squares) and GM1 ganglioside (dark gray squares). It is not certain whether the CEMs
that contain β- and γ-secretase activity are contiguous (A) or spatially distinct (B). Local production of Aβ
in CEMs (A or B) could result in local aggregation due to the high concentrations of Aβ and the fibril
promoting factors present in CEMs. In non-CEM membranes, the α-secretase pathway is favored (C).
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Estimates of Aβ levels in human control brain suggest that it is present at low nanomolar
levels.2,3 This level of Aβ can drive the aggregation of Aβ into soluble globular Aβ oligomers
that are also referred to as ADDLs.25 However, based on in vitro aggregation studies, such
concentrations are not sufficient to foster deposition of Aβ as insoluble fibrillar amyloid aggre-
gates. Local production of Aβ in CEMs, especially if it occurs in a secretory vesicle, may pro-
duce the locally high concentrations of Aβ that could support fibril formation.

Aβ Deposition, Aggregation and CEMs
Although production of Aβ in CEMs could produce high enough local concentrations to

foster deposition, it is likely that other factors promote Aβ aggregation. Two factors enriched in
brain CEMs that can be shown to promote Aβ aggregation in vitro are cholesterol and GM-1
ganglioside.15,26-33 Aβ can be shown to accumulate in CEMs in the AD brain and in transgenic
mouse models of AD that develop age dependent Aβ deposits. In AD brain and AD transgenic
mouse models, some of the Aβ that accumulates in CEMs appears to be tightly associated with
GM-1 ganglioside.31 Although not studied in detail, GM-1 levels are high in regions of the
brain prone to Aβ deposition, such as the hippocampus and cerebral cortex, whereas regions
relatively resistant to Aβ deposition, such as the cerebellum, have lower levels.34

Indirect evidence suggests that alterations in cholesterol can influence Aβ deposition in
vivo. Increasing cholesterol increases amyloid deposition in transgenic mice35 and decreasing
cholesterol decreases Aβ deposition and Aβ production.36 Accumulation of cholesterol in
Neimann Pick type C mice is also associated with Aβ accumulation.32 In these mice, the Aβ
accumulates along with cholesterol in CEMs that appear to reside in endocytic organelles.

ApoE, Cholesterol and CEMs
Genetic studies of late-onset AD provided one of the first clues that cholesterol might play

a role in AD pathology, when it was discovered that the E4 isoform of apolipoprotein E (ApoE)
is a risk factor for AD.37 ApoE is a plasma lipoprotein, but is also the major lipoprotein ex-
pressed in the brain. Outside the brain, ApoE plays a basic role in the degradation of particles
rich in cholesterol and triglycerides.38 It is able to bind to LDL receptors and receptors for
chylomicron remnants. There are three major ApoE isoforms, E2, E3, and E4. The E3 allele is
the predominant form and E3 affects metabolism of lipoproteins in a standard way. When
compared to the E3 allele, the E2 allele is associated with lower LDL levels, whereas E4 is
associated with higher LDL levels. This has some impact on the progression of arteriosclerosis
and is probably responsible for the modest increase in risk for cardiac events in patients with
the E4 allele, and the slight protective effect of the E2 allele.38 Similarly, ApoE2 appears to be
associated with a decreased risk for AD.39

Although the associations between the risk for atherosclerotic disease, AD and ApoE are
intriguing, it is not certain that the increased risk for AD associated with the ApoE4 allele is
attributable to alterations in cholesterol. If so, then the very small differences in plasma choles-
terol associated with ApoE4 can increase the risk for AD. Furthermore, there is no evidence
available that would support the notion that the risk for AD could be attributable to changes in
brain cholesterol. ApoE knockout mice show no changes in total brain cholesterol levels, de-
spite the fact that plasma cholesterol is elevated, arguing that ApoE genotype is unlikely to
markedly influence total brain cholesterol, although it is possible that more subtle alterations
in cholesterol metabolism exist, such as alterations in sterol recycling (ref. 40 and D. Holtzman,
personal communication). Studies on transgenic and knockout mice have revealed that ApoE
is a necessary factor for fibrillar amyloid deposition, since in its absence Aβ deposits only in
nonfibrillar forms.41 When human ApoE3 or ApoE4 are expressed under control of brain
specific promoters in an ApoE knockout background, and these mice are then crossed to mice
overexpressing APP, fibrillar Aβ deposits do form.40,42 Moreover, in mice expressing ApoE4,
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these Aβ fibrils form faster than in mice expressing ApoE3.40,42-44 Together with in vitro stud-
ies suggesting that ApoE might promote Aβ fibrillization, these studies suggest that ApoE plays
a direct role in Aβ aggregation.45 Thus, although it has not been excluded that the increased
risk for AD associated with ApoE4 is attributable to alterations in cholesterol levels, it appears
that the effect of ApoE4 is to directly alter Aβ aggregation.

With respect to ApoE and CEMs, there is some initial data to suggest that ApoE could
influence the Aβ accumulation in raft-like domains. Alterations in ApoE expression do appear
to alter Aβ deposition within CEMs in APP transgenic mice.40 However, at present no mecha-
nistic insight into this potentially interesting phenomenon has been provided.

Aβ Degrading Enzymes in CEMs
Aβ accumulation occurs when there is an imbalance between production and normal

clearance mechanisms. Multiple proteases have been implicated in Aβ clearance including but
not limited to neprilysin, insulin degrading enzyme, endothelin converting enzyme, and plas-
min. 46-55 CEMs have been shown to cluster many peptidases,56 and there is experimental data
showing that both plasmin and neprilysin are localized to CEMs.49,57 Although enzymes for
both production and degradation of Aβ exist in CEMs, it is not known whether production
and degradation occurs in the same CEM or spatially distinct CEMs. Future studies will be
needed to address this issue.

Summary
Many of the proteins and co-factors that play a central role in Aβ metabolism appear to be

either enriched in or exclusively present in CEMs. Aβ appears to be produced in these
microdomains as both β- and γ-secretase activities appear to localize to these domains. Al-
though the functional consequences of this localization are not well understood, it appears that
the increased level of cholesterol in these membranes is important for proper γ-secretase cleav-
age of APP. Perhaps CEM integrity and lipid composition create an optimal environment for
amyloidogenic processing of APP by clustering proteases and substrates in an optimal configu-
ration. Thus, promoting CEM integrity or number, by increasing cholesterol or other factors
associated with these domains, would increase amyloidogenic cleavage, whereas disrupting CEMs
would inhibit cleavage and in some circumstances lead to enhanced nonamyloidogenic cleav-
age by α-secretase. On the other hand, there is some evidence that certain Aβ degrading en-
zymes also cluster in these rafts. Could this clustering be protective? If locally high Aβ concen-
trations are made at a site that would promote aggregation, then it certainly would seem
appropriate to try to prevent this aggregation by rapidly clearing Aβ.

Given the epidemiologic data showing that increased cholesterol levels are a risk factor for
AD and studies that suggest that lowering cholesterol may be protective,58-60 there would seem
to be a link between Aβ metabolism in CEMs, cholesterol and factors such as ApoE that
influence cholesterol metabolism. However, additional studies will be needed to determine if
physiologic alterations of in vivo cholesterol levels can influence APP distribution within raft
domains. To date, there have been no studies exploring whether modulation of cholesterol
levels in vivo can alter raft function and composition.

Understanding the factors that foster Aβ accumulation in the brain is likely to play a
critical role in our ability to develop AD therapies aimed at preventing Aβ accumulation. The
emerging data reviewed herein suggest that understanding how Aβ is metabolized in CEMs
may provide critical insights into this process. Furthermore, if Aβ accumulation occurs in
CEMs in the AD brain, then it is possible that this accumulation will have functional conse-
quences. Although there is no data to support this speculation, given the role of CEMs in
mediating critical cell signaling events, the functional consequences of Aβ accumulation in
these domains should be examined.
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Amyloid β-Protein in Low-Density
Membrane Domains
Maho Morishima-Kawashima and Yasuo lhara

Abstract

Membrane microdomains, which have just been emerging thanks to recent technological
progress, may have significant roles in normal cell functions such as adhesion,
signaling, and trafficking. We found that a significant amount of amyloid β-protein

(Aβ) is located to the cholesterol- and sphingolipid-rich low-density membrane (LDM)
microdomains, and that these by themselves can produce Aβ. When Aβ42 starts to accumulate
in the brain, the levels of Aβ42 are invariably also increased in LDM domains. The levels of
Aβ42 in LDM domains correlate well with the extent of extracellular Aβ deposition. In addi-
tion, mutant presenilin appears to recruit a larger amount of Aβ42 to LDM domains. Thus, the
Aβ42 associated with LDM domains may play a significant role in the Aβ deposition that is
usually observed in aged human brains.

Introduction
Senile plaques and neurofibrillary tangles are two neuropathological hallmarks of Alzheimer’s

disease (AD). The latter are composed of a mid-molecular weight microtubule-associated phos-
phoprotein, tau, and they accumulate within neurons. The former are composed of amyloid
β-protein (Aβ), a small hydrophobic peptide of unknown function which accumulates in the
extracellular space of the brain. Deposition of Aβ is seen more than a decade before neurofibril-
lary tangle formation occurs in the neocortex in the brains of Down’s syndrome patients, who
invariably develop AD pathology by their thirties to forties.1 All three causative and two sus-
ceptibility genes for AD thus far known enhance the production or accumulation of Aβ42, a
more amyloidogenic Aβ species.2–6 Thus, the accumulation of Aβ42 in the brain is a likely
initial requisite step for the development of AD.

Aβ is produced from β-amyloid precursor protein (APP) through two sequential steps of
proteolysis. β-secretase, which was identified as BACE1 (β-site APP cleaving enzyme) in 1999,7-10

cleaves at the N-terminus of Aβ, generating the 99-residue-β-carboxy-terminal fragment (CTF).
βCTF is then cleaved by γ-secretase, mainly after the Val40 and Ala42 amino acids, releasing
Aβ40 and Aβ42, respectively. It is generally agreed that γ-secretase activity is presenilin
(PS)-dependent, but whether γ-secretase is PS itself is still a matter of debate.11 Neither is it yet
known where Aβ is produced within the cell. Currently, most of the Aβ produced within the
cell seems to be secreted into the extracellular fluid, which explains the presence of Aβ in the
cerebrospinal fluid and plasma in normal subjects. Aβ40 is the predominant species (~90%)
among the secreted Aβ forms, as is also shown by a cell-free Aβ generation system.12 In con-
trast, it is Aβ42 that initially and then predominantly is deposited in the brain.13,14 This may be
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explained by the much higher aggregation potential of Aβ42 compared with the other species.15

However, why and how Aβ42 accumulates and aggregates in the brain parenchyma is still an
unresolved issue.

Age-Dependent Aβ Accumulation and Deposition in the Human Brain
Aβ deposition as senile plaques is observed in human brains affected by only a limited

number of diseases, including AD. However, such senile plaques are also observed in most
brains of aged nondemented subjects. Accurate Aβ quantification by sandwich enzyme-linked
immunosorbent assays (ELISA) has shed some light on the underlying process.5,14 Aβ accumu-
lates in the insoluble fraction of brain homogenates in an age-dependent manner (Fig. 9.1),
which supports the view that aging is a strong risk factor for developing AD. The presence of
insoluble Aβ itself is not abnormal because it is found even in the brains of nondemented
subjects as young as 20-30 years old. In the insoluble fraction from these young brains, the
levels of Aβ40 are always several- to 10-fold higher than those of Aβ42, a proportion corre-
sponding with that of the secreted Aβ.

Our cross-sectional data on Aβ levels in brains from many nondemented subjects aged
20-80 years can be reconstituted into a possible longitudinal profile with some reservations.5

The initially low Aβ40/42 levels (below 5 pmol/g) seem to be stable in individuals aged 20-40,
but then start to increase exponentially in some individuals. The incidence of significant Aβ
accumulation in brains increases age-dependently. The levels of Aβ40 and Aβ42 are well corre-
lated and increase in a coordinated manner, but the increasing rate with age for Aβ42 is much
steeper than that for Aβ40. As a result, Aβ42 appears to be the first species deposited and is by
far the predominant species in most brains of elderly subjects. This underlies the immunohis-
tochemical observations that the appearance of Aβ42-positive plaques precedes that of
Aβ40-positive ones.13 Accumulation of Aβ42 reaches seemingly a plateau (~10,000 pmol/g) at
around 70 years of age, while Aβ40 tends to continue to increase (Fig. 9.1). In other words,
Aβ40 continues to increase even after “saturation” of Aβ42. This may explain why, in terms of
Aβ deposition, the major characteristic of the brains of AD patients is reported to be an in-
creased level of Aβ40, but not Aβ42,14,16 and why apolipoprotein E (ApoE) ε4 allele in these
individuals is apparently associated with a greater number of Aβ40-positive plaques and in-
creased levels of Aβ40

17,18 One can surmise that the levels of Aβ40 represent the duration of Aβ
accumulation: higher levels of Aβ40 presumably reflect a longer history of Aβ deposition in any
particular individual’s brain.

Insoluble Aβ Is Located in LDM Domains
During our study on intracellular Aβ in human neuroblastoma SH-SY5Ycells, we found

that a substantial fraction of Aβ within the cell is resistant to extraction with 1% Triton X-100.19

More than two-thirds of the intracellular Aβ40 and Aβ42 are left in the Triton-insoluble frac-
tion. This was also the case with NT2N cells, in which insoluble Aβ42 was reported to increase
during neuronal differentiation induced by retinoic acid.20

This Triton X-100 insolubility brings to mind the detergent-insoluble, glycolipid-enriched
domains (DIGs).21,22 These lipids constitute the liquid-ordered phase within the
liquid-disordered phase of the membrane. DIGs were previously named caveolae after their
characteristic structure formed by invagination from the plasma membrane. They are currently
often referred to as lipid rafts, assuming them to be platforms moving within the membrane.21

Most interestingly, cholesterol and ganglioside GM1, which are abundant in and specific for
the microdomains, bind to Aβ molecules and induce them into forming fibrils.23–25 DIGs are
probably involved in transporting various proteins and lipids, in signal transduction, cell adhe-
sion, and mediating cell polarity.21,22 These DIG functions might be interfered by the process
of Aβ accumulation or aggregation. Thus, we examined whether the Triton-insoluble Aβ
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represents an association with a specific membrane domains. Because of their specific lipid
composition, DIGs can be readily isolated as a low-density fraction by floating up through
sucrose density gradients in the presence of Triton X-100.26,27 However, recent studies indicate
the presence of multiple subtypes of microdomains in the low-density membrane fraction.28,29

Thus, the membrane component fractionated into the buoyant fraction is referred to here to as
low-density membrane: LDM.

Following sucrose density gradient centrifugation of the homogenates prepared from
SH-SY5Y cells, approximately half of the Triton X-100 insoluble Aβ40 and Aβ42 was recovered
in the LDM fraction.19 Similar observations were reported by Lee et al30 using rat brains and
APP-overexpressing Chinese hamster ovary (CHO) cells. In addition, they showed by
immunoelectron microscopy the association of Aβ with isolated caveolae-like membrane vesicles
in the LDM fraction.30 These indicate a specific association of at least a fraction of the intra-
cellular Aβ with LDM domains. Because of much smaller amounts of proteins in LDM do-
mains, Aβ appears to be highly concentrated in the membrane domains in terms of protein.
Thus, it is possible that LDM domains are a particular compartment that initially accumulates
Aβ, because aggregation of Aβ is concentration-dependent and its physiological concentra-
tions are usually under the critical concentration, and because aggregation-promoting lipid
molecules are enriched in the domains (see below).

Figure 9.1. Aβ levels in the insoluble fraction of brains from nondemented subjects of various ages. Aβ40
(shadowed squares) and Aβ42 (open circles) were extracted from the Tris-saline insoluble pellets of 105
nondemented individuals’ brains with 6 M guanidine hydrochloride and quantified by two-site ELISA. The
values obtained are plotted against age at death. The incidence of significantly Aβ-accumulated subjects
increases in an age-dependent manner. Note that the y axis is a logarithmic scale, and thus Aβ42 levels
increase much more steeply than those of Aβ40.
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Aβ Accumulation in LDM Domains Accurately Reflects the Extent
of Aβ Deposition in the Brain

To investigate the origin of insoluble Aβ in the human brain and to examine whether Aβ
in LDM domains of the brain is involved in the pathological cascade leading to AD, Aβ levels
in the membrane domains from many nondemented subjects of various ages were quantified.31

Homogenates from many human brains were fractionated by sucrose density gradient cen-
trifugation, and the contents of Aβ in the LDM fractions were quantified using a two-site
ELISA. A substantial fraction of the insoluble Aβ was associated with LDM fractions, even in
the brains from nondemented young subjects that did not exhibit significant Aβ accumula-
tion. The levels of Aβ40 were several-fold higher than those of Aβ42 in the LDM fractions from
young brains. During aging, LDM fractions appeared to preferentially accumulate Aβ42. More-
over, the levels of Aβ42 in those fractions were proportional to total insoluble Aβ42 levels (Fig.
9.2), which is known to correlate well with amyloid burden.14

To exclude the possibility that this association comes from post-mortem alterations, which
often complicate human samples, we examined the PDAPP strain of mice, which overexpresses
APPV717F.31,32 These mice develop senile plaques by the age of four months and progressively
accumulate Aβ in a manner similar to human brains.33 Similar Aβ42 accumulation in LDM
fractions was observed in the mice as Aβ accumulation progressed with aging (Fig. 9.3). LDM

Figure 9.2. Relation between Aβ42 levels in LDM domains (LDM-Aβ42; y axis) and insoluble Aβ42 levels
(x axis). Small cortical blocks from autopsied brains were homogenized in the presence of 1% Triton X-100
and fractionated by sucrose density gradient centrifugation. The low-density fraction was collected and spun
down. The resulting pellet was extracted with 6 M guanidine hydrochloride, and the extract was subjected
to ELISA for Aβ. The levels of Aβ42 in LDM domains are proportional to the total insoluble Aβ42 levels,
which in turn correlate with amyloid burden.



109Amyloid β-Protein in Low-Density Membrane Domains

Figure 9.3. Sucrose density gradient fractionation of brain homogenates from PDAPP mice. Brains from PDAPP mice aged 1.6 to 12.3 months were homogenized and
fractionated by sucrose density gradient centrifugation in the presence of 1% Triton X-100. Each fraction collected from the top was centrifuged and the resulting pellet was
extracted with guanidine hydrochloride. The extract was subjected to ELISA for Aβ40 (open bars) and Aβ42 levels (closed bars). The Aβ42 levels in the pellet (P) reflect
insoluble Aβ deposition. In PDAPP mice, the accumulation of Aβ42 in LDM domains (fraction 2) increases as Aβ deposition progresses with aging.
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fractions prepared from mouse or human brain were always contaminated with myelin-derived
creamy material, raising the possibility that a fraction of Aβ is bound to myelin during ho-
mogenization and floats to the LDM fraction. Exogenous Aβ added to the homogenates, how-
ever, was not fractionated in the LDM fraction. Additionally, another fractionation protocol
separated Triton X-100-insoluble Aβ from a myelin marker protein. Thus, the Aβ that was
fractionated into the LDM fraction appears to represent largely the Aβ associated with LDM
domains (LDM-Aβ).

These observations suggest that LDM-Aβ42 is coupled with extracellular Aβ deposition
and that one pathway to Aβ42 accumulation in the brain is mediated through an abnormal
accumulation of Aβ42 in specific membrane domains. Consistent with this assumption, careful
immunoelectron microscopic studies showed that Aβ accumulates on juxta-plasma membranes
at the very early stage of Aβ deposition in AD brains.34

We attempted to extract the Aβ in LDM domains with various kinds of detergents and
solvents. Unexpectedly, LDM-Aβ was not solubilized by various kinds of detergents, including
1% Triton X-100 at 37 °C, 1% octyl β-D-glucoside, 1% CHAPS, 1% Sarkosyl, and 0.5%
SDS. Of the solvents examined thus far, only 0.1 M sodium carbonate extracted some LDM-Aβ.
These results suggest that LDM-Aβ is tightly bound to the membrane, presumably on the
membrane surface. Notably, octyl β-D-glucoside is known to disrupt the caveolae-like mem-
branes and dissociate resident proteins from the membrane domains.35 Consistent with the
above observation on the human brain, the Aβ in the Triton-insoluble fraction of SY5Ycells
cannot be extracted with octyl β-D-glucoside. Thus, our results may indicate that LDM-Aβ is
associated with the microdomains distinct from well-characterized caveolae-like membranes.
Another possibility is that a specific resident protein(s) may interact with and anchor Aβ in
LDM domains. We sought to find such a particular protein, the level of which is increased
according to Aβ42 accumulation in LDM domains, but have so far failed to find it. Interaction
of Aβ with membrane lipids would be a third possibility (see below).

Effects of Mutant Presenilin on the Aβ in LDM Domains
Familial AD (FAD)-associated mutations of PS1/2 are known to increase the production

of Aβ42,3,4 which likely leads to earlier accumulation and deposition of Aβ42 in the brain.36

Thus, we next assessed whether mutant (mt) PS has an effect on the Aβ42 in LDM domains.
Analysis of transgenic mice clearly showed that mtPS2, but not wild-type (wt) PS2, greatly
enhanced the levels of Aβ42 in LDM domains (Fig. 9.4).37 An increase of LDM-Aβ42 was more
remarkable in younger mice, compared with age-matched wtPS2- or nontransgenic mice. Such
an increase in LDM-Aβ42 was also observed in CHO cells stably overexpressing N141I mtPS2.
Because the mtPS2-transgenic mice appear to recapitulate the initial phase of Aβ accumulation
in the human brain, these observations suggest that LDM domains are one of the cellular
locations accumulating Aβ42.

Another interesting feature was that the levels of sphingomyelin and glycerophospholipids
in LDM domains were increased in some lines of mtPS2-transgenic mice, compared with
wtPS2-transgenic ones.37 Although further studies are required, the increased levels of LDM-Aβ42

may be mediated through the altered lipid composition induced by mtPS2.

Aβ Production by LDM Domains
LDM domains contain essential components of γ-secretase complex including βCTF of

APP, and N-terminal fragments (NTF) and CTF of PS, and were postulated to be one of the
locations for Aβ production.30 Recently, it was reported that the buoyant cholesterol-rich mem-
brane microdomains, which may correspond to LDM domains defined here, have high
γ-secretase activity.38 Moreover, the activity depends on the cholesterol content of the
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Figure 9.4. Fractionation of the insoluble Aβ in brains from nontransgenic (Non-Tg), wild-type (WT) and
N141I mutant (N141I) PS2-transgenic mice. Each brain from two-month-old Non-Tg or transgenic mice
was homogenized in the presence of Triton X-100 and fractionated by sucrose density gradient centrifuga-
tion. After brief centrifugation of the collected fractions, the pellets were extracted with guanidine hydro-
chloride, and the extracts were subjected to ELISA for Aβ40 (upper panel) and Aβ42 levels (lower panel).
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membrane.38 Thus, we sought to assess γ-secretase activities of LDM domains using our cell-free
Aβ production system.

We used either CHAPS or CHAPSO instead of Triton X-100 to prepare LDM fractions
from CHO cells overexpressing APP. This is because γ-secretase activity is susceptible to Triton
X-100 and can be retained at least in part with the former two.12 Although sodium carbonate,
previously used for isolation of DIGs,39 can keep γ-secretase active, the LDM fractions ob-
tained were contaminated by proteins derived from other organelles, such as the endoplasmic
reticulum and Golgi apparatus. Following sucrose density gradient centrifugation, we found
that CHAPSO enabled flotillin and caveolin—marker proteins for DIGs—to fractionate pref-
erentially and almost exclusively into the buoyant fraction. Cholesterol was abundant in the
LDM fraction, and APP, α and βCTF, and PS fragments were present. Incubation of the LDM
fraction thus prepared produced significant amounts of Aβ. This indicates that LDM domains
(or more accurately, a certain subgroup of microdomains fractionated in the LDM fraction) are
most likely one of the compartments producing Aβ.

The content of cholesterol in the membrane affects the distribution and activities of many
raft-specific proteins.40 Lowering cholesterol content suppresses the formation of cholesterol-rich
microdomains, and normally raft-resident proteins are no longer localized to rafts. Cholesterol
itself is involved in the thickness of the membrane and helps keep it rigid. Thus, it would be
reasonable to speculate that lowering cholesterol content might produce significant effects on
the distribution of the γ-secretase complex composed of several transmembrane proteins, its
intramembranous topology and, most importantly, its activity. Our preliminary data, however,
showed that depletion of cholesterol from the membrane by methyl-β-cyclodextrin caused no
significant decrease in the production of Aβ40 and Aβ42 despite a substantial reduction in the
content of membrane cholesterol. Moreover, in our hands depletion of cholesterol from the
total cellular membranes did not affect Aβ production. Thus, the levels of membrane choles-
terol appear to have no effect on the γ-secretase activity. The methyl-β-cyclodextrin treatment
decreases cholesterol levels and disrupts the liquid ordered phase of the membrane.40 Nonethe-
less, the γ-secretase activity and βCTF, its substrate did not dissociate from, but kept their
association with the membrane. This is surprising and needs a plausible explanation. One
possibility is that the γ-secretase activity is associated with particular microdomains distinct
from those depleted of cholesterol. In either way, our results clearly conflict with those ob-
tained by the other group.38

Cholesterol is currently receiving much attention, because recent epidemiological studies
suggested that statins, cholesterol-lowering agents that inhibit HMG CoA reductase, decrease
the prevalence of AD.41,42 Concomitantly, many investigators have reported that cholesterol
levels are involved in Aβ production.43–47 Overall, an increase in cholesterol levels appears to
be associated with an increased accumulation of Aβ and vice-versa.43,45–47 However, most of
those studies used cultured cells or experimental animals and did not necessarily provide a
direct link between cholesterol levels and Aβ production. Manipulation of the cellular choles-
terol levels will induce alterations in the levels of other lipids as well as its distribution among
the organelles.48 These may further alter intracellular transport and impair membrane traffick-
ing, which may affect the distribution of various membrane proteins including γ-secretase
complex and its substrates.49 It is also possible that those agents have multiple targets other
than cholesterol levels, one of which may influence Aβ production. For example, nonsteroidal
anti-inflammatory drugs (NSAIDs) have been known to inhibit cyclooxygenase, but a subset
of them suppresses the production of Aβ42 as well.50 Thus, although the above studies imply an
intimate relationship between Aβ production and membrane lipids, especially cholesterol, the
underlying mechanisms remain to be elucidated.
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Possible Involvement of LDM-Aβ in Aβ Accumulation in the Brain
From the above data, it is plausible to assume that accumulation of LDM-Aβ42 leads to its

aggregation and formation of fibrils in LDM domains. In fact, amyloid fibrils were observed
electron microscopically in the LDM fraction prepared from PDAPP mouse brains.51

Aβ is known to bind ganglioside GM1.24 This interaction is markedly enhanced by the
presence of cholesterol, which induces gangliosides to cluster together and helps Aβ molecules
assume a β-sheet structure, leading to fibril formation.52–54 The Aβ42 produced in LDM do-
mains may be efficiently turned over but tends to accumulate, possibly due to an age-related
slowing of its turnover rate. Finally, it initiates aggregations surrounded by cholesterol and
GM1 molecules. Consistent with this assumption, most of the Aβ produced in the cell-free
system is tightly bound to the membrane and cannot be released into the reaction mixture. In
the brains of individuals affected by FAD-linked mtPS, production of Aβ42 by LDM domains
may be increased to only a small extent but from the very initial stage, causing increased levels
of LDM-Aβ42, as observed in the mtPS2-transgenic mice.37 Thus, Aβ42-concentrated
microdomains are a strong candidate as the site of the initial Aβ42 aggregation.

However, an increase in Aβ42 production has never been known for individuals with spo-
radic AD. In this case, slowing of the clearance rate of Aβ42 and/or alterations in the membrane
lipid composition, which presumably occur during aging,55,56 may be involved in the Aβ42

aggregation in LDM domains. In this context, it would be particularly important to learn the
effects of ApoE alleles on LDM-Aβ, because ε4 is a strong risk factor for developing AD57,58

and its presence is tightly associated with an earlier accumulation of insoluble Aβ42 in the
human brain.5 Thus, we quantified the Aβ levels in the LDM fraction from human ApoE3 and
ApoE4 knockin mouse brains.59 So far, no significant difference has been observed in the
LDM-Aβ40/Aβ42 levels up to 12 months between humanized ApoE3 and ApoE4 mice. The
accumulation of LDM-Aβ42 may thus not be mediated through ApoE4 or its interacting proteins.

Altogether, the current studies suggest a possible involvement of LDM-Aβ in the initial
and late phase of Aβ deposition, but further studies are required to determine its pathological
significance.
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Abstract

Alzheimer’s disease (AD) is the major cause of dementia and the most common form of
human amyloidosis. AD affects an astoundingly large number of people and is common
with advancing age. The brains of Alzheimer’s patients are typically riddled with

insoluble “plaques” which consist of amyloid. The major constituent of brain and cerebrovas-
cular amyloid is amyloid-β peptide (Aβ). A number of genetic, cell biology, biochemical and
animal studies support the concept that Aβ is central to AD. Here, we discuss regulation of
brain Aβ and propose that amyloidosis in AD is a “storage” disease caused by inefficient trans-
port of this peptide out of the central nervous system. Thus, we suggest that sporadic AD is at
least, in part, a clearance disorder due to defects in transport of Aβ that is produced at normal
levels throughout the lifetime. The importance of transport-based clearance strategies in con-
junction with other Aβ-lowering therapies (e.g., immunization/vaccination, Aβ sequestering
agents) in preventing the development of cerebral β-amyloidosis and/or clearing toxic clumps
from AD brains is discussed.

Introduction
Alzheimer’s disease (AD) is the most common form of human amyloidosis and the major

cause of dementia. Alzheimer’s is common with advancing age. The brains of Alzheimer’s pa-
tients are typically riddled with insoluble “plaques” which consists of amyloid—small protein
fibers that form a hard mass. Neuropathologically, AD is characterized by:

i. parenchymal amyloid deposits called neuritic plaques;
ii. intraneuronal deposits of neurofibrillary tangles;

iii. cerebral amyloid angiopathy and
iv. synaptic loss.

The major constituent of the neuritic plaques and congophilic angiopathy is amyloid-β pep-
tide (Aβ).1 Aβ is 4.3 kD peptide that is produced by proteolytic cleavage from a large type-1
transmembrane protein, the amyloid-β precursor protein (APP).1

Genetic Risk Factors for AD
Mutations in three genes encoding amyloid precursor protein (APP) on chromosome

21,2,3 presenilin 1 on chromosome 14,4,5 and presenilin 2 on chromosome 16,7,8 have been
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linked to the rare, early onset autosomal form of AD (onset < 60 years). These mutations all
affect APP metabolism such that more Aβ is produced. In contrast, sporadic AD that repre-
sents most AD cases (> 98%) has age onset typically above 65 years and exhibits no clear
pattern of inheritance (late onset AD). The ε4 allele of the apolipoprotein E (ApoE) gene on
chromosome 19 appears to be a risk factor for late onset AD.9,10,11 Recently a susceptibility
locus for late onset AD has been identified on chromosome 1012,13 that acts to increase Aβ
levels in plasma in the first-degree relatives of patients with typical late onset AD.14

Amyloid β Peptide
Whether Aβ causes or contributes to Alzheimer’s dementia is still controversial. A number

of genetic, cell biology, biochemical and animal studies support the concept that Aβ plays a
central role in the development of AD pathology.1,15 Elevated cerebral levels of Aβ may occur
during normal aging, but the accumulation is significantly accelerated in AD. It is still unre-
solved how this peptide accumulates in the central nervous system (CNS) and then initiates
cytopathology and how much inflammation can contribute to neuronal death. Until recently,
significant efforts have been focused on the mechanisms responsible for Aβ production, in-
cluding the roles of the proteolytic enzymes β- and γ-secretases which generate Aβ from its
APP precursor protein.16,17 Aβ is produced by almost all tissues and cells in the body and
circulates in biological fluids such as plasma, cerebrospinal fluid (CSF) and brain interstitial
fluid (ISF).1 It has been suggested that generation of Aβ in the CNS may take place in the
neuronal axonal membrane compartment by proteolytic processing of APP after APP-mediated
axonal transport of β-secretase and presenilin-1.18

Although increases in Aβ production can explain a small percentage of early onset cases of
familial AD bearing inherited mutations in APP or presenilins 1 or 2 genes,19 similar increases
in production have not been found in sporadic AD in spite of elevated levels of Aβ. It is
believed that minimizing physiological production of Aβ in sporadic AD by blocking β- and
γ-secretases may still reduce accumulation of Aβ in the brain. The proof whether Aβ causes
Alzheimer’s dementia or not should ultimately come from clinical trials with Aβ lowering
agents. These trials have recently begun including the vaccination of humans with Aβ and
treatments with γ-secretase inhibitors. However, the results of on-going trials at present are
inconclusive. The vaccination therapy with Aβ has been halted due to serious side effects, and
there is still uncertainty over the feasibility of long-term therapy with secretase inhibitors16,17

because of their potential effects on other cellular pathways. However, less toxic vaccines and
passive immunization are currently under development as well as more selective and specific
secretase inhibitors.

A Clearance Mechanism
The realization that increased brain production of Aβ is not involved in sporadic AD or

late onset AD led us to propose that amyloidosis in AD can be a “storage” disease caused by
inefficient elimination of the peptide from the CNS due to defects in its transport out of the
CNS possibly caused by conformational changes in the molecule due to increased concentra-
tions, acidic pH (e.g., inflammation), post-translational modifications (e.g., oxidation, glycation),
binding to chaperone molecules and/or down-regulation of the blood-brain barrier (BBB) trans-
porters. The mechanisms of Aβ clearance have received relatively little attention until recently.
The two plausible hypotheses for Aβ clearance from the brain are metabolism20,21 and trans-
port out of the CNS,22 as we proposed earlier. Here, we will focus on mechanisms for Aβ
accumulation caused by inefficient transport of the peptide out of the CNS shortly after its
physiological production.
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Aβ Transport out of the CNS
The peptide structure of Aβ implies that it cannot be eliminated rapidly from the CNS

into circulation unless there is a carrier-mediated and/or receptor-mediated transport system(s)
for the peptide in brain microvascular endothelium, a site of the BBB in vivo. Although pep-
tides can be cleared to some extent by passive diffusion or transport via a nonspecific bulk flow
of brain ISF and CSF, this route seems to be responsible for about 10% of Aβ clearance from
brain tissue under physiological conditions.23 The BBB has unique properties, as it does not
normally allow free exchanges of polar solutes such as Aβ between brain and blood owing to
the presence of tight junctions between brain endothelial cells that form a continuous cellular
monolayer.

As shown in Figure 10.1, recent studies have revealed a new role for the low density
lipoprotein (LDL), receptor related protein-1 (LRP-1), a member of the LDL receptor family
which is central to transport and metabolism of cholesterol and ApoE-containing lipoproteins,
as a clearance receptor for Aβ at the BBB mediating transport of the peptide from brain into
the blood.23 Based on experimentally determined transport kinetic efflux constants, the
LRP-1-mediated transcytosis of Aβ across the BBB is a high affinity and rate limiting step for
Aβ clearance from the brain. The LRP-1-mediated Aβ transport is initiated at the abluminal
(brain) site of the endothelium and is therefore directly responsible for eliminating Aβ from
brain ISF. The rate of transport is modulated by the LRP-1 ligands, ApoE and α2-macroglobulin,
that have been identified either as a definite risk factor (i.e., ApoE4)9-11 and/or a possible risk
factor for AD,24 respectively. Reduced expression of brain endothelial LRP-1 was observed
during normal aging in rodents, nonhuman primates and AD patients associated with im-
paired Aβ clearance and cerebrovascular accumulation of the peptide.23,25

Recent studies have confirmed the role of brain efflux and rapid transport exchanges of
Aβ between blood and brain across the BBB in nonhuman primate models of brain parenchy-
mal and cerebrovascular amyloidosis and transgenic models of AD.25-28 It is of note that we
were first to suggest in 1993 that the BBB regulates brain Aβ via specific receptors and/or
transporters;29 the molecular nature of the transport systems and vascular therapeutic targets
were not known at that time. It took a decade to characterize at the molecular level different Aβ
receptors and transporters at the BBB, define their functions and develop molecular reagents
and approaches to confirm the role of transport in pathogenesis of amyloidosis in animal mod-
els of AD. After our initial report, a series of papers from different groups have verified the
validity of the BBB transport hypothesis for Aβ. 20,23,25-48

Most recent studies indicate that efflux of Aβ from brain produces rapid increases in
plasma Aβ that correlate with the amyloid burden in brain.25,27 It has been suggested that Aβ
efflux measurements may be useful for quantifying brain amyloid burden in patients at risk for
or those who have been diagnosed with AD.27 It has been also demonstrated that development
of plaques in nonhuman primate models of amyloidosis AD-type and transgenic animal mod-
els of AD shift a transport equilibrium for Aβ between the CNS and plasma due to binding of
soluble Aβ from brain and plasma onto amyloid deposits in the CNS and around blood ves-
sels.25-28,32 Recent studies in squirrel monkeys, a nonhuman primate model of cerebral amy-
loid angiopathy have demonstrated by single photon emission computed tomography a rapid
elimination of Aβ from the brain into plasma suggesting significant clearance of the peptide
across the BBB.25 Studies in primates also indicated an age-related decline in the BBB capacity
to eliminate Aβ that correlates with increases in Aβ40/42 cerebrovascular immunoreactivity and
amyloid deposition.25,26

It has been reported that the P-glycoprotein, a member of the ATP-binding cassette (ABC)
superfamily of transporters that remove a variety of lipophilic and amphipatic molecules from
cells, may eliminate Aβ from brain endothelium via efflux across the apical (blood) facing site



Aβ Metabolism and Alzheimer’s Disease120



121Transport-Clearance Hypothesis for Alzheimer’s Disease

of the BBB47 Thus, the P-glycoprotein cannot directly eliminate Aβ from brain ISF, but may
participate in its efflux from brain endothelium into the circulation. The affinity of P-glycoprotein
for the peptide is about 500-fold lower compared to LRP-1.

Plasma Aβ Transport
The autosomal dominant mutations that cause early-onset familial AD all increase Aβ

(the 42 amino acids isoform) in plasma and brain.49-53 Recently it has been shown that a novel
late onset AD locus on chromosome 10 acts to increase plasma Aβ.14 At the BBB, LRP-234 and
the receptor for advanced glycation endproducts (RAGE)43,54 may transport circulating Aβ
into the brain in a complex with apolipoprotein J (ApoJ) or as a free peptide, respectively,
which could influence Aβ accumulation. Under physiological conditions LRP-2 is saturated
by apoJ which may preclude the entrance of the peptide into the CNS.34,40 On the other hand,
RAGE, a multiligand receptor in the immunoglobulin superfamily, binds soluble Aβ in the
nanomolar range and can mediate relatively rapid transport of unbound Aβ into the brain
which may result in significant increases in cerebrovascular Aβ if RAGE-mediated influx is not
counterbalanced by the efflux from the CNS.43,54

In AD, RAGE is up-regulated in the vascular system55 assuming the role of a “pathogenic”
receptor which amplifies Aβ accumulation and mediates vascularly-induced neuronal stress.54-56

Thus, therapeutic strategies to prevent RAGE-mediated Aβ vascular interactions by either block-
ing vascular RAGE, or by sequestering circulating peptide with a soluble form of the RAGE
receptor, sRAGE, may result in reduced amyloid load, as shown in animal models of systemic
amyloidosis and AD.57,58 Similar, it has been recently reported that removing serum amyloid P
component (SAP) from human amyloid deposits in the tissue by drugs that are competitive
inhibitors of SAP may provide rapid clearance of SAP, thus producing marked depletion of
human circulating SAP, which in turn can provide a new therapeutic approach to both sys-
temic amyloidosis and AD.59

Although a key element of Aβ accumulation is decreased clearance of brain amyloid due
potentially to decreased exit of Aβ from the brain, there also appears to be a role for intravascu-
lar peptide. We propose that there is a complex, but dynamic, equilibrium at least at an early
stage in cerebral amyloid accumulation between pathogenic Aβ in the brain and that present in
the blood. Trapping Aβ in the intravascular space, especially in the form of complexes with
sRAGE, SAP or the antibody (see below), appears to promote its clearance from the CNS.

Figure 10.1. Transport-clearance hypothesis for Aβ regulation in the brain (shown on next page).
Transport-mediated clearance of Aβ across the BBB. LRP-1, a member of the LDL receptor family which is
central to metabolism of cholesterol, mediates Aβ transcytosis across the BBB possibly metabolizing the
peptide during transport out of the CNS.23 P-glycoprotein (P-gly), a member of the ABC superfamily of
transporters may participate in removing the excess of Aβ from brain endothelium across the luminal site
of the BBB.47 ApoE and α2-macroglobulin (α2M), the LRP-1 ligands and transport proteins for Aβ in
biological fluids, may influence transport-mediated clearance of Aβ. Transport of plasma-deived Aβ across the
BBB. LRP-2, a receptor for ApoJ at the luminal site of the BBB, transports ApoJ and ApoJ-Aβ complexes
from circulation into the brain.34 Under physiological conditions LRP-2 is saturated by ApoJ which may
preclude transport of Aβ into the CNS. The role of other apolipoproteins (Apo) that bind Aβ in plasma
is not presently known. RAGE mediates relatively rapid influx of free, unbound Aβ.43,54 In AD, RAGE is
up-regulated in the vascular system and may act as a “pathogenic” receptor amplifying Aβ accumulation.
Aβ sequestering agents. Soluble form of the RAGE receptor, sRAGE,56,57 anti-Aβ IgG46,61 and/or serum
amyloid P component (SAP)59 can all mop up the Aβ in plasma reducing its influx across the BBB.
Eliminating contributions of the circulating pool of Aβ to its central pool could be important in sporadic
AD in particular in the presence of defects of the efflux transport systems at the BBB, such as down-regulated
LRP-1.23,25
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Immunization Strategies and Transport
Recent studies suggested that the mechanism of action of various immunization or “vacci-

nation” approaches to reduce the amyloid burden in AD transgenic mice,60,61 and possibly in
humans, involves sequestration of plasma-derived Aβ by an anti-Aβ IgG antibody.46 Accord-
ing to the proposed transport model in Figure 10.1, blockage of Aβ transport into the CNS
will not per se increase transport from brain to plasma unless the efflux, i.e., transport out of
the CNS, is up-regulated. In AD brains, however, the LRP-1 at the BBB which mediates Aβ
transport from brain to blood, is down-regulated.23 If the anti-Aβ IgG simply mops up the Aβ
in plasma the influx will fall and with sustained efflux, the cerebral load of Aβ would decrease
as long as the deposited Aβ will resolubilize with time. This implies that the antibody must
promote either resolubilization of aggregated Aβ in the brain and/or efflux of a rapidly mobi-
lized soluble pool of Aβ, that should result in Aβ clearing as long the efflux transport systems
are intact.

Nonspecific Transport
In addition to the transport systems that rapidly eliminate Aβ across the BBB, a nonspe-

cific bulk flow of ISF can also carry Aβ and/or its metabolites passively from the ISF into the
CSF across the permeable ependyma of brain ventricles, and from the CSF back to blood
across the arachnoid granulations, choroid plexus and via drainage into deep cervical lymph.
According to recent measurements, the ISF-CSF bulk flow has a minor role in physiological
clearance of Aβ from the CNS.23 However, this route may still be important in removing
degraded peptide fragments that are normally not recognized by the Aβ putative transporters,36

and/or under pathological conditions when the excess at Aβ cannot be cleared across the BBB.

Transport-Based Strategies
An independent validation of the transport-clearance hypothesis has been recently ob-

tained with the Dutch mutant peptide, an isoform of Aβ associated with the early onset famil-
ial form of amyloidosis AD-type.48 Substitution at codon 22 resulted in reduced Aβ clearance
from the CNS and CSF due to impaired ability of the mutant Aβ peptide to be recognized by
the transport systems at the BBB, subsequently leading to its accumulation in the brain.

Only time will confirm whether sporadic AD represents at least, in part, a clearance disor-
der due to defects in transport of Aβ that is produced normally throughout the life, as sug-
gested by numerous experimental studies. Nevertheless, developing new treatments to lower
Aβ by promoting its transport from the CNS should reduce the cellular stress, spontaneous Aβ
aggregation, amyloid formation and toxic effects. The body of evidence suggests that
transport-based clearance strategies may have potentially important implications for control of
cerebral β-amyloidosis in AD, and in conjunction with other Aβ-lowering therapies including
immunization/vaccination, resolubilization of amyloid, blockade of plasma Aβ transport and
blockade of Aβ production, in eliminating amyloid and plaques from the brain.
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Abstract

Alzheimer’s disease (AD) is the leading cause of dementia in the elderly and there are
currently no effective therapies for either the prevention or treatment of this disease.
The last decade of AD research has been very informative in that major advances have

occurred in the understanding of the genetics leading to the early onset familial AD as well as
the development of transgenic mouse models which recapitulate several important characteris-
tics of the Alzheimer’s pathology. Additionally, substantial efforts have focused on the genesis/
synthesis of the Aβ peptide from its precursor protein. A critical area of study that has received
less attention is Aβ metabolism. Only until recently have researchers begun to investigate the
fate of Aβ following its release from cells into different extracellular compartments. These
efforts for the most part have been limited to CNS specific proteolytic events. In this chapter
we will review current studies which have begun to dissect the complex systems and molecules
that work in concert to regulate Aβ metabolism in both the CNS and peripheral compart-
ments. Unraveling the mechanisms regulating Aβ metabolism in vivo will likely lead to new
efforts to improve AD diagnosis as well as rational drug design aimed at both preventing and
treating AD.

Introduction
Amyloid-β (Aβ) peptides are predominantly 38-43 amino acids in length and are derived

from the amyloid precursor protein (APP) through a series of endoproteolytic cleavages. Abun-
dant evidence over the last 15 years has established that the accumulation in the brain of the
normally soluble Aβ peptide into forms with high β-sheet content appears to be central to the
pathogenesis of Alzheimer’s disease (AD).1 Genetic and biochemical evidence supporting this
idea is that all known mutations that cause early-onset forms of familial AD or Aβ-related
cerebral amyloid angiopathy (CAA) map to three genes (APP, presenilin-1 (PS-1), and
presenilin-2 (PS-2)). Most of these mutations result in relative overproduction of Aβ42, a par-
ticularly amyloidogenic form of Aβ, which over time, increases the probability of Aβ aggrega-
tion.1,2 Further, all individuals with Down syndrome possess three copies of APP, have in-
creased levels of Aβ,3 and all develop AD pathology by age 35.4
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A major advance in AD research was the development of transgenic mice that over express
various human mutated forms of APP genes that lead to familial AD.5,6 These animals develop
age-dependent Aβ accumulation and deposition in their brain. The use of these animal models
has been critically important for furthering our understanding of the role of the Aβ peptide in
the pathogenesis of AD. Initial studies performed with the transgenic animals yielded confir-
matory evidence that paralleled human genetic studies in showing that the enhanced produc-
tion of the Aβ peptide, more specifically Aβ42, led to the pathological deposition of amyloid in
brain.5 Transgenic mice over expressing multiple mutated forms of human APP and either PS1
or PS2 in various combinations result in a gene dose dependent effect on the age of onset of
amyloid deposition.7 These studies clearly demonstrate that significantly increased synthesis of
the Aβ peptide will ultimately result in pathology and both amyloid/Aβ dependent and inde-
pendent memory impairment.8 However, it must be remembered that the familial mutations
in humans that lead to the increased synthesis of Aβ, account for less than 1% of the total cases
of AD.

A less investigated area of study in the Aβ-related area of AD has been the in vivo physi-
ological events that occur subsequent to the synthesis of Aβ. Although studying Aβ metabo-
lism post genesis is difficult, it is of paramount importance when considering that >99% of all
AD cases result independently from genes known to increase Aβ synthesis. This chapter will
focus on recent insights into Aβ metabolism using transgenic animal models of AD. We will
review and discuss how Aβ transport into and out of the brain as well as Aβ binding proteins
influence Aβ metabolism in vivo.

Animal Models of AD
PDAPP mice, also referred to as APPV717F mice, were the first transgenic model reported

to have significant age and region dependent deposition of Aβ.5 These mice were generated by
over expressing a mutated APP minigene (APPV717F) in the brain under control of the platelet
derived growth factor (PDGFβ) promoter. In this animal model, the majority of human mu-
tated APP is expressed solely within the central nervous system (CNS).9 It has been shown that
PDAPP animals have similar levels of brain Aβ between birth and ~ 6 months of age; however,
they demonstrate marked increases in Aβ levels and Aβ deposition in diffuse and neuritic
plaques by 8 months of age in a region specific pattern similar to that seen in AD (deposits in
the hippocampus and neocortex but little in striatum and cerebellum)10 (Fig. 11.1). Also remi-
niscent of the human condition is the development of neuritic plaques in these APP transgenic
mice.11 Swollen, distorted neuronal processes are associated with the fibrillar Aβ deposits
(thioflavine-S positive, i.e., amyloid plaques) (Fig. 11.2). Neuritic dystrophy is not present in
areas of diffuse deposits of Aβ. Other features of AD that can be seen in the various APP
transgenic mouse models of AD include microglial activation, astrocytosis, evidence of oxida-
tive damage, and some changes in neuronal cytoskeletal proteins including hyperphosphorylation
of tau.12-16 However, neurofibrillary tangles are not seen and little to no neuronal cell death has
been observed in any APP transgenic mouse strain, including PDAPP mice. An analysis of the
depositing amyloid in aged PDAPP animals shows that the predominant Aβ  peptide ends in
residue 42 (>90% by 16 months of age).10 Hsiao and colleagues produced a transgenic mouse
model with similar phenotypic findings, Tg2576 or APPsw, wherein a prion protein (PrP)
promoter was used to overexpress an APP mutation found in some Swedish families with
autosomal dominant AD.6 Unlike the PDAPP model, these animals express mutated human
APP both in the CNS as well as the periphery.17 In addition to possessing similar brain pathol-
ogy as observed in PDAPP mice, Tg2576 mice are much more susceptible than PDAPP mice
in developing cerebral amyloid angiopathy (CAA).18 Interestingly, in contrast to PDAPP mice,
Tg2576 mice develop Aβ deposits consisting primarily of Aβ1-40 .17



129Potential Role of Endogenous and Exogenous Aβ Binding Molecules

Figure 11.1. Abundant Aβ deposition can be seen in hippocampal and cortical regions in PDAPP+/+

transgenic mice. This coronal brain section from a 12-month-old PDAPP mouse was immunostained with
a polyclonal antibody against Aβ. Aβ deposition is particularly prominent in the molecular layer of the
dentate gyrus as well as in other regions of the hippocampus and cingulate cortex.

Figure 11.2. PDAPP transgenic mice develop a neuritic dystrophy that is associated with deposited fibrillar
Aβ. A coronal brain section from 12-month old PDAPP+/+ mouse was stained with the de Olmos silver
method to identify the neuritic dystrophy associated with the fibrillar amyloid. Two prominent neuritic
plaques are visualized in this section. Each plaque is associated with abundant dystrophic neurites.
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Aβ Peptide Metabolism in Human
In vivo metabolism of the Aβ peptide after its initial synthesis is poorly understood due to

the complexity of multiple systems that work in concert to facilitate its removal from brain.
However, over the past few years several important observations are beginning to yield insight
into Aβ’s complex metabolism and clearance. Seubert and colleagues were among the first to
show that a soluble form of the Aβ peptide could be detected in physiological fluids (CSF and
plasma).19 Subsequent studies revealed that the generation of the Aβ peptide from the parent
molecule, APP, occurred in almost all cell types both within the CNS and periphery.20 Neu-
ronal cells within the CNS robustly express the APP molecule and, as a result, are thought to be
the main site for Aβ peptide generation. The exact function of the APP parent molecule re-
mains speculative. Some reports indicate that it may be involved in multiple pathways (pro-
teolytic cascades, axonal transport, neurotropic effects, protein sorting, intracellular signaling,
and cellular adhesion), all of which may be nonexclusive.21-27 Similar to its parent molecule
APP, the physiological function of the Aβ peptide remains unknown. Indeed, the hypothesis
that the Aβ peptide has a biological function is quite controversial in that many believe it to be
a simple byproduct of APP metabolism.

The levels of soluble human Aβ in the CNS are quite high as compared to the periphery
(plasma) (Table 11.1). The concentration of human CSF AβTotal is ~15 ng/ml, whereas plasma
AβTotal levels are much lower at approximately 300 pg/ml.28,29 The origin of the CSF pool of
soluble Aβ is thought to be primarily derived from within the brain. However, the origin of
peripheral plasma pool is somewhat speculative in that it is unknown how much is derived
from the CNS as opposed to possible peripheral sources. Additionally, the rate of Aβ syntheses
in brain is quite robust and is paralleled by rapid clearance mechanisms in both the CNS and
peripheral compartments.30-33 Thus, the concentrations stated above are steady state levels,
and represent the highly dynamic processes of synthesis and catabolism. Interestingly, the levels
of CSF Aβ appear in some way to be altered by the onset and progression of AD. Several
studies have demonstrated that the CSF Aβ42 concentrations are significantly decreased in AD
patients.34-36 One possible explanation for the observed decrease in CSF Aβ42 is that the de-
posited amyloid plaque is sequestering it. In apparent contrast to these earlier studies, Jensen
and colleagues identified a significant increase in the CSF Aβ42 levels early in the progression of
the disease and a subsequent significant decrease in CSF Aβ42 that positively correlated with
the severity of dementia, a finding that the previous studies were unable to identify.37 It was
hypothesized that the reduction of Aβ42 in CSF that paralleled the increasing severity of de-
mentia was most likely a result of the decreased number of neuronal cells able to produce Aβ.
Our recent studies in human subjects with very mild dementia likely due to AD (also termed
mild cognitive impairment) reveals that CSF Aβ42 is similar in these subjects vs. age-matched
controls (D. Holtzman and A. Fagan, unpublished data). Since the majority of these subjects
already have substantial amyloid deposition, the presence of plaques is not associated with a
decrease in CSF Aβ42 relative to subjects with few to no plaques. Only a few investigations have
analyzed the levels of plasma Aβ in AD patients vs. age-matched controls, and there does not
appear to be a difference between these groups.36 Interestingly, one study suggests that cognitively
normal, elderly individuals with high levels of plasma Aβ may be more likely to develop de-
mentia over a several year period than those with lower levels.38 Further studies that analyze
human subjects longitudinally both before and after the initiation of the disease will be re-
quired to fully understand and characterize the changes in CSF and plasma Aβ and their rela-
tionship to AD. These studies are difficult to conduct because the onset and pathological pro-
gression of AD is thought to occur 15-20 years prior to the time of onset of even the earliest
symptoms of dementia.39,40
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Aβ Metabolism in Wild Type and Transgenic Mouse Models
of Alzheimer’s Disease

Because of the inherent limitations that arise in human studies, researchers have recently
begun to utilize wild type mice and APP transgenic mouse models of AD to investigate Aβ
metabolism. Initial experiments were designed to recapitulate the genetic findings whereby
over expression of the mutant forms of human APP resulted in AD like pathology. Recent
studies in transgenic animal models of AD as well as some earlier studies performed in
nontransgenic animals have begun to focus on the metabolism of the Aβ peptide prior to the
onset of Aβ deposition. Studies first performed by Zlokovic and colleagues showed that exog-
enously administered 125I-labeled human Aβ to nontransgenic animals could be transported
bi-directionally from plasma to CNS and conversely from CNS to plasma.32,41-43 Additionally,
their group demonstrated that the transport was receptor mediated and could be influenced by
specific Aβ binding proteins.32,44 It is unknown, however, to what extent these transport mecha-
nisms modulate the endogenous soluble pools of Aβ between the CNS and periphery. Other
investigators have shown that the Aβ40 and Aβ42 peptides are differentially transported from
the CNS to the plasma/periphery. Wisniewski and colleagues demonstrated that Aβ40 was rap-
idly transported from the CNS to plasma with a t1/2 of approximately 10 minutes, whereas the
CNS to plasma clearance of the Aβ42 peptide was much slower showing clearance rates similar
to bulk flow of CSF to the periphery.45 If a significant quantity of endogenously produced
CNS Aβ has a similar fate, this metabolic pathway may be a major route of CNS Aβ clearance.

Our group was interested in whether endogenously synthesized human Aβ produced in
the CNS is transported to and is in equilibrium with plasma Aβ. For this purpose, we utilized
the PDAPP transgenic mouse model where expression of the human APP transgene occurs
almost exclusively within the CNS. We analyzed soluble and insoluble steady state Aβ levels in
PDAPP transgenic mice that were 3 and 9 months of age.46 CSF and plasma isolated from
young 3-month-old animals had steady state concentrations of Aβ that were very similar to
that reported in humans (Table 11.1). Interestingly, there was a positive and highly significant
correlation between the concentrations of Aβ in CSF and plasma (r2 = 0.6392: p < 0.0001).
Because the origin of plasma Aβ in PDAPP mice is from the CNS, the data demonstrate that
the Aβ in the two compartments (central and peripheral) are in equilibrium. Analysis of a
9-month-old cohort, an age at which Aβ deposition in brain varies from none to heavy, showed
that CSF AβTotal levels were significantly lower (by 28%, Table 11.1, p = 0.01). Additionally,
the observed net decrease in the overall levels of soluble Aβ from 3 to 9 months of age was
independent of the brain Aβ load. In fact, CSF AβTotal and Aβ42 levels were positively corre-
lated with the amount of Aβ load (Fig. 11.3). Animals that had high levels of Aβ deposition in
the cortex had correspondingly high levels of CSF Aβ. Also, the presence of deposited Aβ

Table 11.1. Aβ concentrations in CSF and plasma

Cerebrospinal Fluid Plasma

(AβTotal) (AβTotal)
Human 14.9 ng/ml29 335 pg/ml28

PDAPP 3 month old 19.4 ng/ml46 176 pg/ml46

PDAPP 9 month old 14.1 ng/ml46 214 pg/ml46

Tg2576 3-6 month old  ~56.0 ng/ml17* ~19,000 pg/ml17*

*The AβTotal levels shown were derived by the addition of the Aβ40 and Aβ42 values reported.
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Figure 11.3. CSF AβTotal and Aβ42 correlates with Aβ deposition. CSF was first isolated from 9-month-old
PDAPP+/+ transgenic mice. Animals were then sacrificed and Aβ load was determined in the cingulate cortex
(% of area covered by Aβ immunoreacivity). Strong positive correlations between the amount of cortical
Aβ deposition and the levels of CSF AβTotal (r2 = 0.6349, p = 0.0001) and Aβ42 (r2 = 0.5743, p = 0.0001)
were detected. The animal cohort was partitioned into three groups based upon the level of Aβ deposition
in the cortex: none, low (<5% Aβ load), and high (>25% Aβ load). CSF AβTotal (A) and Aβ42 (B) levels were
significantly increased in a dose dependent manner in animals with increasing levels of Aβ deposition (p <
0.0001, ANOVA).
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appears to negate the correlation observed between CSF and plasma Aβ in that only animals
lacking Aβ deposits maintain a positive correlation between Aβ present in the two compart-
ments. Perhaps there is a parallel between our CSF studies in PDAPP mice with the studies of
Jensen et al in humans.37 They noted a significant increase in Aβ42 levels in patients with mild
cognitive impairment (MCI) and a subsequent decrease in Aβ levels with the progression of
AD which they believe is secondary to neuronal loss/dysfunction. Most patients with MCI
already have substantial AD pathology including Aβ amyloid deposition.39,47 However, neu-
ronal loss remains relatively modest at this stage of disease. Interestingly, PDAPP mice do not
develop significant neuronal loss (neurodegeneration) even after high levels of deposited Aβ.13

The lack of neurodegeneration may unmask the strong relationship between soluble and in-
soluble Aβ that we have observed (i.e., positive correlation yielding increased levels detected).
This interpretation is further bolstered by work from Maggio and colleagues who have shown
that even so-called insoluble Aβ can reversibly equilibrate with soluble Aβ.48

Kawarabayashi and colleagues also performed a comprehensive study of endogenous Aβ
metabolism in a transgenic mouse model of AD.17 They analyzed age-dependent changes in
brain, CSF, and plasma Aβ in Tg2576 mice. As stated above, these animals develop robust
amyloid deposition that is similar to that seen in PDAPP mice and in human AD. The CSF
and plasma levels of human Aβ in this transgenic animal are quite high as compared to humans
(Table 11.1), probably a result of the over expression of APP in both the CNS and periphery.
Interestingly, they showed that levels of soluble Aβ in the CSF and plasma decreased signifi-
cantly during the same time frame of exponential accumulation of brain parenchyma Aβ.
Because their analysis focused on groups of animals at various ages as opposed to an individual
animal assessment, it is unknown whether the decreased human Aβ levels were solely age re-
lated or both age and plaque-related. Furthermore, it may be difficult to discern meaningful
relationships between CNS and plasma Aβ in this animal model due predominantly to the fact
that most plasma Aβ in these mice is likely derived from other organs and not the CNS. It is
also the case that there appears to be more limited variability in Aβ deposition seen in the
Tg2576 model at a given age (as compared to the PDAPP model).

Apolipoprotein E and Clusterin: In vivo Aβ Chaperone Proteins

Apolipoprotein E
Aβ binding proteins undoubtedly play an important role in the metabolism of the Aβ

peptide. Two of the most widely investigated Aβ binding proteins are apolipoprotein E (ApoE)
and clusterin (also known as apolipoprotein J). ApoE is a member of the apolipoprotein family
and is primarily known for its role in cholesterol metabolism. ApoE readily associates with
plasma lipoproteins (chylomicrons, VLDL, LDL, and HDL) and acts as a mediator of lipopro-
tein particle uptake via receptor-mediated endocytosis.49 In the CNS, ApoE is synthesized
locally by glial cells (astrocytes and microglia) and is found associated with HDL like par-
ticles.50 Although the role of CNS ApoE is not completely understood, it has been hypoth-
esized that its primary role is for lipid transport.51,52 There are three common isoforms of ApoE
that arise from single amino acid interchanges at position 112 and 158 (ApoE2, ApoE3, and
ApoE4). ApoE was first discovered to potentially be an important molecule in Aβ metabolism
via genetics. In 1991, researchers at Duke University reported a linkage/association of late-onset
AD to a region of chromosome 19. Later studies from this group identified the association of
late-onset AD with the epsilon-4 allele of ApoE.53 Corder et al showed that the risk of AD is
increased and the probability of remaining unaffected over time decreases in an ApoE4 dose
dependent manner.54 ApoE4 is also a risk factor for CAA.55-57 ApoE4 is only partially pen-
etrant and is considered a risk factor for the development of AD since ApoE4 carriers don’t
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invariably develop AD even if they live into their nineties. The fact that ApoE4 is an important
AD risk factor for the most common form of AD (late-onset) has led to efforts to identify the
pathophysiological role ApoE plays in AD.

Work in the early 1990s demonstrated that ApoE was associated with senile plaques in the
brain parenchyma and in amyloid angiopathy.58,59 Subsequently it was shown that amyloid
burden was correlated with ApoE genotype in both AD brains53 and in patients with traumatic
brain injury (increased amyloid deposition in ApoE4-positive subjects).60 Numerous in vitro
biochemical studies demonstrated isoform-specific effects of ApoE on binding to the Aβ pep-
tide, altering Aβ toxicity, and modulating the propensity of the Aβ peptide to aggregate (for
review, see refs. 61). Additionally, in vitro studies suggest that ApoE can mediate Aβ clearance
by lipoprotein receptor-mediated endocytosis.62,63 What was unclear, however, from these studies
was whether any of these in vitro findings had physiological relevance in vivo.

In 1997 Bales, Paul and colleagues were the first to use a transgenic mouse model of AD to
investigate the role of ApoE in the amyloid cascade. They generated PDAPP mice that lacked
the expression of murine ApoE (PDAPP, ApoE-/-). Analysis of 6-month-old transgenic animals
lacking ApoE expression showed a significant decrease in Aβ deposition when compared to
transgenic animals expressing murine ApoE. Importantly, these 6-month-old PDAPP, ApoE-/-

mice developed only diffuse Aβ deposition and no fibrillar (thioflavine-S or Congo red posi-
tive) amyloid plaques. Subsequent studies have shown that PDAPP, ApoE-/- mice have only
diffuse plaques until very old ages (e.g., 18 months of age and greater); however, some of these
animals eventually develop amyloid plaques.64 These results suggest that murine ApoE is of
critical importance for the conversion of Aβ to a β-sheet conformation that ultimately be-
comes amyloid. Utilizing a different transgenic mouse model of AD, Tg2576 or APPsw,
Holtzman and colleagues confirmed and extended the results described above by demonstrat-
ing a similar ApoE dependent phenotype for amyloid deposition as well as a dramatic reduc-
tion in the neuritic dystrophy that normally is present in the direct locale of the depositing
Aβ.18 The combined results from the transgenic mouse models lacking endogenous ApoE
expression suggest that ApoE is critical for the development of fibrillar amyloid and its associ-
ated neuritic dystrophy.

The above studies identified a role of murine ApoE in the amyloid cascade. Our group
was interested in whether the human ApoE isoforms would have a similar effect and whether
an isoform specific difference between ApoE3 and ApoE4 could be identified. We developed
PDAPP transgenic mice expressing human ApoE3 or ApoE4 on the murine ApoE knock out
background (PDAPP, ApoE3 or PDAPP, ApoE4).11,65 The controls in this experiment, PDAPP
and PDAPP, ApoE-/- mice, developed abundant Aβ deposits between 9 and 15 months of age.
Similar to previous findings, the PDAPP, ApoE-/- mice contained solely diffuse plaques through
15 months (nonfibrillar Aβ deposits) whereas the animals expressing murine ApoE had both
diffuse and fibrillar plaques. Interestingly, PDAPP, ApoE3 and PDAPP, ApoE4 mice showed a
dramatic suppression of Aβ deposition until ~15 months of age or later. The Aβ that ultimately
deposited in these animals (>15 months of age) was both diffuse and fibrillar in nature. Addi-
tionally, we observed significantly more Aβ deposition and neuritic dystrophy in ApoE4 versus
ApoE3 expressing mice. Recently, we have also found that expression of ApoE2 in PDAPP
mice suppressed fibrillar Aβ deposition to an even greater extent than ApoE3.64 These results
demonstrate that human ApoE can isoform-specifically alter the amyloid deposition cascade
and the neuritic toxicity associated with amyloid deposition.

Although the mechanism underlying the human ApoE effect on Aβ metabolism remains
speculative, the combined results above highlight a few potential mechanisms. A highly prob-
able mechanism through which ApoE may be modulating in vivo Aβ metabolism may be
through “clearance”. The traditional role of ApoE in the periphery is to act as the ligand for
receptor-mediated endocytosis of lipoprotein particles. It is easy to draw a parallel between the
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function of ApoE in the plasma to that of the CNS, however, the published literature support-
ing this mechanism is quite limited. In fact, to the authors’ knowledge, there is only one manu-
script that appears to demonstrate that ApoE-lipoproteins complexes can potentially act as a
vehicle for Aβ catabolism.62 Perhaps a different type of clearance mechanism is at work.
Wisniewski et al investigated whether ApoE could modulate the transport of CNS derived Aβ
across the blood brain barrier (BBB) into the plasma peripheral system. No significant differ-
ences in transport across the BBB were observed for radiolabeled Aβ that was injected intraven-
tricularly in the presence of the various human ApoE isoforms.45 An important experiment
that is currently being conducted in our laboratory is the analysis of all the soluble compart-
ments in PDAPP mice for steady state Aβ levels in the presence of differing levels of human
ApoE isoforms. Similar to our characterization of the PDAPP mice at multiple ages (see above),
we believe that important insights into ApoE’s modulation of Aβ metabolism will be identified
and that it is likely that ApoE does modulate Aβ clearance/transport between the CNS and
plasma.

Clusterin
The second most abundantly expressed apolipoprotein in the CNS is clusterin (also known

as apolipoprotein J).66-70 CNS clusterin has several similarities to ApoE in that it too is ex-
pressed primarily by glia and is present in HDL.50,71 There are several findings that implicate
clusterin as a potential player in Aβ metabolism. Two of the initial observations were that
clusterin was upregulated in AD brain and was found associated with deposited amyloid.72 It
was subsequently found that purified clusterin can bind to soluble Aβ40 with a dissociation
constant characteristic of a high affinity interaction.73 Other studies have shown that clusterin
may be an important regulator of soluble CNS Aβ levels. Studies by Zlokovic et al have shown
that Aβ-clusterin complexes can be transported across the blood-brain barrier by a high-affinity
receptor mediated process involving transcytosis.42,44

Multiple in vitro studies have also highlighted a possible role of clusterin in Aβ metabo-
lism. Several laboratories have shown that clusterin prevents aggregation and polymerization of
synthetic Aβ in vitro.74,75 Additionally, cell culture experiments have demonstrated that Aβ
uptake and degradation is facilitated by the presence of clusterin.76 Oda et al showed that
clusterin decreased aggregation of Aβ42 and that subsequent incubation of the less aggregated
material to PC12 cells significantly increased oxidative stress.74 Studies by Lambert et al dem-
onstrated that small diffusible oligomers of Aβ42 induced by the presence of clusterin were
associated with increased neuronal toxicity in organotypic CNS cultures at nanomolar concen-
trations.77 Soluble oligomers of Aβ42 were also found to be deleterious for LTP in the dentate
gyrus of rat hippocampal slices78 and protofibrillar intermediates of Aβ were found to induce
acute electrophysiological and toxic changes to cortical neurons.79-82 Other recent studies have
shown that clusterin can “solubilize” a very broad spectrum of proteins that contain exposed
hydrophobic patches.79,80 Clusterin’s chaperone-like activity has been attributed to a molten
globule-like region located in the clusterin protein itself.81,82 While these studies suggest that
clusterin/Aβ interactions may be relevant to AD, whether clusterin plays a direct role in the
formation of AD pathology in vivo was not clear until recently.

Our group investigated the in vivo role of clusterin in the amyloid cascade by generating
PDAPP mice that lacked endogenous clusterin expression (PDAPP, Clu-/-).83 In contrast to the
PDAPP, ApoE-/- mice, no significant difference in the relative amount of depositing Aβ was
detected between PDAPP or PDAPP, Clu-/- mice. The absence of clusterin did not influence
either the age of onset of Aβ deposition or the amount of Aβ accumulation in PDAPP mice.
Although there were no differences seen in the quantity of brain Aβ, we did observe significant
alterations in the structure of the depositing Aβ (Fig. 11.4). Aβ immunoreactivity in the
PDAPP,Clu-/- mice was more diffuse in appearance with fewer “compact” plaques as compared
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to PDAPP animals expressing endogenous clusterin. Interestingly, the prevalence of this dif-
fuse Aβ deposition was very reminiscent of the type of deposition seen in the PDAPP, ApoE-/-

mice. In contrast to the PDAPP, ApoE-/- mice, PDAPP animals lacking clusterin expression did
develop thioflavine-S positive Aβ deposits (amyloid); however, there was a significant reduc-
tion in the amount and area occupied (% load) by thioflavine-S positive amyloid. Strikingly,
the neuritic dystrophy surrounding amyloid deposits in PDAPP, Clu-/- mice was markedly
reduced with many deposits having few to no detectable dystrophic neurites. Quantitatively,
there was a 10-fold reduction in dystrophic neurites in the hippocampus of PDAPP, Clu-/-

versus clusterin expressing mice, and a 5-fold reduction in the number of dystrophic neurites
per amyloid deposit. Thus, while the presence or absence of clusterin is associated with amyloid
formation, clusterin expression clearly facilitates the neuritic toxicity associated with amyloid.

The dissociation between amyloid formation and neuritic dystrophy in PDAPP, Clu-/-

mice implied that clusterin might be influencing a soluble “toxic” species/form of Aβ during or
following the process of Aβ deposition. To address this possibility, we assessed the amount of
carbonate-soluble brain Aβ by ELISA in cortical brain homogenates under both denaturing
and nondenaturing conditions. Our systematic biochemical examination of the carbonate soluble
brain extracts with a nondenaturing ELISA specific for oligomeric forms of Aβ detected no
significant differences between PDAPP, Clu+/+ and PDAPP, Clu-/- mice. However, by using Aβ
ELISAs under both denaturing and nondenaturing conditions, we did identify a small but
significant two-fold increase in the pool of Aβ which may be monomeric in mice expressing
clusterin. Although the exact meaning of this clusterin-dependent alteration of soluble Aβ is
unknown, these data provide direct evidence that clusterin modifies Aβ metabolism and (or)
structure to influence amyloid deposition and toxicity in vivo.

Figure 11.4. Diffuse Aβ deposition can be seen in hippocampal and cortical regions in PDAPP+/+,Clu-/-

transgenic mice. Coronal brain section from a 12-month-old animal was immunostained with a polyclonal
antibody against Aβ. Similar to PDAPP mice expressing clusterin, there was abundant Aβ deposition in the
molecular layer of the dentate gyrus. However, there was a more “diffuse” appearance of the Aβ deposits in
other regions of the hippocampus and cortex of mice lacking clusterin.
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Exogenous Aβ Binding Proteins
The preceding discussion highlighted the importance of two endogenous Aβ binding

proteins and sets the stage for the investigation of the effects of exogenous high affinity Aβ
binding proteins on Aβ metabolism in vivo. As was the case with the previous studies, the
initial observations were made in vitro. In a two chamber dialysis experiment, it was demon-
strated that a high affinity monoclonal antibody directed against the central domain of Aβ,
m266, was able to sequester human Aβ from its endogenous CSF binding proteins and create
an altered equilibrium favoring Aβ passage across the dialysis membrane (25 kDa cut off ).9

Although this experiment was carried out in a simple dialysis system, the result has important
implications.

The data from our dialysis experiment suggested the possibility that an exogenous Aβ
binding molecule may be able to alter the concentration gradient and thus the equilibrium of
Aβ between the central (brain) and peripheral (blood) compartments in vivo and thereby favor
clearance of Aβ from the CNS to the periphery. The latter would promote peripheral Aβ
catabolism versus CNS deposition. Our first experiments to test this hypothesis were con-
ducted in young PDAPP animals to see if the m266 antibody would alter the in vivo equilib-
rium between the CNS and plasma. Intravenous administration of m266 to 3-month-old
PDAPP mice resulted in a dramatic accumulation of CNS derived plasma Aβ which was asso-
ciated with acute changes in CNS steady state levels of Aβ. We demonstrated that all of the
plasma Aβ that accumulated after 24 hours following m266 administration (~1000 fold over
basal levels) was complexed with antibody. Interestingly, the rate of Aβ entry into the plasma
compartment following antibody administration occurred quite rapidly at ~42 pg/ml/min.
Part of this massive accumulation appears to be secondary to the antibody decreasing Aβ ca-
tabolism once it reaches the plasma from the CNS. We also postulated that part of the increase
was due to an increase in the net “flux” of CNS Aβ to the periphery due to an antibody
mediated change in Aβ transport between the CNS and plasma compartments. There are at
least two mechanisms by which the antibody acting as a “peripheral sink” could alter net Aβ
“flux”. First, by decreasing the concentration of free (unbound) plasma Aβ to near zero, one
would effectively block entry of Aβ from the plasma into the CNS. Second, given a saturable
Aβ transporter, such a change in the Aβ concentration gradient across the brain:blood barrier
should facilitate efflux until a new equilibrium (with the free plasma Aβ) is reached. Even
though our “peripheral sink” hypothesis was supported by data from experiments using exog-
enous Aβ injections into the CSF space of m266 primed wild type mice, it still remains unclear
as to how much of the plasma Aβ accumulating after m266 administration is a result of in-
creased net Aβ CNS efflux or decreased peripheral catabolism of Aβ (i.e., in the presence of the
monoclonal antibody). We postulate that both are contributing to the massive plasma Aβ
concentrations observed after m266 administration to PDAPP mice.

During the same time course as the massive accumulation of plasma Aβ, we observed a
significant increase in CSF Aβ40 and Aβ42. Although the molecular mechanism underlying the
increases in soluble Aβ in CSF is unknown, it may signify an acute alteration in CNS Aβ
metabolism due to an exogenously added peripheral Aβ binding protein. Perhaps the shift in
equilibrium from the CNS to the periphery alters the concentration dependent Aβ catabolic
processes of brain, favoring transport from the parenchyma towards the soluble compartments
in CSF and plasma. Importantly, it was shown that this antibody-mediated alteration in Aβ
metabolism in PDAPP mice correlated with a significant decrease in plaque pathology follow-
ing chronic treatment with m266.9 Bard et al showed similar effects on plaque deposition
when using passive administration of different monoclonal or polyclonal antibodies against
Aβ.84 Our studies demonstrated that peripheral administration of an exogenous Aβ binding
protein (m266) could alter the in vivo metabolism of Aβ in both the CNS and plasma.
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Studies of peripheral administration of m266 to plaque bearing PDAPP mice further
support the “flux” hypothesis. As stated previously, CSF Aβ levels positively correlate with the
amount of Aβ deposition present in old PDAPP animals. Additionally, plasma Aβ levels in
these same mice did not correlate with the extent of Aβ deposition.46 We wondered whether a
single acute injection of m266 into 12 to 13 month old PDAPP animals would detect Aβ
entering the periphery from the CNS as well as increase the flux of the soluble CNS pool of Aβ
to the periphery. More importantly, we wondered whether the magnitude of this flux would
correlate in similar fashion to the amount of deposited brain Aβ. Similar to our previous find-
ings, we showed that plasma levels of Aβ prior to m266 injection did not correlate with the
amount of Aβ deposited in brain.85 However, following acute m266 treatment, striking corre-
lations between plasma Aβ and the amount of deposited Aβ in the brain were observed. In
strong support of the flux hypothesis, we demonstrated a highly significant correlation be-
tween plasma Aβ and amyloid load as early as 5 minutes post injection of m266 (Fig. 11.5).
While inhibition of peripheral catabolism of Aβ by m266 is likely to account for part of the
increase in plasma Aβ in all animals, at this 5-minute time point, it is highly unlikely that
inhibition of peripheral catabolism could alone account for the correlation between plasma
accumulation and plaque burden. In addition to lending support to the flux hypothesis, these
experiments also suggest that administering an m266-like antibody to AD patients followed by
quantitation of plasma Aβ levels may represent a peripheral biological marker for detecting the
presence and quantifying the amount of Aβ-related AD pathology.

Summary
Most studies utilizing transgenic animal models of AD have to date focused on the role of

previously identified genes (APP and PS mutations) on Aβ synthesis, deposition, and amyloid
plaques. Although these studies are of great importance in verifying the mechanism of some
genetic factors involved in AD, they do little to further our knowledge of Aβ metabolism. This
chapter focused on the importance of studying Aβ metabolism in vivo. It is imperative that
researchers begin to unravel the mechanisms regulating Aβ metabolism in addition to Aβ syn-
thesis. This will likely lead to new efforts in rational drug design aimed at preventing and
treating AD. In our own laboratories we have analyzed both the soluble and insoluble pools of
Aβ before and after Aβ deposition has occurred. Observed correlations between CNS and
plasma pools of Aβ indicate a system of communication between the central and peripheral
compartments and thereby demonstrate ordered processes which regulate the clearance of the
Aβ peptides from the brain into the circulation followed by its removal. Interestingly, studies
performed with the monoclonal antibody m266 demonstrated that the rate of CNS derived
Aβ entry into the plasma is very rapid (~ 42 pg/ml/min) and implies that the peripheral com-
partment is normally a major site for the catabolism of Aβ (steady state levels are maintained
between 200 to 500 pg/ml). A better understanding of the pathways by which Aβ is trans-
ported between the CNS and periphery either across the blood:brain barrier as well as via
interstitial fluid and CSF bulk flow pathways could provide major insights into why Aβ is
deposited and amyloid formation occurs in AD and CAA. Studies performed in vivo have also
shown that ApoE and clusterin are important endogenous Aβ binding proteins that can modu-
late both the final form (fibrillar or amorphous), level, and associated toxicity of the depositing
Aβ peptide. However, the molecular mechanisms underlying these effects remain unknown.
Based upon the human genetics and supporting transgenic mouse studies, it is likely that the
ApoE isoform-specific delay in deposition is being manifested through alterations in Aβ clear-
ance/metabolism. We postulate that a careful inspection and understanding of Aβ metabolism
in human ApoE transgenic animals will also yield novel insights and new therapeutic opportu-
nities for intervention.
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Abstract

Alzheimer’s disease (AD) is the most common form of dementia and afflicts ~15-20
million people worldwide. Currently, there is no effective cure. Research efforts over
the past decade have demonstrated that amyloid-beta protein (Aβ), a small peptide

generated from its large precursor protein, the amyloid precursor protein (APP), plays a central
role in AD pathogenesis, thus leading to the development of therapies aimed at lowering Aβ
levels in the brain. One such strategy involves using Aβ immunotherapy, either by direct Aβ
peptide vaccination or passive transfer of Aβ-specific antibodies, to modulate Aβ levels in the
central nervous system (CNS). Here, we provide an overview of such immune-based studies in
wildtype (WT) mice and transgenic (tg) mouse models of AD, as well as those in humans. Aβ
immunization in APP tg mice has proven effective in lowering cerebral Aβ levels, including
plaque deposition, with the caveat that the earlier it is given, the better. Prevention of and
improvement in behavior deficits normally seen in APP tg mice has been shown following both
active and passive Aβ immunization. Various immunization protocols have been tested in both
WT and tg mice and are described here. Three proposed mechanisms for the Aβ-lowering,
behavioral improvement effects of the Aβ vaccine are discussed and include: disaggregation of
Aβ fibrillar aggregates and prevention of soluble Aβ to form fibrils, Fc-mediated microglial
phagocytosis of Aβ, and a shift in efflux of Aβ from CNS to the periphery. Following clinical
safety trials, a large Phase IIa clinical Aβ vaccine trial in AD patients was initiated in the USA
and Europe in late 2001. The dosing was stopped on March 1, 2002, due to adverse CNS
reactions in ~5% of patients. We speculate here about the possible causes for such adverse
effects and provide a culmination of ideas from many researchers towards the future of Aβ
immunotherapy for the prevention and treatment of AD. It is with optimism that we proceed.

Aβ Immunotherapy Prevents or Reduces AD Pathology and
Improves Behavioral Deficits in Transgenic Mouse Models of AD

In 1999, Schenk et al showed for the first time that immunizing young PDAPP tg mice
(bearing mutant human APP/V717F) prior to Aβ deposition essentially prevented cerebral Aβ
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plaque formation, while immunizing after Aβ deposition had begun, led to a decrease in plaque
burden.1 Monthly intraperitoneal (i.p.) injections of aggregated Aβ1-42 were given to mice
from either 6 weeks to 13 months of age or from 11 to 18 months of age. In the younger mice,
Aβ immunization not only prevented plaque formation, but it also prevented the gliosis and
neuritic dystrophy that accompanies Aβ plaque formation in APP tg mouse brain. In the older
mice, immunization suppressed new plaque formation and may have removed some of the
existing plaques. At 18 months, the remaining plaques were mostly compacted and were often
associated with MHC class II-immunoreactive (IR) activated microglia.

Since the publication of Schenk’s findings, numerous reports have confirmed and ex-
tended these original results. For example, in a subsequent report from the same group, Bard et
al, demonstrated that passive transfer of certain Aβ-specific monoclonals, 3D6 and 10D5, and
a polyclonal against Aβ1-42, via weekly i.p. injections for 6 months also reduced brain levels of
Aβ in PDAPP mice.2 Not all Aβ antibodies tested were efficacious in lowering cerebral Aβ.
Their data show that the Aβ antibodies, themselves, had a direct effect on modulating Aβ in
the brain, thus eliminating the dependence upon a cellular immune response. In the same year,
and in collaboration with Drs. Weiner and Selkoe, we reported that weekly intranasal (i.n.)
administration of Aβ1-40 to PDAPP tg mice from 5 to 12 months of age resulted in the genera-
tion of low titers of anti-Aβ antibodies (~26 µg/ml) and a significant 56% reduction in cere-
bral Aβ burden (quantified biochemically and immunohistochemically).3,4 In 2001, Vehmas
et al showed that monthly i.p. immunization with Aβ1-42 in another AD mouse model with
accelerated pathology, PSAPP double transgenic mice [bearing familial mutations in both hu-
man APP and presenilin 1 (PSI)], also resulted in the generation of anti-Aβ titers, a significant
reduction in Aβ deposits in brain and an increase in cerebral levels of soluble Aβ.5 Many of the
Aβ immunization studies showing decreased cerebral Aβ burden were conducted in relatively
young mice either prior to plaque deposition or in its early stages. Das et al tested Aβ immuni-
zation by monthy i.p. injection of Aβ1-42 at three different time points in Tg2576 APP tg mice
and found that while the generation of antibodies prevented or slowed plaque deposition if
given early enough, there was not much of a change in cerebral Aβ levels in old mice vaccinated
after abundant compacted plaques had become deposited.6

Behavioral studies have demonstrated that one of the beneficial effects of Aβ immuniza-
tion in AD tg mouse models is behavioral improvement. In December, 2000, Janus et al re-
ported that in another APP tg mouse model, TgCRND8, five i.p. injections of Aβ1-42 between
6 and 16 weeks of age led to reduced plaque burden and improved behavior in a reference
memory version of the Morris water maze test.7 At the same time, Morgan et al reported that
in two additional AD tg mouse models (Tg2576 and PSAPP) chronic subcutaneous (s.c.)
injection of Aβ1-42 from 7.5 to 15.5 months of age resulted in improved behavior in a radial-arm
maze test of working memory and only a modest reduction in plaque burden.8 Subsequently,
the same group reported that the beneficial effects of Aβ immunization on behavior in AD
mouse models may be task-specific. Arendash et al showed that chronic s.c. injection of Aβ1-42
for 8 months in Tg2576 and PSAPP mice did not reverse early-onset balance beam impair-
ment nor effect spontaneous alternation in a Y-maze; vaccinated mice performed similarly to
control tg mice.9

More recently, two papers have reported stunning behavioral improvement within very
short time periods following passive transfer of Aβ-specific monoclonal antibodies (Mab). First,
Dodart et al showed that weekly passive transfer of Mab 266 (Aβ13-28) for 6 weeks led to
improved object recognition and holeboard learning and memory 3 days after the last i.p.
injection in 2 year old PDAPP tg mice.10 At 24 months, PDAPP brains are loaded with Aβ
deposition; however, in spite of the improved behavior, brain Aβ levels were unchanged. In
another experiment, they found a dose-dependent improvement in the same tests in 11 month
old PDAPP mice 24 hours after a single i.p. injection with Mab 266. Aβ levels in blood were
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increased and complexes of Aβ/anti-Aβ antibodies were detected in both blood and CSF. The
authors concluded that because the behavioral deficits observed in PDAPP mice are reversed
by binding of soluble Aβ, plaque deposition is unlikely to be solely responsible for behavioral
changes in these mice. In another report, Kotilinek et al found that passive transfer of Mab
BAM-10 (Aβ1-12) in Tg2576 APP tg mice, given in 4 i.p. injections over 12 days, could reverse
behavioral deficits in a spatial reference memory version of the Morris water maze without
significantly reducing cerebral Aβ.11 These authors suggested that the anti-Aβ antibodies bind
small soluble Aβ assemblies responsible for the cognitive decline in APP tg mice. Both studies
provide optimism for the potential of anti-Aβ therapy in improving cognition even in the
context of advance plaque deposition in humans. However, such optimism is tempered by the
fact that APP tg mice do not have the blatant neuron loss or neurofibrillary tangle formation
observed in humans with AD. Therefore, one might predict somewhat less dramatic improve-
ment in humans, depending on the level of structural neuronal damage at the time of treatment.

Characterization of the Mouse Immune Response to Aβ Vaccination
Combined results from many labs, including ours, have led to some general information

on the immune response to immunization with Aβ peptides in WT and APP tg mice. For
example, we showed that the genetic background of a mouse can influence its immune re-
sponse to Aβ.12 Following 12 weekly treatments with Aβ by i.p. injection, i.n. administration,
or combination of the two, B6D2F1 mice generated antibodies earlier and in significantly
higher quantities than did C57BL/6 mice, as shown in Figure 12.1. The combination treat-
ment, as well as i.p. injection alone, produced the highest anti-Aβ titers and far surpassed those
of mice treated with i.n. Aβ without adjuvant. These results demonstrate that background
strain can regulate the immune response to Aβ vaccination and therefore have implications for
Aβ vaccine experiments on APP and PSAPP tg mice of different genetic backgrounds.

Immune hyporesponsiveness in tg mice bearing mutant human APP and immunized once
with human Aβ was reported by Monsonego et al.13 However, such hyporesponsiveness was
overcome by conjugating Aβ peptide with a carrier protein, bovine serum albumin (BSA). In a
study by Wilcock et al, a similar hyporesponsiveness was observed in PSAPP mice compared to
WT mice after three inoculations with Aβ; however, anti-Aβ titers were indistinguishable be-
tween PSAPP tg and WT mice after 9 inoculations.14 Preliminary results from a long-term
ongoing study in our lab indicates that the same is true for another APP tg mouse model, J2015

mice. After immunizing both APP tg mice and their non-tg littermates with a single i.p. injec-
tion of Aβ followed by chronic i.n. boosting with Aβ + adjuvant LT(R192G) from 1 to 7
months of age, we found similar levels of anti-Aβ titers between tg and WT mice; however, the
APP tg mice took longer to generate an anti-Aβ response.16 Initially, the finding of immune
hyporesponsiveness in APP tg mice caused concern that older humans, especially those with
increased Aβ levels such as AD patients, may not be able to generate Aβ-specific antibodies
with Aβ vaccination. However, the use of carrier proteins, adjuvants, and chronic immuniza-
tions may help alleviate this problem.

The humoral and cell-mediated immune characteristics of Aβ immunization in WT and
APP/PSAPP mice have also been studied. The B cell epitope in mice has been shown to reside
within the amino-terminus of Aβ. B cell epitopes have been reported within Aβ1-12,17

Aβ1-15,12,18-21 and Aβ1-16.6,22 In a presentation by Dr. Peter Seubert (Elan Corporation) at the
International Alzheimer’s Meeting in Stockholm in July, 2002, a B cell epitope of Aβ2-7 was
described for Aβ immunized mice. Like others, we have found that serum from Aβ immunized
mice can be used immunohistochemically to label human AD plaques. Incubating the serum
with Aβ1-15 peptide, but not other overlapping peptides of Aβ, resulted in ablation of AD
plaque IR as shown in Figure 12.2, a previously unpublished illustration from our original
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intranasal Aβ study in PDAPP mice. Immunoglobulin (Ig) isotypes have been examined fol-
lowing Aβ immunization. In most studies, the predominant Ig isotype generated by Aβ immu-
nization is IgG2b, followed by IgG1 and IgG2a, with lesser amounts of IgA and IgM.3,6,17,18,22

Figure 12. 3 illustrates Ig isotype-specific human plaque labeling using sera from our first
study3,4 in which PDAPP mice were treated with intranasal Aβ. We have shown that in addi-
tion to enhancing antibody titers, adjuvants can also shift the relative amounts of Ig isotypes.19

In addition to B cell epitope mapping of anti-Aβ antibodies, Aβ-specific T cell epitopes
have also been recently reported. Monsonego et al found strain differences in T cell epitopes in
C57BL/6 (Aβ15-30) compared to SJL/J (Aβ9-24) mice following Aβ immunization.23 In Dr.

Figure 12.1. Aβ antibody titers were compared between two WT mouse strains (C57BL/6 and B6D2F1)
using 4 different immunization protocols.
A cocktail of three parts Aβ1-40 and 1 part Aβ1-42 (total 100 µg) was used for all treatments. Mice were
treated with i.n Aβ without adjuvant, i.p. Aβ + CFA, a single i.p. injection of CFA followed by chronic i.n.
Aβ, or overlapping i.p Aβ/CFA plus i.n. Aβ, or left untreated for 12 weeks. Titers are reported as µg/ml;
note Y-axis logarithmic scale. Further details and Aβ titer means are provided in reference 12. For each
immunization protocol, B6D2F1 mice generated more Aβ antibodies. Aβ titers were highest in mice treated
with the combined i.p. Aβ/CFA plus i.n. Aβ, followed closely by i.p. Aβ/CFA alone. Lower Aβ titers were
detected in mice treated with i.p. CFA/i.n. nasal Aβ and i.n. Aβ alone. Thus, strain differences effect the
ability of a mouse to generate an immune response to Aβ immunization.
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Seubert’s presentation at the Stockholm meeting, he described a T cell epitope of Aβ14-18 in Aβ
immunized mice. Aβ immunization in mice has led to a proliferative T cell response22,23 and a
shift in T cell response of splenocytes from WT and Tg2576 APP tg mice toward enhancing
Th2 and decreasing Th1 immunity.24

Figure 12.2. Aβ antibody epitope-mapping.
Serum from PDAPP mice immunized weekly by i.n. human Aβ1-40 from 5 to 12 months of age was used
to immunolabel Aβ plaques in serial human AD brain sections. The mouse serum was pre-incubated with
each of six overlapping 15-mer Aβ peptides. Only Aβ1-15 abolished plaque staining, indicating that the
Aβ antibodies in the mouse serum recognized an epitope within Aβ1-15. Aβ Pab, R1282, was used as a
positive control for plaque labeling. Further details of this study can be found in references 3 and 4. Scale
bar: 200 microns.
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Figure 12.3. Anti-Aβ immunoglobulin isotyping.
Serum from PDAPP mice immunized weekly by i.n. human Aβ1-40 from 5 to 12 months of age was used
as primary antibody to immunostain plaques in serial human AD brain sections. Biotinylated Ig isotype-specific
secondary antibodies were used to detect the antibody isotypes generated by Aβ immunization. Strong
plaque labeling was detected with IgG2b (c) and IgG1 (a) secondary antibodies, while weaker staining was
observed using an IgG2a (b) antibody. Plaques were not reactive with IgM or IgA secondary antibodies. A
pan-specific (IgG, IgM, IgA) secondary antibody and labeling with an Aβ Mab, 6E10, were used as positive
controls. Omission of primary antibody produced no plaque labeling. An Ig isotype ELISA confirmed these
results and revealed the most abundant isotype to be IgG2b, followed by IgG1 and then Ig2a. Further details
of this study can be found in references 3 and 4. Scale bar: 100 microns.
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Immunization Strategies in Mice
The most common method for Aβ immunization in mice has been chronic i.p. or s.c.

injection of full-length human Aβ peptide using Complete Freund adjuvant (CFA) for the first
injection, Incomplete Freund adjuvant (IFA) for the next few injections and the peptide alone,
hereafter.1,5-8,17 Intranasal (i.n.) administration has been shown to be effective in generating
anti-Aβ titers by us3,4 and may be more convenient than injections for patients as it can be
self-administered and does not require sterile instruments nor travel for office visits to receive
treatment. Anti-Aβ titers were dramatically increased using a mucosal adjuvant, E. coli heat
labile enterotoxin, LT, or a mutant form, LT(R192G), which has significantly reduced toxic-
ity.19 Figure 12.4 illustrates a 12-fold increase in Aβ titers in WT mice using LT and a 16-fold
increase in Aβ titers using LT(R192G) with i.n. Aβ immunization after 8 weeks compared to
untreated WT mice. The adjuvants LT and LT(R192G) produced no obvious toxic effects in
the mice and were well-tolerated.

We have since developed a prime/boost protocol in which a single i.p. injection of Aβ +
CFA is followed by weekly i.n. boosting with Aβ + LT or LT(R192G). This immunization
strategy has proven very effective in raising anti-Aβ titers, lowering cerebral Aβ and increasing
peripheral Aβ after only 8 weeks in young PSAPP mice.21 Figure 12.5 depicts the significant
reduction observed in the number of plaques formed in both frontal cortex and hippocampus

Figure 12.4. Mucosal adjuvants, LT and LT(R192G) enhance anti-Aβ titers.
Anti-Aβ antibody titers were determined by ELISA for the sera of B6D2F1 mice immunized twice weekly
with i.n. Aβ without adjuvant, i.n. Aβ with the adjuvant heat labile enterotoxin, LT, i.n. Aβ with the
nontoxic, mutant form of the adjuvant, LT(R912G), or left untreated for 8 weeks. Anti-Aβ antibodies were
not detected in any of the pre-immune sera but their numbers increased from week 4 to week 8 in all groups
given i.n. Aβ. By week 8, a 12-fold increase in Aβ titers was found serum from mice treated with i.n. Aβ
+ LT compared to those in mice treated without adjuvant. A 16-fold increase in Aβ titers was detected in
mice treated with i.n. Aβ + LT(T192G) compared to those in mice treated without adjuvant. Further details
of this study can be found in reference 19.
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in these mice. In addition, we have found that this prime/boost regimen is also effective in
generating anti-Aβ titers in WT mice using full-length Aβ to prime by i.p. injection and boost-
ing weekly with a shorter peptide, Aβ1-15, with LT.20 The anti-Aβ antibody titers (~200 µg/
ml) were not as high as those using full-length Aβ peptide throughout vaccination but were
roughly the same levels (~240 µg/ml) shown to lower cerebral Aβ in our PSAPP study. Aβ1-15
peptide has the benefit of being less costly to produce and may have fewer toxic effects as it may
not be recognized as an endogenous Aβ species or a T cell epitope.

Various other modifications of Aβ peptide for immunization have been tested with the
goal of improving the immune response and/or reducing the potential toxic effects of immu-
nizing with full-length, aggregated Aβ peptides. For example, Sigurdsson et al reported that
monthly injections of a soluble, nonamyloidogenic, nontoxic form of Aβ, Aβ1-30, modified by
the addition of six lysine residues at the N-terminus to keep the peptide soluble and prevent
fibril formation, led to a significant reduction in brain Aβ levels in Tg2576 APP mice.25 This
was the first study to demonstrate the effective use of nonaggregated Aβ as an immunogen to
generate anti-Aβ titers and reduce brain Aβ levels in APP tg mice. In a study by Lambert et al,
small soluble Aβ oligomers (known as protofibrils or ADDLs) were used successfully as

Figure 12.5. After only 8 weeks of Aβ immunization in PSAPP tg mice, the number of Aβ plaques was
reduced by 75%.
Mice were given one i.p. injection of Aβ40/42 + CFA and then chronically boosted with i.n. Aβ + LT (2x/
week) for 8 weeks. Treatments began at 5 weeks of age, prior to plaque deposition in this accelerated model
Aβ pathogenesis, and lasted 8 weeks. ELISA of guanidine-HCL-extracted brain homogenates revealed a
significant 58% decrease in Aβ1-42. For more details, see reference 21. Scale bars: 200 microns.
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immunogens in rabbits to generate Aβ-specific antibodies that recognized assemblies of Aβ
biochemically and prevented the toxicity of soluble oligomers in cell culture.26 Because these
small Aβ oligomers are known to have CNS toxicity,27 directing a vaccine against them or
administering anti-Aβ antibodies specific for them via passive transfer provides an attractive
approach to lowering the levels of such Aβ species.28 Another innovative approach was taken
by Frenkel et al in which human Aβ3-6 (EFRH), a region important for Aβ fibril formation,
was displayed on a filamentous phage and used to immunize WT mice and guinea pigs.29

Anti-aggregating Aβ antibodies were generated in both animal species. Importantly, because
guinea pigs share the same Aβ amino acid sequence as humans, the antibodies generated by the
EFRH phage vaccine were autoantibodies yet did not induce any obvious autoimmune toxicity.30

Passive transfer of certain, but not all, Aβ antibodies by peripheral injection in APP tg
mice has been shown to reduce cerebral Aβ levels and plaque burden,2 as well as increase Aβ
levels in the blood,31 and, to improve behavioral testing results, even after very brief periods of
treatment in which cerebral Aβ levels remained unchanged, as described earlier in this chap-
ter.10,11 Recently, Mohajeri et al reported that passive transfer of Aβ antibodies to APP tg mice
protected them from neuronal loss following seizure induction and reduced brain Aβ levels.32

In their study, APP tg mouse neurons showed an elevated vulnerability to seizure activity com-
pared to those of WT mice. Treating the APP tg mice with passive transfer of Aβ antibodies at
an age prior to plaque formation, but while Aβ levels were rising, protected the neurons.

Direct passive transfer of Aβ antibodies into brain has been demonstrated via intracere-
bral ventricular injection (i.c.v.) in APP tg mice and a mouse model of aging, SAMP8. Chuahan
et al administered a single i.c.v. injection of an anti-Aβ antibody (Mab AMY-33, against Aβ1-28)
into the third ventricle of 10 month old Tg2576 APP mice, prior to the onset of robust plaque
formation, and one month later found that they had significantly restored the levels of SNAP-25,
a presynaptic nerve terminal protein involved in synaptic vesicle exocytosis and neurotransmit-
ter release, which typically drops in these mice between 10 and 11 months of age.33 In addi-
tion, rising GFAP levels, a marker of astrogliosis, in the treated APP tg mice were restored to
WT levels. In another report, Morley et al administered Aβ monoclonal or polyclonal antibod-
ies via i.c.v. injection to the third ventricle in 12 month old SAMP8 mice, a mouse model of
accelerated senescence with Aβ overproduction, and showed improved acquisition and memory
in an aversive T maze test when injected 1-14 days prior to testing.34 Their results strongly
suggest a relationship between elevated Aβ levels and loss of acquisition and retention in
SAMP8 mice.

Proposed Mechanisms for the Beneficial Effects of Aβ Vaccination
in Mice

Thus far, three major mechanisms have been proposed for the Aβ clearing and behavioral
improvement effects observed following either active or passive Aβ immunization. It is possible
that all three may play roles in modulating Aβ following vaccination. The first mechanism
proposed was based upon reports by Solomon et al in 1996 and 1997 showing that mono-
clonal antibodies directed against the amino-terminus of Aβ prevented fibrillar aggregation of
Aβ in vitro,35 disaggregated preformed Aβ fibrils, and prevented their toxicity in PC12 cells.36

A confirmation of this finding in vivo was reported by Bacskai et al in 2001, in studies in which
live imaging of Aβ plaques using multiphoton microscopy was employed before and after
topical application of Aβ mAb, 10D5 (Aβ3-6), to the surface of the cortex in 20 month old
PDAPP tg mice.37 After 3 days, 70% of plaques (45 of 65) within the viewing range had been
cleared while the remaining plaques were frequently associated with activated microglia.

These results were also consistent with another proposed mechanism, Fc-receptor medi-
ated phagocytosis of Aβ, first described in ex vivo studies on brain sections from PDAPP tg
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mice and humans with AD by Bard et al in which Aβ antibodies applied directly to the sections
induced microglia to phagocytose plaque Aβ.2 Data in support of this mechanism include a
report by Wilcock et al in which a transient rise in CD45-IR microglial activation was observed
after five inoculations in PSAPP tg mice but was equivalent to that in control injected tg mice
after nine inoculations.14 In our own studies, we have consistently found decreased numbers of
activated microglial cells in Aβ immunized APP or PSAPP tg mice with significantly reduced
plaque burdens; however, we have only examined the brains at the end of each study.3,4,21 It is
possible that a transient rise in microglial activation occurred during the early stages of immu-
nization treatments and then gradually was diminished by the end of each study. Using confo-
cal microscopy and double-labeling with anti-CD45 (for microglia) and R1282 (a general Aβ
pAb, gift of Dr. Dennis Selkoe), we have been unable to distinguish plaque-associated micro-
glia from immunized vs. nonimmunized PSAPP mice, as shown in Figure 12.6. In addition, it
is implicit in this proposed mechanism that the Aβ antibodies cross the blood-brain-barrier
(BBB). Bard et al2 have reported the presence of passively transferred Aβ antibodies, given by
i.p. injection, in the brains of PDAPP Tg mice; however, other researchers, such as DeMattos
et al31 and our group21 have not been able to visualize bound Aβ antibodies in brain paren-
chyma after either passive transfer or active Aβ immunization. Differences in tissue fixation
and staining protocols may explain some of these discrepancies. Lastly, in a very recent report
by Bacskai et al, topical cortical application of the FITC-labeled whole mAb, 3D6 (Aβ1-5) or
just the FITC-labeled F(ab’)2 fragments of 3D6 missing the Fc region of the antibody, led to
roughly equivalent clearance (50% and 45%, respectively) of plaques from 18 month old Tg2576
APP tg mice and 20 month old PDAPP tg mice within 3 days as determined by multiphoton
imaging.38 This result argues that Fc-receptor binding by Aβ antibodies is not solely respon-
sible for the clearance of Aβ and suggests that alternative or additional mechanisms, such as
dissagreggation of Aβ, are likely to play a role.

A third mechanism proposed to explain the beneficial effects of the Aβ vaccine in APP
and PSAPP mice was first described by DeMattos et al in 2001 in a report showing that periph-
eral passive transfer of an Aβ Mab, 266 (Aβ13-28), altered CNS and plasma Aβ clearance while
lowering cerebral Aβ in PDAPP Tg mice.31 A 1000-fold increase in plasma Aβ was observed
several days after intravenous (i.v.) injection of Mab 266, suggesting that the Aβ antibody was
acting as a “sink” in the periphery by enhancing efflux of Aβ from the brain to the peripheral
compartments for clearance. Further discussion of this mechanism and the balance of Aβ equi-
librium between CNS and blood are provided elsewhere in this book, in a chapter written by
Drs. DeMattos and Holtzman. Our data from Aβ immunization in PSAPP tg mice support
the findings of DeMattos and colleagues. After 8 weeks of chronic, active Aβ immunization,
we found a significant reduction in cerebral Aβ and a concomitant significant increase in se-
rum Aβ.21 As in the 2001 report by DeMattos et al,31 in our study most of the peripheral Aβ
bound to Aβ antibodies, forming immune complexes. This was the first evidence that active
immunization increased serum Aβ, suggesting that the antibodies enhanced Aβ clearance from
the brain. As mentioned earlier, behavioral studies by Dodart et al reported a rapid improve-
ment in two tests of spatial memory following passive transfer with Mab 266 in PDAPP mice;
a rapid rise in plasma Aβ was found to correlate with these behavioral changes.10 Thus, while
the different mechanisms that have been proposed to lower cerebral Aβ following Aβ immuni-
zation may work together, it is likely that the efflux of soluble Aβ from brain to periphery,
leading to Aβ immune complexes in the blood, plays an important role. Interestingly, a recent
report by Pan et al demonstrated that Aβ antibody/Aβ immune complexes decreased the pas-
sage of Aβ from blood to brain.39 Incubation of 125I-Aβ1-40 with either of two Aβ Mabs (3D6
or mc1) prior to i.v. injection led to reduced influx of Aβ1-40 into the brain in WT mice. These
results suggest that Aβ antibodies may also play a role in preventing Aβ from crossing the BBB
and depositing in brain.
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Aβ Vaccination in Human Clinical Trials
Elan Corporation and Wyeth/Ayerst/American Home Products successfully completed

their Phase 1 safety studies in July, 2001 in which more than 100 patients with mild-to-moderate
AD in the US and UK were immunized with either a single or escalating doses of AN-1792, a
synthetic human Aβ1-42 peptide. Previously, Schenk et al had shown AN-1792 to be effective
in clearing cerebral Aβ following immunization in PDAPP tg mice.1 Although not all patients
developed anti-Aβ titers, no adverse effects were observed and the clinical program moved into
the next stage. A Phase IIa clinical trial was initiated in the Fall of 2001, in which 375 patients
with mild-moderate AD were recruited at 13 centers in Europe and the USA. A total of 300

Figure 12.6. Double immunofluorescent labeling of plaques (R1282) and microglia (CD45) showed similar
patterns of colocalization in Aβ immunized (bottom) and untreated (top and middle) PSAPP mice after 8
weeks of Aβ immunization, as described in reference 21.
As illustrated in Figure 12.5, a dramatic reduction in plaque burden was seen in the 13 week old mice after
treatment. CD45-immunoreactive microglia colocalized with compacted plaques in treated and untreated
mice; however, because the numbers of plaques were significantly reduced in the Aβ immunized mice, the
number of labeled microglia was also reduced. Images were obtained using a Zeiss Axiovert 100 M
laser-scanning confocal microscope (LSM510).
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patients received one to several injections of AN-1792 along with an adjuvant, QS-21 (sapo-
nin). By March 1, 2002, 15 patients who had received the Aβ vaccine developed signs of CNS
inflammation including headache and confusion; only a proportion of patients had developed
anti-Aβ titers at the time (www.Elan.com/NewsRoom/NewsYear2002). Due to these adverse
events, the dosing of all patients was stopped. Recently, Dr. Schenk reported that number of
patients with menigoencephilitis has risen to 17 of 300. 40 The exact cause for these untoward
effects remains unknown. Speculation regarding the explanation of these adverse events in-
cludes an autoimmune-like T cell activation stimulated by the human Aβ peptide, toxicity due
to the adjuvant, or viral infection in the CSF. In 2000, Grubeck-Loebenstein et al warned that
immunization of humans with synthetic Aβ peptide may lead to activation of Aβ-specific T
cells and a downward spiral of unwanted inflammatory events targeted at cells overproducing
Aβ.41 Marx et al reported that Aβ-specific T cell lines produce high levels of the pro-inflammatory
cytokine, interferon γ (IFN-γ) and include a high number of CD8+ cytotoxic T lymphocytes
(CTL) that have the potential to lyse cells in the brain if permitted entry through the BBB.42,43

Munch et al suggested that perhaps Aβ-specific T cells might also target APP (which contains
the Aβ antigenic determinant) and/or Aβ antibodies might bind APP on the cell surface of
neurons, trigger complement activation and opsonization, both potentially leading to damage
in the brain.44 However, Hock et al recently reported that the Aβ-specific antibodies obtained
from human patients in the Swiss clinical test site did not recognize either full-length APP or
C-terminal APP fragments.45 Examining T cell reactivity to Aβ peptide both before and after
Aβ immunization may help predict the outcome of both Aβ antibody production and the
potential for a CTL response and pro-inflammatory cytokine induction. We are currently test-
ing this hypothesis in nonhuman primates, the Caribbean vervet monkey.

Another possible cause for the adverse effects observed in ~4% of AD patients in the Elan
trial derives from the use of the adjuvant, QS-21, a highly purified saponin obtained from the
bark of the Quillaja saponaria Molina tree, in conjunction with AN-1792.46 Adjuvant QS-21
has been shown to enhance antibody generation, augment both Th1 and Th2 cytokine pro-
duction and induce a potent CTL response to the antigen with which it is administered.47,48

However, as suggested by Singh et al, one must consider the level of potency as an adjuvant to
enhance antibody titers versus the ability of a CTL response to induce adverse effects.49 As of
2000, QS-21 had been given by either intramuscular or subcutaneous injection in over 2200
human subjects participating in more than 50 clinical trials; the only reported side effect was
transient pain at the site of injection.50 Although some additional short-term side effects such
as fever and chills51,52 as well as vasovagal episodes and hypertension53 have been reported, in
the majority of studies, QS-21 has been deemed relatively safe for use in humans, including the
elderly (e.g., refs. 52 and 54).

Lastly, viral load was found in CSF in at least one of the four earliest patients with adverse
effects. However, it is unlikely that viral infection will be found in all 17 patients who devel-
oped neurological symptoms. Some have speculated on the slight chance of contamination at
the site of lumbar puncture leading to either bacterial or viral infection, although, it is unclear
when the punctures were done and whether they might have relevance to the neurologic symp-
toms observed. Again, until the clinical data regarding the patients with adverse effects in the
Elan trial are revealed, one can only speculate as to the exact cause of neurological inflamma-
tion in those patients.

Future Strategies in AD Vaccine Development
With the halting of the first human clinical trial for Aβ immunization last March, the

emphasis for the future of AD immunotherapy relies upon creating a safe means by which to
sequester Aβ proteins without inducing a toxic effect within the CNS. A list of potential thera-
peutic strategies is already beginning to form. First, passive transfer of Aβ-specific antibodies,
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as shown to be effective in lowering cerebral Aβ2 and improving behavior10 in PDAPP mice, is
likely to avoid the generation of an Aβ-specific T cell response and, in addition, does not
require the use of an adjuvant. Aβ antibodies may be delivered by i.m. or s.c. injection, or by
i.c.v. delivery, though the latter would likely be more difficult to employ in humans. Poduslo et
al have shown that modifying an Aβ42-specific radio-labeled Mab with polyamine increased its
permeability from blood to brain 36-fold, suggesting that polyamine modifications may en-
hance the passage of Aβ antibodies to brain via peripheral passive immunization in humans.55

Depending upon the mechanism for the adverse events in the Elan trial, this may be beneficial
in that enhancing antibody entry into the brain may solubilize and sequester more Aβ, or it
may be deleterious if the antibodies fix complement and induce the complement cascade to
attack neurons. Aβ antibodies specifically recognizing toxic, small soluble oligomers of Aβ
have been raised in rabbits.26 Passive immunization with humanized versions of such antibod-
ies may lower the levels of toxic, soluble assemblies of Aβ28 and have a marked effect on cogni-
tion and memory as suggested by studies in mice.10,11 In a recent report by Dodel et al, intra-
venous immunoglobulin (IVIG) administration of purified Aβ antibodies (from commercially
available human IVIGs) over 3 consecutive days in seven non-AD patients with neurological or
non-neurological immune-mediated conditions (mean age, 62.7 years) in Germany, led to
increased concentrations of Aβ antibodies in CSF and serum, decreased levels of Aβ (total and
1-42) in CSF, and increased total Aβ levels in serum one-to-three weeks later.56 Their results
support and confirm the peripheral “sink” hypothesis31 by showing that infusion of Aβ anti-
bodies outside the BBB may enhance clearance of soluble Aβ peptides from the CNS and
suggest that infusion with IVIG-purified Aβ antibodies may be a potential therapeutic strategy
for AD.

Active immunization strategies using novel, nontoxic formulations for Aβ antigen presen-
tation are also being pursued. Brayeden et al reported successful antibody generation using
Aβ1-42 delivered inside of poly(lactide-co-glycolide) (PLG) microspheres via i.p. or s.c. injec-
tion in WT mice.57 The benefits of using Aβ-loaded PLG microspheres are that no other
adjuvant is required, a predominantly Th1 response is observed (which may enhance antibody
titers, but its cell-mediated effects remain unclear) and, under certain formulations, the num-
ber of immunizations necessary to maintain an efficacious titer level may be reduced. Nicolau
et al reported that i.p. injection of palmitoylated Aβ1-16 peptide reconstituted in liposomes
containing lipid A and alum generated a strong immune response in WT mice and NORBA tg
mice, which overexpress human APP leading to Aβ plaque deposition in pancreas and, both
prevented plaque formation in young NORBA mice and significantly reduced plaques in older
NORBA mice.58 Vaccination using a filamentous phage vector that displays a small epitope of
Aβ known to be important for Aβ fibril formation and aggregation, human Aβ3-6 (or EFRH),
has been tested by Frenkel et al. This strategy was found to be effective in generating antibodies
in both mice and guinea pigs; guinea pigs share the same Aβ sequence as humans, therefore,
the result of such immunization is the production of Aβ autoantibodies.29,30

Several other vaccine strategies were reported recently at the International AD Meeting in
Stockholm in July, 2002. Cao et al found that using recombinant Aβ proteins expressed in E.
coli led to higher anti-Aβ titers and at earlier time points when compared to using synthetic Aβ
peptide as the immunogen.59 Naked DNA vaccines targeted at enhancing anti-Aβ titers were
reported using Aβ fused with IL-4 or 3 copies of C3d,60 or Aβ fused with BRI, a protein
involved in amyloid deposition in Familial British dementia.61 The fusion of immunopotentiators
with Aβ in DNA vaccines may help overcome the lack of immune response observed in some
patients in the Elan Phase I and IIa trials.

Directing the T cell response to enhance CD4+ T cells for help in B cell generation of
Aβ-specific antibodies and to suppress CD8+ Aβ-directed CTLs may be desirable in a human
AD vaccine.42 The use of adjuvants, either alone or in combination, can direct such an
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immune response. For example, while QS-21 generates IgG2a/2b isotypes (Th1/Th2) in im-
munization with antigen + conjugate, QS21-alum mixture leads to a more Th2-directed re-
sponse, with predominant IgG1/IgG2b isotype antibodies being generated.62 The use of con-
jugates in vaccines, such as keyhole limpet hemacyanin (KLH), may be useful in the AD vaccine.
In studies of human cancer antigens in mice, the predominant T-cell immune response was
induced against KLH, leading to higher levels of antibody against the conjugated antigens.63

Certain cytokines, such as IL-1α, IL-12, IL-18, and IFNγ have been used successfully as adju-
vants to enhance antibody titers against a co-administered antigen.64,65 Shifts in Th1 to Th2
responses have been demonstrated using IL-12 as an adjuvant for an oral combined vaccine of
tetanus toxin and cholera toxin compare to those induced by intranasal use of IL-12 as an
adjuvant.66

While the adverse neurologic effects observed in 17 of 360 patients immunized with
AN-1792 (Aβ1-42) and QS-21 in the Elan trial are being investigated and taken quite seriously,
the search for a safe, effective vaccine still exists. We, like others, believe that the development
of a nontoxic, efficacious form of Aβ immunotherapy is a realistic possibility. Whether this will
involve passive immunization of Aβ-specific antibodies or active immunization using modi-
fied/encapsulated Aβ, adjuvants, and/or DNA vaccines remains to be determined. However,
we are optimistic that there is still today a great potential for prevention and/or treatment of
Alzheimer’s disease via Aβ immunotherapy in the future.
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