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Summary: Alzheimer’s disease is a progressive neurodegen-
erative disorder and the leading cause of dementia in the West-
ern world. Postmortem, it is characterized neuropathologically
by the presence of amyloid plaques, neurofibrillary tangles, and
a profound gray matter loss. Neurofibrillary tangles are com-
posed of an abnormally hyperphosphorylated intracellular pro-
tein called tau, tightly wound into paired helical filaments and
thought to impact microtubule assembly and protein trafficking,
resulting in the eventual demise of neuronal viability. The
extracellular amyloid plaque deposits are composed of a pro-
teinacious core of insoluble aggregated amyloid-� (A�) pep-

tide and have led to the foundation of the amyloid hypothesis.
This hypothesis postulates that A� is one of the principal
causative factors of neuronal death in the brains of Alzheimer’s
patients. With multiple drugs now moving through clinical
development for the treatment of Alzheimer’s disease, we will
review current and future treatment strategies aimed at improv-
ing both the cognitive deficits associated with the disease, as
well as more novel approaches that may potentially slow or halt
the deadly neurodegenerative progression of the disease. Key
Words: Alzheimer’s disease, symptomatic, amyloid, immuni-
zation, secretase, A�.

INTRODUCTION

Alzheimer’s disease (AD) is a chronic and progressive
neurodegenerative disorder set to become the developed
worlds largest socioeconomic healthcare burden over the
coming decades. AD is thought to affect 4–8% of the
population over 65 years of age, with the incidence con-
tinuing to increase with increasing age. Current U.S.
estimates on the numbers of patients suffering from the
disease range from three to five million, with an annual
estimated cost of approximately $100 billion dollars. It is
estimated that by 2050 the number of patients with AD
could be as high as 25 million.1 Neuropathologically, the
disease was first described in 1907 by Alois Alzheimer
and is characterized by a progressive loss of neurons and
synapses with the presence of large numbers of extracel-
lular amyloid plaques and intracellular neurofibrillary
tangles (FIG. 1). Antemortem clinical diagnosis of AD is
difficult and requires a recorded decline in cognitive
function as well as evidence of progressive deficits in
other behavioral areas such as executive function and
language skills. Unqualified diagnosis of AD can still

only be made neuropathologically postmortem by exam-
ination of patients’ brains and the detection of amyloid
plaques and tangles.

SYMPTOMATIC APPROACHES FOR THE
TREATMENT OF AD

In AD, multiple regions of brain gray matter have a
profound neuronal loss, including basal forebrain, hip-
pocampus, entorhinal, and temporal cortices. Braak and
Braak2 have developed a model of disease progression
based on changes in the pattern of neurobrillalry tangles.
They suggest that the neurodegenerative process begins
with neuronal loss in the glutamatergic pathways of the
entorhinal cortex before extending to the hippocampus
and amygdala and then more widely to neocortical and
subcortical areas. Despite this extensive neurodegenera-
tive process, not all neurons are susceptible to the disease
process, with certain populations of neurons being
clearly more vulnerable than others. Indeed in the mid-
1970s, it was the initial neurochemical discovery of re-
duced levels of choline acetyltransferase that identified a
particularly susceptible neuronal population in the basal
forebrain. This population of acetylcholine containing
neurons was greatly decreased in the brains of AD pa-
tients leading to the development of the cholinergic hy-
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pothesis and the first therapeutic agents for the treatment
of AD.3,4 Since that time, many approaches to enhance
cholinergic function have been tried but only the acetyl-
cholinesterase inhibitors have become a mainstay of AD
pharmacotherapy and by far the most successful thera-
pies in current clinical use. They work by inhibiting the
hydrolysis of acetylcholine in the synaptic cleft and pro-
longing the level of acetylcholine at the synapse resulting
in at least a partial correction of this neurotransmitter
deficit in the brains of patients. Tacrine was the first
cholinesterase inhibitor approved by the FDA for the
symptomatic treatment of AD but was subsequently
withdrawn from the market place due to hepatotoxicity,
resulting in an unacceptable risk benefit profile for the
drug. Three compounds with similar efficacy but an im-
proved safety profile were subsequently developed and
launched. Donepezil and galantamine are both selective
acetylcholinesterase inhibitors,5,6 whereas rivastigmine
is an inhibitor of both acetylcholinesterase and butyryl-
cholinesterase.7 Some have argued that cholinesterase
inhibitors may also have disease modifying or disease
slowing attributes associated with them. One of the best
studied examples in the literature is that of phenserine.
This molecule was reported to not only inhibit acetyl-
cholinesterase but also modulate the translation and sub-
sequent processing of the amyloid precursor protein, re-
sulting in reduced levels of the toxic A� peptide.8

Unfortunately, as is true with many molecules, the pre-
clinical promise has so far not translated in the clinic
with the drug not meeting its efficacy end points in late
stage clinical development (see Table 1). However, there
are other reports suggesting limited disease-modifying
effects of cholinesterase inhibitors. For example, in open
label studies, patients initially on placebo and then ad-
ministered donepezil or rivastigmine cognitively never

matched patients on cholinesterase inhibitor drugs from
the outset of the study.9,10 Although most would question
any potentially disease modifying effects for this class of
drug, cholinesterase inhibitors do exhibit small and con-
sistent improvements in patient memory and global func-
tion. Nevertheless, it is clear that they remain far from
ideal therapies given that their effects are neither long
lasting nor robustly altering of progression.

More recently, a noncholinergic agent, memantine,
has been approved for the symptomatic treatment of
moderate to severe AD.11 Oxidative stress and glutamate
induced excitotoxicity are thought to play a critical role
in the neurodegenerative process of AD.12,13 As such,
blockade of the NMDA receptor, one of the principal
excitatory glutamate receptors in the brain, has been
shown to have neuroprotective effects in a number of
acute preclinical in vitro and in vivo models.14 Meman-
tine, is a noncompetitive, moderate affinity, NMDA an-
tagonist, developed on the basis of the above “excito-
toxic glutamate” hypothesis. Unlike most other centrally
acting NMDA antagonists that have been abandoned in
clinical development because of severe psychomimetic
and cardiovascular adverse effects, memantine was sur-
prisingly well tolerated in patients. Clinical trials with
memantine demonstrated cognitive improvements in AD
patients with a reduction in the number of caregiver
hours required.15–17 Despite the fact that memantine’s
mechanism of action may be suggestive of a disease
modifying potential, thus far the drug has only been
tested as a symptomatic agent and the efficacy appears
comparable to that of the non disease modifying cho-
linesterase inhibitors in terms of robustness and dura-
tion.18 It remains to be seen if there is synergy to be
gained for patients cotreated with both a cholinesterase
inhibitor and memantine.

FIG. 1. The neuropathological steps of Alzheimer’s disease.
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Although there are now a number of symptomatic
therapies available to patients, there is still a clear need
for improved symptomatic therapies that not only im-
prove on current treatment standards with regard to cog-
nitive deficits but also address the variety of other be-
havioral disturbances associated with disease (psychosis,
depression, aggression, etc.). A number of alternate

symptomatic approaches are actively being investigated
and may have the potential to add to and perhaps surpass
current treatment approaches either in terms of their ef-
ficacy or tolerability (see Table 1). Some of the mecha-
nisms being investigated include modulation of cholin-
ergic receptors using selective M1 receptor agonists or
�7 nicotinic receptor agonists, blockade of selective se-

TABLE 1. Current Drugs in Clinical Development for the Treatment of AD

Drug Name Probable Mechanism of Action Company Probable Clinical Phase

SAM-315 5-HT6 receptor antagonist Wyeth Phase 1
LY-451395 AMPA receptor agonist Lilly Phase 1
S-18986 AMPA receptor agonist Servier Phase 1
GSK-189254 H3 receptor antagonist GlaxoSmithKline Phase 1
MEM-1003 L-type calcium channel blocker Memory Phase 1
MEM-3454 nAch receptor agonist Memory & Roche Phase 1
MEM-1414 PDE4 inhbitor Memory & Roche Phase 1 (recently terminated)
Humanized m266 Anti-A� antibody Lilly Phase 1
LY-450139 �-Secretase inhibitor Lilly Phase 1
Anti-A� fragment Active anti-A� immunization ENKAM Pharma Phase 1
PAZ-417 Activator of A� catabolism Wyeth Phase 1
GSI-953 �-Secretase inhibitor Wyeth Phase 1
ACC-001 Active anti-A� immunization Wyeth & Elan Phase 1
Anti-A� fragment Active anti-A� immunization Novartis & Cytos Phase 1
Apan Antiamyloid fibril agent Praecis Phase 1
CERE-10 NGF gene therapy Ceregene Phase 1
PTI-00703 Antiamyloid fibril agent ProteoTech Phase 1
TAK-070 �-Secretase inhibitor Takeda Phase 1
PBT-2 Antiamyloid fibril agent Prana & Schering Phase 1

NS-2330 Biogenic amine transport
blocker

Neurosearch & Boehringer
Ingleheim

Phase 2

Avandia PPAR� receptor agonist GlaxoSmithKline Phase 2
GSK-742457 5-HT6 receptor antagonist GlaxoSmithKline Phase 2
S-8510 GABAA receptor inverse agonist Shinogi & GlaxoSmithKline Phase 2 (likely terminated)
SRA-333 5-HT1A receptor antagonist Wyeth Phase 2
SL-650155 5-HT4 receptor antagonist Sanofi-Aventis Phase 2
CX-717 AMPA receptor agonist Cortex & Servier & Organon Phase 2 (successor to recently

terminated CX-516)
P-58 M1 receptor antagonist Phytopharm & Yamanouchi Phase 2
SGS-742 GABAB receptor agonist Saegis Phase 2
AC-3933 GABAA receptor inverse agonist SanofiAventis & Dainippon Phase 2
ABT-089 nAch receptor agonist Abbott Phase 2
TC-1734 nAch receptor agonist Targacept Phase 2
SR-57667 Growth factor modulator Sanofi-Aventis Phase 2
AAB-001 Passive anti-A� immunotherapy Wyeth & Elan Phase 2
PBT-1 Fibrillization inhbitor Prana & Schering Phase 2 (terminated due to

impurities in drug
substance)

Avicor HMG Co-A reductase inhibitor Andrx Phase 2
SR-57746 5-HT1a receptor agonist Sanofi-Aventis Phase 3
R-flurbiprofen �-Secretase inhibitor Myriad Phase 3 (but failed to meet

primary Ph 2 end points)
Phenserine APP modulating cholinesterase

inhibitor
Axonyx Phase 3 (but failed to meet

Ph 3 end points)
NC-531 Fibrillization inhibitor Neurochem Phase 3
Lipitor HMG Co-A reductase inhibitor Pfizer Phase 3
Zocor HMG Co-A reductase inhibitor Merck Phase 3

Shaded areas highlight drugs that have potential to be disease modifying.
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rotonergic receptors using 5-HT6 or 5-HT1A receptor
antagonists,19,20 activation of AMPA receptors using se-
lective ampakines,21 and blockade of histamine H3 re-
ceptors.22,23 Each of these approaches may have a variety
of potential mechanistic advantages over current thera-
pies. Some such as the 5-HT6 or 5-HT1A antagonists
exhibit robust preclinical efficacy in rodent and nonhu-
man primate models of cognition and have the potential
to modulate multiple neurotransmitter systems such as
acetylcholine, glutamate, and serotonin exclusively in
the brain, suggestive of broader and improved efficacy
and a reduced peripheral side effect profile. Others such
as the M1 and �7 selective compounds have the ability to
modulate neurotransmitter systems while simultaneously
having the potential to block disease progression by
modulating levels of A�, allowing for the possibility of
improved efficacy with the additional benefits of disease
modification.24 Although each of these pharmacological
approaches are exciting and have the potential to achieve
superiority over existing therapies, it should be noted that
none have yet been validated, in the clinic treating AD
patients. Indeed, M1 receptor agonists have been previ-
ously tested in clinical trials without much success.25

However, it is likely that these first generation com-
pounds lacked sufficient muscarinic receptor selectivity
resulting in dose-limiting side effects and preventing
adequate drug exposure and M1 receptor occupancy of
the drug.26,27

DISEASE-MODIFYING APPROACHES FOR
THE TREATMENT OF AD

Much attention is now being directed at the develop-
ment of approaches that counteract the fundamental
pathological processes of the disease. Such approaches
may effectively slow or halt the progression of the dis-
ease and be used in conjunction with existing symptom-
atic and/or cognitive enhancing therapies. The amyloid
hypothesis has arisen from a focus on one of the key
pathological features of AD, the amyloid plaque (FIG.
1). These extracellular deposits are composed of a pro-
teinacious core of insoluble aggregated amyloid-� (A�)
peptide,28 surrounded by a halo of dystrophic neurites,
activated microglia, and reactive astrocytes. A� is a hy-
drophobic 39- to 42-amino acid peptide, found in all
biological fluids, and derived from the enzymatic cleav-
age of a larger type I membrane protein, the amyloid
precursor protein (APP)29,30 (FIG. 2). A number of key
findings have led people to postulate a central role for
this peptide in the etiology and pathogenesis of the dis-
ease. Linkage studies of familial AD patients identified a
number of mutations in two genes, APP and presenilin,
associated with aberrant metabolism of APP and an in-
creased production of aggregating forms of A�. Further-
more, Down syndrome (trisomy 21) patients who have
high levels of A� deposits in their brains and dementia
from an early age have three copies of the APP gene.31,32

FIG. 2. The amyloid cascade hypothesis. The amyloid precursor protein APP is processed by � and �-secretases via the amyloidogenic
pathway to yield a variety of toxic A�-containing species, ultimately resulting in neuronal cell death. These amyloidogenic species can
be degraded by a number of catabolic proteases such as neprilysin, IDE, and plasmin, thereby clearing A� and preventing cell death.
The nonamyloidogenic pathway results from �-secretase cleavage within the A� sequence of APP.
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Individuals carrying the apoliprotein E4 (ApoE4) geno-
type also have an increased risk of developing AD com-
pared with ApoE2 or ApoE3 individuals. Importantly,
ApoE4 has been shown to modulate both the aggregation
of A�, as well as its clearance from the brain.33–36 Fi-
nally, multiple reports have highlighted the neurotoxic
effects of aggregated and soluble oligomeric species of
A� in vitro and in vivo, suggesting that excessive pro-
duction of this peptide is detrimental to the viability of
neurons.37,38 Irrespective of the cause or toxic A� spe-
cies, it is likely that a delicate equilibrium between A�
production and catabolism exists in the brains of normal
aging individuals. When this equilibrium is perturbed by
either increased A� production and/or reduced activity
of A� catabolic pathways, the consequence is likely a
slow accumulation of synapotoxic A� species, amyloid
deposition, and subsequent neuronal dysfunction and cell
death. In this section, we will focus on approaches being
investigated to inhibit the production or enhance clear-
ance of A� peptides and amyloid deposits.

PROCESSING OF APP TO GENERATE A�
PEPTIDES

To date, over 150 mutations in three autosomal dom-
inant genes, APP, presenilin (PS)-1 and -2, are known to
cause familial Alzheimer’s disease. Surprisingly, the
function of APP is still unknown, although the protein is
highly conserved throughout evolution, and expressed
widely in many different cell types.39 These mutations
result in the increased production of certain A� peptides
by altering the processing of APP by the tandem action
of two proteases, � secretase, and � secretase.40 This
clustering of mutations within the APP processing path-
way forms the cornerstone of the amyloid hypothesis and
has highlighted a number of potential targets for disease-
modifying therapeutic intervention.41

One of these targets is the soluble pool of A� itself.
This is the species of A� most closely correlated with
disease progression, and postulated mechanisms include
the activation of membrane receptors, and the permeabi-
lization of membranes by the binding of A� to the cell
surface42 A number of strategies to reduce soluble A�
are currently being employed both preclinically as well
as clinically, and include antibody based approaches
(discussed below), and reagents that disrupt the structure
of A�, such as metal chelators.43

DECREASING A� PEPTIDE PRODUCTION BY
BLOCKING �-SECRETASE

The amiloydogenic pathway involves the sequential
proteolysis of APP by �-secretase (BACE) followed by
�-secretase (FIG. 2). Although this is a minor APP pro-
cessing route, it is this pathway that generates A� frag-

ments believed to give rise to AD.44,45 In humans, two
�-secretase genes have been identified, referred to as
BACE-1 and BACE-2, colocalized with APP in the en-
dosomal compartment.46 Whereas both can process APP
at the same site, only BACE-1 is significantly expressed
in brain, particularly in neurons, indicating that neurons
are the major source of �-amyloid peptides in brain.
Because BACE-2 is expressed in heart, kidney, and pla-
centa, drugs developed as �-secretase inhibitors may
need to be selective against BACE-2 to prevent un-
wanted peripheral side effects in the clinic.

Nevertheless, inhibition of �-secretase is a promising
strategy. This therapeutic potential was demonstrated by
the findings that BACE-1 knockout mice develop nor-
mally, and appear to have completely abolished the pro-
duction of A�, suggesting that BACE-1 is the principal
�-secretase in neurons.47–49 Such inhibition does not
preclude normal processing of APP by the nonamyloi-
dogenic major pathway, and is the first step in the amy-
loidogenic cascade. Specific BACE-1 inhibitors should
therefore have therapeutic potential to slow or halt the
progression of this debilitating and ultimately fatal dis-
ease, and a number of preclinical candidates are about to
enter clinical trials (see Table 1).

Developing specific �-secretase inhibitors has been
difficult, in part because there appears to be a nonlinear
relationship between decrease of �-secretase activity in
vivo, and a reduction of A� peptides in brain. Studies
using heterozygous BACE-1 knockout animals have
shown that a 50% decrease in BACE activity leads to a
much smaller decrease (�15%) of brain A� levels. A
further difficulty is the low brain penetration of most
inhibitors, likely due to the fact that many of these are
substrates for P-glycoprotein, plasma membrane proteins
that actively extrude a wide range of amphiphilic and
hydrophobic drugs from cells, and important in prevent-
ing the accumulation of several drugs in brain.50 Finally,
crystallographic analyses of BACE-1 monomers have
revealed a large catalytic domain, making it more diffi-
cult to identify small molecule transition-state analogs.
This problem is further exacerbated if active BACE is a
dimer, with potentially an even larger substrate-binding
pocket. Nevertheless, a number of small molecule inhib-
itors are close to entering clinical trials.

Other than small molecule inhibitors, a novel approach
to regulate production of A� based on intracellular ex-
pression of single chain antibodies (intrabodies) raised to
an epitope adjacent to the �-secretase cleavage site of
human APP.51 Such intrabodies are potentially of thera-
peutic significance particularly if appropriate delivery
mechanisms such as by intranasal administration of
phage expressing anti-� site-directed antibodies, are
shown to be safe in humans.52
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DECREASING A� PEPTIDE PRODUCTION BY
BLOCKING �-SECRETASE

The products of either �-secretase or �-secretase
cleavage of APP become a substrate for the site-specific
proteolysis by �-secretase,31 generating two predominant
A� peptides either 40 or 42 amino acids in length, and a
short intracellular fragment (APP intracellular domain or
AICD) that may function as a transcriptional activator in
a complex with the adapter protein Fe65 and the nuclear
protein Tip60.53 Because this processing step is proximal
to the generation of A� peptides, the identification of
specific �-secretase inhibitors must be considered one of
the most promising strategies for a disease modifying
treatment of AD. However, a potential liability of this
target is that a number of other proteins are also sub-
strates of this enzyme complex, and in particular the
processing of the Notch receptor may be inhibited by
�-secretase blockers.54 Hence, such inhibitors will likely
need to be selective against Notch and against other
�-secretase targets.

�-Secretase is now known to be a hetero-oligomer
containing at least four protein components, PS-1/PS-2,
nicastrin, anterior pharynx defective-1 (APH-1), and pre-
senilin enhancer-2 (PEN-2), in a high-molecular-weight
complex of unknown stoichiometry.55 This complex as-
sembled in endoplasmic reticulum (ER) rapidly moves to
the plasma membrane, but the contributions made by
each of the subunits are only starting to be unraveled. It
is likely that each of the subunits may be a target for
therapeutic intervention.

A number of strategies for decreasing �-amyloid pep-
tide by interference at the level of �-secretase present
themselves. The most direct pathway is the inhibition of
the holoenzyme complex by brain-penetrant small mol-
ecule inhibitors. The potential usefulness of such inhibi-
tion has been demonstrated in a number of animal mod-
els and also in early stage clinical trials. A second
strategy for lowering A� peptides is to modulate �-secre-
tase to shift bias away from the generation of the species
of A� believed to be most toxic—A�42. A number of
modulators [including NSAID (nonsteroidal anti-inflam-
matory drug)-like molecules] have the ability to increase
the production of shorter A� species such as A�38, and
decrease the production of A�42. For example, a subset
of NSAIDs has been shown to reduce secretion of the
highly amyloidogenic A�42. A correlation has been
found between Rho and its effector, Rho-associated ki-
nase, preferentially regulated the amount of A�42 pro-
duced in vitro and that only those NSAIDs effective as
Rho inhibitors lowered A�42. Selective Rock inhibitors
also lowered brain levels of A�42 in a transgenic mouse
model of Alzheimer’s disease. Thus, the Rho-Rock path-
way may regulate amyloid precursor protein processing,

and a subset of NSAIDs can reduce A�42 through inhi-
bition of Rho activity.51

If such specific modulators can be identified then they
present an intriguing drug class that reduces the amyloid
burden by altering the specificity of � secretase. Further
points of intervention include altering the maturation of
the � secretase complex, either by interfering with the
protein trafficking or assembly of the four �-secretase
components.

MODULATION OF A� PEPTIDE
PRODUCTION BY �-SECRETASES

The predominant pathway by which APP is processed
does not give rise to A� fragments, and hence is referred
to as the nonamyloidogenic pathway.31 The initial APP
processing involves the cleavage of APP by �-secretase.
The identification of proteins with �-secretase activity is
ongoing, and currently includes a constitutive activity [a
disintegrin and metalloproteinase (ADAM)-10],56 as
well as a PKC-regulated activity (ADAM-17).57 Because
the �-secretase cleavage site is within the A� sequence
of APP, and none of these proteolytic fragments have
been associated with the generation of AD, enhanced
cleavage at this site may represent a disease modifying
strategy for AD as first postulated by Nitsch and col-
leagues.58 The expectation is that an elevation of
�-secretase activity will compete with �-secretase activ-
ity, and hence result in decreased levels of A� peptides.
However, such a strategy requires both substrates to be in
the same compartment, at the same time, and whether
approaches targeting the elevation of �-secretase activity
will be fruitful for identifying therapies remains to be
established.59

A related strategy to increase the fraction of APP
cleaved by �-secretase is to modulate the trafficking of
APP in such a way as to increase the likelihood that
�-secretase will cleave APP. There are preliminary data
that members of the sortin nexin family of proteins can
reduce the rate of APP endocytosis, and increase sAPP�
production, possibly by exposing the APP substrate to
ADAM-10 for an extended period of time. Similarly,
strategies that increase the production of ADAM-10 by
inhibiting protease inhibitors such as tissue inhibitor of
matrix metalloproteinase (TIMP)1 and TIMP3, may rep-
resent further therapeutically tractable approaches to fur-
ther shift the bias of APP processing from the amiloy-
dogenic to the nonamilyoidogenic pathway. An
analogous mechanism was identified by Li et al.60 who
screened 100,000 sequences from a human brain-derived
cDNA library to identify cDNA sequences that can de-
crease �-secretase cleavage and elevate �-cleavage. This
group found that small ubiquitin-related modifier
(SUMO)-2 significantly modulates APP processing to
decrease A� secretion from cells by 80%. Biological
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implications of SUMOylation include alterations in pro-
tein stability or subcellular location.61–63 Hence, the ac-
tivation of SUMO-2 is a potential therapeutic target for a
disease-modifying strategy in AD.

Finally, it is of interest that cholinesterase inhibitors
have also been shown to elevate the production of
sAPP� in a dose-dependent manner. The mechanism by
which this occurs is not well defined, but in part appear to
involve elevation of PKC�. If cholinesterase inhibitors can
be shown to lower A�42 in brain, it is possible that this class
of drug may have both symptomatic, as well as disease-
modifying properties within a single molecule.8,24

ACTIVE AND PASSIVE IMMUNIZATION
LOWERS BRAIN A� LEVELS AND

IMPROVES MEMORY

One of the most interesting, unexpected, and novel
findings over the past decade of AD research with regard
to therapeutic approaches aimed at slowing or halting A�
mediated pathology, were those made by Schenk and
colleagues at Elan.64 In this study, young PDAPP trans-
genic mice were immunized, before they had amyloid
plaque deposits, with an intraperitoneal injection of ag-
gregated A�1–42 once a month for 11 months. This led to
a polyclonal antibody response directed toward A�, re-
sulting in significantly reduced amyloid deposits and
neuritic pathology in the brains of the animals. More
importantly and of relevance to testing the approach in
patients, A� immunization of older PDAPP mice with
significant levels of preexisting plaques, also resulted in
a clear reduction in plaque pathology, suggesting this
approach was able to not only slow the progression of
amyloid deposition but perhaps even reverse it.64 The
excitement garnered around this potential concept of be-
ing able to immunize Alzheimer’s patients to halt or
reverse the disease process has led to a rapid confirma-
tion and extension of the original studies from a multi-
tude of academic and industrial groups, building further
enthusiasm and impetus to the approach.65–71 Bard and
colleagues66 were the first to demonstrate that one could
circumvent the immune response (i.e., not rely on the
animals’ ability to generate anti-A� antibodies after ac-
tive immunization with A� peptide) by direct adminis-
tration of anti-A� antibodies into transgenic APP mice.
This passive immunization approach was found to be
very effective at clearing amyloid plaques and reversing
neuritic pathology to a degree similar to that seen in the
original active peptide-immunization experiments of
Schenk and colleagues. Importantly, only antibodies
binding aggregated A� in vitro reduced amyloid pathol-
ogy, in contrast to antibodies unable to bind to plaques
and recognizing only soluble forms of A�.72 Numerous
studies continue to be published on a variety of active
and passive immunization strategies as well as on alter-

nate routes of drug administration. Weiner and col-
leagues73 successfully lowered central A� levels and
pathology using an intranasal administration of A� pep-
tide in a mouse model of AD, a finding repeated by
others.74 Other groups have treated APP transgenic mice
with A� peptide sequences expressed on recombinant
adeno-associated virus (via several different routes of
administration) or using phage display and demonstrated
significant reductions in plaque burden and neuroinflam-
mation, as well as improved cognitive performance.75,76

An interesting proof of principle in humans has also been
reported by Dodel and colleagues77,78 based on the fact
that a small percentage of antibodies in a human Ig
preparations are directed against A� peptide sequences.
Intravenous infusion of Igs in five AD patients over a
6-month period prevented further cognitive decline sug-
gesting this approach could potentially act like a passive
A� directed immunotherapy approach. Irrespective of
the approach taken, results have consistently demon-
strated that active or passive immunization strategies,
targeting sequences within the A� peptide, are able to
slow disease pathology and reverse memory deficits in
preclinical models of AD.65,70–72,79–83

Although there is a general agreement as to the pre-
clinical effectiveness of both active and passive immu-
nization approaches, several hypotheses exist for how
these approaches elicit their effects. None are mutually
exclusive and it is quite possible that several of are
correct and important in mediating the observed benefits
in preclinical models. Microglial-mediated phagocytosis
is one potential mechanism by which amyloid deposits
may be cleared from the brain. In this instance, anti-A�
antibodies are proposed to enter the brain after treatment
with an active or passive immunization protocol, bind to
aggregated A�, and subsequently recruit phagocytosing
microglia, via their cell surface expressed Fc-receptors,
to sites of amyloid deposition.66 Another potential mech-
anism of action centers on the ability of anti-A� anti-
bodies, recognizing N-terminal A� epitopes, to inhibit
the formation of toxic A� fibrils as well as dissolve
pre-existing fibrils in vitro.84,85 Subsequent studies iden-
tified residues 3–6 Gln-Phe-Arg-His (EFRH) of A� as
the minimally effective epitope for this activity.86 In
support of this hypothesis, antibodies directed to N-ter-
minal-specific A� epitopes inhibit fibrillogenesis and
cell death in transgenic TgCRND8 mice80 and are capa-
ble of attenuating amyloid deposition and neuritic dys-
trophy.72,87 These data are also consistent with reports of
non-Fc-mediated clearance of amyloid81,83 and suggest
two phases for amyloid clearance—a microglial-depen-
dent phase followed by a microglial independent process
in which diffuse A� deposits are cleared.88 More re-
cently, data from the laboratories of Selkoe and Rowan
have demonstrated that neutralizing antibodies able to
bind synaptotoxic oligomeric species of A� can acutely
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reverse deficits in LTP in vitro and in vivo.89 These
findings suggest such antibodies may therefore have a
rapid effect on learning and memory in addition to the
more chronic and prolonged disease slowing or reversing
effects. These finding are consistent with data generated
in our own laboratories showing that treatment with a
variety of amyloid-lowering drugs, whether they be pro-
tease inhibitors or anti-A� antibodies, rapidly and ro-
bustly reverse cognitive deficits observed in tgAPP ani-
mals.

The final mechanism proposed is based on the “pe-
ripheral amyloid sink” hypothesis70,71,90 and was devel-
oped using a monoclonal antibody named m266.91 This
antibody is directed to epitopes within the central domain
of A� and binds only to soluble forms of this peptide.
Chronic administration of m266 resulted in rapid in-
crease in plasma A� and reduction in total brain A�. The
hypothesis states that sequestration of peripheral plasma
A� shifts the equilibrium between central and peripheral
A� pools, resulting in a net efflux of peptide from the
CNS and into the periphery from where it can be de-
graded by normal proteolytic processes.70,90,92 Acute ad-
ministration of m266 has also been shown to improve
cognitive behavior in APP transgenic mice, likely by
altering brain levels of soluble species of A�.93

Results from immunotherapy with aggregated A�1-42

led to the development of the first human active immu-
nization trial with a synthetic A� peptide called AN1792
in combination with a QS-21 adjuvant. Despite extensive
safety and tolerability studies in animals, this trial was
halted in early phase 2a after reports of an acute menin-
goencephalitis in 18 of 300 treated patients.94 Analysis
of all AN1792-treated subjects showed that approxi-
mately 20% developed robust antibody responses to A�,
and there was no correlation between severity of enceph-
alitis and the antibody titer produced. The first analysis
of efficacy in this interrupted AN1792 trial was reported
for a small subset of AN1792-treated patients and sugges-
tive of a slowing cognitive decline, as measured by Alzhei-
mer’s Disease Assessment Scale-cognition (ADAS-COG),
and mini-mental state examination (MMSE), particularly in
those patients generating the highest antibody titers.95 In
contrast, a more recent and complete analysis of all patients
treated in the AN1792 phase 2 trial demonstrated no sig-
nificant effects on exploratory measures of cognition or
disability [ADAS-COG, Disability Assessment for Demen-
tia (DAD) Clinical Dementia Rating (CDR), or MMSE].96

However, significant improvements were observed in a
nine component neuropsychological test battery (NTB), in-
dicating less worsening of performance in antibody re-
sponders. Furthermore, improvement in memory compo-
nents of the NTB, including immediate and delayed
memory, were associated with an increased antibody re-
sponse, suggestive of a dose response effect. In addition,
measures of tau were also decreased in a small subset of

patients undergoing CSF analysis, suggesting a reduction of
degenerating neurons, although no differences in A� levels
were observed.96 In a second recent report, magnetic reso-
nance imaging (MRI) was also used to examine cerebral
volume changes in patients treated with AN1792. A com-
parison of predose MRI scans with scans 12 months after
dosing of AN1792, surprisingly demonstrated that antibody
responders to AN1792 had increased brain volume loss,
greater ventricular enlargement, and greater hippocampal
volume loss. However, increased brain volume loss did not
result in cognitive decline and indeed was suggestive of
cognitive improvement using the NTB.97 It remains unclear
what these change in brain volume reflect mechanistically.
It is possible that clearance of A� deposits from the brains
of AD patients or indeed changes in plaque composition or
associated inflammatory components could result in
changes in brain water content and a concomitant apparent
reduction in brain volume. In support of this, studies have
suggested that amyloid deposits can occupy approximately
10% of cerebral areas such as the entorhinal cortex.98,99

Alternatively, the observed reduction in brain volume and
ventricular enlargement could reflect a continuing of the
neurodegenerative process. This, however, does not seem
likely given that patients with good antibody response to
AN1792 did not show any increase in cognitive decline but
instead a reduction in decline as measured by the NTB.97

Additional support for a positive effect of AN1792 via
amyloid clearance has come from three post mortem
cases (two with encephalitis and one without). The brains
of these patients had clear evidence of Alzheimer’s like
pathology, but interestingly also had brain regions, par-
ticularly in the neocortex, almost completely devoid of
amyloid plaques and with clear evidence of A� phago-
cytosing microglia.100–102 No effects were observed on
either vascular amyloid deposits or neurofibrillary tangles,
the latter despite preclinical evidence suggesting that pas-
sive immunization can attenuate early tau pathology in
transgenic animals.103

Examination of the two encephalitis cases postmortem
revealed a marked CD4 positive T-cell infiltration sug-
gestive of a T-cell response to A�.100–102 Given that
T-cell epitopes have been mapped to the carboxy termi-
nus of A�104,105 and that efficacy in preclinical studies
appears to be driven largely by amino terminal epitopes
of A�, it may be possible to create an immunotherapy
with a reduced risk of encephalitis by specifically target-
ing the amino terminal domain of A�, thereby circum-
venting potentially harmful T-cell responses. Although
active immunization is likely to be easier to administer to
AD patients, passive immunotherapy using humanized
monoclonal anti-A� antibodies does confer some poten-
tial advantages. In addition to eliminating potentially
toxic T-cell-mediated responses to A�, antibody therapy
will be easier to control and stop, should any adverse
events be observed during the course of a clinical trial.
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This is, of course, more difficult to achieve with active
immunization where individuals treated with the A� im-
munogen may continue to generate an immune response
to the drug months after the last dose. Concerns have also
recently been raised about the potential for active and
passive immunotherapy approaches to cause micro hem-
orrhages. In preclinical studies, passive immunization
with antibodies recognizing a variety of A� epitopes in
transgenic APP mice with pre-existing evidence of cere-
bral amyloid angiopathy (CAA) resulted in an increased
severity and/or incidence of CAA-associated microhem-
orrhages.106–108 The physiological implications of these
findings remain unclear given the doses of antibody used
were in some instances extremely high and the animals
used had pre-existing cerebral amyloid angiopathy. Fur-
thermore, these findings have not been observed by oth-
ers or reported in clinical trials to date.109

As active and passive immunization approaches con-
tinue to bring together minds from two of the most
complex and poorly understood fields of science, neuro-
science and immunology, there is real hope that further
improvements to our understanding will enable the suc-
cessful clinical implementation of these approaches for
the treatment of this devastating neurodegenerative dis-
order. If a safe and well-tolerated immunization strategy
can be successfully developed, one can envisage a sce-
nario where improving diagnosis of the disease will al-
low patients to be treated earlier and earlier, preventing
progression of neuropathology and the onset of memory
impairment.

ENHANCED PROTEOLYTIC DEGRADATION
OF A� AS AN APPROACH TO DIMINISH

STEADY-STATE SOLUBLE AND
AGGREGATED A� LEVELS

Insufficient clearance of brain A� has been proposed
to account for elevated A� levels and the accumulation
of pathogenic amyloid deposits in sporadic AD as the
balance between production and degradation determines
steady-state levels of A�.110 Several proteases involved
in A� degradation have been identified that contribute to
the regulation of A� levels under normal physiological
conditions,111–114 and may potentially be targeted for
therapeutic strategies to enhance A� clearance by catab-
olism (FIG. 2).115–117

Insulin-degrading enzyme (IDE) is a cytosolic met-
alloendopeptidase that hydrolyzes numerous peptides
with poor substrate selectivity and specificity and was
the first protease to be implicated in the proteolytic deg-
radation of A�.118 IDE isolated from human brain ex-
tracts was demonstrated to cleave ��40 and A�42 pre-
venting aggregation and neurotoxicity of A� in vitro.119

In contrast to the reduction of soluble and insoluble A�
levels, the reduction of amyloid burden and the improved

survival of rates of transgenic mice overexpressing
IDE,120 IDE knockout mice demonstrate a clear eleva-
tion of brain A� levels.121 Genetic association with late-
onset AD122 and the correlation of high steady-state en-
zyme levels in brain areas less vulnerable to amyloid
pathology in AD123 support the involvement of IDE in
A� degradation.

Neprilysin (NEP) is a 90- to 100-kDa plasma mem-
brane-bound, extracellular, metalloendopeptidase that
preferentially hydrolyzes oligopepetides on the amino
terminal of hydrophobic amino acid residues.124 NEP is
expressed in brain and has been demonstrated to hydro-
lyze A�42 in vitro and in vivo.124,125 Correlations
achieved with chronic overexpression experiments in
transgenic mice,120 and evaluation of knockout ani-
mals126 suggest that NEP is a physiologically relevant
protease and contributes to the degradation of brain A�.
A 50% reduction of cortical amyloid deposits in trans-
genic APP mice, after an intracerebral injection of a viral
construct expressing NEP, provides further compelling
evidence for a potential NEP-mediated A�-clearance
mechanism in vivo.127 Interestingly, Sisodia and col-
leagues128 demonstrated that exposure of transgenic
mice to an “enriched environment” in combination with
exercise results in an elevation of brain NEP activity, and
that this is correlated with a pronounced reduction in
cerebral A� levels and amyloid deposits.

Mutation screening analysis and association studies
suggest that NEP might influence the susceptibility to
sporadic AD,129 and a decrease of NEP immunoreactiv-
ity is observed in the brain of AD patients.130 The recent
observation that somatostatin regulates brain A�42 levels
through the modulation of proteolytic degradation by NEP
suggests a potential therapeutic strategy by targeting soma-
tostatin receptors.131

Plasmin, a serine protease released after cleavage of
the zymogen plasminogen, can also modulate the clear-
ance of A�.132 Kinetic studies measuring the turnover
rates of soluble and aggregated A�, evaluation of A�
fibrils by electron microscopy, and A� neuroprotection
assays in rat cortical cultures, indicate that A� is a plas-
min substrate in vitro.133,134 Aggregated A� also up-
regulates the expression of tissue plasminogen activator
(tPA) in plaque-bearing transgenic APP mice135 and can
activate the generation of plasmin by cleavage of plas-
minogen.136 Plasminogen is expressed in brain,137 al-
though plasmin activity appears reduced in brain138 and
plasma139 of AD patients. Urokinase plasminogen acti-
vator (uPA), a functional analog to tPA, has been
mapped to a locus140 previously linked to a familial AD
locus on chromosome 10.141 Decreased plasmin activity
may explain reduced A� degradation and accumulation
of amyloid pathology in AD,138 and strategies to elevate
plasmin activity may be of therapeutic relevance.

Other A�42-cleaving peptidases including endothelin
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converting enzyme-1, matrix metallopeptidase-9 and an-
giotensin-converting enzyme, have all been implicated in
A� degradation in vitro, although in vivo evidence thus
far is less compelling.114,115,142

It is probable that several peptidases contribute to the
degradation of A� in vivo and may participate in regu-
lating both normal steady-state brain A� levels with an
appropriate balance of �� formation and catabolism, and
pathology with the accumulation of amyloid plaques in
AD. Further understanding of �� catabolism may lead to
the discovery of novel strategies involving the therapeu-
tically regulated �� degradation.

MODULATION OF TAU PHOSPHORYLATION
AS A THERAPEUTIC TARGET

Neurofibrillary tangles (NFTs) in the brain of Alzhei-
mer’s disease patients are recognized as the other prin-
cipal pathological hallmark at autopsy. Tangles are gen-
erated after the aggregation and assembly of a
hyperphosphorylated microtubule binding, tau, into in-
soluble intracellular paired helical filaments (PHFs). Ab-
normal accumulations of hyperphosphorylated tau are
also seen in the swollen, tortuous, neuritic processes
often found in association with senile plaques. The phos-
phorylation state of tau regulates its ability to stimulate
microtubule assembly.143 Indeed, excessive tau phos-
phorylation in brain extracts from AD cases is thought to
contribute to the observed impairment in microtubule
assembly.144

Tau is primarily, although not exclusively, a neuronal
protein. In adult human brain, there are six major iso-
forms of tau generated by alternative mRNA splicing.
Tau has zero, one, or two N-terminal inserts (resulting
from the splicing in or out of exons 2 and 3) and three or
four microtubule-binding domains (resulting from the
splicing in or out of exon 10).145 The splicing of tau is
developmentally regulated, as is its phosphorylation
state. In fetal brain, only the shortest tau isoform is
present (minus exons 2, 3, and 10)146 and fetal tau is
more extensively phosphorylated than adult tau.147 Tau
from fetal brain promotes microtubule assembly less ef-
ficiently than tau from adult brain148 and elevated levels
of phosphorylated tau correlate with the presence of dy-
namic microtubules during periods of high plasticity in
the developing mammalian brain.149 The longest form of
adult human brain tau has eight Ser or Thr residues and
five Tyr residues; therefore, almost 20% of the molecule
has the potential to be phosphorylated.150 In vitro, tau is
a substrate for over 20 protein kinases. However, the
number of protein kinases that actually phosphorylate tau
in vivo is likely to be lower. Site-specific phosphoryla-
tion of tau is essential for its normal function and there is
increasing evidence that inappropriate phosphorylation
of tau leads to tau dysfunction, resulting in decreased cell

viability. Indeed, all neurodegenerative diseases in which
tau pathology has been observed contain high levels of
abnormally phosphorylated tau.151 These diseases in-
clude a group of rare autosomal dominant neurodegen-
erative diseases collectively known as frontotemporal
dementia with parkinsonism linked to chromosome 17
(FTDP-17), which are caused by mutations in the tau
gene located on chromosome 17q21.151 In Alzheimer’s
disease, whereas the number and density of NFTs are
strongly correlated with the degree of cognitive impair-
ment, developing tauopathy is thought to occur second-
ary to A� multimerization,117,152,153 although prior to the
formation of �-amyloid plaques.154 Irrespective of the
precise location of tau hyperphosphorylation and NFTs
in the pathogenic cascade of AD (FIG. 1), aberrant tau
phosphorylation is thought to be play a significant role in
the pathogenesis in AD, and therefore inhibition of this
process should slow or halt the neurodegenerative dis-
ease progression.

Nearly 20 kinases are reported to phosphorylate tau in
vitro, therefore exact identification of the relevant ki-
nase(s) responsible for pathology has proven difficult.
The rationale for developing therapeutic inhibitors for
cyclin-dependent kinase-5 (cdk-5)155 and glycogen syn-
thase kinase-3 (GSK-3)156 activities has been reviewed
elsewhere, but to our knowledge drug discovery studies
remain preclinical at this time. A� can induce tau phos-
phorylation by the progressive and sustained activation
of a number of kinase pathways. For example, applica-
tion of A�42 induces the conversion of p35 to p25 in
primary cortical neurons, leading to activation of cdk-5
and subsequent tau hyperphosphorylation In addition,
high levels of p25 have been found in the brains of AD
patients.157,158 In vitro, A� can also activate the Src
family tyrosine kinases resulting in phosphorylation of
numerous neuronal proteins such as tau and the micro-
tubule-associated protein 2c.159 Recent studies evaluat-
ing the cascade of events leading to neurofibrillary pa-
thology suggest that hyperphosphorylation of tau by
kinases such as cdk-5 and GSK-3 is preceded by phos-
phorylation of the tau microtubule binding domain by
microtubule affinity regulating kinase (MARK). It is sug-
gested that inhibition of MARK may block the event(s)
triggering microtubule disruption, tau hyperphosphory-
lation, aggregation, formation of neurofibrillary tangles
and neurodegeneration.160 Alternative exploratory strate-
gies for reducing tau hyperphosphorylation include increas-
ing the activity phosphatases such as protein phosphatase-
2A, thereby promoting the enzymatic dephosphorylation
of tau.161

This is an exciting time for AD research, as there is
little doubt that our understanding of the disease has
increased significantly over the past 20 years. Many
promising compounds are now moving through clinical
development and over the next 3–5 years it is conceiv-
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able that we may have not only improved symptomatic
AD therapies but also the first of the disease-modifying
agents. Importantly, if these therapies are safe and effec-
tive in slowing or halting the underlying pathological
progression of the disease then it will be critical for us to
understand how best to bring these medicines to patients
as early on in the disease process as possible (i.e., before
significant cognitive deficits have occurred). As such, it
is essential that improved diagnostic markers for AD are
identified, more sensitive than current diagnostic tests.
Many groups are making progress in this area, with
perhaps some of the most promising innovation coming
from the development of new amyloid imaging agents
such as Pittsburgh Compound-B.162 It is still too early to
tell whether this or any of the other diagnostic markers
being developed will allow clinicians to diagnose pa-
tients early. Nevertheless, with the advent of disease-
modifying therapies a realistic vision for the future, the
holy grail for patients and their families is the ability to
diagnose and treat not just patients with significant cog-
nitive impairment, but presymptomatic AD patients who
are able to live and function normally on therapy.
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