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Early diagnostics and therapeutics
for Alzheimer’s disease — how early
can we get there?

Bernhard H Monien, Liana G Apostolova and Gal Bitan®

Alzheimer’s disease (AD) is a major threat for the rapidly aging world population. AD is the
leading cause of dementia and a major cause of death in developed countries. The
disease puts a tremendous practical, emotional and financial burden on individuals and
governments. Clinicians and researchers in the AD field face great challenges: the
pathophysiological processes that cause AD are not well understood, definite diagnosis of
AD requires autopsy, and therapeutic options are limited to treating the symptoms rather
than the cause of the disease. Nevertheless, new insights into the earliest events that lead
to development of AD increase hope that reliable diagnostics and efficacious therapies

may emerge.
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Alzheimer’s disease (AD) is the most common
form of late-life dementia, accounting for
approximately two-thirds of all dementia
cases [1]. AD is a major cause of death and a
tremendous financial and emotional problem,
the magnitude of which is predicted to
increase steeply in the next few decades if no
cure is found. Here, we review the current
knowledge of the processes that lead to AD
and their implications on recent advances in
diagnostics and therapeutics for AD. To this
end, we have chosen a stepwise approach of
increasing complexity in each step. We discuss
how molecular events affect cells, cellular
insults accumulate into tissue damage and tis-
sue deterioration eventually affects the whole
person. This stepwise approach is directed at
both clinicians and basic researchers working
in the AD field.

The early stages of AD are characterized by
progressive loss of cognitive abilities whereas
overall alertness, sensory and motor functions,
and social skills are preserved. Individuals with
moderate-to-severe AD experience progressive
loss of mental faculties and pronounced
changes in behavior. Eventually, patients reach
a bedridden, noncommunicative stage. AD
causes death within 8 years, on average, from
the time of first diagnosis [2).

Pathophysiologically, AD is characterized by
two hallmark lesions — extracellular amyloid
plaques and intracellular neurofibrillary tan-
gles (NFTs) [31. The main component of amy-
loid plaques is the amyloid B-protein (AB), a
small protein produced by post-translational
proteolysis from the Ap-protein precursor
(APP), a type I integral membrane glycopro-
tein. NFTs are composed of abnormally hyper-
phosphorylated versions of the microtubule-
associated protein tau and are not specific to
AD [45]. In AD, formation of NFTs is believed
to be secondary to the neurotoxic effects of
AB6]. Therefore, although both types of
lesions are important pathogenetic contribu-
tors in AD. We focus here on Ap.

Evidence demonstrating that mutations in
the genes that encode either APP or the
enzymes responsible for the generation of A
from APP cause early onset familial forms of
AD [7] have supported the formulation of the
amyloid cascade hypothesis [g], a central para-
digm that has guided AD research for almost
two decades. The hypothesis suggests that
“...deposition of AB protein, the main com-
ponent of the ... plaques, is the causative
agent of Alzheimer’s pathology and ... the
NFTs, cell loss, vascular damage, and demen-
tia follow as a direct result of this deposition”
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[89]. However, certain clinical and pathological observations
have been difficult to reconcile with this hypothesis, in partic-
ular, poor correlation between the temporal and spatial courses
of amyloid plague accumulation in the brain of patients with
AD and the progression of clinical manifestations of AD. In
recent years, mounting evidence has pointed to a primary
causative role in AD for prefibrillar, oligomeric assemblies of
AB 1101, leading to revisions of the amyloid cascade hypothesis
and a shift in focus from aggregated polymeric forms of A to
AB oligomers [11].

Premortem diagnosis of AD is based on the patient’s clinical
history, cognitive assessment and neuroimaging tests. Cerebros-
pinal fluid (CSF) biomarker assays are occasionally used,
mostly in research settings. The clinical diagnoses of possible
and probable AD have a sensitivity of approximately 85% [12].
Definite AD is a postmortem pathological diagnosis based on
the identification of amyloid plaques and NFTs.

Currently, approved therapies for AD treat symptoms rather
than cause. Approved drugs include acetylcholinesterase inhibi-
tors (AChEIs), which address the deficit in cholinergic trans-
mission associated with AD, and an N-methyl-D-aspartate
(NMDA) receptor antagonist, which decreases glutamatergic
excitotoxicity [13]. These therapies temporarily and moderately
defer cognitive decline. Novel approaches to developing
mechanism-based drugs are discussed herein.

Even when effective drugs become available, preventing or
curing AD likely will require detection of the disease at an early
stage [14]. The earliest clinical manifestation of AD is mild epi-
sodic memory dysfunction, a stage often characterized as
amnestic mild cognitive impairment (MCI). (Not all MCI
patients develop AD. Patients may develop other neurological
diseases, remain at the MCI level, or even go back to normal
aging. Here, unless otherwise stated, the term MCI refers to
those patients who will eventually develop AD). However, the
disease may begin as early as 15 years before appearance of the
first clinical symptoms [15]. Thus, even though at the time the
diagnosis of MCI is made the clinical symptoms are mild, AD
neuropathology may be fairly advanced. Autopsy of patients
diagnosed with MCI often reveals the presence of senile
plagues, NFTs and brain atrophy [i6]. Therefore, substantial
efforts currently are directed towards very early characterization
of MCI and development of rigorous diagnostic criteria for this
condition based on neuropsychological evaluation, brain
imaging and biomarker detection in the CSF [14,17].

AD development

Molecular level: assembly of Ag & tau

Endoproteolysis of APP is mediated by three proteases
termed o, B- and y-secretases (FIGURE 1). AB is produced by
sequential cleavage of APP by B- and y-secretase predomi-
nantly in two forms comprising 40 (AB40) or 42 (Ap42)
amino acid residues. Ap42 is linked particularly strongly to
the etiology of AD. Sequential cleavage by - and y-secretases
produces a shorter peptide, termed p3 (FiGure 1), which is not
associated with disease.

Early findings suggested that assembly into fibrillar polymers
was responsible for the neurotoxicity of AB. More recent
research has led to the discovery of several soluble, low molecu-
lar-weight Ap assemblies, which have higher neurotoxicity than
AB fibrils [10. During the very early stages of assembly, Ap40
and Ap42 form distinct oligomers [18]. As the assembly process
progresses, both alloforms form protofibrils (vide infra) and
eventually fibrils. Protofibrils and fibrils of Ap40 and Ap42
form with different kinetics but are conformationally and
morphologically indistinguishable.

Before its cleavage from APP, the C-terminal region of AB
resides partially in the membrane and is predicted to have an
a-helical conformation. Following AR production and subse-
quent release from the membrane, this conformation likely is
destabilized. Nuclear magnetic resonance (NMR) studies of
monomeric AB in aqueous solutions, in the absence of confor-
mation-inducing agents, such as detergents or fluorinated alco-
hols, have found little ordered structure for Ap40 and
AB42 [19,20]. Other studies indicate the existence of irregular,
quasi-stable structures, in particular regions of the AB mono-
mer [21], that may nucleate further folding and self-association.
However, the precise relationship between AB folding and self-
assembly is not clear. Most studies indicate that assembly (and
toxicity) involve formation of abundant B-sheet structures in
AB. Alternative models suggest that an activated monomer,
which does not have high B-sheet content, is the earliest toxic
species and the nucleus for further aggregation and fibril forma-
tion [22. Dimers and trimers of AB secreted from cultured Chi-
nese hamster ovary cells expressing high levels of mutant
human APP have been shown to be neurotoxic in vitro and
in vivo [231. The conformation of Ap in these small oligomers is
unknown. Similar low-molecular-weight oligomers of synthetic
AB40 and AB42 in aqueous buffers are largely unstructured [18].
Under these conditions, AB40 does not form species larger than
tetramers [24], whereas AB42 gives rise to pentameric/hexameric
paranuclei 18]. When synthetic Ap42 is incubated in cell cul-
ture medium at 4°C, small, globular oligomers termed
AB-derived diffusible ligands (ADDLs) form [10]. ADDLs and
paranuclei are prepared from synthetic Ap42 using different
protocols but are indistinguishable morphologically and, in
fact, may be identical. Paranuclei form immediately after disso-
lution and self-assemble into larger oligomers, which likely are
predecessors of protofibrils [1s1. ADDLs are stabilized by
unknown ingredients of cell culture media and cold tempera-
ture and are highly neurotoxic [251. ADDL-like structures have
been found in the brain of AD patients and their concentration
showed significant correlation with progression of cognitive
decline [26]. In vitro-prepared, 60 kDa oligomers of Ap42
showed similar neurotoxicity to ADDLS [27]. Several other glob-
ular oligomers of both Ap40 and AB42 were found under non-
physiological conditions (e.g., pamy balls, amylospheroids),
which are not discussed here (for more details, see [2g]).

AB protofibrils are short, curvilinear structures, typically
approximately 5 nm in diameter and less than 150 nm long,
comprising 24-700 molecules (100-3000 kDa). Protofibril
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Figure 1. Production and self-assembly of AP. Sequential cleavage of APP by - and y-secretases
releases AP as an unstructured monomer. AB40 and AB42 monomers self-assemble initially into dimers
and trimers. AB42 forms quasi-stable paranuclei (upper image, reproduced with permission from [18])
and ADDLs (lower image, reproduced with permission from [25]). Further assembly of both alloforms
gives rise to protofibrils, which eventually mature into fibrils (both images reproduced with permission

from [29]).
AB: Amyloid B; ADDL: AB-derived diffusible ligand.
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molecules in the brain of AD patients,
which forms PHF in a concentration-
dependent manner [3e]. Thus, similar to
ApB oligomers, neurotoxic tau oligomers
may play an important role early in the
pathogenesis of AD.

Cellular level: Ag assembly & toxicity
Multiple factors contribute to the neu-
rodegenerative processes in the AD
brain, including inflammation [37], oxi-
dative damage [3s], apoptosis [39] and
excitotoxicity [40]. These processes are
thought to occur secondary to neuronal
injury and compromise of synaptic
transmission caused by AP oligomers
[#1], although other models hypothesize
that oxidative injury coincides with, or
even precedes, the earliest Ag-mediated
neurotoxicity 42].

Although the mechanisms of the earli-
est neurotoxic events occurring in AD
are unclear, study of AD brain has sug-
gested what the effectors of these events
might be. Using polyclonal antibodies
prepared either against Ap40 attached to
gold particles [431 or against ADDLS [2s],
oligomers recognized by these antibod-

Mature
fibrils

formation involves conformational rearrangements and forma-
tion of significant levels of B-sheet structure [29]. Further matu-
ration of protofibrils presumably yields single protofilaments,
which eventually self-associate into mature fibrils [30]. Fibrils are
the end product of the assembly process and the form of Ap
found in amyloid plaques. High structural polymorphism has
been found among fibrils in different preparations [31], or even
in the same preparation [32], and has been linked to significant
differences in toxicity [31].

Injection of Ap into the brain of transgenic mice expressing a
mutant form of human tau (P301L tau) has been shown to
accelerate the formation of NFTS [33]. In addition, NFT forma-
tion was enhanced in double-transgenic mice expressing mutant
human tau and APP compared with mice expressing mutant tau
alone [341. Injection of antibodies specific for AR oligomers into
the hippocampus of triple-transgenic mice expressing mutant
human tau, APP and presenilin-1 (an integral membrane pro-
tein believed to contain the active site of y-secretase) not only
reduced AB accumulation but also decreased tau pathology [35].
These data indicate that AB-induced brain insults precede the
formation of hyperphosphorylated, aggregated tau.

Aggregation of tau results in the formation of twisted fila-
ments, termed paired helical filaments (PHFs), that exhibit
high conformational and morphological similarity to Ap (and
other protein) fibrils. Recent studies of tau assembly intermedi-
ates have led to the discovery of a granular oligomer of 40 tau

ies were observed in brains from AD
patients. In brains from age-matched healthy individuals, simi-
lar oligomers were absent or found at substantially lower
levels [26,43]. (The oligomers visualized by the anti-ADDL anti-
body [26] are likely to be ADDL-like AB oligomers, whereas
those recognized by the antibody prepared against AB40
attached to gold particles may be oligomers of other amy-
loidogenic proteins [43]). In contrast, polymeric AB is com-
monly found in the brains of healthy individuals in the form of
diffuse plaques [44]. These data support the hypothesis that
early, nonfibrillar A oligomers are the proximal neurotoxins
acting in AD.

AR protofibrils have been shown to be neurotoxic to cultured
cells 291. Mechanisms involving specific inhibition of K* chan-
nels and excitotoxic effects mediated by NMDA receptors have
been implicated in protofibril neurotoxicity [45,46]. In a family in
northern Sweden in which affected individuals display auto-
somal, dominant, early onset familial AD (FAD), a Glu?>—Gly
mutation in AB causes increased protofibril production [47]. In
contrast to all other FAD cases, decreased total AB levels and
ApB42:Ap40 concentration ratios were found in this kindred.
Based on these observations, protofibrils have been postulated to
be the key effectors of the neurodegenerative phenotype in this
family and, possibly, in other amyloid-related diseases [4s]). Addi-
tional insight into specific Ap assemblies that may inflict the ear-
liest neuronal injury and lead to the onset of AD has come from
studies of animal models and cultured neurons [49,50. One

www.future-drugs.com

1295



Monien, Apostolova & Bitan

o
£
C
S o
B O
N
A B g - (o5
3 pH 5.6 10 b =
250
250 150 =
-160  100- ®
-105 75~ —_ o
=7 50 - =
- -2 37 - X
- B85 25 _ =
-25 20 - =
20 5 =
S

Figure 2. A dodecamers are putative early effectors of neurotoxicity. A) 2D gel bands of ADDLs
extracted from AD brain correspond to an apparent molecular mass of an AB dodecamer (reproduced
with permission from ref. [26]). B) SDS-PAGE bands of purified AB oligomers designated AB*56 isolated
from brains of Tg2576 mice correspond to an apparent molecular mass of an Ap dodecamer. The bands
are visualized either by silver staining or by Western blot using monoclonal antibody 4G8 [LESNE S. AND
ASHE KH, PERS. COMM.]. C) SDS-PAGE of cross-linked AB42 shows an intensity maximum at dodecamer
(arrow), which presumably forms by association of two hexamers (reproduced with permission from

[18)).

AB: Amyloid ; AD: Alzheimer’s disease; ADDL: AB-derived diffusible ligand; SDS-PAGE: Sodium dodecyl

sulfate polyacrylamide gel electrophoresis.

including dodecamers and certain smaller
oligomers [5354]. Interestingly, ADDLS
isolated from AD brains may also be
dodecamers [26]. Thus, AR dodecamers
may be key effectors of neurotoxicity in
early, possibly presymptomatic, AD. The
observation that in vitro Ag42 forms pre-

554 —

= dominantly hexameric paranuclei that
%o - self-assemble into dodecamers supports
215 — . this postulation (FIGURE 2).
144 — 8 Despite progress in understanding the
6 — relationship between Ap assembly and
35 — neurotoxicity, the mechanisms by which

adverse interactions between Ap and
brain cells, including neurons, microglia
and astrocytes, and/or particular cellular
compartments occur, and the identity of
the species that cause toxicity in the AD
brain, are not known. Among current
theories are interaction with specific cell
membrane receptors [s5], aberrant forma-
tion of ion channels and disruption of
membrane potential 56,571, permeabiliza-
tion of the cell membrane without pore
formation [s8], and neurotoxic activity of
intracellular AB oligomers [5q].

interpretation of the data presented in these studies is that the
onset of AD is related to disruption of neuronal communication
and compromise of synaptic plasticity, which occur before overt
neurodegeneration and neuronal death are observed. At these
early stages, soluble, oligomeric assemblies of AB may be present
in the brain, but amyloid deposits are not yet detected. One
such model is the PDAPP mouse, which overexpresses the
FAD-linked, Indiana form of APP, APP(V717F). These mice
develop AD-like brain changes, including abundant amyloid
plaques, dystrophic neurites and gliosis, by 8 months of age.
However, the density of presynaptic terminals in the brains of
these mice decreases substantially at 2 months of age, well before
the development of amyloid plaques [51]. In addition, long-term
potentiation (LTP), a common proxy for memory function, is
largely impaired in the hippocampus of PDAPP mice several
months prior to plague deposition [s1). In older mice, poor cor-
relation was found between plaque load and the density of syn-
aptophysin-immunoreactive presynaptic terminals [s2], a strong
correlator of AD progression.

Another common model of AD is the Tg2576 mouse, which
expresses the Swedish form (K670N, M671L) of FAD-linked
APP. As with PDAPP mice, the cognitive decline of
Tg2576 mice was originally believed to be associated with plaque
formation (albeit without overt neuronal loss). However, recent
studies have shown that the mice develop memory deficits corre-
lating with reduced LTP and low levels of synaptophysin many
months prior to plaque deposition 53] and that these deficits may
be caused by soluble, low-molecular-weight oligomers of AB42,

Tissue level: the Alzheimer’s brain

Diffuse amyloid deposits are ubiquitous in normal aging. In
contrast, neuritic plaques are seen almost exclusively in cogni-
tively impaired subjects [s0]. The first neuritic plaques form in
the temporo—occipital cortex and subsequently spread to the
temporal, parietal and, later, the frontal cortex. Generally, high-
est plaque densities are seen in temporal and occipital, followed
by the parietal and frontal association cortices [61,62]. Neuritic
plaques are occasionally seen in the limbic regions of cogni-
tively normal elderly individuals [so]. MCI patients display
highly variable amounts of amyloid deposition, ranging from
minimal amyloid burden to pathological severity that is typical
of advanced AD [63,64].

NFT deposition begins in the transentorhinal area and
spreads to the entorhinal and parahippocampal cortex and the
hippocampus. The hippocampal subfields that are connected to
the entorhinal cortex (i.e., CA1 and subiculum) are affected
earlier than the rest of the hippocampus. Cognitively normal
elderly and MCI subjects frequently show NFT pathology
restricted to the entorhinal and hippocampal areas [60,65]. In
contrast, neocortical NFTs are characteristic of more advanced
AD. The trajectory of NFTs in the cortex progresses from the
medial and inferior, to the lateral temporal, followed by the
parietal and occipital, and finally the frontal cortical
regions [61,62].

Several competing theories attempt to explain the selective
vulnerability of specific neuronal populations and the trajectory
of AD pathology in the human brain. The plasticity theory
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posits that areas most capable of neuroplasticity with resulting
high metabolic requirements, such as the limbic regions, are at
highest risk and affected early in the disease process, while those
least capable of neuroplasticity, such as the primary motor and
sensory cortices, are relatively preserved [62,66]. The connectivity
theory considers the disease-specific pathological spread to fol-
low the long corticocortical projections; NFT accumulation
occurs inside neuronal cell bodies where these fibers originate,
whereas neuritic plaques accumulate first in the cell layers
where the fibers terminate [671. The myelination theory pro-
poses that neocortical myelination influences regional suscepti-
bility. According to this theory, late-myelinating regions (e.g.,
association cortices), which are subjected to higher levels of
metabolic demands relative to early myelinating regions (e.g.,
primary motor and sensory cortices), accumulate more patho-
logical changes [es,69]. Finally, the laminar predilection of AD
pathology conceivably could result from an innate cell-specific
predisposition encoded genetically and further modified by
epigenetic factors.

Cognitive level: from MCI to AD

Retrospective comparison between neuropsychological data of
AD patients and cognitively normal elderly individuals demon-
strates significant performance discrepancies as many as
15 years prior to AD diagnosis [15]. Such data provide strong
evidence for the insidious yet relentless progression of AD and
have stimulated enormous research interest in early diagnosis
and intervention.

MCI is a clinically useful but somewhat arbitrary concept. It
defines a heterogeneous cognitive state where patients are nei-
ther cognitively normal nor demented. Its incidence among the
elderly is 10-26/10,000 [70,713. MCI patients usually present
with subjective cognitive complaints, demonstrate objective
cognitive decline on neuropsychological testing, and are
capable of an independent lifestyle 72).

In most patients, the cause of MCI is prodromal AD. How-
ever, other etiologies have also been implicated. MCI has been
subclassified into four major cognitive subtypes. Patients with
single-domain amnestic MCI present with isolated memory
impairment and show poor learning and retention of newly
learned information. These patients are thought to harbor incip-
ient AD or hippocampal sclerosis. Multiple-domain amnestic
MCI patients have additional impairment in nonmemory cog-
nitive domains. They are thought to have underlying AD, but
dementia with Lewy bodies and vascular dementia (in particu-
lar, mixed vascular dementia/AD) can also be the cause. Single-
and multiple-domain nonamnestic MCI patients show cogni-
tive decline in domains other than memory and the MCI may
evolve into frontotemporal dementia, vascular dementia or
dementia with Lewy bodies [721. The two amnestic subtypes are
well-recognized risk factors for future diagnosis of AD [73].

The most pervasive cognitive symptom even in the mildest
stages of AD is short-term declarative memory loss. Deficits are
seen in both encoding and spontaneous retrieval of newly
learned information. Semantic, phonemic, or multiple-choice

Early diagnostics and therapeutics for Alzheimer’s disease

cues initially help but as the disease progresses, these recogni-
tion strategies gradually fail. Other noticeable deficits in mild
AD are loss of abstract thinking, inefficient planning and
execution of complex tasks, failing judgment, word-finding
deficits (anomia), and mild disturbance of visuospatial
skills [74]. At this stage, patients lose their ability to drive, con-
trol their financial assets and plan complex events. Behavioral
manifestations in the early stages include apathy, irritability,
depression and anxiety [75].

Diagnosis of MCI & early AD

An important contemporary research focus is the reliable iden-
tification of preclinical AD within the heterogeneous MCI
cohort. Such diagnostic capacity would be invaluable for accu-
rate counseling, family planning and therapeutic intervention.
In the following section, we discuss recent progress in the early
detection of MCI and early AD, in particular, using neuropsy-
chometric screening tests, neuroimaging techniques and
biomarker assays.

Cognitive level: neuropsychiatric examination
The diagnosis of dementia requires evidence of cognitive decline
in memory and at least one other cognitive domain, and
impaired activities of daily living. Criteria established by
Petersen are the most frequently used for the diagnosis of
MCI [721. These criteria include cognitive complaint, preferably
corroborated by an informant, intact general intellectual func-
tion, largely normal activities of daily living, and absence of
dementia. In general neurology practice, the most widely used
dementia-screening tool is the Mini Mental State Examination
(MMSE). This instrument is also widely used for tracking dis-
ease progression. However, the MMSE does not reliably capture
the subtle cognitive changes of MCI (sensitivity 18—-69%) [76,77].
Recently, other short instruments that may help general neurol-
ogy practice in assessment of MCI have been designed. The
Montreal Cognitive Assessment (MoCA) has a sensitivity of
90% and a specificity of 87% for distinguishing MCI from nor-
mal aging [7e]. Another test, termed DemTect, was reported to
perform with a sensitivity of 80% and a specificity of 92% [77].
In academic centers, the diagnosis of AD and MCI, in addi-
tion to clinical evaluation and neuroimaging, typically entails a
detailed, formal neuropsychological exam. The latter consists of
multiple instruments assessing in detail each cognitive domain
(i.e., verbal and visual memory, attention, language, executive
function, visuospatial abilities and praxis). Most test scores are
then normalized, removing confounding influences of
increasing age and high or low education.

Tissue level: neuroimaging

Brain imaging provides in vivo evidence of the impact of AD
pathology on the brain. Recent technological advances in neu-
roimaging have enabled exploration of the structural and func-
tional abnormalities associated with AD and MCI. Presence of
hippocampal and cortical atrophy with predilection for the pari-
etal lobes, demonstrated by computed tomography (CT) or
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Figure 3. 3D cortical gray matter ratio maps. The maps show the areas of the cortex where mild
Alzheimer’s disease (AD) patients had greater gray-matter atrophy (percentage) relative to amnestic
mild cognitive impairment (MCI) patients. Both the extent and severity of cortical atrophy in mild AD
patients is substantially greater relative to patients with amnestic MCI. Most pronounced differences
(>20%) are seen in the entorhinal, parahippocampal, precuneus, lateral temporal and parietal regions.

Two other magnetic resonance tech-
niques — magnetic resonance spectros-
copy and diffusion tensor imaging, were
also applied to MCI and AD subjects.
N-acetyl aspartate:creatine (NAA:Cr)
ratios were found to be lower in patients
with MCI and AD [g9], and high baseline
hippocampal diffusivity may be predic-
tive of conversion of MCI to AD [90]. The
first finding has been attributed to neuro-
nal loss and the latter to white-matter
degeneration in AD.

Functional MRI (fMRI) is a relatively
new technique that relies on the para-
magnetic properties of deoxyhemoglobin
and indirectly measures the metabolic
activity of the brain. AD patients asked
to perform visual memory encoding
tasks while monitored by fMRI showed
decreased activation of the hippocampus
and parahippocampal gyrus relative to
control subjects [911. In mild AD, decline
in face—name associative memory was
found to correlate with decreased hip-
pocampal activation using fMRI [92],

magnetic resonance imaging (MRI), is considered consistent
with the diagnosis of AD. Hippocampal atrophy occurs in nor-
mal aging at 0.05-1.7% of hippocampal volume loss per year
[78,79]. The rate of hippocampal atrophy in MCI varies. MCI
patients who remain stable have on average 1.8% hippocampal
atrophy, whereas those who convert to AD experience 3.3%
annual hippocampal volume loss. Within the amnestic MCI sub-
group, smaller hippocampi increase the risk for conversion to AD
by 75% [80]. Recently developed 3D surface reconstruction tech-
niques have emphasized the differential subregional hippocampal
involvement in vivo [s1,82]. In agreement with pathological data,
subicular and CA1l involvement occurs early, while CA2 and
CA3 involvement occur later in the disease course [81,83].

The entorhinal cortex is affected prominently even at the
MCI stage. The annual atrophy rates increase from 0.04-1.4%
volume losses in normal aging to 7% in AD [79,84]. Baseline
entorhinal and hippocampal volumes and their annual atrophy
rates are predictive of clinical conversion of MCI to AD [ss].

Innovative 3D semi-automated techniques for brain analyses
have enabled researchers to explore the entire cortex in patients
with dementia. Voxel-based morphometry studies have demon-
strated the presence of pervasive cortical atrophy in AD and, to
a lesser extent, in MCI [8s]. New surface-based computational
anatomy techniques allow for better localization, statistical
power and quantitative characterization of subtle structural
changes. These studies have shown that cortical atrophy occurs
at a rate of 5%/year throughout the course of AD [87] and that
mild AD patients have substantially greater cortical atrophy
relative to patients with amnestic MCI (FIGURE 3) [sg].

whereas MCI  patients showed a
compensatory increase in hippocampal activation [o3].

Additional imaging tools used for AD diagnosis are *®F-fluor-
odeoxyglucose positron emission tomography (FDG-PET) and
single-photon emission computed tomography (SPECT),
which measure brain uptake of radiolabeled glucose and cere-
bral blood flow (CBF), respectively. Regions found to have a
decrease either in uptake of glucose or CBF are considered as
areas where neuronal death, dysfunction or both have occurred.
Early AD and MCI patients tend to show parietal, temporal
and posterior cingulate cortical changes [94]. In patients with
cognitive and/or behavioral complaints, PET evidence sugges-
tive of neurodegenerative disorders has been shown to increase
the likelihood of a progressive cognitive decline process by
18-fold [95].

The most recent addition to AD brain imaging is PET amy-
loid imaging using radiolabeled Congo red or thioflavin deriva-
tives that bind to amyloid plaques. The two leading com-
pounds - Pittsburg Compound-B (PIB) and fluoro-2-
dialkylamino-6-acylmalononitrile  substituted naphthalenes
(FDDNP) — have demonstrated greater binding in patients
with AD compared with normal individuals. Binding has been
shown to negatively correlate with cognitive function and
cerebral glucose metabolism as measured by FDG-PET [9g].

Molecular level: biomarker assays

At the present time, biomarker assays are not used as part of the
routine diagnosis of MCI or AD. These assays analyze disease
markers in the plasma or, more commonly, in the CSE The
CSF is in direct contact with the brain, and thus reflects
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biochemical changes due to pathological processes in the CNS.
Analysis of biomolecules in the CSF is used to determine vari-
ous infectious, inflammatory and degenerative conditions of
the CNS [971. Leading candidate biomarkers for MCI and AD
are the proteins that form the pathological lesions characteristic
of AD, namely AB, tau and hyperphosphorylated tau (p-tau).
The clinical diagnosis of AD was shown to correlate with
increased CSF levels of tau and p-tau, as well as decreased levels
of AB42 [o71. The reduction of AB42 levels in the CSF was
found to correlate with an increase in the number of plaques in
the hippocampus [9s], suggesting that retention of insoluble
APB42 in the brain leads to the observed decrease in Ap42
concentration in the CSF.

The mean sensitivities of the CSF assays are 85% for Ap42,
and 80% for tau and p-tau, whereas the overall specificity is
approximately 90% [99]. The ratio of Ap42:Ap40 was shown to
differentiate AD patients more accurately from normal controls
than AB42 alone, with a sensitivity of 94%. The trends shown
in AD, namely, increased CSF levels of tau and p-tau, and
decreased levels of Ap42, can be used for the detection of AD
pathology in MCI with sensitivity figures slightly lower com-
pared with AD [e9]. In longitudinal studies, patients who con-
verted from MCI to AD were distinguished from patients with
stable MCI by increased levels of tau and decreased Ap42 levels.
The combination of these markers did not improve the
sensitivity and specificity significantly [oo].

Current quantitative analyses of CSF or serum biomarkers for
MCI and AD diagnosis use enzyme-linked immunosorbent assay
(ELISA). Since changes in levels of AB, tau and p-tau are not spe-
cific for AD, this method is insufficient for differentiating AD
from other forms of dementia, such as Lewy body dementia or
vascular dementia. This problem is partly inherent to the patho-
logical processes that lead to dementia and partly stems from lim-
itations of the ELISA technique [97]. Since the current average
sensitivity of CSF biomarker detection is approximately 85%,
these assays do not offer a considerable increase in predictive
value over existing algorithms comprising neuropsychological
and imaging modalities [971 and, therefore, do not justify the
invasive lumbar puncture required for CSF analysis.

To avoid a lumbar puncture, plasma levels of AD-related
biomarkers may be studied. However, although high levels of
plasma AB42 have been suggested to be a risk factor for devel-
opment of AD, sporadic AD and control cases could not be dif-
ferentiated using this technique. Secondary pathophysiological
and metabolic alterations in AD, including those related to
inflammation (interleukins), cholesterol metabolism (choles-
terol, apolipoprotein E and homocysteine) and oxidative stress
(antioxidants and lipid peroxides) have been studied as poten-
tial biomarkers for the disease. Although serum and plasma lev-
els of these biomarkers are altered in AD relative to nonde-
mented, age-matched individuals, they do not offer sufficient
discriminatory power to allow reliable diagnosis [101].

Biomarker detection techniques that do not rely on ELISA
and/or detect specific neurotoxic AR assemblies may offer
increased sensitivity and specificity. Using fluorescence
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correlation spectroscopy, soluble A was detected in the the
CSF of AD patients by allowing it to react with fluorescently
labeled, synthetic AB42. This method allowed researchers to
distinguish between AD patients and patients with other neu-
rological disorders, including epilepsy, multi-infarct dementia
and cerebral infarction [102]. Recently, using a ‘bio-barcode’
assay, ADDLs were detected with femtomolar sensitivity in the
CSF of AD patients but not in age-matched, healthy individu-
als 1203]. The bio-barcode assay is based on ADDL recognition
with conformation-specific antibodies linked to oligonucle-
otide-modified nanoparticles. Several hundred copies of the
bio-barcode DNA are released from the nanoparticle and
amplified to provide a highly sensitive signal for antigen identi-
fication. A similar method based on DNA coding and amplifi-
cation has recently been used to detect AB protofibrils with
picomolar sensitivity [104]. These methods rely on the specificity
of antibodies to particular Ap assemblies and are not free from
technical issues [105]. Nevertheless, they offer significant advan-
tages over current methods by offering sensitive detection of
particular AB oligomers. Ap oligomers are more specific
biomarkers for AD than total A levels in the CSF and, there-
fore, may allow for the differentiation between normal aging,
MCI and AD with high levels of accuracy.

Treatment of AD

Approved treatments

Current therapy for AD is largely restricted to symptomatic
treatments. Three drugs are considered standard AD therapy,
including donepezil (Aricept®, Eisei Co), rivastigmine
(Exelon®, Novartis Pharmaceuticals Co.) and galantamine
(Razadyne®, Jansen-Cilag Ltd). These are AChEIs. Their use in
AD is based on early observations that the disease causes a
decrease in acetylcholine levels. These drugs provide moderate
and temporary relief in patients with mild-to-moderate AD [13].
The fourth common therapy is the noncompetitive NMDA
receptor antagonist memantine (Namenda®, Forrest Laborato-
ries). Memantine was shown to delay cognitive deterioration in
patients with moderate-to-severe AD [106]. Its mechanism of
action is thought to involve protection of hippocampal neurons
from glutamatergic excitotoxicity. Similar to AChEIls, meman-
tine targets the symptoms rather than the cause of AD, thus its
effect is moderate and temporary.

A fifth compound commonly used for the treatment of AD is
vitamin E. An antioxidant, vitamin E targets AD-associated
oxidative stress in the brain. Although vitamin E did not show
an improvement of cognitive abilities in patients with AD, it
was found to delay the progression of the disease in subjects
with fully developed AD compared with placebo [13].

In clinical practice, patients with incipient AD are treated with
the therapeutic strategies outlined above. Several clinical trials
designed to elicit the effects of AD-relevant drugs on patients
with amnestic MCI have recently ended [i077. The AChEIs
donepezil and galantamine were found to slightly lower the
annual conversion rate from MCI to AD compared with placebo
groups. In comparison, vitamin E showed no effect on
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progression from amnestic MCI to AD. Trials investigating the
benefits of the nonsteroidal COX-2 inhibitor rofecoxib and the
nootrop piracetam did not show slowing of cognitive decline in
patients with mild-to-moderate AD. Currently, methodological
heterogeneity in trial design does not allow for meaningful com-
parisons among trials. Larger, standardized trials and more pre-
cise markers for the progression from MCI to AD are required to
evaluate the benefits of potential MCI treatments reliably [z07.

New therapeutic strategies

If the initial events that precipitate the neuropathological proc-
esses in AD, presumably through disruption of synaptic trans-
mission and neuronal injury, are related to accumulation of AB
in the brain, any efficacious therapy against AD must target
these events. Thus, strategies for treating the cause, rather than
the symptoms, of AD have focused on decreasing AB produc-
tion, enhancing Ap clearance or inhibiting Ap self-association.
Effective treatment using any of these approaches will be the
ultimate test of the amyloid cascade hypothesis.

Inhibition of Ap production
Inhibition of B- and/or y-secretases is a reasonable strategy for
decreasing AB monomer levels in order to avoid self-assembly
and thereby prevent the toxicity of AB oligomers and polymers.
The process of inhibitor discovery for B- and y-secretases has
been facilitated by identification of the proteins responsible for
these enzymatic activities. The membrane-anchored aspartic
protease, BACE-1 (B-site APP cleaving enzyme 1) is the pre-
dominant p-secretase [108]. Some B-secretase activity has also
been assigned to the cysteine protease, cathepsin B [109]. Both of
these enzymes are targets for the development of inhibitors as a
means to block Ap production [110]. A major breakthrough that
has facilitated drug discovery for p-secretase was obtaining a
high-resolution crystal structure of the BACE-1 protease
domain complexed with a peptide inhibitor. The structure
revealed that the active site of BACE-1 was unusually large and
polar. These characteristics increase the difficulty in obtaining
potent BACE-1 inhibitors. Most of the inhibitors discovered
thus far are relatively large peptides, which do not cross the
blood-brain barrier and are metabolically unstable [111].
y-secretase is a complex of integral membrane proteins,
including presenilin (1 or 2), nicastrin, Aphl, Pen2 and, possi-
bly, TMP21 [112]. The catalytic subunit of the y-secretase com-
plex is an aspartyl protease function located within presenilin.
The particular role of each of the other y-secretase components
is the subject of active research. The complex composition of
y-secretase and the fact that all of its components are mem-
brane-bound proteins make obtaining high-resolution struc-
tures of y-secretase difficult. Despite these difficulties, several
potent inhibitors have been discovered, both by academic
laboratories and pharmaceutical companies [113].

Major challenges in obtaining inhibitors for either B- or
y-secretase that would be useful in vivo include selectivity prob-
lems and multiple physiologically important substrates other
than APP In addition, although studies of knockout mice

suggested that APP was not an essential protein [114], all the
cleavage products of APP, including the large soluble N-termi-
nus, AB and the C-terminus, have been shown to have physio-
logical roles [28]. Thus, inhibition of p- or y-secretase may inter-
fere with physiological processes and cause significant adverse
side effects [110,115]. Approaches addressing this issue include
redirecting the search from inhibitors of the active sites of the
B- or y-secretases to compounds that reduce Ap production by
specifically binding to APP [116] or modulating secretase activity
without blocking the active site. R-flurbiprofen (Flurizan™,
Myriad Pharmaceuticals, Inc.) reduces Ap42 levels specifically
by modulating y-secretase activity without binding to the active
site. The drug was well tolerated in a Phase 11 clinical trial in
patients with mild-to-moderate AD and showed retardation of
cognitive decline in a subgroup of patients with mild dementia
[L171. Another route to reducing AB production is by enhancing
a-secretase-mediated, nonamyloidogenic processing of APP
(FIGURE 1). Recently, Caccamo and colleagues have shown that
activation of a disintegrin and metalloproteinase (ADAM)-17,
a putative a-secretase, using a selective M1 muscarinic acetyl-
choline receptor agonist, decreased Ap-related pathology in a
mouse model transgenic for APP, presenilin-1 and tau,
demonstrating the feasibility of this approach [11g].

Enhancement of Af} clearance
Following pioneer studies by Solomon and coworkers demon-
strating that monoclonal antibodies could suppress AB aggrega-
tion and inhibit AB neurotoxicity in cultured cells [119], studies
by Schenk and colleagues showed that active immunization
with pre-aggregated AB42 reduced AD-like pathology and
reversed cognitive deficits in transgenic mice [120]. Despite these
encouraging results, a Phase Il clinical trial of immunization
therapy using aggregated AB42 (AN-1792; Elan Pharmaceuti-
cals) was halted because 18 out of 372 patients participating in
the trial developed severe meningoencephalitis. Postmortem
analysis of two deceased patients from this trial indicates that
senile plague densities were notably reduced in many areas of
the neocortex, suggesting that the induced immune response
was effective in clearing A deposits [121]. In follow-up studies,
a subgroup of patients with an Ap42-specific immune response
showed improvement in cognitive and functional tests com-
pared with the placebo groups, suggesting that immunotherapy
may be a useful approach for the treatment of AD [122].
Although the exact cause of the meningoencephalitis that
occurred in some of the patients is unknown, it is suggested
that patients may have developed an autoimmune response to
the immunogen. Synthetic, aggregated, full-length human
Ap42 was used in the AN-1792 trial together with QS21, a
T-helper (Th)-1 response-inducing adjuvant [123]. In order to
reduce the risk of a T-cell-mediated immune response, novel A
peptide immunogens and adjuvants are currently being tested.
In humans, T cells were shown to recognize an epitope in the
region AB (16-33), whereas the majority of antibodies
generated in mice, monkeys and humans recognized epitopes
in the N-terminal region AB (1-16) [124]. Vaccination with
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N-terminal Ap fragments may lead to a predominantly
humoral response, thereby avoiding the T-cell-associated reac-
tions, which are believed to have caused meningoencephalitis in
the AN-1972 trial. In addition, new strategies for the develop-
ment of safe AD immunotherapy are aimed at downregulating
the proinflammatory Th1l response through the optimization
of the adjuvant formulation. Current research efforts aim at
development of Th2-specific adjuvants that promote humoral
responses and limit Thl-type cellular immunogenicity [125].

Regulation of Ap levels in the brain also may be achieved by
increasing AB proteolysis. Three enzymes have been shown to
mediate the majority of AB degradation, insulin degrading
enzyme (IDE), angiotensin-converting enzyme and neprilysin
(NEP) [1261. NEP, a membrane-bound zinc metallopeptidase, is
considered the primary enzyme for in vivo degradation of Ap
[1271. Recently, somatostatin, which acts via a G-protein-cou-
pled receptor, has been identified as a modulator that increases
brain NEP activity, resulting in a decrease in AB levels [127].
Thus, it may be possible to pharmacologically control brain Ap
levels with somatostatin receptor agonists.

Inhibition of AB assembly

Inhibition of Ap assembly targets a purely pathological process
and therefore is not prone to risks of side effects arising from
interference with the potential positive physiological roles of AB.
However, relative to development of enzyme active-site inhibi-
tors, inhibition of protein—protein interactions is a more diffi-
cult task due to the higher complexity of the interaction. In the
case of AB, major efforts have been dedicated to development of
fibrillogenesis inhibitors [128]. Since AB aggregation is essentially
a homotypic protein—protein interaction reaction, rational
design strategies used Ap fragments known to be essential for
these interactions as inhibitors. Several strategies to extend the
function of Ap fragment-derived inhibitors have been devel-
oped, including attaching several Lys residues acting as a ‘dis-
rupting element’ [129] and incorporation of N-methylated amino
acids [130]. The latter inhibitors bind to growth sites of AB
assemblies and prevent the propagation of B-sheets by disrupt-
ing the hydrogen bonds that mediate B-sheet formation [131].
N-methylated peptide inhibitors show improved solubility and
metabolic stability relative to nonmethylated peptides,
suggesting that they may be effective in vivo [130].

With the recent understanding that AB oligomers, rather
than fibrils, are likely the most important effectors of neurotox-
icity in AD, the direction of inhibitor design efforts has begun
to shift towards inhibition of oligomer formation. To our
knowledge, five studies have reported inhibitors of AB oli-
gomerization to date. Three of these studies used oligomer-spe-
cific antibodies to evaluate oligomerization inhibition by unre-
lated molecules including curcumin (1325, monocyclic phenol
derivatives [133] and cyclodextrin derivatives [134]. Reliability of
these data depends on the specificity of the antibodies used for
oligomeric AB. If the antibodies cross-react with monomeric or
fibrillar AB, the results are not specific for inhibition of oli-
gomerization. Avoiding these potential pitfalls, Walsh and
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colleagues reported a decrease in formation of neurotoxic A
oligomers, with no change in production of AR monomer, in
conditioned cell-culture medium following incubation with
hydroxyanaline derivatives, suggesting that these compounds
interact directly with AB and inhibit its oligomerization [135].
Recently, certain cyclohexanehexol stereoisomers have been
reported to interfere with AP assembly, decrease brain levels of
AP and plaques, and reverse cognitive impairment in an AD
mouse model [136].

Another approach to inhibit AB assembly is based on the
observation that metal ions, such as copper and zinc, facilitate
AB assembly [137,138]. Metal-chelating molecules have been
shown to block fibril formation in vitro and inhibit AB accu-
mulation in vivo. Consequently, the metal chelator clioquinol
was shown to stabilize cognitive abilities of patients in a clinical
trial compared with a placebo group and to reduce the levels of
plasma Ap42 [139], suggesting that clioquinol and other
chelators may hold promise as therapeutic agents for AD.

Conlusions

Developed countries in today’s world can also be regarded as
aged countries [140]. For the people and the governments of
these countries, AD is a major threat and a tremendous eco-
nomic burden. For developing (aging) countries, the same
problems await as their economies improve and life
expectancy increases.

Recent studies on the molecular basis of AD have increased
our understanding of the neurotoxic species that injure and
kill the neurons responsible for memory and learning. How-
ever, major questions remain unanswered, including how these
AB species affect the neurons and what mechanisms initiate
the neurotoxic processes that give rise to the complex pathol-
ogy in the AD brain. Answers to these basic questions are now
needed to improve currently available diagnostic and
therapeutic methods.

Five-year view

The success of therapeutic interventions depends on early
detection of AD and MCI. The early aspect cannot be over-
emphasized, particularly as the beginning of neurodegenera-
tion may precede detection of cognitive deterioration by more
than a decade. To date, the gold standard for the diagnosis of
AD is the pathological examination of the brain. In day-to-
day clinical practice, the diagnosis is based largely on neu-
ropsychological testing. Brain imaging provides supportive
evidence. Structurally, either CT or MRI can be used to
exclude alternative etiologies. It is expected that in the next 5
years, functional neuroimaging (fMRI, PET or SPECT) will
become increasingly routine tests for clinical diagnosis. Novel
technologies, including methods for in vivo visualization of
amyloid plaques and NFTs, and high-sensitivity detection of
CSF biomarkers, are promising directions for improved early
diagnosis. Focus on translational research in the near future,
likely will bring the first applications of these techniques from
the bench to the clinic.
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Most current mechanism-based therapeutic efforts for AD
are directed at inhibition of Ap production, oligomerization
and aggregation, and enhancement of AB clearance and degra-
dation. Given the complexity of the disease process, it is
unlikely that one ‘magic bullet’ will be the ultimate answer.
Rather, in the next few years, a combination of therapeutic
strategies tailored specifically for individual patients is likely to
emerge. The large number of studies currently being performed
at different levels, including basic science experiments, transla-
tional research and clinical trials, and the diversity of the strate-
gies pursued, raise hopes that sensitive early diagnosis and
effective therapy will become available in the near future.

Expert commentary

MCI is an intermediate cognitive state between normal aging
and dementia that conveys a high risk for Alzheimer’s dementia.
MCI can be reliably diagnosed following detailed clinical exami-
nation, neuropsychological testing and a structural brain scan.
Not all MCI patients will develop dementia. A prediction model
composed of selected cognitive and behavioral tests and ques-
tionnaires, brain imaging, and specific CSF biomarkers may be

needed to predict AD pathology in MCI patients with high accu-
racy. Currently, there is no US FDA-approved therapy for MCI.
Until mechanism-based drugs for AD become available, AD
patients should be treated with AChEIls and/or memantine.
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Key issues

the etiology of AD.

degradation, are currently being developed.

« Currently, approved therapies for Alzheimer’s disease (AD) (acetylcholinesterase inhibitors and a N-methyl-p-aspartic acid [NMDA]
receptor antagonist) treat symptoms rather than the cause of AD, and provide only moderate and temporary relief.

« New insights into the molecular mechanisms underlying AD pathophysiology posit Ap oligomerization as a key causative event in

« A number of new drug discovery approaches are based on the increased understanding of AD pathophysiology. Novel,
mechanism-based drugs targeting AB production, oligomerization or aggregation, or enhancement of AB clearance and

« Effective treatment of AD requires diagnosis at an early stage, often characterized as amnestic mild cognitive impairment (MCI).
Development of rigorous diagnostic criteria is essential, yet highly challenging, due to the heterogeneity of MCI and AD.

< In current clinical practice, diagnosis of MCI and AD largely is based on testing of cognitive abilities. Recent advances in brain
imaging techniques and specific biomarker detection hold promise for earlier and more accurate diagnosis.
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