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2.1 Introduction

Alzheimer’s disease (AD), the leading cause of
dementia in the elderly, is an irreversible, progres-
sive neurodegenerative disorder clinically charac-
terized by memory loss and cognitive decline [1],
leading invariably to death, usually within 7-10
years after diagnosis. The dominant risk factor for
sporadic AD is increasing age.

In the absence of biologic markers, direct patho-
logic examination of brain tissue derived from either
biopsy or autopsy remains the only definitive method
for establishing a diagnosis of AD [2]. The typical
macroscopic picture is gross cortical atrophy.
Microscopically, there is widespread cellular degen-
eration and neuronal loss that affects primarily the
outer three layers of the cerebral cortex, initially
affecting more the temporal and frontal cortical

ditions such as frontotemporal dementia, subacute

aggregates reduce its ability to bind microtubules
[9], leading to cytoskeletal degeneration and neu-
ronal death [10-12]. A number of in vitro and in
vivo studies have shown A B protein to be directly
toxic to neurons, leading to the aggregation and sec-
ondary phosphorylation of the tau protein [13].

B-amyloid peptide (AP) of about 50-100 um in
diameter intimately surrounded by dystrophic axons
and dendrites, reactive astrocytes, and activated
microglia. Though mainly located in the amygdala
and hippocampus, they are present throughout the
cortex [6].

The progressive nature of neurodegeneration
suggests an age-dependent process that ultimately
leads to synaptic failure and neuronal damage [14]
in cortical areas of the brain essential for memory
and higher mental functions.

Currently, the clinical diagnosis of AD is based
on progressive impairment of memory and decline
in at least one other cognitive domain and on exclud-
ing other diseases that might also present with
dementia such as frontotemporal dementia, demen-
tia with Lewy bodies, stroke, brain tumor, normal
pressure hydrocephalus, or depression [15, 16]. A
variable period of up to 5 years of prodromal
decline in cognition characterized by a relatively
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support the key role of AP in the pathogenesis of AD,
but no alternative hypothesis has emerged in the past
two decades of intensive AD research. Genetic muta-
tions within the APP gene cause rare cases of early-
onset familial AD, and other causative mutations
within genes associated with the secretase complex
(presenilin 1, 2) are the most compelling evidence
that A production is the key factor at the center of
AD pathogenesis.

In short, the hypothesis states that an imbalance
between the production and removal of A leads to
its progressive accumulation triggering a series of
reactions leading to synaptic dysfunction, microglio-
sis, and neuronal loss, clinically manifested with
memory loss and impaired cognitive functions. The
loss of synaptic function seems to be the critical fac-
tor in cognitive decline.

AR, the primary component of the characteristic
plaques in the brain of AD patients, is a self-
aggregating, 39- to 43-amino-acid metalloprotein
(4 kDa) product of the proteolytic cleavage of APP
by B- and y-secretases [50, 84-86]. AP is not only
found within senile plaques but is also present
around cortical arterioles as a congophilic angiopa-
thy. AP can also be assessed in cerebrospinal fluid,
plasma, and even in neuronal cultures [8§7-89].

AP was first identified and sequenced from
meningeal blood vessels of AD and Down syn-
drome patients 20 years ago [48-50]. The aggrega-
tion process that converts soluble AP into amyloid
fibrils is thought to be a nucleation-dependent
process [90] requiring structural transitions of A
[91]. The peptide is referred to as “beta” amyloid
due to its secondary structure of B-pleated sheets.
On electron microscopy, amyloid fibrils are com-
posed of multiple protofibrils wrapped around each
other forming a crossed B-pleated sheet [92, 93].

Much of the controversy derives from the use of
the term amyloid. The broad term can be applied
not only to AP but also to several unrelated extra-
cellular deposits of fibrillar protein, such as [32-
microglobulin, amylin, or serum amyloid A, each
one of them associated with a specific disease
[94-96].

The earliest structural, microscopically visible
pathological changes in AD are diffuse AP deposits.
These deposits are also observed in normal ageing
individuals, but the density is lower than in AD
patients [97, 98], indicative of an immature or not
yet toxic form of AP [99]. The presence of extra-

—p—

V.L. Villemagne et al.

cellular APB in highly specialized cortical brain
regions implicated in memory and cognition pre-
cede the other pathognomonic pathological fea-
tures of AD, indicating that increases in AP are
involved in the early presymptomatic stages of
the disease. Being the earliest phenotypical marker
of disease has crucial implications for neuroimag-
ing and treatment. The increase in AB-deposition
is accompanied by decreases in AP in CSF.
Presymptomatic carriers of missense mutations of
APP or PS present elevated AB42 in plasma and
skin fibroblasts indicating again that increases in
AR are the earliest signs of the disease.

Recent studies have detected stable intraneu-
ronal pools of insoluble AP deposits, generated in
the endoplasmic reticulum [100], indicating that
AR is also produced intracellularly, suggesting that
AP might not be the end result of the abnormal
cleavage of APP but a protein with a specific phys-
iological role [88, 89, 101, 102] and that only the
alteration of its metabolism, leading to its increase,
precipitates the neurotoxic effects, leading to
synaptic loss and cell death.

Though extracellular amyloid plaques are the hall-
mark brain lesions of sporadic AD, the distribution
and density of both diffuse and AP plaques at the
light microscopic level [22] have not been consis-
tently shown to correlate with the degree of cognitive
impairment [103, 104]. The best correlation occurs
with soluble levels of AP, measured biochemically
[22, 105-108]. Soluble AP is in equilibrium with
insoluble A in the plaques. The significance of these
aggregates can be interpreted as they either are a
reservoir for the soluble oligomers or represent the
sequestered pool of soluble and now precipitated Af3,
therefore fulfilling a “protective” function, or just the
end stage or final product of the AP cascade.

One of the criticisms of the amyloid hypothesis
has come from some of the interpretations of the
work of Braak and Braak [109], who stated that
neurofibrillary degeneration of cell bodies and
their neurites not only predate morphologically
detectable amyloid plaques but they also increase
gradually with age. However, as Hardy and Selkoe
point out [110], the postmortem cases used to
establish the Braak Stage I neuropathology criteria
were nondemented older individuals, in whom it is
impossible to determine whether their neurofibril-
lary changes represents early stages of AD or a dif-
ferent process altogether [111], because it has been
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well established in patients with Down syndrome
that AP deposition predates the formation of neu-
rofibrillary tangles [112, 113].

2.3 Insights into the Genetics
of AP

The AP hypothesis is further supported by genetic
data [114-118]. Though it is highly probable than
additional genes are associated with AD, to date only
four different genes, associated with either AP pro-
duction or removal, are implicated in the pathophys-
iology of AD and have been described in patients
with the rare early-onset familial AD [119-121]:
mutations of the APP gene [59, 60, 122-125] on
chromosome 21, mutations in the presenilin 1 (PS1)
[73, 126] and presenilin 2 (PS2) [127] genes on chro-
mosome 14 and 1, respectively [73-75, 128-130],
and polymorphism of the apolipoprotein E (ApoE)
on chromosome 19 [70, 71, 131]. Three of them—
PS1, PS2, and APP—have a clear-cut autosomal
dominant pattern with a penetrance above 85%;
whereas the other, APOE, despite being the most
prevalent of these risk factors for AD, has a weaker
susceptibility factor. The main feature of mutations
on APP, PS1, and PS2 involved in different steps of
APP processing pathway is the increased production
and elevated plasma levels of AP specially AB42 [75,
129, 130, 132]. These various genetic mutations, all
manifesting as a similar clinical entity, all leading to
increased levels of AB and to AP buildup in the brain
before AD symptoms arise, further support the A
theory of AD [72, 104, 129, 133-136].

2.3.1 APP

The AP hypothesis was further supported by the
cloning and sequencing of the APP gene [54,
137-139] and its localization to chromosome 21
[54, 55, 140, 141], the chromosome involved in
Down syndrome, a condition that invariably devel-
ops the typical AD neuropathology by age 50 [142]
though they start getting amyloid plaques as early
as age 12, long before they get NFT and other AD
lesions [112, 143].

APP is a 751-770 residue ubiquitously expressed
glycosylated transmembrane protein with a large
hydrophilic aminoterminal extracellular domain,
a single hydrophobic transmembrane domain
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consisting of 23 residues, and a small carboxy-
terminal cytoplasmic domain [144].

The majority of APP is degraded in the endoplas-
mic reticulum and only a small fraction enters the
secretase cleavage pathway [145, 146]. While APP
is usually proteolytically cleaved by o-secretase,
mutations on the APP gene were shown to be asso-
ciated with increased AP self-aggregation [57-59,
147-150] and AP production by the sequential
cleavage by B- and y-secretases [60, 123, 124].

The free N-terminus of AP, considered the first
critical step in amyloid formation [151], is derived
from the APP by proteolytic cleavage by B-secretase.
Several lines of evidence demonstrate that [3-secre-
tase cleavage of APP is required for AP generation
[152, 153]. Generation of the N-terminus is followed
by C-terminal cleavage by y-secretase to release the
final AB-product from the B-secretase cleavage frag-
ment C99. Cleavage by y-secretase occurs within the
transmembrane region of APP yielding mainly 40-
and 42-amino-acid AP C-terminal variants, AB40
and AB42 (Fig. 2.1).

APP can also undergo nonamyloidogenic pro-
cessing by a-secretase, which cleaves APP within
the AP domain to generate 0o.-APPs (the ectodomain
of APP ending at the o-secretase cleavage site)
[119] and C83 (the C-terminal tail of APP), which
can then undergo y-secretase cleavage leading to the
release of p3 (Fig. 2.1), a shortened, probably non-
pathogenic, form of AP [75].

Although the function of APP is unknown,
recent evidence suggests it functions as a kinesin-1
cargo receptor mediating the targeting of several
synaptic proteins to the nerve terminals [154] and
as part of a complex metal-transport systems essen-
tial in maintaining cellular Cu and Fe homeostasis
[155, 156] by delivering Cu and Fe to metalloen-
zymes and proteins, such as superoxide dismutase
1 (SOD1) [157] and the Cu ATPase [158]. Overex-
pression of the AP containing carboxyl-terminal
fragment of APP in transgenic mouse models
results in significantly reduced brain Cu, but not Fe
levels [159], whereas APP knockout mice have
increased Cu levels in both brain and liver [160].
Cu modulates APP processing [161, 162] with
higher Cu levels resulting in a reduction in A} pro-
duction and a consequential increase in the non-
amyloidogenic p3 form of the peptide [163].
Independent Cu-binding sites have been identified
on both AP and APP. The Cu-binding domain of
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FIGURE 2.1. Schematic diagram of amyloidogenic and non-amyloidogenic proteolytic pathways of APP and
production of AB. APP is cleaved by either a-secretase (0-sec) or B-secretase (B-sec) yielding o-APPs or -APPs,
respectively. The C-terminal C83 fragment produced by o-secretase, and the C-terminal C99 fragment produced by
[-secretase, are then further cleaved by y-secretase (y-sec) into P3 or AB40/42, respectively.

APP, homologous to copper chaperones, contains a
tetrahedral binding site consisting of two histidine
residues (147, 151), a tyrosine (168) and methion-
ine (170) that favors Cu(I) coordination [164].

2.3.2 Presenilins

There is also more genetic evidence coming from
mutations of PS1 and PS2 [75] and from the
cloning of presenilin proteins [73-75, 129, 130,
132] that affect secretases [165, 166]. The major-
ity of early onset familial AD cases are linked to
mutations within the PS genes. More than 40
mutations have been described in the gene for PS1
that can subsequently result in AD. Mutations in
both genes selectively increase the production of
AB42 in cultured cells and in the brains of trans-
genic mice and are associated with early onset
familial AD [73, 120, 151, 166]. Some PS muta-
tions associated with increases in A metabolism
instead of presenting AD symptoms show large
plaques and special symptoms such as spastic
paraparesis [167-171].

Presenilins are two proteins, presenilin 1 (PS1)
and presenilin 2 (PS2), encoded by two closely
related genes PS1 and PS2, and located in intracel-
lular membranes [172]. They are ubiquitously
expressed within the brain, primarily in neurons.
PS1 and PS2 contain multiple transmembrane
domains, with both amino and carboxy terminus as
well as a large hydrophilic loop. Both proteins, the
46 kDa PS1 and 55 kDa PS2, share 67% amino
acid identity [132]. The exact functions associated
with PS protein have not been fully elucidated yet.
PS1 is involved in normal neurogenesis and forma-
tion of the axial skeleton, as well as in y-secretase
activity and binding of PS to APP. Gene deletion of
PS1 shows that it is indispensable for the genera-
tion of AP [166]. Two transmembrane aspartate
residues in PSI are essential for AR production,
indicating that PS1 is either an essential cofactor
for y-secretase or maybe 7y-secretase itself [173].
PS2 also contains two transmembrane residues
critical for y-secretase activity.

A growing list of proteins, including tau, have
been identified as interacting directly or indirectly
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plaques present a significant higher number of tau-
positive NFT than transgenic mice overexpressing
only mutant human tau [215] indicating that the
mutant APP and the consequent AP production
precede and promote the formation of NFT [211].

The offspring of ApoE-deficient mice crossed
with APP transgenic mice showed a significant
reduction in AP deposition [216] supporting the
role played by ApoE in the metabolism of AR [71].

2.4 AP Is Toxic

A common factor in the postulated mechanisms of
AP toxicity is the oligomerization of A}, whether as
dimers or trimers [217, 218], protofibrils [219], or
fully formed fibrils [220, 221]. Despite several
attempts, the main obstacle to the full validation of
the AP hypothesis lies in the identification in vivo of
the specific neurotoxic AP soluble oligomer. There is
an inverse relationship between amyloid burden and
oxidative damage in vivo as assessed by 8-OH
guanosine levels in AD-affected tissue [222-224].
Several lines of evidence demonstrate that diffusible
soluble AP oligomers, but not monomers or insolu-
ble amyloid fibrils, are toxic to cultured neurons and
responsible for the neurotoxicity and synaptic dys-
function present in AD [225, 226]. Microinjection
into rats of culture medium containing soluble
oligomers of human A (in the absence of monomers
and amyloid fibrils) inhibits long-term potentiation in
the hippocampus [218]. AP fibrils injected into the
brain of aged primates induces local gliosis and neu-
ronal loss [8]. Similar changes are observed in young
APP transgenic mice before plaque formation [227,
228], though the diversity and unstable nature of A3
intermediates, from monomers to mature fibrils,
makes it difficult to identify the specific species
responsible for the neurotoxic effects.

2.5 Mechanisms of A Toxicity

As aresult of its high lipid content and high oxygen
consumption, the brain is particularly susceptible
to oxidative stress [229]. Several mechanisms have
been proposed to explain AP neurotoxicity: pro-
duction of reactive oxygen species (ROS) such as
hydrogen peroxide, nitric oxide, superoxide, highly
reactive hydroxyl radicals and nitric oxide (NO), exci-
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totoxicity with intracellular calcium accumulation,
decreased membrane fluidity, energy depletion,
alteration of the cytoskeleton, and inflammatory
processes [110, 156, 177, 230-234]. All of these
events converge into similar pathways of necrosis
or apoptosis, leading to progressive dysfunction
and loss of specific neuronal cell populations [156]
(Fig. 2.2).

2.5.1 Generation of ROS

Extra- and intracellular production of ROS initiate
and promote neurodegeneration in AD [235-239].
Evidence of oxidative stress in AD is manifested
through higher levels of oxidized proteins [238,
240], advanced glycation [241], lipid peroxidation
products [188, 242], formation of toxic species,
such as peroxides, alcohols, aldehydes, ketones,
cholesterol oxide (toxic to microglial cells) [243],
cholestenone [244], altered gene expression [245],
damaged DNA [246], and induced apoptosis [247].
AP induces lipoperoxidation of membranes and
lipid peroxidation products [248]. Lipids are mod-
ified by ROS and there is a high correlation
between lipid peroxides, antioxidant enzymes,
amyloid plaques, and NFT in AD brain [249].
Markers of oxidative DNA damage have been
localized in plaques and NFT [241, 250-253].

Several breakdown products of oxidative stress
including 4-hydroxy-2,3-nonenal (HNE) [254, 255],
acrolein, malondialdehyde, and F2-isoprostanes
have been observed in AD brains when compared
with age-matched controls [256]. HNE modifies
proteins resulting in a multitude of effects, includ-
ing inhibition of neuronal glucose and glutamate
transporters [257], Na-K ATPases [258], plus acti-
vation of kinases and dysregulation of intracellular
calcium signaling that ultimately induce an apop-
totic cascade [259-266].

Catalase, superoxide dismutase (SOD), glu-
tathione peroxidase, and glutathione reductase,
indicators of cellular defense mechanisms against
oxidative stress, are increased in the hippocampus
and amygdala of AD patients [267, 268].

DNA bases are vulnerable to oxidative stress
damage involving hydroxylation [269], protein car-
bonylation, and nitration. ROS-induced calcium
influx, via activation of glutamate receptors, trig-
gering an excitotoxic response leading to cell death
have also been observed in AD brains [266, 270].
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FIGURE 2.2. Schematics showing the role of A in Alzheimer’s disease (AD) pathogenesis. Increased production or
reduced clearance of AP leads to aggregation, deposition, and neuronal injury through a variety of neurotoxic
mechanisms, such as generation of oxygen and nitrogen radicals (H,0,, OH', NO), transition metal ion interactions,
excitotoxicity, tau hyperphosphorylation into neurofibrillary tangles, inflammatory response via microglia, and astro-

cytic activation leading to synaptic deficits and cell death.

ROS are also generated when oxygen reacts with
unregulated redox-active metals. Metalloproteins
such as AP in AD might abnormally present Cu or
Fe for inappropriate reaction with O, are impli-
cated in several age-dependent neurodegenerative
disorders [156].

2.5.2 Generation of RNS

NO induced neurotoxicity has been extensively
studied. NO is synthesized by NO synthases (NOS),
and the three isoforms of NOS, endothelial (eNOS),
neuronal (nNOS), and inducible (iNOS), are present
in the brain [271]. NO synthesis is activated by glu-
tamate release accompanied by excess calcium ion
influx through activation of the NMDA [272] and
AMPA receptor [273]. AP induces NO production
by interacting with glial cells or by disrupting Ca**
homeostasis through NMDA receptor [272, 274].
NO combines with superoxide anion forming
peroxynitrite, and the resultant RNS can induce
significant oxidative stress leading to lipid peroxi-
dation, damaged DNA, and neuronal death [275].

NO also promotes the over expression of metallo-
proteinases, particularly MMP9 enzymes, that dis-
rupt the extracellular matrix [276, 277].

2.5.3 Activation of Inflammatory
Processes

AP fibrils are toxic for cultured neurons and activate
microglia. Blocking AP fibril formation prevents this
toxicity [220, 221, 278, 279]. Astrocytes and
microglial cells are involved in the chronic inflamma-
tory responses in AD through the upregulated expres-
sion of phospholipase A2, leading to increased
arachidonic acid/prostaglandin inflammatory pathway
activity by secreting interleukin-1 [280], activation of
complement pathways [281], and by producing a vari-
ety of potentially neurotoxic compounds, including
superoxides, glutamate, and NO [282, 283].

2.5.4 Altered Energy Metabolism

Intermediate metabolism is essential to maintain
signaling activities and depends on mitochondrial
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function. Disturbed energy metabolism and the
appearance of degenerating mitochondria in axonal
terminals are an early feature of AD [284, 285].

ROS production, calcium ion uptake, and mito-
chondrial membrane depolarization have been
linked to neuronal apoptosis [286, 287] by disrupt-
ing the normal mitochondrial functioning, through
the uncoupling of oxidative phosphorylation and
impairment of cellular respiration, compromising
energy production [288]. The mitochondrial elec-
tron transport chain specifically, cytochrome C oxi-
dase or complex IV, is altered in AD [289, 290]
maybe secondary to mutated and oxidatively dam-
aged mitochondrial DNA [253, 291, 292]. This is
supported by results with cytoplasmic hybrid or
cybrid cells [290] that resemble electron transport
chain defects observed in AD [289].

2.5.5 Altered Metal Homeostasis

The evidence not only supports AP as the key fac-
tor in the pathogenesis of AD [21, 50, 54, 293], but
it also points to the fact that brain metal homeosta-
sis, specially Zn and Cu, is significantly altered in
AD [101, 294-297]. The progressive synaptic dis-
ruption and ultimately neuronal loss observed in
AD might be secondary to toxic oxidative stress
from excessive free-radical generation favored by
transition metals bound to AP [101, 156, 294,
297-300]. The generation of ROS usually requires
the reaction of O, with a redox metal ion such as
Cu or Fe. AP is a metalloprotein with high in vitro
affinity for Cu (highest), and Fe and Zn (lowest)
[101, 301-303]. AP coordinates transition metal
ions through bridging histidine residues at posi-
tions 6, 13, and 14, similar to the ones found in the
active site of superoxide dismutase [156]. When
AP binds Cu and Fe, extensive redox chemical
reactions take place [156, 224, 294, 304-307].
Isolated senile plaques generate ROS in a manner
dependent upon Cu and Fe [300, 306].

Several lines of evidence point to the participa-
tion of transition metals in AP neurotoxicity. Brain
copper and iron concentrations increase with age
[159, 308, 309]. Very high concentrations of Cu
(400 uM), Zn (1 mM), and Fe (1 mM) have been
found in plaques of AD-affected brains [298, 310].
Genetic ablation of the zinc transporter 3 protein,
required for zinc transport into synaptic vesicles,
reduced plaque formation in Tg2576 transgenic
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mice [311]. There are two methods of inducing
aggregation of AP, metal induced cross-linking
leading to amorphous aggregates and fibril forma-
tion, or lowering the pH [312]. Zn, Cu, and Fe
induce A aggregation in vitro [302, 313]. Soluble
oxidized AP accumulates within the synaptic cleft,
at which high concentrations of Zn (300 uM) and
Cu (30 uM) are released during neurotransmission,
which could coordinate with soluble AP, pro-
moting its toxicity, explaining the synaptic loss
observed in AD [311, 314]. The high Zn concen-
trations also promotes the aggregation of the
Cu/Fe-metallated AP, creating a reservoir of poten-
tially toxic AP that is in equilibrium with the solu-
ble pool. The large polymeric deposits of
misfolded proteins do not only represent the end
result of the aggregation process but they may
mainly act as inactive reservoirs in equilibrium
with the small diffusible oligomeric toxic species
responsible for the neurodegenerative pathology.
Paradoxically, some emerging data suggest that A
might have a role as an antioxidant, a function that
may wane with aging [101, 315].

Addition of Cu or Zn to AP} causes a conforma-
tional change from B-sheet to o-helix, generating
an allosterically ordered membrane-penetrating
oligomer [222]. The extensive oxidative damage
associated with AP [299, 307, 316, 317] may
involve calcium dysregulation, caused by either the
formation of membrane calcium channels [318] or
modulation of an existing channel [319]. In the
normal brain, most AP will form a hexamer that is
embedded in the cell membrane [222, 320-322],
but reactions of Cu with AP lead to the oxidative
modification of the methionine 35 (Met35) [323]
producing covalent cross-linking of AP yielding
soluble oligomers [22, 303, 323, 324] that are
released from the membrane with a toxic gain of
function and that resist clearance [156]. Met(O)A,
which has been isolated from AD amyloid brain
deposits [325, 326], is toxic to neuronal cells, tox-
icity attenuated by clioquinol and completely res-
cued by catalase. Unlike the unoxidized peptide,
Met(O)AP is unable to penetrate lipid membranes
to form ion channel-like structures and alters the
aggregation profile of the peptide such that the for-
mation of AP trimers and tetramers is attenuated
[327] and fibril formation inhibited [328].
Met(O)AP production contributes to the elevation
of soluble AP seen in the brain in AD [323]. These
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abnormally soluble toxic forms are correlated with
cognitive and memory decline [22]. Spectroscopy
studies have shown that Zn and Cu are coordinated
to the histidine residues of the deposited AP in the
senile plaque and that the Met35 of AP is oxidized
[329]. AP toxicity is enhanced in the presence of
Cu [306] and inhibited by extracellular catalase
[306, 307]. Association of soluble A} with both Fe
and Cu produces H,0,, which is neurotoxic in vitro
[224, 304, 305], while complexing of AP with
redox-inert Zn causes precipitation of the soluble
metalloprotein complex [69]. The Zn associated to
the aggregated amyloid partly reduces H,O, pro-
duction [224], which might explain the poor corre-
lation between plaque amyloid burden and
cognitive decline, while soluble A levels correlate
well with clinical severity [22].

2.6 Prospects for Treatment and
Neuroimaging

The insight into the molecular mechanism of AD
pathogenesis has not only opened new opportuni-
ties for the successful development of neuroprotec-
tive treatment strategies aimed at the prevention
of AP generation but also for new neuroimaging
approaches [330].

2.6.1 Therapeutic Strategies
2.6.1.1 Traditional Therapeutic Approaches

To date, no current therapy has been shown to halt
or reverse the underlying disease process, and these
remain confined to symptomatic palliative inter-
ventions [331]. Given the neuronal degeneration
with impairment in cholinergic transmission in hip-
pocampal and basal forebrain, areas associated with
memory and cognition [332], as well as decreased
levels of the cholinergic markers choline acetyl-
transferase and acetyl cholinesterase [333], most
treatment strategies are based in increasing intrasy-
naptic ACh levels. Though now approved for AD,
the cholinesterase inhibitors tacrine, donepezil,
rivastigmine, and galantamine only provide patients
with modest relief to their symptoms [334].
Recently, the noncompetitive NMDA antagonist
memantine has been proposed as a safe and effective
symptomatic treatment of AD patients [335-338].
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Other approaches to alter the progression of AD
involve the use of estrogen, antioxidants (alone or
in combination with selegiline), or nonsteroidal
anti-inflammatory drugs (NSAIDs) (Fig. 2.3).

Compounds with the ability to inactivate ROS
might have therapeutic potential in the treatment of
AD, and some cell culture toxicity studies have
shown beneficial effects [339], though there has
been limited clinical evaluation of antioxidants
The classical lipophilic free-radical scavenger, o~
tocopherol (vitamin E), has been evaluated in both
AD and Parkinson disease (PD), and though it
showed some encouraging results in AD patients
[340], especially when combined with ascorbic
acid [229, 341], it was found to have no beneficial
effects in PD [342]. Upregulation of ROS-scavenging
enzyme capacities through neurotrophins [343] may
provide a mechanism for the prevention of neuro-
toxicity. Cholinergic drugs are routinely used in the
treatment of AD to improve cognitive functions
and in association with antioxidants have been pro-
posed to be more effective in the treatment of AD
than the individual agents alone [237]. There is a
growing interest in the use of polyphenolic antiox-
idants to reverse age-related decline in neuronal
signal transduction and cognitive and motor behav-
ior deficits [344, 345].

ROS generation triggers glutamate-mediated
excitotoxicity. Memantine, which targets the NMDA
receptor, slows the development of the disease and is
of modest benefit to patients in the moderately
severe to severe range of the disease [335, 336, 338].
Use of coenzyme Q10, L-carnitine, and creatine
might prevent mitochondrial oxidative damage and
mitochondrial mutations [285, 346, 347]. Another
potential therapeutic strategy proposes the use of
brain-derived neurotrophic factor or nerve growth
factor [348]. Estrogens have been shown not only to
modulate neurotransmission but also to act as free-
radical scavengers, activating nuclear estrogen recep-
tor in intracellular signaling [349] and preventing
AP formation by promoting the o-secretase APP
non-amyloidogenic pathway [350].

2.6.1.2 Novel Therapeutic Approaches

If, as postulated, AD pathology is the consequence
of a chronic imbalance between AP production and
clearance, the most rational strategy to treat the
disease would involve either retarding, halting, or
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even reversing the process that leads to increase
production of AP [331, 334, 351, 352].

The most promising strategy for neuroprotection
might be reducing formation of A by partially
inhibiting either - or y-secretase (Fig. 2.3), which
generate AP from APP, and/or stimulation of
o-secretase activity [151, 353-358]. Total inhibi-
tion of either - or y-secretase should block A} pro-
duction completely. There are vigorous attempts to
identify small lipophillic inhibitors of B-secretase.
There are already potent 7y-secretase inhibitors
available [359-365] and undergoing human trials.

Given the evidence that levels of soluble A} cor-
relate with disease severity [22, 108] and that the
AP amyloid is probably the main neurotoxic factor
in the development of AD, the development of
agents inhibiting AP oligomerization should be
more effective than those that merely block AP
deposition [366]. Two basic strategies have been
proposed in order to reduce or remove AP from the
brain: immunization [367-371] breaking the path-
way that leads to AP deposition [372] by precipi-
tating an active immune response against the A
[370, 373, 374], or the passive administration of
specific anti-Af antibodies [375-377] promoting

microglial clearance [370, 375] and/or by redistri-
bution of AP into the systemic circulation [376]
(Fig. 2.3). Active immunization with synthetic AP
was effective in APP transgenic mice without
detectable toxicity, [375] though recent human tri-
als resulted in the development of encephalic
inflammatory reactions that precluded further
human evaluation [378-381].

The use of anti-inflammatory medications is not
only aimed at reducing the AP-elicited cellular
inflammatory response [382], but it has also been
shown to have direct effects on the cleavage of APP
by y-secretase, an effect that is independent of their
inhibition of cyclooxygenase and other inflamma-
tory mediators [383, 384] (Fig. 2.3). Some such
drugs reduce cytopathology in APP transgenic
mice [385, 386].

Another approach postulates modulating choles-
terol homeostasis. The use of cholesterol-lowering
drugs has been shown to reduce pathology in APP
transgenic mice [387] and has been associated with
lower incidence of AD [388, 389] while high-
cholesterol diets increase AP} pathology in experimen-
tal animals [390, 391] through a yet not elucidated
effect of cholesterol on APP processing [392, 393].
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Based on the role that metal ions such as Cu, Fe,
and Zn play in the biochemical processes associated
with AP deposition and neurotoxicity [69, 156, 224,
295, 302-305, 310, 321], a further therapeutic strat-
egy using the metal binding sites of AP lead to the
design and development of molecules, known as
metal—protein attenuating compound (MPAC) [156]
(Fig. 2.3), which inhibit the deleterious effects of
aberrant metal interactions through competition
with the target protein for the metal ions, leading to
a normalization of metal homeostasis. MPAC not
only inhibit the in vitro generation of hydrogen per-
oxide but also have been shown to reverse the pre-
cipitation of AP in vitro and in postmortem human
brain specimens [394], reducing AP burden by a
direct solubilization and by reducing toxic oxidative
stress [372]. Clioquinol (CQ), 5’-chloro-7-iodo-8-
hydroxyquinoline, is a hydrophobic quinoline Zn
and Cu chelator that freely crosses the blood—brain
barrier [395]. After initial studies showed that CQ
increased soluble phase AP by more than 200% in
a concentration-dependent fashion in homogenized
postmortem human brain samples, its efficacy was
tested in transgenic Tg2576 mice expressing mutant
APP protein and which develop AP amyloid
deposits and showed a dramatic 49% decrease in
brain AP deposition after 9 weeks of oral treatment
[372]. CQ was chosen to be tested as an AB amy-
loid solubilizing and antitoxic agent in a random-
ized, double-blind, placebo-controlled pilot Phase
II clinical trial [396]. The effects of oral CQ treat-
ment was statistically significant in preventing cog-
nitive deterioration in the moderately severe AD
patient group, with no evidence of toxicity [396].

2.6.2 Funtional Neuroimaging
Approaches

When in his 1907 [25] report Alzheimer wrote,
“there exist many more mental diseases than our
textbooks indicate. In many such cases, a further
histological examination must be effected to deter-
mine the characteristics of each single case,” he
stated what for the past century remained the gold
standard for the diagnosis of AD. We are now at the
threshold of a new era of noninvasive, in vivo diag-
nosis through molecular imaging. The same way
neuropathology was boosted by the techniques and
dyes introduced by visionary pioneers like Cajal
and Nissl, we are now seeing some derivatives of
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those histological dyes finding their way into emis-
sion tomography [198, 397] and magnetic reso-
nance imaging [398, 399].

Modern functional neuroimaging techniques
such as positron emission tomography (PET), sin-
gle photon emission tomography (SPECT), mag-
netic resonance spectroscopy (MRS), functional
magnetic resonance imaging (fMRI), and magne-
toencephalography (MEG) have been developing
new approaches not only to determine if an indi-
vidual suffers from a particular form of dementia
but also to delve into the molecular mechanisms of
AD [400-402].

PET allows in vivo quantification of radiotracer
concentrations, where either the radiotracer bears
the same biochemical structure or is an analogue,
or is a substrate of the chemical process being
evaluated, allowing the in vivo assessment of the
molecular process at their sites of action [403] per-
mitting detection of disease processes at asympto-
matic stages when there is no evidence of anatomic
changes on CT and MRL

Several studies have evaluated regional cerebral
glucose metabolism with fluorodeoxyglucose
(FDG) and PET. A typical pattern of reduced tem-
poroparietal FDG uptake with sparing of the basal
ganglia, thalamus, cerebellum, and primary sensori-
motor cortex is typical of AD [404, 405]. FDG-PET
might improve diagnostic and prognostic accuracy,
thereby reducing both disease and treatment-related
morbidity of patients with AD [406] due to its high
sensitivity (94%) for detecting temporoparietal
hypometabolism in patients with probable AD [405,
407, 408]. In a multicenter study, the prognostic
value of FDG-PET showed a high degree of sensi-
tivity (93%) and moderate specificity (73%) for pre-
diction of progressive dementia [409].

Though clinical criteria together with current
structural neuroimaging techniques (CT or MRI)
are sensitive and specific enough for the diagnosis
of AD at the mid or late stages of the disease, the
development of a reliable method of assessing AP
amyloid burden in vivo may permit early diagnosis
at presymptomatic stages, more accurate differ-
ential diagnosis, while also allowing treatment
follow-up.

Extracellular amyloid plaques are the hallmark
brain lesions of sporadic AD. These microscopic A
aggregates [22] are well beyond the resolution of
the usual neuroimaging techniques used for the
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evaluation of patients with AD. Furthermore, current
techniques focus on nonspecific features derived
mainly from neuronal loss and atrophy, which are
late features in the progression of the disease, and are
secondary to the basic functional alteration. Because
AP is at the center of pathogenesis of AD, and
because we are now approaching a point at which
several pharmacological agents aimed at reducing
levels of AP in the brain are being developed and
tested, many efforts are focused on developing radio-
tracers that allow AP in vivo imaging [198, 397].

Several compounds have been evaluated as poten-
tial AP probes: derivatives of histopathological dyes
such as Congo red, Chrysamine-G, Thioflavin S and
T, and acridine orange [410—438] (Fig. 2.4), NSAID
derivatives [439-445], as well as self-associating A3
fragments [446-452] and anti-AP monoclonal
antibodies [453, 454], serum amyloid P, and basic
fibroblast growth factor [455].

The criteria for the diagnosis, management, and
early detection of dementia [456—458] published
by the American Academy of Neurology Quality
Standards Subcommittee supports the use of CT
and MRI in the work-up of the patient with demen-
tia while recommending further research to deter-
mine the utility of other neuroimaging modalities
such as PET and to a lesser degree SPECT [456].
Though FDG PET is mainly used in the differential
diagnosis of AD, it is the neuroimaging technique
that has been shown to yield the highest prognostic
value for providing a diagnosis of presymptomatic
AD 2 or more years before the full dementia pic-

AD AC

} 4

FIGURE 2.4. Coronal PET images showing the regional
uptake of a thioflavin derivative, 'C-PIB, reflecting AB
burden in the brain. The images demonstrate a marked
difference in ''C-PIB regional distribution between an
Alzheimer’s disease patient (AD) and an age-matched
healthy control (AC) subject, with high uptake of ''C-
PIB in gray matter areas in AD but only nonspecific
uptake in white matter in AC. Images were obtained at
Centre for PET, Austin Hospital, Melbourne, Australia.

—p—

V.L. Villemagne et al.

ture is manifested [409, 459-461]. Given the grow-
ing evidence, PET will likely come to be at the
forefront of the AD neuroimaging tools both as a
diagnostic as well as a prognostic tool, providing
new insights into the spatial and temporal pattern
of disease progression.

Because new treatment strategies to prevent or
slow disease progression through early intervention
are being developed and implemented, there is an
urgent need for early disease recognition, which is
reflected in the necessity of developing sensitive and
specific biomarkers, specific for a particular trait
underlying the pathological process, as adjuncts to
clinical and neuropsychological tests.

But the emphasis should not be limited to the
ability of early diagnosis. With new therapeutic
approaches being developed that either prevent the
deposition of AP or increase its solubilization—
agents that could delay the onset of dementia—the
role of imaging and quantifying AB amyloid in
vivo is becoming crucial. The ability to detect
preclinical or early-stage disease through clinical,
laboratory, and neuroimaging tests, combined with
anti-AP amyloid in the at-risk patient, or the patient
with MCI, may prevent or delay functional and
irreversible cognitive losses, allowing one at the
same time to customize and monitor treatment.

2.7 Conclusions

Alzheimer’s disease is a neurodegenerative disor-
der characterized by a slow but relentless progres-
sive cognitive decline and memory loss. It has a
devastating effect not only on the sufferer but also
on their caregivers, with a tremendous socioeco-
nomic impact not only on families but also on the
health care system that will only increase in the
upcoming years.

The neuropathologic hallmarks of the disease
are extracellular deposits of AP in senile plaques,
NFT, with selective neuronal and synaptic loss in
cortical areas of the brain associated with cognitive
and memory functions.

AR is the main component of the amyloid plaques.
All the available evidence points at the breakdown of
the economy of AP as playing the key role in AD
pathogenesis. Genetic studies have shed light on the
pathogenesis and progression of AD. To date, four
genes have been linked to autosomal dominant,
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early-onset familial AD: APP, PS1, PS2, and ApoE.
All mutations linked to APP and PS proteins lead to
an increase in AP production. AP not only aggregates
into amyloid plaques but is toxic per se while having
an effect on intracellular tangle formation and other
factors (e.g., cytokines, neurotoxins, etc.) that also
play an important role in the neurotoxic progression
of AD.

AP is neurotoxic through a number of possible
mechanisms including oxidative stress, excitotoxi-
city, energy depletion, inflammatory response, and
apoptosis, and while the exact mechanism by which
AP might produce synaptic loss and neuronal death
is controversial, it is believed that a toxic oxidative
interaction between various metal species and AP
triggers an oxidative response with free-radical
production leading to progressive disruption of neu-
ronal function and ultimately to cell death.

At this point, there is no cure for AD. A deeper
understanding of the molecular mechanism of A
formation, degradation, and neurotoxicity is being
translated into new neuroimaging and therapeutic
approaches. Most of the approved palliative treatment
regimens involve the use of acetylcholinesterase
inhibitors, glutamatergic agents, nonsteroidal anti-
inflammatory drugs, as well as antioxidants. The
most promising approaches focus on either reducing
AP formation through secretase inhibitors or increas-
ing its removal either by immunotherapy or MPAC
aiming at blocking the formation of AP oligomers
and fibrils therefore inhibiting neurotoxicity.

Like the attendees at Alois Alzheimer’s presen-
tation 100 years ago, we might be at the threshold
of groundbreaking developments.
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