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And Allah has created you, and then He will cause you to die, and of you there
are some who are sent back to senility, so after having much knowledge, they
know nothing. Truly! Allah is All-Knowing, All-Powerful.

Sura An-Nahl (The Bee). Quran, 16:70.
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Abstract

There is considerable interest in the role of aggregated protein in the underlying
pathology of human neurodegenerative conditions including Alzheimer's disease
(AD), light chain amyloidosis, spongiform encephalopathies, Huntingdon’s disease,
Parkinson’s disease, etc. AD is a progressive neurodegenerative condition
responsible for dementia in the elderly. An early onset, familial genetic basis
(FAD) for the disease has been established in kindreds, where mutations in the
amyloid precursor protein (APP) and the presenilin proteins (PS) cause cerebral
deposition and aggregation of the B-amyloid (AB) peptide responsible for the
clinical and pathological features of the disease.

In order to investigate the cell biology of presenilin1 and the effect of AD-
causing mutations on intracellular dynamics, constructs of enhanced green
fluorescent protein fused to wild type or mutant N-terminal fragment and full-length
PS1 were prepared. Immunocytochemical analysis reveals that the fusion proteins
display four distinct phenotypes: ER, Golgi, vesicular and ‘blob-like aggregates’.
Furthermore, removal of the EGFP moiety had no effect on the phenotype. The
‘blob-like aggregates’, are high copy number, ubiquitinated structures that originate
from the nuclear/ER interface, and are not dependent on microtubules for their
formation nor are they contained by the intermediate filament vimentin, indicating
that they are neither aggresomes nor inclusion bodies.

Moderate to high levels of the fusion protein disrupt the endoplasmic
reticulum and Golgi compartments, suggesting that the normal trafficking of
materials within the cell may be disturbed. Additionally, the N-terminal construct
sensitises cells to staurosporine-induced apoptosis. TEM images from cells
expressing the fusion protein reveals numerous phagosomes and mutilaminar
bodies that fit the profile seen for the blob-like aggregates in terms of dimension,
number and general morphology. These data suggest that the blob-like
aggregates might be novel membrane-bound structures. These fusion proteins
provide a convenient means for studying the consequences of protein aggregation
on the ubiquitin-proteasome system (UPS), apoptosis and phagocytosis within the
cell.
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Chapter 1
1.0 Relevance of Alzheimer’s disease

For the majority of individuals living in the West, the advent of modern medicine,
particularly the development of antibiotics in the previous century, has effectively
extended the average life expectancy. Mortality commonly associated with
microbial infection has now been supplanted by maladies arising as a
consequence of the normal ageing process. As the population ages the health
cost associated with increased longevity threatens to undermine Western health
care systems. Of increasing concern is the rise in the number of cases of
dementia, particularly Alzheimer’s disease (AD) now thought to affect 15 million
individuals world-wide. Beside the emotional burden placed on patients, their
families and carers, society will have to reckon with the long-term economic costs
of a population affected by AD. The annual economic costs of AD to the USA alone
were estimated at US$ 80-100 billion (National Institute on Aging). Thus efforts to
find an effective therapy to this most debilitating disease are crucial if a future

social healthcare crisis is to be avoided.
1.1 Introduction to Alzheimer’s Disease

In 1906 at a scientific meeting in Munich a Bavarian psychiatrist, Alois Alzheimer
(1864-1915) described the neuropathology of a 51-year-old Frankfurt woman
referred to as Auguste D, who had died following a period of progressive dementia.
Using recently developed silver staining techniques, Alzheimer described a host of
pathological abnormalities including amyloid plaques and neurofibriliarly tangles,
now considered the major hallmarks of the disease. AD is the commonest form of
dementia accounting for 50-70% of typical late onset cases, and is characterised
by progressive loss of memory and orientation. It is an age-related condition
affecting approximately 11% of the population over 65 years of age and 50% over
85 years of age (Hof et al, 1995). Globally, AD is thought to affect 1 in 20 people.

Though the aetiology of the disease process is currently unknown, AD can
manifest itself in two ways. Firstly, a familial basis for AD (FAD) has been

4



established whereby specific gene mutations cause the early onset of the disease.
Secondly, whereas FAD accounts for less than 1% of all AD cases, the majority of
patients who exhibit AD characteristics do so sporadically. This late-onset AD
(LOAD) is likely due to genetic as well as epigenetic (environmental) factors. In
general terms, AD can be thought of as a multifactorial syndrome resulting from
impaired processing of proteins, oxidative stress and inflammation events rather
than as a disease attributable to a single cause (Selkoe, 1999). Much of the earlier
research in AD consisted of anatomical investigations of the brain coupled with
improved silver staining protocols. The development of biochemical and
immunological techniques since the 1970s have provided a wealth of data on AD
pathology, that when taken together with current molecular and genetic
technologies has brought the prospect of an effective therapeutic treatment ever
closer. A simplified schema outlining the history of AD research from its initial

descriptions back in 1906 to the present day is shown in figure 1.0.
1.2  Pathophysiological features of AD
(i) Neurological and transmitter alterations

In the early stages of the disease, neurodegeneration occurs primarily within
cholinergic regions such as the hippocampus, entorhinal cortex and amygdala,
suggesting early-stage AD to be a corticolimbic neurodegenerative disorder
(Pearson and Powell, 1989; Schneider et al, 1999). Even in mild cases of AD
there is already a 50% loss of neurons in the entorhinal cortex, a neural bridge that
connects the hippocampus with the neocortex.

Initially, an AD patients motor, sensory, and linguistic abilities are preserved,
however eventually the disease evolves into a global impairment affecting multiple
cognitive domains, leading to dementia and ultimately death. Behaviourally,
affected individuals are no longer able to perform learned perceptuo-motor tasks
such as dressing, washing, eating etc, and invariably patients show impaired social
skills and are given over to bouts of jealously, and in some instances, violent rage.

In advanced stages of the disease affected individuals show significant memory
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The loss of cortical choline acetyl transferase (CAT) and decline in acetylcholine
synthesis in biopsy specimens has been found to correlate strongly with cognitive
impairment (Felician and Sandson, 1999; Vickers et al, 2000; Law et al, 2001). In
terms of therapeutics, the selected loss in cholinergic neurotransmission as a
consequence of AD has been addressed through the use of drugs that either
sustain the action of acetylcholine within the synaptic cleft or mimic its action at
cholinergic receptors. Overall though, cholinergic enhancement provides at best
only mild symptomatic relief for patients with AD, thus current research into new

therapies is focused on non-cholinergic aspects of AD metabolism.

(i) Micro-histopathological features of AD

As well as gross anatomical changes in the AD brain such as gyral atrophy typified
by sulci widening, ventricular dilation and frontal, parietal and temporal lobe
shrinkage, post mortem microscopic examination reveals the presence of two
distinct micro-pathological lesions. The first of these lesions, originally noted by
Alzheimer himself, consist of interneuronal, aggregated fibrils referred to as
neurofibrillarly tangles (NFTs). The second type of lesion consists of aggregated
B-amyloid (AB) peptides that form extracellular inclusions referred to as senile

plaques.

(i)  NFTs contain aggregates of hyperphosphorylated tau

In AD brains tau deposits occur as abnormally phosphorylated intracellular threads
within neurites (dendrites and axonal terminals that have degenerated), or as NFTs
composed of pairs of ~10 nm filaments wound into paired helical filaments (PHF)
located within the neuronal cell body (figure 1.1). The normally soluble tau present
in tangles resists the actions of most detergents such as SDS or guanidine
hydrochrolride but can be partially solubilized by boiling in SDS. In fact, long after
neurons have undergone apoptosis NFTs remains as so-called ‘tombstone’
markers (Selkoe et al, 1982). Tau is one of several microtubule-associated proteins
(MAPs) that function to stabilise microtubules responsible for maintaining cell

polarity, intracellular transport and the development of cellular processes.
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Tau has multiple phoshorylation sites accessible to a variety of different kinases
such as glycogen synthase kinase-3 (GSK-3), MAP kinase, cyclin dependent
kinase 5, microtubule affinity-regulating kinase (MARK), etc (Mandelkow and
Mandelkow, 1998). It is the combined actions of kinases and phosphatases that
are responsible for the constant remodelling of the cell interior, for example during
mitosis. In the AD brain tau undergoes aberrant phosphorylation at sites only seen
during foetal development. Following hyperphosphorylation the ability to bind to
microtubules is lost leaving tau free to associate with sulphated
glycosaminoglycans or nucleic acids, leading to the formation of PHF within
neurons (Goedert, 1996; Hasegawa et al, 1997), which consequently disturb
axonal transport, ultimately affecting neurite outgrowth. Destabilization may
decrease axoplasmic flow, so generating dystrophic neurites that contribute to
synaptic loss.

Several questions concerning the formation of tangles remains unanswered,
in particular the nature of the trigger and the identity of the kinase responsible for
the hyperphosphorylation of tau. Whist PHF can be generated in vitro, attempts at
generating them in cell models has so far failed. Moreover, over expression of
human tau isoforms in transgenic mice has not resulted in an AD-like pathology
(Mandelkow and Mandelkow, 1998). Ultimately NFTs within neurites of the AD
brain may be seen to be the pathological consequence of A amyloidosis rather

than as a first cause.
(iv)  Amyloid peptide deposits in the AD brain

The second pathological lesion found in the AD brain is the presence of
extracellular plaques that fall broadly into two morphologically distinct types, so
called neuritic and diffuse plaques. Following purification and sequencing in the
1980s plaques were found to contain aggregated fibrils of AB peptide (Glenner and
Wong, 1984; Masters et al, 1985). Under normal metabolic conditions AP is
proteolytically derived from its amyloid precursor protein (APP) by the sequential
action of two secretases, referred to as - and y-secretase, to yield a 4 kDa peptide
composed of 39-43 amino acids (Kang et al, 1987). In the case of y-secretase,

cleavage is mediated either directly by a group of transmembrane proteins referred
9
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et al, 1999). Current attempts at diagnosing the early stages of AD in living brains
has been attempted using advances in magnetic resonance imaging techniques
(Fox and Rossor, 2000). Ultimately, it is the presence of plaques and tangles
representing classical end-stage lesions that allow a definitive diagnosis of AD to

be made post mortem.
1.3  Biology of the amyloid precursor protein
(i) Proteolytic processing of APP

APP is a glycosylated, single pass type | transmembrane protein (110-140 kDa)
constitutively expressed in many different cell types and has many alternate
transcripts produced from one gene, giving rise to many different APP isoforms
(Selkoe, 1998). APP belongs to the APP-family, which contains the APP-like
proteins 1 and 2 (APLP1 and APLP2). Three main APP species have been
recognised: a 751 and a 770 amino acid protein commonly found in both neurons
and non-neuronal cells; and a 695 amino acid protein found almost exclusively in
neurons (Goldgaber et al, 1987; Kang et al, 1987). APPeggs is expressed both
intracellularly and at the cell surface, and can be converted at both these sites to
different secreted forms (Kang et al, 1999). The metabolic fate of APP (half-life of
~45-60 mins) is thought to be regulated by many factors including first messengers
such as cholinergic agonists, and second messengers such as phospholipase-C
and protein kinase-C, which appear to enhance a-secretase activity. This in part
may be down to alteration in the phosphorylation status of the secretase or
enhanced trafficking of Golgi-derived APP-containing vesicles to the cell surface
(Selkoe, 1996).

Like many other proteins passing through the secretory pathway, APP
undergoes post-translational modifications including N- and O-linked glycosylation,
phosphorylation and sulphation. APP is co-translationally translocated into the
endoplasmic reticulum (ER) via its signal peptide and then undergoes maturation
as it passes through the Golgi (Cook et al, 1997; Hartmann et al, 1997). A
hydrophobic stretch of amino acids situated at the carboxy terminal of APP helps

anchor the molecule within the cell membrane compartment. Three main
12



secretase enzymes responsible for the cleavage of APP have been identified; the

o~, B- and y-secretases.
(i) oa-secretase pathway

The o-secretase has not been identified as any single proteinase, but two
members of the ADAM (a disintegrin and metalloprotease) metalloprotease family,
ADAM-10 or Kuzbanian and ADAM-17 are candidate a a-secretases. ADAM family
proteases typically possess several domains including an endothelial growth
factor-like domain, a transmembrane domain, a cytoplasmic domain and an
autoinhibitory domain that must be removed for activity. Additionally, these
proteases are characterised by the presence of a disintegrin domain able to bind
integrins or other receptors and a metalloproteinase domain that contains a
consensus active-site sequence for a zinc-dependent metalloprotease (Primkoff
and Myles, 2000).

ADAM 10 activity releases a soluble form of Delta, a ligand for the cell
surface receptor molecule Notch responsible for cell fate during development and
neurogenesis. Cells carrying mutant forms of the KUZ (ADAM10 gene) do not
receive inhibitory signals from neighbouring cells leading to an excessive neuronal
cell proliferation (Primkoff and Myles, 2000). The role of ADAM 10 a-secretase
activity in basal and stimulated ectodomain shedding of APP has been
demonstrated by studies investigating ADAM 10 overexpression in cells that lead
to a severalfold increase of aAPPs and the p10 fragment that is further cleaved by
the y-secretase to yield soluble p3 (Lammich et al, 1999).

ADAM 17 or tumor necrosis factor-a converting enzyme (TACE) is thought
to be a membrane-anchored enzyme that shows poor sequence specificity when
cutting single-pass proteins and is responsible for the release of a 17 kDa tumor
necrosis factor (o-TNF) fragment involved in inflammation. In the cleavage of APP,
the a-secretase cuts at a specific distance from the outer membrane surface
(Sisodia et al, 1992). APP proteolysis occurs between lysine 687 and leucine 688
(residues 16 &17 of Ap) to release a large soluble ectodomain molecule reffered to

as o-APP, whereas a-secretase activity in combination with y-secretase releases a

13
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Greenfield et al, 1999). These peptides formed in the TGN consist of two pools, a
soluble population extractable with detergents and a detergent-insoluble form
(Greenfield et al, 1999). The majority of A is destined for secretion into the CSF
and the blood plasma, however, A generated from APP whilst still within the
ERGIC, may not be destined for secretion but may instead be retained and
catabolised inside cells, where it could confer pathogenic properties distinct from
those mediated by extracellular plaque formation (Cook et al, 1997).

Much of the data on the location of APP and Af is complex and difficult to
interpret. In particular there appears to be a discrepancy between the site at which
ABs2 is generated and the ER/IC location of the B-and y-secretases needed to
generate it, a finding referred to as the so-called spatial paradox (De Strooper et al,
1997; Annaert et al, 1999). Brefeldin-A (BFA) treatment of NTera 2 cells prevents
AP secretion, in particular AB4 whereas BFA-treatment of cells has little effect on
APB42 secretion suggesting that the toxic species is generated in the ERGIC (Cook
et al, 1997; Chen et al, 2000). Additionally, cleavage of B-APP by BACE takes
place predominantly within acidic compartments i.e. within the TGN and
endosomes (Haass et al, 1993). Similarly, pulse chase experiments show that the
majority of the C83 and C99 fragments derived from APP are glycosylated, i.e.
their cleavage by y-secretase must occur post-Golgi. Whether other intracellular
sites beyond the ERGIC contribute to the generation of secreted AB4,; remains to
be determined. Biochemical and immunocytochemical experiments have detected
BAPP in the ER and post-Golgi secretory vesicles; AB42 in the ER; and AP in
glycolipid membranes (Selkoe, 1999), indicating that AB can be generated and/or
accumulate at various points along the secretory pathway.

Other studies indicate that intracellular ABs, also forms insoluble aggregates
within lysosomes that resist degradation. The addition of AB42 to cultured cells
likewise, leads to the accumulation of newly synthesized A, particularly the
ragged forms, indicating that intracellular AR may derive from a 'solid phase',
cellular pathway. This pathway, which preferentially generates ragged AP,
contrasts to the pathway that primarily produces secreted A (Yang et al, 1999).
Other findings imply that the progressive shift of ABso/ABs2, from soluble to

insoluble pools, plays a mechanistic role in the onset and/or progression of AD

17



(Wang et al, 1999). Although the majority of studies indicate that the secretion of
AB4 into the extracellular space is the likely route by which it forms insoluble fibrils,
other studies suggest that a portion may enter through the blood brain barrier, via a
receptor-mediated transport system similar to the uptake of insulin (Poduslo et al,
1999). Furthermore, the majority of peripheral as well as centrally located cells
such as astrocytes, microglia, endothelial and smooth muscle cells all produce
APP and generate A in variable amounts, possibly contributing to the secreted
pool of AP from within the brain or via the blood brain barrier (Selkoe, 2001).

Previous studies indicate that APP is rapidly transported anterogradely
within neurons along axons out to axon terminals where they are present within
vesicles (Koo et al, 1990). Similarly, retrograde transport of APP from the
terminals back to the cell body has also been observed. Here, some APP may be
translocated to the somatodendritic surface or may recycle via the endosome
system, possibly generating A in the presence of - and y-secretase (Yamazaki et
al, 1995). More recently, APP has been demonstrated to bind to Kinesin-1, a
microtubule motor protein, where it functions as a kinesin-1 receptor and assists in
the transport of vesicles containing BACE and PS1 along the axons of peripheral
neurones (Kamal et al, 2001). Analysis of the compartment in which these proteins
reside shows APP is cleaved by y-secretase, generating A and an APP-C-
terminal fragment (CTF) and liberates kinesin-1 from the membrane. The
significance for AD is that cleavage of APP due to axonal damage or blockage
could lead to AP deposition. If substantial, this may interfere with other transport
processes or neurotrophic signalling, leading to possible neuronal death.

Damage to neurones in AD as evidenced by dystrophic neurites indicate
axonal reaction to trauma. In preclinical AD these changes are typified by
abnormal phosphorylation and accumulation of neurofilaments. Morphologically
such regions are identical to distal and proximal segments of physically damaged
axons. A simple view of the disease process states that Ap accumulated within the
extracellular space inflicts physical and mechanical stress onto nearby axons
through constriction, triggering a neurological reaction to injury. Over a number of
years the maturation of plaques only serve to exacerbates matters (Vickers et al,
2000).
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AR to hippocampal neurons. Though ih this case, it has been pointed out that A
may contribute to mild cognitive impairment in early AD via a novel mechanism
independent of neuronal death (Kiein et al, 2001). Additionally, whereas aged
human neurons may be unduly susceptible to the effects of Ap because of years of
various insults, neurons used for in vitro studies are obtained from embryonic or
postnatal animals, thus making a direct comparison of A toxicity between the two

cell populations difficult to interpret (Vickers et al, 2000).
(i) Oxidative stress and AD

AP toxicity may be mediated via binding to the RAGE receptor (receptor for
advanced glycation end products) a member of the immunoglobulin superfamily of
cell surface receptors (Yan et al, 1996). This receptor is highly expressed by
cortical neurons, especially in the hippocampus and cerebellum during rat brain
development, and in a variety of other cell types, including endothelial cells and
phagocytes. RAGE activation is believed to trigger cellular oxidative reactions and
has been shown to mediate the interaction of Ap with glial cells, leading to the first
steps in the inflammatory cascade as seen by glial cell activation, cytokine
production, chemotaxis, and haptotaxis. However, antioxidants appear not to
protect neurons from A in toxicity assays, nor is their any evidence showing
oxidative damage of genomic DNA specific to AD or DS (Vickers et al, 2000).
Oxidative stress is believed to be a critical factor in normal aging brain and
in other neurodegenerative diseases besides AD, such as Parkinson's disease and
amyotrophic lateral sclerosis (ALS). Comparisons of AD brains with age matched
controls show an increase in oxidative damage, whilst plaques and tangles display
immunoreactivity to antioxidant enzymes (Pappolla et al, 1992). The presence of
reactive oxygen species (ROS) within the brain results in lipid peroxidation of the
cell membranes impairing the function of various membrane proteins involved in
ion homeostasis, such as N-methyl-D-aspartate receptor channels or ion-motive
adenosine triphosphatases. Consequently, the increased intracellular calcium and
ROS levels leads to protein, DNA, and lipid damage that may be the trigger for
apoptosis. Additionally, the exposure of PC12 cells to AB2s.35 and AB+.40 has been
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shown to induce a concentration-dependent accumulation-of-ROS that-impair
energy metabolism, so leading to a reduction in ATP levels that compromise
cellular viability (Pereira et al, 1999). Other studies suggest that Ap exerts its toxic
effect via the activation and inhibition of several transcription factors (Santiard-
Baron et al, 1999). Exposure of Ntera 2 cells, for example, to ABzs.35 induces the
expression of several genes including the 'growth arrest and DNA damage-
inducible gene' (gadd45) implicated in the DNA excision/repair process, whereas
ApB represses, amongst others, a gene encoding a 'hinge protein' subunit of the
mitochondrial cytochrome-c reductase enzyme. The up-regulation of gadd45 in
response to DNA strand breaks in cells exposed to AR may therefore be a critical
event in AD pathology. Additionally, increased intracellular calcium may also alter
calcium-dependent enzyme activity such as the implication of protein kinase-C in
amyloid protein metabolism and the phosphorylation of tau. The apoptotic pattern
of cellular death seen in oxidative stress is similar to that produced by Af} exposure
(Felician and Sandson, 1999).

(i)  Inflammatory Reactions and AD

The inflammatory and immune aspect of AD is becoming increasingly important for
researchers. A typical hallmark associated with inflammation in AD is the presence
of reactive microglia densely embedded within the senile plaques (Selkoe, 2001).
Increased cytokines levels are seen in the serum, plaques and neurons of patients
with AD compared with aged-matched controls. Furthermore, the anti-inflammatory
cytokine-transforming growth factor beta1 (TGF-$1) is able to promote or
accelerates the deposition of Ap (Wyss-Coray et al, 1997). Classical complement
pathway fragments are also found in the brains of AD patients, and A may directly
activate the classical complement pathway in an antibody-independent manner
perhaps by interacting with some aspect of the immune system.

Whether these markers are a consequence of the disease or a cause remains to
be seen. Brain specimens from elderly patients with arthritis treated with non-
steroidal anti-inflammatory drugs have similar numbers of senile plaques, as do

control brains. However, less microglial activation is seen in the arthritis patients'
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brains, suggesting that anti-inflammatory agents may delay or prevent clinical
symptoms of AD by limiting the associated inflammation (Felician and Sandson,
1999).

As well as the increase in RAGE expression in neurons, vasculature, and microglia
in affected regions of AD brains in response to A (Yan et al, 1996), Ag fibrils also
bind to an unrelated ‘class A scavenger receptor’ expressed by large numbers of
microglial associated with senile plaques (El Khoury et al, 1996). This receptor as
well as RAGE may therefore represent novel pharmacological targets for reducing

the inflammatory and oxidative reactions associated with AD.
1.5  Theories proposed to account for AD
(i) The amyloid cascade hypothesis

A controversial issue in the pathogenesis of AD is the relationship between amyloid
deposition and NFT formation. A substantial body of evidence supports the idea
that the aggregation of insoluble AB fibrils is behind the pathology of AD. The
fibrillar form of AP has also shown to alter the phosphorylation status of the tau
protein. It appears that aggregated but not monomeric A peptides in vitro can
induce toxicity on cells by presumably related processes such as oxidative stress,
disruption of calcium homeostasis and cytoskeletal reorganisation. However, It
remains to be demonstrated whether the absence of BAPP function in AD patients,
even those harbouring BAPP missense mutations is responsible for the effects
observed in the disease state (De Jonghe et al, 1998). The opposite may in fact be
true that APP mutations work by a gain-of-function i.e. increased AP production.
The identification of several point mutations within the APP gene in some patients
with early-onset FAD and the development of transgenic mice exhibiting cognitive
changes and neuritic plagues also incriminate Ap in AD. Additional evidence
comes from data supporting the role of presenilins in Ap metabolism as well as
findings of abnormal production of Af protein in mutant PS1 FAD kindreds (Selkoe,
1996).

The above data and others have been formulated as the ‘amyloid cascade
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hypothesis’, which places the aberrant processing of APP and the subsequent
deposition of Ap as central events in AD pathology (Hardy and Selkoe, 2002). A
hypothetical scheme to explain the temporal unfolding of dementia in FAD begins
with FAD mutations that lead to AP isoform accumulation that then triggers
inflammatory responses in glial and astrocytes. Downstream consequences
involve perturbed homeostasis, oxidative injury, and PHF formation. Eventually
these pathologies result in cortical then global dysfunction best characterised as
dementia (Selkoe, 2001). Figures 1.4 outline the main features of the amyloid

cascade hypothesis.
(i)  Amyloidosis and Taupathy

The amyloid hypothesis is not uniformly accepted especially since dementia
severity correlates better with the number of neocortical NFTs than with neuritic
plaques. The normal function of tau is to stabilise neuronal microtubules. Apoe3
may protect tau against hyperphosphorylation by bindings to those sites on tau
involved in the assembly of PHFs (Felician and Sandson, 1999). The
hyperphosphorylation of tau disrupts the Golgi apparatus by destabilization of the
microtubular system, leading to abnormal protein processing and increased AP
production (Terry, 1996).

Another difficulty with the amyloid hypothesis is the lack of evidence
showing nerve cell body degeneration in the vicinity immediately surrounding the
plaque. In fact cortical nerve cell bodies have been demonstrated within the
plaque core. Similarly, nerve cell degeneration has not been demonstrated in
transgenic mice that develop AB plaques, nor do A deposits that occur throughout
the AD brain, such as in the cerebellum, show signs of surrounding degeneration
(Vickers et al, 2000).

(i)  Competing hypotheses in AD

The evidence provided by studies examining AP used for justifying the amyloid

hypothesis has similarly been re-interpreted to support the notion of Ap as a
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hypothesis AD is an unavoidable consequence of the ageing process. Cumulative
damage over a lifetime caused by ‘wear and tear’ in the brain is exacerbated in
vulnerable regions, such as the hippocampus whose role in memory demands
significant neuroplastic remodeling. The vulnerability of these regions in
combination with the individual's polymorphic genotype, as well as other epigenetic
pressures is postulated to be the cause of AD. A accumulation in this context has
been shown to disrupt cell adhesion mechanisms in vivo leading to impaired
synaptogeneisis, reduction in LTP, cytoskeletal changes, disturbances in axonal
transport, impaired neurotransmitter release, etc (Arendt, 2001). Figure 1. 6

illustrates the main features of this hypothesis.
1.6 Genetics of AD

Many epidemiological studies investigating AD show a clear association between
dementia and age. The prevalence rates for dementia and AD double
approximately every 5 years from rates of 2%-3% (65 to 74 years) in the case of
dementia, to over 30% in subjects 85 years and over. The prevalence of AD,
initially 1%-2% in 65 to 74 year olds increases to 25-50% in subjects aged 85
years or older. This relationship with age is seen even in studies reporting different
prevalence rates (Hendrie, 1999).

To date five genetic loci have been identified with respect to AD. These
include three fully penetrant, autosomal dominant mutations in genes for PS1,
PS2, and APP as well as two at-risk common-population-polymorphisms (CPP)
associated with LOAD, such as the ApoE4 and o-macroglobulin-2 (A2M-2)
polymorphisms. Differences in the onset of the disease range from the early
thirties in Down’s Syndrome patients (DS), the mid-thirties to fifties in early onset
FAD and individuals greater than 50 years of age in LOAD. Table 1.0 summarises
some of the main genetic factors associated with AD and the phenotypic

consequences of the gene defect.
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sequence of APP. In all cases each mutation increase A production, though by
slightly different mechanisms. One such mutation at position E693Q of the AP
sequence within APP results in A deposition within the cerebral vasculature,
leading to the diseased state in some cases, and cerebral haemorrhage and
angiopathy in others (Levy et al, 1990). The adjacent mutation at position A692G,
again within the A sequence of APP, is associated with plague and tangle
formation and results in dementia and severe microvascular -amyloidosis with

occasional cerebral haemorrhages (Hendriks et al, 1992).

Table 1.0. Genetic factors predisposing to Alzheimer’s disease (modified after Hardy,
1997)

Genotype Biochemical result Phenotype
Down’s Syndrome  more APP production more ABso/ ABso
APPe70571 (Swedish) potentiation of B-secretase moreAPBaz/ ABao
APPgg, (Flemish) inhibition of site of a-secretase more AB42
APPz46 (Florida) alteration of site of y-secretase cut more ABs»

APP717 (London) alteration of site of y-secretase cut  more A,

PS1/PS2 mutations  subtle alteration of APP processing more A4,

ApoE4 unclear increase plaque
density and vascular
deposits.

o-macroglobulin-2 unclear increase Af deposits

Families harbouring APP mutations have onsets before 65 years, often in their 50s.
In DS the situation is quite different. Though the pathology parallels that of AD
(neuritic plaques and NFT), here trisomy caused by non-disjunction of the 21st
chromosome leads to an extra APP gene. The gene dosage effect results in over
expression of APP and therefore the build up of A4 and A4z peptides from birth
(Takuda et al, 1997). Diffuse plaques containing Af4, have been detected in the
brain of DS patients as young as 12 years old, but neuritic plaques containing AB4o

are not detected until the third decade (Lemere et al., 1996). Dementia onset in
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DS appears to be influenced by the ApoE allele and occurs between 40 and 70
years of age.

The observation that the majority of APP mutations increase A4z production
has led to the conclusion that AP precipitates AD. However, APP has several
functions in the developing and adult brain quite distinct from Ap generation, such
as neuroprotection, synaptogenesis, and memory formation and consolidation.
This has led to the notion that APP dysfunction as a result of mutations in AD
brains may produce more APP to correct the deficit and as a by-product excess AB

is produced which then aggregates (Robinson and Bishop, 2002).
(i) Presenilin mutations and FAD

Three loci have been associated with early onset aetiology; the APP gene on
chromosome 21 (Goate et al, 1991); the PS1 gene on chromosome 14
(Sherrington et al, 1995); and the PS2 gene on chromosome 1 (Levy-Lahad et al,
1995; Rogaev et al, 1995). The most common cause of FAD are mutations found
within the presenilin genes, which account for 40 percent of all early onset FAD
cases and roughly one to two percent of all AD case (Tanzi et al, 1998). How
these mutations cause the form of AD with the earliest age of onset is as yet
unknown. To date ~130 mutations in PS1 alone are have been reported and are
the primary cause of AD with onset below the age of 55 (table 1.1). Studies
utilising cell cultures and transgenic mice have shown that these mutations alter
APP processing so favouring the production of the highly amyloidogenic A4z
species, as opposed to AB4o (Younkin et al, 1994; Selkoe, 1999). Mutations in PS2
have been described in two families that exhibit a more variable onset ranging
between 40 and 80 years (Rogaev et al, 1995) as compared to the PS1 mutations,
which vary between 25 to 55 years.

All presenilin mutations are missense mutations, with the exception of a
splice acceptor site mutation, that results in the deletion of exon 9 (A-exon 9).
Under physiological conditions PS are cleaved into NH,-terminal (NTF) and
COOH-terminal fragments (CTF). The PS1A-exon 9 transcript lack a series of
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charged residues present on the loop domain leading to an increase in uncleaved

holoprotein.

Table 1. 1. Examples of missense mutations found in human PS1 and the approximate
age of onset in FAD patients (Czech et al, 2000).

Codon Mutation Age of onset (years)
82 Val_Leu 55
96 Tyr_His 37

115 Glu_Asp 48
139 Met_Thr 49
143 lle_Thr 35
146 Met_Val 38
163 His_Arg 50
171 Leu_Pro 40
231 Ala_Thr 52
233 Met_Thr 35
235 Leu_Pro 32
246 Ala_Glu 55
263 Cys_Arg 47
267 Pro_Ser 35
280 Glu_Ala 47
280 Glu_Gly 42
286 Leu_Val 50
384 Gly_Ala 35
392 Leu_Val 25-40
410 Cys_Tyr 48

A second splice mutation arises from the deletion of a guanine residue from a
splice donor site leading to the production of three unique transcripts (De Jonghe
et al, 1999b). The majority of mutations are primarily localised to highly conserved
transmembrane domains and the large hydrophilic loop domain and are found in
both PS1 and PS2 (figure 1.7). The sensitivity of the protein to mutations suggests
that a specific topology is required to bring about the normal physiological

processing of APP.
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(iii)  Apolipoprotein E polymorphisms and AD

A gene encoding Apolipoprotein E (ApoE), a serum lipoprotein involved in
tryglyceride and cholesterol metabolism during neurodevelopment as well as after
neural injury, has been linked to late-onset familial and sporadic AD. ApoE is
produced by hepatocytes and is found within the general circulation, whereas
astrocytes are thought to contribute to ApoE within cerebrospinal fluid (CSF).
Three common isoforms are encoded by alleles €2, €3, and €4 on chromosome 19
(Mahley, 1988: Roses, 1994). Each isoform show differences in amino acids at
two positions thus: €4 112/158 arg; €3 112¢ys/158arg; €2 112¢ys/158¢ys.

Earlier research demonstrated an association between the €4 allele of
APOE and AD (Strittmatter et al, 1993), that is both age and gender related. This
association has been reported for the most common forms of LOAD, both sporadic
and familial (Felician et al, 1999). Statistically, individuals homozygous for €4 have
a 15% greater risk of developing the disease before the age of 70 than
heterozygous individuals (Blacker et al, 1997). Case-control studies indicate that
the ¢4 allele association and AD may account for 30%—40% or more of all cases of
AD (Lorenzo et al, 1994). Several studies have suggested that the €2 allele may, in
some cases have a protective effect.

One difficulty with ApoE as a risk factor is that many €4 carriers never
develop AD. Furthermore, many patients with AD do not possess the €4 allele,
therefore its presence cannot be used for the diagnosis of AD. Instead possession
of the e4 allele predisposes an individual towards developing the disease.
Reported frequencies of €4 vary widely among populations, ranging from §% or
less in the Amish community of North America to over 40% in some aboriginal
populations in Australia, though it is not clear yet what effect these population-
frequency variations have on the association between ¢4 and AD. What is clear is
that the number and density of cerebral and cerebrovascular A deposits is
statistically higher in AD cases bearing the Apo €4 phenotype. The Apo ¢4 alleles
may differentially affect the generation, secretion or clearance of Af from the
extracellular fluid (Rebeck et al, 1995). The €4 allele may enhance aggregation of

ApB or alternatively, it may lack a biological function performed by the other alleles,
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