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ABSTRACT

Amyloid beta (AB) is strongly implicated in the pathogenesis of Alzheimer’s disease
and has been shown to cause oxidative stress and neurone death in vivo and in cell
culture models. Astrocytes in cell culture conditions and in vivo appear to be more
resistant to AP mediated toxicity, but do undergo morphological changes to adopt a
stellate “activated” morphology.

The experiments presented in this thesis have used the aggregating Ap fragment
AP25-35 to model AP toxicity to study why neurones are more vulnerable than
astrocytes. Neurones and astrocytes were both shown to generate reactive oxygen
species (ROS) in the presence of AB25-35 although astrocytes contained higher levels
of the antioxidant glutathione (GSH). It was shown that both astrocyte conditioned
medium, and the GSH precursor y-glutamylcysteine raised neurone intracellular GSH
levels and protected against AB25-35 mediated neurotoxicity to the same degree. In the
brain, astrocytes provide neurones with the precursors needed for GSH synthesis. To
test whether astrocyte support of neurone GSH synthesis was maintained in the
presence of AB25-35, intracellular [GSH] was measured in both cell types after AB25-
35 treatment. It was shown that intracellular [GSH] was lowered in neurones but was
maintained in astrocytes. The ability of astrocytes to maintain their GSH levels
appeared to be dependent on an increase in the activity of glutathione reductase, the
enzyme that recycles oxidised glutathione (GSSG) to its reduced form GSH.
Furthermore, the amount of GSH released by astrocytes was increased after treatment
with AB25-35. Conditioned medium from AB25-35 treated astrocytes raised neurone
intracellular GSH to the same degree, and gave similar neuroprotection as conditioned
medium from control astrocytes.

A co-culture protocol was developed in which neurones could be treated with
AP25-35 and then transferred to co-culture with astrocytes. Astrocytes co-cultured with
AB25-35 treated neurones showed a decrease in intracellular GSH. This suggests that
although AB25-35 does not affect the ability of astrocytes to protect neurones by
releasing GSH, signals from damaged neurones could limit the amount of antioxidant

support neurone populations receive from astrocytes.
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Amino peptidase N
Apolipoprotein E

Amyloid precursor protein
Cytosine arabinoside

Adenosine triphosphate

beta-site APP-cleaving enzyme
Blood brain barrier

Brain derived growth factor
Bovine serum albumin

C terminal fragment

Cerebral spinal fluid

Cysteinyl glycine

Cystine
4’-6-Diamidino-2-phenylindole
Dichlorofluroscein
Diethylammonium (Z)-1-(N,N-diethylamino) diazen-1-
ium-1, 2-diolate

Day in vitro

Dimethyl sulphoxide

Down’s syndrome

Excitatory amino acid transporter
Earle’s balanced saline solution
Electrochemical detector

Ethylene diamine tetra acetic acid
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FAD
FBS
FGF
FITC
6PGD
G6PD
v-GC
y-GT
GCL
GFAP
Glu
Gln
GPx
GR
GS
GS
GSH
GSHEE
GSSG
H,0,
HBSS
HEK

HPLC
IDE

IL
L-BSO
LDH
LDL
LPS
LRP
MCB
MCP-1
MAPT

Familial Alzheimer’s disease
Foetal bovine serum

Fibroblast growth factor
Fluorescein isothiocyanate
6-phosphogluconate dehydrogenase
glucose-6-phosphate dehydrogenase
v-Glutamyl cysteine

y-Glutamyl transpeptidase
Glutamate cysteine ligase

Glial fibrillary acidic protein
Glutamate

Glutamine

Glutathione peroxidise

Glutathione reductase

Glutathione synthetase

Thiyl radical

Glutathione

Glutathione ethyl ester

Glutathione disulphide

Hydrogen peroxide

Hank’s buffered saline solution
Human endothelial kidney cell
Hydroxynonenal

High performance liquid chromatography
Insulin degrading enzyme
Interleukin

L- buthionine sulfoximine

Lactate dehydrogenase

Low density lipoprotein
Lipopolysaccharide

Low density lipoprotein receptor related protein
Monochlorobimane

Monocyte chemoattractant protein

Microtubule associated tau
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MDA
MEM
MRI
MRP-1
MTT

NADPH

NCM
NEP
NGF
NMDA
NO
NOS
NSAID
0y
OH
ONOO
OPA
PDL
PET

PI

PPP

PS
PLO
RAGE
RNA
RNS
ROS
sAPP
SOD
TACE
TBARS
TCA

Malondialdehyde

Minimal essential medium

Magnetic resonance imaging

Multidrug resistance protein-1
(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium
bromide

Nicotinamide adenine dinucleotide phosphate (reduced
form)

Neurone conditioned medium

Neprilysin

Nerve growth factor

N-methyl-D-aspartic acid

Nitric oxide

Nitric oxide synthase

Non steroidal anti- inflammatory drugs
Superoxide radical

Hydrox] radical

Peroxynitrite

Orthanophosphoric acid

Poly-D-Lysine

Positron emission tomography

Propidium iodide

Pentose phosphate pathway

Presenilin

Poly-L-Ornithine

Receptor for advanced glycosylation end products
Ribonucleic acid

Reactive nitrogen species

Reactive oxygen species

Soluble APP

Super oxide dismutase

Tumour necrosis factor-a converting enzyme
Thiobarbituric acid reactive substances

Tricarboxylic acid cycle
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Tumour necrosis factor-a
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Chapter 1: Introduction

20



1. Introduction

In 1907 Alois Alzheimer described the case of a 51 year-old female patient exhibiting
cognitive and language deficits, as well as psychiatric disturbances. On autopsy it was
revealed that she had brain atrophy, neuritic plaques (described at the time as miliary
foci), neurofibrillary tangles, gliosis and arteriosclerotic changes in her brain
(Alzheimer, 1907, English translation Alzheimer, Stelzmann et al. (1995)). These
pathological features were grouped as pathological hallmarks of a progressive age
linked dementia that took his name. Alzheimer’s disease (AD) is the most common
form of adult dementia (Franks ef al., 1998).

Until 20 years ago, the progress in the understanding of the basic mechanisms involved
in the pathogenesis of AD was relatively slow. AD follows a stereotyped progression of
cognitive impairment from short-term memory loss, language impairment, increased
cognitive decline, psychiatric disturbances to disturbed gait. This stereotyped
progression was explained by the selective vulnerability of the hippocampus and
temporo-parietal lobes to plaque and tangle deposition, synapse and neurite loss and cell
death. The cerebellum shows less plaque and tangle pathology and is spared from

atrophy until the latter stages of the disease (Braak and Braak, 1991).

However, at the molecular level, it was only in the last two decades that the main
protein components of neuritic plaques and neurofibrillary tangles were elucidated:
Amyloid B (AB) and tau respectively (Glenner and Wong, 1984; Masters ef al., 1985;
Grundke-Igbal et al.,1986).

In their study Glenner and Wong had shown that the amyloid protein found in AD and
Down’s syndrome (DS) was homologous (Glenner and Wong, 1984). DS sufferers
exhibit AD-like neuritic plaque and neurofibrillary tangle pathology. The AB deposition
increases with age and predominates in the same areas that are principally affected in
AD (Leverenz et al.,1998). Some people with DS exhibit a progressive cognitive
impairment in their later years, and brain atrophy that parallels that seen in AD
(Aylward et al., 1999).
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The similarities between DS and AD suggested the gene encoding A could be on
chromosome 21. Using a complementary DNA probe targeted to the AP sequence, the
gene for a larger amyloid precursor protein (APP), from which A is cleaved, was

located on chromosome 21 (Kang et al., 1987).

A key finding was that A is generated constitutively from APP throughout life (Haass
et al.,1992; Seubert et al.,1992). Furthermore, as Down’s syndrome arises from a
trisomy of chromosome 21, it was proposed that abnormally high Ap production and
subsequent accumulation was a key event in neurodegeneration. The hypothesis that A
might be involved in the pathogenesis of AD provided a kick-start for accelerated

research into AD.

In the centenary of Alois Alzheimer’s description of AD, there has been an explosion of
research activity into the biology of AP and its effects on the brain. The first part of this
introduction presents an overview of A biology and the evidence implicating A in the
pathogenesis of AD. The second part of the introduction describes the biochemical
changes that occur in aging neurones and in neurones in the presence of Ap and the
hypothesis that cell death occurs as a consequence of oxidative stress mediated

mechanisms.

Much work has focussed on the effects of AR on neurones but clearly neurones are not
the only cells affected by AB. Even 100 years ago “activated” astrocytes, or astrocytes
that had undergone a structural change were noted to surround neuritic plaques
(Alzheimer, 1907). Astrocytes migrate to the periphery of neuritic plaques (Wyss Corey
et al., 2003), where in addition to their structural changes, they undergo functional

changes collectively referred to as astrogliosis.

The precise role of astrocytes on the periphery of neuritic plaques is yet to be
elucidated. Astrocytes could be protective to neurones as in the normal brain neurones
and astrocytes have an exceedingly close cellular partnership and where it is appropriate
to think of them as a functional unit. Neurones rely on astrocytes for metabolic and
antioxidant support and to maintain the homeostasis of their extracellular environment.

It is not yet known to what extent these supportive functions are maintained in the AD
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brain. Activated astrocytes have also been attributed additional roles in the AD brain,
but their overall effect on the pathogenesis of AD is yet to be determined. On the one
hand astrocytes have been attributed a role in AP clearance (Wyss Corey et al.,2003;
Apelt et al., 2003), suggesting they are protective. However, the inflammatory response
of astrocytes surrounding neuritic plaques has been proposed to be neurotoxic (McGeer
et al., 1996; Hu et al., 1998; Sastre et al., 2006). Astrocytes have furthermore been

implicated in promoting AP accumulation in the brain (Nagele et al., 2004).

Research into the interactions between astrocytes and neurones in the presence of AP is
very much in its infancy. The third part of this introduction gives an overview of what is
known about the interactions between neurones and astrocytes in the normal and AD
brain. As oxidative stress is strongly implicated as a mechanism underlying neurone
death in AD (Martins et al.,1986; Mattson et al., 1999), this thesis has focussed on the
astrocyte derived glutathione antioxidant support of neurones and how this is affected in

the presence of Ap.
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Part 1: The role of Ap in the pathogenesis of AD

1.1.1 Amyloid pathology in AD

Neuritic plaques are extracellular proteinaceous structures 50-200um in diameter
(Benveniste et al., 1999). The protein component of the plaque is predominantly
fibrillar amyloid B (AP). AP is a cleavage product of the amyloid precursor protein
(APP) and is 39-42 amino acids in length. In amyloid plaques, this soluble peptide
forms insoluble fibrillar aggregates. It is proposed that deposits of AP first appear in the
brain parenchyma as loose accumulations, which are referred to as diffuse plaques
(Yamaguchi et al., 1990). These plaques are thought to mature into dense core plaques.
Dense core plaques, unlike the diffuse plaques, contain dystrophic neurites, and are
surrounded by activated astrocytes and microglia (Yamaguchi et al., 1990). Dense core
plaques also contain proteins such as apolipoprotein E (ApoE) (Shao et al., 1997),
heparin sulfate glycosaminoglycan (Su et al., 1992), transition metal ions Cu*" and Zn**
(Dong et al., 2003), and RNA (Ginsberg et al., 1998). It has been suggested by some
groups that as plaques mature, the AP peptides can become racemized and truncated
(Naslund et al., 1994; Kaneko et al., 2001).

1.1.2 A cleavage from the amyloid precursor protein

The APP gene has 19 exons and codes for a type I integral membrane protein. APP is
ubiquitous and can exist in a number of different isoforms generated by the alternate
splicing of exons 7,8 and 15. The most abundant isoforms are APP-695, APP 714, APP-
751 and APP-770. The isoforms differ in their N terminal domains. The shortest
isoform APP-695 predominates in brain tissue (Kang et al., 1987; Kitaguchi et al.,
1988; Ponte ef al., 1988; Sandbrink et al., 1994).

All of the spliced isoforms of APP encode for multi-domain proteins with a small
cytosolic C-terminal domain, a large N-terminal domain and a transmembrane spanning
domain (Beyreuther and Masters, 1991). The role of full length APP is unknown but has

been implicated in neurite outgrowth (Qiu et al., 1995), cell adhesion (Breen et al.,
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1991), catalysis of the reduction of Cu>* to Cu* (Multhaup et al., 1996) and protection

from oxidative stress by maintaining copper homeostasis (Barnham et al., 2003).

In cultured neuronal cells it has been shown that APP matures through the constitutive
secretory pathway and is modified by the addition of N- and O-linked oligosaccharides
and tyrosine sulphation (Weidemann et al., 1989). APP has 3 principle cleavage sites
for the a, B, and y secretases (Figure 1.1). There are two pathways of Af cleavage: the
a, ¥ pathway which is non-amyloidgenic and the B, y pathway that generates AB. As a-
secretase cleaves in the middle of the AP sequence, in this case the fragments obtained
are soluble APP (sAPPa), which is secreted, and the membrane bound C terminal
fragment a (CTFa). CTFa is further processed by y secretase to generate the P3
fragment and the APP intracellular domain (AICD), which is released into the cytosol.
B-secretase cleaves APP at the N terminal end of the AP sequence. The following y-
secretase cleavage generates AP, which is released into the lumen, and AICD, which is
released into the cytosol (Golde and Younkin, 2001; Gu et al., 2001). The exact cellular

location of these cleavages along the secretory pathway is yet to be elucidated.
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Non amyloidgenic pathway Amyloidgenic pathway

a-secretase B-secretase

b

sAPPa

Lumen

y secretase cleavage

Figure 1.1: APP cleavage: There are two pathways of Ap cleavage the o, y pathway which is non-
amyloidgenic and the B, y pathway that generates AB. APP = amyloid precursor protein, s-APP = soluble
APP, CTF = ¢ terminal fragment, AICD = APP intracellular domain, Ap = amyloid B
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1.1.2.1. The identity of the secretases

a-secretase

Three members of the A Disintegrin And Metalloprotease family (ADAM) have been
proposed as potential candidates for a-secretase. These are ADAM-10, ADAM 17
(Tumor necrosis factor-o converting enzyme (TACE)) and ADAM 9. The ADAM
family of metalloproteases are involved in cleaving the ectodomain of various
transmembrane proteins (Werb and Yan, 1998). ADAM proteinases have basal and
protein kinase C (PKC) stimulated activity. It was shown that overexpression of
ADAM-10 increased basal and PKC stimulated a- secretase activity in human
endothelial kidney (HEK) cells. In addition a dominant negative mutant form of
ADAM-10 secretase lowered a-secretase cleavage products (Lammich et al., 1999).
sAPPa release was increased in ADAM-17 transfected HEK cells (Slack et al., 2001).
ADAM 9 (meltrin y), when activated with a phorbol ester, to activate PKC, was also

shown to have a-secretase activity when co-expressed with APP (Koike et al., 1999).

B-secretase

In 1999 a transmembrane aspartic protease with B-secretase activity was cloned (Sinha
etal., 1999; Yan et al., 1999). The protease was named beta —site APP —cleaving
enzyme 1 (BACE1). It was shown that overexpression of BACEI leads to an increase in
B-secretase cleavage products. Anti-sense inhibition of BACE1 mRNA led to a decrease
in B-secretase cleavage products (Vassar et al., 1999). It was also observed that BACE]

knockout mice had lower A production compared to wild type mice (Luo et al., 2001).
Y-secretase

The cleavage site for y-secretase is an intramembrane site, which is an unusual site of
protease activity. The y-secretase activity is proposed to be due to the activity of a

complex of proteins rather than the activity of one protease. The first proposed

component of this complex, presenilin, was investigated as mutations in the genes
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encoding two homologues (PS1 and PS2) of this family of transmembrane proteins
were identified through genetic linkage analysis of families with autosomal —dominant
forms of AD (see section 1.1.4.1). Patients with these mutations have greater levels of
plasma AP than controls (Scheuner et al., 1996). Yu and colleagues (2000) used
immunoextraction to remove presenilinl and tightly associated proteins from
intracellular membrane fractions of HEK cells. The transmembrane glycoprotein
nicastrin was separated from presenilin and identified using mass spectroscopy. Genetic
linkage studies of ¢. elegans APP v secretase activity showed that two more genes,
APH1 and PEN2, might code for proteins involved in y secretase cleavage (Francis et
al., 2002). It was later shown that expressing PS, Nct (the gene encoding nicastrin),
PEN2 and APH-1 in the yeast, Saccharomyces cerevisiae, which has no known
homologues for these genes, caused the appearance of y secretase activity. The study
showed that it was necessary for all four of these genes to be expressed for this secretase

activity to be observed (Edbauer et al., 2003).

1.1.3. AP clearance mechanisms

As AR is found in the cerebral spinal fluid (CSF) of non-demented individuals
throughout life (Tamaoka et al., 1997), it is likely to have a physiological function in
normal central nervous systems. Plant and colleagues (2003) showed that inhibition of
the amyloidgenic APP processing pathways by inhibition of  and y secretase activity
caused a decrease in the viability of neurones in culture, which could be prevented if
low concentrations of AB1-40 (pico- to nanomolar) were added at the same time. They
also showed an increase in neurone cell death if an AB1-40 specific antibody was added
to neuronal cell culture media. The physiologic role of AP is yet to be elucidated, but it
has been suggested to be involved in protection against copper mediated generation of
reactive oxygen species, physiological control of synaptic activity and a response to

hypoxia (Kontush et al., 2003; Pearson and Pears, 2006).

Under normal circumstances AP is thought to be cleared from the brain by two main
mechanisms, though transport across the blood brain barrier (BBB), and by degradation
by proteases. Soluble AP is postulated to be transported from the brain through the BBB
by the low-density lipoprotein (LDL)- receptor related protein (LRP). LRP expression
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declines with age and is further lowered in AD patients compared to controls. Mutations
in the gene encoding LRP are associated with increased risk of AD. LRP has been
shown to clear both soluble AB1-40 and AB1-42 in APP and LRP transfected fibroblasts
(Kang et al., 2000). Shibata et al., 2000 demonstrated that clearance of soluble AP1-40
through the blood brain barrier, after injections of AB1-40 into the cerebral cortex of
mice, was also mediated by LRP. Deane et al., 2004 showed that LRP transports AB1-
40 more efficiently than AB1-42, and that accumulated AP promotes proteosome-

dependent LRP degradation.

Clearance of fibrillar AP from neuritic plaques has been shown in transgenic mice
overexpressing APP and with plaque pathology, after immunization with AB (Schenk et
al., 1999) and treatment with the Cu>* chelator clioquinol (Cherny et al., 2001). These
two studies prompted further investigations into finding mechanisms by which fibrillar
amyloid could be degraded in the brain. Recent studies have identified several candidate
proteases that may contribute to AP catabolism. These include the zinc metalloproteases
neprilysin, insulysin (Insulin Degrading Enzyme (IDE)), Angiotensin Converting
Enzyme (ACE), endothelin converting enzyme and matrix metalloproteases (White et

al., 2006; reviewed in Carson and Turner 2002).

The strongest evidence has been found implicating neprilysin and IDE in fibrillar AB
clearance. Neprilysin was implicated after studies showed that degradation of
radiolabelled AB1-42, injected into rat cerebral cortex was inhibited by the neprilysin
inhibitor thiorphan (Iwata et al., 2000), it was also shown by the same group in
neprilysin knockout animals that exogenously applied AB1-42 was not cleared (Iwata et
al., 2002). Insulin degrading enzyme knockout mice have higher levels of Ap1-40 and
AB1-42 (Miller et al., 2003)). Interestingly, White et al., 2006 showed that clioquinol
treatment leads to an upregulation of matrix metalloprotease 2 and 3.This suggests a

mechanism by which this antibiotic metal chelator can clear A in plaques.
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1.1.4. Genetic mutations associated with Alzheimer’s disease.

Accumulations of AP in AD are proposed to occur as a consequence of an imbalance
between its production and clearance. Supportive evidence has been provided by genetic

studies.

Alzheimer’s disease can be grouped as familial or sporadic. Familial Alzheimer’s
disease (FAD) is characterised in most cases by an early age of onset compared with
sporadic AD, generally around 50 years of age. However, the progression of clinical
symptoms and neuropathology of the disease is the same as that seen in later onset
sporadic AD. Mutations in three genes are thought to have a causative link to FAD.
Mutations in these genes have an autosomal dominant inheritance and 100% penetrance,
however the proportion of people with these mutations that develop FAD is much less
as in most cases AD has a complex aetiology, where environmental and other genetic
susceptibility factors play a role. The genetic mutations associated with familial AD
appear to promote AP production, particularly the AB1-42 isoform, which is more
predisposed to aggregate (Jarrett et al., 1993).

Mis-sense mutations in the APP gene are thought to account for 5% of FAD cases (see
table 1.1). Mutations have been found at codons 670,692,693,694,714,715,716,717 and
723. APP mutations associated with FAD are thought to increase the risk of AD as they
are located near to the APP cleavage sites and promote APP cleavage through the 8
secretase pathway (De Jonghe ef al., 2001; Selkoe and Podlisny, 2002).

Presenilin gene mutations (PSEN1 and PSEN2) are thought to cause 80% of FAD cases.
They code for presenilins 1 and 2, multi-spanning transmembrane proteins that, as
described in section 1.2.2, are hypothesised to have y-secretase activity or be a co-factor

for y-secretase.
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Dominantly inherited familial AD only contributes ~3% of all AD cases (Ott et al.,
1995) so the search is on to find genes associated with late onset Alzheimer’s disease,
which affects a greater proportion of the population. The Apolipoprotein E (ApoE) &4
allele is the only confirmed risk factor for both early and late onset AD identified to date
(Strittmatter ef al., 1993). The ApoE gene has three alleles, €2, €3 and €4. 5-10% of the
general population have an €2 allele, 60-70% have an €3 and 15-20% have an €4 allele
(Mahley et al., 2006). 40-60% of patients with AD possess at least one ApoE &4 allele
(Farrer et al.,1997).

ApoE can bind lipids, including cholesterol, and AB. ApoE mediated transport of lipids
is important for the repair, growth and maintenance of myelin and neuronal membranes
during development or after injury (reviewed in Sjogren et al., 2006). The transport of
cholesterol is essential for maintaining lipid homeostasis and determining the fluidity of
the membrane. Cholesterol has been implicated in the pathogenesis of AD after the
observation that patients receiving cholesterol-lowering statin treatment had a lowered
risk for AD (Jick et al., 2003). ApoE4 is proposed to promote the production of AP
from APP by altering the cholesterol content of the plasma membrane containing the
region of APP from which A is cleaved (reviewed in Puglielli et al., 2003). Cholesterol
homeostasis in lipid membranes may be governed by ApoE phenotype (Poirier et al.,
2005).

Lipid free ApoE4 has been reported to have a strong binding affinity for Ap compared
to ApoE3 and ApoE?2 (Strittmater ef al., 1993), and binding of ApoE to soluble AP has
been suggested to directly promote AP fibrillogenesis (Ma et al., 1994).

ApoE has also been shown to mediate uptake of AP in astrocytes, neurones, and
microglia by a LRP mediated mechanism (Koistinaho et al., 2004; Beffert et al., 1998;
Chung et al., 1999 Permanne et al., 2001). Astrocytes and microglia are proposed to
internalise soluble and fibrillar AP as part of a degradation pathway (Chung er al., 1999;
Nagele ef al., 2003; Kostinaho et al., 2004). However, it has been shown that only
about 20% of fibrillar AB is degraded by microglia and that fibrillar AB can be released
from these cells (Chung et al., 1999). Some authors also suggest a model in which

soluble AB is taken up by an ApoE dependent mechanism into endosomes where it
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aggregates into fibrillar AP, which is then released (Puglielli et al., 2003) or that glial
cells become overburderned with fibrillar AP then lyse to generate glial derived

extracellular deposits (Nagele et al., 2003).

Through further genetic linkage and association studies, polymorphisms in many genes
have been implicated as risk factors for AD. Two of the stronger candidates are a2-
macroglobulin and Insulin degrading enzyme (IDE). a2 macroglobulin interacts with
LRP, and is proposed to play a role in the binding, clearance or degradation of AP,
while IDE, as discussed in section 1.1.3, is implicated in AP degradation (Selkoe and
Podlisny, 2002).
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Gene Location | Biochemical Hypothesised | Age
consequence of mechanism | of
mutation onset

APP missense mutation 21q921.3- Altered Early

i) K/M670/1NL q22.05 i) T AB cleavage of 40+
ii) E693G (Arctic) APP
iii) V717F (Indiana) ii)TABProtoﬁbrils
iv) V717G AB l
ili +iv) | AP42:40
Presenilins Altered y Early
i) Presenilinl i)14924.3 AB42 secretase 50+
ii) Presenilin2 ii)1q31q42 Oligomerisation activity
Apolipoprotein E 19q32.2 Late
(ApoE), &4 allele T Plaque burden T AB 60+
aggregation in
blood vessels
and brain OR
decrease in AP
clearance
PROPOSED RISK FACTORS

ApoE promoter 19932.2 Affected ApoE | Late

function

a 2-macroglobulin + lipoprotein | 12 Can bind ApoE | Late

related protein and other

proteins
implicated in
AD, Clearance
mechanisms
affected

Insulin degrading enzyme (IDE) | 10q23q25 AP degradation | Late

Tumour necrosis factor a 6 Chronic Late

(TNFa) astrocyte and

microglial
response

Table 1.1 A summary of the genetic risk factors for AD. Summarises (Selkoe and Podlisny , 2002;

Rocchi et al., 2003).
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1.1.5. Cell culture models of AD: Evidence for a direct toxic effect of Af on

neurones.

Although initial studies did not show a correlation between the number of plaques and
the degree of cognitive decline, when total AP load was measured using biochemical
techniques there was a correlation between levels of AP and cognitive impairment.
(Naslund et al., 2000). The amount of brain atrophy measured by MRI correlates with
cognitive decline measured by the mini mental state examination (Fox et al., 1999).
However, it has also been shown that prior to cell death, loss of neurites and synaptic
connections can also correlate with impaired cognitive performance (Scheff et al.,
2005).

Synthetic AP peptides and fragments have been shown to be toxic to neurones and
neuronal cell lines grown in culture (Yankner et al., 1989; Pike ef al., 1993). Initial
studies using synthetic AP1-42 peptides showed that freshly dissolved peptides were not
toxic to cells and needed to be incubated for 3-7 days for toxicity to be observed. This
toxicity correlated with increased presence of aggregated AP (Pike ef al., 1991). Some
groups suggest that AR must be in an aggregated state in order to be toxic (Pike et al.,
1993). It has been shown by analysis of the aggregation of different fragments of the AP
peptide that residues 17-20 and 30-35 are necessary for aggregation and that it is only
the aggregating AP fragments that are neurotoxic in cell culture conditions (Liu ef al.,
2003). Therefore aggregating AP fragments are often used in AP toxicity models. The
most commonly used fragment is AB25-35 (Pike ef al., 1995). The properties and use of

this fragment will be discussed in detail in section 3.1.2.

Astrocytes under cell culture conditions appear to be more resistant to A toxicity than
neurones (Pike et al., 1996). However, astrocytes in culture conditions do undergo a
morphological change and upregulation of glial fibrillary acidic protein (GFAP) in the

presence of exogenously added A (See section 1.3).

Depending on the conditions, solutions of AB1-40 and AB1-42 can be heterogeneous,

consisting of monomeric peptides, oligomers and fibrillar peptides (Walsh et al., 1997).
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Oligomeric protofibrils isolated from solutions of AB1-40 using size exclusion
chromatography were shown to be neurotoxic (Hartley et al., 1999; Walsh et al., 1999).
Chinese hamster ovary cells expressing APP release Ap1-40. The oligomeric form of
APB1-40 has been identified in the conditioned medium of these cells (Podlisny et al.,
1998). AP oligomers have also been shown to be present in the brain (Walsh et al.,
2002). It has been suggested that as the total amount of AP correlates better with
cognitive decline than plaque load (Naslund et al., 2000) and that neurotoxicity is
associated with the maturation of soluble A in diffuse plaques to fibrillar AB in dense
core plaques, therefore protofibrils may be the toxic species. However, it is only dense
core plaques containing fibrillar AP, which are associated with activated astrocytes and
microglia, and neurones with dystrophic neurites (Nagele et al., 2004). It is likely that

there are toxic mechanisms involving A in both oligomeric and in aggregated forms.

1.1.6 Animal models of AP toxicity: Evidence for AP being key to a cascade of

pathological events in Alzheimer’s disease

Transgenic animal models have been generated to attempt to model AD pathology. In
accordance with the hypothesis that AB overproduction is key to the pathogenesis of
AD, models expressing human APP mutations from patients with FAD, which are more
liable to B-secretase cleavage (Suzuki ef al., 1994) (see 1.1.4.1), generally show
amyloid deposition. Transgenic animals expressing more AB1-42 than AB1-40, as
expected, also show more amyloid deposition. However, despite showing Af
deposition, two transgenic mice expressing mutant APP isoforms found in FAD, the
PDAPP mouse and the Tg2576 mouse, did not show increased neurone death (see Table
1.2) (reviewed in McGowen et al., 2006)

However, accumulation of mutant Microtubule Associated Protein Tau (MAPT)
appears to correlate better with neurone loss. Tau is responsible for microtubule
assembly and stabilisation. Microtubules serve as tracks for motor proteins such as
kinesin to transport organelles from the soma to the synapse of neurone processes. Tau
in its normal state is a globular protein (Mandlekow ef al., 2003), containing multiple

phosphorylation sites. In the neurofibrillary tangles accumulations observed in the AD
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brain, hyperphosphorylated tau is observed. The hyperphosphorylated tau is unable to
bind to microtubules (Bramblett et al., 1998) and forms insoluble paired helical
filaments. There are numerous protein kinases that could phosphorylate tau, but the tau

phosphorylation pathway is yet to be elucidated (Billingsley and Kincaid, 1997).

Neurones containing hyperphosphorylated tau are unable to transport mitochondria,
peroxisomes and endoplasmic reticulum to the periphery of their processes. Therefore
the neurites of neurones with tau inclusions are more vulnerable to damage by hydrogen
peroxide (see section (1.2.1.) as they do not have peroxisome derived catalase. As
mitochondria and endoplasmic reticulum transport to the periphery is impaired,
neurones are likely to be limited in their ability to perform ATP-dependent processes

and perform local protein synthesis in their neurites (Mandelkow et al., 2003).

The loss of synapses and neurite degeneration is a characteristic early stage
phenomenon of Alzheimer’s disease. Synapse and neurite loss correlates with loss of
memory and brain functions (Callahan et al., 1995). It has been shown in vitro that
overexpression of tau can cause neurite degeneration, but this is due to impaired

organelle transport rather than a direct toxic effect of tau (Mendelkow et al., 2003).

Evidence from transgenic animal models suggests that Ap accumulation may precede
and promote tau deposition. Mice expressing mutant APP and mutant tau exhibit more
tangles than mice expressing mutant tau alone (Lewis et al., 2001). Mice solely
expressing tau never exhibit AP pathology, and tauopathies such as frontotemporal
dementia show tau pathology without any AB deposition. This suggests that AR may
promote tau accumulation but that tau does not lead to amyloid deposition. It has been
proposed that AP triggers altered kinase and phosphatase activity, leading to the
hyperphosphorylation and fibrillization of tau (Litersky ef al., 1996). However tau
deposition is not observed in all transgenic models, which exhibit Ap deposition
(Schwab et al., 2004).

Transgenic models expressing mutant isoforms of APP, where AP is deposited show
evidence of astrocytosis. Activated astrocytes surrounded neuritic plaques in some

transgenic models (Terai et al., 2004; Schmitz et al., 2004; Schwab et al., 2004),
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however in some models astrocytosis is not localised but is found over the whole

cerebral cortex (Ozmen ef al., 2005).

A complete mouse model of AD has proven elusive. Although amyloid deposition
appears to be a key event in AD, APP mutant and PSAPP mice generate accumulations
of AB but do not show brain atrophy. The transgenic model that generates the closest
approximation of AD pathology is the triple transgenic animal of Oddo et al., 2003.
This mouse contains transgenes for mutant APP, MAPT and PS1 and shows amyloid

and tangle pathology and also synapse dysfunction.

Alzheimer’s disease has a complex aetiology. There are limitations in the development
of a murine model of AD as the lifespan of mice is relatively short and brain anatomy
differs. Age is the greatest risk factor for AD, and other environmental factors are likely

to contribute to the initiation of the disease.
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NAME TRANSGENE | Plaque Tangle Synapse Neurone Cognitive

pathology | pathology | loss/dysfunction | loss impairment

APP

PDAPP APP 775 YES. NO YES NO N/A

6-9
months
Increase
in AB1-42
Diffuse
plaques

Tg2576 APPgyr + YES NO N/A NO N/A
Hamster prion | 9 months
promoter Dense

core

APP; APPgye + Thy | YES N/A N/A YES N/A

1 promoter 6 months In
‘ hippocampus

TgCRND8 APPgy + YES N/A N/A N/A YES
APPINDIANA 3 months

Bri Ap1-40 Fusion NO
between AB1-

40 and a
protein (BRI)
involved in
amyloid
deposition in
some familial
AD cases.
AB1-40 is
cleaved from
BRI so AB1-40
increased
without
increasing APP
expression

Bri AB1-42 AB1-42 fused | YES
to BRI Diffuse

and
compact
plaques.

Presenilin

PSENIm146v/l | PSENIm146v/l | NO but N/A N/A N/A N/A

increase
in amount
of AB1-42

Microtubule associated protein Tau (MAPT)

JNPL3 4RON MAPT NO YES YES YES Motor
with P301L neurone loss
mutation in spinal

cord

Tauyz;s Shortest NO YES N/A YES N/A
isoform 4R
MAPT with
P301S

Cont...
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NAME TRANSGENE | Plaque Tangle Synapse Neurone Cognitive
pathology | pathology | loss/dysfunction | loss impairment
Tau,337v Decreased 4R | NO YES N/A N/A YES
MAPT with
v337M
mutation
PDGF
promoter
RTg4510 Inducible NO YES N/A YES YES
MAPT
transgene
FTDP-17
mutation.
APP + Presenilin
PSAPP PSEN1 M146L | N/A N/A N/A YES N/A
x Tg2576 Earlier than
Tg2575
APP + MAPT
TAPP JNPL3 x YES YES YES YES N/A
Tg2576 Increased
compared
to JNPL3
APP + Presenilin + MAPT
3xTgAD APPgye YES YES YES N/A N/A
MAPT ;3011 6 months | 12 months
PSENI

Table 1.2 : Summary of commonly used transgenic mouse models of AD and their phenotypes.

Summarises McGowan ef al., 2006 (N/A = data not available)
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Part 2: Biochemical changes associated with aging and AD

1.2.1 Oxidative stress in the aging brain

Old age is the greatest risk factor for AD. The incidence of AD in the population
increases with age (Finkel, 2005). APP is expressed constitutively throughout our
lifetime, yet neuritic plaques only develop in later years. It is important to understand
the changes in the brain associated with age and how these may increase vulnerability to
AP deposition and toxicity. One change is increased incidence of oxidative stress in the
aged brain (Floyd , 1999; Lu et al., 2004; Finkel, 2005). Oxidative stress can be defined
as a production of reactive oxygen species (ROS) that exceeds the tissue’s antioxidant

capability.

The brain is particularly vulnerable to oxidative stress as it is a highly metabolically
active organ. Mitochondria are a primary source of reactive oxygen species (ROS).
Superoxide (O, ") is generated when molecular oxygen is reduced during respiration
(see figure (1.2)). O, "is converted to hydrogen peroxide (H,0,) by superoxide
dismutase (SOD). H,O, can be broken down to H,O and O, by the enzymes catalase or

glutathione peroxidase.

Mitochondrial
‘ outer

e+ 029 Oz-. membrane

Mitochondrial
Inner
membrane

2

R S0
el a8
I "% ATP synthetase

NADH 11 Succinate

II v

HO 'V %0, K
NADH Ubiquinol Succinate 30
biqui ytoch biqui Cytochrome
Srad i Py ADP ATP

Figure 1.2: The mitochondrial electron transport chain. The superoxide radical is generated during

electron transfer through the electron transport chain during normal respiration.
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The brain has high levels of Fe?** compared to other organs. In the presence of Fe** or
Cu’, H,0, can undergo the Fenton reaction (equation 1.1) and, in the presence of Fe**,
the Haber Weiss reaction (Equation 1.2 and 1.3) to generate the highly reactive
hydroxyl radical ‘OH (Shaw, 1998).

H,0, + Fe?* (or Cu") — > OH + "OH + F&*" (or Cu*") (1.1)

i) Fe** '0, — Fe** + 0, (1.2)

Fe Catalyst
ii) H,0, + 0y~ » 02+ OH + 'OH (Haber Weiss reaction)

(1.3)

In the brain ROS and reactive nitrogen species (RNS) can also be generated
enzymatically: O, " for example through the activity of NADPH oxidase, and nitric
oxide (NO) by nitric oxide synthase (NOS). NO and O, " can react to form peroxynitrite
(ONOO-) which is extremely reactive.

ROS and RNS can damage proteins, lipids and nucleic acids. The brain is particularly
vulnerable to lipid peroxidation as it has a higher proportion of unsaturated fatty acids
in its cell membranes compared to other tissues (Floyd et al., 1999). Alongside the
direct oxidative effects, products of lipid peroxidation such as hydroxynonenal (HNE)
can have secondary deleterious effects on the cell. HNE can react with cysteine, lysine
and histidine residues to form 4-HNE protein conjugates, which can result in an

inhibition of protein function.
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RESPIRATION \

O, +e

ENZYMES

Figure 1.3: Pathways of ROS and RNS generation in the brain, and the main enzymic antioxidant
defences. SOD = superoxide dismutase; GPx = Glutathione peroxidase; GR = Glutathione reductase;
NOS = Nitric oxide synthase; NADPH = nicotinamide adenine dinucleotide phosphate, O, "= superoxide
radical; NO = nitric oxide; ONOO™ = peroxynitrite; H,O, = hydrogen peroxide; OH" = Hydroxyl radical;
GSH = Glutathione; GSSG = Glutathione di-sulphide.

To limit ROS and RNS mediated damage the brain contains the antioxidant enzymes
catalase, glutathione peroxidase (GPx), superoxide dismutase (SOD) and the free radical
scavengers glutathione (GSH), a-tocopherol and ascorbic acid (see Table 1.3). It has
been shown that SOD, catalase, GPx and GSH are increased in the aging mouse brain
(Hussain et al., 1995). Antioxidant upregulation is a response to increased antioxidant
demand. However, in the longterm, the upregulation is not sufficient to prevent age

related oxidative damage.
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Antioxidant | Reaction Enzymic (e), Location in cell Interaction
non-enzymic of GSH
(ne)
Superoxide E Cytosol,
dismutase 0, "2 H,0, Extracellular,
(SOD) Mitochondria
Glutathione E Cytosol, Proton donor
peroxidase H,0, 2 H,0 (low mitochondria
(GPx) concentrations)
Catalase H,0; 2 H,0 (high E Peroxisomes
concentrations)
Ascorbic acid | Free radical scavenger NE Cytosol Synergistic
antioxidant
a-tocophero! | Free radical scavenger NE Lipids Synergistic
antioxidant
GSH Free radical scavenger NE Cytosol,
mitochondria,
extracellular

Table 1.3: The major brain antioxidants.

Oxidative stress is normally evaluated by the following markers in the brain 1)
Oxidative modification of proteins, marked by higher levels of nitrated tyrosine residues
and higher levels of protein carbonyl, 2) Lipid peroxidation marked by increased levels
of 4-hydroxynonenal (HNE), thiobarbituric acid reactive substances (TBARS) and
malondialdehyde (MDA), 3) Modification of sugars marked by increased amounts of
advanced glycation end products (AGE) and 4) DNA and RNA oxidation shown by
increased 8-hydroxyl-2-deoxyguanosine (80HAG), and DNA fragmentation (reviewed
in Zhu et al., 2004).

In the aged human brain there is evidence for increased lipid peroxidation (Yoritaka et
al., 1996; Reich et al., 2001) oxidative damage to DNA (Lu ef al., 2004) and oxidative
damage to proteins (Smith et al., 1991).
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1.2.2. The promotion of Ap accumulation in the aging brain

It has been suggested that the highly oxidative environment of the aging brain promotes
AP aggregation and accumulation. Non-aggregated A, in low concentrations has been
proposed to have antioxidant properties, owing to the transition metal binding sites
located in the N terminal region being able to chelate transition metal ions (Kontush,
2001). Some oxidative insults such as H,O; increase AP secretion from neurones in
culture conditions (Olivieri et al., 2001). An oxidative environment may promote A
fibril formation as antioxidants decrease fibril formation in vitro (Naiki et al., 1998). In
addition levels of the AP degrading enzymes Insulin degrading enzyme (IDE) and
neprilysin (NEP) are lowered with age (Caccamo et al., 2005). Vascular transport
systems are also a potential target of the aging process. A reduction in AP clearance

through the blood brain barrier (BBB) with age may also lead to AP accumulation in the
brain (Deane et al., 2005).

1.2.3. Oxidative stress in AD

Over and above the increased incidence of oxidative stress markers in the aging brain,
there is abundant evidence for a greater levels of oxidative stress markers in people with
AD compared with age-matched controls as shown by an increased incidence of
oxidised proteins and lipid peroxidation (Markesbery and Lovell, 1998; Butterfield and
Lauderback, 2002), oxidized mitochondrial and nuclear DNA (Wang et al., 2005) and

advanced glycation endproducts in neuritic plaque fractions (Vitek et al., 1994).

Fibrillar AP has been shown to induce ROS production in astrocyte and neurone cell
cultures, as shown by the non-specific marker of ROS production the fluorescent probe
dichlorofluorescein, DCF (Alvarez et al., 2003). The antioxidants catalase and «
tocopherol, protect from AP mediated toxicity in cell culture conditions (Behl et al.,
1992; Behl et al, 1994). Likewise, neurones supplemented with GSH precursors to up-
regulate their intracellular GSH also show decreased cell death when treated with A

(Abramov et al., 2004; Boyd Kimball et al., 2005).
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1.2.4. Sources of ROS and RNS in the presence of A

The proposed mechanisms by which fibrillar Ap can generate ROS and RNS can be
mostly grouped into 4 categories: 1) chemical interactions between A peptides and
ions and molecules in the brain, 2) activation of ROS and RNS producing enzymes, 3)

impairment of energy metabolism and 4) disruption of Ca’* homeostasis.
1.2.4.1. Chemical interactions between the AB and ions and molecules in the brain

The amino acid methionine in position 35 of AP has been implicated in the generation
of ROS, and AP toxicity. AP fragments in which this methionine is substituted for
norleucine or valine, or removed, are non-toxic to cultured neurones and do not generate
ROS (Varadarajan et al., 1999). The oxidation of the sulphur in methionine to produce a
sulphur radical cation, has been implicated as mediating toxicity (Varadarajan et al.,
2001). In cell culture systems where a metal chelator has been added to the cell culture
media before treatment with A, lowered toxicity is observed (Rottkamp et al., 2001).
The generation of free radicals by AP in cell free solutions is reported to be dependent
on the presence of metal ions in solution (Dikalov et al., 1999). It is proposed that the
oxidation of methionine can reduce transition metals. Reduced transition metals are

potent oxidants.

1.2.4.2. Activation of ROS and RNS producing enzymes or binding to receptors

initiating ROS generating cascades
NADPH Oxidase

NADPH is an enzyme expressed in neutrophils, microglia and astrocytes. In the
presence of AP it is activated in all three cell-types (Bianca et al., 1999; Abramov et al.,
2005). NADPH oxidase transfers electrons donated from NADPH to O, generating the

superoxide radical.
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Nitric oxide synthase (NOS)

Nitric oxide is a free radical that has been implicated in many physiological roles
including neurotransmission, neuromodulation and vasodilation (Dawson and Snyder,
1994). In a cell NO can react with transition metals, thiol groups and other parts of
proteins, therefore it has many potential targets. As NO is gaseous it can pass quickly
through the cell and across cell membranes to react with its target. As NO is so reactive,

the action of NO is limited spatiotemporally by potential targets around its source.

NO is synthesised by three isoforms of nitric oxide synthase (NOS). Neuronal NOS
(nNOS) and endothelial NOS (eNOS) are constitutive enzymes; these require the
cofactor calmodulin to be present. In order for calmodulin to bind to NOS Ca®* must be
present. The third isoform of NOS, inducible NOS (iNOS), is not normally expressed in
cells. Its expression may be induced in some cells by cytokine activation as part of the

inflammatory response.

Total levels of nitrite and nitrate, the stable end products of NO metabolism, are
comparable in the cerebral spinal fluid of AD patients and age-matched controls
(Milstien et all., 1994). However, increased NO production in AD brains on a local level
has been suggested by the increase in nitro tyrosine residues in the AD brain. NO reacts
with O, "to form peroxynitrite (ONOQ"). Nitrotyrosine is thought to arise as a
consequence of the reaction between ONOO™ and tyrosine residues in proteins (Smith et
al., 1997).

The source of NO in AD has been largely attributed to the inflammatory response of
astrocytes and microglia surrounding neuritic plaques. AP has been shown to upregulate
iNOS expression in cultured cortical astrocytes and has been suggested to cause NO
release (Hu er al., 1998). AB can cause NO release in microglial cultures (Li et al.,
1996). Astrocyte NO release in the presence of AB may be modulated by various
cytokines, neurotrophic factors and transcription factors. Astrocytes release the
neurotrophic factor S100 in the presence of Af (Pena ef al., 1995) and the presence of
S100B may consequently induce astrocytes to release NO (Hu et al., 1997). Akama et
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al., 1998 have shown that astrocyte NO production is likely to be secondary to the Af

induced inflammatory response (see section 1.3.5.2).

Receptor for advanced glycation end products-RAGE

The RAGE receptor has been proposed to provide a mechanism by which A can bind
to endothelial cells, astrocytes and neurones in the AD brain (Yan et al., 1994) The
RAGE receptor is suggested to be the route by which advanced glycation end products
can be taken into macrophages and degraded in the lysosome system (Araki et al.,
1995). Astrocytes may also be able to internalise AP through this receptor (Sasaki et al.,
2001). However, it is also suggested that the RAGE receptor provides a transport
mechanism to carry systemic AP, generated by platelets in the blood into the brain
(Donahue et al., 2006). In addition, when A binds to RAGE oxidative species are
generated (Yan et al., 1994).

1.2.4.3. Impairment of energy metabolism

There is evidence for impaired metabolism in AD from brain imaging studies using
positron emission tomography (PET). These studies suggest a decrease in cerebral
glucose utilization that appears before neuronal loss in AD patients (Ibanez et al., 1998)

and worsens as dementia becomes more severe (Duara et al., 1986; Alexander et al.,
2002)

The mitochondria are a major source of ROS. There is a strong reciprocal relationship
between metabolic impairment and ROS generation. It has been shown that
mitochondrial function is impaired in the AD brain. Cytochrome oxidase catalyses the
final step of the respiratory chain, the oxidation of cytochrome ¢ and the reduction of
oxygen to water. This reaction is coupled with the pumping of protons across the inner
mitochondrial membrane, to form a gradient which in turn drives the ATP synthetase
(see Figure 1.2). The activity of cytochrome oxidase is decreased in post mortem brain
tissue and in platelets from AD patients (Parker et al., 1990; Kish et al., 1992). Impaired
mitochondrial function can lead to increased generation of ROS. Studies using cybrids

obtained by inserting mitochondria from the platelets of AD patients into mitochondria-
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free rho0 cells (Human neuroblastoma SH-SYSY cells depleted of mitochondria)
demonstrated elevated ROS production in these cybrid cells (Sheehan et al., 1997),

consistent with the mitochondria of AD patients being sufficient to elevate ROS.

Addition of AP to primary neurone cell cultures causes inhibition of cytochrome
oxidase (Casley et al., 2002). This inhibition could be a direct effect of the peptide as
AP can impair cytochrome oxidase activity in isolated mitochondria (Canevari et al.,
1999). AB could also impair mitochondrial function though the action of RNS generated
in its presence. Nitric oxide (Bolanos et al., 1994) or its metabolic product peroxynitrite

(Sharp and Cooper, 1998) can inhibit cytochrome oxidase.

Studies have shown that cytochrome oxidase purified from the AD brain lacks the high
affinity binding site for cytochrome ¢ (Parker and Parks, 1995). However, it could be
the case that the membrane environment is the target of the effect of Ap on cytochrome
oxidase activity. Cytochrome oxidase requires the phospholipid cardiolipin for full
activity. Cardiolipin may be particularly vulnerable to oxidation as it is high in
unsaturated fatty acids. It has been shown that there is a close correlation between
cardiolipin peroxidation and a reduction in cytochrome oxidase activity, and that
replenishing cardiolipin in mitochondria treated with peroxidation agents can restore

cytochrome oxidase activity (Paradies ef al., 1998).

The activity of the tri carboxylic acid (TCA) cycle enzyme a- ketoglutarate
dehydrogenase, and the metabolic enzyme pyruvate dehydrogenase are inhibited in post
mortem tissue from AD patients (Gibson et al., 1998). The activities of these enzymes
are also inhibited in neuronal cell culture models treated with AR (Casley et al., 2002).
The reciprocal relationship between oxidative stress and metabolic impairment is again
demonstrated in an interesting study where it was shown that in the absence of its
substrate, NAD+, a-ketoglutarate dehydrogenase complex can produce H,O, (Tretter et
al., 2004).
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1.2.4.4 Disruption of calcium homeostasis

Altered Ca®* homeostasis is a consequence of oxidative stress. Hydroxynonenal (HNE),
a product of lipid peroxidation, can bind to membrane ion motive ATPases (Na'/K" and
Ca?* ATPases, glucose and glutamate transporters), which can lead to membrane
depolarisation, lowered ATP levels and an increase in cytosolic Ca®* (Mattson, 1997). If
HNE is added to neurones in culture conditions it causes a delayed elevation of

cytosolic Ca’" (Mark et al., 1997).

AP may also have a direct effect on Ca®* homeostasis in the AD brain. AB25-35 and
AP1-42 have been shown to induce calcium oscillations in cortical astrocytes resulting
from an influx of extracellular Ca®* (Abramov e al., 2004). In cerebellar neurones AB1-
42 causes an increase in calcium influx into the cell by modulating N-type Ca’*
channels (Price ef al., 1999)).Calcium permeable pores can be formed by AB25-35 and
AB1-42 in artificial lipid bilayers (Mirabekov ef al., 1994; Hirakura et al., 1999; Arisbe
etal., 1993) and by AB1-40 in an immortalised hypothalamic murine cell line
(Kawahara and Kuroda, 2000). However, no evidence of calcium pore formation has

been found in vivo to date.

Disrupted Ca®" homeostasis can contribute to oxidative damage. Increased intracellular
Ca®" levels can lead to increased ROS or RNS by three routes. Firstly Ca?* alongside
calmodulin is an essential cofactor for endothelial and neuronal nitric oxide synthase
activity (Dawsen and Snyder, 1994). Secondly, Ca>* promotes activation of
phospholipase A, which leads to the release of arachidonic acid which is a substrate for
lipoxygenases and cycloxygenases to form ROS. Thirdly, increased Ca®* can lead to

altered mitochondrial activity and increased O, release (Reviewed in Mattson, 1997).

Disrupted Ca** homeostasis may lead to increased oxidative stress but can also have
many ROS independent effects on neurones that may contribute to their death. Calcium
is involved in an abundant array of signalling cascades. Many kinases and phosphatases
have Ca®* as a cofactor. It has been proposed that Ca*'/ calmodulin dependent protein
kinase II, contributes to tau phosphorylation (Litersky et al., 1996). It has been shown
that hippocampal neurones that are particularly vulnerable in AD have particularly high
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concentrations of Ca?*/ calmodulin dependent protein kinase II (McKee ef al., 1990). A
disruption to calcium homeostasis is reported to make human cortical neurones more

vulnerable to glutamate-mediated excitotoxicity (Mattson et al., 1992).
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Part 3: Neurone and astrocyte interactions in the normal and AD brain

It is interesting to observe that as the mammalian brain has evolved and increased in
size and complexity the proportion of astrocytes relative to neurones has increased
(Nedergaard et al., 2003). The hypothesised role of astrocytes in the brain has been
promoted in the last two decades from that of an ancillary structural support cell to a
dynamic regulator of neurone development, phenotype and functional activity. In the
mature brain neurones and astrocytes form a functional unit. Astrocytes extend
processes to envelop neurone synaptic connections. They also form direct connections
between each other governed by gap junctions. They can therefore be considered a glial
syncytium in intimate contact with synapses, and with wide reaching signalling
capabilities (Benarroch., 2005). Astrocytes also have a close relationship with the
endothelial cells of the blood brain barrier and regulate the transfer of blood-derived
factors to neurones. Most neuronal cell culture models have strived to achieve high
purity from astrocyte contamination. However, neuronal culture models closest to their

physiology in vivo are those that aim to reproduce the functional unit to some extent.

In addition to their normal supportive functions, astrocytes have the ability to respond to
a number of pathological situations where they engage in a series of structural and
functional changes collectively termed astrogliosis. These activated astrocytes are
usually characterised by an upregulation of glial fibrillary acidic protein (GFAP) and a
morphological change from a flat polygonal morphology to a more stellate shape. In
Alzheimer’s disease these activated astrocytes are found surrounding dense core neuritic

plaques.
This section gives an overview of the supportive functions of astrocytes, the changes

that arise when astrocytes undergo their reactive response, and discusses the role of the

astrocytes surrounding neuritic plaques in neurotoxicity and neuroprotection.
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1.3.1. The supportive functions of astrocytes.

The supportive functions of astrocytes include regulating synaptic transmission,
maintaining extracellular homeostasis, providing metabolic and antioxidant support to
neurones (figure 1.4.). Here, the main focus is the antioxidant support from astrocytes;
however, their role in metabolic support and glutamate clearance will be introduced

briefly for their relevance to AD.

ASTROCYTE SUPPORTIVE FUNCTIONS

Antioxidant support
*Provides precursors for
neuronal GSH synthesis:-
+Cysteinylglycine

* glutamate (released as
glutamine converted to
glutamate by neurones)

Figure 1.4: A summary of astrocyte supportive functions to neurones in the normal brain.

Summarises (Benarroch 2005)

1.3.2. Metabolic support of neurones by astrocytes.

As discussed in the last section, neurones in the AD brain are metabolically impaired.
The cytoarchitecture of the brain is such that the astrocytes form the bridge between the
endothelial cells of blood vessels in the brain and neurones. Glucose from blood is taken
up by astrocytes and a small amount can be stored as glycogen. Astrocytes form the

predominant storage site for glycogen in the brain (Wiesinger et al., 1997) Astrocytes
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