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Thesis Summary

Models of Alzheimer's disease (AD) have provided useful insights into the
pathogenesis and mechanistic pathways that lead to its development. One emerging
idea about AD is that it may be described as a hypometabolic disorder due to the
reduction of glucose uptake in AD brains. Inappropriate processing of Amyloid
Precursor Protein (APP) is considered central to the initiation and progression of the
disease. Although the exact role of APP misprocessing is unclear, it may play a role in
neuronal metabolism before the onset of neurodegeneration.

To investigate the potential role of APP in neuronal metabolism, the SHSY5Y
neuroblastoma cell line was used to generate cell lines that stably overexpress wild
type APP695 or express Swedish mutated-APP observed in familial AD (FAD), both
under the control of the neuronal promoter, Synapsin |I. The effects of APP on glucose
uptake, cellular stress and energy homeostasis were studied extensively. It was found
that APP-overexpressing cells exhibited decreased glucose uptake with changes in
basal oxygen consumption in comparison to control cell lines.

Similar studies were also performed in fibroblasts taken from FAD patients compared
with control fibroblasts. Previous studies found FAD-derived fibroblasts displayed
altered metabolic profiles, calcium homeostasis and oxidative stress when compared to
controls. As such, in this study fibroblasts were studied in terms of their ability to
metabolise glucose and their mitochondrial function. Results show that FAD-derived
fibroblasts demonstrate no differences in mitochondrial function, or response to
oxidative stress compared to control fibroblasts. However, control fibroblasts treated
with AB1-42 demonstrated changes in glucose uptake. This study highlights the
importance of APP expression within non-neuronal cell lines, suggesting that whilst AD
is considered a brain-associated disorder, peripheral effects in non-neuronal cell types
should also be considered when studying the effects of AR on metabolism.

Key words: Alzheimer’s disease, glucose, mitochondria, SHSY5Y cells, human dermal
fibroblasts
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Chapter 1: Introduction to Alzheimer’s disease

1.1 Overview of Alzheimer’s disease
Dementia is defined as a substantial loss in intellectual abilities such as memory that

impedes everyday functions. Alzheimer’'s disease is the most common form of
dementia, making up to between 50 to 70% of dementia cases. It is estimated that
currently 44.4 million people suffer from AD worldwide, with this figure estimated to rise
to 135.5 million by 2050 (International, 2013), if no effective treatments or cures are

found.

AD was first described by Dr Alois Alzheimer in 1908, after observing the symptoms of
a patient with progressive memory impairment, changes in behaviour (including
paranoia, delusions) and progressive decline in the ability to use language. Post-
mortem brain examination of the patient revealed protein aggregates, which he termed
‘plaques’ and ‘tangles’ (Hippius and Neundoérfer, 2003). However, it was Fischer
(Fischer, 1907) who is credited to be the first to report plagues. In the late 1960s, the
work of Blessed, et al, (1968) led to AD becoming widely accepted as the most
common basis for senile dementia (Blessed et al., 1968, Kang and Muller-Hill, 1990,

Arai et al., 1991).

Studies have attempted to define the pathogenesis of AD by observing and describing
the two major structural hallmarks of the plaques and tangles (see Figure 1.1). Kidd et
al (1964) and Terry et al (1963) utilised electron microscopy to study the two types of
lesions. A number of studies have noted significant degeneration of neurons
responsible for synthesising acetylcholine, as well as irregularities in the dopaminergic,
glutaminergic and the inhibitory y-aminobutyric acid (GABA) systems (Ellison et al.,
1986). These observations strongly suggested that AD is the consequence of highly
heterogeneous cell degeneration. The study of the composition and origin of the

plagues and tangles also became central to studies of AD. However, current research
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suggests that these lesions may only serve as pathological hallmarks observed late in
disease.

A B

Aston University
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Figure 1.1 Image of the characteristic plaques (A) and neurofibrillary tangles (B) found
in AD brain (Images attributed to Wikimedia Commons, https://common.wikimedia.org).

1.2. Symptoms and disease pathology
AD patients experience a range of symptoms including cognitive changes, memory

loss and behavioural changes (Selkoe, 2001a). The significant loss in memory function
is largely attributed to massive neuronal cell and synapse loss in preferential brain
regions. Cholinergic neurons are specifically affected (Mesulam, 2004), and are
characterized initially by synaptic dysfunction that precedes neuronal death (Mattson,
2004). These symptoms represent the later stages of AD, in which behavioural

changes become evident due to death of neurons in key regions.

It is believed the lateral entorhinal cortex (LEC) is implicated in early AD. LEC
dysfunction in preclinical AD is detected by functional magnetic resonance imaging
(fMRI) (Khan et al., 2014b). The LEC is considered a gateway to the hippocampus,
which plays a vital role in learning and consolidation for long term memories. This
makes the hippocampus especially susceptible to damage in early AD (Mu and Gage,
2011). AD has been shown to spread directly from the LEC to other areas of the
cerebral cortex, especially the parietal cortex, which is responsible for spatial
orientation and navigation. Cognitive impairment is associated with synaptic loss in the
neocortex and the limbic system, which are responsible for higher brain functions such
as sensory perception, spatial reasoning and learning and memory (Mclintosh et al.,
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1998, Miller and Cummings, 2007). The extensive cell death observed leads to

extreme shrinkage of the hippocampus and cerebral cortex.

In the early and pre-symptomatic AD stages, degeneration of basal forebrain
cholinergic nuclei takes place (Mann et al., 1984, Perry et al., 1978). Neuronal cell
death is attributed to exposure of cells to abnormal levels of beta amyloid (AB) peptide,
with specific vulnerability of cholinergic basal forebrain neurons (Boncristiano et al.,
2002). AD brains show hallmarks of apoptosis (Kadowaki et al., 2005, Mattson, 2000,
Cotman and Su, 1996), such as DNA fragmentation and the activation of Caspase-3, a

key effector enzyme of the apoptotic cascade (Stadelmann et al., 1999).

Currently, diagnosis of AD is carried out using subjective aptitude exams, which test
the ability of a person to identify objects and recall events. The most common test is
the mini mental state examination MMSE, first established in the 1970’s (Folstein et al.,
1975). Clinicians can assess the severity of dementia based on the score attained and
then recommend the appropriate treatment. However, problems arise from variations
in test specificity, with the major disadvantage of being unable to distinguish mild
cognitive impairment (MCI) reliably from dementia and the difficulty in recording
changes in cases of severe dementia (Lancu and Olmer, 2006). In reality, 50% to 90%
of dementia cases may be unrecognised due to the difficulty in distinguishing AD from

normal aging (Ritchie and Lovestone, 2002).

At present, definitive diagnosis can be only be carried out by post mortem brain
autopsy to confirm the presence of plagues and tangles. To date, there are no
definitive biomarkers for diagnosing AD, but studies into levels of AB, total tau and
phosphorylated-tau 181 taken from cerebral spinal fluid (CSF) have been assessed.
Samples taken from MCI patients have demonstrated an increase in the level of total
tau and phosphorylated tau but decreased levels of neurotoxic AB1-42 species

(Hansson et al., 2006). Sensitivity in these tests was estimated to be at 95% but
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specificity was lower. These results are encouraging but still require further validation.
A current major issue in AD diagnosis is that neuronal degeneration is probably
advanced to a stage that some current drug treatments may be ineffective (Peterson

and Goldman, 1986).

Advancements in brain imaging technology may prove useful to diagnose AD. Imaging
of AD brains showed decreases in total brain mass (Teipel et al., 2014) with shrinkage
of the cerebral cortex and hippocampus (Dubois et al., 2007) and severely enlarged

ventricles, as shown in Figure 1.2).
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Figure 1.2. Image showing Pittsburgh Compound B (PIB) uptake to visualise amyloid
in the brain of non-demented patient compared to Alzheimer’s patient brain. (Image
attributed to Wikimedia Commons,
https://commons.wikimedia.org/wiki/File:PET_AD.jpg).

Amyloid deposition can be visualised in the brain with the use of Pittsburgh Compound
B in PET scans (Klunk et al., 2004) (see Figure 1.2). This technique could aid early
diagnosis. PIB is a radioactive thioflavin T analog which binds to beta sheets of
amyloid, and is currently under development by GE Healthcare as a clinical diagnostic
tool to assess brain amyloidosis (Landau et al., 2013). Higher PIB retention has been
demonstrated in AD patients when compared to controls (Rowe et al., 2007); with PIB

retention particularly pronounced in the striatum of AD mutation carriers compared to

sporadic patients/controls (Klunk et al., 2004).
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The other major protein involved in AD is tau, which can also be imaged with tau-
specific radiotracers. This technique may provide accurate, reliable and reproducible
gquantitative measures of global and regional brain tau burden (Zhang et al., 2012c).
Such detailed neuroimaging methods provide a good evaluation of disease
progression, (as the spread of tangles is a good correlation of AD pathology). Most
selective tau imaging tracers focus towards binding paired helical filaments (PHFS)
(Vilemagne et al., 2014). However, the running costs of using such techniques for

routine AD screening would likely deter clinicians from frequent use.

Methods to detect early biomarkers for dementia could provide a more high throughput,
non-invasive and inexpensive alternative. A blood test is in development, which
detects peripheral blood lipids profiles, that are associated with the development of
MCI or AD within 3 years (Mapstone et al., 2014). The researchers detected preclinical
AD with 90% accuracy, which was comparable with published CSF studies. Therefore
simple blood tests such as these could provide faster and reliable diagnosis of patients

at risk of developing AD, as well as alleviating the costs of using alternative methods.

Fluorodeoxyglucose tracer positron emission tomography (FDG-PET) imaging detects
glucose uptake in patients and has been used to study brain metabolism extensively in
AD (see Figure 1.2). FDG-PET has been utilised to measure cerebral metabolic rates
of glucose (CMRglc), an indicator of neuronal activity. In the AD brain, there are
regional patterns of CMRglc reductions, with consistent deficits in parieto-temporal
areas (Krystal, 1987), posterior cingulate cortex (Minoshima et al.,, 1997) and the
medial temporal lobes, which encompasses the hippocampus,
transentorhinal/entorhinal cortex and subiculum) (Mosconi, 2005). In contrast, fMRI
scans of the LEC in young healthy individuals show signs of high metabolism (Khan et
al., 2014a). Reductions in the activity of key mitochondrial enzyme complexes such as
the a-ketoglutarate dehydrogenase complex and decrease in the expression of

glycolytic enzymes and pyruvate dehydrogenase (PDH) complex has also been
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observed in AD (Yao et al.,, 2009a). Reductions in glucose utilisation in the brain as
well as mitochondrial function appears decades before any symptoms or
histopathological changes occur, making these metabolic changes useful biomarkers of

risk of AD (Mosconi et al., 2008a, Reiman et al., 2004).

As discussed in section 3.1.2, there is gradual decline in the energetics of mitochondria
(production of ATP) as well as increases in production of oxidants and oxidative stress
In AD. AP has also been shown to interact with mitochondrial proteins including ABAD
(amyloid-binding alcohol dehydrogenase) and CypD (cyclophilin D), which results in
altered homoeostasis (Yao et al.,, 2007). Carbohydrates are the major respiratory
substrates in aerobic respiration, with glucose being the predominant energy source. A
shift toward the metabolism of ketone bodies away from glucose observed in AD could
point to attempts by the cell to alleviate bioenergetic deficits and compensate for the
decline in glucose-driven ATP generation (Hoyer, 1991, Blalock et al., 2004). Ketone
bodies produced from fatty acids in the liver, can be converted to acetyl-Coenzyme A,
which can be fed into the Krebs cycle, by its conversion to citrate, the first compound of

the Tricarboxylic acid cycle (TCA).

These observations suggest that AD can be considered a result of hypometabolism
(Mosconi et al.,, 2008b), with increasing evidence that AD is associated with type I
diabetes. In fact, Type Il diabetes been shown to cause brain insulin resistance,
oxidative stress and cognitive impairment (Zhao and Townsend, 2009). Indeed AD has

recently been described as “type Il diabetes” (de la Monte and Wands, 2008).

1.2.1 Amyloidogenesis
One of the two major hallmarks of AD is the presence of intraneuronal plaques found

throughout the brain, but particularly in the limbic and association cortices (Dickson,
1997). Such plagues are composed of an amyloid beta (AB) peptide core (Gouras et

al., 2005, Gouras et al., 2000) surrounded by dystrophic neurites, reactive astrocytes
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and other proteins. Structurally, these neurites appear dilated and twisted, with cellular
abnormalities such as engorged lysosomes and numerous mitochondria (Selkoe,
2001b). Neurons are known to naturally produce amyloid and release the peptide into
the intraneuronal space (Haass et al., 1992b), where it is speculated to have important
physiological functions (see section 1.4). However, it should also be noted that plaque
loads poorly correlate with cognitive impairment, which explains the incidence of non-
demented individuals who were found to have plagues post-mortem (Price and Morris,

1999).

AB is derived from a larger precursor protein called the Amyloid Precursor Protein
(APP), which is cleaved in a complex pathway to generate peptides varying in length,
ranging from 38 to 43 amino acids in length. The most neurotoxic peptide form AB1-
42, has a higher propensity to aggregate due to the presence of two extra hydrophobic
amino acids (Kim and Hecht, 2006) than its other forms (Snyder et al., 1994). AB1-42

and AB1-40 peptides found to make up the plaques seen in AD.

During the aggregation process, amyloid initially forms beta sheet structures, which
then progress to oligomers, fibrils and then plaques (Powers and Powers, 2008). This
increase in size can be detected when amyloid aggregates are separated by sodium
dodecyl sulphate polyacrylamide gel electrophoresis. Non-fibrillar monomeric AR1-42
appears at 4kDa, increasing in size as it forms beta sheets (Glenner and Wong, 1984b,
Masters et al., 1985). Amyloid plaques within tissue can also be positively stained with
Congo red dye or Thioflavin T, which bind specifically to the beta sheet structures

(Miura et al., 2002, Khurana et al., 2005).

APP is located within the cell membranes of neurons, where it is cleaved, allowing the
release of AR peptide into the extracellular space. The peptide can be internalised by
neurons, where it is folded into beta sheet sheets that stack together to form fibrils,

which aggregate to form plaques (Seeman and Seeman, 2011) under pathological
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conditions. Three types of amyloid deposits have been identified in AD brains; diffuse
plagues, senile plaques and cerebrovascular deposits (Morgan et al., 2004a). The
development of amyloid deposits can be described in three stages, according to their
distribution progressing from antero-basal to postero-lateral deposition (Braak and

Braak, 1991).

Diffuse plaques are considered to occur early in plaque formation (Dickson, 1997).
They are dispersed throughout the cerebral hemispheres and sparsely within the white
matter, the striatum and cerebellar cortex. These plagques are more common than
senile plaques, and appear as amorphous, spherical, diffuse amyloid deposits
(Tagliavini et al., 1988). They are described as pre-amyloid deposits, where amyloid
exists as non-amyloid aggregates, which do not stain with Congo Red or thioflavin-S,
and can be found within ‘normal’ aged individuals. They also do not contain neurites or
signs of neuronal injury (Serrano-Pozo et al., 2011). Senile plaques, on the other hand
consist of a dense amyloid core (lwatsubo et al., 1994), surrounded by dystrophic
neurites, commonly containing paired helical filaments (PHFs, see section 1.2.2),
closely associated to reactive astrocytes and microglia (Mandybur and Chuirazzi,
1990). A number of dystrophic neurites do contain tau but also stain positive for
ubiquitin, which may be a sign of early plaque formation (Morgan et al., 2004a).
Distinct hallmarks include the presence of butyrylcholinesterase (Guillozet et al., 1997),
a protein associated with axonal growth cones and several neurotransmitters (Masliah
et al., 1992). Axonal sprouting associated with senile plaques is also thought to trigger
synaptic dysfunction (Arendt, 2001). Inflammation is evident in the vicinity of plaques,
due to the presence of acute phase proteins such as antichymotrypsin, interleukin-1
and interleukin-6 (IL-6) positive activated microglia (Wegiel and Wisniewski, 1990,

Eikelenboom and Veerhuis, 1996).
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Amyloid angiopathy can accompany AD, whereby amyloid deposits in cerebral blood
vessels, in association with senile plaques (Miyakawa and Uehara, 1979). However,
cerebrovascular amyloid is also present in non-demented individuals who fail to

possess the hallmarks of AD.

1.2.1.1 APP Biosynthesis and trafficking
The importance of amyloid and its precursor in AD has led to many studies on APP

processing and whether upstream events may be future targets of therapeutic drugs.
Amyloid Precursor Protein is encoded by the APP gene, which consists of 19 exons
located on chromosome 21. There are three main isoforms produced through
alternative splicing of exons 7 and 8 (Sandbrink et al., 1996); APP751, APP770 and
APP695 (LaFerla, 2002, Price and Sisodia, 1998, Price et al., 1998). The two larger
isoforms contain a 56-amino acid insert known as the Kunitz domain (KPI) (Fig 1.)
within the extracellular domain, named as it shares homology to the Kunitz serine
protease inhibitor domain (Price and Sisodia, 1998) but these isoforms when cleaved
do not produce the amyloid peptide. Interestingly, increased levels of KPI containing
APP isoforms have been reported in AD and to be associated with AB (Zhang et al.,
2011). The AP peptide is derived from Amyloid Precursor Protein 695 (APP695)
isoform (Haass and Selkoe, 2007, Vassar, 2005), expressed abundantly within neurons
(Puig and Combs, 2013, Tanaka et al., 1989) and to a lesser degree within astrocytes

(Sisodia et al., 1993).

Following transcription of the APP gene within the nucleus, full-length APP mRNA is
directed to the endoplasmic reticulum for translation into protein by the action of
ribosomes. From here, APP continues its journey through to the Golgi apparatus and
trans-Golgi network (TGN), where APP undergoes post-translational modifications,
acquiring N- and O-linked sugars quickly after biosynthesis (Annaert et al., 1999). Full
length APP is a type | transmembrane protein, consisting of a large extracellular N-

terminal domain, a hydrophobic transmembrane domain and a short C-terminus
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intracellular domain (Reinhard et al., 2005). This protein quickly undergoes a series of
proteolytic cleavages, resulting in a short half-life, estimated to be 20-30 minutes in
most cell types tested. APP cleavage results in the secretion of products into vesicle

lumens and the extracellular space (Kang et al., 1987, Bodovitz and Klein, 1996).

1.2.1.2 APP processing
APP metabolism within the cell is complex, but has been particularly well-characterised

for the APP695 isoform in the central nervous system. Once full length APP is formed,
it can follow one of two processing pathways, as shown in Figure 1.3, leading to the

production of fragments, which themselves can influence distinct signalling pathways.

Aston University
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Figure 1.3. Diagram showing the two processing pathways in which APP695 may be
processsed Image attributed to Wikimedia Commons,
https://commons.wikimedia.org/wiki/File:P3_peptide_synthesis.jpg.

1.2.1.2.1 The amyloidogenic pathway

The amyloidogenic pathway (associated with AD) leads to sequential APP cleavage by
two different enzymes, B-secretase-1 (BACE1) and y-secretase, resulting in Ap peptide
formation and the release of the C-terminal fragment, termed the Amyloid Precursor
Intracellular Domain (AICD )(Zhang et al.,, 2012a). Mutations (in APP, Presenilin 1
(PSEN1), and Presenilin 2 (PSEN2)) have been identified, which influence APP
metabolism (see Figure 1.4). Presenilins 1 and 2 encode for subunits that make up part
of the y-secretase enzyme complex. In particular, these pathogenic mutations

preferentially increase the production of neurotoxic AB1-42 (Thinakaran and Koo, 2008,
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Cole and Vassar, 2007b, Jankowsky et al., 2004) or increase the AB40/42 ratio (Haass

et al., 1995, Selkoe and Wolfe, 2007).
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Figure 1.4. Diagram showing where enzymes act on APP, as well as some of the
mutations that influence enzyme cleavage.

1.2.1.2.2 Beta-site APP cleaving enzyme 1

BACEL1 is widely expressed throughout the body but is highly active within neurons (Li
et al., 2006, Czech et al., 2000). BACELl is an aspartyl protease, with a single
transmembrane domain close to the C-terminus and a palmitoylated cytoplasmic tail
(Benjannet et al., 2001). It efficiently cleaves membrane bound substrates suggesting
that the enzyme is likely to be membrane bound or closely associated with a
membrane protein (Citron et al., 1995, Yu et al., 2000). BACEL co-localises to the cell
membrane of the Golgi Body, Trans Golgi Network and endosomes (Cole and Vassar,
2007a), where it functions optimally at acidic pH (Pastorino and Lu, 2006). This is
further supported by the fact that endosomal dysfunction has been linked with

Alzheimer’'s disease and neurodegeneration (Nixon, 2005). The cleavage of APP
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occurs upon APP internalization, which also suggests that BACE1 may be active in

other cellular compartments in addition to endosomes.

BACE1 acts at the Aspartate +1 residue of the AB sequence of APP (Vassar et al.,
1999) generating the amino terminus of AB (Figure 1.4 shows the cleavage site in
APP). This cleavage releases three fragments, sAPPa, a secreted APP ectodomain,
and the membrane-bound carboxyl terminal fragment (CTF), C99. BACE can also
cleave at Glutamine +11, at Valine-3 or at Isoleucine-6 (Haass et al., 1992b). The 501
amino acid sequence of BACELl contains two aspartic protease active site motifs
(DTGs). Mutation of either aspartic acid renders the enzyme inactive (Hussain et al.,
1999, Bennett et al., 2000b). Site-directed mutagenesis of the amino acids close to the
cleavage site of full length APP influences the sequence preference for BACE1 (Citron
et al., 1995). Substitutions of the residues to larger hydrophobic amino acids (such as
to leucine and asparagine; observed in Swedish APP) for the methionine or lysine

residue enhance the efficiency of BACEL cleavage.

This enzyme has broad substrate specificity, indicating it has other cellular functions.
In addition to APP, BACEL cleaves the APP-like proteins 1 and 2 (Eggert et al., 2004),
low-density lipoprotein receptor LDLR related protein (LRP) (von Arnim et al., 2005),
the B-subunits (VGSCB and SCN2b) of sodium gated channels (Wong et al., 2005) and
neuregulin (NRG1) (Willem et al., 2006). The study of BACE1 knock outs led to subtle
side effects, most notably, being more timid and a less exploratory phenotype

compared to controls (Harrison et al., 2003).

The only known mammalian homologue of BACE1 is BACE2, which is mapped to the
DS critical region on chromosome 21. BACE2 shows only 75% sequence homology to
BACEL, and is detected at low levels in peripheral tissues (Bennett et al., 2000a). With
relevance to AD, it is expressed at low levels in the brain but can cleave APP at the (3-

site to produce AB in vitro (Abdul-Hay et al., 2012). Interestingly, other studies have
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reported BACE2 acting as an alternative a-secretase (Yan et al., 2001) and serving as
an antagonist to BACE1 (Basi et al., 2003). Furthermore, BACE2 expression is not up-
regulated to compensate for a lack of BACEL in knockout mice. BACE2 function has
been associated with insulin expression in B-cells of the pancreas, where it modulates

insulin receptor signalling

1.2.1.2.3 y-secretase
y-secretase is a multi-unit enzyme complex, consisting of: presenilin-1 or -2, nicastrin,

anterior pharynx-defective 1(APH-1), and presenilin enhancer-2 (PEN-2). Similarly to
BACE-1, y-secretase cleaves a range of substrates, preferentially processing type |
integral membrane proteins such as Notch, E-cadherins and N-cadherins (Zhang et al.,
2000, Marambaud et al., 2002, Marambaud et al., 2003, Haapasalo and Kovacs,
2011). With respect to APP, y-secretase cleaves at several sites within the
transmembrane domain of the C-terminal fragment, releasing AR peptides ranging in
length from 38 to 43 residues. Approximately 90% of secreted AB ends in residue 40,
whereas AB42 accounts for 10% under non-pathological physiological conditions.
Minute amounts of shorter AR peptides such as AB37 and AB38 have also been

detected (Thinakaran and Koo, 2008).

1.2.2 The non-amyloidogenic pathway
Non-amyloidogenic processing of APP (see Figure 1.3) is not associated with

pathogenic phenotypes, and occurs via the action of a-secretase, which cleaves APP
within the AR domain (at the Lysine 16-Leucine 17 bond) thus precluding AR peptide
formation. Cleavage at this site leads to the generation of soluble APP fragments that
are associated with a range physiological functions (Haass et al., 1992a). The second

cleavage reaction is catalysed by y-secretase.

1.2.2.1 a-secretase
a-secretase is a zinc metalloprotease (Roberts et al, 1994), and a type-1

transmembrane protein (Lammich et al., 1999). Enzyme activity principally occurs at
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the plasma membrane (O’Brien and Wong, 2011) but some activity has also been
observed in the trans-Golgi (Kuentzel et al., 1993, Epis et al., 2012). Activation of
protein kinase C (PKC) causes an increase in a-secretase cleavage of APP by
promoting transport of APP to the cell surface (Mills and Reiner, 1999). Members of
the A disintegrin and metalloprotease (ADAM) family were identified to have associated
a-secretase activity, specifically ADAM9, ADAM10 and ADAML17, all of which have

been demonstrated to cleave APP.

The exact identity has been an area of intense research. ADAM9 knockout mice
demonstrated no significant differences in AR production or the a-secretase cleavage
product p3 (Weskamp et al., 2002), eliminating this ADAM as being responsible for
amyloid production in the brain. Previously, ADAM17 was found to localise to plaques
and tangles within the hippocampi of AD brains but its expression remains unchanged
in AD (Skovronsky et al., 2001). Furthermore, the inhibition of ADAM17 leads to
decreased production of sAPPa, one of the APP cleavage fragments. In addition,
ADAM17-deficient cells retain a-secretase activity (Buxbaum, 1998). Studies have
strongly suggested that ADAM10 is the predominant a-secretase produced within
neurons (Kuhn et al., 2010). Overexpression of ADAM10 increases a-cleavage whilst
dominant-negative form of ADAM10 inhibited endogenous a-cleavage activity
(Lammich et al., 1999). ADAM10 RNA levels have been found to be significantly
increased in AD brains (Gatta et al., 2002), strengthening the case of ADAM10 as the
main candidate for a-secretase activity. At present, the identity of a-secretase is
unclear, but may be due to the combined activities of both ADAM17 and ADAM10

(Nunan and Small, 2000).

Cleavage of APP by a-secretase is similar to processing of the growth factors TGF-a
and TNF-a and other integral membrane proteins (Werb and Yan, 1998). The
mechanism involves a constitutive component and a modulated component, the latter

of which is activated by PKC (Buxbaum et al., 1993) as well as other second
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messengers. Generally, constitutive a-secretase activity occurs in the brain arguably
due to ADAM17, which is regulated by PKC. Under basal conditions, a-secretase
activity is estimated to outnumber (B-secretase activity. Overexpression of ADAM10
within neurons of the cortex and hippocampus (Marcinkiewicz and Seidah, 2000) leads
to reduced BACEL processing of APP and a decrease in amyloid deposition (Postina et
al., 2004). Studies such as these suggest that up-regulation of a-secretase activity

may potentially be of therapeutic value in AD (Postina et al., 2004).

1.2.3 Neurofibrillary degeneration (NFD)
The second hallmark of AD is the neurofibrillary tangles (NFTs). NFTs are caused by

intraneuronal aggregation of hyperphosphorylated protein into structures known as
paired helical filaments (PHFs) (Kurt et al., 1997). PHF bundles are principally found
within pyramidal cells of the entorhinal cortex, hippocampus and the supragranular (llI-
lII) and infragranular (V-VI) layers of the association cortical areas (Braak and Braak,

1995).

PHFs are formed from phosphorylated tau (Grundke-Igbal et al., 1986). Tau belongs to
a family of neuronal microtubule-associated proteins (MAPs) whose physiological
functions are to modulate microtubule network stability, as well as coordinating axonal
plasma membrane and microtubule processes (Koechling et al., 2010). The human tau
gene is found on chromosome 17g21, consisting of 16 exons, encoding for 6 tau
isoforms as a consequence of alternative splicing of its mRNA. The relative
proportions of the various tau isoforms have also been reported in other neurological

disorders (Gong and Igbal, 2008).

During neuronal development, tau stabilises microtubules in the axon. Site-specific
phosphorylation of the C-terminal repeats of tau dictates its ability to bind and stabilise
microtubules. Tau contains an exceptionally high number of putative phosphorylation

sites (45 serines, 35 threonines and 4 tyrosines) but some sites appear to be
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preferentially phosphorylated (Chen et al., 2004). It is understood that tau undergoes
conformational changes to facilitate differential phosphorylation, resulting in
dissociation of tau from microtubules (Gotz et al., 2011). Under pathological
conditions, hyperphosphorylation at the C-terminal tail and proline-rich regions, located
upstream of microtubule-binding domains (Liu et al., 2007), leads to tau dissociation
from the microtubules, resulting in microtubule collapse and accumulation of tau in the

dendrites.

To date, no tau mutations have been shown to directly lead to Alzheimer’s disease.
However neurofibrillary tangles appear independently of senile plaques in more than
two dozen age-related disorders. Examples include Pick’s Disease (Pickering-Brown
et al., 2000), Frontotemporal dementia (Rademakers et al., 2004) and parkinsonism
linked to chromosome 17 (Wray and Lewis, 2010). These disorders are termed as
‘tauopathies’, in which tau plays a central role in disease pathogenesis. It should also
be noted that whilst tau is usually perceived as a neuronal protein, it is also expressed
within non-neuronal cells such as glia and can lead to disorders such as progressive

supranuclear palsy or corticobasal degeneration (Gotz, 2001).

The progression of tau pathology can be followed using Braak staging (Braak and
Braak, 1991), which correlates well with disease progression (Archer et al., 2011) in
relation to cognitive decline and neurodegeneration. The characteristic spread of tau
tangles throughout the brain has led to the concept of the ‘tau prion hypothesis’. This
hypothesis centres around the idea that tau is an infectious agent capable of spreading
from cell to cell, in a manner comparable to a prion protein (Reiniger et al., 2011).
Prion proteins may be misfolded, leading to their aggregation as cellular prion protein in
the central nervous system and can be removed from source and be injected into
different tissues where they seed further aggregation and propagate pathology

(Yanamandra et al., 2013). It has been shown that the transfer of tau and prion from a
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mutated animal into another animal brain leads to the formation of tangles and

infectious prions respectively (Morales et al., 2013).

There are six Braak stages each describing tau affected regions of the brain. Between
stages | to Il represent clinically silent cases, where no symptoms are exhibited by the
AD sufferer. During these early stages, hyperphosphorylated tau is found in the cortex
but confined to the transentorhinal region. The next stage of progression is stage I, in
which there are numerous and denser neuropil threads (NT) in close proximity to the
transentorhinal region. NFTs are detected within the Cornu Ammonis (CA) 1 regions,

found within the hippocampus (Braak and Braak, 1991, Braak et al., 1993).

Stage Il to IV represents incipient AD, where the presence of tau tangles and neuronal
death begins to manifest as memory impairment. Neurons in the entorhinal and
transentorhinal regions are affected with NFTs with hippocampal involvement. At stage
V, the isocortex is severely burdened with tau tangles and by stage VI, all the changes
in stages V are more prominent with neuronal death observed in the transentorhinal
and entorhinal layers. In addition, many neurons of the substantia nigra stain positively

for tau tangles (Braak and Braak, 1991).

In AD, tau aggregation is considered as a possible response to the disease process
(Koechling et al., 2010). Cellular studies have demonstrated that AB toxicity is
dependent upon tau expression (Rapoport et al., 2002). Furthermore, studies have
demonstrated the ability of tau to modulate AB toxicity. Indeed, treatment of
hippocampal slices with AB1-42 does not lead to the impairment of long term

potentiation in Tau” mice (Shipton et al., 2011, Roberson et al., 2007).

1.3 The Causes of AD
The presence of amyloid plagques and tau tangles in AD patient brains are important

pathologically. However, as mentioned previously, the presence of plaques in non-
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demented individuals (Price and Morris, 1999) suggests that the plaques themselves
are not toxic to cells. Further studies have shown that oligomeric amyloid load is a
better correlate of dementia symptoms. However, the presence of NFTs remains the

best indicator of AD duration and severity (Arriagada et al., 1992).

Other than cases of FAD, a definitive cause for developing sporadic AD has not been
established, however, a number of risk factors have been identified. Ageing is the
principal factor to consider. Other factors include lifestyle, education (Hofman et al.,
1997, Katzman, 1993, O'Carroll and Ebmeier, 1995, Zhang, 1990, Lindsay et al., 2002)
and the inheritance of certain genes. Studies have revealed that more educated
people or those who continued to learn into adulthood were less likely to develop
dementia. This may reflect a compensation mechanism for neurodegeneration early in
AD, however these individuals show rapid decline in cognitive function at the advanced
stages of AD (Wilson et al., 2004). The importance of lifestyle choices such as diet and
exercise have been demonstrated in providing protection against dementia (Daffner,
2010). Physical activity appears to slow down the decline associated with ageing and
may ameliorate the rate of cognitive decline (Weuve et al., 2004, Larson et al., 2006).
A Mediterranean diet has been associated with not only reducing the risk of developing
cardiovascular disease and cancer but also dementia (Scarmeas et al., 2009,

Scarmeas et al., 2006).

Generally, AD can be classified as being late onset (LOAD), occurring after the age of
65 or early onset (EAOD), before the age of 65. The majority of AD cases are
described as late onset. In such cases, determination of common factors that lead to
the development of Alzheimer’s disease is problematic due to the apparent sporadic
nature of the observed cases. In comparison, EOAD is associated with inheritance of
autosomal dominant alleles. The contribution that genetic factors may play in sporadic
cases is uncertain. However, both early and late onset AD are characterised by similar

pathological phenotypes and may be clinically indistinguishable from one another.
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1.3.1 EOAD
Early onset AD (also known as familial AD (FAD)) accounts for between 2 to 10% of all

AD cases (Morgan, 2011, Selkoe, 2001b) and is genetically linked to genetic
aberrations in chromosome 21, 14, and 1 where the genes encoding the Amyloid

Precursor Protein (APP), Presenilins 1 (PSEN1) and 2 (PSEN2) reside respectively.

Subsets of families have been shown to carry point mutations in APP, which causes an
imbalance in amyloid turnover (Haass et al., 1995), and leads to an increase in AB1-42
production. Mutations in the Presenilin 1 (PSEN1) and 2 (PSENZ2) genes encoding for
protein subunits that constitute part of the y-secretase enzyme are responsible for the
majority of FAD cases (Price and Sisodia, 1998, Berezovska et al., 2005) , some of
which are shown in Figure 1.4. Furthermore, the cloning of the presenilin genes
(Sherrington et al.,, 1995) has demonstrated that presenilin mutations increase the
production of AB1-42 in humans (De Strooper et al., 1998, Scheuner et al., 1996a) and

transgenic mice (Duff et al., 1996).

1.3.2 Sporadic AD
Late onset AD (LOAD) or sporadic AD afflicts patients late in life with incidence mainly

occurring between the seventh and eight decades. It is the commonest form of AD,
contributing to 95-99% of AD cases but has a weaker association with genes than FAD
cases (Bali et al., 2012). However, there is speculation that genetic components could
account for up to 60-70% of all LOAD cases (Hollingworth, 2011), hence identifying
these genetic factors has proven to be a more challenging issue to tackle. This also

complicates how to model sporadic AD in vitro.

Results of several large genome wide association studies (GWAS) have linked novel
loci associated with LOAD. These include clusterin (CLU), phospatidylinostol-binding
clathrin assembly protein (PICALM) (Harold et al., 2009), amphiphysin 1l (BIN1),
complement receptor 1 (CR1) (Lambert et al., 2009), bridging integrator 1, ATP-binding

cassette transporter 7 (ABCA7), membrane-spanning 4-domains subfamily A, CD2AP-
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CD2-associated protein (CD2AP), CD33 (sialic acid-binding immunoglobulin-like
lectin) and ephrin receptor A1 (EPHAL) (Naj et al., 2011). Genetic variants in triggering
receptor expressed on myeloid cells (TREM2), which encodes for the triggering
receptor expressed on myeloid cells has also been linked with an autosomal recessive
form of EOAD. Recently, genetic variants in the apoliprotein E receptor (SORL1) have
been found to have an increased risk of SAD (Young et al., 2015). Proteins expressed
from these genes are involved in a variety of different processes shown to have some
mechanistic relationship with APP/ AB. These will be discussed in the following

sections.

PICALM is involved in clathrin-mediated endocytosis, where it acts to recruit clathrin
and adaptor protein complex 2 to regions of site assembly (Tebar et al., 1999). BIN1 is
involved in many cellular processes, such as actin dynamics, membrane trafficking and
clathrin-mediated endocytosis (Pant et al., 2009), which may affect the processing of

APP and A production or AB clearance from the brain.

The other genes appear to be associated with the immune system. CR1 forms part of
the complement system, where it binds complement factor C3b and C4b to participate
in clearing immune complexes. Amyloid can bind to C3b, which suggests CR1 may be
involved with AB clearance (Thambisetty et al., 2013). CR1 is also implicated in
neuroinflammation, which occurs commonly in AD (Crehan et al.,, 2012). CD33
encodes for a cell surface immune receptor, which can bind sialyated glycans.
Increased expression of CD33 in microglial cells has been observed in AD brain, with
the number of CD33-immunoreactive microglia correlating with plague burden (Griciuc

et al., 2013).

EPHA1 encodes for cell surface receptors which bind to ephrin ligands to modulate cell
adhesion, synapse formation and plasticity. EPHAL is found on CD4-positive T cells

and monocytes in the cerebrospinal fluid. Genetic variations in EPHA1 were found to
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affect pathological changes in the hippocampus and the lateral occipitotemporal and
inferior temporal gyri, leading to reduced risk of AD (Wang et al., 2015a). CD2AP
encodes for a scaffolding adaptor protein, which regulates cytoskeletal organization. It

is believed that CD2AP is associated with increased plague burden (Liao et al., 2015).

ABCA7 mediates the production of high-density lipoprotein with lipids and
apolipoproteins. It binds APOA-I and functions in apolipoprotein-mediated
phospholipid and cholesterol efflux from cells. In addition, ABCA7 influences the
transport of APP through the cell membrane and is involved in host defence. In
relation to AD, loss-of-function in ABCA7 is found increase the risk of AD in

Caucasians (Steinberg et al., 2015).

Clusterin is of great interest as it is co-localised with amyloid plaques. It is an ATP-
independent molecular chaperone, found to be increased in AD brains (May et al.,
1990), specifically within the pyramidal neurons and non-pyramidal cells of the
hippocampus and entorhinal cortex, two areas known not to be affected by AD
(Lidstrom et al., 1998). Expression of clusterin is highest in the brain, particularly within

astrocytes (Pasinetti et al., 1994).

Clusterin exhibits broad substrate specificity and can stabilize misfolded proteins (Poon
et al., 2000), and is activated during endoplasmic stress, in what is known as the
unfolded protein response (UPR). When unfolded/ misfolded protein accumulate within
the ER, the UPR is activated to restore normal cellular function by stopping protein
translation, degrading misfolded proteins and activating signalling pathways to recruit
molecular chaperones, whose functions are to aid protein folding. Should the UPR fail
to achieve this, UPR results in apoptosis, which may be involved in AD pathogenesis

(Stutzbach et al., 2013, Cornejo and Hetz, 2013).
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Astrocytes can secrete clusterin in response to excitatory neurotransmitter kainic acid
treatment, and ischemic insults. Clusterin may improve recovery in the brain to such
stresses (Imhof et al.,, 2006), thus explaining its co-localisation to amyloid plaques.
This protein also plays a role in amyloid clearance by binding to megalin receptors
(Hammad et al.,, 1997) on the neuronal cell membrane thus facilitating amyloid
endocytosis (Nuutinen et al., 2009). It has higher affinity for the shorter AR1-40
peptides than for fibrils and acts to increase AP solubility, whilst preventing its
aggregation (Matsubara et al., 1995). Although it can prevent AB oligomerization and
enhance fibril formation, a balance in the ratio of clusterin and AB peptide is required.
In addition, clusterin may be found in lipoproteins and functions to regulate cholesterol

and lipid metabolism, two processes that are perturbed in AD (Calero et al., 2005).

Other independent GWAS studies have identified putative genetic variants in death-
associated protein kinase 1, sortilin-related receptor 1 and low density lipoprotein
receptor-related protein 6 which are associated with neuronal apoptosis, APP
trafficking and altered Wnt/B-catenin signalling respectively (Waring and Rosenberg,
2008). A large meta-analysis from the AlzGene database reported thirteen additional
potential AD-susceptibility genes including Angiotensin | converting enzyme, oestrogen
receptor 1, prion protein mitochondrial transcription factor A as well as tumour necrosis

factor (Waring and Rosenberg, 2008).

The most influential genetic factor associated with sporadic AD is the apoliprotein E4
(APOEA4) genetic variant which is carried by 15% of the human population (Coon et al.,
2007). The APOE4 gene mapped to chromosome 19, encodes for a plasma
lipoprotein which functions to transport cholesterol (Mahley, 1988). There are 3 known
alleles; ApoE2, ApoE3 and ApoE4, of which the E4 variant carries an increased risk of
AD (He et al., 2007), but is not essential for AD to develop. ApoE is produced and
secreted in the central nervous system by astrocytes (Ignatius et al., 1986), with levels

highest in the brain and liver (Elshourbagy et al., 1985). Levels of ApoE are increased
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after injury and are increased in neurodegenerative diseases. In AD, it is localised to
extracellular senile plagues and intracellular neurofibrillary tangles (Namba et al.,

1991), strongly supporting its role in AD.

The mechanism by which ApoE plays a role in AD pathogenesis is unclear but one
theory is that APOE4 interacts with a receptor that leads to increase AR production.
Specifically, the receptor APOE2R, expressed in the brain has been shown to alter AR
levels presumably via an unknown binding interaction (Hoe et al., 2005). Neuro-2a
cells transfected with the Swedish mutation of APP (SweAPP695) demonstrated a
twofold increase in AR production in the presence of human very low density
lipoproteins (VLDLs)(where APOE4 is most abundant) but not with LDL and HDL (high
density lipoproteins) (Huang et al., 2001). In these cells, the presence of APOE4 may
stimulate APP internalization and translocation of BACE1 from the cell membrane to
endosomes. Transgenic animal studies have demonstrated that APOE4 is linked to
amyloid deposition (Bales et al., 2009, Hartman et al., 2002) but as yet, there is poor
understanding of the mechanistic relationship between the two. ApoE has also been
found to have avid affinity for amyloid (Strittmatter et al., 1993), a finding which was
confirmed by ApoE immunoreactivity with cerebral and systemic amyloid taken from

patients (Wisniewski and Frangione, 1992).

1.3.3 The amyloid hypothesis
At present, the amyloid cascade hypothesis is the most commonly accepted process

thought to lead to AD pathology. Indeed, several mutations involved in familial AD
influence amyloid production. The conventional view of AD is that the majority of the
pathology is driven by an increased burden of AR in the brain, which can be influenced
by APP mutations such as the Swedish, London, Indiana and Arctic (see Figure 1.4).
These different point mutations occur in different regions of the APP gene but all lie
within or close the AB peptide region. At least 33 mutations within the APP gene have

been identified to be associated with EOAD (Cruts et al., 2012) and a related disorder
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of hereditary cerebral amyloid angiopathy (CAA) (Weggen and Beher, 2012). APP
duplication can also cause early-onset AD with CAA, as demonstrated by the increased
incidence AD in individuals with trisomy 21 (who suffer from Down syndrome) (Roizen
and Patterson, 2003). Recently, one APP mutation found in the Icelandic population
which is an A673T substitution affects B-secretase cleavage of APP leading to a fall of
AB by approximately 40% (Jonsson et al., 2012). This is the only known mutation
shown provide life-long protection against age-related cognitive decline.  Such
mutations suggest that therapy directed against B-secretase cleavage need only
reduce ABlevels by 40% rather than eliminate its production completely to be effective

whilst extending lifespan.

The AP hypothesis states that the AP aggregates trigger a complex pathological
cascade that results in neurodegeneration. Emphasis on the importance of the amyloid
hypothesis has been performed in studies using transgenic mice which overexpress
human APP and mutant tau (Gotz et al.,, 2001, Lewis et al.,, 2001). These mice
develop plagues before developing neurofibrillar deposits (Selkoe, 2001a).
Furthermore, expression of human BACEL in mice led to cleavage of murine APP to
AB 56 and ApB hexamers. Mice exhibited AD-like phenotypes from three months of age
which progressively worsened over time (Plucinska et al., 2014). It must be noted that
no human mutations in tau have been found in Alzheimer’s disease. Furthermore, to
simulate significant AD pathology in rodents, mutations in both APP and tau are
necessary. The increased incidence of AD in Down syndrome humans caused by
trisomy of chromosome 21 (Glenner and Wong, 1984a) further supports this
hypothesis. Such evidence suggests that A is an integral part of the disease and may

be a more important factor to consider in comparison to tau (Hardy and Selkoe, 2002).

1.4 Pathogenic mechanisms of Amyloid
The manner in which A aggregates and the particular species of peptide produced is

vital to consider. In AD, APP is cleaved to form a range of peptides; of these the AB1-

40



42 form is strongly associated 