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ABSTRACT

Alzheimer’s Disease (AD) is the leading cause of dementia and is characterised by
progressive and irreversible neurodegeneration. The societal increase in average lifespan and
trends in the prevalence of obesity are both associated with an increased risk of AD. Despite
advancements in our understanding of the biochemical processes underlying AD, such as
perturbed Amyloid- B Precursor Protein (ABPP) processing and disrupted redox homeostasis,
finding new treatments that can prevent the neurodegenerative process has proved difficult.
Recently, there has been growing interest in the ‘a disintegrin and metalloproteinase’ -10
(ADAM10) enzyme as both a biomarker for detecting AD and as a potential avenue for
intervention. ADAM10 has been shown to have a favourable role in ABPP processing,
therefore, strategies aimed at increasing ADAM10 enzymatic activity may hold therapeutic
benefits.

The thesis presented contains four empirical research chapters (chapters 3-6). In
chapter 3, the research was focused on measuring peripheral markers associated non-
amyloidogenic platelet ABPP processing, inflammation and oxidative stress in people who
may be ‘at risk’ of AD. This research showed that lowered platelet ADAM10 and elevated
markers of oxidative stress were associated with advancing age and obesity. However, there
was no change in the ABPP isoform ratio. Lowered platelet ADAM10 has been previously
shown to be predictive of AD and worsening cognitive function, this research suggests
ADAM10 may a useful tool in determine people ‘at risk’ of AD.

Research in chapter 4 focused on the characterisation of markers associated with
APBPP processing and redox balance in induced pluripotent stem cell (iPSC) models carrying
one of two PSENI mutations (L286V and R278I) compared to a healthy control line. The

main findings demonstrated that ABPP processing was altered towards the pro-amyloidogenic



pathway, with increased A secretion, reduced ADAMI10 protein levels and a lower ABPP
ratio in both PSENI mutations. Further, markers of oxidative stress were typically elevated in
PSENI mutations. These features are consistent characteristics identified in people with AD
and therefore, this ‘in vitro’ model represents a functional system to study the early
pathological features of AD.

Work in chapter 5 investigated the functionality of the Serotonin-4 receptor (SHT4r)
in the healthy control and L286V mutation carrying iPSC cortical models. This work
extended to assess whether SHT4r modulation affected ADAM10 activity. Detection of the
SHT4r by a polyclonal antibody (ab60359, Abcam) using both western blotting and
immunocytochemistry showed positive staining for the receptor at the predicted molecular
weight. Functional neuronal depolarisation was detected using a calcium tracking probe as a
result of agonist / antagonist incubation. Treatment with the SHTr agonist, Prucalopride,
significantly increased ADAMI10 activity in L286V cells, but not healthy controls.

Finally, chapter 6 focused on the effect of continuous treatment with a Selective
serotonin reuptake inhibitor (SSRI), Citalopram, on ADAMI0 activity, AB-peptide generation
and redox balance in the L286V PSEN1 mutation and healthy control iPSC models.
Treatment with Citalopram significantly increased ADAMI10 activity and reduced markers of
oxidative stress in iPSC-derived cortical cell models carrying PSENI mutations. Differential
effects on AP generation were shown in control cells, with a reduction in AP generation at a
dose of 0.8uM and elevated AP generation at 10uM. However, there were no changes in Af
generation in L286V mutation carrying cells. This data suggests that treatment with
Citalopram may hold protective effects on processes underlying AD, possibly, through the

modulation of ADAMI10 activity.
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The research presented in this thesis highlights the potential role for ADAMI10 in the
early development of AD and demonstrates a therapeutic role of SSRIs in modifying
ADAMI0 expression and correcting redox imbalance in an iPSC-derived cortical cell model
of AD. Further research aimed at improving our understanding of how ADAMI10 is regulated
across the lifespan and whether it is a useful biomarker for assessing risk of AD is needed.
Mechanistically the association of ADAM10 with other membrane receptors, and the impact

of this colocalisation on ADAM10 activity should be further investigated.
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CHAPTER 1 - INTRODUCTION

1.1 The global burden of Dementia

Dementia is an umbrella term used to describe a number of neurocognitive disorders
as a result of brain disease or injury and is characterised by memory loss, personality changes,
and impaired reasoning (Hugo and Ganguli, 2014). Ageing is the greatest risk factor for
developing dementia (Prince et al., 2016) and currently a third of older people die with a form
of dementia. With worldwide trends for life expectancy increasing, the prevalence of
dementia is predicted to triple by 2050 (Livingston et al., 2017). However, this does not mean
dementia is a normal part of ageing. Advancements in our understanding of the pathological
processes underlying specific types of dementia will enable us to delay or even prevent the
onset of symptoms. The trajectory of the dementia-associated symptoms is often variable
between individuals which can significantly impact quality of life. Some individuals may
experience more neuropsychiatric symptoms such as depression and anxiety, whereas others
may experience severe short-term memory loss or amnesia (Jahn, 2013). Nonetheless,
dementia is debilitating for a number of years prior to death (Melis et al., 2019). In addition,
associated economic burden will be unsustainable unless action to prevent and treat dementia

is taken.

1.2 Alzheimer’s Disease

Alzheimer’s disease (AD) is the leading cause of dementia affecting around 5% of
people over the age of 60 years old and as many as 50% over the age of 85 years old. AD is
characterised by progressive and irreversible neurodegeneration. Typically, AD presents as
set of mild symptoms including changes in mood, short term memory loss, difficulty

maintaining conversation, confusion and agitation. Onset of the first symptoms is often



preceded by a period known as mild cognitive impairment (MCI), although MCI is not pre-
AD, i.e. it is not a certainty that people with MCI will go on to develop AD. Although the
observed cognitive decline in MCI is greater than that associated with normal ageing it may
never progress to AD and in some cases can fully reverse (Petersen et al., 2019). The
progression of symptoms in AD can vary between individuals however, life expectancy is
around 3-10 years from the onset of symptoms.

The first documented case of what is now known as AD was in 1907 by a German
scientist called Alois Alzheimer. He published findings of a patient who had developed ‘rapid
memory loss and became disorientated in space and time’ named Auguste D. (Small and
Cappai, 2006, Alzheimer et al., 1995). Post-mortem examination revealed widespread atrophy
of the brain, extracellular plaques and intracellular tangled proteins. This was the first
documented case of what is now known as AD. The features described by Alois Alzheimer
are now considered hallmarks of the AD brain and have been identified as the core
neuropathology of AD. As previously mentioned, the onset of AD symptoms typically arises
later in life, however, there have been numerous documented cases of AD-related symptoms
and matching pathology in individuals at much younger ages. Familial AD (fAD) is caused by
known genetic origins with symptoms becoming apparent much earlier on in life. The more
common type of AD, late-onset AD (LOAD) however, is a multifactorial disease with a
combination of non-modifiable and modifiable risk factors contributing (see 1.4.1 and 1.4.2

respectively).

1.3 Familial Alzheimer’s Disease
fAD is a rare hereditary condition making up around 5% of all AD diagnoses

(Mendez, 2019). The symptoms of fAD develop between the ages of 30-65 and therefore fAD



is commonly termed ‘early-onset AD’. fAD is caused by a number of possible gene mutations
to either chromosomes 21 (Patterson et al., 1988), 14 (Del-Favero et al., 1999) or 1 (Levy-
Lahad et al., 1995). These autosomal-dominant gene mutations are often fully penetrant and
have been highly informative in the search for the cause of AD (Nikolac Perkovic and Pivac,

2019).

1.3.1 The APP gene

The APP gene codes for the Amyloid- Precursor Protein (ABPP) located on
chromosome 21. Although the physiological roles of ABPP are not fully understood it is
thought to play a crucial role in neurodevelopment, acting as a cell signalling protein. Within
the amino acid sequence of ABPP is the AP region. This is a key site for gene mutations that
can significantly alter the breakdown of ABPP, increase the aggregation potential of Amyloid-
B peptides generated towards oligomeric forms and alter y-secretase processing resulting in
different lengths of AP peptides (Goate and Hardy, 2012). The first mutations to the APP
gene were discovered in families with fAD and all mutations occurred at the carboxyl end of
the AP region which is located in the transmembrane portion of ABPP (Chartier-Harlin et al.,
1991, Murrell et al., 1991). Since then there have been multiple pathogenic mutations to the
APP gene identified, some even on the same amino acid residues, which all lead to fAD.
These mutations tend to be on exons 16 and 17 which encode the AP peptide. More recently,
duplication of the APP locus has been shown to cause fAD (Rovelet-Lecrux et al., 2006). This

placed the ABPP and the AP peptide in the spotlight for the majority of future AD research.



1.3.2 PSEN1 and PSEN?2 genes

Despite the discovery that mutations to the APP gene caused fAD there were still
cases of families without the 4PP gene mutation who presented with similar cognitive deficits
and neurological lesions. This quickly led to the identification of a mutation on chromosome
14 (Schellenberg et al., 1992). Such mutations were found to be on the Presenilin-1 (PSENI)
gene locus and are the most common cause of fAD (Clark et al., 1995). There are now known
to be over 200 PSENI mutations which, unlike the localisation of 4PP mutations to the A}
region, are spread throughout the translated protein.

At the same time PSEN mutations were being uncovered, a third candidate gene
mutation for fAD was proposed. The Presenilin-2 (PSEN2) gene located on chromosome 1
was identified as a homologous protein sequence to the PSENI gene (Levy-Lahad et al.,
1995). However, PSEN2 gene mutations are incredibly rare with only 12 known missense
mutations leading to fAD. In some cases, PSEN2 mutations are only partially penetrant for
fAD (Sherrington et al., 1996). The newly discovered PSENI and PSEN2 were determined to
belong to a family of conserved genes that coded for Presenilin proteins 1 (PS1) and 2
respectively (Rogaev et al., 1995). The Presenilin proteins are a critical subunit of an enzyme
responsible for the breakdown of ABPP and has added significant weight to the inclusion of

altered AP peptide generation in AD pathology.

1.4 Late-onset Alzheimer’s Disease

LOAD is the more prevalent type of AD accounting for more than 95% of cases. In
contrast to fAD, LOAD is a multifactorial disease with both modifiable and non-modifiable
risk factors contributing to an individual’s risk. Although LOAD by definition is a

progressive irreversible neurodegenerative disease the onset and development of symptoms



can be delayed by adhering to a ‘neuro-protective’ lifestyle and such ‘modifying’ risk of

development (Xu et al., 2015).

1.4.1 Non-modifiable risk factors for LOAD

The risk of a person developing LOAD is affected by several risk factors that are non-
modifiable, that is, things that an individual cannot change. Of these, ageing is the single
greatest risk factor and symptoms of LOAD typically become apparent after the age of 65
years old (Winblad et al., 2016). The risk of LOAD increases approximately 2-fold every 5
years above the age of 65 (Corrada et al., 2008, Plassman et al., 2007, Lobo et al., 2000). The
association of increasing age with LOAD is thought to be due to several hallmark biological
processes of ageing including genomic instability, telomere attrition, cellular senescence,
stem cell exhaustion, mitochondrial dysfunction and a loss of proteostasis (for a
comprehensive review see (Hou et al., 2019)). The brain is particularly susceptible to age
related degeneration as it is mainly comprised of post-mitotic cells. Therefore, under
increased cellular stress cells have limited regenerative capacity and will be more likely to
enter an apoptotic fate (Castillo-Morales et al., 2019). However, it is important to consider
that LOAD is not part of normal ageing and many of the ‘ageing hallmarks’ can in fact be
attenuated by engaging in healthy behaviours across the lifespan. In addition to ageing, an
individual with a family history of LOAD is at a greater risk of AD themselves. This is due to
a combination of two factors: hereditary genetic risk that a person may carry; and the
environment that a person is exposed to. Unlike monogenic fAD gene mutations, the genetic
risk factors for LOAD are not causal in nature, meaning a person may carry a gene that
predisposes a greater risk for AD but never experience clinical symptoms. The most well

studied genetic risk factor for LOAD is the Apolipoprotein E (4POE) gene. The APOE



protein is found in both peripheral and central tissues and is involved in immunoregulation,
cell growth (Belloy et al., 2019) and is known to play a critical role in cholesterol transport
(Mabhley, 1988). There are three isoforms of the APOFE gene, APOE e2, APOE e3 and APOE
e4 and each person carries a combination of two alleles (Zannis et al., 1982). The APOE e3
gene is the most commonly carried. Carrying one or two copies of the APOE e2 variant is
associated with a person having a decreased risk of developing LOAD. In contrast, carriers of
the APOE e4 allele are at an increased risk of developing LOAD (van der Lee et al., 2018,
Corder et al., 1993, Strittmatter et al., 1993). Carrying two copies of the APOE e4 gene can
increase the risk of LOAD by 50% compared to those carrying at least one copy of the APOE
e2 variant. This translates into an 18-23 year difference in age of onset (van der Lee et al.,
2018). Early genome-wide association studies (GWAS) consistently identified APOE as a
significant risk factor for LOAD, however, these were in relatively small sample sizes (>2000
participants) (Neuner et al., 2020). More recently, larger GWAS studies have highlighted over
20 genetic risk factors affecting an individual’s susceptibly to developing LOAD (Kunkle et
al., 2019, Marioni et al., 2018). Functionally, these are genes involved in cholesterol and lipid
metabolism, endocytosis, and immune responses (Rezazadeh et al., 2019) with a number
being particularly enriched in astrocytes, microglia and myeloid cells (Pimenova et al., 2018).
From this data it is becoming more apparent of a role of the immune system in the
development of AD rather than a secondary immune response (Jansen et al., 2019). There are
also novel genes identified that are functionally associated with AD such as rare coding
variants effecting ADAM10 and APHIB which encode for enzymes involved with ABPP
processing (Kunkle et al., 2019).

However, the role of other identified genes is not as strongly associated with LOAD

onset as that of APOE and this is currently a key area of research to assess preclinical LOAD



risk. The interaction between these genetic risk factors are thought to contribute to the
heterogenous development of LOAD and can be grouped into a polygenic risk score

(Chaudhury et al., 2019).

1.4.2 Modifiable Risk Factors for LOAD

Although a person’s genetic makeup can increase their susceptibility to LOAD,
engaging in a healthy ‘neuroprotective’ lifestyle can delay or even prevent cognitive
symptoms developing (Edwards Tii et al., 2019). Modifiable risk factors represent measures a
person can take to minimise their risk of LOAD, such as regular exercise and a nutritionally
balanced diet (Sampaio et al., 2019, Vassilaki et al., 2018, McGurran et al., 2019). These
modifiable lifestyle choices have a direct effect on brain health via improved cerebral blood
flow and vessel health, increased synaptic plasticity and regulation of neurotrophic factors
(Cabral et al., 2019, Jackson et al., 2016). In addition, lifestyle choices can significantly
impact common comorbid diseases that increase the risk of LOAD such as obesity and the
metabolic syndrome, cardiovascular disease and diabetes (Green and Smith, 2018, Alford et
al., 2018).

Obesity has been of particular research interest as there is a growing prevalence
worldwide and a significant correlation with and increased risk of LOAD (Anstey et al.,
2011). Therefore, a growing percentage of the population are becoming at greater risk of poor
cognitive health in later life. Obesity is a multifactorial condition resulting in abnormal
adipose tissue accumulation throughout the body and is associated with metabolic
dysfunction. The increased risk of LOAD as a result of obesity is not caused by a single
mechanism, but more globally through increased adipokine secretion, increased insulin

resistance and chronic inflammation (Picone et al., 2020, Forny-Germano et al., 2018). These



can all increase oxidative stress and cellular dysfunction leading to neurodegeneration and
associated co-morbidities such as diabetes and cardiovascular disease which can further
increase the risk of LOAD. (Kacifova et al., 2020). There has been some debate regarding the
link between obesity and AD in later-life. The late-life obesity paradox pulls from evidence
showing that people who have a higher body mass index in late-life may be protected from
cognitive decline and LOAD (Sun et al., 2020, Ma et al., 2019). However, this data is limited
to metabolically healthy obese individuals and may be explained by disease related weight-
loss prior to cognitive symptoms being recognised. The link between mid-life obesity and
LOAD is more established (Berti et al., 2018, Elsworthy and Aldred, 2020, Chuang et al.,
2016). Metabolic dysfunction, as a result of poor lifestyle choices highlight the importance of
promoting a healthy lifestyle as a preventative measure across the lifespan rather than once
cognitive symptoms are present, as this is likely too late to significantly impact disease
progression (Palta et al., 2019, Zotcheva et al., 2018, Lamb et al., 2018). Research has also
highlighted poor mental health, reduced sleep quality and reduced education as risk factors for

LOAD (Wang et al., 2017a, Wang and Holtzman, 2020, Almeida et al., 2019).

1.5 The Neuropathological Features of Alzheimer’s Disease

Although the causal onset of LOAD and fAD are different, both can be described
generally by shared neuropathological features of the AD brain. Since the discovery of an
accumulation of extracellular AB plaques and intracellular tau neurofibrils in the AD brain,
significant progress has been made in our understanding of these two cardinal lesions.
Initially accumulating in cognitively healthy individuals the presentation of both elevated A
and tau deposition are associated with future cognitive decline. However, there is not always

consistent correlation between the amount of A, tau deposition and the severity of AD



symptoms (Sperling et al., 2019). Several other neuropathological features have also been
characterised as in the AD brain (Doan et al., 2017, Sivera et al., 2019). These include
morphological changes in the brain, in particular a reduction in the hippocampal and temporal
lobe volume, as well as synapse degeneration (DeTure and Dickson, 2019). These most
strongly associate with the rate of cognitive decline and are most pronounced at later stages of
AD (Andreotti et al., 2017, Halliday, 2017). There is also great interest in the atrophy and loss
of function in specific cell types. Neuronal loss has been extensively researched and is shown
to contribute to the significant reduction in brain volume and associated with disease
progression (Theofilas et al., 2018). An accumulation of granule containing vacuoles in the
cytoplasm of neurons containing proteins associated with tau pathology, autophagy and signal
transduction pathways are also commonly seen in AD (Kd&hler, 2016). As our understanding
of the role glial cells play in maintaining neuronal homeostasis and aiding neurotransmission
evolves, it appears that astrocyte function may be a critical component in mediating the
neurodegenerative process (Garwood et al., 2017, Jones et al., 2017). Reactive astrocytes and
activated microglial are able to contribute to neuroinflammation which has been identified in
the AD brain. Regional hypometabolism and altered glucose metabolism have also been
detected using brain scanning techniques. Part of this may be explained by the loss of
neurons or via synaptic degeneration which are highly energy demanding sites to maintain
(Perez Ortiz and Swerdlow, 2019) (for further detail see /.6.1 Mitochondria, reactive oxygen
species and Ap).

The inaccessibility of the human brain makes investigation incredibly difficult,
however, the significant progress has been made in our understanding of the pathological

features underlying AD.



1.5.1 Intracellular neurofibrillary tangles

The key constituent of neurofibrillary tangles has been identified as
hyperphosphorylated Tau. These intracellular lesions are also present in other
neurodegenerative diseases, known as Tauopathies (Igbal et al., 2005). Encoded by the
Microtubule-Associated Tau (MAPT) gene, Tau is an important protein for stabilising
microtubules and supporting the axonal transport of molecules (Caillet-Boudin et al., 2015).
Tau has also been implicated in neurogenesis and maintaining neuronal activity (Wang and
Mandelkow, 2016). However, the post-translational phosphorylation of Tau renders it to a
non-native aggregation state. Additionally, Tau hyperphosphorylation can enable to shift of
Tau from the axon into the soma and dendritic cell compartments, areas in which Tau is
maintained at low concentrations in healthy cells (Ittner and Ittner, 2018). This shift in Tau
localisation has been shown to interfere with post-synaptic signalling and the redistribution of
mitochondria, leading to respiratory dysfunction and cellular degeneration (Cheng and Bai,
2018, Wang and Mandelkow, 2016). The propagation and transmission of neurofibrillary Tau
throughout the brain has been closely linked to cognitive symptoms of both AD and other
Tauopathies such as Parkinson’s disease and frontotemporal dementia (Del Tredici and Braak,
2019). The classification of Tau localisation in the brain is known as Braak staging (Braak et
al., 1996). In addition to Tau in the brain, total Tau and hyperphosphorylated Tau can also be
quantified in Cerebrospinal fluid (CSF) and has become useful diagnostic tool for AD (Pase et
al., 2019). Despite the correlation of brain and CSF Tau with the symptoms of AD, its use for
detecting pre-clinical AD alone is currently limited. However, there is evidence of a
relationship between elevated tau and a faster rate of cognitive decline and therefore, may be
useful for improving the accuracy of biomarker panels to detect AD (Betthauser et al., 2020,

Racine et al., 2016).
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1.5.2 Extracellular amyloid plaques

The identification of a 4kDa Amyloid peptide in the core of the extracellular plaques
seen in the AD brain, identified as AP placed this peptide at the centre of AD research
(Glenner and Wong, 1984). Perhaps the strongest evidence of a role for Ap in AD came from
the fact that ABPP mutations and PSEN/2 mutations alter the production of AP and caused
fAD. The ‘Amyloid Cascade Hypothesis’ (Hardy and Higgins, 1992) postulated that AP could
either directly damage neurons or may increase the vulnerability of neurons to other
excitotoxic damage. This was supported by the apparent disruption to calcium homeostasis
after exposure of neurons to A peptides (Yang et al., 2012). Despite strong evidence of A}
plaques forming in AD brains an apparent lack of correlation between A plaque load and
cognitive decline led many to question if AP has a causative role in AD. In addition, AB
plaques can be seen in cognitively healthy brains with no obvious symptoms or diagnosis of
AD. Instead, oligomeric species of AP have been found to possess greater cytotoxic properties
and correlate much more closely with synaptic dysfunction and degeneration (Haass and
Selkoe, 2007). AP oligomers can arise from the aggregation of A peptides or can dissociate
from larger, more stable, AP complexes/ plaques (Yang et al., 2017b). The increased
solubility of these AP oligomers enables them to move more freely in the extracellular space
where they can interact with cell membranes and disrupt synapse function (Li and Selkoe,
2020). This increased mobility may also explain the ‘prion-like’ spread of AP through the
brain (Katzmarski et al., 2020).

Together, hyperphosphorylated Tau and oligomeric AP are considered the
fundamental lesions of the AD brain. It is widely accepted that their interaction has the
capacity to cause significant neurodegeneration. In fact, the extracellular accumulation of A}

can lead to intracellular tau misfolding, a process which precedes tau toxicity (Rudenko et al.,
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2019). Further, cells expressing a higher ratio of AB1-42:AB1-40 also display a significant
increase in pathogenic tau accumulation (Kwak et al., 2020). Despite this, it is not so clear as
to what causes AD in the first instance, and why some brains remain cognitively healthy even
with the presence of these pathological hallmarks (Gulisano et al., 2018). However, the fact
remains that this neuropathology is present in AD and plays a role in the disease. In order to
understand AD, it is therefore necessary to fully characterise the role of Ap in the
pathogenesis of AD, and potentially develop effective treatments against Af. Thus, it is

essential that we gain a better understanding of the processes underpinning AP biochemistry.

1.6 Processing of the amyloid precursor protein

Over 30 years ago a full-length protein, ABPP, was identified and shown to contain
the amino acid sequence for the AP peptide. At this time ABPP was predicted to function as a
glycosylated cell membrane receptor and its breakdown resulted in the generation of A
(Kang et al., 1987). ABPP has multiple functions which are critical for physiological
processes (Miiller et al., 2017). The single-pass membrane protein has a key role in signalling
information about extracellular conditions into intracellular compartments. This can have
fundamentally different actions on gene regulation, central nervous system development and
synapse maintenance (Goodger et al., 2009, Plummer et al., 2016). ABPP is expressed as
multiple isoforms: ABPP695, ABPP751 and ABPP770 arise as product of alternate splicing.
Each isoform is differentially expressed depending on the tissue but are all processed in the
same way. In the brain, ABPP695 is the predominate isoform and is crucial to neuronal
growth and maturation, especially during development (Coronel et al., 2019). In peripheral
tissue the longer ABPP751 and ABPP770 isoforms are expressed. Post-translational

modifications, such as glycosylation, are known to mediate ABPP trafficking through the
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secretory and endo-lysosomal pathways. N-glycosylated ABPP (Immature ABPP) is held in
the endoplasmic reticulum, whereas, the modification of O-glycosylation sites promotes
ABPP (mature ABPP) movement to the cell membrane (Wang et al., 2017b, Hoffmann et al.,
2000). Mature O-glycosylated ABPP is also more likely to be held in the cell membrane
(Chun et al., 2015b). Each of the ABPP isoforms are proteolytically cleaved in two distinct
processing pathways which are highly dependent on the cellular trafficking of ABPP and the
activity of three key enzymatic interactions (see figure 1). This consecutive shedding process
is named ‘regulated intramembrane proteolysis’ and is typically associated with signalling

pathways (Lichtenthaler et al., 2011).
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Figure 1 - Diagrammatic representation of the trafficking and processing of APPP from
intracellular compartments to the cell membrane. Major APPP cleavage sites of ADAM10
and BACE-1 activity are shown and represent the ‘non-amyloidogenic’ and ‘amyloidogenic’

pathways respectively.
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1.6.1 The non-amyloidogenic ASPP processing pathway

The non-amyloidogenic processing pathway is initiated by a-secretase enzymatic
cleavage of ABPP through the AP region. This prevents the formation of AP peptides. The
primary site of a-cleavage is at the cell membrane resulting in the release of the N-terminal
fragment sABPPa into extracellular compartments. The remaining intramembrane C-terminal
fragment consisting of 83 amino acids can then be further cleaved by the y-secretase enzyme
to release a truncated A peptide known as P3 and the ABPP intracellular domain (Haass et

al., 2012).

1.6.2 ADAM10

Several zinc metalloproteinases are members of the ‘a disintegrin and
metalloproteinase’ (ADAM) family and are known to possess a-secretase activity. This
includes ADAM9, ADAM10, ADAM17 and ADAM19 (Allinson et al., 2003, Qian et al.,
2016). Whilst the cleavage of ABPP can be shared between multiple ADAMs, in neurons,
ADAMI10 appears to be the major physiologically relevant a-secretase (Postina et al., 2004,
Kuhn et al., 2010). The ADAM10 zymogen (proADAM10|) undergoes prodomain cleavage
by proprotein convertase enzymes, PC7 and Furin (Anders et al., 2001). This generates the
catalytically active, mature ADAM10 (mADAMI10) enzyme. Blocking this process can
significantly reduce membrane expression of ADAMI10 (Seifert et al., 2020) and lower
sABPPa secretion (Anders et al., 2001). The maturation of ADAMI0 is regulated during
trafficking to the cell membrane, where it is most active, by a series of Transmembrane-4
superfamily proteins known as Tetraspanins (TSPAN). In particular, a sub-group known as
the C8-TSPANSs have been of particular interest (Matthews et al., 2017). These partner

proteins have been shown to direct the interaction of ADAMI10 with ABPP at the cell
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membrane and can either have inhibitory or promoting effects on non-amyloidogenic ABPP
processing depending on the C8-TSPAN/ADAM10 pairing (Matthews et al., 2017, Seipold
and Saftig, 2016). The upregulation of ADAMI10 activity and therefore, non-amyloidogenic
APBPP processing, significantly blunts the formation of AP peptides. This suggests that both
pathways are able to compete for ABPP substrates (Postina et al., 2004). In addition, the
secretion of sAPPPa is associated with neuroprotective effects. Mutations to the ADAM10
gene that attenuate enzymatic activity are shown to associate with susceptibility to LOAD
(Kim et al., 2009). Therefore, the modulation of ADAM10 could be a target for therapeutic

intervention in AD.

1.6.3 Soluble ABPP- a

The N-terminal fragment, sABPPa, has been implicated in a number of
neuroprotective processes to act as a cell signalling molecule. These effects include
neurogenesis, maintaining synaptic function and supporting the formation of neuronal
networks (Yuan et al., 2017, Kogel et al., 2012). The generation of sABPPa is thought to be
protective in the adult brain, and even more so in the aged brain. This is supported by
evidence that in ABPP deficient mice, the addition of exogenous sABPPa can rescue long
term potentiation and have beneficial effects on memory (Hick et al., 2015). In both cell and
animal models, treatment with sABPPa has also been shown to reduce AP toxicity, tau
hyperphosphorylation and inhibit Beta-site ABPP Cleaving Enzyme-1 (BACE-1) activity

(Peters-Libeu et al., 2015, Deng et al., 2015).
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1.6.4 The amyloidogenic ABPP processing pathway

The cleavage of ABPP, resulting in the liberation of AP peptides is termed
Amyloidogenic processing. The initiating event in this pathway is the interaction of ABPP
with BACE-1. This cleavage event occurs in the trans Golgi network and endosomal
pathways where BACE-1 possesses high activity releasing the N-terminal fragment, soluble
APBPP-B, leaving the AB-containing C-terminal fragment C99 anchored to the membrane
(Chun et al., 2015a, Haass et al., 2012). Subsequent cleavage by the y-secretase enzyme,

liberates the AB-peptide and the ABPP intracellular domain.

1.6.5 BACE-1

BACE-1 is a type-1 transmembrane protein with aspartyl protease activity and is the
mediating factor in amyloidogenic ABPP cleavage (Cole and Vassar, 2007, Vassar, 2001).
This was shown by the homozygous knockout of the BACE-1 gene abolishing AP production
(Cai et al., 2001, Luo et al., 2001). The BACE-1 protein is translated into a zymogen and
requires prodomain cleavage by a Furin-like protease to enable its enzymatic activity (Bennett
et al., 2000). BACE-1 is then transported along the secretory pathway where it preferentially
sits close to lipid rafts. This is a primary site for ABPP cleavage (Ehehalt et al., 2003).
Interestingly, altered lipid raft composition and elevated membrane cholesterol have been
shown in both fAD and LOAD where BACE-1 activity is highest (Cho et al., 2019, Fabelo et
al., 2014). Although BACE-1 and APBPP are present at the cell membrane it is during
reinternalization through the endosomal pathway that ABPP cleavage and therefore A3
generation is greatest (Sun and Roy, 2018, Das et al., 2013). This may be due to the low pH
where BACE-1 is most active (Vassar, 2001). BACE-1 is expressed in many tissues with the

highest levels found in brain and pancreas (Vassar et al., 1999, Marcinkiewicz and Seidah,
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2000). BACE-1 expression and activity is increased in the brain and CSF of people with AD
above that seen in normal ageing (Zetterberg et al., 2008, Yang et al., 2003, Li et al., 2004),
however, the mechanisms relating to the elevation in BACE-1 are poorly understood.
Elevated BACE-1 activity may be related to the incidence of APOFE e4 allele occurrence,
however this relationship has only been identified in a small number of cases (Roses, 1994,
Ahmed et al., 2010). Therefore, changes in BACE-1 activity more likely reflect the disease
process and have become a key target for AD therapeutics and biomarker research. In
addition to BACE-1 there is another -site cleaving enzyme, BACE-2. BACE-2 is
predominately expressed in peripheral tissue and is also a type-1 transmembrane protein.
BACE-2 is 75% homologous to BACE-1 (Sun et al., 2005) and is also present in the brain,
although mainly in astrocytes as opposed to the neuronal expression of BACE-1 (Voytyuk et
al., 2018b). BACE-2 can cleave ABPP at the B-site as its name suggests and this is
demonstrated by residual BACE activity after BACE-1 knockout (Cai et al., 2001, Luo et al.,
2001). However, BACE-2 has a preference for cleavage within the A} region preventing the
liberation of full AP peptides. Therefore, BACE-1 is considered the major enzyme in the

generation of A peptides.

1.6.6 Soluble ABPP-f

The secreted sABPP- N-terminal protein that is released following BACE-1 cleavage
of full length ABPP, has been shown to lack the neuroprotective effects that have been seen
for sABPP-a (Hick et al., 2015). Despite only differing by 16 amino acids from sABPP-a,
sABPP-P is conformationally very different (Gralle et al., 2006). In fact, sSABPP-§ may be
more toxic than AP in stimulating synaptic and memory deficit in animal studies (Tamayev et

al., 2012). However, a physiological role of sABPP-f3 during neurodevelopment has been
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suggested in synaptic pruning and regulated cell death through Caspase3 and 6 protein
activation in central and peripheral neurons (Nikolaev et al., 2009). Interestingly, sABPP-f3
may also affect stem cell differentiation by reducing neuron formation in favour of astrocyte

development (Kwak et al., 2006).

1.6.7 Amyloid-p

The neurotoxic effect of AP peptides has been perhaps the most widely studied
phenomenon in AD research. The generation of AP, following sequential cleavage of ABPP
by BACE-1 and then y-secretase (see section /.6.5), can result in peptides of different amino
acid lengths (Steiner et al., 2018). AP peptides of differing lengths have been identified from
AB1-37 to AB1-43. Most commonly, AB1-40 is produced and is considered the most
physiologically normal AP peptide. In fact, the regulated release of AB1-40 may have benefits
for the brain including aiding in fighting infection, maintaining the blood brain barrier
integrity and regulating synaptic functions (Brothers et al., 2018). Conversely, the loss of
regulated AP production, in combination with poor clearance is deleterious in the brain. The
main component of extracellular amyloid plaques is the AB1-42 peptide and therefore,
research into the AB1-42 peptide as the key pathological protein in AD has been of interest
(Festa et al., 2019, Finder et al., 2010). This interest in AB1-42 in AD has been fuelled by the
finding that fAD mutations are associated with an increased AB1-42:AB1-40 ratio (Xu et al.,
2016, Arber et al., 2019). Despite the peptides only differing by two amino acids at the C-
terminal end, there have been a number of differences identified between AB1-40 and AB1-42
in relation to their metabolism and propensity for aggregation (Qiu et al., 2015, Nirmalraj et

al., 2020).
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Crucially, AB1-42 is able to more rapidly aggregate at lipid membranes, forming
oligomeric A species and accumulating in endocytotic vesicles (Zheng et al., 2017). Ap1-42
has been shown to more easily propagate from smaller tetra- and hexameric oligomers to
larger aggregates when compared to more resistant AB1-40 tetramers (Bernstein et al., 2009).
The aggregation of AP into annular assemblies can result in wide-ranging molecular weight
complexes, dependent on peptide number and interaction with membrane lipids (Sakono and
Zako, 2010). This has raised significant interest in the structure-toxicity relationship of
different size AP oligomers and evidence suggests that both smaller trimers and larger
dodecamers can have toxic effects (Huang and Liu, 2020). Other factors can also impact
oligomerisation and aggregation; for example the interaction of AP with transition metal ions
(Rana and Sharma, 2019), interaction with membrane microdomains enriched for cholesterol
and sphingolipids (Rushworth and Hooper, 2010) and alterations in plasma membrane
constituents such as sphingomyelin and the monosialganglioside GM1 (Amaro et al., 2016),
can all impact AP oligomerisation.

The aggregation of A peptides into extracellular plaques was originally suggested as
a mechanism of neurodegeneration and became a hallmark feature of the AD brain. Yet, the
presence of amyloid plaques is poorly associated with cognitive deficits and amyloid plaques
are present in cognitively healthy brains in older age (Haller et al., 2019, Caselli et al., 2010).
The appearance of such ‘intermediate’ oligomeric forms of A that appear to be particularly
toxic to neurons has provided a new area of investigation for the role of AP in the pathology
of AD (Lesné et al., 2008, Kim et al., 2003). In fact, the structural organisation of Af
oligomers into extracellular fibrils has been considered as an adaptive protective mechanism
against oligomeric AP toxicity in the brain (Salahuddin et al., 2016). However, A oligomers

have also been shown to diffuse from A fibrillar plaques (Koffie et al., 2009) and exert
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cytotoxic effects which are associated with synapse loss and cognitive decline, which
suggests amyloid plaques are not fully innocuous (Pickett et al., 2016). AP oligomers can
exert cytotoxic effects by disturbing intracellular processes, for example; the internalisation of
extracellular AP peptides, in addition to the generation of A peptides at organellar
membranes such as, mitochondria, trans-golgi network, endoplasmic reticulum and the
endosomal/lysosomal pathways, can all increase the intracellular pool of AP oligomers (Lee
et al., 2017). Intracellular AP oligomers have been implicated in elevating endoplasmic
reticulum stress, calcium ion dyshomeostasis, mitochondrial damage and a loss of proteostasis
leading to apoptosis (Umeda et al., 2011, Resende et al., 2008, Poon et al., 2013, Calvo-
Rodriguez et al., 2019) and thus are able to significantly disrupt cellular function. Further, AP
oligomers can cause cellular damage by interacting directly in extracellular compartments.
Such mechanisms include; the direct binding to, and disruption of, the plasma membrane
(Sciacca et al., 2012, Hong et al., 2014); the formation of pores in the membrane that can lead
to dysregulated permeability (Drews et al., 2016, Peters et al., 2016) and binding to receptors
to influence signal transduction (Smith and Strittmatter, 2017). This multitude of interactions
highlights the potential for AP oligomers to have widespread cytotoxic effects throughout the
brain.

The ability of AP oligomers to trigger synaptic dysfunction suggests synaptic
receptors may be important binding sites or targets for modulation of cell signalling (Smith
and Strittmatter, 2017). Some examples of these include; glutamate, insulin, nerve growth
factor and acetylcholine receptors (Smith and Strittmatter, 2017, Zhang et al., 2017, Mroczko
et al., 2018). Notably, the cellular prion protein (PrPC) has a selective, high affinity for AB
oligomer binding and appears to have a primary role in A cytotoxicity (Salazar and

Strittmatter, 2017, Kudo et al., 2012). The treatment of hippocampal neurons with
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extracellular AB oligomers can increase the surface expression of the PrP¢ by limiting its
endocytosis (Caetano et al., 2011). Further, binding of A oligomers to the PrP¢ may
modulate the surface expression of nearby post-synaptic receptors which could have profound
downstream effects on cell signal transduction and Tau phosphorylation (Caetano et al., 2011,
Um et al., 2012, Larson et al., 2012). The role of PrP¢ in mediating AB oligomer toxicity has
highlighted a potential avenue for therapeutic research in AD. Increasing PrP¢ shedding and
thus, reducing AP oligomer binding, has been shown to prevent associated cytotoxicity
(Jarosz-Griffiths et al., 2019). This shedding activity has been attributed to ADAM10
(Linsenmeier et al., 2018) (see section /.6.2). Therefore, increasing ADAMI10 activity and

shedding of PrP“ may be of therapeutic benefit.

1.6.8 The y-secretase protein complex

The final cleavage event in both the non-amyloidogenic and amyloidogenic ABPP
processing pathways is catalysed by the y-secretase enzyme. In the amyloidogenic pathway
the C99 fragment enters the active site of y-secretase and undergoes stepwise carboxyl
trimming. This sequentially cuts the AP region down from AB1-49, known as the e-cleavage
site. Changes in this process enable the release of the multiple AP peptides (Steiner et al.,
2018). y-secretase is comprised of four subunits and is an intramembrane aspartyl protease.
These subunits consist of Presenilin, Presenilin Enhancer-2 (PEN2), Anterior Pharynx-
defective-1 (APH-1) and Nicastrin. In addition to APPP, y-secretase also cleaves a number of
other functionally important type-1 transmembrane proteins within the lipid bilayer (Zhang et
al., 2014). Some of the more well studied substrates include Notch, E-cadherin and TREM?2,
although over 140 substrates have so far been proposed (Giiner and Lichtenthaler, 2020). In

particular Notch has been widely studied for its role in cellular development and cell fate
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determination. The substrates identified for y-secretase suggest roles in embryonic
development, adult tissue homeostasis, signal transduction and protein degradation (Gliner
and Lichtenthaler, 2020) and may also mediate some of these effects through non-proteolytic
functions. Altered calcium dynamics and defects in autophagic/lysosomal processes are
disrupted in neurons carrying PSEN mutations (Lee et al., 2010, Bezprozvanny and
Hiesinger, 2013, Zhang et al., 2010). This highlighs a diverse acting repertoire of y-secretase
substrates.

The catalytic subunit, Presenilin, is encoded by the PSENI and PSEN2 genes and
therefore, exists in two isoforms. The mutations to these genes can affect the function of y-
secretase causing fAD. y-secretase interacts with multiple intramembrane proteins in addition
to ABPP and there has been a great deal of interest in trying to understand how these
substrates are recognised for cleavage (Wolfe, 2020, Zhou et al., 2019). This is particularly
important for AD as limiting y-secretase activity can prevent A production, yet, knockout or
broad inhibition of y-secretase activity is associated with severe side effects (Bursavich et al.,
2016). The Nicastrin subunit has been attributed with the role of ‘gatekeeper’ for substrates
entering the y-secretase complex for cleavage. The remaining two subunits are much less
studied. APH-1 helps form a scaffold for the y-secretase protein complex and PEN2 aids the

maturation of the enzyme (Carroll and Li, 2016).

1.7 Oxidative Stress and Alzheimer’s Disease

The generation of reactive oxygen species (ROS) occurs as a part of aerobic life and
have a fundamental role in physiological functions, such as cell signalling and as enzymatic
catalysts (Sies and Jones, 2020). A major source of ROS comes from oxidative

phosphorylation in mitochondria (Lanzillotta et al., 2019) (see section 1.7.1). This process
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leaks the superoxide anion radical which is highly reactive and can easily interact with other
molecules and if not quenched, can form an oxidising cascade (see figure 2). Under normal
conditions ROS production is balanced by efficient antioxidant systems, that can stabilise
oxidising molecules and prevent an excessive accumulation of oxidised biomolecules. This is
known as redox balance (Zhao and Zhao, 2013). However, in pathological conditions this
balance is disrupted towards a pro-oxidant state, overwhelming antioxidant defence and
leading to oxidative stress (Oswald et al., 2018).

The involvement of chronic oxidative stress in the pathogenesis of AD is now widely
accepted as a component of the neurodegenerative process seen in the brain (Yaribeygi et al.,
2018, Butterfield, 2018). Whether oxidative stress is a causal feature, or a consequence of a
pathogenic cascade in AD is not so clear. The presence of increased transition metals, capable
of catalysing ROS production, elevated lipid and protein oxidation end products and a
reduction in energy metabolism all provide direct evidence that the brain is under oxidative
stress in AD (Perry et al., 2002, Butterfield and Halliwell, 2019). In addition, A can lead to
ROS generation through direct interaction with transition metals and activating nearby
immune cells (Sies and Jones, 2020). One of the major consequences of this interaction is the
potential for surrounding cell membrane disruption resulting in cell death (Cheignon et al.,
2018). These findings led to the proposal of the ‘Oxidative Stress Hypothesis of Alzheimer’s
disease’ (Markesbery, 1997). Oxidative stress has also been implicated in the ‘Two-hit
Hypothesis’ of AD (Zhu et al., 2004) by which oxidative insults and mitotic abnormalities can
increase cell susceptibility to further damage and redox stress. A key challenge of
understanding the involvement of oxidative stress in AD has been to determine both the
mechanisms of redox imbalance and where the source of this redox imbalance is localised.

Potential sources of ROS could be from respiratory and vascular systems, genetic variations, a
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build-up of transition metals, nutrient stress or even AP accumulation (Smith et al., 2000, Tan
et al., 2018, Guzik and Touyz, 2017). Interestingly, the link between ROS generation and A
accumulation may be in part explained by a ROS-Ap feedback loop in mitochondria (Leuner

etal., 2012).

1.7.1 Mitochondria, reactive oxygen species and Ap

Evidence for a role of dysfunctional mitochondria in AD was initially developed from
the detection of regional hypometabolism using brain scanning techniques. A reduction in
brain glucose consumption was first noted and can be explained by a combination of reduced
glycolysis and neuronal or synaptic degeneration (Perez Ortiz and Swerdlow, 2019).
Mitochondria are key organelles in the respiratory chain where adenosine triphosphate is
produced to fuel metabolic processes. Although a highly efficient system, there is a small but
consistent production of superoxide anions from the electron transport chain during this
process. This physiologically normal superoxide production is quenched by a highly effective
superoxide dismutase antioxidant enzyme system (Lalkovi¢ovéa and Danielisova, 2016). Even
if superoxide is able to interact with other molecules to generate radicals such as hydrogen
peroxide, hydroxyl radicals, and nitric oxide radicals there are specific antioxidant systems to
limit further oxidation of biomolecules. Catalase, Glutathione peroxidase and the thioredoxins
are some of the more well studied endogenous antioxidant enzymes that prevent such
biomolecular oxidising cascades from damaging the cell under normal physiological
conditions (Mecocci et al., 2018). However, in AD this balance between ROS production and
antioxidant defence systems appears to be shifted and the resulting altered redox status
significantly increases the susceptibility of neurons to the cell death cascade (Angelova and

Abramov, 2018). Interestingly, it has been suggested that this imbalance is due to elevated
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ROS production as opposed to changes in the ‘first line’ endogenous antioxidant enzymes
(Zabel et al., 2018). Dysregulated oxidative phosphorylation in AD and other
neurodegenerative diseases has highlighted the role of mitochondria in maintaining proper
neuronal function. This led to the proposal of the ‘mitochondrial cascade hypothesis’ which
places mitochondria at the centre of the AD pathological process (Swerdlow and Khan, 2004).
This hypothesis suggests that A is produced as a response to elevated ROS which in turn
oligomerises and leads to the generation of more ROS. Cells under oxidative stress are then
subject to programmed cell death and improper cell cycle re-entry. The incorporation of
mitochondrial dysfunction into this hypothesis does provide a defining role for ageing in AD

pathology (Swerdlow and Khan, 2004).

1.7.2 Lipid, protein and DNA damage in Alzheimer’s disease

Whilst ROS production is detectable in real-time, consistent measurement in vivo is
difficult. Instead stable oxidative end-products are a more informative marker of biomolecular
damage and can be measured in peripheral tissue. The oxidation of proteins, lipids and DNA
are commonly used markers to quantify oxidative stress as end products of redox cascades
(see figure 2). Elevated oxidation of nuclear and mitochondrial DNA has been implicated in
AD. The oxidized nucleoside 8-hydroxy-2’-deoxyguanosine is a product of oxidative
modification to the purine guanosine and can significantly limit mitochondrial biogenesis and
further increase ROS leakage from oxidative phosphorylation (Strobel et al., 2019). As
neurons are considered post-mitotic cells, nuclear DNA oxidation can also be particularly
deleterious (Abolhassani et al., 2017) and can even result in DNA strand breaks (Shanbhag et

al., 2019).
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Lipid oxidation has been widely studied in AD due to the high polyunsaturated fat
content of the brain and, as a potential mechanism for AB-induced oxidative stress
(Butterfield and Boyd-Kimball, 2018b). By-products of Lipid oxidation are elevated early on
in the pathology of AD and have also been reported in preclinical AD brain (Singh et al.,
2010). The most common markers of which are malondialdehyde, 4-hydroxy-2-nonenal and
lipid hydroperoxides (Butterfield et al., 2006b, Di Domenico et al., 2017, Butterfield, 2018,
Perluigi et al., 2009). Lipid peroxidation has been shown to be elevated in synaptic and
mitochondrial fractions in the frontal cortex of people with AD (Ansari and Scheff, 2010).
The relative instability of early lipid peroxidation markers has proved a significant challenge
to quantifying oxidative stress. However, F2-isoprostanes, a product of arachidonic acid
oxidation, and other prostaglandin-like markers are more stable (Milne, 2017). Such markers
are elevated in AD brain and have been associated with worse cognitive function (Camfield et
al., 2019, Pratico et al., 1998). Therefore, F2-isoprostanes may represent a useful marker for
assessing oxidative damage to lipids. Lipid peroxidation has also been monitored in
peripheral fluid compartments, including blood plasma and urine. Although evidence for
elevated plasma lipid peroxidation in AD has been found (Pefia-Bautista et al., 2018), the
results are less clear-cut. This is potentially due to the poor clearance of oxidised lipids from
the brain in AD (Montine et al., 2002, Pefia-Bautista et al., 2020). Despite this, conditions
associated with metabolic dysfunction, such as obesity, are more clearly associated with
plasma lipid peroxidation (van 't Erve et al., 2017) products and may provide a valuable tool
in determining ‘at risk’ groups for AD.

Cholesterol is another lipid molecule that is susceptible to oxidation and the formation
of oxysterols can occur through interaction with ROS or through enzymatic reactions seen in

mitochondria. These oxygen-modified cholesterol molecules have a greater ability to
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transport through cellular organelles disrupting membrane fluidity and are linked to a reduced
capacity for glucose uptake in neurons (Testa et al., 2016, Gamba et al., 2019). Lipids are a
crucial component of cell membrane bilayers forming the barrier between intra and
extracellular space. Lipid oxidation within the cell membrane can significantly impact the
fluidity and permeability of a cell leading to elevated A uptake and altered intramembrane
protein functioning (Bharadwaj et al., 2018). This is particularly important in AD as not only
are the ABPP processing enzymes inserted into the membrane, but AP oligomers are able to
induce further lipid oxidation creating a A uptake-membrane oxidation loop (Murray et al.,
2005, Oku et al., 2017). In fact, lipid oxidation has been associated with an elevation in
BACE-1 activity (Tamagno et al., 2006, Borghi et al., 2007). Lipid disruption via ROS
interaction may also limit ADAM10 activity, by reducing co-localisation with ABPP at the
cell membrane and promoting reinternalization into the endosomal pathway. Although this
has not been confirmed, treatment of neuronal cells with mild doses of hydrogen peroxide has
previously caused an increase in ABPP/BACE-1 co-localisation and an increase in the
BACEI cleavage (Tan et al., 2013). The generation of lipid peroxyl radicals can further
interact with proteins and significantly alter their structure and function. Some of the more
well characterised protein oxidation mechanisms occur through carbonylation, nitration,
glycoxidation and through protein-bound lipid oxidation products (Tramutola et al., 2017).
Protein carbonylation modifications represent a stable marker of direct amino acid interaction
with ROS and have been widely reported to be elevated in AD (Butterfield and Boyd-
Kimball, 2018b). Further, measuring specific protein oxidation products has been linked with
an ability to distinguish people with AD to healthy participants (Aldred et al., 2010, Sultana et
al., 2010). This is likely to represent functional changes to proteins during the progression of

AD. Increased protein oxidation has also been linked to a reduction in pre and post synaptic
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proteins as well as being implicated in the disruption of several mitochondrial enzymes
involved in energy metabolism (Reed et al., 2008, Scheff et al., 2016). Despite this, evidence
for oxidative damage to proteins in peripheral tissues is limited, but with further research,
may provide a useful source of early diagnosis and prognosis of AD (Di Domenico et al.,

2011).
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Figure 2 - ROS cascade starting from the initial generation of Superoxide anions.
Propagation of oxidative molecules is dependent on interaction with antioxidant enzymes
(green) or the oxidation of other biomolecules (Red). Myeloperoxidase (MPO, Blue) is an

enzyme that forms part of the microbial defence system not covered in this thesis.

1.8 The Diagnosis of Alzheimer’s Disease

Both fAD and LOAD are pathologically and clinically similar, although fAD is related
to a more aggressive onset and progression (Marshall et al., 2007, Day et al., 2016). In the
early stages, individuals may display forgetfulness, changes in mood and agitation. This can

then advance into a more noticeable decline in cognitive function, sleep disturbances and
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often the individual will require support with everyday living (Li et al., 2014, Hallikainen et
al., 2018). Ultimately, both fAD and LOAD are fatal with a loss of voluntary muscle action,
significant loss of both short- and long-term memory and the inability to carry out essential
daily tasks. The key distinguishing factor between these conditions are the autosomal
dominant gene mutations and significantly earlier age of onset in people with fAD. Therefore,
determining a definitive diagnosis of fAD can be reached from genetic screening. It is also
highly likely that one of the individual’s parents will have fAD. In contrast, the multifactorial
nature of LOAD makes diagnosis significantly more difficult. With symptoms typically
presenting after the age of 65 it is not uncommon for people with LOAD to have comorbid
disease with overlapping symptoms. As such, getting a definitive diagnosis of AD is currently
only possible during post-mortem examination (de Jager et al., 2010, Thal and Braak, 2005).
However, there are several approaches that can be used to give a ‘probable’ diagnosis of
LOAD ante-mortem, including clinical assessment of presenting symptoms and studying key

physiological changes using scanning techniques and monitoring biomarkers.

1.8.1 Clinical assessment

The symptoms of LOAD develop over a number of years as the disease progresses.
The initial diagnosis of ‘probable LOAD’ is given after the assessment of dementia-related
symptoms using cognitive measures such as the Mini Mental State Examination (MMSE) and
Clinical Dementia Rating (CDR) (Folstein et al., 1975, Hughes et al., 1982). Although these
tests are useful for monitoring cognitive dysfunction their ability to discriminate between
LOAD and other dementias is limited. In addition, cognitive tests lack the sensitivity to detect
small changes in cognitive function. The refinement and adjustment of cognitive testing

methods has been subject to ongoing research with different aspects of cognition being
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monitored as well as the inclusion of new technology, such as virtual environments (Matias-
Guiu et al., 2017, Seitz et al., 2018, Fernandez Montenegro and Argyriou, 2017). Despite
better accuracy of cognitive diagnostic tools, they suffer a fundamental flaw when
considering treatment options. The physiological and biochemical changes during LOAD
development are likely to have been progressing for as many as 30 years prior to any clinical
symptoms (Vos et al., 2013). Evidence of such pre-symptomatic changes has been found by
monitoring biomarkers in people with fAD, who will inevitably develop AD, but are yet to
present symptoms. Changes in CSF markers, such as a decrease in AB1-42, elevated t-tau and
p-taul81 and elevated oligomeric AP have been detected (Ringman et al., 2012a, Ringman et
al., 2012b, O'Connor et al., 2020). Further, atrophy of the brain has been detected in people
with fAD prior to clinical symptoms, although this is typically closer to diagnosis, around 3-5
years prior (Kinnunen et al., 2018, Weston et al., 2016, Ridha et al., 2006). From this
evidence, it is apparent that a state of ‘accelerated brain ageing’ is present in fAD. The
closeness in pathological and symptomatic features between fAD and LOAD suggest these
preclinical changes are likely to occur in both cases, and the evidence from people with fAD
can inform future investigations into pre-symptomatic stages of LOAD (Vlassenko et al.,
2012). Identifying the pathological changes prior to symptoms is perhaps one of the
significant challenges to our understanding of LOAD. There is a growing consensus that
treating LOAD will only be possible if we are able to detect the onset of the disease process
far earlier than currently possible (Rafii and Aisen, 2019). Therefore, a greater understanding
of how the key pathological processes underlying AD manifest, develop and ultimately lead
to severe neurodegeneration is needed. Further, the development of highly sensitive markers
to measure and highlight those at risk of LOAD in pre-clinical stages, enabling preventative

measures to be implemented is crucial.
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1.8.2 Brain imaging

Advancements in brain imaging and detection sensitivity of biomarker analysis have
significantly increased our ability to diagnose ‘probable’ AD. Computerised tomography
(CT) and magnetic resonance imaging (MRI) scans have enabled the detection of intracranial
lesions and regional atrophy of the brain in areas such as, the hippocampus and medial
temporal structures. Thus, enabling doctors to rule out non-AD dementias (Frisoni et al.,
2010). Positron emission tomography (PET) has improved our ability to visualise the brain.
PET has additional advantages due to the ability to detect specific metabolic changes in the
brain using radioactive tracers, for example, alterations in blood glucose metabolism can be
measured using 18F-fluorodeoxyglucose. This has been successfully used to diagnose
dementia and even help differentiate between AD and non-AD dementia. Altered glucose
metabolism measured via 18F-fluorodeoxyglucose is considered one of the core markers of
the AD brain (Garibotto et al., 2017, Pagani et al., 2015). PET scans can also be used to detect
pathological lesions in the brain. Florbetapir F18 and Pittsburgh Compound-B have both been
used to successfully bind to AP peptides in the brain, giving accurate measurement of A3
plaque content (Yang et al., 2012). However, AP is present in cognitively healthy brains and
as such, quantification of A alone has limited diagnostic value and is limited by a lack of
agreed cut-off value to distinguish AB-negative (or “Ap-normal”) to AB-positive brains
(Villeneuve et al., 2015). Therefore, PET scans using AP binding agents are unable predict
the severity of cognitive decline alone (Khosravi et al., 2019). Despite this, PET remains a
useful tool in distinguishing AD from non-AD dementias. This insight can significantly speed
up the diagnosis process and reduce the number of hospital visits for the patient (Carswell et

al., 2018).
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1.8.3 Fluid biomarkers

Fluid based biomarkers of AD are much sought after as a diagnostic tool as a reliable
and accessible marker of disease would represent a more cost effect approach to diagnosing
and monitoring progression of AD than brain imaging techniques (O'Bryant et al., 2017). CSF
is arguably the most representative biofluid as it is directly linked to the brain and contains
brain metabolites drained from the brain itself (Zetterberg and Blennow, 2018). As AP
peptides and Tau protein filaments are key hallmarks of AD pathology they have often been a
focal point of biomarker research. Quantification of CSF AB1-42 and the ratio of ABI1-
42:AB1-40 peptides have been shown to be altered in AD and observed changes correlate
with imaging measures (Lewczuk et al., 2017, Pannee et al., 2016). As AP clearance is
reduced from the brain parenchyma in LOAD, lower values of AP are seen in the CSF
compared to people without LOAD. Typically this is also combined with and elevation in
APB1-42, which is thought to be more toxic and prone to oligomerisation, and
hyperphosphorylated Tau (Ghidoni et al., 2018). In addition, total protein levels of Tau and
hyperphosphorylated Tau have been found to be elevated in CSF from people with LOAD
(Ghidoni et al., 2018). These markers are generally in agreement with PET scanning
outcomes, however, too many individual cases show a lack of correlation for widespread
reliance on CSF assessment alone in clinical settings (Pannee et al., 2016, Leuzy et al., 2016).
In addition to quantifying proteins that represent hallmark features of AD there is also
evidence that CSF can be used to identify novel biomarkers. By assessing the presence of
markers from specific cell type activation such as, glial cells as well as markers of synaptic
dysfunction and neuronal death, it is possible to distinguish between AD and non-AD brain
associated diseases in CSF. However, these data are typically only validated in small sample

sizes (Sandelius et al., 2019, Morenas-Rodriguez et al., 2019, Jacobs et al., 2019). This is in
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part due to the invasive nature of drawing CSF from participants which severely limits its use
as a research tool.

The ability to take a routine blood sample and assess a person’s risk of LOAD would
revolutionise AD research. Thus, perhaps the most sought-after biomarker for AD would be
something that is easily detectable in the blood. However, there are several considerations that
must be overcome in order to develop a tool that would enable specific and reliable diagnosis.
Often, only a low concentration of analyte is available in the blood due to the restricted
passing of biomolecules across the blood-brain barrier (Zetterberg and Blennow, 2018).
Added to this blood proteins are subject to degradation, can be masked by endogenous
heterophilic antibodies which would influence detection by immunochemical methodologies
and many of the proteins present in blood that may be associated with disease are of non-
cerebral origin (Zetterberg, 2019). However, progress has been made in measuring both
specific markers of AD hallmark pathology, and panels of candidate biomarkers. Initially, A
peptides measured in blood plasma were found to lack the consistency shown with CSF
measurements and therefore, were not able to accurately distinguish people with AD (Olsson
et al., 2016). However, the development of ultrasensitive single-molecule arrays has
significantly increased the potential for plasma AP to be used clinically (Janelidze et al.,
2016). In fact, this methodology has been used to detect changes in the ratio of plasma A3
peptides in people with subjective memory complaints, prior to the classical clinical
symptoms associated with AD (Verberk et al., 2018, Vergallo et al., 2019, Chatterjee et al.,
2019). It is also possible to detect tau protein in plasma, and plasma Tau is elevated in people
in the later stages of AD (Zetterberg et al., 2013, Pase et al., 2019). Elevated plasma Tau
appears to be associated with a faster rate of cognitive decline in people with AD (Mielke et

al., 2017) and perhaps is an interesting area for future investigation. In addition, the
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development of more sensitive assays for plasma Tau may recognise further value for its use a
diagnostic tool, as seems to be the case with plasma A peptides (Tatebe et al., 2017). This
may also answer questions over its use for detecting the earlier disease stages of AD when
plasma tau is at low levels. Research studies have also identified panels of plasma protein
biomarkers that appeared associated with AD (Ray et al., 2007). This research provided
considerable promise at the time as all markers identified were related to inflammation and
immune signalling which are perturbed in AD. Yet, these often-promising findings of high
sensitivity for distinguishing AD from cognitively healthy individuals are hindered by a lack
of reproducibility when applied to other cohorts (Marksteiner et al., 2011). There is a need for
better pre-analytic sample preparation and study design standardisation to enable progress in

using plasma biomarker panels to detect AD (O'Bryant et al., 2015).

1.8.4 Platelets in Alzheimer’s disease

Platelets are anucleate cells that are most commonly associated with thrombus
formation and are critical for haemostasis (Yun et al., 2016). Upon activation through
mechanical stress or agonist interaction with platelet glycoprotein-coupled surface receptors,
platelets secrete a multitude of adhesion and signalling proteins effecting plasma
concentrations (Yun et al., 2016). Platelets became interesting in AD research due to the
presence of inflammatory cytokines in the secretome and the discovery that platelets possess
the full enzymatic machinery to generate A peptides though ABPP processing in the same
way that cortical cells in the brain do. In addition, the finding that platelet activation is
elevated in people with AD suggested platelets may represent a surrogate source of
biomarkers in isolation from the plasma protein matrix (Stellos et al., 2010). Platelet

activation has also been linked to elevated lipid peroxidation which may be elevated in AD
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prior to clinical symptom onset (Ciabattoni et al., 2007). However, methodological limitations
do exist as preparation of a platelet sample from blood plasma can in itself cause activation of
the platelets, and therefore a notable source of variability in using platelets in AD research
comes from activation status during sample preparation. Platelets are metabolically active cell
fragments containing numerous functional organelles including endoplasmic reticulum, Golgi
apparatus and mitochondria. In people with AD, mitochondrial respiration is perturbed in
intact platelets and this mitochondrial dysfunction may lead to further activation (Fisar et al.,
2019). The co-expression of ABPP processing enzymes in addition to neurotrophic growth
factors and neurotransmitters found in platelets presents an excellent opportunity to study
these, and other markers of AD. Given these characteristics, platelets offer an excellent
opportunity for AD research, when compared to the less accessible or costly alternatives, for
example CSF, brain imaging and post mortem tissue (Kermani and Hempstead, 2019,
Tajeddinn et al., 2016).

Early studies looking at the platelet markers of ABPP processing focused on detection
of ABPP at differing molecular weights. ABPP of 120-130kDa represent the mature protein
which has been post-translationally modified though N- and O- glycosylation during
trafficking to the cell membrane (Schedin-Weiss et al., 2014). Shorter immature ABPP at
110kDa are more likely to interact with BACE-1 intracellular vesicles and thus are likely to
follow the amyloidogenic pathway. The ratio of mature to immature APP (ABPPr),
130/120:110kDa has been shown to decrease in people with AD (Bram et al., 2018, Colciaghi
et al., 2004, Borroni et al., 2010). Similarly, the cleaved sABPP-a segment is decreased in
people with AD, indicating a reduction in non-amyloidogenic ABPP cleavage. Also, sABPP-
is elevated in AD and to a greater extent in MCI (Yun et al., 2019). This may be explained by

altered APPP maturation or alterations in ADAMI0 activity (Colciaghi et al., (2002). In a
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study investigating this further, ADAM10 expression was decreased in very mild and mild
AD compared to healthy controls (Colciaghi et al., 2004), suggesting that a decrease in
ADAMIO0 activity is associated with cognitive decline. Indeed more recently ADAM10
expression has been used to predict scores in assessments of cognitive function (Manzine et
al., 2014, Manzine et al., 2013). Due to the prodromal nature of AD development, it may be
possible to detect changes in platelet ABPPr and ADAMI10 expression prior to clinical

symptoms of dementia.

1.8.5 The importance of early diagnosis

Being able to detect the onset of pathological changes associated with AD disease
pathology prior to the clinical manifestation of symptoms is crucial to the progression of AD
research. It is possible that perturbed biochemical processes occur over 30 years in advance of
any cognitive symptoms (Dong et al., 2017, Palmqvist et al., 2019). This period is known as
prodromal AD. Therefore, the need for better biomarkers to identify those who have
underlying pathological changes or prodromal AD is crucial to enable the discovery of
effective and early intervention (Frisoni et al., 2017). It is thought that treatments aimed at
prodromal ‘at risk’ populations may be more effective than after a clinical diagnosis is given

(van Dyck, 2018).

1.9 Treatment for Alzheimer’s Disease

Alzheimer’s disease is the only leading cause of death that has no available disease
modifying treatment. Currently, the majority of treatment options are concerned with
management of symptoms and have modest effects in mild to moderate stages of AD

(Reynolds, 2019). These treatments inhibit the cholinesterase enzyme and/or act as N-Methyl-

36



D-Aspartate (NMDA) receptor antagonists. In some cases, these treatments can alleviate
memory complaints, reduce anxiety and improve motivation, resulting in the continued ability
to carry out daily activities (Mueller et al., 2018, Kishi et al., 2017). Cholinesterase inhibitors
under the names, Donepezil, Galantamine and Rivastigmine, work by inhibiting the
breakdown of the neurotransmitter acetylcholine therefore, increasing the level of
acetylcholine in the brain (Birks, 2006). Memantine regulates the interaction of glutamate
with NMDA receptors in order to prevent perturbed calcium transport in neurons which can
lead to cell death (Kishi et al., 2017). Additionally, a combination of Memantine and
Donepezil can be prescribed in more severe cases of AD. An important consideration is that
none of these approved treatments target the underlying AD pathology directly. Therefore,
any treatment effects will only have limited effects on the rate of neurodegeneration or aid in
symptom management. However, some more recent improvements in the understanding of
how APBPP is processed to generate AP led to the first trials of novel treatments that use

monoclonal antibodies and secretase inhibitors to blunt AB accumulation (Reynolds, 2019).

1.9.1 Treatments directly targeting AP

In line with the dominating theory that A is a key pathological feature leading to the
neurodegeneration seen in AD, treatments targeting the clearance of A} were developed. Over
the last 20 years, drugs to prevent aggregation of A, in addition to mono- and polyclonal
antibodies designed to remove A, have been subject to clinical trials. Early attempts to
increase amyloid clearance using immunotherapy solubilised fibrils effectively in animal
models, yet treatment in humans was associated with severe side effects and lacked any effect
on clinical symptoms (Robinson et al., 2004, Maarouf et al., 2010). In some cases, this was

due to the release of soluble oligomeric AP from plaques which holds greater cytotoxic
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potential. In addition, completely removing A, which is a physiologically normal protein,
may have negative implications downstream of its function (Smith et al., 2002). There have
been a number of clinical trials aimed at developing safer antibodies which target soluble
forms of AP in the early stages of AD (Rosenblum, 2014, Satlin et al., 2016). However, most
trials have shown a lack of effect in mild to moderate AD (Honig et al., 2018, Ostrowitzki et
al., 2017). Perhaps the most promising treatment, Aducanumab, which is a potent anti-
oligomeric AP antibody, is the first treatment to show a correlation between reduction of A
load and improved cognitive symptoms in humans. However, there was also a dose dependant
association with blood brain barrier disruption resulting in vasogenic oedema and several

reports of other severe adverse events (Ferrero et al., 2016).

1.9.2 BACE-1 and y-secretase inhibitors

Another strategy that has been investigated, targeted towards blunting A production,
is concerned with the prevention of A generation from ABPP. BACE-1 inhibitors are
designed to block the enzymatic activity of BACE-1. Despite being demonstrated as potent
inhibitors, many of the compounds that were first developed lacked specificity for the BACE-
1 enzyme, were unable to penetrate the blood brain barrier or were associated with severe side
effects (Hills and Vacca, 2007). However, with advancements in drug design, screening and
improved methods of delivery, these limitations are being overcome and BACE-1 inhibitors
are now in advanced clinical trials (Moussa-Pacha et al., 2020, Gabr and Abdel-Raziq, 2018).
Similarly, the development of y-secretase inhibitors has been met with significant issues
(Doody et al., 2013). The potent effects seen in cell and animal models have not been
replicated in human trials. This is in part due to the fact that many of the side effects alter

essential physiological processes, such as notch signalling (Henley et al., 2014, De Strooper,
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2014). Interestingly, Semagacestat which was recently under phase III testing has been shown
to act as a pseudo-inhibitor of y-secretase, in which enzymatic activity is not inhibited per se,
but instead alters substrate preference (Tagami et al., 2017). This highlights the importance of
understanding the mechanisms of action and physiological side effects of enzyme inhibitors
before proceeding with clinical trials (Barao et al., 2016). Alternatively, rather than blocking
enzyme activity, it is possible that controlled modulation of these enzymes may hold
therapeutic potential, currently y-secretase and BACE-1 modulators are undergoing clinical

trials (Voytyuk et al., 2018a).

1.9.3 Targeting ADAM10: a therapeutic option?

As described above, ADAMI10 protein expression and activity is reduced in AD,
leading to increased availability of ABPP as a substrate for BACE-1 and A generation
(Postina et al., 2004). This is supported by the identification of missense mutations to the
ADAMI0 gene where people were seen to also have elevated A and AD phenotype (Suh et
al., 2013, Andrews et al., 2020). Importantly, ADAM10 cleavage of ABPP is associated with
production of the neuroprotective fragment sABPP-a. Therefore, it is feasible that strategies to
increase ADAM10 activity or even promote the co-localisation of ADAM10 with ABPP will
prevent ABPP cleavage by BACE-1 and thus may be a therapeutic option for AD. In rodent
models, pharmacological modulation of ADAMI0 activity using natural compounds has been
shown to result in neuroprotective effects and reduce AP burden (Meineck et al., 2016,
Manzine et al., 2019). However, there is very little evidence in humans. Currently, there is
only one phase 2 trial assessing the dose-efficacy of ID1201, which is a fruit extract aimed at
promoting a-secretase activity and reducing inflammation in patients with mild AD.

Otherwise, the development of treatments that target ADAM10 or a-secretase activity are
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sparse. One explanation for this is the associated side effects of promoting broad spectrum
increases in a-secretase activity. ADAMI10 is involved in the shedding of a number of
membrane-bound proteins and can interfere with several pathways such as Notch signalling,
inflammatory cytokine release and cell adhesion. In addition, ADAM10 is linked to a number
of disease pathologies. Whilst upregulation may benefit AD, this could be detrimental in
cancer progression, atherosclerosis and arthritis (Wetzel et al., 2017). Therefore, any strategy
to target ADAM10 must either restore ‘normal’ physiological activity levels or be specific to
cell or tissue expression.

Recently it has been shown that the co-localisation of ADAM10 with the TSPAN
proteins is crucial for regulating ADAM10 maturation and trafficking. The repertoire of C8-
TSPAN expression (TSPANS, 10, 14, 15, 17 and 33) differs between cell types and may
indicate selective substrate shedding. Further, the interaction between ADAM10 and the six
C8-TSPANS form distinct molecular scissors directing cleavage preference towards specific
substrates (Matthews et al., 2017). ADAMIO is involved with a large number of substrates,
yet there appears no distinct amino acid sequence or position from the membrane for cleavage
to occur (Noy et al., 2016). Instead, it is possible that the C8-TSPAN proteins modulate the
conformation of ADAM10 and locate the metalloprotease domain at a position favouring a
certain substate (Matthews et al., 2017). Perhaps the most well characterised ADAM10
substrate effected by C8-TSPAN expression is N-cadherin. Overexpression of TSPAN15 can
significantly increase cleavage compared to other C8-TSPANS (Jouannet et al., 2016, Noy et
al., 2016). This is further supported by TSPAN15 knockdown reducing N-cadherin cleavage
(Jouannet et al., 2016). Similarly, Notch cleavage is also upregulated by TSPANS and 14, yet,
TSPAN1S5 and 33 knockdowns can significantly promote notch cleavage, opposite to that

seen for N-cadherin cleavage (Jouannet et al., 2016, Dornier et al., 2012).
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ADAM10 mediated ABPP cleavage has also been demonstrated to be regulated by
TSPANs (Xu et al., 2009). However, both promoting (Prox et al., 2012) and inhibiting
(Jouannet et al., 2016) effects have been identified for various C8-TSPANs which may reflect
the different cell types and their repertoire of TSPANSs. Further, evidence of non-C8-TSPANs
have been shown to influence ABPP cleavage (Seipold et al., 2017), yet, their interaction with
ADAMI0 is reliant on co-immunoprecipitation studies and diminish under stringent
conditions (Dornier et al., 2012). Thus, this effect on ADAMI10 activity is likely to be an
interaction between multiple TSPANSs. The potential to promote specific ADAMI0 activity
towards APPP in neurons without the impacting physiological signalling processes is perhaps
a key target for this line of research. As our understanding of how A propagation and
aggregation influences the pathogenesis of AD, more therapeutic avenues for targeting the
ADAMI10/TSPAN interaction may become apparent. Recent evidence showing ADAM10
cleavage of the PrP¢, which in turn, prevents A oligomers binding to the cellular membrane
(Jarosz-Griffiths et al., 2019) may be one such avenue should ADAMI10 cleavge of PrP¢be
mediated by C8-TSPANS.

The development of small molecules and antibodies that can interfere with negative
regulators or promotors of ADAM10/C8-TSPAN interaction may hold therapeutic benefit.
The relative redundancy observed between members of the TSPAN network may allow for
partial inhibition of ADAMI10 activity without abolishing other physiologically critical
processes (Matthews et al., 2017). Further, the organisation of nanoclusters of homogenous
TSPAN proteins at the cell membrane may be one area for influencing membrane protein
interactions. These interactions may provide an explanation for current phenomena, such as
the ADAM10 promoting action of cholesterol depletion. C8-TSPANSs have an identified

cholesterol binding pocket that when depleted induces a conformation change which may in
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turn influence ADAMI10 co-localisation at the cell membrane (Matthews et al., 2017, Kojro et
al., 2001).

TSPAN mediated chaperone function can also provide scaffolding for ADAM10
interaction with cell surface receptors and intramembrane proteins. This physical interaction
has been demonstrated with y-secretase forming a multi-secretase complex at the plasma
membrane (Chen et al., 2015) and was modified by TSPAN12, in addition to C8-TSPANSs 5,
14 and 17. Kockdown of TSPANS and 14 decreased mature ADAMI10 levels and ADAM10
associateion with y-secretase . In contrast, mature ADAMI10 associated to the y-secretase
secretase complex was reduced in TSPAN 12 and 17 knockdown but did not alter ADAM10
maturation (Chen et al., 2015). Although current research is limited, there is a possibility of
targeting specific aspects of ADAMI10 activity without compromising its association with
other substrates.

ADAMI0 activity has also associated with agonist binding to members of the
glycoprotein-coupled 5-hydroxytryptamine receptors (SHTr), notably the SHT4, SHT6 and
SHT7 receptors (Cochet et al., 2013, Chen et al., 2015). Interestingly, agonist stimulation of
the SHT4r increases ADAMI10 activity and is linked to an increase in sABPPa secretion. This
may in part, explain the beneficial impact of modulating Serotonin levels in AD and
highlights a potential avenue for drug targets aimed at increasing ADAMI10 activity and

warrants further investigation.

1.10 An Alternative Role for Selective Serotonin Reuptake Inhibitors for the Treatment
of Alzheimer’s Disease?
“this section is taken verbatim from the following publication in which I am principal

author (Elsworthy and Aldred, 2019)”.
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Depression is a common co-morbidity seen in people with AD (Zhao et al., 2016).
Although effective in treating depression the prescription of Selective Serotonin reuptake
inhibitors (SSRI) may not always be efficacious for alleviating depressive symptoms in AD.
However, interest in the effectiveness of SSRI’s for treatment of cognitive decline has been
gaining attention. Current research suggests that long-term treatment with SSRI’s may delay
the progression from MCI to AD (Pelton et al., 2016, Bartels et al., 2018). In fact SSRI
treatment has been associated with a reduced mortality rate at two-year follow up, although
this effect dissipates after four years (Sepehry et al., 2016). However, those receiving long
term treatment may have had an earlier onset of depression-related symptoms. Those who
only receive SSRI treatment later in life may instead have depressive symptoms reflecting an
early manifestation of AD and therefore, are more likely to develop to clinically significant
AD. This raises an important consideration. Effective treatment of major depression with
SSRI’s can induce neurogenesis and reverse hippocampal atrophy (Eliwa et al., 2017, Dale et
al., 2016). However, once the clinical symptoms of AD become apparent the associated
neurodegeneration is irreversible. Therefore, the treatment of AD with SSRI’s is not curative
or necessarily able restore a loss of function, but may delay the disease process and crucially,
prolong cognitive function into older age. In order to achieve this therapeutic effect, SSRI’s
must act through mechanisms that interfere with aberrant pathological processes seen in
people with AD and there is emerging evidence to support this effect.

1.10.1 Mechanisms of action

One mechanism that may contribute to the beneficial effects of SSRI treatment for AD

is the regulation of AB-production and accumulation. Further, it is possible that SSRI

treatment has a positive effect on the a-cleavage of ABPP via ADAM10, which would lead to
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production of the neuroprotective sABPP-a. Interestingly, platelet ADAM10 expression can
increase with use of SSRI’s in people with AD (Bianco et al., 2016b). If this effect is
confirmed and is mirrored in the brain, then SSRI use in AD could have implications for the
progression of neurodegeneration seen in AD. If the accumulation of AP could be slowed by
SSRI’s increasing the non-amyloidogenic cleavage of ABPP then further AP accumulation
could be prevented.

Further to this, reduced neuroinflammation and elevated brain-derived neurotrophic
factor are all potential mechanisms by which SSRI treatment may contribute to the delayed
progression of AD (Bartels et al., 2018). AD is a multifactorial disease. Both increased
oxidative stress and a chronic low-grade inflammation are associated with AD (Tramutola et
al., 2017, Forloni and Balducci, 2018). Neuroinflammation has been implicated in the
progression of AD by increasing amyloidogenic processing of ABPP, resulting in elevated AP
and increasing the susceptibility of cells to neurodegenerative processes (Minter et al., 2016).
SSRI’s can reduce peripheral inflammatory markers such as Interleukin-6 (IL-6), C-reactive
protein and Tumour necrosis factor-a and prevent microglia activation in the brain (Alboni et
al., 2016). This is of particular relevance to AD as the blood brain barrier is more susceptible
to leakage of cytokines into the brain. In addition, the anti-inflammatory effect of SSRI’s is
reflected in the brain by preventing elevated serotonin reuptake from the synapse as a result of
elevated cytokine signalling or, by direct action on reducing cytokine production (Kempuraj
et al., 2017, Jeon and Kim, 2016). This highlights a possible therapeutic mechanism of action
in slowing the global inflammatory response seen as a result of AD progression (Gatecki et
al., 2018). Further, SSRI’s may also be effective in lowering oxidative stress. This may be due
to either increased endogenous antioxidant protein expression, or through possible antioxidant

properties of the drugs itself suggesting alternative protective action (Lee et al., 2013, Chang
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et al., 2015). Higher levels of blood plasma F2-Isoprostane at baseline have also been
associated with a poorer treatment response for depression (de Antonio Corradi et al., 2017,
Lindqvist et al., 2017). All the current research assessing the ability of SSRI’s to alter
inflammation and oxidative stress has been conducted in animal models or in participants
with depression alone, and therefore, given the potential interactions in pathologies between
depression and AD, studies are needed to explore the effects of SSRI’s in people with
depression and AD.

As SSRI’s may alter the processing of ABPP, and therefore the generation of AP, they
are a potential candidate treatment to delay the progression of AD. Elevated serotonin
signalling has been associated with decreased interstitial fluid AP peptide and AP plaque load
(Sheline et al., 2014). In addition, SSRI use over a 5-year period has been associated with
lower Pittsburgh compound-b A load in cognitively healthy participants using SSRI’s
(Sheline et al., 2014, Cirrito et al., 2011). SSRI’s have also been shown to modulate the AP
peptide species generated and therefore can reduce the toxicity associated with oligomeric
forms of AP (Aboukhatwa and Luo, 2011). This may also have downstream benefits on tau-
hyperphosphorylation by minimising the potential for AB-tau cross talk (Nisbet et al., 2015).
SSRI’s may also help by reducing synergistic toxic effects of Ap and hyperphosphorylated
tau and the associated synaptic and neuronal dysfunction seen in people with AD (Wu et al.,
2018, Nisbet et al., 2015). In fact, this effect has been demonstrated in primary rodent neurons
(Wang et al., 2016b).

Some of the possible mechanisms by which SSRI’s could alter the processing of ABPP
are via altered ABPP expression or increased trafficking of ABPP to the cellular membrane,
increased ADAMI10 activity and/or reduced BACE-1 activity. The majority of work to

explore these mechanisms has taken place in vitro or in animal models, nevertheless sABPP-a
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increased 3.4-fold after treatment with Citalopram, a commonly used SSRI, which precludes
the formation of AP (Pékaski et al., 2005). This data is supported by the finding that agonists
of the serotonin receptor lowered AP in brain interstitial fluid but had no effect on gene
expression, suggesting that ABPP processing is altered at protein level in the cell cytoplasm,
with ADAMI10 being the most likely candidate for upregulation. In support of this, broad
pharmacological inhibition of a-secretases prevented the action of Citalopram and led to
increased AP in brain interstitial fluid (Fisher et al., 2016). Elevated expression of ADAM10
has also been shown in response to Fluoxetine administration in a triple-transgenic mouse
model of AD. This alteration in enzyme activity was further supported by an increase in
sAPPP-a and C83 protein fragments. The effects of Fluoxetine were ascribed to maintaining
or rescuing Wnt/ B-catenin signalling pathways through the phosphorylation of GSK3f and
direct action on B-catenin expression, which are thought to be altered in AD (Huang et al.,
2018). The therapeutic effects of Fluoxetine on preventing neuron degeneration, synapse
dysfunction and for attenuating memory loss have also been well documented in mice (Ma et
al., 2017, Sun et al., 2017a). Increased platelet ADAM10 expression has also been reported in
participants with AD who were taking various SSRI medication (Bianco et al., 2016b) and
this may be mediated by alterations in TSPANS, which is known to alter the trafficking of
ADAMI0 in platelets (Gupta et al., 2016).

Together, there is a strong case warranting further research into the use of SSRI
medication as a treatment option to delay the progression of AD, targeting multiple

mechanisms of action (see figure 3).
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Figure 3 - Diagrammatic representation of the therapeutic targets SSRI’s may positively

effect that are altered in both depression and AD.

1.11 Modelling the Brain Using Induced Pluripotent Stem Cells

Advances in stem cell biology have enabled new methodologies with the unique
ability to manipulate the human central nervous system (CNS), and have allowed the
exploration of regenerative medicine and disease modelling with greater relevance to human
tissue than previously possible (Shi et al., 2012). The ability to isolate embryonic stem cells
from the inner cell mass of human and mouse blastocysts enabled research into the early
cellular developmental stages and enabled the identification of key genetic factors that, when
expressed, maintain pluripotency. In addition, the induction of an embryonic-like state by
replacing nuclear material, or fusion of differentiated cells with embryonic stem cells,
highlighted the potential for reprogramming somatic cells (Gurdon et al., 1958, Cowan et al.,

2005).
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The 2012 Nobel prize in physiology or medicine was awarded to Sir John B. Gurdon
and Shinya Yamanaka for the discovery ‘that mature cells can be reprogrammed to become
pluripotent’. This research culminated in the identification of four key factors, Oct3/4, Sox2,
cMyc and Klf4. These factors are since known as the Yamanaka Factors (Takahashi and
Yamanaka, 2006, Takahashi et al., 2007). By reprogramming somatic cells to express these
transcription factors, a state of pluripotency can be achieved.

By reprogramming human cells back to a state of induced pluripotency it is possible to
direct differentiation towards neural precursor cells and ultimately into single cell types or
neuron and astrocyte co-cultures by utilising dual SMAD inhibition-based protocols (Shi et
al., 2012, Chambers et al., 2009). These electro-physiologically active networks represent a
closer model of human brain tissue than previously used models (Hill et al., 2016). The
potential to probe human derived CNS networks is of great interest for developing our
understanding of, and exploring the effect of interventions on, the pathological processes
underlying AD. The presentation of key biochemical features, including elevated Af
oligomers, hyperphosphorylated tau-protein and increased oxidative stress by these induced
pluripotent stem cell (iPSC) neural networks derived from people with AD, suggests this
model may be a useful tool in studying the progression of AD (Kondo et al., 2013, Hossini et
al., 2015). Crucially, it has been shown that tissue reprogrammed from patients with AD into

cortical neurons exhibit phenotypes that are observed in vivo (Israel et al., 2012).

1.11.1 Presenilin mutations as viable model to study AD?
Although fAD and LOAD differ in age of onset and underlying genetic contribution to
disease progression, the similarities in pathology and biochemical dysfunction make

modelling fAD mutations informative for both aetiologies. Neuron and astrocyte co-cultures
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derived from human iPSC’s carrying PSENI mutations do exhibit pathological features
associated with AD during development. Neural progenitor cells (NPC) with a PSEN/
mutation have been reported to differentiate prematurely, have decreased proliferation and an
increased propensity to apoptosis (Yang et al., 2017a). Prior to differentiation NPC’s carrying
a PSENI mutation have elevated AB42/40 ratio, suggesting this is an early event in familial
AD development (Sproul et al., 2014). Further, iPSC derived neurons expressing PSEN]
mutations have been found to exhibit dysfunctional endocytosis linked to an accumulation of
B-C-terminal fragments, which could be rescued using BACE-1 inhibitors (Kwart et al.,
2019). Astrocytes may also play a role in the pathogenesis of AD, not only by a reduced
capacity to support surrounding neurons, but also by directly secreting cytotoxic peptides.
Astrocytes derived from iPSC’s that carry a PSENI mutation have shown increased AP
production and dysregulated calcium homeostasis. In addition, astrocytes may have an altered
cytokine profile and increased oxidative stress markers, which are considered major features
underlying the progression of AD (Oksanen et al., 2017). Elevated oxidative stress and altered
mitochondrial function are evident prior to the appearance of AP and tau pathology in iPSC
derived neurons from people with AD (Birnbaum et al., 2018, Hawkins and Duchen, 2019).
This suggests that oxidative stress may be an early event in the development of AD. Further
to this, evidence of PSENI mutations altering mitochondrial function may lead to elevated
superoxide generation and may compromise cellular redox status (Sarasija and Norman,

2018).

1.12 Research Aims
The overarching aim of this research was to investigate whether differences in markers

associated with ABPP processing and redox balance could be detected in both “in vivo’
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populations at risk of AD and in iPSC-derived cortical cell models of AD. From this, the
potential beneficial effects of SSRI treatment on ABPP processing and redox balance were
investigated in the iPSC-derived cortical model platforms.

Research in chapter 3 focused on whether alterations in blood-based markers of
inflammation and oxidative stress, in addition to platelet ADAM10 protein expression and the
ABPPr could be detected in people who may be considered at risk of AD, but who are
cognitively healthy. The prodromal developmental nature of LOAD provided the rationale for
looking at these markers at a critical time period for intervention and prevention of LOAD. In
addition, this research also aimed to assess the utility of platelets as a marker for ABPP
processing in ‘at risk’ populations. The potential identification of robust markers in those at
risk for AD may enable targets for identifying risk response to therapeutic treatments, when
typical cognitive testing is not appropriate.

The research presented in chapters 4, 5 and 6 aimed to investigate the utility of iPSC-
derived cortical cells, carrying PSENI mutations, as models for investigating the effect of
SSRI treatment on ABPP processing and redox balance. Initially in chapter 4, iPSC cell
cultures carrying either the PSENI mutation L286V or R278I were characterised in
comparison to a healthy control line for markers associated with ABPP processing, A}
generation and oxidative stress. Next, research in chapter 5 aimed to investigate whether the
SHT4r is present and functional in the iPSC-derived cortical models as a potential avenue for
SSRI treatment effects. Further, the SHT4r agonist modulation was investigated for its effect
on ADAMI0 activity. Finally, in chapter 6 research aimed to test the therapeutic actions of

the SSRI, Citalopram, on markers associated withBPP processing and cellular redox balance.
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Research Chapters

THE EFFECT OF AGE AND OBESITY ON
PLATELET AMYLOID PRECURSOR PROTEIN
PROCESSING AND PLASMA MARKERS OF
OXIDATIVE STRESS AND INFLAMMATION

CHARACTERISATION OF ABPP
PROCESSING AND REDOX BALANCE
IN SPONTANEOUSLY DIFFERENTIATED
HUMAN iPSC-DERIVED NEURON AND
ASTROCYTE CO-CULTURES CARRYING
PSEN1 GENE MUTATIONS

THE 5HT4 RECEPTOR IN iPSC-DERIVED
NEURON AND ASTROCYTES

|
|
|

THE EFFECT OF CITALOPRAM
TREATMENT ON ABPP PROCESSING
AND REDOX BALANCE

Research Questions:

1. Are plasma IL-6, and markers of protein and lipid oxidation altered with ageing
and/or obesity in cognitively healthy participants

2. Are platelet markers of ADAMI10 protein level and the ABPPr associated with
ageing and/or obesity in cognitively healthy participants

Research Questions:

1. Are markers associated with differential ABPP processing altered in iPSC-derived
cortical cultures carrying PSEN1 mutations compared to control?

2. Is redox balance dysrupted in iPSC-derived cortical cultures carrying PSEN1
mutations compared to control?

Research Questions:

1. Are 5HT4 receptors present and functional in iPSC-derived cortical cell models?
2. Does treatment with a SHT4r agonist effect ADAMI10 activity in both control
and cells carrying a PSENI mutation?

Research Questions:

1. What is the range of Citalopram dosage that iPSC-derived cortical cultures can be treated
with without loss of viability?

2. Does treatment with Citalopram effect ADAMI10 activity, the ABPPr and AP generation in
both control and cells carrying a PSEN1 mutation?

3. Does treatment with Citalopram effect redox balance in both control and cells carrying

a PSENI mutation?

Figure 4 - Diagrammatic outline of research chapters presented in this thesis.
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CHAPTER 2 - GENERAL METHODS

2.1 Culturing Protocol of iPSC’s: From Stem Cell to Cortical Networks

The protocol for culturing and differentiating Human iPSC’s (HiPSC) was kindly

supplied by and adapted from the lab of Dr Eric Hill at Aston University. For the cell lines

‘Control’ (AX0018), and L286V (AX0112) methods of cell culture begin at section 2.1.7

(Thawing and expansion of HNSC'’s) as they are supplied as Human Neural Stem Cells

(HNSC’s) from Axol Bioscience, Cambridge, UK. Further information and characterisation

of all the cell lines used can be found in fable 1.

Table 1 - Information on cell lines used for modelling Alzheimer’s disease and healthy

control

Ax0018 Ax0112 R278I
Diagnosis Healthy Control Familial AD Familial AD
Sample type Dermal Fibroblast Dermal Fibroblast Dermal Fibroblast
Donor sex Male Female Male
Age at sampling (yrs) 74 38 60
Age of onset (yrs) n/a 39 58
Karyotype Normal Normal Normal
Reprogramming Episomal Vector Episomal Vector Episomal Vector
method (Okita et al., 2011)

Induction method

Mutation

APOE status

Monolayer — Axolbio
NIM (Shi et al., 2012)
None

€2/ €2

Monolayer — Axolbio
NIM (Shi et al., 2012)
PSENI1 (L286V)

€3/ €3

Monolayer — NIM (Shi
etal., 2012)
PSENI1 (R278I)

€2/ €4
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AXO0018

Reprogrammed human dermal fibroblasts as defined by Shi et al., 2012 (Shi et al., 2012)
from a healthy donor. This line has been used as a healthy control in previous research looking at

the phosphorylation of APP and Sortilin-related receptors (Zollo et al., 2017, Poulsen et al., 2017).
Information on this cell line can be found at this link:

https://www.axolbio.com/shop/product/human-ipsc-derived-neural-stem-cells-male-3353

AX0112

Reprogrammed human dermal fibroblasts as defined by Shi et al., 2012 (Shi et al., 2012)
from a donor carrying the PSEN1 L286V mutation. This is an autosomal dominant, missense
mutation causing fAD. This line has been used as a model of AD in previous research looking at the
phosphorylation of APP and Sortilin-related receptors (Zollo et al., 2017, Poulsen et al., 2017). This
mutation has been identified in a number of fAD cases and is associated with extrapyramidal
features, myoclonus and progressive memory impairment consistent with a clinical diagnosis of

AD.
Information on this cell line and mutation can be found at these links:

https://www.axolbio.com/shop/product/human-ipsc-derived-neural-stem-cells-alzheimer-s-disease-

patient-psenl-1286v-2805

hitps://www.alzforum.org/mutations/psenl-1286v

R278I

This line was kindly gifted by Dr Selina Wray, UCL. Reprogrammed ‘in house’ by human
dermal fibroblasts as defined by Shi et al., 2012 (Shi et al., 2012) from a donor carrying the PSEN1
R2781 mutation. This is an autosomal dominant, missense mutation causing fAD. This line has been
used in previous research to investigate the specific effects of fAD mutations on AP (Arber et al.,

2019).

This mutation has been identified in a number of fAD cases and is associated with early language

impairment and progressive memory impairment consistent with a clinical diagnosis of AD.
Information on this mutation can be found at this link:

https://www.alzforum.org/mutations/psenl-r278i
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2.1.1 Preparation and coating of Geltrex™

Geltrex™ LDEV-Free hESC-qualified Reduced Growth Factor Basement Membrane
Matrix (ThermoFisher Scientific, A1413201) was used to enhance the attachment and growth
of HiPSC’s. Initially, Geltrex™ (200ul) was thawed overnight (4°C) and diluted in pre chilled
(4°C) Dulbecco’s Modified Eagles Serum (20ml, DMEM, Sigma-Aldrich, SLM-241).
Immediately after dilution, DMEM (1ml) was then added to a 6-well multiwell plate
(Corning, CA, USA) and spread evenly over the surface of the plate. The plate was then
incubated at 37°C for 1 hour. The remaining unbound solution was then aspirated and
Essential-8 media (E8 Media, ThermoFisher Scientific, A15170001) supplemented with Rho-
associated protein kinase (ROCK) inhibitor (10uM) was added and placed back into the

incubator until cells were ready to be plated.

2.1.2 Thawing, expansion and maintenance of HiPSC'’s

After preparing the plate with Geltrex™, pre-warmed E8 media (4ml) and ROCK
inhibitor (10uM) was added to a 15ml centrifuge tube (Corning, CA, USA). Next, HiPSC’s
were rapidly thawed by placing the cryovial in a 37°C water bath and removed when only a
small number of ice crystals were present. Thawed cells were then transferred to the
centrifuge tube and centrifuged for 3 minutes at room temperature (300xg). The supernatant
was then aspirated, and the cell pellet was re-suspended in E8 media and ROCK inhibitor
(10uM/ml). The cell suspension was then added to the pre-prepared Geltrex™ coated plate
and incubated at 37°C in a 5% CO2/95% air atmosphere for 24-hours. Finally, a full
replacement of E§ media and ROCK inhibitor (10uM/ml) was then carried out. In order to
maintain and expand the HiPSC'’s, daily E8 media only (2ml) without ROCK inhibitor

replacement was carried out.
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2.1.3 Passage of HiPSC'’s

Initially, HiPSC’s were checked using phase contrast microscopy (EVOS XL Core,
Invitrogen) for colony size and changes in morphology suggesting off target differentiation.
Areas of differentiation were removed via cell scraping. Media was then aspirated from the
remaining cells and washed using D-PBS without calcium and magnesium (1ml/well).
Ethylenediaminetetraacetic acid (EDTA) was added to the wells (0.5mM) and incubated for 5
minutes (37°C) or until edges of the cell colonies began to lift. EDTA was then aspirated and
E8 media (2ml) was added to detach cells before transferring into a 15ml centrifuge tube. Cell
containing tubes were centrifuged (300xg) for 3 minutes at room temperature. Supernatant
was then removed, and the cell pellet was resuspended in 3ml E8 media. Cells were then
added to pre-prepared Geltrex™ coated plates and incubated at 37°C in a 5% C02/95% air

atmosphere. Subsequent feeding was carried out every 24 hours using E8 media.

2.1.4 Freezing HiPSC'’s for cryopreservation in liquid nitrogen

Once HiPSC expansion had been completed and cells were ready for differentiation,
subcultures were frozen in liquid nitrogen for longer term storage. Spent medium was
aspirated from each well and cells were washed twice with D-PBS (1ml/well). EDTA (1ml)
was added to each well and the plate was incubated (37°C) for 5 minutes. EDTA was then
aspirated and E8 media (2ml) was added to the wells, gently detaching cells, before
transferring into a 15ml centrifuge tube. The cell suspension was then centrifuged (300xg) for
3 minutes before aspirating the supernatant. The cell pellet was resuspended in E§ media
(0.5ml/well) and added to a cryovial containing cell freezing media (0.5ml E8, 20%DMSO)

and placed in a precooled (4°C) Mr Frosty™ Freezing Container (ThermoFisher Scientific,
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5100-0001). Cells were then transferred to a freezer (-80°C) for 24hours. Finally, cryovials

were transferred to liquid nitrogen for long term storage.

2.1.5 Induction of HiPSC’s to HNSC

The induction of HNSC’s from of HiPSC’s was carried out once colonies reached
80% confluency. Spent media was removed from HiPSC cultures and washed twice with D-
PBS. Cells were detached using (Iml) Accutase™ (Stem Cell technologies, 07922) and
incubated (37°C) for 5 minutes followed by gentle pipetting to loosen cell colonies. The cell
suspension was then added to a centrifuge tube (15ml) with DMEM (4ml) and centrifuged
(200xg) for 5 minutes at room temperature. The supernatant was removed, and the cell pellet
was resuspended in E8 media (1ml) with 10uM ROCK inhibitor. The cell suspension was
added to Geltrex™ coated wells and incubated overnight (37°C). E8 media was exchanged
daily until cells reached 100% confluency as a continuous monolayer.

At this point, cell media was removed and Neural Induction Media (NIM) was added
(see table 1 for constituents). A full media exchange with NIM was carried out for a further 9
days. Cell morphology was monitored for the appearance of a multi-layered, phase dark
patterning under a microscope (EVOS XL Core, Invitrogen). At day 11, spent media was
removed and cells were washed twice with D-PBS before Accutase™ (1ml) was added and
incubated (37°C) for 5 minutes. Cells were detached from the culture plastic to from small
clusters before resuspension in a centrifuge tube with DMEM (4ml). Cells were centrifuged
(200xg) for 5 minutes to pellet cells. The resulting supernatant was then removed, and cells
were resuspended in Axol™ Neural maintenance medium (2ml, NMM) AX0031, Axol
Bioscience, Cambridge, UK) with 10uM ROCK inhibitor. Cells were incubated for 48hr

before a full media exchange with NMM, this was performed every other day for 5 days. To
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ensure proper neural induction, cultures were checked for rosettes forming around 12-14 days.
At day 17 onwards, cells were passaged 2:1 as described above and maintained with NMM

exchange every other day.

Table 2 - Neural induction media (NIM) made by the addition of small molecule signalling

pathway inhibitors to Essential 6 as a base medium.

Component Amount
Gibco™ Essential 6™ medium (ThermoFisher Scientific, A1516401 50ml
XAV939 (Stem Cell Technologies, 72672) 10ul
LDN193189 (Stem Cell Technologies, 72147) 0.5ul
Sb431542 (Stem Cell Technologies, 72232) 50ul

2.1.6 Freezing HNSC's for cryopreservation in liquid nitrogen

After neural induction of HiPSC’s confluent cell culture wells were frozen in liquid
nitrogen for longer term storage. Cells were washed with D-PBS and detached from plates
using Accutase™ (1ml) as previously described. Following centrifugation (200xg) for 5
minutes cells were resuspended in NMM (2ml) and an aliquot (20ul) was taken for cell
counting using Trypan blue (0.4%, T8154, Sigma-Aldrich) live/dead exclusion. NMM was
added to cell suspension to adjust cells concentration (approx. 4-6 million/ml). Cryovials were
filled with NMM (0.5ml, 20%DMSO) and cells suspension (0.5ml) was added (2-3million
viable cells, 10% DMSO). Cells were placed in a precooled (4°C) Mr Frosty™ Freezing
Container. Cells were then transferred to a freezer (-80°C) for 24hours. Finally, cryovials

were transferred to liquid nitrogen for long term storage.
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2.1.7 Thawing and expansion of HNSC's
Prior to thawing and expansion of HNSC’s, multiwell plates were coated with poly-L-
ornithine (20pg/mL) and incubated in a 5% C0O2/95% air atmosphere for 2 hours (37°C), then

rinsed twice with sterile dH20. Laminin was dissolved in sterile dH20 (10 pg/ml) added to

wells (200 ul/cm2) then incubated at overnight (37°C). Prior to cell seeding, wells were
washed with D-PBS without magnesium or calcium. Next, cryovials containing neutrally
induced HiPSC’s were removed from liquid nitrogen and thawed in a water bath (37°C) until
only a small ice crystal was present. Cells were transferred into a centrifuge tube (15ml)
containing warm NMM (5ml, 37°C). The resulting cell suspension was centrifuged (200xg)
for 5 minutes. The resulting supernatant was removed, and the cell were resuspended in
NMM with ROCK inhibitor (10uM/ml) to adjust concentration of cells to allow seeding at
100,000 cells/cm?. Cells were incubated for 24hr before a full media exchange with NMM
every other day. Once 80% confluency was reached, cells were passaged as before. Briefly,
cells were dissociated using Accutase™(1ml), pelleted and resuspended in NMM with ROCK
inhibitor (10uM/ml). After 24hrs cell media was exchanged for an equal volume of NMM

which was exchanged every other day.

2.1.8 Spontaneous differentiation of HNSC's into neuron and astrocyte co-cultures

Prior to passage, plates were coated as previously described using poly-L-ornithine
(20pg/mL) and Laminin dissolved in sterile dH20 (10 pg/ml). For immunocytochemistry,
ethanol-sterilised glass coverslips (13 mm) were added into 12-well plates before coating.

Following cell passage with Accutase™ (1ml) and resuspension in NMM with ROCK

inhibitor (10uM/ml) HNSC’s were seeded at a density of 150,000 cells/cm’. After 24hrs,

media was exchanged for NMM with Fibroblast growth Factor 2 (10ng.ml) (FGF2, Sigma-
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Aldrich) for 48hrs. Media was then exchanged for NMM every other day. Cells were allowed
to spontaneously develop for 40 days. To confirm characterisation of cell phenotype, cell

morphology and Immunocytochemical staining was performed (see chapter 4).

2.1.9 Preparation of cellular fractions and media collection

After maturation of the cells for 40 days, conditioned NMM was aspirated and
transferred into a 15ml Amicon® ultra-15 centrifugal filter unit (3kDa pass filter) and
concentrated by centrifugation for 40 minutes (4°C). Concentrated media was then stored (-
80°C) for later experiments. Cells were then washed with D-PBS without magnesium or
calcium. For whole cell lysates, ice-cold lysis buffer (200 mM NaCl, 10 mM EDTA, 10 mM

NapHPOy, 0.5% NP40, 0.1% SDS, 1x Thermo Halt protease inhibitors 78429 and 5SpM

GI254023X, pH 7.4) was added to the cells and incubated for 10 minutes at room temperature
on a plate shaker (500rpm) to dissociate cells from plate. GI1254023X (5uM) was added as a
potent and selective ADAM10 inhibitor and has been shown to prevent post-lysis
autocatalytic degradation of the ADAM10 enzyme and thus, improve protein detection
(Brummer et al., 2018). Cells were then transferred to a microcentrifuge tube and subjected to
one freeze thaw cycle. Lysates were centrifuged (10,000xg) for 5 minutes to remove debris
and the supernatant was aliquoted and stored (-80°C) with fresh protease inhibitors until

further use.

2.2 Live Cell Assays
2.2.1 Fluo-4AM imaging
To detect cellular calcium dynamics, cells mounted onto 13mm glass coverslips were

incubated with the labelled calcium indicator Fluo-4AM (ThermoFisher Scientific, F14201)
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in culture medium for 45 minutes (10uM, 37°C). Cell were then washed twice with fresh
culture medium and incubated for 5 minutes (37°C) to allow for de-esterification of AM
esters. Imaging was performed using a fluorescence microscope (Nikon Eclipse FN1) with a
20x objective. Fluo-4AM fluorescence was excited at 488nm and captured every 2 seconds to
create a time-lapse (Hamamatsu Orca Flash V2). The fluorescence was calculated from five

regions of interest containing approximately 3-10 cells using Fiji software (Imagel, NIH).

2.2.2 MitoSOX Red assay

Cells were stained with MitoSOX Red mitochondrial superoxide indicator (M36008,
Invitrogen) at a final concentration of SuM. Cells were incubated (37°C) for 10 minutes.
Images were taken to monitor real-time fluorescence over 5 minutes (Baseline, 150 seconds,
300 seconds). Quantification of the fluorescence intensity that oxidized the MitoSOX reagent

was performed with Fiji (ImageJ, NIH) and averaged for three independent experiments.

2.3 Methods of Assessing Protein Expression
2.3.1 Immunocytochemistry

Cell media was exchanged for an equal volume of NMM prior to fixing to remove cell
debris. For fixing, 4% paraformaldehyde in D-PBS was added to wells in an equal volume to
cell media and left for 5 minutes at room temperature (RT). The solution was aspirated and
4% PFA (1ml) was added for a further 5 minutes (RT). Cells were then washed twice with D-
PBS. To prevent non-specific binding of antibodies, cells were incubated in blocking buffer
(1% BSA, 0.05% Tween and D-PBS) for 1hr (RT). For intracellular targets, 0.2% (v/v) Triton
X-100 was added to blocking buffer instead of Tween. The cells were then stained with

primary antibodies dissolved in blocking buffer for 1 hour, with gentle agitation (RT). Cells
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were washed three times for 5 minutes in blocking buffer. Then, secondary antibody
dissolved in block buffer was added for 1 hour in the dark (RT). Cells were washed three
times for 5 minutes in block buffer followed by 1 minute in dH20. Cells were mounted to
slides using Prolong™ Diamond antifade Mountant with DAPI (P36966, Invitrogen). Cells
were imaged using a confocal microscope with a 20x/40x/100x objective (Nikon A1R

Inverted Confocal/TIRF microscope) and analysed using NIS-Elements software (Nikon).

2.3.2 Determination of protein concentration

Protein concentration of cell samples was determined using the Bicinchoninic acid
(BCA) protein assay (Smith et al., 1985) to enable standardisation of assays. This colorimetric
method uses the reduction of Cu*?to Cu™! in an alkaline solution by commonly found amino
acids cysteine or cystine, tyrosine, and tryptophan and the universal protein backbone.
Initially, lyophilised Bovine serum albumin (BSA, Sigma, Poole, UK) was dissolved in dH20
to give a final concentration of 1mg.ml. Cell lysates and media were diluted (0.2 — 1.0mg.ml)
in lysis buffer (see above). Next, standards were prepared by diluting BSA with dH20 ranging
from 0 — Img.ml. Sample or standard (10puL) was added to the appropriate well/s and covered
until later use. Copper sulphate (Sigma, Poole, UK) was mixed with BCA in a 50:1 ratio to
obtain the necessary volume and added to each well (200uL). The plate was then incubated at
37°C for 30 minutes and protected from light. The absorbance of the plate was then read at
540nm (Fluostar Omega, BMG Labtech) and sample concentrations (mg.ml) were calculated

(Omega MARS, BMG Labtech).

61



2.3.3 Western blotting

The protocols used for SDS-PAGE and western blotting were adapted from (Manzine
et al., 2013) with minor modifications. Samples (5-20ug) were mixed 1:1 with Laemmli
sample buffer (S3401, Sigma-Aldrich) and heated for 5 minutes at 95°C. After cooling,
samples were loaded into 10 well- SDS- PAGE gels (8-10%). Molecular weight markers were
also loaded to give context to gel running and transfer (Amersham ECL Rainbow Marker,
RPN 756E). Vertical gel electrophoresis was carried out for 1hr at RT (TetraBlot Module,
Bio-Rad) or until appropriate separation between molecular weight markers was achieved.
Gels containing separated proteins were then transferred to nitrocellulose membranes
(Amersham protran 0.2um) using the Mini Trans-Blot Cell transfer system (Bio-Rad) for 1
hour (4°C). Membranes were blocked with 5% skim milk powder in Tris Buffered Saline with
0.1% Tween (TBST) for 1 hour. After blocking membranes were washed three times in
TBST. Membranes were then incubated in the primary antibody overnight (4°C). Membranes
were washed five times with TBST followed by incubation with the corresponding secondary
antibodies. After, the membranes were developed using ECL substrate (Clarity Western, Bio-
Rad) according to manufacturer instruction and imaged using C-digit scanner (Licor). Finally.

Bands were quantified using Image Studio (Licor).

2.4 Plate-based Assays
2.4.1 Interleukin-6

IL-6 was measured using a human IL-6 immunoassay (HS600C, Quantikine HS
ELISA, R&D systems) following manufacturer’s instructions. IL-6 standards were prepared
from a dilution series ranging from 0 to 10pg/ml to create an 8-point standard curve. Standard

or sample (100uL) was added to the appropriate wells with assay diluent (100uL) and this
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was left to bind at room temperature with gentle orbital shaking (500 + 50rpm) for 2 hours.
The plate was then washed 6 times with wash buffer (400uL) before human IL-6 conjugate
(200uL) was added and incubated for 2 hours as previously described. Following a second
wash step, substrate solution (50uL) was added and allowed to bind for 60 minutes on the
benchtop, followed by the addition of the amplifier solution with a 30-minute incubation
without shaking. Finally, stop solution (50uL) was added and the absorbance was read at
490nm with 650nm wavelength corrections (Fluostar Omega, BMG Labtech). Linear

regression was used to calculate IL-6 (pg/ml) in samples.

2.4.2 ADAM10 enzyme activity

ADAMIO0 activity was measured via fluorometric FRET assay following
manufacturer’s instructions (AS-72226, Sensolyte 520, Anaspec). Cells were seeded (15,000
cells/well) onto 96 well plates coated with poly-L-ornithine (20pg/ml) and Laminin (10
pug/ml) and cultured as previously described for 40 days. Next, purified ADAM10 enzyme
(positive control), assay buffer (negative control) and was added to appropriate wells. In
addition, standards (50uL) were serially diluted and added to wells using the 5-FAM peptide
(0 - 5uM). Next, ADAM10 substrate solution (50uL) was added to each well and mixed
gently for 30 seconds. The Plate was then incubated at 37 °C for 45 minutes and read at
fluorescence intensity ex/em= 490nm/520nm (Fluostar Omega, BMG Labtech). Linear
regression was used to calculate sample ADAMI10 activity in relative fluorescence units
(RFU) compared to 5-FAM peptide. Data was then normalised to total protein of each sample

from BCA protein assay.

63



2.4.3 Quantification of Amyloid-f peptides 1-40 and 1-42 in cell media

To determine the amount of AP 1-40 and 1-42 solid-phase, enzyme-linked immune-
absorbent assays were carried out according to manufacturer’s instruction (ThermoFisher,
KHB3481, KHB3441). The Human A 1-40 and 1-42 solid-phase sandwich ELISA are
designed to measure the amount of the target bound between a matched antibody pair. These
assays have an analytical sensitivity of <10 pg/mL and are reported to detect a concentration
range of 15.6-1000 pg/mL of AP 1-40 and 1-42. Initially, standards were prepared by serially
diluting the corresponding synthetic 1-40 or 1-42 AP peptide (Opg/ml — 500pg/ml) and adding
to appropriate wells (50uL). Collected cell media, diluted 1:1 with assay medium, was added
(50uL) to the microplate with the pre-coated target-specific antibody. The kit corresponding
AP detection antibody conjugated to biotin was also added to the remaining wells (50uL) and
incubated for 3 hours at room temperature. Each well was then washed four times with wash
buffer (1x, 300uL). Anti-rabbit IgG HRP was added to each well (100uL) and incubated for
30 minutes in the dark at room temperature. Wells were washed as previously described and
stabilised chromogen (TMB) was added (100uL) following a further 30-minute incubation in
the dark at room temperature. Finally, stop solution was added to each well (100uL) and the
absorbance was read at 450nm (Fluostar Omega, BMG Labtech). Linear regression was used
to calculate sample AP (pg/ml) as signal intensity is directly proportional to the concentration

of the target protein.
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2.4.4 Quantification of Amyloid-p oligomers in cell media

To quantify the amount of AP oligomers in spent media, a solid-phase, enzyme-linked
immune-absorbent assays were carried out according to manufacturer’s instruction
(ThermoFisher, KHB3491). The Human Ap (aggregated) solid-phase sandwich ELISA are
designed to measure the amount of the target bound between a matched antibody pair. These
assays have an analytical sensitivity of <0.01 ng/mL and are reported to detect a concentration
range of 0.09 — 5.7 ng/mL of AP aggregates. A serial dilution of standards was prepared using
synthetic aggregated AP (Ong/ml — 5.7ng/ml) and this was added to appropriate wells
(100uL). Samples (collected cell media) were also added to appropriate wells (100uL) and
incubated for 2 hours at room temperature. Each well was then washed four times with wash
buffer (1x, 300uL). Hu aggregated Ap biotin conjugate (100uL) was added to each well and
incubated for 1 hour. A further wash step was carried out, then Streptavidin-HRP working
solution (100uL) was added and incubated for 30 minutes. Wells were washed as previously
described and stabilised chromogen was added (100uL) with a further 30-minute incubation
in the dark at room temperature. Finally, stop solution was added to each well (100uL) and
the absorbance was read at 450nm (Fluostar Omega, BMG Labtech). Linear regression was
used to calculate sample AP (ng/ml) as signal intensity is directly proportional to the

concentration of the target protein.

2.4.5 Total 8-isoprostanes

Total 8-isoprostanes were measured using an ELISA kit to assess lipid peroxidation in
cell lysates (516351, 8-isoprostane ELISA kit, Cayman Chemical). Immunoprecipitation was
performed on cell lysates prior to the assay to ensure maximum specificity of antibody

binding. Briefly, samples (100 pL) were added to the 8-isoprostane affinity sorbent (401113,
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Cayman Chemical) and incubated for 60 minutes with gentle mixing and then centrifuged at
1500xg for 30 seconds to sediment the sorbent. The supernatant was removed and discarded.
Eicosanoid Column Affinity buffer (100uL, 400220, Cayman Chemical) was added and
placed in the centrifuge at 1500xg for 30 seconds, the supernatant was then removed. This
step was repeated by adding ultrapure water (100uL) before centrifugation and discarding the
supernatant. Elution solution (100uL, 95% ethanol) was then added to the sediment and
evaporated to dryness under nitrogen. Samples were suspended in the ELISA buffer (100uL).
After immunoprecipitation of the samples, standards were prepared from the assay stock
solution to create an 8-point standard curve ranging from 0/8 to 500pg/ml, a blank well was
used as the Opg/ml standard. Standard or sample (50uL) was added to the appropriate well
with of 8-isoprostane tracer (50uL) and antiserum (50uL). This was incubated for 18hours at
49C. Ellman’s reagent was added to each well (200uL) and left to incubate for 2 hours with
gentle agitation. The plate was then read at 420nm (Fluostar Omega, BMG Labtech) and
samples were calculated against the logit regression of standards (pg/ml) For cell assays,

samples were normalised to total protein concentration of corresponding sample (pg/ml/mg) .

2.4.6 Protein carbonyls

Modification of protein by formation of carbonyl groups was assessed by the method
of (Carty et al., 2000). The preparation of carbonyl standards was carried out prior to the
assay. Briefly, dialysis tubing was prepared by boiling in sodium bicarbonate (2% v/w) and
EDTA (ImM, pHS8). Tubing was rinsed and boiled for a further 10 min EDTA (1mM, pHS)
before cooling and storing in EtOH at 4 °C. For oxidized BSA, BSA (10mg/ml) (50ml) was
oxidized with AAPH (500mM) for 1h at 37 °C and dialysed against Tris-buffered Saline

(pH7) for 24hours with frequent buffer changes. For reduced BSA, BSA (10mg/ml) was
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added to sodium borohydride (1g) in TBS (50ml) and allowed to reduce overnight at 4 °C.
The solution was then dialysed against TBS pH7, with frequent buffer changes. Protein
concentration was then adjusted following BSA assay measurement and adjusted to equal
concentrations (mg/ml). Oxidised and reduced standards were serially mixed to give a range
of concentrations. Standards (500ul) were then added to DNPH (10mM, 500ul) and left for 1h
with gentle agitation. Controls were made with HCI (2N, 500ul) added to DNPH (10mM,
500ul). Trichloroacetic acid (20%, 500ul) was then added to each standard and mixed before
centrifugation for 3 min at 13000g. The supernatant was discarded, and the pellet washed 3
times with ethanol:ethyl acetate (1:1). Following washing, pellets were resuspended in
guarnidine HCI (1ml) and after vortexing left for 30 mins at 37 °C. Solutions were vortexed
once more before centrifugation for Imin at 13000g. The supernatant was then removed, and
absorbance read at 360nm (Fluostar Omega, BMG Labtech). Molarity of the solution was
calculated ((abs-blanks)/22000) and normalized to protein content to give standard carbonyl
content (nmol/mg).

For determining carbonyl content samples (sodium carbonate S0mM, pH 9.2) were
plated into 96 well plates (50puL at 0.05mg/ml). Protein was allowed to bind for 1h at 37°C
before washing with TBS—Tween (300uL, 0.5%). DNPH was added in 2M HCI (1mM, 50uL)
and allowed to react for 1h at room temperature before washing as before. Non-specific
binding sites were blocked overnight at 4°C with TBS-tween (200uL, 1%). After washing,
rabbit anti-DNPH primary antibody (50uL, 1:1000) was applied and incubated for 1h at 37°C
and, following washing with TBS/Tween, anti-rabbit IgE conjugated to peroxidase (50uL,
1:5000) was also incubated at 37°C for 1h. The reaction was visualised by substrate solution
(50uL; o-phenylenediamine tablets with hydrogen peroxide (8ul) in citrate-phosphate buffer

(10ml) and stopped by addition of sulphuric acid (50uL, 2N). Absorbance was read at 490nm
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(Fluostar Omega, BMG Labtech) and samples were calculated using linear regression. For
cell assays, samples were normalised to total protein concentration of corresponding sample

(mg/ml).

2.4.7 Total antioxidant capacity

Total antioxidant capacity was measured using a previously described method (Benzie
and Strain, 1996). For blood plasma, samples were diluted 1:1 with ultrapure water
(Millipore). For cell lysates, no dilution was utlised. Standards were freshly prepared using
Ascorbic acid to create a 7-point standard curve ranging from OuM to 1000uM. Sample or
standard (10ul) was then added into wells a 96-well microtiter plate in duplicate. Next, the
‘FRAP’ reagent (300ul) was made by combining acetate buffer (30ml, 300mM), TPTZ
solution (3ml, 10.6mM) and ferric chloride solution (3ml, 20mM) and added to each well.
The plate was then incubated for 8 minutes at room temperature. Plate reading was completed
at 650nm (Fluostar Omega, BMG Labtech) and values were calculated using linear
regression. Values were expressed as uM of antioxidant power relative to ascorbic acid. For
cell lysates assays, samples were normalised to total protein concentration of corresponding

sample (UM /mg).

2.4.8 Succinate dehydrogenase activity (MTT) assay

HNSC’s were seeded (20,000/well) onto 96 well plates coated with poly-L-ornithine
(20pg/ml) and Laminin (10 pg/ml) and cultured as previously described for 20 days. Enough
wells were cultured to enable triplicate repeats for each control and experimental condition.
Treatments were serially diluted and delivered using NMM as the vehicle which was

exchanged prior to the assay. Control wells were prepared cells the vehicle alone. After
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incubation with the treatment media was removed and cells were wash two times with D-
PBS. For the assay, 3-(4,5-Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium Bromide (MTT)
stock solution was diluted in NMM (1:5), added to each well (100ul) and incubated for three
hours (37°C). The MTT solution was then aspirated and DMSO (50ul) was added to each
well. Cells were placed on a plate shaker (500rpm) for 30 seconds followed by incubation for
10 minutes (37°C). Finally, absorbance was read at 590nm (Fluostar Omega, BMG Labtech).

Percentage viability was calculated from control cells using a Log dose-response curve.

2.5 Statistical Analysis

All statistical analysis was carried out using GraphPad, Prism v8 to produce data

figures. Statistics for each chapter are reported specific methods.
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CHAPTER 3 - THE EFFECT OF AGE AND OBESITY ON PLATELET AMYLOID
PRECURSOR PROTEIN PROCESSING AND PLASMA MARKERS OF OXIDATIVE

STRESS AND INFLAMMATION

“Parts of this section are taken verbatim from the following publication in which I am
principal author”

Elsworthy, R. J., & Aldred, S. (2020). The effect of age and obesity on platelet
amyloid precursor protein processing and plasma markers of oxidative stress and

inflammation. Experimental Gerontology, 110838.

3.1 Background

This chapter focuses on the identification of an altered physiological state in
cognitively healthy individuals who are ‘at risk’ of developing LOAD. The use of platelet
ABPPr and ADAMI0 as markers of LOAD has shown promise for identifying people with
AD compared to cognitively healthy people (Bianco et al., 2016b, Manzine et al., 2013,
Manzine et al., 2014). However, it is not known whether ABPP processing is affected by risk
factors for LOAD in cognitively healthy people. Both ageing and obesity are known risk
factors for the development of LOAD and are independently associated with elevated
circulating biomarkers of oxidative stress and inflammatory cytokines (Fulop et al., 2017,

Hauck et al., 2019).

3.1.1 Inflammation and oxidative stress in ageing

Inflammation is a key protective process that is stimulated either by endogenous
signalling or invading pathogens to minimise injury, remove necrotic cells and repair damage
to tissue (Netea et al., 2017). However, with increasing age there is a shift towards a chronic

low-grade inflammatory state. The persistent elevation of inflammatory cytokines has been
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termed ‘inflammageing’ and is linked with a high susceptibility to chronic morbidity,
disability, frailty, and premature death (Ferrucci and Fabbri, 2018). In addition, the
accumulation of genotoxic and oxidative stress can drive cellular senescence which is
associated with organelle dysfunction, protein misfolding, dysregulated
autophagy/mitophagy and DNA damage (Filomeni et al., 2015). This cellular dysfunction
can then generate excess reactive oxygen species (ROS) further elevating oxidative
damage, contributing to the chronic inflammatory state seen in ageing (Fulop et al., 2017).
Reactive oxygen species are signalling molecules that are fundamental to normal
physiology (Sies et al., 2017). To prevent uncontrolled oxidation cascades, antioxidant
enzymes and exogenous sources of antioxidant molecules are able to quench ROS to
maintain reduction/oxidation (Redox) homeostasis. However, excessive ROS production or
reduced antioxidant capacity, as a result of altered metabolic regulation, can have
pathophysiological consequences. Chronic inflammation and elevated oxidative stress are
intrinsically linked (Blaser et al., 2016). ROS are a central feature of inflammasome
signalling and have a role in the regulation of inflammatory pathways including the nuclear
factor k-light-chain-enhancer of activated B cells (NF-xB) (Morgan and Liu, 2011). In
addition, ROS generation can lead to secondary oxidative modification of carbohydrates,
proteins, lipids and DNA which can have deleterious consequences for cellular function
(Radi, 2018). The accumulation of these oxidative modifications have been implicated in
the ageing process in the free radical theory of ageing (Harman, 1992) and can be detected
as markers of oxidative stress in several diseases such as cardiovascular, metabolic and

neurodegenerative disease (Liguori et al., 2018, Forrester et al., 2018, Bisht et al., 2018).
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3.1.2 Inflammation and oxidative stress in obesity

Obesity is a global health challenge with over a third of the population overweight or
obese. In addition, obesity is becoming more prevalent in younger people (Ng et al., 2014).
People who are obese have an elevated risk of metabolic diseases, cardiovascular disease,
cancer and neurodegenerative disease in which inflammation and oxidative stress mechanisms
have been implicated (Saltiel and Olefsky, 2017). Chronic obesity is associated with a
sustained low-grade inflammation which is associated with the development of insulin
resistance, hyperglycaemia and dyslipidaemia (Stolarczyk, 2017). The alteration in cytokine
signalling can also lead to elevated oxidation of biomolecules which have been found to
accumulate in tissue specific sites and globally (Hauck et al., 2019). An excessive supply of
energy substrates to metabolic pathways in adipose and non-adipose tissue can lead to
elevated ROS production coupled with mitochondrial dysfunction. This can lead to disrupted
ROS-mediated signalling pathways such as C-jun N-terminal kinases (JNK) and NF-xB
which may play a key role in insulin resistance (Bonomini et al., 2015). Typically, people
who are obese consume a diet much lower in vitamins and antioxidants as well as engage in a
more sedentary lifestyle which can further promote a pro- oxidative stress state (Hosseini et
al., 2017).

Adipose tissue has an important endocrine function controlling the release of several
hormones including leptin and adiponectin as well as the secretion of cytokines. Adipose
dysfunction caused by excessive adipocyte hypertrophy, impaired lipid metabolism and
inadequate vascularisation can further promote a proinflammatory state. In addition,
overwhelming adipocytes with lipids can lead to elevated ROS production which prevents
‘healthy expansion’ and increases ectopic lipid accumulation (Okuno et al., 2018). The

combination of elevated adipokines, increased ROS production and reduced antioxidant
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enzyme activity seen in obesity can significantly increase the risk of vascular and cognitive

comorbidities (Fernandez-Sanchez et al., 2011).

3.1.3 Alzheimer’s disease in ageing and obesity

Although AD is typically associated with hallmark neuropathology, metabolic
dysfunction of peripheral tissue has been identified as contributor to increased risk of the
disease. Mid-life obesity, independent of insulin resistance and vascular disease, can
significantly increase the risk of AD (Serrano-Pozo and Growdon, 2019). However, the
presence of these metabolic comorbidities can further increase the risk of developing AD
(Caleyachetty et al., 2017), possibly mediated by low-grade inflammation and increased
oxidative stress (Letra et al., 2014, Verdile and Keane, 2015). Elevated inflammatory
cytokine signalling cascades are a prevalent feature of AD in both peripheral tissue and brain
(Ferreira et al., 2014). Clustering of activated microglia and astrocytes around areas of the
brain with amyloid-3 (AP) plaques enables increased cytokine signalling and innate
immunological action, resulting in neuroinflammation (Heneka et al., 2015). Systemic
inflammation is thought to interfere and interact with immunological processes in the brain
and promote disease progression, therefore, peripheral markers of inflammation have received
much attention in the assessment of AD risk.

Increased oxidative stress may also be an early event in the propagation of AD
(Caldwell et al., 2015, Nunomura et al., 2001, Zhu et al., 2004). The brain is susceptible to
oxidative stress due to its high energy demand, high polyunsaturated fat content and limited
antioxidant capacity (Skoumalova and Hort, 2012). Several studies have shown that AD is
associated with greater protein carbonyl formation, both in the brain (Butterfield et al., 2006a)

and in the periphery on specific proteins linked to cardiovascular dysfunction (Aldred et al.,
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2010). This elevation is even seen in mild cognitive impairment (MCI), which is often seen as
a precursor to AD (Bermejo et al., 2008, Conrad et al., 2000, Greilberger et al., 2010, Perrotte
et al., 2019). The formation of protein carbonyls can be initiated by end products of lipid
peroxidation. Due to the brain’s high poly-unsaturated fat content, small lipophilic molecules
with the capability to cross the blood brain barrier can be produced. These lipophilic
molecules are then able to oxidise downstream peripheral targets (Skoumalova and Hort,
2012). F2 isoprostanes are one of the most reliable markers of lipid peroxidation. These
prostaglandin-like molecules arise from the non-enzymatic esterification and hydrolysis of the
poly-unsaturated fatty acid, Arachidonic acid. F2-isoprostanes have been found to be
significantly increased in AD (Sinem et al., 2010).

Although the onset of AD symptoms is typically seen over the age of 65, there is a
growing consensus that the underlying biochemical pathology may be present as much as 30
years prior to this. Therefore, it is imperative to develop a greater understanding of how
lifestyle factors in younger populations can impact AD. Investigating accessible biomarkers
that enable early detection of disease, such as AD is therefore a priority for current and future
research.

Due to the prodromal nature of AD development, it is becoming increasing possible to
identify biomarkers prior to clinical symptoms of dementia (Dong et al., 2017, Albani et al.,
2019). Therefore, it may be possible to detect changes in platelet ABPPr and ADAM10
expression, however, this has not been examined. Interestingly, cognitively healthy older
adults have been shown to have increased ADAMI10 expression and activity compared to
younger individuals (Schuck et al., 2016) however, this is the only evidence of this effect so

far. Therefore, the aim of this chapter was to establish whether platelet ABPPr and ADAM10
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in addition to plasma markers of inflammation and oxidative stress were altered with

advanced age and obesity or a combination of both.

3.2 Methods
3.2.1 Participants

Ninety participants were recruited with a BMI (weight(kg)/height(m)?) between 17
and 25 (low BMI) or greater than 27 (high BMI) and aged between 21 and 35 years (young)
or between 63 and 80 years (old) via online recruitment websites, poster advertisement and
participant databases. Individuals who reported a history of gastric banding, eating disorders,
neurological or inflammatory disorders (e.g., rheumatoid arthritis, inflammatory bowel
disease, multiple sclerosis, periodontitis) or use of anti-depressant, antihistamine, or anti-
inflammatory (e.g., antibiotics) medication during the past 7 days were excluded. Participants
were invited to make one visit to the lab for anthropometric measures and blood collection.
Participants were asked to consume their ‘normal’ breakfast and refrain from eating or
drinking (except water) for a minimum of one hour prior to the visit. Participants were asked
to maintain a similar routine before sessions.

Participants were also asked not to engage in strenuous physical exercise or consume
alcohol within 12 hours before the test session and reschedule their appointment if they had
suspected infection symptoms on the day of testing. On arrival, written informed consent was
obtained and it was verified via self-report whether all had complied with instructions. Ethical
approval was obtained from the Institutional Science, Technology, Engineering and

Mathematics ethics panel.
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3.2.2 Blood collection

Blood (6 ml) was collected in Sodium Citrate tubes (Vacutainer, BD). The interval
between the collection and the processing was a maximum of 30 minutes. The platelet-rich
plasma (PRP) was obtained by centrifugation at 100xg for 20 min. Prostaglandin-1 (5uM
PGE-1, Sigma-Aldrich) and 1x protease inhibitors were added (Halt protease inhibitor,
Thermo Fisher scientific). Platelets were also collected by additional centrifugation of PRP at
7600xg for 10 min at room temperature, then washed twice in phosphate buffered saline
solution (PBS). Finally, the platelet pellet was suspended in cold lysis buffer (200 mM NacCl,

10 mM EDTA, 10 mM NapHPOy, 0.5% NP40, 0.1% SDS, and 1x protease inhibitors) and

incubated for 30 minutes at room temperature. Aliquots of PRP and platelet lysates were then

frozen at -80 °C until further use.

3.2.3 SDS-PAGE and Western blotting

The protocols used for SDS-PAGE can be found in the section 2.2.3 Western blotting.
Briefly, the volume of platelet lysate containing 10ug of protein, quantified via BCA assay
(Smith et al., 1985), was boiled for Smins at 95°C and loaded into 10% SDS- PAGE gel. To
confirm ADAMI10 detection, a purified ADAM10 peptide (Abcam 7868) was used to
compare samples. Molecular weight markers (5ul) were loaded at each end of the gels. After
the gel running, the proteins were transferred to nitrocellulose membranes for 1 hour.
Membranes were blocked with 5% milk in TBST 0.1% for 1 hour and washed in 0.1% TBST.
Membranes were then incubated in the primary antibody for ADAM 10 (AB1997), ABPP
(Merck MAB348, 22C11) or Actin (Sigma AC40 A3853) followed by incubation with
corresponding secondary antibodies (Sigma Anti-mouse IgG FC-specific A0168 or Cell

Signalling Anti-rabbit [gG, HRP-linked Antibody 7074). After, the membranes were
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developed using ECL substrate, imaged and quantified as previously described. To control for
between blot variation in densitometry, samples were normalised to repeated runs of the same

participant sample.

3.2.4 Plate-based Assays
PRP samples were analysed for IL-6, Protein Carbonylation, 8-Isoprostanes and total

antioxidant capacity as previously described in section 2.4.4 Plate-based assays.

3.2.5 Statistical Analysis

All quantitative data in the text and figures are presented as Mean + S.D. unless
otherwise stated. To test sample distribution normality the Shapiro-Wilk test was employed.
Statistical analysis of between group and between sub-group effects was calculated using
Kruskal-Wallis H tests with multiple comparisons of mean rank. This was performed for the
total sample (Young/Lean, Young/Obese, Old/Lean and Old/Obese) and for each co-
morbidity and medication individually. Spearman’s correlation tests were subsequently
performed to assess the relationship between plasma markers and platelet protein expression
markers. Sensitivity and specificity of plasma markers to predict group characteristics were
calculated using receiver operating characteristic (ROC) curves. All data was processed, and
figures built using GraphPad Prism Version 8.4.3. The statistical significance level was set at

5%.
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3.3 Results
3.3.1 Participant characteristics

Participants were placed into one of four groups based on their age and body mass
index (BMI). Inclusion criteria for age was under 40 years for the young groups and over 65
years for the older groups. BMI requirements for the Lean group was below 24.9 kg.m? and
over 29.9 kg.m? for the participants with obesity. Participants were free from a history of
gastric banding, eating disorders, neurological or inflammatory disorders (e.g., rheumatoid
arthritis, inflammatory bowel disease, multiple sclerosis, periodontitis) or use of anti-
depressant, antihistamine, or anti-inflammatory (e.g., antibiotics) medication during the past 7

days.
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Table 3 - Characteristics and comparison of the participant sample

Item Young lean  Young with obesity Old lean Old with obesity
PARTICIPANTS (N=90) 21 21 24 24
AGE (YEARS) 24.67 £3.38 27.90 +£4.27 71.67 + 4.30%* 69.67 +3.53*
SEX (M/F) 9/12 8/13 9/15 10/14
ETHNICITY %

- Asian 38.1 47.6 0 0

- Black 4.8 4.8 4.2 4.2

- Hispanic 4.8 0 0 0

- White 52.3 47.6 95.8 95.8
EDUCATION LEVEL %

- Higher 100 72 75 72

- Middle 0 17 25 28

- Lower 0 11 0 0
SELF REPORTED 8.4+0.9 76+14 8.7+0.9 8.0+1.2
HEALTH (SCALE 1-10)
BMI (kg/m?) 21.97 £2.69 34.02 +3.67" 23.51+£2.13 3296 +3.66"
EMOTIONAL HEALTH

- Depression 4.7+6.1 74+7.5 1.1 £2.0 2.8+3.7

- Anxiety 47+50 6.0+5.8 06+13 1.5+2.0

- Stress 10.3+7.5 104+£7.0 48+45 5+4.8

- Loneliness 37.2+7.9 37.4+7.5 353+6.0 36.5+6.5
COMORBIDITIES

- CVD 0 0 7 13

- Diabetes 0 0 3 5

- Hypertension 0 0 6 8
MEDICATION

- Statins 0 0 6 8

- Antihyperglycemic 0 0 2 5

agents

(Data shown as mean = SD)
*Significantly greater than Young Lean and Young with obesity (p<0.050)
#Significantly greater than Young Lean and Old Lean (p<0.050)

3.3.2 Inflammation
Plasma IL-6 (Figure 4, A) was significantly elevated in young with obesity (2.87 +

1.69 pg/ml, p=0.007) and old with obesity (2.50 + 1.10 pg/ml, p=.000) compared to young
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lean participants (1.22 + 0.58 pg/ml). No significant effect of age was detected (p>.05).
Simple regression analysis revealed that BMI was the most influential predictor of plasma IL-
6 ((F(1,88)=20.625, p=.000) R>=.190). Plasma IL-6 (pg/ml) was found to increase for every
.098 kg.m? increase in BMI. In addtion, ROC analysis of plasma IL-6 showed an ability to
distinguish between participants with obesity and participants without obesity (AUC of 0.80,

SE = 0.05, P <0.001)( Figure 5, C).

3.3.3 Oxidative stress

Plasma 8- Isoprostanes (Figure 5, B) were significantly elevated in old participants
with obesity (52.78 +25.09 pg/ml) compared to young lean (25.71 + 14.51 pg/ml, p <.001),
young with obesity (27.97 £ 15.10 pg/ml, p=.000) and old lean (32.87 = 14.21 pg/ml, p =
.001) participants. Both age ((F(1,88) = 12.371, p = .001) R?=.123) and BMI ((F(1,88) =
7.413, p = .008) R?=.078) were significant predictors of plasma 8-isoprostane concentration.
Ageing was associated with an increase in 8-isoprostanes by 1 pg/ml for every .322 increase
in years. Obesity was associated with an increase in 8-isoprostanes by 1 pg/ml for every .934
increase in BMI (kg/m?). Plasma 8-isoprostanes were able to distinguish between both young/
old (AUC of 0.73, SE =0.05, P <0.01) (Figure 5, C), and participants with obesity and
without obesity (AUC of 0.66, SE = 0.01, P <.01) (Figure 5 D). Sub-group analysis revealed
that plasma 8-isoprostanes were significantly elevated in participants with obesity with a
diagnosis of diabetes compared to participants with obesity without diabetes (66.82 +29.99
pg/ml, 38.02 + 17.58 pg/ml, p <.01).

Plasma protein carbonyls were significantly elevated in old participants with obesity
(1.44 £ 0.31 nmol/mg) compared to young participants with obesity (1.05 = 0.13 nmol/mg, p

=.000). Further analysis showed that plasma protein carbonyls could distinguish young and
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old participants (AUC of 0.69, SE = 0.07 P <.02) (Figure 5, D.). No significant effects were

found for plasma antioxidant status (p > .05).
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Figure 5 - Effect of age (years) and BMI (kg/m?) on plasma markers of inflammation and
oxidative stress. A, Plasma IL-6 (pg/ml) compared between groups. B, Concentrated plasma
8-isoprostane (pg/ml) compared between groups. C. ROC analysis for predictive capacity of

plasma IL-6 (solid line) and isoprostanes (dashed line) to distinguish between obese and non-
obese participants. D, ROC analysis for predictive capacity of plasma protein carbonyls
(solid line) and isoprostanes (dashed line) to distinguish between young and old participants.

* indicates a significant difference between corresponding groups.
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3.3.4 Platelet APPP processing markers

A Kruskal-Wallis H test showed that there was a statistically significant difference in
Mean Rank platelet mADAMI0 protein levels (AU) between groups, ¥2(3) = 16.734, p =
0.001 (Figure 6, A) Old Lean participants had significantly lower platelet mADAM10 protein
levels than both Young Lean (p =0.017) and Young participants with obesity (p = 0.007). Old
participants with obesity also typically showed lower platelet mADAMI10 protein levels
compared to Young Lean (p = 0.083) and Young with obesity (p =0.033). Mean Rank
platelet proADAMI10 protein levels (AU) was also significantly different between groups,
x2(3) = 13.986, p = 0.003 (Figure 6, B). Old participants with obesity had significantly lower
platelet proADAMI0 protein levels compared to both Young Lean (p =0.011) and Young
with obesity (p =0.030). Both platelet mMADAM10 and proADAM10 were significantly
decreased with advancing age (p<0.05). Platelet mADAMI10 was found to significantly
decrease with elevated protein carbonyls. There was no statistically significant difference in

platelet ABPPr between groups (p>0.05).
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Figure 6 - Effect of age (years) and BMI (kg.m?) on platelet protein levels of ABPP isoforms

and ADAM10 measured via western blotting in a sub sample of participants (Y oung/Lean

n=8, Young with obesity n=6, Old/Lean n=8, Old with obesity n=7). A, Platelet protein levels

of mMADAMI10 (AU) normalised to Actin compared between groups. B, Platelet protein levels

of proADAMI10 (AU) normalised to Actin compared between groups. C. Platelet protein

levels of ABPP (AU) analysed at the ratio between upper and lower band compared between
groups. D, Images of western blotting for ABPP (Upper box), ADAM10 (middle) and Actin

as a control protein (Lower box). *significantly lower than Young/Lean # significantly lower than
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3.4 Conclusion

Alterations in platelet ADAMI10 expression and ABPPr have been detected in people
with AD and MCI. However, it is not known whether these changes are present in people who
may be ‘at risk’ of developing AD despite being cognitively healthy. In this study, IL-6 was
significantly associated with increasing BMI whereas lipid peroxidation was more closely
related to ageing, with the highest detection in older participants with obesity (Figure 5).
mADAMI0 was significantly decreased with ageing, with proADAMI10 being significantly
lower in older participant’s with obesity. There were no detected changes in ABPPr between
groups (Figure 6).

The results from this study suggest that age and obesity are differentially associated
with inflammation and oxidative stress measures. Obesity was associated with elevated
inflammation irrespective of age. This finding supports other similar studies suggesting that
low-grade inflammation is prevalent in people who are obese and may be linked to the
presence of insulin resistance, hyperglycaemia and dyslipidaemia (Stolarczyk, 2017). The
alteration in cytokine signalling seen in obesity can also lead to elevated oxidation of
biomolecules, which have been found to accumulate in tissue specific sites and globally
(Hauck et al., 2019). This is reflected in the current data presented showing that participants
with obesity had the greatest accumulation of 8-isoprostanes (figure 5).

Older age, not obesity, was more strongly associated with elevated markers of
oxidative stress (Figure 5). Although the production of ROS is essential for normal
physiological function, the gradual accumulation of damage as a result of redox imbalance is
present in ageing. These oxidative markers are typically further elevated in a number of
disease pathologies including neurodegenerative diseases (Liguori et al., 2018, Forrester et

al., 2018, Bisht et al., 2018). Interestingly, lipid oxidation was associated with obesity
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however, this was not significantly altered in younger participants with obesity (Figure 5).
It is possible that younger individuals are able to better tolerate increased ROS production and
it is in mid to late-life that obesity significantly impacts oxidative stress (Letra et al., 2014).

This present study is the first to measure changes in ADAM10 protein levels in
individuals with obesity. Ageing was linked to lower protein levels of proADAM10, whereas
obesity in later life was associated with lower mADAMI0 (Figure 6). Alzheimer’s disease is
argued to exist as a prodromal syndrome long before the onset of clinical symptoms (Dubois
et al., 2016). Therefore, a major challenge for researchers is to develop biomarkers capable of
detecting AD in ‘at-risk’ populations to enable effective intervention. People with obesity are
one example of an at-risk population (Serrano-Pozo and Growdon, 2019, Caleyachetty et al.,
2017). Platelet ADAMI10 is an enzyme that acts to preclude AP liberation from ABPP and is
currently under investigation as a potential biomarker. The protein levels of pro- and
mADAMI10 were lower in older individuals compared to younger individuals. This
contradicts research by (Schuck et al., 2016) who found elevated ADAM10 protein
expression and activity in cognitively healthy older adults. A potential explanation for this
difference could be that both studies are subject to recruitment bias. The trajectory of
ADAMI10 expression across the lifespan may be dependent on the individual and therefore,
those who age cognitively healthy may have elevated ADAMI10 activity from mid-life or
younger ages. Further, the effects of diet, exercise and sleep, which are considered
neuroprotective against AD, have not been investigated for their impact on ADAM10 protein
expression and activity.

In this study there was a significantly lower amount of proADAM10 that was only
found in old participants with obesity (Figure 6). This may provide insight into a link between

late life-obesity and increased AD risk and warrants further investigation. Although there was
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a significant reduction in mADAMI10, proADAM10 was not significantly lowered in healthy
older participants compared to younger participants (Figure 6). Therefore, ageing may alter
the trafficking or pro-domain cleavage of the proADAM 10 peptide which are both crucial
post-translational steps for generation mature ADAM10. The significant reduction of
ProADAM10 was only seen in older participants who were also obese (Figure 6). This may
suggest a combinatory effect of ageing and obesity on Pro-ADAM 10 protein levels and may
reflect changes at a protein transcription level. Whilst changes in ADAM10 expression were
identified, there was no change in ABPPr. A reduction in ABPPr has been found in people
with MCI and AD as it is indicative of altered maturation of ABPP, which is a crucial event in
trafficking to the cell membrane (Colciaghi et al., 2002, Colciaghi et al., 2004). A reduction in
maturation may render ABPP to endocytotic vesicles and undergo lysosomal degradation
where interaction with BACE-1 is more likely and thus, the generation of A (Cole and
Vassar, 2007). Therefore, it is likely that changes in ABPPr is a much later event in the
development of AD and perhaps is more closely related to cognitive impairment. Therefore,
changes wouldn’t appear in this participant group.

Future research into the effect of obesity as a co-factor in the development of AD
should examine changes in biomarkers over a longitudinal period. No changes in ADAM10
protein levels were found in young obese participants, it is possible this age range precludes
the typical onset of AD pathological changes in ABPP processing and therefore, assessing
individuals who are obese as they progress into mid-life may hold valuable information. This
research also highlights the potential for ADAMI10 to be used as a marker in other high-risk
AD populations, such as those with metabolic syndrome.

In conclusion, this study provides evidence that blood-based biomarkers related to the

pathology of AD were associated with ageing and obesity in cognitively healthy individuals.
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Older age was more strongly associated with elevated markers of oxidative stress whereas
obesity was associated with elevated IL-6. Although there was no difference in ABPP,

ADAMI0 protein levels was significantly reduced in older participants with obesity. This
indicates that there may be a reduction in non-amyloidogenic ABPP processing, which has

been found to occur in people with AD.
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CHAPTER 4 - CHARACTERISATION OF ABPP PROCESSING AND REDOX
BALANCE IN SPONTANEOUSLY DIFFERENTIATED HUMAN iPSC-DERIVED
NEURON AND ASTROCYTE CO-CULTURES CARRYING PSEN1 GENE
MUTATIONS

“Parts of this section are taken verbatim from a publication that is under review in
which I am principal author”™

4.1 Background

Advances in stem cell biology have enabled the unique ability to manipulate the
human central nervous system (CNS), allowing the exploration of regenerative medicine and
disease modelling with greater relevance to human tissue than previously possible (Shi et al.,
2012). By reprogramming human somatic cells back to a state of induced pluripotency
(Takahashi and Yamanaka, 20006) it is possible to direct differentiation towards neural
precursor cells and ultimately into functional neuron and astrocytic co-cultures that are more
representative of human brain tissue than currently used models (Hill et al., 2016, Gunhanlar
et al., 2018). The potential to probe human derived CNS networks is of great interest for
developing our understanding of, and exploring the effect of interventions on, the pathological
processes underlying Alzheimer’s disease (AD). The presentation of key biochemical
features, including altered Amyloid-f3 Precursor Protein (ABPP) processing,
hyperphosphorylated tau-protein and increased oxidative stress in induced pluripotent stem
cell (iPSC) neural networks derived from people with AD suggests this model may be a
useful tool in studying the progression of AD (Kondo et al., 2013, Hossini et al., 2015).
Crucially, it has been shown that tissue that has been reprogrammed from people with AD
into cortical neurons, exhibited phenotypes that are observed ‘in vivo’ (Israel et al., 2012).

The PSENI gene encodes for the protein Presenilin-1 (PS1). Mutations in this gene are

the most common cause of familial AD and are known to interfere with activity of the
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membrane imbedded y-secretase complex (Kelleher and Shen, 2017). y-secretase is comprised
of four subunits (Lu et al., 2014) and has an important role in cellular functions, as it cleaves
substrates such as Notch and the ABPP. As PS1 forms the catalytic subunit of y-secretase,
mutations in the PSEN1 gene can result in dysregulated substrate cleavage. Alterations in
APBPP processing have been of particular interest in research attempting to understand the
cause of AD (Selkoe and Hardy, 2016). As previously covered in section 1.6 ABPP is a
single-pass transmembrane protein that is present in the cell in multiple isoforms: ABPP695,
ABPP751 and ABPP770. Each isoform is differentially expressed depending on the tissue. In
the brain, ABPP695 is predominately expressed and is crucial to neuronal growth and
maturation, especially during development (Coronel et al., 2019). Each of the ABPP isoforms
are proteolytically cleaved in two distinct pathways which are highly dependent on cellular
trafficking of ABPP (Figure 1 See Thesis Introduction). Post-translational modifications, such
as glycosylation, are known to mediate trafficking through the secretory and endo-lysosomal
pathways. N-glycosylated ABPP (Immature ABPP) is held in the endoplasmic reticulum,
whereas, the modification of O-glycosylation sites promotes ABPP (mature ABPP) movement
to the cell membrane (Wang et al., 2017b, Hoffmann et al., 2000). Mature O-glycosylated
APBPP is also more likely to be held in the cell membrane (Chun et al., 2015b). This can
significantly increase protein interactions which are favourable for non-amyloidogenic APP
cleavage.

In fact, a reduction in the ratio between mature and immature ABPP forms has been
studied as a biomarker of AD in peripheral tissues (Akingbade et al., 2018, Elsworthy and
Aldred, 2019). Cleavage of ABPP at the cell membrane can be initiated by an a—secretase of
which ADAMI10 has been identified as the major physiologically relevant enzyme (Kuhn et

al., 2010). This pathway liberates the neuroprotective secreted ABPP-o (sABPP-a) N-terminal
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fragment and an 83-amino acid C-Terminal Fragment (CTF). The cleavage of this CTF by v-
secretase results in the formation of p3 (Chow et al., 2010, O'Brien and Wong, 2011).
Alternatively, immature ABPP or reinternalized ABPP can be cleaved through the
amyloidogenic pathway in which ABPP is first cleaved by a -secretase enzyme, BACE-1, in
the trans Golgi network and endosomal pathways (Chun et al., 2015a). This releases the
soluble N-terminal fragment, sABPP-f3 leaving the Amyloid-f (AP) -containing C-terminal
fragment C99 anchored to the membrane. Subsequent cleavage by y-secretase, liberates Af-
peptides and the ABPP intracellular domain.

The generation of AP is physiologically normal, however, in fAD a shift towards
amyloidogenic ABPP processing can result in an accumulation of longer forms of A peptides
(Chen et al., 2017). Longer AP peptides have been demonstrated to be more hydrophobic than
shorter forms and display an elevated propensity to from soluble oligomeric species, which
can significantly disrupt cell membranes and thus are highly cytotoxic (Zoltowska et al.,
2016, Selkoe and Hardy, 2016). The accumulation of AP is also thought to be critical in the
development of late onset AD, however, this may be as a result of reduced AP degradation
and clearance from the brain as opposed to elevated AP generation (Nalivaeva and Turner,
2019). The ratio of AP peptides of 42 and 40 amino acids is important and has been shown to
distinguish between both fAD and late onset AD compared to cognitively healthy individuals.

As mutations to the PSEN1 gene have been shown to alter the carboxypeptidase-like
site of y-secretase it was initially thought that a “gain of toxic function’, leading to elevated
AP42 production, was critical in the development of AD (Arber et al., 2019). This may also
be due to a ‘loss of function’ of the y-secretase complex resulting in a lowering of total A3
production, with an increase in the AB42:40 ratio and thus, AP oligomer formation and altered

downstream cell signaling (Xia et al., 2015, Potter et al., 2013, De Strooper, 2007). The
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propensity for generating longer forms of AP has been demonstrated in both PSEN1
mutations, L286V and R278I which are known to cause fAD (Sun et al., 2017b, Arber et al.,
2019). Individuals carrying these mutations have displayed symptom onset before the age of
50, often accompanied with extra pyramidal symptoms (Frommelt et al., 1991, Ryan et al.,
2016) and for individuals carrying the R278I mutation, speech impairment is particularly
present (Godbolt et al., 2004). It is important however, to consider that the effects on Ap42:40
production are not ubiquitously found across all known PSEN1 mutations (Sun et al., 2017b).
Further, there is some evidence that PSEN1 mutations may impact non-amyloidogenic ABPP
processing resulting in the down regulation of sABPP-a secretion (Ancolio et al., 1997).
Although the mechanisms driving this association are unknown. What is clear is that some
destabilisation the y-secretase complex is apparent and can lead to altered substrate interaction
and eventually, an AD pathology (Kelleher and Shen, 2017, Oikawa and Walter, 2019, Arber
etal., 2019).

There has been considerable interest in the derivation of iPSCs carrying PSEN1
mutations to model AD (Poon et al., 2016, Li et al., 2016b, Li et al., 2016a, Tubsuwan et al.,
2016, Pires et al., 2016) and whether these cell models reflect ‘in vivo’ phenotype. Neural
induction and maturation of these cells into cortical cultures carrying PSEN1 mutations do
exhibit pathological features associated with AD during development (Armijo et al., 2017,
Ochalek et al., 2017). Neural progenitor cells (NPC) with a PSEN1 mutation have been
reported to differentiate prematurely, have decreased proliferation and increased apoptosis
(Yang et al., 2017a). Prior to differentiation NPCs carrying a PSEN1 mutation have elevated
AP42:40 ratio, suggesting this is an early event in familial AD development (Sproul et al.,
2014). Further, iPSC derived neurons expressing PSEN1 mutations have been found to

exhibit dysfunctional endocytosis linked to an accumulation of B-C-terminal fragments.
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Endosomal function was rescued using BACE-1 inhibitors (Kwart et al., 2019). Astrocytes
may also play a role in the pathogenesis of AD, not only by a reduced capacity to support
surrounding neurons, but also by directly secreting cytotoxic peptides. Astrocytes derived
from iPSCs carrying a PSEN1 mutation have shown increased A production and
dysregulated calcium homeostasis. In addition, astrocytes may have an altered cytokine
profile and increased oxidative stress markers, which are considered major features
underlying the progression of AD (Oksanen et al., 2017). Elevated oxidative stress has been
implicated in the progression of AD with the brain being particularly susceptible (Oikawa and
Walter, 2019). This is due to high energy consumption, a high polyunsaturated fatty acid
content and relatively low antioxidant buffering capacity. Elevated oxidative stress and
altered mitochondrial function are evident prior to the appearance of AP and tau pathology in
iPSC derived neurons from people with AD (Birnbaum et al., 2018). This suggests that
oxidative stress may be an early pathological feature of AD. Further to this, evidence of
PSENT mutations altering mitochondrial function may lead to elevated superoxide generation
and may compromise cellular redox status (Sarasija and Norman, 2018).

The aim of this chapter was to examine changes proteins associated with ABPP
metabolism by measuring the ratio of mature and immature ABPP, the expression of mature
ADAMI10 (mADAM10) and AP production in iPSC-derived neuron and astrocyte cultures
carrying PSEN1 (L286V, R278I) mutations. In addition, markers of protein and lipid
oxidation in combination with antioxidant capacity was assessed to give insight to the redox

status of the cells.
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4.2 Methods
4.2.1 Culturing and neuralisation of iPSC’s to HNSCs

fAD (R2781) iPSC lines were obtained from Dr Selina Wray. This tissue was provided
under the ethical approval of NHS Research Authority NRES Committee London-Central
(REC# 08/H0718/54+5). Human iPSC’s carrying the PSENI mutation, R278I, were cultured
for expansion of cell numbers and monitored for colony size and changes in morphology
before undergoing neural induction (firom 2.1.1 Preparation and coating of Geltrex™).

For neural induction, cells were added to Geltrex™ coated wells and incubated (37°C)
with E8 media exchange daily until cells reached 100% confluency as a continuous
monolayer. At this point, cell media was removed and neural induction (NIM) media was
added. A full media exchange with NIM was carried out for a further 9 days. At day 11 cells
were passaged using Accutase™ (1ml). Cells were resuspended in neural maintenance media
(NMM) with 10uM ROCK inhibitor (10uM). Cells were incubated for 48hr before a full
media exchange with NMM, this was performed every other day for 5 days. To ensure proper
neural induction, cultures were checked for rosettes forming around 12-14 days. At day 17
onwards, cells were passaged 2:1 using Accutase™ and maintained with NMM exchange

every other day to allow for spontaneous differentiation and maturation.

4.2.2 Expansion and spontaneous differentiation of HNSC'’s

HNSC’s were cultured as previously described to expand cells numbers and achieve
neuronal maturation (2.1.7 Thawing and expansion of HNSC's). Cells were cultured in 6-well
plates for lysates and on 13mm glass coverslips in 12-well plates for ICC. Culture surfaces

were coated poly-L-ornithine (20pug/ml) and Laminin (10 pg/ml).
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4.2.3 Cell characterisation using ICC

To monitor cell fate and control for successful neural induction and maturation cells
were immuno-stained for key protein markers (2.3.1 Immunocytochemistry). For the
commercial cell lines AX0018 (control) and AX0112 (L286V), iPSC characterisation was
supplied in manufacturers information following a previously reported neural induction
protocol (Shi et al., 2012).

To monitor the pluripotent state of iPSC’s from the R278I line prior to neural
induction cells were incubated with primary antibodies for Oct4 (ab19857, Abcam) and Sox2
(MAB2018, R&D Systems). After neural induction, cells were incubated with Pax6 (901301,
BioLegend) and Sox2 (MAB2018, R&D systems) to detect early neuronal progenitors.
Following 14 days of spontaneous differentiation cell cultures were incubated with S1003
(SAB5500172, Sigma-Aldrich) and GFAP (MAB360, Millipore) to identify the astrocyte
development. Finally, cell cultures were stained for S1008 , TUJ-1 (Ab7751, Abcam) and
VGLUT]1 (135303, Synaptic Systems), after 45 days to asses cellular maturity. Following
primary antibody incubation, appropriate secondary antibodies, Alexa Fluor® 488 AffiniPure
Goat Anti-Rabbit IgG (1:2000, 111-545-144, Jackson Laboratories) and Alexa Fluor® 633
Goat anti-Mouse IgG (1:2000, A-21052, ThermoFisher Scientific) were co stained. Cells were
mounted in a fixative containing DAPI to glass slides and imaged using a Nikon AIR laser

scanning confocal microscope (Nikon EU, Netherlands).

4.2.3 SDS-PAGE and Western blotting
The protocols used for SDS-PAGE were followed as previously described (2.3.3
Western blotting). The volume of cell lysate containing 10pug of protein was boiled for Smins

at 95°C and loaded into 8-10% SDS- PAGE gel. Molecular weight markers (5pl) were loaded
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at each end of the gels. Membranes were incubated in the primary antibodies, Anti-ADAM 10
(Abcam, AB1997) or anti-ABPP (Merck MAB348, 22C11) followed by incubation with the
corresponding secondary antibody (Abcam Anti-rabbit HRP-linked H&L 1gG AB6721,
Sigma Anti-mouse IgG FC-specific A0168). Membranes were developed using ECL

substrate, imaged and quantified as previously described.

4.2.4 Plate-based assays
Cell lysates were analysed for Protein Carbonylation, 8-Isoprostanes and FRAP as
previously described. For quantification of AB1-40, AB1-42 and ApB- oligomers, spent media

was concentrated and analysed for secreted peptides (2.4 Plate-based assays.)

4.2.5 Statistical Analysis

All quantitative data in the text and figures are presented as Mean + S.D. unless
otherwise stated. Significance was calculated using ordinary one-way ANOVA with
Bonferroni post hoc corrections and using linear regression models. All data was processed

using GraphPad Prism Version 8.4.3.

4.3 Results
4.3.1 Immunocytochemical cell characterisation

R278I cells were stained to allow immunocytochemical cell characterisation (ICC).
Detection of the expression of key markers associated with cell fate is crucial to verify cell
development and avoid unwanted differentiation. Positive staining for the transcription factors

Oct4 and Sox2 can be seen in figure 7.
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Figure 7 — Confocal microscopy images of iPSC’s with ICC staining taken at 40x
magnification. fAD iPSCs were fixed at in PFA and stained for A. DAPI nuclear stain. B.
Oct4 (green) C. Sox2 (red) D. Merge showing co-expression of DAPI, Oct4 and Sox2. (Scale
bars to 50um).

After neural induction of iPSC’s into HNSC'’s, cells took on a smaller morphology.
Following HNSC expansion and final plating cells show a thinning cell soma with axonal
protrusions becoming apparent. A crucial rosette pattern is indicative of a neuronal fate as
highlighted by the white box in figure 8. HNSC’s, although directed towards a cortical lineage
suggested by the Pax6 staining, also maintain a pluripotent state with the potential to form a

range of cortical cells (Figure 8).
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Figure 8 — Confocal microscopy images of HNSC's with ICC staining taken at 20x
magnification. NPCs were fixed in PFA at day 7 following neural induction. The white box
indicates an exemplar neural rosette formation A. DAPI nuclear stain. B. Pax6 (green) C.

Sox2 (red) D. Merge showing co-expression of DAPI, Pax6 and Sox2. (Scale bars to 100um).

Initially, spontaneous differentiation of HNSC’s leads to the development of more
mature neuronal cell types. Continual maturation of HNSC cultures began to develop radial
glial cell types, surrounding neurons. S100f staining localised to the cell soma is indicative of
immature astrocytic development. This is supported by co staining of GFAP which is

considered an astrocytic marker (Figure 9).
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Figure 9 — Confocal microscopy images of radial glia in co-culture with ICC staining taken

at 40x magnification. Formation of immature astrocytes at day 20 A. DAPI nuclear stain. B.

S100p (green) C. GFAP (red) D. Merge showing co-expression of DAPI, S100p and GFAP.
(Scale bars to 100um).

After 45 days of culture, astrocytic cells displayed a much greater S100f expression,
throughout both soma and processes. This indicated a more mature astrocytic development.
Neurons form more hub-based characteristics with longer axonal processes as can be seen in

figure 10.
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Figure 10— Confocal microscopy images of neuron and astrocytic co-culture with ICC
staining taken at 40x magnification. Neuron and astrocyte co-cultures at day 45. A. DAPI
nuclear stain. B. S100p (green) C. TUJI (red) D. Merge showing co-expression of DAPI,

S100p and TUJI. (Scale bars to 100um).

4.3.2 ADAM10, ABPP and AP are altered in PSENI1 mutations

The mature, enzymatically active ADAM10 protein (mMADAM10) was significantly
lowered in L286V (0.081 + 0.016 AU, p = 0.008) cells compared to healthy control (0.117 +
0.016 AU). Cells carrying the PSEN1 mutation R278I (0.0465 + 0.007 AU, p = 0.022)
showed a further reduction in mADAMI10 expression compared to L286V (Figure 11, A.).
There was no significant difference in ProADAMI10 between Control (0.126 £ 0.014 AU),
L286V (0.187 £ 0.081 AU) and R278I (0.224 + 0.08 1AU, p>0.05) cells. In addition, the

ABPPr was significantly altered with PSEN1 mutations. Both L286V (0.782 + 0.098 AU, p =
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0.024) and R278I (0.685 + 0.208 AU, p = 0.021) cells had a significantly lower ABPPr than
Control (1.327 = 0.278 AU). There was no different between PSEN1 mutations (p > 0.050)
(Figure 11, C.).

To determine the amount of amyloidogenic ABPP processing, AP peptides 1-40 and
AB1-42 were quantified in concentrated cell media. Both AB1-40 and AB1-42 were
significantly elevated in L286V (319.10 + 59.98 pg/ml, p = 0.003 & 191.70 + 36.17 pg/ml, p
= 0.016) and R278I cells (300.00 + 53.28 pg/ml, p = 0.016 & 370.40 + 10.79 pg/ml, p =
0.001) compared to healthy control (174.3 &+ 35.30 pg/ml & 130.90 + 23.82 pg/ml) (Figure 12
A & B.). The combined AB1-40 and AB1-42 production was significantly increased in L286V
(520.80 + 84.72 pg/ml, p = 0.008) and R278I (670.40 = 57.11 pg/ml, p = 0.001) cells
compared to healthy control (305.20 £ 17.74 pg/ml) (Figure 12 C.). The ratio of AB1-42:40
was only significantly higher in R2781 (1.263 + 0.2423, p = 0.022) cells compared to healthy
control (0.7895 + 0.2440) (Figure 12 D.). Further, AP oligomers were significantly elevated
in R278I cells (0.8680 = 0.1077 ng/ml) compared to control (0.4369 £ 0.0361 ng/ml, p =

0.001) and L286V cells (0.4712 £ 0.0408 ng/ml, p = 0.001).
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Figure 11 - Graphs showing the individual data points for cell lysate replicates (45 days old)
analysed via western blotting relative to total protein densitometry. Cell lysates from healthy
control (n=5), L286V (n=5) and R2781 (n=3) were separated using SDS-PAGE
electrophoresis followed by western blotting. Densitometry was quantified using Licor C-digit
and image studio software. A & B. mADAM10 and ProADAMI10 expression (AU) normalised
to total protein densitometry which can be seen on the right. Representative blot images show
both the immature 85kDa proADAM 10 and mature/active 68kDa mADAM10 detected by
Ab1997 antibody corresponding to table above. B. ABPPr quantified by the ratio of bands at
130kDa to 110kDa. Representative blotting images of ABPP bands detected using Mab348
antibody corresponding to table above. *Significantly different to matched Cell Line (p<0.05)
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Figure 12 - Graphs showing the individual data points for media concentration replicates of
A. AP1:40 and B. AB1-42 (pg/ml) analysed via ELISA in Healthy control (n=5), L268V (n=35)
and R2781 (n=3) at day 45 post neural induction. C. Shows the sum of AB1:40+1:42 peptides
to give total amyloid AP1:40 and 1:42 secretion. D. The ratio of Ap1:42 to AP1:40 is shown
in Arbitrary units (AU). E. AP oligomers (ng/ml) (n=3 for each cell line) *Significantly
different to matched Cell Line (p<0.05) **(p<0.01)
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4.3.3 Redox balance is perturbed in cocultures carrying PSENI mutations

To quantify cellular redox balance markers of oxidative stress and cellular antioxidant
capacity were measured. Protein carbonylation was significantly elevated in both L286V
(27.87 = 8.800 mg/ml), p = 0.004) and R278I (39.10 = 4.088 mg/ml), p = 0.001) cells
compared to Control (13.06 = 5.365 mg/ml)) (Figure 13, A.). In addition, total 8-isoprostanes
was elevated in L286V (3.867 £ 0.7670 pg/mg/ml) cells compared to both Control (1.210 +
0.6283 pg/mg/ml, p = 0.001) and R2781 (2.477 + 0.1964 pg/mg/ml, p = 0.034) cells (Figure
13, B.). Cellular antioxidant capacity was significantly lowered in R278I (48.37 + 7.447
uM/mg)) cells compared to Control (141.3 £ 38.22 uM/mg), p = 0.003) and L286V (135.1 +
34.18 uM/mg), p = 0.005) cells (Figure 13, C.). Further analysis across all cell lines showed
higher amounts of protein carbonylation was significantly associated with lower mADAM10
expression ((F(1,11)=19.020, P = 0.001) R’ = 0.634) and with ABPPr ((F(1,11)=10.670, P =

0.001) R> = 0.492) (Figure 13, D & E.).
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Figure 13 - Graphs showing the individual data point replicates for markers of redox
balance in cell lysates (45 days old) normalised to cellular protein content. A. Protein
carbonylation in healthy control (n=7), L286V (n=7) and R278I (n=3) measured via ELISA
(mg/ml) B. Total 8-isoprostanes in immunopurified lysate preparations from healthy control
(n=4), L286V (n=4) and R278I (n=3) quantified by ELISA (pg/mg/ml) C. Cellular
antioxidant capacity relative to ascorbic acid measured in healthy control (n=7), L286V
(n=7) and R2781 (n=3) using colorimetric assay (ng/mg). Regression analysis between
markers of oxidative stress and APPP processing. D. Protein carbonylation (mg/ml) and
mADAM 10 expression (AU) measured via ELISA and Western blot respectively. E. Protein
carbonylation (mg/ml) and APPPr (AU) measured via ELISA and Western blot respectively.
*Significantly different to matched Cell Line (p<0.05) **(p<0.01)
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4.4 Conclusion

The continued development of iPSC technology has the potential to enable detailed
investigation into disease pathology and drug screening. However, for this to be possible it is
essential that iPSC-derived models display a phenotype similar to that seen ‘in vivo’. A
crucial step in this process is to characterise and closely monitor cellular development to
achieve the desired cell fate. Data presented herein demonstrated that proteins involved in
APBPP processing were significantly altered in PSEN/ co-cultures (Figure 11 & 12). In this
chapter, PSEN1 co-cultures also had altered redox status compared to control co-cultures
(Figure 13). These features are important characteristics of AD and therefore, this ‘in vitro’
model represents a functional system to study the early pathological features of AD.

After differentiation of iPSC’s into co-cultures of neurons and astrocytes, markers
indicative of altered ABPP processing were quantified (Figures 7-10). Interestingly, both
PSENI mutations showed a reduction in mADAMI10 protein expression, matched by a lower
ABPPr in both PSENImutations (Figure 11). A reduction in the ABPPr is supported by several
studies into potential biomarkers of AD in both central and peripheral tissues (Akingbade et
al., 2018). An altered ABPPr may be indicative of a reduced amount of ABPP reaching the cell
membrane. This may be due to the changes in the glycosylation of the protein and may
therefore result in a reduced interaction of mature ABPP with mADAMI10 (Akasaka-Manya et
al., 2017, Wang et al., 2017b). To further clarify whether the reduction in ADAM10 and
APBPPr are indeed indicative of a difference in non-amyloidogenic ABPP processing, future
research should quantify products of direct ADAM10 mediated ABPP cleavage such as
sABPPa. This could be further analysed by measuring ADAMI10 activity directly and is a

limitation of this study.
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The nature of PSEN mutations directly impacts the function of the catalytic subunit
of the y-secretase enzyme. However, whether such mutations lead to a gain of toxic function
or a loss of normal y-secretase function is still under debate (Kelleher and Shen, 2017, De
Strooper, 2007). Interestingly, the two PSEN mutations characterised herein highlight this
problem. In PSENI 1286V cells, the total AP generated from both AB1-40 and AB1-42 was
significantly higher than the PSEN1 R2781 mutation, so in this case R278I cells were more
similar to ‘Healthy’ control cells. Yet, the ratio of AB1-42:40 was shifted towards Ap1-42
generation in the PSEN1 mutation R278I, which was more different to controls than L286V
cells, where the ratio of AB1-42:40 was unchanged compared to control (Figure 12). The
findings from this chapter alone are limited by the small number of cells lines utilised that
provide only a small view of the effects that PSEN/ mutations have on A} generation.
However, these findings are supported by studies including larger panels of iPSC derived
cultures carrying fAD mutation (Kwart et al., 2019). Other research has shown the PSEN1
mutation R278I, has a significantly higher AB1-42:40 ratio compared to other fAD mutations
(Arber et al., 2019). This shift is indicative of an altered ABPP cleavage site preference by y-
secretase. AB1-42:40 ratio is often used as a CSF marker to aid diagnosis of AD (Pannee et
al., 2016, Hansson et al., 2019). An increase in longer forms of AP is associated with a greater
propensity for aggregation, this was supported by the finding of increase A oliogerms in
R278I cells, which has the most elevated AB1-42. Thus, there is understandably growing
attention around the hypothesis that different PSENI mutations can lead to varied Ap
production (Woodruff et al., 2013, Kwart et al., 2019, Arber et al., 2019).

Oxidative stress is common feature of neurodegenerative diseases, metabolic disorders
and even healthy ageing (Butterfield and Halliwell, 2019). However, understanding the

cellular redox balance of specific cell populations may be critical to understanding
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pathological processes. Neurons are particularly susceptible to oxidative stress due to their
high energy demand with astrocytes playing a key role in neuroprotection by supporting cell
metabolism (Butterfield, 2018, Allen and Eroglu, 2017). Therefore, co-culturing neuron and
astrocytes can replicate a closer model to monitor ‘in vivo’ cell stress. Both PSENI mutations
used in the study herein displayed elevated protein carbonylation and this was significantly
associated with a reduction in both mADAM10 and mature ABPP relative to immature ABPP
(Figure 13). This link may be explained by the addition of protein carbonyl groups directly
effecting normal protein function or trafficking, which is crucial for the maturation of both
ADAMI10 and ABPP. This highlights an interesting direction for future research. Elevated
oxidative stress could be further seen in R278I cells, which had a significantly lowered
antioxidant capacity, however, lipid oxidation was only significantly elevated in L286V cell
compared to both R2781 and ‘Healthy’ control cells (Figure 13).

The insertion and interaction of AB1-42 with lipid membranes has been linked to ROS
propagation of oxidised lipids and proteins (Butterfield and Halliwell, 2019). The tendency of
cells carrying the PSENI mutation to generate longer AP peptides relative to shorter forms of
AP can increase the likelihood of oligomerisation. This may in part explain the association of
PSENI mutations with elevated oxidative damage markers. However, there was no difference
seen for AP oligomers in L286V cells suggesting an oxidative stress may occur independently
from AP oligomer formation. As F8-isoprostanes was the only marker of lipid peroxidation
measured it may be possible that other modified lipids are more closely linked to A
oligomers such as, 4-hydroxynonenal adducts (Butterfield, 2020). Further, it should be noted
that this study only focuses on AB1-42/40, whereas A exists in a number of deferent C- and

N- terminally truncated forms (Arber et al., 2019). More data on a larger number of AP
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peptides of varying length in PSENI mutations is warranted to further investigate the link
between AP-cell membrane interaction and lipid oxidation.

The utlisation of co-cultures containing both neurons and astrocytes is an important step
in producing better models of AD. Astrocytes play a key role in supporting in maintaining
neuronal function, substrate transport/ metabolism and neuroprotection (Rodriguez-Arellano
et al., 2016). This research shows that such co-cultures carrying a PSENI mutation display
perturbed features associated with ABPP processing and redox balance. However, from this
data it is not possible to distinguish the contribution of each cell type to the observed
phenotype. This highlights an interesting avenue for future research comparing both mono-
cultures and co-cultures of neurons and astrocytes. The use of isogenic cell lines may also
strengthen conclusions on AB-cell membrane interaction by controlling for other confounding
genetic variance impacting lipid transport and A dynamics. Taken together, these findings
highlight the need for more research into ROS production and how PSENI mutations may
result in perturbed to oxidative stress cascades.

In conclusion, this study provides evidence that PSENI mutations in iPSC-derived
neuron and astrocyte co-cultures can lead to significant alterations in ABPP processing
accompanied by a change in the redox status of the cell. These changes are present in the
pathology of AD. A reduction in both the ABPP ratio and mature ADAM10 protein levels, in
combination with altered generation of AB1-40 and AB1-42 was found in cells carrying
PSENI mutations compared to ‘healthy’ control. Notably, levels of Ap in monomeric and
oligomeric forms also varied between PSENI mutations. In addition, elevated oxidative stress
was apparent in cells with a PSENI mutation compared to control. This study provides data to
suggest that iPSC-derived cell networks are a valuable tool to investigate genetic mutations

associated with AD, however it is crucial consider the differential effects individual PSEN1
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mutations may have on different cell types during the progression of the AD. Future studies
will help to better understand the causative mechanisms associated with PSEN/ mutations and

fAD which in turn, will facilitate the development of therapeutic inventions.
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CHAPTER 5 - THE SHT4 RECEPTOR IN iPSC-DERIVED NEURON AND

ASTROCYTES

5.1 Background

The potential benefits of increasing ADAMI10 activity in people at risk of, or with a
diagnosis of AD is reliant on therapeutic targets that are both selective and carry minimal risk
of side effects. ADAMIO is present in multiple cells and tissues and is involved in a number
of key processes including tissue growth and repair, inflammation and cell signalling (Maurer
et al., 2020, Kuhn et al., 2016, Mizuno et al., 2020). Therefore, non-specific increases in
ADAMIO0 activity could potentially disrupt normal cellular processes. In addition, the
association of ADAMI10 over activity with other diseases such as cancer (Smith et al., 2020),
further highlights the need for controlled and specific ADAMI10 activity promotion.

As previously stated, SSRI medication may hold beneficial effects for reducing the
severity of AD pathological progression and slowing cognitive decline (Elsworthy and
Aldred, 2019). Treatment with SSRI’s has been linked to increased neurogenesis and
neurotropic growth factors as well as reduced neuroinflammation and oxidative stress (See
‘mechanisms of action’, 1.9.1). In addition, ABPP processing may be affected by SSRI
treatment with evidence showing lowered cerebral and CSF A load (Cirrito et al., 2011,
Sheline et al., 2014). However, there is little evidence to suggest SSRI treatment blunts the
generation of A directly. Instead, these effects may be in part explained by an increase in
sABPP-a secretion which is produced after cleavage of ABPP by a-secretase enzymes. This is
supported by the finding that blocking all a-secretase activity, stops the AB-lowering action of
SSRI treatment (Fisher et al., 2016). If this is correct, the effect of SSRI treatment to lower
AP generation could be mediated by increased ADAMI10 enzyme activity by precluding the

interaction of available ABPP with BACE-1. Whether SSRI treatment stimulates the
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ADAMI10 enzyme directly, through increasing SHTr ligand binding or by other mechanisms
has been under investigation.

The SHT4r was identified as a seven transmembrane G-protein coupled receptor in
1988 and since then has been shown to have eight splice variants in humans (Dumuis et al.,
1988). These C-terminal variants are thought to have a key role in the activity of the receptor
(De Deurwaerdere et al., 2020). The SHT4r is coupled to the Adenylyl cyclase enzyme and
therefore the production of Cyclic-AMP (cAMP) has been used as a readout for identifying
ligands of the receptor. Although the presence of constitutive activity of the receptor is
unclear, several potent and selective agonists have been identified to enable further
interrogation of basal and ligand induced activity. Interestingly, SHT4r agonists have been
suggested to exert neuroprotective effects and may have a beneficial impact on learning and
memory in rodent models (Hagena and Manahan-Vaughan, 2017, Bianco et al., 2016a, Darcet
et al., 2016). Research has shown that ADAM10 co-localizes with the SHT4r and that
stimulation of the receptor may increase sAPPP-a secretion. Taken together these findings
point towards an indirect pathway to stimulate ADAMI10 activity (Cochet et al., 2013,
Baranger et al., 2017, Robert et al., 2005). Notably, there was no change in A} secretion after
48hr treatment with serotonin (SHT) or prucalopride, a selective SHT4r agonist (Robert et al.,
2005). This link between SHT4r and ADAMI10 activity may be a mechanistic mode of action
for the therapeutic effects of SSRI’s on ABPP processing (see figure 14).

Advancements in stem cell technology have enabled the generation of functional
serotoninergic neurons (Licinio and Wong, 2016). As introduced in Chapter 1, section 1.11,
and further investigated in chapter 4, iPSC derived neurons provide an excellent model to
study the association of ADAMI10, APP processing and the SHT4r. These iPSC-derived

neurons display spontaneous activity and they have been shown to respond to bath application
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of SHT, measured via the detection of calcium transients. This measure of neuronal activity is
an important tool in determining culture maturity, as functional networks develop at later
stages of culture. When SHT1 and 2 receptors have been specifically targeted with agonist or
antagonists functional responses have also been seen (Wang et al., 2016a). Further,
serotoninergic neurons have also been shown to respond to treatment with SSRI’s (Vadodaria
et al., 2016). However, there is currently no research investigating the presence of functional
SHT4r receptors in iPSC-derived cortical networks. In our previous review paper we
hypothesise that SSRI’s can increase non-amyloidogenic ABPP as described in chapter 1
section 1.10.1 and if this mechanism is to be investigated further, then SHT4 receptors must
be present and display functional activity (Elsworthy and Aldred, 2019).

The aim of this chapter was to interrogate the localisation and activity of the SHT4r
receptor in iPSC-derived neuron and astrocyte cocultures. Further, the activity of ADAMI10 in

response to SHT4r modulation was investigated.
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Figure 14 — Diagram showing the potential interaction of SHT4 receptor with ADAM10 at
the cell membrane. Agonist binding, shown here by SHT, stimulates ADAM10 activity and

therefore, increases non-amyloidogenic ASPP processing.
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5.2 Methods
5.2.1 Cell culture and immunodetection of SHT4r

Human Neuronal Stem Cells (HNSC) (AX0018 & AX0113) were kindly provided by
Dr Eric J Hill from Aston University and cultured as previously described to achieve neuronal
maturation whereby spontaneous calcium signalling activity can be detected (2.1.8
Spontaneous differentiation of HNSC's into neuron and astrocyte co-cultures). Cells were
cultured in 6-well plates for lysates and on 13mm glass coverslips in 12-well plates for ICC.
Culture surfaces were coated poly-L-ornithine (20pg/ml) and Laminin (10 pg/ml).

For immunodetection of SHT4r by western blotting, cells were lysed and probed with
a rabbit anti-SHT4r antibody (ab60359, Abcam) followed by Goat Anti-Rabbit [gG H&L
secondary (ab205718, Abcam). Protein mass of SHT4r is 42kDa and therefore band detection
was expected in this region (2.3.3 Western blotting). For ICC staining, coverslips were co-
stained in blocking buffer with rabbit anti-SHT4r (1:100, ab60359, Abcam) and mouse anti-
APBPP (1:100, Merck, Mab348) antibodies followed by Alexa Fluor® 488 AffiniPure Goat
Anti-Rabbit IgG (1:1000, 111-545-144, Jackson Laboratories) and Alexa Fluor® 633 Goat
anti-Mouse IgG (1:1000, A-21052, ThermoFisher Scientific) secondary antibodies (2.3./
Immunocytochemistry). Cells were mounted to glass slides and imaged using a Nikon A1R

laser scanning confocal microscope (Nikon EU, Netherlands).

5.2.2 Calcium imaging

Fluo-4AM labelled calcium imaging was undertaken on cells cultured on 13mm glass
coverslips coated with poly-L-ornithine (20pg/ml) and Laminin (10 ug/ml) (2.2.1 Fluo-4AM
imaging). For baseline measurements of calcium signalling, artificial CSF (aCSF) was

perfused over the cells for 5 minutes (see table 3). Experimental compounds were applied in
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5-minute intervals suspended in aCSF as follows; SHT (20uM, Sigma-Aldrich, 14927).
Prucalopride (10uM, Sigma-Aldrich, SML1371), GR113808 (5uM, Sigma-Aldrich, G5918).
A minimum time-course of 3-minutes has been used in previous research to investigate SHT
induced calcium dynamics at similar compound concentrations (Vadodaria et al., 2019,

Cochet et al., 2013).

Table 4 — aCSF constituents used for baseline calcium signalling measurements and

experimental compounds.

COMPONENT FINAL CONCENTRATION (mM)
NaCl 126

KCI 2.5

NaHCO:3 26

KH2PO4 1.25

MgSO4 1

CaClz 2

Glucose 10

Note: pH 7.3 — Continuous bubbling with CO: throughout experiment. All components were

supplied by Sigma-Aldrich.

5.2.3 ADAM10 activity

The enzymatic activity of ADAMI10 was quantified by FRET assay (2.4.2 ADAM10
enzyme activity). Control (AX0018) and L286V (AX0112) cells were cultured in 96 well
plates coated with poly-L-ornithine (20pg/ml) and Laminin (10 pg/ml). Treatment with

experimental compounds were at matched concentrations to those used for calcium imaging,
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however, for this assay pre-treatment was 2 hours (37°C) with NMM as the vehicle. All

values were normalised to total protein content measured via BCA assay.

5.2.4 Statistical Analysis

All quantitative data in the text and figures are presented as Mean = S.D. unless
otherwise stated. Calcium image data was processed as change in fluorescence from baseline
recordings. To test data distribution normality the Shapiro-Wilk test was employed.
Statistical analysis of between conditions was calculated using Kruskal-Wallis H tests with
multiple comparisons of mean rank. ADAMI10 activity data was assessed using unpaired
Mann-Whitney tests to compare mean ranks. All data was processed using GraphPad Prism

Version 8.4.3. Significant values were set at 0.05%.

5.3 Results
5.3.1 Immuno-based detection of SHT4r

ICC staining of cells (Figure 15, A2 & A4) revealed distinct binding (green colour)
suggesting the presence of SHT4r in iPSC-derived neuron and astrocyte co-cultures.
Fluorescence was predominately localised to cell bodies with weaker staining suggesting
lower SHT4r expression in axons. This is emphasised by the intensity of the counterstain for
APBPP, which is expressed throughout the cell (Figure 15, A3). Further, SHT4r was detected at
protein bands corresponding to the predicted molecular weight ~ 44kDa in cell lysate (Figure
15, B). This band was not present when only the secondary antibody was incubated with cell

lysates.
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Figure 15 — ICC images of control cells 45 days post differentiation taken at 40x
magnification (scale bars at 50um) and protein expression via western blotting. A1 - DAPI
(blue) nuclear stain. A2 - SHT4r (green). A3 - ABPP (red). A4 - Merge of Al, A2 and A3 to
show co-staining. B. Two identical bands ~ 44kDa after detection with anti-5SHT4r antibody

in 20ug cell lysate (n=2). Right panel shows identical samples after detection with secondary
antibody only.
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5.3.2 Functional SHT4r respond to selective agonists

In order to investigate whether the SHT4r was functionally active, calcium transients
were monitored under agonist or antagonist treatment conditions. After 45-days of
maturation, iPSC-derived neuron and astrocyte cocultures displayed spontaneous activity as
shown by calcium fluctuations under resting conditions (see figure 16, A-B, aCSF only). The
addition of SHT as a blanket agonist that binds to all SHT receptors (see figure 16, A) elicited
a significant increase in calcium transients (dF/F) relative to basal levels (4.392 + 1.908 RFU,
p = 0.020). This effect appeared to be sustained even after a five-minute wash-out period with
aCSF, although in some cases the response was no-longer significant (p > 0.050).

Next, cells were treated with Prucalopride to test selective SHT4r agonist stimulation.
An increase in peak fluorescence (RFU) (17.19 = 7.014 RFU, p = 0.003) compared to
baseline (2.832 £ 0.765 RFU) was observed. The addition of SHT in addition to Prucalopride
further increased calcium responses with calcium transients (dF/F) significantly elevated
relative to baseline (7.707 £ 0.605 RFU, p = 0.002) and a significant increase in peak
fluorescence (17.76 = 8.431 RFU, p = 0.046) compared to baseline (2.832 + 0.765 RFU, p =
0.046). Subsequent addition of GR113808, a selective SHT4r antagonist, blunted the calcium
response to SHT and Prucalopride, although this was non-significant (p > 0.050) (see figure
16, B).

Finally, cells were treated with GR113808 and showed a significant decrease in peak
calcium signalling fluorescence (RFU) (0.902 + 0.164 RFU, p = 0.001) compared to baseline
(1.488 + 0.065 RFU). Average fluorescence (RFU) over the five-minute bath application
period with GR113808 was also significantly lower (5.778 + 0.375 RFU, p = 0.003)

compared to control (10.92 + 2.211 RFU). Prucalopride treatment in addition to GR113808
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was unable to rescue this decline in calcium signalling fluorescence (p > 0.050) (see figure

16, C).
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5.3.3 Effect of SHT4r agonist treatment ADAM10 activity in Control and PSEN] mutation
cells

After identifying the functional activity of SHT4r in iPSC derived neuron and
astrocyte co-cultures, ADAMI10 activity (RFU) was assessed in response to incubation with
agonist or antagonist ligands. To test the specificity of the assay, ADAM10 activity was
compared at baseline and after treatment with the specific ADAMI10 inhibitor, GI254023X in
control cells. ADAM10 activity significantly reduced after G1254023X (0.068+ 0.027 RFU)
treatment compared to baseline (0.307+ 0.096 RFU, p =0.0026) (Figure 17, A.). At baseline
ADAMIO0 activity was also significantly lower in L286V (0.105+ 0.0107 RFU, p = 0.001)
cells compared to control (Figure 17),

ADAMIO0 activity in control cells showed no significant response to pre incubation
with SHT or Prucalopride (p > 0.050 (Figure 17 A). Further, cells carrying the PSENI
mutation, L286V, which had previously been shown to exhibit reduced basal ADAM10
activity, showed no change in ADAMI0 activity with SHT treatment (p > 0.05). (figure 17,
B). However, Prucalopride treatment also increased ADAMI0 activity (0.175 = 0.053 RFU, p
=0.005) and this effect was blunted by co-treatment with GR113808 (0.093 £ 0.015 RFU, p =

0.002) (see figure 17, B).
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Figure 17 — Comparison of ADAM10 activity measured via FRET assay in iPSC derived
neuron and astrocyte co-cultures (day 45 post induction). A. Baseline ADAM10 activity in
control cells (n=6) compared to treatment with SHT (n=2), Prucalopride (n=6) and
G1254023X (n=2). B. Baseline ADAM10 activity in L286V cells compared to L286V cells
treated with SHT (n=2) and Prucalopride (n=6). Al treatments were for 2 hours prior to

assay. *Significantly different to matched condition.
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5.4 Conclusion

The identification of functional SHT4r’s in iPSC-derived neuron and astrocyte co-
cultures highlights the potential for these cell models to be used to study the action of
serotonin. Specifically, this research is of interest to the work of this thesis as it provides an
opportunity to investigate the relationship between agonist stimulation of SHT4r and elevated
secretion of sSABPP-a. The bath application of SHT in this study evoked significant calcium
responses seen with specific serotoninergic neuron models (Wang et al., 2016a) which
represents an increase in the depolarisation of neuronal synapses (Figure 16). This event is
indicative of increased SHT mediated signalling between cortical cells and shows SHTr must
be present in the cultures. If the proposed hypothesis that SSRI’s may promote ADAM10
activity through the SHT4r, and therefore be a therapeutic option for the treatment of AD, it is
essential to establish that this specific SHTr is present and functional.

The SHT4r specific agonist, Prucalopride, evoked calcium transients when applied to
cell cultures. Further, bath application with the compound, GR113808, led to a significant
decrease in average fluorescence and the peak fluorescence intensity compared to baseline
measurements. However, there was no change in the calcium transients of GR113808
application compared to baseline (Figure 16). As GR113808 is both a neutral antagonist and
inverse agonist of subtypes of SHT4r it is possible this compound had a direct effect on
calcium signalling (De Deurwaerdére et al., 2020). Crucially, adding Prucalopride and
GR113808 restored calcium transients to baseline levels, yet only the excitatory response seen
with Prucalopride alone was blunted. This supports the finding that SHT4r’s are able to
functionally respond to ligands and that iPSC neuron and astrocyte co-cultures are suitable
models for investigation the effects of SSRI’s on the ADAM10 activity through the SHT4r

receptor.
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Importantly, treatment of co-cultures with both SHT and Prucalopride were able to
increase ADAM10 activity in cells carrying the PSENI mutation, L286V (Figure 17). This
research adds support to the previous findings that agonist binding to SHT4r can significantly
increase non-amyloidogenic ABPP processing through increasing ADAMI10 activity (Cochet
et al., 2013). This effect was not seen in control cells where ADAMI0 activity was relatively
higher at baseline compared to cells with a PSENI mutation (Figure 17). This is interesting as
may suggest that agonist action on SHT4r can only act to limited capacity. As ADAM10
activity was measured directly via cleavage of a fluorescent peptide the absence of this effect
is not likely to be due to a lack of available substrate. Perhaps one explanation for this is that
SHT signalling is reduced in cells carrying a PSENI mutation, and agonist stimulation was
able to rescue this phenotype. This would in part explain the finding that SSRI treatment can
improve pathobiological markers of AD (See ‘mechanisms of action’, 1.9.1). It cannot be
ruled out however, that cells carrying the PSEN1 mutation respond differently to stimulation
of the SHT4r, or that downstream signalling, perhaps through cAMP signalling, is impacted.
This highlights a limitation of the methods used to identify functional SHT4r in this model.
Although, calcium signalling provides a measure of neuronal activity, and also as an
indication of culture maturity, it is not a specific readout for SHT4r activation. Further
research should examine the relative expression and function of SHT4r’s in cells carrying
PSENT mutations. This should also be carried out in a larger number of fAD mutations and
control cells to address donor/ culture specific effects. Interestingly, an increased expression
of 5SHT4r’s has been associated with the early pathology of AD, potentially as a compensatory
mechanism for decreased SHT levels in the brain (Madsen et al., 2011). To gain a better

understanding the role of SHT4r in AD pathology and the potential for modulating ADAM10
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activity, it is critical that SHT4r knockdown iPSC models are developed to enable specific
mechanism to be investigated.

The data presented herein provides clear rationale for the further investigation of
modulated SHT signalling on ADAM10 activity and ABPP processing. Previous research
identifying perturbed ABPP processing and elevated oxidative stress in cells carrying a
PSENI mutation (see chapter 4) also provides rationale to investigate the mechanism of

action of SSRI treatments on the pathology of AD.
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CHAPTER 6 - THE EFFECT OF CITALOPRAM TREATMENT ON ABPP

PROCESSING AND REDOX BALANCE

“Parts of this section is taken verbatim from the following publication in which I am

principal author (Elsworthy and Aldred, 2019)”.

6.1 Background

In chapter 5, evidence of functional serotonin receptors was found in iPSC-derived
neuron and astrocyte co-cultures. Thus, to extend this work the aim of the research presented
in this chapter was to examine the effect of Selective Serotonin Reuptake Inhibitor (SSRI)
treatment on ABPP processing. SSRIs target the serotonin receptor transporters (SERT),
preventing serotonin re-uptake from the synapse and therefore, increase signalling and ligand-
receptor binding. Initially, SSRIs were assumed to possess therapeutic effects based on the
‘monoamine hypothesis’ of depression which postulates that defective neurotransmitter
signalling is a central feature (Haase and Brown, 2015). However, multiple downstream
effects have been suggested. In a recent review, the potential therapeutic benefits of SSRI
treatment, to delay the progression of AD, was highlighted (Elsworthy and Aldred, 2019).
The potential actions of SSRIs in AD may include elevated neurogenesis, reduced oxidative
stress and favourable alterations in ABPP processing (Elsworthy and Aldred, 2019). These
alterations in ABPP processing are shown by elevated sABPP-a secretion in addition to
lowered APB1-42:AB1-40 ratio (Cirrito et al., 2011, Sheline et al., 2014), supporting the idea
that ABPP processing is being shifted towards the non-amyloidogenic pathway. However, the
mechanisms by which these changes occur are not yet known. As previously highlighted, the

activity of ADAMI10, the main a-secretase enzyme in the ABPP processing pathway, may be
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altered by SSRI treatment. If ADAMI10 activity is increased due to SHT, then it might be
sensible to suggest that elevated serotonin receptor ligand binding may also stimulate
ADAMIO0 activity. In particular, agonist binding of the SHT4r, which is one receptor that
SSRIs act via, has been associated with altered ADAMI10 activity (Robert et al., 2005, Cochet
et al., 2013). In addition, the elevations seen in sABPP-a may be in part explained by
increased trafficking and retention of ABPP at the cell membrane. In AD, the ratio of ABPP
(130kDa:110kDa) protein is reduced, suggesting lowered maturation of ABPP. Treatment
with SSRI’s may restore ‘normal’ ABPP trafficking by increasing the ABPP interaction with
ADAMI0. In turn, this may reduce ABPP interaction with BACE-1. Further, SSRI treatment
is likely to improve cell health through restored physiological signalling (Mdawar et al.,
2020). Increasing synaptic serotonin can act as a ‘trophic-factor’, promote antioxidant-like
actions and improve mitochondrial functioning (Fanibunda and Vaidya, 2020). Further to this,
reduced neuroinflammation and elevated brain-derived neurotrophic factor are all potential
mechanisms by which SSRI treatment may contribute to the delayed progression of AD
(Bartels et al., 2018). This can significantly reduce cellular stress and enable the maintenance
of cell function. The production of ROS is closely linked to cellular respiration, which when
perturbed, can result in excess superoxide leak. The resulting ROS cascades can significantly
alter biomolecular actions (Butterfield and Halliwell, 2019). Neurons are particularly
susceptible to these redox cascades due to a high capacity for aerobic respiration and large
energy demand. Hypometabolism and increased oxidative stress, which are seen in the AD
brain, may therefore be rescued in part by treatment with SSRIs (Elsworthy and Aldred,
2019). Thus, treatment with SSRIs may hold therapeutic benefit.

In previous chapters of this thesis, co-cultures carrying the PSENI mutation, L286V,

have been found to exhibit pathophysiological similarities to those seen ‘in vivo’ in AD.
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Therefore, the aim of this chapter is to investigate the effect of SSRI treatment on the ABPP
processing and redox balance in these iPSC-derived neuron and astrocyte co-cultures

compared to healthy control cells.

6.2 Methods
6.2.1 Optimising Citalopram treatments

In order to assess cell viability after acute incubation with Citalopram, control cells
(AX0018) were cultured for 45 days on a poly-L-ornithine (20pg/ml) and Laminin (10 pg/ml)
coated 96 well plate before being treated with Citalopram hydrobromide (Sigma-Aldrich,
C7861) at a range of concentrations (0-1280uM). Citalopram treatment was delivered in
NMM for 48 hours under normal cell culture conditions. Following this, cells were analysed
using the MTT assay (2.4.7 Succinate dehydrogenase activity (MTT) assay) to determine the
dose-response effect on cell viability. Data was collected by plotting percentage viability

using a sigmoidal four-parameter variable slope to determine IC50.

6.2.2 Longitudinal delivery of Citalopram treatments

HNSC’s were cultured for 45 days on poly-L-ornithine (20pug/ml) and Laminin
(10pg/ml) coated 96 well (ADAMI10 activity) or 12 well plates (MitoSOX/lysate/media).
Both Control (AX0018) and L286V(AX0112) cells were used in this study (2.7.8
Spontaneous differentiation of HNSC's into neuron and astrocyte co-cultures).

Following expansion, HNSC’s cells were seeded at a final density of 150,000
cells/cm?. Cells were incubated with ROCK inhibitor (10uM/ml) for 24 hours post passage
and a further 24 hours in NMM only. Treatment with Citalopram began 48 hours after final

passage and was delivered in NMM as per usual feeding schedule. Citalopram was delivered
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at 0.8uM, 5uM and 10uM concentrations for 43 days giving a total culture period of 45 days.
From day 39, spent media was collected totalling 3 collection points. At day 45, cells were

lysed and stored for analysis.

6.2.3 ADAMI10 activity
The enzymatic activity of ADAM10 was quantified by FRET assay following the
culture and treatment protocol detailed above (2.4.2 ADAM 10 enzyme activity). All values

were normalised to total protein content measured via BCA assay.

6.2.4 ABPPr measured by Western Blotting

The protocols used for SDS-PAGE can be found in the section (2.3.3 Western
blotting). The volume of cell lysate containing 10pg of protein was boiled for Smins at 95°C
and loaded into 8% SDS- PAGE gel. Molecular weight markers (5pul) were loaded at each end
of the gels. Membranes were incubated in the primary antibody for ABPP (Merck MAB348,
22C11) followed by incubation with the corresponding secondary antibody (Sigma Anti-
mouse IgG FC-specific A0168). Membranes were developed using ECL substrate, imaged

and quantified as previously described.

6.2.5 Mitochondrial ROS production

Control and L286V cells were cultured for 45 days followed by staining with
MitoSOX Red mitochondrial superoxide indicator at a final concentration of SuM (2.2.2
MitoSOX Red assay). Initially, control cell ROS production quantified at baseline and with
incubation of H202 (100uM) over 10 minutes to measure any time-related increases in

fluorescence and monitor the sensitivity of the assay to oxidative insult. Next, ROS

127



production in Citalopram treated Control and L286V cells was measured over 5 minutes
(Baseline, 150 seconds, 300 seconds). Quantification of the fluorescence intensity from
oxidized MitoSOX reagent was performed as a measure of ROS production over time and

peak fluorescence.

6.2.6 Plate-based assays
Cell lysates were analysed for, Protein Carbonylation, 8-Isoprostanes and FRAP as
previously described (2.4 Plate-based assays). For quantification of AB1-40 and AB1-42

spent media was concentrated and analysed for secreted peptides.

6.2.7 Statistical Analysis

All quantitative data in the text and figures are presented as Mean = S.D. unless
otherwise stated. The best fit model for prediction IC50 and maximum viability response was
calculated using graph pad dose-response curve parameters. To test data distribution
normality the Shapiro-Wilk test was employed. Statistical analysis of between Citalopram
treatments conditions was calculated using Kruskal-Wallis H tests with multiple comparisons
of mean rank. For comparison of control and PSEN1 MitoSox Red fluorescence, Mann-
Whitney mean ranks was applied. All data was processed using GraphPad Prism Version

8.4.3. Significant values were set at 0.05%.
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6.3 Results

6.3.1 Optimisation of Citalopram doses

In order to optimise the dose of Citalopram treatment, cell viability was measured via

MTT assay. The best fit model predicted a maximum viability response (EMAX) of 113.1%

and a minimum viability 2.559% under the range of Citalopram treatments used. The

predicted IC50, or the concentration of Citalopram to elicit a 50% loss in viability was at a

concentration of 150.9uM with a hill slope of -3.169 (Figure 18, A). Thus showing, lower

doses of Citalopram had a trending protective effects with no apparent viability loss at doses

up to 80uM. Grouped analysis showed a decline in cell viability around 40uM; however, this

was only significant at concentrations at or above 320uM (Figure 18, B). From this, dosages

giving maximum cell viability yet closest to physiological blood concentration of 0.8uM were

selected for further assay.

Figure 18 — Percentage viability after
treatment with Citalopram (uM) measured
via MTT assay in control cells at 45 days
post differentiation. Each dose was
replicated 3 times A. Sigmoidal four-
parameter variable slope of percentage
viability against log!? Citalopram
concentration (uM). Red line shows IC50.
B. Bar graph representation of percentage
viability to highlight significant decrease
from baseline shown by * (p<0.05), (n =
3).
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6.3.2 ABPP processing

In control cells, Citalopram treatment had no significant effect on ADAM10 activity
(RFU) at any of the tested concentrations (p > 0.050) (Figure 19, A). Interestingly, in L286V
cells ADAMI0 activity was significantly elevated after treatment with 0.8uM (0.408 + 0.063
RFU), 5uM (0.359 £ 0.046 RFU) and 10uM (0.284 + 0.066 RFU) Citalopram, compared to
baseline (0.145 + 0.063 RFU, p = 0.003) (Figure 19, B). To further investigate changes
associated with ABPP processing, the ratio of ABPP (130:110kDa) expression was quantified.
In the control group there was no significant effect of Citalopram treatment from baseline
(1.327 £ 0.288 AU, p > 0.050) (Figure 19, C). In L286V cells, ABPPr was significantly
elevated with both 0.8uM (1.326 £ 0.385 AU) and 5uM (1.336 £ 0.011 AU) Citalopram

treatment compared to baseline (0.782 + 0.098 AU, p = 0.011) (Figure 19, D).
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Figure 19 — Data displaying ADAM10 activity and APPr in control (solid bars) and L286V
(spotted bars) cells after continuous treatment with OuM (n=35), 0.8uM (n=2), 5uM (n=2),
10uM (n=2) of Citalopram for 45 days post differentiation. ADAM10 activity (n=3 all
conditions) measured via FRET assay (A&B) and ASPPr measured by western blotting
(C&D). Example loading of western blots in L286V cells displayed in E. *Significantly

different to OQuM treatment condition.
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To monitor changes in amyloidogenic ABPP processing after Citalopram treatment,
APB1-40 and AP1-42 secretion was measured by ELISA in media collected 48hr hours after
the final treatment/ media exchange 45 days after differentiation. In control cells AB1-40 was
significantly elevated after treatment with 10uM Citalopram (140.40 + 39.08 pg/mg/ml)
compared to baseline (60.14 + 12.82 pg/mg/ml, p = 0.001) (See figure 20 A). In addition, the
total AP secretion was elevated after 10uM Citalopram treatment (163.7 + 44.65 pg/mg/ml)
compared to baseline (104.5 + 16.30 pg/mg/ml, p = 0.040) (See figure 20 C). However,
treatment with 0.8uM Citalopram significantly reduced total AP secretion (40.13 +4.459
pg/mg/ml, p = 0.027). No significant effects were seen for AB1-42 or the Ap1-42:Ap1-40
ratio in control cells (p > 0.050) despite a trend towards lower AB1-42:AB1-40 after 10pM
treatment (p=0.09). There was no significant effect of Citalopram treatment on any measures

of AP peptides in L286V cells (p > 0.050) (See figures 20 E, F, G & H).
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Figure 20 - Data displaying Ap secretion into spent media from control (solid bars) and
L286V (spotted bars) cells after continuous treatment with OuM (n=35), 0.8uM (n=2), SuM
(n=2), 10uM (n=2) of Citalopram for 45 days post differentiation. A-D shows data for
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6.3.3 Oxidative stress

Mitochondrial ROS production was quantified by repeated measurements under
control conditions and in the presence H202 (100uM) to test the sensitivity of the assay to
detect changes in ROS production. This also served as a time control for change in
fluorescence with time. Under control conditions there was no significant change in
fluorescence with time indicating there was no elevation in ROS production as an artefact of
time between measurements (p>0.05). Incubation with H202 (100uM) led to a significant
elevation in ROS production (RFU) after 450 seconds (1.052 = 0.011 RFU, p =0.001) and
600 seconds (1.082 £ 0.006 RFU, p =0.001) compared to time matched control (1.002 +
0.002 RFU & 1.003 +0.002 RFU respectively) (Figure 21, A). Next, Mitochondrial ROS
production was assessed in control and L286V cells at baseline and with Citalopram
treatment. Baseline Mitochondrial ROS production was significantly higher in L286V cells
(0.171 £ 0.015 RFU) compared to control cells (0.055 = 0.008 RFU, p = 0.001) (Figure 21,
B). No significant effects were found in control cells with Citalopram treatments (p > 0.050)
(Figure 21, C). In L286V cells, Citalopram treatments of 0.8uM (0.122 + 0.008 RFU, p =
0.003), 5uM (0.094 + 0.014 RFU p = 0.002) and 10uM (0.096 + 0.002 RFU, p = 0.003)
significantly reduced mitochondrial ROS production compared to baseline (0.171 + 0.015

RFU) (Figure 21, D).
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Figure 21 — Figures displaying MitoSOX Red assay data in cells 45 days post differentiation
(N=3). A. Change in fluorescence over time in control (AX0018) cells at basal rates. Red line
depicts the change in fluorescence (RFU) with the addition of with H202 (100uM) indicating
increased ROS production. B. Comparison of basal ROS production from MitoSOX Probe
binding between control and L286V (n=3). C-D. Change in ROS generation after being
treated continuously for 45 days with Citalopram at different doses (uM) *Significantly
different to L286V cells under no treatment condition (p<0.05) (**p<0.01).
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To further monitor the redox status of the cells in response to Citalopram treatment,
markers of protein and lipid oxidation were measured. In both control and L286V cells,
Citalopram treatment did not affect protein carbonylation (p > 0.050) (Figure 22, A-B).

Lipid peroxidation, quantified by total 8-isoprostanes, was significantly elevated in
control cells at Citalopram treatment concentrations of SuM (4.654 + 1.475 pg/ml, p = 0.005)
and 10puM (3.770 + 0.165 pg/ml, p = 0.021) compared to baseline (1.210 + 0.628 pg/ml)
(Figure 22, C). In contrast, Citalopram treatment at concentrations of 0.8uM (0.910 £ 0.146
pg/ml, p =0.002) and 5uM (1.732 £ 0.192 pg/ml, p = 0.011) was associated with significantly
lower total 8-isoprostanes compared to baseline L286V cells (3.867 £ 0.767 pg/ml) (Figure
22, D). In control cells, total antioxidant capacity was not changed significantly with
Citalopram treatment (p > 0.050) (Figure 22, E). In L286V cells, antioxidant capacity was
significantly elevated with SuM treatment of citalopram (257.7 + 13.04 uM/mg, p = 0.001)
compared to baseline (135.1 + 34.18 uM/mg). This effect was not seen with 0.8uM or 10uM

treatment (p > 0.050) (Figure 22, F).
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Figure 22 — Figures displaying markers of oxidative stress data in cell lysates 45 days post
differentiation after different treatments with Citalopram, OuM (n=7) 0.8uM (n=2), SuM
(n=2) and 10uM (n=2). A-B Protein carbonylation (mg/ml) in Control cells (Left, solid bars)
and L286V cells (Right, spotted bars). C-D Total 8-isoprostanes (pg/mg/ml) in Control cells
(Left, solid bars) and L286V cells (Right, spotted bars). E-F Antioxidant capacity (uM/mg) in
Control cells (Left, solid bars) and L286V cells (Right, spotted bars). *Significantly different
to L286V cells under no treatment condition (p<0.05) (**p<0.01).
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6.4 Conclusion

The data presented herein suggest that longitudinal Citalopram treatment at
concentrations of 0.8uM and 5uM can have a neuroprotective effect in cells carrying the
PSENI mutation L286V. However, Citalopram treatment at a concentration of 10uM did not
show benefits in the measured outcomes. In control cells, the protective effect of Citalopram
treatment was absent and higher doses of Citalopram (5uM and 10uM) caused an increase in
8-isoprostanes (Figure 22). Our initial experiments to determine the optimal doses of
Citalopram, undertaken in iPSC-derived neuron and astrocytes, showed that cell viability was
maintained across doses up to around 20uM (Figure 18). This suggests iPSC-derived neuron
and astrocyte co-cultures are a feasible model to study the effects of Citalopram on ABPP
processing.

The proposed potential therapeutic role of SSRI’s to delay the progression of AD is
partially based on the ability of elevated SHT signalling to boost non-amyloidogenic ABPP
processing. Crucially, both ADAMI10 activity and ABPPr were elevated with Citalopram
treatment in L286V cells supporting this hypothesis (Figure 20). Whilst the exact mechanism
of Citalopram treatment in increasing non-amyloidogenic processing cannot be determined
from the current research alone, combining this data with the previous chapter (See Chapter
5) it could be suggested that increased SHT4r agonist binding may be responsible for some of
the beneficial effects of Citalopram in slowing AD progression. In control cells this effect of
was not seen following SSRI treatment. This may be explained by the already ‘higher’
baseline ABPPr and expression of ADAMI10 as determined previously in chapter 4 compared
to L286V cells.

To gain a further understanding of how amyloidogenic ABPP processing may be

altered in response to Citalopram treatment, AB1-40 and APB1-42 was measured in cell media.
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Interestingly, L286V cells, there was no significant impact of Citalopram treatment on A3
generation (Figure 20). This perhaps makes sense as agonist stimulation of SHTr has been
shown to have no effect on A generation (Robert et al., 2005) and therefore increasing SHT
availability through Citalopram treatment may not impact amyloidogenic processing. Instead,
this places the beneficial effects of SSRI’s for treating AD on increasing non-amyloidogenic
processing. However, in Control cells both AB1-40 and total ABPP were increased after
treatment with 10uM Citalopram. Yet, total AP was significantly lower with 0.8uM treatment
(Figure 20). This suggests that continuous treatment above SuM Citalopram may promote the
generation of AB1-40, without impacting longer AB1-42 production.

Data presented showing mitochondrial ROS production was reduced, in combination
with a reduction in markers of downstream oxidative stress, provide further evidence of the
neuroprotective effects of SSRIs (Figure 21 & 22). The brain is particularly susceptible to
ROS damage, which is elevated in AD (Butterfield and Halliwell, 2019), and therefore
highlights another potential mechanism of action for Citalopram as an effective treatment in
AD. Although this study is limited by a small number of repeats in treatment conditions, the
overall trends with Citalopram treatment highlight the need for further research into these
effects. As cells carrying PSENI mutations have perturbed development, treatment with
SSRI’s may restore ‘normal function’ and this research therefore highlights a key
consideration that should be taken into account when designing future studies using SSRI’s as
a treatment for AD. It is also critical that the effects of citalopram treatment are investigated
in a larger number of fAD mutations to control for donor specific effects. This is also a
consideration for the control donor samples as some individuals display SSRI resistance and
therefore, reprogrammed cells may also be resistant. This, however, has not be tested and

should be conducted in future work.
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Overall, Citalopram treatment may hold therapeutic benefits for promoting non-
amyloidogenic ABPPr processing and reducing oxidative stress. Whilst SSRI’s are unlikely to
recover AP pathology in vivo completely, they may have a vital role in delaying the

progression of AD.
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CHAPTER 7 - GENERAL DISCUSSION

The overarching theme of this collection of work was to investigate ABPP processing
and redox balance in the development of AD. More specifically, chapter one aimed to gather
a better understanding of how ageing and obesity can alter to pathological markers associated
with AD in cognitively healthy individuals, including the ADAMI10, the ABPPr, IL-6 and
oxidative damage to lipids and proteins. In chapter two, these markers were characterised in
iPSC-derived cortical models of fAD carrying PSEN1 mutations to test whether these cells
represent similar phenotype to people with AD. In chapter 5, the research aimed to investigate
the presence and functionality of SHT4r receptors in iPSC-derived cortical cultures and
whether modulation of the receptor could impact ADAM10 activity. In the final empirical
chapter, iPSC derived cell models were treated with the SSRI, Citalopram, and markers
associated with ABPP processing and oxidative stress were monitored.

Early detection of key biochemical changes is critical if better therapeutic
interventions are to be successfully developed for LOAD. Being able to assess the risk of
LOAD in a cognitively ‘normal’ person is one such avenue for research. Both advancing age
and obesity are known risk factors for the development LOAD and have been associated with
a chronic inflammatory state and perturbed redox balance. However, less is known about how
peripheral markers influencing ABPP processing might be affected by age and obesity.
Initially, research was undertaken to identify whether changes in blood-based biomarkers
associated ABPP processing, inflammation and oxidative stress could be detected in
cognitively healthy people who may be ‘at risk’ of LOAD. This research presented in chapter
3 supports previous research showing that ageing and obesity are associated with an altered
inflammatory and redox balance state (Ferrucci and Fabbri, 2018, Stolarczyk, 2017, Hauck et

al., 2019). Data was also presented to show that ADAM10 protein expression was also

141



significantly lowered with ageing and obesity, even in cognitively healthy individuals. These
findings are novel, and this is the first study to suggest that ADAMI10 protein expression may
be altered in AD ‘at risk’ but otherwise cognitively healthy individuals. Expression of the
full-length zymogen, ProADAM10, was more strongly associated with ageing whereas,
expression of mMADAMI10 was associated with obesity in later life. There was no change in
APBPPr in any of the participant groups. These findings are in agreement with other studies
that have shown that blood-based markers associated with LOAD are altered in ageing and
obesity. The changes observed in protein expression of the different ADAMI10 proteins may
be indicative of lowered non-amyloidogenic ABPP processing, which is associated with an
elevated risk of LOAD. Therefore, highlighting a potential link between redox status,
inflammation, ABPP processing and LOAD. Further, a previous research has shown that the
C-terminal fragment associated with alpha-secretase activity was reduced with age in healthy
individuals (Nistor et al., 2007). Although the protein levels of ADAMI10 have been shown to
decrease in people with AD (Manzine et al., 2013, Manzine et al., 2014, Colciaghi et al.,
2002, Colciaghi et al., 2004) it is not a direct measure of ADAM10 activity. Although there is
some evidence that mADAM10 protein levels and activity are related in platelets (Schuck et
al., 2016), the outcomes of this study are limited, and it is not possible to conclude on whether
amyloidogenic ABPP processing is altered. Further research measuring sABPP-a would
provide a more direct analysis. The findings from this study are in contradiction to a research
study that showed elevated ADAM10 activity in cognitively healthy older adults (Schuck et
al., 2016). An important consideration when comparing the results of these studies is that
cross-sectional analysis is subject to a selection bias. By nature, older adults who maintain
cognitively healthy as they age may have greater ADAMI10 activity throughout their lifespan

compared to those who experience cognitive deficits. Therefore, this analysis is unable to
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detect changes in ADAMI10 activity from ‘baseline’ to older age. Further, the effects of diet,
exercise and sleep, which are considered neuroprotective against AD, have not been
investigated for their impact on ADAM10 protein expression and activity and may explain
differences between these study findings.

Research is warranted to monitor ADAMI10 protein expression and activity across the
lifespan to see if reduced expression in younger or mid-life is a factor associated with a future
diagnosis of LOAD. This research is further supported by identification of the ADAMI0 as a
susceptibility gene for AD (Jansen et al., 2019). Although rare, ADAM10 missense mutations
functionally impair ADAM10 prodomain chaperone function, leading to a shift in ABPP
towards the amyloidogenic pathway and increase reactive gliosis in mouse brain (Suh et al.,
2013). Irrespective of the conflicting findings for altered mADAM 10 platelet expression with
cognitively healthy ageing, ADAM10 and ABPP may be excellent targets for therapeutic
intervention in AD. By increasing ADAMI10 activity, perhaps via intervention, it may be
possible to reduce amyloidogenic ABPP processing and therefore preclude the generation of
AP. This approach to treatment would also result in the release of SABPP-a which is
considered neuroprotective. There is, however, a key issue. Strategies aimed at increasing
‘global’ ADAMI10 activity are likely to cause significant unwanted side effects. ADAMI10 is
expressed on a number of different cells types and is known to cleave a number of substrates
(Wetzel et al., 2017). This problem is similar to that seen with current attempts to treat AD by
the use of both BACE-1 and y-secretase inhibitors. However, the finding that ADAM10 can
associate with partner proteins at the cell membrane (Matthews et al., 2017, Cochet et al.,
2013) may enable a more targeted approach to increasing non-amyloidogenic ABPP
processing. Several lines of evidence suggest that modulating serotonin signalling, possibly

through agonist binding of the SHT4r receptor can increase ADAM10 activity (Robert et al.,
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2005, Cochet et al., 2013, Bianco et al., 2016b). This highlights a potential therapeutic avenue
for treating AD. In order to further investigate this, it was first critical to establish
physiologically relevant model. The recent advancements in iPSC technology, enabling the
generation of cortical cell models could provide a suitable platform for this research.

In chapter 4 iPSC-derived neuron and astrocyte co-cultures carrying PSENI mutations
were characterised for markers of ABPP processing and oxidative stress and compared to a
healthy control cell line. Although PSENI mutations cause fAD, the pathological features are
nearly identical in presentation to LOAD and therefore, modelling AD in iPSC-derived
cortical models may represent a powerful research tool. The aim of this research was to
establish whether the iPSC-derived neuron and astrocytes co-cultures also displayed a
phenotype similar to that seen in LOAD, in particular whether ADAM10 protein expression
and cellular redox balance was altered. The results of this study showed that iPSC-derived
neuron and astrocyte co-cultures with either the PSEN mutation L286V or R278I had
significantly lower mADAM10 expression compared to controls. In addition, the ABPPr was
also significantly lower in both PSENI mutation cell lines. Further, alterations in AP peptide
secretion were detected in both lines. Although, the L286V mutation had an overall increase
in AP accumulation, whereas, the R2781 mutation had an alteration in the AB1-42:AB1-40
ratio. Further, the R2781 mutation also had an elevation in A oligomers. This makes sense as
increasing longer AP species, such as AB1:42, are more prone to aggregation (Qiu et al.,
2015). The lowered mADAMI10 expression in PSENI mutation carrying cells compared to
control cells may make this a viable model for exploring the effects of therapeutic treatments
aimed at restoring ADAMI10 activity. Further, markers of oxidative stress were also altered in
cells carrying a PSENI mutation. Although the involvement of disrupted redox balance has

not been precisely elucidated, it is a prevalent and early pathological feature in LOAD and
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fAD (Smith et al., 2000, Nunomura et al., 2001, Butterfield and Boyd-Kimball, 2018a). As
shown in chapter 3 elevated oxidative stress is also seen in people who may be at risk of
developing LOAD. However, it is important to consider the limitations of these findings as
only two mutations were used in comparison to the relatively large number of known PSEN/
mutations identified. It is possible that different mutations each display a distinct phenotype,
and this is currently an area of investigation. The findings from chapter 4 do compliment
previous research showing that both ABPP processing and the species of AP generated is
significantly altered in neurons and astrocytes carrying PSENI (Kwart et al., 2019, Arber et
al., 2019, Sproul et al., 2014). Therefore, iPSC-derived cells models will likely provide
invaluable insight as a tool to investigate the pathogenesis of AD in future work.

In chapter 5, the research aimed to further examine the potential use of iPSC-derived
neuron and astrocyte co-cultures as a model to study the interaction of ADAMI10 activity with
the SHT4r. A key criticism of iPSC-derived cortical cells models is that they represent a very
early developmental stage of cell growth which may not be a relevant model to study a
disease like LOAD that is thought to develop gradually in later life. In addition, the
maturation of neuronal circuits is critical for network signalling activity and may not have
taken place in the iPSC model. As such, to test therapeutic compounds that may modify
ADAMI10 activity though modulating neurotransmitter release, such as SSRI’s, cell networks
need to be able to functionally respond to treatments. Evidence supporting the presence of
functional SHT4r receptors is presented in chapter 5 following bath application of SHT and
selective agonist and antagonist compounds evoking calcium potentials, which is indicative of
signalling activity. Further to this, the treatment of co-cultures with Prucalopride significantly
elevated ADAM10 activity, and this effect was subsequently blunted by the addition of the

5HT4r inhibitor GR113808. Interestingly, this effect was only seen in cells carrying the
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L286V PSENI mutation which was seen to have a lower baseline ADAMI10 activity. This
provided further support to existing evidence suggesting agonist binding of the SHT4r may be
a target for increasing ADAM10 activity (Robert et al., 2005, Cochet et al., 2013).

This apparent link between SHTr agonists and ADAM10 activity has led to a
hypothesis that proposes that SSRIs may have a beneficial role in the delaying the progression
of AD (Elsworthy and Aldred, 2019). Whilst there is some evidence suggesting SSRI’s may
protect against cognitive decline in people with AD (Pelton et al., 2016, Bartels et al., 2018),
the ability of SSRIs to affect the pathology of AD is far from proven (Sepehry et al., 2012).
The evidence from animal models supports a disease modifying effect of SSRI’s on AD
pathology and cognition (Huang et al., 2018, Kim et al., 2018), however, this effect appears to
be less apparent in modifying established amyloid pathology (von Linstow et al., 2017,
Severino et al., 2018). There is a clear need for more research into these effects.

In chapter 6, iPSC-derived neuron and astrocyte co-cultures from healthy control and
the PSENI mutation, L286V were used to examine the effects of Citalopram on ABPP
processing and redox status. In L286V cells, Citalopram treatment at concentrations of
0.8uM, 5uM and 10uM resulted in a significant elevation in ADAM10 activity. The ABPPr
was also increased with 0.8uM and 5uM treatments. There was no effect of Citalopram
treatments in Control cells. This finding strongly supports the previous finding that SHT4r
agonist stimulation only altered ADAM10 activity in disease (L286V) cells. One explanation
for this may be that SHT signalling is disrupted in cortical cells carrying a PSENI mutation,
which is then restored by Citalopram treatment. Whilst there is some evidence to support
dysfunctional SHT signalling in AD (Geldenhuys and Van der Schyf, 2011) it is an area that

warrants further investigation.

146



The elevation of ADAMI10 activity and increased APPPr after treatment with
Citalopram point towards an increase in the non-amyloidogenic ABPP pathway, however
without directly measuring sABPP-a generation this cannot be confirmed. Several studies
looking at the effects of SSRI treatment in animal models of AD have shown reductions in A
production, however, the data presented in chapter 6 did not suggest that AB production was
lower in L286V cells. The release of AP into cell media was only impacted in Control cells,
where a reduction of total AP concentration was observed with Citalopram treatment (at a
concentration of 0.8uM) and AP concentration was increased when cells were treated with
10uM Citalopram treatment. A crucial consideration when interpreting this data is that the
nature of the PSENI mutation that was present in the model system used herein causes altered
y-secretase activity, and the mechanisms by which this occurs are poorly understood.
Therefore, any effects of Citalopram on L286V cells may be significantly affected by the
specific mutations’ effect on baseline AP cleavage. However, in chapter 4, the L286V cells
were shown to have elevated AP generation at baseline compared to both control and a second
PSENI mutation R278I. Therefore, it likely if Citalopram treatment could directly modulate
AP production it would likely be highlighted in this model. From this data it instead points
towards Citalopram treatment acting through the non-amyloidogenic, ADAMI10, pathway.

One limiting factor in this study is the small number of repeats in the Citalopram
treatment groups. This may cause subtle changes in outcome measures to be lost.
Alternatively, outcome measures with high variation can be subject to more type 1 error, i.e. a
false positive. However, after grouping Citalopram treatments against the control group for
each of the AP generation outcome measures, there was little to no change in statistical power
(Cohens d below 0.1) suggesting that there is no effect of Citalopram treatment on A3

generation in this study.
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To understand the effects of Citalopram on cellular redox balance, ROS production,
markers of oxidative stress and antioxidant capacity were measured. In L286V cells, which
were previously shown to have perturbed basal redox balance (chapter 4), Citalopram
treatment reduced oxidative stress. This was supported by both a significant reduction in
mitochondrial ROS production in all Citalopram treatment conditions and a reduction in lipid
peroxidation with 0.8uM and 5uM treatments. Further, treatment with Citalopram treatment
typically elevated antioxidant capacity, reaching statistical significance in only the SpuM
condition. This points to a redox favourable role of Citalopram treatments in conditions where
oxidative stress is elevated.

Throughout this research, markers of oxidative stress have been monitored
predominantly though end-point oxidation products to lipids and proteins. Further, direct
superoxide generation using the MitoSOX red probe was utilised in chapter 6. Whilst these
are commonly used method of assessing redox balance, this approach only presents a limited
view of redox balance. To compliment this work and strengthen the conclusions on redox
balance disruption in both the participants in chapter 3 and iPSC models in subsequent
chapters, a number of alternative measures could have been made. Specific oxidation adducts
to proteins have been shown to better reflect AD symptomology than global markers of
carbonylation (Aldred et al., 2010). Measuring redox couples/ cycles such as the glutathione
cycle, could also provide further insight to cellular oxidative stress, in addition to antioxidant
enzymes and genes associated with maintain redox homeostasis. Superoxide dismutase -1 is
one such enzyme that is commonly associated with AD (Cao et al., 2018). Generating a full
redox profile of PSENI mutation carrying iPSCs is perhaps an area for further work.

The research presented in chapter 6 highlights another important mechanism by which

SSRI’s may exert neuroprotective effects to delay some of the neurodegenerative processes
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that are seen in AD. Current research suggests that long-term treatment with SSRIs may delay
the progression from MCI to AD (Pelton et al., 2016, Bartels et al., 2018). Further, effective
treatment with SSRIs can induce neurogenesis, delay hippocampal atrophy (Dale et al., 2016,
Eliwa et al., 2017), reduced neuroinflammatory processes and increase neurotrophic factors
(Bartels et al., 2018, Alboni et al., 2016). SSRIs may also be effective in lowering oxidative
stress. This may be due to either increased endogenous antioxidant capacity or activity, or
through possible antioxidant properties of the drugs itself suggesting alternative protective
action (Lee et al., 2013, Chang et al., 2015). As previously discussed in section /.70.1
‘mechanisms of action’ the beneficial effects of SSRI treatment in people with AD has
translated into a reduced mortality rate at two-year follow up, although this effect dissipates
after four years (Sepehry et al., 2016). Therefore, it may be critical for effective intervention
to begin much earlier in disease pathology, perhaps even prior to clinical symptoms appear.
This is crucial as once the clinical symptoms of AD become apparent the associated
neurodegeneration is irreversible. Therefore, the treatment of AD with SSRIs is not curative
or necessarily able restore a loss of function but may delay the disease process and crucially,
prolong cognitive function into older age.

In order to achieve this therapeutic effect, SSRIs must act through mechanisms that
interfere with aberrant pathological processes seen in people with AD and there is emerging
evidence to support this effect. The results in chapter 6 demonstrate that SSRIs may be
beneficial as a treatment for AD by increasing ADAMI10 activity and reducing oxidative
stress. These beneficial effects may however be independent of A pathology. This should be
investigated further in a larger number of biological repeats and fAD mutations in iPSC
derived co-cultures for more powerful data collection. Some of the possible mechanisms by

which SSRIs could alter the processing of ABPP are via altered ABPP expression or increased
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trafficking of ABPP to the cellular membrane, increased ADAM10 activity and/or reduced
BACE-1 activity. Two of these mechanisms, increased ADAM10 activity and altered ABPP
expression, were identified in chapter 6 however, BACE-1 was not investigated and is a
limitation of the research presented.

Based on the findings presented in this thesis, there is clearly scope for further
research into the modulation of serotoninergic systems to delay the progression of AD.
Perhaps most crucially, it is important to understand the mechanisms of action of SHT4r
agonists on ADAMI10 activity to be able to develop specific novel compounds for use as a
disease modifying options for AD. Current clinical trials of selective SHT4r and SHT6r
agonists and antagonists respectively will elucidate whether such modulation holds
therapeutic effects (Hung and Fu, 2017). In addition to the physiological relevance of iPSC-
derived neuron and astrocyte co-cultures to humans, this cell model provides a platform for
rigorous control and manipulation of cell conditions. Applying gene editing techniques, for
example, would enable the specific interactions of SHT4r and ADAMI0 to be probed. To test
the hypothesis that SHT4r receptors are crucial for the effect of Citalopram on ADAMI10
activity, knockout models of SHT4r could be used to shed light into this mechanism of action.
Further, the relatively new finding that ADAMI10 is chaperoned by members of the TSPAN
family could be a critical factor in the co-localisation of SHT4r and ADAMI10 at the cell
membrane (Matthews et al., 2017). Developing TSPAN knockout models could be an
interesting tool applied to this area of research. Whilst this body of research provides
supporting evidence for perturbed features associated with AD pathology in iPSC derived
cortical models, in addition to novel findings for the beneficial impact of SSRI treatment for
AD, it is crucial that larger number mutations are investigated. Modelling AD using iPSC

derived cortical cells is proving a highly valuable research tool, yet the relatively limited
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neurodevelopmental components cannot fully explain the more multifactorial nature of
LOAD. Therefore, novel findings from research including this work, need to be transitioned
into human studies to allow our understanding of AD to develop more effectively.

Overall, this research has highlighted that biochemical changes associated with AD
are detectable in the blood of older individuals with obesity who may be at considered at risk
of LOAD. Further, iPSC-derived neuron and astrocyte co-cultures carrying PSENI mutations
display phenotypic features consistent with the diagnosis of AD and are a viable model to
study the mechanisms of SSRI treatment on ABPP processing. The findings from this research
suggest that more large-scale studies to examine the effects of SSRI’s in people at risk of

LOAD or in close proximity post-diagnosis are warranted in the near future.
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