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Abstract

Synapse loss in Alzheimer's disease (AD) is the best correlate of cognitive
impairment. However, the processes underlying synapse loss in AD are still not
sufficiently understood. Synaptic proteins have been traditionally used as markers to
investigate synaptic degeneration and loss, however, these have not been fully able
to predict when changes in disease first occur. The neuroprotective co-chaperone
protein, cysteine string protein (CSP) alpha is involved in the maintenance of protein
folding, neurotransmitter release and synaptic stability. Further, it has been shown
that CSPalpha can be secreted in association with neurodegenerative disease
proteins such as tau, a process likely linked with “prion-like” propagation of protein
aggregates across AD brain. Previous work in the Giese laboratory suggested a
protective role for CSPalpha during the early stages of presynaptic degeneration in
AD. This thesis builds on these findings to add new data showing the accumulation
of CSPalpha near AD-associated AB plaques in post-mortem human brain and

describes the relationship between CSPalpha and amyloid pathology.

Results are presented showing amorphous accumulations of CSPalpha near the core
of AB deposits, that partially colocalise with hyperphosphorylated tau, dystrophic
neurites and in glial cells proximal to plaques. CSPalpha is highly expressed in
presynaptic terminals, and the accumulations of CSPalpha were found to localise to
some, but not all dystrophic presynaptic structures, suggesting a possible or intra- or
extracellular localisation. Using super resolution microscopy and array tomography,
CSPalpha accumulations were found to exist in close proximity to AR deposits, to a
greater extent than other presynaptic proteins such as synaptophysin. Varying levels
of CSPalpha protein expression was identified in other neurodegenerative diseases

including mixed dementia, frontotemporal lobar dementia and dementia with Lewy



bodies, along with evidence of CSPalpha accumulations but only in the presence of
amyloid plaques. Furthermore, in the brains of the 5x familial AD (FAD) mice, which
display memory impairments related to AR over-production and the development of
amyloid plaques, it was found that virtually all of the AB-positive deposits were

associated with aberrant CSPalpha accumulations.

These findings suggest a novel role for CSPalpha as a pathological marker of
presynaptic damage that is associated with A pathology. These findings are in-line
with published reports of dystrophic presynaptic terminal structures and presynaptic
protein deposits surrounding amyloid plaques. However, CSPalpha accumulations
were more abundant and were also found distal from the amyloid plaque centre in
comparison to other presynaptic proteins. Together these data indicate that
CSPalpha may be the earliest known pathological marker of pre-synapse loss in
diseases that feature AB deposition and may also mediate neuroprotective and/or
neurodegenerative mechanisms in disease. These findings further support pre-
synaptic die-back theories in AD and provide a better understanding of synapse

degeneration in several neurodegenerative diseases.
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Chapter 1: Introduction

1.1 Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive, age-related neurodegenerative disorder
first described by the German psychiatrist Alois Alzheimer in 1906 (Stelzmann et al.,
1995). Alzheimer reported the unusual case of a fifty-one-year-old woman, Auguste
D, who presented with symptoms of paranoia, aggression, confusion and cognitive
deficits until her death at the age of 55. Histopathological analysis of her brain showed
a “peculiar severe disease process of the cerebral cortex” (Hippius and Neundorfer,
2003). The brain was severely atrophied and presented with “miliar foci” - deposits
consisting of a special substance and also tangle-like fibrils to which is now known to
be extracellular beta-amyloid (AB) deposits and intracellular neurofibrillary (tau)
tangles (NFTs), pathological hallmarks used to diagnose the disease today post-
mortem (Stelzmann et al., 1995; Strassnig and Ganguli, 2005). More than 100 years
since this first discovery, much has been revealed about the pathology of this
devastating disease, however much is still unknown about the molecular mechanisms

that underlie it and have yet to find a suitable treatment or cure for the disease.

1.2 Prevalence and Economic Burden of AD

AD is the most common form of dementia, estimated to contribute to about 60-70%
of cases (Barker et al., 2002). Epidemiological statistics of the global prevalence of
AD from the World Alzheimer’s Report 2018 estimate 50 million people currently living
with the disease (Patterson, 2018). Since age is the largest risk factor for AD, and as
the aging population are now living longer due to recent advancements in medical
research, this number is projected to rise to 152 million by 2050, yet surprisingly rates

have been reported to be in decline in western countries (Satizabal et al., 2016). As
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the number of individuals being diagnosed with AD continues to rise, the associated
costs will also increase. As such, in 2018 the total worldwide cost of dementia was
estimated to be $1 trillion with costs estimated to rise to more than $2 trillion by 2030

(Patterson, 2018).

In the United Kingdom (UK), there are currently 850,000 people living with dementia
(Prince et al., 2014). This figure will drastically increase to over two million by 2050
(Prince et al., 2014). AD is a major social and economic burden and hence the UK
economy is severely impacted with costs surmounting to more than £26 billion every
year with £4.3 billion going towards the National Health Service (Prince et al., 2014).
These statistics highlight the urgent need to understand underlying mechanisms of

AD aetiology and to develop better early-stage diagnostic tools and therapies.

1.3 Symptoms and Diagnosis

Development of guidelines for the clinical presentation of the stages of AD was led
by the National Institutes of Health and the Alzheimer’s Association which built upon
the original 1984 diagnostic criteria (Dubois et al., 2014). Due to the advancements
of medical technologies and early detection, current research identifies three stages
of AD: preclinical AD, mild cognitive impairment (MCI) due to AD, and dementia due
to AD which can be broken down into mild, moderate and severe stages of dementia
severity (Fig 1.1) (Albert et al., 2011; Jack Jr et al., 2011; McKhann et al., 2011;

Sperling et al., 2011).

Preclinical AD is the first stage of a clinical diagnosis for AD. This stage is
asymptomatic, meaning there are no apparent symptoms such as memory loss,
however individuals can present measurable brain changes and altered biomarker
profiles. These indicators mark early signs of AD which include amyloid deposition

detectable using positron emission tomography scans, amyloid and tau changes in
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cerebrospinal fluid (CSF), and atrophy of brain areas affected in AD observed with
structural magnetic resonance imaging (MRI), yet at this stage it remains uncertain
whether the patient will go on to develop AD (Dubois et al., 2010; Lashley et al., 2018).
The second stage is MCI, marked by measurable clinical symptoms of memory loss
and cognitive decline that do not compromise an individual’s daily activities (Dubois
et al., 2010). This also includes biomarker evidence of AD-related brain changes.
Individuals with MCI are more likely to develop AD or another form of dementia
without MCI, but in some cases, MCI can revert to normal cognition (Kantarci et al.,

2009).

Finally, the last stage is classified as dementia due to AD where individuals present
increasingly impaired cognition, memory loss and behavioural symptoms that impair
a person’s daily life. The progression can be further broken into three stages of mild,
moderate and severe AD. The mild stage of AD can last between 2-5 years and is
characteristic of memory impairment (short term memory loss), aphasia (language
dysfunction), occasional depression, visuospatial difficulty and personality changes,
yet patients can still perform some routine tasks without disruption (Holtzman et al.,
2011). Individuals with moderate AD, where the disease has progressed further, can
present with more obvious difficulties in memory (long-term memory loss) along with
other cognitive symptoms such as agnosia (failure of recognition), apraxia (movement
difficulties), and behavioural changes such as agitation. This stage can last a further
2-4 years, and patients become more dependent on their friends and family to
assistant in their daily activities (Holtzman et al., 2011; van der Flier et al., 2011). The
final stage of dementia due to AD is the severe stage, where patients are fully
dependent on caregivers for all daily activities. Symptoms include severe cognitive
and memory deficits, disphagia (problems in swallowing), inability to control bladder
and bowel function, vulnerability to infections and organ failure which can ultimately

lead to death (Holtzman et al., 2011).
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The diagnosis of AD in living patients includes neurological and psychometric testing
such as the clinical dementia rating and the Mini Mental State Examination (Folstein
et al., 1975). An accurate neuropathological diagnosis can however only be
determined during post-mortem examination of brain to detect lesions of amyloid and

tau (Perrin et al., 2009).

— Dementia due to AD E—

- MCI due

Years
| | | | |
No Symptoms Mild symptoms not Symptoms interfering  Symptoms interfering  Symptoms interfering
interfering with daily with some daily with many daily with most daily
activities activities activities activities

Figure 1.1. Stages of the AD continuum.

AD patients can present with three main stages of the disease which include
preclinical AD, MCI due to AD, and dementia due to AD (separated into mild,
moderate and severe) which can develop over time (years). Adapted from (2020

Alzheimer’s disease facts and figures, 2020).
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1.4 Neuropathology of AD

Post-mortem brains from individuals with AD display neuropathological features of
the disease compared to a healthy brain (Holtzman et al., 2011). Classical hallmarks
include brain atrophy, characteristic neuronal loss, extracellular deposits of AR
peptide in plagques and intracellular accumulation of hyperphosphorylated tau as
NFTs (Fig 1.2) (Holtzman et al., 2011). In addition, there are other common features
such as neuropil threads, dystrophic neurites and synaptic loss (DeKosky and Scheff,
1990; Scheff et al., 1990; Masliah et al., 1994; Mandelkow and Mandelkow, 1998;
Igbal and Grundke-Igbal, 2002) that are accompanied by astrogliosis and microglial

reactivity (Beach et al., 1989; Itagaki et al., 1989).
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Figure 1.2. AB plaques and NFTs from the temporal cortex of human post-

mortem AD brain.

Two extracellular AB plaques (white arrows) and an intracellular neurofibrillary tangle
(red arrow) after staining with a modified Bielschowski stain. Magnification at 400x.

Figure taken with permission and adapted from (Perl, 2010).

1.4.1 Beta-amyloid (AB) Plaques

AB plaques are composed primarily of AB peptides, fragments of the amyloid
precursor protein (APP). These peptides accumulate and are deposited in the
extracellular space in AD brain (Yates and McLoughlin, 2008). Parenchymal amyloid
plaques can be described as being either diffuse or focal (dense core). Diffuse
plaques are large (up to 100 um in diameter) have ill-defined borders and do not

contain any fibrillar AB. Examples of diffuse plaques include “lake-like”, “fleecy and
“subpial band-like”. Diffuse plaque types can be found in both non-demented

individuals as well as in the AD brain (Thal et al., 2015). Dense core plaques on the
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other hand are distinguished as “mature”, “classical” and “neuritic” (Serrano-Pozo et
al., 2011). These plaque types are characterised by a halo of soluble oligomeric Ap
species, are surrounded by dystrophic neurites and swollen presynaptic dystrophies
which contain hyperphosphorylated tau and are associated with toxicity of the
surrounding neuropil, synapse loss and glial cell activation (Koffie et al., 2009;
Serrano-Pozo et al., 2011; Bouvier et al., 2016; Sadleir et al., 2016). Thal phases
describe the abundance of AB pathology and distribution (mentioned below) across

the AD brain and these assist in neuropathological scoring of disease severity (Fig

1.3) (Thal et al., 2002):

Phase 1. Appearance in the isocortex

Phase 2. The hippocampus and entorhinal cortex

Phase 3. Striatum and diencephalic nuclei

Phase 4. Brainstem nuclei

Phase 5. Finally, the cerebellum and additional brainstem nuclei

1.4.2 Neurofibrillary (Tau) Tangles

NFTs are composed of intracellular accumulations of hyperphosphorylated
microtubule-associated protein tau and aggregated as paired helical filaments (PHFs)
and straight filaments (Grundke-lgbal et al., 1986). “Pre-tangles” which contain
soluble, hyperphosphorylated and often misfolded tau species are considered to be
precursors of NFTs (Uchihara et al., 2001). NFT-containing neurons can take on a
characteristic “flame-shaped” appearance and eventually overtime, these NFT-
containing neurons die leaving behind neuron remnants and these are known as

extracellular “ghost” tangles (Braak et al., 1994). NFT pathology follows a distinct
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spatiotemporal pattern of spread throughout the AD brain described as six Braak
stages which assist in neuropathological scoring and classification of disease severity

(Fig 1.3) (Braak and Braak, 1991, 1995).

Braak |. Presence of NFTs in layer Il of the transentorhinal and entorhinal

cortices.

Braak Il. Subiculum and Cornu Ammonis area 1 (CA1) of the hippocampus

Braak Ill. Limbic system including thalamic nuclei and amygdala

Braak IV. The rest of the hippocampal formation, thalamic nuclei and basal

ganglia

Braak V. Most of the association areas of the neocortex are occupied by NFTs

and considerable atrophy of temporal and frontal cortices

Braak VI. Isocortex with the exception of the motor cortex and cerebellum

which remain relatively unaffected by NFT accumulation.
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Spatiotemporal Disease Progression (Years)

Figure 1.3. Spread of AB and tau pathology across AD brain.

Representation of the characteristic pathological disease progression (years, black
arrow) in terms of the appearance and increasing burden of lesions in AD. These
include AB (yellow) and tau (blue) spread (white arrows) with darker colouring
indicating increased pathological density. Also shown are A deposits and a NFT
from the neocortex of an individual with AD. Scale bars for amyloid deposits and NFT
are 50 um and 20 um, respectively. Figure taken with permission and adapted from

(Jucker and Walker, 2013).

1.4.3 Neuropathological Assessment of AD

Recently, new National Institute on Aging-Alzheimer's Association (NIA-AA)
guidelines for the neuropathological classification of AD have been proposed
(Montine et al., 2012; Jack et al., 2018) that combine Thal AR phases, Braak NFT
stages and Consortium to Establish a Registry for Alzheimer's Disease (CERAD)
scores (Hyman et al., 2012; Montine et al., 2012). The latter are based on the semi-
quantitative neuropathological assessment of neuritic plaques (absent, sparse,
moderate and frequent) (Mirra et al., 1991). Together, these measures provide an

overall “ABC” score (Amyloid, Braak, CERAD) which reflects the amount of ‘AD
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specific change’ on a four-tiered weighting (Not, Low, Intermediate and High)
(Montine et al., 2012). This system recognises earlier stages of AD neuropathological

change that occur in the background of the disease process.

1.4.4 The Heterogeneity of AD

AD is both aetiologically and clinically heterogenous with various pathological
subtypes, making the relationship between clinical presentation and underlying
mechanisms much more complex (Schneider et al., 2007, 2009; Kapasi et al., 2017).
AD itself presents with distinct clinicopathological subtypes based on NFT distribution
and brain atrophy. A study from the Mayo Clinic found that in 889 AD cases, 11% had
the presence of hippocampal sparing and 14% had limbic predominant tangle
pathology, each presenting with different age of onset, disease duration and rates of
cognitive decline (Murray et al., 2011). Other subtypes include typical and minimal
atrophy as well as other clinical variants that show distinct regional patterns of tau:
nonamnestic, posterior cortical atrophy, corticobasal syndromal, behavioural, primary

progressive aphasia and mild dementia variants (Jellinger, 2020).

The new NIA-AA criteria for AD now reflects more recent studies that suggest only a
minority of individuals have a purely AD diagnosis; that being defined by AB plaque
and NFT neuropathology (Boyle et al., 2018). The Florida Department of Elder Affairs
at Mayo Clinic found that after examination of 1242 brains, less than half of patients
with a primary AD diagnosis were considered “pure AD” (Fig 1.4) (Rabinovici et al.,
2017). In fact, brain regions that are vulnerable to AD-associated pathological
changes, are also vulnerable to other disease processes which include
cerebrovascular lesions (the most common coexisting pathology), a-synucleinopathy
and transactive response DNA-binding protein 43 kD (TDP-43) proteinopathy (Boyle

et al., 2018). Relatedly, The Religious Orders Study and the Rush Memory and Aging
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Project found that 45.8% of individuals with probable AD, had mixed pathologies
including macroscopic infarcts and neocortical DLB (Schneider et al., 2009). In a
separate study of 349 individuals diagnosed with AD, 43% had detectable Lewy body
pathology (Uchikado et al., 2006). Boyle and colleagues (2018) found that after
examination of 1079 brains, over 230 different neuropathologic combinations were
present, that may in some form contribute to cognitive decline in AD (Boyle et al.,
2018). As such toxic effects of neocortical Lewy bodies account for around 41% of
the cognitive loss observed in AD-diagnosed patients with their impacts varied at a
person-specific level (Bennett et al., 2012a, 2012b). Studies have additionally
reported that 50%, 57% and 63% of brains with an AD diagnosis also have TDP-43
pathology identification in the medial temporal lobe (Amador-Ortiz et al., 2007; Hu et
al., 2008; Josephs et al., 2014; Thomas et al., 2020). TDP-43 pathology in AD
patients’ brains can also correlate with faster progression of brain atrophy, cognitive
impairment and atypical clinical presentation (Josephs et al., 2008, 2014; Wilson et
al., 2013; Matej et al., 2019). Additionally, other common pathologies include
eosinophilic Hirano bodies, granulovacuolar degeneration and cerebral amyloid
angiopathy (CAA) (Perl, 2010; Serrano-Pozo et al., 2011), the result of which can
lead to the loss of synapses and neurons commonly associated with cognitive decline

in AD (Boyle et al., 2015; Arvanitakis et al., 2016).

Due to the heterogeneity of AD, complications can arise in the ante-mortem
diagnosis, treatment and drug design, which are currently specific for AD-related
changes. Hence, a greater understanding of the underlying biological mechanisms
that lead to neuropathological comorbidities in AD will provide better targeting,
efficacy and stratification of populations with more homogeneous signatures of

complex diseases.
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AD+tau; 1.7%

AD+HS; 0.5%

AD+VaD+tau; 0.7%
AD+VaD+HS; 0.6%
AD+LBD+tau; 0.6%

AD+LBD+HS; 0.2%
AD+LBD+VaD+HS; 0.5%

AD+LBD+VaD+tau; 0.2%

Other; 5.1%

Figure 1.4. Co-morbid pathologies in AD diagnosed patients.

A study in 2014 examining 1242 brains (Braak IV/ Thal phase 3 or greater) of which
only 43.7% of brains were diagnosed with ‘pure AD’, and the majority having a co-
pathological diagnosis. Tau refers to agyrophilic grains disease, a medial temporal
tauopathy associated with age. Alzheimer’s disease (AD); vascular dementia (VaD);
Lewy body diseases (LBD); hippocampal sclerosis (HS). Figure taken with permission

from (Rabinovici et al., 2017).

1.5 APP and AB

1.5.1 Amyloid Precursor Protein (APP)

APP belongs to a family of highly conserved type | single-pass transmembrane
glycoproteins which include amyloid precursor like-proteins 1 and 2 found in
mammals (Kang et al., 1987; Wasco et al.,, 1993). APP has a highly conserved
extracellular amino-terminal (N-terminal) domain and a short cytoplasmic tail (Kang

et al., 1987). Alternative splicing of the APP gene encodes for a number of different
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isoforms with the three major APP encoded proteins being the 695 amino acid form
(APPsgs) which is enriched in brain tissue, and the 751 (APP7s+1) or 770 (APP770) amino
acid forms expressed predominantly in other tissue types (O’Brien and Wong, 2011).
APP is particularly enriched in regions of the cerebral cortex and hippocampus, areas

severely affected in AD (Bahmanyar et al., 1987; Arai et al., 1991).

APP was first identified as a cell surface receptor-like protein (Kang et al., 1987).
Since then, APP has been shown to be essential for embryogenesis, neuronal
migration (Young-Pearse et al., 2007) and brain maturation (L6ffler and Huber, 1992).
APP is highly enriched within synapses, where it is implicated in synaptic
maintenance (Kamenetz et al., 2003), spine and synapse formation (Lee et al., 2010;
Choi et al., 2013) and, synaptic plasticity including long-term potentiation (LTP), a
mechanism thought to underlie memory storage (Dawson et al., 1999; Taylor et al.,

2008; Lisman, 2017).

1.5.2 APP Processing

APP is continually synthesised and rapidly metabolised within neurons (Bateman et
al., 2006; Moghekar et al., 2011). APP is sorted in the endoplasmic reticulum (ER)
and golgi apparatus and trafficked along axons to synaptic terminals (Koo et al., 1996;
Selkoe et al., 1996), a process regulated by trafficking factors (Jiang et al., 2014).
Only a part of APP processing is reported to occur at the cell surface (Groemer et al.,
2011; Choy et al.,, 2012), where it is then internalised by clathrin-mediated
endocytosis to endosomes either to be metabolised into AR or trafficked from the
endosome to the lysosomal compartment for degradation (Haass et al., 1992; Wang

et al., 2017a; Van Acker et al., 2019).
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The proteolysis of APP occurs via two major pathways; amyloidogenic which causes
the generation of AB peptides, or non-amyloidogenic which occurs predominately in
physiological conditions and prevents AB peptide formation, the fate of which is
determined by the interaction of certain proteins and secretases (Fig 1.5) (Zhang et

al., 2011; Jiang et al., 2014).

In the non-amyloidogenic secretory pathway, APP is initially cleaved by a-secretase
enzymes such as a disintegrin and metalloproteinase (ADAM) (including ADAM9,
ADAM10 and ADAM17) at Lysiness (Lys) and Leucines7 (Leu) in the AB peptide
sequence, thereby precluding AB formation and instead releasing a soluble APP-a
fragment known as sAPPa (Jorissen et al., 2010; Kuhn et al., 2010; Rivera et al.,
2010; Paschkowsky et al., 2019). Following this, the resultant C-terminal fragment a
(CTFa) which remains in the membrane is cleaved by y-secretase enzymes and
forms a P3 fragment and an APP intracellular domain (AICD) that translocates to the
nucleus where it has roles in modulating gene expression pathways (Haass and
Selkoe, 1993; Thinakaran and Koo, 2008; Sheng et al., 2012). AICD can also affect
actin dynamics and alter mitochondrial morphology (Ward et al., 2010; Lopez

Sanchez et al., 2019).

In the amyloidogenic pathway, B-secretase enzymes also known as B-site APP
cleaving enzymes (BACE), cleaves APP at sites Mets71 and Asper2 and releases
soluble APP-B fragments (sAPP) (Vassar et al., 1999; Kimura et al., 2016). BACE
cleavage of APP produces a C-terminal fragment of 99 amino acids (C99)
(Morishima-Kawashima, 2014) which remains tethered to the membrane. This can
be further cleaved using the initial endopeptidase-like e-cleavage which forms a 48-
49 residue length AR polypeptide still bound to the membrane and AICD (Chow et al.,

2010; Zhang et al., 2011; Haass et al., 2012; Sanders, 2016). y-secretases then
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undergo carboxypeptidase-like cleavages, shortening the AR polypeptide to 38-43
residue length A which is then liberated from the membrane (Sanders, 2016; Yuksel
and Tacal, 2019; Arber et al., 2020). y-secretases are formed of multiprotein
complexes which include proteases such as presenilin-1 (PS1), found widespread in
the cell, or its homolog presenilin-2 (PS2), which can direct the y-secretase complex
to late-endosomes (LE) or lysosomes (Sannerud et al., 2016). y-secretases have
however weak specificity for the AR peptide which results in varying lengths of AR
peptide (38-43 residues in length) (Selkoe and Wolfe, 2007; Fernandez et al., 2016).
Interestingly, destabilisation of y-secretase-APP interactions can lead to the
production of longer AB peptides (Chévez-Gutiérrez et al., 2012; Veugelen et al.,

2016; Szaruga et al., 2017).

Among the different sized AB species, ABso and ABa2 are the two most common in the
human brain (Zhao et al.,, 2020). Physiologically, the ratio composition is
approximately 90% of AB4o and 10% of AB42 are formed, where AB.. is reported to be
the more toxic species of the two (LaFerla et al., 2007). In AD however, the AB42: AB4o
ratio is increased, due to increased production of AB4> peptides which have a high
propensity to form toxic oligomeric AR (Sengupta et al., 2016). More recently, BACE-
1 is reported to cleave AB4o or AB42 peptides forming a Carboxy-terminal (C-terminal
ABs4 peptide), which is possibly involved in the clearance of AB in AD (Liebsch et al.,
2019). AB peptides are released from the cell into the extracellular space via
exosomes and deposit as oligomeric AB, fibrillar AR and AR plaques (Rajendran et
al., 2006). A schematic diagram describing amyloidogenic and nonamyloidogenic

processing of APP is shown below (Fig. 1.4).
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Figure 1.5. APP processing and AR peptide production.

APP can undergo sequential proteolytic processing in two mutually exclusive

pathways; non-amyloidogenic and amyloidogenic. In the non-amyloidogenic pathway

(green box, Left), a-secretase cleaves APP within the AR sequence producing sAPPa

and CTF-a which are non-toxic products. CTF-a can then be further cleaved by y-

secretase to produce an AICD and a P3 peptide. In the amyloidogenic pathway, B-

secretase cleaves APP to produce sAPPB and C99 fragments. C99 is then

subsequently cleaved by y-secretase e-cleavage producing a 48-49 length AB

polypeptide which is subsequently cleaved by y-secretases releasing shortened AR

peptides of 38-43 amino acids in length, although these can be longer. In AD, this

fragment can oligomerise and form toxic aggregates. Adapted from (Zhao et al.,

2020).
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Recently, a novel APP-cleavage has been discovered, producing additional APP
fragments which occur by &-pathway, n-pathway and meprin pathways (Mdiller et al.,
2017). These pathways were first identified using genetic knockout (KO) of these
enzymes in rodent brain extracts, confirming the physiological basis of these
pathways (Jefferson et al., 2011; Willem et al., 2015; Zhang et al., 2015). As such,
some of these APP fragments which include An-a and An-B may be implicated in AD
pathogenesis (Andrew et al., 2016). These fragments are reported to be present in
dystrophic neurons, where they attenuate neuronal activity as shown in hippocampal

slices (Willem et al., 2015).

1.6 Tau

Tau is a microtubule associated protein encoded by the microtubule-associated
protein tau (MAPT) gene located on chromosome 17g21.3 and contains sixteen
exons (Neve et al., 1986; Andreadis et al., 1992). Tau can be alternatively spliced
into six isoforms in the adult central nervous system either by including or excluding
exons 2, 3 and 10. Exons 2 and 3 at the N-terminal region can be spliced to produce
tau proteins with 0, 1 or 2 N-terminal inserts (ON, 1N, or 2N) (Goedert et al., 1989b).
Alternative splicing of exon 10 gives rise to the formation of tau isoforms with either
three (exon 10 excluded; “3R”) or four (exon 10 included: “4R”) microtubule binding
repeat (R) domains at the C-terminal end, the ratio of which is approximately equal in
the healthy adult brain (Goedert et al., 1989a; Himmler et al., 1989; Andreadis et al.,
1992; Hasegawa et al., 2014). A larger variant of tau, “big tau” is also present in the

peripheral nervous system (Goedert et al., 1992b).
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1.6.1 Tau Phosphorylation

Phosphorylation is the most common post-translational modification of tau, which
contains 85 serine (Ser), threonine (Thr) and tyrosine amino acids that can be
phsophorylated (Noble et al., 2013). The majority of phosphorylation of tau occurs at
clusters located in a proline-rich domain which flanks the microtubule-binding domain
(Noble et al., 2013; Guo et al.,, 2017). The phosphorylation state of tau, which
regulates microtubule binding properties, is controlled by protein kinases which adds
phosphate groups onto tau and phosphatases that catalyses the removal of
phosphate groups. Kinases that are directed to clustered proline-rich domain of tau
include glycogen synthase kinase 3 (GSK3), cyclin-dependent protein kinase 5 and
mitogen activated protein kinase (MAPK) (Hanger et al., 1992, 2009; Baumann et al.,
1993; Lovestone et al., 1994, 1996; Cruz et al., 2003; Noble et al., 2003; Martin et al.,
2013). Tau can also be phosphorylated by non-proline directed kinases such as
calmodulin-dependent kinase Il (CaMKII) (Ghosh and Giese, 2015), and cyclic
adenosine monophosphate (CAMP)-dependent protein kinase A (PKA) (Hanger et al.,
2009; Martin et al., 2013) as well as by non-receptor tyrosine kinases such as fyn and
Abl (Lee et al., 2004; Derkinderen et al.,, 2005). Phosphatases that act to
dephosphorylate tau include protein phosphatase 1, 2A (PP2A), and 5 (Liu et al.,

2005).

Phosphorylation of tau is developmentally regulated. Relatively high levels of
phosphorylation allow for a dynamic cytoskeleton that is important for cell polarity,
neurite growth and remodelling during early embryonic development (Biernat and
Mandelkow, 1999). However, an imbalance in tau kinase and phosphatase activity
results in the hyperphosphorylation of tau in diseases such as AD and other
tauopathies, which include progressive supranuclear palsy (PSP), corticobasal

degeneration (CBD), Pick’s disease (PiD) and frontotemporal lobar dementia (FLTD)
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(Noble et al., 2013). It has been reported that roughly 20% of tau epitopes are
phosphorylated in the healthy adult brain unlike in AD brain in which over 50% of sites
are found to be abnormally or hyper-phosphorylated (Hanger and Noble, 2011; Noble
et al, 2013). It however remains to be established whether increased tau
phosphorylation in general or phosphorylation at specific sites is responsible for

contributing to disease pathogenesis.

1.6.2 Tau Function in Health and Disease

The main function of tau, first discovered in vitro, is to promote tubulin polymerisation
to form a stable assembly of microtubules via interactions of tubulin with the C-
terminal microtubule-binding domains of tau in a phosphorylation-dependent manner
(Weingarten et al., 1975; Cleveland et al., 1977; Mitchison and Kirschner, 1984;
Drubin and Kirschner, 1986). Tau is widely found in the axon of neurons where it
interacts with microtubules and is critically involved in regulating efficient axonal
transport of cellular cargos (Spittaels et al., 1999; Mandelkow et al., 2003; Dixit et al.,
2008). In disease, hyperphosphorylation of tau reduces the affinity of tau for
microtubules and can cause microtubule disassembly and dysfunctional axonal
transport. For example, mimicking decreased or increased phosphorylation of tau at
Ser and Thr residues alters axonal transport in fly, rodent and human neuronal
models (Utton et al., 1997; Mudher et al., 2004; Rodriguez-Martin et al., 2013). In AD,
microtubule binding is reduced leading to structural abnormalities and breakdown of
axonal transport mechanisms which can further drive neurotoxicity (Fath et al., 2002).
This can impair the movement of protein cargo and mitochondria including reduced
clearance of aggregated forms of tau which in turn can “clog” microtubules and
consequently disrupt axonal transport further along the axon (Ebneth et al., 1998;

Stamer et al., 2002; Mandelkow et al., 2003).
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More recently, it has become evident that tau has a much more diverse range of
neuronal functions compared with its more known physiological role in polymerisation
and stabilisation of microtubules (Wang and Mandelkow, 2016). It has been reported
that tau associates with plasma membranes (Brandt et al., 2005; Pooler and Hanger,
2010; Pooler et al., 2012). Tau that is associated with plasma membranes is
dephosphorylated at certain epitopes which are in fact abnormally phosphorylated in
AD brain (Arrasate et al., 2000; Ekinci and Shea, 2000; Maas et al., 2000; Pooler and
Hanger, 2010). The interaction of tau with membranes is thought to be regulated by
the tau N-terminal domain (Brandt et al., 2005; Pooler et al., 2012). This interaction
suggests that tau may also play a critical function in signal transduction that is
regulated by phosphorylation (Reynolds et al., 2008; Pooler et al., 2012). Tau also
associates with synapses in disease, with its binding to tyrosine kinases such as fyn,
directing tau and fyn to dendritic spines where fyn phosphorylates NMDA receptor
subunit 2B (NR2B) to mediate Ap toxicity at the synapse (Ittner et al., 2010). Tau has
also been reported to interact with synaptic vesicles by its N-terminal domain via the
transmembrane vesicle protein, synaptogyrin-3 (Zhou et al., 2017; Mclnnes et al.,
2018). This also implicates tau in having a detrimental role at synapses and suggests
that tau may mediate synaptotoxicity in pathological states (discussed further below
in section 1.10.2). Finally, tau is also said to be implicated in deoxyribonucleic acid
(DNA) protection from oxidative stress and heat damage identified in the cellular
nuclei (Sultan et al., 2011). Nuclear tau is largely dephosphorylated and so in disease
when phosphorylation is increased, this may disrupt the protective effects of

dephosphorylated tau in nuclei (Sultan et al., 2011).
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1.6.3 Tau Oligomerisation and Aggregation

Tau is a largely soluble protein in neurons, however in diseases such as AD and other
tauopathies, it becomes insoluble and aggregates (Schweers et al., 1994). For tau to
aggregate, it undergoes conformational changes due to post translational
modifications and as such dissociates from microtubules (Grundke-Igbal et al., 1986;
Binder et al., 2005; Hanger and Wray, 2010; Wang et al., 2014). Such changes can
lead to the formation of tau dimers and oligomers (Friedhoff et al., 1998). Significant
evidence suggests that tau oligomers are the more toxic species of tau. Tau oligomer
formation precedes its aggregation, and is associated with neurodegeneration
(Berger et al., 2007; Lasagna-Reeves et al., 2011). Tau oligomers can be soluble and
insoluble and both forms have been identified in AD and FTD brains (Berger et al.,
2007). Similarly, transgenic mice such as the regulatable transgenic (Tg) 4510
(rTg4510) model which conditionally expresses a mutant (P301L) form of human tau
that causes FTD, show high molecular weight tau oligomers which develop prior to
NFTs, and that correlate strongly with cognitive impairment (Berger et al., 2007). All
six tau isoforms can be abnormally phosphorylated and incorporated into NFTs
(Goedert et al.,, 1992a). GSK-3-mediated tau phosphorylation can promote the
formation of insoluble oligomeric full length and truncated tau species (Chun et al.,
2007). Additionally, increased tau phosphorylation at the AT100 site is evident in
PP2A activity-deficient transgenic mice which also show activation of GSK-3 (Kins et
al., 2001; Louis et al., 2011). As such, phosphorylation of tau at the AT100 epitope
has been reported to underpin NFT formation suggesting that abnormal tau
phosphorylation precedes tau aggregation (Gotz et al., 2001). However, the
relationship between tau phosphorylation and subsequent tau aggregation still
remains unclear since some phosphorylation of tau at specific residues is vital for tau
function, and phosphorylation at some sites that mediate the detachment of tau from

microtubules may prevent tau aggregation (Schneider et al., 1999).
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Tau can also be proteolytically cleaved at several sites and this cleavage may also
be critical for mediating the formation of pathological tau aggregates, as tau
fragments are found in insoluble tau preparations from PSP, CBD and FTD (Wray et
al., 2008; Hanger and Wray, 2010). A number of enzymes are implicated in tau
cleavage, including caspase-3. Caspase-3-cleaved tau has a higher propensity to
aggregate compared to full-length tau and is thought to form aggregation seeds that
sequester full length tau and enhances its aggregation, supporting its role of tau

cleavage in NFT formation (Gamblin et al., 2003; Rissman et al., 2004).

It not yet clear as to the extent to which aggregated tau species are toxic,
neuroprotective or inert, yet they have recently been reported to be involved in the

spread and propagation of tau pathology in AD, as discussed further in Section 1.6.4.

1.6.4 Tau Seeding and Propagation

Recent studies have reported that tau released from neurons into the extracellular
space can spread or propagate across the diseased brain in a “prion-like” way (De
Calignon et al., 2012; Jucker and Walker, 2013; Sanders et al., 2014). When
pathological forms of human tau extracted from either tau mutant mice or post-
mortem human AD brain were injected into mice expressing wild-type (WT) human
tau, the seeded brain material is taken up by neurons and spreads from the site of
injection to other neurons along anatomically connected pathways (Clavaguera et al.,
2009; Harris et al., 2012; Liu et al., 2012; Guo et al., 2016; Gibbons et al., 2017;
Narasimhan et al., 2017). This seeded material, the conformation of which is also
important, can recruit endogenous tau once internalised (Clavaguera et al., 2013,
2014; Ahmed et al., 2014; Iba et al., 2015). Similarly, groups have reported that

extracts immunodepleted of tau, where no pathology is detected, confirm that tau is
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the driver of seedings mechanisms (Yanamandra et al., 2013; Nobuhara et al., 2017;

Vandermeeren et al., 2018).

The mechanisms by which monomeric or small tau oligomers are released from
neurons into the extracellular space are however still unclear (Chai et al., 2012; De
Calignon et al., 2012; Pooler et al., 2014; Yamada, 2017), but are thought to include
unconventional secretory pathways (Chai et al., 2012; Fontaine et al., 2016;
Merezhko et al., 2020), exosome release (Saman et al., 2012; Baker et al., 2016;
Polanco et al., 2016; Deng et al., 2017; Wang et al., 2017b), release of larger
extracellular vesicles (ectosomes) (Dujardin et al., 2014), tunnelling nanotubes
(membranous bridges) (Rustom et al., 2004; Tardivel et al., 2016) or “free” tau
movement (Chai et al., 2012; Pooler et al., 2013b). Support for these mechanisms
have been reported in both experimental models and AD patients, where seed-
competent tau species have been detected as either localised in vesicles or “free” tau
in CSF, interstitial fluid and blood (Yamada et al., 2011; Saman et al., 2012; Fiandaca
et al.,, 2015; Barthélemy et al., 2016; Takeda et al., 2016; Winston et al., 2016;
Blennow and Zetterberg, 2018; Guix et al., 2018). These mechanisms of tau
transmissibility are thought to mainly occur at or near synaptic terminals, resulting in
the spread of tau between synaptically connected neurons (Liu et al., 2012) as
opposed to spread to neurons in close proximity (Ahmed et al., 2014; Furman et al.,
2017; DeVos et al., 2018; Henderson et al., 2020). Endogenous tau is secreted from
rat primary neurons as a physiological process stimulated by neuronal activity (Pooler
et al., 2013a), suggesting that extracellular tau may in fact play a role in signalling
between neurons (Medina and Avila, 2014; Fuster-Matanzo et al., 2018; Jadhav et
al., 2019). This may involve tau interactions with post-synaptic receptors (Pooler et
al., 2014) and signalling complexes or the destabilisation of dendritic spines (Koleske,
2013). Tau spread has been further supported by evidence demonstrating that

oligomeric tau species and not tau monomers are taken up by human neurons leading
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to full-length tau oligomerisation and further tau release and spread (Frost et al., 2009;
Guo and Lee, 2011; Kfoury et al., 2012; Wu et al., 2013). Likewise, oligomeric tau
can be taken up by cultured neuronal cells by endocytosis (Wu et al., 2013), a process
that may be controlled by low-density lipoprotein receptor-related protein 1 (Wu et al.,
2013; Rauch et al., 2020). The propagation of extracellular tau may also be mediated
by microglial phagocytosis of tau aggregates leading to tau secretion from microglia
via exosomes (Asai et al., 2015). Interestingly, the presence of A has also shown to

accelerate tau propagation (Pooler et al., 2015).

The precise relationship between tau modifications and tau release and spread
require further elucidation to determine how these mechanisms are involved in the
physiological and pathological roles of tau, all of which will be important for the
development of AD therapies and associated tauopathies in preventing tau spread or

even disease progression.

1.7 Genetics of AD

AD can be divided into two main subtypes based on the age of onset: early-onset AD
(EOAD) and late-onset AD (LOAD). EOAD (30-65 years) is mostly due to autosomal
dominant mutations, but accounts only for a small percentage (1-2%) of all AD cases.
LOAD (>65 years) on the other hand is the most common form of AD, which is mostly
due to sporadic occurrence from a combination of genetic and environmental factors

and is very rarely due to single gene mutation (Tanzi, 2012; Khanahmadi et al., 2015).

1.7.1 Early-Onset AD (EOAD)

The first known genetic link to AD was discovered in patients with Down syndrome
(DS) which results from having three copies of chromosome 21 (trisomy). Most DS

patients have AD-like symptoms and exhibit neuropathological hallmarks of AD in
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post-mortem analysis (Lemere et al., 1996; Head et al., 2015). The APP gene was
mapped to chromosome 21, with these patients carrying three copies of APP,
suggesting that having an excess of APP can lead to AD (St. George-Hyslop et al.,

1987; Goate et al., 1991; Murrell et al., 1991; Lemere et al., 1996).

EOAD is caused by mutations in one of the following three genes encoding APP itself
or presenilins 1 and 2 (PS1, PS2) which are proteins involved in APP processing and
AB generation; APP (Goate et al.,, 1991), PSEN1 (Levy-Lahad et al., 1995) and

PSEN2 (Sherrington et al., 1995).

Most of the mutations in the APP gene cluster around sites of proteolytic APP
processing by the - and y-secretase enzymes (Fig 1.5), particularly close to the AB
peptide sequence which is the major component of amyloid plaques. These mutations
can alter AB production, increasing the levels of the pathogenic AB4> peptide and
making them more likely to aggregate, decreasing levels of the non-toxic APao
peptide, or increasing ABa42 (Suzuki et al., 1994; Scheuner et al., 1996; Tanzi, 2012).
Prevailing evidence now suggests that there is however more to AR than just ABaso/2,
but that other lengths are important, including ABas, ABss, and shorter fragments of
AB (Arber et al., 2020). APP mutations account for 10-15% of EOAD cases (Bekris et
al., 2010). Examples of causal APP mutations that lead to increased AB production
include the missense APP “Swedish” mutations (APPK670N, and M671L) (Mullan et
al.,, 1992), the “Florida” mutation (1716V) (Eckman et al., 1997) and the “London”
mutation (APPV7171) (Goate et al., 1991; Mullan et al., 1992). Interestingly, a rare
APP mutation (A673T) was discovered in a small Icelandic population which was
found to be protective against cognitive decline and AD (Jonsson et al., 2012). This
was further supported by A673T in vitro studies that found a 40% reduction in AR
production when A673T mutant APP was expressed in comparison to WT APP

(Jonsson et al., 2012).
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The other forms of mutations which are the most common form of EOAD are in the
PSEN1 (chromosome 14) and PSEN2 (chromosome 1) genes which encode for PS1
and PS2 proteins, respectively (Clark et al.,, 1995; Levy-Lahad et al., 1995;
Sherrington et al., 1995). PS1 and PS2 along with Aph-1, pen-2 and nicastrin proteins
form a part of the y-secretase enzyme complex which has a major role in APP
cleavage and production of AB peptides (De Strooper and Annaert, 2000, 2010;
Haass et al., 2012; Rajendran and Annaert, 2012; Selkoe and Hardy, 2016). PS1 and
PS2 act by increasing the AB42: AB4o ratio by influencing y-secretase activity (Tanzi,
2012), reduce the production of ABso and increase the production and deposition of
AB42 (Duff et al., 1996; Scheuner et al., 1996; Citron et al., 1997). However, it is
suggested that PSEN2 mutations may be less efficient at producing AB fragments
than PSEN1 (Bentahir et al., 2006). The functional consequence and importance of
presenilin mutations and their splice variants are however still unclear, but differential
expression of these isoforms can regulate APP proteolytic processing (Bergstrom et
al., 2016). As such, PSENZ2 lacking exon 5 can lead to an increase in AB peptide
production (Sato et al., 2001), yet isoforms without exons 3 and 4 and/or without exon
8 do not affect AR peptide production (Grinberg et al., 1998). However, whether
presenilin’s cause a loss of function or alterations in the production of AB remains

under debate (Shen and Kelleher, 2007; Chévez-Gutiérrez et al., 2012).

1.7.2 Late-Onset AD (LOAD)

Unlike EOAD which is bound by genetics in an autosomal dominant fashion, LOAD
or sporadic AD, accounts for more than 95% of AD cases. These cases are much
more complex in that genetic risk factors are believed to coincide with environmental

and lifestyle factors to determine a lifetime risk of AD.
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Apolipoprotein E (ApoE) is a specialised protein important for metabolism and
transport of cholesterol, including triglycerides, in the human body (Mahley et al.,
2006). The ApoE gene is found on chromosome 19 and has three major isoforms: €2,
€3 and €4, of which the e4-allele is abundant in ~40% of patients with AD and is a
maijor risk factor for LOAD (Corder et al., 1993; Farrer, 1997; Kim et al., 2009; Hannon
et al., 2020). Individuals harbouring one or two copies of the €4 allele show an
increased risk of developing sporadic AD of approximately four- and ten-fold,
respectively. Comparatively, possession of the €2 allele, recognised as the longevity
gene, is reported to provide neuroprotection against AD and decreases the risk of

LOAD (Corder et al., 1993; Li et al., 2020).

In the brain, the €4 isoform can enhance AR production by affecting y-secretase
activity (Lane-Donovan et al., 2016). ApoE ¢4 further contributes to reduced AR
clearance by impairment of lysosomal degradation and breaking down the blood-
brain barrier which affects AB transportation (Montagne et al., 2020). Moreover,
neprisylin-dependent proteolytic degradation of AR is impaired by ApoE €4 (Jiang et
al., 2008). ApoE €4 also promotes AB accumulation and oligomeric AR much more
compared to the €3 allele (Ye et al., 2005; Kim et al., 2009; Castellano et al., 2011;
Hashimoto et al., 2012; Tai et al., 2013; Huynh et al., 2017). Interestingly, ApoE KO
mice present AB-induced synaptic dysfunction which is heightened compared to WT
littermates (Keller et al., 2000). ApoE is deposited alongside AB and cholesterol in
plaques (Burns et al., 2003). ApoE has also been shown to bind to AB, the inhibition
of which ameliorates its pathological effects (Pankiewicz et al., 2014; Liu et al., 2017).
This, along with evidence showing that €4 isoform carriers have greater amyloid and
tangle pathology (Benzing and Mufson, 1995; Nagy et al., 1995) supports the idea
that ApoE is a risk factor for LOAD. However, the underlying mechanisms of ApoE
toxicity in the brain are not known and the presence of €4 isoform alone does not

always lead to the development of AD.
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Genome-wide association studies have identified more than 20 genetic risk factors
associated with AD, that can broadly be grouped into genes that encode proteins with
roles in AB processing, tau binding, lipid metabolism, protein trafficking and
inflammation (Schellenberg and Montine, 2012; Lambert et al., 2013; Karch and
Goate, 2015). These include bridging integrator 1 (BIN-1) (Chapuis et al., 2013;
Lambert et al., 2013), sortilin related receptor 1 (Rogaeva et al., 2007; Vardarajan et
al., 2015), phosphatidylinositol binding clathrin assembly protein, clusterin (Seshadri
et al., 2010) and triggering receptor expressed on myeloid cells 2 (Guerreiro et al.,
2013; Jonsson et al., 2013). More recently, 5 new rare variant risk genes for LOAD
have been identified which include IQCK, ACE, ADAM10, ADAMTS1, and WWOX
(Kunkle et al., 2019). These genetics variants although only offer a small contribution
to the genetic component of disease, they are however important for the
understanding of disease mechanisms and offer insight as a potential therapeutic

target.

1.8 Animal models of AB Production or Mutant Tau

Mouse models are widely used to study mechanistic aspects of disease. Mice have
a highly conserved genome with much similarity to humans, are flexible for genetic
modifications, can be tested for behaviour, and have a relatively short lifespan that
allows for time specific monitoring of disease progression (Waterston et al., 2002).
Several AD-like models have been developed including those expressing WT and
mutant human APP, PS1, or tau, or multigenic mice that express several AD-related
genes and show accelerated disease progression compared to mice expressing only

one disease transgene.
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Mice expressing human APP and/or PS1/PS2 mutations show varying
degrees of AP over-production and deposition, some aspects of
neurodegeneration and subtle tau changes. Examples are the Tg2576 mouse
over-expressing the “Swedish” mutation which gives rise to increased levels
of APP, AB42 and show cognitive deficits from approximately 6 months of age
(Hsiao et al., 1996; Holcomb et al., 1998; Westerman et al., 2002), or 5xFAD
mice expressing APP with the Swedish, Florida and London mutations as well
as two PS1 mutations (Section 1.8.1) (Oakley et al., 2006). Recently APP
knock-in mouse models have been developed, for example, “Swedish” and
Iberian (1716F) mutations have been introduced into mice which maintain APP
expression at endogenous levels. These mice show AB accumulation from 6
months of age, elevated AB42 relative to AB4o and cognitive impairments (Saito
et al., 2014).

Mice overexpressing mutations in the human MAPT gene which encodes tau
allow for the study of tauopathies and AD-related tau changes. For example,
some mouse models express WT human tau (Andorfer et al., 2003), or human
tau with a mutation that occurs in FTD, such as P301L (Lewis et al., 2000;
Allen et al., 2002).

Multigenic AD-like models include multiple transgenes such as APP or APP
with PS1/2 and/or MAPT (typically P301L-mutated tau) all of which can lead
to plague deposition, increased tau phosphorylation and NFT formation, as

shown in the 3xTg-AD line (Oddo et al., 2003).

These mice have all provided some mechanistic insights into events underlying

disease progression in AD. However, better models are still required to more faithfully

recapitulate aspects of AD progression and allow the development of novel

therapeutic approaches that can be translated for clinical use. For this PhD study, the

5xFAD mouse model was used (Oakley et al., 2006).
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1.8.1 The 5xFAD Mouse Model

Most transgenic models take ~6 to 12 months for amyloid plaque development
(Spires and Hyman, 2005). In order to accelerate amyloid deposition, multiple FAD
mutations can be co-expressed in transgenic mice. Previous studies have reported
an increase in AB production in mice co-expressing FAD-causing mutations in human

APP and PS1 (Citron et al., 1997; Holcomb et al., 1998).

The 5xFAD transgenic mouse model was established by Oakley and colleagues
(2006) and overexpresses five human AD-causing mutations in human APP and PS1.
The APP transgene harbours the Swedish (K670N, M671L), Florida (I1716V), and
London (V7171) FAD mutations and the PS17 transgene contains the M146L and
L286V mutations (Fig 1.6) (Oakley et al., 2006). The rationale behind this approach
was that the Swedish mutation leads to an increase in total AR production whereas
the Florida and London APP mutations, and the M146L and L286V PS1 mutations
lead to the increased production of AB42, recognised to be a toxic AR peptide. This
approach will drive AR deposition, formation of amyloid plaques and AD-associated
neurodegeneration (Eckman et al., 1997; Citron et al., 1998). 5xFAD mice were
generated by co-injection of independent APP695 and PS1 transgenes, both using
the neuron-specific mouse Thy1 promoter (Moechars et al., 1996). Both transgenes
were incorporated equally into the genome of C57/B6XSJL hybrid embryos (Oakley

et al., 2006).

The 5xFAD transgenic model shows accelerated amyloid deposition and gross
neuropathological abnormalities. At ~1.5 months of age, the mice show substantial
amounts of cerebral ABs2, an elevated ratio ABs2: AP, and accumulation of
intraneuronal A4z prior to thioflavin S (Thio-S)-positive cerebral plaque formation

(Oakley et al., 2006). By 2 months of age, the deposition of extracellular amyloid is
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evident in regions of layer V cortex and the subiculum and their numbers rapidly
increase with age. Mice also display characteristics of neuroinflammation at this age
with astro- and micro-gliosis apparent in proximity to amyloid deposition (Oakley et
al., 2006). By 6 months of age, amyloid plaques are apparent across the
hippocampus and cortex and also in regions of the brainstem, thalamus and olfactory
bulb but they are minimal in the cerebellum, which is largely protected from AD
pathology (Oakley et al., 2006). Along with amyloid plaques, NFTs consisting of
hyperphosphorylated tau are characteristic in AD brain (Lee et al., 1991). However,
no evidence of NFTs is found in 5xFAD mice. However, some increases in tau
phosphorylation at Ser396 are apparent from 2-6 months of age, when compared to
WT controls (Kanno et al., 2014). Evidence of synapse degeneration was reported in
the 5xFAD mice; whole-brain levels of the presynaptic maker synaptophysin and
syntaxin, and postsynaptic density 95 (PSD-95) declined between 4-9 months
(Oakley et al., 2006). Interestingly, ultrastructural studies of 5xFAD brain show
evidence of progressive, age-related synaptic loss and brain atrophy with ~50% loss
of synapses compared to age-matched WTs (Neuman et al., 2015). Neuronal death
is apparent in many regions, particularly areas with severe amyloid pathology from
~6 months of age (Oakley et al., 2006; Eimer and Vassar, 2013). These mice also
show loss of cholinergic neurons by 6 months of age (Devi and Ohno, 2010),
reduction in parvalbumin-positive inhibitory interneurons at 14 months of age
(Flanigan et al., 2014), changes in myelination ~6-7 months of age (Chu et al., 2017)
and deterioration of synaptic transmission and LTP in area CA1 of the hippocampus

at 6 months of age (Kimura and Ohno, 2009).
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Along with several pathological features relevant to disease, 5xFAD mice show age-
dependent impairments in cognition. For example, these mice display spatial working
memory impairments in a Y-maze task at 4-5 months of age (Oakley et al., 2006; Devi
and Ohno, 2010), and have deficits in spatial reference memory formation, as
assessed using the Morris water maze beginning at 6-months of age (Flanigan et al.,
2014; Xiao et al., 2015; O’Leary et al., 2018). At 12 months of age, 5XxFAD mice also
have abnormal social interactions and impaired social recognition memory (Flanigan

etal., 2014).

It is recognised that the 5xFAD mouse model does not fully recapitulate the full extent
of AD morphological and behavioural changes, but it models the exacerbated
production of AB, and its deposition into amyloid plaques and the neurodegenerative
events caused by AB. The model, therefore, allows investigations of important AB-

related mechanisms that are relevant to AD.
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Figure 1.6. Diagram of 5xFAD APP and PS1 mutant transgenes and temporal

pathological hallmarks.

a) Swedish (Sw), Florida (FI) and London (Lon) mutations and M146L and L286V
PS1 mutations were introduced into the thy1-APP and PS1 transgenes, respectively
(Black arrow heads). Small grey boxes indicate Thy1 exons and larger coloured
boxes represent coding regions inserted into Thy1 exon 2 of the mouse Thy1
transgene expression cassette. The APP transgene also has a 5’ untranslated region
(5'UTR), which contains an interleukin-1B translational enhancer element. Adapted

from (Rogers et al., 1999). b) Timeline of pathological changes in the 5xFAD model.
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1.9 The Amyloid Cascade Hypothesis

The original amyloid cascade hypothesis is based on the notion that excessive
amounts of pathological AR, more specifically the neurotoxic A4z peptide, lead to
amyloid plaque formation and triggers further AD-related neuropathology including
NFTs, inflammation, synapse loss and ultimately neuronal loss and inflammation
(Hardy and Higgins, 1992). This assertion was mainly based on the evidence that
EOAD mutations increase AR production and are sufficient to cause AD. This
hypothesis has been revised over the years to account for emerging evidence in the
field (Hardy and Selkoe, 2002; Selkoe and Hardy, 2016). Firstly, as described above,
not all AD-related mutations in APP and PS1/PS2 lead to AB42 overproduction, some
prevent AB production and may be neuroprotective (Shen and Kelleher, 2007).
Additionally, evidence from in vitro and in vivo models suggest that the AR
neurotoxicity is also contingent with the expression of human tau (Rapoport et al.,
2002; Jin et al., 2011). There is no significant correlation between the progression of
amyloid plague density and dementia, unlike NFT progression which correlates better
to cognitive decline in the disease (Fig 1.3) (Arriagada et al., 1992; Bancher et al.,
1993; Goémez-Isla et al., 1997; Giannakopoulos et al., 2003; Lowe et al., 2018;
Mattsson-Carlgren et al., 2020). Moreover, treatments targeting AB, either by active
or passive immunisation or that aim to inhibit the action of B- and y-secretases have
been largely unsuccessful (Honig et al., 2018; Schneider, 2020). Therapies have
shown limited success due to their lack of efficacy in clearing AB, an ineffectiveness
at reducing tau pathology and/or lack of efficacy in improving cognitive deficits even
when AR is efficiently cleared, all of which suggest that removal of A alone is not
enough to treat AD (Hardy, 2009; Nicoll et al., 2019). However, it is important to note
that there have been limitations in the study design such as clinical trials being
conducted in those with advanced disease, and not in early disease when they are

likely to be most effective. Lastly, translation of findings in mouse models of disease
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to human trials remains problematic. Mouse models in which AB4; is overexpressed,
are unable to recapitulate all aspects of the human condition (Benilova et al., 2012).
In addition, mouse models in general have a short lifespan, and are generally used
to examine the effect of treatments in conditions of divergent genetic profiles, and co-

morbidities that are common in clinical trial cohorts.

An updated version of this cascade hypothesis postulates that rather than plaques
themselves it is the more soluble, oligomeric form of AB, that constitute the more toxic
AB species and correlates more strongly with AD pathogenesis (Lue et al., 1999;
McLean et al., 1999; Wang et al., 1999; Haass and Selkoe, 2007). However, it is still
unclear whether it is solely oligomeric AB that represents the main toxic element in
AD, whether amyloid plaques are harmful or inert, or whether they act in concert. It
has been suggested that insoluble amyloid plaques act as inactive “reservoirs” which
either release or attract soluble oligomeric AB that can mediate synaptotoxic and
neurotoxic effects. In support of this, synapse loss occurs in close proximity to amyloid
plaques and reduces with increased distance from plaques (Spires et al., 2005; Koffie

et al., 2009).

1.10 The Synapse and AD

Synaptic dysfunction is one of the earliest features of AD that occurs prior to neuronal
loss and underlies the clinical symptoms of the disease (Arendt, 2009; Spires-Jones
and Hyman, 2014). Synapse loss in AD was first described in the 1990s by Dekosky
and Scheff (1990) as well as Terry et al. (1991) and Masliah et al. (1994) who
investigated synapses at the ultrastructural level using electron microscopy and
molecular techniques, respectively. They observed extensive synapse loss across

several regions of post-mortem AD brain and reported this to be the best anatomical
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correlate of cognitive impairment in human AD, more so than the burden of plaques
or NFTs (DeKosky and Scheff, 1990; Scheff et al., 1990; Terry et al., 1991; Masliah

et al., 1994, 2001; DeKosky et al., 1996).

In the early stages of AD, presynaptic terminals were shown to sprout and expand
possibly as a compensatory mechanism to emerging neuron damage, and this was
followed by a 15%—-25% loss of synaptic density in the frontal cortex and limbic
system relative to age-matched control brain (Masliah et al., 1994; Scheff et al., 2006,
2013; Wishart et al., 2006). In line with this, a 25% reduction in the expression of the
synaptic protein marker synaptophysin in the dentate gyrus and frontal cortex was
evident in AD brain compared to brain from age-matched healthy individuals.
Synaptophysin levels, were however, largely preserved in the neocortex (Sharma et
al., 2012b; De Wilde et al., 2016). In more severe stages of AD, a loss of up to 40%
of synapses in the neocortex and limbic system has been reported (De Wilde et al.,
2016). These observations are supported by proteomic analysis of AD hippocampus
(Begcevic et al.,, 2013) and frontal cortex (Yao et al., 2003) which also indicate

alterations in genes that encode or influence functional synaptic proteins.

Synapses are a heterogenous group of structures, with varying sub-types,
phenotypes, functional demands and molecular composition and so the mechanisms
underlying synaptic loss in AD are still unclear. However, they are likely a part of a
spectrum of pathogenic molecular cascades which begin with disruption to synaptic
vesicle machinery, receptor trafficking, mitochondrial deficits, axonal transport
disruption and lack of neurotrophic support from glia (Overk and Masliah, 2014).
Evidence also suggests direct toxic roles for AB and tau at synapses. A better
understanding of synaptic damage and/or loss in AD is hence required since this may

provide a novel therapeutic outlook for the disease.
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1.10.1 Synaptic effects of AB

AB production and its release from neurons into the extracellular space are closely
associated with the activity of synapses, both at glutamatergic and gamma
aminobutyric acid (GABA)ergic synapses. Low concentrations of AB have been
shown to be critical for synapse structure and plasticity required for learning and
memory. For example, APP and BACE-1 KO mice show impairments in LTP and
memory formation (Dawson et al., 1999; Laird et al., 2005). AB can contribute to
enhanced inhibitory function mediated by GABAergic receptors that can further
interfere with LTP mechanisms (Palop et al., 2007). Low concentrations of monomeric
AB also play a role in trophic processes which enhance neuronal survival and have
neuroprotective actions (Whitson et al., 1989). Evidence suggests that ABso and AR
monomers are necessary for neuronal survival and memory for example by
increasing neuronal cell viability by protecting against N-methyl-D-aspartate (NMDA)-
induced toxicity and modulating neurotransmission by enhancing activity-dependent
synaptic vesicle release (Abramov et al., 2009). These studies provide convincing
evidence that physiological levels of mainly monomeric AB play a vital role in

maintaining synaptic function.

However, the accumulation of AB, particularly of soluble oligomeric species, is closely
linked with the disruption of normal synaptic processes, synaptic dysfunction and
synaptotoxicity in AD in experimental models, evidence that appears to be supported
in post-mortem human tissue (Walsh et al., 2002; Cleary et al., 2005; Shankar et al.,
2007; Li et al., 2009; Spires-Jones et al., 2009; Mucke and Selkoe, 2012; Klein, 2013;
Wang et al., 2017c; Jackson et al., 2019b). It was initially assumed that A3 toxicity
was mediated by the insoluble fibrillar form, which is present in amyloid plaques,
however it is has been now widely believed that it is the soluble non-fibrillar oligomeric

forms of AB that accumulate in AD, that leads to synapse failure and eventual loss
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(Lambert et al., 1998; Selkoe, 2002; Cleary et al., 2005; Piccini et al., 2005; Haass
and Selkoe, 2007; Shankar et al., 2007; Tu et al., 2014; Ding et al., 2019; He et al.,
2019). Oligomeric AB has been shown to specifically bind to hippocampal synapses
and lead to collapse of dendritic spines compared to fibrillar and monomeric forms of
AB (Hsieh et al., 2006; Calabrese et al., 2007; Lacor et al., 2007; Shankar et al., 2007;
Wei et al.,, 2010; Arbel-Ornath et al., 2017). This is correlated with increased
intraneuronal and extracellular A accumulations (Koffie et al., 2009; Tampellini et
al., 2009; Harwell and Coleman, 2016) as well as increased intraneuronal APP (Zou
et al., 2015). Soluble oligomeric AR disrupts synaptic transmission and inhibits LTP
whilst increasing long-term depression (LTD) in brain slices (Li et al., 2011).
Accordingly, these assemblies of AB also impair learning and memory when injected
into rodent hippocampus (Shankar et al., 2007, 2008; Barry et al., 2011; Borlikova et
al., 2013; Hu et al., 2014; Wang et al., 2017c; Yang et al., 2017). Dendritic spine loss
can be rescued, and synaptic marker levels recovered, after the removal of soluble
AB using a topical antibody (Spires-Jones et al., 2009) further supporting a role for

the synaptotoxic effects of Ap oligomers.

Studies by Spires-Jones and colleagues report an inverse relationship between
oligomeric AB and synapse numbers (Spires-Jones and Hyman, 2014; Spires-Jones
et al., 2017). With the use of array tomography, oligomeric AB is found localised in
proximity to amyloid plaques (Pickett et al., 2016). Synapses closest to plaques (<10
um) show higher intensity of oligomeric AR and synapse loss is greater when
compared to areas distal from the plaque edge (>45 um), which are more reflective
of normal synaptic levels in healthy individuals (Koffie et al., 2009; Pickett et al.,
2016). The synapses with accumulating oligomeric AB also colocalised with clusterin,
an abundant apolipoprotein, levels of which are elevated in ApoE &4 carriers (Jackson

et al., 2019b). These papers also describe using human AD and mouse models of
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AD-like changes, the presence of oligomeric AB at both pre- and post-synaptic sites,
with these synapses being much smaller in size in comparison to AR deficient
synapses, further suggesting that A contributes to synaptic shrinkage, collapse and
dendritic spine loss (Koffie et al., 2009, 2012). Oligomeric AB can also affect post
synaptic processes, first described by Lacor and colleagues (2007) with evidence that
oligomers localised to dendritic spines in hippocampal neurons, affect their shape and
density (Lacor et al., 2007). Furthermore, oligomeric AR may have a specific effect on
excitatory synapses, as a decline to glutamate signalling pathways have been

reported (Pickett et al., 2019).

1.10.2 Tau at the Synapse

Tau is a microtubule binding protein, that stabilises microtubules in a phosphorylation-
dependent manner (Mandelkow et al., 1995). As such, tau is found primarily enriched
within neuronal axons (Binder et al., 1985). However, some tau, particularly in
disease, is found in dendritic spines (lttner et al., 2010). Tau regulates several
neuronal processes which include organelle trafficking and transportation of proteins
and cargos along axons (Brandt and Lee, 1994; Dixit et al., 2008). Tau can regulate
synaptic functions by modulating antero and retro -grade transport of synaptic
vesicles and organelles between the synaptic compartments and soma (Mandelkow
et al., 2003; Reynolds et al., 2008). Tau-deficient neurons show a 60% reduction in
synaptic bouton size and shortening of dendrites and axons, recognising the
importance of tau for the maintenance of synapses (Dawson et al., 2001). Numerous
studies have now suggested that tau may be involved in synaptic dysfunction in AD.
For example, presynaptic protein loss correlates with the presence of
hyperphosphorylated tau and tau tangles (Coleman and Yao, 2003; Hoover et al.,
2010; Kopeikina et al., 2012; Crimins et al., 2013; Menkes-Caspi et al., 2015; Zhou

et al., 2017; Busche et al., 2019).
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Tau has been identified in both presynaptic and postsynaptic components (Henkins
etal., 2012; Taietal., 2012, 2014; Pooler et al., 2014; Zhou et al., 2017). Interestingly,
synaptoneurosomes from human AD brain containing both pre- and post-synaptic
ends, revealed that the amount of tau within synaptoneurosomes is roughly
equivalent in control and AD brain (Tai et al., 2012). Intriguingly however, only
synapses in the AD brain contained tau phosphorylated at Ser396/404 (PHF1
epitope) which was found to be highly enriched at postsynaptic sites compared to
presynaptic terminals (Tai et al., 2012). Others have shown that PHF-1 positive tau
only accumulates in the presynapse (Harris et al., 2012). Tau redistribution from
axons to somatodendritic compartments, is a characteristic feature of AD (Haass and
Mandelkow, 2010; Kurbatskaya et al., 2016; Croft et al., 2017; Glennon et al., 2020).
Cultured rat neurons treated with oligomeric AB also display mislocalisation of tau to
dendrites alongside increases in tau phosphorylation at specific sites (Zempel et al.,
2010). Similar data were reported in vivo using array tomography to analyse tau
content at synaptic sites (Kopeikina et al., 2013). Experiments in fly and rat neurons
provide further evidence showing tau localisation at the pre-synapse which disrupts
synaptic vesicle release via interactions with the presynaptic protein, synaptogyrin-3
(Zhou et al, 2017; Mclnnes et al., 2018). Notably, the mislocalisation of
phosphorylated and oligomeric tau from the cytoplasm to synapses correlates closely
with dementia in AD (Perez-Nievas et al., 2013). Furthermore, phosphorylated
oligomeric tau is found in synapses of the frontal cortex in AD, unlike tau aggregates
which may be more inert and have less toxicity than tau oligomers (Henkins et al.,
2012; Cowan and Mudher, 2013). Taken together, these studies provide convincing
evidence that tau mislocalisation and accumulation of phosphorylated tau oligomers

at synapses in disease is detrimental.
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1.10.3 Mechanisms of Synaptic Dysfunction in AD
The molecular mechanisms that lead to synaptic dysfunction and death in AD are not
yet fully understood, however some candidate pathways have been suggested to play

a role in this process (Fig 1.7) (Dinamarca et al., 2012).

AB oligomers have been known to bind to both 3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) and NMDA receptor subunits leading to excitotoxicity
that causes synaptic depression and spine loss (Wei et al., 2010; Ronicke et al., 2011;
Paula-Lima et al., 2013). AB has also been shown to bind to glutamate transporters
at glutamatergic synapses (Li et al., 2009), metabotropic glutamate receptor type 5
(mGIuR5) receptors (Renner et al., 2010), a7-nicotinic acetylcholine receptors (Wang
et al., 2000a), all of which are important for AR induced NMDA receptor internalization
(Snyder et al., 2005). Ephrin type-B receptor 2 (EphB2), a receptor tyrosine kinase,
has also been implicated as being a receptor for AB which can regulate NMDA
receptors and has been found reduced in both the Tg2576 AD-like mouse model and
in human brain (Cissé et al., 2011). Accumulation of AB can also cause increases in
calcium influx mediated by NMDA receptors in early AD as shown in primary cortical
neuronal cultures (Parameshwaran et al., 2008; Ferreira et al., 2012). This elevation
in calcium influx is associated with excitotoxicity, stress-related signalling cascades,
increased oxidative stress and reactive oxidative species, impairment of energy
metabolism and defective calcium homeostasis which led to altered calcium
compartmentalisation, synaptic destabilization and eventual dendritic spine loss (Fig
1.7) (Mattson et al., 1992; Kuchibhotla et al., 2008; Zempel et al., 2010; Demuro et
al., 2011). Calcium activation and influx can also mediate degeneration of synapses
via calcineurin, a calcium-dependent protein phosphatase which can mediate
pathways by oligomeric AR causing the internalisation of NMDA and AMPA receptors

and also necessary for LTD (Snyder et al., 2005; Hsieh et al., 2006; Wu et al., 2010a;
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Koffie et al., 2011). AB induced neurotoxic calcium dyshomeostasis, along with
destabilisation of anchoring synaptic receptors can interfere in cytoskeletal processes
and trigger dendritic spine collapse (Roh et al., 2013). Oligomeric AB-EphB2 binding
can further lead to its proteasomal degradation (Cissé et al., 2011). AB has also been
shown to bind to prion protein and with mGIuR5 can activate an eukaryotic Initiation
Factor 2 phosphorylation pathway that ultimately leads to dendritic spine loss (Um et
al., 2013). Activation of mGIuR5 by AB also increases local protein synthesis and
leads to an elevation of synaptic APP synthesis, promoting its abnormal cleavage
producing more toxic AR (Westmark, 2013). Additionally, AB can lead to elevation of
Dickkopf-related protein 1, an agonist of the wnt pathway, leading to activation of non-
canonical signalling to cause synapse dysfunction (Purro et al., 2012). AB can further
stimulate activation of mitochondrial apoptotic pathways by activation of caspase-3

leading to synaptic depression and loss (Park et al., 2020).

Tau has been shown to localise with pre- and post-synaptic compartments, as
described above. When phosphorylated, tau can bind to fyn (Bhaskar et al., 2005)
and both are mislocalised to dendrites. Fyn phosphorylates NR2B to regulate its
interaction with PSD-95 and the effects on NMDA receptor enhances excitotoxicity in
the presence of AB (lttner et al., 2010). A study by Hoover and colleagues (2010)
reported in cultured neurons from P301L tau overexpressing mice that abnormal tau
phosphorylation can affect glutamate receptor subunit 1, 2/3 and NMDA receptor
subtype 1 postsynaptic trafficking and anchoring to the post synaptic density and can
lead to dendritic spine collapse and loss (Fig 1.7) (Hoover et al., 2010; Kopeikina et
al., 2013). Pathological tau may also confer toxicity to the presynaptic terminal as
shown by microinjection of human tau into the presynaptic terminal of the squid axon
which eradicated synaptic transmission, possibly due to dysfunctional synaptic
vesicle docking (Moreno et al., 2011). Abnormal tau may also disrupt trafficking of

mitochondria to pre- and post-synaptic terminals, normally essential for synaptic
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function, local energy production, non-apoptotic caspase activation and synaptic
calcium homeostasis (Mandelkow et al., 2003; Hoover et al., 2010; Li et al., 2010;
Kopeikina et al., 2011; Reddy, 2011; Eckert et al., 2014). This is supported by
ultrastructural analyses from post-mortem human tissues where atypical
mitochondria were colocalised to synapses in AD compared to controls (Pickett et al.,
2018). Furthermore, mislocalised tau, shown in neurons expressing the P301L
mutation increase abnormal AMPA receptor clustering (Miller et al., 2014) which can
lead to deficits in synaptic transmission. Taken together, these evidences support the
notion that pathologically abnormal tau can be synaptotoxic by impairing cellular
transport and receptor targeting of specific synaptic sub-types which can lead to

eventual synapse loss.

Due to the overlap between AB and tau mechanisms involved in synaptic toxicity, it
is likely that they cooperate to drive the disruption in these processes (Pickett et al.,
2019). Synaptosomes from human AD brains show co-localisation between
phosphorylated tau and AB (Fein et al., 2008). Wu and colleagues (2018) have
reported that synaptic proteins along with tau are phosphorylated in the presence of
AB (Wu et al., 2018). Oligomeric AR has been reported to be involved in the mis-
localisation of tau from axons to dendritic compartments whilst increasing abnormal
tau phosphorylation (Zempel et al., 2010). Furthermore, Tiwari and colleagues
reported that transcriptional APP processing and hence A can cause changes in tau
hyperphosphorylation by modulating CaMKIlla expression at the synapse that is
linked to spatial memory impairments (Tiwari et al., 2016; Ghosh et al., 2020). As
such, Amar and colleagues showed using the Tg2576 mouse model, that once
activated by AR oligomers, CaMKIlla increases tau phosphorylation at epitopes
Ser202/Ser416 and mis sorting into spines (Amar et al., 2017). Likewise, tau
phosphorylation and translocation may mediate AB induced toxicity at the synapse

(Mairet-Coello et al., 2013; Miller et al., 2014). Moreover, AB and tau have been linked

67



to dysregulation of calcium levels and activation of calcineurin that can lead to
synaptic dysfunction (Mattson et al., 1992; Kuchibhotla et al., 2008; Wu et al., 2010a;
Zempel et al., 2010; Hudry et al., 2012; Yin et al., 2016). Furthermore, APP/PS1 mice,
which have increased AB production and express human tau show depressed
neuronal hyperactivity (Busche et al., 2019) confirming that both AR and tau are
required for the impairment of synaptic integrity. More recently, it has been suggested
that AR and tau may confer indirect effects on synaptic integrity by inducing
neuroinflammatory processes which include complement-cascade dependent
increase in microglial activation (Heneka et al., 2015). As such, the recruitment of
microglia to AB primed synapses and vulnerable to tau-mediated changes undergo
synaptic engulfment and pruning by microglia (Hong et al., 2016; Shi et al., 2017a;
Dejanovic et al., 2018; Litvinchuk et al., 2018; Pickett et al., 2018; Rajendran and
Paolicelli, 2018; Henstridge et al., 2019). Together, these findings suggest the
interaction between tau and AB may mediate toxicity to synapses which lead to
eventual synaptic loss and neurodegeneration in AD. This relationship between AB
and tau at the synapse in AD requires further investigation to identify suitable

molecular targets for therapeutic intervention and to slow cognitive decline.

Overall, investigating the molecular mechanisms implicated in the dysfunction of
synapses is important for understanding early disease events. In this project, cysteine
string protein (CSP) alpha, has been studied. CSPalpha is a pre-synaptic protein,
previously found to be dysregulated in AD (Tiwari et al., 2015) and that may play a

crucial role in synaptic degeneration.
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Normal synapse AD synapse

Figure 1.7. AB and tau effects at the synapse.

lllustration summarising some of the main AB and tau effects. In comparison to the
healthy synapse (left), in AD (right), oligomeric A, initiates a cascade of events once
trafficked and binds to post-synaptic receptors. This includes elevating calcium
concentrations, calcineurin and caspase-3 activation as well as synaptic NMDA and
AMPA receptor internalisation. Phosphorylated tau is shown to mislocalise to the
synapse downstream of AB where it has been demonstrated to be transported
transynaptically. Tau synergistically operates to further drive toxicity initiated by AB
and subsequently alters synaptic transmission, eventually leading to the dysfunction
of synapses and synaptic integrity. The interplay between AB and tau in health and
disease, however, still remains unclear. Figure taken with permission from (Spires-

Jones and Hyman, 2014).
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1.11 CSPalpha

CSPalpha is a 34 kilodalton (kDa) molecular co-chaperone protein localized at
presynaptic vesicles (Koutras and Braun, 2014; Burgoyne and Morgan, 2015). It is
encoded by the DNAJCS5 gene (chromosome 20g13.33) and belongs to the CSP
family, of which CSPalpha is the only isoform expressed in the brain. It contains a J
domain and hence belongs to the Dnad family of chaperones and has 11-14 cysteine
residues which undergo palmitoylation allowing CSPalpha to attach onto synaptic
vesicles (Braun and Scheller, 1995; Ohyama et al., 2007). CSPalpha has
multifunctional roles involved in modulating regulated exo- and endocytosis as well
as in protein refolding mechanisms. The importance of CSPalpha for synaptic survival
has been demonstrated by analysis of Drosophila melanogaster null mutants and
mouse KOs which exhibit impaired neurotransmission, neurodegeneration and

premature death (Zinsmaier et al., 1994; Fernandez-Chacon et al., 2004).

1.11.1 Discovery of CSPalpha

CSP was first discovered in Drosophila melanogaster by Zinsmaier and colleagues
(1990) wusing a neuronal-specific monoclonal antibody - mAb ab49.
Immunohistochemical staining using this monoclonal antibody localised exclusively
to synaptic terminals suggesting that the encoded proteins may contribute to synaptic
function. As such, cloning of antigen complementary DNA revealed that the antibody
detected three splice variants of a novel gene. The sequences were distinguished by
a consecutive string of eleven cysteine residues which led to the name “cysteine-

string protein” (Zinsmaier et al., 1990).

The first CSP protein vertebrate homolog with ~70 % similarity to the fly protein
emerged during an attempt to identify subunits of presynaptic calcium channels in

Torpedo californica (Gundersen and Umbach, 1992). Since then, CSPs have been
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characterised in many organisms including mammalian species (Mastrogiacomo and
Gundersen, 1995; Chamberlain and Burgoyne, 1996; Coppola and Gundersen,
1996), Xenopus. (Mastrogiacomo et al.,, 1998) and Caenorhabditis Elegans (C-
elegans) (also known as dnaj-14) (Kashyap et al., 2014), however they were not

found in unicellular eukaryotes, like yeast (Buchner and Gundersen, 1997).

Sequencing of CSP showed that mammals express three CSP proteins - CSPalpha,
CSPbeta and CSPgamma encoded by the DNAJC5 a, b and g genes, unlike
vertebrates such as Drosophila melanogaster and C-elegans that have a single CSP-
encoding gene (Csp and dnj-14, respectively) (Zinsmaier et al., 1994). The
sequences of CSPalpha and CSPbeta share a high degree of sequence similarity
unlike CSPgamma which is more distantly related (Burgoyne and Morgan, 2015).
Different mammalian species of CSP are 98-100% similar (Fig 1.8b) compared to 50-
60% homology in Drosphila and ~35% in C-elegans (Chamberlain and Burgoyne,
2000). CSPalpha is expressed in most cell types and virtually all neurons. In contrast,
mammalian CSPgamma is only expressed in testis, whereas CSPbeta is also
expressed in auditory hair cell neurons (Gorleku and Chamberlain, 2010; Burgoyne
and Morgan, 2015). The functional roles of CSPbeta and CSPgamma are however

not fully understood (Fernandez-Chacon et al., 2004; Schmitz et al., 2006).

1.11.2 CSPalpha Structure

CSPalpha has a highly evolutionarily conserved structure (Fig 1.8b). CSPalpha
protein has five main domains: i) N terminal domain, ii) a “J” domain, iii) a linker
domain (between 83 and 136), iv) a cysteine string-rich domain (CSD) and v) a C-

terminal domain (Fig 1.8a).
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The N-terminal domain of CSPalpha includes a serine as the 10" amino acid which
can undergo phosphorylation by PKA and/or protein kinase B (Evans et al., 2001;
Evans and Morgan, 2005). Phosphorylation at this site can inhibit CSPalpha
interactions with other presynaptic proteins including syntaxin (Evans et al., 2001)
and synaptotagmin (Evans and Morgan, 2002). Interestingly, phosphomimetic
mutations at Ser10 of CSPalpha was shown to alter the kinetics of exocytosis in PC12
cells compared to WT and a phosphodeficient mutant (Chiang et al., 2014). As such,
Ser10 phosphorylation of CSPalpha can lead to major conformational changes in its
overall structure, which can impact heavily on CSPalpha interactions, such as the
interaction between phosphorylated Ser10 and Lys58 in the J domain, which has the

tendency to affect its physiological function (Patel et al., 2016).

The J domain is highly conserved between species and has a high degree of
sequence homology with a region of the bacterial chaperone protein DnaJd; a
characteristic region also identifiable in the DnaJ/ heat shock protein (Hsp) 40 family
of molecular co-chaperones (Chamberlain and Burgoyne, 2000). The J domain
contains a highly conserved histidine, proline, and aspartic acid (HPD) motif that is

required for interaction with Hsp70 proteins (Chamberlain and Burgoyne, 1997).

The linker domain is also a highly conserved region of ~20 amino acids, between the
J domain and the CSD. The exact role of the linker domain is unclear, but it has been
shown to be associated with regulated exocytosis (Zhang et al., 1999; Boal et al.,
2004; Bronk et al., 2005). The linker domain is however, in combination with other
protein domains, important for CSP self-association into CSP-CSP dimers, trimers
and oligomers (Braun and Scheller, 1995; Braun et al., 1996; Chamberlain and
Burgoyne, 1997; Magga et al., 2000; Swayne et al., 2003, 2006). However, a recent
study reported that mutating all 14 cysteines to serines in full length CSPalpha (1-198

amino acids) resulted in a protein that did not oligomerise unlike a CSD deficient
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construct (1-112 amino acids only of CSPalpha) which formed visible aggregates
(Patel et al., 2016). Although there is much debate about the origins of CSPalpha
self-association, these CSPalpha modifications play a significant role in the
physiological chaperone function of CSPalpha (Swayne et al., 2003). As such, mutant
CSPalpha oligomers can lead to the mislocalization and subsequent loss of
synaptic soluble, N-ethylmaleimide-sensitive attachment receptors (SNARE) protein-
chaperoning function (Naseri et al., 2020b). Furthermore, amino acids 106-114 which
flanked the CSD and include some of the CSD itself, have been shown to mediate
membrane binding of CSPalpha (Greaves and Chamberlain, 2006). The CSD
contains 11-14 cysteine residues, of which position 4-7 are important for CSPalpha
palmitoylation and the others available for further palmitoylation and CSPalpha
trafficking (Greaves and Chamberlain, 2006). This relatively stable post-translational
modification of CSPalpha can cause an electrophoretic mass shift of ~7 kDa
(Gundersen et al., 1994). As such, the 34 kDa form of CSPalpha associates with
membranes, whereas the un-palmitoylated 27 kDa species remains soluble and
cytoplasmic (Greaves and Chamberlain, 2006; Gundersen, 2020). The
hydrophobicity of the CSD is also crucial for initial membrane binding prior to

palmitoylation (Greaves and Chamberlain, 2006).

The C-terminal domain is poorly characterised although it appears to be required for
efficient CSD palmitoylation (Greaves et al., 2008) and contains a recognition site for
the palmitoylation enzyme zDHHC17 (Lemonidis et al., 2015; Henderson et al., 2016;

Gorenberg et al., 2020).
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Figure 1.8. Protein structure of CSPalpha.

a) Black arrows show locations of the Ser10 phosphorylation site, the HPD maotif in
the J domain for constitutively expressed Hsp70 or heat-shock protein cognate 70
(Hsc70) binding, and the 11-14 cysteine-string region of the protein. Numbering is
indicative of amino acids flanking each domain based on human CSPalpha. Adapted
from (Burgoyne and Morgan, 2015) b) Protein sequences of human and mouse
CSPalpha aligned to show that CSPalpha is highly conserved amongst mammals
with only one single amino acid difference at site 112 from valine to phenylalanine
found at the beginning of the CSD (highlight in blue, sites 112-137). Ser10
phosphorylation (highlight in purple, site 10) and HPD motif (highlight in green, sites

43-45) also shown. Adapted from (Zhang and Chandra, 2014).
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1.11.3 Cellular and Subcellular Expression of CSPalpha

CSPalpha immunoreactivity was originally documented as being localised to the
synaptic neuropil and neuromuscular junctions of Drosophila melanogaster
(Zinsmaier et al., 1990). CSPalpha is tethered to synaptic vesicles and constitutes
about ~1% of total synaptic protein content. On average eight CSP monomers are
present per vesicle (Fig 1.9) (Mastrogiacomo et al., 1994; Chamberlain and
Burgoyne, 2000; Takamori et al., 2006; Fornasiero et al., 2018). Labelling of
CSPalpha in presynaptic terminals has been reported at both excitatory and inhibitory
synapses (Garcia-Junco-Clemente et al., 2010). CSPalpha has been well
characterised within axosomatic synapses in the brain, with staining detected in
mossy fiber terminals in the Cornu Ammonis area 3 (CA3) region of the hippocampus
(Kohan et al., 1995). CSPalpha is also strongly expressed in the plexiform layers of
the rat retina (Kohan et al., 1995) and Drosophila melanogaster photoreceptor
terminals (Hamanaka and Meinertzhagen, 2010). Additionally, CSPalpha is localised
to synaptic vesicles of ribbon synapses found at inner ear hair cells of rats and guinea
pigs (Eybalin et al., 2002). CSPalpha further exhibits a punctate appearance in
neuronal axons and synaptic boutons in Neuro-2a cells and primary neuronal
cultures, which correlate to its vesicular localisation (Benitez and Sands, 2017). As
such, CSPalpha has been used as a suitable marker for presynaptic terminals and
synapses in several studies (Amorim et al., 2015; Bate and Williams, 2018; Mclnnes

et al., 2018; Selvaraj et al., 2019).

Although CSPalpha is enriched in neurons, the Human Protein Atlas reports a
widespread immunoreactivity of CSPalpha in several other human tissues
(www.proteinatlas.org). As such, CSPalpha is reported as being highly expressed in
various non-neuronal cell types (Kohan et al., 1995; Chamberlain and Burgoyne,

1996; Coppola and Gundersen, 1996; Eberle et al., 1998), and in association with
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secretory vesicles including those from the pancreas (Braun and Scheller, 1995;
Weng et al., 2009), stomach (Zhao et al., 1997), adrenal glands, (Kohan et al., 1995;
Chamberlain and Burgoyne, 1996), liver (Brown et al., 1998; Zhang et al., 2002) and
lungs (Park et al., 2008; Raiford et al., 2011). However, CSPalpha has not been

reported to have any non-neuronal expression in the brain.
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Figure 1.9. A model of synaptic vesicle associated proteins.

CSPalpha is a presynaptic vesicle protein highlighted (red box) alongside several
other synaptic vesicle associated proteins. Figure taken with permission and adapted

from (Takamori et al., 2006).
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1.11.4 Cellular Function of CSPalpha

CSPalpha was first proposed to be an integral calcium channel subunit after
Gunderson and Umbach (1992) found that CSP anti-sense messenger ribonucleic
acid (mRNA) inhibited the activity of voltage dependent N-type calcium channels
expressed in Xenopus oocytes (Gundersen and Umbach, 1992). Subsequent findings
identified CSPs as being localised to synaptic vesicle proteins arguing against the
possibility of CSPs being a subunit of N-type calcium channels (Mastrogiacomo et al.,
1994; Chamberlain and Burgoyne, 2000). At the same time, analysis of CSP null
mutant Drosophila melanogaster confirmed that CSP was vital for normal
synchronous neurotransmission and synaptic vesicle release (Zinsmaier et al., 1994).
It was suggested that vesicular CSPs might instead regulate calcium channels nearby
sites of vesicle docking at presynaptic membranes (Mastrogiacomo et al., 1994). CSP
interactions with the recombinant loop of P/Q-type calcium channels were shown in
vitro, however no direct association of CSP and N-type calcium channels were
observed, questioning CSPs role in calcium regulation (Leveque et al., 1998).
Furthermore, expression patterns of CSP across tissues suggest that CSP plays a
maijor role in exocytosis and not to regulate calcium channel activity as many CSP
enriched regions do not contain cells with voltage gated calcium channels
(Chamberlain and Burgoyne, 1996; Coppola and Gundersen, 1996; Eberle et al.,

1998).

Evidence has since accumulated showing CSPs role independent of calcium
channels in regulated exocytosis and which instead reflect the similarity between
CSPalpha, and other proteins involved in exocytotic mechanisms. Several proteins
have been identified that are important for CSPalpha exocytotic mechanisms. Firstly,
the J domain of CSPalpha, interacts via a HPD motif with Hsc70 chaperone proteins

(Braun et al., 1996; Chamberlain and Burgoyne, 1997). Biochemical analysis
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confirmed that this interaction can stimulate the ATPase activity of Hsc70 and its role
in regulating refolding, disaggregation and/or assembly of client proteins and protein
complexes (Chamberlain and Burgoyne, 1997). Furthermore, CSPalpha can form a
trimeric chaperone complex (CSPalpha - Hsc70 - small glutamine-rich
tetratricopeptide repeat-containing protein (SGT) complex) that is able to regulate the
interaction of CSPs with synaptic proteins (Fig 1.10) (Stahl et al., 1999; Tobaben et
al., 2001). Although CSPalpha can bind to SGT, the physiological significance of this
interaction still remains unclear. The only evidence of which stems from a CSP-SGT
interaction defined with recombinant proteins in vitro, however, this could not be
replicated in vivo (Tobaben et al., 2003). In fact, a recent study reported at least 42
proteins expressed at synapses that are CSPalpha clients many of which are
membrane-associated or membrane domain-containing proteins (Trepte et al., 2018).
These interacting proteins include SNARE proteins, which are required to traffic
synaptic vesicles in proximity to or directly with plasma membranes, such
as synaptosome- associated protein of 25 kDa (SNAP25), syntaxin, vesicle
associated membrane protein (VAMP) and synaptotagmin, all of which are involved

in mediating vesicular exocytosis (Sharma et al., 2011).
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Figure 1.10. Synaptic vesicle recycling is regulated by CSPalpha.

CSPalpha binds to the vesicle fission protein dynamin-1 (purple) to facilitate its
polymerization which results in vesicular endocytosis. The CSPalpha-Hsc70-SGT
trimeric complex interacts with SNARE proteins via its J-domain to mediate
exocytosis of neurotransmitters and misfolded proteins (red). Adapted from (Sheng

and Wu, 2012).

The ability of CSPalpha to interact with its client proteins syntaxin or synaptotagmin
in vitro was found to be modulated by CSPalpha phosphorylation on Ser10 (Evans et
al., 2001; Evans and Morgan, 2002). CSPapha also regulates vesicular endocytosis
and recycling through interactions with dynamin-1 (Fig 1.10) (Rozas et al., 2012;
Sheng and Wu, 2012; Zhang et al., 2012). Furthermore, CSPalpha can control the
density of large-conductance calcium-activated potassium (BK) channels to impact
on excitability at synapses (Kyle et al., 2013; Ahrendt et al., 2014). As such, CSPalpha
has been proposed to have a significant role in the long-term maintenance of synaptic

homoeostasis (Lopez-Ortega et al., 2017). CSPalpha has also been implicated in
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regulating proteasomal degradation of cystic fibrosis transmembrane conductance
regulator (CFTR) protein suggesting a role at the level of the endoplasmic reticulum
(Zhang et al., 2002; Schmidt et al., 2009) and has more recently been reported to
have a direct or indirect function with the mammalian target of rapamycin pathway
which leads to a depletion of neural stem cells in the hippocampus (Nieto-Gonzalez

et al., 2019).

A more novel role of CSPalpha has also been proposed, whereby CSPalpha forms
an essential component of an unconventional protein secretion pathway used to
export neurotoxic misfolded proteins either by an exosome dependent and/ or
exosome-independent release process (Deng et al., 2017; Lee et al., 2018; Pink et
al., 2018). CSPalpha regulates physiological tau, alpha synuclein and TDP-43
release from neurons, via a non-canonical pathway that is dependent on Hsc70 and
SNAP-23 (Fontaine et al., 2016; Merezhko et al., 2020). Interestingly, it has been
proposed that CSPalpha and Hsc70 together also play an important function in
misfolding-associated protein secretion (MAPS) by the deubiquitylation of misfolded
proteins (Fig 1.11) (Kim et al., 2018; Lee et al., 2018; Xu et al., 2018; Ye, 2018; Hu
et al., 2020). Cargos released within the MAPS pathway are not however bound to
vesicles (Lee et al., 2016). Comparatively, extracellular vesicles such as exosomes
exported by neurons have been suggested to contain CSPalpha, hence CSPalpha
may cause its own release into the extracellular space (Deng et al., 2017). Together,
these observations indicate the importance of CSPalpha at the synapse, for the
regulation of synaptic transmission, important for the maintenance of healthy
synapses, and for protein release, the function of which is not clearly understood but

might be linked to pathological prion-like propagation and disease progression.
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Figure 1.11. A potential unconventional pathway of CSPalpha-mediated

misfolded protein secretion.

1) Misfolded proteins are recruited to ER surface and bind the ubiquitin-specific
protease 19 (USP19) receptor and assisted by Hsc70 chaperone. 2) Misfolded
proteins are trafficked to CSPalpha that is associated with the late endosome (LE)
membranes and lysosomes. 3) The CSPalpha and misfolded protein complex are
transported to the lumen of LEs via translocation channels. LEs fuse with the plasma
membrane releasing misfolded proteins including CSPalpha into the extracellular

space. Adapted from (Xu et al., 2018). Created with Biorender.com.
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1.11.5 CSPalpha and Neurodegeneration

Studies have highlighted the neuroprotective role of CSPalpha at the synapse and its
implications in SNARE complex assembly (Burgoyne and Morgan, 2015). In multiple
experimental models, deletion of CSPalpha has led to neurodegenerative
phenotypes. Expression of loss of function CSPalpha mutants in Drosophila
melanogaster leads to uncoordinated movements, temperature-sensitive paralysis
and eventual synaptic degeneration (Zinsmaier et al., 1994; Burgoyne and Morgan,
2015). Similarly, in CSPalpha null mutant C-elegans, show fulminant
neurodegeneration and a reduced lifespan (Kashyap et al., 2014). Moreover,
phenotypic changes of homozygous CSPalpha KO mice include the impairment of
activity-dependent synaptic vesicle release that can lead to progressive age-
dependent synaptic degeneration and strikingly mice die prematurely before the age

of three months (Fernandez-Chacon et al., 2004).

These phenotypes are consistent with perturbations to vesicular recycling machinery
that normally regulate endo- and exocytotic processes and ultimately affect activity-
dependent synaptic transmission. This may further support observations in CSPalpha
KO mice whereby SNARE complex proteins such as SNAP-23 and SNAP-25, vital
for exocytosis, are reduced (Chandra et al., 2005; Sharma et al., 2011), Furthermore,
investigation into CSPalpha interactions in KO mice indicate that SNAP-25 is a major
client protein, and its defective function can lead to a deficit and failure of SNARE
complex assembly and increased ubiquitination and proteasomal degradation
(Sharma et al., 2011, 2012a). As such, impaired assembly of the SNARE complex, a
hallmark of CSPalpha KO mouse brain (Chandra et al., 2005; Sharma et al., 2011),
has also been identified in post-mortem AD and Parkinson’s disease (PD) brain
(Sharma et al., 2012b). Interestingly, the neurodegeneration and increased mortality

observed in CSPalpha KO mice was reversed upon overexpression of the PD-
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associated protein alpha-synuclein which co-operates with CSPalpha to promote the
formation of SNARE complexes with VAMP2/synaptobrevin binding (Chandra et al.,
2005; Burré et al., 2010; Greten-Harrison et al., 2010). However, reductions of SNAP-
25 expression were not affected by the overexpression of alpha-synuclein (Chandra
et al.,, 2005). Finally, increases in CSPalpha dimerization as a result of the drug
quercitin were shown to impair synapse formation and synaptic transmission in snail
neurons (Xu et al., 2010), suggesting that dimerization of CSPalpha disrupts its

normal function.

The mechanistic consequences of a dysregulation in CSPalpha leading to synaptic
dysfunction are not completely understood, however a disruption or absence of
CSPalpha has undesirable consequences on synaptic functional and structural
integrity, though challenging questions remain regarding mechanisms underlying

CSPalpha and neuroprotection, especially in neurodegenerative diseases.

1.11.6 Evidence for a role of CSPalpha in Human Neurodegenerative
Diseases

In humans, loss of function mutations in the DNAJC5 gene encoding CSPalpha are
the cause of autosomal dominant adult-onset neuronal ceroid lipofuscinosis (ANCL)
(also known as Kuf's disease, neuronal ceroid lipofuscinosis 4, CLN4), a
neurodegenerative disorder featuring progressive cognitive decline with dementia,
alongside symptoms of movement disorders, anxiety and early mortality (Noskova et
al., 2011; Cadieux-Dion et al., 2013). The ANCL-causing CSPalpha mutations reside
in the CSD and consist of a substitution of leucine at amino acid 115 for arginine
(L115R) or the deletion of leucine at amino acid 116 (L116A) (Benitez et al., 2011;
Noskova et al., 2011; Velinov et al., 2012; Cadieux-Dion et al., 2013). More recently,
a thirty-base pair in-frame duplication in exon 4 of the DNAJC5 gene, resulting in an

additional seven cysteine residues in the CSD, has been identified in ANCL
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(Jedlickova et al., 2020). CSPalpha mutations arise within the CSD, a region
important for the structure and function of CSPalpha, particularly for its palmitoylation
and anchoring to plasma membranes (Greaves et al., 2008). Post-mortem ANCL
brain show decreased expression of CSPalpha at synapses and an accumulation of
mutant forms of CSPalpha aggregates within the cell body, alongside lysosomal

storage deficits (Noskova et al., 2011; Henderson et al., 2016).

These findings elaborate on the hypothesis that mutations in CSPalpha lead to the
mistargeting and additionally the formation of high molecular weight sodium dodecyl
sulphate (SDS)-resistant aggregates of CSPalpha. Further findings reported that
these aggregates were membrane bound and palmitoylated, and after treatment with
hydroxylamine, known to depalmitoylate proteins, caused the mutant CSPalpha
aggregates to solubilise both in mammalian cell lines and post-mortem human brain
homogenates, suggesting a link between palmitoylation, aggregate formation and
eventual neurodegeneration (Greaves et al., 2012). Intriguingly, it was also found that
aggregation of CSPalpha inhibits its function as a molecular chaperone (Zhang and
Chandra, 2014). This is in line with studies that have recently proposed ANCL
pathology to be better associated with lysosomal functions (Benitez et al., 2015;
Benitez and Sands, 2017). CSPalpha overexpression in ANCL mutant fibroblasts
inhibited the secretion of lysosomal enzymes (Benitez and Sands, 2017). In addition,
in Drosophila melanogaster, mutant human CSPalpha abnormally accumulated and
co-localised with pre-lysosomal markers (Imler et al., 2019). Complementary work by
Sambri and colleagues (2017) explored the possibility of lysosomal dysfunction and
reduced CSPalpha levels at the presynaptic terminal and found disruptions to SNARE
complex formation in lysosomal storage disorders (Sambri et al., 2017). More
recently, Naseri and colleagues (2020) discovered that ANCL mutant CSPalpha

oligomerisation occurs by the ectopic binding of iron-sulfur clusters, resulting in the
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CSPalpha mislocalisation and subsequent dysfunction of its SNARE-chaperoning

activity (Naseri et al., 2020a).

ANCL is the only human disease known to be caused directly by genetic mutations
in CSPalpha. However, other neurodegenerative diseases have been linked to
altered protein levels and/or functional alterations of CSPalpha. As mentioned
previously, CSPalpha KO mice, which display severe neurodegeneration, can be
rescued by the over expression of alpha-synuclein, a protein that is deposited in
hallmark Lewy body formation and pathology in PD (Bridi and Hirth, 2018). Volpicelli-
Daley and colleagues (2011), when investigating the consequence of alpha synuclein
sequestration from the presynaptic terminal into insoluble aggregates, found
reductions in both alpha synuclein and CSPalpha after the addition of exogenous WT
alpha synuclein preformed fibrils in primary cortical neurons (Volpicelli-Daley et al.,
2011). Shifaruji and colleagues (2018) also reported a potential contribution of
CSPalpha in PD, whereby reduced levels of phosphorylated CSPalpha (Ser10 and
Ser34) and SNAP-25 were found in the striatum (a major affected region in patients
with PD) of protein kinase C y KO mice (Shirafuji et al., 2018). More recently, Calo
and colleagues (2020) reported that alpha synuclein aggregates reduce CSPalpha
levels in the striatum of 1-120h alpha synuclein mouse model at 12 months of age
compared to WTs (Cald et al., 2020). However, increased CSPalpha by viral delivery
in vivo in these mice rescued deficits in vesicle recycling caused by synaptic alpha
synuclein aggregation, hence making CSPalpha an attractive therapeutic target for
early PD (Cal6 et al., 2020). CSPalpha may also be implicated in AD (Engmann et
al.,, 2011) as shown by Tiwari and colleagues (2015), reporting altered CSPalpha
levels within the post-mortem AD hippocampus, a decline that was found not to result
from overall synapse loss since equivalent loss of synaptophysin was not apparent
(Tiwari et al., 2015). This data suggests that CSPalpha may be an early marker of

synaptic degeneration in AD (discussed below in Section 1.11.7) (Tiwari et al., 2015).
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Furthermore, CSPalpha has been shown to interact with mutant huntingtin protein, in
which there is a polyQ expansion, although it does not interact with the WT protein
(Miller et al., 2003), suggesting that sequestration of CSPalpha by mutant huntingtin
protein could play a role in Huntington’s disease (HD). CSPalpha has also been linked
to other lysosomal storage diseases, as shown in a mouse model of
mucopolysaccharidosis type IlIA. CSPalpha expression levels, along with CSPalpha
palmitoylation were severely reduced, in line with lysosomal impairment that led to an
increase in protein destabilisation and proteasomal degradation (Gorenberg and
Chandra, 2017; Sambri et al., 2017). CSPalpha has also been suggested to be
indirectly involved in amyotrophic lateral sclerosis (ALS) whereby, models of ALS
show reduced expression of Hsc70, a major interacting partner of CSPalpha, at

synaptic terminals resulting in vesicle recycling defects (Coyne et al., 2017).

1.11.7 CSPalpha and AD

Circumstantial evidence suggests that CSPalpha is critical for the maintenance of
healthy synapses (Gorenberg and Chandra, 2017) and the loss of synapses is an
early event in neurodegenerative diseases such as AD (Selkoe, 2002). Hence, a

reduction in CSPalpha-dependent synaptic maintenance may also play a role in AD.

Zhang and colleagues (2012) were the first to report changes in the expression of
CSPalpha in AD brain. Using age-matched human control and AD frontal cortex, they
identified a 40% reduction in CSPalpha protein levels in AD (Zhang et al., 2012). This
reduction, however, may not be indicative of synapse loss as CSPalpha expression
was normalised to actin, which is present in both neuronal and glial cells, and
therefore may not account for neuronal loss in AD. Tiwari and colleagues (2015)
further characterised CSPalpha protein levels in post-mortem AD hippocampus and

cerebellum. They showed that in early and late stage of AD, CSPalpha expression
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was significantly reduced in the superior temporal gyrus (STG) and hippocampus
relative to the pre-synaptic protein synaptophysin, which allows assessment of
CSPalpha amounts in remaining synapses. CSPalpha protein levels were also found
to be elevated in AD cerebellum, a region mostly resistant to AD pathology. Increased
protein levels of CSPalpha in AD cerebellum was confirmed with
immunohistochemistry (Tiwari et al., 2015). This data indicates that CSPalpha
expression is reduced in remaining synapses in degenerating tissues and that
CSPalpha is upregulated in regions that are spared from extensive
neurodegeneration. This suggests that perhaps a loss of CSPalpha may play a role
in the early stages of synaptic dysfunction whereas an upregulation of CSPalpha may

protect brain regions during AD development.

Experimental models are now being used to understand the molecular changes
pertaining to the levels of CSPalpha. It has also been shown that CSPalpha protein
levels are elevated in hippocampus and cortex of young, but not old, human tau (htau)
mice, a model of AD tau pathology (Tiwari et al., 2015). Thus, a transient upregulation
of CSPalpha appears to correlate with a period of apparent neuroprotection in htau
mice, that occurs prior to the development of tau pathology and neurodegeneration
observed in older mice at which time CSPalpha amounts are reduced (Tiwari et al.,
2015). In contrast the forebrain of the Tg2576 mouse, a model for elevated A and
amyloid plaque development (Hsiao et al., 1996), did not show any changes in
CSPalpha levels at 4 and 12 months of age when compared to WT littermates (Tiwari,
2015). However, frontal cortical brain extracts from AD patients containing soluble
oligomeric Ap applied onto primary neuronal cultures resulted in the dose-dependent
loss of CSPalpha and synaptophysin, a result which when extracts were depleted of
AB did not change protein amounts, suggesting the role of A in CSPalpha decline at

the synapse (Bate and Williams, 2018).
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Proteomic studies have also indicated that CSPalpha may be altered in AD. This was
shown in studies that assessed the middle frontal gyrus of post-mortem AD brain.
Sarkosyl-insoluble fractions were analysed using nanoLiquid chromatography-
electrospray ionization mass spectrometry and identified a reduction in CSPalpha
abundance in AD compared to control (Metaxas et al., 2018). This result was
validated using the same techniques in the left-brain hemispheres of the APP/PS1
FAD mouse model. In these experiments, not only was reduced CSPalpha found in
APP/PS1 transgenics compared to WT littermates, but also an age-related decline in
CSPalpha expression was found only to be evident in transgenic mice (Metaxas et
al., 2018). CSPalpha was also found to have =233 % impaired turnover in the cortex
of 6-month-old App"-M-F knock-in mice, which show increases in misfolded AR
peptides (Hark et al., 2021). Interestingly, a study looking into the phosphoproteomics
dataset in cortical synaptoneurosomes of APP/PS1 mice reported an elevation in the

level of CSPalpha phosphorylation at Ser10 (Wu et al., 2018).

These reports shed light on the importance of CSPalpha in health and disease. It can
be suggested that an early up-regulation of CSPalpha may be a compensatory
mechanism that protects synapses and therefore neurons against degeneration. It is
hence important to determine the relationship between CSPalpha and synaptic health

in AD and hence requires further investigation.
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Aims and Objectives

This PhD thesis aimed to conduct a more detailed characterisation of CSPalpha
protein changes in post-mortem AD brain. In doing so, putative CSPalpha aggregates
were discovered, which re-directed the original aims of this thesis. The specific

objectives that form the basis of the thesis are therefore to:
1. Investigate whether alterations in CSPalpha abundance / and or localisation
are a sensitive marker of synaptic protection/ degeneration during AD

progression

2. Characterise CSPalpha protein accumulations/aggregates in relation to AD

pathology
3. Examine the association of altered or modified CSPalpha with synapses

4. Determine the specificity of CSPalpha aggregates in AD in comparison to

other neurodegenerative diseases
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Chapter 2. Materials and Methods

2.1 General Molecular Biology Reagents

All reagents used were from Sigma-Aldrich (UK) and ultrapure water (MilliQ H.O) was

used in the preparation of all solutions, unless otherwise stated.

2.2 General Cell Biology Reagents

Protein and Lysis Buffers
Phosphate Buffered Saline (PBS) 0.01 M Phosphate buffer (pH 7.4)
0.0027 M Potassium chloride (KCL)

0.137 M Sodium chloride (NaCl)

Tris Buffered Saline (TBS) 50 mM Tris-hydrochloride (HCI), pH 7.4
1L

150 mM NaCl
PBS-T PBS

0.1 % (v/v) Tween-20

TBS-T TBS

0.1 % (v/v) Tween-20
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Synaptoneurosome Buffer A 25 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid pH 7.5

120 mM NaCl

5 mM KCI

1 mM Magnesium Chloride

2 mM Calcium Chloride

Protease inhibitor cocktail (PIC) (Roche, UK)

Phosphatase inhibitor (Roche, UK)

2 mM Dithiothreitol (DTT)

Synaptoneurosome Buffer B 50 mM Tris pH 7.5

1.5 % (w/v) SDS

2mMDTT

Differential solubility high salt (HS) buffer 50 mM Tris-HCI pH 7.4

750 mM NaCl

10 mM Sodium Fluoride
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5 mM Ethylenediaminetetraacetic acid

(EDTA)

PIC

Phosphatase inhibitor cocktail

Differential solubility HS- triton X-100 HS buffer

Buffer

10 % (v/v) Triton X-100

Differential solubility HS- sucrose Buffer HS buffer

30 % (w/v) sucrose

Differential solubility HS- sarkosyl Buffer HS buffer

20 %  (v/v)  N-Lauroylsarcosine

(Sarkosyl)

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

Resolving Gel 10 % (w/v) acrylamide (National

Diagnostics, UK)
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Stacking Gel

Running Buffer

Protein Molecular weight markers

25 % (v/v) resolving buffer, pH 8.8

(National Diagnostics, UK)

0.01 % (w/v) ammonium persulphate

(APS, National Diagnostics, UK)

0.1 % (VIV) N,N,N’,N’

tetramethylethylenediamine  (TEMED,

National Diagnostics, UK)

4 % (w/v) acrylamide

25 % (v/v) stacking buffer, pH 6.8

(National Diagnostics, UK)

0.075 % (w/v) APS

0.15 % (viv) TEMED

10 % (v/v) Running Buffer (National

Diagnostics)

Precision Plus Protein™ All Blue
Standards (Bio-Rad, Hertfordshire, UK)
(Protein molecular weight markers kDa-

250, 150, 100, 75, 50, 37, 25, 15, 10
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Transfer Buffer

Blocking Buffer

Full-Range  Rainbow™ Enhanced
chemiluminescence

(ECL)™  Molecular Weight Marker
(Amersham™, GE Healthcare, UK)
(Protein molecular weight markers kDa -

225,150, 102, 76, 52, 38, 31, 24, 17, 12)

10 % (v/v) Transfer buffer (National

Diagnostics, UK)

20 % (v/v) Methanol

Odyssey Blocking Buffer (927-60001,

Licor Biosciences Ltd., UK) diluted 1:1 in

TBS

5 % (w/v) Non-fat dried milk powder

(Tesco, UK) in TBS

Immunohistochemistry/ Inmunofluorescence

Sodium Citrate Buffer

Normal goat serum (NGS) Blocking Buffer

10 mM Sodium Citrate pH 6

10 % (v/v) NGS (Sigma, UK)

In TBS
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Normal Swine Serum (NSS) Blocking

Buffer

Sudan Black

Array Tomography

Glycine

Citric Buffer

Blocking Buffer

4' 6-diamidino-2--phenylindole (DAPI)

10 % (v/v) NSS (Dako Ltd, UK)

In PBS

3.33 % (w/v) Sudan Black

70 % (v/v) Ethanol

50 mM Glycine

In TBS

10mM Citric Acid pH 6

0.1 % (w/v) Coated fish gelatine

0.05 % (v/v) Tween20

In TBS

0.1 % (w/v) DAPI
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Mouse Immunofluorescence

4% Paraformaldehyde (PFA) 4 % (viv) PFA

50M Sodium hydroxide

In PBS

Antifreeze 30 % (w/v) Sucrose

0.1M Phosphate Buffer

30 % (v/v) Ethylene Glycol

Blocking Buffer 5% (viv) NGS

0.1% Triton X-100

In PBS

Thioflavin-S (Thio-S) 0.05 (w/v) % Thio-S

50% (v/v) Ethanol
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2.3 Human Post-Mortem Brain Samples

2.3.1 London Neurodegenerative Diseases Brain Bank

Frozen brain tissues and 10% formalin-fixed, paraffin-embedded brain sections were
obtained from the London Neurodegenerative Diseases Brain Bank at the Institute of
Psychiatry, Psychology and Neuroscience, King’s College London (Table 2.1). The
first set of samples contained sections from post-mortem human Brodmann Area 9
(BA9) (dorsolateral and medial prefrontal cortices) from neurologically normal
individuals (Braak 0-11) [n=6], and severe AD (Braak V-VI) [n=5] (Table 2.1). The
second set of samples contained both tissues and sections from post-mortem human
BA9 control (Braak 0O-II), moderate AD (Braak IlI-IV) and severe AD (Braak V-VI)
[n=10 for each group] (Table 2.2). A third set of tissues contained hippocampal and
cerebellar sections from control subjects (Braak 0-1I) and subjects with severe AD
(Braak VI) [n=3, respectively] (Table 2.3). A fourth set of hippocampal tissues and
temporal cortex sections were obtained from control subjects (Braak O-lI) and
subjects with either AD (Braak VI), FTLD, mixed dementia, dementia with Lewy
bodies (DLB), [n=8 for each group], PSP or PiD [n=2 for each group] (Table 2.5).
Cases were randomly selected for either hemispheres (left or right) to be stored as
either frozen or fixed tissue. Cases were sex- and age- matched as much as possible.
Tissue was assessed for post-mortem delay (PMD) and tissue quality to ensure that
these parameters are comparable between the groups as shown in previous studies
(Wang et al., 2000b; Engmann et al., 2011; Bayés et al., 2014; Tiwari et al., 2015).
All human tissue was handled according to Human Tissue Authority regulations and

guidelines set out by the London Neurodegenerative Diseases Brain Bank.
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2.3.2 Edinburgh Brain Bank

Tissue sections obtained from the Edinburgh Brain Bank were from post-mortem
human BA9 from neurologically normal individuals (Braak 0-11) [n=9] and severe AD
(Braak V-VI) [n=10] (Table 2.4). The University of Edinburgh is a charitable body,

registered in Scotland, with registration number SC005336.

2.3.3 Oxford Brain Bank

Tissue sections obtained from the Oxford Brain Bank were from post-mortem human
BA9 and temporal cortex from a neurologically normal individual (Braak 0-lI) and a
subject with ANCL (Braak V-VI) [n=1 for each group] (Table 2.6). Acknowledgement
of the Oxford Brain Bank, supported by the Medical Research Council (MRC), Brains
for Dementia Research (Alzheimer’s Society and Alzheimer’s Research UK), and the
NIHR Oxford Biomedical Research Centre for the tissues. The views expressed are
those of the authors and not necessarily those of the NHS, the NIHR or the

Department of Health.

98



Table 2.1 Characteristics of BA9 cases used in this study.

Table shows details of sex, age, PMD, Braak/BNE stage, primary pathological diagnosis and cause of death for cases from which frozen BA9

tissue and sections was obtained.

Case
Number Case ID
1 BBN_10250
2 BBN_14408
3 BBN_16236
4 BBN_18816
5 BBN_4581
6 BBN_18401

Pathological Diagnosis

Control case (AD modified Braak II)

Mild age-related changes (control brain) - AD
modified Braak stage with mild focal amyloid
angiopathy

Control case but with Hypoxic-type changes
and amyloid angiopathy (AD BNE modified
Braak I-11)

Old infarcts in the right cerebral hemisphere

Ageing process, consistent with Braak stage
Il

Control case (very early Alzheimer disease
pathology - BNE stage |) with focal amyloid
angiopathy

Cause of Death

Myocardial
infarction

Aortic sclerosis;
Infection

Colorectal cancer

Congestive cardiac

failure; Aortic
stenosis

Braak/BNE
Stage

PMD
(hours)

9

45

41

53

24

47

Sex
(M/F)

F

Age at
Death
(years)

92

90

89

84

82

82

99



10

11

12

13

Consistent with ageing

BBN_15711
Early tau pathology Braak Il, no neuritic
BBN_16317 plaques
BBN 22594 Control brain
BBN_22991 Early ageing changes BNE stage 1
Alzheimer changes consistent with Braak IlI
BBN_9924 and amyloid angiopathy
BBN_2931 AD (moderate - limbic stage) Braak Il
AD (modified Braak (BNE) stage 4) with
BBN002.29410 moderate amyloid angiopathy

CAA

Ruptured anterior
myocardial infarct

Kidney cancer

Bowel perforation;
Primary colonic
tumour; Metastatic
lung carcinoma
pulmonary
embolism

Bronchopneumonia

Lower respiratory
tract infection,
Aspiration
pneumonia;
Ischaemic heart
disease, Adult
respiratory distress
syndrome;
Anorectal sepsis
(operated)

48.25

47

21

27

12.5

19.5

86

M

80

79

77

73

81

92

84

100



14

15

16

17

18

19

20

BBN002.28871

BBN002.28694

BBN002.28693

BBN_24549

BBN_24400

BBN_15210

BBN_9887

AD (modified Braak (BNE) stage 4) with
moderate amyloid angiopathy and moderate
to severe cerebrovascular changes and
limbic TDP-43 pathology (Joseph stage Il)

AD (modified Braak (BNE) stage V) with
mild amyloid angiopathy

AD pathology (modified Braak (BNE) stage
IV), Thal phase 4 with moderate to severe
amyloid angiopathy.

AD (modified Braak (BNE) stage 4, Mild

amyloid angiopathy

AD (modified Braak (BNE) stage 3-4

AD (modified Braak stage V) with limbic
TDP-43 pathology

AD Braak IV

Dementia AD; Old
age

Advanced
dementia;
Hypertension,
rheumatoid arthritis,
chronic kidney
disease

Congestive cardiac
failure; Chronic
obstructive
pulmonary disease;
Dementia

Old age; Dementia
in AD

Pneumonia; Multi-
infarct dementia;
Ischaemic heart

disease

v

47

55.5

48

53

28

29.5

95

86

91

98

88

82

92

101



21

22

23

24

25

26

27

28

29

BBN_4197

BBN_4195

BBN_4180

BBN_9928

BBN002.30168

BBN002.30132

BBN002.30130

BBN002.28762

BBN002.28697

AD Braak VI

AD BNE modified Braak stage V with
extensive amyloid angiopathy

AD Braak VI BNE 5

AD Braak VI with marked amyloid
angiopathy

AD (modifed Braak (BNE) stage VI

AD (modifed Braak (BNE) stage VI) Thal
phase 5

AD (modified Braak (BNE) stage VI with
skips) Thal phase 5 and moderate degree of
cerebrovascular pathology and limbic and
early cortical TDP-43 pathology

AD (modified Braak (BNE) stage V) with
moderate to severe amyloid angiopathy

AD (modified Braak (BNE) stage VI) with
moderate amyloid angiopathy and dementia
with Lewy bodies (limbic stage) and limbic
TDP-43 pathology

Bronchopneumonia

Septicaemia -
urinary tract; Type 2
diabetes

Pneumonia; AD;
Diabetes,
hypertension

Old age; AD

AD; Fall,
osteoartheritis,
Prostate cancer

AD

Dementia in AD,
atypical mixed type

VI

V-VI

\

VI

\

VI

VI

26.5

77

35

5.5

43

48

27

70

38.5

83

83

73

72

68

95

85

86

89

102



AD (modified Braak (BNE) stage 6 AD

30 BBN_24402 \ 79 F 85
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Table 2.2. Case details for post-mortem BA9 tissues used for immunohistochemistry in this study.

Table shows details of sex, age, PMD, Braak stage/ BrainNet Europe (BNE) stage, primary pathological diagnosis and cause of death for cases

from which paraffin embedded sections was obtained.

Case
Number

Case ID

BBN_15777

BBN_15616

BBN_1571
BBN_15790

BBN_15734
BBN_16368

BBN_9881

Pathological Diagnosis

Normal Adult Brain

Normal Adult Brain

Normal Adult Brain
Normal Adult Brain

Mild age-related changes

Argyrophilic grains low to moderate
density and early Alzheimer-type
neurofibrillary lesions
AD Braak stage V
Mild amyloid angiopathy

Cause of Death

Carcinoma of
breast

Myocardial
infarction

Liver, renal and
respiratory failure

Bladder carcinoma

Braak/BNE
Stage

PMD
(hours)

21.5

50

40

9.5

13

12.5

Sex
(M/F)

Age at
Death
(years)

87

86
59

40

78

82

80

104



8 BBN_9775
9 BBN_9796
10 BBN_9829
11 BBN_9855

AD Braak stage V
Moderate amyloid angiopathy
AD Braak stage V

AD Braak stage V

AD Braak stage VI
Severe amyloid angiopathy

Cerebrovascular
Accident

Bronchopneumonia;
End stage dementia

Bronchopneumonia

\

26

<24

12

41

Table 2.3. Cases details from Table 2.1 from which cerebellar and hippocampal tissues were obtained.

Case
Number

Case ID Braak/BNE PMD
Stage (hours)

4 BBN_18816 0 53
5 BBN_4581 Il 24
9 BBN_22594 0 21

21 BBN_4197 VI 26.5
24 BBN_9928 VI 55

29 BBN002.28697 VI 38.5

Sex

(M/F)

M1

Age at
Death
(years)
84
82
77
83
72
89

86

84

97

80

105



Table 2.4 Case details for post-mortem BA9 used in Array tomography.
Table shows details of sex, age, PMD, ApoE genotype, pH, Braak/BNE stage, primary pathological diagnosis and cause of death for sections

obtained. Details of BA17 case used as a positive control also shown.

Braak/B Age at ApoE PH
Case CASE ID Brain Pathological Cause of Death PMD Sex (Genotype)
Number Region Diagnosiss NE (hours) (M/F) Death
Stage (years)
1 001.35823 BA9 - - - 72 F 40 3/3 6.41
001.34215 BA9 No significant Pulmonary
2 abnormalities thromboembolism 0 49 M 50 - 5.88
Thal phase 3
Braak tangle stage Il
WM pathology, mild Metastatic lung
Mild non-amyloid cancer; Chronic
small vessel disease obstructive
3 (SVD) pulmonary I 74 M 81
001.32577  BA9 Microinfarcts, disease 3/3 6.07
cerebral white
matter
Mild arteriolar AB-
CAA
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001.30972

001.30140

001.33614

001.35529

001.30841

001.33636

BA9

BA9

BA9

BA9

BA9

BA9

No significant
abnormalities

WM pathology, mild
Mild non-amyloid
SVD

WM pathology, mild

No significant
abnormalities

Mild non-amyloid
SVD

Thal Amyloid phase
5
Braak tangle stange
VI
Mild arteriolar AB-

Ischaemic heart
disease;
Coronary artery
atherosclerosis

Haemopericardiu
m; Dissection of
thoracic aorta

Haemopericardiu
m; Ruptured
acute myocardial
infarct; Coronary
artery atheroma
and thrombosis

Coronary artery
atheroma

Myocardial
infarction;
Coronary artery
abnormalities

Advanced
dementia, AD

VI

99

122

76

96

103

43

34

50

46

58

40

93

3/4

3/4

3/3

3/3

3/3

3/4

6.32

6.12

6.11

6.49

5.69

5.92
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CAA
WM Pathology,
severe
Severe non-amyloid
SVD
Lewy Body Disease,
brain stem subtype

Thal amyloid phase

5
Braak tangle stage
VI
WM pathology, Bronchopneumon
10 001.32929 BA9 severe ia; Urinary tract
Severe non amyloid infection
SVD
Severe arteriolar AB-
CAA
Thal amyloid phase
5
Braak tangle stage Vascular
VI dementia;
Severe arteriolar AB- Hypertension;
1 CAA Atrial fibrillation;
001.30973 BA9 WM pathology, Ischaemic heart
moderate disease; Chronic
Moderate non- kidney disease
amyloid SVD

Alzheimer's Disease

VI

VI

80

96

85

89

3/3

3/4

6.03

6.03
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Thal phase 5
Braak tangle stage
VI
WM pathology,
moderate
Mild non-amyloid
SVD Bronchopneumon \ 78 M 85 3/4
Mild arteriolar AB- ia, AD
CAA
Lewy Body Disease,
brain stem subtype
Alzheimer's Disease

6.12

12 001.31499  BA9

Thal amyloid phase
5
Braak tangle stage
\
WM pathology, mild
13 001.35182 BA9 Mild non-amyloid AD Vi 49 M 66 3/3
SVD
Severe arteriolar AB-
CAA

6.12

Thal phase 4
Braak tangle stage
Stage IV Lung

VI
WM pathology, mild cancer; Type 2 Vi
diabetes;

14 001.31495 BA9 Mild non-amyloid
Ischaemic heart

SVD
Mild arteriolar AB- disease

38 M 81 3/4 5.79
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001.35564

001.33698

001.29695

CAA
AD

Thal phase 5
Braak tangle stage
\
Moderate arteriolar
AB-CAA
WM pathology, mild
Mild non-amyloid
SVD
Lewy Body Disease,
brain stem subtype
Alzheimer's Disease

Thal amyloid phase
5

Severe arteriolar AB-

CAA
WM pathology,
moderate

Severe non-amyloid
SVD

Lewy Body Disease,

brain stem subtype
AD

Thal phase 5
Braak tangle stage
VI
WM pathology,

Aspiration
pneumonia; VaD

90

- 5.99
90 3/4 6.29
86

3/4 6.1
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severe

Severe non-amyloid
SVD

Moderate arteriolar

AB-CAA
Lewy Body disease,
limbic subtype

AD

Thal amyloid phase
5
Braak tangle stage
VI
Moderate arteriolar Sepsis
CAA Advanced
18 001.30883  BA9 WM pathology, dementia Vi 69 F 61 3/4 6.15
severe
Moderate non-
amyloid SVD
AD

AD
Braak tangle stage
Vi
Thal phase 5
WM pathology, mild Inanation;
Moderate non- AD
amyloid SVD
Mild arteriolar AB-
CAA

19 001.28410  BA17 VI 109 F 62 3/3 6.04
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Table 2.5 Case details for post-mortem tissues across several neurodegenerative diseases (Controls, AD, mixed dementia, FTLD, DLB,

PSP and PiD) used in this study.

Table shows details of sex, age, PMD, Braak/BNE stage, primary pathological diagnosis and cause of death for cases from which frozen

hippocampal tissue and temporal cortex sections was obtained.

Case

Number Case ID
1 BBN_14408
2 BBN_24381
3 BBN_24371
4 BBN_24666

Pathological Diagnosis

Control
Mild age-related changes (control brain) - AD modified
Braak stage + with mild focal amyloid angiopathy

Minimal ageing changes BNE stage +, control

Tau Braak stage I, control

Braak stage Il consistent with ageing, control

Cause of Death

Cancer

Metastasized
cancer with no
primary found.

Hospital acquired
pneumonia; Chronic
obstructive
pulmonary disease;
Bilateral lung
disease

Braak/BNE
Stage

PMD
(hours)

45

78

44

66

Age at
Death
(years)

90

66

90

74
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10

11

12

13

14

15
16

17

BBN_24200

BBN_20040
BBN_22991

BBN_10208

BBN_23396
BBN002.26152

BBN_25019

BBN_24382
BBN_22220

BBN_24558

BBN002.26733
BBN_20016

BBN_18814

Lung infection;

Control brain- very mild AD Heart attack

BNE stage 2

Consistent with ageing (Tau Braak stage Il), control Lung cancer

Early ageing changes BNE stage 1, control -

Very mild ageing changes, Hyperphosphorylated-tau

cancer
stage 1

Alzheimer’s Disease
AD BNE stage 6 =

o Aspiration
AD (modified Braak (BNE) stage VI) pneumonia: AD

AD (modified Braak (BNE) stage VI), and severe Bronchopneu.monia;
) . Dementia
amyloid angiopathy
Dementia

AD (modified Braak (BNE) stage VI)

AD BNE stage 6

AD (modified Braak (BNE) stage VI) End stage AD

AD BNE stage 6 =
AD BNE stage 6 -
Mixed Dementia

AD (modified Braak (BNE) stage VI) with extensive AD and

: . cerebrovascular
amyloid angiopathy disease

Metastatic prostate

VI
VI

VI

VI

VI

VI

VI
VI

VI

62

22
27

25

71
69

30

31

57

27

77
31

68

67

80
73

67

83
63

73

79

85

84

84
87

91

113



18

19

20

21

22

23
24

25

26

27

BBN_10196
BBN_4179
BBN_9974

BBN_18794

BBN_24945

BBN_16299
BBN_24206

BBN_19697

BBN002.26170

BBN_24681

AD (modified Braak stage VI) with limbic TDP-43 -
pathology
AD (modified Braak (BNE) stage V) with widespread -
and severe amyloid angiopathy
AD (modified Braak (BNE) stage VI) with widespread -
severe amyloid angiopathy
AD (modified Braak (BNE) stage V-VI) with amyloid -

angiopathy
Community
AD (modified Braak (BNE) stage VI (posterior acquired
predominant), Thal phase 4 and TDP-43 pathology pneumonia;
Joseph's stage IV (type A pattern) Dementia

AD Braak VI BNE 5 -

AD BNE stage 6 with severe amyloid angiopathy -
Frontotemporal Lobar Dementia

FTD with TDP-43 positive inclusions (FTD-TDP) -

subtype A
FTD with TDP-43 positive inclusions (FTLD-TDP) -
(subtype C) with Limbic stage Lewy body pathology
(Limbic stage DLB)

Aspiration

FTD with motor neurone disease (FTLD-MND) subtype = Pneumonia; Motor
B neuron disease;
Frontal lobe

syndrome

VI

VI

V-VI

VI

V-VI
VI

5.25

65

20

11

28

80

72

8.5

67

n

93

87

83

76

96

88
81

78

62

71
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28

29

30

31

32

33

34

35

36

37

38

BBN_21004

BBN_10245

BBN002.26654

BBN002.28594

BBN_24396

BBN_18396

BBN_16241
BBN_16400
BBN_16353
BBN_24626

BBN_16313

Metastatic
FTD TDP-43 proteinopathy carcinoma of the

bronchus
FTLD-TDP (type A) with mild to moderate vascular -

pathology

FTD with TDP-43 pathology (FTLD-TDP), type A,
Diffuse Lewy Body Disease, limbic subtype (McKeith).

FTD with TDP-43 positive inclusions (FTLD-TDP type etz
A) Dementia

FTD due to TDP-43 proteinopathy (Type A) AD BNE End stage dementia

(Braak) stage 4
Dementia with Lewy Bodies
Lewy body disease, consistent with Parkinson's disease -
dementia (PDD) (diffuse neocortical type); Alzheimer-
type tau pathology BNE 3, CERAD plaque score B

Lewy body disease - limbic/transitional type (PD +/- Aortic sclerosis;
dementia / DLB) Infection
Lewy body pathology in brainstem, limbic areas, End-stage PD
neocortex

DLB (diffuse neocortical) End stage PD

AD BNE stage 4, mild neocortical diffuse Lewy body -
disease
Severe small & large vessel disease sufficient to cause -
Vascular dementia and/or Parkinsonism

58

31

48.5

66

34

35

18

74

87

91

72

71

74

79

74

74

87

93
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Lewy body disease / PD Braak VI; McKeith 'neocortical'

Aortic sclerosis;

39 BBN_16309 AD Braak stage Ill Infection i - 70
40 BBN_13797 Diffuse Lewy body disease, early neocortical type. Early - " 40 66
tau pathology, Hyperphosphorylated-tau stage 2

Multi-infarct

41 BBN_15712 PSP dementia - 21 71
PSP

42 BBN_20997 Very early Alzheimer type changes i 35 2

Myocardial

infarction;
43 BBN_10248 PiD (FTLD) Ischaemic heart - 90 80

disease
Brain atrophy
, aspiration )

44 BBN_16369 PiD pneumonia 62 71
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Table 2.6 Case details for post-mortem BA9 and temporal cortex brain from an age-matched control and ANCL patient.

Table shows details of sex, age, PMD, Braak/BNE stage, primary pathological diagnosis and cause of death for sections obtained.

Cause of

Case Case ID Pathology Death

Number
Myocardial

infarction;
1 EEINO0R s Ischaemic heart disease Ischaemic
heart
disease
Neuronal Ceroid Lipofuscinosis Type -
2 BBN004.26173 4 (Kuf's disease/ Adult-onset ceroid
lipofuscinosis)

Braak/BNE
Stage

PMD

(hours) (M/F)

18.25

36

Sex

M

Age at
Death
(years)

55

58
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2.4 Protein Extraction and Fractionation

2.4.1 Biochemical Fractionation (Synaptoneurosomes)

Synaptoneurosomes were prepared as previously described (Hollingsworth et al.,
1985). Briefly, 150 mg of frozen tissue was homogenized in 10 volumes of cold Buffer
A (Chapter 2, Section 2.2), using a Teflon-glass mechanical tissue grinder (25
strokes) and filtered through 2 x 80-mm pore filters. A portion of the filtrate was
supplemented with H20 and 10% SDS, boiled for 5 minutes (min) and centrifuged at
15 000 x g (av) for 15 min, and a portion of the supernatant was collected as the total
fraction. Next, using 5-mm pore filters, the rest of the supernatant was filtered and
centrifuged at 1000 x g (av) for 10 min producing a synaptoneurosome pellet. The
supernatant was collected as cytosolic fraction, which was further centrifuged at 100
000 x g (av) for 30 min. The synaptoneurosome pellet was centrifuged again at 1000
x g (av) for 10 min and the pellet was supplemented with 0.2 mL Buffer B (Section
2.2) and further boiled for 5 min. This was then centrifuged at 15 000 x g (av) for 15
min and the supernatant was collected as synaptoneurosome fraction. Synaptophysin
and PSD-95 were used as synaptic markers to check the purity of each fraction
(Chapter 3, Section 3.4.4). Samples were also examined for phosphorylated tau
protein and AB content to confirm the neuropathological assessment (Chapter 3,

Section 3.4.3).

2.4.2 Differential Solubility Extraction

To determine the solubility of CSPalpha isolated from human brain samples, BA9
post-mortem human samples underwent sequential extractions using a method
adapted from previous publications (Waxman et al., 2008; Peng et al., 2018). Briefly,
100 mg of frozen tissue was thawed on ice and gray matter was separated from white

matter (WM). Tissues were homogenized using an electric homogeniser (Tissue
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Master 125, Omni International, UK) in 5 volumes of cold HS buffer (Chapter 2,
Section 2.2). Homogenates were kept on ice for 20 min before being centrifuged at
170,000 g (av) (Optima Max-XP ultracentrifuge, Beckman Coulter, USA) for 30 min
at 4°C. The HS supernatant was saved, and the pellet was resuspended and re-
homogenised in HS buffer and centrifuged again at 170,000 g (av) for 30 min. The
resulting supernatant was stored as the HS soluble fraction. The HS-insoluble pellet
was extracted by homogenisation with HS-TX buffer (Chapter 2, Section 2.2) and
centrifuged at 170,000 g (av) for 30 min at 4°C. The resulting supernatant was
collected as the HS-TX soluble fraction. Next, the HS-TX insoluble pellets were
extracted in HS-TX-Sucrose and centrifuged at 170,000 g (av) for 30 min at 4°C to
float the myelin. The resulting pellets were extracted with 20 % (v/v) of the ionic
detergent N-lauryl-sarcosine (sarkosyl) (Sigma, UK) in HS buffer. Samples were
nutated at room temperature for 1 hour and then centrifuged at 136,000 g (av) for 30
min at 4°C. The sarkosyl soluble (SS) supernatant was collected as the SS fraction.
Sarkosyl insoluble (Sl) pellets were washed in HS-sarkosyl buffer and centrifuged at
136,000 g (av) for 10 min at 4°C. The Sl supernatant was discarded, and the pellet
was resuspended directly in 5 volumes of 2 x sample buffer (National Diagnostics,
UK), collected as the Sl fraction. 5 puL of each extract was used for western blot
analysis. Samples were examined for CSPalpha solubility and total tau protein was
used to confirm the neuropathological assessment and as a marker of insolubility in

disease (Chapter 3, Section 3.4.12).

2.4.3 Total Homogenate Preparation

Total homogenates were prepared from frozen hippocampal brain tissue was
conducted by N. Meeson (Table 2.5). Briefly, proteins were isolated using
radioimmunoprecipitation assay lysis buffer (Santa Cruz Biotechnology).

Phenylmethane sulfonyl fluoride, protease inhibitor cocktail and sodium
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orthovanadate were added to the buffer in a 1:100 ratio (Santa Cruz Biotechnology),
and 0.25% (w/v) SDS. Tissue was homogenised on ice using a mechanical
homogeniser (15 strokes at 700 rpm). Homogenates were centrifuged at 855 g (av)

for 10 min, and the supernatants were collected and stored at -20°C until use.

2.5 Bicinchoninic acid (BCA) protein assay

Tissue homogenate protein concentrations were determined using a BCA Protein
Assay Kit (Thermo Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions. Briefly, 25 pL of bovine serum albumin (Thermo Scientific, Waltham, MA,
USA) was diluted in MilliQ H20 and used to create a standard (ranging concentrations
from 0 to 2 mg/mL) and 25 uL of sample were diluted in lysis buffer and equal volumes
of sample or standard were pipetted induplicate into a 96-well plate (Nunca). BCA
Reagent A was mixed with Reagent B in a 1:50 ratio and 100 pl of the solution was
added to individual wells. The plate was incubated at 37°C for 30 min and the
absorbance at 595 nm was determined. Using the resulting absorbance readings, the

protein concentrations were then calculated.

2.6 Western Blotting

Western blotting was used to identify proteins and allow quantification of protein
amounts. Briefly, samples were processed and prepared for SDS- polyacrylamide gel
electrophoresis (PAGE), used to separate the proteins according to their molecular
size. Proteins were then transferred onto a membrane and probed with specific

antibodies.
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2.6.1 SDS-PAGE

Samples were prepared for SDS-PAGE in a reducing loading buffer containing 0.5 M
Tris-HCI (pH 6.8), 4.4% (w/v) SDS, 20% (v/v) glycerol, 2% (v/v) 2-mercaptoethanol,
and bromophenol blue (EC-886, National Diagnostics Ltd., UK) in a 1:1 ratio. The
samples were boiled at 95 °C for 5 min to denature the proteins. Samples were then
centrifuged at 10 000 x g (av) for 10 seconds (s) to remove cell debris and insoluble

material.

Two different methods were used for SDS-PAGE as outlined below:

2.6.1.1 SDS-PAGE Method 1

10 % or 4 — 12 % Bis Tris gradient polyacrylamide 15-well gels were cast in 1.0 mm
plastic cassettes (Life Technologies, UK). Gels were inserted into the XCell
SureLock™ Mini-Cell electrophoresis system (Life Technologies, UK), and chambers
were filled with running buffer (National Diagnostics) (Section 2.2). The prepared
samples (Table 2.1) were then loaded onto the gel at a known protein concentration
and were separated by electrophoresis at 100 volts (V) for 2.5 hours until the
bromophenol blue dye front ran to the bottom of the gel. Protein molecular weight
markers (Precision Plus Protein™, Biorad) were loaded in the first lane of gels to
allow for determination of protein size. Following SDS-PAGE, proteins were
transferred onto 0.45 ym nitrocellulose membranes (GE Healthcare, UK) in Biorad
tanks filled with transfer buffer (National Diagnostics). Proteins were transferred at
100 V for 1 hour on ice. To expose AR epitopes, membranes were boiled for 2 x 1
min in TBS (800 watt microwave). Membranes were incubated for 1 hour at room
temperature in either 5% milk blocking solution or in Odyssey® Blocking Buffer (Li-
cor Biosciences Ltd., UK), depending on primary antibody, to prevent non-specific

binding. Primary antibodies (Table 2.7) were prepared in appropriate blocking
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solution with TBS and were added to membranes, which were then incubated
overnight at 4 "C. The next day, primary antibody solution was removed, and
membranes were washed 3 x 10 min in TBS-T (0.2% (v/v) Tween20, Sigma (UK)).
The appropriate infra-red dye secondary antibodies (Table 2.8) were diluted in either
2% milk blocking solution or Odyssey® Blocking Buffer with TBS, and then incubated
with the membranes for 1 hour at room temperature. Secondary antibodies were then
removed, and membranes were washed two times in TBS-T and once with TBS for

10 min each.

Membranes were scanned for fluorescence emission at 700 nm and 800 nm
wavelength on an Odyssey® infrared scanning system (Li-cor Biosciences Ltd., UK).
Scanning intensity of membranes was optimized according to the strength of the
background and antigen signals to allow for quantification of integrated signal
intensity within a linear range. Only protein bands of expected molecular weight were
quantified using Odyssey® analysis software V3.0 (Li-cor Biosciences Ltd., UK), and

background signal was subtracted automatically.

2.6.1.2 SDS-PAGE Method 2

30 ug samples were loaded equally in a volume of 20 uL into each well of a 4—-15%
Criterion™ TGX™ precast gels (containing 18 or 26 wells) (Bio-Rad) alongside with
a molecular weight rainbow marker (RN8OOE). Gradient gels have an increasing
acrylamide concentration allowing proteins of several molecular weights to be
separated efficiently. Samples were separated using SDS-PAGE at 100 V for 2 hours
in running buffer (National Diagnostics, UK). Following SDS-PAGE, gels were placed
in transfer buffer (National Diagnostics, UK) prior to wet transfer. Wet transfer

materials were arranged in a sandwich using filter papers, pads, and the methanol-
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activated polyvinylidene fluoride 0.2 ym membrane were soaked in transfer buffer.
Proteins were transferred onto membranes in a transfer tank (Bio-Rad) at 100 V for
1 hour. Membranes were blocked in TBS-T (0.2 % (v/v) containing 5 % (w/v) non-fat
dry milk powder (Tesco, UK) at room temperature for 1 hour to prevent non-specific
binding. Following overnight incubation with primary antibodies (Table 2.7) in the
same blocking buffer, membranes were washed with TBS-T for 3 x 10 min and then
incubated in 2% blocking buffer with horseradish peroxidase conjugated secondary
antibodies (P0447/8, DAKO) at room temperature for 1 hour. After further washing for
3 x 10 min in TBS-T, membranes were incubated with ECL reagent (Thermo
Scientific) for 5 min at room temperature. Bound antibody was detected linearly after
exposure to X-ray films (Amersham). Bound antibodies were dissociated from
membranes by the addition of stripping buffer (Santa Cruz Biotechnology) for 1 hour
at room temperature, followed by washing in TBS-T for 3 x 10 min, blocking and re-

probing with other primary antibodies.

Semi-quantitative densitometry analysis was performed on western blots performed

using the ECL method by plug-in Imaged software (NIH). Outliers were excluded if

the signals obtained were greater than 2 x standard deviation from the mean.
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Table 2.7. Primary antibodies used for western blotting in this study.

Antibody

6E10

Beta Actin

CSPalpha

NR2B

Phosphorylated
CSPalpha

PHF-1

PSD-95

Synaptophysin

Epitope and Specificity

Anti-B-amyloid Amino acids 1-16 of human AB
sequence
Amino acids 1-100 of Human beta Actin
Raised against recombinant rat CSP with
deletion of cysteine string
Amino acids 583-601 at C-terminus of human
Hsc70
Amino acids 1437-1482 of NR2B subunit of
NMDA receptor

NSE purified from human brain
Synthetic peptide from of human NSE

CSPalpha phosphorylated at Ser10

Tau phosphorylated at ser396/ 404

Amino acids 50-150 of mouse PSD-95
Amino acids 221-313 of synaptophysin of
human origin

Host
Species/
Type
Mouse

Mouse
Rabbit

Mouse
Rabbit
Mouse
Rabbit

Rabbit

Mouse

Rabbit
Mouse

Dilution

1/500

1/5000
1/50000

1/1000

1/500

1/10000

1/10000

1/1000

1/1000

1/1000
1/1000

Predicted
Molecular Weight
(kDa)

APP - 110
AB Monomers — 4
42
~29-34

70
170
46
46

~ 29-34

~ 50-64

95
38

Source/ Reference
803001, Biolegend, UK

ab8226, Abcam, UK
AB1576, Merck Millipore
Ltd., UK
sc-7298, Santa Cruz, UK

06-600, Merck Millipore
Ltd., UK

Dako, Ltd., UK
AB951, Merck Millipore
Ltd., UK
Kind gift from Prof Alan
Morgan (University of
Liverpool, UK)
Kind gift from Prof Peter
Davies
ab18525, Abcam, UK
sc-17750, Santa Cruz,
UK
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human synaptophysin

Synaptophysin Residues surrounding Alanine230 of human Rabbit 1/1000 38 4329, Cell Signalling
synaptophysin Technology, UK

Total Tau Purified from human brain Mouse 1/10000 50 A0024, Dako, Ltd., UK

S\l slae - Residues surrounding 250-300 (C Terminal) of Rabbit 1/100000 38 ab32127, Abcam, UK

Table 2.8. Secondary antibodies used for western blotting in this study (Section 2.7.1 — Method 1).

IR Dye Goat anti Mouse 1/10000 926-68070, LI-COR Biosciences, UK
IR Dye Goat anti Rabbit 680 1/10000 926-68071, LI-COR Biosciences UK
IR Dye Goat anti Mouse 800 1/10000 926-32210, LI-COR Biosciences, UK
IR Dye Goat anti Rabbit 800 1/10000 926-32211, LI-COR Biosciences UK
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2.8 Human Post-Mortem Immunostaining

2.8.1 Tissue Preparation for Inmunostaining

Brain tissue samples were obtained as 7 ym 10% formalin-fixed, paraffin-embedded
tissue sections from the London Neurodegenerative Diseases Brain Bank (King's

College London, UK).

2.8.2 Immunohistochemistry

Immunohistochemistry was performed as described (Tiwari et al., 2015). Sections
were deparaffinised in xylene for 2 x 2 min and rehydrated in a range of ethanol
concentrations (2 x 99 % (v/v) and 1 x 95 % (v/v) for 2 min each). Activity of
endogenous peroxidases was blocked by incubating sections in 3% hydrogen
peroxide for 30 min at room temperature. To enhance antigen retrieval, sections
underwent citrate buffer pre-treatment for 16 min in a microwave (6 min medium high,
2 x 5 min low (800 watt)). Sections were washed 2 x 5 min in TBS and a hydrophobic
barrier was drawn around sections using wax. Sections were blocked in 10% (v/v)
NSS (X0901, DAKO) for 1 hour and then a primary antibody against CSPalpha (1:500
AB1576, Merk Millipore) in TBS was applied overnight at 4°C. Next, sections were
washed 2 x 5 min in TBS and incubated with a biotinylated secondary antibody (1:100,
Swine anti-rabbit immunoglobulin/biotinylated, E0353, DAKO Ltd) for 45 min. After
further 2 x 5 min washes in TBS, sections were incubated with avidin:biotin enzyme
complex (Vectastain Elite ABC kit, Vector Laboratories, UK). Sections were washed
2 x 5 min and were developed in 0.5 mg/ml 3,3'-diaminobenzidine chromogen (DAB)
(Sigma-Aldrich Company Ltd, Dorset UK) in TBS (pH 7.6) containing 0.05% H.O- for
5 min. Sections were rinsed in MilliQ H>O and dehydrated 95% and 2 x 99% ethanol
and 2 x 2 min in xylene. Samples were mounted onto slides using DPX (VWR). Slides

were qualitatively analysed by neuropathologists Drs Claire Troakes, Istvan Bodi and

126



Tibor Hortobagyi. Brightfield images were taken using an Olympus Slide scanner

(VS120) and analysed using Olympus Viewer software (VS120).

2.8.3 Immunofluorescence

Sections underwent deparaffinisation in xylene (100% (v/v)) and were rehydrated in
graded concentrations of ethanol (2 x 99% (v/v) and 1 x 95% (v/v) ethanol for 2 min
each). Sections were rinsed in MilliQ H2>O for 5 min and exposed to citrate buffer pre-
treatment for 16 min in a microwave (6 min medium high, 2 x 5 min low, 800 watt) to
enhance antigen retrieval. Sections were washed 2 x 5 min in TBS-Tween20 (0.01%
Tween20, Sigma) and a hydrophobic barrier was drawn using a PAP pen. Sections
were blocked for 1 hour in 10% (v/v) NGS (Sigma) in TBS before incubation with
primary antibodies (Table 2.9) in 1% (v/v) NGS and 1 x TBS at 37 °C for 1 hour.
Following rinsing and 2 x 5 min washes in TBS-T (0.01% Tween20), sections were
incubated with fluorescently tagged secondary antibodies (Table 2.10) diluted in TBS
for 45 min at room temperature. Following further washing in TBS-T, sections were
then exposed to 10 min of sudan black (Sigma, UK) treatment to reduce
autofluorescence. Sections were washed 8 x 3 min in TBS-T and coverslips were
mounted using vectashield mounting medium  containing DAPI  (H-

1200, Vectashield).
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Table 2.9. Primary antibodies used for immunohistochemistry and immunofluorescence.

Anti-B-amyloid Amino acids 1-16 of human A
sequence
Tau phosphorylated at Ser202/Thr205

Raised against recombinant rat CSP with
deletion of cysteine string
Glial fibrillary acidic protein (GFAP)
CSPalpha Phosphorylated at Ser10

Amino acids 221-313 of synaptophysin of
human origin
Amino acids 583-601 at C-terminus of human
Hsc70
Peptide corresponding to 20 amino acids from
N-terminal region of human Iba1/AlF1
Homogenised hypothalamic recovered from
Fischer 344 rats
Residues surrounding Ser140 of human
LAMP1
Raised against post-mortem human brain

Mouse

Mouse

Rabbit

Mouse
Rabbit

Mouse

Mouse

Mouse

Mouse

Rabbit

Mouse

1/500

1/250

1/250

1/250
1/50

1/250

1/1000

1/200

1/500

1/250

1/250

803001, Biolegend, UK
MN1020, Thermoscientific, UK
AB1576, Merck Millipore Ltd., UK
VP-G805, Vector Laboratories
Kind gift from Prof Alan Morgan (University
of Liverpool, UK)
sc-17750, Santa Cruz, UK
sc-7298, Santa Cruz, UK
MABN92, Merck Millipore Ltd., UK
Kind gift from Prof Chris Miller (King’s
College London, UK)
C54H11, Cell Signalling, UK

sc-20038, Santa Cruz, UK
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Table 2.10. Secondary antibodies used for immunofluorescence.

Secondary Antibody | Wavelength | Dilution | Source |

Alexa Fluor Goat anti Rabbit 488 1/250 A11034, Thermofisher Scientific, UK
Alexa Fluor Goat anti Mouse 568 1/250 A11004, Thermofisher Scientific, UK
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2.9 Human Post-Mortem Imaging

2.9.1 Epifluorescence Imaging

Images were captured using a Leica DM5000B fluorescence microscope and
CTR5000 camera (Leica Microsystems, Germany) and a Nikon Ti-E Live Cell Three
Camera microscope, using the 20x and 40x objective lens. All parameters including
lamp intensity, video camera setup and calibration were constant during image

capture and images were stored as TIFF files.

2.9.2 Spinning Disk Confocal Microscopy

Tissue sections were examined using a Nikon Eclipse Ti inverted spinning disk
confocal microscope (Nikon Instruments, UK) with a Yokogawa CSU-1 disk head and
Andor iXon EMCCD camera and either a 20x, 40x or 60x oil objective lens (Nikon
Instruments, UK). Parameters including laser settings, camera setup and calibration
were kept constant during image capture. Image ‘Z’ stacks were acquired covering a
total ‘Z’ depth of 12 um. A maximum intensity and volume projection were produced
from collapsing the Z stacks in NIS-Elements AR software (Nikon Instruments, UK).
Using 3-dimensional (3D) volumetric measurement, images were thresholded with a

minimum value of 8 u3size. Images were stored as TIFF files.

2.9.3 Super Resolution Microscopy

Human tissue images were captured using an iSIM Super Resolution microscope with
Vt-iSIM scan head with Hamamatsu Flash4.0 sCMOS camera with a 100X/1.49NA
oil objective. Image ‘Z’ stacks were acquired covering a total ‘Z’ depth of 12 um.
Volume projection images were produced in NIS-Elements AR software (Nikon

Instruments, UK).
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2.10 Array Tomography

2.10.1 Tissue Preparation for Array Tomography

Fresh post-mortem human brain tissue from BA9 was embedded as previously
outlined (Kay et al., 2013) by Dr Jamie Rose (University of Edinburgh). In brief,
samples were collected at autopsy, cut into small cortical blocks (1 mm x 1 mm x 5
mm) and fixed in 4% paraformaldehyde for 2—-3 hours. Samples were then dehydrated
in ascending graded ethanol concentrations and incubated in LR white resin
overnight. Cortical blocks were then baked in LR white resin which was polymerized
at 56 °C for 24 hours and stored at room temperature until required. Resin embedded
tissue blocks were cut into array ribbons of 70 nm serial sections using an ultracut
microtome (Leica) with a Jumbo Histo Diamond Knife (Diatome, Hatfield, PA) and

collected onto gelatin coated coverslips.

2.10.2 Array Tomography Immunostaining

For array tomography, a hydrophobic barrier was drawn around each ribbon and left
to dry for 30 min. Ribbons were rehydrated in 50 mM glycine for 5 min and exposed
to EDTA (pH 8.0) treatment using a pressure cooker for 1 min. Ribbons were also
rehydrated in 50 mM glycine for 5 min. Array ribbons were blocked for 30 min with
fish gelatine. Ribbons were then incubated with primary antibodies (Table 2.11)
overnight at 4°C. Ribbons were continuously washed 3 times in TBS and appropriate
Alexa fluor conjugated secondary antibodies were applied for 30 min. Following this,
ribbons were continuously washed 3 more times in TBS. Sections were
counterstained with 0.01 mg/mL DAPI for 5 min, washed in TBS and mounted onto
coverslips using immunomount (DAKO). A ‘no primary’ negative control was included
for each experimental day, and a short ribbon was used using as positive control for

AB plaques.
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Images were acquired with a Zeiss Axio Imager Z2 upright epifluorescent microscope
equipped with a CoolSnap digital camera using a high-resolution 63x oil 1.4NA Plan
Apochromat objective and Axiolmager software with array tomography macros (Carl
Zeiss, Ltd, Cambridge UK). Images were manually acquired from the area of interest
on each serial section of the ribbon using either AB plaques or DAPI stained nuclei
as a reference marker. Image stacks were created and aligned for regions of interest
in the neuropil using Image J and the MultiStackReg custom plugin (Micheva et al.,
2010) . Binarized image stacks were combined using different thresholding algorithms
in Image J. For synaptic image stacks this allowed the detection both high and low
intensity synapses in an automated method. Using custom MATLAB scripts, images
were manually thresholded to detect synaptic puncta and for CSPalpha
accumulations present around AB plaques. Synaptic density was calculated using
thresholded images to remove background noise (only objects present in 2 or more
stacks were retained) and to further calculate the colocalization of AR with both
CSPalpha and synaptophysin (presynaptic terminals). The relative colocalization was
calculated as a 10% minimum overlap of the number of colocalization puncta or
deposits of/sum total puncta for each protein of interest. Additionally, MATLAB scripts
were used to measure the density of presynaptic accumulations (both CSPalpha and
synaptophysin) from the centre of the AR plaque core (plaque distance) using bin

sizes 0-10 ym, 10-20 ym, 20-30 ym and 30-40 pm.
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Table 2.11. Primary antibodies used for array tomography.

Antibody Epitope and Specificity | Species | Dilution | Source |

6E10 Anti-B-amyloid Amino acids 1-16 of Mouse 1/200 803001, Biolegend, UK
human A sequence
CSPalpha Raised against recombinant rat CSP Rabbit 1/100 AB1576, Merck Millipore Ltd., UK
- with deletion of cysteine string

Synaptophysin E. coli-derived recombinant human Goat 1/50 AF5555, R&D Systems, UK
synaptophysin
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2.11 5xFAD Mouse Model

5xFAD mice (n=3) and WT mice (n=4) were obtained from Professor Po Wah So
(King’s College London). A colony of breeding mice was established at the Institute
of Psychology, Psychiatry and Neuroscience. 5xFAD mice generated on a C57/B6 x
SJL background strain express AD-linked mutant human APP (Swedish
(K670N/M671L), Florida (I716V), and London (V7171)) and PSEN1 (M146L and

L286V) transgenes.

5xFAD mice (Oakley et al., 2006) were generated by two independent transgenes
encoding mutant human amyloid beta precursor protein (APP) complementary DNA
sequence (altered to include the APP mutations) and mutant human PSEN1
complementary DNA sequence (altered to include the PSEN1 mutations) both
inserted into exon 2 of the mouse Thy1 gene. Both transgenes were equally co-

injected into the pronuclei of C57/B6 x SJL hybrid embryos.

Mice were group housed under standard laboratory conditions with food and water
ad libitum. All procedures carried out were in accordance with the UK Animals
Scientific Procedures Act 1986 and was approved by Animal facility of the Institute of

Psychology, Psychiatry and Neuroscience, King’s College London.

2.11.1 Mouse Genotyping

Genotyping of human mutant APP and PS1 expression in 5x FAD mice was carried
out by M. Aljuhani in the group of Professor Po Wah So (King’s College London).
Briefly, to confirm the presence of mutant transgenics, DNA was extracted from ear
clips, followed by polymerase chain reaction (PCR), agarose gel electrophoresis and

eventually visualisation of DNA fragments under ultraviolet light illumination. As
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anticipated, mutant human PS1 and APP were detected in 5xFAD mice, but not in

WT littermates (Fig 2.1)
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Figure 2.1. Human mutant PS1 and APP expression in 5xFAD mice.

Expected Products:

WT = 324bp
5xFAD Tg = 608bp

Expected Products:

5xFAD Tg = 377bp

Expected
Products:

WT = 324bp

DNA from WT and 5xFAD mice were extracted, amplified by PCR and visualized on
agarose gels. Human PS1 detected at 608 base pairs (bp) and APP detected at 377
bp were only evident in 5XxFAD mice and not in WT. Endogenous mouse PS1 was
detected at 324 bp in WTs. A 100 bp ladder molecular marker was electrophoresed

next to the samples.
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2.11.2 Mouse Tissue Preparation

5xFAD mice were sacrificed by terminal anesthesia using 0.1 ml pentobarbitone
(Euthatal, Merial Animal Health Ltd, UK) into the chest and transcardially perfused
with PBS followed by 4% (w/v) PFA in PBS. Brains were post-fixed in 4 % (w/v) PFA
overnight and were then cryoprotected for 24 hours in 30% (w/v) sucrose in PBS to
prevent fracturing of the tissue during sectioning. Once the brains had sunk in sucrose
solution, they were frozen for 30 s in isopentane and chilled to -90 °C with dry ice.

Frozen brains were stored at -80°C until required.

Whole brains were sectioned used a Leica CM1860 cryostat (Leica Microsystems,
Germany). Samples were mounted onto a specimen disk using OCT mounting
medium (Bright Instruments) on dry ice and sectioned coronally at 30 um. Sections
were collected and stored free floating in PBS and were then transferred to antifreeze
(Chapter 2, Section 2.2) in a 24-well plate. Sections were stored at -20 °C prior to

histological staining.

2.11.3 Mouse Immunofluorescence

A one in 4 series of sections from WT and 5xFAD mice was immunohistochemically
labelled with antibodies against CSPalpha, synaptophysin, SNAP-25 and AP using a
previously published methodology (Aziz et al., 2019). Briefly, 30 uym sections were
washed in PBS for 5, 8 and 10 min respectively prior to incubation in PBS blocking
buffer containing 5% (v/v) NGS in 0.1% (v/v) Triton X-100 for 1 hour at room
temperature to block non-specific antibody binding. Sections were then incubated
overnight with shaking at 4°C in PBS containing 0.1% (v/v) Triton X-100 and primary
antibodies: CSPalpha (1/2000, AB1576, Merck Millipore), AB (1/2000, 803001,
Biolegend), synaptophysin (1/1000, sc-17750, Santa Cruz) and SNAP-25 (1/1000,

sc-20038, Santa Cruz). Unbound primary antibody was removed by washing 3 x 10
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min with PBS at room temperature. Sections were then incubated in PBS containing
0.1% (v/v) Triton X-100 and secondary antibody (1/500 each) (Table 2.10) for 2 hours
shaking at room temperature. Unbound secondary antibody was removed by washing
3 x 10 min in PBS. Sections were placed onto Poly-I-lysine slides (VWR, DE), air
dried for 1 hour and coverslips were mounted using vectashield mounting medium
containing DAPI (H-1200, Vectashield). Additional sections were stained with Thio-S
treatment by placing into Thio-S solution for 8 min. Sections were then rinsed for 2 x

1 min in 50% ethanol and then 5 min in TBS before further air drying and mounting.

2.11.4 Mouse Tissue Imaging

Fluorescence images were captured using an Olympus whole slide scanner VS120
with 2/3” CCD camera, motorised XY stage with automatic control. An image
overview of the sections was taken using a 2x objective. High resolution images at
60x magnification were also captured using spinning disk confocal microscopy as

described above (Chapter 2, Section 2.9.2).

2.12 Statistical Analysis

Data from western blots was analysed using a student’s t-test, one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparison test or two-way ANOVA
with repeated measures and post hoc Sidak multiple comparisons test for parametric
tests. For non-parametric data, either Mann Whitney U test or Kruskal-Wallis test was
used. Tests for normality which included D’Agostino and Pearson and Shapiro Wilk’s
test were conducted and values + 2 x standard deviation from the mean were
considered outliers and excluded from analyses. Data are expressed as mean *
standard error of the mean (SEM) unless otherwise stated. This analysis was

conducted using Graphpad Prism 8 (Graphpad) software.
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Data from array tomography was conducted using analysed image stacks from
MATLAB (version R2019a, Mathworks inc. US) and Image J. If required, data were
transformed using either Tukey transformation or Box-Cox transformation (log-
likelihood or Guerro methods) and Shapiro Wilk’s test was used to test for normality.
Data was statistically analysed using linear mixed effects modelling with type I-llI
ANOVA with Satterthwaite's degrees of freedom method. Outliers were included in
the data set. Data in bar graphs are presented as either mean + S.E.M or median

with box plots for interquartile ranges. This analysis was conducted using RStudio.
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Chapter 3: CSPalpha in Alzheimer’s
Disease

3.1 Introduction

CSPalpha is a molecular co-chaperone protein localized to presynaptic vesicles in
neurons (Burgoyne and Morgan, 2015). CSPalpha has multifunctional roles at both
glutamatergic and GABAergic synapses including maintaining proteostasis; refolding
and degrading misfolded proteins via adenosine triphosphate (ATP) activation of
Hsc70/Hsp70 in order to preserve synaptic function (Braun et al., 1996; Garcia-
Junco-Clemente et al., 2010; Deng et al., 2017). CSPalpha also facilitates synaptic
transmission by interacting with SNARE proteins such as SNAP-25 to mediate
vesicular exocytosis (Sharma et al., 2011). In addition, CSPalpha regulates vesicular
endocytosis through interactions with dynamin-1 (Rozas et al., 2012; Sheng and Wu,
2012). Thus, CSPalpha has an important function in maintaining the synaptic
network. Of interest to this project, CSPalpha has been reported to prevent

presynaptic neurodegeneration (Fernandez-Chacon et al., 2004).

Synaptic degeneration is a common early feature in many neurodegenerative
diseases and precedes neuron loss (Henstridge et al., 2016). In AD, the presence
and abundance of hallmark neuropathological lesions; extracellular neuritic plaques,
composed of AB peptides, and intracellular NFTs, formed of hyperphosphorylated tau
protein aggregates (Selkoe, 2001), are linked with synapse and neuronal loss, and
the resulting cognitive impairments observed in AD (Koffie et al., 2009; Spires-Jones
and Hyman, 2014). The mechanisms that lead to synapse loss in regions prone to
neurodegeneration in AD are not fully known. Circumstantial evidence suggests that
CSPalpha is important for these processes (Tiwari et al., 2015; Fontaine et al., 2016).

In post-mortem AD forebrain, CSPalpha expression is reduced in regions that
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undergo synaptic loss and neurodegeneration and that display extensive tau
pathology (Zhang et al., 2012; Tiwari et al., 2015). In contrast, CSPalpha is elevated
in the cerebellum, which is resistant to such pathologies in AD (Tiwari et al., 2015).
This suggests that CSPalpha loss may promote or allow neurodegeneration whilst its
upregulation may have a neuroprotective function in AD. However, the mechanisms

underlying these events are not well understood.

BA9 is a region of the dorsolateral and prefrontal cortex involved in the integration of
sensory stimuli and higher order executive functions normally associated with
cognition (Fuster, 2001). As such, lesions within this area lead to features including
altered working memory, failure to anticipate, lack of attention, apathy and cognitive
deficits (Szczepanski and Knight, 2014). As such, BA9 has been documented to be
an important region in the study of AD that is correlated with synaptic loss and
cognitive decline, more so affected late in disease progression (Hof et al., 1990;
Arnold et al., 1991; Braak and Braak, 1991; Bussiére et al., 2003; Kashani et al.,

2008).

Dekosky and Scheff (1990) were the first group to investigate the role of synapses in
BA9 AD brain. They revealed that synapse numbers in layer Il in BA9 AD brain were
reduced compared to controls. Interestingly, they discovered a significant
enlargement of synaptic size which correlated with a decline in synapse density,
suggesting a possible compensatory mechanism to allow the synaptic contact area
to remain stable, although this eventually declined by end stage of disease (DeKosky
and Scheff, 1990; Masliah et al., 1994; Mukaetova-Ladinska et al., 2000). Further
studies into the synaptoproteome in the BA9 region of AD brain, have suggested that
changes at the synaptic protein level are either less pronounced within this region or
only mostly evident in cortical gray matter at end stage in severe AD brains (Honer,

2003; Counts et al., 2006; Kashani et al., 2008; Poirel et al., 2018). This was
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evidenced by expression levels of synaptophysin, the most wide-spread presynaptic
protein, which was reduced by a minimal change of ~12% in the most severe AD
brains (Poirel et al., 2018). As such, it was shown that the majority of synaptic markers
in BA9 did not correlate with cognitive status. Berezcki and colleagues (2016)
identified reduced synaptic SNAP-25 protein levels by enzyme-linked immunosorbent
assay (ELISA) analysis within BA9 AD brain which negatively correlated with rapid
cognitive decline, however no differences in SNAP-25 were observed in an older
study by immunostaining (Clinton et al., 1994; Bereczki et al., 2016). These studies
suggest that BA9 is a particular area of interest for investigating synaptic pathology

in AD.

As another key synaptic protein, investigations of CSPalpha in human AD have been
limited. As such, research into the expression of CSPalpha, as a suitable marker for
synaptic dysfunction compared to traditional synaptic proteins, may offer a better
mechanistic insight into the temporal progression of disease. Hence it can be

hypothesised that:

- Levels of CSPalpha may be increased as a compensatory mechanism in early
stages of BA9 AD in comparison to other synaptic proteins but will show
reduced levels in severe stages of AD and may be a suitable marker of early

presynaptic dysfunction.

Recently, the Giese group have obtained preliminary results in BA9 where putative
CSPalpha protein accumulations have been discovered. These deposits associate
with diffuse and neuritic cored plaques. These structures and their association with

AB plaques and synapses are a main focus of this PhD project.

141



3.2 Aims

The primary objective of the studies presented in this chapter was to characterise
CSPalpha protein as a novel pathological marker of AD using post-mortem human

tissues. The specific aims of this chapter were to:

1. Investigate the relevance of CSPalpha protein expression, modified and/or
distribution as a synaptic marker within different stages of AD post-mortem
human tissues, with a focus on the BA9 region.

2. Use biochemical and histological techniques to examine and characterise the
discovery of abnormal CSPalpha structures in AD brain.

3. Determine using the 5xFAD mouse model that aggressively develops A
deposition, whether CSPalpha accumulations are a consequence of AR

deposition by comparing CSPalpha in 5xFAD mice to WT littermates.

The results from this work will contribute to studies of synaptic content and neuronal
health in AD and may distinguish CSPalpha protein as a better pathological marker

of synapses in AD.

3.3 Methods

The materials and methods conducted in this study have been fully described in
Chapter 2, Sections 2.4.1 and 2.6.1.2. Briefly, post-mortem human tissue sections
from the BA9 region were obtained from the London Neurodegenerative diseases
Brain Bank in three different groups: control (mild age associated neuropathological
changes) (Braak 0-1I) [n=10], moderate AD (Braak IlI-IV) [n=10] and severe AD
(Braak V-VI) [n=10]. Tissues were homogenised to enrich for synaptoneurosomes
which were electrophoresed on 10% SDS gels for western blotting and were probed

for antibodies against a housekeeping neuronal protein marker, neuron specific
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enolase (NSE), and synaptophysin, a synaptic protein marker, to normalise against
neuron and synapse content, respectively. Data from immunoblots were analysed
using D’Agostino and Pearson and Shapiro Wilk’s test for normality distribution and
data was statistically analysed using a One-Way ANOVA with post hoc Tukey multiple
comparisons test. Outliers, calculated as two standard deviations away from the
mean, were excluded from the data set. Data in bar graphs are presented as mean +

S.E.M.

Using a subset of the same post-mortem human brain BA9 tissues from control
(Braak O-11) and severe AD brains (Braak VI) [n=6 per group], proteins from
homogenates were extracted on the basis of their differential solubility in buffers
containing high salt, triton X-100 and sarkosyl. Enriched fractions were
immunoblotted using the same 10% gels. Blots were probed for antibodies against
CSPalpha, PHF-1 and total tau along with a total protein stain to allow normalisation

to total protein amounts.

For immunohistochemistry, post-mortem human tissue sections were acquired from
BA9 for control (Braak O-ll) [n=6] and severe AD (Braak V-VI) [n=5]. Briefly, 7 ym
thick tissue sections were immunolabelled using an antibody against CSPalpha and
haemotoxylin was used to stain for neuronal nuclei. Slides were imaged using the

Olympus Slide Scanner VS120 (Olympus, UK).

Similarly, tissue sections from a subset of cases used in immunoblotting experiments
- control/ early AD (Braak 0-11) [n=5], moderate AD (Braak IlI-1V) [n=5] and severe AD
(Braak VI) [n=5] along with further brain sections acquired from the hippocampus and
cerebellum [n=3]. These tissues underwent immunofluorescence staining using
antibodies against CSPalpha, AB, hyperphosphorylated tau, neurofilament changes,

glial markers, synaptic proteins such as synaptophysin and SNAP-25 and interacting
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proteins which include Hsc70. DAPI was used to stain neuronal nuclei. Slides were
imaged using Nikon Eclipse Ti-E 3 camera inverted microscope with a Two camera
system using Andor Neo sCMOS camera, Nikon Eclipse Ti Inverted Spinning Disk
Confocal microscope with Yokogawa CSU-1 disk head and Andor iXon EMCCD
camera and iSIM super resolution microscope with V t-iSIM scan head and

Hamamatsu Flash4.0 sCMOS camera to provide imaging data for this thesis.

Array tomography analysis was conducted on post-mortem human tissue sections,
from BA9 control (Braak 0-II) [n=8] and severe AD (Braak VI) [n=10]. As described
previously, 70 nm thin brain sections underwent an immunofluorescence staining
protocol, being probed for antibodies against CSPalpha, synaptophysin and AB, and
imaged using a Zeiss axioimager microscope (Zeiss, UK). Images underwent post-
processing, stack alignment and analysis for synaptic density, plaque distance and
colocalization. Data from image stacks were analysed using MATLAB (version
R2019a, Mathworks inc. US), Fiji and RStudio. Shapiro Wilk’s test was used to test
for normality and data was statistically analysed using linear mixed effects modelling
with type I-Ill ANOVA with Satterthwaite's degrees of freedom method. Outliers were
included in the data set. Data in bar graphs are presented as either mean + S.E.M or

median with box plots for interquartile ranges.

Lastly, 5xFAD mice were obtained from Dr Po Wah Soh (King’s College London).
These mice were maintained and then culled at ~6-7 months of age. Female 5xFAD
[n=3] and WT mice [n=4] were perfused and brains removed with the assistance of
Dr Keiko Mizuno (King’s College London). Mouse brains were sectioned and
immunolabelled using antibodies against synaptic proteins including CSPalpha,
synaptophysin and SNAP-25 along with AB. Slides were imaged using an Olympus
Slide Scanner VS120 (Olympus, UK), and a Nikon spinning disk confocal microscope

was used for qualitative analysis.
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3.3.1 Demographical Characteristics of Post-Mortem Human Tissue Samples
CSPalpha loss has been shown to precede synaptic degeneration in AD (Tiwari et
al., 2015). To investigate this further, CSPalpha protein expression changes affected
by the temporal progression of disease were explored. As shown previously by Tiwari
and colleagues (2015), CSPalpha expression is altered in both the hippocampus,
where levels were severely reduced early on in disease development, and the
cerebellum where CSPalpha levels were increased, more in-line with end stage of
disease progression (Tiwari et al., 2015). This study investigates changes in the
prefrontal cortex BA9, a region that is affected only in the later stages of AD and
displays enlarged synapses when synaptic degeneration first begins to occur
(DeKosky and Scheff, 1990; Masliah et al., 1994; Mukaetova-Ladinska et al., 2000;
Reddy et al., 2005; Serrano-Pozo et al., 2011; Poirel et al., 2018). Hence,
understanding changes of BA9 over different Braak stages may provide a more in
depth understanding into the progression of synaptic changes of CSPalpha with

respect to synaptic decline in the progression of AD.

In order to investigate this, human tissue brains from BA9 were obtained from the
MRC London Neurodegenerative Diseases Brain Bank that were neuropathologically
diagnosed as several Braak stages (0-VI) [Braak stage 0-1l; n=10, Braak stage IlI-1V;

n=10, Braak stage V-VI; n=10] (Chapter 2, Section 2.3 Table 2.1).

Age, sex and PMD were assessed to determine whether they might have an effect
on the data generated in this study (Table 3.1). Following D'Agostino & Pearson
testing, data was analysed using one-way ANOVA analysis which showed no
statistically significant differences between Braak 0-ll, Braak IlI-IV and Braak V-VI
groups for both age (F(2, 27) = 3.139, p=0.06) and PMD (F(2, 27) = 0.6113, p=0.55).

Chi-squared testing showed no statistically significant sex differences between the

145



groups (x? = 0.272, p=0.873). These parameters are therefore not likely to influence

the results observed in this study.

Table 3.1. Summary of BA9 cases and controls used in the BA9 study.
Table shows the number of cases of each Braak stage group, the percentage of cases

that were female, the average age at death and PMD (mean + SEM).

Braak Stage Number of Female (%) Age (Years) PMD (Hours)

Cases Mean + SEM Mean + SEM
0-11 10 40 828+19 36.2+4.7
"-1v 10 40 88.9+1.8 458+ 7.6
V-VI 10 50 81.9+26 450+ 7.6
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3.4 Results

3.4.1 CSPalpha antibody validation

In this thesis, a previously published commercially available anti-CSPalpha antibody
(AB1576) was used for investigating the expression and localisation of CSPalpha at
the presynaptic terminal (Kohan et al., 1995; Mastrogiacomo and Gundersen, 1995;
Boal et al., 2004; Ruttiger et al., 2004; Benitez et al., 2015; Tiwari et al., 2015;
Henderson et al., 2016; Shirafuji et al., 2018; Naseri et al., 2020a). This CSPalpha
antibody was developed from recombinant rat CSP with the cysteine-string deleted
and recognises the alpha isoform of CSP (Kohan et al., 1995; Mastrogiacomo and
Gundersen, 1995). To confirm the specificity of this CSPalpha antibody for use in this
PhD study, western blot analysis was performed on forebrain and cerebellum regions
of WT and CSPalpha KO mouse tissue, a kind gift from Dr Fernandez-Chacon (IBiS,
Seville, Spain) (Fernandez-Chacoén et al., 2004). These homozygous mutant KO mice
lack CSPalpha protein, and so the antibody should not detect any CSPalpha protein
within these brains. Immunoblot analysis showed no detection of CSPalpha bands in
the KO compared to the WT mouse brains lysates in which clear bands appeared at
the predicted molecular weight of CSPalpha (29-35 kDa) (Fig 3.1). CSPalpha
appeared as a smear and/ or doublet in the WT mouse brain, likely due to post-

translational modifications of CSPalpha protein.
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CSPalpha —

Figure 3.1 Specificity of anti-CSPalpha antibody.

Detection of total monomeric CSPalpha (~ 29 kDa) in WT but not CSPalpha KO,
forebrain and cerebellum mouse lysates confirming specific binding of antibody to

CSPalpha [n=1 mouse per group].

3.4.2 Assessment of Protein Degradation and Tissue Quality

To first determine the quality and protein levels in human brain tissue samples, total
homogenates were extracted using a buffer containing 1.5% SDS (Chapter 2, Section
2.4.1) and analysed using SDS-PAGE. Protein degradation was assessed to
compare between groups, as described in previous studies (Wang et al., 2000b;
Engmann et al., 2011; Bayés et al., 2014, Tiwari et al., 2015; Kurbatskaya et al., 2016;
Jackson et al., 2019b). These lysates were electrophoresed on western blots and
membranes were probed with an antibody against the C-terminal region of the NR2B
post-synaptic ionotropic glutamate receptor known to be proteolyzed rapidly after
death. This antibody recognises full-length protein NR2B (170 kDa) and degradation
products presented as two or three distinct bands at approximately 150 kDa (Fig
3.2a). The degradation products are evident only in post-mortem tissues making

NR2B a useful marker assessing post-mortem synaptic protein integrity (Bayés et al.,
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2014). The human post-mortem synapse proteome integrity ratio for NR2B
degradation (NR2B ratio) was defined as the ratio of the intensity of the highest
molecular weight band relative to the lower bands. There were no statistically
significant differences in NR2B ratio amongst the different Braak stage groups (0-II,
-V and V-VI) (F (2,27) = 0.01542, p=0.9847) (Fig 3.2b), suggesting that levels of
synaptic integrity are maintained (Bayes et al., 2014) and are equivalent in tissues

from these groups.

It has been suggested that longer PMD times correlate with greater degradation of
products (Wang et al., 2000b; Ferrer et al., 2008). To determine whether there was
any correlation between the NR2B ratio and PMD in the AD samples, non-parametric
Spearman correlation analysis was used to generate correlation co-efficients (r
values) and their significance. No statistically significant correlations between the
NR2B ratio and PMD in any of the Braak stage groups, although Braak IlI-IV group
did appear to show a trend for negative correlation between NR2B degradation and

PMD (r = -0.5581, p = 0.0936) (Fig 3.2¢).
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Figure 3.2. NR2B proteolysis in post-mortem human brain samples.

a) Representative western blots of BA9 post-mortem human lysates probed with an
anti-NR2B antibody showing two distinct high molecular weight bands in Braak 0-I1,
Braak II-IV and Braak V-V groups. The upper band (170 kDa) corresponds to the full-
length protein and lower band to degradation products (~150 kDa) (Black arrowhead).
b) Bar charts showing no changes in the ratio of full length to cleaved NR2B, as an
indication of synapse degradation. Following Shapiro Wilk’s normality testing, data
was analysed using One-Way ANOVA. Data shown are mean + SEM. ¢) Scatter plots

showing correlation of the NR2B ratio relative to PMD for all Braak stage groups [n=10
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3.4.3 Confirmation of neuropathological diagnosis in post-mortem BA9 Brain

Having confirmed the tissues were age-matched and with the shortest possible PMD,
neuropathological diagnosis of the tissues was next assessed using temporal
development of tau pathology with increasing Braak stage. As the abnormal
processing of tau is closely associated with neuronal dysfunction in AD (Crimins et
al., 2013), total homogenate fractions from BA9 frontal cortex were immunoblotted for
tau phosphorylated at Ser396/404 epitopes, detected by the anti-PHF1 antibody
(expected band size, approximately ~50-68 kDa). The house keeping neuronal
protein, neuronal specific enolase (NSE) (band size 46 kDa) was used to confirm

protein present in each of the samples (Fig 3.3).

Interestingly, various tau bands were observed which reflect the tau isoforms, which
can be differentially modified by truncation, phosphorylation of tau and formation of
higher molecular weight oligomers and aggregates (Watanabe et al., 1999;
Kurbatskaya et al., 2016) (Fig 3.3). There was some variability amongst the groups
where tau phosphorylation at this site was not detected, however this may be down
to factors such as cause of death, brain hemisphere examined, prescribed
medications, PMD and adjustments of brain changes after death, pH of tissues,
pathological comorbidities or phosphorylation at other sites of interest not identified
with the anti-PHF1 antibody (Hanger et al., 2009). These results, however, support
previous findings that tau is abnormally phosphorylated in AD and increased in
degenerating regions of AD brain (Khatoon et al., 1994), and confirms the Braak

staging of these tissues.
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Figure 3.3. Neuropathological assessment of tau phosphorylated at Ser396/404.

a) Full-length western blots of post-mortem BA9 cortex total homogenates probed
with an antibody against the PHF-1 epitope to detect phosphorylated tau (~50-68
kDa) and NSE as a loading control (46 kDa) in Braak 0-1l, Braak IlI-IV and Braak V-
V groups. As expected, smears of tau bands were identified in moderate and severe

AD stages. [n=10 cases per group].

Post-mortem BA9 tissues were next examined for a AB content. APP is the precursor
transmembrane glycoprotein that, when cleaved by - and y- secretases gives rise to
AB (Dawkins and Small, 2014). Total amounts of APP protein were assessed by SDS-
PAGE where immunoblots were probed with an antibody against the N-terminus of
APP (6E10). Three characteristic bands for APP were observed at approximately
106, 113 and 130 kDa, depicting the three main isoforms of APP (695, 751, 770) in
human brain (Nordstedt et al., 1991) (Fig. 3.4a). Quantification of total APP
immunoreactivity (sum of the three APP species) from Braak 0-11, lll-IV and V-VI BA9
brain were normalised to NSE where no statistically significant differences between

any of the groups were found (H (3) = 1.901, p=0.3866) (Fig 3.4b). This is in line with
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a previous report from cerebral cortex tissues showing no differences in total APP

amounts between non-demented controls and end stage AD (Nordstedt et al., 1991).

Monomeric levels of AB (band size 4 kDa) were examined, however AR monomers
were only evident for a subset of tissue samples and could not be quantified due to
the difficulty in detecting these small protein fragments, presumably due to rapid
postmortem degeneration or other technical issues (Fig 3.4a). Along with examining
AB monomer expression, it would also be interesting to examine the abundance ABao
and AB42 in post-mortem control and AD brain using more specific antibodies. Also,
use of ELISA or related quantitative methods may provide greater sensitivity to

determine possible alterations in AR between groups and individual brains.
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Figure 3.4. Measurement of APP amounts and identification of monomeric AB.

Representative western blots probed with the 6E10 antibody to detect full-length APP
isoforms (~110 kDa) and monomeric AB (4 kDa) in post-mortem BA9 of Braak stages
O-Il, -1V and V-VI. APP was normalised to NSE, used here as a loading control (46
kDa). b) Bar charts show quantification of APP amounts in BA9 brain in Braak stages
when normalised to NSE protein in the same samples. Following D’Agostino and
Pearson normality testing, data were analysed using non-parametric Kruskal-Wallis

test. Data shown are mean + SEM expressed as a fold average of control. [n=10

cases per group].
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3.4.4 Synaptic enrichment of BA9 fractions

Having confirmed the neuropathological diagnosis of the samples, CSPalpha protein
levels were next examined to determine if this is specifically affected the synaptic
compartment during AD progression. The study of synaptic proteins has provided
valuable information about the underlying molecular mechanisms of neuronal activity
(Cohen et al., 1977; Kennedy et al., 1983) and disease pathogenesis (Unger et al.,
2005). The isolation of synapses consisting of pre- and post-synapses is a useful
technique to understand the subcellular localisation of proteins and their molecular
composition at synapses (Hebb and Whittaker, 1958). The term synaptoneurosome
was hence suggested referring to the presynaptic sac (synaptosome) and its
attachment to a resealed postsynaptic sac (neurosome) (Hollingsworth et al., 1985;
Quinlan et al., 1999). This preparation enriches remaining brain synapses unlike
examination of total homogenates to examine synaptic protein specific changes
without the confound of synapse loss (Tai et al., 2012). As such, this technique has
shown to capture pathways involved in glutamatergic and GABAergic synaptic
signalling, changes in long term potentiation and depression as well as cyclic
adenosine monophosphate response element-binding protein signalling (Tai et al.,
2012; Hesse et al spires jones 2019). BA9 tissues were fractionated into total,
cytosolic and synaptic fractions, as reported previously (Arendt, 2009; Tai et al.,
2012), since this allows sensitive measurement of the abundance of proteins in the

synaptic compartment.

Fractions were assessed for synaptic content by immunoblotting with antibodies
against the presynaptic proteins CSPalpha, synaptophysin and SNAP-25 and the
postsynaptic protein, PSD-95 which were present in both total and synaptic fractions
(Fig 3.5). This not only confirmed the presence of pre- and post-synaptic terminals in

the synaptoneurosome preparation but also as there was higher signal intensity
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compared to global total fractions, this suggested greater enrichment of synaptic
proteins within the synaptoneurosome fraction (Fig 3.5). As expected, synaptic
proteins were not detected in the cytosolic fraction. NSE, a neuronally expressed
enzyme, used here as a suitable housekeeping protein, was present in all three
fractions. Hsc70, a chaperone protein known to interact with CSPalpha was found in
all fractions, particularly in the cytosolic compartments (Fig 3.5). A further step, to
ensure purity and no contamination of fractions would however have been to probe
for histone H3, to ensure exclusion of a nuclear marker, as previously as described
(Jackson et al., 2019b) and differentiation of synapse sub-types using specific
glutamatergic (Vesicular glutamate transporter 1 (VGLUT-1)) and GABAergic
(Glutamic acid decarboxylase (GAD) 65/ GAD67) markers. Although not the scope
of the study, exclusion of glial and oligodendrocyte markers would be necessary as
this could add a cell-type specific confound between samples. Overall, however, the
differential detection of the proteins examined confirmed the fractionation of these

samples into crude total lysates, cytosolic and synaptoneurosome fractions.
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Figure 3.5. Characterisation of fractions yielded from synaptoneurosome

preparations.

Western blots of total (T), cystosolic (C) and synaptoneurosome (S) fractions from
Braak stages O-Il, llI-IV and V-VI BA9 samples were probed with antibodies against
presynaptic (synaptophysin, CSPalpha, SNAP-25) and postsynaptic (PSD-95)
markers. Synaptic proteins were only detected in total and synaptoneurosome
fractions and not in cytosolic fractions. The neuronal marker, NSE and cytosolic
protein Hsc70 were detected in all three fractions. Molecular weights of proteins are

shown on the right-hand side.
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3.4.5 CSPalpha expression is reduced in end-stage AD BA9

Having confirmed synaptic protein enrichment in synaptoneurosomes and shown that
CSPalpha is detected within the synaptic fraction, it was hypothesised that CSPalpha
levels would be transiently upregulated as a compensatory mechanism for early
synapse loss in early-mid stages of AD in the BA9 region due to an enlargement of
synaptic size found in this region (DeKosky and Scheff, 1990), which is then reduced
upon synaptic loss in later disease stages. Since CSPalpha is a synaptically localised
co-chaperone, a loss of synapses will affect its expression and to account for this, the
amounts of CSPalpha protein were calculated relative to those of synaptophysin, a
marker of pre-synaptic terminals, as used previously in several studies (Honer, 2003).
This allows assessment of CSPalpha amounts in remaining synapses that is distinct

from a general effect of synapse change (Weiler et al., 1990; Vawter et al., 1999).

A Braak I-ll case was loaded on all western blots as a reference sample to enable
quantification. Western blots were probed for antibodies against presynaptic
CSPalpha and synaptophysin and clear bands were present at their corresponding
molecular weights (Fig 3.6a). In total lysates, despite an apparent reduction in
CSPalpha amounts, no statistically significant differences were found in CSPalpha
amounts between Braak I-1l, llI-IV and V-VI groups (H (3) = 0.5531, p=0.7584) (Fig
3.6b). This suggests that global CSPalpha amounts are relatively stable in BA9 during
AD progression. This is in marked difference to the hippocampus, where CSPalpha
levels are reduced as AD progresses (Tiwari et al., 2015). There was high variability
in the severe AD group and the lack of significance might have been the result of an
anomalous sample, that did not meet criteria for being removed as an outlier. As
reported previously (Fig 3.4), CSPalpha protein is not enriched in the cytosolic

fractions and so immunoblotting was not conducted for these samples.
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CSPalpha protein amounts were then examined along with synaptophysin in
synaptoneurosome fractions of post-mortem BA9 (Fig 3.6c). When normalised to
synaptophysin, there was a trend towards differences between the groups (F (2, 26)
= 3.165, p= 0.059). The biggest difference was apparent in synaptoneurosomes from
severe AD brains (Braak V-VI) which showed reduced CSPalpha expression
compared to moderate AD samples (Braak IlI-1V) (Fig 3.6d). To determine whether
this result was powered in this study, an independent two-tailed t-test between Braak
[lI-1V and Braak V-VI samples was calculated which obtained 62.7% power (G*Power
3.1). It appears that this result is underpowered (<80%) even though the effect size
for this analysis (d = 1.11) suggests this is a large biological effect (G*Power 3.1). A
sample size estimate of at least 23 cases per group would be required to reach a
conclusive result. Determination of power can however be limiting as it may not be
generalisable to the population based on a pilot study, in addition to the limited tissue

availability.

However, as previously described for other presynaptic proteins, this overall result
possibly indicates that synaptic proteins are conserved during early AD within this
region (as shown by a slight elevation between Braak O-Il and llI-IV), followed by a
decline at end stage AD when synapses become dysfunctional and degenerate
(Mukaetova-Ladinska et al., 2000; Vallortigara et al., 2014; Kurbatskaya et al., 2016).
In summary, using BA9 as an additional brain region to monitor disease progression,
these findings suggest that CSPalpha may be a suitable marker of synaptic changes
in AD. However, it is now important to understand the possible mechanisms that may
drive a reduction in CSPalpha at the synapse. As a synaptic protein, CSPalpha should
be enriched within the synaptic compartment, allowing more subtle differences in

CSPalpha expression to be identified.
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Figure 3.6. CSPalpha and synaptophysin protein levels in AD BA9.

a) Representative western blots of total homogenates from Braak stages O-ll, IlI-IV
and V-VI post-mortem BA9 cortex showing bands for CSPalpha and synaptophysin
as a presynaptic loading control. b) Bar charts show quantification of CSPalpha
amounts in these samples relative to synaptophysin amounts in the same sample.
Following D’Agostino and Pearson normality testing, data were analysed using non-
parametric  Kruskal-Wallis test. ¢) Representative western blots of
synaptoneurosomes probed for CSPalpha and synaptophysin. d) Bar charts show
quantification of CSPalpha amounts in BA9 synaptoneurosome when controlled for
synaptic content by normalising to synaptophysin levels. Following D’Agostino and
Pearson normality testing, data were analysed using a one-way ANOVA. Data shown
are mean + SEM expressed as fold average control. NS = Not statistically significant.

[n =10 cases per group].
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3.4.6 Novel CSPalpha aggregate-like accumulations identified in AD

Although western blots allow measurement of protein abundance, they do not provide
detailed information about synapse loss, specific changes in synapses or the
colocalization of multiple synaptic proteins. Tiwari and colleagues (2015) previously
reported, using an optimised anti-CSPalpha antibody for immunohistochemistry,
reduced CSPalpha immunoreactivity in the hippocampal granule cell layer and in
STG of AD brain compared to healthy controls, concomitant with their immunoblotting
results (Tiwari et al., 2015). Furthermore, they showed an increase in CSPalpha
staining in the neuropil of AD cerebellar cortex compared to control. The
immunoblotting analysis shown in section 3.4.5 suggests that CSPalpha expression
could be altered in the BA9 region of AD brain. Hence, to examine this further, the

distribution and localisation of CSPalpha was next studied in BA9.

Paraffin-embedded sections of BA9 from five neuropathologically diagnosed severe
AD (Braak V-VI) and six control (Braak 0-11) brains (Chapter 2, Section 2.3, Table 2.2)
were immunolabelled with an antibody against CSPalpha. Strikingly, in these sections
immunolabelled for CSPalpha and counterstained with haematoxylin to identify
cellular nuclei, a previously unreported aggregate-like accumulation of abnormal
CSPalpha staining was observed (Fig 3.7a-c). These accumulations had a round/oval
profile and were distinct from the much smaller punctate staining in the neuropil which
corresponds to typical synaptic staining patterns for presynaptic CSPalpha. Few to
moderate abnormal deposits of CSPalpha were identified in 3/6 Braak stage O-ll
cases (Fig 3.7a) and were more frequently observed in all five Braak V-VI AD brains
(Fig 3.7b). Interestingly, only 1/3 Braak stage O-1l cases with CSPalpha deposits
showed a neuropathological diagnosis of mild age-related alterations, unlike the other
two cases which had no prior brain changes. It was not possible, however, to

qualitatively visualise a change in CSPalpha protein levels even after replication due

161



to the varied DAB staining intensity. Additionally, background staining was only
evident within the gray matter with reduced CSPalpha immunoreactivity in WM tracts,
where fewer synaptic terminals are found, yet some ‘aggregate-like’ deposits of
CSPalpha were also evident in the WM regions of BA9 brain (Fig 3.7c). No CSPalpha
positivity was observed in a negative control section where no primary antibody was

applied (Fig 3.7d).
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Figure 3.7. Accumulations of CSPalpha protein in BA9 AD brain.

Representative images from fixed post-mortem human BA9 sections from age-
matched a) Braak O-ll [n=6] and b) severe AD (Braak V-VI) [n=5] cases probed with
an anti-CSPalpha antibody. Lower magnification images (10x) and higher
magnification (40x) insets from the same field of view (dashed box). Aberrant labelling
of CSPalpha deposits is shown alongside a background of punctate synaptic
CSPalpha labelling using the CSPalpha antibody (AB1576) (brown). Nuclei were
counterstained using haematoxylin (blue). ¢) Representative image of WM from an
AD Braak VI brain which showed less prominent CSPalpha labelling. d) Negative

control incubated with no primary antibody confirms the specificity of labelling. Scale

bars are 100 um (low magnification image) and 20 um (high magnification inset).
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Dr. Istvan Bodi (King’s College London), a neuropathologist blind to the disease state
of the tissue, performed a qualitative comparison of CSPalpha signal in these cases.
The neuropathology of AD brain sections was confirmed with the presence of halo-
like structures that depicted the possible presence of AB plaques in proximity to the
CSPalpha accumulations (Table 3.2). A qualitative comparison between Braak stage
V-VI and Braak stage O-Il brains yielded three main patterns of CSPalpha positivity.
Firstly, CSPalpha positivity was found in what appears to be swollen dystrophic
dendrites encircling neuritic Ap plaques, a prominent pathological feature of AD
(Benzing et al., 1993; Vickers et al., 2016). in which the amyloid core was not stained
by CSPalpha, (Fig 3.7b). Secondly, CSPalpha positivity was found in possible
scattered swollen WM axons, particularly in the presence of WM atrophy and thirdly,
round granular positivity in the deep cortex, suggestive of degenerating axons. The
latter two forms of positivity were most likely not disease specific, unlike the first type
of CSPalpha positivity amongst possible neuritic AB plaques. This result confirms the
presence of abnormal CSPalpha labelling in Braak V-VI AD brain with a possible

association with Ap plaque pathology.
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Table 3.2. Qualitative neuropathological characterisation of post-mortme
human tissues.

Comparisons between A disease diagnosis and Braak staging with the presence of
possible AR plaques and CSPalpha deposits in non-demented Braak 0-1l [n=6] and
end-stage AD Braak V-VI [n=5]. Numbers in parentheses refer to cases from Chapter

2, Section 2.3, Table 2.2.

Neuritic Plaques Present CSPalpha deposits present

Yes/No Yes/No
1 0 No No
2 0 No No
3 0 No No
4 0 No No
5 0 Yes Yes
6 Il No No
7 \Y Yes Yes
8 \Y Yes Yes
9 \Y Yes Yes
10 \Y Yes Yes
11 VI Yes Yes
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Immunofluorescence was next used to further visualise amorphous globular deposits
of CSPalpha and to confirm the specificity of the antibody for colocalisation studies.
A subset of AD brain sections, from the same cases used for immunoblotting, were
used; Braak stage 0-1l, Braak stage IlI-IV and Braak stage V-VI [n=5 cases per group]
(Chapter 2, Section 2.3, Table 2.1). A specific alexa fluor 488 conjugated secondary
antibody was used to detect bound anti-CSPalpha (AB1576) antibody. No or sparse
CSPalpha accumulations were identified in Braak 0-1l tissue, with frequently diffuse
or clustered deposits observed in Braak stages IlI-IV and V-VI cases (Fig 3.8a, b).
This is the first study of its kind to visualise CSPalpha expression in AD using
immunofluorescence and this work replicated the novel finding of CSPalpha
accumulations observed using DAB staining. These results suggest the possibility
that CSPalpha deposition may increase as Braak stage severity increases, although
quantitative stereological analysis along with greater sample numbers would be

required to confirm this.
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Figure 3.8. Amorphous CSPalpha accumulations increase with AD severity.

a) Representative epi-fluorescent images of 7 ym thick post-mortem human BA9
brain sections from Braak stages 0-VI immunolabelled using an antibody against
CSPalpha (green) and DAPI (blue). [n=5 cases per group]. Magnification 20x. Scale
bar 50 um b) Representative images taken using the Nikon Eclipse Ti-E 3 camera
inverted microscope of a brain section from Braak stage 0 and VI immunolabelled
using an antibody against CSPalpha (green) and DAPI (blue). Magnification 40x.
Scale bar 50 um. Fluorescent spots of CSPalpha immunoreactivity reveal novel
CSPalpha accumulations within the gray matter. Background intensity is indicative of

synaptic staining.
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Having identified novel CSPalpha deposits in BA9 AD brain, it was important to
establish if these previously unreported bulbous CSPalpha accumulations were also
present in other regions, such as the hippocampus, a region primarily and severely
affected in AD (Braak and Braak, 1991) and the cerebellum, a region which is
resistant to such pathologies (Larner, 1997). Tiwari and colleagues (2015) who have
previously investigated the expression pattern of CSPalpha within these regions, did

not find any evidence of these amorphous CSPalpha structures (Tiwari et al., 2015).

Hippocampus and cerebellum from Braak stage O-ll cases with no prior
neuropathological diagnosis and severe AD Braak stage VI cases that showed
frequent deposits of CSPalpha in BA9 were used for this regional comparison [n=3
for each group]. Immunolabelling with the anti-CSPalpha antibody showed a similar
pattern of CSPalpha staining in the grey matter neuropil across each region (Fig 3.9).
Abnormal accumulations of CSPalpha were found in all three brain areas in AD Braak
VI brains compared to only presynaptically localised CSPalpha protein found in Braak
O-Il brains (Fig 3.9). Sparsely populated and clusters of CSPalpha-positive deposits
were apparent in BA9, hippocampal and cerebellar brain regions. Furthermore,
CSPalpha clusters had a negatively stained internal core (Fig 3.9, Hippocampus,
Brain 3), further suggesting the possibility that these spaces may contain the core of
a fibrillar amyloid plague. Comparatively, in the cerebellum, CSPalpha structures
were fewer, more densely clustered and covered a larger spatial area, suggesting the
existence of more diffuse amyloid deposits, more commonly found within this region
(Joachim et al., 1989). Background CSPalpha staining intensity varied amongst the
regions, however this may be reflected by tissue quality, preservation and imaging

plane.
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Figure 3.9. Globular CSPalpha positive structures identified in several regions

in AD brain.

Representative images of post-mortem human BA9, hippocampus (HC) and
cerebellum (CB) from AD (Brains 3 and 4, Braak stage VI) and Braak 0-1I (control)
brain sections (Brains 1 and 2) immunolabelled using an antibody against CSPalpha
(green). DAPI was used to stain nuclei (blue). White arrow heads are indicative of

CSPalpha accumulations. Magnification 20x. Scale bar 50 um. [n=3 for each group].
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3.4.7 Aberrant localisation of CSPalpha in proximity to amyloid deposits in
AD brain

As previously described by neuropathological examination and immunofluorescence
characterisation, the pattern of immunolabelling was indicative of abnormal CSPalpha
deposits surrounding and physically associated with possible AR plaque pathology.
To confirm this idea, co-immunofluorescence labelling was performed with antibodies
against CSPalpha and B-amyloid (6E10). A halo of immunoreactivity of CSPalpha
accumulations was identified surrounding 6E10-positive Ap deposits which did not
infiltrate the plaque core (Fig 3.10a). To look at these undefined aggregates more
closely in relation to Ap pathology, spinning disk confocal microscopy was used. From
initial observations, and compared to normal background CSPalpha synaptic puncta
staining, these deposits were found to be relatively large in size as observed using
maximum intensity projection images (Fig 3.10a). The association of CSPalpha with
AB plaques suggests that changes in CSPalpha localisation in AD brain may be linked
to the progressive accumulation of AR pathology and its toxicity to surrounding

synapses.

It was next important to determine if CSPalpha also associates with abnormal tau
changes in AD. CSPalpha is involved in physiological tau release mechanisms and
can indirectly bind to tau via Hsc70 as shown in primary rat cortical neurons (Fontaine
et al., 2016; Deng et al., 2017). Consecutive sections from Braak VI and Braak 0-II
brain were immunolabelled for CSPalpha and hyperphosphorylated tau (AT8
phospho-Ser202/Thr205). A large abundance of AT8-positive labelling was observed
in late-stage AD brains in the form of neuropil threads, pre-tangles, NFTs and neuritic
dystrophies (Fig 3.10b). However, most bulbous CSPalpha accumulations were
distant from tau pathology with only a few AT8-postive dystrophic neurites

infrequently colocalising with CSPalpha immunoreactivity (Fig 3.10b). This suggests
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that there is a limited extent of CSPalpha association with hyperphosphorylated tau

in severe, late-stage AD brain.

Studies in both humans and transgenic mouse models have reported the presence
of dystrophic axonal swellings in proximity to amyloid plaques in AD, which may
explain the abnormal localisation of CSPalpha deposits (Knowles et al., 1999; Le et
al., 2001; D’Amore et al., 2003; Spires et al., 2005; Adalbert et al., 2009; Coma et al.,
2010; DaRocha-Souto et al., 2012; Perez-Nievas et al.,, 2013). Hence, co-
immunofluorescence was performed using the anti-neurofilament marker, SMI312,
specific for highly phosphorylated axonal epitopes on neurofilaments. It can also
distinctly visualise aberrantly sprouting axons with their apparent bulb-like swellings
and curved axonal features in the surrounding areas of neuritic plaques.
Characteristic CSPalpha protein structures were observed around AB deposits that
rarely overlapped with SMI312-positive immunoreactive interaxonal enlargements
enclosed within the same area (Fig 3.10c). This preliminary result suggests that only
some CSPalpha accumulations may localise within dysfunctional axonal structures

encircling AB deposits in AD brain.

Neuroinflammation is another characteristic feature of AD with the presence of
astrogliosis and activated microglia found surrounding Ap deposits (Mandybur and
Chuirazzi, 1990; Sofroniew and Vinters, 2010). To determine if CSPalpha deposits
may be glial in origin, AD brain was co-labelled with antibodies against CSPalpha and
either glial cell fibrillary acidic protein (GFAP), a marker of activated astrocytes or
ionised calcium binding adapter molecule 1 (Iba-1), a microglial marker. Numerous
GFAP-positive astrocytes and some Iba-1-positive microglia were identified
surrounding sites of amyloid deposition (Fig 3.10d, e). However, hypertrophic
astrocytes did not associate with the majority of CSPalpha accumulations (Fig 3.10e).

Similarly, immunoreactive microglia, whose processes suggest a phagocytic
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morphology, were found adjacent to some CSPalpha deposits and encapsulated
around amyloid plaques but there was little evidence to suggest that CSPalpha
deposits were microglial in origin (Fig 3.10d). Thus, the accrual of CSPalpha may be
associated with some but not all neuroinflammatory changes induced by either

astrocytic or microglial activity.
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Figure 3.10. CSPalpha accumulations associate with AR plaques but do not

fully colocalize with other AD associated pathology.

Representative images of sections from a Braak VI post-mortem human BA9 AD
brain, with consecutive sections co-labelled with antibodies against CSPalpha (green)
and a) AB (6E10, red), b) AT8 [tau phosphorylated at Ser202/Thr205] (red), c)
SMI312 [neurofilament/ dystrophic neurites] (red), d) Iba-1 [microglia] (red) and e)
GFAP [activated astrocytes] (red). Merge of images shown together with DAPI
staining (blue). CSPalpha immunoreactivity is localised in proximity to amyloid
deposits and overlaps with some but not all dystrophic neurites, AT8-positive tau and
glial cell positivity (white arrowheads). Asterisks indicative of plaque core. Consistent
patterns of presynaptic CSPalpha puncta are observed as background staining.

Magnification 40x. Scale bar 50 ym. [n=3 Braak VI brains].

3.4.8 Characterisation of CSPalpha accumulations in proximity to Ap
deposits

To better visualise the close spatial relationship of irregular CSPalpha accumulations
in proximity to both diffuse and neuritic cored AR deposits, sections from five BA9
Braak VI AD cases were examined using high resolution spinning disk confocal
imaging (Fig 3.11a, b). Qualitative analysis revealed a number of AB deposits
associated with CSPalpha (Fig 3.11a, b). No accumulations were found in areas
distant from AR plaques, and not every plaque had an accumulation of CSPalpha.
CSPalpha accumulations were associated with both diffuse (low staining intensity and
diffuse spread of AB deposition) and neuritic cored plaques (consisting of a higher
staining intensity and a neuritic core). CSPalpha accumulations around neuritic cored
plaques were more clustered and annulus compared to the sparse accumulation

around diffuse plaques, which often lack neuritic components (Dickson, 1997). These
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deposits were giant-sized in comparison to neuronal processes in the adjacent

neuropil areas.

Quantitative volumetric measurement of CSPalpha accumulations were conducted
and showed that out of a total 681 CSPalpha accumulations measured, the
predominant size of these structures ranged between 10 and 50 ym? (56.4%, mean
size 24.8 + 0.57 ym?), followed by those in the region of 50 to 100 um?® (22.6%, mean
size 71.2 £ 1.16 um?®). Only 14.8% (mean size 164 + 5.94 um®) were over 100 um?®.
CSPalpha accumulations appeared to vary across both neuritic cored [n= 440
objects, n= 101 plaques, maximum object volume 328 um?, median object volume
30.9 um® and diffuse plaques [n= 241 objects n= 54 plaques, maximum object
volume 346 pm?®, median object volume 39.4 ym?] (Fig 3.11c). These results are in-
line with similar findings reported by Sachez-Varo and colleagues (2012), where they
found comparable sizes of dystrophic neurites using transmission electron
microscopy in 4-5-month-old APP/PS1 mouse model (Sanchez-Varo et al., 2012).
They also found that non-dystrophic neurites have an average size of 1.42 + 0.77 ym?
and only 1% of dystrophic neurites were under 5 pm?. Previous reports have
suggested that the appropriate cut off for dystrophic neurites as >2.5 ym in diameter
(Spires et al., 2005; Sanchez-Varo et al., 2012; Jackson et al., 2016; Serrano-Pozo
et al., 2016) and so this was used as the threshold for the current analysis. 3D
equatorial diameter (diameter of sphere with same volume as measured object) was
measured using the following equation (Nikon Elements, Nikon), from which the

volume was determined as a minimum threshold of 8 ym?:

1
. ) 6 x Volume\3
Equatorial Diametersp = (T)
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To further map the localisation of CSPalpha at a greater depth and with better optical
sectioning within the context of AB deposits, images were also obtained from an iSIM
microscope (Fig. 3.12) where granular and/or globular CSPalpha immunoreactivity
appeared surrounding larger amyloid deposits (Fig 3.12 a-c). It would also be
interesting to see whether the size of AB plaques correlates to the size and/or number

of CSPalpha deposits, but this would require a larger sample size.
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Figure 3.11. CSPalpha accumulations are found in association with both

neuritic cored and diffuse AB plaques.

Representative spinning disk confocal images (projection of a stack of 10 optical
sections) reveal CSPalpha accumulations (green) in Braak VI post-mortem BA9
human AD brain that are localised within or surrounding AB-positive a) neuritic cored
and b) diffuse plaques (red). Nuclei are stained with DAPI (blue). Synaptic neuropil
staining was subtracted from measurements. Magnification 20x. Scale bar 25 um.
White arrow heads— CSPalpha accumulations and asterisks - plaque core. c)
Histogram showing quantification of the number of CSPalpha accumulations and their
volumetric measurement plotted as data from individual plaques for both neuritic

cored [n = 101] and diffuse plaques [n = 54]. [n=5 brains].
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Figure 3.12. Super resolution microscopy showing AR plaque-associated

CSPalpha accumulations.

a) Representative 25 x 26 ym iSIM image section showing zoomed-in and orthogonal
views of the CSPalpha aggregates in association with a large neuritic cored AB
plaque. White segmented line intersects a CSPalpha aggregate. b) Maximum
intensity projection of 58 optical sections of the same orthogonal field of view. White
segmented box shows the same CSPalpha aggregate. Scale bar 10 um. c)
Volumetric 3D maximum intensity projection images of the field with zoomed view of
an isolated CSPalpha aggregate. Magnification 100x. Volume of box: 25 pm x 26 um

X 11 um.
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3.4.9 CSPalpha accumulations localise with synaptic markers in proximity to
amyloid plaques

Previous studies have reported the disruption and disorganisation of synapses in AD
whereby presynaptic proteins have been found to accumulate within degenerating
and dystrophic presynaptic terminals, termed ‘presynaptic dystrophies’ which are
incorporated at the earliest stages of Ap plaque formation (Brion et al., 1991; Masliah
et al., 1991, 1993; Clinton et al., 1994; Bittner et al., 2010; Sanchez-Varo et al., 2012;
Kandalepas et al., 2013; Hadley et al., 2015; Gomez-Arboledas et al., 2018). These
presynaptic structures are similar in shape and size to the plaque associated
CSPalpha deposits found here. As such, it was important to explore the possibility

that CSPalpha, like other synaptic markers accumulate in the same locality.

Synaptophysin, a presynaptic protein, is present on CSPalpha-bound synaptic
vesicles (Takamori et al., 2006; Wilhelm et al., 2014) and so it is possible that these
proteins co-localise within the presynaptic terminal. CSPalpha and synaptophysin
were immunolabelled in Braak VI BA9 post-mortem brain sections and showed
colocalization of presynaptic neuropil immunoreactive for both proteins. In AD brains,
reduced labelling intensity of CSPalpha and synaptophysin were found within and
around the central core of AB plaques, as previously reported (Fig 3.13a) (Koffie et
al., 2012). Clustered deposits of CSPalpha were evident in a halo-like shape,
suggesting the presence of a neuritic cored plaque (Fig 3.13a). Similarly, to previously
published findings, a characteristic punctate lobular profile of synaptophysin was
observed that decorated the periphery of a central hollowed core, which was absent
in control brains (Kandalepas et al., 2013; Hadley et al., 2015; Sadleir et al., 2016; Ye
et al., 2017; Gomez-Arboledas et al., 2018; Ovsepian et al., 2019). Most
synaptophysin-positive accumulations appeared to be closer to the plaque centre,

unlike CSPalpha which appeared to cover a larger spatial area around the periphery.
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Interestingly, only a small number of CSPalpha accumulations appeared to colocalise

with synaptophysin deposits within BA9 AD brain (3.13a).

Brain sections were next co-labelled using antibodies against CSPalpha and SNAP-
25, a SNARE protein known to be a downstream interacting partner of CSPalpha.
Interestingly, SNAP-25 has been shown to accumulate, like CSPalpha within the AD
brain (Clinton et al., 1994; Hadley et al., 2015). SNAP-25, like CSPalpha labelled the
presynaptic neuropil as previously reported (Bereczki et al., 2016). SNAP-25 was also
found to accumulate, of which only some associated with CSPalpha deposits
surrounding an immuno-positive AP halo, similar to the observations for

synaptophysin (3.13b).

Hsc70, a cytosolic chaperone protein, has also been shown to interact with CSPalpha
as reported previously in the literature (Zhang et al., 2012), and so it was
hypothesised that accumulations of CSPalpha may show some immunoreactivity with
Hsc70. Co-labelling with antibodies for both target proteins showed some overlap
between CSPalpha accumulations and Hsc70 (Fig 3.13c). This is interesting as
immunoblotting data suggests that Hsc70 is elevated in end-stage AD compared to
early Braak stages (O-ll, IlI-IV) (Chapter 6, Fig 6.1). This elevation in Hsc70
expression has also been shown in post-mortem human AD temporal gyrus
compared to controls, 3xTg and 5xFAD mice and Ap treated neurons (Sharma et al.,
2012b; Zhang et al., 2012; Piedrahita et al., 2016; Yang and Tohda, 2018). Although
Hsc70 and CSPalpha are localised to separate neuronal compartments, Hsc70 may
be mislocalised, forming a complex with CSPalpha accumulations. However, it is still

unknown whether their interaction at the molecular level remains intact in AD.
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Taken together, this data confirms the localisation of CSPalpha accumulations in the
vicinity of AB plaques with only few localised with presynaptic proteins and putative
interacting proteins. This suggests that there may be a distinct population of
amorphopus CSPalpha lesions in AD that may form their own presynaptic dystrophies
and that do not contain known synaptic or interacting proteins or could be extracellular
to the presynaptic terminal and do not resemble a dystrophic neurite. This also implies
that the mechanisms by which CSPalpha accumulates or where this deposition may

occur is different from that of other synaptic proteins that accumulate in AD.
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Figure 3.13. Few CSPalpha accumulations colocalize with presynaptic terminal

structures in proximity to amyloid plaques.

Representative images of sections from BA9 brain sections of Braak stage VI human
AD brains co-labelled with antibodies against a) CSPalpha (green) and
synaptophysin (red), or b) SNAP-25 (red), ¢) Hsc-70 (red). DAPI (blue) was used to
stain nuclei. CSPalpha immunoreactivity displays a plaque-like staining pattern that
overlaps with some synaptophysin-positive presynaptic structures, likely dystrophic
terminals, as well as SNAP-25, and Hsc-70. White arrowheads— CSPalpha

accumulations and asterisks - plaque core. Magnification 60x. Scale bar 20 um.

183



3.4.10 Few CSPalpha accumulations colocalize with presynaptic terminal
structures in proximity to AB plaques using Array Tomography

While traditional imaging techniques which include confocal and multiphoton light
microscopy have been used to study synaptic structures, the drawback is that
synapses are too small to be imaged effectively, especially with poor z-resolution
(~1000 nm). Array tomography (AT) is a high-resolution technique (Micheva et al.,
2010), that overcomes the difficulties of axial, or z-resolution by imaging ribbons of
70 nm thin serial brain sections, providing not only better optical sectioning but greater
visualisation of the inaccessible synaptic architecture. AT has been optimized for use
in post-mortem human tissue (Koffie et al., 2012; Kay et al., 2013), and previous
reports have shown that there is a loss of synapses in AD compared to controls, a
loss that is intensified in regions closest to the plaque halo <35 ym (Koffie et al., 2009,
2012; Jackson et al., 2019b). However, accumulations of synaptic proteins, in

particular have never before been studied using this technique.

AT was used here to investigate the presynaptic localisation of CSPalpha protein in
late-stage AD and to determine whether presynaptic alterations can result in the
accumulation of CSPalpha in proximity to AB plaques. Blocks of post-mortem human
BA9 was obtained from non-demented controls Braak 0-Il [n=8] and from severe late-

stage AD Braak VI [n=10] from the Edinburgh Brain Brank.

Age, PMD and sex were examined to determine whether they might have an effect
on the data generated in this study (Table 3.3). For age, following D'Agostino &
Pearson normality testing, data was analysed using non-parametric two-tailed Mann
Whitney U test which showed a statistically significant difference between control and
AD groups (U = 2.5, p=0.0002). For PMD following D'Agostino & Pearson normality
testing, data was analysed using parametric two-tailed t-test which showed a

statistically significant difference between control and AD groups (t = 2.149, p=0.047).
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There was also a marked underrepresentation of samples from females in the Braak
stage O-ll group which after Chi-squared testing showed a nonsignificant trend
towards sex differences between the groups (x* = 2.813, p=0.094). These variations

may have an overall effect on the outcome of the results (Table 3.3).

Table 3.3. Summary of AD and controls brains used in the AT study.
Table shows the number of cases of each Braak stage group, the percentage of cases

that were female, the average age at death and PMD (mean + SEM).

0-1l 8 12.5 499+52 86.4 + 8.1
VI 10 50 82.6 £3.4 65.3+5.9

Briefly, as described previously in Chapter 2, Section 2.10, brain sections were
probed with anti-CSPalpha, anti-synaptophysin and anti-Af antibodies in a two-day
protocol. Array images were taken from consecutive serial sections and reconstructed
to produce 3D volume images of tissue. Stacked images were segmented to include
structures that were present in two or more images within each stack and only within
the neuropil areas (Fig 3.14a, b). Images were then thresholded into two groups: 1)
smaller presynaptic puncta (object size 3-400/500) and 2) larger presynaptic protein
accumulations (object size 400/500+) before analysis. Labelling on different days

were normalised using a positive control for the presence of Ap plaques.
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Figure 3.14. Array tomography study design.

a) Sections from control [n=8] and severe BA9 AD brains [n=10] were processed and
embedded within LR white resin blocks. From each block, a ribbon consisting of >15
70nm thin sections were cut. 2-3 subregions were imaged from each ribbon using
antibodies probed against CSPalpha (green), synaptophysin (red) and AB (cyan).
Nuclei were labelled with DAPI (blue). Created with Biorender.com b) Images were
processed by firstly combining consecutive images of each channel into stacks. i)
Synaptophysin was used as a reference channel for alignment of consecutive
sections which were applied across all other channels (white square). ii) Images were

then segmented using an algorithm removing single objects and retaining connected
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components between two or more sections, producing 3D objects that can be filtered
by size. Representative orthogonal views of raw (/eft) and segmented (right) 70nm
thin section shown. iii) Finally, a maximum intensity projection of synaptic localisation
was used to calculate the neuropil area. Representative image of 70 nm thin section
for CSPalpha as a maximum intensity projection, neuropil mask and area. Adapted

from (Colom-Cadena et al., 2017).

The results show diffuse CSPalpha protein immunoreactivity detected in both control
and AD sections (Fig 3.15a, b). On some occasions, non-specific immunoreactivity
was identified in the same channel as CSPalpha in cell nuclei. A consistent density
of presynapses (number of synaptophysin puncta/mm?®) was found in BA9 Braak VI
(7.4x10% + 6.4x107) sections compared to controls (7.3x10% + 4.2x107), suggesting
that the global synaptic level remained the same within this region (Fig 3.16a). Similar
differences were found for CSPalpha protein (Braak VI, 8.1x10% + 8.3x10” and
controls, 7.5x10% + 7.6x107), suggesting that the amount of CSPalpha protein relates
to the measurement of synaptic content (Fig 3.16b). Unlike previous reports that show
an increasing synapse loss in proximity to Ap plaques (Koffie et al., 2012), a
statistically significant characteristic reduction of CSPalpha protein was not found.
This result is probably due to fact that both neuritic cored and diffuse plaques were
included within these measurements, in which diffuse plaques do not accentuate
synapse loss within their vicinity unlike neuritic cored plaques that have greater

toxicity (Masliah et al., 1990).

AT showed that CSPalpha overlaps with synaptophysin positive puncta staining,
indicative of presynaptic terminals within the neuropil. There was no statistically
significant difference in CSPalpha protein colocalization with presynapses in AD
brains (21.6% % 2.3) compared to controls (25.5% + 4.3) (p=0.158) (Fig 3.16c). This

result was also confirmed with synaptophysin positive puncta colocalising with
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CSPalpha puncta in Braak VI (28.1% £ 1.5) and controls (33% * 2.6) which show
similar values (Data not shown). Although CSPalpha is a presynaptic protein,
complete synaptic colocalization was not observed. This may be a technical limitation
due to the experimental protocol whereby double labelling of both proteins may not
be as efficient as single labelling for the same presynaptic terminal. Additionally, this
is a limit of detection of AT whereby not enough synapses are captured due to resin
fixation and only synapses with a large abundance of CSPalpha are visualised. Better
labelling of tissues may hence provide tighter values and reduced inter-patient
variability. However, these synapses have been thresholded and so within individual

synapses, CSPalpha levels in general may well be lower.

It has previously been shown that synapses co-localise with A, most likely the
oligomeric forms, near AB plaques (Koffie et al., 2012; Pickett et al., 2016; Jackson
et al.,, 2019b). Presynapses containing CSPalpha that also colocalised with A
together at the synapse were investigated. A statistically significant effect was found
for the percentage of synaptophysin-positive synapses overlapping with CSPalpha
and AB in AD (0.2% £ 0.08) and controls (0.02% * 0.02) due to AB plaque status and
not disease type (t=2.396, p=0.02) (Fig 3.16d). This suggests in brains where AR
plaques are present, AB is found within CSPalpha containing presynapses and may
have a role in the mechanisms that ultimately lead to the dysfunction and eventual

loss of the presynaptic compartment.

In the same cohort of tissues, several accumulations of CSPalpha were observed in
proximity to AB plaques (Fig 3.15a-c, g) in late-stage AD brains (2.6x10% + 8.1x107)
compared to control (7.3x10” + 4.1x107) (Fig 3.17b). Interestingly, there was evidence
of accumulations of synaptophysin, possibly linked to presynaptic dystrophies or
degenerating synapses, density levels of which were found to be higher due to AB

plaque status in AD and control brains (Braak VI, 8.3x10” + 8.6x10° and controls,
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6.9x107 + 1.8x107) (t=2.842, p=0.0046) (Fig 3.17a). This is consistent with previous
immunohistochemical findings of both abnormal CSPalpha and synaptophysin-
positive accumulations in post-mortem human tissue. Globular CSPalpha structures
were found associated with both neuritic cored and diffuse AB plaques (Fig 3.15c, g).
Of the CSPalpha structures analysed, 12.2% + 4.0 colocalised with presynaptic
dystrophies in AD compared to control (2.6% + 1.7) (Plaque status effect; t=5.362,
p=0.0004) (Fig 3.17c). This suggests that dystrophies located in proximity to AB
plaques can be CSPalpha positive and/or synaptophysin negative but this does not
exclude the possibility of extracellular accumulation of CSPalpha (Fig 3.15d, e, h and
i). Interestingly, CSPalpha deposits with synaptophysin-positive structures also
colocalised with AR in AD and control brains (Braak VI, 3.7% % 1.9 and controls, 0.3%

+ 0.3) (Plaque status effect; t=2.053, p=0.0472) (Fig 3.17d, 3.15f, j).

The distance of these accumulations from the AR plaque centre was next measured.
Distances were referenced to the 30-40 um bin, furthest away from the plaque where
it would not be expected for deposits to be present (representative of a non-plaque
area). The 40-50 ym bin was removed from analysis due to focal issues when imaging
at the field edge. Greater amounts of CSPalpha accumulations were found to be
highly localised <10 um distance (t=2.701, p=0.009) and between 10-20 pm (t=3.24,
p=0.002) from the AR plaque core (Fig 3.18a), unlike synaptophysin-positive
presynaptic dystrophies found only <10 ym from the plaque core (t=4.152, p=0.0001)
(Fig 3.18b). This confirms that CSPalpha accumulations are found at a further
distance from the plaque core in comparison to synaptophysin-positive presynaptic
dystrophies. The localisation of both structures aligns with the gradual decline of AB
peptide from the AB plaque as distance increases. Significantly, most A was found
in areas <10 um distance (t=12.713, p<2x107°) and between 10-20 ym (t=7.597,
p=3.49x107"% from the plaque core (Fig 3.18c). There was also a statistically

significant effect due to age (t=4.016, p=0.006) and an effect due to PMD as shown
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by a statistical trend (t=-2.202, p=0.07) within the AD cohort. This further suggests
that the density of AB is highest in the region closest to the plaque centre, where
increased amounts of both CSPalpha and synaptophysin positive accumulations are
found. However, as the density of AB declines further than the 10 um bin, only
CSPalpha accumulations are present. This alludes to the possibility for different
mechanisms by which abnormal synaptic structures can become deposited in

proximity to the AR plaque.

The limitation in this analysis however was determining a manual threshold for
synaptic puncta and synaptic accumulations. There was a cut off between obtaining
the maximum number of synaptic puncta and selecting a threshold that would only
capture single accumulations of proteins. There is a possibility that at lower
thresholds, accumulations became fragmented into smaller puncta which were in fact
used for puncta analysis and so may have affected the overall result. To resolve this,
a better automated method would be required to select for single synaptic puncta
sizes and determine the cut off for whole presynaptic accumulations. Furthermore,
there is a potential sampling bias, due to the low sample numbers of cases and hence
limited number of areas within which plaques were located for analysis across each
section. To improve this, further sections would be required to power this analysis

and reduce the limitation of plaque burden.
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Figure 3.15. CSPalpha accumulations associate with synaptophysin-positive

presynaptic dystrophies at both neuritic cored and diffuse plaques.

Representative array tomography images of human BA9 a) control [n=8] and b) Braak
stage VI AD sections [n=10] co-labelled with antibodies against CSPalpha (green),
synaptophysin (red) and AB (cyan). Nuclei are stained with DAPI (blue). Triangular
arrow heads - CSPalpha accumulations. Asterisk’ — AR plaque core. Magnification
60x. Scale bar 10 um. ¢) Large representative image of a neuritic cored and g) diffuse
AB plaque with labelling of CSPalpha, synaptophysin, AB. Nuclei are stained with
DAPI. Magnification 60x. Scale bar 20 uym. Asterisk’ — Ap plaque core. d, h)
Representative 3D reconstructions using Image J volume viewer of a singular
amorphous CSPalpha (CSP) deposit alone, Ap alone and CSP with AB (rectangular
arrow heads), e, i) synaptophysin (SYP)-positive presynaptic dystrophy alone, Ap
alone and SYP with AB (chevron arrow heads) and, f, j) colocalization between
CSPalpha, SYP-positive presynaptic dystrophy and Ap (triangular arrow heads). d-f)
3D volume images consist of 14 stacks and h-j) consists of 15 stacks. Magnification

60x. Scale bar 1 um.
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Figure 3.16. Density and colocalization analysis of synaptic proteins using

array tomography.

Quantification of immunoreactivity in control [n=8] and AD Braak VI [n=10] BA9 brain
sections using AT analysis. a) No differences were detected in the density of
synapses (number of synaptophysin (SYP)-positive objects/mm?®) (Data was
transformed using the Boxcox method) and b) density of CSPalpha (CSP),
objects/mm? are shown for each group. Data shown are mean data points per case
with boxplots showing median for every data point with error bars showing inter-
quartile ranges. c¢) Analysis of the percentage of presynapses colocalised with
CSPalpha objects and d) the percentage of presynapses colocalising with both A
and CSPalpha. Data shown are median data points per case with boxplots showing
median for every data point with error bars showing inter-quartile ranges. All data
underwent Shapiro-Wilk’'s normality testing and was analysed using a parametric
linear mixed effects model. Symbol representations; Circle — Female (F), Triangle —
Male (M). Colour representations; Orange — No AR plaques present, Blue — AR

plaques present.
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Figure 3.17 Density and colocalization analysis of synaptic accumulations

using array tomography.

Quantification of immunolabelled control [n=8] and AD Braak VI [n=10] BA9 brain
sections using array tomography analysis. a) Differences were detected in the density
of presynaptic dystrophies (number of synaptophysin (SYP)-positive objects/mm?) b)
but not in the density of CSPalpha (CSP) deposits per mm? shown for each group. c)
Analysis of the percentage of CSPalpha deposits that colocalised with SYP-positive
presynaptic dystrophies (Data was transformed using the Boxcox method) and d) the
percentage of CSPalpha deposits colocalising with both AB and SYP. Data shown
are median data points per case with boxplots showing median for every data point
with error bars showing inter-quartile ranges. All data underwent Shapiro-Wilk’s
normality testing and analysed using a parametric linear mixed effects model. Symbol
representations; Circle — Female (F), Triangle — Male (M). Colour representations;

Orange — No AB plaques present, Blue — AB plaques present.
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Figure 3.18. Greater density of presynaptic accumulations in areas closest to

the A plaque centre.

Array tomography images were analysed to yield density of synaptic accumulations
at a distance of 0-10 um (10 ym), 10-20 ym (20 pm), 20-30 pym (30 ym) and 30-40
pum (40 um) from the A plaque core. a) Quantification of median CSPalpha deposit
density in Braak VI brains reveals a statistically significant gain of abnormal structures
approaching AB plaques <10 uym and 10-20 ym distance from the plaque core b) and
a statistically significant amount of synaptophysin-positive presynaptic dystrophies
were localised <10 um distance from the plaque core. ¢) There was a gradual decline
in A levels with most statistically significant densities <10 um and 10-20 pym from the
plaque centre. This effect was also statistically significant for age and PMD. Data
shown are median data points per case with boxplots showing median for every data
point with error bars showing inter-quartile ranges. All data underwent Shapiro-Wilk’s
normality testing, transformed using a Tukey transformation and analysed using a
parametric linear mixed effects model with t-tests using Satterthwaite's method.
Symbol representations; Circle — Female (F), Triangle — Male (M). ** p<0.001, ***

p<0.0001.

3.4.11 CSPalpha accumulations are phosphorylated at Ser10.

Phosphorylation of proteins, especially at the synaptic level, is vital for synaptic
functions such as vesicle release which regulates synaptic strength and plasticity
(Evans and Morgan, 2003). It has been previously shown that CSPalpha has a
functional role within exocytotic mechanisms, a process regulated by cAMP
dependent PKA (Weisskopf et al., 1994; Linden and Ahn, 1999; Evans et al., 2001).
Interestingly, it has been reported in Drosophila melanogaster, C-elegans, mice, rats

and in humans tissue studies that CSPalpha can be phosphorylated by kinases at
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several sites, however it is principally phosphorylated by PKA at Ser10, suggesting
this post-translational site is an evolutionarily conserved regulatory mechanism
(Evans et al., 2001; Evans and Morgan, 2002). CSPalpha phosphorylation at Ser10
has been reported to be important for the modulation of vesicle fusion and release
kinetics, by causing structural destabilisation of CSPalpha at its N-terminus,
weakening its interaction with synaptotagmin and syntaxin presynaptic proteins
(Evans and Morgan, 2002; Patel et al.,, 2016). On the other hand, PKC vy
phosphorylation of CSPalpha at Ser10 and Ser43, promotes its interaction with
Hsp70/Hsc70 enhancing its chaperone activity for synaptic maintenance (Evans et
al., 2001; Shirafuji et al., 2018; Velasco et al., 2019). Ser10 phosphorylation of
CSPalpha has also been suggested to assist in fusion pore expansion that can
modulate the rate of exocytosis (Prescott et al., 2008; Chiang et al., 2014; Patel et
al., 2016). Although the implication of such a post-translational modification is still not
fully understood, it may play a role in the functional integrity of the synapse which is

a major target across several neurodegenerative diseases.

To explore the possibility of altered CSPalpha phosphorylation in AD tissues and
whether CSPalpha accumulations may also be phosphorylated, rabbit antiserum
specific for CSPalpha phosphorylated at Ser10 was kindly gifted by Prof. Alan Morgan
(University of Liverpool). This antiserum corresponded to the phosphorylated
CSPalpha peptide sequence containing amino acid residues 4-14 (QRQRSLSTSGE)
(MWG Biotech, Milton Keynes, UK) (Fig 3.19a) (Evans and Morgan, 2005). The
resultant antiserum was produced by affinity-purification using the phosphorylated

CSPalpha peptide coupled to an immobilised resin (Evans and Morgan, 2005).

To test whether the CSPalpha pSer10 antiserum could detect CSPalpha
phosphorylation at Ser10, WT and CSPalpha KO mouse homogenates were

immunoblotted (Fig 3.19a). A positive band for CSPalpha phosphorylation at Ser10
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was present at ~29-34 kDa, the molecular weight of CSPalpha, in forebrain
homogenates from WT but not KO tissues. This confirmed antiserum binding and in
addition showed CSPalpha phosphorylation within endogenous mouse tissues. (Fig
3.19b). Next, to validate the specificity of the antisera to CSPalpha phosphorylated at
Ser10, antisera was used to probe electrophoresed purified recombinant CSPalpha
protein (either PKA- phosphorylated or non-phosphorylated) (Evans and Morgan,
2005) in comparison to a rabbit polyclonal total CSPalpha antibody (AB1576). The
CSPalpha pSer10 antibody detected only a single band at ~29kDa in the PKA-
phosphorylated recombinant protein sample, unlike the total CSPalpha antibody
which detected bands in both the phosphorylated and non-phosphorylated peptide
samples. These bands were at lower molecular weight compared to physiological
CSPalpha, as the recombinant protein does not contain posttranslational
modifications. This result demonstrated that the pSer10 antiserum only detects
CSPalpha phosphorylated at Ser10. Furthermore, CSPalpha pSer10 antiserum along
with the total CSPalpha antibody was used to probe homogenates from post-mortem
human control hippocampus. Bands were detected at ~29-34 kDa confirming the
presence of post-translationally modified CSPalpha protein in human brain tissue.
Beta-actin was used as a loading control for these blots and showed a band present

in human tissue samples but was undetected in purified recombinant protein samples.

Having validated the specificity of the CSPalpha pSer10 antiserum and its expression
in human control tissue, this CSPalpha modification was then examined in post-
mortem AD brain to determine whether CSPalpha is also phosphorylated in disease.
Using immunofluorescence and the CSPalpha pSer10 antibody, positive background
staining similar to results for total CSPalpha was observed in the gray matter neuropil
in both early and late-stage AD groups, and also identified immunoreactivity of
CSPalpha accumulations in AD brain (Fig 3.20a, b). These deposits of CSPalpha

phosphorylated at Ser10 were localised in the vicinity of diffuse and neuritic cored AB
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plaques in severe AD (Fig 3.20b). This suggests that CSPalpha deposits are
phosphorylated in AD, however the functional consequences of this modification are

not fully understood.
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Figure 3.19. An antibody against CSPalpha phosphorylated at Ser10

specifically detects phosphorylated CSPalpha.

a) Schematic representation of CSPalpha indicating the J-domain, cysteine string
and the location of the PKA Ser10 phosphorylation site including the peptide
sequence. Phospho-CSPalpha (4-14) was used to raise the antibody, with an
additional N-terminal cysteine to facilitate coupling. Adapted from (Evans and
Morgan, 2005). Representative western blots showing b) detection of CSPalpha
pSer10 (P-CSPalpha) in WT, but not CSPalpha KO forebrain. Beta-actin was used
as a loading control. ¢) Representative western blots showing detection of only
phosphorylated, but not non-phosphorylated recombinant CSPalpha peptides by the
phospho-CSPalpha antibody. CSPalpha pSer10 was also detected in human
hippocampus. Due to the lack of posttranslational modifications, recombinant protein

appears to be of lower molecular weight than CSPalpha from tissue.
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P-CSPalpha

a)

Figure 3.20. Phosphorylated CSPalpha protein deposits identified proximal to

AB plaques.

Representative images of sections from post-mortem human BA9 a) control (Braak
stage Il) and b) AD (Braak stage VI) brain immunolabelled with antibodies against
CSPalpha pSer10 (green) and AB (red). Nuclei are stained with DAPI (blue). White
arrow heads indicative of CSPalpha accumulations. Magnification 40x. Scale bar 30

Mm. [n=1 per group].

3.4.12 Monomeric CSPalpha protein solubility is altered in AD

AD, along with other neurodegenerative diseases, are classed as proteinopathies,
which show a gradual accumulation of detergent-insoluble protein aggregates in the
brain that play a central role in pathophysiology of disease and lead to cognitive
decline (Ross and Poirier, 2004). When proteins aggregate as a result of alterations
to their native conformation, their solubility changes with their size, making them more

insoluble. For example, A fibrils consist of repeating units of misfolded protein which
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exhibit a cross-p structure (Hamley, 2012). These protein aggregates however are
highly resistant to thermal denaturation and solubilisation and so traditional
biochemical techniques prove difficult to purify AB for further analysis (Ross and

Poirier, 2004; Gozal et al., 2009; Seyfried et al., 2012; Hales et al., 2016).

To fully understand the nature of CSPalpha accumulations, tissue samples were
extracted with increasing strength of harsh detergents. Briefly, as described in
Chapter 2, Section 2.4.2, fractions of post-mortem human Braak stage 0-ll and V-VI
AD BAO9 tissues [n=6 cases per group] were homogenised in detergents of increasing
strength and sedimented by ultracentrifugation. Buffers included high salt (disrupts
membranes and protein solubility (Bass et al., 2017)), triton X-100 (permeabalises
membranes and solubilises non-polar proteins (Bass et al., 2017)) and sarkosyl
(solubilises natively folded proteins without solubilizing misfolded protein aggregates
(Hasegawa et al., 2002; Neumann et al., 2006; Gozal et al., 2009; Bai et al., 2013;
Diner et al., 2014, 2017). Sarkosyl is known to be less stringent compared to the
ubiquitous anionic detergent SDS and preserves less robust oligomeric misfolded
protein aggregates that cannot withstand SDS treatment (Nizhnikov et al., 2014).
Immunoblotting membranes were probed with anti-CSPalpha, anti-PHF-1 and anti-
total tau antibodies along with a total protein stain to detect the total amount of protein

present within each homogenate fraction that was loaded onto the gels.

Most soluble proteins were found to be extracted by HS after total protein stain (Licor,
UK), with consecutively reduced protein amounts detected in the more stringent
fractions (Fig 3.21a). The lowest signal intensity was observed in the sarkosyl-
insoluble (SI) fraction, where only the most insoluble proteins are partitioned.
Interestingly, signal intensity was observed in Sl fraction of control tissues, suggesting

some insoluble proteins are also present in healthy control brain, possibly due to
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some unknown underlying aggregated proteins. Alternatively, the fractionation may
not have been a complete success. There is however a compromise between protein
enrichment and obtaining greater purity to reduce protein loss of low abundance

proteins within these multiple steps.

Monomeric CSPalpha (34 kDa) was present in all fractions of Braak O-Il and Braak
V-VI AD tissues. As expected, most CSPalpha protein was enriched in the HS-TX
fraction with the strongest signal intensity as CSPalpha is known to be found on
hydrophobic presynaptic membranes (Fig 3.21a). All fractions from both groups were
normalised to the HS-TX fraction for quantification of relative CSPalpha amounts in
each fraction. In Braak 0-11 tissues, CSPalpha amounts were found mostly enriched
within the HS fraction compared to the sarkosyl-soluble (SS) and Sl fractions.
However, in Braak V-VI tissues, most CSPalpha amounts were enriched in the SS
fraction compared to HS and SI fractions. The Sl fraction is where most insoluble
proteins would be expected to be present. Since limited CSPalpha was detected in
this fraction, this may suggest that most CSPalpha accumulations may not be
sarkosyl insoluble or that the deposits are rapidly denatured (Fig 3.21a). A statistically
significant difference in CSPalpha solubility was detected between Braak 0-1l and
Braak V-VI groups (F(1,10)=8.6, p=0.015), specifically between the SS fractions
(p=0.011) where Braak V-VI tissues had more CSPalpha enrichment compared to

Braak 0-1l tissues (Fig 3.21b).

Differences between each of the fractions as well as an interaction between fractions
and Braak stages had a significant effect on the variation between samples. This
suggests that in Braak 0-1l tissues, most CSPalpha protein is solubilised, however in
AD, less CSPalpha is solubilised, suggesting that the native structure of CSPalpha
may be altered and there may be a conformation change in the monomeric form of

this protein, possibly as more insoluble complexes of CSPalpha are formed. This
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infers the possibility of two confirmations of CSPalpha, the monomeric form of
CSPalpha found at the presynaptic terminal, and the complexed accumulation of

CSPalpha found as proteinaceous deposits that line AB plaques.

Hyperphosphorylation of tau protein is a classical hallmark of AD and forms the
building block of insoluble NFTs (Alonso et al., 2018). In order to confirm the
neuropathological diagnosis of tissue samples between healthy controls and AD,
membranes were probed with an antibody that detects total tau, both phosphorylated
and non-phosphorylated forms. Insoluble tau is normally depicted on full length
western blots of AD samples as smears. Using a PHF-1 antibody to detect tau
phosphorylated at Ser396/404 and total tau (DAKO) for global tau changes, the
results showed increasing insolubility of tau in AD samples, as high molecular weight
bands together with smearing through the lanes (Fig 3.21c). As expected in Braak V-
VI brains, most prominent protein enrichment was found within the Sl fraction, with
very little tau remaining in the SS fraction (Fig 3.21c, d). This confirms that most tau
in AD has oligomerised or the native structure of tau has been altered, characteristic
of tau in AD brain. This is in line with previous reports showing that pathological
aggregates such as NFTs are insoluble in sarkosyl, while their natively folded
counterparts are soluble (Gozal et al., 2009; Guo et al., 2016; Hales et al., 2016). The
converse was observed in the Braak 0O-ll sections where the majority of total tau
remained within the SS fractions and was not evident in the Sl pellet (Fig 3.21c, d).

These data show that the detergent fractionation was successful.
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Figure 3.21. Solubility of CSPalpha and tau is altered in AD.

a) Representative western blots of post-mortem BA9 Braak 0 and Braak VI brains
samples extracted in buffers containing HS, HSTX, SS and SI showing bands for
monomeric CSPalpha (~34kDa) and a total protein stain. b) Bar charts shows
quantification of CSPalpha in each fraction normalised to the HSTX fraction, with a
statistically significant difference in SS fractions between control and AD samples.
Following Shapiro-Wilk’s testing, data was analysed using parametric two-way
ANOVA with repeated measures and with Sidak’s multiple comparison test. Data
shown are mean + SEM. [n=6 cases per group]. * p<0.05. ¢) Representative western
blots of the same Braak 0 and VI brains probed with the PHF-1 and total tau
antibodies (full length monomer is ~50-68 kDa). d) Bar chart shows quantification of
tau in each fraction. Tau accumulates in the Sl fraction in AD but not in control [n=6

cases per group].

3.4.13 Plaque associated CSPalpha accumulations in 5xFAD transgenic
mouse brains

To investigate whether amorphic CSPalpha accumulations are specific to amyloid
deposits, 5XxFAD mice were used. The 5xFAD mouse model harbours FAD-causing
mutations in human APP and PSEN1 genes and progressively develops prominent
pathological features which include AR plaque formation from as early as 3 months
of age, a sharp elevation of AR levels until 4-6 months of age, increased
neuroinflammation, synaptic loss and dysfunction, neuronal loss and cognitive
decline (Oakley et al., 2006). The concomitant features of human AD make the 5xFAD
model attractive for studying the mechanisms underlying disease progression and
more specifically to shed light on synaptic level changes that occur due to the

exclusive development of AB pathology.
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The methods used for mouse work are described in detail in Chapter 2, Section 2.11.
Briefly, expression of mutant transgenes in the mouse colony were detected using
DNA extraction, PCR amplification and agarose gel visualisation (Chapter 2, Section
2.11.1). Once genotyping was confirmed, mouse brains were collected from female
WT and 5xFAD mice at ~ 6 months of age. 30 um thick sections were taken from
cortical and hippocampal regions and were processed for immunofluorescence and

spinning disk confocal microscopy.

After co-labelling with CSPalpha and AB antibodies, sections from both WT and
5xFAD mice were found to exhibit increased neuropil labelling of presynaptic
CSPalpha within the dentate gyrus hillus, infrapyramidal bundle, stratum lucidum and
subiculum of the hippocampus (Figure 3.22a, b). Prominent labelling was apparent
with the AR antibody marking interneuronal APP, abnormal A conformations and AB
pathological structures in 5xFAD brain which were absent in the hippocampus of WT
mice (Figure 3.22a, b). Additionally, AR plaque deposits were evident from as early
as 3 months in 5xFAD brain which were associated with abnormal CSPalpha-positive
structures, suggesting that these CSPalpha accumulations form during the early
development of plagues and before synapse loss first occurs in 5XxFAD mice (Oakley
et al., 2006) (Chapter 6, Fig 6.2). The subiculum region showed the highest density
of AB deposits at this time point, with virtually all the 6E10-positive AR deposits
decorated with clusters of aberrant CSPalpha structures. Spinning disk confocal
microscopy, using a 60x objective lens and 0.9um Z-stack revealed CSPalpha
accumulations at 6 months of age which encircled AB deposits in all three mouse
brains, coinciding with morphological similarities to those found in human AD brain
(Figure 3.22c, 3.24a). No CSPalpha accumulations were found in areas remote from
AB plaques. Visual analysis of different areas in tissue sections from mice aged 3, 9
and 12 months suggested that the number of deposits per plaque may increase with

age and in parallel to the size of plaques, although this data could not be quantified
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as the number of mice were limited to only one per group and regions were not always
comparable (Chapter 6, Fig 2). These findings indicate similarities to a previously
reported study in APP/PS1 mice that showed the presence of morphologically defined
presynaptic dystrophies that correlate to the size of AB plaques and not to age of

mice, yet to be confirmed in human tissue (Sanchez-Varo et al., 2012).

Synaptic dysfunction and loss, characteristic features of human AD, have also been
reported in the 5xFAD mouse model (Oakley et al., 2006). To understand whether
synapse health is affected in the 5xFAD colony, hippocampal sections were co-
labelled with antibodies against CSPalpha and the presynaptic marker proteins
synaptophysin and SNAP-25, which closely reflect the number of functional synapses
and whose loss is an indication of early AD changes (Masliah et al., 2001).
Importantly, 5xFAD hippocampal sections co-labelled with synaptophysin, revealed
synaptic neuropil staining, which colocalised with CSPalpha confirming CSPalpha’s
presynaptic localisation in mouse tissue. Here, in line with the results from post-
mortem human tissues, CSPalpha was found to accumulate in proximity to the halo
of AB plaques (3.22b-e). Additionally, similar to observations with CSPalpha deposits,
synaptophysin-positive accumulations were also found and were localised to Ap
plaques (Fig 3.22d, 3.24b), a result which has been confirmed in 5xFAD mice in
previously published reports as a marker of synaptic remnants and presynaptic
dystrophies (Kandalepas et al., 2013; Li et al., 2013; Gowrishankar et al., 2015;
Sadleir et al., 2016; De Rossi et al., 2019; Smith et al., 2019). Synaptophysin-positive
accumulations however did not localise to all CSPalpha clusters in 5xFAD mice (Fig
3.22d, 3.24b). Interestingly, similar to previous findings from immunohistochemistry
and AT of human tissue, synaptophysin accumulations were observed closer to the

AB plaque centre than CSPalpha which was found more distal from the core. To

confirm the localisation of synaptophysin deposits to AB plaques, positive staining
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was confirmed after co-labelling with Thio-S, a marker for fibrillar AR (Fig 3.23a),

which did not show positivity in a negative control (Fig 3.23b).

Similarly, co-labelling of CSPalpha with SNAP-25, which has been shown to be a
downstream interacting partner, also showed colocalization within the neuropil
confirming the presynaptic localisation of both proteins. Intriguingly, ‘grape-like’
deposits of SNAP-25 also were also found in close proximity to what appears to be
AB deposits in the 5xFAD mice, yet only some of these accumulations colocalised
with deposits of CSPalpha (Fig 3.22c, 3.24c). Negative controls did not show
immunoreactivity for either proteins of interest (Fig 3.24d). This suggests there may
be an altered physiological interaction and structural conformation between
CSPalpha and other synaptic proteins that occurs within the presynaptic terminal, and
accumulations of synaptic proteins found in disease. However, the mechanisms that
lead to such accumulations of synaptic proteins to be deposited in proximity to Ap
plaques are still unclear. Yet these findings do corroborate that the association of
CSPalpha with amyloid deposits is neither a terminal feature of the pathology nor
specific for early stages of pathogenesis, but this leads to speculation of the

involvement of mechanisms of APP dysfunction that result in Ap plaque formation.
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Figure 3.22. AB plaque-associated CSPalpha accumulates with some

presynaptic deposits in 5xFAD mice.

a) Representative low magnification images of hippocampal mossy fibers from female
WT [n=4] and b) 5xFAD transgenic mouse [n=3] brains (~6 months old) co-labelled
with CSPalpha (green) and Ap (red) antibodies. DAPI (blue) was used to stain nuclei.
Magnification 2x. Scale bar 200 um. ¢) Representative higher magnification images
of CSPalpha immunoreactivity in proximity to Ap plaques in 5XxFAD mouse sections.
d) Representative higher magnification images of some but not all CSPalpha
accumulations (green) co-labelling with presynaptic markers synaptophysin (red) and
e) SNAP-25 (red) which surround possible AB plaque cores in 5xFAD brain.
Triangular arrows — Overlapping CSPalpha accumulations, Chevron arrows— Non-
overlapping CSPalpha accumulations and asterisks - plaque core. Magnification 60x.

Scale bar 20 um.
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a

Synaptophysin Thio-S
b

Goat anti-mouse 568 Thio-S

Figure 3.23. Synaptophysin accumulations are localised to fibrillar A deposits

in 5xFAD mice.

Representative images of a hippocampal section from 5xFAD mice, co-labelled for
presynaptic dystrophies using an antibody against synaptophysin (red) which
accumulates and surrounds the AB plaque cores stained with Thio-S (green). b)
Representative images of negative control of a WT hippocampal mouse brain section
probed only with secondary antibodies for alexa-fluor 568 (red), where no background
staining or Thio-S staining is visible. Asterisks’ indicative of plaque core.

Magnification 60x. Scale bar 20 pum.
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Figure 3.24. AP plaque-associated CSPalpha accumulates with some

presynaptic protein deposits in each 5xFAD mouse.

Representative higher magnification images of hippocampal sections taken from
three 5xFAD ~6-month-old female mice. a) Images show CSPalpha immunoreactivity
(green) in proximity to individual 6E10-positive AP plaques (red) which shows some
colocalisation. DAPI stain (blue) was used for nuclei. b) Representative high
magnification images of some but not all CSPalpha accumulations (green) co-
labelling with presynaptic markers synaptophysin (SYP) (red) and ¢) SNAP-25 (red)
in each of the 5xFAD mice. DAPI stain (blue) was used to identify nuclei. Blue
autofluorescence also detected the AP plaque core. d) Representative images of
negative control of a WT hippocampal mouse brain sections probed only with
secondary antibodies for alexa-fluor 488 (green) and alexa-fluor 568 (red), where no
background staining is visible. Asterisks’ indicative of plaque core. Magnification 60x.

Scale bar 20 um.
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3.5 Discussion

The aim of this chapter was to investigate the presynaptic co-chaperone protein,
CSPalpha as a novel pathological marker of presynaptic dysfunction in AD. CSPalpha
was examined by immunoblotting and immunohistochemistry of post-mortem human
BA9 tissue samples. The main findings of this study are that 1) there is a statistical
trend towards reduction of CSPalpha in BA9 at end-stage AD compared to early AD
where levels are protected within remaining synapses, 2) the discovery of novel
abnormal structures of CSPalpha associated with hallmark AB plaque pathology and
some presynaptic dystrophies and 3) verification of amorphous deposits of CSPalpha

within the 5XxFAD mouse, a model of early AB deposition.

In AD, it has previously been hypothesised that a downregulation of CSPalpha protein
in the hippocampus and STG may contribute to early-stage synaptic degeneration
(Tiwari et al., 2015). This is in agreement with mass spectroscopy data suggesting a
reduction in CSPalpha abundance in AD compared to controls (Metaxas et al., 2018).
Due to the crucial role of CSPalpha in synaptic survival (Fernandez-Chacon et al.,
2004), it can be suggested that when CSPalpha is reduced at the synapse, these
synapses become vulnerable to synaptotoxic influences. It has been proposed that
the loss of synapses within the frontal cortex provides the best correlate for cognitive
decline in AD (DeKosky and Scheff, 1990; Terry et al., 1991). Additionally, it is
important to understand the temporal progression of disease and as such BA9 frontal
cortex provides a brain region that is both preserved early on in disease and severely
affected in late stages. Previously published reports of CSPalpha in AD have shown
a change in global levels of CSPalpha in total homogenate fractions (Zhang et al.,
2012; Tiwari et al., 2015) and normalising immunoblotting data with an actin house-
keeping protein (Zhang et al., 2012). This does not however take into account

synaptic or neuronal loss, which is important since CSPalpha is a presynaptically
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localised protein. Here, the aim was to investigate CSPalpha expression by
normalising immunoblotting data to the traditional synaptic marker, synaptophysin (as
shown in (Tiwari et al., 2015)) along with synaptoneurosome fractions to examine
changes that occur within the presynaptic compartment. Interestingly, the results
show that in BA9 AD, CSPalpha is slightly elevated between Braak 0-1l and Braak IlI-
IV and is then reduced in Braak V-VI groups when synaptic degeneration is greatest
(DeKosky and Scheff, 1990; Masliah et al., 1994; Mukaetova-Ladinska et al., 2000).
Similar findings have been reported within this brain region for many other synaptic
proteins including synaptophysin, syntaxin, SNAP-25 and alpha synuclein
(Mukaetova-Ladinska et al., 2000; Head et al., 2009; Schnaider et al., 2012; Sharma
et al., 2012b; Robinson et al., 2014; Kurbatskaya et al., 2016) which could be due to
possible neuritic sprouting and increase in size of presynaptic boutons as a possible
compensatory mechanism in early presynaptic dysfunction within the frontal
cortex (Masliah et al., 1994). The mechanism responsible for the slight transient
increase, shown in many synaptic proteins along with CSPalpha and eventual loss at
end stages is still not fully known. We have however determined that CSPalpha is
lost prior to remaining synapses. This provides greater evidence of CSPalpha being

implicated in the mechanisms leading to presynaptic dysfunction and loss.

The increase in synaptic proteins in moderate Braak stages correlates with an
increase in tau mis-localisation to synapses and the presence of AB, both of which
are known to be synapto-toxic (Bussiére et al., 2003; Giannakopoulos et al., 2003;
Spires-Jones and Hyman, 2014; Guerrero-Mufioz et al., 2015). A possible elevation
in CSPalpha however is not as definitive as other synaptic proteins (Kurbatskaya et
al., 2016). This may be due to grouping of samples from different Braak stages within
this study which may reduce the overall effect, unlike other studies which look at

changes within individual Braak stages (Kurbatskaya et al., 2016). Furthermore, this
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study did not take into account a specific cortical layer analysis where subtle laminar
changes can affect synaptic protein levels (Poirel et al., 2018). Even so, the possible
consequence of elevated CSPalpha, may be a compensatory mechanism to protect
synapses and to remove unwanted material from the presynaptic terminal. This is in
line with previous reports of CSPalpha indirectly interacting with misfolded pathogenic
proteins such as tau and being involved in the release of misfolded proteins from the
synapse (Fontaine et al., 2016; Deng et al., 2017). Interestingly, CSPalpha along with
other synaptic proteins, synaptophysin and synapsin-1 were lost from cortical
neurons after treatment with AB containing frontal cortex AD brain extracts, a result
that was confirmed when no effect was detected using Ap-depleted brain extracts
(Bate and Williams, 2018). It is hence plausible that increasing amounts of CSPalpha
may well be indicative of synaptic survival to eradicate the earliest forms of toxicity,
after which the burden of misfolded aggregates overwhelms the synaptic machinery
and hence CSPalpha is lost. This is further supported by the fact that Ap plaques and
NFT burden is increased after Braak stage IV, and so increases in synaptic proteins
precede the build-up of toxic aggregates (Mukaetova-Ladinska et al., 2000). Not only
does this make CSPalpha an attractive target of interest when investigating the
synapse, it opens the possibility of whether CSPalpha may in fact be a better marker
of synaptic degeneration compared to traditional markers. Not only this, it is yet to be
elucidated as to whether remaining synapses and the type of synapse (glutamatergic
or GABAergic) are a clear representation of functionally viable cells. Further
investigation is required to examine the relationship between CSPalpha, tau and A
as CSPalpha is elevated in the cerebellum, a region where minimal AD pathology is

present (Sjobeck and Englund, 2001; Tiwari et al., 2015).

It is however important to note the interpatient-variability observed in CSPalpha

protein levels as well as normalisation to synaptophysin used as loading controls that
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may have confounded the overall results. This may be due to individual differences
in synaptophysin protein expression, possible comorbidities in pathological
differences between brains contributing to overall synaptic changes, differential
expression of synaptophysin expressed in BA9 and protein degradation due to PMD.
Loading of samples was not considered to have an impact as any discrepancy was
overcome by using a BCA assay to determine protein concentration. However, in
order to improve single protein loading control differences, the preferred method
would require normalisation using total protein analysis as an alternative, highly
sensitive and accurate technique. This further highlights the importance of careful and
consistent tissue sampling and analysis using quantitative immunoblotting of post-
mortem human tissues. Further discrepancies may have occurred due to
contamination and/or capture of different amounts of pre- and post- synaptic
compartments in the synaptoneurosome preparation, which can be overcome by
alternatively preparing synaptosomes, a method that captures the presynaptic
terminal and is largely depleted of functional neuronal and glial cell body elements

(Jhou and Tai, 2017).

The next aim was to understand the distribution and localisation of CSPalpha in BA9,
which has not previously been investigated in the AD brain. The results yielded a
novel finding of aggregate-like accumulations of CSPalpha in AD. These CSPalpha
protein deposits are localised either intra- or extracellular in proximity to neuritic cored
and diffuse AB plaques, and some synaptic tau and SMI312 positive accumulations
surrounding plaques (Shankar et al., 2008; Spires-Jones and Hyman, 2014; Sadleir
et al., 2016). These putative aggregates are evident in different regions of AD brain
including BA9, the hippocampus and cerebellum and are phosphorylated at Ser10.
Interestingly, some of these accumulations are localised with synaptophysin and

SNAP-25-positive presynaptic dystrophies that are found <10 um from the AB plaque
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core unlike CSPalpha only accumulations found further between 10-20 um as shown

by AT.

There are still several unanswered questions that require further investigation such
as how these accumulations of CSPalpha form, what are their functional
consequences and whether this is an AD specific phenomenon. CSPalpha has been
known to intrinsically self-associate as shown in vitro using purified CSPalpha
(Swayne et al., 2003). It is yet unknown whether CSPalpha behaves in a similar way
in vivo. CSPalpha aggregation has been identified in a rare neurodegenerative
disease, ANCL, caused by missense mutations in the DNAJC5 gene. In ANCL,
mutant CSPalpha proteins accumulate and mislocalise intracellularly compared to
WT proteins (Noskova et al., 2011). Mutations may lead to a mistargeting of
CSPalpha and cause the formation of high molecular weight SDS-resistant
aggregates. Additionally, CSPalpha is also reportedly lost from synaptosomes in the
CLNS5 form of the disease (Amorim et al., 2015). Mutated CSPalpha aggregates are
found to be membrane-bound and palmitoylated in post-mortem patient tissue
suggesting a possible link between palmitoylation and aggregate formation (Greaves
et al., 2012). In comparison to these findings, sarkosyl-soluble monomeric CSPalpha
protein was identified, suggesting an altered solubility in AD brain compared to
controls. Unlike previous reports, high molecular weight species of CSPalpha were
not found, possibly due to different experimental conditions which resulted in proteins
lost in pellets deposited by ultracentrifugation, use of only SDS soluble fractions
whereby high molecular weight CSPalpha protein may have been retained in the
insoluble or pellet fractions, use of SDS gels instead of native immunoblotting gels
that would aim to retain full-length CSPalpha but also that CSPalpha in ANCL may
have a different conformational change in comparison to AD, where there is no known
genetic link. Interestingly, CSPalpha accumulations have been identified within a

neuronal model of HD (pathogenic polyQ-Huntingtin mutation (HTT128Q)), which
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reported CSPalpha blockages containing Rab4 and Huntingtin protein causing axonal

transport disruption and synaptic defects in vivo (White et al., 2020).

To understand why co-chaperones like CSPalpha might aggregate especially in
disease, several groups have studied the behaviour of similar chaperone proteins in
the context of pathological insults. Extracellular chaperones such as small Hsps
which include Hsp27 and alpha crystallin B (Jimenez-Sanchez et al., 2015) have been
reported to become sequestered within larger aggregates of toxic proteins and may
confer a defensive response to prevent amyloid aggregation or deposition and
synaptotoxicity (Shinohara et al., 1993). Similarly, Hsp40 and Hsp70, interacting
proteins of CSPalpha, have been shown to inhibit the self-assembly of poly-glutamine
proteins into amyloid like fibrils in vitro, and can bind to APP which can reduce AR
secretions (Muchowski et al., 2000; Evans et al., 2006; Mannini and Chiti, 2017).
DNAJB6, a chaperone part of the DNAJ protein family efficiently inhibits amyloid
formation in vitro, and even more so the ABa. toxic peptide implicated in AD (Mansson
et al., 2014). Similar to possible neuroprotective effects of CSPalpha at the synapse
(Fernandez-Chacon et al., 2004), Hsp70 treatment in 5xFAD mice was found to
reduce AP plaque accumulation and presented with a reduced loss of spatial memory
(Bobkova et al., 2014). These data support the notion that molecular chaperones can
inhibit the toxicity of proteinaceous aggregates both intra- and extracellularly
(Takeuchi et al., 2015; Lazarev et al., 2017). Therefore, it is reasonable to speculate
that CSPalpha accumulation may be a previously uncharacterised protective
mechanism that acts to prevent further damage to synapses in AD, both intra- and/or

extracellularly.

Recently, published evidence has implicated chaperones including CSPalpha in the
export of misfolded proteins. The accumulation of misfolded toxic proteins is

detrimental to synaptic function in several neurodegenerative diseases, including AD
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(Kim et al., 2013). Fontaine and colleagues (2016) demonstrated that increasing
CSPalpha expression promoted the secretion of misfolded proteins such as SNAP-
23-dependent tau release from endo-lysosomes into the extracellular space from
cultured rodent cortical neurons and brain slices (Fontaine et al., 2016). It is possible
that some presynaptic CSPalpha deposits colocalise with hyperphosphorylated tau
as shown by the human tissue findings, however most CSPalpha protein may be
structurally modified and so does not fully associate with tau. This is supported by
previously analysis in htau mutant mice whereby CSPalpha is upregulated when no
neuronal loss is observed (Tiwari et al., 2015). Other neurodegenerative disease
associated proteins such as TDP-43 and alpha-synuclein are similarly released by
CSPalpha-dependent mechanisms (Fontaine et al., 2016). Surprisingly, it has been
shown that CSPalpha can also be co-secreted along with these misfolded proteins
via an unconventional protein secretion pathway that can also include other
endogenous chaperones such as DnaJB1, DnaJB11 and DnaJA1 (Deng et al.,
2017; Lee et al., 2018; Pink et al.,, 2018; Xu et al., 2018; Ye, 2018) These
mechanisms although operating physiologically, may be exacerbated in disease
states, and understanding the mechanisms that lead to CSPalpha release, may
elude to the possible formation of extracellular CSPalpha structures, important for

elucidating the early stages of synaptic dysfunction.

The final aim investigated the mechanistic underpinnings of the formation of
CSPalpha accumulations using the 5xFAD mouse model of AB plaque
development (Oakley et al., 2006). Here, CSPalpha accumulations were identified
in proximity to AB plaques which increased in size and number from 3 to 12 months
of age and colocalised with other presynaptic proteins. Overall, these mouse model
findings show for the first time, supported by human post-mortem AD data that

CSPalpha deposits are present in a portion of dying swollen presynaptic terminals,
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and possibly the accumulation of vesicle bodies or extracellular synaptic remnants
that surround newly forming AP plaques. Greater numbers of CSPalpha
accumulations were observed, which do not fully colocalise with other presynaptic
terminal dystrophy markers such as synaptophysin and SNAP-25, making CSPalpha
a better neuropathological marker for examining synaptic dysfunction and loss in

diseases in which APP is misprocessed.

It must still be noted that although these experiments provide convincing evidence of
similar findings to the human condition, the 5xFAD mouse model is an aggressive
system which shows only local AB toxicity on synapses without any contribution of
NFTs and so does not truly reflect the development and progression of AD in humans.
As it was not possible to acquire mice earlier than 3 months of age, or when Ap plaque
deposition first commences, it is difficult to determine the complete sequence of
events that ultimately lead to the accumulation of CSPalpha. Additionally, unlike
more sporadic forms of AD, the 5xFAD model is based on EOAD due to genetic
mutations which only account for a small proportion of human AD cases and may not
reflect the global population. Additionally, sex is a possible biological variable as all
5xFAD mice used in this study were females which develop a harsher phenotype and
so the results may not be fully representative of 5xFAD mice as a whole (Jankowsky
and Zheng, 2017). A better more ‘humanised’ model is the use of APP knock-in mice
generated by a three amino acid change (G676R, F681Y, and H684R) and
introduction of two FAD mutations (KM670/671NL and 1716F) into the endogenous
mouse App gene (Saito et al., 2014). This model is advantageous compared to the
5xFAD as it demonstrates elevated AB and cortical AR deposition in the context of
WT levels of APP (Saito et al., 2014). Interestingly, 6-month-old App knock-in mice

NL-F/NL-F )

(App present with impaired cortical CSPalpha protein turnover, suggesting

224



that CSPalpha protein alterations are already observable within this mouse model

(Hark et al., 2021).

These findings do however corroborate that the association of CSPalpha with AB
deposits is neither a terminal feature of the disease nor specific for early stages of
pathogenesis but may be involved in the mechanisms of APP dysfunction that cause
AB plaque formation. However, the mechanisms by which CSPalpha is deposited,
either within presynaptic dystrophies, vesicular bodies or extracellular to the synapse

remains to be elucidated.

What is most interesting is that not only CSPalpha accumulates, but other synaptic
proteins also form clusters in disease tissue. The cellular and molecular mechanisms
that lead to these presynaptic proteins accumulating at different distances in the
periphery of amyloid deposits are however still unclear, a phenomenon that was
confirmed in findings using multiple techniques to study both post-mortem human
tissue and 5xFAD mice. These abnormal, irregularly shaped structures are reported
to be dystrophic neurites which consist of common synaptic proteins (synaptophysin,
SNAP-25, syntaxin, VGLUT-1, vesicular inhibitory amino acid transporter and now
CSPalpha) and APP, yet lack in dendritic proteins, microtubule-associated protein 2
and B-tubulin immunoreactivity (Boutajangout et al., 2004; Sanchez-Varo et al., 2012;
Kandalepas et al., 2013; Trujillo-Estrada et al., 2014; Sadleir et al., 2016; Ovsepian
et al., 2019) which strongly suggests the presynaptic nature of these pathological
structures. This suggests that at least some of the swollen structures that are
classically in close contact with AB plaques in AD tissue and are likely to be
morphologically disrupted presynaptic terminals. Similarly, CSPalpha accumulation
positivity was also identified in scattered swollen WM axons identified in BA9 human
tissue. It has been noted that not only presynaptic proteins but also cytosolic proteins

such as BIN-1, Hsp70/90, Dynamin-1, clathrin heavy chain 1, phosphoglycerate
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kinase 1, and 14-3-3 protein and lysosomal proteins such as lysosomal-associated
membrane protein 1 (LAMP-1) (Chapter 6, Fig 6.3) and cathepsin D accumulate
either within AB plaques or in adjacent dystrophic neurites (Liao et al., 2004; Condello
et al., 2011; Gowrishankar et al., 2015; Sadleir et al., 2016; De Rossi et al., 2019).
These dystrophic neurites form by disruption to anterograde axonal transport
mechanisms by AB and tau, leading to organelle accumulation, cytoskeletal
disruption, synaptic protein accumulation and eventual ‘dying back’ of axon

degeneration (Adalbert et al., 2009; De Rossi et al., 2019; Hark et al., 2021).

Liao and colleagues (2004) investigated two AD brains by laser capture
microdissection and reported 26 proteins enriched in AR plaques, yet CSPalpha
protein was not identified (Liao et al., 2004). Consistent with other published reports,
these terminals are remnants of damaged and dysfunctional synapses that become
encompassed within vesicular membranes (Brion et al., 1991; Masliah et al., 1991,
1993; Zhao et al., 2007; Sanchez-Varo et al., 2012). Interestingly, CSPalpha protein
has been shown to co-localise with lysosomal proteins, suggesting a mislocalisation
into endosomal compartments such as vesicular bodies of axonal dystrophies where
these proteins can form multiprotein molecular complexes (Benitez et al., 2015;
Benitez and Sands, 2017; Sambri et al., 2017; Lee et al., 2018; Xu et al., 2018; Imler
et al., 2019; Mukherjee et al., 2019). Further identification of complexed proteins is
required to corroborate this possible mechanism as to whether or not AB deposition
is a prerequisite for the development of such membranous structures or a by-product

of a consequence of neuronal degeneration.

A limitation to these set of results from both post-mortem human and 5xFAD tissues

however is the use of relevant markers to detect presynaptic dystrophies.

Synaptophysin and SNAP-25 have been well characterised in their presence within
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dystrophic neurites, but may not be sensitive enough, and certainly not captured
within each dystrophy. APP and BACE1 have been reported to be localised within
dystrophic neurites and axons that surround AR plaques, observed at the earliest
stages of plaque formation making them more relevant markers of axonal dystrophy
and may provide more information on the levels of AB production and abnormal
processing (Kandalepas et al., 2013; Gowrishankar et al., 2015). Furthermore, it is
widely known that there is no single synaptotoxic species of AB, but instead multiple
conformers may play a more significant role, including the more toxic oligomeric A
(Pickett et al., 2016). It is however unclear from the present findings as to the species
of AB associated with presynaptic terminals and localised with CSPalpha
accumulations. The 6E10 clone antibody used in this study recognises 1-16 amino
acids of the A peptide along with APP which may not provide enough information on
AB species, toxicity or biophysical structure. Use of AR antibodies that recognise
different confirmations such as monomeric, fibrillar and oligomeric A may be of more
value. These can include use of monomeric A4 and A4z antibodies, targeting the
more relevant amyloidogenic structure of the AB peptide (McDonald et al., 2012),
NAB-61 which recognizes oligomeric and fibrillar AB (Lee et al., 2006) and OC, a
conformation-specific antibody that can detect oligomeric AR arranged in parallel 3

sheets (Kayed et al., 2007; Wu et al., 2010b).

To the current knowledge, this is believed to be the first discovery of possible
aggregates of CSPalpha, a potential novel pathological hallmark in AD. Taken
together, these data suggest that CSPalpha is not only a more sensitive marker for
synaptic loss and/or early presynaptic dysfunction compared to traditional synaptic
markers in AD, but may be used as a pathological marker for early abnormal synaptic
changes. This research has contributed a novel concept into the mechanistic changes
underlying synaptic degeneration in AD and so it is plausible that CSPalpha, a co-

chaperone with known protective functions, may be useful as a biomarker to provide
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novel insights in synapse health and disease. Not only this, it would now be interesting
to investigate whether this change is AD specific or is common to the

neurodegenerative disease spectrum.
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Chapter 4: CSPalpha in Other
Neurodegenerative Diseases

4.1 Introduction

The role of synaptic proteins, especially the effects of their progressive loss, has been
the subject of increasing interest since the relationship between synaptic loss in AD
was first established (Davies et al., 1987). Synaptic dysfunction is a common feature
across several neurodegenerative diseases, and contributes to, as opposed to a
downstream effect, of neuronal loss (Wishart et al., 2006). However, little attention
has been devoted to the role of synapse loss in other forms of dementia which have
overlapping pathology, clinical diagnosis and symptoms. It has been suggested the
early event of synaptic loss that occurs across several neurodegenerative diseases
may well have a common molecular mechanism of pathogenesis directed at the
synapse (Wishart et al., 2006). Despite the clinical and pathological differences
between different dementias, distinguishing between them remains a significant
challenge. There is currently no suitable biomarker with sufficient sensitivity to either
stratify or differentiate patients across the dementia spectrum. Hence, investigations
into the explanations of synaptic decline across the neurodegenerative disease
spectrum may offer an insight into a universal mechanism in the pathogenesis of

these diseases.

In line with this, this PhD study has focussed its research to explore the expression
changes of CSPalpha protein, a vital presynaptic protein involved in the modulation
of presynaptic terminal stability and/or severe degeneration (Fernandez-Chacén et
al., 2004; Wishart et al., 2012; Gillingwater and Wishart, 2013; Amorim et al., 2015)
A mechanistic understanding of the role of CSPalpha protein has only been explored

in some neurodegenerative diseases, namely AD, HD, PD, ANCL and spino-
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cerebellar ataxia (Miller et al., 2003; Noskova et al., 2011; Wishart et al., 2012; Tiwari
et al., 2015; Shirafuji et al., 2018; Calé et al., 2020). However, to the current date,
there have been no known studies investigating the expression profile of CSPalpha
protein across different dementias, where synapse loss may contribute to the
pathogenesis of disease. Hence, it is important to understand the role CSPalpha may

have across diseases in comparison to previous findings in AD.

4.1.1 Mixed Dementia

AD is a heterogenous disease with various pathological subtypes that can influence
the clinical presentation and underlying biological mechanisms. Cerebrovascular
pathologies are known to increase risk of AD and other dementias, suggesting that
the pathological mechanisms of vascular disturbances can contribute to disease
progression (Snyder et al., 2015). Cerebral amyloid angiopathy (CAA) is highly
associated with AB peptide accumulation and other amyloid species, not only
deposited as plaques in brain parenchyma but also in cerebral blood vessels, and is
one of the most prevalent pathologies associated with AD, affecting an estimated 70-
97% of individuals (Attems, 2005; Cisternas et al., 2019). CAA amyloid deposits are
enriched in AB4o (in comparison to parenchymal deposits enriched in AB42) and can
impair blood flow and produce small infarcts that can affect arteries, arterioles and
capillaries of the cerebral cortices and leptomeningeal vessels (Perl, 2010; Serrano-
Pozo et al.,, 2011). Non-AB CAA types also exist which include Familial British
dementia (FBD) and Familial Danish dementia (FDD), identifiable by mutation of
integral membrane protein 2B (BRI2) which can lead to the accumulation of ABri or
ADan amyloid, respectively (Garringer et al., 2010). The risk of such cardiovascular
changes is also evident in, VaD, which results from temporally and topographically
dispersed ischaemic brain injuries, and is the second most common cause of
dementia after AD, accounting for approximately 20% of dementia cases (O’Brien et

al., 2003; Jellinger, 2007; Clare et al., 2010; ladecola, 2010; O’'Brien and Thomas,
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2015; Wolters and Arfan lkram, 2019). Synapse loss, the best biological correlate of
dementia in AD, has been little studied in cases of mixed dementia with CAA and
VaD. A loss of synaptic proteins has been reported in the temporal region of VaD
brain (Clare et al., 2010; Sinclair et al., 2015). Furthermore, two studies on various
subsets of VaD have found a similar reduction in the presynaptic marker protein
synaptophysin compared to that found in AD (Zhan et al., 1993, 1994). More aligned
with CAA pathology, genes related to GABAergic synapse pathways are enriched in
CAA brains compared to healthy controls (Cisternas et al., 2020). In addition,
colocalization between GABAergic synaptic markers and vascular amyloid was
shown in a case of AB—CAA (Vidal et al., 2000; Cisternas et al., 2020). This makes
amyloid angiopathy an important vascular contributor to AD and cognitive decline and
hence requires further investigation into its contribution at the molecular level to

synaptic changes.

4.1.2 Frontotemporal Lobar Dementia

Fronto-temporal lobar dementia (FTLD) is a heterogeneous disease which affects
over 47.5 million people worldwide (Young et al., 2018). FTLD is neuropathologically
characterised by conditions that can affect the temporal, frontal cortical and also
cerebellar regions of the brain (Al-Sarraj et al., 2011; Tiwari et al., 2015; Johnen and
Bertoux, 2019). There are three clinical types of FTLD which include behavioural
variant FTD, progressive non-fluent aphasia and semantic variant primary
progressive aphasia (Johnen and Bertoux, 2019). These variants of FTLD can also
clinically overlap with amyotrophic lateral sclerosis (Lomen-Hoerth et al., 2002). FTLD
can be classified according to the type of abnormal neuronal and glial proteinaceous
inclusions present and their distribution across the brain (Broe et al., 2003; Josephs
et al.,, 2011) The three main types of proteins associated with FTLD include: tau
positive inclusions also known as FTLD-TAU, fused in sarcoma protein (FUS) in

FTLD-FUS (Hutton et al., 1998; Neumann et al., 2006) and insoluble inclusions of
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TDP-43 in FTLD-TDP (Forman et al., 2006) which represents ~ 50 % of cases (Arai
et al., 2006; Neumann et al., 2006; Kwong et al., 2007; Bahia et al., 2013). Cortical
TDP-43 pathology is morphologically classified to types A, B, C, and D (Mackenzie
et al., 2011). It is currently very difficult to diagnose patients with FTLD without use of
a correct clinical criterion. There have been only a few studies in FTLD brains that
display a specific pattern of synaptic loss (Liu and Brum, 1996; Mackenzie et al.,
2009). This was first reported by Brun and colleagues (1995) who found reduced
synaptic density in the frontal lobe of FTLD brains (Brun et al., 1995). They later found
a significant loss of synapses in the prefrontal cortex compared to healthy controls
and similar expression levels comparable to those found in AD (Liu and Brum, 1996;
Liu et al., 1999). This loss however is not apparent in other regions such as the
parietal, inferior temporal and posterior cingulate regions (Liu and Brum, 1996). This
has been supported by the reduction of several functional synaptic proteins which
include Rab3A (vesicle recycling), synaptotagmin (calcium sensor), synapsin-I
(vesicle docking and recycling), SNAP-25 (vesicle docking), syntaxin-l (vesicle
docking) in the upper layers of FTLD frontal cortex and VGLUT- 1 (glutamate
transporter) in caudate head and putamen (Ferrer, 1999; Clare et al., 2010; Riku et

al., 2017).

4.1.3 Dementia with Lewy Bodies

Dementia with Lewy bodies (DLB) is the third most common form of dementia which
affects over 7.5% of dementia sufferers (Walker et al., 2015). DLB occurs prior to
Parkinsonism motor symptoms with pathologies that include intracellular
accumulations of Lewy bodies that are misfolded deposits of alpha synuclein, a
presynaptic chaperone protein (Braak et al., 2003). Core characteristics of DLB
include progressive cognitive impairment, visual hallucinations, loss of executive
function and Parkinson’s-like extrapyramidal motor features which occur much later

during disease progression (Outeiro et al., 2019). Lewy bodies are mainly localised
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to the temporal lobe, cerebral cortex and substantia nigra brain regions (Outeiro et
al., 2019). DLB pathology is commonly found with additional pathologies such as AD
related NFTs and AB plaques as well as FTLD associated TDP-43 (Jellinger and
Attems, 2007; Jellinger et al., 2007; Nakashima-Yasuda et al., 2007; Kovacs et al.,
2008, 2013; Arai et al., 2009; Dugger et al., 2014; Howlett et al., 2015; McAleese et
al., 2017). Interestingly, much less in known about the synaptic pathology in DLB, due
to conflicting results in the literature. Synaptic density in DLB brains has been
reported to be unchanged in comparison to levels in healthy controls (Samuel et al.,
1997). Another study suggested that small alpha synuclein aggregates may affect
dendritic spines, and showed a 50% marked reduction of the presynaptic markers
alpha synuclein and syntaxin (Kramer and Schulz-Schaeffer, 2007; Revuelta et al.,
2008). Similarly, presynaptic markers SNAP-25 and Rab3A were also altered in DLB
cases correlating to the rate of cognitive decline (Bereczki et al., 2016; Henstridge et
al., 2016). However, a study by Revuelta and colleagues (2008) found no association
between Lewy body density and synaptophysin loss in DLB hippocampus (Revuelta

et al., 2008).

Using CSPalpha as a primary outcome measure, it can be hypothesised that:

- A loss of CSPalpha expression results in synaptic dysfunction in other

dementias, where synaptic dysfunction is also evident.

- Having discovered novel plague-associated accumulation of CSPalpha in AD,

these deposits may be present in other neurodegenerative diseases that are

pathologically diagnosed with mixed AD pathologies, including AR deposition.
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4.2 Aims

To investigate these hypotheses, the following objectives were formulated:

1) To examine post-mortem brain tissues of other dementias which include AD, mixed
dementia, FTLD and DLB by performing a case-control study to analyse CSPalpha

amounts within these neurodegenerative dementias.

2) To investigate whether CSPalpha accumulations are specific to amyloid deposition
in AD or whether this is a more generalised phenomenon present in other

neurodegenerative diseases.

3) Investigate the localisation of CSPalpha in ANCL, a lysosomal storage order linked

to dementia that is directly caused by mutations in the DNAJCS gene.

4.3 Methods

The methods and materials used in this chapter are described fully in Chapter 2,
Sections 2.4.3 and 2.6.1.2. Briefly, human brain tissue was homogenised by N.
Meeson according to the protocol as described. Homogenates were run on 4-15%
precast gels for western blotting and were immunoblotted with antibodies against
housekeeping proteins NSE and synaptophysin to allow normalisation of sample
concentrations according to neuronal and synaptic proteins, respectively. Five
separate groups of post-mortem hippocampal brain samples were obtained from the
London Neurodegenerative Diseases Brain bank for these studies which include: 1)
Control (Braak 0-I1) [n=8], 2) AD Braak stage VI [n=8], 3) mixed dementia Braak stage
VI [n=8], 4) FTLD (TDP-43 Type A-C) [n=8] and 5) DLB [n=8] (Chapter 2, Section 2.3,
Table 2.5). Tissues from the hippocampus were chosen for this study as this region

has reduced synaptic proteins in AD and has been shown to be affected in other
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dementias, either early or in late stages. Western blot data was tested for normality
using Shapiro Wilks test, and statistically analysed using two-tailed independent t-
tests. All data points have been presented with the exclusion of outliers calculated as
outside two standard deviations away from the mean. Bar graphs show mean %

S.E.M.

From the same brains, a subset of cases [n=5] from the temporal cortex were
obtained from the MRC London Neurodegenerative Diseases Brain Bank. It was not
possible to obtain hippocampal sections from all samples due to the relative scarcity
of these tissues. Where possible, the hippocampal tissues and temporal cortex
sections were obtained from the same case. A further group of brain sections from
the temporal cortex were obtained which include: PiD [n=2] and PSP [n=2] (Chapter
2, Section 2.3, Table 2.5). Briefly, 7 ym thick paraffin-embedded tissue sections were
immunolabelled with antibodies against CSPalpha and either AB and/ or
hyperphosphorylated tau to detect neuropathological hallmarks. Additionally, tissue
sections from a patient with ANCL were obtained from the Oxford Brain bank and
immunolabelled using the same techniques (Chapter 2, Section 2.3, Table 2.6).

Slides were imaged using a Nikon Eclipse Ti-E 3 inverted microscope.

4.3.1 Demographical characteristics of post-mortem human tissue samples

Age, sex and PMD were quantified to determine whether they might have an effect
on the data generated in this part of the study (Table 4.1). Following D'Agostino &
Pearson testing, data was analysed using Kruskal-Wallis test which showed a
nonsignificant trend towards a difference between control and other dementia groups
for age (H(5) = 8.305, p = 0.0810) and no significant differences for PMD (H(5) =
1.939, p = 0.747). It should be noted however, that for some cases, PMD case details

were not available and excluded from analysis which may have affected different
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groups and overall differences observed. Chi-squared testing showed no statistically

significant sex differences between the groups (x> = 1.458, p = 0.834). These

parameters are therefore not likely to influence the results observed in this study.

Variations in age may have an overall effect on the outcome of the results.

Table 4.1. Summary of other neurodegenerative disease cases and controls

used in the BA9 study.

Table shows the number of cases of each disease group, the % of female cases,

average age at death and PMD (mean + SEM). *Some PMD details were missing

from disease type.

Control
AD
Mixed Dementia
FTD
DLB

o 00 00 0o 0o

75
50
62.5
62.5
50

75.9+35
79.8+238
86.9+2.3
75.8+3.3
771+£32

46174
49176
39.6 + 11.6%
48.1+7.8
31.0+6.7*
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4.4 Results

4.4.1 CSPalpha expression is downregulated in AD hippocampus

The hippocampal brain region is primarily and severely affected in AD (Braak and
Braak, 1991) and is characterised by synaptic loss which precedes neuronal loss.
Tiwari and colleagues (2015) have previously shown that in mild-stage and severe-
stage AD, CSPalpha expression is significantly reduced in forebrain areas including
the hippocampus (Tiwari et al., 2015). To independently replicate these findings, the
levels of CSPalpha were compared in a distinct set of hippocampal lysates prepared
from post-mortem severe AD (Braak stage VI) and controls by western blot analysis.
Brains were age-matched and obtained with the lowest possible PMD from the

London Neurodegenerative Diseases brain bank.

CSPalpha protein was identified at ~35 kDa and amounts of CSPalpha were
normalised to that of the neuronal housekeeping marker, NSE (47 kDa) (Fig 4.1a).
NSE is an enzyme constitutively expressed in neurons and can be used to control for
neuron loss in AD (Haque et al., 2018). CSPalpha protein expression was also
compared to that of the presynaptic vesicle-specific protein synaptophysin (38 kDa),
a commonly used marker for synaptic content (Wiedenmann and Franke, 1985), to
allow quantification of CSPalpha amounts as a proportion of remaining synapses (Fig.
4.1a). A doublet of bands was observed for CSPalpha, which likely reflects
posttranslational modifications of CSPalpha such as palmitoylation (Greaves et al.,
2008) and so total CSPalpha amounts (upper and lower bands) were used in the

analysis.
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Quantification of immunoblot data showed a statistically significant reduction in
CSPalpha amounts in the hippocampus of severe AD brains (0.19 + 0.04) compared
to controls (1.00 £ 0.21) when normalised to NSE (t=3.818, p=0.0019 (Fig 4.1b)) and
a significant reduction of CSPalpha relative to synaptophysin in AD (0.19 + 0.06)
compared to controls (1.00 + 0.16) (t=3.843, p=0.0018 (Fig 4.1c)). Synaptophysin
levels were found to be reduced in AD brain when normalised to NSE (AD (0.55 +
0.03) and control (1.00 = 0.19) (t=4.521, p=0.0005 (Fig 4.1d)). This suggests that
synapses are lost in remaining neurons in AD, as previously shown (Tiwari et al.,
2015). These findings of CSPalpha protein level reductions in AD brain confirms that
CSPalpha loss is not only due to neuronal or synapse loss, hence making it a suitable
neuropathological marker for early changes in synaptic dysfunction that precede

synapse loss in AD.

The upper band of CSPalpha is postulated to represent a palmitoylated form of the
protein with this modification assisting in the attachment of CSPalpha to hydrophobic
membranes including synaptic vesicles (Greaves et al., 2012). The percentage of
palmitoylated CSPalpha protein (upper band) was compared to total CSPalpha
(upper band + lower band) to determine whether in AD hippocampus, the levels of
this protein modification are altered. It was found that almost half of CSPalpha protein
in both control and AD brain was palmitoylated, however there were no observable
differences in the amounts of CSPalpha palmitoylation between control (58.08 + 4.95)
and severe AD brain (57.27 + 2.80) (t=0.1429, p=0.888 (Fig 4.1e). This suggests that

in late-stage AD, CSPalpha is likely to be both palmitoylated and not palmitoylated.
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Figure 4.1. CSPalpha protein expression is reduced in AD hippocampus.

a) Western blots showing protein expression of CSPalpha (~35 kDa), NSE (47 kDa)
and synaptophysin (38 kDa) in control (CON) (Braak 0-11) and AD (Braak VI) post-
mortem hippocampal brain. Bar charts show relative levels (arbitrary units (A.U.)) of
CSPalpha when normalised to b) the neuronal marker protein NSE and c) the
synaptic marker protein synaptophysin, d) synaptophysin amounts relative to NSE.
Following D’Agostino and Pearson normality testing, data were analysed using a two-
tailed independent t-test. Data are expressed as fold change of control. e) percentage
palmitoylated CSPalpha (upper band) compared to total CSPalpha levels (upper and
lower bands). Data shown is mean + S.E.M. [n =8 cases per group]. ** p<0.001,

***<0.0001.
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4.4.2 CSPalpha expression is unaltered in mixed dementia

It is conceivable that CSPalpha protein expression may be also be reduced in cases
of mixed dementia, similar to findings observed in AD hippocampus where synaptic
loss is also apparent. Hence, CSPalpha expression in post-mortem hippocampal
samples from cases with a pathological diagnosis of mixed dementia with amyloid
angiopathy either as primary or secondary neuropathological diagnosis in comparison
to the same control subjects were investigated. Immunoblotting results show a
commonly found double band of CSPalpha at ~ 35 kDa. Bands were measured as
total protein intensity of upper and lower bands and normalised to NSE and
synaptophysin marker proteins (Fig 4.2a), as described above. There were no
statistically significant changes in mixed dementia relative to controls in CSPalpha
expression when normalised to NSE (mixed dementia (0.51 + 0.19) and control (1.00
+0.21) (U= 15, p=0.152 (Fig 4.2b)) or synaptophysin (mixed dementia (0.63 + 0.11)
and control (1.00 £ 0.19) (t= 1.595, p = 0.135 (Fig 4.2c)). However, the mean levels
of CSPalpha appeared higher in controls than in mixed dementia, but this was not
significant possibly due to the variability between samples. Synaptophysin levels
were unchanged when normalised to NSE (mixed dementia (0.81 £ 0.14) and control
(1.00 + 0.04) (t= 1.248, p= 0.232 (Fig. 4.2c). This data shows that CSPalpha,
although statistically unaltered, may be lost in hippocampus of mixed dementia
brains, a region in which no loss of the presynaptic protein synaptophysin was

detected.
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Figure 4.2. CSPalpha expression is unchanged in mixed dementia.

a) Western blots showing protein expression of CSPalpha, NSE and synaptophysin
in control and mixed dementia (MD) post-mortem hippocampal brains. b) Bar chart
show levels of CSPalpha were unchanged when normalised to NSE. Following
D’Agostino and Pearson normality testing, data were analysed using non-parametric
two-tailed Mann Whitney U test. c) Levels of CSPalpha were unchanged when
normalised to synaptophysin. d) Levels of synaptophysin were unaltered in mixed
dementia hippocampus when normalised to NSE. Following D’Agostino and Pearson
normality testing, data were analysed using a parametric two-tailed independent t-
test. Data are expressed as fold change of control. Data shown is mean £ S.E.M. [n

= 8 cases per group].
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4.4.3 CSPalpha expression is reduced in FTLD

FTLD is a distinct form of dementia affecting the frontotemporal region, which
includes the hippocampus, and is also characterised by neurodegeneration. Here,
CSPalpha expression changes were examined by comparing post-mortem samples
from patients with a pathological diagnosis of FTLD-TDP (Subtypes A-C) with control
subjects. CSPalpha was significantly reduced in the hippocampus of FTLD brains
(0.21 £ 0.04) and relative to controls (1.00 £ 0.19) following normalisation of protein
amounts to NSE (t=3.742, p = 0.0025 (Fig 4.3a-b)) and to synaptophysin (FTLD (0.26
+ 0.01) and control (1.00 £ 0.17)) (t= 4.037, p= 0.0014 (Fig 4.3a, c)). This result
suggests that in cases of FTLD, CSPalpha protein levels are reduced in remaining
neurons of the hippocampus. The reduction of CSPalpha against synaptophysin
levels, suggests that CSPalpha is not a downstream effect of synaptic loss in this
region. However unlike in AD, synaptophysin levels were unaltered when normalised
to NSE (FTLD (0.85 + 0.13) and control (1.00 + 0.07)) (t = 1.060, p = 0.307 (Fig 4.3d))
suggesting that the resulting CSPalpha loss occurs prior to early synaptic dysfunction

and synapse loss in FTLD.
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Figure 4.3. CSPalpha expression is downregulated in FTLD.

a) Western blots showing protein expression of CSPalpha, NSE and synaptophysin

in control and FTLD post-mortem hippocampal brains. b) Bar charts show levels of

CSPalpha significantly reduced in FTLD when normalised to the housekeeping

protein NSE and c) synaptophysin. d) Levels of synaptophysin were unaltered in

FTLD hippocampus when normalised to NSE. Following Shapiro-Wilk's normality

testing, data were analysed using a parametric two-tailed independent t-test. Data

are expressed as fold change of control. Data shown is mean £ S.E.M. [n =8 cases

per group]. ** p<0.001.
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4.4.4 CSPalpha expression is unaltered in DLB

CSPalpha protein expression changes were next determined in post-mortem DLB
hippocampus relative to control samples. Here, no significant changes were found in
CSPalpha protein levels between DLB (1.28 + 0.47) and controls (1.00 + 0.21) when
normalised to NSE (t = 0.547, p = 0.593 (Fig 4.4a-b)) or to synaptophysin (DLB (1.41
+ 0.37) and control (1.00 £ 0.16)) (t=1.001, p= 0.334 (Fig 4.4a, c)). The apparent
elevation of CSPalpha amounts observed however, may be due to the variability of
samples, but the possibility of a valid result cannot be excluded. Synaptophysin levels
were also unchanged when normalised to NSE (DLB (0.97 + 0.19) and control (1.00
+0.11)) (t=0.1571, p = 0.877 (Fig 4.4d). Some of the DLB cases were also reported
to be diagnosed with mixed AD-like Braak pathology. However, when examined
separately, CSPalpha amounts were not altered in DLB-AD cases relative to controls
[n=4]. This suggests that CSPalpha amounts are not dysregulated in DLB, at least in
the hippocampus. With a potential elevation in CSPalpha in remaining neurons, it can
be suggested that there may be a greater preservation of synapses within the

hippocampal region of DLB brain.
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Figure 4.4. CSPalpha expression is unchanged in DLB.

a) Western blots showing protein expression of CSPalpha, NSE and synaptophysin
in control and DLB post-mortem hippocampal brains. b) Bar charts show levels of
CSPalpha unchanged when normalised to NSE and c¢) synaptophysin. d) Levels of
synaptophysin were unaltered in DLB hippocampus when normalised to NSE.
Following D’Agostino and Pearson normality testing, data were analysed using a two-
tailed independent t-test. Data are expressed as fold change of control. Data shown

is mean + S.E.M. [n = 8 cases per group].
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To summarise these immunoblotting results, significant reduction in CSPalpha
protein amounts were observed in AD and FTLD brain compared to healthy control
brain. This reduction was evident when normalized to NSE suggesting that CSPalpha
is lost prior to neuron loss. Similarly, normalization to synaptophysin in AD suggests
that CSPalpha is reduced before the loss of remaining synapses. This suggests that
CSPalpha may play a role in presynaptic dysfunction in the hippocampus of both AD
and FTLD. However, unlike AD, synapses in the hippocampus in FTLD brains are not
lost, suggesting that CSPalpha reduction may be caused by an alternative
mechanism. A non-significant reduction of CSPalpha was also found in cases of
mixed dementia similar to AD. No significant changes in CSPalpha protein amounts
were evident in DLB. The data obtained from these analyses are summarized below
(Table 4.2). Due to some degree of variability between post-mortem brain samples,
changes between control and disease states were not always possible to define
definitively. Correlation analysis might provide more informative data regarding the

relationship between CSPalpha and synapse/neuron loss.

Table 4.2. Summary of mean * S.E.M. reduction ({) and elevation (1) of total
protein amounts in disease (AD, mixed dementia, FTLD and DLB) relative to
control samples.

Data normalisation of CSPalpha to NSE and synaptophysin (SYP) and SYP

normalisation to NSE. ** p<0.001, ***p<0.0001.

AD 0.81+0.21 () ** 0.65+0.17 (4) ** 0.45+0.10 (1) ***
Mixed Dementia 0.49+0.02 ({) 0.37£0.23 (V) 0.190.15 ({)
FTLD 0.79£0.21 (1) ** 0.74£0.18 (4) ** 0.15+0.15 ()
DLB 0.28 £ 0.51 (1) 0.41+0.41 (T 0.03 £0.22 ({)
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4.4.5 Plaque-associated CSPalpha accumulations are a common feature in
amyloid diseases and tissues with AB deposition

Previously in Chapter 3, it was shown that in AD post-mortem brain and in the brain
of the 5XxFAD mouse model, CSPalpha accumulates in the presence of Ap plaques.
Since CSPalpha expression was found to be altered in different dementia forms other
than AD, it was next important to determine whether in these diseased brains
CSPalpha also accumulates and, if so, whether such accumulations are associated
with the presence of AB plaques. This would enable a greater insight into whether this
abnormal change in CSPalpha protein is linked to either general synaptic failure

within these diseases or is in fact a process specific to dysfunctional APP processing.

To confirm this idea, the notion that plague associated CSPalpha accumulations were
evident not only in AD but may also be present in other neurodegenerative disease
with mixed pathologies was explored. Using a subset of brains (n=5) from the
samples used in western blotting analysis (n=8), it was first attempted to understand
whether CSPalpha accumulations were present in healthy brains with and without A
deposition, including brains from known AB associated diseases such as AD and
mixed dementia. Here, immunofluorescence techniques were used to co-label post-
mortem human brains from the temporal cortex region with antibodies specific to
CSPalpha and ApB. Brains from control (Braak 0-ll), AD (Braak VI) and mixed

dementia (Braak VI) were compared.

Diffuse staining of CSPalpha in the neuropil was found in all tissue sections within the
gray matter of the temporal cortex, confirming its presynaptic localisation. Three
control cases (Braak stage 0-II) were identified with frequent sparse accumulations
of CSPalpha in proximity with diffuse and neuritic cored Ap plaques (Fig 4.5b, Table
4.3). In contrast, two other control cases (Braak stage I-Il) did not show positive

labelling of either protein (Fig 4.5a, Table 4.3). This confirmed the previous findings
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(Chapter 3, Section 3.4.6) that cases with no pathological deposition of AR, do not
present with abnormal CSPalpha accumulations, yet cases which show A deposits
also show deposition of CSPalpha, likely some of which are likely a part of presynaptic

dystrophies.

Similar to previous results in BA9 and hippocampus (Chapter 3, Section 3.4.6),
numerous CSPalpha accumulations decorating diffuse and neuritic cored plaques in
the temporal cortex of severe AD were found (Fig 4.5c). Immunoreactivity of
amorphous CSPalpha deposits was observed in the periphery of each plaque in the
same region of mixed dementia brain (Fig 4.5d). This was predictable due to the
maijority of coexisting pathologies between mixed dementia and AD cases. This is not
only supported by a possible reduction in CSPalpha expression in mixed dementia
brain which precedes synapse loss, but also the accumulation and/or potential
release of CSPalpha protein that is sequestered within AB deposits. Interestingly, in
cases of both mixed dementia and AD, CSPalpha accumulations were found to
associate with cerebrovascular AB-deposits in some cortical arteries and arterioles,
with evidence of dysphoric angiopathy (flamelike AR deposits that radiate into the
neuropil from the vessel wall) (Fig 4.6a, b, Chapter 6, Fig 6.2). This suggests that A
transport between the neuropil and blood circulation may be involved in early synaptic
changes that culminate in synaptic dysfunction and loss. It can be suggested that
even though the causal mechanisms that lead to Ap plaque formation may differ
between parenchymal AB and AB-CAA, the downstream effect of toxic aggregated
AB species may lead to synaptic dysfunction in both. These data further suggest that
CSPalpha accumulations may be a suitable marker for both early-stage synaptic

dysfunction and late-stage synapse loss within Ap-related dementias.
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Table 4.3. Qualitative characterisation of control brain hippocampus.
Comparisons of the presence of AR plaques and Braak staging with CSPalpha

deposits in control brain. Numbers in parentheses refer to cases from Chapter 2,

Section 2.3, Table 2.5.

Control Amyloid Braak Amyloid CSPalpha
Brain Diagnosis Stage Plaques Deposits

Present? Present?
Mild focal amyloid Many diffuse and Frequent
angiopathy some neuritic (dispersed)
cored plaques
- ] Diffuse and Frequent
neuritic cored (clustered)
plaques
Age-related I None None
- changes
Age-related Il Some diffuse Sparse
“ changes plaques
Mild age-related I None None
- changes

249



CSPalpha Merge

Braak Il

Braak Il

AD (Braak VI)

MD (Braak VI)

250



Figure 4.5. Plaque associated CSPalpha accumulations present in early Braak

stage and amyloid diseases.

Representative immunofluorescence co-labelling of post-mortem temporal cortex
brains sections for a) control (Braak Il) without AB plaques, b) control (Braak Il) with
AB plaques, c¢) AD (Braak stage VI) and d) mixed dementia (MD) (Braak stage VI).
Sections labelled with CSPalpha (green) and AB (red) antibodies. DAPI (blue) was
used to stain nuclei [n=5 per group]. Arrows indicative of CSPalpha accumulations

and asterisks label the AB plaque core. Magnification 40x. Scale bar 50 um.
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CSPalpha Merge

Figure 4.6. CSPalpha accumulations surround AB-CAA-associated blood

vessels and parenchymal AR plaques

Representative immunofluorescence co-labelling of post-mortem temporal cortex for
a) mixed dementia (Braak VI) with CSPalpha surrounding AB plaques and CAA in
small arterioles and b) mixed dementia (Braak VI) with CAA that are not associated
with CSPalpha accumulations. Sections labelled with CSPalpha (green) and Ap (red)
antibodies. DAPI (blue) was used to stain nuclei. Triangular arrows indicative of
CSPalpha accumulations and asterisks label the Ap-lined vessel centre.

Magnification 20x. Scale bar 100 pum.
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4.4.6 Plaque-associated CSPalpha accumulations are present in FTLD and
DLB brains

The next aim was to explore the localisation and distribution of CSPalpha in FTLD
and DLB brains, including those cases with and without mixed-AD amyloid
pathologies (Table 4.4). This would answer the question as to whether accumulations
of CSPalpha are specific to AP related diseases or are found in diseases where
general synapse loss is profound. Tissue sections of temporal cortex were co-labelled
with an anti-CSPalpha and anti-Ap antibody. DAPI was applied to mark cellular nuclei.
Specific CSPalpha background staining was evident within each tissue section.
Interestingly, three FTLD and DLB brains were found to contain amyloid plaque
deposits in line with their mixed pathological diagnosis and these cases also showed
CSPalpha immunoreactive deposits, the density of which was substantially lower than
observed in AD (Fig 4.7a, c). On the other hand, two FTLD and DLB brains did not
show either protein accumulation (Fig 4.7b, d). This suggests that CSPalpha
accumulations are AR plaque-associated but may not be determined by disease-
specific changes. CSPalpha labelling was absent in negative controls, confirming the

specificity of staining (Fig 4.8).
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Table 4.4. Qualitative characterisation of FTLD and DLB brains.
Comparisons of the presence of AR plaques and Braak staging with CSPalpha
deposits in FTLD and DLB brains. Numbers in parentheses refer to cases from

Chapter 2, Section 2.3, Table 2.5.

FTLD Amyloid Diagnosis Braak Amyloid Plaques CSPalpha

Brain No. Stage Present? Aggregates
Present?

27 Amyloid angiopathy Diffuse plaques and Frequent
neuritic cored plagues

Mild to moderate Il Diffuse plaques and Frequent
" vascular pathology neuritic cored plaques
B - - None None
B - - None None
Mild amyloid \Y Diffuse plaques and Frequent
" angiopathy neuritic cored plaques

DLB Brain Amyloid Diagnosis Amyloid Plaques CSPalpha
Present? Aggregates

Present?
Few and

Few small diffuse

plaques sparse
- - Diffuse plaques Frequent and
sparse
- - None None
Moderate amyloid \ Few Frequent and
angiopathy sparse
- Il None None
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Figure 4.7. Evidence of CSPalpha accumulations in FTLD and DLB brains in the

presence of amyloid plaques.

Representative immunofluorescence images of post-mortem temporal cortex brains
sections in a) FTLD without AB plaques, b) FTLD with AB plaques, ¢) DLB without A
plaques and d) DLB with AB plaques. Sections were immunolabelled with antibodies
against CSPalpha (green), AB (red) and DAPI (blue) [n=5 per group]. Arrows
indicative of CSPalpha accumulations and asterisks label the AB plaque core.

Magnification 40x. Scale bar 50 pum.

Alexa-Fluor 488 Alexa-Fluor 568 Merge

Figure 4.8. Negative control for CSPalpha antibody staining of post-mortem

human brain.

Representative images of negative control of post-mortem temporal cortex brains
sections. Sections were probed only with secondary antibodies for alexa-fluor 488
(green), alexa-fluor 568 (red) and DAPI (blue), where only slight background staining

is visible. Magnification 40x. Scale bar 50 pum.
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4.4.7 CSPalpha accumulations are not evident in tauopathy brains unless AB
deposits are present

Having confirmed that CSPalpha accumulations are associated with AB deposits and
are not disease specific, it was important to further explore this discovery by
investigating diseases that do not show A pathology, and also to further investigate
any association with hallmark tau pathologies. Tauopathies are a family of
neurodegenerative disorders characterised by the abnormal deposition of tau protein
in the brain. Tissue from two primary tauopathies, namely PiD and PSP were
examined. PiD is a 3R-tau predominant tauopathy that is characterized by spherical
tau-positive intraneuronal “Pick bodies” and glial inclusions through limbic and
neocortical regions (lrwin, 2016). Tau pathology is most prominent in the
frontotemporal neocortex, but also significant sub-cortical tau pathology can
accumulate in the basal ganglia and WM. PSP on the other hand is a 4R tau-linked
tauopathy with characteristic hallmark pathologies of globose tau inclusions mainly
located in brainstem and subcortical neurons, NFTs present in gray matter, “tufted
astrocytes” and oligodendrocytic “coiled bodies” in the WM of the neocortex (Irwin,

2016).

Temporal cortex from PSP and PiD were co-labelled for CSPalpha,
hyperphosphorylated tau (AT8 — sites Ser202, Thr 205) and for AR (6E10). The
temporal cortex is severely affected within these diseases and severe atrophy is
evident. Here, diffuse labelling of CSPalpha was found within the neuropil confirming
its presynaptic localisation (Fig 4.9a-b). Characteristic tau pathology was identified in
the temporal cortex of both PiD with the presence of AT8-positive Pick’s bodies along
with sharply circumscribed neuronal cell bodies and tufted astrocytes (Fig 4.9a). PSP
cases presented with abnormal tau changes with argyrophilic tau inclusions

confirmed in all cases including globose NFTs and neuropil threads (Fig 4.9b).
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In PiD, no evidence of any CSPalpha accumulations was identified amongst spherical
cytoplasmic Pick’s bodies or any evidence of AR deposition using the AB antibody
(Fig 4.9a). This is in line with the current hypothesis since it was not expected to find
CSPalpha accumulations within these cases. However, one out of two PSP cases
showed AP deposition along with CSPalpha accumulations in the surrounding
peripheral area (Fig 4.9b). This case had been pathologically diagnosed with early
Alzheimer changes, which may account for the occurrence of AB deposition. The
second case showed no staining for either CSPalpha or AB. These results provide
further evidence that CSPalpha accumulations are not related to pathological tau
changes and provides stronger support for an AB-associated synaptotoxic

mechanism underlying CSPalpha accumulation in neurodegenerative diseases.
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a CSPalpha Merge (AB)

PiD

PSP

Figure 4.9. Plaque-localised CSPalpha accumulations found in some PSP but

not in Pick’s disease brains.

Representative immunofluorescence images of post-mortem temporal cortex from a)
PiD and b) PSP. Sections were immunolabelled with antibodies against CSPalpha
(green), AT8 (red), AB (red) and DAPI (blue). Arrows - CSPalpha accumulations,
asterisks - plaque core, dashed circle - Pick’s bodies in PiD brain, dashed pentagon
— ramified astrocyte and dashed rectangle — NFT. Magnification 40x. Scale bar 50

um. [n=2 per group].
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4.4.8 CSPalpha accumulations are not evident in ANCL brain

ANCL is an autosomal dominant lysosomal storage disorder that is also characterised
by dementia and neurodegenerative phenotypes (Kohischitter et al., 2019).
CSPalpha is known to be directly linked to this disorder, as mutations in the DNAJC5
gene, which encodes CSPalpha, cause ANCL (Noskova et al., 2011). Interestingly, it
has been reported in the literature that CSPalpha forms intracellular accumulations
in ANCL, although this has only been shown biochemically and not through visual
assays such as immunohistochemistry (Benitez et al., 2015). Hence, AB plaque-
associated CSPalpha accumulations found in AD and other neurodegenerative

diseases, could be linked to the intracellular aggregates of CSPalpha found in ANCL.

To explore this possibility and add a better mechanistic insight to the current findings,
tissue was obtained from an ANCL case, harbouring a L115R mutation, whereby a
leucine amino acid is altered to an arginine in the DNAJC5 gene. This mutation in
CSPalpha lies within the CSD and has been reported to cause disruption to CSPalpha
palmitoylation thereby altering the hydrophobicity of the protein and its association
with membranes (Greaves et al., 2012). The precise functional effects of this mutation

on CSPalpha function has not been fully established.

Tissue sections of BA9 and temporal cortex from ANCL brain were immunolabelled
and compared to a healthy age-matched control. Sections were probed with an
antibody against CSPalpha and co-stained with DAPI. Examination of the cortical
brain sections revealed a marked enlargement of the cortical pyramidal neurons, not
mistaken as ‘larger nuclei’ or holes caused by antigen retrieval methods which can
disrupt the tissue (Fig 4.10). In ANCL affected swollen neurons, there was also
evidence of nuclei displacement to the base of the apical dendrite and a markedly

swollen cell body compared to the typical pyramidal shape of neurons in healthy
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control brain (Fig 4.10). Diffuse CSPalpha neuropil staining was confirmed in both
ANCL and healthy control tissues, consistent with synaptic localisation of CSPalpha
in BA9 and temporal cortex. However, the intensity of staining was markedly reduced
in ANCL brain (Fig 4.10). This is in line with only one other study that has shown
reduced immunofluorescence labelling of CSPalpha in tissue from an ANCL case with
an L115R mutation (Henderson et al., 2016). Another study showed, with biochemical
characterisation, reduced CSPalpha protein amounts in a similar case when

compared to healthy controls (Noskova et al., 2011; Henderson et al., 2016).

In both BA9 and temporal cortex, neurons were found containing auto fluorescent
storage material (AFSM) evident at both 460 nm and 519 nm emission wavelengths.
This is common in NCLs and is widely reported (Seehafer and Pearce, 2009; Benitez
et al.,, 2015). No evidence of possible CSPalpha accumulations were found as
previously characterised in AD and other neurodegenerative diseases, confirming
that AB plaque-associated CSPalpha deposits are not present in ANCL tissues. This
suggests that the mechanism by which intracellular oligomerisation of CSPalpha
occurs in ANCL may be different to AR plaque-associated CSPalpha deposition,
although it remains unknown whether the biophysical structure of these CSPalpha

accumulations differ.
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CONTROL ANCL

BA9

TEMPORAL
CORTEX

Figure 4.10. Immunostaining of tissue from an ANCL case with a DNAJCS

L115R mutation.

Representative images from post-mortem BA9 and temporal cortex brain sections
from a healthy control and ANCL tissue. Sections were immunolabelled for CSPalpha
(green) and stained with DAPI to label nuclei (blue). Dashed neuron — Enlarged
neuron in BA9 tissue containing stored lipopigment which is auto fluorescent and was
only observed in ANCL tissue. Arrows — A typical pyramidal neuron in the control
tissue compared to an enlarged cortical pyramidal neuron in tissue from the ANCL

mutation carrier. Magnification 40x. Scale bar 50 um. [n=1 case per group].
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4.5 Discussion

The main aim of this chapter was to investigate the association of CSPalpha proteins
with presynaptic dysfunction in neurodegenerative diseases other than AD.
CSPalpha was examined by immunoblotting and immunohistochemistry in post-
mortem human tissue samples from the hippocampus and temporal cortex,
respectively. The main findings of this study are that 1) expression of CSPalpha is
reduced in hippocampus in AD and FTLD, a non-significant reduction of CSPalpha
levels was apparent in mixed dementia hippocampus and levels were unchanged in
DLB, 2) Novel CSPalpha accumulations are AR plaque-associated in several
neurodegenerative diseases, and are not related to tau pathology in tauopathies, and
3) CSPalpha accumulations in these neurodegenerative diseases are different to

intracellular accumulations of CSPalpha found in genetically caused ANCL.

The multifunctional co-chaperone protein CSPalpha has previously been shown to
be downregulated in AD (Zhang et al., 2012; Tiwari et al., 2015), a neurodegenerative
disorder characterized by synaptic and neuronal loss. Impairment of synaptic activity
is detrimental for synapses and CSPalpha is thought to be implicated in this process
as evidenced by human DNAJC5 gene mutations leading to hereditary
neurodegenerative diseases such as ANCL (Benitez et al., 2011). It was therefore
hypothesized that a loss of CSPalpha protein results in synaptic dysfunction.
Evidence to support this hypothesis was found by replicating findings showing
reduced CSPalpha expression in the hippocampus of severe AD cases when
normalized to neuronal and synaptic markers. These findings further complement
previous literature showing reductions in synaptosomal proteins in AD compared to
controls, in particular proteins involved in vesicle trafficking, synaptic structure and
signal transduction (Wiedenmann and Franke, 1985; Shimohama et al., 1997; Counts

et al., 2006; Love et al., 2006; Tannenberg et al., 2006). Furthermore, it appears that
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these reductions are not the result of neuronal and synaptic loss but in fact may

precede such effects.

The mechanistic consequences of a dysregulation in CSPalpha leading to synaptic
dysfunction are not completely understood. CSPalpha normally functions within a
trimeric complex at the presynaptic terminal to mediate vesicular exocytotic
interactions with SNARE proteins (Burgoyne and Morgan, 2015). A downregulation
of CSPalpha may lead to fewer vesicles binding to presynaptic membranes thereby
affecting activity-dependent synaptic transmission. Furthermore, CSPalpha-
dependent interactions with dynamin-1 facilitate its polymerization for endocytotic
vesicle fission to allow vesicles to be readily available for the next release cycle
(Rozas et al., 2012; Zhang et al., 2012). It can therefore be speculated that such
defects in recycling machinery that normally regulate endocytosis might lead to
modulation of the exocytotic process. This may further support observations in
CSPalpha KO mice whereby SNARE proteins such as SNAP-25 are reduced
(Chandra et al., 2005; Sharma et al., 2012a) as well as in AD and PD post-mortem
brain samples (Sharma et al., 2012b). This can contribute to the instability of
synapses, reduced memory formation and neurodegeneration. Moreover, having
reduced CSPalpha expression may also lead to an increase in the density of calcium-
activated K+ channels (BK channels), which normally regulate the level of excitability
at presynaptic terminals (Kyle et al., 2013). This is supported by increased BK
channel expression in CSPalpha KO mice, that also show abnormal synaptic activity

that may contribute to synaptic degeneration and neuronal loss (Ahrendt et al., 2014).

CSPalpha protein expression changes in other dementia types were investigated to
establish whether such alterations may represent a common feature of
neurodegeneration. In FTLD brains, reduced amounts of CSPalpha protein were

observed even though synaptophysin levels were unchanged. This suggests that
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CSPalpha may be implicated in early synaptic dysfunction in FTLD, however this may
not be sufficient to lead to synaptic loss. Further evidence to support this result comes
from observations in heterozygous KO mice that have a 50% reduction in CSPalpha
and similar reductions in SNAP-25, a trans-SNARE protein vital for exocytosis,
however mice are phenotypically normal (Burgoyne and Morgan, 2015). Hence, there
may be possible alternative mechanisms involving CSPalpha, different to those in
AD, that may contribute to eventual synaptic loss in FTLD. It may also imply that loss
of synapse pathology may be delayed in the hippocampus of FTLD brain in
comparison to the earliest observations of AD pathology in this region. Similarly,
spared synaptophysin levels have been reported in the striatum region of FTLD brains
(Riku et al., 2017). Interestingly, genetic analysis of CSPalpha in well-defined
Drosophila mutants reveal that the loss of CSPalpha may in fact be neuroprotective
and can delay degeneration in axonal and synaptic compartments of neurons in vivo
(Wishart et al., 2012). CSPalpha may hence be a critical regulator of synaptic stability
and can modulate neurodegeneration pathways, possibly linked to the hippocampus
of FTLD brain. Only one known study by Tiwari and Colleagues (2015) has examined
CSPalpha expression in FTLD, in particular within the cerebellum which is suggested
to be affected by pathology, unlike in AD where the cerebellum is mostly spared from
neurodegeneration (Al-Sarraj et al., 2011; Troakes et al., 2012; King et al., 2013;
Tiwari et al., 2015). The underlying molecular mechanisms for such neuroprotection
are not known, but one possibility is that CSPalpha has a synaptoprotective effect in
the AD cerebellum to prevent neurodegeneration, the mechanisms for which are not
fully known. CSPalpha levels were found to be unchanged in FTLD cerebellum, in
contrast to AD where levels were elevated, a potentially specific change to AD (Tiwari
et al., 2015). Hence, CSPalpha may not be neuroprotective within FTLD cerebellum,
yet there may be a preservation of synapses within other FTLD affected areas within

intact populations of neurons which merits further investigation.
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A non-significant reduction of CSPalpha was observed in mixed dementia brains,
(with either a primary or secondary neuropathological diagnosis of vascular
pathology) in comparison to healthy controls. As such, synaptic loss is an early event
in both AD and FBD, characterised by CAA pathology, preceded by changes in
synaptic function (Revesz et al., 1999; Mead et al., 2000; Cantlon et al., 2015). As
such, Tg-FDD mice, a model for CAA development, show disruption in the
organization of GABAergic markers for inhibitory synapses. Interestingly, CSPalpha
KO neuronal cultures show degeneration of GABAergic synapses, possibly due to
reduced transport of GABA by CSPalpha to synaptic vesicles, physiologically
important for stability of protein complexes between GABA-synthesizing enzymes
(GADG5 and GADG67) and the vesicular GABA transporter (Hsu et al., 2000; Garcia-
Junco-Clemente et al., 2010). Hence, in cases of mixed dementia, exploration into
synaptic sub-types may offer better sensitivity into CSPalpha expression changes.
This finding also aligns with the reduction of presynaptic proteins shown in the
literature, particularly synaptophysin and SNAP-25 within VaD brains (Zhan et al.,
1993, 1994). However, the mechanisms between vascular pathology in mixed

dementia and synaptotoxicity and reduction are yet to be established.

The development of vascular changes in mixed dementia and AD correlates with
Braak staging, AB-deposition and the degree of dementia (Thal et al., 2003; Attems,
2005; Attems et al., 2007). Hence, comparable mechanisms at the synaptic level may
operate in association with these coexisting pathologies. Evidence of reduced
cerebral blood flow occurs with AD progression (Zhang et al., 2007; Zhiyou et al.,
2009) and conversely AB accumulation in AD contributes to small vessel disease via
CAA development, and can enhance vasoconstriction (ladecola and Gorelick, 2003;
Thal et al., 2008; Miners et al., 2011, 2014). As such, up to 50% of dementia cases
show an overlap of AD neuropathology and cerebrovascular lesions including

atherosclerosis, lacunar infarcts and microbleeds (Jellinger, 2013). Alterations in the
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neurovascular unit may play a significant role that ultimately leads to reduced synaptic
function and loss. The vascular hypothesis suggests that amyloid which originates in
neurons, is transported along the perivascular interstitial fluid pathway and is
deposited into blood vessels (Weller et al., 2008). Here, amyloid accumulation can
impair the blood—brain barrier, reduce cerebral blood flow caused by dysfunction of
the neurovascular unit and vessel rupture (Cisternas et al., 2019). This can lead to
AP leakage and accumulation in the areas surrounding vessels and neuropil that can
cause neuroinflammation and direct synaptic damage (Zlokovic, 2011), potentially
leading to reduced CSPalpha expression and neurodegeneration (Cisternas et al.,
2019). Albeit, the non-significant outcome of this study may be reflected by low
sample numbers as CSPalpha has not been previously examined in these diseases

and so power calculations were used on the basis of previous AD studies.

In DLB, no change was found in the levels of both CSPalpha and synaptophysin.
Unlike in AD, DLB brains show spared atrophy and preservation within regions of
the medial temporal, frontal, and parietal lobes (Oppedal et al., 2019). This supports
the findings within the hippocampus of unchanged synaptic levels when normalized
to neuronal content. Interestingly, DLB cases are known to show increasing burden
of Lewy bodies and neurites within limbic and neocortical brains regions, specifically
in the temporal lobe and Cornu Ammonis area 2 of the hippocampus (Walker et al.,
2019). Along with alpha synuclein pathology, 28% of DLB cases also show
hyperphosphorylated tau and AP deposition and may be given a secondary
neuropathological diagnosis of AD (Walker et al., 2019). Such concomitant
pathologies may be associated with a more rapid decline in cognition, however the
contribution of each pathology over disease progression is still unclear, particularly in
different brain regions that may show selective vulnerabilities to specific protein

aggregations. As such, another study has shown that clinical outcomes of DLB are
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closely related to alpha synuclein pathology and negatively associated with
hyperphosphorylated tau, with no effect of A (Tiraboschi et al., 2015). It is possible
that such resilience within the hippocampus in DLB brains may be a compensatory
effect of CSPalpha to overcome the alpha synuclein loss and/or accumulation into
Lewy Bodies, as alpha synuclein has been shown to compensate for CSPalpha loss
in CSPalpha KO mice (Chandra et al., 2005). Interestingly young triple alpha
synuclein KO mice present an age-dependent increase in CSPalpha protein (Burré
et al., 2010). Furthermore, degenerating synapse-enriched fractions of mice
modelling aspects of HD and spinocerebellar ataxia type 5 show increased levels of
CSPalpha, suggesting that the molecular pathways underlying neurodegeneration
may be conserved (Wishart et al., 2012). This could also reflect a change in synaptic
vesicle turnover or vesicle targeting, with elevated levels of CSPalpha (Hark et al.,
2021). Similarly, even though reduced levels of synaptophysin have been reported in
PD brains (Sharma et al., 2012b), it is possible that the minimal change of synaptic
protein expression observed in DLB brains may act to compensate for the reduced
ability of SNARE protein retrieval following exocytosis, as synaptophysin is reported
to regulate the reinternalization of VAMP2 after exocytosis (Gordon et al., 2011). In
order to assess such the impact of synaptic resilience within hippocampus,
comparisons with other affected DLB brain regions such as the neocortex, subcortical

nuclei and brainstem would be required (McKeith et al., 1996).

However, a main limitation to these sets of experiments is the ECL ‘semi-quantitative’
method for immunoblotting (an indirect method to assess protein levels) (Zellner et
al., 2008). Due to the narrow dynamic range of ECL, the cumulative luminescence
detected does not correlate linearly with the abundance of proteins and has limited
quantitative reproducibility. A further challenge is signal saturation as each HRP
bound secondary antibody has multiple binding sites that can interact with ECL

substrates and so the signal amplification reaches plateau over a shorter period of
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time. An alternative and more sensitive method would be fluorescence-based
immunoblotting which has a greater quantifiable linear dynamic range and stability so
that the signal correlates better with protein abundance (Gingrich et al., 2000; Lo et

al., 2015).

The second main findings support the results in Chapter 3, of immunolabelled
swollen, bulbous-shaped CSPalpha accumulations in several other
neurodegenerative diseases in close proximity to AR plaques. This was observed in
mixed dementia, FTLD, DLB, AD and healthy control tissues, but only when A was
deposited, both parenchymal and in the vasculature. This is the first study that has
examined CSPalpha accumulations in relation to particular neurodegenerative
diseases and/or amyloid plaque formation. As such, this study sheds light on the
possibility that AB deposition is a prerequisite for the occurrence of altered CSPalpha
structures. This notion is supported by a number of investigations that demonstrate
AB as a primary pathological event that causes synapse loss and dysfunction across
several neurodegenerative diseases (Woodhouse et al., 2005; Shankar et al., 2007;
Li et al., 2009; Serrano-Pozo et al., 2011; Jackson et al., 2019a), although a precise

mechanism for A facilitating the formation of such CSPalpha clusters is unclear.

Interestingly, the temporal cortex of PiD and PSP brain were free of swollen
CSPalpha accumulations unless Ap was present. While CSPalpha deposits did not
colocalise with aberrant tau pathology, other forms of neuritic degeneration cannot
be excluded as evidenced in other diseases. Although, there may not be any
association between CSPalpha accumulations and tau unlike previously suggested,
(Fontaine et al., 2016; Deng et al., 2017), Xu and colleagues (2018) showed that the
overexpression of CSPalpha results in extracellular release of tau and alpha

synuclein, however this only occurred when the Hsc70 was intact (Xu et al., 2018),
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the expression of which has not been fully characterised in these diseases.

Itis interesting to note that having found a characteristic loss of presynaptic CSPalpha
within the temporal cortex of some neurodegenerative diseases, it is yet unclear how
this may be linked to the process of CSPalpha accumulations, not reflected within the
immunoblotting results. Analysis of FTLD brains with no amyloid in comparison to
FTLD brains with amyloid showed reduced presynaptically localised CSPalpha,
whereas DLB brains with no AB deposits showed increased CSPalpha content
relative to DLB cases with AR deposits. Reported studies show that CSPalpha, along
with other neurodegenerative disease related proteins, can be released from the
presynaptic terminal under physiological conditions (Deng et al., 2017; Xu et al.,
2018). It is not clear how these mechanisms are affected in disease, but it is possible
that reduced intracellular CSPalpha levels correlate with deposition of potentially
extracellular CSPalpha proteins in association with AB plaques, the nature of which
requires further investigation. However, due to the small sample number examined
here, along with variability between samples, it is difficult at this stage to determine
any correlation between intracellular CSPalpha levels and its extracellular

accumulation.

Itis also important to consider that deposits of CSPalpha may not have been captured
after extensive tissue homogenisation and differential centrifugation of samples.
Additionally, one out of three FTLD cases with CSPalpha accumulations (Table 4.4)
was considered as an outlier in immunoblotting due to its variability. Furthermore,
staining intensity could not be correlated with immunoblotting intensity due to the
uneven nature of tissue sections which does not provide an accurate reflection of

protein expression changes.
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Although the AB peptide was the main focus of CSPalpha accumulation associated
with different neurodegenerative diseases, other types of amyloid species found in
different diseases may also present the same pathological effects on synapses and
hence warrants further investigation. This includes conditions such as FDD,
characterised by CAA due to ADan amyloid accumulation, a ~4 kDa Danish amyloid
subunit derived from the 277-amino-acid ADan precursor protein (Garringer et al.,
2010). WT neurons incubated with ADan oligomers reduce levels and colocalization
between presynaptic (synapsin-1) and postsynaptic (PSD-95) protein clusters and
puncta (You et al., 2019), and may relate to changes in both CSPalpha puncta and/or
CSPalpha deposits. Furthermore, GABAergic synaptic markers colocalise with ADan
and AR vascular amyloid deposits in 18-month-old-Tg-FDD mice, which suggests that
CSPalpha, also found in GABAergic synapses, may localise with other AR species
other than the AB peptide and may be implicated within a potential mechanism of
synaptic damage (You et al., 2019). FBD is another inherited neurodegenerative
disease, resulting from a mutation in the BRI2 gene producing a 23- and 34- amino
acid termed Bri and ABri, respectively (Vidal et al., 1999). The ABri peptide is the
molecular equivalent of the AD-associated AB peptide and is found in both
perivascular and parenchymal deposits in the brain of affected individuals (Cantlon
et al., 2015). Although the sequence and innate biophysical properties of ABri and A
may be different, the neuropathological presentation is similar to that in AD, and so
typical changes of CSPalpha accumulation may also be present in cases of FBD in
association with another amyloid species (Cantlon et al., 2015). A further AB species
is the amyloid-f3 precursor protein (ABPP), produced by an arctic (p. E693G) mutation
that leads an autosomal dominant disease with a similar clinical profile typical of AD
(Philipson et al., 2012). ABPP promotes the formation of AR protofibrils deposited in
parenchymal plaque structures that resemble cotton wool plaques in AD, many of
which may have the propensity to associate with CSPalpha accumulations (Philipson

et al., 2012; Kalimo et al., 2013; Shi et al., 2017b). Hence, investigation into diseases
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harbouring different AB species, will provide further confirmation as to the specificity
of CSPalpha accumulation and the toxicity of such species that can lead to eventual

synapse loss and presynaptic protein accrual.

The mechanistic pathway leading to CSPalpha deposition is still unknown. As
previously discussed, some swellings of CSPalpha coalesce as part of synaptic
dystrophies, a hallmark AD pathology, which may shed some light into at least part
of the puzzle. Several in vitro and in vivo experiments indicate that AB may be
synapto- and neuro-toxic (Kowall et al., 1991; Mucke and Selkoe, 2012; Westmark,
2013). As such, some of these CSPalpha clusters that form a part of swollen neurites
may be the result of Ap deposition as shown in AD, which can promote abnormal
sprouting of presynaptic fibres (Masliah et al., 1991). Aside from direct effects of
parenchymal Ap deposition, blood brain barrier dysfunction can lead to leakage of
plasma proteins into the brain perivascular space and contribute to the formation of
amyloid plaques and the development of dystrophic neurites as punctate, bulbous
structures that emanate near capillaries (Zlokovic, 2011). Interestingly, these results
show CSPalpha deposits in proximity to amyloid plaques that surround few, but not
many vascular structures. On the other hand, aside from amyloid-associated
dystrophic structures in FTLD, it has been previously been show that TDP-43 positive
neurites containing ubiquitin inclusions are also present and are not associated with
any other neuropathological proteins (Neumann et al., 2007; Hatanpaa et al., 2008).
Since CSPalpha accumulations were generally not found in areas that did not contain
plaques, this suggests that these pathological features are also not correlated with
CSPalpha deposition (Forman et al., 2006; Mackenzie and Neumann, 2016). In the
mThy1 alpha synuclein transgenic mouse model, an abundance of clusters of
dystrophic neurites have been shown in areas of the neocortex, dentate gyrus and

CA3 hippocampus along with striatum and pons, and these are immunoreactive for
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alpha synuclein as shown with the SYN105 antibody (Games et al., 2013). This study
suggests that dystrophic neurites are also a feature of DLB. These studies reinforce
the need to further explore the possibility of an association between CSPalpha
accumulations and other neurotoxic aggregates which include TDP-43 and alpha
synuclein to determine dystrophic neurite composition in these diseases, and whether

or not CSPalpha accumulates in these dystrophies.

The final aim attempted to deepen the understanding into the mechanistic basis for
the formation of plaque associated CSPalpha accumulations found in several
neurodegenerative diseases. Post-mortem human tissue of an ANCL case with the
L115R mutation showed both AFSM and a reduced level of total CSPalpha
expression but did not present with globular CSPalpha accumulations. CSPalpha
accumulations may have been present, however a limitation to these observations by
immunofluorescence was the use of Sudan Black, used to quench lipofuscin
autofluorescence, and may have had a significant effect at masking low level
CSPalpha signals that were below the level of detectability. This would therefore
require a suitable negative control without the use of Sudan Black with the availability
of more tissue sections, as the number of ANCL cases available was also limited.
This result was however corroborated with a previous study by Henderson and
colleagues (2016) identifying a 17% signal of CSPalpha immunofluorescence in
comparison to controls, having used CuSQO4 treatment to quench autofluorescence
(Henderson et al., 2016). Moreover, due to the young age of the individuals from
which tissues were obtained (controls — 55 years, ANCL — 58 years), the formation of

CSPalpha accumulations may not have emerged at this early stage of development.

Itis widely reported that although CSPalpha mRNA levels remain constant, CSPalpha
protein amounts are severely reduced in ANCL tissues, especially in L115R mutants

(Noskova et al., 2011; Henderson et al., 2016). However, CSPalpha has the tendency
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to form intracellular neuronal aggregates (Greaves et al., 2012; Benitez et al., 2015),
which are potentially toxic to the synapse. It has been reported that 250 kDa
molecular weight oligomers of CSPalpha may be linked to lysosomal dysfunction
early in disease (Zhang and Chandra, 2014), however unlike many of the other
mutant proteins known to cause ANCL, CSPalpha does not have a known lysosomal
function nor has it been linked to lysosomal trafficking/sorting. Interestingly, ANCL
brains show massive synaptic degeneration at end stage of disease, suggesting that
neuronal dysfunction at the level of lysosomes may occur prior to onset of
synaptotoxic effects with the loss of functional monomeric CSPalpha and the build-
up of intracellular aggregated dysfunctional CSPalpha (Lopez-Ortega et al., 2017).
This is however in contrast to observations of AB plaque associated CSPalpha
aggregates, some of which may possibly be extracellular to the synapse. Hence, the
mechanisms underlying CSPalpha dysfunction in ANCL in comparison to other
dementias may be different, and some effects may be specific to mutated CSPalpha.
It would be interesting to further understand whether there is a difference in the
biophysical and structural properties of CSPalpha in different diseases since this may
help to understand the nature of this protein and its relation to presynaptic

dysfunction.

In conclusion, these collective findings provide evidence that CSPalpha
accumulations may be a novel marker of presynaptic dysfunction suitable for post-
mortem analysis in several neurodegenerative dementias that show AR deposition.
Large immunolabelled CSPalpha protein accumulations that are frequently observed
in AD brains are unique to regions of Ap plaque formation, most likely forming in
response to AP deposition. Ap deposition is believed to be an essential component
leading to synaptic dysfunction and ultimately synapse loss. This reinforces the fact

that at the level of the synapse, toxic proteins in the progression of disease and in
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particular regions of the brain are not merely the by-product of a more generalised
process of neuronal degeneration. It is reasonable to suggest that CSPalpha, not only
as a presynaptic protein but as a marker of pathological change may offer insight as
a potential biomarker for early changes that occur in neurodegenerative diseases.
This is likely to be beneficial in the understanding of early presynaptic degeneration,

eventual synapse loss and cognitive decline.
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Chapter 5: Discussion

Synapse loss which precedes neurodegeneration is the best-known correlate for
cognitive decline and deficits in memory in AD (Arendt, 2009). The mechanisms
pertaining to synaptotoxicity are not fully understood. This is mainly because this
process occurs much earlier in life, well before symptoms of the disease become
known and a diagnosis is given. The overarching theme of this PhD study was to
investigate the involvement of CSPalpha, a presynaptic chaperone important for
synaptic survival in synapse health and disease (Fernandez-Chacon et al., 2004;
Burgoyne and Morgan, 2015). CSPalpha alterations in AD were first reported by
Tiwari and colleagues (2015), using post-mortem human studies, who generated data
suggesting that CSPalpha is involved not only in synaptic degeneration, but also in
neuroprotection in AD (Tiwari et al., 2015). The basis of this PhD study was to further
investigate synaptic dysfunction in AD which involves CSPalpha. During the course
of western blotting, immunohistochemistry and array tomography experiments, it was
observed that CSPalpha may not only play a key role in synapse loss in several
neurodegenerative diseases, but also can also form abnormal, extracellular
accumulations. This suggests the hypothesis that CSPalpha undergoes disease-

specific changes during AD progression and warranted further investigation.

276



The specific aims of the project were as follows:

1. Investigate whether alterations in CSPalpha abundance/ and or localisation
are a sensitive marker of synaptic protection or degeneration during AD

progression.

2. Characterise CSPalpha protein accumulations in relation to AD pathology.

3. Examine the association of altered or modified CSPalpha with synapses.

4. Determine the specificity of CSPalpha accumulations in AD in comparison

to other neurodegenerative diseases.

A summary of the main findings and their relation to the aims of each chapter is given

below:

5.1 CSPalpha in Alzheimer’s Disease

Chapter 3 explored the abundance and distribution of CSPalpha in AD. Here, the BA9
brain region was studied as a late affected brain region in AD and hence provided
insight into possible events that contribute to synaptic dysfunction and loss.
CSPalpha protein levels were found to be roughly equivalent in early (Braak stages
0-11) and moderate (Braak stages IlI-1V) AD, possibly due to only a mild synaptic loss
in this region combined with synaptic compensation mechanisms (DeKosky and
Scheff, 1990). CSPalpha protein levels were reduced at late Braak stages, when
synapse degeneration first becomes apparent in this region. This is in-line with
previously published data on presynaptic proteins (Mukaetova-Ladinska et al., 2000;

Vallortigara et al., 2014; Kurbatskaya et al., 2016), yet the changes in CSPalpha occur
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before marked synapse loss, endorsing CSPalpha a as sensitive marker of
presynaptic changes early in disease. The distribution of CSPalpha painted a similar
picture, as CSPalpha with a typical synaptic labelling pattern was reduced in the
vicinity of AP plaque deposits using both immunohistochemistry and array
tomography. This is aligned with previously reported data showing that synapse loss
is greatest in areas within and around AP plaques, being particularly related to the
local concentration of oligomeric Ap (Koffie et al., 2009). In addition, presynaptic
terminals showed increased colocalization of CSPalpha and A in the vicinity of Ap
plagues. The outcome of these results hence supports the notion that CSPalpha is a

sensitive molecular marker of synapse loss in AD.

Whilst investigating the distribution of CSPalpha, plaque-associated globular
accumulations of CSPalpha were discovered by immunohistochemistry. CSPalpha
solubility was shown to be altered between control and AD samples, suggesting the
possibility that CSPalpha may have an altered conformation, making it more resistant
to extraction by harsh detergents. CSPalpha deposits were found in BAY,
hippocampal and cerebellar regions of AD brain that decorated the periphery of
neuritic cored AB plaques and surrounding diffuse AB plaques. These accumulations
associated with some but not all tau pathology, a microglial marker and a marker for
phosphorylated neurofilament protein in axonal dystrophy, suggesting that these
accumulations may be mislocalised from their normal localisation of CSPalpha
protein in presynaptic terminals. Interestingly, these accumulations varied in size,
similar to that as described for dystrophic neurites (Sanchez-Varo et al., 2012). The
presence of synaptic accumulations, indicative of presynaptic dystrophies was further
examined. CSPalpha accumulations were found to co-localise with some, but not all
presynaptic dystrophies, marked by synaptophysin and SNAP-25 positivity as well as

an interacting partner, Hsc70. Using array tomography, the presence of both
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CSPalpha accumulations and synaptophysin-positive presynaptic dystrophies were
confirmed, both of which also positively immunolabelled with antibodies against Ap.
However, these presynaptic dystrophies were localised <10 um from the Ap plaque
core, unlike CSPalpha deposits which were found to be dispersed up to a greater
distance of 20 um from the core. These findings were corroborated in the 5xFAD
mouse model where CSPalpha accumulations were found at 3 months of age when
AB is first deposited and increased up to 12 months of age when A plaque burden
is more profound. Combined, these findings indicate a close link between CSPalpha
and Ap deposition. CSPalpha accumulations were associated with some presynaptic
dystrophies in the mouse model and shared similar qualitative spread from the plaque
core as observed with array tomography in post-mortem human tissues. CSPalpha
accumulations also labelled with an antibody against CSPalpha phosphorylated at
Ser10, suggesting that CSPalpha phosphorylation status may be conserved after
structural conformations, and/or that phosphorylated CSPalpha preferentially
deposits. These data suggest that the mechanisms of CSPalpha accumulation may
be different to those underlying presynaptic dystrophies. The CSPalpha
accumulations found closer to the plaque centre that overlap with some dystrophies
suggests that these complexes may form at a later stage in-line with synaptic die back

theories.

5.2 CSPalpha in Other Neurodegenerative Diseases

Chapter 4 explored the hypothesis that CSPalpha may be altered in other
neurodegenerative diseases in which synapse loss is prevalent and that CSPalpha
accumulations that surround Ap plaques may not be AD-specific but rather are
associated with all diseases in which Ap deposition is apparent. Using
immunoblotting, Tiwari and colleagues (2015) reported that CSPalpha protein levels

are altered in AD hippocampus (Tiwari et al., 2015). This study replicated the same
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altered CSPalpha protein levels in AD, but also in FTLD hippocampus. However,
unlike AD hippocampus, FTLD brain samples did not show reduced expression of
synaptophysin suggesting that the mechanisms of CSPalpha-dependent presynaptic
dysfunction may differ between AD and FTLD. Mixed dementia brains were found to
show a non-significant reduction in CSPalpha, and no changes in CSPalpha amounts
were found in DLB brain relative to controls. These findings support the notion that

CSPalpha protein alterations may be different across neurodegenerative diseases.

Next, using immunohistochemistry, CSPalpha accumulations were labelled together
with AB in sections from AD, FTLD, mixed dementia and DLB brain, where it was
observed that deposits of CSPalpha were present in sections that contained both
parenchymal and vascular Ap deposits. No CSPalpha accumulations were present in
brains that did not have amyloid deposition. Interestingly, control tissues that were
determined to show some age-related Ap plaque pathology validated the hypothesis.
To determine if CSPalpha accumulations are specific for AR pathology, and not
related to tau, sections from PSP and PiD were labelled with CSPalpha and tau
antibodies. Similar to previous results, no CSPalpha deposits were observed in these
tauopathies, but were identified on the rare occasion when A plagues were detected.
Finally, to explore a possible mechanism by which CSPalpha may accumulate, tissue
sections from an ANCL brain with a L115R mutation, where CSPalpha is known to
aggregate intracellularly, were examined. Here, CSPalpha accumulations were not
observed, although intracellular AFSM was present. This data confirms that
CSPalpha accumulations are related to AB pathology and these may develop as a
result of Ap-related changes in the brain. Structural changes of intracellular CSPalpha
aggregates found in ANCL may be different to possible extracellular accumulations

of CSPalpha found in other diseases and so this also alludes to a novel mechanism
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by which CSPalpha is mislocalised and is structurally different from the monomeric

CSPalpha proteins found within presynaptic terminals.
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5.3 A Potential Mechanism of CSPalpha Accumulation

As suggested by the results in this PhD study, it is possible that CSPalpha
accumulations are linked to dysfunctional APP processing that leads to increased AB
production and deposition across several neurodegenerative diseases. It has been
suggested that soluble oligomeric forms of AB plays a critical role in AD pathogenesis
(Vickers et al., 2016). A halo of toxic AB oligomers directly affect presynaptic terminals
near the edge of the AB plaque core (Koffie et al., 2009). Toxic diffusible AR oligomers
associate with synaptosomes and leads to synaptic deterioration in primary neuronal
cultures (Lacor et al., 2007). An inverse correlation between levels of AR oligomers
and synaptic proteins has been shown (Pham et al., 2010). Interestingly, soluble
oligomeric AB fragments extracted from the frontal cortex of AD brain, resulted in the
dose-dependent reduction of CSPalpha when applied to neurons, a result confirmed
when CSPalpha protein amounts were not altered when extracts were depleted of
AB, thus further suggesting an AB toxicity-dependent effect on synaptic CSPalpha

(Bate and Williams, 2018).

Mechanisms of AB-toxicity are also linked with tau hyperphosphorylation (Wu et al.,
2018), axonal transport disruption (Decker et al., 2010) and failure of anterograde
organelle trafficking via altered GSK3 signalling (Hooper et al., 2008). In fact, direct
interaction between AP and the axonal plasma membrane can create a blockade
through calcium-mediated signals (Wu et al., 2010a). AB oligomers can inhibit protein
degradation mechanisms, important for the prominent functional role of CSPalpha
within the synapse (Yerbury et al., 2016). More so, CSPalpha protein turnover has

NL-F/NL-F mice

been reported to be impaired in cortical glutamatergic synapses of App
(Hark et al., 2021). Additionally, AB oligomers may also reduce levels of p25, known
to regulate CSPalpha expression, by reducing calcium signaling, causing an

internalization of desensitized NMDA receptors (Palop and Mucke, 2010; Paula-Lima
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etal., 2013; Giese, 2014). Hence, disruption of these processes by AB oligomers may
well be a contributing factor to the underlying mechanisms of inhibiting intraneuronal
movements of synaptic vesicle proteins such as CSPalpha (Marsh and Alifragis,
2018), overall enlarging the synaptic vesicle pool and forming synaptic accumulations

(Fornasiero et al., 2018).

In support of these mechanisms, this PhD study has reported, in line with previous
studies, the presence of presynaptic accumulation-filled dystrophies in the close
vicinity of AB plaques that are immunoreactive for synaptic proteins (Kandalepas et
al., 2013; Sadleir et al., 2016; Ovsepian et al., 2019). CSPalpha colocalization with
some of these dystrophic terminals suggests that these synaptic remnants represent
late-stage dead and/or dying synapses that may be encapsulated within vesicular
membranes. The molecular mechanisms that determine the formation of presynaptic
swellings are not yet elucidated but may involve the accrual of vesicle-associated
proteins such as CSPalpha, synaptophysin and SNAP-25 along with others that can
no longer be released from the terminal. The findings in this study also reveal possible
localisation of CSPalpha accumulations to reactive Iba-1-positive microglia in
proximity to AB plaques. Microglia have been reported to aberrantly engulf synapses
via ‘eat me’ signals as shown in mouse models of AD-like pathology (Hong et al.,
2016; Shi et al., 2017a; Wu et al., 2019). Moreover, synaptic remnants in greater
amounts have been described in these reactive microglia from post-mortem human
AD tissues compared to non-diseased tissue (Tzioras et al., 2019). In fact, AB
oligomer deposition at the synapse may induce microglial recruitment but also,
promote engulfment of synaptic structures (Rajendran and Paolicelli, 2018).
Furthermore, it may also be the case that microglia only ‘snip’ dying, protein filled
synapses leaving behind synaptic remnant that becomes trapped within the milieu of
toxic proteinaceous deposits (Weinhard et al., 2018). It would hence appeal that

investigations into CSPalpha accumulation also determine the role of glial activation
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and neuroinflammation in the development of presynaptic dystrophies that

characterise early stages of disease (Gomez-Arboledas et al., 2018).

5.4 An Alternative Mechanism of CSPalpha Accumulation

A recent study by Hark and colleagues (2021) described the variability in overlap of
presynaptic protein localisation with A3, more so in close proximity than direct overlap

NL-F/NL-F

in the App mouse. Synaptic proteins, those which had impaired turnover,
appeared to accumulate extracellularly with others accumulating in swollen axon

terminals and dystrophic neurites that surrounding AB plaques (Hark et al., 2021).

This underlies several interesting questions that currently remain in the field, more
aligned with the notion that CSPalpha release may be associated with the prion-like
propagation of misfolded proteins and more so the extracellular deposition of
CSPalpha (Fontaine et al., 2016; Deng et al., 2017). Could it be that dysfunctional
APP processing leads to the secretion of CSPalpha into the extracellular space and
what does this mean for synapses? Using mechanistic theories of AB-dependent
synaptic dysfunction, a new model of synaptic dysfunction and loss is proposed in the

context of observed changes in CSPalpha and CSPalpha accumulations.

This alternative and novel hypothesis is in line with recently reported studies of
CSPalpha release. CSPalpha accumulations may be formed in the early stages of
disease before the consolidation of synaptic debris as presynaptic dystrophies that
are concomitant with the development of AB plaque pathology. When amyloid
deposition first occurs, a non-toxic plaque nidus forms within the parenchyma. After
AB deposition, plaques increase in size and become closely associated with axons
and presynaptic terminals causing a cascade of events by a dynamic equilibrium of

high concentrations of neurotoxic soluble AR oligomers (Ferreira et al., 2015).
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Furthermore, and in line with a potential protein release hypothesis, AB increases
the formation of SNARE-complexes, elevates calcium levels inside the presynapse
for synaptic vesicle fusion and may eventually lead to the exocytotic release of
CSPalpha (Mattson et al., 1992; Demuro et al., 2005; Kuchibhotla et al., 2008; Zempel
et al., 2010; Hudry et al., 2012). AB-meditated toxicity may also be linked with defects
in endocytosis and its recovery due to inactivated dynamin and compromised vesicle
mobility and redistribution back in the terminal, overall depleting vesicle reserve pools
from the synapse (Kelly et al., 2005; Kelly and Ferreira, 2007; Parodi et al., 2010;
Marsh and Alifragis, 2018). Interestingly, A oligomers have been reported to damage
the endo-lysosomal pathway (Marshall et al., 2020), either causing disruption to
membranes and lysosomal leakage, a pathway used for CSPalpha-mediated

clearance of misfolded proteins from the presynaptic terminal.

Increased excitatory activity results in the release of CSPalpha from the presynaptic
terminal into the neuropil where it can then bind with high affinity to Ap oligomers.
This can be either due to increased exocytosis of the vesicle pool or via the endo-
lysosomal pathway as previously reported (Xu et al., 2018). CSPalpha self-
association may be influenced by the extracellular milieau and pH of the brain
parenchyma enabling CSPalpha to be sequestered within the AB plaque periphery
(Fig 5.1). This may occur at the earliest stages of AR deposition when plaques

begin to form, and synapses are still alive but may no longer be functionally viable.

In the late stages of disease, when synapses become dysfunctional, vesicles
trafficked for endo- and exo- cytosis can detach from microtubules and begin to
accumulate as autophagic vacuoles with electron dense endosomes and lysosomal
proteins as shown in humans AD brains and AD-like models (Masliah et al., 1991;
Gowrishankar et al., 2015). As such, it has been reported that autophagic

compartments, that participate in APP processing and AR peptide production (Yang
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et al., 2011), can cause presynaptic swellings adjacent to A plaques. As previously
reported in in vitro neuronal cultures, AB oligomers can increase the size of
synaptophysin-positive presynaptic terminals after 6 hours of treatment, where large
synaptic bouton sizes possibly imply bigger presynaptic vesicle pools (Lacor et al.,
2007). These accumulating vesicles consist of several proteins which include
complexed synaptic proteins including CSPalpha and synaptophysin, APP and
BACE-1 which elevate APP processing and generation and can hence promote
enlargement of the plaque; thus leading to an enhanced feed forward loop of
increased dystrophy that ultimately proceeds to neuronal loss and cognitive decline
(Fig 5.1) (Zhao et al., 2007; Sanchez-Varo et al., 2012; Gomez-Arboledas et al.,

2018).

The question as to whether some of the accumulating CSPalpha may lose its
functional role within these peri-plaque dystrophies is yet to be elucidated however
as previously reported, lack of the active zone structural proteins, bassoon, suggests
that these terminals may have impaired synaptic transmission and also lack in
synaptic machinery (Sadleir et al., 2016). This is in-line with the occurrence of
dystrophies when depletion of synaptophysin is first observed (Adalbert et al., 2009).
This supports the hypothesis of this thesis that CSPalpha may be a more sensitive
pathological marker for early synaptic dysfunction in neurodegenerative diseases
characterised by AB pathology. This does also raise further questions: Is CSPalpha
release involved in the prion-like trans-synaptic propagation of misfolded proteins?
and how might this relate to the regulation of synaptic health in disease? Are
CSPalpha accumulations a possible form of neuroprotection from the build-up of
misfolded proteins that threaten synaptic dysfunction? It is however conceivable that
CSPalpha accumulations may compensate for presynaptic dysfunction, however this

also requires further investigation.
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Figure 5.1. A proposed mechanism of CSPalpha accumulation in amyloid-

related diseases.

a) Possible appearance of extracellular CSPalpha accumulations and presynaptic
dystrophy in proximity to a neuritic cored AB plaque. b) Healthy brain - CSPalpha and
synaptophysin localise to presynaptic vesicles. CSPalpha is important for exocytosis
and chaperone of misfolded proteins from the presynaptic terminal. CSPalpha is also
released from the terminal via MAPS pathway. ¢) Early impairment - In early stage of
AB plaque formation, toxic soluble AR oligomers localise to the presynaptic terminal.
This disrupts the normal endo- and exocytotic processes and physiological release of
CSPalpha is exacerbated. Tau phosphorylation is also aggravated forming toxic tau
aggregates. Once outside the presynaptic terminal, monomeric CSPalpha begins to
self-associate, accumulates and is deposited in the vicinity of the growing AB plaque.
c) Late impairment - As synaptic dysfunction worsens in later stages of disease,
synapses can no longer function, and release of misfolded proteins is halted.
Vesicular membranes build-up within the presynaptic terminal in areas closer to the
AB plaque core and synaptic proteins including CSPalpha and synaptophysin, form
complexes. Eventually synapses begin to die back leaving behind the synaptic
remnant as a presynaptic dystrophy filled with vacuoles of synaptic proteins. Arrows
indicate movement or transfer of proteins or molecular compartments. Created with

Biorender.com.
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This model is based on the amyloid cascade hypothesis, but it is acknowledged that
many would argue against this hypothesis. The tau hypothesis of synaptic
degeneration and cognitive decline has however gained much attention, where
altered and mislocalised tau can lead to synaptic degeneration (Hoover et al., 2010;
Crimins et al., 2013). Tau phosphorylation, including the presence of AB (Wu et al.,
2018), allows fyn-tau interactions and tau mislocalisation leading to deficits in AMPA
receptor clustering, and NMDA receptor related excitotoxicity all of which can lead to
dysfunctional synapses (Bhaskar et al., 2005; Ittner et al., 2010; Miller et al., 2014).
Whether this determines a pathological cascade or whether it is likely that tau
changes occur via a different mechanism are still unknown. Mutant tau has however
been reported in fly and neurons to associate with presynaptic vesicles via
synaptopgyrin-3, causing defects in vesicular mobility and overall reduces synaptic
transmission (Zhou et al., 2017; Mclnnes et al., 2018; Largo-Barrientos et al., 2021).
Similarly, tau can bind to CSPalpha indirectly via Hsc70 and can be exported out of
the cell by CSPalpha, possible relation to tau propagation (Fontaine et al., 2016; Deng
et al., 2017). However, whether changes in CSPalpha abundance at pre-synapses
influences the amount of tau release during pathological tau spread and the effect tau
changes may have on CSPalpha in disease are questions yet to be explored. The
results presented in this thesis, however, found only some association between
CSPalpha and tau in AD or related tauopathies and so it can be suggested that

CSPalpha may not be suitable marker for tau related synaptic degeneration.
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In order to validate the proposed hypothesis, several experiments can be conducted

which include:

Co-immunoprecipitation of CSPalpha and synaptic AB peptides from
synapses captured from post-mortem human tissue to determine their
interaction at the synaptic level.

Co-labelling of post-mortem tissues for CSPalpha with extracellular protein
markers including synaptic, chaperone and exosome markers, as previously
described (Deng et al., 2017) to confirm the extracellular nature of these
deposits.

Oligomeric AR treated primary cortical neurons in vitro may promote
CSPalpha release which can be quantified using ELISA assay. Additionally,
and overtime, abnormal synaptic changes can be visualised including
blockade of anterograde transport, neuritic beading, synaptic failure and
redistribution of CSPalpha into vesicular compartments, confirmed with

lysosomal markers (LAMP-1/ CAT-D) (Sadleir et al., 2016).
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5.4 Limitations of This PhD Study

The data presented within this thesis has been well designed and controlled
experimentally, although there are important limitations of this work that require

further discussion.

5.4.1 Post-mortem Human Brain Tissues

This PhD thesis has used post-mortem human brain samples to investigate the
synaptic changes that occur in several neurodegenerative diseases as described by
experiments in Chapters 3 and 4. The advantage of this approach is the direct
relevance to human disease. Post-mortem tissues provide an excellent validation for
cellular and animal models of disease which provide important mechanistic insights
into signalling cascades and causes for disease progression, but which do not fully

replicate human disease.

There are, however, limitations to the use of post-mortem tissues, many of which

were considered before commencement of these studies, especially during

interpretation of experimental results:
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5.4.1.1 Technical Factors

As human tissues are obtained post-mortem, only a glimpse of the changes that have
occurred at the end stage of life can be measured. Even though it is possible to
determine the development of disease events by examining tissues from different
brains distinguished into individual Braak stages, this does not however offer a
longitudinal view for each individual brain. Furthermore, due to the heterogeneity of
AD and complexity with multiple pathologies, it is challenging to interpret the
mechanistic basis of findings without assessing the contribution of other

neuropathologies.

Another factor is the PMD, which is the time (hours) from death to brain processing
and the length of time can have a significant effect on the quality of brain tissues. For
example, Wang and colleagues (2000), found that degradation of proteins, including
the NR2A and 2B subunits of the NMDA receptor, were found rapidly reduced
following death and up to 18 hours post-mortem (Wang et al., 2000b). Protein
degradation may not be the same between samples and this may also vary depending
on the vulnerability of proteins. For example, synaptophysin has much greater
resistance to degradation when compared to other synaptic proteins such as
synucleins and syntaxins (Liu and Brun, 1995; Siew et al., 2004). PMD may also have
an effect on posttranslational modifications and protein-protein interactions in disease
states (Ferrer et al., 2008). The pH of brain tissue has also been found to have a
profound effect on the variation of gene expression (Li et al., 2004). Additionally, pH
is valuable as a quality marker, perhaps better than PMD, brain region and storage
time and as an indicator of pre-mortem events (Monoranu et al., 2009). However,
details of pH along with factors which include storage and brain collection were not
detailed in parts of this study, which may account for some of the variability found

here.

292



A final limitation arises in the variation between brain regions, which may affect the
way in which data is collected. As such, subregion variability is as important when
investigating regional differences due to the specificity of pathology burden within
these areas. The use of specific brain hemispheres may also be a contributing factor
as interhemispheric differences of vascular and AD burden have been reported
(Giannakopoulos et al., 2009). Also, the availability of particular tissues can be
limiting, such as the hippocampus which is a popular region of study across several

neurodegenerative diseases.

5.4.1.2 Genetic Factors

Genetic factors can underlie the aetiology of neurodegenerative disease. The ApoE
¢4 allele is the strongest genetic risk factor for sporadic AD, and is associated with
synapse loss and accrual of oligomeric AB within synapses (Koffie et al., 2012; Hesse
et al., 2019). As such, accounting for ApoE genotype is important as this may account
for underlying differences between samples and may have an overall effect on the
outcome of results. This was not however taken into account within this study,
although ApoE status was only reported for array tomography data (Chapter 2,

Section 2.3, Table 2.4).

5.4.1.3 Environmental Factors

Pre-mortem events and lifelong choices can have an overall impact on disease along
with changes observed post-mortem. This can include confounding factors such as
previous illnesses, seizures, multiple diagnoses (in addition to main disease
diagnosis), medications and with lifestyle factors that include smoking, substance

abuse and socio-economic factors (McKhann et al., 2011). This may well have an
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effect on the development of disease, cause of death and overall outcome of this
study, but the effects are usually relatively small and only observable with larger

sample sizes.

5.4.2 Time constraints of the study

The array tomography study that took place in the Spires-Jones lab at the University
of Edinburgh was undertaken as part of an exceptional training opportunity funded by
the MRC Flexible supplement. This was a month-long placement to undertake a study
that would not only enhance this PhD but to develop scientific training methods. This
placement was however time-constrained due to the number of elements that needed
completion. This included training of AT methods, study design, post-mortem human
tissue processing (Dr Jamie Rose, University of Edinburgh), antibody optimisation,
tissue labelling, array scope imaging and training in analysis methods. This was
accounting for little error in the technical procedures. It also meant that the study
could not have been expanded to investigate other interesting pathological or

synaptic markers that would enhance the results of the study.

Due to the recent Covid-19 pandemic and lockdown, this had meant closures of the
laboratory. This proved as a limitation to the expansion of the overall study and meant
that experiments that were initially planned as part of proof of concept were not

pursued that would further support the data presented in this thesis. These include:

e Similar to immunoblotting and quantification of CSPalpha abundance
in BA9 post-mortem human tissues, to investigate CSPalpha
expression changes in other non-affected regions such as the

cerebellum to complement immunofluorescence data.

294



Thorough investigation of CSPalpha accumulations associated with
AB plaques in affected and non-affected areas which include the
hippocampus and cerebellum, respectively.

Qualitative characterisation and co-labelling of CSPalpha deposits in
different neurodegenerative diseases with a variety of sensitive
markers of axonal dystrophies including APP and BACE1, oligomeric
and monomeric AB to determine AR species, lysosomal proteins to
identify whether CSPalpha deposits form due to lysosomal dysfunction
and due to the heterogeneity of synapses, use of excitatory (VGLUT-
1)/inhibitory (GABA/GAD) synaptic markers to define synapse type to
provide more information on early presynaptic dysfunction with
respect to CSPalpha.

Previous reports suggest elevation in the level of CSPalpha
phosphorylation at Ser10 in cortical synaptoneurosomes of APP/PS1
mice (Wu et al., 2018). Hence it would have been valuable to assess
the abundance of CSPalpha phosphorylation at Ser10 in
synaptoneurosomes from BA9 AD post-mortem tissues compared to
controls using CSPalpha pSer10 antiserum in comparison to total
CSPalpha protein in order evaluate differences in CSPalpha post-

translational modifications at the synapse.
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5.5. Future Studies

The data presented in this thesis proposes the findings that CSPalpha protein
associates with presynaptic dystrophies in AD brain and possibly mislocalises from
its physiological localisation at the presynaptic terminal and accumulates
extracellularly, accumulations that are present in several neurodegenerative diseases
that develop AB plaques and the 5xFAD mouse model. These events occur in
proximity to AR plaque deposits and may be linked to a mechanism involving
oligomeric AB toxicity. Development of advanced techniques and with more time,
future experiments could investigate the mechanisms involving CSPalpha
association with synaptic degeneration in health and disease along with
understanding the functional changes of this significant presynaptic protein. Outlined
below are possible avenues that could be explored in order to extend the work

presented in this thesis:

5.5.1 Which proteins interact with CSPalpha accumulations?

This study has shown peri-plaque deposits of CSPalpha which in part co-localise with
the synaptic protein, synaptophysin and CSPalpha-interacting partners, SNAP-25
and Hsc70. However, there may be many other interacting proteins, including
pathological markers of disease. Using immunohistochemistry alone would take too
long to identify other proteins and so faster, more advanced and unbiased
approaches will be beneficial. Firstly, to understand the CSPalpha accumulation
complex better, post-mortem human tissues could be processed for high performance
liquid chromatography, to separate the deposit/aggregate fraction from monomeric
CSPalpha. Next, to better determine the proteins that may complex with CSPalpha,
fractions can undergo proteomic screen using mass spectrometry. This can then be

followed up with coimmunoprecipitation assays to validate the interaction between
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proteins, and extend the observations to compare the monomeric to deposit fractions,
and control and disease tissues. In order to visualise this interaction, use of proximity
ligation assays, which have been used in post-mortem human tissues (Lau et al.,
2020), can also be used to determine the localisation of interactions at a distance of
<40 nm. Additionally, mass spectrometry imaging can be used to investigate the
spatial distribution of thousands of molecules in a single experiment (Buchberger et
al., 2018). By understanding which proteins interact and whether there is a change in
this interaction will provide a better mechanistic insight into the molecular changes

within the synapse in health and disease.

5.5.2 Are CSPalpha posttranslational modifications altered across
neurodegenerative diseases?

This thesis reports that CSPalpha pSer10 is evident in control and AD hippocampus
and BA9 brain, including the presence of CSPalpha pSer10 in CSPalpha
accumulations. It would be valuable to examine this further biochemically by
quantifying the amount of CSPalpha phosphorylation across several
neurodegenerative diseases relative to total CSPalpha amounts. This will provide a
molecular understanding of post-translational changes in CSPalpha that may offer

insight into possible structural and functional changes of CSPalpha in disease.

CSPalpha palmitoylation is also important for the binding of CSPalpha to plasma
membranes. It has also been shown that CSPalpha aggregation is maintained by
palmitoylation (Greaves et al., 2012). Differential extraction of control and AD BA9
samples in detergents showed that most CSPalpha is solubilised from the plasma
membrane after exposure to the HS-TX detergent, as expected. It was also found in
AD and control hippocampus that there is no change in the percentage of CSPalpha
palmitoylation. This was calculated by measuring the abundance of the upper band

of CSPalpha ~35 kDa, which is known to be palmitoylated. Due to time constraints,
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this could not be validated. However, to do so brain samples can be treated with
hydroxylamine, which can depalmitoylate CSPalpha causing a 7 kDa shift in
molecular weight in the upper band. Studies to show that palmitoylation is important
for CSPalpha to accumulate in AD would be important for understanding the
mechanisms by which this process occurs. This could be achieved by the inhibition
of pamitoyltranferase proteins that normally palmitoylate CSPalpha such as DHHC17
and may prevent CSPalpha accumulation (Greaves et al., 2008). If CSPalpha
palmitoylation is altered, then this could be further investigated by labelling the
interaction of palmitoyl transferase proteins with CSPalpha protein in post-mortem

studies.

5.5.3 Could these accumulations be aggregates of CSPalpha?

During this study, it was considered that CSPalpha accumulations may in fact be
putative aggregates. The time constraint of the study meant that investigating this
would not have been possible. To better understand the nature of these deposits
using a more sophisticated technique would be to undertake immuno-electron
microscopy or structural analysis. Nuclear magnetic resonance spectroscopy can
provide a better understanding of CSPalpha accumulation structure and dynamic
stability in their natural milieu. Electron microscopy has been previously used to
validate presynaptic dystrophies in the presence of AB plaques (Gowrishankar et al.,
2015; De Rossi et al., 2019). Immunogold-labelling of post-mortem tissues would
provide a more in-depth analysis of these accumulations. The use of post-mortem
tissues however may prove difficult due to the quality of tissue required for this
technique. Instead, use of 5xFAD mice would be preferable from which fresh tissues
can be obtained and where CSPalpha accumulations have been observed.
Furthermore, techniques such as Clear Lipid-exchanged Acrylamide-hybridized Rigid
Imaging may improve molecular probing of CSPalpha accumulations, as shown

previously in the study for Lewy body inclusions (Liu et al., 2016).
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5.5.4 Can overexpression of CSPalpha provide neuroprotection?

Synapses are lost from otherwise viable neurons, and so efforts to prevent neuronal
death may be too late in the development of the disease to provide a possible
therapeutic rescue. Any form of ‘synaptoprotective’ therapy may be much more
effective, but this would need to be administered much earlier, and so identifying a
suitable molecular target for therapeutic intervention is key (Coleman et al., 2004).
Studies that have investigated the role of CSPalpha in synaptic survival have
experimentally modelled a downregulation of CSPalpha using CSPalpha KO models
to highlight the impact on synaptic function (Fernandez-Chacén et al., 2004;
Burgoyne and Morgan, 2015). Very few studies have explored CSPalpha
overexpression in vitro in addition to the finding by Tiwari and colleagues (2015) who
found an elevation of CSPalpha in the AD cerebellum, a protected region in AD
(Tiwari et al., 2015). The Giese group have previously cloned a CSPalpha lentiviral
overexpressing plasmid (a gift from Professor Thomas Sudhof). This plasmid could
be injected into the hippocampus of the 5XxFAD mouse model to determine whether
an overexpression of CSPalpha may rescue dysfunctional synapses and/or reverse

the formation of CSPalpha accumulation.
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5.6 Future Perspective

It can be proposed that CSPalpha may be the most sensitive marker for presynaptic
dysfunction for use by neuropathologists to investigate the pathological hallmarks of
synapse loss in several neurodegenerative diseases. This is in comparison to
traditionally used markers of synapse health such as synaptophysin, that has been
shown not to be as important for synaptic survival as CSPalpha (Fernandez-Chacoén
et al., 2004). Furthermore, as synapse loss is known to correlate with cognitive
decline, this provides precedent for use of CSPalpha biomarkers as a means of
detecting early synaptic and cognitive changes (DeKosky and Scheff, 1990; Blennow

et al., 1996; De Wilde et al., 2016; Colom-Cadena et al., 2020).

It has recently been reported that synapses can be visualised in the living brain using
synaptic vesicle glycoprotein 2A with [""CJUCB-J positron emission tomography
(PET) ligand (Finnema et al., 2016; Constantinescu et al., 2019; Li et al., 2019), with
further ligands in the development phase (Colom-Cadena et al., 2020). A 40% signal
reduction was observed in AD hippocampus compared to controls (Chen et al., 2018).
This, along with CSF markers and advanced imaging techniques may offer a strong
indicator of synapse degeneration in the brain. Interestingly, there are several studies
now investigating synaptic CSF biomarkers which include SNAP-25 and
synaptotagmin (Davidsson et al., 1996; Brinkmalm et al., 2014). More aligned with
this study, CSPalpha has also been observed in CSF from brains with no clinical
diagnosis of CSPalpha related pathology (Deng et al., 2017). Additionally, with the
possibility that CSPalpha may be secreted within exosomes, development of neuron-
derived blood exosomes assays may allow measurement of exosomal CSPalpha
which might provide a better reflection of early synaptic damage in disease (Winston

et al., 2016; Lashley et al., 2018). Hence, the use of CSPalpha as a biomarker of
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synapse damage and loss may hold great promise as a biological indicator of synapse

dysfunction and cognitive decline in AD.
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5.7 Conclusions

Synapse loss is a primary event occurring prior to neuronal loss in several
neurodegenerative diseases and is closely associated with cognitive decline. The
data presented in this PhD study have revealed accumulations of CSPalpha, a
presynaptic chaperone protein, in AD and other neurodegenerative diseases that are
found in proximity to AB plaques. This has been evidenced using both post-mortem
human tissues and the 5xFAD mouse model. CSPalpha accrual is also shown at
presynaptic dystrophies at a stage when synapse loss is at its greatest. These results
have led to a novel possible mechanism of early toxicity of synapses by either the
possible secretion of CSPalpha that can then be deposited as larger globular
structures or CSPalpha accumulation within remnant synapses that decorate the
outskirts of AB plaques. Furthermore, CSPalpha expression changes were altered in
different neurodegenerative diseases such as FTLD, warranting further exploration
into the mechanisms of synapse loss within multiple diseases. These data together
shed light on CSPalpha as being a sensitive marker for early synaptic changes in
health and disease, likely more so than traditionally used synaptic protein markers.
Furthermore, the knowledge offered by this PhD will provide a new perspective when
investigating the mechanisms underlying synaptic degeneration in several

neurodegenerative diseases in the future.
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Chapter 6: Appendix
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Figure 6.1. Hsc70 protein levels are elevated in AD BA9.

a) Representative western blots of homogenates from Braak stages O-Il, lll-IV and V-
VI post-mortem BA9 immunoblotted for Hsc70 (70 kDa) and NSE as a neuronal
loading control. b) Bar charts show quantification of Hsc70 relative to NSE. Hsc70
protein levels were significant across Braak stages (F(2, 27)=4.926, p=0.0027), and
elevated in severe AD (Braak V-VI) relative to Braak IlI-IV (p=0.004), and Braak 0-I
(p=0.01). Following D’Agostino and Pearson normality testing, data were analysed
using a One-way ANOVA with Tukey’s multiple comparison test. Data shown are

mean + SEM expressed as a fold average of control. [n=10 cases per group].
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Figure 6.2. Ap plaque-associated CSPalpha accumulations in 3, 9 and 12 month

old 5xFAD mice.

Representative low magnification images of unmatched cortical sections from female
WT and 5xFAD transgenic mouse brains at 3, 9 and 12 months of age co-labelled
with CSPalpha (green) and Ap (red) antibodies. DAPI (blue) was used to stain nuclei.
White arrowheads indicative of CSPalpha accumulations. Magnification 40x. Scale

25 um. [n=1 mouse per age group].

304



LAMP-1

Figure 6.3. LAMP-1 accumulates within AB plaques.

Representative images of BA9 brain sections of Braak stage IV human post-mortem
AD brain co-labelled with antibodies against a) LAMP-1 (green) and Ap (red). DAPI

(blue) was used to stain nuclei. Magnification 20x. Scale bar 75 pm. [n=1 case].

CSPalpha

Figure 6.4. CSPalpha accumulations surround A vascular pathology in AD.

Representative image of a temporal cortical brain section from Braak stage VI human
post-mortem AD brain depicting CSPalpha accumulations in proximity to an artery
with its vessel wall disrupted AP deposits and dysphoric angiopathy. Tissue section
co-labelled with antibodies against CSPalpha (green) and A (red). DAPI (blue) was

used to stain nuclei. Magnification 40x. Scale bar 100 pm.
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