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Abstract

Alzheimer’s disease is a progressive neurodegenerative disease which is primarily associated with
the accumulation of amyloid-B (AB) and tau to form extracellular AB plaques and intracellular
neurofibrillary tangles (NFT). Recently there has been increasing focus on other pathological changes
associated with AD, such as neuroinflammation which, along with the accumulation of tau, most
strongly correlates with cognitive decline. One major player in neuroinflammation is astrocytes. In
AD, reactive astrocytes accumulate around amyloid plaques. Molecular chaperones play an essential
role in maintaining protein homeostasis and preventing protein aggregation by binding to misfolded
proteins. One family of these chaperones are the small heat shock proteins (sHSPs). In addition to
classical chaperone functions, sHSPs have also been implicated in other functions including
cytoskeleton stabilization, anti-apoptotic and anti-inflammatory functions. Evidence suggests that
sHSPs are upregulated in reactive astrocytes in neurodegenerative diseases, including AD, however
their exact role has yet to be determined. Further to this, a number of studies have suggested that
overexpressing astrocytic sHSPs in animal models of neurodegenerative disease may be protective in
a non-cell autonomous manner. Therefore, the hypothesis for this thesis is that the upregulation of
the ubiquitously expressed and stress-induced sHSP HSPB1, specifically in the astrocytes, is

neuroprotective against AD-relevant pathology through a non-cell autonomous mechanism.

To explore this hypothesis, the localisation and expression of HSPB1 was first characterized in human
AD temporal cortex of different Braak stages by immunofluorescent analysis. In order to study the
non-cell autonomous function of astrocytic HSPB1, organotypic brain slice culture models were used
to replicate some of the pathological traits seen in AD, through treatment with cytokines known to
induce reactive astrocytes in neurodegenerative disease and also with physiologically relevant levels
of AB oligomers. A disease relevant tau pathology model was then set-up by transducing both

primary mouse neurons and brain slices with tau adeno-associated virus (AAV) constructs. Finally,



the potentially protective functions of HSPB1 were explored using recombinant HSPB1 treatment

and by overexpression of astrocytic HSPB1 in the slices through AAVs.

Human data confirmed that HSPB1 is localised within reactive astrocytes in the AD brain and also
showed that there were more HSPB1 positive reactive astrocytes in close proximity to amyloid
plaques. Further to this, immunofluorescent analysis revealed that the majority of amyloid plaques
found in the most severe AD cases were also HSPB1 positive, suggesting that HSPB1 is being
extracellularly released in response to AD pathology. In those slices treated with cytokines, reactive
astrocytes were induced and HSPB1 was found to co-localise with reactive astrocytes, reflecting
what was seen in the human AD brain. Transduction with a pro-aggregatory mutant tau-AAV
construct resulted in the accumulation of hyperphosphorylated tau in both the primary neurons and
slice cultures. Interestingly, the accumulation of tau inclusions in the primary neurons was reduced
in those neurons treated with recombinant HSPB1, highlighting the potentially protective chaperone
function of extracellular HSPB1. Further studies will be necessary to conclude whether astrocytic

HSPB1 can also reduce tau pathology in brain slices.

All'in all, the organotypic brain slice cultures proved to be a good model for replicating some of the
relevant AD pathological traits seen in the human disease, however further work is required to gain
a deeper understanding behind the mechanisms by which HSPB1 may be protective in response to

AD pathology. Overall this work contributes to current knowledge around the astrocytic sHSP

response in AD.
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Chapter 1: Introduction

1.1 Alzheimer’s Disease
1.1.1 Historical perspective

Alzheimer’s disease (AD) was first described by German clinical psychiatrist and neuropathologist
Alios Alzheimer in 1906 (Stelzmann et al., 1995). Alzheimer first met 51 year old Auguste Deter at a
mental asylum in Frankfurt, where she presented with progressive change in personality, rapidly
worsening memory, and overall cognitive decline up until her eventual death 5 years later (Hippius
and Neundorfer, 2003). Alzheimer’s initial post-mortem pathological analysis of Auguste’s brain
highlighted “numerous miliary foci” of extracellular structures and intracellular fibril bundles which
are more commonly known today as the classical hallmarks of disease, the extracellular amyloid-p
plaques and neurofibrillary tau tangles (NFT) (Cipriani and Dolciotti, 2011). Over 100 years later,
significant advancements have been made in regards to the genetic basis and molecular biology of

the disease, however much is still unknown and a suitable treatment or cure has yet to be found.

1.1.2 Prevalence and diagnosis

AD is the most common form of dementia with an enormous global and economic impact. The
numbers of those affected are set to triple from 50 million in 2018 to 152 million by 2050 and the
current cost of the condition is around a trillion US dollars a year, forecast to double by 2030
(Patterson 2018). In the UK alone, there were an estimated 900,000 people living with dementia in
2019, leading to the total cost of care being £34.37 billion, and the number of those diagnosed is
expected to sharply increase to over 1.6 million by 2040, mainly due to an accelerated ageing

population (Wittenberg et al., 2019).
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The diagnostic criteria for AD divides the clinical onset into three general phases: preclinical, mild
cognitive impairment (MCI) and AD dementia, with each period of disease falling in the range of
decades (Hane et al., 2017). AD begins with a long asymptomatic preclinical stage and it is assumed
that if a patient reaches preclinical stage, they are highly likely to develop AD if they live long enough
(Jack et al., 2012). The preclinical phase is characterised by general cerebral amyloidosis at a level
which is not yet detectable using currently available techniques and normal performance on
cognitive functional tests such as the Mini-Mental Status Examination (MMSE) (Hane et al., 2017).
The MCI phase of AD is characterized by a noticeable reduction in cognitive function although only
to such a minor extent and so the patients are still able to remain an autonomous member of
society. They or a family member will become aware of clinical symptoms including a decline in
memory, attention, language and/or executive function which worsen over time, however there is
still no laboratory test which officially confirms the diagnosis of MCI (Albert et al., 2011). The final AD
dementia stage is diagnosed in the clinical setting using a thorough patient history and cognitive
tests such as MMSE, where a diagnosis must confirm the impairment in at least two defined
categories which include: the ability to remember new information, general reasoning, visuospatial

ability, language function or changes in personality or behaviour (McKhann et al., 2011).

1.1.3 Genetics of AD

The main biological risk factor for AD is age (Carr et al., 1997), and 65 years is used to determine
whether a patient is categorised as having either early-onset (EOAD) or late-onset AD (LOAD;
(Cacace et al., 2016)). Less than 10% of all AD patients are diagnosed with the rare autosomal EOAD
and can become symptomatic from anywhere between 30 and 65 years of age (Wimo et al., 2015).
LOAD is the most common form of AD, making up to 95% of AD cases (Kamboh 2018), and occurs
sporadically due to a combination of genetic and environmental risk factors (Khanahmadi et al.,

2015). In addition to the typical memory impairment, EOAD patients also suffer from further focal
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cortical symptoms such as, visual impairment, apraxia and aphasia, whereas LOAD patients mainly

present with memory impairment (Cacace et al, 2016).

Early Onset Alzheimer’s disease (EOAD)

Large and detailed monogenic studies helped in the identification of high-penetrant mutations in
three EOAD genes, coding for the amyloid precursor protein (APP), and presenilin 1 and 2 (PSEN1
and PSEN2). Mutations in these genes all lead to an increased aggregation of neurotoxic amyloid

species (Tanz and Bertrami, 2005).

The first gene associated with inherited EOAD was identified through the exploration of Down
Syndrome (DS), caused by triplicate copies of chromosome 21 and where patients are shown to
develop similar amyloid and tau pathology as seen in AD patients (Wisniewski et al., 1985). Whole-
genome linkage (WGL) studies in AD patients confirmed a genetic deficit found on chromosome 21q
and further to this the APP gene was also mapped to the very same chromosome (George-Hyslop et
al., 1987; Goldgaber et al., 1987). APP was later conclusively linked to AD familial pathogenesis
thanks to the extended segregation studies into another amyloid based disease, human hereditary
cerebral haemorrhage with amyloidosis of the Dutch type (HCHWA-D) (Broeckhoven et al, 1990;
Goate et al., 1991). In addition to this, it was confirmed that a duplication of this APP gene was also
sufficient to cause EOAD (Rovelet-Lecrux et al., 2006; Sleegers et al., 2006). This overexpression of
APP has also been replicated in various mouse models of AD, which reflect a similar age-dependent
increase in extracellular Amyloid-f (AB) plus other neuropathological and behavioural changes seen

in the human disease (Elder et al., 2010).
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A is the result of the cleavage of APP by two aspartyl proteases, B- and y-secretases (Haass et al.,
2012). It has been found that mutations within the AR region of APP cause the increase in overall
levels and aggregation of AR which leads to EOAD, whilst mutations near to B- and y-secretases sites
can alter the ABso/ ABaz ratio (Chartier-Harlin et al., 1991; Citron et al., 1992; Irvine et al., 2008;
Scheuner et al., 1996). Conversely, a mutation in APP linked to an Icelandic population has been
shown to actually reduce the overall production of AB and therefore protects against the cognitive

decline normally found in late-onset AD (Jonsson et al., 2012).

The other genes best associated with EOAD are PSEN1 located on chromosome 14 and PSEN2 found
on chromosome 1 (Levy-Lahad et al., 1995; Sherrington et al., 1995). The presenilins are serpentine
proteins and catalytic subunits of the y-secretases complex, responsible for cleavage of the AB C-
terminus (De Strooper and Annaert, 2010; Bentahir et al., 2006). Inherited mutations in PSEN1 and
PSEN2 increase the AB42/ AB4o ratio which leads to a particularly aggressive and early form of AD
(Kumar-Singh et al., 2006), and this increase in APas; relative to ABaolevels has also been replicated in
presenilin mouse models of AD (Jankowsky et al., 2004). The mutations found in three different
EOAD associated genes all seem to result in a similar change in the balance of the different AR
products. This strongly suggests the involvement of AB in a final common pathway of AD

pathogenesis (Masters et al., 2015).

Late Onset Alzheimer’s disease (LOAD)

Genome-wide linkage studies and follow-up association studies into LOAD families identified the
apolipoprotein E (APOE) gene, found on chromosome 19, as the greatest risk factor for developing
AD (Pericak-Vance et al., 1991; Saunders et al., 1993; Strittmatter et al., 1993). APOE is a secreted

glycoprotein that binds and catabolises cholesterol and phospholipids (Jones et al., 2011) and is
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primarily produced by astrocytes and microglia in the brain (Huang et al., 2004). APOE has three
common isoforms €2, €3 and €4, which differ by only two amino acid residues resulting in differing
abilities in lipid binding, receptor affinities as well as stability and clearance (Serrano-Pozo et al.,
2021). Having one APOE €4 allele increases the risk of developing AD by a factor of three and having
two alleles further increases this risk up to 12-fold (Rebeck et al., 1993; Farrer et al., 1997), whereas
carrying an APOE €2 allele is proven to be the strongest protective genetic factor against sporadic AD
by reducing risk by at least 40% (Corder et al., 1994; Reiman et al., 2020). Further to predicting the
risk of developing AD, different APOE alleles also determine the age of onset of cognitive
impairment, as APOE €4 carriers experience earlier cognitive decline compared to APOE €2

genotypes who present with a later onset (Serrano-Pozo et al., 2015).

One of the first studies linking APOE to AD pathology observed APOE immunoreactivity within the
hallmarks of the disease, AP plaques and NFT (Namba et al., 1991). Since then, there have been a
number of studies clearly demonstrating a direct interaction between APOE and the AR peptide
(Serrano-Pozo et al., 2021) and the effects of different APOE isoforms on influencing tau pathology
(zhao et al., 2018; Shi et al., 2017). Further to this, in a number of in vivo mouse models of disease, it
has been demonstrated that there is an isoform-dependent reduction in AB plaque load and an
onset of AB build-up (Masters et al., 2015), supporting the notion that APOE is in fact a strong risk

factor for AD pathogenesis.

The continued discovery of novel LOAD affecting loci is indispensable in further understanding AD
aetiology. Genome-wide associated studies (GWAS) have successfully identified polymorphisms in or
near genes involved in biological processes such as endocytosis, immune response, inflammation
and tau pathology such as BIN1, CD33, SORL1, TREM2 and CASS4 (Karch and Goate, 2015; Lambert

et al., 2013). Of particular note are those genes involved in the immune response such as CD33,
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expressed on myeloid cells and microglia (Griciuc et al., 2013; Malik et al., 2013), and TREM2,
expressed on microglia stimulating phagocytosis and suppressing inflammation (Rohn 2013). This is
an addition to those lesser known genes CASS4 and FERMT2, involved in cytoskeletal function and
tau processing (Karch and Goate, 2015; Shulman et al., 2014; Pluskota et al., 2011; Kirsch et al.,
1999). These genetic discoveries highlight the importance of inflammation and tau processing in AD
pathology. Although GWAS has been invaluable in identifying novel genetic associations of AD, this
has led only to a minimal explanation of the disease heritability. More recently focus has shifted
towards the system-wide interactions which define the disease state, through the exploration of
pathway and network driven models with the help of transcriptomic and proteomic analysis. These
studies have not only confirmed the association of previously identified genes such as APP, APOE
and TGFB but have also highlighted novel genes such as ABL1 and ITGB1 and previously
underexplored pathways such as the brain “glutamate-glutamate cycle” pathway (Li et al., 2019; Li
et al., 2018; Patel et al., 2019). This new data will not only aid in our understanding of the disease

but also add vital insight into potential therapeutic targets.

1.1.4 Neuropathology of AD

AD is defined by a specific neuropathological profile of the classical hallmarks of disease:
hyperphosphorylated tau to form intracellular NFT and extracellular AB to form diffuse or neuritic
plaques (Figure 1.1) (Stelzmann et al., 1995; Jack et al., 2018). However, there is currently an
increased focus on the contribution of other cellular processes to disease progression, such as
synaptic and neuronal loss and neuroinflammation (Henstridge et al., 2019). Recently improved
biomarker and CSF monitoring capabilities allows the tracking and defining of each stage of
neuropathological development in more detail (Figure 1.2) (Vermunt et al., 2019; Long and
Holtzman, 2019). Firstly there’s early deposition of AR in the cortex, detected by Pittsburgh
Compound B (PiB) imaging and cerebrospinal fluid (CSF) levels of A4, (Morris et al., 2009; Bateman
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et al., 2012) which simultaneously occurs alongside neuroinflammatory changes, such as microgliosis
which can be confirmed using PK11195 positron emission tomography (PET) imaging (Jack and
Holtzman, 2013). Following this, there is an accumulation and spread of tau pathology from the
temporal lobes to the neocortex, measured through PET imaging and identified through the
increased in phosphorylated tau (Vos et al., 2013; Fagan et al., 2014). Synapse loss and dysfunction
and eventual neurodegeneration results from the continuous build-up of tau (see Chapter 1, Section
1.1) and can be monitored using imaging analysis of cortical and hippocampal volume and more
recently through examination of neurofilament light chain (NfL) CSF levels (Gordon et al., 2018;
Bridel et al., 2019). The onset and eventual cognitive decline is seen to most strongly correlate with
the accumulation of neuroinflammation (see Chapter 1, Section1.5) (in the form of reactive
astrocytes) and tau phosphorylation (Ingelsson et al., 2004; Perez-Nievas et al., 2013) (see Chapter 1,

Section 1.5).

N fibrillary tangl
Bl vy eurofibrillary tangle

Figure 1.1: A8 plaque and NFT found throughout the AD brain.

Images taken from Spielmeyer's classic textbook ‘Histopathologie des Nervensystems’, plaque and

tangles stained using Bielschowsky silver staining method, figure adapted from Masters et al., 2015
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Figure 1.2: Graph outlining the timing of all the major pathological events which occur throughout

AD in relation to the clinical progression.

The preclinical AD phase is characterised by the onset of amyloid deposition along with

neuroinflammatory changes including microglia activation. Next, NFT pathology spreads from the

temporal lobes into the neocortex, accumulating alongside synaptic dysfunction and loss. Onset and

progression of cognitive decline correlates with the accumulation of tau pathology and hippocampal

volume loss. Figure adapted from Long and Holtzman, 2019
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1.2 Amyloid-B and amyloid-B pathology

1.2.1 Amyloid precursor protein (APP) processing

The amyloid precursor protein (APP) belongs to a family of mammalian proteins which also include
amyloid precursor-like proteins 1 and 2 (APLP1 and APLP2) (De Strooper and Annaert, 2000). All
proteins are single-pass type 1 integral transmembrane proteins with large extracellular domains
and short intracellular domains and the family of proteins are processed similarly to APP (Kang,

1987; O'Brien and Wong, 2011).

APP can be processed in a number of ways, broadly split into the non-amyloidogenic and
amyloidogenic pathways which result in the generation of the AP peptide (Figure 1.3). During the
non-amyloidogenic pathway, APP is first proteolyzed on the cell membrane by a-secretase to
produce a soluble APPa (sAPPa) peptide which is extracellularly released. These resulting products
may then be involved in processes such as growth regulation and neuroprotection. Otherwise,
sAPPa may go on to be further cleaved by y-secretase in the cytoplasm resulting in two further
peptides, the APP intracellular domain (AICD) and a 3 kilodalton (kDa) peptide (p3) (De Strooper and
Annaert, 2000; Guo etal., 2021). This AICD produced, as a result of initial cleavage by a-secretase,
can then be rapidly degraded either by the endosomal/lysosomal pathway or insulin degrading

enzyme (Vingtdeux et al., 2007; Edbauer et al., 2002).

The main contributors to the amyloidogenic pathway are the B- and y-secretases. The B-secretase
involved is the B-site cleaving enzyme 1 (BACE1) and cleaves the N-terminus of the AP peptide whilst
the y-secretase cleaves the C-terminal end (De Strooper and Annaert, 2000). When APP is first

cleaved by BACE1, soluble APPPB peptide (sAPPB) is released and transported to the extracellular

32



space. This can then be further processed to form N-APP which may further contribute to AD
pathophysiology due to its ability to initiate apoptosis and neuronal death (Nikolaev et al., 2009).
After initial cleavage by B-secretase, the remaining C-terminal bound APP fragments (CTF) can be
cleaved by y-secretase in the endosome to generate AB peptides varying in length from 34 to 50
amino acid residues (Kummer and Heneka, 2014). About 90% of the AR fragments are the relatively
stable ABsoand whilst the longer AB4, form is less abundantly available than the AB4o derivative, it is
more prone to oligomerisation (Irvine et al., 2008). In healthy younger brains the balance between
production and clearance of the AB peptides such as the pro-aggregatory hydrophobic ABs, are
maintained, but in AD brains these peptides progress into toxic oligomers and fibrils leading to a
wide range of pathological features such as reduced synaptic activity and eventual synaptic loss

(Long and Holtzman, 2019).

In addition to the well-established APP cleavage pathways, newer &- n- and meprin pathways have
also been discovered and shown to result in additional N-terminal fragments (Muller et al., 2017). In
the case of the n-pathway, the higher molecular mass carboxyl-terminal fragments (CTF) are
generated by the combined cleavage of n-secretase with either a-secretase or B-secretase. These
have then been found to be enriched in dystrophic neurites in both AD animal models and human
AD brains and seen to attenuate normal neuronal activity highlighting the functional relevance of
this APP processing pathway and a potential new avenue for therapeutic strategies (Willem et al.,

2015).
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Figure 1.3: Non-amyloidogenic and amyloidogenic pathways of APP processing.

APP processing can occur either via the non-amyloidogenic or amyloidogenic pathway. Red region
highlights the transmembrane region of APP. In the non-amyloidogenic pathway, APP is cleaved
firstly by a-secretase and then by y-secretase, resulting in the sSAPPa and AICD. In the amyloidogenic
pathway, APP is processed firstly by BACE1 and then by y-secretase resulting in the formation of the
SAPP8 and the AICD. Figure adapted from De Strooper and Annaert, 2000

1.2.1.1 Amyloid-8 species

A range of soluble AP species have now been identified with different AB species forming as a result
of AP self-aggregation (Walsh and Selkoe, 2020). The different soluble species include monomers
and oligomers, discovered and investigated mainly using synthetic peptides acquired through cell
culture and mouse models as well as extracts taken from the human brain (McDonald et al., 2015;

Brinkmalm et al., 2019; Sehlin et al., 2012).

There is increasing evidence that the smaller oligomeric forms of AB may be the most toxic form,

rather than the insoluble plaques. In a study involving elderly and AD patients, both groups
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presented a high plaque burden, however, the AD patients had a higher ratio of soluble oligomer AB
to plague compared to their elderly counterparts (Esparza et al., 2012). It has also been shown in a
number of studies that, when extracting Ap from human AD brains, the majority of the extracted AB
is of higher molecular weight and actually non-toxic (Yang et al., 2017; Hong et al., 2018; Shankar et
al., 2008). However, once these larger oligomers were broken down into lower molecular weight
oligomers or when only the small diffusible portion of Ap was isolated and collected, these fractions
were then able to impair long-term potentiation (LTP) and cause neurotoxicity, proving to be the
synaptotoxic species in the brain (Yang et al., 2017; Hong et al., 2018; Shankar et al., 2008). In fact, it
has been suggested that the insoluble senile plaques are likely to sequester high molecular weight
oligomers, acting as a reservoir to prevent further A degradation into smaller toxic oligomers

(Koffie et al., 2009; Yang et al., 2017).

1.2.1.2 Amyloid-6 plaques

The main constituent of AB plaques is the AB peptide (Masters et al., 1985) formed by the cleavage
of the APP by B-secretase followed by y-secretase (Haass et al., 2012). The AP peptides are
susceptible to aggregate into higher order B-sheet oligomers and fibrils, ultimately resulting in the
formation of an extracellular insoluble amyloid plaque that define AD neuropathology (Long and
Holtzman, 2019). AB plaques can be morphologically classified as either diffuse or dense-core
plaques, based on absence or presence of conformational B-sheet staining using Congo Red and
Thioflavin-S (Serrano-Pozo et al., 2011). Plaques can also be further defined as neuritic meaning they
are associated with nearby dystrophic neurons and are surrounded by activated glial cells (Wippold
et al., 2008). Diffuse plaques are Congo Red and Thioflavin-S negative and non-neuritic as they are
not associated with other pathological features such as glial accumulation or synapse loss. They are
commonly found in those cognitively intact older patients (Serrano-Pozo et al., 2011; Masliah et al.,

1990). Dense-core plaques, also known as neuritic plaques and consist of a compact core which
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stains positive using Congo Red and Thioflavin-S which is are typically surrounded by dystrophic
neurons, activated glial cells such as astrocytes and microglia and synaptic loss (Knowles et al., 1999;

Urbanc et al., 2002; Vehmas et al., 2003).

As originally described by Braak and Braak, there are three distinguishable stages in the gradual
development of cortical amyloid deposition (Braak and Braak, 1997) as summarised below (Figure

1.4):

e Stage A —plaque deposition initially occurs in the basal neocortex region, mainly in those
unmyelinated areas such as the perirhinal and entorhinal fields

e Stage B — accumulation of amyloid plagues spread to adjacent neocortical areas and
hippocampal regions such as the subiculum and CA1

e Stage C— eventual build-up of amyloid across all areas of the cortex, including the more

myelin dense neocortical regions

It was once assumed that the staging of amyloid accumulation correlated with AD disease severity,
however this has now been shown to be largely mistaken with the exception for the most severe

disease stage (Boluda et al., 2014).

Building on the Braak staging of amyloid deposition, Thal phases further describes the accumulation
of AB in the cerebellum and brainstem nuclei (Thal et al., 2002), and is used to assist with the

neuropathological scoring of disease severity (Figure 1.4):

o Phase 1 - characterised exclusively by A deposits in the neocortex
e Phase 2 — AB appears in the entorhinal region, the CA1 region of the hippocampus and the
insular cortex

e Phase 3 —occurrence of AB in the diencephalic nuclei and the striatum
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e Phase 4 — AB deposits spread to additional distinct brainstem nuclei

e Phase 5 — AP spreads to the remaining regions of the brainstem and to the molecular layer

of the cerebellum

Thal staging assists in diagnosis through the implementation of a more sensitive staining method
(Thal et al., 2002) and has been adopted by the NIA-AA and BrainNet Europe (Montine et al., 2016,
Alafuzoff et al., 2009). During the neuropathological diagnosis of AD, Thal phases 1-4 can be
confirmed by the presence of amyloid deposition in the medial temporal lobe (Thal et al., 2006) and
it has been found that neurologically normal patients can also appear to be phase 1-3 (DeTure et al.,

2019).

Amyloid plaque

L

R

Stage land Il Stage llland IV Stage Vand VI
Severity

Figure 1.4: Spread of amyloid plaque pathology and NFT tangle pathology across the AD brain.

Schematic showing the characteristic pathologic spread and increasing burden of protein
accumulation in AD. Amyloid deposition precedes NFT build-up, originating in the frontal and
temporal lobes, eventually spreading to the hippocampus and limbic system (top row). NFT
accumulation begins in the medial temporal lobes, then spreads into the hippocampus and into other

areas of the neocortex (bottom row). Figure adapted from Masters et al., 2015
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1.3 Tau

1.3.1 Tau structure and function

Tau is a member of the microtubule-associated protein (MAP) family, originally identified as a heat
stable protein with an essential role in microtubule assembly and cytoskeletal stability (Weingarten
et al., 1975). Tau is found in a number of animal species, including Caenorhabditis elegans,
Drosophila, rodents, monkeys and humans. In humans, these tau proteins are mainly found in
neurons, although non-neuronal cells, such as glial cells in pathological conditions, have also been
seen to contain trace amounts (Buée et al., 2000). Within the neurons, tau is predominantly found
highly phosphorylated and located in the axons where it promotes microtubule stabilisation and

polymerisation (Hanger et al., 2009).

Human tau is encoded by the microtubule-associated protein tau (MAPT) gene which contains 16
exons located over 100 kilobases (kb) on chromosome 17921 (Neve et al., 1986; Goedert et al.,
1988). MAPT is alternatively spliced at exons 2, 3 and 10 to form six major isoforms between 352
and 441 amino acids long (Goedert et al., 1989). Exons 2 and 3 encode for N-terminal domains (N)
and exon 10 encodes for the carboxy-terminal (C-terminal) microtubule-binding repeat domain (R)
and so each of the tau variants differ due to the absence or presence of 1 or 2N in addition to either
3 or 4R (Figure 1.5) (Goedert and Jakes, 1990). Each of these different isoforms are likely to link to
specific physiological roles as they are differentially expressed. In early development, only one short
tau variant is expressed in the brain whereas all six isoforms are present in the mature brain. Further
to this, in healthy adult brains the ratio of 3R to 4R is approximately 1:1 but this ratio has seen to
change in different diseases (Schweers et al., 1994; Buée et al., 2000; Kosik et al., 1989). It is also

important to note that the proportions of tau isoforms differs from species to species, with adult
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mouse brain express the three isoforms of 4R (Kosik et al., 1989) whilst murine 3R tau is expressed in

only the neurons of new-born mice (Llorens-Martin et al., 2012).
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Figure 1.5: Different tau isoforms and corresponding MAPT domains which are alternatively

spliced in the human central nervous system (CNS).

Exons 2 and 3 in the N-terminal region are either excluded (ON) or differentially included leading to
1IN (exon 2) or 2N (exon 2 and 3) tau isoforms. Alternative splices in the microtubule binding region

(MTBD) results in either 3R or 4R tau isoforms. Figure adapted from Guo et al., 2017

The tau molecule can be divided into four major domains as follows. Firstly, there is the N-terminal
domain containing the two distinct alternatively spliced N-terminal regions. Next is the proline-rich
domain. Thirdly, there is the microtubule binding domain containing the four repeat motifs and
flanking regions which allows tau to bind and stabilise microtubules, and finally the C-terminal tail of
tau (Guo et al., 2017; Mandelkow and Mandelkow, 2012; Mukrasch et al., 2009). Tau is a natively

unfolded protein with a highly flexible structure which allows for the intramolecular interactions
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between its differently charged C- and N-terminus domains (Jeganathan et al., 2008; Mukrasch et al.,

2009; Jeganathan et al., 2006).

The N-terminal domain projects away from the microtubule surface and so does not bind to
microtubules directly however it does have a vital role in regulating microtubule dynamics by
interacting with the cell membrane and other cytoskeleton proteins such a neurofilament proteins,
whilst influencing the spacing between microtubules and other cellular components (Chen et al.,
1992; Brandt et al., 1995; Hirokawa et al., 1988). The exact function of the different N-terminal
inserts is unknown, however they have been implicated in determining the distribution and
localisation of tau (Liu and Goatz, 2013; Paholikova et al., 2015; Gauthier-Kemper et al., 2011; Liu et
al., 2016). The proline-rich domain provide recognition sites enabling the interactions with the Src-
homology-3 containing proteins including the Src family of kinases which act as important signal
intermediaries regulating a variety of cellular processes including cell growth and survival (Parsons et
al., 2004; Morris et al., 2011; Guo et al., 2017). This region has also been implicated in important
roles in nuclear function, as it functions as a DNA interacting site (Qi et al., 2015), and it is also
involved in the regulation of microtubule assembly and actin binding, supporting the function of the
proline-rich domain in maintaining the neuronal cytoskeleton (Eidenmiiller et al., 2001; He et al.,
2009). The microtubule binding domain of the tau protein is responsible for mediating the
interaction between tau and the microtubules (Pirscoveanu et al., 2017; Buée et al., 2000; Drechsel
et al., 1992; Sillen et al., 2007). Further to this, the microtubule binding domain has been shown to
bind ribonucleic acid (RNA) and also associate with lipid membranes (Brady et al., 1995; Thurston et
al., 1996; Kampers et al., 1996; Georgieva et al., 2014). Finally, the C-terminal tau tail has not been
fully established although studies suggest it may be involved in influencing the interaction of other

domains with other proteins (Connell et al., 2001).
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1.3.2 Tau Phosphorylation

Tau is able to undergo a range of post-translational modifications, including acetylation,
glycosylation, nitration, ubiquitination, truncation, and phosphorylation (Marcelli et al., 2018). The
most commonly described modification is tau phosphorylation. Tau contains 85 different
phosphorylation sites which include 45 serine, 35 threonine and 5 tyrosine residues (Hanger et al.,
2009). The different tau phosphorylation states are dependent on the balance of specific kinases and
phosphatases. The tau kinases can be categorised as proline-directed serine/threonine-protein
kinases such as glycogen synthase kinase (GSK) and cyclin-dependent kinase-5 (Cdk5), non-proline-
directed serine/threonine-protein kinases such as microtubule affinity-regulating kinases (MAPKs)
and cAMP-dependent protein kinase A (PKA) and thirdly, protein kinases specific for tyrosine
residues such as Src and Fyn (Martin et al., 2011). Protein phosphatases counterbalance the
physiological impact of kinases. Protein phosphatase 2A (PP2A) has been shown to regulate the
phosphorylation of tau and PP2A activity is markedly reduced in the AD brain, possibly contributing
to the increase tau pathology seen in the disease (Gong et al., 2000; Liu et al., 2005). A further
phosphatase, PP5 has also been implicated in tau phosphorylation and its activity is also reduced by

about 20% in the neocortex of AD brains (Liu et al., 2005).

The role of tau phosphorylation has been implicated in tau self-aggregation. Tau is generally a
soluble protein that appears unfolded in its native form, however under certain conditions, once tau
become detached from microtubules, it is able to aggregate to form higher order aggregated tau
oligomers and eventually paired helical filaments (PHF) in AD (von Bergen et al., 2000; Mandelkow et
al., 2007). It has been found that both tau phosphorylation in the proline-rich regions flanking the
microtubule domain and phosphorylation in the C-terminal both trigger and promote tau self-

aggregation (Eidenmdiller et al., 2001; Liu et al., 2007).
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It has also been demonstrated that tau phosphorylation may exacerbate neurodegeneration via
other mechanisms besides microtubule destabilisation and self-aggregation. Studies have shown
that the mislocalisation of tau from axons and the subsequent accumulation of hyperphosphorylated
tau within the dendritic spines impairs synaptic function (Hoover et al., 2010). Further to this,
phosphorylated tau has been proven to modulate activation of kinases GSK3 and Cdk5 within
synaptic terminals, disrupting synaptic transmission (Moreno et al., 2016). The phosphorylation of
tau has also been seen to block its normal biological fucntion by protecting tau from degradation by
the proteosome system and by impeding tau interaction with the cytoplasmic membrane and DNA,
therefore causing an obstruction to a range of subsequent signalling pathways (Dickey et al., 2007;

Hanger et al., 2009).

1.3.3 Tau seeding and propagation

Prion-like protein propagation is a phenomenon where proteins aggregate and spread across the
brain via intracellular transmission between neighbouring cells (Fraser 2014). The prion-like
properties of tau were initially described in the P301S tauopathy model in which overexpression of
human tau is restricted to the entorhinal cortex in young mice but as the mice ages, tau progresses
along an anatomically connected network of neurons via a trans-synaptic mechanism, with eventual
tau pathology propagating to the dente gyrus and CA1 regions of the hippocampus (de Calignon et
al., 2012; Liu et al., 2012; Calafate et al., 2015). Successive studies have similarly shown that when
injecting brain extracts taken from the P301 mouse into mouse models overexpressing either human
or mouse tau, there is again an aggregation of tau not only at the site of injection but also in
synaptically connected distal regions, reiterating the fact that the pattern of spread is determined by
connectivity and not proximity (Clavaguera et al., 2009; Ahmed et al., 2014). This phenomenon has
also been reproduced using patient-derived tau from human brain extracts (Robert et al., 2021). This

allows researchers to recapitulate distinct disease specific tau, containing the human specific
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isoforms into a number of rodent models, including wild-type (WT) mice, transgenic (Tg) mouse
models of AR and mice encoding a humanized MAPT sequence (Guo et al., 2016; He et al., 2017; He

et al., 2020).

The conformation of tau species seems to be critical in determining tau spread as certain structures
seem to encourage tau aggregation and propagation more than others. In AD brains, C-terminally
truncated tau is found abundantly in the synaptic terminals and this tau cleavage may facilitate tau
secretion and therefore propagate disease (Sokolow et al., 2014). In the SHSY5Y cell model, the
24kDa C-terminal fragmented tau proved to be more susceptible to aggregation and also propagated
more readily compared to the full-length tau through increased frequency of cell binding
(Matsumoto et al., 2015). Taken together, these studies highlight just some of the literature which
supports the prion-like notion of tau pathology and could suggest an explanation of how tau
aggregation may spread to more widespread brain regions during AD and thus aggravating the

neurodegenerative process (Goedert et al., 2017).

1.3.4 Neurofibrillary tau tangles

Neurofibrillary tau tangles (NFT) are comprised of the microtubule-associate protein tau which has
been phosphorylated and subsequently assembled into PHF, (Grundke-Igbal et al., 1986)). NFT are
pathological but are not necessarily associated with cell death, and neurons containing NFT are able
to survive for decades, suggesting a potentially protective role of NFT (Morsh et al., 1999; Spires-
Jones et al., 2009). The spread of NFT follows a spatiotemporal progression across six distinct stages,
known as Braak stages | - VI (Braak and Braak, 1991; Braak and Braak, 1995). Braak staging is used to

assess the severity of AD and is summarised as follows (Figure 1.4):
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o Stages | — I, also referred to as the transentorhinal stages, are characterised by the mild
presence of NFT mostly in the transentorhinal region and hippocampal CA1 region and
corresponds to the least severe AD cases

. Stages Il — IV, also referred to as the limbic stages, sees the spread of NFT to the
thalamus, the amygdala, the hippocampal CA4 region and the basal ganglia

. Stages V — VI, also referred to as the isocortical stages, where the remainder of the
hippocampal formation is affected and there is significant accumulation of NFT in the
isocortical regions, with the exception to the motor cortex, eventually resulting in mass
atrophy to the temporal and frontal cortices. This corresponds to the most severe stage

of AD

1.3.5 Tauopathies

Tauopathies are a group of sporadic or familial neurodegenerative diseases characterised
histopathologically by the filamentous accumulation of hyperphosphorylated tau in neurons or glial
cells or both (Chung et al., 2021; Arendt et al., 2016). Tauopathies are further classified into two
groups, primary and secondary tauopathies, with primary tauopathies defined as being dependent
on tau as a major contributing factor whereas secondary tauopathies are defined by the substantial
aggregation of another protein considered the primary driver of disease progression (Kovacs 2016,

Williams 2006). The most common secondary tauopathy is AD (Chung et al., 2021).

As the anatomical and cellular pattern of the tau pathology within these primary tauopathies is
generally involving the frontotemporal lobes of the brain, primary tauopathies are also sub-grouped
under the umbrella term of frontotemporal lobar degeneration (FTLD). This encompasses a number
of diseases characterised by the destruction of the frontal and temporal lobes (Seltman and

Matthews, 2012; Mackenzie, 2010). FTLD patients can be further categorised according to the
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misfolded intracellular protein found in the brain into FTLD-TDP representing a build-up of TDP-43,
FTLD-FUS representing the build-up of the fused in sarcoma protein (FUS) or FTLD-tau (Mackenzie et
al., 2010). The group of FTLD-tau diseases included Picks disease, progressive supranuclear palsy,
corticobasal degeneration and FTD with microtubule-associated tau (MAPT) gene and globular glial

tauopathy (Arendt et al., 2016).

1.3.5.1 MAPT mutations

The first mutation discovered in the MAPT gene was the P301L mutation, associated with
frontotemporal dementia tauopathies (FTLD-tau) and which leads to tau dysfunction and neuronal
death (Chung et al., 2021; Hutton et al., 1998; Poorkaj et al., 1998). A number of MAPT mutations
have now been located and have shown to mostly cause frontotemporal dementias but are also
involved in Parkinson’s disease, Dementia with Lewy bodies and Amyotrophic lateral sclerosis (ALS)
(Ghetti et al., 2014). MAPT mutations can cause tau pathology by enhancing tau aggregation or by
increasing the levels of tau phosphorylation and by altering the ratio of 3R to 4R isoforms (Alonso et
al., 2004; Chung et al., 2021). In those diseases with a higher proportion of 4R tau, this mutation can
influence the microtubule binding capabilities of tau as 4R tau isoforms are more inclined to bind to
microtubules (Lu and Kosik, 2001). Besides microtubule function, the influence of disease specific

MAPT mutations has not been fully established.

1.4 Interactions between tau and amyloid-3

The current disease hypothesis of AD postulates that AB, in the form of either plaques or the soluble
oligomeric form, is responsible for initiating the pathological cascade which in turn causes tau

misfolding and spread throughout the cortex, ultimately leading to neurodegeneration and cognitive
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decline (Busche and Hyman, 2020). This hypothesis has been supported by both human genetic
associations and through various experimental models of disease. Those patients who carry
mutations in AP related genes, such as APP and PSEN1/2 accumulate amyloid earlier in the disease
and are associated with a much earlier age of onset but a comparable rate of progression of clinical
symptoms compared to those who suffer from sporadic AD (Ryan et al., 2016). In the 3xTg-AD
mouse model which develops both AB and tau pathology, the presence of plaques precedes the
development of plagues and treatment with an AB antibody reduced early-disease stage tau
pathology (Oddo et al., 2003). In two transgenic mouse models overexpressing APP, the APP/Swe
and the APPPS1 mouse, the presence of endogenous mouse tau was found in the CSF at the time
point when each of the mouse models showed substantial AP pathology (Maia et al., 2013).
Moreover, treating these mice with a BACE1 inhibitor targeting AB pathology also prevented further

age-related accumulation of this murine tau (Schelle et al., 2017).

Recently, this theory has come under scrutiny as a number of clinical trials involving therapeutics
focussed purely on reducing A pathology, which proved to be curative in mice, have failed to
significantly improve clinical symptoms or slow disease progression (Busche and Hyman, 2020).
There is now increasing evidence indicating that the interplay between amyloid and tau may be
much more complex than originally theorised. For example, mouse studies now suggest that
amyloid- is able to influence and enhance tau pathology throughout the disease, even at the later
stages and not just at the beginning (Bennett et al., 2017; Busche et al., 2019). Further to this, there
have been a number of mechanistic lessons learnt from various models of AD which support a more
synergic, rather than causative relationship between these two proteins. Cross breeding mouse
models overexpressing tau with mouse models overexpressing APP has resulted in enhanced
pathological phenotypes compared to parental lines, as demonstrated by the crossing of the

APPPSW1 models with the P301L tauopathy mouse (Bennett et al., 2017). The resulting cross
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demonstrated accelerated formation of phosphorylated tau along with increased tau tangles and
increasing number of reactive astrocytes and activated microglia (Bennett et al., 2017). More
interestingly, by crossing various different mouse models overexpressing APP with tau mouse
models overexpressing the human mutant 4R tau, it was determined that it was the soluble form of
AB which was associated with more aggressive phosphor-tau propagation into the hippocampal

regions and not the intracellular AR aggregates (Gomes et al., 2019).

1.5 Neuroinflammation

One of the strongest correlates of cognitive decline in AD is the accumulation of neuroinflammation
(Ingelsson et al., 2004; Perez-Nievas et al., 2013). Neuroinflammation is generally defined by the
production of a combination of pro-inflammatory cytokines such as IL-6 and tumour necrosis factor
(TNF), chemokines, small molecules such as nitrogen oxide (NO) and reactive oxygen species (ROS),
by the innate immune cells of the central nervous system, those of which included microglial and
astrocytes (DiSabato et al., 2016). The release of pro-inflammatory cytokine IL-1B simultaneously
activated pathways found in both pre- and post-synaptic activation which resulted in eventual
synapse loss (Mishra et al., 2012). The release of TNF recruits caspase-8 which in turn activates TNF
receptor 1 and initiates apoptosis and cell death in neurons (Micheau and Tschopp, 2003). And
finally microglia recruited during inflammation can mediate synaptic loss through excessive synapse
pruning (Hong et al., 2016). This data highlights some of the literature which supports the
detrimental effects of neuroinflammation in driving disease progression through promoting synaptic

dysfunction, and exacerbating neuronal death.
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1.5.1 Microglia

Microglia are innate immune cells which derive from the myeloid lineage within the CNS, and arise
by haematopoiesis, the formation of blood cell components, in early embryonic development (Leng
and Edison, 2021). Microglia have essential functions throughout the whole of one’s lifespan, from
development through maturation and eventual senescence of the CNS and has important roles in
synaptic pruning, neuronal apoptosis, the maintenance of synaptic plasticity and immune
surveillance (Salter and Stevens, 2017; Ousman and Kubes., 2012; Paolicelli et al., 2011). Microglial
receptors are able to detect abnormal proteins such as pathogens and cell debris, which induce a
microglial response(Leng and Edison, 2021). This leads to microglial internalisation and degradation
of pathogenic species in addition to increasing microglial expression of chemokine receptors and
interferons which also contribute to the neuroinflammatory process (Solé-Domeénech et al., 2016;

Bajetto et al., 2002; Owens et al., 2014).

1.5.2 Microglia in AD

The proportion of activated microglia strongly correlate with presence of amyloid and tau
neuropathology and the rate of cognitive decline in AD (Felsky et al., 2019). Although microglial
activation is heavily associated with disease pathology, it is still unclear as to whether this

phenomenon is protective or harmful in AD.

Variants in the triggering receptor expressed on the TREM2 gene have been found to increase the
risk of AD by 2-4 times, comparable to those patients who have one copy of APOE €4, the most
common risk factor for the disease (Gratuze 2018). TREM2 is highly expressed on microglia and is
involved in promoting microglial phagocytosis and survival whilst modulating inflammatory
signalling. Interestingly, TREM2 has also been shown to bind and support phagocytosis of soluble AB

(Gratuze et al., 2018; Shi and Holtzman, 2018). Further to this, TREM2 knock-out (KO) mice have
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been shown to have exacerbated build-up of amyloid due to a reduction in phagocytic clearance of
AB (Parhizkar et al., 2019). Conversely, pharmacological depletion of the colony-stimulating factor 1
receptor (CSF1R), essential for microglial survival, led to the elimination of microglia in a mouse
model of AD and impaired plague development in the parenchymal space (Spangenberg et al.,

2019).

The data surrounding microglia interaction with tau pathology suggest a more detrimental role of
microglia in disease. The depletion of TREM2 has been shown to mitigate neuroinflammation and
astrocyte reactivity and protects from tau related neuronal loss in various mouse models of
tauopathy (Sayed et al., 2018; Leyns et al., 2017). Further to this, microglia are able to internalize tau
both in vitro and in vivo (Bolds et al., 2016), and by attenuating microglia it is possible to suppress
tau propagation via the inhibition of microglia secretion of tau oligomer containing exosomes (Asai

et al., 2015).

1.5.3 Astrocytes

In the human brain, glial cells constitute about 50% of all cell types, with different brain regions
exhibiting unique groups of glial cells (Azevedo et al., 2009; Herculano-Houzel, 2014). Approximately
20% of these glial cells are made up of specialised cells called astrocytes (Pelvig et al., 2008). The full
function of astrocytes is relatively unknown, however, they have generally been accepted as
“housekeeping cells”, promoting neuronal health and survival. Their role includes surveying and
maintaining the extracellular area, involvement in cell-to-cell communication through gap junctions
and signalling (through the reliance on intracellular levels of calcium), the regulation of blood flow
and circulation, the maintenance of the blood brain barrier (BBB) and the development and upkeep

of synaptic function and neurotransmission (Allen and Eroglu, 2017; Verkhratsky et al., 2015).

49



As astrocytes are heavily involved in the homeostasis of the CNS it is hardly a surprise that they are
also widely implicated in neurodegeneration. Astrocytes respond to injury by undergoing a
morphological and functional transformation into reactive astrocytes. Under different pathological
situations, astrocytes change their morphology, gene expression and function in accordance to the
form and severity of the insult. The resulting change in astrocytic activity is complex and not well
understood and can cause a toxic gain or loss of function with the potential to impact surrounding
cell types (Sofroniew and Vinters, 2010). This process has been defined as reactive astrogliosis and
those astrocytes observed in pathological conditions are referred to as reactive astrocytes (Escartin
et al., 2021). The overall impact of reactive astrocytes on different diseases is complex and differs
from disease to disease and the exact role reactive astrocytes is yet to be fully determined. For
example, in the APP/Swe mouse models of AD, inhibiting transcriptional factor STAT3 and therefore
preventing astrogliosis led to a reduction in in amyloid-f levels and strongly ameliorated spatial
learning and memory decline (Reichenbach et al., 2019), however, deleting two genes which encode
filament proteins required for astrocyte activation in the same transgenic mouse model of AD
resulted in an increase in amyloid plaque load (Kraft et al., 2013). Furthermore, the activation of the
aforementioned STAT3 pathways was detrimental in AD (Reichenbach et al., 2019), but has proved
protective against other neurodegenerative injuries by promoting synaptic plasticity after motor
neuron injury (Tyzack et al., 2014) and initiating scar formation after spinal cord injury (Herrmann et

al., 2008).

Adding to this complexity, it is difficult to distinguish the contribution of reactive astrocytes from the
contribution of the other main contributor to the immune responses in the brain, the microglia
(Heneka et al., 2014). Both reactive astrocytes and microglia activation are a central feature in
neurodegeneration and communication between the two types of glial cells occurs through signal

release from astrocytes onto microglia and vice versa (Haim et al., 2015). These astrocytic signals can
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promote both the anti- and pro-inflammatory properties of microglia (Farina et al., 2007; Jha et al.,
2019). Conversely, harmful reactive astrocytes are induced by inflammatory microglia (Liddelow et
al., 2017). Although it remains unclear to what extent reactive astrocytes are protective or damaging
during disease progression, there is a substantial body of evidence implicating the importance of

reactive astrocytes in neurodegeneration.

1.5.4 Astrocytes in Alzheimer’s disease and other tauopathies

In AD, the accumulation of reactive astrocytes, along with tau phosphorylation, very strongly
correlates with cognitive decline (Ingelsson et al., 2004; Perez-Nievas et al., 2013). In human brains,
these reactive astrocytes are seen to accumulate around amyloid plaques (Itagaki et al., 1989;
Wisniewski and Wegiel, 1991). Astrocytes can mediate the uptake and degradation of AR as well as
the secretion of AR-degrading proteases, and therefore mediate a reduction in the overall amyloid
pathology (Leissring, 2016; Ries and Sastre, 2016). In addition, astrocytes are the main source of
APOE, the greatest genetic risk factor in late-onset AD (Corder et al., 1993; Saunders et al., 1993;
Strittmatter et al., 1993), which is required to enable the aforementioned AR uptake and

degradation (Koistinaho et al., 2004; Deane et al., 2008; Li et al., 2012).

Conversely, transcriptomic studies have shown that astrocytes in AD mice develop a
proinflammatory phenotype and reduced expression of neuroprotective genes (Orre et al., 2014). In
single-cell transcriptome analysis of human AD brains, astrocytes were shown to preferentially
express genes which are associated with a response to neurodegeneration, such as clusterin (Mathys
et al., 2019) and C3 (Liddelow et al., 2017; Grubman et al., 2019). In addition to this, astrocytes are
also able to incite their own neurotoxic effects when exposed to AD-relevant proteins due to

astrocytic loss of calcium regulation or glutamatergic function (Gonzalez-Reyes et al., 2017; Scimemi
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et al., 2013; Ye et al., 2015). This is in line with the recent suggestion of an “A1” subtype of reactive
astrocytes attributed to AD and other neurodegenerative diseases. These are found to lose the
ability to promote neuron and synaptic protection (Liddelow et al., 2017), in addition to perhaps
mediating some of the harmful phenotypes exerted by AR in neuronal health and synaptic function,
as reported extensively in the literature (Abeti et al., 2011; Garwood et al., 2011; Jana and Pahan,
2010; Iram et al., 2016). However, strategies to combat astrocyte reactivity by depleting GFAP and
vimentin in a transgenic mouse model of AD showed contradictory results (Kraft et al., 2013;
Kamphuis et al., 2015). More recently, modulation of astrocyte reactivity through the STA3 pathway,

support a deleterious role of astrocytes in AD (Ceyzériat et al., 2018).

As well as associating with amyloid plaques, astrocytes are also seen to accumulate with NFT, and
the burden of these reactive glia correlates with the burden of tau pathology in human AD brains
(Serrano-Pozo et al., 2011). Whilst tau accumulates preferentially in neurons in AD, a recent study
found the presence of astrocytes with 3R tau inclusions in the hilus regions of the dentate gyrus in
AD cases, which was further exacerbated by the presence of hyperphosphorylated tau (Richetin et
al., 2020). Most other tauopathies are characterized by tau pathology both in neurons and glial cells,
including oligodendrocytes and astrocytes. Reactive astrocytes are commonly found in these
diseases and correlate with degeneration, suggesting that they may play a role in these diseases

(Kahlson and Colodner, 2015).

1.5.5 Non-cell autonomous role of astrocytes in neurodegeneration

There has been an increasingly influx of evidence to suggest that AD disease is not restricted to the

neurons, and interactions with other immunological mechanisms, such as neuroinflammation and
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the crucial players microglia and astrocytes, plays an important role in driving the pathogenic
process (Heneka et al., 2015). One example of this has been demonstrated by exploring the role
astrocytes in maintaining the homeostatic balance of oxidative stress. In normal physiological
conditions, astrocytes are seen to produce antioxidants in order to protect neurons, which are
particularly vulnerable to hydrogen peroxide toxicity (Desagher et al., 1996). However, it has been
found that the AB peptide can modify the glucose metabolism and cause NAPDH related oxidative
stress in astrocytes. This in turn causes the astrocytic release of hydrogen peroxide and glutathione,
resulting in neuronal glutathione depletion, impaired neuronal viability and eventual neuronal death
(Abramov et al., 2004; Allaman et al., 2010). It has been argued that perhaps small amounts of ROS
may provide beneficial neuroprotective functions through ROS induction of anti-oxidant systems and
trophic factors (Chun and Lee, 2018), however, overproduction of ROS can in turn trigger inducible
nitric oxide synthase (iNOS) expression and thus cause nitrosative stress and eventual death in

neurons (Akama and van Eldik, 2000; Bagheri et al., 2017).

In recent years there has been increased focus on the implication of the non-cell autonomous role of
astrocytes in neurodegenerative diseases. To explore this, a number of studies have been
implemented to examine this interaction in ALS. It has been demonstrated in a rat model of the
disease that when the TDP-43 mutation is restricted to astrocytes, this is able to cause a non-cell
autonomous progressive loss of motor neurons, leading to ALS-like paralysis in the animal (Tong et
al., 2013). This non-cell autonomous interaction has also been replicated when using a mouse model
of ALS which mimics the endogenous expression of mutant TDP-43 found in disease. The excising of
the TDP-43 mutation in the motor neurons only caused a delay in the onset of motor symptoms and
subsequent motor neuron death but still resulted in degeneration of the axons and astrogliosis,
highlighting the impact of both the neuron-neuron and astrocyte-neuron interactions in the disease
(Ditsworth et al., 2017). Recent studies found that induced pluripotent stem cell-derived (iPSC)

astrocytes from ALS patients carrying the C9orf72 mutation exhibited reduced secretion of
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antioxidant proteins which in turn led to a toxic increase in oxidative stress in motor neurons
generated from human embryonic stem cells (Birger et al., 2019). In contrast, healthy astrocytes can
protect motor neurons in ALS. Co-culturing healthy iPSC-derived astrocytes with iPSC-derived motor
neurons which have been exposed to TDP-43 aggregates seeded from post-mortem ALS spinal cord
led to a significant reduction in these TDP-43 aggregates and apoptotic marker caspase-3 in the

motor neuron (Smethurst et al., 2020).

To investigate the neuronal-astrocytic interplay in Huntington’s disease (HD), a transgenic mouse
model expressing a mutant form of the protein huntingtin (htt), specifically in the neurons, was
crossed with a different transgenic mouse which expressed the mutant htt with 98 polyQ repeats
specifically in the astrocytes. This led to a transgenic cross whose neurological symptoms became
more severe and whose death occurred earlier than the mouse with mutant htt in the neurons only
(Bradford et al., 2010), indicating the importance of glial dysfunction in exacerbating neuropathology
in HD. Increasing the accumulation of mutant htt specifically in the astrocytes of another mouse
model of Huntington’s disease, the HD140Q knock-in mouse which expresses mutant htt
ubiquitously but does not display neurodegeneration, led to an overall increase in endogenous
mutant htt as well as a significant loss of neurons in the striatum of the mouse brain, highlighting
how mutant htt can exacerbate neurodegeneration when htt is also present in the neuronal cells

(Jing et al., 2021).

A new AD mouse containing toxin-triggered reactive astrocytes has the ability to manipulate the
reactivity of astrocytes to become either mild or severe in vivo (Chun et al., 2020). When severe
astrocytes are triggered in these mice, it results in hydrogen peroxide mediated neuronal loss as
detected by neuronal markers NeuN and MAP2 in the CA1 regions and the cortex, along with

significant presence of neuronal apoptosis as detected by chromatic condensation of nuclei. These
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neurodegenerative changes were also accompanied by a significant increase in phosphorylated tau
in the neurons of the CA1 region (Chun et al., 2020). Further to this, a transgenic mice which
overexpress Nrf2, the master regulator of antioxidant and proteostasis genes (Kobayashi et al., 2016;
Tebay et al., 2015), specifically in astrocytes (GFAP-Nrf2 mouse) was crossed with the P301S
tauopathy mouse and the APPswe/PS1de9 (APP/PS1) mouse to explore whether the overexpression
of astrocytic Nrf2 could alter the pathology progression in either transgenic cross (Jiwaji et al., 2022).
In the P301S x GFAP-Nrf2 mouse, the levels of cortical neurodegeneration and phospho-tau
accumulation were reduced compared to the P301S mouse, highlighting the non-cell autonomous
neuroprotective effect of Nrf2-driven reactive astrocytes. Additionally, the AAP/PS1 x GFAP-Nrf2
mouse displayed a reduction in plaque density in the cortex and the hippocampus when compared
to the APP/PS1 mouse due to enhanced clearance and autophagy mediated by the Nrf2-astrocytes
(Jiwaji et al., 2022). Conversely, in a tauopathy mouse model, removing astrocytic APOE4, the
strongest risk factor for AD (Saunders et al., 1993), at the onset of tau pathology markedly reduced
tau accumulation and subsequent brain shrinkage and RNA sequencing analysis revealed gene
expression changes in neurons, oligodendrocytes and microglia (Wang et al., 2021). Interestingly, the
removal of astrocytic APOE4 reduced microglial synaptic pruning and phagocytosis of synaptic

elements, reducing tau-associated synapse loss usually seen in this tau model (Wang et al., 2021),

The contribution of astrocytes to tau spreading highlights a much debated non-cell autonomous
function of these glial cells in AD. In the human disease, the trans-synaptic tau propagation has been
heavily implicated in disease spread (Braak and Tredici, 2018). However, it has also been confirmed
that tau is also taken up by astrocytes and the primary source of tau within astrocytes is due to
internalisation of the protein (Ferrer et al., 2018). Since then, a number of studies have underlined
astrocytes as crucial participants in tau spread, in addition to neurons, with specific astrocytic

phenotypes such as thorn-shaped astrocytes, heavily implicated in the role of hyperphosphorylated
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tau propagation (Ferrer et al., 2018; Perea et al., 2019; Kovacs, 2020). Once the tau is internalised by
astrocytes, and even before the astrocytes have released and enabled tau spread, this accumulation
within the glial cells is enough to mediate a toxic non-cell autonomous reaction in neighbouring
neurons. It was found that this accumulation of astrocytic tau may cause a reduction in
gliotransmitter (e.g. ATP) availability, causing a reduction in synaptic vesicle release and expression
of synaptic proteins and therefore synaptic dysfunction in nearby neurons (Piacentini et al., 2017).
To further aggravate matters, exposure of these tau-containing astrocytes to AB oligomers may
induce the excessive release of phosphorylated tau, via exosomes, indicating a potential mechanism

behind how AR and tau interactions may exacerbate tau pathology (Chiarini et al., 2017).

The evidence for the role of astrocytes in preventing tau spread primarily comes from the
exploration of the dysregulation of autophagy in the context of neurodegeneration with particular
focus on transcription factor EB (TFEB) (Constanza and Spada, 2019). TEFB is the regulator of many
lysosomal genes and under stress it initiates nuclear transcription of genes responsible for the
upregulation of autophagosome formation, lysosomal biogenesis and lysosomal function (Sardiello
et al., 2009). TFEB has been shown to be upregulated and activated in response to tau pathology in
both humans and mouse models of tau, as well as in AB and combined AB and tau pathology
experimental models of disease (Song et al., 2020; Martini-Stoica et al., 2018). Both the endogenous
increase in astrocytic TFEB expression and induced TFEB expression in astrocytes, led to enhanced
autophagy and lysosomal activity, and so a reduction in protein accumulation and aggregation and
tau spread. This resulted in an overall neuroprotective response as demonstrated by improved

synaptic and cognitive function (Song et al., 2020; Martini-Stoica et al., 2018; Xiao et al., 2014).
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1.6 Molecular Chaperones

The protein quality control system is required to maintain protein homeostasis by ensuring the
correct folding and assisting in degradation when needed, and one major player within this system
are the molecular chaperones (Brehme et al., 2014). The broad function of the molecular
chaperones includes interacting with, stabilising or assisting another protein in obtaining its
functionally active conformation, without being present in the final structure (Harti and Hayer-Hartl,
2009). Molecular chaperones are also referred to as heat-shock proteins (HSP) as they were first
described to be upregulated in response to heat stress (Ritossa 1962). These heat shock proteins are
usually classified into different families depending on their molecular weight as follows: HSP40,
HSP60, HSP70, HSP90, HSP100 and small HSP (sHSPs) (Hartl et al., 2011), however they have also
been classified according to functional families which corresponded to the following nine chaperone
families: HSP90, HSP70, HSP60, HSP40, Prefoldin, sHSPs, TPR-domain containing, organelle specific
chaperone of the ER and organelle specific chaperones of the mitochondria (Brehme et al., 2014;
Hartl and Hayer-Hartl, 2002; Kleizen and Braakman, 2004; Tatsuta et al., 2004). The different families
of HSP co-exist and interact within the cell to forming cooperative networks and pathways to
support protein homeostasis (Hartl et al., 2011). Out of all the HSP families, this thesis will only
briefly describe the structure and function of those HSP most relevant for this PhD project, HSP70,

HSP40, HSP90 and the sHSPs (see Chapter 1, Section 1.7).

1.6.1 The HSP70 family

The constitutively expressed HC70, and stress-inducible form HSP70, is the most well studied
molecular chaperone which has vital roles in proteostasis control (Chaari 2019) and increased levels
of HSP70 have shown to prevent toxic protein aggregation in a model of neurodegeneration (Auluck

et al., 2002). HSP70 is made up of two functional domains, the conserved N-terminal ATPase, also
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known as the nucleotide binding domain (NBD) and the C-terminal peptide-binding domain (PBD),
consisting of a B-sheet sandwich subdomain and a a-helical lid domain (Ciechanover et al., 1980; Zhu
et al., 1996). The B-sheet sandwich of the PBD recognises the hydrophobic amino acids within
proteins (Rudiger et al., 1997) whilst the NBD controls whether the chaperone is in an open ATP-
bound state with low-substrate affinity or a closed ADP-bound state with high substrate affinity
(Mayer and Bukau, 2005). The hydrolysis of ATP to ADP is modulated by HSP40 (also known as DNAJ)
and other nucleotide-exchange factors, which leads to lid closure and stable peptide binding (Xu et
al., 2018; Kampinga and Craig, 2010). In order to open the lid and release the substrate, a
nucleotide-exchange factor binds to the ATPase domain on HSP70, catalysing ADP back to ATP (Hartl
et al., 2011). Although HSP40 functions as a co-chaperone to HSP70, it has also been seen to bind
directly to protein and act as its own independent chaperone (Kampinga and Craig, 2010; Chaari,

2019).

1.6.2 The HSP9O family

HSP90 is the most abundant HSP found in the cell and is localised in both the cytosol and the ER
(Hoter et al., 2018). HSP90 acts downstream of the HSP70 system, playing a key role in the structure
maturation and regulation of protein conformation of signal-transduction molecules such as kinases
(McClellan et al., 2007; Hoter et al., 2018). HSP90 functions as a dimer of subunits which are
assembled by the highly conserved C-terminal domain or dimerization domain, containing the major
binding sites, which aid in interactions with other co-chaperones (Pearl and Prodromou, 2006; Richer
and Buchner, 2006). The highly conserved N-domain is responsible for the hydrolysis of ATP and is
joined to the C-terminal domain by a middle M domain (Shiau et al., 2006). HSP90 has been
implicated in the stabilization and activation of a number of proteins which are involved in processes

such as cell signalling and transcription (Picard, 2002; Voisine et al., 2010)
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1.6.3 The role of molecular chaperones in AD

It has been shown that in the post-mortem cortical brain tissues from AD cases, there is a significant
increase in HSP70 compared to age-matched controls (Perez et al., 1991). Further to this, HSP70 was
found within amyloid plaques and neurofibrillary tangles (Hamos et al., 1991). Meanwhile, in the
hippocampal regions of the AD brain, it was established that there was a reverse correlation
between the appearance of HSPs and phosphorylated tau within the neurons, where neurons
strongly stained with HSP70 or HSP90 did not stain for phospho-tau (Dou et al., 2003). It was also
found that gene expression across all families of the chaperone proteins was repressed in the AD

brain compared to healthy controls (Brehme et al., 2014).

In response to amyloid-B, expression of HSP70 and the sHSP CRYAB is upregulated in C. elegans as a
protective response against AB accumulation (Fonte et al., 2002). HPS70 was also upregulated in
neuronal cultures in response to intracellularly expressed A4z, and viral overexpression of HSP70 led
to a reduction in neuronal apoptosis (Magrané et al., 2004). In vitro, HSP70 and HSP90 blocked AB
self-aggregation by binding specifically to the oligomeric form, redirecting away from self-assembly
and forming soluble circular oligomers instead (Evans et al., 2006). Furthermore, it was confirmed
that treatment with a combination of HSP70, HSP40 and HSP90 altered the structures of both
oligomers and fibrils which did not occur when each chaperone was added individually (Evans et al.,
2006). HSPs have also been studied in relation to the other pathological AD protein, tau. A number
of studies, have determined that HSPs including HSP90, HSP70 and the sHSPs, are able to recognise
hyperphosphorylated tau and aid in its recycling (Luo et al., 2007; Dou et al., 2003; Karag6z et al.,
2014; Du and Yan, 2010). In the brain of a tauopathy mouse model, which expressed 4Rm V337M
mutant form of tau normally associated with frontotemporal dementia and parkinsonism linked to
chromosome 17 (FTDP-17) (Tanemura et al., 2002) there was a significant decrease in the expression

levels of HSP90, and cellular models determined that increasing levels of HSP70 and HSP90 increased
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tau solubility and promoted the binding of tau to microtubules, in turn reducing the levels of

phosphorylated and insoluble tau all through direct chaperone-tau interactions (Dou et al., 2003).

1.7 Small Heat Shock Proteins (sHSPs)

1.7.1 Structure of small heat shock proteins

One sub-family of these heat shock proteins are the small heat shock proteins (sHSPs) which are
characterised by their small 12 to 43 kDa size and the presence of the conserved a-crystallin domain
(ACD) (Golenhofen and Bartelt-Kirbach, 2016). Table 1.1 shows the nomenclature used for the 10

members of this family found to date (Kampinga et al., 2009).
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Family name

Alternative name

Tissue location

Function

HSPB1

HSPB2

HSPB3

HSPB4

HSPB5

HSPB6

HSPB7

HSPB8

HSPB9

HSPB10

HSP27 (human)

HSP25 (mouse)

MKBP

HSPL27

aA-crystallin

aB-crystallin

HSP20

cvHSP

HS5P22

HSP11
CT51

ODF1

ODFP

Ubiquitous with high levels in the
heart, and muscle

Heart and skeletal and smooth
muscle

Heart, brain, skeletal and smooth
muscle

High expression in the eye lens,
skeletal muscle, liver, spleen, low
levels in adipose tissue

Ubiquitous, high expression in eye
lens, heart and muscle

Ubiquitous, high expression in
muscle

Heart and skeletal muscle, low levels
in adipose tissue

Ubiquitous

Testis

Testis

Chaperone, stabilisation of cytoskeleton, anti-apoptotic, anti-
inflammatory

Chaperones DMPK gene (kinase), myofibrillar integrity, anti-
apoptotic

Target-protein dependent chaperone, myofibrillar integrity

Chaperone, genomic stability, eye lens

Chaperone, stabilisation of cytoskeleton, cell cycle, eye lens,
regulating muscle differentiation, anti-apoptotic

Smooth muscle, cardioprotective, chaperone, anti-apoptotic

Chaperone, maintaining myofibrillar integrity

Chaperone, induction of autophagy

Linked to cancer and testis antigen

Elastic cytoskeleton structure

Table 1.1 Nomenclature, location and function of human sHSPs.

Adapted from Boncoraglio et al., 2012; Golenhofen and Bartelt-Kirbach, 2016; Kampinga et al., 2009 and Bakthisaran et al., 2015
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The structure of the sHSPs and the dynamic nature of the different domains (Figure 1.6) are
imperative in determining whether a client protein is able to bind and whether the sHSP can perform
its chaperone function (Webster et al., 2019). The ACD is composed of antiparallel B-strands which
can interact with these same B-strands in other sHSPs, allowing for the formation of dimers and
oligomers (Kim 1998). Either side of the ACD are the N- and C-terminal regions which are more
variable between sHSP families (Golenhofen and Bartelt-Kirbach, 2016) and these regions contain
various phosphorylation sites, essential for allowing the dynamic exchange of subunits required by
the sHSPs to carry out their chaperone functions (Hochberg and Benesch, 2014).The relatively
disordered nature of the N- and C-terminals, compared to the conserved nature of the ACD, allows
for the flexibility required for the sHSPs to interact with the client protein and other sHSPs (Jehle et

al., 2011; Stromer et al., 2004; Carver et al., 2017).

N-terminal ACD C-terminal
domain domain
P PP
N el . — ‘e C
——

Figure 1.6: General structure of the small heat shock protein (sHSP), conserved across all the

different families.

ACD = a-crystallin domain made up of antiparallel 8-strands, P = phosphorylation sites, figure created

by Katherine Sung

In order for sHSPs to interact with their client proteins, they utilise hydrophobic surfaces by which
they attach to the hydrophobic surfaces on the client proteins which have been exposed due to

misfolding or denaturation (Haslbeck et al., 2005; Jaya and Vierling, 2009; Sharma et al., 1997).
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Exposure of these hydrophobic binding sites on the sHSPs could potentially cause instability in the
sHSPs themselves and to overcome this, these hydrophobic regions are sequestered into large,
dormant multimeric sHSP oligomers, ready to disperse into smaller oligomers when they need to
become active (Santhanagopalan et al., 2018; Haslbeck et al., 2018; Basha et al., 2012). Many factors
can influence the size of these structures and whilst HSPB1 and CRYAB can form homooligomers
exceeding 20 subunits in vitro, other sHSPs tend to form smaller oligomers or dimers (Mymeikov et
al., 2017). The formation of heterodimers and heterooligomers, formed under continuous subunit
exchange between different sHSPs, have also been shown to regulate chaperone activity (Bova et al.,
2000; Arrigo, 2013). Although the physiological relevance of these difference heteroliogmeric
combinations is not fully known, there has been emerging evidence of a growing number of
combinations, including HSPB1/HSPBS (Aquilina et al., 2013) and HSPB8 with a number of different

sHSPs including HSPB1 and HSPB5 (Sun et al, 2004).

sHSPs are also regulated by post-translational modifications, such as thiolation and the most well-
studied phosphorylation, which may affect chaperone structure and mutimerization dynamics and
therefore alter their ability to carry out chaperone functions (Nagaraj et al., 2003; Eaton et al., 2002;
Ito et al., 2001; van den ljssel et al., 1998; Hayes et al., 2009). It is generally reported that
phosphorylation within the N-terminal regions of the sHSPs reduces the size of the oligomer
although the opposite has been reported and the phosphorylation of CRYAB has been shown to form
smaller but increasingly diverse globular assemblies (Shemetov et al., 2011; Ecroyd et al., 2007;

Peschek et al., 2009)
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1.7.2 Function of small heat shock protein

The sHSPs of interest for this PhD project are HSPB1 and HSPB5 and so the remainder of this chapter
will primarily focus on these. These are the most well studied sHSPs, found to be ubiquitously
expressed and along with HSPBS, are highly expressed in the human brain (Quraishe et al., 2008).
Mutations in sHSPs can cause a number of pathological conditions due to the loss of function of
sHSPs leading to a compromised ability in coping with stress, or the toxic gain of function resulting in
increased misfolding or inadequate binding with cellular targets (Bakthisaran et al., 2015). Mutations
include missense, frame shift, nonsense and elongation mutations and can occur along the entire
length of the sHSPs, including within the C-terminal, N-terminal or B-strand regions (Benndorf et al.,
2014). The exact molecular and cellular consequence of these sHSPs mutations are not fully
understood but they are mostly implicated in muscle and motor neurone diseases (Laskowska et al.,
2010). Most HSPB1 mutations are autosomal dominant and correlate with the development of a
distal hereditary motor neuropathy, also known as Charcot-Marie-Tooth (CMT) disease
characterised by muscle weakness as a result of motor and sensor neurons atrophy (Datskevich et
al., 2012). Mutations in CRYAB are associated with the development of a number of congenital
diseases including cataracts, myofibrillar myopathy and cardiomyopathy and some CRYAB mutations
can cause multiple symptoms spreading across a number of different congenital diseases (Sacconi et

al., 2012).

As part of their classical chaperone function, sHSPs are able to bind partially denatured proteins to
prevent irreversible aggregation, but unlike other chaperones such as the HSP70 family, they are
unable to re-fold these complexes back into their original shapes (Horwitz, 1992; Jakob et al., 1993;
Haslbeck et al., 2005). Besides their classical chaperone function, sHSPs have also been implicated in

other functions such as cytoskeleton stability, anti-inflammatory and anti-apoptotic functions
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(Boncoraglio et al., 2012; Wettstein et al., 2012; van Noort et al., 2012; Garrido et al., 2001; Kamradt

et al., 2002).

1.7.2.1 Anti-aggregation function of sHSPs

The sHSPs have been shown to interact and prevent the aggregation of the main pathological
proteins of AD. CRYAB is able to interact with AB monomers in order to prevent any further
neurotoxicity (Mannini et al., 2012). Intracellular CRYAB also binds misfolded oligomer species to
form long-lasting AB complexes, preventing fibril elongation and thus protecting cells from the
potential apoptosis associated with protein misfolding (Dehle et al., 2010; Shammas et al., 2011).
Overexpression of CRYAB in N2a cells demonstrated its involvement in reducing the levels of
phosphorylated tau and tau neurofilaments whilst also reducing GSK-3pB, a tau kinase found

aberrantly accumulated in NFT-containing neurons (Bjorkdahl et al., 2008).

In vitro, HSPB1 has been seen to interact with and sequester AB oligomers into larger, non-toxic
aggregates, and neurons deficient for HSPB1 displayed increased sensitivity to AB toxicity as they
were increasingly susceptible to neuronal death (Ojha et al., 2011). HSPB1 is also able to bind to tau
in aggregation-induced conditions by interacting with tau oligomers and delaying the subsequent
formation of toxic tau fibrils (Baughman et al., 2018). This function is mediated via the N-terminal
region of HSPB1, the region vital to initiate the chaperone activity of HSPB1 (Baughman et al., 2020).
Furthermore, HSPB1 can alter the conformation of pathological hyperphosphorylated tau and
reduce levels of hyperphosphorylated tau through facilitating its degradation and dephosphorylation
and providing a neuroprotective effect (Shimura et al., 2004). Linked to this, an increase in HSPB1

interaction specifically with hyperphosphorylated tau can reduce tau levels, however, binding of
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phosphorylated HSPB1 to tau can lead to the accumulation of soluble tau intermediates (Abisambra

et al.,, 2010).

1.7.2.2 Anti-inflammatory functions of sHSPs

These anti-inflammatory properties of sHSP have been explored in a number of studies. Exposure to
extracellular sHSPs appears to activate macrophages during inflammatory stress, stimulating the
release of anti-inflammatory cytokines and chemokines (Bhat and Sharma, 1999; De et al., 2000; van
Noort et al., 2010; Banerjee et al., 2011). Over the years, there have a been a number of studies
testing the potentially anti-inflammatory roles of CRYAB using various animal disease models in
which neuroinflammation is seen to be a key pathological event. In models of experimental
autoimmune encephalomyelitis (EAE), the disease model used to study multiple sclerosis (MS) in
rodents, it has been found that administering CRYAB is able to suppress lipopolysaccharides (LPS)
induced inflammation and markedly improves symptoms and outcome (Ousman et al., 2007; Guo et
al., 2019). In addition to this, systemic administration of mice with recombinant CRYAB after a stroke

saw a reduction in both stroke volume and inflammatory cytokines (Arac et al., 2011).

There have been fewer studies exploring the anti-inflammatory properties of HSPB1, however, given
the structural homology between sHSPs, it is highly likely both sHSPs share some similar anti-
inflammatory functions (van Noort et al., 2012). There has been increased focus on the protective
role of HSPB1 after ischemic stroke, where levels of astrocytic HSPB1 are upregulated (Bartelt-
Kirbach and Golenhofen, 2014). Injection of human-derived HSPB1 into a mouse after cerebral
ischemia provided neuroprotection against inflammation-related neuronal death (Teramoto et al.,
2013). Further to this, it has been demonstrated that HSPB1 can also modulate the immune

response in atherosclerosis through modulating NF-kB activity in macrophages (Batulan et al., 2016).
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1.7.2.3 sHSPs interactions with the cytoskeleton

Disruption of cytoskeleton assembly is one of the early effects of stress which can lead to eventual
cell death (Singh et al., 2007). Studies on the lens cytoskeleton led to the discovery that sHSPs,
namely CRYAB, could interact with both the intermediate filaments and their soluble subunits
(Nicholl and Quinlan, 1994) and the importance of the physiological role of CRYAB-filament
interactions was confirmed when it was found that mutations in CRYAB cause aggregation of these
filaments in desmin related myopathies (Vicart et al., 1998). Since then, both CRYAB and HSPB1 have
been shown to interact with these filaments and prevent their reorganisation, but they are unable to
prevent filament collapse (Perng et al., 1999; Perng et al., 1999). Further to this, upon heat stress,
CRYAB directly interacts with actin and regulates filament dynamics in vivo, protecting cells from
stress-induced death (Singh et al., 2007), whilst HSPB1 binds to denatured actin monomers or short
oligomers which have dissociated from the longer actin filaments as a result of heat stress and
protects them from further aggregation (Pivovarova et al., 2007). Lastly, CRYAB can also associate

with the tubulin subunits of microtubules to prevent aggregation in vitro (Arai and Atomi, 1997).

1.7.2.4 Anti-apoptotic functions of sHSPs

Apoptosis is a form of programmed cell death, regulated by a family of proteases called caspases
which induce apoptosis and subsequent removal of damaged proteins (Li and Yuan, 2008). There are
three main apoptotic pathways: the extrinsic, the intrinsic and the ER stress-related pathway. HSPB1
and CRYAB have demonstrated anti-apoptotic abilities, but with each different sHSP targeting and
inhibiting different factors of the apoptosis pathways (Garrido et al., 2001; Kamradt et al., 2002).
HSPB1 can exert anti-apoptotic effects via interactions with a number of apoptotic markers involved
in any of the three main apoptotic pathways (Shan et al., 2021). Phosphorylated forms of HSPB1 are
able to interact with Daxx in the extrinsic pathway, preventing the formation of Daxx-FAS and Daxx-
ASK1, required for Daxx-mediated apoptosis (Charette and Landry, 2006). This phosphorylated form
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of HSPB1 is also able the bind to ASK1 and inhibit the downstream extrinsic apoptosis pathway, thus
mediating neuroprotection in response to ischemic injury in mice (Stetler et al., 2012). HSPB1 has
the ability to further impact apoptosis through regulation of the intrinsic apoptosis pathway. In brief,
the intrinsic pathway, also known as mitochondria-mediated apoptosis, can be induced by a number
of external factors such as ROS, cytotoxicity and nutrient deprivation leading to the release of
cytochrome c from the mitochondria into the cytosol, causing the activation of caspase-9, followed
by activation of caspases-3, 6 and 7 leading to apoptosis (Singh et al., 2019; Shakeri et al., 2017; Shan
et al., 2021). It has been reported that HSPB1 is able to protect against atherosclerosis in coronary
heart disease and that this is due to HSPB1 suppression of the levels of ROS production which in turn
reduces cytochrome c release from the mitochondria and therefore inhibits the endothelial
apoptosis found in this disease (Tian et al., 2016; Zhang et al., 2017). HSPB1 has also been shown to
bind directly to modulators of the intrinsic apoptotic pathways such as cytochrome c, preventing
further activation of downstream caspases (Bruey et al., 2000) and caspase-3, inhibiting activation of

this caspase and thus blocking subsequent apoptosis (Voss et al., 2007).

CRYAB has also been shown to associate with the intrinsic apoptotic pathway. CRYAB interaction
with pro-apoptotic regulators Bax and Bcl-Xs in human lens and retinal cells and in rat myocardium
cells prevented the translocation of these pro-apoptotic modulators from the cytosol into the
mitochondria preserving mitochondrial integrity and preventing further cytochrome c release (Mao
et al., 2004). Also, in the human lens and retinal cells, CRYAB has been shown to directly interacts
with cytochrome c in vitro and in vivo and overexpression of CRYAB protected cytochrome c from

oxidative inactivation (McGreal et al., 2012).
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1.7.3 Small heat shock proteins in Alzheimer’s disease and other tauopathies

The sHSPs have the ability to perform a number of potentially neuroprotective roles in the brain,
such as the aforementioned chaperone-like function, anti-inflammatory and anti-apoptotic roles, all
which may prove useful in neurodegenerative diseases such as AD. The function of sHSPs in AD
however has not been fully determined, but the majority of studies indicate an increase in HSPB1
(Renkawek et al., 1994; Wilhelmus et al., 2006) specifically in reactive astrocytes during
neurodegenerative disease. CRYAB has also been shown to increase in reactive astrocytes
(Renkawek and Voorter, 1994; Shinohara et al., 1993) but also in other cell types such as neurons
(Mao et al., 2001; Kato et al., 1992) and oligodendrocytes (Renkawek and Voorter, 1994; Shinohara
et al., 1993; Iwaki et al., 1992), most recently supported by transcriptome analysis of AD brains
(Mathys et al., 2019). Moreover, some studies have also shown an increase in both HSPB1 and
CRYAB in relation to the two main pathological hallmarks of AD. In those reactive astrocytes close to
AB plaques, an increase in CRYAB and HSPB1 expression has been shown (Renkawek and Voorter,
1994; Wilhelmus et al., 2006; Renkawek et al., 1994) whilst an increase in neuronal tau was found to

drive the levels of astrocytic HSPB1 in an animal model of AD (Filipcik et al., 2015).

In other non-AD tauopathies with excessive glial pathology, (such as corticobasal degeneration
(CBD) and FTLD-tau), the expression of both HSPB1 and CRYAB has been shown to increase
specifically only in astrocytes, whilst being generally unchanged in neurons (LOpez-Gonzalez et al.,
2014). A small proportion of both HSPB1 and CRYAB has also been seen to associate with tau in the

form of astrocytic tau inclusions (Dabir et al., 2004; Wilhelmus et al., 2006).

A number of mouse models have been used to investigate the potential role of sHSPs within AD

brain. In two different mouse models of AD, the Tg2576 transgenic mouse expressing AAP with
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Swedish mutations (Hsiao et al., 1996) and the APPswe/PS1dE9 double transgenic mouse expressing
both human and mouse APP (Jankowsky et al., 2004), plaques are apparent from 11-12 months of
age, but more interestingly, HSPB1 was found in the penumbral area surrounding these plaques
(Ojha et al., 2011), reflecting what is seen in the human AD brain (Wilhelmus et al., 2006), and
emphasizing the use of these mouse models for studying sHSPs in the human disease. To this end, a
mouse overexpressing human HSPB1 was crossed with the APPswe/PS1dE9 AD mouse to investigate
the chaperone functions of HSPB1 against aggregation of amyloid-B (Téth et al., 2013). Not only was
plaque burden reduced in this double transgenic mouse, compared to the AD mouse model, but it
was also established that spatial learning and long-term potentiation was also improved (Téth et al.,
2013). Overexpressing HSPBS8 in the tauopathy rTg4510 mouse by bilateral injection of an adeno-
associated virus (AAV) into the brain protected the mice from tau-mediated deficits in spatial
learning and memory and rescued LTP deficits in the rTg4510 mice but did not alter the levels of
phosphorylated tau (Ospina et al., 2022). On the contrary, crossing a mouse deficient in both HSPB2
and CRYAB with the Tg2576 mouse resulted in a cross with severely impaired locomotive function

compared to each individual mouse models (Ojha et al., 2011).

1.7.4 Non-cell autonomous role of small heat shock proteins in neurodegenerative diseases

As previously mentioned, in recent years there has been growing interest in the non-cell
autonomous role of astrocytes and its implication in neurodegenerative diseases such as ALS and
Huntington’s disease (HD) (Tong et al., 2013; Ditsworth et al., 2017; Bradford et al., 2010). More
interestingly, it is through the use of HD animal models where the potential non-cell autonomous
role of sHSPs in neuron-astrocyte communication during neurodegenerative diseases was first
studied. Overexpression of astrocytic CRYAB in a mouse model of HD has been shown to be
protective against the progression of disease, through the modulation of mutant htt levels and

inclusion body formation, leading to improved motor and cognitive function (Oliveira et al., 2016). In
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addition, it was demonstrated that by exclusively expressing the human heat shock protein DNAIJB6,
a potent suppressor of PolyQ aggregation, in D. melanogaster astrocytes, it is possible to delay
progressive neuronal degradation and therefore prolong lifespan (Bason et al., 2019). Although the
potentially protective role of astrocytic sHSP has been demonstrated in neurodegenerative disease
such as ALS and HD, there is a distinct lack of studies exploring the non-cell autonomous effects of

astrocytic SHSP on neurons in AD.

1.7.5 Secretion of sHSPs

Traditionally, the role of sHSPs has been confined to intracellular chaperone functions, however,
emerging evidence has suggested a protective role for extracellular sHSPs in pathological conditions.
The presence and role of extracellular sHSPs in disease has been highlighted in human patients with
neuroinflammatory related diseases. MS patients have elevated levels of sHSPs in the serum (Ce et
al., 2011) and sHSPs are increased in both the plasma and the CSF found in the CNS during cerebral
ischemia (Hecker and McGarvey 2011). When looking more specifically at the presence of
extracellular sHSPs in neurodegeneration, it was found that there was an increase in autoantibodies
against CRYAB in the serum of both AD and Parkinson’ disease (PD) patients (Papu¢ et al., 2016;
Papuc et al., 2015). Further to this, a number of recent large-scale multilayer proteomic profiling
studies have identified HSPB1 in the CSF of AD patients (Sathe et al., 2019; Bai et al., 2020; Bader et

al., 2020).

1.7.6 Secretory mechanism of sHSP

On a molecular level, sHSPs lack the classical N-terminal signalling peptide required for sorting to the

ER and subsequently through the ER-Golgi complex, leading to release by the classical secretory
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pathway (Mambula et al., 2007). This is a feature also seen in other immune-modulators such as IL-
a, and IL-B (Prudovsky et al., 2003). Therefore, there have been a number of other suggestions made
as to how sHSPs are released. Initially it was assumed that sHSPs release was a consequence of cell
death, when sHSPs are released either by passive or active secretion after necrosis, as seen after the
induction of cell death in T-lymphocytes and Hela cells (De Maio and Vazquez, 2013; Basu et al.,
2000; Saito et al., 2005). However, studies have since demonstrated the release of sHSPs under
normal physiological conditions and other possible mechanisms have been discussed, such as the

exosomal or lysosomal pathways (Reddy et al., 2018; den Broek et al., 2021).

1.7.6.1 HSPB1

The exosomal pathway has been implicated in HSPB1 release, not only due to the confirmed physical
interaction between HSPB1 and different components of the exosome, but also due to the presence
of HSPB1 within the exosomes under physiological conditions (Reddy et al., 2018; den Broek et al.,
2021). It is still subject to debate as to whether HSPB1 are localised to either the lumen or the
membrane of the exosome. Shi et al., 2018 found HSPB1 localised in the exosomal membrane where
it was able to significantly stimulate NF-kB activation, supporting the anti-inflammatory role of this
exosome-bound HSPB1. The ability of HSPB1 to interact with other cell surface receptors such as
TLRs and oestrogen-receptor B3, also supports its interaction with the surface membrane (Yusuf et
al., 2009; Rayner et al., 2009). Contrary to this, Clayton et al., 2005, located HSPB1 within the
exosome lumen and not at the surface membrane in B-cell exosomes (Clayton et al., 2005). In any
case, a number of studies support the idea of exosomal release. Under normal steady state
conditions, exosomes contain HSPB1 and under heat stress, both the quantity of exosomes and the

levels of HSPB1 were both upregulated (Clayton et al., 2005). Inhibition of exosome synthesis in
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human macrophages reduced the levels of HSPB1, and extracellular HSPB1 release is detected in the

exosomes upon stimulation with AB in primary rat astrocytes (Nafar et al., 2016).

Another reported secretory pathway explaining sHSPs release is the autophagy-lysosome pathway.
To investigate the mechanisms underlying atherosclerosis, macrophages were treated with
oestrogen or acetylated low-density lipoprotein (acLDL), which increased HSPB1 secretion and its
association with two different lysosomal markers LAMP1 and Lysotracker (Rayner et al., 2008). In
addition to this, it was demonstrated that non-phosphorylated HSPB1 co-localised more with LAMP1
compared to its phosphorylated mutant forms, strongly indicating HSPB1 cellular release through
secretory lysosomes where it interacts with Vascular endothelial growth factor (VEGF) and plays a
role in maintaining the balance between physiological and pathological angiogenesis (Lee et al.,

2012).

1.7.6.2 CRYAB

The secretion of CRYAB has more strongly been associated with exosomes than HSPB1. Immunogold
labelling of CRYAB within isolated exosomes confirmed the presence of CRYAB within these
exosomes (Sreekumar et al., 2010). CRYAB has been found to reside in detergent-resistant
membrane domains which are essential for exosome biogenesis and inhibition of exosomes has
been shown to significantly reduce the release of CRYAB, from retinal pigment epithelial (RPE) cells
(Sreekumar et al., 2010).. Conversely, inhibition of CRYAB expression in adult human retinal pigment
epithelial cells (ARPE19) resulted in the inhibition of exosome secretion, implying CRYAB also plays a
role in exosome biogenesis (Gangalum et al., 2016). Additionally, unlike HSPB1, post-translational

modifications can influence CRYAB secretion, with phosphorylation and the prevention of O-
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GlcNAcylation of CRYAB significantly reducing CRYAB secretion via exosomes (Kore and Abraham,

2016).

1.7.7 Function of extracellular sHSP

1.7.7.1 HSPB1

The function of extracellular HSPB1 is relatively unknown however a variety of studies using in vitro
and experimental disease models have reported the possible involvement of extracellular sHSPs in a
number of functions, highlighting the potential therapeutic activity of these extracellular sHSPs
(Reddy et al., 2018). Extracellular sHSPs are mainly able to act as soluble signalling molecules that
bind to surface reactors on target cells such as CD40, CD36 and TLR, leading to the initiation of the
inflammatory process (den Broek et al., 2021). The potential extracellular role of HSBP1 in
modulating the immune response has been highlighted through its role in activating and modulating
NF-kB activity in macrophages during disease, and thus causing an upregulation in both pro- and
anti-inflammatory cytokines and growth factors such as VEGF (Salari et al., 2013; Batulan et al.,
2016; Jin et al., 2014; Thuringer et al., 2013). In an experimental mouse model of EAE, treatment
with intra-peritoneal injections of HSPB1 reduced paralysis through modulating inflammatory
cytokines IL-2, IL-6 and IFNy. Further to this, paralysis was found to return after treatment was
halted, suggesting HSPB1 to be acting as a biological inhibitor whose potential therapeutic effects

relies on HSBP1 levels being above a defined serological level (Kurnellas et al., 2012).

The potential role of protein interaction and the subsequent chaperone function of extracellular
sHSPs has also been explored. It has been suggested that exposure to AB can trigger the exosomal
release of astrocytic HSPB1 which then interacts with this extracellular A (Nafar et al, 2016). This

extracellular HSBP1 may then act as a chaperone protein to mediate the sequestration of toxic A
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oligomers into non-toxic AB aggregates (Ojha, 2011; Kudva, 1997) as a protective role against AD-

related pathology.

Finally, treatment with HSPB1 peptides has also displayed potential anti-apoptotic function by
inhibiting the development of cataracts in rats, through inhibiting protein insolubilisation and
oxidative stress, thought to be instigated by the conserved crystallin domain shared across all sHSPs
(Nahomi et al, 2015). On the whole, these observations strongly indicate the role of extracellular
HSPB1 may include modulating inflammatory response, chaperone-activity and a role in preventing

cell death.

1.7.7.2 CRYAB

The most well described function of extracellular CRYAB has been its role in promoting an anti-
inflammatory response, demonstrated through investigation of a number of inflammatory diseases
and conditions. In a rat model in which an inflammatory response is induced using sliver nitrate,
cytokines TNFa and IL1a are released and NOS production is increased. However, when these
animals are treated with intraperitoneal CRYAB, this cytokine and NOS production is inhibited
(Masilamonia et al., 2005). In stroke patients there is evidence of an increase in CRYAB compared to
health controls (Arac et al., 2011). Exogenous administration of therapeutic CRYAB in animal models
of inflammatory diseases including stroke, MS and ischemia lead to a reduction in the immune
response, via interaction with TLRs and not lymphocytes, and a reduction of inflammatory cytokines
such as IL-6 (Rothbard et al., 2012). In support of CRYAB anti-inflammatory functions as a result of
interaction with the innate immune system, CRYAB was also found to reduce levels of secondary
damage after CNS trauma in a spinal cord injury model, leading to improved locomotor skills by

modulating inflammatory response and reducing macrophage recruitment (Klopstein et al., 2012).

75



Extracellular CRYAB has also been seen to act on the major glial cells involved in neuroinflammation
to promote neuroprotective function. A number of studies have demonstrated the induction of
microglia by CRYAB via TLR2 along with the induction of a number of other anti-inflammatory
mediators during MS (Bsibsi et al., 2013; Bsibsi et al., 2014). Further to this, in a mouse model of
EAE, there is increased astrocytic release of CRYAB within exosomes which is seen to reduce
microglia inflammation in a non-cell autonomous manner whilst also reducing astrocytic
inflammation in an autonomous fashion (Guo et al., 2019). Finally, CRYAB also elucidated a
protective neuroglial response in a model of tauopathy (Hampton et al., 2020). In the P301S
tauopathy mouse model, CRYAB was intracerebrally infused into 8 week old mice leading to a rescue
of neuronal loss in the outer cortical layers of the brain, presenting the first experimental evidence

in the support of the neuroprotective role or CRYAB in a model of tau-related neurodegeneration.

In addition to its anti-inflammatory role, extracellular CRYAB has also protective chaperone activity.
CRYAB has been shown to reduce oligomer ABa4; induced toxicity when added extracellularly via
promoting the assembly of larger oligomer species, reducing the exposure of highly reactive
hydrophobic surface receptors and reducing diffusional mobility. CRYAB was also effective after
oligomer formation indicating the potential ability to also neutralise toxic oligomers after they have

formed (Mannini et al., 2012).

Finally, extracellular CRYAB also possess anti-apoptotic and protein stabilisation properties. In
cultured human lens epithelial cells, CRYAB was able to protect from protein aggregation and also
displayed significant protection against oxidative stress induced and heat stress linked cell death
(Christopher et al., 2014). And in addition to this, using a rat model of cataract development, CRYAB
was shown to inhibit cataract linked cell apoptosis along with inhibition of oxidative stress, protein

insolubilization and caspase activity in the lens (Nahomi et al., 2013).
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1.8 Organotypic brain slice cultures

1.8.1 History and development

One of the earliest definitions of the term “organotypic” was used by Crain in 1951 to describe tissue
which “largely retains its characteristic architecture, remains functional and if derived from
undifferentiated material, it may develop in culture in a surprisingly normal way” (Crain 1966). The
first example of an organotypic culture was demonstrated through studies on the development and
differentiation of a chick embryo eye (Reinbold 1954). The first published organotypic brain tissue
explored granule cells in the mouse cerebellum (Wolf 1970). A number of techniques were tested to
help enable long-term survival of brain tissue and of these techniques, the roller-tube and the

membrane interface techniques are the most widely implemented.

The best example of the roller-tube technique was optimised by Gahwiler, who attached 300-400um
thick brain slices to a glass coverslip and this coverslip was then placed inside a tube containing
culture media. This tube was then constantly rotated in a humidified incubator at 37°C to ensure the
slices are continuously oxygenated (Gahwiler, 1981; Gahwiler et al., 1997). Unfortunately, tissue
cultured in this manner does not maintain a complete architecture and suffered the high risk of
falling of the slide. These issues were later resolved with the introduction of the membrane interface
technique, placing the tissue at the intersect between a consistently humidified atmosphere and a
nutrient rich culture medium, provided via a semi-porous membrane (Stoppini et al., 1991). These
tissues were able to sufficiently attach to the membrane whilst maintaining its cytoarchitecture.
Therefore, this became the technique of choice for the majority of laboratories and will be the

technique used throughout this thesis (Figure 1.7).
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Figure 1.7 Schematic summarising the preparation of organotypic slice cultures

A) Brain bisected along the midline using a razor, B) The thalamus, brainstem and cerebellum are
removed (red), C) The two hemi-brains are kept in oxygenated dissection buffer throughout the
process, D) One hemi-brain is cut coronally at 350um by Mcllwain chopper, E) - F) Slices are carefully
separated under a dissection microscope , G) Three slices are then placed onto Millipore membrane,

held in a six well plate. Figure adapted from Croft and Noble, 2018;

1.8.2 Advantages of ex vivo organotypic brain slice cultures

Culture of cell lines and primary cells in vitro are the most widely used models to investigate the
cellular and molecular biology of brain cells, including the survival, morphology and function of cell
types such as neurons, astrocytes and microglia. However, such systems do not reflect the complete
natural in vivo environment due to the lack of interactions with other cell types or an extracellular
matrix (Humpel, 2015; AlaylioGlu et al., 2020). Organotypic brain slice cultures are an integrated
system, containing all physiologically relevant cell types that retain functional and anatomical
connectivity (Croft and Noble, 2018; Bahr, 1995). These different neuronal and non-neuronal glial
cells found in these slice cultures are representative of the proportions found in vivo (Staal et al.,

2011; del Rio et al., 1991; Croft et al., 2019), particularly important for this PhD project as this
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system will also allow for the study of the non-cell autonomous role astrocytes may have on

neurons.

Organotypic brain slices also represent an ex vivo model capable of replicating the in vivo disease
progression of neurodegenerative diseases such as AD, through an accelerated timeline whilst
reducing the number of experimental animals required for a study (Croft and Noble, 2018). Multiple
slices are prepared from one single animal, up to a maximum of 36 slices of a thickness of 350um, to
allow for the investigation of multiple experimental variables and disease-related changes over the
same time period (Croft et al., 2017). Further to this, postnatal mice prior to weaning are used to
prepare the organotypic slice cultures, which reduce expenditures on maintaining aged mice with

potentially harsh phenotypes (Croft and Noble, 2018).

Finally, the organotypic slice culture system allows for the study of molecular and cellular processes
which are usually inaccessible in vivo (Harwell and Coleman, 2016). In the absence of a blood brain
barrier, the brain slice cultures can be manipulated through the addition of compounds or
recombinant proteins directly into the culture medium (Croft et al., 2017) or transduced with
recombinant adeno-associated viral (rAAV) system (Croft et al., 2019), which enables genetic
manipulations. The slice cultures are also capable of performing other experiments which may not
be viable in an in vivo system such as long-term live imaging or cell electrophysiology (Croft et al.,

2019) .

Despite the aforementioned advantages of the organotypic brain slices cultures for the study of

neurodegenerative disease, there are also a number of limitations. Firstly, although the slices have
been shown to maintain cells associated with the vascular system (Hutter-Schmid et al., 2015), the
model cannot replicate an intact blood-brain barrier, a feature essential for use of slices in the pre-
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clinical setting for testing potential new drug candidates. Secondly, immediately after slice
preparation, a layer of reactive astrocytes develops on the outer surface of the cultures as a
response to injury (Benediktsson et al., 2005) which could interfere with analysis of the
physiologically balanced environment one is trying to create. Similarly, the preparation of these
slices also causes axonal damage and can results in the loss of target innervation. Although axonal
damage can be somewhere ameliorated using nerve growth factors (Humpel 2015), the issues
involving the glial scar and the axon damage can be resolved by waiting for two weeks before using
the brain slices in any analysis to allow for astrocyte reactivity and the acute effects of axotomy to
diminish. Finally, over time, the slice cultures can become flattened in vivo, as a means of
macroscopic survival which can alter the overall anatomical structure and electrophysiological

properties.

1.8.3 Modelling disease using organotypic brain slice cultures

Organotypic slice cultures have been used to study the underlying pathological mechanisms in AD,
particularly through the use of acute, short-term slice cultures in electrophysiology based synaptic
experiments (Fitzjohn et al., 2008), although it is important to note that the slices chosen for this
PhD are exclusively the long-term slices. Slices have been used to explore one of the main
pathological features of AD, the accumulation of AB peptides into extracellular plagues (Long and
Holtzman, 2019). Recent attempts have focussed on culturing slice cultures from established
transgenic mouse models of AR pathology with majority failing to achieve a robust pathology. Slices
cultured from the TgCRND8 mouse did not produce plaque pathology even after 12 weeks in vivo
and the addition of pharmacological manipulation (Harwell and Coleman, 2016), and slices cultured
from the 3xTg-AD mouse model demonstrated an over-production of the pro-aggregatory ABa,
peptide but not amyloid deposition after 28 DIV (Croft et al., 2017). Conversely, brain slices cultured

from adult APPSweDI mice have gone on to develop Thioflavin-S positive plaques which were also
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surrounded by activated glia, replicating the human pathology in cultures which were only 2 weeks

old (Humpel 2015).

There has also been a concerted effort in trying to replicate and understand the molecular
mechanisms of tau phosphorylation and accumulation using organotypic brain slice cultures. Brain
slice cultures have provided a tool to accelerate the development of tau pathology ex vivo when
compared to their in vivo counterpart. Slices cultured from both the P301L and htau mice developed
confirmational and phosphorylated tau after only 2 weeks in vivo, a process which would take at
least 4 months and 6 months respectively (Lewis et al., 2000; Andorfer et al., 2003). Further to this,
slices prepared from the 3xTg-AD mouse not only developed phosphorylated tau 12 times quicker
than in vivo, but these slices also contributed to further our knowledge about tau release and its
membrane redistribution, a factor that is recognised as an underlying pathological contribution to
AD (Croft et al., 2017). In addition, slice cultures have also proved to be a useful platform to test and
screen for tau antibodies with the potential long-term goal of implementing these antibodies into
clinical trials (Gu et al., 2013; Croft et al., 2018). The main drawback of the slice cultures to study tau
pathology is that they rely heavily on the overexpression of human tau, as seen in the in vivo rodent
models, which does not fully recapitulate the human disease (Dawson et al., 2018), however they
are still a useful tool in building on our current understanding of tau pathology in AD and other

tauopathies.

As it is now understood that AD is not only defined by protein aggregation, other pathological
features have also been explored using the organotypic brain slice cultures. As slices contain a whole
host of CNS cells, they have proven to be valuable tools in investigating the complex role of
inflammation in AD (Phillips et al., 2014; Tejera and Heneka, 2016). The role of both astrocytes and

microglia in response to AP has been examined using organotypic slices. These cultures have
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emphasized the importance of microglia in protecting against amyloid accumulation potentially
through enhance phagocytosis (Fan and Tenner, 2004; Hellwig et al., 2015), whilst the intricacies of
the astrocytic response to amyloid has also been observed (Xu et al., 1999). These studies have
stressed the potential of using slice cultures to study neuroinflammation in disease, and more
importantly, the sophisticated interaction between inflammatory glia and other cell types which

occur in multifaceted diseases like AD.

Finally, brain slice cultures have also recently been used in conjunction with other technologies such
as the rAAV system to efficiently transduce genes of interest into non-transgenic slice cultures in
order to induce the previously challenging ex vivo protein inclusions found in AD or PD (Croft et al.,
2019). This has eliminated the need to maintain a colony of transgenic mice from which to obtain
postnatal pups for slice culture preparation. In addition to this, the AAV system can also be used to
target specific cell types within the integrated slice culture system, with this expression shown to last
up to many months (Croft et al., 2019). Known mutations in the human APP, presenilin or MAPT
genes can now be delivered into the slice culture model via viral constructs to help further our
understanding on how these mutations may cause AD pathology and to explore the interconnected
physiological mechanisms related to brain function. Since it is possible to distinguish and manipulate
different cell types within one complete, integrated system, it makes the organotypic slice cultures a
good model for the study of the effects of the non-cell autonomous role of astrocytic sHSPs on other
cellular elements, in a disease relevant network. Therefore, organotypic brain slice cultures have

been selected as the model of choice for this PhD project.
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1.9 Aims and objectives

The original hypothesis for this PhD project was that the upregulation of CRYAB and HSPB1 seen
specifically in reactive astrocytes in AD would lead to the protection of neurons against AD
pathology in a non-cell autonomous manner. In order to explore this hypothesis, three main

objectives were addressed:

1. Investigate the cellular location and expression of CRYAB and HSPB1 in human post-mortem

AD brain tissue

Recently, a number of single-cell transcriptomic studies have implicated sHSPs as being strongly
associated with the pathological process of AD (Mathys et al., 2019; Grubman et al., 2019). Previous
studies have also investigated the localisation and expression of CRYAB and HSPB1 in the human AD
brain, however, these studies have reported sHSPs to be in a number of different cell types and the
levels of sHSPs in relation to amyloid plaque pathology has not been fully characterised (Renkawek
et al., 1994; Wilhelmus et al., 2006; Renkawek and Voorter, 1994; Shinohara et al., 1993). Therefore,
the first aim of this thesis was to investigate the location and expression of CRYAB and HSPB1 in
human brain sections of AD patients to determine their significance in relation to one of the main

pathological features of the disease, the amyloid plaques.

2. Characterise the organotypic brain slice culture model for studying the non-cell autonomous

role of HSPB1 in relation to AD pathology

In order to further study the role of HSPB1 in the response to AD-pathology, it was necessary to
establish a model in which it is possible to monitor and manipulate HSPB1 in an environment which
mimics the AD brain. To do this, the organotypic brain slice cultures were chosen as it is possible to

represent all the relevant cellular components of the brain within a complete, anatomically and
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functionally connected system (Staal et al., 2011; del Rio et al., 1991; Croft et al., 2019), which is
necessary to explore the non-cell autonomous aspect of HSPB1 function. In order to replicate some
of the pathological changes seen in AD, the slices were treated with cytokines known to be released
by activated microglia during neurodegeneration (Liddelow, 2017; Leng and Edison, 2021) and
physiologically relevant levels of AB oligomers (Perez-Nievas et al., 2021). Furthermore, slices were

also transduced with AAVs in order to replicate tau pathology (Croft et al., 2019).

3. Determine whether HSPB1 is protective against AD-relevant pathologies by exploring its
impact on cell toxicity, synaptotoxicity, neuroinflammation and tau accumulation in the

organotypic slice model of tau pathology

Within this aim, the potential role of extracellular HSPB1 will be explored through treating the slice
cultures with recombinant HSPB1 and investigating the impact this has in those slices treated with
cytokines and transduced with tau-AAVs. In addition to this, astrocytic HSPB1 will be overexpressed
specifically in the reactive astrocytes through the use of AAV constructs to determine whether

HSPB1 is protective in a non-cell autonomous means.
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Chapter 2: Materials and Methods

2.1 Animals

Pregnant CD1 wild-type (WT) mice at embryonic day 14 (E14) were purchased from Charles River.
CD1 pups were then taken for the preparation of organotypic slice cultures at postnatal days 8-11.
Tau knock-out (KO) and htau mice were obtained from the Jackson Laboratory. Tau KO mice (Tucker
et al., 2001) are generated by targeted mutation through inserting an enhanced fluorescent green
protein (EFGP) coding sequence into the first microtubule associated protein tau (MAPT) exon,
disrupting tau expression. The Tau KO mouse is crossed with the 8c mouse (Duff et al., 2000) to
generate the htau mouse (Andorfer et al., 2003). This htau mouse expresses all six isoforms of
human MAPT (including 3R and 4R isoforms) but does not express endogenous mouse tau. A colony
of htau breeding mice was established at King’s College London (KCL). htau mice were bred with Tau
KO mice to maintain the htau colony for future breeding. htau mice formed breeding pairs with
unrelated htau mice to produce htau pups which were used for the preparation of slice cultures at 8-
11 days postnatal. WT mouse on the same C657BL/6 background were also purchased from Charles
River and were bred to produce pups to be used as age-matched slice culture controls. All housing
and experimental procedures were carried out in compliance with the local ethical review panel of
KCL under a UK Home Office project licence (P5SE7F2A5E), held in accordance with the Animals

Scientific Procedures Act 1986.

2.2 Genotyping
2.2.1 DNA extraction

DNA extraction and polymerase chain reaction (PCR) were carried out using reagents from, and
according to the protocol in the REDExtract-N-Amp™ Tissue PCR Kit Protocol (Sigma-Aldrich). In
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short, ear snips were taken from mice and incubated in a 125ul mixture of Extraction and Tissue
Preparation solution for 10 minutes at room temperature. The DNA samples were then incubated at
95°C for 3 minutes before 100ul Neutralisation Solution B was added. Samples were thoroughly

mixed using a vortex and stored at -20°C until use.

2.2.2 Polymerase chain reaction

PCR amplification of genomic DNA was performed using PCR reaction mix with total volume of 25l
per reaction, primarily made up of REDExtract-N-Amp™ PCR Reaction Mix (buffer, salts, dNTPs, Taq
polymerase, REDTaq® dye, and JumpStart Taq antibody). Additional component of the PCR reaction
mix includes 10uM final concentration of all primers, template DNA and nuclease-free water
(Thermo Scientific Ltd., UK), details of which differ depending on the experiment (as seen in the

Table 2.1 and 2.2). The PCR was then carried out on using the conditions specified in Table 2.3.

2.2.3 Electrophoresis of PCR products

A 1% w/v agarose gel was cast to resolve the resulting PCR products. Agarose (Sigma) was added to
1x TAE buffer (40mM Tris-base, 0.11% w/v Glacial acetic acid, ImM EDTA) and heated in the
microwave for about 1 minute until it had fully dissolved. The mixture was allowed to cool slightly
before adding 1Img/ml ethidium bromide (Sigma) to allow for visualisation of the DNA bands. The gel
mixture was then poured into a gel mould, combs added and left for 30 — 45 minutes until the gel
had completely set. After, the gel was placed in an electrophoresis tank (BioRad), fully covered with
1x TAE, 20ul DNA sample was loaded alongside 5ul Quick-Load® 100 bp DNA Ladder (New England
Biolabs) and ran for 45 minutes at 120V before being visualised and imaged using U:Genius UV
Transilluminator [Syngene]. GAPDH was detected at around 350 bp and htau was detected at about

250bp.
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Primers for htau identification

Name 5’ — sequence - 3’ Expected MW
htau forward GTG TCT GCT GCT CCC TAG TCT GG 249
htau reverse GCC AAATGG TGC CCA CACCTT CC 249
GAPDH forward GGT GCTG AGT ATG TCG TGG AGT 369
GAPDH reverse CCC ACT GCC TAC ATA CCATGA 369
Table 2.1: Primers used for genotyping htau mice
htau PCR Reaction Mix (20pl)
Reagent Volume (pl) Final Concentration
REDExtract-N-Amp™ PCR Reaction Mix 10 1x
Forward Primer 1 1um
Reverse Primer 1 1um
DNA extract 4 1:20
Nuclease-free water 2 -
Table 2.2: Components of the PCR reaction mix used in htau genotyping
htau PCR Cycling parameters (37 cycles)
Step Temperature Time Cycles
Initial Denaturation 94°C 3 mins 1
Denaturation 94°C 30 secs
Annealing 70°C 20 secs 35
Extension 72°C 1 min
Final Extension 72°C 10 min 1
Final Hold 4°C Forever

Table 2.3: PCR cycling parameters used for htau genotyping
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2.3 Cell culture

2.3.1 Primary mouse cortical neuron cultures

2.3.1.1 Preparation of primary mouse cortical neuron cultures

All primary mouse neuron cultures were kindly prepared for me by Dr Maria Jimenez-Sanchez using
the protocol summarised as follows. Embryos were extracted from pregnant CD1 mouse at E15 — 16,
and the heads collected in HBSS (Thermo Fisher Scientific) on ice. Brains were removed from the
skulls and cortices were separated from the cerebellum and the striatum, and meninges removed to
prevent fibroblast contamination in the cultures. All cortices were collected together in HBSS and
kept on ice. The HBSS was then removed and the cortices were trypsinised in a solution of 0.25%
Trypsin (Gibco, 25200) in a 37°C water bath for 20 minutes, with the mixture inverted every 5
minutes. After 20 minutes, the trypsinisation solution was removed and the cortices were washed
with HBSS three times. Any remaining HBSS was removed and replaced with Neurobasal (NB) media
(NB media (Gibco™, 12349-015), 200mM B27 supplement, (Gibco™, 17504-044), GlutaMAX™
Supplement (Gibco™, 35050-061), 100mM Sodium pyruvate (Gibco™, 11360070), 100x
Penicillin/Streptomycin (Gibco™, 15140122). Tissue was triturated and passed through a 70um cell
strainer (Falcon, 352340) then diluted in NB media at 6ml cell suspension per embryo. Neurons
harvested from one brain were seeded in a 12-well plate, pre-coated with 10ug/ml Poly-D-lysine
(PDL; Sigma-Aldrich, P7280). Neurons used for immunocytochemistry were cultured on sterile

autoclaved coverslips. Neurons were seeded at a density of 2.5 x 108 cells/well.

2.3.1.2 Treatment of primary mouse cortical neurons

In order to model human tau pathology in the primary mouse cortical neurons, we used the
recombinant adeno-associated virus (rAAV) system (Croft et al., 2019) in collaboration with

Professor Todd Golde and Dr Cara Croft. The wild-type tau AAV (AAV2/TM8-WT-htauON4R-EGFP),
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the mutant tau AAV (AAV2/TM8-P301L/S320F-htauON4R-EGFP) constructs (both in Opti-MEM
media, Thermo Fisher Scientific) or EGFP control (pAAV[Exp]-CMV>EGFP:WPRE, VectorBuilder)
where added directly to the NB media at 6 DIV at MOI: 100,000. At 12 or 15 DIV, NB media was
collected for cell toxicity assays whilst neurons were collected or fixed for either immunoblotting or

immunocytochemistry.

Alongside the transduction of primary neurons with tau-AAVs, the neurons were concurrently
treated with recombinant human HSPB1 protein. 1, 10 and 50ng/ml HSPB1 was prepared in sterile
and filtered 0.1% BSA/PBS solution from the original solution provided by the supplier (R&D systems,
concentration of 0.342mg/ml in 25 mM HEPES, 100 mM NaCl and 1 mM DTT, pH 7.5, 0.2 um
filtered). HSPB1 was then added straight to the NB media at 6, 8 and 10 DIV. The untreated control
neurons for these experiments were treated with comparable volumes of sterile filtered 0.1%
BSA/PBS in the exact same way. At either 12 or 15 DIV, NB media was collected for cell toxicity

assays whilst neurons were harvested either for immunoblotting or immunocytochemistry.

2.3.1.3 Preparation of cell lysates for western blot

NB media was collected, centrifuged at 1,000 rpm for 5 min to eliminate cell debris and stored at -
20°C for cell toxicity assay. Neurons were briefly washed with DPBS (Gibco™, 14190144) and then
100pl 1x laemmli buffer (Tris-HCI pH 6.8, 20% SDS, 0.05% B-mercaptoethanol, Glycerol,
Bromophenol blue, H20, diluted with PBS) was added to each well. Cells were vigorously scraped
from the surface of the well, collected and boiled at 95°C for 15 minutes before loading for western

blotting.
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2.4. Organotypic brain slice cultures

2.4.1 Preparation of organotypic brain slice cultures

Organotypic slice cultures were prepared according to Croft and Noble, 2018. Brain slices were
prepared from CD1 WT, C657BL/6 WT and htau pups at 8-11 days postnatal. Animals were
decapitated with accordance to the UK Animals in Scientific Procedures Act (1986). The brain was
then removed from the skull and bisected along the midline using a scalpel. Both hemisects were
kept in continuously oxygenated ice-cold sterile filtered (0.2um) dissection buffer pH 7.4 (124 mM
NaCl, 3 mM KCl, 1.2 5mM KH2PO4, 8.2 mM MgS047H20, 2.65 mM CaCl2, 3.5 mM NaHCO3, 1.99 mM
Ascorbic Acid, 10 mM Glucose, 0.02 ATP, ultrapure H20) throughout the preparation procedure.
Under the dissection microscope, the thalamus, brainstem and cerebellum were removed to leave
the cortex and hippocampus attached by connecting regions. The hemi-brain was then placed on
moistened filter paper (Fisher Scientific Ltd, 1001-055) and sectioned into 350um coronal slices using
the Mcllwain chopper. Once cut, the brain slices were then separated using a hippocampal
dissection tool. At first, 18 slices were consecutively taken per hemi-brain and moved to 0.4um pore
membrane inserts (Millipore, 10412511), 3 slices per insert. However, it was soon established that
the first and last three slices per hemi-brain did not yield a viable volume of protein after culture and
so were excluded from the preparation. This resulted in an eventual total of 12 slices taken per
hemi-brain. These inserts were contained in 6-well plates, with each well containing 1ml of
prewarmed sterile filtered (0.2um) culture media pH 7.1 (19.3 mM NaCl, 5 mM NaHCO3, 2.7 mM
CaCl22H20, 2.5 mM MgS047H20, 0.5 mM Ascorbic Acid, 1.8g BME in 200 ml culture media, 40 mM
Glucose, 1 M HEPES, 1% (v/v) Glutamax, 0.5% (v/v) Penicillin/Streptomycin, 0.033% Insulin, 25%
(v/v) heat inactivated horse serum, ultrapure H20). The slice cultures were then kept in a sterilised
incubator at 37°C for 14 DIV — 28 DIV. The culture media was changed to fresh prewarmed culture

media three hours after the initial slice preparation and then every 2 to 3 days.
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Slice cultures appeared white and swollen immediately after preparation and over the next few days
they would continue to swell before returning to their original size, eventually becoming transparent
by 2 weeks in vitro, if they were healthy and viable. If slices became white and crusty in appearance

after the initial 2-week incubation period, this would signify cell death and these slices would not be

used for any further experimental procedure.

2.4.2 Treatment of organotypic brain slice cultures

Organotypic slices prepared from WT CD1 pups were treated at 21 DIV with 30ng/ml recombinant
mouse TNFa (0.3 pl from 100 pg/ml TNFa stock, R&D Biosystems, 410-MT) and 3ng/ml IL1a (0.6
from 5 pg/ml IL1a stock, Sigma) in 1ml of either fresh, prewarmed culture media or fresh
prewarmed NB media. 1ml of media containing the treatment was added to the well, outside of the
insert, and 50ul of media containing the treatment was added directly on top of the slices, inside the
insert. Slices were left in treated media for 24 hours. After treatment, slices were harvested to be
used for immunofluorescence or western blotting and NB media was collected to be used in cell

toxicity assays.

Organotypic slices prepared from WT CD1 pups were also treated at 21 DIV with physiologically
relevant levels of amyloid-B (AB) oligomers. In collaboration with Dr Beatriz Gomez Perez-Nievas,
primary mouse neurons were cultured from the Tg2576 mouse which expresses human APP with the
Swedish mutation (Hsiao et al., 1996). These neurons secrete concentrations of AB40 and AB42 at a
physiologically relevant ratio of 1:10 into the media. This media is known as Tg conditioned media
(TgCM). Wild type neurons are also cultured from littermates and this culture media is collect as a
control (WtCM). Slices are first pre-treated in NB media for 24 hours. This media is then discarded
and slices are then treated with TgCM diluted in NB media to get a final concentration 2nM
AB40/0.2nM AP42. Equivalent volumes of WtCM were used to treat control slices. After treatment,

slices were collected for western blotting and the media was collected for cell toxicity assays.
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In order to model human tau pathology in the WT CD1 slices, we used the aforementioned tau-AAVs
(C. P.-D.-L.-L. Croft C. 2019). The wild-type (AAV2/TM8-WT-htauON4R-EGFP) or mutant tau
(AAV2/TM8-P301L/S320F-htauON4R-EGFP)) rAAV constructs were added directly into the culture
media, 3 hours after initial slice culture preparation on 0 DIV. Final titres varied from 2x10%° — 2x10™
viral genomes (VG) per well containing 3 organotypic brain slices (see Table 2.4). Slices were then

either fixed for immunofluorescence or harvested for the sarkosyl extraction of tau after 28 DIV.

rAAVs were also used to overexpress human HSBP1 specifically in astrocytes. Constructs were
produced and purchased from VectorBuilder and included an AAV targeting astrocytes, also known
as GFAP-AAV (pAAV[Exp]-GFAP(short)>TagBFP2:WPRE) and a construct targeting HSPB1 specifically
in astrocytes, also known as GFAP-HSPB1-AAV (pAAV[Exp]-
GFAP(short)>hHSPB1[NM_001540.5](ns):P2A:TagBFP2:WPRE), all provided in PBS buffer (see Table
2.5). The GFAP-AAV was expressed under the GFAP promoter, tagged with blue fluorescent protein
(BFP), and included the regulatory element WPRE. The GFAP-HSPB1-AAV was also expressed under
the GFAP promoter, tagged with BFP and included both the regulatory element WPRE and inserted
P2A linker. All were applied as stated above, directly into the culture media on 0 DIV at 2x10%°
VG/well. Slices were then either fixed for immunofluorescence analysis or harvested for sarkosyl

extraction of tau after 28 DIV.

Slices were also treated with the recombinant human HSPB1 protein. After 14 DIV, each time the
culture media was changed (every 2-3 days), 50ng/ml HSPB1 was added to the fresh culture media,
up until the slices were harvested. The untreated control slices for these experiments were treated
with 50pl sterile filtered 0.1% BSA/PBS in the exact same way. Slices were then harvested for

sarkosyl extraction of tau after a total of 28 DIV.
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AAV

Original Viral Titre

Final Viral Titre  Volume added

Catalogue #
pAAV[Exp]- VB210211-1047trt 19 x 101! 2 x 10%° 10.47 pl
GFAP(short)>hHSPB1[NM_001540.5](ns):P2A:TagBFP2:WPRE
pAAV[Exp]-GFAP(short)>TagBFP2:WPRE VB210218- 18.20 x 10! 2 x 10%° 10.99 ul
1066gmw
Table 2.4: Concentrations used for the transduction of organotypic brain slices cultures with either GFAP-AAV or GFAP-HSPB1-AAV
Virus concentration: 1x 2x 5x 10x
Original . . o e e
Titre Final Titre Vol added Final titre Vol added Final titre Vol added Final titre Vol added
(VG/well)  (wi/ml) (vG/well) (B/mD) ygrweny W/ml) ygiwenry (vI/mi)
(VG/ml)
Wild type tau
4x10%? 2x10%° 5 4x10% 10 1x104 25 2x10%! 50
AAV2/TM8-WT-htauON4R-EGFP
Mutant tau
2x10%? 2x10%° 10 4x10%° 20 1x101 50 2x10% 100

AAV2/TM8-P301L/S320F-htauON4R-EGFP

Table 2.5: Concentrations used for the transduction of organotypic brain slice cultures with either WT-tau AAV or P301L/S320F tau AAV
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2.4.3 Preparation of organotypic brain slice lysates for western blot

Slice lysates were prepared according to the protocol adapted from (Croft et al., 2017). Slices were
first washed in ice-cold PBS three times for five minutes each, to remove any slice culture media.
Slices were then scraped off the membrane and placed in an Eppendorf tube with extra strong (2x)
lysis buffer (10 mM Tris-HCI (pH 7.5), 0.5% (w/v) Sodium dodecyl sulphate (SDS), 20 mM Sodium
deoxycholate, 1% (v/v) Triton X-100, 75 mM Sodium chloride, 10 mM EDTA, 2 mM Sodium
orthovanadate, 1.25 mM Sodium fluoride, 1x Protease inhibitor cocktail solution taken from 25x
inhibitor tablet by Roche). This was then left on ice for thirty minutes, ensuring the solution

was vortexed at least every ten minutes. Samples were then spun in a desktop centrifuge at

13,000rpm for 20 minutes at 4°C, the supernatant collected and stored at -20°C until needed.

2.5. Biochemical analysis

2.5.1 Sarkosyl extraction of tau

Sarkosyl extraction of tau was also performed using the organotypic brain slices cultures in order to
analyse the tau pathology induced by the transduction with tau-AAVs. The sarkosyl extraction of tau
was performed according to (Greenberg and Davies, 1990). Once slices were ready to be harvested,
they were briefly washed in ice-cold PBS and kept on ice. Slices were then pooled from 3-4 inserts
per hemi-brain and weighed to determine the relative volumes of homogenisation buffer to use.
Slices were then homogenised in homogenisation buffer (50 mM TBS pH 7.4, 10 % Sucrose, 2 mM
EGTA, 1x Phosphatase inhibitor cocktail solution taken from 10x inhibitor tablet by Roche, 1x
Protease inhibitor cocktail solution taken from 25x inhibitor tablet by Roche) using a handheld
homogeniser or by vigorously pipetting up and down at 100mg/mL. The homogenate was then
centrifuged at maximum speed on a desktop centrifuge (12,000 — 14,000g) for 20 minutes at 4°C. An
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aliquot of the resulting low speed supernatant (LSS) was taken for storage at -20°C for future use in
western blot. This LSS contains a mixture of sarkosyl soluble and sarkosyl insoluble tau. The pellet
was also stored at -20°C. The remaining volume of LSS was measured and collected into a Beckman
ultracentrifuge tube where sarkosyl (20% solution, Sigma) was added to give a final concentration of
1%. This solution of LSS and sarkosyl was then shaken for 30 minutes at room temperature before
being spun in an ultracentrifuge at 1000,000g for 1 hour at room temperature (21°C). The resulting
high-speed supernatant (HSS) was then collected and stored at -20°C for future use in western blot.
The HSS contains the sarkosyl soluble tau. The pellet was washed by adding 1% sarkosyl and spinning
at 100,000g for 10 minutes. This pellet contains the sarkosyl insoluble tau. All the tau containing
fractions (e.g. LSS, HSS etc) were mixed and resuspended in 2x samples buffer (National diagnostics),

before use in western blots.

2.5.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting

2.5.2.1 SDS-PAGE

For gel electrophoresis, 10-12% poly-acrylamide gels were made and cast in BioRad 1.5mm glass
plates and casting stands (running gel: H20, 30% acrylamide mix, 1.5 M Tris pH 8.8, 20% SDS, 20%
APS, TEMED, stacking gel: H20, 30% acrylamide mix, 1 M Tris pH 6.8, 20% SDS, 20% APS, TEMED).
Before running, samples were prepared in equal volumes of 2x laemmli buffer, heated in a heat
block at 95°C for 10 mins and spun in a desktop centrifuge at 10,000g for 20 seconds. Once all
samples and protein ladder (Protein molecular weight marker Precision Plus Protein™ All-Blue
Standard, BioRad Laboratories Inc., USA) had been loaded, the gels were inserted into Mini-
PROTEAN® Tetra Vertical Electrophoresis Cell (BioRad) and were electrophoresed at 120V using
BioRad power pack 200 in 1x running buffer (10x transfer buffer, 20% SDS, H20), until the proteins

had reached the bottom of the gel.
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2.5.2.2 Immunoblotting

Proteins were then transferred to PVDF 0.45um pore membranes (Millipore) in 1x transfer buffer
(Tris-base, 10 M HCI, H20, Methanol) at 100V for 1 hour at approximately 4°C, using an ice pack.
Membranes were then blocked in blocking solution (Odyssey® Blocking buffer) for 1 hour

at room temperature before incubating in primary antibody overnight (Table 2.6).

Membranes were then washed with washing buffer (50 mM TBS + 1% Tween), three times for 10
minutes on the shaker, before incubating in secondary antibody (Table 4) in the dark for 4 hours at
room temperature. Membranes were then scanned using Odyssey® Infra-red Imaging system (Li-Cor

Biosciences) at 680 and 800nm wavelength to detect the probed proteins.
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Antibody

CcpP27

CRYAB

GFAP

HSPB1

HSPB1

HSPB8

IBA-1

LCN2

PHF-1

PSD95

Specificity

Amino acids 130-150 of human tau (phosphorylated and non-

phosphorylated)

Anti-Alpha B crystallin

Glial fibrillary acidic protein

Recombinant human HSP27

Recombinant mouse HSP25

Anti-small heat shock protein HspBb/Hsp22

lonized calcium binding adaptor molecule 1 (Ibal)is a

microglia/macrophage-specific calcium-binding protein

Detect mouse Lipocalin-2/NGAL

Tau phosphorylated at ser 396 and 404

Postsynaptic Density protein 95

Species

Mouse monoclonal

Mouse monoclonal

Rabbit polyclonal

Rabbit polyclonal

Rabbit polyclonal

Rabbit polyclonal

Rabbit polyclonal

Goat polyclonal

Mouse monoclonal

Rabbit monoclonal

Source

Kind gift from P. Davies

Abcam, ab13496

Dako, N1506

Enzo, ADI-SPA-803-F

Enzo, ADI-SPA-801-F

Cell signalling, 30595

Wako, 019-19741

R&D biosystems, AF1857

Kind gift from P. Davies

Cell Signalling, 3450

Concentration

1:100

1:1000

1:1000

1:1000

1:1000

1:1000

1:500

1:500

1:1000

1:1000
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Detects mouse myeloma cell line NSO-derived recombinant mouse
Serpin A3N
Serpin A3N

SYP Amino acids 221-313 on human synaptophysin

C-terminal part of human tau protein expressed in E. coli; aa. 243-441,
Total Tau contains the four repeated sequences involved in microtubule binding

(MTB)

B-Actin Loading control

Goat polyclonal

Mouse monoclonal

Rabbit polyclonal

Mouse monoclonal

R&D biosystems, AF4709

Santa Cruz, sc-17750

Dako, A0024

Abcam, ab8224

1:500

1:1000

1:1000

1:1000

Table 2.6: List of primary antibodies used for western blotting in this thesis
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Host

Antibody Catalogue number ] Concentration
species

IRDye® 680RD Donk ti-M IgG

ve onkey anti-viouse 1g 926-68072 Donkey 1:10,000
Secondary Antibody
IRDye® RD t anti-M |

ve® 680RD Goat anti-Mouse lgG 926-68070 Goat 1:10,000
Secondary Antibody
IRDye® 680RD Donk ti-Rabbit IgG

L e 926-68073 Donkey 1:10,000
Secondary Antibody

® . .

IRDye 68ORD§oat anti-Rabbit I1gG 926-68071 Goat 1:10,000
Secondary Antibody
IRDye® 800CW Donkey anti-Mouse 1gG 926-32212 Donkey 1:10,000
IRDye® 800CW Goat anti-Mouse 1gG 926-32210 Goat 1:10,000
IRDye® 800CW Goat anti-Rabbit IgG

U SRR 926-32211 Goat 1:10,000
Secondary Antibody
IRDye® 800CW Donk ti-Rabbit IgG

ve Onkey anti-rabort 1g 926-32213 Donkey 1:10,000

Secondary Antibody

Table 2.7: List of secondary antibodies used for western blotting in this thesis
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2.6. Cell death assays

2.6.1 Lactate dehydrogenase assay

Cell death was determined by how much lactate dehydrogenase (LDH) was released from the slice
cultures into the slice media. This was measured according to the manufacturer’s protocol
(Promega, CytoTox 96® Non-Radioactive Cytotoxicity Assay). To minimize the interference of the
culture media components with the assay reagents, slices were pre-treated in NB media for 24 hours
before performing the LDH assay. 50ul of either NB media or slice lysate (previously lysed in extra
strong lysis buffer) was loaded in triplicate into a 96-well plate. 50ul CytoTox 96® Reagent was added
to each sample and incubated in the dark at room temperature. After 30 minutes, 50ul Stop Solution
was added to each well and the absorbance signal was measured immediately at 490nm using a
Wallac 1420 Victor3™ plate reader (PerkinElmer, USA). The LDH levels in the media were measured

relative to the total LDH levels detected in the slice lysates.

2.7. Human brain tissue immunohistochemistry

2.7.1 Immunohistochemical staining

Formalin-fixed paraffin embedded (FFPE) human brain tissue sections were provided by the London
Neurodegenerative Disease Brain Bank (Table 2.8). 7um temporal cortex and cerebellum sections
were taken from patients across Braak stages 2, 4 and 6 and those patients with a diagnosed MAPT
mutation (frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17) owing to
the tau intron 10 + 16 mutation) (five patients per diagnostic group, 12 sections per patient). These
sections were then analysed using immunohistochemistry (IHC) to determine the cellular location of

sHSP in human diseased brain.
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Firstly, the wax was melted by placing sections on a 95°C heat block for 25 minutes. Next, sections
were dewaxed by placing in xylene (Sigma) for 5 minutes before rinsing off and being placed in fresh
xylene for a further 5 minutes. Sections were then rehydrated in 99% followed by 70% ethanol (in
water), for 5 minutes each, before being rinsed in ultra-pure water for 5 minutes. Antigen retrieval
was then carried out by placing sections in citrate buffer (0.01 M of Sodium citrate, pH 6) and
microwaving on medium-high power for 6 minutes followed by microwaving twice on low power for
5 minutes. Sections were then cooled by adding ultra-pure water until covered and left to stand for 5
minutes. Next sections were rinsed in 1x TBS (Tris Base, NaCL, H20 800ml, pH 7.4) for 5 minutes
whilst a hydrophobic wax boarder was applied around the sections using PAP pen (Sigma). Samples
were then blocked in 300ul blocking buffer (1:100 normal goat serum (Sigma-Aldrich) in 1x TBS) for 1
hour at room temperature. Primary antibodies (Table 2.9) were prepared in 250ul blocking buffer

and sections were incubated overnight at 4°C.

The next day, sections were washed in 1x TBS three times for 5 minutes each. The following steps
were performed with the intention of protecting sections from the light as much as possible.
Sections were incubated in 250ul secondary antibodies (Table 2.10) for 1 hour at room temperature.
They were then washed twice with 1x TBS for 5 minutes each, before applying freshly prepared and
double-filtered Sudan Black (Sigma 0.3 g in 100 mL of 70% ethanol) for 10 minutes until the sections
turned dark. Sections were washed for a final three times in 1x TBS for 10 minutes each before being
mounted using Fluoromount-G™ Mounting Medium with DAPI (Invitrogen™), sealed with nail

varnish and stored in the dark at 4°C.
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Case ID

BBN_20012

BBN_9958

BBN_9926

BBN002.33764

BBN002.30882

BBN_9908

BBN_18793

BBN002.29410

BBN002.28694

BBN_20124

BBN002.26278

Sex

Age

86

84

84

73

77

82

81

84

86

81

75

PMD

45

53

35

49

28.5

20

51

86

55.5

20

59

Pathological diagnosis

Alzheimer type changes (ageing), BNE stage I, control

Alzheimer changes, Braak Il, consistent with patient's age

Alzheimer changes Braak Il consistent with normal aging

Early Alzheimer-type changes BNE stage I-Il control

Mild to moderate amyloid angiopathy, capillary subtype

Alzheimer's disease modified Braak IV with amyloid angiopathy

Alzheimer's disease, BNE stage IV

Alzheimer's disease (modified Braak (BNE) stage V) with moderate amyloid angiopathy

Alzheimer's disease (modified Braak (BNE) stage IV) with mild amyloid angiopathy

Alzheimer's disease (Braak stage VI). Vascular disease

Alzheimer's Disease (modified Braak (BNE) stage V, Thal phase 5 with moderate-severe amyloid angiopathy
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BBN002.29634 M

BBN_24235 F

BBN_9980 F

BBN002.32597 F

BBN_15278 M

BBN_15269 M

BBN_15268 F

BBN_15266  F

BBN_15265 F

72

79

83

85

71

67

58

75

63

41

63

58

12

35

31

100+

22

Alzheimer's disease (modified Braak/BNE stage VI) with extensive and capillary amyloid angiopathy and significant

cerebrovascular pathology

Alzheimer's disease BNE stage VI

Alzheimer's disease Braak stage VI

Alzheimer's disease, BNE stage VI

Frontotemporal degeneration (Tau Mutation - 10+16)

Frontotemporal degeneration (Tau Mutation - 10+16)

Frontotemporal degeneration (Tau Mutation - 10+16)

Frontotemporal degeneration MND inclusion

Frontotemporal degeneration (Tau Mutation - 10+16)

Table 2.8: Case details of post-mortem human brain tissue used for immunohistochemical analysis for this thesis

Table shows Case ID, sex (M = male, F = female), Age (in years), post-mortem delay (PMD in hours) and pathological diagnosis (BNE staging) for cases from
which temporal cortex FFPE sections were obtained
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Antibody

6E10

ALDH1L1

AT8

CAll

CRYAB

CRYAB

GFAP

GFAP

Specificity

This antibody is reactive to amino acid residue 1-16 of beta

amyloid

Aldehyde Dehydrogenase 1 Family, Member L1

Targets PHF-tau (Ser202/Thr205)a

Anti-human Carbonic anhydrase 2/CA2 aa 200-300 (C

terminal)

Anti-Alpha f crystallin

Anti-Alpha B crystallin

Glial fibrillary acidic protein

Glial fibrillary acidic protein

Species

Mouse monoclonal

Mouse monoclonal

Mouse monoclonal

Rabbit monoclonal

Mouse monoclonal

Rabbit monoclonal

Rabbit polyclonal

Chicken polyclonal

Source

Biolegend, 803002

Antibodies online,

ABIN1304519

ThermoFisher, MN1020

Abcam, ab124687

Abcam, ab13496

Cell Signalling, 45844

Dako, N1506

Abcam, ab4674

Concentration

1:200

1:200

1:200

1:100

1:200

1:200

1:500

1:500

104



HSP27

IBA-1

MAP2

MAP2

Recombinant human HSP27 Rabbit polyclonal

lonized calcium binding adaptor molecule 1 (lbal)is a
Rabbit polyclonal
microglia/macrophage-specific calcium-binding protein

Microtubule associated protein 2 Mouse monoclonal

Microtubule associated protein 2 Chicken polyclonal

Enzo, ADI-SPA-803-F

Wako, 019-19741

Sigma-Aldrich, 05-346

GeneTex, GTX82661

1:200

1:200

1:500

1:500

Table 2.9: List of primary antibodies used for immunohistochemical analysis of human brain tissue sections
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Catalogue

Antibody number Host species Concentration
Goat anti-mouse Alexa Fluor 568 A11004 Goat 1:250
Goat anti-mouse Alexa Fluor 488 A21121 Goat 1:250
Goat anti-rabbit Alexa Fluor 568 Al11011 Goat 1:250
Goat anti-rabbit Alexa Fluor 488 A11034 Goat 1:250
Goat anti-chicken Alexa Fluor 647 A21449 Goat 1:250

Table 2.10: List of secondary antibodies used in immunohistochemical analysis of human brain tissue
sections

2.7.2 Imaging of human brain immunohistochemistry

All images used for qualitative analysis were taken on the Zeiss Axiolmager Z1 microscope using the
AxioVision software (Zeiss). The correct filter sets were applied and the 10x, 20x and 40x objective
lenses were used. Images were stored as .ZVI files. All parameters including exposure time, laser

power, camera set-up and calibration were kept constant when capturing images.

All images used for quantitative analysis were taken on the Nikon Eclipse Ti Inverted Spinning Disk
Confocal microscope, using Yokogawa CSU-1 disk head and Andor iXon EMCCD camera and Nikon
Elements software (Nikon Instruments, UK). Laser wavelengths used included 405nm, 488nm,
561nm, 640nm. All parameters including exposure time, laser power, and objective (oil 40x) were
kept constant when capturing images. Z-stacks were collected that covered a depth dependent on
the size of the amyloid plaque in the field of view and stored as .ND2 files. A minimum of ten images

per patient were taken for each of the different staining conditions.
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2.8. Immunocytochemistry

2.8.1 Immunocytochemical staining

Neurons were then briefly washed in PBS before being incubated in 4% PFA (in 7.5% Sucrose/PBS)
for 10 minutes. Cells were washed three times in PBS before being incubated in 50mM ammonium
chloride for 5 minutes. After another 3x PBS wash, cells were incubated in 0.1% Triton X-100 (Sigma)
in PBS for 5 minutes. After a further 3 washes in PBS, the neurons were incubated in 10% normal
goat serum in PBS for 30 minutes at room temperature, gently rocking on the rocker. The relevant
primary antibodies were then applied in blocking solution (Table 2.11) and the neurons were left at
4°C overnight in the dark. The next day, the neurons were washed three times with PBS before being
incubated in the appropriate secondary antibodies (Table 2.12) at 4°C overnight in the dark. On the
third day, the neurons were washed 3 times before being mounted in Fluoromount-G™ Mounting

Medium, with DAPI and stored at 4°C in the dark.
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Antibody Specificity Species Source Concentration

MAP2 Microtubule associated protein 2 Chicken polyclonal GeneTex, GTX82661 1:500

Conformational change around residues 5-15 and 312-
MC1 322 of tau Mouse monoclonal Kind gift from P. Davies 1:100

Table 2.11: List of primary antibodies used for immunocytochemistry analysis in this thesis

Catalogue
Antibody number Host species Concentration
Goat anti-chicken Alexa Fluor 647 A21449 Goat 1:1000
Goat anti-mouse Alexa Fluor 594 A11005 Goat 1:1000

Table 2.12: List of secondary antibodies used for immunocytochemistry analysis in this thesis
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2.8.2 Imaging of immunocytochemical staining

All images were taken on the Zeiss Axiolmager Z1 microscope using the AxioVision software (Zeiss).
The correct filter sets and 10x, 20x and 40x objective lenses were used and the images were stored
as .ZVI files. All parameters including exposure time, laser power, camera set-up and calibration

were kept constant when capturing images. Any quantitative counts were performed whilst on the

microscope, blinding the slides and looking directly down the eye piece at 20x or 40x objective.

2.9. Immunofluorescent staining of organotypic brain slice cultures

2.9.1 Immunohistochemical staining

Immunofluorescent (IF) staining was performed on organotypic slices according to an adapted
version of the protocol by Gogolla et. al., 2006. The protocol was adapted as part of the optimisation
process to enable the visualisation of the small heat shock proteins (sHSP) in the slice cultures. The
adapted protocol was as follows. Firstly, slice culture medium was removed from both beneath and
inside the insert using an aspirator and then washed briefly with cold PBS. Slices were then fixed by
an overnight 4°C incubation in cooled 4% Paraformaldehyde (4% (w/v) PFA in 50 mM PBS), followed
by an overnight incubation in cooled 20% methanol in 50 mM PBS. Slices were then washed in PBS
before an overnight incubation in permeabilization solution (1% (v/v) Triton X-100 in 50 mM PBS).
The permeabilization solution was then removed and slices were incubated overnight in a blocking
solution (20% (w/v) BSA in 50 mM PBS). To reduce the volume of antibody needed, slices were then
cut out of the surrounding insert membrane and each individual slice was then placed in its own
individual well in a 24 or 48-well plate, ensuring the top side of the membrane always remained
facing upwards. Slices were then incubated inside a wet chamber, overnight at 4°C, in primary

antibody (5% (w/v) BSA in 50 mM PBS) according to the concentrations in Table 2.13. Slices were
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next washed three times in washing solution (5% (w/v) BSA in 50 mM PBS) by carefully removing and
replacing washing solution using a pipette, ensuring the slice did not become damaged or dried out.
Slices were then incubated overnight in the complementary secondary fluorophore-couple antibody
in the dark, at 4°C (see Table 2.14). Slices were washed as previously stated, and either mounted in
Fluoromount-G™ Mounting Medium, with DAPI (Invitrogen™) or firstly incubated in Hoechst 33258
for 5 minutes at room temperature in the dark before being mounted in Fluoroshield Mounting
Medium (Abcam, ab104135). Coverslips were then sealed with nail varnish and stored in the dark at

4°C.
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Antibody

Anti-B-
Tubulin Il

AT8

CRYAB

GFAP

GFAP

HSPB1

HSPB1

IBA-1

MAP2

Specificity

Tubulin B 3 class Il (TUBB3) also known as B-Tubulin Ill, is encoded by
the gene mapped to human chromosome 16q24.3

Targets PHF-tau (Ser202/Thr205)a

Anti-Alpha B crystallin

Glial fibrillary acidic protein

Glial fibrillary acidic protein

Recombinant mouse HSP25

Recombinant human HSP27

lonized calcium binding adaptor molecule 1 (Ibal)is a
microglia/macrophage-specific calcium-binding protein

Microtubule associated protein 2

Species

Mouse
monoclonal

Mouse
monoclonal

Mouse
monoclonal

Rabbit polyclonal

Chicken polyclonal

Rabbit polyclonal

Rabbit polyclonal

Rabbit polyclonal

Mouse
monoclonal

Source

Sigma-Aldrich,
T8578

ThermofFisher,
MN1020

Abcam, ab13496

Dako, N1506

Abcam, ab4674

Enzo, ADI-SPA-801-F

Enzo, ADI-SPA-803-F

Wako, 019-19741

Sigma-Aldrich, 05-
346

Concentration

1:200

1:200

1:100

1:200

1:200

1:200

1:200

1:200

1:200
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MAP2 Microtubule associated protein 2 Chicken polyclonal ~ GeneTex, GTX82661  1:200

S100B Anti- human S100 beta aa 50 to the C-terminus, astrocyte marker Rabbit monoclonal  Abcam, ab52642 1:200

C-terminal part of human tau protein expressed in E. coli; aa. 243-441,
Total Tau contains the four repeated sequences involved in microtubule binding Rabbit polyclonal Dako, A0024 1:200
(MTB)

Table 2.13: List of primary antibodies used in immunofluorescence analysis of organotypic brain slice cultures in this study
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Antibody Catalogue number Host species Concentration

Goat anti-mouse Alexa Fluor 568 A11004 Goat 1:500
Goat anti-mouse Alexa Fluor 488 A21121 Goat 1:500
Goat anti-rabbit Alexa Fluor 568 A11011 Goat 1:500
Goat anti-rabbit Alexa Fluor 488 A11034 Goat 1:500
Goat anti-chicken Alexa Fluor 647 A21449 Goat 1:500

Table 2.14: List of secondary antibodies used in immunofluorescence analysis of organotypic slice
cultures in this thesis

2.9.2 Imaging of immunofluorescent staining of organotypic brain slice cultures

Images were taken on the Nikon Eclipse Ti Inverted Spinning Disk Confocal microscope, using
Yokogawa CSU-1 disk head and Andor iXon EMCCD camera and Nikon Elements software (Nikon
Instruments, UK). Laser wavelengths used included 405nm, 488nm, 561nm, 640nm. Images were
also captured using Nikon Upright Ni-E with A1R confocal microscope and 2x Multi-alkali PMT & 2x
GASsSP PMTs imaging system on Nikon Elements software (Nikon Instruments, UK). Laser
wavelengths utilised on this system were 405nm, 488nm, 561nm, 640nm. All parameters including

exposure time and laser power were kept constant when capturing images.

2.10 Statistical analysis

In general, for the human tissue qualitative analysis, at least 3 cases per Braak stage were used for
each experiment and at least 3 sections from each case were used. For quantification of human

tissue data, 5 cases of Braak VI severity were used and at least 20 images were taken per case. For
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organotypic brain slice culture experiments, at least 3 slices were taken as technical replicates per
pup. At least 3 pups were used for statistical analysis. Three technical repeats were taken per

preparation of neuronal cultures and three biological repeats were used for statistical analysis.

All statistical analysis was carried out using GraphPad Prism 9.3 software (La Jolla, USA). Data was
first tested for normality using D’agostino and Pearson. When comparing two unrelated groups, data
was analysed using parametric unpaired t-test, whilst the paired t-test was used when comparing
two related groups. When comparing more than two unrelated groups, the ordinary one-way
ANOVA with Tukey’s multiple comparison test was used. Differences were considered significant

when P<0.05. Data are expressed as mean +/- standard error of the mean (SEM) unless stated.
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Chapter 3: Characterization of the cellular localisation and expression
of small heat shock proteins in the Alzheimer’s disease brain

3.1 Introduction

Alzheimer’s disease is characterised by the accumulation of hyperphosphorylated tau to form
intracellular neurofibrillary tangles (NFT) and extracellular plaques of amyloid-B (AB) (Alzheimer et
al., 1995). It was once assumed that amyloid accumulation correlated with disease severity, however
this is now only seen in the most severe stage of disease (Boluda et al., 2014). It is now known that
tau is a better correlate of cognitive decline in AD compared to AB (Giannakopoulos et al., 2003;

Brier et al., 2016)

Braak staging is used to assess the severity of AD according to the spatiotemporal progression of NFT
across six distinct stages (Braak and Braak, 1991; Braak and Braak, 1995). These six stages have been
described in Chapter 1, Section 1.3 (Figure 1.4), but in brief, Stage I-1l is characterised by NFT in the
entorhinal and hippocampal CA1 region, Stage llI-IV occurs when the NFT spreads to the thalamus
and hippocampal region CA4 and finally Stage V-VI is defined by NFT spread to the rest of the

hippocampus and the neocortex.

Previous studies have confirmed the presence of sHSPs within both diseased and healthy brains
using immunohistochemical analysis (see summary Tables 4.1 and 4.2). In the healthy brain, CRYAB
has primarily been associated with oligodendrocytes (Shinohara et al., 1993; Wilhelmus et al., 2006).
In the AD brain, CRYAB has been localised to a number of different cell types. Firstly CRYAB has been
found to be located in oligodendrocytes (Renkawek and Voorter, 1994; Shinohara, 1993; Iwaki,

1992). CRYAB is also found in reactive astrocytes proximal to the amyloid plaques (Renkawek and
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Voorter, 1994; Shinohara et al., 1993; Iwaki et al., 1992; Wilhelmus et al., 2006). In addition to this,
CRYAB has been found in the neurons in AD and the presence of CRYAB within the neurons have
been shown to correlate with those brain regions associated with most severe neuronal loss (lwaki
et al., 1992; Mao et al., 2001). With regards to HSPB1 expression in AD, HSPB1 has been seen in
reactive astrocytes across the brain but HSPB1 has also been found to co-localise with microglia
(Wilhelmus et al., 2006) and occasionally in the neurons (Renkawek and Voorter, 1994). HSPB1 has
also been assoicaited with reactive astrocytes near to amyloid plaques but this was based purely on
morphology analysis of the astrocytes, and no dual immunofluorescence was used to confirm these
HSPB1 positive cells were actually reactive astrocytes (Renkawek et al., 1994; Wilhelmus et al.,

2006).

sHSPs have also been found to be expressed in a number of tauopathies where localisation has been
more fully characterised compared to the AD brain (Lopez-Gonzélez et al., 2014; Dabir et al., 2004).
CRYAB is robustly upregulated in astrocytes in a number of tauopathy disorders which involve
significant glial contribution such as corticobasal degeneration, progressive supranuclear palsy (PSP)
and FTD17 (Lépez-Gonzdlez et al., 2014; Dabir et al., 2004). The expression of HSPB1 is also been
localised to the astrocytes, and although the levels of HSPB1 are not as dramatically increased in
these tauopathy brains compared to CRYAB, it was confirmed that all HSPB1 positive cells were also

GFAP positive (Lopez-Gonzalez et al., 2014; Dabir et al., 2004).
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CRYAB

Control brains

AD brains

Methodology

Reference

In the cortex:
— In GFAP positive astrocytes
— Found in astrocytes near to plaques

In the hippocampus:

— More CRYAB positive astrocytes compared to
cortex

— Co-localised with microglia

— Very few CRYAB positive neurons
— High expression in oligodendrocytes

— Mid-frontal, temporal and parietal cortex
and hippocampus

— Stained subsequent sections

— GFAP staining to determine astrocytes

— Ferritin and HLA-DR with LN3 staining for
microglia

— Oligodendrocytes determined by
morphology only

Renkawek et al., 1994

— CRYAB positive oligodendrocytes

— CRYAB positive reactive astrocytes near plaques
(data not shown)

— CYRAB positive microglia near to plaques (data
not shown)

— Occipital cortex and hippocampus
— Stained subsequent sections

Wilhelmus et al., 2006

— CRYAB positive oligodendrocytes

— CRYAB positive reactive astrocytes
— High expression found in oligodendrocytes but
no different to levels found in control brains

— Temporal and frontal cortex

Shinohara et al., 1993

— CRYAB positive neurons in layers 3 and 4 of
cerebral cortex

— CRYAB positive neurons correlated with areas of
more severe neuronal loss

— Frontal gyrus, temporal gyrus, entorhinal
gyrus and lingual gyrus

Mao et al., 2001

— Low levels of CRYAB positive reactive astrocytes
— High CRYAB expression in oligodendrocytes
— Very few CRYAB positive neurons

— Neocortex and hippocampus
— Stained subsequent sections

Iwaki et al., 1992

Table 3.1: Summary of previous immunohistochemical analysis exploring the localisation of CRYAB in the control and AD brain (Renkawek et al., 1994,
Wilhelmus et al., 2006, Shinohara et al., 1993, Mao et al., 2001, Iwaki et al., 1992)
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HSPB1

Control brains

AD brains

Methodology

Reference

— HSPB1 found in astrocytes only
— More HSPB1 positive astrocytes in the
hippocampus

— High expression in reactive astrocytes

— Often found in astrocyte around plaques

— In hippocampus, occasionally found in
neurons and NFT

— Frontal and temporal cortex and
hippocampus

— Stained subsequent sections

— Astrocytes determined by
morphology only

Renkawek et al., 1994

— Mainly found in leptomeningeal and
parenchymal vessels

— Few HSPB1 positive astrocytes and
microglia

— HSPB1 positive reactive astrocytes near
plaques (data not shown)

— HSPB1 positive microglia near to plaques
(data not shown)

— HSPB1 co-localised with AB in 15% or
cortical plaques and 35% hippocampal
plagues

— Occipital cortex and hippocampus
— Stained subsequent sections

Wilhelmus et al., 2006

Table 3.2: Summary of previous immunohistochemical analysis exploring the localisation of HSPB1 in the control and AD brain (Renkawek et al., 1994,

Wilhelmus et al., 2006)
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3.2 Aims

The primary objective of the studies presented in this chapter was to characterise the expression of
the sHSPs HSPB1 and CRYAB in Alzheimer’s disease, using post-mortem human brain tissue of the
temporal cortex brain region. Previous studies have reported CRYAB and HSPB1 to be located in
different cells within AD (Renkawek and Voorter, 1994; Shinohara et al., 1993; Iwaki et al., 1992;
Mao et al., 2001; Wilhelmus et al., 2006), and other studies have used serially stained sections to
confirm the presence of HSPB1 within astrocytes, rather than carrying out dual immunofluorescence
staining using the same tissue section, and so no formal co-localisation analysis was performed
(Renkawek and Voorter, 1994; Renkawek et al., 1994; Wilhelmus et al., 2006). Further to this,
although an association between sHSPs and amyloid-p has been made in the AD brain (Renkawek
and Voorter, 1994; Renkawek et al., 1994; Wilhelmus et al., 2006), there has yet to be quantitative

analysis of the association of astrocytic sHSPs in relation to these amyloid plaques.

Therefore, the specific aims for this chapter were to:

1. Characterise the location and expression of CRYAB across different Braak stages in human
AD brain tissue using immunohistochemical analysis
2. Characterise the location and expression of HSPB1 in relation to amyloid-f pathology, within

different Braak stages of human AD brain tissue using immunohistochemical analysis
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3.3 Methods

The materials and methods for this chapter have been described in full in Chapter 2, Section 7.
Formalin-fixed paraffin embedded (FFPE) post-mortem tissue brain sections were acquired from the
London Neurodegenerative Disease Brain bank. To summarise, FFPE sections 7 um thick were taken
from Braak Il (n=5), Braak IV (n=5), Braak VI (n=5) and MAPT mutation cases (n=5) (Table 3.3).
Sections underwent immunofluorescence using antibodies against sHSPs CRYAB and HSPB1,
neuronal markers, astrocytic markers, microglial markers, oligodendrocyte markers and pathological
markers against tau and amyloid-B. DAPI (4',6-diamidino-2-phenylindole) was used to stain neuronal
nuclei. Images taken for qualitative analysis were obtained on the Zeiss Axiolmager Z1 microscope
using the AxioVision software (Zeiss) whilst images used for quantitative analysis were taken on the
Nikon Eclipse Ti Inverted Spinning Disk Confocal microscope, using Yokogawa CSU-1 disk head and

Andor iXon EMCCD camera and Nikon Elements software (Nikon Instruments, UK).
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Case D Sex Age PMD Pathological diagnosis

BBN_20012 F 86 45 Alzheimer type changes (ageing), BNE stage I, control

BBN_9958 F 84 53 Alzheimer changes, Braak Il, consistent with patient's age

BBN_9926 F 84 35 Alzheimer changes Braak |l consistent with normal aging

BBN002.33764 M 73 49 Early Alzheimer-type changes BNE stage I-Il control

BBN002.30882 M 77 285 Mild to moderate amyloid angiopathy, capillary subtype

BBN_9908 F 82 20 Alzheimer's disease modified Braak IV with amyloid angiopathy

BBN_18793 M 81 51 Alzheimer's disease, BNE stage IV

BBN002.29410 M 84 86 Alzheimer's disease (modified Braak (BNE) stage IV) with moderate amyloid angiopathy

BBN002.28694 F 86 555 Alzheimer's disease (modified Braak (BNE) stage IV) with mild amyloid angiopathy

BBN_20124 F 81 20 Alzheimer's disease (Braak stage VI). Vascular disease

BBN002.26278 M 75 59 Alzheimer's Disease (modified Braak (BNE) stage V, Thal phase 5 with moderate-severe amyloid angiopathy

BBN002.29634 M 72 41 Alzheimer's disease (modified Braak/BNE stage VI) with extensive and capillary amyloid angiopathy and significant cerebrovascular
pathology

BBN_24235 F 79 63 Alzheimer's disease BNE stage VI

BBN_9980 F 83 58 Alzheimer's disease Braak stage VI

BBN002.32597 F 85 12 Alzheimer's disease, BNE stage VI

BBN_15278 M 71 5 Frontotemporal degeneration (Tau Mutation - 10+16)

BBN_15269 M 67 35 Frontotemporal degeneration (Tau Mutation - 10+16)

BBN_15268 F 58 31 Frontotemporal degeneration (Tau Mutation - 10+16)

BBN_15266 F 75 100+ Frontotemporal degeneration MND inclusion

BBN_15265 F 63 22 Frontotemporal degeneration (Tau Mutation - 10+16)

Table 3.3: Case details of post-mortem human brain tissue used for immunohistochemical analysis in Chapter 3 of this thesis.

Table shows Case ID, sex (M = male, F = female), Age (in years), post-mortem delay (PMD in hours) and pathological diagnosis for cases from which temporal

cortex FFPE sections were obtained, BNE = Brain Net Europe protocol of Braak staging
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Figure 2.73.4 Results

3.4.1 CRYAB and HSPB1 antibody validation

CRYAB

Two different commercially available CRYAB antibodies, which have previously been used in human
tissue, including the AD brain (Lépez-Gonzalez et al., 2014; Yang et al., 2022; Bjorkdahl et al., 2008)
were used in the following experiments. They included a polyclonal CRYAB antibody in rabbit,
produced by immunizing animals with a synthetic peptide corresponding to residues surrounding
Glu165 of the human CRYAB protein (Cell signalling) and a mouse monoclonal antibody [1B6.1-3G4]
against the full length native protein (purified) corresponding to cow CRYAB. To confirm the
specificity of these antibodies for the use in this PhD project, western blot analysis was performed
using lysates of human control brain, WT mouse brain and primary mouse astrocytes. When
immunoblotting with anti-CRYAB (Cell signalling), a CRYAB band was detected around the predicted
22kDa size in the human control brain tissue but not in the primary mouse lysates, indicating this
antibody detected the human CRYAB protein but not the mouse CRYAB protein (Figure 3.1A). When
immunoblotting with anti-CRYAB (Abcam), a strong CRYAB specific band appeared at around 22kDa
in both the human and mouse tissue, implying that this antibody detected both mouse and human
CRYAB (Figure 3.1B). Faint bands at around 37kDa were also detected indicating that the CRYAB
(Abacm) antibody may not be completely specific for CRYAB or it could be detecting a modified form
of CRYAB (Nagaraj et al., 2003; Ito et al., 2001). To further ensure that the CRYAB antibodies were
specifically detecting CRYAB in the human brain, dual immunofluorescence was performed
simultaneously using both antibodies in a section taken from a Braak VI case (n=1). The dual
immunofluorescence showed a subcellular localisation of CRYAB in the perinuclear region, which is
detected by these two antibodies and the staining patterns completely overlap (Figure 3.1C). A
similar pattern of CRYAB staining around the nucleus is also seen in mild Braak Il cases, and in MAPT

mutation cases (Figure 3.3), suggesting this subcellular pattern is also observed in healthy controls
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and does not change with disease severity. Dual immunofluorescence using only the AlexaFluor
mouse 488 and AlexaFluor rabbit 568 secondary antibodies was also carried out to ensure the
secondary antibodies were not detecting any specific staining which may interfere with
immunohistochemical characterisation of the human brain tissue. The images revealed that no
specific staining was detected by either of the AlexaFluor secondary antibodies (Figure 3.1D). The
results of the western blotting analysis, the immunofluorescence and the use of these CRYAB
antibodies in previous literature strongly suggest that the CRYAB antibodies were specifically

detecting the human CRYAB in the human brain.
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Figure 3.1: Specificity of the anti-CRYAB antibodies.

A) Western blot of human control brain lysates and primary mouse astrocyte lysates with antibodies
against CRYAB (Cell signalling) and loading control 8-Actin, n=1, B) Western blotting of CD1 control
mouse brain lysate and control human brain lysate with antibodies against for CRYAB (Abcam) and
loading control 8-Actin, n=1,C) Dual immunofluorescent staining of Braak VI AD cases using
antibodies against CRYAB, n=1, scale bar = 25um, D) Representative image of dual
immunofluorescence using Goat-anti mouse AlexaFluor secondary antibody 488 and goat-anti-rabbit
AlexaFluor secondary antibody 568 and mounted with mounting media with DAPI, n=1, scale bar =
100um. Secondary only immunofluorescence was also carried out using anti-mouse rabbit AlexaFluor
secondary antibody 488 and anti-rabbit rabbit AlexaFluor secondary antibody 569, data not shown,

but image looks representative to figure 3.2D.
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HSPB1

Commercially available antibodies were also used to target HSPB1 in human brain tissue to
determine the localisation and expression of this sHSP in relation to other cellular markers. Two
different antibodies for HSBP1 were used, one polyclonal antibody raised in rabbit against
recombinant mouse HSP25 (mouse HSPB1, Enzo 801-F) and one polyclonal antibody raised in rabbit
against recombinant human HSP27 (human HSPB1, Enzo 803-F). Both antibodies have been used
previously in the mouse brain (Afshar et al., 2017; Liebl et al., 2015) and the human AD brain
(Wilhelmus et al., 2006; Braak and Tredici, 2017). The antibodies were initially validated by
immunoblot of lysates from human control brain, WT mouse brains and primary mouse astrocytes.
When using the mouse anti-HSPB1 antibody, a strong specific band at the expected weight of 25kDa
appeared in the primary mouse astrocyte and brain lysates whereas only non-specific bands were
detected in the human brain control tissue, suggesting a specificity for mouse HSPB1 (Figure 3.2A).
When immunoblotting with the human HSPB1 antibody, there were no bands found in the mouse
astrocyte or mouse brain lysates however there was a strong specific band at the expected weight of
25kDa in the human control brain lysate (Figure 3.2B). This data, along with the extensive list of
published studies using these same antibodies, including one study also exploring HSPB1 in the
human AD brain (Wilhelmus 2006), suggest that these antibodies are suitable to use for the human

brain characterisation in this thesis.
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Figure 3.2: Specificity of the anti-HSPB1 antibodies

A) Western blot of primary mouse astrocyte lysates, control CD1 mouse brain lysates and human
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control brain lysates with antibodies against mouse HSPB1 (Enzo, 800-F) and loading control 8-Actin,

n=1, B) ) Western blot of primary mouse astrocyte lysates, control CD1 mouse brain lysates and

human control brain lysates with antibodies against human HSPB1 (Enzo, 803-F) and loading control

B-Actin, n=1
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3.4.2 CRYAB mostly co-localises with an oligodendrocyte marker in AD brain

As previously published studies seem to indicate that CRYAB expression is associated with astrocytes
in AD (Renkawek and Voorter, 1994; Shinohara et al., 1993), brain tissue sections from Braak Il (n=3),
IV (n=3) and VI cases (n=3) were initially stained with an antibody against CRYAB and total astrocyte
marker ALDH1L1. ALDH1L1 is a marker for aldehyde dehydrogenase 1 family member L1 and is used
as an ubiquitous astrocyte marker (Serrano-Pozo et al., 2013). A case with frontotemporal dementia
with parkinsonism linked to chromosome 17 (FTDP-17) owing to the tau intron 10 + 16 mutation,
known to causes FTD-tau (Hutton et al., 1998) was used as a positive control as CRYAB has been
shown to be strongly upregulated in reactive astrocytes in FTD-17 cases (Dabir et al., 2004).
Immunofluorescence was carried out on three cases per Braak stage. Qualitative analysis revealed
that the number and the intensity of CRYAB positive cells was increased in the more severe AD
cases, whilst the number of ALDH1L1 positive astrocytes did not change with disease severity (Figure
3.3). There was no co-localisation between CRYAB positive cells and ALDH1L1 cells in any of the
Braak l-VI cases (Figure 3.3). In the FTD-Tau case, there was some co-localisation between the
CRYAB positive and ALDH1L1 positive cells (Figure 3.3, arrowheads), but the majority of CRYAB
positive cells were not ALDH1L1 positive. This result suggests that some of the CRYAB positive cells
could be co-localising with one specific subset of astrocyte, however, the majority of CRYAB positive

cells are not astrocytes.
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Figure 3.3: Immunofluorescent analysis of temporal cortex sections taken from Braak Il, IV and VI

Braak IV

Braak VI

cases, and FTD-17 case, using antibodies against CRYAB and total astrocytes (ALDHL1).

Representative image of three cases per Braak stage (total n=12), arrowhead indicates co-
localisation between CRYAB and ALDH1L1 positive cells, images taken on Zeiss Axiolmager Z1

microscope, scale bar = 100um
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Following this, CRYAB expression was investigated to determine whether localisation was restricted
to reactive astrocytes within the AD brain. Brain tissue sections from Braak stage Il, IV and VI AD
cases were stained with antibodies raised against CRYAB, reactive astrocyte marker GFAP and
amyloid-B marker 6E10. GFAP is a marker of glial fibrillary acidic protein, the major protein
constituent of astrocyte intermediate filaments (Eng et al., 1971), and the 6E10 antibody is reactive
to amino acid residue 1-16 of amyloid-3 and APP and it also detects abnormally processed isoforms
and precursor amyloid species (Pirttila et al., 1994). Immunofluorescent staining was performed on
three cases per Braak stage. In Braak Il cases, the number of amyloid-p plaques was generally very
low, whereas amyloid plaque pathology was identified in Braak IV and Braak VI cases, as seen by
6E10 immunofluorescence (Figure 3.4). The amyloid plaques in Braak VI cases were detected much
more frequently that in Braak IV cases and the intensity of plaque staining was also increased (Figure
3.4). Further to this, GFAP positive reactive astrocytes were found surrounding these plaques as
seen in the literature (Renkawek and Voorter, 1994; Wilhelmus et al., 2006), and there were more
GFAP positive reactive astrocytes surrounding amyloid plaques in the Braak VI cases when compared
to the Braak IV cases (Figure 3.4, arrowheads). Qualitative analysis of CRYAB immunofluorescence
determined that CRYAB positive cells did not co-localise with GFAP positive reactive astrocytes in any
of the Braak stage cases (Figure 3.4). These results indicate that CRYAB does not co-localise with

GFAP positive reactive astrocytes in the AD brain and this is unaffected by AD severity.
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Figure 3.4: Imnmunofluorescent analysis of temporal cortex sections taken from Braak I, 1V and VI cases using antibodies against CRYAB, amyloid-8
(6E10) and reactive astrocytes (GFAP).

Representative images of three cases per Braak stage (total n=9), arrowhead indicates GFAP positive cells localising around amyloid plaques, images taken
on Zeiss Axiolmager Z1 microscope, scale bar = 100um
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Most previous studies have reported very low levels of CRYAB associated with neurons (Iwaki et al.,
1992; Renkawek and Voorter, 1994), however, one study did report a number of CRYAB positive
neurons in the cerebral cortex of AD (Mao et al., 2001) and so to further investigate the localisation
of CRYAB, human brain sections from Braak II-VI cases were stained with an antibody against CRYAB,
together with an antibody raised against microtubule-associated protein 2 (MAP2). MAP2 is a
microtubule-associated protein which interacts with microtubules to maintain the structure of
dendrites (Caceres et al., 1984). Immunostaining was performed in three different cases per Braak
stage. MAP2 stained neuronal bodies and neuronal projections (Figure 3.5), however, no co-
localization was observed between MAP2 and CRYAB, in any of the Braak stages (Figure 3.5). The

data indicates that CRYAB is not expressed in neurons, neither in severe, moderate or mild AD cases.

DAPI

Merge

Braak VI Braak IV Braak Il

Figure 3.5: Immunofluorescent analysis of temporal cortex sections taken from Braak I, IV and VI

cases using antibodies against CRYAB and neurons (MAP2).

Representative images of three cases per Braak stage (total n=9), images taken on Zeiss Axiolmager

Z1 microscope, scale bar = 100um
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It has been shown that CRYAB is located in oligodendrocytes in control and in AD brains (Renkawek
and Voorter, 1994; Shinohara et al., 1993; lwaki et al., 1992). Further immunofluorescence was
carried out using sections from Braak Il, IV and VI cases, three cases per Braak stage, with antibodies
against oligodendrocytes, reactive astrocytes (GFAP) and CRYAB. The anti-carbonic anhydrase
antibody (CAIll) was used to stain for oligodendrocytes as it detects all stages of oligodendrocyte
lineage and also detects adult oligodendrocytes (Baumann and Pham-Dinh, 2001). Qualitative
analysis determined that there were more CAll positive oligodendrocytes in the least severe AD
Braak Il cases, compared to the number of CAll positive oligodendrocytes in the most severe Braak
VI cases (Figure 3.6). Immunofluorescence also indicated that the majority of CRYAB positive cells co-
localised with CAll positive oligodendrocytes (Figure 3.6). There was a small subset of CRYAB positive
cells which did not co-localise with either CAll-positive oligodendrocytes or GFAP-positive reactive
astrocytes (Figure 3.6, arrowheads), however, all CAll cells looked to be CRYAB positive. These
results suggest that the majority of CRYAB positive cells are oligodendrocytes but further work is

required to determine which cell type the other CRYAB positive cells are co-localising with.
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Braak Il

DAPI CAll CRYAB GFAP Merge

Braak IV

Braak VI

Figure 3.6: Inmunofluorescent analysis of temporal cortex sections taken from Braak I, IV and VI cases using antibodies against CRYAB,
oligodendrocytes (CAll) and reactive astrocytes (GFAP).

Representative images of three cases per Braak stages (total n=9). Arrowhead indicates CRYAB positive cells which did not co-localise with either CAll or
GFAP staining, images taken on Zeiss Axiolmager Z1 microscope, scale bar = 100um
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Literature has shown CRYAB to co-localise with microglia markers found near to amyloid plaques
(Renkawek and Voorter, 1994; Wilhelmus et al., 2006). To determine whether the subset of CRYAB-
positive CAll-negative cells that we observed were microglia, brain sections from 2 Braak VI cases
were stained with CRYAB and microglial marker IBA-1. IBA-1 detects the calcium binding protein
associated with membrane ruffling and phagocytosis of activated microglia (Jurga et al., 2020).
Preliminary analysis suggest that CRYAB does not co-localise with IBA-1 positive microglia (Figure
3.7). However, it must be stressed that due to time constraints, full optimisation of the staining
protocol with both the CRYAB and IBA-1 antibodies across all Braak stages was not carried out.
Further optimisation is required in order to conclude whether CRYAB does in fact co-localise with

microglia or not.

DAPI CRYAB IBA-1 Merge

Figure 3.7: Immunofluorescent analysis of temporal cortex sections taken from Braak VI cases

Braak VI

Braak VI

using antibodies against CRYAB and microglia (IBA-1)

Representative images of preliminary analysis of 2 Braak VI cases (total n=2), images taken on Zeiss

Axiolmager Z1 microscope, scale bar = 100um
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3.4.3 HSPB1 is expressed in reactive astrocytes in AD

As previously published studies strongly suggest an association between HSPB1 and reactive
astrocytes in AD (Renkawek et al., 1994; Wilhelmus et al., 2006), immunofluorescence was
performed on temporal cortex brain tissue sections from Braak Il (n=3), IV (n=3) and VI cases (n=3). A
case with FTDP-17 owing to the tau intron 10 + 16 mutation known to causes FTD-tau (Hutton et al.,
1998) was used as a positive control as HSPB1 has been shown to co-localises with reactive
astrocytes in FTD-17 cases (Lopez-Gonzalez et al., 2014). Brain sections were stained using a marker
for HSPB1, reactive astrocytes (GFAP) and amyloid-B (6E10). The number and intensity of amyloid-p
plaques increased with disease severity. HSPB1 positive cells and GFAP positive reactive astrocytes
also increased with AD severity (Figure 3.8). In addition to this, the number of GFAP positive
astrocytes surrounding amyloid plaques increased as the disease severity increase (Figure 3.8). In the
mild Braak Il cases, the majority of the GFAP positive astrocytes were also HSPB1 positive (Figure
3.8, asterisk), however there was the occasional HSPB1 positive cell that was not GFAP positive
(Figure 3.8, arrowhead). In the moderate and severe Braak IV-VI cases, all the HSPB1 positive cells
co-localised with GFAP positive reactive astrocytes, as reported in the literature (Renkawek et al.,
1994; Wilhelmus et al., 2006). In the FTD-Tau samples there was no amyloid-B, as detected by 6E10
and HSPB1 co-localised with all GFAP positive reactive astrocytes (Figure 3.8, asterisk). These results
support the notion that HSPB1 is upregulated in astrocytes during AD, as described in recent

transcriptomic studies (Grubman et al., 2019; Smith et al., 2022; Mathys et al., 2019).
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Braak VI

FTD-Tau

Figure 3.8: Imnmunofluorescent analysis of temporal cortex sections taken from Braak I, 1V and VI cases and FTD-17 cases using antibodies against

HSPB1, amyloid-8 (6E10) and reactive astrocytes (GFAP).

Representative images of three cases per Braak stage (total n=12), asterisk indicate HSPB1 staining co-localising with GFAP positive staining, arrowhead

indicates HSPB1 positive cells which are not positive for GFAP staining, images taken on Zeiss Axiolmager Z1 microscope, scale bar = 100um
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As some positive HSPB1 positive cells did not co-localised with GFAP positive astrocytes, further
immunostaining was performed using sections across all three severity groups of AD with antibodies
against HSPB1 and neuronal marker MAP2, using three cases per Braak stage. The MAP2 staining
confirmed the presence of both neuronal bodies and neuronal projections across all severities of AD
but there was no co-localisation between either of these MAP2 positive structures and HSPB1 in any
of the AD cases (Figure 3.9). Further investigation is required to determine the cell type of those

HSPB1 positive cells in the mild AD cases which were not localised in the GFAP positive astrocytes.

Braak VI

Figure 3.9: Imnmunofluorescent analysis of temporal cortex sections taken from Braak I, IV and VI

cases using antibodies against HSPB1 and neurons (MAP2).

Representative images of three cases per Braak stage (total n=9), images taken on Zeiss Axiolmager

Z1 microscope, scale bar = 100um
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3.4.4 HSPB1 expression increases in those reactive astrocytes in close proximity to amyloid
plaques

It has been shown that reactive astrocytes in close proximity to amyloid plaques express higher
levels of reactive astrocyte markers such as GFAP (ltagaki et al., 1989; Perez-Nievas and Serrano-
Pozo, 2018; Serrano-Pozo et al., 2011), therefore analysis was carried out to determine whether

levels of HSPB1 correlate with this increased reactivity in astrocytes in AD.

To explore this interaction between HSPB1 and the reactive astrocytes associated with amyloid
plaques, brain sections were analysed from five Braak VI AD cases as these most severe AD cases
exhibited the most severe plaque pathology and the highest incidence of HSPB1- positive GFAP-
positive reactive astrocytes. Sections were stained with antibodies against HSPB1, reactive
astrocytes (GFAP) and amyloidp (6E10) and images were taken proximal to (within a 50um radius of
the plaque edge) and distal to (50um radius away from the plague edge) amyloid plagque, using the
Nikon Eclipse Ti Inverted Spinning Disk Confocal microscope. At least 10 images were taken distal
and 10 images taken proximal to amyloid plaques for each case. The categories of proximal and
distal to the plaques have been used previously to explore amyloid plaques in AD (Serrano-Pozo et
al., 2016; Serrano-Pozo et al., 2011). The measurements proximal and distal to amyloid plaques was
defined in previous studies which found that a 50um radius was sufficient to avoid repeated
counting of the same astrocytes in areas where there is a high density of plaques (Serrano-Pozo et
al., 2010). Using these images proximal and distal to the amyloid plaques, manual counts were
carried out to determine the proportion of GFAP positive astrocytes which were also HSPB1 positive,
both proximal and distal to the amyloid plaques. Across all five Braak VI cases, there was an increase
in the number of reactive astrocytes that were also positive for HSPB1 in close proximity to the
amyloid plagues, when compared to the number of HSPB1 positive reactive astrocytes distal to the

amyloid plaques (Figure 3.10B). GFAP and HSPB1 expression was also assessed using Image)
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software, showing an increase in the overall intensity of both GFAP and HSPB1 levels closer to the

amyloid plaques (Figure 3.10C). Further to this, during the quantification of HSBP1 positive reactive
astrocytes proximal to the amyloid plaques, it was noted that the plaques used in these images also
contained HSPB1 positive staining. Quantification across all five Braak VI cases revealed that 86.38%

of 6E10 positive plagues were also positive for HSPB1 (Figure 3.10D).
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Figure 3.10: HSPB1 expression in reactive astrocytes proximal and distal to amyloid plaques in the

temporal cortex of Braak VI AD cases.

A) Immunofluorescence analysis temporal cortex sections taken from Braak VI cases using antibodies
against amyloid-8 (6E10), HSPB1 and reactive astrocytes (GFAP) proximal (within a 50um radius of
the plaque edge) and distal to (50um radius away from the plaque edge) amyloid plaques, 20 cases
per Braak stage were stained (total n=100), imaged using Nikon Eclipse Ti Inverted Spinning Disk
Confocal microscope, scale bar = 50um B) Graph shows proportion of HSPB1 positive reactive
astrocytes proximal to the amyloid plaques. MEAN +/- SEM from Braak 6 cases (n=5), paired t-test,
***p=0.0007. C) Graphs show overall GFAP and HSPB1 expression proximal to the amyloid plaques.
MEAN +/- SEM taken from Braak 6 cases (n=5), paired t-test, *P<0.05, D) Table showing the number
of plaques in each of the “proximal to amyloid plaque” images across all 5 Braak VI stage patients,
and the number of those plaques which were positive for HSPB1 staining, represented as a

percentage of total plaques

140



3.5 Discussion

The main aim of this chapter was to determine the localisation and expression of CRYAB and HSPB1
in the human diseased brain. To do this, immunofluorescence analysis was performed on AD brain
tissue sections taken from Braak Il, IV and VI cases, using antibodies against our sHSPs of interest in
combination with antibodies against other cellular markers for neurons and glial cells. The main
findings from this chapter are as follows: 1) The majority of CRYAB positive cells, but not all CRYAB
positive cells, co-localise with CAll positive oligodendrocytes in mild, moderate and severe AD cases,
2) HSPB1 expression seems to be restricted to reactive astrocytes only in the most severe Braak VI
AD cases, whereas in mild AD cases, some HSPB1 also co-localises with another cell type, and 3)
HSPB1 expression increases in those reactive astrocytes in close proximity to amyloid plaques in the

most severe AD cases.

It is generally accepted that there is an increase in CRYAB expression in AD and tauopathy brains
compared to controls (Renkawek and Voorter, 1994; Shinohara et al., 1993; Dabir et al., 2004). This
is supported by western blotting analysis of brain lysates taken from AD cases, where CRYAB has
been seen to be expressed at significantly higher levels in the frontal and temporal regions,
compared to age-matched controls (Renkawek and Voorter 1994; Shinohara et al., 1993; Bjorkdahl
et al., 2008). However, the results in the parietal lobes of the brain are less certain with only a
trending increase or no significant differences reported in the levels of CRYAB in this region in AD
brain compared to control (Shinohara et al., 1993; Wilhelmus et al., 2006). These regional
differences in CRYAB expression in the AD brain support the idea that the upregulation of CRYAB is
potentially the result of exposure to abnormal proteins AR and NFT as those areas associated with
significantly increased CRYAB levels are regions generally most severely affected by AD pathology

(Braak and Braak, 1997). This is corroborated by the study which found that CRYAB levels in the
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lysates from the medial temporal cortex of the AD brain correlated with the levels of phosphorylated
tau and NFT (Bjorkdahl et al., 2008). Although western blot analysis of brain lysates was not
performed as part of this characterisation, qualitative analysis of CRYAB staining did confirm an
increase in CRYAB positive cells and CRYAB staining intensity in sections from more severe Braak VI

cases compared to mild Braak Il cases, supporting the idea that CRYAB is increased in the AD brain.

The cellular localisation of CRYAB has been explored previously in a number of studies. CRYAB
expression seems to be restricted to a specific subset of reactive astrocytes such as proliferating
astrocytes (Renkawek and Voorter 1994; Shinohara et al., 1993; Lopez-Gonzélez et al., 2014) or
those astrocytes (and microglia) associated specifically with amyloid plagues (Renkawek and
Voorter, 1994; Wilhelmus et al. 2006). In tauopathies where there is a high levels of glial reactivity, a
higher proportion of tau-associated astrocytes express CRYAB compared to non-tau associated
astrocytes (Lopez-Gonzalez et al., 2014). Some CRYAB positive astrocytes such as hypertrophic
astrocytes have also been seen to be more brain region specific as they are more frequently
detected in the hippocampus rather than the neocortex (Shinohara et al., 1993; Renkawek, et al
1994). This could account for the apparent lack of CRYAB positive reactive astrocytes found in our
study, as the focus was limited to the temporal cortex region only and no specific staining was
performed for different astrocytic populations. Similar to our findings, CRYAB has not been found to
be expressed in neurons in either control or less severe AD although this data was not shown in the
publications (Renkawek, et al 1994; lwaki et al., 1992). While in the most severe AD cases (Braak IV —
V1) and other tauopathies, CRYAB expression was found in ballooned type neuron (Mao et al., 2001,
Lopez-Gonzalez et al., 2014), which based on morphology alone, we could not identify in our tissue
sections. Using CAll staining in the human tissue sections, the number of oligodendrocytes seemed
to decrease as the severity of AD increased, supported by the literature that suggests that the

increasingly severe white matter changes detected in AD are associated with dysfunctional
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oligodendrocytes and the precursors required for remyelination (Nasrabady et al., 2018). We show
that the majority of our CRYAB positive cells are also positive for the oligodendrocyte marker CAll.
This is supported by a number of other studies which also implicate CRYAB positive oligodendrocyte
cells in the AD brain (Lopez-Gonzélez et al., 2014). Furthermore, recently published transcriptomic
analysis of AD brains support the upregulation of CRYAB in oligodendrocytes (Mathys et al., 2019).
Although the majority of CRYAB positive cells were found to co-localise with CAll positive
oligodendrocytes, not all CRYAB positive cells were also CAll positive, a trait that was seen in cases
across all different AD severities, suggesting CRYAB to be localised in another cell type, an idea
further confirmed through recent cell-specific transcriptome studies (Grubman et al., 2019). Overall,
further exploration of CRYAB in the AD brain is required to confirm the cellular subtypes in which

CRYAB is localised.

In order to confirm the location of CRYAB in the human brain tissue, the immunofluorescence
analysis could be expanded to include more specific markers for oligodendrocytes to firstly confirm
whether CRYAB is co-localising with oligodendrocytes and then to confirm which specific
oligodendrocyte phenotype CRYAB is co-localising with (Baumann and Pham-Dinh, 2001). CAll is
primarily used as a pan-oligodendrocyte marker and so other markers such as Nestin which can
differentiate between proliferating progenitor oligodendrocytes and differentiated oligodendrocytes
could also be utilised in these characterisation experiments (Gallo and Armstrong 1995).
Additionally, markers for more specific astrocytic and neuronal phenotypes could also be employed,
such as a marker for astrocyte proliferation (Escartin et al., 2021) and a marker for dystrophic
neurons (Sharoar et al., 2021) to be used alongside CRYAB in more regions of the brain, such as the
hippocampus. Co-localisation with microglial should also be further explored as few studies
observed CRYAB localisation in microglia, particularly near to the amyloid plaques (Renkawek and

Voorter, 1994; Wilhelmus et al., 2006). Furthermore, a more sensitive approach to explore the
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localisation of CRYAB such as in situ hybridisation (ISH) in combination with immunohistochemistry

(IHC) (Grabinski et al., 2015) could also be recommended.

The next main aim of this chapter was to investigate the expression of HSPB1 in human AD brains.
Similar to what has been described for CRYAB, western blotting analysis of HSPB1 in AD brain found
a significant increase in HSPB1 levels in the frontal cortex of AD brain compared to control
(Renkawek et al., 1994; Bjorkdahl et al., 2008) and this increase was even more pronounced when
comparing the hippocampal region between AD and age-matched controls (Renkawek et al., 1994).
In terms of the cellular location of HSPB1, it is generally agreed that HSPB1 is found in reactive
astrocytes in AD and these HSPB1 positive reactive astrocytes are more frequently found near to
amyloid plaques, although this was not explored using co-localisation analysis (Renkawek et al.,
1994; Wilhelmus et al., 2006). The results presented in this chapter confirm the co-localisation of
HSPB1 with GFAP positive reactive astrocytes across all Braak severity groups and it is also shown
that the number of HSPB1 positive astrocytes was increased in the most severe Braak VI cases.
These results are supported by recent transcriptome studies which not only found that HSPB1 is
specifically upregulated in astrocytes during AD (Grubman et al., 2019; Smith et al., 2022; Lau et al.,
2020), but it was also found that there is an upregulation of HSPB1 in late-stage AD pathology cases
compared to cases with early-stage AD pathology (Mathys et al., 2019). It is interesting to note here
that although the majority of HSPB1 positive staining co-localised with reactive astrocytes, there
were few HSPB1 positive cells that did not co-localised with reactive astrocytes, mostly in the mild
Braak Il cases. It would be interesting to expand the investigation into these HSPB1 positive cells
which did not co-localise with GFAP-positive reactive astrocytes in the mild AD cases as it has been
shown before that not all HSPB1 positive cells are reactive astrocytes in mild AD cases (Renkawek et
al., 1994). It has been suggested that HSBP1 may be co-localising with another astrocytic subtype,

however, this was purely based on astrocyte morphology and no other astrocytic markers were used
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(Renkawek et al., 1994). Further to this, HSPB1 has been shown to co-localise with other glial cells
such as microglia (Wilhelmus et al., 2006). Additional immunofluorescence analysis could be carried
out to stain for microglia using, for example the marker IBA-1, which detects the specific calcium
binding protein involved with membrane ruffling and phagocytosis in activated microglia (Jurga et
al., 2020), and other astrocytic markers such as the pan-astrocyte marker ALDH1L1 or proliferating

astrocytic markers such as PCNA (Escartin et al., 2021).

To further explore the HSPB1 association with reactive astrocytes and AD pathology, quantitative
analysis was performed to explore the levels of HSPB1 in those reactive astrocytes near to amyloid
plaques, in comparison to those HSPB1 positive astrocytes far from these amyloid plaques. The
results show that there is an increase in the levels of HSPB1 in reactive astrocytes proximal to
amyloid plaques and further to this, it was found that around 86% of amyloid plaques in the Braak VI
cases were also positive for HSPB1. The presence of HSPB1 staining within the amyloid plaques has
been seen previously, although mainly reported in the hippocampus and the levels in the literature
are much lower than described here (35% senile plaques were HSPB1 positive in Wihelmus et al.,
2006), perhaps due to the different brain regions explored (Wilhelmus et al., 2006; Ojha et al., 2011).
This increase in HSPB1 near to the amyloid plaques has also been replicated in two amyloid mouse
models of disease, strongly suggesting that this release to be an active process, rather than a passive

leakage due to cell death (Ojha et al., 2011).

To conclude, as there was no clear indication as to where CRYAB is expressed in the human AD brain
tissue sections, it was decided that the rest of the thesis would primarily focus on the non-cell

autonomous role of astrocytic HSPB1 in AD.
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Chapter 4: Investigating the organotypic brain slice cultures as a
model to study small heat shock proteins in Alzheimer’s Disease

4.1 Introduction

In the previous chapter of this thesis, it was confirmed that HSPB1 is localised in reactive astrocytes
in AD and the levels of HSPB1 increase in those reactive astrocyte in close proximately to amyloid
plaques. In order to further investigate the potential function of this increased HSPB1 in AD, it is
necessary to establish a model in which we are able to identify and monitor HSPB1, along with other
cell types such as aforementioned astrocytes, in an environment which replicates some of the

pathological changes seen during the human disease.

4.1.1 Organotypic brain slice cultures

Organotypic brain slice cultures allow for the study of the physiological levels of multiple
anatomically and functionally connected cell types, such as neurons and glial cells, within one
complete system (Staal et al., 2011; del Rio et al., 1991; Croft et al., 2019; Bahr, 1995). For this
reason, these slices cultures were chosen for this PhD project as they allow for the investigation of

the non-cell autonomous function of astrocytic sHSPs on neurons

4.1.2 Modelling tau pathology using organotypic brain slices cultures

The htau mouse was generated from crossing two existing mouse lines (Andorfer et al., 2003). The
8c mouse expresses all human tau isoforms without producing tau pathology (Duff et al., 2000),
whilst the tau KO mouse is generated by disrupting exon one of tau through the insertion of the

enhanced green fluorescent protein (EGFP) (Tucker 2001). The resulting htau cross expresses all six
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isoforms of human tau but no endogenous mouse tau (Andorfer et al., 2003). These mice develop
tau pathology reflective of the early stages of human AD, including tau accumulation in the cell
bodies and neuronal dendrites from 3 months with hyperphosphorylated tau developing between 6
and 15 months of age. This pathology is restricted to the neocortex and hippocampus and there is no
evidence of behavioural disturbance, further replicating what is found during the early stages of the
human disease (Andorfer et al., 2003). Organotypic brain slice cultures prepared from these mice
develop abnormal conformational, AD tangle-associated tau after two weeks in vitro, demonstrating

a robust acceleration of the phenotype normally seen in vivo (Duff et al., 2002).

Slices prepared from other tau transgenic mice have been able to recapitulate mechanisms of tau
phosphorylation and tau release, but they have yet to establish robust neurofibrillary tau inclusions
(Duff et al., 2002; Messing et al., 2013; Croft et al., 2017). Croft et al., 2019 have recently used the
recombinant adeno-associated viruses (rAAVs) to express a variety of different combinations of
MAPT mutations within the slices. A pro-aggregatory mutant tau construct was selected based on
data from the human embryonic kidney 293T (HEK293T) cell tau seeing model, which was used to
test the ability of a number of different MAPT mutations, associated with Parkinsonism linked to
chromosome 17 (FTDP-17), to form inclusion. This study found that mutations in P301L and S320F
(Rosso et al., 2002) induced significant aggregation (Strang et al., 2018). Moreover, the combination
of P301L and S320F mutations demonstrated even more robust tau aggregation in the absence of
exogenous tau fibrils (Strang et al., 2018) and so this combination of mutations was used to create a
pro-aggregatory P301L/S320F tau AAV construct. Brain slices transduced with AAVs expressing WT
tau developed high levels of tau phosphorylation, albeit at a much slower rate and there was no
evidence of tau inclusions (Croft et al., 2019), whilst the P301L/S320F tau AAV construct resulted in
the formation of Thioflavin-S positive, highly phosphorylated sarkosyl insoluble tau inclusions, with

tau accumulation also found in the somatodendritic compartments at 28 DIV, as seen in the human
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disease (Uchihara et al., 2001). Further to this, this system was also able to allow for testing of four

GSK-3B inhibitors and their potential as tau targeting therapeutics (Croft et al., 2019).

4.1.3 Treating brain slices with cytokines TNFa and IL1a to replicate reactive astrocytes found
in neurodegeneration

Activation of immune mediators is critical in the regulation of AD progression, and reactive
astrogliosis along with activated microglia are now known to be pathological features of disease
(Long and Holtzman, 2019). Neuroinflammation is the result of the release of pro-inflammatory
cytokines, chemokines, and reactive oxygen species by immune response cells including microglia
and astrocytes in response to insult or injury (Leng and Edison, 2021). The release of these
neuroinflammatory factors can lead to synapse loss (Hong et al., 2016) and eventual neuronal cell
death (Micheau et al., 2003). During neuroinflammation, the glial cells are also involved in microglia-
astrocyte crosstalk. The proportion of activated microglia strongly correlates with the presence of
amyloid and tau neuropathology and rate of cognitive decline, as seen in AD (Felsky et al., 2019), and
this activated microglia have recently been shown to induce reactive astrocytes in vivo (Liddelow et
al., 2017). The strongest inducers of these reactive astrocytes were the cytokines interleukin 1 alpha
(IL1a), tumour necrosis factor alpha (TNFa) and complement component 1, subcomponent q (C1q).
All three of these cytokines are highly expressed by microglia (Zhang et al., 2014). Data from Fangjia
Yang in our laboratory has shown that when treating primary mouse astrocytes with two of these
cytokines, TNFa and IL1a, the levels of reactive astrocyte markers LCN2 and Serpina3n, and pro-

inflammatory cytokine IL-6 are increased (Figure 4.1).
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Figure 4.1: Data produced by Fangjia Yang in our laboratory showing immunoblotting analysis to
detect reactive astrocyte markers LCN2 and Serpina3n and pro-inflammatory cytokine IL-6 by

ELISA in primary mouse astrocytes treated with cytokines TNFa and IL1a for 24rs.

a) Western blot of LCN2 and Serpina3n in cell lysates. B-actin was used as the loading control,. b-c)
Quantification of LCN2 (b) and Serpina3n (c). N=3 independent primary astrocyte cultures, error bars
expressed as SD. *** p < 0.001, **** p < 0.0001. Unpaired one-way ANOVA, with Tukey’s test. D) IL-6
level in media detecting by ELISA. N=3 independent primary astrocyte cultures, error bars expressed

as SD. *** p < 0.001, t test

4.1.4 Toxic effects of A oligomers in AD

Different soluble species of amyloid-pB (AB) are now known to exist in the human brain (McDonald et
al., 2015; Brinkmalm et al., 2019; Sehlin et al., 2012; Walsh and Selkoe, 2020). Increasing evidence
suggests that it is the oligomeric forms of A which are the most toxic (Yang et al., 2017; Hong et al.,
2018; Shankar et al., 2008) and that the insoluble amyloid plaques found in AD are actually
protective by acting as a reservoir for larger oligomers to prevent degradation into smaller more

toxic oligomers (Koffie et al., 2009; Yang et al., 2017)

The effects of AP on astrocytes has been explored using both cellular and animal models. Injecting
AB1.42 oligomers into the rat brain triggered upregulation of IL-1p and TNF-a in reactive astrocytes
located in blood vessels, hippocampus and temporal cortex immediately after injection but also 72
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hours post-injections and these astrocytes were also positively immunostained for NFkB (Carrero et
al., 2012). Treating human astrocytes with recombinant ABa4o oligomers significantly reduced cell
viability, increased reactive oxygen species and increased levels of TNFa, IL-6 and IL-1B (Braidy et al.,

2019).

4.1.5 The production of AB oligomers

Tg2576 mice overexpress human APP (isoform 695) which contains the double Swedish mutation,
under the control of the hamster prion protein promoter. These mice exhibit impaired learning and
memory by 9 to 10 months, along with cortical and limbic amyloid plaques, reflecting what is seen in
the human disease (Hsiao et al., 1996). To produce a treatment which mimicked the A levels found
in the human AD brain (Ingelsson et al., 2004), neurons were cultured from the Tg2576 mouse and
the media was collected after 14 days in culture (Hudry et al., 2012). The AB found in this media is
naturally secreted in a 10:1 ration of APBso:AB42. The concentration of ABso and A4z is determined by
ELISA and this medium is then diluted to a final concentration of 2nM AB4o/0.2nM A4, and is
referred to as the TgCM (Wu et al., 2010; DaRocha-Souto et al., 2012; Wu et al., 2012). Recently it
was found that treating primary neurons with these physiological levels of AB resulted in an increase
in LCN2 and the induction of astrocytic inflammatory signalling pathways as demonstrated through
the increase in NFkB along with the increase in the release of inflammatory cytokines (Perez-Nievas

et al., 2021).
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4.2 Aims

The overarching aim for this chapter was to determine whether organotypic brain slice cultures can
be used as a model to study sHSPs in the context of AD pathology. In order to investigate this, the

specific aims for this chapter are as follows:

1. Determine the cellular localization of HSPB1 in mouse organotypic brain slice cultures, in
relation to HSPB1 expression in the human brain

2. Characterize stimuli that increase astrocyte reactivity by mimicking an AD-like brain
environment in mouse brain slices. To do this, organotypic brain slices will be treated with
cytokines that are known to be released by activated microglia in AD brain, as well as
physiologically relevant levels of AR oligomers

3. Investigate whether astrocyte reactivity in mouse organotypic slices leads to an increase in
the levels of HSPB1

4. Characterize a disease relevant model to study tau pathology in organotypic brain slice

cultures, using AAV constructs

4.3 Methods

The materials and methods for this chapter have been described in full in Chapter 2, Section 7. In
brief, organotypic brain slice cultures were prepared from WT CD1 mouse pups according to the
protocol in Croft and Noble, 2018, as detailed in Chapter 1 Section 3.1. To characterise HSPB1 and
CRYAB in the slice cultures, slices were fixed after 14 DIV and immunofluorescent staining was
performed, as detailed in Chapter 2, Section 9.1, and imaged using the Nikon Eclipse Ti Inverted

Spinning Disk Confocal microscope as described in Chapter 2, Section 9.2.
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For the TNFa and IL1a treatment of organotypic slices, WT CD1 slices were treated with both
30ng/ml recombinant mouse TNFa and 3ng/ml recombinant mouse IL1a at 21 DIV. After the 24 hour
cytokine treatment, slices were either fixed for immunohistochemical analysis or lysed (Chapter 2,
Section 3.3) to be separated on a 12% poly-acrylamide gel and further analysed by western blotting
(Chapter 2, Section 4.2). The conditioned media was collected for LDH assays (Chapter 2, Section

5.1).

For AB oligomer treatment of organotypic brain slices, primary neuronal cultures were kindly
prepared by Dr Maria Jimenez Sanchez from the Tg2576 mouse The characterisation of the
conditioned media was kindly performed by Dr Beatriz Gomez Perez-Nievas. Slice cultures were first
pre-treated in prewarmed neurobasal media containing B27 serum free supplement (NB) media for
24 hours at 21 DIV. This NB media was then discarded and slices were treated with TgCM diluted in
NB media or equivalent volumes of WtCM for 24 hours (Chapter 2, Section 3.2). After the 24 hour
treatment with the physiologically relevant levels of AB, slices were harvested and western blotting

analysis was performed. The media was also collected for use in a cell toxicity assay.

In collaboration with Professor Todd Golde, the recombinant adeno-associated virus (rAAV) system
was implemented to induce tau pathology in the WT CD1 slices (Croft et al., 2019). rAAVs were
provided by C. Croft and T. Golde. These were packaged in capsid stereotype 8 and expressed an
EGFP transgene under the control of the hybrid cytomegalovirus enhancer/chicken B-actin (hCBA)
promoter. Slice cultures were either transduced with a rAAV construct expressing WT Tau (rAAV2/8-
WT-htau-EGFP) or a mutant tau construct expressing two tau mutations that result in a more pro-
aggregatory construct (rAAV2/8-P301L/S320F-htau-EGFP). rAAV constructs were added directly into

the slice cultures media at 0 DIV, 3 hours after the initial slice preparation at a final titre of 2x10° -
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2x10% viral genomes (VG) per well. Slices were either fixed for immunofluorescence or harvested for

sarkosly extraction of tau after 28 DIV.

4.4 Results

4.4.1 HSPB1 co-localises with GFAP positive reactive astrocytes in organotypic brain slice
cultures

In order to explore the non-cell autonomous function of HSPB1 in AD, it was first necessary to
confirm whether the organotypic brain slice cultures were a suitable model for the detection of
different cell types within one complete system. To determine this, slice cultures underwent an
optimised staining protocol adapted from Gogolla et. al., 2006. This optimised protocol has been
described in full in Chapter 2, Section 9.1, but in brief, the protocol introduced extended incubation
times for the slice fixation and permeabilization steps and an overnight incubation at 4 °C was

required when applying both primary and secondary antibodies (Chapter 2, Section 9.1).

Immunofluorescence was performed on WT CD1 slices to detect a number of different cell types
such as astrocytes, microglia, neurons and the sHSPs CRYAB and HSPB1. To locate neurons within
the slices, immunofluorescence was performed using antibodies against MAP2 and Alpha- Tubulin
Il (Figure 4.2). MAP2 is a microtubule-associated protein (Caceres et al., 1984) and Alpha-B Tubulin
[l protein expression is restricted to neurons and forms an integral component of microtubules
(Sullivan 1986). Astrocytes were visualised in the slice cultures using GFAP and S100B (Figure 4.2).
GFAP is a marker of glial fibrillary acidic protein (Eng et al., 1971) and S100B is a calcium binding
protein mainly concentrated in astrocytes (Michetti et al., 2019). Microglia were also identified in
the slice cultures using IBA-1 (Figure 4.2), the ionized calcium-binding adaptor molecule 1 staining

for microglial, a macrophage-specific calcium binding protein involved with membrane ruffling and
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phagocytosis in activated microglia (Jurga et al., 2020). Tau was imaged using a total tau antibody
(Dako tau), which detects the C-terminal region containing 4R repeated sequence involved in
microtubule binding in the human tau protein (Gibbons et al., 2018). Finally, both the sHSPs of

interest, CRYAB and HSPB1 were also detected with the slice culture system (Figure 4.2).

Anti-B Tubullin Il

Total tau

Figure 4.2: Immunofluorescence analysis of 21 DIV organotypic slice cultures with antibodies
against neuronal markers (MAP2 and Anti-8 Tubullin Ill), astrocytes (GFAP and S100B), microglia
(IBA-1), tau (Dako Tau) and sHSPs CRYAB and HSPB1.

Immunofluorescence was carried out using optimised IF protocol adapted from Gogoll et al., 2006,
representative images of n=3 slices, images were taken on Zeiss Axiolmager Z1 microscope, scale bar

=75um

As the human data presented in Chapter 3 of this thesis showed the localisation of HSPB1 within
reactive astrocytes in the human AD brain, further dual immunofluorescence was carried out to
explore the specific cellular localisation of HSPB1 in organotypic slice cultures. Immunofluorescent
analysis of 21 DIV CD1 WT slices was carried out using antibodies against CRYAB and HSPB1 and
reactive astrocytes (GFAP). As is reflected in our data in human brain, HSBP1 signal co-localised with

GFAP indicating that HSPB1 is expressed in GFAP-positive astrocytes in the organotypic slice cultures
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(159A). CRYAB did not co-localise with GFAP positive reactive astrocytes in the slice cultures, also

reflecting what was shown in the human data presented in Chapter 3 (Figure 4.3B).

A

Hoechst
B

Hoechst

C
Hoechst —
| .

Figure 4.3: Immunofluorescent analysis of 21 DIV organotypic slice using antibodies against sHSP

CRYAB and HSPB1 and reactive astrocytes (GFAP).

A) Representative image of three slices, images taken on Zeiss Axiolmager Z1 microscope, scale bar =
75 um, B) Representative image of three slices, images taken on Zeiss Axiolmager Z1 microscope,
scale bar = 75 um, C) Higher magnification representative image of three slices, images taken Ti
Inverted Spinning Disk Confocal microscope, scale bar = 30um, D) Higher magnification of

representative image of three slices, images taken Ti Inverted Spinning Disk Confocal microscope,

scale bar = 6um
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4.4.2 TNFa and IL1a treatment of organotypic brain slice cultures induces reactive astrocytes,
resulting in a trend towards an increase in HSPB1

It has been described by Liddelow et al., 2017, that in neurodegenerative diseases, astrocytes
become reactive in response to LPS and IFN-y and the release of cytokines TNFa and IL1a. Data
generated by Fangjia Yang in the lab also found that treating primary mouse astrocytes with these
same cytokines results in the increase in reactive astrocyte markers LCN2 and Serpina3n, in addition
to an increase in the pro-inflammatory marker IL-6. To determine whether the levels of HSPB1
change when astrocytes become reactive in the organotypic brain slice cultures, WT CD1 slice
cultures underwent a 24 hour TNFa and IL1a treatment at 21 DIV, after which slices were lysed for

western blotting analysis.

As our data indicates that HSPB1 expression is restricted to astrocytes in both human brain and in
organotypic brain slices, the levels of HSPB1 and reactive astrocyte markers (LCN2 and Serpina3n)
were normalized to the levels of total astrocyte protein, detected with ALDH1L. Results indicate a
trend towards an increase in LCN2 and HSPB1 (Figure 4.4A and 4.4D) in slices treated with TNFa and
ILla compared to the untreated controls. However, there were no differences in the levels of

Serpina3n (Figure 4.4B) or in the levels of reactive astrocyte marker GFAP (Figure 4.4C)
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Figure 4.4: Levels of reactive astrocytes (LCN2, Serpina3n and GFAP) and HSPB1, normalised to
total astrocyte protein (ALDH1L1) in 21 DIV organotypic brain slices treated for 24 hours with

cytokines TNFaand IL1x

A) Representative western blot using antibodies against reactive astrocyte marker LCN2 and total
astrocyte marker ALDH1L1, graph shows mean +/- SEM across 5 biological repeats, paired t-test. B)
Representative western blot using antibodies against reactive astrocyte markers Serpina3n and GFAP
and total astrocyte marker ALDH1L1, graph shows mean +/- SEM across 3 biological repeats paired t-
test. C) Quantification of levels of GFAP normalised to ALDH1L1, graph shows mean +/- SEM across 4
biological repeats, paired t-test D) Representative western blot using antibodies for HSPB1 and total

astrocyte marker ALDH1L1, graph shows mean +/- SEM across 5 biological repeats, paired t-test

As the levels of reactive astrocyte marker GFAP did not change with treatment when normalised to
ALDH1L1, we also used GFAP as a loading control for total astrocyte protein. Reactive astrocyte
markers LCN2 and Serpina3n and HSPB1 levels were normalised to GFAP levels during western
blotting quantification. Analysis revealed a significant increase in both LCN2 and Serpina3n in the
GFAP positive astrocytes in those slices treated with TNFa and IL1a, compared to the untreated
slices (Figure 4.5A and 4.5B). Further to this, there was a trend towards an increase in HSPB1 levels

in GFAP positive astrocytes in those slices treated with TNFa and IL1a compared to controls (Figure
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4.5C). These results reflect what was shown in the human data presented in Chapter 3, where there
was an increase in HSPB1 in those reactive astrocytes found specifically in AD cases near to amyloid

plaques.
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Figure 4.5: Levels of reactive astrocytes (LCN2 and Serpina3n) and HSPB1, normalised to GFAP

levels, in 21 DIV organotypic brain slices treated for 24 hours with cytokines TNFa and IL1c.

A) Representative western blot using antibodies against reactive astrocyte marker LCN2 and GFAP,
graph shows mean +/- SEM across 5 biological repeats, paired t-test, *P<0.05, B) Representative
western blot using antibodies against reactive astrocyte marker Serpina3n and GFAP, graph shows
mean +/- SEM across 4 biological repeats, paired t-test, *P<0.05, C) Representative western blot
using antibodies for HSPB1 and GFAP, graph shows mean +/- SEM across 6 biological repeats paired

t-test
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As CRYAB is not observed in astrocytes, changes in CRYAB were determined by normalizing CRYAB
protein levels to total protein levels using the loading control B-Actin. Treatment of organotypic
brain slice cultures with TNFa and IL1a resulted in an increase in the level of reactive astrocyte
marker LCN2 relative to B-Actin as a loading control, compared to untreated slices (Figure 4.6A),
however, there were no significant changes in the levels of other reactive astrocyte markers

Serpina3n or GFAP (Figure 4.6B and 4.6C).
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Figure 4.6: Levels of reactive astrocytes (LCN2, Serpina3n and GFAP) normalised to total protein (6-

Actin) in 21 DIV organotypic brain slices treated for 24 hours with cytokines TNFa and IL1cx.

A) Representative western blot using antibodies against reactive astrocyte marker LCN2 and loading
control B-Actin, graph shows mean +/- SEM across 4 biological repeats, paired t-test, *P<0.05, B)
Representative western blot using antibodies against reactive astrocyte markers Serpina3n and GFAP
and loading control 8-Actin, graph shows mean +/- SEM across 5 biological repeats paired t-test, C)

Graph shows mean +/- SEM across 5 biological repeats, paired t-test
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Western blot analysis showed a slight increase in the levels in HSPB1 in those slices treated with
cytokines (Figure 4.7A). However, due to variability between different experimental repeats, the
increase seen in Figure 4.7A rendered no significant differences in the levels of HSPB1 in those slices
treated with cytokines, when compared to the untreated control slices (Figure 4.7A). Similarly, there
was also no significant changes in the quantified levels of CRYAB in slices treated with TNFa and IL1a

compared to untreated slices (Figure 4.7A).

Qualitative immunofluorescence image analysis showed that in both the untreated and cytokine
treated slices, HSPB1 co-localised with GFAP positive astrocytes, mainly along the astrocytic
processes (Figure 4.7B). CRYAB was found mainly around the nucleus and it did not co-localise with
the GFAP positive astrocytic processes found in either the untreated or with TNFa and IL1a treated
slices (Figure 4.7C). Quantification is required to confirm whether the increase in HSPB1 in the TNFa
and IL1a treated slices is increased in reactive astrocytes, as suggested by western blotting analysis

of the whole slice lysates.
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Figure 4.7: Levels of sHSPs HSPB1 and CRYAB, normalised to total protein (8-Actin) in 21 DIV

organotypic brain slices treated for 24 hours with cytokines TNFa and IL1cx .

A) Representative western blot using antibodies against reactive HSPB1, CRYAB and loading control
B-Actin, graph shows mean +/- SEM across 4 biological repeats, paired t-test, B) Representative
image of immunofluorescent analysis using antibodies against HSPB1 and reactive astrocytes (GFAP)
in untreated slices and TNFa and IL1 treated slices, n=3, imaged on Nikon Eclipse Ti Inverted
Spinning Disk Confocal microscope, scale bar = 50um C) Representative image of immunofluorescent
analysis of CRYAB and reactive astrocytes (GFAP) in untreated slices and TNFa and IL1 treated slices,

n=3, imaged on Nikon Eclipse Ti Inverted Spinning Disk Confocal microscope, scale bar = 50um
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4.4.3 Treating organotypic slice cultures with physiologically relevant levels of AR oligomers
does not alter the levels of HSPB1

Further treatments were performed using AD-relevant pathology, to investigate whether this would
induce reactive astrocytes and whether this in turn would impact sHSPs levels within the slice
cultures. In collaboration with Dr Beatriz Gomez Perez-Nievas, culture media was obtained and
characterised from Tg2576 primary neurons. These neurons secreted at a physiologically relevant
ratio of ABso and ARz into the media, known as TgCM. Wild-type neurons are also cultured from
littermates and this media is collected as a control (WtCM). The slice cultures were then treated with

2nM AB40/0.2nM AB42 TgCM and equivalent volumes of WtCM at 21 DIV for 24 hours.

As was done with those slices treated with cytokines, the levels of protein in the slices treated with
either TgCM or WtCM were first normalised the levels of GFAP by western blotting analysis. In those
slices treated with TgCM, there was a trend towards an increase in the reactive astrocyte marker
LCN2 compared to those slices treated with WtCM (Figure 4.8A). There were no significant
differences in the levels of Serpina3n or HSPB1 between those slices treated with either WtCM or

TgCM (Figure 4.8B and 4.8C),.
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Figure 4.8: Levels of reactive astrocytes (LCN2 and Serpina3n) and HSPB1, normalised to GFAP
levels in 21 DIV organotypic brain slices treated with wild-type conditioned media (WtCM) or Tg
conditioned media (TgCM) for 24 hours.

Representative western blots showing antibodies against reactive astrocyte markers LCN2, Serpina3
and GFAP and HSPB1, A) Quantification of the levels of LCN2 normalised to GFAP, graph shows mean
+/- SEM across 3 biological repeats, paired t-test B) Quantification of the levels of Serpina3n
normalised to GFAP, graph shows mean +/- SEM across 3 biological repeats, paired t-test C)
Quantification of the levels of HSPB1 normalised to GFAP, graph shows mean +/- SEM across 3

biological repeats, paired t-test

When normalising protein levels to the loading control B-Actin, western blot analysis indicated a
similar trend towards an increase in LCN2 levels in those slices treated with TgCM compared to
WtCM treated slices (Figure 4.9A). However, there was no significant difference in Serpina3n levels
between WtCM and TgCM treated slices (Figure 4.9B). Further to this, there were no significant

differences in the level of HSPB1 in those slices treated with WtCM and TgCM (Figure 4.9D),
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however there did seemed to be a trend towards an increase in CRYAB in the TgCM treated slices

(Figure 4.9C).
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Figure 4.9: Levels of reactive astrocytes (LCN2 and Serpina3n) and sHSPs CRYAB and HSPB1,
normalised to total protein (8-Actin), in 21 DIV organotypic brain slices treated for 24 hours with

wild-type conditioned media (WtCM) or Tg conditioned media (TgCM).

Representative western blots showing antibodies against reactive astrocyte markers LCN2 and
Serpina3 and sHSPs CRYAB and HSPB1, A) Quantification of the levels of LCN2 normalised to loading
control B-Actin, graph shows mean +/- SEM across 3 biological repeats, paired t-test, B)
Quantification of the levels of Serpina3n normalised to loading control 8-Actin, graph shows mean
+/- SEM across 3 biological repeats, paired t-test, C) Quantification of the levels of CRYAB normalised
to loading control B-Actin, graph shows mean +/- SEM across 3 biological repeats, paired t-test D)
Quantification of the levels of HSPB1 normalised to loading control 8-Actin, graph shows mean +/-

SEM across 3 biological repeats, paired t-test
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4.4.4 Transduction of the organotypic brain slice cultures with mutant P301L/S320F-htau-
EGFP AAV induces tau aggregation

Characterisation of organotypic brain slices prepared from htau mouse pups

To establish a model of tau pathology within the organotypic brain slice cultures, slices were initially
prepared from the htau mouse model of AD (Andorfer et al., 2003; Duff et al., 2002). Slice cultures
were prepared from the htau mice and age-matched C657BL/6 mice as controls and left in culture
for up to 42 DIV. After 14DIV, slices were collected every 2 weeks for western blot and
immunofluorescence analysis. Preliminary data showed an increase in total tau in those htau slices
at 42 DIV compared to the age-matched C57BL/6 control mice (Figure 4.10A). Monitoring of the tau
pathology across the ageing htau slices determined the presence of tau phosphorylated at
Ser396/404, as detected by PHF-1, only after 42 DIV, but not at 28 DIV (Figure 4.10B). It was also
shown that tau was detected within the htau slice cultures at 42 DIV, using an antibody against total
tau (Figure 4.10C). As EGFP is inserted within exon 1 of the MAPT gene in these mice, mouse tau is
not expressed and so the tau visualised by immunofluorescence represents human tau only.
Preliminary observations suggested that the htau slice cultures were able to replicate some AD-
relevant features of tau pathology, such as the presence of both human tau and phosphorylated tau,
as detected by total tau immunofluorescence and PHF-1 by western blotting, respectively. Tau was
found to accumulate in the cell bodies and age-related phosphorylated tau only occurred at a later
stage, both reflective of what is seen in the early stages of human AD (Andofer et al., 2003).
However, due to problems with the breeding of the mouse colony and additional time constraints
due to COVID-19, it was decided a different model was required to replicate tau pathology in the

organotypic brain slice cultures.

165



S0kD3- g | Dako Tau

S0kDa- Total Tau

50kDa-
SN PHF-1

GFAP Tau Hoechst

zskoafq GFP 37kDa»‘E| B-Actin

Figure 4.10: Preliminary data from the initial immunoblotting and immunofluorescent
characterisation of tau pathology in 28 and 42 DIV organotypic brain slice cultures prepared from

the htau mouse.

A) Representative blot using antibodies against total tau and GFP in 42 DIV C57BL/6 slices and 42 DIV
htau slices, n=1, B) Representative blot using antibodies against total tau (Dakot Tau), tau
phosphorylated at Ser396/404 (PHF-1) and loading control 8-Actin in htau slices at 28 DIV and 42
DIV, n=1, C) Preliminary immunofluorescent analysis using antibody against total tau (Dako Tau),
reactive astrocytes (GFAP) and nuclei (Hoechst) in 42 DIV htau slice, n=1 slice, imaged on Nikon

Confocal Spinning Disk

Transduction of organotypic brain slice cultures using tau AAVs

In order to replicate tau pathology in the organotypic brain slice cultures, WT CD1 slices were
transduced at 0 DIV with either WT tau (AAV2/TM8-WT-htauON4R-EGFP) or mutant tau AAV
(AAV2/TM8-P301L/S320F-htauON4R-EGFP) constructs. A final titre of 1x10!* was added per well
(each containing 3 slices) and slices were collected at 28 DIV for sarkosyl extraction of tau or
immunofluorescent analysis. Sarkosyl extraction is a standard protocol used to determine the levels
of insoluble tau in the brain (Greenberg and Davies, 1990). This protocol consists of sequential
extraction in the ionic detergent N-lauryl-sarcosine (sarkosyl), which solubilizes the non-aggregated
tau, while allowing the enrichment of aggregated hyperphosphorylated tau in the sarkosyl insoluble

(SI) fractions (Ren and Sahara, 2013). In brief, slices were lysed, incubated with sarkosyl and then

166



subjected to differential centrifugation followed by western blot analysis of these fractions. Sarkosyl
extraction of tau results in a number of fractions which included the low speed supernatant (LSS)
fractions which contains both sarkosyl soluble and insoluble fractions, or total tau, and the sarkosyl
insoluble tau fraction which consists of hyperphosphorylated tau which is biochemically comparable
to NFT found in tauopathies (Li et al., 2015). Due to additional time constraints, the characterisation
of tau AAVs in the organotypic brain slice cultures was done in collaboration with Dr Diana Flores

Dominguez and Emily Groves.

Initial characterisation studies were performed in slices transduced with both WT tau and
P301L/S320F tau AAVs at a recommended viral titre of 2x10%° VG/well, and slices were analysed at
14, 21 and 28 DIV. The experiments using this viral load concluded that transduction with this level
of virus was too low to induce robust overall or phosphorylated tau pathology, even at the latest
timepoint of 28 DIV. All sarkosyl extracted tau fractions were analysed by western blotting and there
was no protein detected in the sarkosyl insoluble fractions in the slices treated with either WT tau or
P301L/S320F tau at 28DIV (data not shown). Qualitative immunofluorescence analysis confirmed low
levels of GFP-tagged tau in slices transduced with either WT tau or P301L/S320F tau at 2x10%°
VG/well after 28 DIV (Figure 4.11.). Slices transduced with either tau-AAV at 5 times the initial titre
1x10*! after 28 DIV showed detectable levels of GFP-tagged tau (Figure 4.11) and so this was the

titre that was subsequently used in the following experiments.
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Figure 4.11: Preliminary immunofluorescent analysis GFP tagged tau pathology in slices
transduced either WT Tau or P301L/S320F Tau AAVs at 2x10710 (1x concentration) or 1x10/11 (5x

concentration) viral genomes/ml on 0 DIV and collected at 28 DIV.

In collaboration with Dr Diana Flores Dominguez, slices (n=3) were fixed at 28 DIV and imaged on
Nikon Confocal Spinning Disk, GFP-tau represents total tau levels, imaged on Nikon Confocal Spinning

Disk, scale bar = 50um
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Follow-up studies found that there was more phosphorylated tau accumulation around the
somatodendritic compartments, as detected by immunofluorescence with PHF1 antibody, at 35 DIV
compared to 28 DIV (Figure 4.12A). However, when the sarkosyl extraction of tau fractions at 28 DIV
and 35 DIV were analysed by western blotting, it was determined that accumulation of sarkosyl
insoluble tau was lost after 28 DIV (Figure 4.12B), speculated as being due to an increase in cell
death at 35 DIV, however this was not formally assessed. Therefore these characterisation studies
confirmed the optimal conditions for slice tau-AAV transduction were: 1) viral titre of five times the

original titre at 1x10* and, 2) slices to be harvested at 28 DIV.
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Figure 4.12: Initial immunofluorescent and immunoblotting characterisation experiments with
organotypic brain slice cultures transduced with either WT Tau or P301L/S320F Tau at 1x10/11

viral genomes/ml on 0 DIV and collected at either 28 or 35 DIV.

A) In collaboration with Dr Diana Flores Dominguez, slices were fixed at 28 and 35 DIV and
immunostained for phosphorylated tau at Ser396/404 (PHF-1), GFP-tau represents total tau levels,
arrowhead highlight examples of phosphorylated tau accumulating in the somatodendritic
compartments in those slices transduced with mutant P301L/S320F tau AAV, imaged on Nikon
Confocal Spinning Disk, scale bar = 50um, B) Sarkosyl insoluble tau fractions and the low-speed
(soluble tau) supernatant (LSS) and sarkosyl insoluble tau pellets (SI) were analysed by western
blotting for total tau and phosphorylated tau at Ser396/404 (PHF-1). The red box highlights the
presence of hyperphosphorylated tau in the Sl fraction of the mutant tau transduced only at 28 DIV

and not at 35DIV, representative western blot shown of n=3
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In slices transduced with both the WT tau and pro-aggregant mutant tau AAVs, the soluble total and
phosphorylated tau are detected in the low speed supernatant fractions, as detected by the total tau
antibody and PHF-1 (tau phosphorylated at Ser396/404) antibodies respectively (Figure 4.13A).
When the levels of PHF-1 phosphorylated tau were quantified as a proportion of total tau, there was
a significant increase in PHF-1 relative to total tau levels in the soluble fraction in those slices

transduced with the mutant tau AAV compared to WT Tau transduced slices (Figure 4.13B).

Further to this, transduction with the double P301L/S320F tau mutation AAV resulted in the
accumulation of sarkosyl insoluble hyperphosphorylated tau which was not present in the slices
transduced with the WT tau construct (Figure 4.13A). When immunofluorescence was performed
using an antibody against tau phosphorylated at Ser396/404 (PHF-1), WT tau expression resulted in
the expression of GFP-tagged WT-tau and phosphorylated tau mainly in the axons of the neurons
(Figure 4.13C), but in the mutant tau transduced slices, the accumulation of P301L/S320F GFP-
tagged tau and phosphorylated tau (PHF-1) seemed to be restricted to the somatodendritic

compartments of the neurons (Figure 4.13C).
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Figure 4.13: Immunofluorescent and immunoblotting characterisation of tau pathology in slices
transduced with either WT Tau or P301L/S320F Tau AAVs at 1x10711 viral genomes/ml on 0 DIV,
collected and lysed at 28 DIV.

A) Sarkosyl insoluble tau fractions (SI) and soluble tau fractions in the low-speed supernatant (LSS)
were analysed by western blotting and probed for total tau, phosphorylated tau at Ser396/404 (PHF-
1) and a loading control (6-Actin). The red box highlights the bands that correspond to human tau
tagged with GFP (around 75 KDa), while endogenous mouse tau can be detected at a molecular
weight around 55 KDa. Representative western blot shown here of n=4. B) The levels of
phosphorylated tau (PHF-1) in the LSS soluble fraction were quantified as a proportion of total tau.
Graph shows mean +/- SEM of 4 animals, paired t-test (* P>0.05). C) In collaboration with Dr Diana
Flores Dominguez, slices were fixed at 28 DIV, for immunofluorescent analysis using a PHF- to detect
tau phosphorylation at Ser396/404, GFP-tau represents total tau, arrowhead highlight the examples
of phosphorylated tau accumulating in the somatodendritic compartments in those slices transduced

with mutant tau AAV, imaged on Nikon Confocal Spinning Disk, scale bar = 50um
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4.4.5 Treatment with cytokines TNFa and IL1a, AP oligomers or tau-AAVs does not cause cell
toxicity in organotypic brain slices cultures

To rule out the possibility that changes to reactive astrocyte markers and sHSPs were due to cell
toxicity as a consequence of treatments, the LDH assay was carried out to measure cell death. The
LDH assay quantitatively measures lactate dehydrogenase (LDH), a stable cytosolic enzyme which is
released upon cell death (Decker and Lohmann-Matthes, 1988). During the assay, the LDH released
by the lysed cell converts a tetrazolium salt into a red formazan product. The amount of colour
formed is directly proportional to the volume of released LDH and this is measured using visible
wavelength absorbance data collected by a standard plate reader. The LDH assay was performed on
the conditioned media collected from the slices after the 24 hours treatment with TNFa and IL1a or
with Tg conditioned media treatment, or collected after the slices had been transduced with tau
AAVs for 28 DIV. LDH assay was performed using neurobasal (NB) media rather than slice culture
media as the phenol red in the slice culture media interferes with the absorbance reading of LDH.
The LDH levels in the media were measured relative to the total LDH levels detected in the slice

lysates.

No significant difference in cell death was observed between untreated slices and those slices
treated with TNFa and IL1a for 24 hours (Figure 4.14A). LDH assays also confirmed that treatment
with either Wt or Tg conditioned media for 24 hours was not toxic to the slice cultures (Figure
4.14B). Finally, data from one (two technical replicates) biological replicate shows there were no
significant differences in cell toxicity in slices either transduced with the WT Tau or P301L/320F tau

AAV constructs for 28 days (Figure 4.14C).
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Figure 4.14: Cell toxicity measures in 21 DIV slices treated with cytokines TNFa and IL1a for 24
hours, 21 DIV slices treated with Ab oligomers for 24 hours or slices transduced with either WT tau
or P301L/S320F tau at 1x10711 viral genomes/ml on 0 DIV and collected at 28 DIV, all OD values in

conditioned media were normalised to OD values in the slice lysates

A) LDH assay was performed in conditioned media and total protein lysates of untreated slices and
slices treated with TNFa and IL1a for 24 hours, graph shows mean +/- SEM taken from 5 biological
replicates. B) LDH assay was performed in conditioned media and total protein lysates of untreated
slices and slices treated with either WT conditioned media (WtCM) or A8 conditioned media (TgCM)
for 24 hours, graph shows +/- SEM of 3 different biological repeats, C) LDH assay was performed in
conditioned media and total protein lysates of untreated slices and slices transduced with either WT
tau or P301L/S320F tau at 0 DIV and collected at 28 DIV, graph shows mean +/- SEM taken from 2

technical replicates (1 biological replicate)
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4.5 Discussion

The central aim of this chapter was to determine whether organotypic brain slice cultures can be
used as a tool to investigate sHSPs in the context of AD. To address this, slice cultures underwent 24
hour treatments with AD-relevant cytokines and physiologically relevant levels of AB oligomers in
order to replicate the response seen in the human disease and explore the impact of these changes
on the levels of the sHSPs CRYAB and HSPB1. Further to this, we used recombinant adeno-associated
viruses (rAAV) to express disease variants of tau in organotypic brain slice cultures, using AAV
constructs expressing either WT and P30L1/S320F tau, in order to replicate the aggregated tau seen

in AD.

Upon examining the localisation of CRYAB and HSPB1 in the slice culture model, results indicated the
co-localisation of HSBP1 with GFAP positive reactive astrocytes, reflecting what was concluded in the
human data presented in Chapter 3 of this thesis. Further to this, the localisation of CRYAB was not
associated with GFAP positive reactive astrocytes, also seen in the results outlined in Chapter 3,
where the majority of CRYAB positive cells were co-localised with oligodendrocytes. Treating the
organotypic brain slice cultures with cytokines TNFa and IL1a increased the levels of the reactive
astrocyte markers LCN2 and Serpina3n and there was a trend towards an increase in the levels of
HSPB1 within these astrocytes. Treatment of mouse brain slices with AR oligomers resulted in a
trend towards an increase in reactive astrocyte maker LCN2 but did not significantly induce reactive
astrocytes, and there were no significant changes in the levels of HSPB1 or CRYAB. Finally,
transducing the slice cultures with the P30L1/S320F tau construct led to the production of
hyperphosphorylated tau which was not present in the slices transduced with the WT tau AAV.
Further to this, the phosphorylated tau found in the P30L1/S320F tau transduced slices was
restricted to the somatodendritic compartments, replicating what has been found in the literature

(Croft et al., 2019). Overall, these results together suggest that the organotypic brain slice cultures
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are a good model for replicating some of the pathological changes seen in human AD and these

slices could provide a useful toolkit for the study of sHSPs in the context of AD.

4.5.1 Characterisation of sHSPs in mouse organotypic brain slice cultures

Different studies have reported different localisation of CRYAB within the human brain, and in
particular in AD brain (Renkawek and Voorter, 1994; Shinohara et al., 1993; Mao et al., 2001; Kato et
al., 1992), reflecting the results presented in the human data found in Chapter 3, Section 3.4.2. of
this thesis. It was concluded that the majority of CRYAB positive cells co-localised with the
oligodendrocyte marker, CAll, however it was not confirmed what the remainder of the CRYAB
positive cells were co-localising with. In the organotypic brain slice cultures, CRYAB was not seen to
co-localise with any GFAP positive reactive astrocytes, replicating what was found in the human data
and further investigation is required to confirm which cell type or types CRYAB is co-localising with in

mouse brain slice cultures.

In contrast to this, in the human brain HSPB1 has conclusively been shown to increase in reactive
astrocytes during AD (Renkawek et al., 1994; Wilhelmus et al., 2006). This was also corroborated in
Chapter 3, Section 3.4.3 of this thesis, where there was clear co-localisation between HSPB1 and
GFAP positive reactive astrocytes in brain tissue section taken from cases of varying AD severities.
The results in this chapter indicate the same co-localisation of HSBP1 with GFAP positive reactive
astrocytes within the organotypic brain slice cultures, reflecting what is seen in the human condition
and therefore supporting the use of the slices as a potential physiologically relevant model to study

HSPB1.
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4.5.2 Using the organotypic brain slice cultures as a model to study sHSPs in the context of
AD

In the study carried out by Liddelow et al., 2017, it was shown that the release of cytokines TNFa and
IL1a from activated microglia was able to induce reactive astrocytes during neurodegeneration.
Further to this, data from Fangjia Yang in the lab confirmed the increase in reactive astrocyte
markers in primary mouse astrocyte cultures treated with TNFa and IL1a (Figure 4.1). It has also
been found that of all the GFAP positive astrocytes found in the human AD brain, 60% of these
reactive astrocytes mimic the same astrocyte phenotype which is induced by microglial cytokines
TNFa and IL1a (Liddelow et al., 2017). The results in Chapter 3, Section 3.4.3 of this thesis confirmed
there was an increase in HSPB1 in those reactive astrocytes found in the human AD brain. As the
majority (60%) of these astrocytes have been found to react to TNFa and IL1aq, it was assumed there
would be an induction in reactive astrocytes and therefore an increase in HSPB1 in the slices culture

model treated with the same TNFa and IL1a cytokine treatment.

To measure the levels of reactive astrocytes in treated slices, GFAP, LCN2 and Serpina3n were
chosen. GFAP (Eng et al., 1971), is the most widely used marker of reactive astrocytes, however, it
has now been advised that GFAP should not be completely relied upon as a determinant of reactive
astrocytes (Escartin et al., 2021). In addition to GFAP, reactive astrocyte markers LCN2 and
Serpina3n has been shown to increase in response to a diverse range of injury including ischemic
stroke, representing a chronic injury involving cell death, and the complementary LPS-injection to
mimic short-term inflammation which leaves the brain structure intact (Zamanian et al., 2012).
LCN2, also seen to increase in response to other insults such as nerve injury (Gesase and Kiyama,
2007), was suggested as a marker of early reactive astrogliosis due to rapid downregulation of

expression after initial astrocyte induction, whilst Serpina3n levels, also seen to be increased in ALS
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(Fukada et al., 2007), remain elevated over a longer time course, representing a maker for more

persistent reactive astrogliosis (Zamanian et al., 2012).

Slices treated with TNFa and IL1a did see an increase in reactive astrocyte marker LCN2. Preliminary
data from Caoimhe Goldrick in our laboratory has also shown that in slices treated with the same
TNFa and IL1a treatment there was an increase in pro-inflammatory marker IL-6 (Figure 4.15). IL-6 is
a cytokine which is not only released by astrocytes but also by other glial cells and neurons (Kummer
et al., 2021), but it has also been shown that astrocytes secrete IL-6 in response to repeated insult or
systemic inflammation (Cunningham et al., 2019; Lopez-Rodriguez et al., 2021). When analysing the
cytokine treated brain lysates, western blotting quantification of GFAP levels normalised to the total
astrocyte marker ALDH1L1 revealed that the levels of GFAP did not change upon treatment, possibly
due to the fact that GFAP does not uniquely detect reactive astrocytes but it also expressed by
astrocytes under normal physiological conditions (Zamanian et al., 2012). For this reason, it was
concluded that GFAP levels would be used as a second total astrocyte marker by which HSPB1 was
normalised to in order to determine the change in HSPB1 across total astrocyte protein. Normalising
to a total astrocyte marker seemed more relevant that normalising to loading control B-Actin as it
has been confirmed in the literature (Wilhelmus et al., 2006) and in this thesis (Chapter 3, Section
3.4.4) that HSBP1 is primarily localised in reactive astrocytes in human AD. Upon normalising to
GFAP levels, it was determined that there was an increase in reactive astrocytes, as measured using
LCN2 and Serpina3n, and a trend towards an increase in HSPB1 in those slices treated with TNFa and
IL1a. The immunofluorescence analysis determined that HSPB1 co-localised with GFAP positive
astrocytes in both the untreated and the cytokine treated slices, further supporting the association
between HSPB1 and reactive astrocytes as seen in the western blot analysis. However, further work
is required to confirm the presence in reactive astrocytes in these slice cultures by performing dual

immunofluorescence with another reactive astrocyte marker such as S100B and total astrocyte
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marker ALDH1L1 (Escartin et al., 2021), and quantification of the immunofluorescence analysis is
required to confirm the changes in HSPB1 levels seen by western blotting before it is concluded that

HSPB1 localisation and expression in the slices cultures are replicating what is seen in human AD.
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Figure 4.15: Preliminary IL-6 ELISA data produced by Caoimhe Goldrick in our laboratory using
conditioned media collected from organotypic brain slice cultures treated at 21 DIV with TNFa and

IL1a for 24 hours, (n=1)

There is a wealth of studies which support the notion that oligomeric AB, rather than insoluble
amyloid plaques are toxic during AD (Yang et al., 2017; Hong et al., 2018; Shankar et al., 2008; Koffie
et al., 2009). Moreover, AB oligomers have been shown to induce astrocytes to become reactive,
either alone (Hu et al., 1998) or more recently, in combination with cytokines (LaRocca et al., 2021).
Astrocytes have also been shown to produce and spread specific forms of oligomeric AB in the
presence of APOE overexpression (Wang et al., 2019) and other specific oligomeric forms have been
shown to specifically impact only astrocytes, which then go on to initiate damage in neurons
(Narayan et al., 2014). In order to replicate these disease relevant changes in the organotypic slice
cultures, AB was added to the slices at a final concentration of 2nM AB4o/0.2nM A, in order to

mimic levels seen in human AD, and incubated for 24 hours. In this instance, A oligomer treatment
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resulted in a trend towards an increase in reactive astrocyte marker LCN2 but did not alter the levels
of reactive astrocyte marker Serpina3n. In addition to this, AB treatment led to a trend towards an

increase in CRYAB but there were no changes in the levels of HSPB1.

Due to time constraints and technical difficulties, only three biological repeats were performed using
the AR treatments in the slice cultures. This may explain why changes in reactive astrocyte markers
were not observed with AP oligomer treatment as expected. Based on the variability seen in the slice
experiments involving cytokine treatments, it would be necessary to carry out a least 6 replicates in
an attempt to identify and replicate any potential biological response in the slices and reduce the

variability highlighted by low numbers of replicates.

Another reason as to why the slice AB oligomer treatment did not induce reactive astrocytes could
be due to the use of very low concentrations of 2nM AB4o/0.2nM A4,. Although these
concentrations were chosen to replicate physiological disease conditions, previous use of AR
oligomers from cultured Tg2576 neurons and at similar concentrations, have predominantly been
used in primary cell cultures (Hudry et al., 2012; Wu et al., 2010; Wu et al., 2012; DaRocha-Souto et
al., 2012). Only one study has treated the larger more complex organotypic slice cultures with the
same amounts of Tg2567 derived AP oligomers (Perez-Nievas et al., 2021). Although this study did
not directly investigated the effect of AB oligomer treatments on astrocyte reactivity within the
slices, it showed that the slices treated with TgCM replicated the tau mislocalisation at the synapse
which was found in neurons treated with TgCM, implying that the same TgCM concentration and
length of treatment used in the primary neurons could also elicit a similar effect in the slice culture
systems (Perez-Nievas et al., 2021). Other studies have also induced a response in astrocytes
through synthetic AB treatments at relatively high concentrations, however, these treatments may

not reflect the physiological structure or levels present in the human disease, (Hu et al., 1998;
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Mufioz et al., 2018; White et al., 2005; Diniz et al., 2017). Therefore it may prove advantageous to
optimise the treatment protocols using the AB oligomers obtained from the Tg2576 mice by first
extending treatment times to either 48 or 72 hours, in an attempt to elicit an astrocytic response

whilst maintaining a physiologically relevant AB treatment concentrations.

It is also possible that the effect of AR was too small to detect using the western blotting techniques.
More sensitive techniques for measuring changes such as an IL-6 enzyme-linked immunosorbent
assay (ELISA), could be used to detect small changes in the pro-inflammatory response in response
to AP treatments. In addition, western blot analysis was performed using the whole brain slice
lysates rather than the astrocyte population alone, which may hinder astrocyte specific changes.
Furthermore, to confirm whether the use of AB oligomers is a suitable tool to use in the slice
cultures, it could have been valuable to confirm whether there were any changes in other glial cells
within the slices as it has been shown that AB oligomers are a particularly strong activator of
microglia (Reed-Geaghan et al., 2009). Extra optimisation is required to confirm the use of this as a

means to study sHSPs in the context of AB pathology.

In order to replicate disease relevant tau pathology in the organotypic brain slice cultures, rAAV tau
constructs were gifted from Professor Todd Golde and characterisation studies were carried out in
collaboration with Dr Diana Flores Dominguez and Emily Groves (Croft et al., 2019). Transduction
with both tau AAV constructs resulted in the phosphorylation of tau at Ser396/404, as detected by
PHF-1 antibody, however there were notable differences in tau pathology in those slices transduced
with the WT Tau constructs compared to P301L/S320F tau constructs, highlighting the opportunity
this system provides for the replicating and analysing varying degrees of tau pathology with differing
temporal progression. In those slices transduced with WT tau, there was phosphorylated tau present

in the neuronal axons but there was no presence of tau inclusions, even at the latest time point at 28
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DIV. In contrast, those slices transduced with P301L/S320F tau produced phosphorylated tau which
was mainly driven to the somadendritic departments, in the same distribution that NFT are seen to
accumulate in human AD (Uchihara et al., 2001). In addition, although the tau inclusions were not
investigated further in this thesis, previous studies demonstrated by electron-microscopic
ultrastructure analysis that the P301L/S320F tau inclusions resembled those mature neurofibrillary
tangles found in AD (Croft et al., 2019; Grundke-Igbal et al., 1986; Murray et al., 2014). Finally,
western blot analysis confirmed the development of sarkosyl insoluble phosphorylated tau was
unique to the P301L/S320F tau slices in the experiments presented in this chapter. Although this
model utilises tau constructs reliant on a mutation not found in AD but instead is associated with the
tauopathy FTD-17, it is the first slice model which has recapitulated tau inclusion pathology
resembling the NFT in human AD, whilst also localising to the AD-relevant somadendritic region. In
addition, the ability to induce varying degrees of tau pathology can be useful when replicating the
different stages of human AD. All in all, the slices transduced with tau-AAVs provides a good model

in which to study some of the pathological tau changes seen with AD.
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Chapter 5: Does HSBP1 rescue AD-relevant pathology in the
organotypic brain slice cultures?

5.1 Introduction

The purpose of this chapter was to build on previous work described in Chapter 4 of this thesis, to
determine whether HSPB1 presents a non-cell autonomous pathway by which astrocytes may confer

neuronal protection in the organotypic brain slice culture model of AD pathology.

5.1.1 Non-cell autonomous role of sHSPs in neurodegeneration

Recently there has been increasing interest in the non-cell autonomous role of astrocytic sHSPs in
neurodegenerative diseases. Overexpression of astrocytic CRYAB been shown to be protective
against the progression of disease in a mouse model of HD (Oliveira et al., 2016), whilst it was also
demonstrated that expressing the human heat shock protein DNAJBS6, in the astrocytes of a D.
melanogaster model delays progressive neuronal degradation due to the suppression of PolyQ
aggregation (Bason et al., 2019). Although the role of astrocytic sHSPs has been explored in other
neurodegenerative diseases, there is a distinct lack of studies exploring this non-cell autonomous

role of sHSPs in AD.

5.1.2 Extracellular sHSPs in disease

Emerging evidence has suggested a protective role for extracellular sHSPs in disease. Large-scale
multilayer proteomic profiling studies have identified HSPB1 in the CSF of AD patients, where it was
slightly increased compared to healthy individuals (Sathe et al., 2019; Bai et al., 2020; Bader et al.,

2020), suggesting the secretion of sHSPs is increased in disease conditions.
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5.1.3 Secretory mechanisms of extracellular sHSP

On a molecular level, sHSPs lack the classical N-terminal signalling peptide required for release by
the classical secretory pathway (Mambula et al.,, 2007). The presence of HSPB1 has been confirmed
within the exosome under normal physiological conditions (Reddy et al., 2018; den Broek et al.,
2021), and more relevantly for this project, HSPB1 is released in exosomes from primary rat
astrocytes after stimulation with AB (Nafar et al., 2016). Having said this, Fangjia Yang in our group
detected HSPB1 in the conditioned media of primary mouse astrocytes and found HSPB1 was not
present in extracellular vesicles. Instead, HSPB1 is in in the extracellular media as a free protein. To
replicate this physiological free HSPB1, this project utilises a treatment with recombinant HSPB1 to

investigate the potentially protective nature of this extracellular sHSP.

5.1.4 Function of extracellular chaperones

Chaperones play a vital role in the protein quality control system and their roles include involvement
in protein folding, protein degradation and the regulation of protein aggregation and disaggregation
(Wyatt et al., 2013). Most studies have focussed on the intracellular function of chaperones (Hartl et
al., 2011), however, chaperones have also been found outside of the cell (Chaplot et al., 2020). The
function of these extracellular chaperones may be altered due to the challenging conditions
presented by the extracellular spaces, such as low ATP availability which may affect the interaction
between chaperone and client protein (Gorman et al., 2007). For this reason, extracellular
chaperones are found to bind to misfolded proteins to prevent aggregation, rather than refold them
back into their native forms (Wyatt et al., 2013; Klaips et al., 2017). Secreted chaperones also deliver
proteins to cell membrane receptors to encourage internalisation and subsequent lysosomal

degradation (Yerbury et al., 2005).
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5.1.5 Function of extracellular HSPB1

The role of extracellular HSPB1 is relatively unknown however a variety of studies using in vitro and
experimental disease models have reported the involvement of sHSP in a number of functions,
whilst highlighting the potential therapeutic activity of these extracellular sHSP (Reddy et al., 2018).
Extracellular sHSPs have been seen to modulate inflammatory processes (den Broek et al., 2021).
Moreover, in the experimental autoimmune encephalomyelitis (EAE) mouse model used to study
the inflammatory disease multiple sclerosis in rodents, treatment with intra-peritoneal injections of
HSPB1 reduced paralysis through the modulation of inflammatory cytokines IL-2, IL-6 and IFN-y
(Kurnellas et al., 2012). The protective chaperone function of HSPB1 has also been suggested, as
exposure to AB can trigger the exosomal release of astrocytic HSPB1 which then goes on to interact
with the extracellular AB (Nafar et al., 2016). This extracellular HSBP1 may then act as a chaperone
protein to modulate the sequestration of toxic AP oligomers into non-toxic AB aggregates (Ojha et
al., 2011; Kudva et al., 1997). Finally, extracellular HSPB1 has also displayed potential anti-apoptotic
function. Intraperitoneal injection of HSPB1 peptides prevented protein aggregation and oxidative

stress in a rat model of cataracts (Nahomi et al., 2015).
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5.2 Aims

The previous chapter in this thesis established that 1) reactive astrocyte markers were induced in
those slices treated with cytokines TNFa and IL1a, and 2) slices transduced with P301L/S320F tau-
AAV resulted in the accumulation of sarkosyl insoluble hyperphosphorylated tau, in a similar
distribution as to what is found in human AD. It was therefore concluded that the organotypic brain
slice cultures provided a good model to study the function of sHSPs in the context of certain AD-

pathologies.

Following on from this, the central aim for this chapter was to determine whether HSPB1 is
protective against these induced AD-relevant pathologies by exploring its impact on cell toxicity,
synaptotoxicity, neuroinflammation and tau accumulation in the organotypic slice model of tau
pathology. To explore this primary objective, with a particular focus on the non-cell autonomous

function of HSPB1, the specific aims for this chapter are as follows:

1) Investigate the role of extracellular HSPB1 in modulating neuroinflammation in the brain slices
treated with cytokines TNFa and IL1a, by treating these slices with recombinant HSPB1 protein

2) Determine whether extracellular HSPB1 is capable of altering the accumulation of P301L/S320F
tau in primary neurons and in brain slices

3) Explore the role of extracellular HSPB1 in protecting against neuronal cell death and
synaptotoxicity in those slices treated with either cytokines or transduced with tau-AAVs

4) Determine whether astrocytic HSPB1 is protective against P301L/S320F tau pathology in a non-
cell autonomous manner by overexpressing HSPB1 in astrocytes in slice cultures using AAV

constructs
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5.3 Methods

The materials and methods for this chapter have been described in full in Chapter 2 of this thesis. In
brief, organotypic brain slice cultures were prepared from WT CD1 mouse pups according to the

protocol in Croft and Noble, 2018, as detailed in Chapter 1 Section 3.1.

For cytokine treatment of the organotypic brain slice cultures (Chapter 2, Section 3.2), 21 DIV slices
were treated with 30ng/ml recombinant mouse TNFa and 3ng/ml IL1a in 1ml pre-warmed culture
media. Slices were incubated for 24 hours before the slices were collected for western blotting
analysis and the media was collected for LDH assays. For the additional treatment of recombinant
HSPB1 (Chapter 2, Section 3.2), 50ng/ml recombinant HSPB1 resuspended in filtered 0.1% BSA/PBS
was added to the slice culture media along with the cytokine treatments at 21 DIV for 24 hours. The
control slices for these experiments were treated with 50l sterile filtered 0.1% BSA/PBS. Slices were
then collected and lysed for western blot analysis and the media was collected for cell toxicity

assays.

In order to replicate tau pathology in the slice cultures (Chapter 2, Section 3.2), slices were
transduced at 0 DIV with either the wild-type (AAV2/TM8-WT-htauON4R-EGFP) or mutant tau
(AAV2/TM8-P301L/S320F-htauON4R-EGFP) rAAV constructs at 1x10*! viral genomes (VG) per well
containing 3 brain slices. At 28 DIV, slices were harvested and lysed for the sarkosyl extraction of tau
(Chapter 2, Section 4.1). Tau fractions were then run on 10% % poly-acrylamide gel for western

blotting analysis (Chapter 2, Section 4.2).

Constructs encoding the human HSPB1 under the human GFAP promoter (pAAV[Exp]-

GFAP(short)>hHSPB1[NM_001540.5](ns):P2A:TagBFP2:WPRE) or the same constructs expressing
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BFP2 only (pAAV[Exp]-GFAP(short)>TagBFP2:WPRE) were custom designed and packaged by
VectorBuilder, all provided in PBS buffer. All were applied directly into the culture media on 0 DIV at
2x10° VG/well. Slices were then either fixed for immunofluorescence analysis or harvested for the

extraction of sarkosyl insoluble tau after 28 DIV.

For the treatment of recombinant human HSPB1 in slices transduced with tau-AAVs (Chapter 2,
Section 3.2), after 14 DIV 50ng/ml recombinant HSPB1 was added to the slice culture media each
time the media was changed (every 2-3 days), up until the slices were harvested at 28 DIV. The
control slices for these experiments were treated with 50pul sterile filtered 0.1% BSA/PBS in the exact
same way. Slices were then collected and lysed for analysis by western blotting or the lysates were

used to extract sarkosyl insoluble tau.

All primary mouse neuron cultures were kindly prepared by Dr Maria Jimenez-Sanchez, from E15-16
wild type CD1 embryos (Chapter 2, Section 2.1). Neuron cultures were seeded in 12-well plates at a
seeding density of 2.5 x 10° cells/well, with coverslips for immunofluorescence analysis and without
for wester blotting. At 6 DIV, neurons were transduced with either the wild-type (AAV2/TM8-WT-
htauON4R-EGFP) or mutant tau (AAV2/TM8-P301L/S320F-htauON4R-EGFP) rAAV constructs at MOI:
100,000. At 12 DIV, neurobasal (NB) media was collected for LDH assay and neuronal lysates were

collected for western blots or fixed for immunocytochemistry.

Concurrent to the transduction with rAAV, neurons were also treated with recombinant human
HSPB1 protein (Chapter 2, Section 2.1). HSPB1 was added straight into the NB media at 50ng/ml on
6, 8 and 10 DIV. The control neurons for these experiments were treated with comparable volumes
of sterile filtered 0.1% BSA/PBS in the exact same way. At 12 DIV, NB was collected for cell toxicity
assays whilst neurons were harvested either for immunoblotting or immunocytochemistry analysis.
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5.4 Results

5.4.1 Recombinant HSPB1 treatment has no effect on neuronal and synaptic health in slices
treated with cytokines TNFa and IL1a

The results presented in Chapter 4 of this thesis suggested the induction of reactive astrocytes in
organotypic brain slice cultures treated with cytokines TNFa and IL1a, detected by the increase in
reactive astrocyte marker LCN2. During neurodegeneration, increased secretion of cytokines TNFa
and IL1a from activated microglia have been shown to induce reactive astrocytes (Liddelow et al.,
2017), and in turn these reactive astrocytes are able to promote neurotoxicity (Liddelow et al., 2017;
Stevens et al., 2007). To mimic the release of astrocytic HSPB1 seen in primary culture in our
laboratory and in previous reports (Nafar et al., 2016), slice cultures were treated with recombinant
human HSPB1 for 24 hours. Slice lysates were then analysed by western blotting to determine
whether extracellular HSPB1 can protect from cell toxicity induced by pro-inflammatory cytokines

(Liddelow et al., 2017).

The human recombinant protein was selected as opposed to the mouse HSPB1 protein as this
project was primarily interested in the relevance of human HSPB1 within human disease. BLAST
alignment of the mouse and human HSPB1 proteins found a 83% similarity and 90% positives
between the two proteins and therefore the recombinant human HSPB1 seemed a suitable choice of

treatment for the following experiments.

Slice cultures were first tested for cell toxicity using the LDH assay. The media from the slice cultures
were collected for the assay and LDH levels were normalised to the total LDH measured in total
protein lysates. Cytokine treatment was slightly toxic to the slice cultures, and HSPB1 treatment in
both untreated and TNFa and IL1a treated slices slightly reduced cell toxicity, although these results

were not statistically significant (Figure 5.1A). Next, to investigate programmed cell death in the
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slices treated with the cytokines, the levels of caspase-3, an executioner caspase implicated in
apoptosis, was measured. Slice lysates were probed with an antibody against caspase-3 antibody,
which recognised the cleaved (active) form of this caspase. There was a slight increase in the levels
of cleaved caspase-3 in those slices treated with TNFa and IL1a compared to the untreated slices,
mirroring what was found by the LDH assay for cell toxicity. The treatment with recombinant HSPB1
did not alter the levels of apoptosis seen in either those untreated or TNFa and IL1a treated slices

(Figure 5.1B).
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Figure 5.1: Cell toxicity measures in 21 DIV organotypic brain slices treated for 24 hours with

cytokines TNFaand IL1¢c together with 50ng/ml recombinant human HSPB1 or BSA as a control.

A) LDH assay was performed in conditioned media and total protein lysates. OD values in conditioned
media were normalised to OD values in the slice lysates, graph shows mean +/- SEM taken from 5
biological replicates, B) Western blot analysis of slice lysates using a marker for apoptosis (Caspase-
3), levels of caspase-3 were normalised to loading control 8-Actin, graph shows mean +/- SEM across

3 biological replicates.
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Next, slice experiments were carried out to investigate whether TNFa and IL1a treatments were
synaptotoxic to the slices and whether this toxicity could be rescued by extracellular HSPB1. Slices
were treated with TNFa and IL1a and recombinant HSPB1 and were lysed for the quantification of
synaptic proteins levels by western blotting. Synaptic proteins were analysed using antibodies
against the postsynaptic protein PSD95 and the pre-synaptic protein synaptophysin. There were no
significant differences in either pre or post-synaptic protein levels in those slices treated with TNFa
and IL1a compared to untreated slices (Figure 5.2). Treatment with recombinant HSPB1 did not
altered these levels of synaptic proteins in either the untreated or TNFa and IL1a treated groups

(Figure 5.2).
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Figure 5.2: Levels of synaptic markers (PSD95 and synaptophysin) in 21 DIV organotypic brain slices
treated for 24 hours with TNFaand IL1o together with 50ng/ml recombinant human HSPB1 or

BSA as a control.

A) Representative western blot using antibodies against post-synaptic protein (PSD95), pre-synaptic
protein (Synaptophysin), and loading control 8-Actin. B) Western blot analysis of slice lysates with
antibodies against post-synaptic marker PSD95 normalised to the loading control 8-Actin, graph
shows mean +/- SEM across 3 biological repeats. C) Western blot analysis of slice lysates with
antibodies against pre-synaptic marker synaptophysin (SYP) normalised to the loading control 8-

Actin, graph shows mean +/- SEM across 3 biological repeats.
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5.4.2 Treatment with recombinant HSPB1 did not alter the levels of reactive astrocytes
induced in the slices by cytokines TNFa and IL1a

Evidence from the literature indicates that extracellular HSPB1 may have a role in modulating the
inflammatory response (Salari et al., 2013; Batulan et al., 2016; Jin et al., 2014; Thuringer et al.,
2013; Kurnellas et al., 2012). Therefore, the organotypic brain slices were treated with human
recombinant HSPB1 to explore whether this could prevent the increase in reactive astrocyte markers
induced in those slices treated with cytokines TNFa and IL1a, as described in Chapter 4, Section 4.4.2
of this thesis. Slices were simultaneously treated with TNFa and IL1a along with recombinant HSPB1
at either 10ng/ml or 50ng/ml. The controls for these experiments were treated with either 10 or

50ul sterile filtered 0.1% BSA/PBS to account for any potential effects from excess BSA levels.

Previous experiments involving slices treated with cytokines established that GFAP could be used as
a loading control for total astrocyte protein, as the levels of GFAP do not seem to change with
treatments, reflecting what is seen in total astrocyte levels detected using ALDH1L1 (Chapter 4,
Section 4.4.2). For this reason, levels of reactive astrocyte markers LCN2 and Serpina3n were initially
normalised to GFAP levels in western blotting analysis. As was seen in previous experiments
(Chapter 4, Section 4.4.2), there was an increase in the levels reactive astrocyte marker LCN2 in
those slices treated with TNFa and IL1a compared to controls. This may not have reached
significance as seen before due to the relatively low numbers of replicates. Slice treatment with
recombinant HSPB1 did not alter the levels of LCN2 in those slices treated with TNFa and IL1a

(Figure 5.3B).

The levels of Serpina3n did not change in those slices treated with TNFa and IL1a compared to
controls, again, reflecting what was seen previouls (Chapter 4, Section 4.4.2). Treatment with

recombinant HSPB1 at 50ng/ml slightly reduced Serpina3n levels in the untreated slices whilst
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recombinant HSPB1 treatment at both 10ng/ml and 50ng/ml reduced Serpina3n levels in those slices

treated with cytokines, albeit not to a statistically significant level (Figure 5.3C).
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Figure 5.3: Changes in reactive astrocyte markers (LCN2 and Serpina3n) normalised to GFAP levels
in 21 DIV organotypic brain slices treated with TNFa and IL1a together with recombinant human

HSPB1 at 10 or 50ng/ml or BSA as a control.

A) Representative western blot using antibodies against reactive astrocytes markers LCN2, Serpina3n
and GFAP and loading control 8-Actin. B) Western blot analysis of slice lysates with antibodies
against LCN2 normalised to GFAP levels, graph shows mean +/- SEM of 3 biological replicates. C)
Western blot analysis of slice lysates with antibodies against Serpina3n normalised to GFAP levels,

graph shows mean +/- SEM of 3 biological replicates
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Replicating what was performed in Chapter 4 of this thesis, the levels of astrocytic proteins in slices
treated with TNFa and IL1a plus recombinant HSPB1 were then normalised to the loading control B-
Actin. As expected, GFAP levels did not change between those slices treated with TNFa and IL1a,
supporting its use as an astrocytic loading control (Figure 5.4A). LCN2 levels reflected what was seen
in the western blot analysis normalised to GFAP, a strong trend towards an increase in LCN2 levels in
TNFa and IL1a treated slices that were largely unaffected by recombinant HSPB1 treatment (Figure
5.4B). Lastly, the levels of Serpina3n normalised to B-Actin closely reflected the levels of Serpina3n
normalised to GFAP in those slices treated with TNFa and IL1a and recombinant HSPB1. However,
the initial reduction in Serpina3n (seen when normalised to GFAP) levels caused by recombinant
HSPB1 treatments in both cytokine and untreated control were less pronounced, supporting the use
of a more specific astrocyte marker as a loading control in order to pick up more subtle,

physiologically relevant changes (Figure 5.4C).
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Figure 5.4: Changes in reactive astrocyte markers (GFAP, LCN2 and Serpina3n) normalised to total
protein (8-Actin) in 21 DIV organotypic brain slices treated with TNFa and IL1 together with

recombinant human HSPB1 at 10 or 50ng/ml or BSA as a control

A) Western blot analysis of slice lysates with antibodies against reactive astrocyte marker GFAP
normalised to loading control 8-Actin, graph shows mean +/- SEM of 3 biological replicates. B)
Western blot analysis of slice lysates with antibodies against reactive astrocyte marker LCN2
normalised to loading control 8-Actin, graph shows mean +/- SEM of 3 biological replicates. C)
Western blot analysis of slice lysates with antibodies against reactive astrocyte marker Serpina3n

normalised to loading control 8-Actin, graph shows mean +/- SEM of 3 biological replicates
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5.4.3 Recombinant HSPB1 treatment reduces the accumulation of P301L/S320F tau
inclusions in primary mouse neurons

It has been shown in a number of in vitro studies that HSPB1 is able to bind to tau and reduce tau
aggregation and fibril formation (Lin et al., 2020; Baughman et al., 2018; Abisambra et al., 2010;
Freilich et al., 2018). Not only this, but HSPB1 is also capable of reducing tau levels in mice (Shimura
et al., 2004; Abisambra et al., 2010). In order to investigate the potentially protective chaperone
functions of extracellular HSPB1, recombinant HSPB1 treatment was investigated, firstly in primary
neurons and then in the ex vivo organotypic brain slice culture model to determine whether HSPB1

was able to modulate the induced tau-AAV pathology.

Firstly, primary mouse neuronal cultures were also transduced with the tau-AAVs to determine
whether this resulted in the induction of tau pathology similar to what was seen in the slices. Either
the wild-type tau AAV (AAV2/TM8-WT-htauON4R-EGFP) or the mutant tau AAV (AAV2/TMS-
P301L/S320F-htauON4R-EGFP) constructs were added to the media of the neurons at 6 DIV at a final
concentration of MOI: 100,000. Neurons were then also treated with recombinant human HSPB1 at
50ng/ml at 6, 8 and 10 DIV. Neurons and media were then collected for characterisation using

immunoblotting and immunofluorescent analysis.

Initial cell toxicity assays were performed to determine whether transduction with the P301L/S320F
tau AAV is more toxic to the neurons than transduction with the WT Tau AAV. There were no
significant differences in cell death in neurons transduced with WT tau AAV compared to those
neurons transduced with the mutant tau AAV constructs (Figure 5.5A) Further LDH assays are
necessary to determine whether transduction with either tau-AAV impacts neuronal toxicity when

compared to the non-transduced neurons. Neuronal lysates were then analysed by western blotting
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and probed for a marker of apoptosis, cleaved-caspase 3. This experiment was only performed in
one biological replicate due to technical difficulties, however, there was no differences in the levels
of caspase 3 cleavage in those neurons transduced with WT tau AAV compared to those neurons

transduced with P301L/S320F tau AAV (Figure 5.5B).
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Figure 5.5: Cell toxicity assays in primary mouse neurons transduced at 6 DIV with either WT tau or

P301L/S320F tau AAV constructs (MOI =100,000) and harvest at 12 DIV.

A) LDH assay was performed in conditioned media, graph shows mean +/- SEM taken from 3
biological replicates, B) Neuronal were lysed and analysed by western blotting using antibodies
against apoptosis (cleaved caspase-3) and normalised to loading control 8-Actin, graph shows 1

biological replicate
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Immunofluorescence analysis was performed at 12 DIV with neurons transduced with either WT or
P301L/S320F tau and immunolabelled with the MC1 antibody, which detects tau in an abnormal
conformation (Jicha 1998). In those neurons transduced with the mutant tau AAV constructs, tau
accumulated in MC1 positive tau structures which were not found in those neurons transduced with
the WT tau AAVs (Figure 5.6). These structures congregate mainly in the soma of the neurons, as
seen in the organotypic brain slice cultures transduced with the mutant tau constructs (Figure 11,
Chapter 4, Section 4.4.3). Further to this, these MC1 positive tau structures were also found along
the neuronal processes, in a dotty pattern, again, unique to those neurons transduced with

P301L/S320F tau AAV constructs.
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Figure 5.6: Immunofluorescent analysis of primary mouse neurons transduced at 6 DIV with either wild-type (WT) tau AAV or the P301L/S320F tau AAV

constructs at MOI=100,000 and collected at 12 DIV with antibodies against tau in an abnormal conformation (MC1) and neurons (MIAP2)

Representative image from 3 biological replicates. Images were taken on the Zeiss Axiolmager Z1 microscope, scale bar = 25um
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Western blot analysis of neurons transduced with either WT tau or P301L/S320F tau AAVs was
performed using antibodies against total tau (Dako tau) and phosphorylated tau at Ser396/404 (PHF-
1). Phosphorylated tau was quantified as a proportion of total tau and showed a trend towards an
increase in phosphorylated tau in those neurons transduced with the mutant tau AAV compared to
neurons transduced with WT tau AAV (Figure 5.7). Both the immunofluorescence analysis and
western blotting analysis of tau-AAV induced pathology in the primary neurons reflect the results of
the characterisation of tau-AAV performed in the slice cultures found in Chapter 4 of this thesis

(Chapter 4, Section 4.4.3).
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Figure 5.7: Changes in tau levels in primary mouse neurons transduced at 6 DIV with either WT tau

or P30L1/S320F tau AAV at MOI=100,000 and collected at 12 DIV.

A) Representative western blot using antibodies against total tau (Dako tau), tau phosphorylated at
Ser396/404 (PHF-1) and loading control 8-Actin across 2 biological replicates. B) Quantification of the
levels of phosphorylated tau as a proportion of total tau, graph shows mean +/- SEM across 2

biological repeats.
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Next, mouse neuron cultures were treated with recombinant HSPB1 to explore whether this would
have any effect on the abundance of P301L/S320F tau inclusions. Neurons were treated with
50ng/ml recombinant HSPB1 at 6, 8 and 10 DIV before being collected for immunoblotting and
immunocytochemistry analysis. For immunocytochemical analysis, quantification was performed
using those neuron cultures transduced with just the P30L1/S320F tau construct, with and without
recombinant HSPB1 treatment, since no MC1 positive tau foci structures are observed in the WT tau
AAV treated neurons. A total of at least 500 GFP-positive neurons per technical replicate were
counted, as confirmed by MAP2 positive staining, and the number of neurons containing MC1
positive foci (termed, “dotty” neurons) were counted as a proportion of the total number of GFP-
positive neurons (Figure 5.8A). It was found that there was a significant reduction in the number of
these neurons containing MC1 foci in those neuron cultures transduced with the mutant tau AAV
and treated with the recombinant HSPB1, compared to those control neurons transduced with the
tau AAVs (Figure 5.8B), indicating a potentially protective effect of HSPB1 in reducing the

accumulation of tau pathology.
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Figure 5.8: Immunofluorescent analysis of primary neurons transduced at 6 DIV with P30L1/S320F tau AAV at MOI=100,000 and treated with

recombinant human HSPB1 at 50 ng/ml at 6, 8 and 10 DIV, with antibodies against tau in the conformational form (MC1) and neurons (MAP2).

A) Representative immunolabelling of 3 biological repeats, images were taken on the Zeiss Axiolmager Z1 microscope, scale bar = 100um. B) Quantification
of the percentage of “dotty” neurons containing MC1 positive foci in primary neurons transduced with P30L1/S320F tau AAV, was quantified as a proportion

of the total number of GFP positive neurons in untreated vs HSPB1 treated, graph shows mean +/- SEM of 3 biological replicates, paired t-test, P<0.05
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Neurons transduced with both wild type and P301L/S320F tau AAVs and treated with recombinant
HSPB1 were also collected at 12 DIV for western blot analysis (Figure 5.9A). When quantifying the
levels of phosphorylated tau (PHF-1) as a proportion of total tau (Dako Tau), the data indicates a
reduction in phosphorylated tau, as a proportion of total tau, in those mutant AAV tau slices also
treated with the recombinant HSPB1 (Figure 5.9B), reflecting what was determined by
immunofluorescent imaging. More replicates are required to confirm the changes seen in these pilot

experiments.
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Figure 5.9: Levels of tau markers in primary mouse neurons transduced with either WT tau AAV or
P301L/S320F tau AAV constructs at MOI=100,000 on 6 DIV and treated with recombinant human
HSPB1 at 50ng/ml on 6, 8 and 10 DIV, neurons were collected at 12 DIV.

A) Representative western blot using antibodies against total tau (Dako tau), tau phosphorylated at
Ser396/404 (PHF-1), and loading control B-Actin across 2 biological replicates. B) Quantification of
the levels of phosphorylated tau as a proportion of total tau, graph shows mean +/- SEM across 2

biological repeats.
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To determine whether recombinant HSPB1 reduced synaptotoxicity resulting from the accumulation
of tau foci, preliminary western blot analysis was also carried out to determine whether induced tau
pathology could be synaptotoxic and whether this could be rescued through treatment with
extracellular HSPB1. Neuron conditioned media was collected and used to measure cell toxicity
through the LDH assay. Quantification revealed no differences in cell toxicity between slices
transduced either with WT tau or P301L/S320F tau AAVs but there was a slight reduction in those
slices transduced with P301L/S320F tau and treated with recombinant HSPB1 compared to the
untreated P301L/S320F tau AAV neurons (Figure 5.10B). Furthermore, preliminary experiments were
performed using one biological replicate to investigate whether the levels of apoptosis changed
upon recombinant HSPB1 treatment. There was no difference in apoptosis, as detected using a
marker for cleaved caspase-3, in neurons transduced with WT tau AAVs compared to P301L/S320F
tau but more interestingly, treating neurons transduced with P301L/S320F tau with recombinant
HSPB1 was seen to reduce the levels of apoptosis, potentially caused by the aggregated tau. (Figure

5.100).

Neurons were also lysed and western blots were probed using a post-synaptic marker (PSD95) and a
pre-synaptic marker (Synaptophysin). Preliminary data suggests that transduction with the mutant
tau AAV constructs results in lower levels of PSD95 compared to those slices transduced with the WT
tau AAVs, indicating that the pro-aggregant constructs are more synaptotoxic than the WT tau AAV
construct (Figure 5.10D). In addition, treatment with recombinant HSPB1 increased PSD95 levels in
slices treated with either tau AAV construct (Figure 5.10D). Further preliminary western blot
analysis, using one biological replicate, also found that neurons treated with recombinant HSPB1
showed a potential rescue of pre-synaptic marker synaptophysin in slices transduced with either WT
or P301L/S320F tau (Figure 5.10E). Taken together, these results indicate a potentially protective

role of HSPB1 in preventing synaptic loss. It would be necessary to repeat these experiments to
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confirm the changes presented here and consequently analyse synapse health and function in more

depth.
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Figure 5.10: Levels of apoptotic markers (LDH and cleaved caspase-3) and synaptic markers (PSD95
and synaptophysin) in primary mouse neurons transduced with either WT tau AAV or P301L/S320F
tau AAV constructs at MOI=100,000 on 6 DIV and treated with recombinant human HSPB1 at

50ng/ml on 6, 8 and 10 DIV, neurons were lysed at 12 DIV.

A) Representative western blot using antibodies against apoptosis (cleaved caspase-3), post-synaptic
protein (PSD95), pre-synaptic protein (Synaptophysin), and loading control 8-Actin B) Graph shows
average LDH values across three biological repeats, +/- SEM, C) Quantification of levels of cleaved
caspase-3 were normalised against loading control 8-Actin, graph shows results taken from 1
biological repeat, D) Quantification of levels of post-synaptic maker PSD95 normalised to loading
control 8-Actin, graph show mean +/- SEM across 2 biological replicates. E) Quantification of the
levels of synaptophysin were normalised against loading control 8-Actin, graph shows 1 biological

repeats
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5.4.4 Recombinant HSPB1 treatment has no effect on the accumulation of P301L/S320F tau
inclusions in organotypic brain slice cultures

Having established the potential role of HSPB1 in protecting neurons from the synapototoxic effects
induced by tau pathology in a primary cell culture model, it was necessary to next determine
whether these results are reflected in a more physiologically relevant ex vivo model of tau
pathology. Slices were transduced with either the WT tau or P301L/S320F tau AAV constructs and
then treated with 50ng/ml recombinant HSPB1 over 14 DIV. As the neuron data indicated that
HSPB1 could reduce the abundance of MC1 positive foci, changes in the accumulation of insoluble
tau in slices upon treatment with recombinant HSPB1 were explored. Therefore, slice cultures were
harvested and sarkosyl was used to extract the hyperphosphorylated insoluble tau fractions. The
total tau (low speed supernatant) and hyperphosphorylated tau fractions (sarkosyl insoluble pellet)

were analysed by western blotting (Figure 5.11A).

Similar to what was indicated in Chapter 4, Section 4.4.3 of this thesis, levels of phosphorylated tau
as a proportion of total tau levels were increased in those slices transduced with the mutant
P301L/S320F tau constructs compared to those slices treated with the WT tau construct (Figure
5.11B). Upon treatment with the recombinant HSPB1, there was no apparent change in the levels of

phosphorylated tau as a proportion of total tau in the slices treated with either of the tau AAVs.

Further quantification was performed to determine whether there was any difference in the levels
of total insoluble tau between slices transduced with P301L/S320F tau and treated with recombinant
HSPB1. To do this, the levels of total tau in the sarkosyl insoluble fraction was determined as a
proportion of the total soluble and insoluble tau in the LSS fraction. Analysis revealed no significant

differences in the levels of overall insoluble tau in slices transduced with P301L/S320F tau and
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treated with recombinant HSPB1 (Figure 5.11C). Lastly, the relative proportion of insoluble tau
phosphorylation was established by quantifying the levels of tau phosphorylated at Ser396/404
(PHF-1) in the sarkosyl insoluble fraction as a proportion of total tau found in the sarkosyl insoluble
fraction. The results reflected what was seen in the previous quantification of insoluble tau as there
was no significant differences in the proportion of phosphorylated insoluble tau in those slices
treated with recombinant HSPB1 compared to those slices transduced with P301L/S320F tau only

(Figure 5.11D).
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Figure 5.11: Levels of tau pathology in sarkosyl extracted tau fractions from slice cultures
transduced at 0 DIV with either WT tau AAV or P301L/S320F tau AAV constructs at 1x10"11 viral
genomes/ml, and treated with recombinant human HSPB1 at 50ng/ml for 14 DIV then harvested
at 28 DIV

A) Representative western blot with antibodies against total tau (Dako Tau) and tau phosphorylated
at Ser396/404 (PHF-1) with 8-Actin used as a loading control, LSS = low speed supernatant, total
fraction, Sl = sarkosyl insoluble pellet, hyperphosphorylated tau fraction, the red box highlights the
presence of hyperphosphorylated tau in the Sl fractions B) Quantification of phosphorylated tau as a
proportion of total tau in the LSS fractions, graph shows mean +/- SEM across 3 biological replicates
C) Quantification of total sarkosyl insoluble tau as a proportion of total sarkosyl soluble and insoluble
tau in the LSS fractions, graph shows mean +/- SEM across 2 biological replicates D) Quantification of
tau phosphorylated at Ser396/404 (PHF-1) as a proportion of total tau in the sarkosyl insoluble

fraction, graph shows mean +/- SEM across 2 biological repeats
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5.4.5 Overexpression of astrocytic HSPB1 does not alter the levels of insoluble P301L/S320F
tau in organotypic brain slice cultures

Having investigated the potential therapeutic effects of recombinant extracellular HSPB1 treatment
on tau pathology in the slices, AAVs were utilised to overexpress astrocytic HSPB1 within the slice
cultures to determine whether an increase in this astrocyte-derived human HSPB1 could potentially
affect the neuronal tau induced by either the WT or mutant tau AAV constructs. A GFAP-HSPB1-AAV
expressing HSPB1 specifically within the astrocytes under the GFAP promoter (pAAV[Exp]-
GFAP(short)>hHSPB1[NM_001540.5](ns):P2A:TagBFP2:WPRE) was added directly to the slice media
at 0 DIV at 2x10%° VG/well. An empty vector targeting astrocytes (pAAV[Exp]-
GFAP(short)>TagBFP2:WPRE) was used under the exact same conditions as a control, referred to as

GFAP-AAV.

Initial characterisation experiments were performed to determine firstly whether transduction with
these AAVs were toxic to the slices. LDH assay for measuring cell toxicity showed there was no
significant differences in cell death in those slices transduced with either control GFAP-AAV or GFAP-

HSPB1-AAV constructs (Figure 5.12A).

Previous studies have shown that fusing sHSPs with various fluorescent proteins can potentially alter
their chaperone function (Datskevich et al., 2012; Datskevich and Gusev, 2014). Therefore,
polycistronic constructs were designed in which both HSPB1 and blue fluorescent protein (BFP) were
both expressed under the GFAP promoter, in order to simultaneously express both within the same
cell. As the AAVs are able to transduce any cell but are expressed only in those cells where the GFAP
promoter is active, it was necessary to confirm whether the BFP and HSPB1 were expressed

specifically in astrocytes. Initial immunofluorescence of the live slice cultures shows that the slices
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have been transduced and that the AAVs are expressed by a set of the cells present within the slices,
as indicated by the BFP seen in the images (Figure 5.12B). Co-localisation experiments with
antibodies against astrocytes (GFAP) and human HSPB1 were performed but due to technical
problems these were not completed and would need to be repeated in order to confirm the specific
localisation of the AAVs. Although it was not confirmed in these experiments, previous studies have
demonstrated the localisation of GFAP-AAVs to the astrocytes in the slice cultures so it can be
assumed the expression shown here is also restricted to astrocytes (Croft et al., 2019; Goodwin et

al., 2020).

Lastly, slices transduced with GFAP-AVV and GFAP-HSPB1-AAV were lysed and western blotting was
performed to determine whether HSPB1 overexpression can be detected. Lysates were probed with
an antibody against human HSPB1 which detected human HSPB1 in those slices transduced with
GFAP-HSPB1-AAV and not GFAP-AAV, confirming HSPB1 overexpression by the GFAP-HSPB1-AAV

construct only (Figure 5.12C).

211



o
[T
9
0.04- <>t
<
(]
5 o
S 0.03- <
3 M o
2
go.oz- i
[
2
) iy
o 0.01- -
© >
<
0.00 r . <
L
s 2
N a
& & g
R
N $ A
S ¥
F S S F
CANP QN
A F&EL
S RS R SR SR
T D Ny % © CE 5
< s g > * N *
Q J PN N & 3 & o
T I & &8 &L &
LY 9 J & N
C CE T g Sy S
N A A A
F s oSN E NS
RE L &85 5
$&E S &FH S ,,{’? N
Q5 5
sSe S5TLs 4
~ ~ L) ~ L) ~ ()
- -— @ | Human HsPB1
- - - - - - -Acti
37kDa — B-Actin

Figure 5.12: Immunoblotting and immunofluorescent characterisation experiments of CD1 WT

organotypic brain slice cultures transduced with GFAP-BFP AAV and GFAP-HSPB1-BFP2 at 2x10710

VG/ml at 0 DIV and collected at 28 DIV.

A) LDH assay was performed using slice media OD values which were normalised to OD values of slice
lysates, graph shows data from two slices take from one biological repeat +/- SD. B) Representative
live images of the GFAP-AAV and GFAP-HSPB1-BFP2 AAV transduced slices at 28 DIV, images were
taken with Evos fluorescence microscope, scale bar = 52y, C) Representative western blot with probes
against human HSPB1, with 8-Actin used as a loading control, LSS = low speed supernatant, total tau

fractions, S| = sarkosyl insoluble pellet, hyperphosphorylated tau fraction
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To investigate whether overexpressing astrocytic HSPB1 can modulate AAV-tau pathology, slice
cultures were transduced with both tau AAV constructs and HSPB1-AAV concurrently at 0 DIV and
harvested for sarkosyl extraction of aggregated tau at 28 DIV. As before, the total tau (low speed
supernatant) and hyperphosphorylated tau aggregates (sarkosyl insoluble pellet) were analysed
using immunoblotting. As seen in previous tau-AAV characterisation experiments, there was an
increase in the levels of phosphorylated tau normalised to total tau (PHF-1/Dako Tau) in those slices
transduced with P301L/S320F tau compared to slices transduced with the WT tau AAVs (Figure
5.13B). The levels of phosphorylated tau/total tau in those slices transduced with GFAP-HSPB1-AAV
were not significantly different to the levels seen in the GFAP-AAV transduced slices, when the slices

were also transduced with either the WT tau or P301L/S320F tau AAV constructs (Figure 5.13B).

WB quantification was also performed to determine whether there was any difference in the levels
of total insoluble tau between slices transduced with P301L/S320F tau and treated either GFAP-AAV
or GFAP-HSBP1-AAV. The levels of total tau in the sarkosyl insoluble fraction were determined as a
proportion of the total soluble and insoluble tau in the LSS fraction. Analysis revealed an increase in
overall insoluble tau in slices transduced with GFAP-HSPB1-AAV compared to GFAP-AAV (Figure
5.13C). Next, the levels of tau phosphorylated at Ser396/404 (PHF-1) in the sarkosyl insoluble
fraction as a proportion of total tau found in the sarkosyl insoluble fraction was quantified to assess
the relative proportion of insoluble tau phosphorylation in those slices transduced with either GFAP-
AAV or GFAP-HSPB1-AAV. The results reflected what was seen in the previous quantification of
insoluble tau as there was an increase in the proportion of phosphorylated insoluble tau in those
slices transduced with GFAP-HSPB1-AAV compared to those slices transduced with GFAP-AAV
(Figure 5.13D). These results reveal that the increase in total insoluble tau seems to increase in a

similar manner to the levels of phosphorylated insoluble tau in those slices transduced with GFAP-
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HSPB1-AAV compared to those slices transduced with GFAP-AAV, and so the overall proportion of

phosphorylated tau does not change (Figure 5.13B).
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Figure 5.13: Levels of tau pathology in sarkosyl extracted tau fractions taken from slice cultures
transduced at 0 DIV with either WT tau AAV or P301L/S320F tau AAV constructs at 1x10"11 viral
genomes/ml, and transduced with GFAP-BFP AAV or GFAP-HSPB1-BFP2 at2x10710 VG/ml at 0 DIV
and collected at 28 DIV.

A) Representative western blot with probes against total tau (Dako Tau) and tau phosphorylated at
Ser396/404 (PHF-1) and B-Actin used as a loading control, LSS = low speed supernatant, total tau
fractions, S| = sarkosyl insoluble pellet, hyperphosphorylated tau fraction, the red box highlights the
presence of hyperphosphorylated tau in the Sl fractions B) Quantification of phosphorylated tau as a
proportion of total tau in the LSS fractions, graph shows mean +/- SEM across 3 biological replicates,
C) Quantification of total sarkosyl insoluble tau as a proportion of total sarkosyl soluble and insoluble
tau in the LSS fractions, graph shows mean +/- SEM across 2 biological replicates D) Quantification of
tau phosphorylated at Ser396/404 (PHF-1) as a proportion of total tau in the sarkosyl insoluble

fraction, graph shows mean +/- SEM across 2 biological repeats
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5.5 Discussion

In order to investigate the non-cell autonomous function of astrocytic HSPB1 in AD, the organotypic
brain slice culture model was initially used to replicate some of the known pathological features of
neurodegeneration. Slices were treated with TNFa and IL1a, cytokines known to be released by
activated microglia (Liddelow et al., 2017), which led to the induction of reactive astrocytes, as seen
in human neurodegenerative disease. Next, the slices were transduced with tau-AAVs in order to
induce sarkosyl insoluble tau pathology. To then investigate the potentially protective non-cell
autonomous function of extracellular HSPB1, slices were firstly treated with recombinant human
HSPB1. In the slices treated with TNFa and IL1q, the anti-inflammatory potential of HSPB1 was
investigated by determining whether the treatment with recombinant HSPB1 was able to modulate
the induction of reactive astrocytes, as confirmed by the increase in reactive astrocyte marker LCN2
(Chapter 4, Section 4.4.2). Recombinant HSPB1 treatment did not significantly reduced the levels of
reactive astrocytes in the cytokine treated slices and it did not affect synaptic or neuronal health.
Next, the non-cell autonomous chaperone function of HSPB1 was tested by exploring whether
recombinant HSPB1 treatment could modulate the P301L/S320F tau accumulation within primary
mouse neurons and the organotypic brain slice model. Treating the P301L/S320F tau transduced
neurons with recombinant HSPB1 protein reduced the levels of MC1 positive foci, highlighting the
potentially protective role of HSPB1 in the reduction of misfolded tau. Lastly, human HSPB1 was
overexpressed in the astrocytes of those slices transduced with tau-AAVs as a second method to
explore the potentially protective non-cell autonomous role of HSPB1. Overexpression of astrocytic
HSPB1 had no effect on the tau pathology induced by either of the tau-AAV constructs. Further work
is required to investigate the potentially protective functions of HSPB1 within the context of AD and

neuronal tau accumulation.
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5.5.1 Recombinant HSPB1 treatment in slices treated with cytokines TNFa and IL1a

Organotypic brain slice cultures treated with AD-relevant cytokines TNFa and IL1a were
characterised in Chapter 4, Section 4.4.2 of this thesis. It was found that a 24 hour treatment with
30ng/ml TNFa and 3ng/ml IL1a lead to an increase in reactive astrocyte marker LCN2 in the slices
and a trend towards an increase in HSPB1 in reactive astrocytes. However, when slices were co-
treated with TNFa and IL1a, together with recombinant HSPB1 for 24 hours, there were no changes
in the cytokine-induced increase in reactive astrocytes. Due to the primarily anti-inflammatory
nature of the sHSPs explored in various mouse models of disease (Ousman et al., 2007; Guo et al.,
2019; Teramoto et al., 2013) and the anti-inflammatory potential of extracellular HSPB1 (Kurnellas et
al., 2012), it was hypothesised that treatment of slices with cytokines would reduce the pro-
inflammatory response, and this would reduce the cytokine-induced increase in the reactive
astrocyte marker LCN2. This may not have been the case in the studies presented here for a number
of technical reasons. Firstly, the changes induced by TNFa and IL1a treatment, although increased,
were not robust enough since the number of biological repeats was lower than what had been
previously performed in Chapter 4. Most probably, this prevented for any potential effect upon
treatment with HSPB1 to be detected. To address this, it could be advisable to treat the slices with
TNFa and IL1a for longer than 24 hours to try to amplify any potential change in the cytokine treated
slices in order to investigate any potential rescue with HSPB1. Preliminary data from our lab suggests
that a 72 hour treatment with TNFa and IL1a does not dramatically alter any changes seen in the
treated slices compared to those slices treated for 24 hours (Figure 5.14). A pre-treatment with
recombinant HSPB1 in combination with extended treatment time may be necessary to elicit any
protective change, as was demonstrated by Nahomi et al., 2013, when a pre-treatment with CRYAB
6 hours before, and then once a day for 4 days after insult protected from cell apoptosis in a rat

model of cataract development (Nahomi et al., 2013).
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Figure 5.14: Preliminary data showing 21 DIV CD1 slices treated with cytokines TNFa and IL1a for
24 or 72 hours.

A) Representative blot with antibodies against HSPB1, reactive astrocytes (GFAP and LCN2) and
loading control a-tubulin. B) The levels of LCN2, GFAP and HSPB1 were normalised against the

loading control, graphs show two technical repeats taken from one mouse pup, mean +/- SD

In addition to the length of the recombinant HSPB1 treatment, further consideration must be taken
in relation to the concentration of recombinant HSPB1 used in these slice culture experiments. To
determine the physiologically relevant levels of recombinant HSPB1 to use, the culture media from
primary astrocytes overexpressing HSPB1 was collected and analysed by western blot. Different
concentrations of recombinant HSPB1 were then compared to the levels secreted by the astrocytes
to determine the amount of HSPB1 that is secreted into the media. The final concentration of

recombinant HSPB1 necessary to treat neurons was set to be four times the levels of protein found

218



in the astrocyte condition media in order to have the treatment in excess but to still remain within
physiological levels (Caldwell et al., 2020). A concentration of 50ng/ml had a positive effect on
neurons, however this may not be directly applicable to the organotypic brain slices cultures as they
are a more complex system containing a number of different cell types acting in synergy (Croft and
Noble, 2018). The data presented in this chapter showing a protective response elicited in the
primary mouse neurons using 50ng/ml HSPB1 treatment but not in any of the slices treated with the
same concentrations supports this idea. Therefore, further dose response experiments should be
carried out to determine the optimal levels of recombinant HSPB1 required to elicit a response in

the slices, while trying to remain within a physiologically relevant range of treatment.

Finally, in order to explore the potentially protective function of HSPB1 in human disease, the human
recombinant HSPB1 protein and AAV expressing HSPB1 were chosen for the extracellular treatments
of both the primary neuron cultures and the organotypic slice cultures. It is necessary to emphasise
that both neurons and slices were cultured from mice, whilst the recombinant HSPB1 is the human
form, and although the proteins have high levels of similarity, it is still possible that the human
HSPB1 may not have the full physiological effect that could be seen when using a mouse

recombinant HSPB1 for the treatment of mouse cells.

5.5.2 Exploring the potentially protective role of recombinant HSPB1 in reducing the
accumulation of P301L/S320F tau

There are a number of studies that support the interaction of HSPB1 with tau. HSPB1 has been
shown to recognise aggregation-prone regions of tau (Freilich et al., 2018) and by directly interacting
with certain tau species, HSPB1 is able to reduce tau misfolding and reducing the formation of tau

fibrils (Lin et al., 2020; Baughman et al., 2018; Abisambra et al., 2010). Not only this, but sHSP
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including HSPB1, have been shown to contribute to the reduction in both soluble and aggregated tau
deposits (Webster et al., 2020; Chiang et al., 2021). Taking the literature into account, it was
hypothesized that the P301L/S320F tau accumulation seen in the transduced organotypic brain slice

cultures would be somewhat diminished in those slices treated with extracellular HSPB1.

In Chapter 4 of this thesis, slices transduced either with the WT tau or pro-aggregatory P301L/S320F
tau AVV constructs were characterised. It was shown that slices transduced with either of the
constructs exhibited tau phosphorylated at Ser396/404, as detected by the PHF-1 antibody. More
interestingly, slices transduced with the P301L/S320F tau AAV were able to accumulate sarkosyl
insoluble hyperphosphorylated tau, found primarily in the somadendritic departments of neurons. In
order to further characterise the use of the tau AAVs as a system to induce physiologically relevant
tau aggregates, primary mouse neurons were also transduced with either the WT Tau or
P301L/S320F tau AAVs. The results of primary neurons transduced with both tau-AAV constructs
reflects those results seen in the organotypic brain slice cultures. Both tau constructs were able to
induce changes in tau conformation, detected using the MC1 antibody. This MC1 antibody
recognises a fold conformation of tau containing amino acids 2-10 and 312-342 and reacts with
aggregated tau found in human paired-helical fibrils and neurofibrillary tangles (Jicha et al., 1998;
Wolozin and Davies, 1987). In those neurons transduced with the P301L/S320F tau AAV, tau
inclusions developed, mainly surrounding the nucleus of the neurons. Further to this, treating the
neurons with extracellular recombinant HSPB1 resulted in the reduction of this abnormal tau when
analysed by immunofluorescence. These results support the use of the AAVs in primary neurons as a

system to study the potentially protective role of HSPB1 in relation to tau pathology.

Having established the potential chaperone function of HSPB1 in reducing tau pathology in the

neurons, it could be interesting to further investigate the protective function of this extracellular
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HSPB1 on neuronal health. As an association between tau and synapses has been established in AD,
with tau mislocalisation from the cytoplasm to synaptic fractions being a strong correlate with AD-
related dementia (Perez-Nievas, et al., 2013), whilst also representing a key hallmark in the
tauopathy brain (Braak et al., 2011). Pre-synaptic release of tau can lead to further dysregulation of
synapses in AD (John and Reddy, 2021), whilst the increased levels of tau at the post-synaptic sites
can negatively affect memory and synaptic plasticity (Yu and Lu, 2012). Synapse loss has also been
shown to strongly correlate with AD progression and cognitive decline (DeKosky and Scheff, 1990;
Chen et al., 2018), and so it seems sensible to investigate synaptic health using the tau transduced
neurons. The preliminary western blot analysis of AAV transduced neurons indicated a potential
rescue of the reduction of both pre- and post-synaptic proteins after treatment with recombinant
HSPB1. Further preliminary western blot analysis found a decrease in cleaved caspase-3, an indicator
of apoptosis, but which is also involved in non-apoptotic processes such as modulation of synaptic
function (D'Amelio et al., 2012). These experiments would need to be repeated but taken together,
these results could imply that the addition of extracellular HSPB1 might be neuroprotective in
potentially reducing the synaptotoxic effect of the mutant tau-AAVs. To confirm this, further
markers of neuronal health and neuronal complexity could also be carried out through high
resolution confocal microscope analysis of dendritic spine density, neurite length and the number of

neuronal nodes and roots (Perez-Nievas et al., 2021).

In contrast to the primary neuron data, western blot analysis of the sarkosyl-insoluble tau fraction of
lysates from slice transduced with P301L/S320F tau AAV and treated with recombinant HSPB1
revealed there was no significant changes in the levels of phosphorylated tau at Ser396/404 as a
proportion of total tau in slices treated with recombinant HSPB1. Further to this, recombinant HSPB1
treatment did not alter the levels of insoluble overall tau either, as quantified by investigating the
total levels of tau found in the sakosyl insoluble fractions as a proportion of the total tau levels

found in the LSS fraction containing both sarkosyl soluble and insoluble tau. This is at odds with the
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reduction in the MC1 positive foci found in those neurons transduced with P301L/S320F tau and

treated with recombinant HSPB1.

The most plausible explanation as to why we did not see the expected chaperone functions of HSPB1
in the organotypic brain slice cultures is due to the localisation of HSPB1 and the client protein, tau.
Whilst the treatment with recombinant HSPB1 investigates the role of extracellular HSPB1 (Reddy et
al., 2018; den Broek et al., 2021), the tau induced in these slice cultures and in the primary cultures
is found within the neurons, and so potential chaperone function would depend on internalisation of
HSPB1 by the neurons. This process could be further explored using a model similar to the SH-SY5Y
cells which were differentiated to create a neuron-like model and used to monitored the uptake of
tau antibodies and subsequent interaction with fluorescently-tagged PHF tau within the cells (Shamir
et al., 2020). An additional reason for the lack of HSPB1 chaperone function could be due to the
specificity required for functional tau-HSPB1 interactions. It has been shown that different
chaperones are only able to suppress the aggregation of a few specific tau variants, as well as acting
at different stages of the tau fibrilization process (Mok et al., 2018). For example, both CRYAB and
HSPB1 were only able to act on the tau elongation process (Mok et al., 2018), which may not be as
abundant in the slice cultures as late as 28 DIV and so by this point, any potential changes elicited by
HSPB1 chaperone function may already have been missed in those slices treated with recombinant
HSPB1 at 14 DIV. Not only must the tau species be eligible for interaction with HSPB1, but HSPB1
must also be in the correct state in order to carry out its chaperone functions. Mechanistic studies
into HSPB1 functionality have described numerous potential binding sites of HSPB1 where tau is able
to bind, but it seems only tau bound to the n-terminal region of HSPB1 can lead to productive
chaperone activity (Baughman et al., 2020). In addition to this, the comparison of HSPB1 and its
phosphorylated variant also demonstrated the need for HSPB1 to be functionally dynamic and able

to switch between the non- and phosphorylated forms to enable any interaction with the tau

222



protein (Abisambra et al., 2010). As organotypic brain slice cultures are a relatively large ex vivo
model, it could be possible that the levels of tau produced by transduction with the P301L/S320F
construct is so vast that the potentially protective functions of HSPB1 are not strong enough to be
detected. It would perhaps be better, therefore, to investigate region specific changes in tau, such as
tau co-localisation at the synapse (Perez-Nievas et al., 2013), through isolation of synaptic vesicles
(Ahmed et al., 2013) within the organotypic brain slice cultures. Following on from this, as suggested
by data presented on synaptic changes in the primary neuron cultures in this chapter, the levels of
synaptic markers and synaptic function (Greenberg et al., 1985; Gotoh et al., 1999) could also be

measured.

Finally, to further explore the protective function of HSPB1, it may also be necessary to extend the
investigation into the anti-apoptotic function of this sHSP. Whilst apoptosis was briefly explored by
measuring the levels of cleaved caspase-3 in immunoblotting analysis of cytokine treated slices and
tau-AAV transduced neurons, the range of techniques could be extended to include a number of
immunohistochemical protocols including Neutral Red or Methyl Green staining for apoptotic cells
by which chromatin condensation is visualised, TUNEL (TdT-mediated dUTP-biotin nick end labelling)
staining to detect DNA fragmentation which occurs during apoptosis (Lee and McKinnon, 2009) or
other biochemical techniques for detecting caspase activity like the luminescent cell-based assay

Caspase-Glo (Promega) (Gianinazzi et al., 2004).

It important to note that due to extra time constraints and external disruptive factors, it was only
possible to achieve relatively low numbers of replicates for the slices transduced with the tau-AAVs
and treated with either recombinant HSPB1 or overexpressed HSPB1. In addition to this, some
experiments may have been negatively impacted by a large number of complete power outages

which affected our building and therefore the conditions under which the slices were incubated
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often fluctuated, potentially increasing the levels of cell stress within the cultures. For these reasons,
to fully determine whether HSPB1 is able to impact the tau pathology induced in these slices, it is
vital to replicate these experiments a further three times, to obtain a total number of 6 replicates
necessary to achieve significant and reliable results when working with brain slice cultures, as

demonstrated by characterisation of slices treated with cytokines (Chapter 4, Section 4.4.2).
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Chapter 6: Discussion

The overall hypothesis for this PhD thesis was that the upregulation of HSPB1, specifically in reactive
astrocytes, is neuroprotective against tau pathology in a non-cell autonomous manner. To
investigate this hypothesis, it was first necessary to explore the localisation and expression of HSPB1
in the context of the human disease and so immunofluorescence analysis was carried out using post-
mortem brain tissue sections from AD cases of different Braak stages. To explore the potentially
non-cell autonomous role of HSPB1, a model was required which would allow us to explore the
interaction between different cell types (Croft and Noble, 2018). Therefore, organotypic brain slice
cultures were treated with various stimuli to replicate AD-relevant conditions in order to study the
potentially non-cell autonomous role of HSPB1 in the context of disease. Finally, the brain slices
were treated with either extracellular HSPB1 or HSPB1 was overexpressed in astrocytes to
determine whether either modification can provide neuroprotection against tau-AAV induced

pathology.

6.1 HSPB1 levels are increased in reactive astrocytes in AD brain

Previous studies have found that in the AD brain, there is high expression of HSPB1 in those reactive
astrocytes residing across the neocortex and the hippocampus. Further to this, these HSPB1 positive
astrocytes were also shown to be frequently found near to amyloid plaques (Renkawek et al., 1994;
Wilhelmus et al., 2006), although in Wilhelmus et al., 2006 this conclusion was made whilst the data
was not shown. These aforementioned studies were performed using immunohistochemical analysis
on serially stained sections to confirm the presence of HSPB1 within astrocytes, rather than dual
immunofluorescence staining using the same tissue section, and therefore no formal co-localisation

analysis was performed. To address this issue, immunofluorescence was performed using markers
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for reactive astrocytes (GFAP), HSPB1 and amyloid-B (6E10) on sections of the temporal cortex,
taken from cases ranging in severity from Braak Il to Braak VI. It was found, as was previously
reported, that the majority of GFAP-positive astrocytes were also HSPB1 positive and as the severity
of disease increased, the number of concurrently GFAP- and HSPB1-positive cells seemed to also
increase. These results are supported by recent transcriptome studies which not only found that
HSPB1 is specifically upregulated in astrocytes during AD (Grubman et al., 2019; Smith et al., 2022;
Lau et al., 2020), but there is also an upregulation of HSPB1 in those cases determined to have late-

stage AD pathology compared to early-stage AD pathology (Mathys et al., 2019).

sHSPs have not only been seen to be upregulated in AD, but also in a number of tauopathies (Lépez-
Gonzalez et al., 2014; Dabir et al., 2004). CRYAB is robustly upregulated in astrocytes found in
number of tauopathies which involve significant glial contribution such as PSP and FTD17, and whilst
the levels of HSPB1 are not as significantly increased in these tauopathy brains compared to CRYAB,
it was found that all HSPB1 also co-localised with reactive astrocytes (Lopez-Gonzalez et al., 2014;
Dabir et al., 2004).. It can be hypothesised that this upregulation of astrocytic sHSPs in tauopathy

disorders occurs as a protective mechanism against this accumulation of tau.

In order to investigate the potential role of this increased HSPB1 in the reactive astrocytes found in
AD, the organotypic brain slice cultures were treated with microglial cytokines TNFa and IL1aq,
known to induced reactive astrocytes in neurodegenerative disease (Liddelow et al., 2017). Data
generated from Fangjia Yang in our laboratory has previously found that treating primary mouse
astrocytes with these same cytokines led to a significant increase in the levels of the pan-reactive
astrocyte markers LCN2 and Serpin3a, both known to be highly expressed in reactive astrocytes
responding to injury (Zamanian et al,, 2012; Das et al., 2020). In addition to this, there was also an

increase in the pro-inflammatory cytokine IL-6, the cytokine produced not only by astrocytes but
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also by other glia cells and neurons (Kummer et al., 2021). In slices treated with TNFa and IL1a for 24
hours, reactive astrocytes were induced, as demonstrated by the significant increase in LCN2 levels,
alongside preliminary ELISA data from Caocimhe Goldrick in our laboratory, which also found an
increase in IL-6 levels in the media obtained from the TNFa and IL1a treated slices. In response to
this induction of reactive astrocytes, there was also a trend towards an increase in HSPB1 in those
slices treated with cytokines TNFa and IL1a, similar to what has been previously published about
reactive astrocytes in human AD brain (Renkawek et al., 1994; Wilhelmus et al., 2006) and presented

in Chapter 3, Section 3.4.3 of this thesis.

One potential function of this trending increase of HSPB1 in reactive astrocytes could be to fulfil an
anti-inflammatory response to mediate against the induced pro-inflammatory environment. The
anti-inflammatory potential of CRYAB has also been demonstrated through the use of a CRYAB
knock-out mouse modelling EAE, where this mouse was shown to exhibit increasingly widespread
inflammation, enhanced infiltration of activated CD4+ lymphocytes and macrophages, and higher
levels of glial apoptosis compared to the corresponding wild type animals (Ousman et al., 2007; Arac
et al., 2011). In addition, overexpressing HSPB1 in a cellular model of HD protected from poly(Q)
aggregation and the subsequent cell death by reducing the levels of reactive oxygen species
(Wyttenback et al., 2002). In contrast to this, there are some studies which highlight the potentially
pro-inflammatory role of HSPB1, for example, treating macrophage cultures with recombinant
HSPB1 has been shown to activate NF-kB signalling, resulting in the upregulation of anti-
inflammatory factors IL-10 and GM-CSF but also the upregulation of pro-inflammatory factors IL-1
and TNFa (Salari et al., 2013). Another in vitro astrocyte study found that treatment with HSPB1 was
seen to induce the production of IL-8 whilst reducing the expression of anti-inflammatory growth
factor-B1 (TGF-B1) (Bruinsma et al., 2011). And finally, inducing neuroinflammation through ethanol-

induced brain injury in the transgenic mouse overexpressing HSPB1 led to an increased expression of
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pro-inflammatory cytokines TNF and IL1j, alongside an increase in astrocyte and microglia activation
(Dukay et al., 2021). Intriguingly, this increase in neuroinflammation did not result in neuronal
damage or apoptosis, highlighting the complex nature of HSPB1 involvement in the regulation of
inflammation (Dukay et al., 2021). These studies highlight the necessity in exploring the specific cell

autonomous role of HSPB1 in regards to inflammation during AD.

A previous study exploring the genes encoding nine chaperone gene families including, HSP90,
HSP70, HSP60 and the sHSPs, identified a highly interconnected chaperome subnetwork which
displays specific repression and induction expression patterns during normal human ageing and AD
(Brehme et al., 2014). HSPB1 was among this chaperome system and was found to be consistently
increased during ageing and disease together with other sHSPs, whilst other chaperone families such
as HSP90 were found to be significantly repressed (Brehme et al., 2014; Mayer, M. 2013). sHSPs are
predominantly expressed in glial cells during neurodegeneration, as shown in the literature
(Grubman et al., 2019; Smith et al., 2022; Mathys et al., 2019, Lopez-Gonzalez et al., 2014; Dabir et
al., 2004) and in the human brain data from this thesis. The mechanisms behind an increased
expression of sHSPs in disease has not been explored and it could be speculated that upregulation of
glial sHSPs could occur in response to the reduction of other neuronal chaperone families seen
during aging and AD (Brehme et al., 2014), and it may be a compensatory mechanism to help

overcome the loss of neuronal proteostasis which occurs during AD (Inhara et al., 2012).

This increase in HSPB1 expression may be induced by a number of transcription factors. The main
transcription factor for chaperones, HSF1, when in cross-talk regulation with nuclear factor
(erythroid-derived 2)-like 2 (NRF2), has been shown to upregulate a number of sHSPs, including
HSPB1 as well as increasing antioxidant enzyme expression in AD (Ramon et al., 2016; Ramos et al.,

2018). Further to this, it was also found through knockdown experiments in C. elegans modified to

228



overexpress HSPB1, that NRF2 and HSF-1 may be responsible for the life extension seen in this
model (Alexander et al., 2022). In a tau-induced cell model treated with flavones, an antioxidant and
anti-inflammation molecule (Kumar and Panday, 2013), it was suggested that flavone treatment may
increase HSPB1 expression through NRF2 upregulation (Chiang et al., 2021). Contrary, a recent
systematic review of immunohistochemical studies in post-mortem AD brain followed by
bioinformatics analyses, identifed a number of functional alterations and changes in protein levels in
astrocytes in AD, and these included proteostasis and HSPB1. For HSPB1, CTCF and ESR emerged as
potential transcription factors responsible for these functional changes (Viejo et al., 2022). CTCF
depletion in mice has been shown to lead to overexpression of inflammatory genes in the brain
(McGill et al., 2018) and ESR1 and ESR2 have been seen to be overexpressed in astrocytes in AD (Lu
et al., 2003). This suggests a potential link between these transcription factors and an increase in
HSPB1 in AD, however further investigation is required to fully determine the master regulators of

astrocytic HSPB1 in AD.

6.2 Exploring the non-cell autonomous function of HSPB1

In the human brain there is evidence of an association between HSPB1 and AR, with HSPB1 co-
localising with AB in 15% of all cortical amyloid plaques (Wilhelmus et al,, 2006). This is supported by
a study exploring two different mouse models of AD, the Tg2576 transgenic mouse expressing AAP
with Swedish mutations (Hsiao et al., 1996) and the APPswe/PS1dE9 double transgenic mouse
expressing both human and mouse APP (Jankowsky et al., 2004), in which plagues are apparent from
11-12 months of age. In these mice HSPB1 was found in the penumbral area surrounding these
plagues (Ojha et al., 2011). Our data also supports these findings since it was observed that not only
there were more HSPB1 positive reactive astrocytes in close proximity to the plaques compared to
far from the plaques, but HSPB1-positive staining was also observed within the plaques, implying

that HSPB1 is not only intracellular but it can also be released from the astrocytes. This increase in
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HSPB1 into the extracellular space in close proximity to amyloid plaques has been explained as an
active, rather than a passive release brought on by possible cell death (Ojha et al., 2011). It has been
suggested that exposure to AP triggers the exosomal release of astrocytic HSPB1 and then this
secreted HSPB1 goes on to interact with this extracellular AB (Nafar et al., 2016). HSBP1 may then
act as a chaperone to mediate the sequestration of toxic AB oligomers into non-toxic AP aggregates
(Ojha et al., 2011; Kudva et al., 1997) as a protective role against AD-related pathology. Taken
together, these results support the notion of the non-cell autonomous role of astrocytic sHSPs and

the importance of the continued study of these functions in AD.

In order to study the potentially protective non-cell autonomous role of sHSPs in the context of AD,
the organotypic brain slice culture model was set-up and treated with various stimuli. The brain slice
cultures contain all the relative neuronal and non-neuronal cell types usually found within the brain,
in the correct physiological proportions which are all functionally and anatomically connected to
form one complete integrated system (Croft and Noble, 2018; Bahr, 1995; Staal et al., 2011; del Rio,
1991). In addition to this, the slice cultures allow easy manipulation of the molecular processes
which are usually inaccessible in vivo (Harwell and Coleman, 2016). Therefore, the slice culture
model was selected for this PhD project as it allows for the study of the non-cell autonomous
function of astrocytic sHSPs within an easily inducible system capable of replicating some of the

relevant AD pathology.

As previously mentioned, in those slice cultures treated with cytokines TNFa and IL1a there was an
increase in reactive astrocyte marker LCN2 and preliminary data from the laboratory also indicated
and increase in pro-inflammatory cytokine IL-6. To investigate the hypothetical protective functions
of extracellular sHSPs in response to this pro-inflammatory environment, slices were further treated

with recombinant human HSPB1 protein to mimic the HSPB1 release triggered in response to
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pathological changes (den Broek et al., 2021). Although sHSPs are classically known to perform
intracellular functions, the extracellular presence of HSPB1 has been indirectly suggested by the
increasing evidence showing that HSPB1 is detected at slightly higher levels in the CSF of AD patients
compared to healthy individuals (Sathe et al., 2019; Bai et al., 2020; Bader et al., 2020). Furthermore,
the presence of sHSPs has been confirmed within the exosome (Sreekumar et al., 2010; Reddy et al.,
2018) and more relevantly, HSPB1 is released in exosomes from primary rat astrocytes after
stimulation with AB (Nafar et al., 2016). On the contrary, Fangjia Yang in our group detected HSPB1
in the conditioned media of primary mouse astrocytes and found HSPB1 was not present in
extracellular vesicles. Instead, HSPB1 was found in the extracellular media as a free protein.
Therefore, to replicate this physiological free HSPB1, this project utilises a treatment with

recombinant HSPB1 to investigate the potentially protective nature of the extracellular sHSPs.

Slice cultures were simultaneously treated with cytokines TNFa and IL1a and recombinant human
HSPB1 to test the effect of extracellular HSPB1 on astrocyte reactivity. However, in these
experiments, the initial cytokines treatments resulted in a weak change in the slices as reactive
astrocytes were not induced compared to the untreated slices, which in turn prevented the
detection of any potential effect upon treatment with recombinant HSPB1. Although we could not
confirm it in this thesis, there are a number of studies which indicate that extracellular sHSPs
provides protection due to their anti-inflammatory roles. Exposure to extracellular sHSPs appears to
activate macrophages during inflammatory stress, stimulating the release of anti-inflammatory
cytokines and chemokines (Bhat and Coleman, 1999; De et al., 2000; van Noort et al., 2010; Banerjee
et al., 2011). Over the years, there have a been a number of studies testing the potentially anti-
inflammatory roles of CRYAB using various animal disease models in which neuroinflammation is
seen to be a key pathological event. For example, in models of EAE, administering CRYAB was able to

suppress LPS-induced inflammation and markedly improved symptoms and outcome (Guo et al.,
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2019). CRYAB has also been seen to elucidate a protective neuroglial response in a model of
tauopathy (Hampton et al., 2020). In the P301S tauopathy mouse model, CRYAB was intracerebrally
infused into 8 week old mice leading to a rescue of neuronal loss in the outer cortical layers of the
brain, presenting the first experimental evidence in the support of the neuroprotective role or

CRYAB in a model of tau-related neurodegeneration (Hampton et al., 2020).

There have been fewer studies exploring the anti-inflammatory properties of HSPB1, however, given
the structural homology between sHSPs, it is highly likely both sHSPs share some similar anti-
inflammatory functions (van Noort et al., 2012). The protective role of HSPB1 has also been mainly
studied after ischemic stroke, where levels of astrocytic HSPB1 are upregulated (Bartelt-Kirbach and
Golenhofen, 2014). It was found that an injection of human-derived HSPB1 into a mouse after
cerebral ischemia provided neuroprotection against inflammation-related neuronal death (Teramoto
et al., 2013). Further to this, it has been demonstrated that HSPB1 can also modulate the immune
response in atherosclerosis through modulating NF-kB activity in macrophages (Batulan et al., 2016).

All'in all, this literature strongly supports a protective anti-inflammatory role for extracellular sHSPs.

In order to replicate the tau pathology seen in human AD, slice cultures were transduced with
P301L/S320F tau AAV constructs (Croft et al., 2019), kindly gifted by Dr Cara Croft and Prof Todd
Golde. Although this model utilises a tau construct reliant on a mutation that it is associated with the
tauopathy FTD-17, but not found in AD, it is the first slice model which has recapitulated tau
inclusion pathology resembling the NFT in human AD (Croft et al., 2019; Grundke-Igbal et al., 1986;
Murray et al., 2014), whilst also displaying pathology which is localised to the AD-relevant neuronal
compartments (Uchihara et al., 2001). Other slice models prepared from transgenic mice lines have
failed to replicate robust tau inclusions (Croft et al., 2017; Croft et al., 2017; Messing et al., 2013). In

addition, the ability to induce varying degrees of tau pathology can be useful when replicating the
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different stages of human AD (Croft et al., 2019). Transduction with this pro-aggregatory tau
construct resulted in the formation of hyperphosphorylated tau foci which were restricted to the
somatodendritic neuronal compartments, as reported by Croft, C. et al., 2019. To investigate the
potentially protective non-cell autonomous role of HSPB1 against tau aggregation, slices were first
treated with recombinant human HSPB1 to replicate the extracellular HSBP1 released by astrocytes,
as mentioned above (Nafar et al., 2016). Treating the slices with recombinant HSPB1 did not change
the levels of phosphorylated tau as a proportion of total tau in the sarkosyl insoluble tau fraction in
the P301L/S320F tau transduced slices, however, the same recombinant HSPB1 treatment in primary
neuron cultures transduced with the P301L/S320F tau AAV was shown to reduce the accumulation

of misfolded tau, as detected by the MC1 antibody.

One reason as to why the recombinant HSPB1 treatment may have elicited an protective response in
the primary neurons and not in the slice cultures is the fact that the organotypic brain slice cultures
are a more complex system compare to primary cultures (Croft and Noble, 2018; Humpel, 2015).
Although the reduction in tau foci in the primary neurons was significant after recombinant HSPB1
treatment, the overall levels of GFP-positive neurons which contained these foci was quite low,
around 12% in the untreated neurons and 5% in the recombinant HSPB1 treated neurons, and these
small changes could be easily lost in the slice lysates collected for western blot analysis as the slices
contain other tissue and cell types, along with neurons. In relation to this, within the slice cultures,
HSPB1 is available to other cell types and may not necessarily be acting on neurons alone as sHSPs
have the potential to act on other glial cells involved in neuroinflammatory response (Bsibsi et al.,
2013; Bsibsi et al., 2014). Finally, the concentration of 50ng/ml of recombinant HSPB1 used to treat
the neuronal cultures was the same concentration used to treat three slices cultured in one well.
Although this concentration may be optimal in neurons, as calculated according to the physiological

levels of HSPB1 released by cultured primary mouse astrocytes, this may not be directly applicable
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to the slice culture model. Further work is required to determine the mechanism behind how
recombinant HSPB1 reduces the levels of P301L/S320F tau foci in the primary neurons before this

same mechanism can be explored in the more complex organotypic brain slice system.

One potential means by which HSPB1 could be reducing the conformational tau in the P301L/S320F
transduced neurons is through a protective chaperone response. HSPB1 is able to detect regions of
tau which are vulnerable to aggregation (Freilich et al., 2018), and it has been shown that HSPB1
preferentially binds directly to pathological hyperphosphorylated tau and PHFs (Shimura et al.,
2004). By binding to these tau species within the human cortical neuronal cell line HCN2A, HSPB1
facilitated its degradation and dephosphorylation by altering the conformation of tau, resulting in
the rescue of hyperphosphorylated tau induced cell death via the reduction of caspase-3 initiated
apoptosis (Shimura et al., 2004). Using fluorescence and nuclear magnetic resonance (NMR)
spectroscope it was demonstrated that HSPB1 also inhibits tau by binding to the microtubule-
binding repeat terminal of tau and delaying tau fibril formation (Baughman et al, 2018). Further to
this, it was this interaction with early stage tau which facilitated tau clearance from neurons in the
rTg4510 tau mouse model in which HSPB1-AAV was overexpress in the hippocampus (Abisambra et
al., 2010). When a synthetic chalcone was tested in human stem cells expressing a pro-aggregatory
tau deletion mutation within C-terminal repeat domain, it was shown to upregulate HSPB1 and
when tested in the 3xTg-AD mouse model, this resulted in the reduction of misfolded tau and
neuronal loss (Lin et al., 2020). In support of the important role of HSPB1 in facilitating this reduction
of tau, treatment with another family of substrates, the flavones, also protected against tau

aggregation via a similar pathway (Chiang et al., 2021).

To further explore the non-cell autonomous role of astrocytic HSPB1, slices were also transduced

using AAVs to overexpress human HSPB1 specifically in the astrocytes. To overexpress astrocytic
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HSPB1, slices were transduced with an AAV which simultaneously expressed HSPB1 and the BFP
within the astrocytes under the GFAP promoter, as previous studies have shown that fusing sHSPs
with other fluorescent proteins can alter chaperone function (Datskevich et al, 2012; Datskevich and
Gusev, 2014). This approach differs from the recombinant HSPB1 treatment of the slices because it
mimics increased levels of HSPB1 in astrocytes, as seen in human AD brain, rather than only
increasing the extracellular HSPB1. Therefore, this approach will be able to investigate non-cell
autonomous effects, which could be mediated by HSPB1 release but also by changes in the astrocyte
secretome as a consequence of HSPB1 overexpression in astrocytes. There are only few studies
available reporting the effects of the astrocytic overexpression of sHSPs and their non-cell
autonomous impact in neurodegeneration. The non-cell autonomous role of astrocytic sHSPs has
been explored by overexpressing astrocytic CRYAB in a mouse model of HD in which it was shown
that this could modulate levels of mutant htt levels and inclusion body formation leading to
improved motor and cognitive function (Oliveira et al., 2016). This study, however, did not provide a
functional mechanism to explain the non-cell autonomous protection of astrocytic CRYAB. It was
also recently demonstrated that by expressing the human heat shock protein DNAJB6, a potent
suppressor of PolyQ aggregation, in the astrocytes of the D. melanogaster model, progressive
neuronal degradation was delayed and lifespan extended (Bason et al., 2019). Overexpressing HSPB1
in the organotypic slices did not alter the levels of phosphorylated tau pathology detected in the
sarkosyl insoluble tau fraction of slices transduced with P301L/S320F tau. However, preliminary data
from Fangjia Yang has analysed the media from these slice overexpressing astrocytic HSPB1 and it
was found that HSPB1 can be detected (Figure 6.1). This suggests that human HSPB1 is being
secreted in this system and could provide a valuable mode for continued investigation into HSPB1

secretion.
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Figure 6.1: Preliminary data produced by Fangjia Yang in the laboratory showing western blot
analysis of slices transduced with GFAP-BFP AAV and GFAP-HSPB1-BFP2 at 2x10°10 VG/ml at 0

DIV and corresponding slice media, using antibodies against human HSPB1 (n=1).

To explore this overexpression approach in further detail, additional protocol optimisation is
required. For example, HSPB1 overexpression was confirmed by western blot analysis using a human
HSPB1 antibody, and this overexpression occurred within a subset of cells in the slices, however, the
specific cells in which this overexpression was present was not confirmed. As the majority of studies
suggest HSPB1 is found increased specifically in astrocytes and not in other cell types (Wilhelmus et
al., 2006; Mathys et al., 2019; Grubman et al., 2019; Lau et a., 2020; Smith et al., 2022; Renkawek et
al., 1994), this implies that were HSPB1 to be overexpressed in other cell types then it may not
perform the same functions as those exhibited by astrocytic HSPB1 and so would not provide the
protective functions explored in this thesis. Using LDH assays, we excluded the possibility that
overexpression of HSPB1 may be toxic to the cells, as overproduction of proteins can overload
normal physiological pathways and exhaust cell resources needed to make and transport proteins

(Tang and Amon, 2013; Birchler and Veitia, 2012), however these experiments need to repeated due
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to the relatively low n-numbers. Further to this, overexpressing HSPB1 could modify the balance of
different forms of sHSPs, such as phosphorylated and non-phosphorylated HSPB1, and therefore
impact the ability of sHSPs to carry out proper function (Bakthisaran et al., 2015; Webster et al.,
2019). To explore the functional outcomes of overexpressing HSPB1, it could be preferable to test
this in a simpler, less diverse set-up such as primary cultures before replicating this in the slice
cultures. If the decrease in tau inclusions observed in primary neurons upon recombinant HSPB1
treatment can be reproduced by co-culturing neurons with HSPB1-overexpressing astrocytes, it
could help confirm whether astrocytic HSPB1 protects from tau pathology in neurons and whether

this is due to HSPB1 secretion.

6.3 Limitations of the study

Although every effort was made to ensure that the experiments carried out during this PhD were
well designed, planned and correctly controlled, it is important to discuss some of the limitations to

this study.

6.3.1 Post-mortem human brain tissue

To explore the levels and co-localisation of the sHSPs CRYAB and HSPB1 in the human AD, brain
tissue sections were analysed across different stages of disease severity. However, the brain tissue
sections only represent a snapshot into the changes which are occurring in one moment in time,
specifically at the end of life. As cellular interactions are more dynamic, it could be advantageous to
also include a longitudinal approach when studying these sHSPs in the human disease, to track these
expression changes overtime, using, for example, CSF samples taken from pathologically confirmed

AD patients over a period of a few years (Lanzrein et al., 1998).

237



It is also important to note here that although GFAP, a marker for a major protein component of
astrocyte filaments, was chosen for this thesis as an indicator of reactive astrocytes due of its
prominence as the most widely used marker of reactive astrocytes (Escartin et al., 2021), it has now
come to light that it should not be the sole determinant of the presence of reactive astrocytes. It has
been ascertained that the upregulation of GFAP may not be a common feature of all reactive
astrocytes and GFAP expression may also change in response to other normal physiological stimuli
such as exercise and circadian rhythm rather than pathological stimuli only (Escartin et al., 2021;
Gerics et al., 2006; Rodriguez et al., 2013). It would therefore beneficial to use other markers of
reactive astrocytes alongside GFAP when determining the presence of reactive astrocytes, such as
other filament markers including Synemin (Jing et al., 2007), or calcium binding proteins such as

S100B which is mainly concentrated in astrocytes (Michetti et al., 2019).

6.3.2 Organotypic brain slice cultures

After slice culture preparation, slices develop a layer of reactive astrocytes in response to injury
(Croft and Noble, 2018). Although the slices are left for 14 DIV before any analysis is carried out to
allow for astrocyte reactivity to diminish, there is a possibility that some cells involved in this process
are still present and so collected for experimental use, potentially skewing some results.
Furthermore, when preparing mouse slice cultures, brain slices are collected starting from the
frontal cortex and then collected sequentially to monitor the location of the slices throughout the
brain. This plating of slices could induce variability within the results when compared between wells
as not only does the volume of tissue differ between sections but it is also now known that there are
region-specific differences in astrocytes subsets in the mouse brain (Hasel et al., 2021; Batiuk et al.,
2020). In an attempt to minimise these variabilities, it was decided that it would be preferable to
omit the first and last three slices when plating and keep only those slices in the middle of the brain

where tissue composition and volumes where most comparable.
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The original method of inducing tau pathology in the organotypic brain slice cultures was to prepare
slice cultures from the pups of the htau mouse model (Andorfer et al., 2003). Slices prepared from
this model would develop similar pathological changes seen in early human AD, including the
development of AD-associated tau, but along an accelerated timeline compared to the in vivo mouse
(Duff et al., 2002). However, due to prolonged problems with the breeding of the colony, followed
by the laboratory shut-down due to COVID-19, it was decided a different model was required.
Transducing the organotypic brain slices with tau-AAVs produced robust hyperphosphorylated tau
foci, however, one of the downsides to this method is that overexpression of the tau mutants is not
as directly relevant to AD as using a model which normally expresses human tau isoforms (Andorfer
et al., 2003). As previously mentioned, the tau constructs used to induce tau aggregation in this
study was expressing a mutation associated with FTD-Tau, as there is no evidence for mutations in
tau in AD (Joel et al., 2018) and so this does not fully replicate what is seen in the human disease. In
addition to this, the overexpression of tau could disrupt the functional equilibrium between the
numbers of microtubules and the amount of tau that binds to them, with increasingly unbounded
tau more likely to be phosphorylated, and so shifting the system towards hyperphosphorylation
resulting into non-physiological pathology (G6tz et al., 2018). The overexpression of tau can lead to
increased levels of soluble hyperphosphorylated tau which has been suggested to be the primary
cause of cell death, as opposed to tau tangle (Fox et al., 2011; Gendreau and Hall, 2013), and which
is not a trait observed in human AD where there is little evidence for increased levels of overall tau
protein (Pooler et al., 2014). Having said this, these problems with tau overexpression can also arise
when also using the htau mouse model expressing normal human tau and so slices transduced with
tau-AAVs are suitable for this PhD as it is the first slice model which has recapitulated tau inclusion
pathology resembling the NFT in human AD, whilst also localising to the AD-relevant somadendritic

region (Croft et al., 2019; Grundke-Igbal et al., 1986; Murray et al., 2014).
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6.3.3 Recombinant human HSPB1 treatment

To explore the role of extracellular sHSPs in response to AD-relevant stimuli, the mouse brain slices
were treated with the recombinant human HSPB1 protein in order to mimic HSPB1 secretion from
the astrocytes. Although the human and mouse recombinant HSPB1 proteins have high levels of
similarity as confirmed using BLAST, it is possible that the full physiological effects of HSPB1 is not
recapitulated when using a human protein to treat mouse cell cultures. In addition to this, the
recombinant HSPB1 protein does not contain the post-translational modifications which are
essential in assisting sHSPs with their functions (Webster et al., 2019). It was demonstrated using rat
sensory neurons that the phosphorylated form of HSPB1 is required for neuronal survival after
peripheral nerve injury and that this phosphorylated form was only found in adult and not neonatal
mouse neurons (Benn et al., 2002). More relevantly, the comparison of HSPB1 and its
phosphorylated variant also demonstrated the need for HSPB1 to be functionally dynamic and be
able to switch between the non- and phosphorylated forms to enable any interaction with the tau
protein in a mouse model of tauopathy (Abisambra et al., 2010). Using AAVs to express HSPB1 in
astrocytes and to induce the secretion of posttranslational modified HSPB1 should overcome these

limitations.

6.4 Future directions

To confirm whether the hyperphosphorylated tau foci produced by the transduction of the
organotypic brain slice cultures with the pro-aggregatory tau construct are in fact tau aggregates,
fluorescence recovery after photobleaching (FRAP) could be utilized. FRAP is a fluorescent
microscopy technique where fluorescent molecules are bleached using a short burst of high-
intensity laser light. Following this, the recovery of fluorescence is measured, caused by the inward

diffusion of surrounding unbleached fluorophores. The rate at which the fluorescence intensity
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recovers is dependent on the mobility of the surrounding molecules and mathematical modelling
can be utilised to determine molecular dynamics such as diffusion and binding (Rayan et al., 2010;
Loren et al., 2015). Previous studies have used this technique to allow for protein aggregation
measurements in human serum (Xiong et al., 2016). Further to this, FRAP has allowed for the
exploration of the dynamic nature of tau in vitro (Wegmann et al., 2018; Kanaan et al., 2020) and in
other neurodegenerative diseases, this technique has been used to characterise a-synuclein amyloid
aggregates (Roberti et al., 2011) and ataxin1 inclusions (Stenoien et al., 2002). In this project, if the
tau foci found in those slices transduced with the mutant tau AAV were to be true tau aggregates,
FRAP recovery would be hypothesized to be slower than FRAP recovery of the phosphorylated tau

found in those slices transduced with the WT-tau construct.

One major disadvantage of using the organotypic brain slice cultures to study the potential
protective function of HSPB1, as with other ex vivo or in vitro cell based models, is that it is not
possible to replicate the detrimental clinical and behavioural outcomes of AD, most notably the loss
of memory and cognitive decline. A model overexpressing HSBP1 has been generated by
overexpressing human HSPB1 controlled by viral CMV vector resulting in expression detected in cells
found in the cerebellum, hippocampus, cerebral cortex and olfactory and thalamic regions of the
brain, as well as in the heart and liver (Toth et al., 2010). These transgenic mice have fewer
degenerating neurons after ethanol-drinking, compared to wild-type mice, highlighting the
potentially neuroprotective phenotype of HSPB1 (Toth et al., 2010). Further to this, the same
overexpressing HSPB1 transgenic mouse has been crossed with an amyloid mouse model of AD,
where the resulting cross seemed to display improve neuronal function and reduced build-up of
amyloid, compared to the AD mouse model alone (Téth et al., 2013). To further test whether the
observed increase in HSPB1 specifically in astrocytes is neuroprotective, a model that overexpresses

HSPB1 specifically in astrocytes within a mouse model of tau pathology will be needed. This is similar
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to the mouse model generated by overexpressing astrocytic CRYAB under the human GFAP
promoter and which was crossed with the BACHD mouse model of Huntington’s disease, resulting in
astrocytic CRYAB protection against mutant htt levels and improved cognitive and motor function

(Oliveira et al., 2016).

To further confirm that the organotypic brain slice cultures are a good tool for studying the function
of sHSPs in the context of disease, it would also be necessary to characterise the cell to cell
interactions between microglia and astrocytes. As this crosstalk is pivotal during neurodegeneration,
it would be important to determine whether those astrocytes induced by microglial cytokines TNFa
and IL1a can in turn promote either the pro- or anti-inflammatory properties of microglia (Farina et

al., 2007; Jha et al., 2019).

The major aim of this thesis was to focus primarily on the potentially protective chaperone function
of HSPB1, however, it may also be necessary to further explore the anti-apoptotic functions of sHSPs
as another mechanism of protection against disease progression during neurodegeneration. The
protective anti-apoptotic functions of HSPB1 were explored when HSPB1 was knocked down in rat
sensory neurons and these neurons were then subjected to nerve injury which resulted in increased
apoptosis via the intrinsic apoptosis pathway, compared to healthy neurons, (Benn et al., 2002).
Conversely, by initiating viral overexpression of endogenous HSPB1 in the neurons of the rat
hippocampus, it was possible to reduce neuronal loss induced by kainic acid seizure pathology
(Kalwy et al., 2003). Further to this, using a transgenic mouse model overexpressing human HSPB1, it
was demonstrated that HSPB1 was able to rescue motor neuron function 5-6 months after nerve
injury was evoked, demonstrated through a measured improvement in overall muscle force (Sharp
et al., 2006). This same transgenic mouse model was also subjected to kainic acid to induce

apoptosis and it was shown that HSPB1 overexpression reduced neuronal death in the hippocampus,
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along with the attenuation of caspsase-3 induction resulting in improved seizure activity (Akbar et
al., 2003). Finally, functional pathway analysis of differentially expressed genes (DEGS) identified
across a number of cell specific transcriptome studies of AD found that the enrichment of astrocytic
HSPB1 is linked to biological processes involved in the regulation of inclusion body assembly,

regulation of protein refolding and a negative regulation of cell death (Wang and Li, 2021).

Following on from this, it would be interesting to further explore the potential role of HSPB1 in
protecting from synaptic loss, a potential function eluded to by the primary neuron culture
experiments transduced with tau-AAVs and treated with recombinant HSPB1. In cultured
hippocampal rat neurons, phosphorylated HSPB1 was shown to co-localise with synaptic marker
vGlut-1 (Schmidt et al., 2012) and in response to hyperthermia, HSPB1 was shown to localise to the
synaptic membrane and synaptic junctions of Bergmann glial cells whilst also localising in the
perisynaptic glial processes (Bechtold and Brown, 2000), highlighting the potential role of sHSPs
contributing to synaptic repair and protection in response to injury (Los Reyes and Casas-Tinto,
2022). Recently, a study using the Drosophila melanogaster model highlighted the importance of the
post-translational modifications of sHSPs highly involved in synaptogenesis, HSP23 and HSP26
(Santana et al., 2020). By interfering with these post-translational modifications, it reduced the

ability of these sHSPs to prevent synapse loss and modulate neuronal stress (Santana et al., 2020).

Lastly, due to increasingly stringent time constraints, a full characterisation of the localisation and
expression of CRYAB was not complete as part of this PhD thesis, and so this would be an interesting
avenue of continued investigation. CRYAB has been detected in the reactive astrocytes within the AD
brain, although the levels of CRYAB seem to vary from very low to high within the cortex, with higher
levels of CRYAB found in those astrocytes within the hippocampus compared to the neocortex

(Renkawek and Voorter, 1994; Shinohara et al., 1993; Iwaki et al., 1992). CRYAB has been seen to
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accumulate in the astrocytes near to amyloid plaques, although this is less certain than HSPB1 and
the data was not shown in the publication (Wilhelmus et al., 2006). In further contrast to HSPB1,
CRYAB has also been found in neurons and has been shown to correlate with areas of severe
neuronal loss (lwaki et al., 1992; Mao et al., 2001). The most general consensus is that CRYAB is
located in the oligodendrocytes found in AD (Renkawek and Voorter, 1994; Shinohara et al., 1993;
Iwaki et al., 1992), an idea supported by the recently published transcriptome analysis of AD brains
(Mathys et al., 2019) and most closely reflects what was seen in this thesis. However, this result
presented in Chapter 3 also stated that not all CRYAB positive cells were also positive for
oligodendrocyte marker CAll across the temporal cortex tissue sections of all AD cases. This indicates
that CRYAB may also be localised in other cell types, a notion also supported by recent cell-specific
transcriptome studies (Grubman et al., 2019; Smith et al., 2022) and which should be further

explored.

6.5 Conclusions

AD progression is partly characterised by neuroinflammation and the toxic build-up of pathological
proteins such as extracellular amyloid-B and intracellular tau, processes which implicate the roles of
both reactive astrocytes and the chaperone-like functions of sHSPs such as HSPB1. The human data
presented in this thesis highlights the association between astrocytic HSPB1 and amyloid-p plaques
and emphasises the need for the continued investigation into these potentially protective
interactions. The organotypic brain slice cultures have proved to be a good tool for replicating some
of the pathological features of neurodegeneration, such as the induction of reactive astrocytes by
cytokines and the formation of hyperphosphorylated tau pathology through the use of AAVs.
Extracellular recombinant HSPB1 treatment was shown to reduce the abundance of P30L1/S320F

tau inclusions in primary mouse neurons, emphasizing the potentially protective role of extracellular
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HSPB1 in reducing tau accumulation, however, further work is required to fully understand this
phenomenon in the slice culture model. Overall, this work aims to expand the current knowledge

surrounding astrocytic response and sHSP function in AD.
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