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Abstract

Neurodegenerative diseases are devastating disorders with a wide social, economic, and
environmental impact. These disorders are classified as proteinopathies due to their
commonality of exhibiting protein aggregates in late-stage disease and dysfunction in
proteolytic mechanisms. In association with protein aggregates, neuroinflammation, the
activation of resident astrocytes and microglia, is key in these disorders and has demonstrated
pathological roles. However, there is limited research on how neuronal proteotoxicity impacts
on glial cells prior to the accumulation of characteristic intraneuronal inclusions. The
Psmc1":CaMKIlo-cre mouse model shows a gradual depletion in 26S proteasome in the
forebrain and hippocampal neurons resulting in time-dependent proteotoxicity, inflammation,
and neurodegeneration. This thesis aimed to examine glial responses in this mouse model
during the onset of neuronal dysfunction and neuroinflammation. Firstly, protein expression
profiling using SWATH-MS was employed in 2-,3-,4- and 5-week old Psmc1™:CaMKIla-cre
mice, which revealed several upregulated neuroinflammatory responses at a molecular level,
such as the heat-shock response, necroptosis, neutrophil degradation in association with a
downregulation in CaMKIlla-cre neuronal components. GFAP, a major astrocyte protein, was
consistently upregulated throughout disease progression. Secondly, GFAP, STAT3a and
pSTAT3 tyrosine705 expression was quantified to be significantly higher from 3 weeks of age
via western blotting and the number of GFAP*/STAT3a" cells was significantly increased in 3
and 4-week Psmc1™™:CaMKIla-cre mice, showing a selective increase in astrocytic-STAT3 in
the dentate gyrus and CA3 region of these mice. Thirdly, quantitative PCR of astrocytic-STAT3
coupled inflammatory mediators was performed in Psmc1™;CaMKlla-cre mice, whereby
TNF-oo mRNA expression reported consistent significant results. Finally, astrocytic-STAT3
agonists and inhibitors (ADP/ATP/IL-6/TNF-0/CXCL10 and STATTIC) were applied to 3-
week-old acute slices, and astrocytic-STAT3 phosphorylation was confirmed through western
blot for the cytokines and chemokines (IL-6/CXCL10/TNF-a) however showed no results for
ADP/ATP/STATTIC. Collectively, these results suggest Astrocytic-STAT3 phosphorylation
precedes neuron degeneration in the Psmc1™:CaMKIla-cre mice model which warrants

further investigation into the role of astrocytes in neurodegenerative disorders.
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Chapter 1 Introduction

1.1 Proteins: folding and their subsequent degradation

1.1.1 Proteins are key in all of life and fold into their native structure
The first documented use of the word ‘protein’ has been cited to Mulder, 1838 to describe the

common substance of plant albumin, animal albumin, silk, and blood serum. In his seminal
paper, he declared that this was the ‘foodstuff” of the whole animal kingdom and reasoned that
it was only produced by plants. Now, over 200 years on, we know proteins are the key
foundation for all life, synthesized from the amino acids encoded by the DNA of every living
organism to perform essential roles in molecular biology (Mulder, 1838; Vickery, 1950).
Proteins are estimated to comprise =55 % of the dry weight of a cell which constitutes all
receptors, enzymes and these hold numerous additional roles in structure, transport, and
scaffolding (Pal, 2021).

A protein’s conformational shape is important for the physiological role they undertake. The
amino acid sequence of a protein determines its native structure, with polymers of a-amino acid
monomers folding into their secondary structure through hydrogen bonds, to either from an a-
helix or B-sheet. After this, polypeptides fold into their 3D structure, the tertiary structure, using
hydrophobic and hydrophilic interactions, disulphide bridges and ionic bonds. Multiple
polypeptide chains can oligomerize through the interactions of hydrogen bonds and van der
Waals forces, forming the quaternary structure of complex proteins (Sun, Foster and Boyington,
2004). This process is extremely quick, with ‘slow folding’ proteins taking a millisecond to

complete (Naganathan et al., 2006; Chong, Im and Ham, 2019).

However, primary amino acid sequence dictating the native structure of protein-folding only
accounts for under 50% of all proteins, with 32% of human-protein coding genes dubbed
‘intrinsically disordered’ and an additional 19% of human protein-coding genes containing
‘intrinsic disordered’ regions of up to 30 amino acids long (Habchi et al., 2014; Uversky,
2019; Deiana et al., 2019). The evolution of these intrinsically disordered proteins and regions
has been proposed as advantageous for their increased flexibility in binding to multiple
cellular partners and providing sites for post-translational modification (Wright and Dyson,

2014; Deiana et al., 2019). Protein folding is prone to errors, and so may require assistance



from molecular chaperones (Gidalevitz, Prahlad and Morimoto, 2011; Hartl, Bracher and
Hayer-Hartl, 2011).

1.1.2 Proteins are dynamic
Scientists originally believed proteins were simply static unchanging entities in cellular

biology. One revolutionary study conducted by Schoenheimer and colleagues showed that mice
fed with N-15 labeled amino acids incorporated these into their cellular physiology
(Schoenheimer et al., 1938). This led to supporting data, with the scientific community agreeing
in 1942 that proteins were dynamic and replaceable (Shemin & Rittenberg, 1942). After this,
the question of how proteins were degraded was at the forefront of the scientific community.
The first clue came from the examination of a rat liver, whereby phosphatase-enriched fractions
were observed. This began the identification and classification of the autophagosome-
lysosomal pathway (Novikoff, Beaufay and de Duve, 1956; de Duve, 1963). Lysosomes were
shown to degrade cytoplasmic components through the secretion of extracellular proteases,
therefore providing a mechanism of action (Ashford and Porter, 1962; de Duve and Wattiaux,
1966).

It was a surprise then when a non-lysosomal proteolytic system was identified, unique in its
specificity for individual proteins utilising ATP, a class of cytosolic enzymes and a ‘tagging’
polypeptide (Etlinger and Goldberg, 1977; Ciechanover et al., 1981; Hershko et al., 1983). This
process was collectively termed ubiquitin-dependent degradation, carried out by the ubiquitin-

proteasome system (UPS).



1.1.3 Ubiquitin and Ubiquitination
Ubiquitin was first identified as a heat-stable polypeptide and has since been confirmed to be

evolutionary conserved across species, only varying in 1 and 3 amino acids between yeast and
humans (Ciechanover et al., 1981; Zuin, Isasa and Crosas, 2014). The addition of ubiquitin to
a substrate is called ‘ubiquitination” and is recognized as a post-translational modification.
Ubiquitination forms an isopeptide bond between the C-terminal glycine of ubiquitin and the
e-NH2 group of a lysine residue in the protein substrate(Ciechanover and Schwartz, 1998). This
ubiquitination can either be singular (monoubiquitination) or contain multiple connecting
monomers (polyubiquitination).

1.1.4 Ubiquitin-ligase pathway

Ubiquitination is conducted through the ubiquitin-ligase pathway, which comprises three
classes of enzymes: Ubiquitin-activating enzymes (E1), Ubiquitin-conjugating enzymes (E2),
Ubiquitin ligase enzymes (E3). To date, a range of these enzymes has been identified in humans
and mice (table 1.1).

Table 1.1 Ubiquitin-ligase-related pathway proteins in homo sapiens and mus musculus
(Semple et al., 2003; Tai et al., 2010).

Class Homo sapiens Mus musculus
El 16 16

E2 53 61

E3 527 442

The variations of these enzymes show differences in structural, biochemical, and functional
properties (Stewart et al., 2016). In brief, ubiquitin is conjugated to the E1 enzyme (ubiquitin-
activating enzyme) via ATP hydrolysis. E1 Enzyme transfers ubiquitin to a cysteine residue on
the corresponding E2 enzyme (Ubiquitin-conjugating enzyme).

E3 enzyme (Ubiquitin ligase enzyme) transfers the bound ubiquitin molecule on E2 to the amine
side chain of a lysine residue on a target protein substrate (figure 1.1). E3 enzymes are the most
numerous members of the ubiquitin-ligation pathway, and this is speculated to be due to their
specificity in targeting individual proteins. E3 enzymes recognize target protein substrates via
N-degrons, phosphodegrons, oxygen and small molecule-dependent degrons, structural motifs
and misfolded degrons (Sriram, Kim and Kwon, 2011; Christian Reinhardt and Yaffe, 2013;
Lucas and Ciulli, 2016; Zheng and Shabek, 2017; Okoye et al., 2022).
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Figure 1.1: Ubiquitin-ligase pathway is responsible for the conjugation of ubiquitin to substrates. A cascade
of enzymatic reactions between E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme) and E3
(ubiquitin ligase enzyme) makes up the ubiquitin-ligase pathway and tags proteins (substrates). Diagram adapted
from Dougherty et al., (2020) .

Monoubiquitination of proteins has shown extensive roles in DNA repair, gene expression, and
endocytosis. This will not be covered in the scope of this thesis however for a full review
regarding the roles of monoubiquitination, please refer to the critical review by Sadowski and
colleagues (Sadowski et al., 2012). After monoubiquitination, the repeated addition of ubiquitin
can be carried out through E3 enzymes to elongate the ubiquitin chain, this occurs through
forming isopeptide chains through ubiquitin lysine residues: K6, K11, K27, K29, K33, K48 and
K63 (figure 1.2a). The process, collectively termed polyubiquitination, is illustrated in figure
1.2b. The polyubiquitination of the K48 residue is evidenced to have a role in targeting the

substrate protein for degradation via the 26S proteasome.

A
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Figure 1.2: Ubiquitin possesses 7 lysine residues which are used for chain extension and responsible for
polyubiquitin signaling processes. 1.2A) Structural ubiquitin motif displaying lysine residues, 1.2B) Ubiquitin-
ligase pathway is responsible for the polyubiquitination of substrates targeted for proteasomal degradation. Both

diagrams adapted from Dougherty et al.(2020).



1.1.5 The 26S proteasome
The 26S Proteasome is a multimeric protein complex present in the nucleus and cytosol of

eukaryotic cells. It is an essential and abundant complex. The 26S Proteasome is comprised of
two subcomplexes: a barrel-shaped 20S proteolytic particle and a 19S regulatory subunit, which
recognizes ubiquitinated proteins in the cytosol. The 19S attaches to either end of the 20S barrel

to provide ubiquitin-specific degradation. The subunit complex is detailed in figure 1.3.

19S lid
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Figure 1.3: 26S proteasome subunit complex of the 20S core particle and the 19S regulatory particle. The
19S regulatory particle is composed of the lid (green subunits) and base (peach subunits). The 20S core particle
contains proteolytic subunits which exhibit caspase-like (1), trypsin-like (f2) and chymotrypsin-like (B5) protease
activities. Figure adapted from Gomes (2013).

1.1.5.1 The 20S proteasome

The 20S Proteasome is a barrel-shaped complex constituting twenty-eight protein subunits
al/Psmal- a7/Psma7 and B1/Psmbl- 37/Psmb7 (Bedford et al., 2010). The proteins are stacked
in 4 heptameric rings, with al/Psmal- a7/Psma7 as outer rings, and p1/Psmbl- 7/Psmb7 as
inner rings. The outer rings contain subunits that are responsible for binding to the regulatory
particle, whereas the inner  subunits are proteolytic. B1/Psmbl, f2/Psmb2, and B5/Psmb5
exhibit caspase-like, trypsin-like and chymotrypsin-like activity respectively (Zheng et al.,
2012). It is speculated the other subunits are responsible for structural integrity (Baldovino et
al., 2006). Proteins are ‘threaded’ through the toroid structure to enable proteolysis (figure 1.4).
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Figure 1.4: Schematic diagram of the 20S proteasome proteolytic activities. The polypeptide is translocated
through the core of the 20S proteasome, passing structural a-ring to be digested by in-situ proteases Caspase like
(B1), trypsin-like (B2) and chymotrypsin-like (f5). The remaining peptide fragments are cleaved by endogenous

cytosolic enzymes.

This proteolysis leads to a generation of peptides 3 to 25 amino acids long, which are digested
into their amino acid constituents by cytosolic endopeptidases and aminopeptidases. These
amino acids serve as metabolic substrates or are utilized in new protein synthesis (Lecker,
Goldberg and Mitch, 2006). The 20S core can act as a proteasome independently of the 19S
regulatory caps, degrading hydrophobic oxidized proteins in a ubiquitin-independent fashion

(Raynes, Pomatto and Davies, 2016).



1.1.5.2 The 19S regulatory particle

The 19S regulatory subunit is made up of at least eighteen protein subunits, whereby their
arrangement has been described as a base and lid mechanism. The base and lid contain a range
of subunits responsible for interacting with ubiquitin-tagged substrates. Rpn10/Psmd4 and
Rpn13/Adrm1 function as ubiquitin receptors, Rpn1/Psmd2 and Rpn2/Psmd1 direct ubiquitin-
tagged substrates into the base of the 19S regulatory particle, whereas Rpn11/Psmd14 removes
the ubiquitin from the target protein (Finley, 2009; Liu & Jacobson, 2013; Rosenzweig et al.,
2012) (figure 1.5).

19S Iid
198
regulatory
particle
19 S base

Figure 1.5: 19S regulatory particle is composed of at least 18 protein subunits. Subunits in green are
part of the 19S lid complex whereas subunits in pink are part of the 19S base. Coloured stars dictate functions
important to note: purple star depicts ubiquitin-deubiquitinating subunit from target protein (Rpn11); blue
stars depict ubiquitin receptors (Rpnl13/Rpnl0), red stars depict subunits responsible for directing the
ubiquitin-tagged protein to the 20S core (Rpn1l/Rpn2) and yellow star depicts AAA-ATPase subunit
responsible for opening the 20S core (Rpt2). Figure adapted from Gomes et al (2013).

The base contains a ring of six AAA-ATPase subunits (Rptl-6) which are responsible for
facilitating substrate unfolding and translocation to the 20S core particle. The assembly of these
ATPases to form this base has been attributed to three separate dimers comprising of Rptl and
Rpt2, Rpt 4 with Rpt5, and Rpt 3 with Rpt6, with studies citing deletion of the C-terminal amino
acid reporting chronic 19S base assembly defects (Thompson, Hakala and DeMartino, 2009).
For this thesis, one of the core ATPases will be highlighted: Rpt2/Psmcl. Rpt2/Psmcl is
responsible for controlling substrate entry into the 20S core particle by opening the pore gated
by the 20S a/PSMA subunits (Tanaka, 2009).

1.1.5.3 26S proteasome assembly

The 20S proteasome acts as a platform for the foundation of the 19S regulatory particle. The

regulatory particle is assembled base first. Without the base (Rptl-Rpt6) formation, the lid
8



cannot bind and thereby the 19S complex is incomplete. The assembly of the 26S Proteasome
is achieved through a specific interaction between core particle and regulatory particle subunits:
Rpt6/Psmc5 interacts with a2/Psma2, Rpt2/Psmcl interacts with a7/Psma7 and Rpt5/Psmc3
interacts with o2/Psma4 (Elkharaz, 2013).

1.1.6 26S proteasome in neurons
Neurons are key excitable cells in the central nervous system and the majority of the estimated

100 billion cells in the human CNS are present at birth (Herculano-Houzel, 2009; Aimone et
al., 2014). Neurons are post-mitotic cells and therefore unable to divide to escape proteotoxic
stress, therefore proteostasis mechanisms in neurons need to be exemplary to ensure cellular
survival (Aranda-Anzaldo, 2012).

Proteasome activity in the synaptic terminals is significantly higher than that of the nucleus in
mice neurons. The reasons for this have been speculated to be due to the role of the proteasome
in neuronal cells. Upon neuron depolarization, proteasomes translocate to neuronal dendritic
spines where ubiquitin-proteasome proteolytic activity has been shown to have roles in synaptic
plasticity, dendritogenesis and the expression of neurotransmitters receptors (Djakovic et al.,
2009; Upadhya et al., 2006; Limanaqi et al., 2019). In support of this principle, injection of
Lactacystin, a proteasome inhibitor, into the CA1 region of the hippocampus led to full
retrograde amnesia in experimental animals. Furthermore, in untreated animals, avoidance
training increased 26S proteasome proteolytic activity, thereby indicating the 26S proteasome’s
role in memory formation (Lopez-Salon et al., 2001). Overall, it can be summarized that
proteasome proteolytic activity is essential in neuronal health and deficiencies in this process

are related to nervous system disorders, such as neurodegenerative disease.



1.2 Neurodegenerative disorders

1.2.1 The cost of neurodegenerative disorders — more than money
Throughout life, we spend much of our time forming memories: how to use a knife and fork,

our child’s name, and the faces of our family. These things may appear trivial, but they are the
pieces of the jigsaw that makes up a personality, a person — a self-identity. Many of us are lucky
enough to die with our self-identity intact, a knowledge of our life and how we have spent it.

However, there is a large proportion of people who do not.

Neurodegenerative disorders, such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
Huntington’s disease (HD) and Dementia with Lewy bodies (DLB) share a unifying
characteristic of neuronal death. As neurons cannot divide and are therefore irreplaceable; this

leads to a declining pathology which leads the patient through a slow onset of disability.

One of the main symptoms of neurodegenerative disorders is dementia, the loss of cognitive
faculties. One neurodegenerative disorder that has captured public awareness is AD. One of the
major cornerstones is this is the work of William Utermohlen, an exemplary artist, that
demonstrated a unique insight into this process. William was diagnosed with Alzheimer’s

disease in 1995 and drew self-portraits each year until his memory failed him (figure 1.6).

Figure 1.6: William Uttermohlen documents his progression through neurodegeneration (left to right). His

paintings are regularly referred to in medical literature and are praised as a unique insight (Harrison, 2013).

William did not die until 2007, highlighting that his health deteriorated for an additional seven
years after his final piece. His art demonstrates what many patients deal with — a slow, long
progressive illness leading to disability of the brain and body. It is important to note that
dementia is not unique to AD, but also manifests in other diseases such as PD, DLB and HD
(Davis and Denning, 2021; Weintrab and Irwin, 2022). Due to these conditions being so
incapacitating, regularly loved ones step in as full-time carers, forfeiting their jobs and
livelihood. From a socioeconomic standpoint, this domino effect leads to a great cost of

resources, finance, and a reduction in the workforce.
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The financial cost of dementia in the UK is expected to more than double in the next 25 years,
from £26bn to £55bn in 2040. Dementia has higher health and social care costs (£11.9bn) than
cancer (£5.0bn) and chronic heart disease (£2.5bn) combined. If the onset of dementia could be
delayed by 2 years, the savings would be £12.9bn a year by 2050 (£46.5bn from £59.4bm)
(Buylova Gola et al., 2020). Emotionally, these times are taxing for patients’ families and
friends, with many patients committing suicide or opting for assisted dying (Tohid, 2016;

Loizeau et al., 2019; Nuebling, Butzhammer and Lorenzl, 2021).

Neurodegenerative disorder onset has displayed a definite link with increasing age with people
over 65 being at the greatest risk (Currais et al., 2017; Groh et al., 2017). It has been coined as
‘the oncoming wave’ with predictions that by 2030, 25% of Europe’s population will be over
65 years old, therefore leading to an inevitable increase in these conditions (Foster, 2017). In a
more topical approach, a population-based study on COVID-19 positive outpatients revealed
these patients were 2-3 times more likely to be diagnosed with neurodegenerative disorders,

therefore adding to strain to an already dire situation (Zarifkar et al., 2022).

Despite continued work into potential therapies, in 2020, it was reported that there had been no
new approved treatments for neurodegeneration in the UK since 2003 (Yiannopoulou and
Papageorgiou, 2020). Even so, all approved treatments for neurodegenerative disorders work
at a symptomatic level; in example in Alzheimer’s disease, Acetylcholinesterase inhibitors are
prescribed to inhibit acetylcholine degradation, therefore restoring synaptic levels to
compensate for the death of acetylcholine neurons. In the same vein, Levodopa is prescribed
for patients with Parkinson’s disease, which is metabolized to dopamine to compensate for the
death of dopamine neurons (Rees and Brimijoin, 2003; Poewe et al., 2010). It is important to
note that none of these medications slow or stop the loss of neurons. As a remedy for psychiatric
symptoms of dementia such as depression, selective serotonin reuptake inhibitors (SSRI’s) are
used which are typically paired with psycholeptic medications to reduce anxiety
(Ruangritchankul et al., 2020). With this polypharmacy at play, current medication regimes are
documented to exacerbate the neurodegenerative symptoms leading to patient hospitalization
(Renom-Guiteras et al., 2018). Most recently, one new medication, Aducanumab, has been
approved in the United States for treatment for early onset Alzheimer’s disease, where it has
boasted to be “the first ever disecase modifying drug for Alzheimer’s disease”, however the

scientific community are dubious about the drug’s efficacy (Walsh et al., 2021).
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1.2.2 Neurodegenerative disorders are proteinopathies
The classification and diagnosis of neurodegenerative disorders are complex, as whilst patients

can be diagnosed throughout their lifetime, validation of this diagnosis is only reached post-
mortem through pathological staining. Major neurodegenerative diseases are diagnosed based
on neuroanatomical location (as reviewed in Poddar et al., 2021). Despite changes in
neuroanatomical location, these diseases share a commonality of protein aggregates found in
or around neurons of the neurodegenerative area. One protein for each disease has been a
simplifying assumption in the past (table 1.2); however, the current research indicates that the
co-existence of different proteins within aggregates across multiple neurodegenerative diseases
is observed (Charles et al., 2000; Higashi et al., 2007; Jellinger and Popescu, 2012; Colom-
Cadena et al., 2013).

Table 1.2: Neurodegenerative disease is associated with aggregated proteins.
Table adapted from (Tai et al., 2010).

Aggregate protein Aggregate location Related disorder
Tau Intracellular tangles Alzheimer’s disease (AD)
a-Synuclein Intracellular Lewy bodies Parkinson’s disease (PD),

Dementia with Lewy bodies (DLB)
Amyloid Extracellular plaque Alzheimer’s disease (AD)

1.2.3 Neurodegenerative disorders are the result of deficient proteostasis
As it has been previously established that ‘one protein for one disease’ is not a unique driver

for neurodegenerative pathology, a more sophisticated argument is needed to explain the
aetiology of neurodegenerative disease. A current line of evidence suggests that
neurodegenerative disorders are the result of deficient proteostasis; which can be grouped as
either an overload of intact proteostasis mechanisms or as a dysfunction of the degradation

machinery. The evidence for this is as follows:

1.2.3.1 Familial Parkinson’s disease is linked to dysfunctional proteins in the UBL

pathway

Mutations in the E3 ligase protein, Parkin, are associated with autosomal-dominant Parkinson’s
disease (Dawson and Dawson, 2010). To date, there have been up to 130 mutations mapped to
the Parkin gene, one of which results in truncation of the protein, which renders it prone to

aggregation (Riley et al., 2013; Biran et al., 2017). In addition to this, other mutations have
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shown a loss of function of the protein, therefore leading to no functional E2-E3 ubiquitin-
ligation pathway. Consequently, ubiquitinated alpha-synuclein is undetected by the 26S
proteasome, leading to an accumulation. This combined loss of function is seen as the main
contributor to a-synuclein aggregates in Parkinson’s disease (Klein and Westenberger, 2012;
Fiesel et al., 2015).

1.2.3.2 A spectrum of neurodegenerative disease aggregates share the commonality

of poly-ubiquitinated proteins

Under histopathological diagnosis, ubiquitin-positive aggregates are a common feature in
Alzheimer’s disease, Parkinson's disease and other neurodegenerative diseases (Lowe et al.,
1988). As proteins submitted to the 26S proteasome are de-ubiquitinated before translocation,
this implicates that the proteasome is defective in these diseases. Alongside poly-ubiquitin,
other components of the Ubiquitin-proteasome pathway have been visualised in
proteinopathies, such as ubiquitin carboxyl-terminal hydrolase-1 (UCH-L1). However, it must
be noted that authors only found this in 10% of cases, suggesting that this protein could be a

biomarker implicating the stage of pathological inclusion (Dickson et al., 1994).

1.2.3.3 Proteostasis decreases with old age, a major risk factor for

neurodegenerative disease

One of the largest risk factors of non-familial neurodegenerative disease is increasing age.
Increasing age is associated with impaired proteostasis in neuronal cells due to the inherent
accumulation of misfolded proteins (Klaips, Jayaraj and Hartl, 2018). This is also reflected in
the number of the 26S proteasomes — a wide selection of studies have revealed the 20S core
particle is the major cellular protease in aged mammals (Fernandez-Cruz & Reynaud, 2021;
Miller et al., 2005; Sacramento et al., 2020; Saez & Vilchez, 2014; Vernace et al., 2007). Age-
related reduction of the 26S proteasome complex thereby limits ubiquitin-mediated degradation
via the proteasome, thereby leading to an accumulation of polyubiquitinated proteins. This
accumulation of polyubiquitinated proteins can lead to aggregates, whereby aged brains
demonstrated inherent protein aggregation (David et al., 2010). In support of this,
overexpression of 19S subunit Rpnl1l in aged drosophila reduced age-related reduction of the
26S proteasome activity, resulting in the extension of flies with suppression of the age-

dependent accumulation of ubiquitinated proteins (Tonoki et al., 2009).
13



1.2.3.4 Proteasome inhibitor studies replicate neurodegenerative disease pathology

With the above evidence indicating that a decline in proteasome may be responsible for protein
aggregation and subsequent neurodegenerative disease, it made great sense to assess
proteasome inhibitors in neuronal cell lines. A breakthrough study using Lactacystin, a
pharmacological inhibitor of 35 active sites in the 20S core, displayed intracellular Lewy-body
inclusion formation and cell death in dopaminergic neuronal culture (McNaught, Mytilin, et al.,
2002; Fornai et al., 2003). This was then further supported by the use of a systematic injection
of proteasome inhibitor PSI (Z-lle-Glu(OtBu)-Ala-Leu-al), which mirrored pathological
defects of human disease in rats (McNaught, Bjorklund, et al., 2002; McNaught et al., 2004).
However, this pathological response from systematic injection was unable to be replicated in
other laboratory groups, therefore casting doubt on the construct validity of these findings
(Bové et al., 2006; Kordower et al., 2006; Manning-Bog et al., 2006). Despite this, it has been
repeatedly shown that in-vivo injection of proteasomal inhibitors to the mesencephalon causes
Lewy-like aggregation and dopaminergic death (Xie et al., 2010; Bentea, Verbruggen and
Massie, 2017).

1.2.4 Are insoluble aggregates to blame?
Most of the previous work within the neurodegenerative disease field has centered solely on

the characteristic insoluble protein deposits to be the root of disease pathology. Amyloid
precursor protein aggregates are documented to cause neuronal death, and in addition to this
aggregated huntingtin proteins have reported roles in disrupting axonal transport, particularly
in mitochondria translocation to synapses (Guo et al., 2020; Morfini et al., 2009; Shearman,
1999). Secondly, aggregated proteins have shown to inhibit the 26S proteasome, due to their
inability to be denatured and admitted to the 20S proteolytic cavity, therefore providing
additional disruptions to proteostasis attempts (Keck et al., 2003; Menzies et al., 2017; Myeku
and Duff, 2018; Thibaudeau, Anderson and Smith, 2018). Thirdly, behavioural studies in
animals and clinical trials show that removal of inclusions delays cellular pathology and this
reduction in pathology is associated with improved symptoms in behavioural assays, e.g;
memory recall and motor-related deficits (Masliah et al., 2005; Asuni et al., 2007; Masliah et
al., 2011). Overall, this set of literature supports the hypothesis that inclusions are the main

driving force in neurodegenerative pathology.
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However, this is only half of the story. If insoluble aggregates are to blame, why are they present
in the surviving cells that are seen in histological diagnosis? Amyloid pathology is measurable
in Alzheimer’s disease years before the cognitive decline, and even so, amyloid pathology is
also present in non-demented individuals (Aizenstein et al., 2008; Beason-Held et al., 2013,;
Farrell et al., 2017). In addition to this, immunisation with AB1-42 antibody in AD patients has
resulted in aggregate clearance, however, this clearance did not prevent cognitive decline in
clinical trials (Gilman et al., 2005; Holmes et al., 2008). Secondly, examination of inclusions
in Huntington’s disease has shown aggresome-like morphology and these inclusions have
shown to reduce the risk of soluble aggregates and subsequent neuronal death, thereby
suggesting this inclusion formation may be a protective mechanism (Arrasate et al., 2004).
Thirdly, diffusible aggregates have been found in the brains of patients before Lewy body
inclusion formation, therefore supporting the notion that diffusible oligomers may be the culprit
of damage rather than aggregates (Bengoa-Vergniory et al., 2017). In support of this, the
addition of pre-formed amyloid fibrils plaques to organotypic slices did not reduce long-term
potentiation, however, soluble oligomers of the same protein did (Shankar et al., 2007).
Confirming this in a pathological setting, the m266 amyloid-beta antibody, an antibody targeted
towards soluble amyloid-3, reversed memory deficits in animal models without the alteration
of amyloid-p insoluble plaques (Dodart et al., 2002). Overall, this plethora of data points to

small oligomers as the disease initiators in neurodegenerative disease.

In summary, the argument of ‘friend or foe’ of the insoluble aggregate in neurodegenerative
disease pathology is still a matter of debate. However, the evidence listed in the previous section
detailing that insoluble aggregate appears to be of beneficial benefit carries great weight,
especially with the results from Dodart and colleagues reporting that targeting soluble amyloid-
B reversed memory defects. It appears that soluble oligomers appear to be the foe in this
situation and can be speculated that insoluble aggregates have been branded to be ‘guilty’ by

association with the consequences of soluble oligomers.
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1.3Neuroinflammation in Neurodegenerative disease

1.3.1 History of neuroimmunology
Neuroimmunology was not formally recognized as a field of research until 1981, however, the

experiments that would form the basis of this science started 60 years prior. Japanese scientist
Shirai was the first to acknowledge that foreign tissue grafted onto the brain did not produce an
immune response, thereby indicating that the brain was not immune competent to the same
extent as other tissues. However, in 1948 Medawar replicated this experiment and found that
when the same foreign tissue was grafted under the skin of the animal, both tissues were
rejected. Medawar deduced that the brain was not devoid of an immune response, but in fact,
insensitive to the foreign entity that was detected by the periphery (Murphy & Sturm, 1932.;
Medawar, 1948). This led to the term ‘immunoprivileged’, which is now still used today to
describe the brain's unique state (Billingham & Boswell, 1953). Immunoprivileged tissue has a
higher threshold for the induction of inflammation than its non-immunoprivileged counterparts.
In the case of the brain, the blood-brain barrier (BBB) provides a tight molecular mesh that
restricts access of immune cells and immune mediators into the central nervous system (CNS),
thereby enabling the brain to be ignorant of peripheral threats (Muldoon et al., 2013). It is now
known that the brain consists of resident immune cells, called glia, which have in the last 30

years been found to have a multitude of functions in healthy physiology and disease states.

1.3.2 The resident glia cells in healthy physiology
Virchow was the first scientist to identify glial cells. Under examination, he noticed non-

neuronal cells within the brain that he named ‘connective cellular elements’ from white matter.
Due to the differences in connective substance, he named the cells ‘Nervenkitt’, which
translates to ‘Nerve glue/Nerve cement’ (Somjen, 1988). We now know that “glia” is a class of

several different cell types with distinct roles in the brain.

16



1.3.2.1 Microglia

Rio-Hortega classified a glia cell that mirrored peripheral macrophage qualities, i.e: acting as
antigen-presenting cells and as ‘scavengers’ in the face of pathogenic material. These cells were

coined Microglia.

Microglia are CNS-resident macrophages and comprise 10-15% of the brain cells. Microglia
are derived from the embryonic yolk sac and colonize the rodent CNS at approximately E10,
initially displaying an amoeboid phenotype (Schulz et al., 2012). Microglial undergo rapid
proliferation in the first 2 weeks of post-natal development, and within these two weeks
transform to a ramified phenotype with multiple cytoplasmic processes. Microglial density
decreases in week 3 (Leong and Ling, 1992; Nikodemova et al., 2015). This rapid upregulation
is associated with their role in synaptic pruning, and the elimination of synapses, which is
supported by age-matched microglia knock-out models reporting increased dendritic spines and
immature synapses (Paolicelli et al., 2011). As well as pruning synapses, microglia cells have
shown additional neurodevelopmental roles in axonal guidance and the secretion of
neurotrophic factors to encourage synaptogenesis (Ueno et al., 2013; Reemst et al., 2016).
Within the post-natal rodent brain, microglia occupy individual microdomains within the cortex
and continuously survey the surrounding microenvironment for extracellular changes
(Nimmerjahn, Kirchhoff and Helmchen, 2005).

Microglia possess a multitude of receptors, with a few of interest to this thesis listed in table
1.3. It must be noted that this table does not represent all microglia receptors, and for a more
comprehensive review, the reader is referred to the references listed in the table. In addition to
these receptors, microglia can respond to extracellular stimuli by the release of a range of
inflammatory/anti-inflammatory mediators, which is reviewed extensively elsewhere
(Verkhratsky and Butt, 2013; Domercq, Vazquez-Villoldo and Matute, 2013; Logiacco et al.,
2021).
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Table 1.3: Microglia possess a range of receptors (Lee, Nagai and Kim, 2002; Verkhratsky and Butt,
2013; Liu, Leak and Hu, 2016)

Receptor name Receptor ligand
P2Y ATP, ADP

P2X ATP

AMPA Glutamate
Cytokine receptors (IL-1R, IL6-R, TNFR)  IL- 1B, IL-6, TNF-a
Chemokine receptors (CXCR3) CXCL10

Toll-Like Receptors (TLR1,2,4,5 and 6) Respective DAMPS/PAMPS

Acronyms: P2 — Purinoreceptors. ATP — Adenosine triphosphate, ADP - Adenosine diphosphate, IL-
Interleukin, CXC3R - CXC chemokine receptor 3, CXCL10 — CXC chemokine ligand 10. DAMPS —

damage-associated molecular patterns, PAMPS — pathogen-associated molecular patterns.

1.3.2.2 Astrocytes

Ramon y Cajal and Camillo Golgi described an additional subtype of these cells that had close
proximity with endothelial cells, now termed as Astrocytes. Astrocytes, or astroglia, are star-
shaped cells which make up 40 % of all brain cells (Khakh and Sofroniew, 2015). Astrocytes
contain a dense network of intermediate filaments, with the major two being glial fibrillar acidic
protein (GFAP) and vimentin (Taft, Vertes and Perry, 2005; Sofroniew and Vinters, 2010).
GFAP is regularly used as a gold-standard astrocyte marker for cell identification, however,
this intermediate filament is only found in the major branches of the cell and can be absent from

fine processes.

Astrocytes are derived from radial glia in the ventricular zone with GFAP being weakly
expressed at E18 (Breunig et al., 2012). It has also been reported that subventricular zone
progenitor cells can also develop into astrocytes, typically for the first two weeks postnatally
(Levison et al., 1993). The glial cell population, in which astrocytes as the most abundant cell
type, expands 6-8-fold in the rodent brain during the first three weeks of postnatal development,
exhibiting mature gene expression at P17 followed by the blood-brain barrier forming at P20
(Cahoy et al., 2008; Bandeira, Lent and Herculano-Houzel, 2009). Previous experiments have
dictated that the average glia-cell cycle is 20 hours and with the use of the GFAP-GFP mice
model, the origin of this expansion was shown to be developed from already differentiated
astrocytes in the cortex (Korr et al., 1975; Ge et al., 2012). Astrocytes devoid of GFAP show

greater sprouting of spinal axons in neighbouring neurons, which supports astrocytes roles in
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synapse pruning and forming in neurodevelopment (Bushong, Martone and Ellisman, 2004;
Clarke and Barres, 2013). Astrocytes also have established roles in guiding postnatal
neuroblasts in the retina, thereby facilitating neuronal differentiation in other areas of the brain
(Gengatharan et al., 2016; Li et al., 2019).

A single astrocyte can enwrap on average 4-8 neuronal somata, and single neuron dye fills have
revealed that one astrocyte contacts 300—600 neuronal dendrites (Halassa et al., 2007). This
close contact with neurons enables them to carry out their functions through responding to and
modulating neuronal activity by the release of hormones, cytokines, peptides, growth factors
and neurotransmitters at the synaptic cleft (Joe et al., 2018; Upadhya et al., 2020; Verkhratsky
et al., 2016; Volterra & Meldolesi, 2005).

To respond to neuronal activity, astrocytes possess a multitude of receptors, with a few of
interest to this thesis listed in table 1.4. It must be noted that this table does not represent all
astrocyte receptors, and for a more comprehensive review, the reader is referred to the
references listed in the table.

Table 1.4: Astrocytes possess a multitude of receptors (Verkhratsky and Butt, 2013; Li et al., 2021)

Receptor name Receptor ligand
P2Y ATP, ADP

P2X ATP

AMPA Glutamate
Toll-Like Receptors (TLR 2 and 4) DAMPS/PAMPS
Cytokine receptors (IL-1R, IL6-R, TNFR) IL- 1B, IL-6, TNF-a
Chemokine receptors (CXCR3) CXCL10

Acronyms: P2 — Purinoreceptors. ATP — Adenosine triphosphate, ADP - Adenosine diphosphate, IL-
Interleukin, CXC3R - CXC chemokine receptor 3, CXCL10 — CXC chemokine ligand 10. DAMPS —

damage-associated molecular patterns, PAMPS — pathogen-associated molecular patterns

Astrocytes are an extremely heterogenous population of cells, displaying morphological
differences in the neocortex and hippocampus (Lanjakornsiripan et al., 2018). This
heterogeneity goes beyond morphology, with a wealth of studies citing astrocytes diversity in
receptor expression and secreted factors. For instance, fluorescence-activated cell sorting

(FACS) in a mouse model has demonstrated five separate astrocyte populations, all with
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differential roles in supporting synaptogenesis (John Lin et al., 2017). In support of this, Buosi
and colleagues placed neuronal cells in astrocyte-conditioned media from the hippocampus,
cortex and cerebellum and reported a significant difference in the expression of synaptic
proteins, therefore further solidifying astrocyte-specific roles for supporting neurons (Buosi et
al., 2018). In addition to this, other studies have reported that astrocytes from different brain
regions are also heterogenous in the release of chemokines, cytokines, and other cellular
mediators (Fitting et al., 2010; Khakh and Deneen, 2019). Overall, it can be summarized that

astrocytes are tailored for their brain microenvironment.
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1.3.3 Neuroinflammation in neurodegenerative disease
Although Alois Alzheimer originally described glia changes in his first paper, it wasn’t until

over 60 years later this avenue of research resumed, with Ishi and colleagues publishing a paper
in 1975, highlighting complement proteins to be associated with amyloid-beta plaques (Ishii et
al., 1975; Ste Izma et al., 1995). It was later found that reactive microglia and astrocytes were
associated with sites of damage in Alzheimer’s disease and Parkinson’s disease (McGeer et al.,
1988) and since then a plethora of research has centered on the aetiology for this reaction,

termed collectively as reactive gliosis.

Reactive gliosis has been classified as a ‘non-specific reactive change of glial cells in response
to damage to the CNS. In most cases, gliosis involves the proliferation of hypertrophy of several
different types of glial cells including astrocytes and microglia (Ko, 2020). Reactive gliosis is
not isolated to neurodegenerative disease pathology. It is important to note that many disorders
of the central nervous system show reactive gliosis, such as traumatic brain injury (TBI),
ischemic stroke, epilepsy, and psychiatric disorders such as depression, schizophrenia and
attention deficit hyperactivity disorder (ADHD) (Schimmel, Acosta and Lozano, 2017; Jayaraj
et al., 2019; Troubat et al., 2021; Pracucci et al., 2021; Kerekes, Sanchéz-Pérez and Landry,
2021; Vallée, 2022). It has been reported that oligodendrocytes do have an active role in
reactive gliosis in neurodegenerative disease; however, this will not be covered in the scope of
this thesis and the reader is recommended the following reviews: (Bradl and Lassmann, 2010;
McKenzie et al., 2017).

The next two sections will address reactive gliosis found in neurodegenerative models, initially
separated by their cell type (microgliosis, astrogliosis). However, it must be noted that
astrogliosis and microgliosis can interact with one another, which is covered by recent reviews
(Matejuk and Ransohoff, 2020; Han et al., 2021).

1.3.3.1 Microglia and microgliosis polarization

In healthy physiology, microglia have a ramified appearance which consists of a small cell body
with long extended thin processes that survey the extracellular space. Upon reacting to
extracellular stimuli, microglia change morphology to an amoeboid phenotype, with little to no

processes visible (Lull and Block, 2010). This change in morphology has been cited to
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encourage microglia motility to the area of damage and causing alterations in signaling

pathways, receptor expression and secreted molecules (Fan, Xie and Chung, 2017).

Following from peripheral t-cell axis nomenclature, microglia have been shown to adopt
distinct phenotype responses to the stimuli they encounter. These responses have been
grouped as either M1, ‘proinflammatory’ or M2, ‘anti-inflammatory’, with different stimuli

polarising microglia to these phenotypes (Gordon, 2003) (figure 1.7).
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Figure 1.7: Resting microglia undergo polarization to become either ‘Pro-inflammatory’ or ‘Anti-
inflammatory’. The figure demonstrates that treatment with liposaccharide (LPS) or interferon gamma (IFN-
v) leads to a ‘pro-inflammatory phenotype, leading to the release of chemokines and cytokines IL-13, TNF-a,
IL-6, reactive oxygen species (ROS) and CXCL10 which have subsequent roles in neuroinflammation, tissue
damage and pathogen elimination. Treatment with IL-5, IL-10, IL-13 or transforming growth factor beta
(TGF-B) leads to an anti-inflammatory phenotype resulting in the release of Arginase 1 (Arg1l), Insulin-growth
factor 1 (IGF), chitinase-like protein 3 (YmZ1), Found in Inflammatory Zone 1 (FIZZ1) which have subsequent

roles in inflammation resolution and restoration to homeostasis. Figure adopted from Salvi et al., (2017)).

As displayed in the figure, the M1 and M2 phenotypes release factors which are influential on
the cellular microenvironment, with M1 microglia resulting in neuroinflammation, tissue
damage and pathogen elimination, whereas M2 microglia show inflammation resolution and
restoration to brain health homeostasis (Nakagawa and Chiba, 2014; Ghosh, Xu and Pearse,
2016; Orihuela, McPherson and Harry, 2016; Salvi et al., 2017).

The M1/M2 paradigm of microglia polarisation has been extrapolated for use in
neurodegenerative disease, with a focus on aggregate-related proteins, such as Tau, Amyloid-

Beta and a-synuclein. In Alzheimer’s disease, M1 microglia is the common dominator,
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reporting increased proliferation, induction of chemotaxis and an increase in inflammatory
markers (Heneka, 2017; Sarlus and Heneka, 2017). M2 microglia have been identified to play
a role in uptaking and phagocytosing insoluble amyloid-beta plaques, however, microglia in
Alzheimer’s disease have shown a decrease in this phagocytotic capability (Hickman, Allison
and el Khoury, 2008). The literature highlights that microgliosis is initiated by neuronal
damage and surpasses its initial neuroinflammatory protective qualities during extensive
stimulation, leading to an overproduction of inflammatory mediators, exacerbating neuronal

injury.

Upstream polarisation factors have been examined in neurodegenerative disease microglia.
Toll-Like Receptors (TLRs), TLR2 and TLR4, have shown to interact with aggregate related
proteins such as alpha-synuclein and amyloid-beta oligomers and activate microglia
downstream to an M1 phenotype (Kim et al., 2013; Fellner et al., 2013; Doorn et al., 2014;
Daniele et al., 2015; Xia et al., 2021). In support of this, TLR2 knockout models shifted
microglia from an M1 to M2 phenotype and were associated with an improvement in neuronal
function (Liu et al., 2012). In addition, TLR4 has also been implicated the M1 phenotype,
with TLR4 inhibitors reporting an improvement in cognitive deficits and a transition to the
M2 phenotype in Alzheimer’s disease models (Guo et al., 2020; Guo et al., 2022).

The promotion of M2 microglia has been hypothesised as a potential treatment in treating
neurodegenerative disorders, with many studies pointing towards the activation of JAK/STAT
signaling as the inducer of an M2 phenotype (Zhang et al., 2017; Zhang et al., 2018; Qiao et
al., 2020). Missense mutations in the Triggering receptor expressed on myeloid cells 2
(TREM2), a transmembrane receptor in microglia, has been linked to late-onset Alzheimer’s
disease (Zheng et al., 2018). TREMZ2 has been reported to be essential for microglial
phagocytosis, survival in aggregate deposition and promotion of M2 polarisation (Tanzi,
2015; Walter, 2016; Zhou, Ulland and Colonna, 2018). Overall, this data indicates that
microglia have an active role in combating and initiating neurodegenerative disease

pathology.
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1.3.3.2 Astrogliosis

In healthy physiology, astrocytes present as stellate cells with long processes. Upon activation,
collectively termed ‘astrogliosis’, the cell body undergoes hypertrophy, with astrocytes
overexpressing intermediate filaments within a matter of hours (Sofroniew, 2015; Verkhratsky
et al., 2019). GFAP elevation, a standard marker for reactive astrogliosis, depends on the
proximity to the injury site, type of injury and location in the CNS (Sofroniew, 2015). In mild-
moderate gliosis, astrocytes domain extent is relatively unchanged, however, in severe
astrogliosis, there is a degree of astrocyte proliferation whereby territorial domains overlap to
form a glial scar (Wilhelmsson et al., 2006). Analogous to microglia polarisation, astrocytes
have been termed Al and A2 in relation to their neurotoxicity and neuroprotective qualities
(Liddelow et al., 2017). In this model, Liddelow and co simulated microgliosis in a co-culture
setting, stimulating astrocytes with 1lI-10, TNF and C1q. These astrocytes, termed Al, release
pro-inflammatory elements which subsequently damaged synapses and neurons whereas A2
showed beneficial effects in the upregulation of phagocytosis with the release of neurotrophic
factors (Liddelow and Barres, 2017). There have been several research papers reporting that
astrocytes polarize from one phenotype to another, however, this is now being recognized as
an oversimplification of a spectrum of astroglia responses (Ceyzériat et al., 2016; Das et al.,
2020).

1.3.3.3 Reactive astrocytes in neurodegeneration

Reactive astrocytes are heavily associated with neurodegenerative disease, with an elevated
expression level of GFAP detected in Alzheimer’s and Parkinson’s disease. Accumulation of
a-synuclein aggregates has been associated with astrocyte expansion, thereby supporting the
idea that astrocyte proliferation is a response to intracellular aggregate-related proteins (Gu et
al., 2010). Reactive astrocytes produce excess GABA and glutamate, with mouse models
reporting tonic-inhibition of dentate gyrus neurons and glutamate-excitotoxicity-related
neuronal death (Bush et al., 1999; Jo et al., 2014). Overall, this indicates that reactive
astrogliosis can contribute to a decline in cognitive performance, highlighting astrogliosis
contribution to neurodegenerative disease pathology (Kashon et al., 2004; Li et al., 2011,
Phatnani and Maniatis, 2015).
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1.3.3.4 Reactive astrogliosis is initiated by JAK/STAT3 signaling in

neurodegenerative models

The Janus Kinase (JAK)-Signal transducer and Activator of Transcription (STAT) pathway is
a central pathway which has shown roles in controlling astrogliosis. It was discovered in the
1980s, and to date, four JAKs (JAK1, JAK2, JAK3, TYK2) and seven STATS
(STAT1,2,3,4,5a,5b,6) have been identified in mammals (Levy et al., 1988; Mitchell and
John, 2005). The key pathway investigated in astrocytes is the JAK/STAT3 pathway. To
briefly summarise, STAT3 is a transcription factor that controls gene expression in response
to extracellular signals. These signals cause STAT3 to be phosphorylated at either tyrosine
705 or serine 727, after which it translocates to the nucleus to bind to STAT responsive

elements,enabling the transcription of STAT3-specific genes.

GFAP is well documented to possesses a STAT responsive element and multiple research
outputs have supported the necessity of STAT3 activation preceding GFAP upregulation,
thereby strongly supporting that STAT3 is a key transcription factor for astrogliosis
(O’Callaghan et al., 2014a; O’Callaghan et al., 2014b; Hol and Pekny, 2015; Toral-Rios et al.,
2020a; Giannaki et al., 2021).

The JAK/STATS3 pathway in astrocytes has shown multiple roles as an anti-inflammatory
pathway effect in gliosis, with roles such as mediation of glia-scar formation, preservation of
myelin sheath, and secretion of anti-inflammatory cytokines and reducing leukocyte
infiltration (Colombo & Farina, 2016; Giannaki et al., 2021). However, STAT3 activation in
primary astrocytes has also been shown in response to a range of neurotoxic stimuli and pro-
inflammatory mediators, therefore complicating the question of if STAT3 signaling is
neuroprotective or neurotoxic (O’Callaghan et al., 2014a). Many mice models of
neurodegenerative disease show an upregulation in astrocytic-specific STAT3 signaling, with
STAT3 inhibitors showing an alleviation in disease symptoms and astrocyte hypertrophy
(Ceyzeriat et al., 2016; Choi et al., 2020; Toral-Rios et al., 2020; Zhang et al., 2021; Abjean et
al., 2022).
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1.3.3.5 Reactive astrocytes show beneficial roles at the beginning of

neurodegeneration

Astrocytes have shown beneficial roles in neurodegenerative disease, including the
phagocytosis of intracellular aggregates such as amyloid-beta and a-synuclein (Nielsen et al.,
2010; Jones et al., 2013; Booth, Hirst and Wade-Martins, 2017). However, it appears that in the
late stages these astrocytes become defective, failing to phagocytosis and remove amyloid-beta
plaques in a late-stage Alzheimer’s disease model (Pihlaja et al., 2011).Astrocyte phagocytic
mechanisms are impaired in neurodegenerative disease, potentially due to the accumulation of
reactive oxygen species (Motori et al., 2013). This is supported by studies reporting an initiation
in astrocyte-specific autophagy suppressed amyloid beta-induced inflammatory responses
(Garwood et al., 2011; Hong et al., 2018).

1.3.3.6 Astrocyte-derived EVs are suggested to spread pathology and exacerbate

neurodegeneration

A recent development of interest in the field is Astrocyte Derived Extracellular vesicles
(ADEVs). Treatment with Al initiators such as TNF-a and IL-1p has demonstrated ADEVs
enriched in microRNA’s related to exacerbation of neurodegeneration (Chaudhuri et al., 2018;
Datta Chaudhuri et al., 2020). In addition to this, ADEVs have roles in spreading
neurodegenerative pathology, with analysis revealing that ADEVs from Alzheimer’s patients
contained amyloid-beta and complement proteins, therefore suggesting a pathological role
(Goetzl et al., 2016; Winston et al., 2019).

1.3.3.7 The early stages of neurodegeneration are incomplete

It is important to note that most of the research cited in the previous paragraphs focuses on
examining reactive gliosis responses to late stages of neurodegeneration, where neuronal death
has already occurred. Although it is useful in understanding the mechanism of
neuroinflammation in neurodegeneration, this does not inform the scientific community about
the initiator of neuroinflammation and thereby, potential treatments to prevent neurotoxicity.
There are few studies reporting neuroinflammation before neuron death (Hanzel et al., 2014;
Choi et al., 2020), therefore showing a potential literature gap that is important to fill so we are

able to investigate the potential contribution of neuroinflammation to neurotoxicity.
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1.4 Proteomics and acute slice culture as methods used for studying neurodegenerative

disease.

1.4.1 Mass spectrometry and SWATH-MS for proteomics
Mass spectrometry is an analytical- technique based on the ionisation of proteins and

subsequent analysis of charged peptides to assess the relative abundance of different proteins
in tissue samples. Briefly, the tissue is disrupted, and proteins in the tissue are then
proteolytically cleaved into peptides and subjected to separation through liquid chromatography
(LC). This separation results in parent molecules, which are separated by their mass to charge
(m/z) ratio (MS1) and then further subjected to fragmentation and detection (MS2).

In mass spectrometry, the analysis process can be classified as data-dependent or data-
independent (figure 1.8). Data-dependent acquisition (DDA), the most common method,
typically performs a ‘survey scan’ to identify the most abundant ions (called MS1) which are
then selected for fragmentation (MS2) (figure 1.8a). DDA has advantages such as the increased
dynamic range when profiling over a broad molecular weight range (Stewart, 2015). However,
there are disadvantages such as oversampling high-intensity peptides and missing low-intensity
peptides, leading to disproportionate proteome representation (Johnson et al., 2013;
Kaklamanos, Aprea and Theodoridis, 2016). In contrast, Data-independent acquisition (DIA)
selects a predefined m/z charge precursor ion window (from MS1), which is then filtered and
fragmented (MS2) (figure 1.8b). This addresses the disadvantages of DDA’s selection bias in
protein coverage. For example, in triple quadruple mass spectroscopy, selected precursor ions
are filtered through the quadrupoles and provides high resolution and specificity in the selection
of ion fragments. Despite total coverage of the window selected, windows are predetermined

and therefore this does not cover the entire proteome.
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Figure 1.8: Mass spectrometry can be operated in either data dependent acquisition or data independent
acquisition mode. 1.8A) Peaks in the relative intensity (Y axis) of the precursor parents ions separated by m/z
ratio (X axis) are regarded as the most abundant. In DDA, the most abundant ions are fragments, typical of Time
of Flight (TOF) mass analyzer. 1.8B) The peaks in the relative intensity (Y axis) of the precursor parents ions
separated by m/z ratio (X axis) does not matter in DIA, as a specific window of m/z is selected (highlighted) and
this selection is subjected to fragmentation. It is only the selected ions within that range that are fragmented.

Image adapted from Ciborowski and Silberring (2016)

Sequential window acquisition of all theoretical mass spectra (SWATH-MS) is a quantitative
MS proteomic technique, which utilizes both data independent and data dependent acquisition
(Gillet et al., 2012). Individual samples undergo SWATH-MS — a series of 32 sequential
overlapping scans at pre-determined windows of 25 m/z throughout the m/z range, covering
400 — 1200 m/z. Before this, a spectral library needs to be created where a selection of pooled
samples are running in DDA mode which is subsequently made into a spectral library (figure
1.9A) which is used to mine data from subsequent scans of individual samples (figure 1.9B).
This spectral-library extracts results in an extract ion chromatogram, where the quantitative
value of the peptide is calculated using the area under the peak (Ciborowski and Silberring,

2013).
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Figure 1.9: SWATH-MS requires a spectral library for data independent acquisition. 1.9A) A spectral
library is created from a selection of pooled samples from each condition, typically run in DDA mode such as
Time Of Flight (TOF). Top parent ions are chosen to be subject to quadrupole mass spectrometry where
resulting fragmented ions are identified via a known database. This is the creation of the spectral library. 1.9B)
Individual samples undergo continuous MS1 overlapping scans which is saved individually. The spectral
library ‘mines’ the data by identifying identical ions from the sample. These parent ions are subject to QqTOF

which then results in the detected spectra (MS2). Image adapted from Ciborowski and Silberring,(2013)

Using many consecutive isolation windows, the entire mass range is covered continuously
during each scan cycle, allowing the identification and quantification of a range of peptides
regardless of their abundance. SWATH spectral libraries can be updated and mapped onto the
MS1 scan, therefore creating an abundance of data that can be referred to for several

experiments (Carlyle, Trombetta and Arnold, 2018).

SWATH-MS shows high accuracy compared to other mass spectrometry methods (Jylh& et al.,
2018) and has shown utility in neurodegenerative disease proteomic research, particularly in
identifying non-invasive biomarkers for the diagnosis of diseases through blood, cerebral spinal
fluid and urine (Jylhd et al., 2018; Park et al., 2020). It is also a robust screening technique to
identify novel proteins that may have vital roles in pathologies but have traditionally been

missed due to the lack of sensitivity in other analytical methods.
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1.4.2 Acute slices and organotypic culture

Immunohistochemistry and Immunofluorescence staining of fixed brain tissue is a common
wet-lab principle to visualize glia cells and their reactivity status in neurodegenerative disorders
and has been used successfully in a multitude of research outputs and disease classification
(Lowe, Hand and Mayer, 2005; Serrano-Pozo et al., 2011; Deture and Dickson, 2019).
Although these techniques are useful in understanding the reactivity status in these disorders,
the study of inherent glia mechanisms underlying their reactivity is difficult to capture in a

snapshot of tissue.

The study of isolated glia in vitro has shown beneficial effects, namely understanding glia
responses to aggregated proteins in neurodegenerative disease (Ransohoff and Perry, 2009;
Jones et al., 2013; Sobue et al., 2021). However, research has shown that these experiments
show poor translational scope in applying these results to in-vivo models, presenting the
argument that isolated glia experiments do not truly reflect the complexities at play (Parviainen
et al., 2017; Belle et al., 2018; di Lucente et al., 2018). In addition, the study of glia is
particularly hard due to the isolation process changing gene expression and morphology of the
cells and thereby consequently, does not reflect gliotransmission with neurons in an in-vivo
setting, therefore supporting a lack of construct validity (Ransohoff and Perry, 2009; Lull and
Block, 2010; Butovsky et al., 2014).

Pioneer Henry Mcllwain reported the first use of acute brain slices in the late 1950s, and his
basic technique continues to be used today (Li and Mcllwain, 1957; Wellbourne-Wood and
Chatton, 2018). Brain slices are cut at 350 uM to 400 uM thickness and maintained in an
artificial cerebral spinal fluid (aCSF) supplemented with carbogen (0.-CO.) at 32-33 °C to
avoid temperature sensitivity changes (Teyler, 1980; Fujii, Baumgértl and Libbers, 1982; Reid
et al., 1988). The use of acute slices has been praised for translational relevance in the field,
with many studies reporting reproducible in-vivo results (Cho et al., 2004; Sherer et al., 2003).
This is partly attributed to the acute slice maintaining its inherent structure, thereby the study

of neurons and glia functional relationships is more valid.

Acute slices have the potential to undergo pharmaceutical manipulation and therefore can assess
clinical candidates before phase 1 trials (Cho, Wood and Bowlby, 2007; Malla et al., 2022).

One of the disadvantages of acute slices is their short life span, reporting a maximum of 6-12
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hours of cell viability, however, this is aimed to be remedied by organotypic culture where
slices can be maintained for multiple weeks. Organotypic culture has already shown promise
as a testing platform in neurodegenerative mice model brain slices (Humpel, 2015; Croft et al.,
2017; Croft et al., 2019; Malla et al., 2022).
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1.5 Psmc1;CaMKIlla-cre mouse as a model for studying neurodegenerative disease

1.5.1 Cre-LoxP
The use of genetic manipulation in animal models has been utilized for the study of human

pathological conditions, with manipulation of the ‘CreLoxP system’ one of the first to be
reported. The CreLoxP system is a vital part of the P1 bacteriophage life cycle and reproduction
(Adams, Bliska and Cozzarelli, 1992; Lobocka et al., 2004; Yarmolinsky and Hoess, 2015).
Cre Recombinase (named cyclization recombinase) is a site-specific enzyme that catalyses
genetic recombination of DNA between two Locus over X P (LoxP) sites, comprising of 13

palindromic base pairs separated by an 8 base paired spacer.

In brief, Cre recombinase acts as two separate subunits on each LoxP site, cleaving the DNA
backbone, leading the two partnered subunits to form a tetramer, circling the DNA ‘floxed’
between these two points. Depending on the LoxP site orientation, this can lead to specific
recombination leading to DNA insertion (for replication in daughter cells) or deletion
(removing the formation of dimers) from the plasmid. This technique was first discovered to be
applicable for genetic deletion or insertion in mammalian cells by Sauer and Henderson (Sauer
& Henderson, 1988). Later, LoxP flanked selection cassettes were inserted into introns of the
chosen gene in mice embryonic stem cells to produce genetic knock-out animal models
(McHugh et al., 1996). Although knock out models has gained success in the past, many genes
have shown to be vital in embryonic development and thus, complete deletion of genes of
interest that have these roles renders unviable offspring (Capecchi, 1989; Beglopoulos and
Shen, 2004; Mak, 2007). The CreLoxP system offers a functionality whereby the position of
cre recombinase under a postnatal development-specific promoter enables the examination of
the depletion of a protein in an animal model, therefore bypassing this caveat. This functionality
has been exploited for the manipulation of gene expression in mouse models of

neurodegeneration.

1.5.2 CaMKlla-cre
Calcium signaling is crucial for several aspects of plasticity at glutamatergic synapses.

Intracellular free calcium changes induce phosphorylation and activity of target proteins
involved in neurotransmitter synthesis and release, neuronal plasticity and gene expression.

These processes are mediated by the Ca?*/calmodulin-dependent protein kinase (CaMKII)
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family (Mayford et al., 1996; Hudmon and Schulman, 2002; Merrill et al., 2005; Whitlock et
al., 2006).

This holoenzyme is composed of four different chains: a, B, v and 6, encoded by genes
camk2a,camk2b,camk2d, and camkdg, respectively. The subunit composition varies in areas of
the brain -for instance, CaMKIIp presence is enriched within the cerebellum, whereas CaMKlla
is enriched within the adult forebrain and hippocampal regions (McGuinness, Lai and
Greengard, 1985; Miller and Kennedy, 1985; Shonesy et al., 2014; Zalcman, Federman and
Romano, 2018).

CaMKIlla expression is localised within the CA1 and CA3 pyramidal glutamatergic neurons in
the hippocampus and the dentate gyrus, comprising 2% of the total protein level (Hudmon &
Schulman, 2002; Wang et al., 2013). CaMKIlla translocates from the cytosol to associated
neuronal membranes and post-synaptic junctions in dendritic spines, initiated by elevated
synaptic activity during the second and third week of development (Burgin et al., 1990;
Mayford et al., 1996; Ahmed and Frey, 2005). Pharmaceutical inhibition of CaMKlla activity
results in long- and short-term memory impairment, suggesting this isoform has a key role in

learning (Zalcman, Federman and Romano, 2018).

Placing the Cre recombinase enzyme under the control of the CaMKIlla promoter allows for
various transgenic models to target individual proteins roles within neurons central to memory
formation, such as the NMDA receptor (McHugh et al., 1996). CaMKIlla-cre mice studies have
shown that the Cre protein is expressed at P3, however, Cre LoxP reporter mice show the initial
recombination in Lacz/GFP reporter mice at days P18-P19 (Kelly and Vernon, 1985; Casanova
etal., 2001; Tsien, 2016).
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1.5.3 Psmc1f:CaMKlla-cre mirrors human pathology
With strong evidence based on proteasome disruption in neurodegenerative disorders alongside

conflicting evidence of proteasome inhibitor studies, a new approach was needed to investigate
the role of the proteasome in neurodegenerative mechanisms. Bedford and colleagues generated
the Psmc1":CaMKIla-cre mice strain (Bedford et al., 2008).

This mouse model placed the Psmc1 gene, which encodes the rpt2 subunit of the 19S regulatory
particle, under spatial control of the CaMKIllo promoter. A chronological table of the
pathological events is shown in table 1.5. As the CaMKIlo promoter is activated at p18-19,
Psmcl gene deletion was initiated at this time in CaMKIlla expressing cells; namely neurons in
the dentate gyrus, CA1, CA3 region and the forebrain. The 26S proteasome is depleted over 10
days, whereby at 3 weeks mice have an increase in the accumulation of ubiquitin tagged
proteins, alongside an induction of autophagy. At 4 weeks, the 26S proteasome is completely
depleted, with pyknotic nuclei and intraneuronal inclusions present. At 5 weeks old, CaMKlla-
cre neurons show signs of apoptosis. Intraneuronal inclusions resembling human pale bodies
appeared at 6 weeks old, alongside impaired autophagy-lysosomal function (figure 1.10). At
this point, animals also demonstrated severe anxiety and memory deficits in field tests
compared to control littermates. In addition to this, the Psmc1"™:CaMKIla-cre mice also report
an upregulation in neuroinflammation markers Ibal and GFAP across the cortex, which
increase in association with disease pathology (Geiszler et al., 2018). However, it must be noted
that the aetiology of this neuroinflammation cascade, and its potential consequences, have not

been accounted for.
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Figure 1.10: Psmcl1 "M ;CaMKIIa-cre mice resemble human-like pathology at 6-weeks of age, resembling
pale-body inclusions in CaMKIla-cre neurons. Panels reflect the staining method used: A) Haemotoxylin and
Eosin (H&E) B) Ubiquitin, C) alpha-synuclein, and D) P62. The figure is taken from Bedford et al. (2008).
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Table 1.5: Overview of Psmc1":CaMKIIa-cre pathology from published peer-reviewed research papers

Descriptor

Age (weeks)

Phenotype

CaMKlla

neurons

Microglia

Astrocytes

Mitochondria

4 5 6

Anxiety
Spatial learning

Memory

26S proteasome

decrease in 26S

— | «| =

«—

Body weight

Neuronal death/aggregate
formation

Ubiquitin-tagged proteins|

Autophagy]|

Oxidative defence vial
PRDX6

Mitochondria location

proteasome
complex 20S predominate complex
Pyknotic nuclei
Intraneuronal  [Neuronal
inclusions death |Pale bodies| ND
T
T !

Paranuclear

Mitochondria mitophagy|

N

Mitochondria dysfunction

Key: 1 - upregulated compared to age-matched control littermates. | - downregulated compared to age-matched
control littermates. Acronyms: ND — Neurodegeneration; ROS — reactive oxygen species. Boxes highlighted in
red are particular to neuroinflammation. Boxes with no text represent a lack of peer-reviewed data for this
descriptor * - measured via western blot. Data extracted from the following papers: Bedford et al., 2008; Elkharaz
et al., 2013; Ugun-Klusek et al., 2017; Geiszler et al., 2018).
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1.6 Aims of this thesis

1.6.1 Rationale
The Psmc1":CaMKIlo-cre transgenic mice model is the first in vivo model which

demonstrates time-dependent 26S proteasome depletion resulting in neurodegenerative disease,
comparable with human pathology. Since the CaMKIlla protein has only been visualised in
neurons, the Psmc1™™:CaMK I la-cre transgenic mice provides an opportunity to investigate the
mechanisms of direct neuronal proteotoxicity effect on the brain’s microenvironment
throughout neurodegenerative disease (Garwood et al., 2013; Ouimet et al., 1984; Scholz et al.,
1988). As this model displayed intraneuronal inclusions at 4 weeks old, followed by neuronal
death at 5-weeks old then neurological defects at 6 weeks old, this gives a 3-week period to
investigate glia responses before disease pathology. The next section will briefly outline the
rationale and aims for each data chapter, intending to further clarify glia-responses to neuronal-

26S proteasome depletion.

1.6.2 Proteomic profiling using SWATH-MS
Protein expression profiling will be employed in 2,3,4-5 weeks of Psmc1™:CaMKIla-cre mice

and their age-matched litter mates, to report quantitative protein differences in correlation with
progressive disease pathology. These protein changes will be uploaded to a bioinformatics
analysis programme to derive and evaluate potential pathways enriched before

neurodegenerative disease pathology is present.

1.6.3 GFAP upregulation and subsequential Astrocytic-STAT3 reactivity
Based on SWATH-MS data, GFAP immunoreactivity and expression will be explored in the

mouse model prior to the onset of extensive neuronal death. 2,3-and 4 week old Psmc1
;CaMKIlla-cre mice and their age-matched control controls will be subjected to western blot
for key markers; GFAP, STAT3a and phosphorylated-STAT3 tyrosine 705. These markers will
also be explored in immunofluorescence staining to provide the number of GFAP*/STAT3a*

astrocytes and localised astrocytic-STATS3.

1.6.4 Pharmacological treatment of acute slices to investigate potential STAT3-agonists
Quantitative PCR will be used to assess potential astrocytic-STAT3 agonists in

Psmc1":CaMKIllo-cre mice, and then pharmacological treatment of acute slices will be
performed to investigate direct astrocytic-STAT3 Tyrosine 705 phosphorylation in situ. STAT3
Tyrosine 705 phosphorylation will be assessed by immunohistochemistry and western blot

analysis.
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Chapter 2 Materials and Methods

The following chapter describes the materials and experimental methods used throughout this
thesis. In addition to this chapter, a brief overview of the relevant techniques will be given at

the beginning of each experimental chapter.

2.1 Animal model

2.1.1 Ethics and animal husbandry
The mice were from a C57BL/6 background and housed in the Biomedical Services Unit,

Queens Medical Centre, the University of Nottingham, in line with the UK Animals Scientific
Procedures Act (ASPA) 2012. Mice were housed in a specific pathogen-free environment in
identical isolator cages. These cages occupied appropriate environmental enrichment,
underwent 12-hour light and 12-hour dark cycles, and allowed mice to have free access to food
and water. Animals were reviewed daily by staff members, and animal welfare concerns were
reported to the Named Animal Care and Welfare Officer (NACWO). Mice in moderate to
severe distress were culled. All procedures were carried out with ethical approval from the
University of Nottingham Ethical Review Committee and conducted under personal and project
licenses granted by the UK Home Office in accordance with the Animals (Scientific
Procedures) Act 1986 (P3/75A76/FE).

2.1.2 Generation of animal model
The generation and breeding of the Psmc1™™:CaMKIla-cre mouse model was in place prior to

the thesis project beginning, and have been housed in the Biomedical Services Unit at the
University of the Nottingham for approximately 10 years. The paper 'Depletion of 26S
proteasome in mice forebrain neurons' detailed the generation of the Psmc1":CaMKIlo-cre
mouse model (Bedford et al., 2008). A LoxP flanked neomycin-thymidine kinase selection
cassette and a loxP site was inserted into introns 1 and 3, respectively, of the Psmc1l gene (Gene
ID 19179) in mouse 129/Sv embryonic stem (ES) cells. Cre was transiently expressed in vitro

to excise the Psmc1 gene. PCR amplification identified the correct Psmc1 " clones.

Identified correct Psmc1 " clones in ES cells underwent chimeric aggregation: the correct

Psmc1-"" clones were aggregated with a CD-1 morula (early-stage embryo) to produce male

38



Psmc1 "™ mice. These were bred with CD-1 females to produce homozygous female Psmc1 I/

mice. The details of the origin of these CD-1 females are unknown.

Neuron-specific ablation of Psmc1 was achieved by crossing the Psmc1" mice with CaMKllo-
cre mice (Lindeberg, Mattsson and Ebendal, 2002) to produce Psmcl "™ CaMKIllo-cre and
Psmc1™t:CaMKIlla-WT mice. CaMKlla is strongly expressed in hippocampal neurons,
particularly granule and pyramidal neurons (= 70%), and to a lesser context in the neocortex
(=35%) (Wang et al., 2013). Female Psmcl "™:CaMKIlla-cre mice mated with
Psmc1":CaMKIlo-WT mice to produce the mutant mouse model, Psmc1™: CaMKlla-cre.
This was the final breeding scheme for the colony. As Psmcl "™:CaMKllo-cre and
Psmc1™:CaMKIlo-WT mice displayed no detectable alterations compared to the mutant
phenotype, they were used as control mice for the colony (Paine, 2013).

2.1.3 Rederivation attempts
Rederivation, for the removal of inherited pathogens common to the mice strain, was attempted

many times with the Psmc1":CaMK Ilo-cre colony prior to this beginning of this thesis project;
however, it was deemed unsuccessful. The colony tested positive for Mouse Norovirus,
Helicobacter hepaticus and Tritrichomonas sp. Due to this, several experimental constraints

are sign-posted in each affected method.

2.1.4 Genotyping

2.1.4.1 gDNA extraction

Genotyping of the colony was conducted in-house and throughout this thesis project. Ear
notches (2 mm diameter) were taken from mice after weaning (P21 onwards) and collected in
1.5 mL Eppendorf labelled with the corresponding pedigree number. 500 puL of Lysis Buffer
(100 mM Tris-HCI pH 8.5, 5 mM Sodium Chloride, 2mM EDTA, 0.2 % SDS and 200 mM
NaCl) with 25 pL of Proteinase K (#P2308, Sigma-Aldrich) was added to ear notches and
incubated at 56 °C overnight. After overnight incubation, the ear notch was vortexed for 10
seconds and centrifuged at 9300 g for 10 minutes to pool debris. The supernatant was removed
and an equal volume proportional to the isopropanol volume was added with end-over-end

mixing to encourage precipitation of genomic DNA (gDNA).
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The DNA pellet was washed with 500 pL of 70% sterile ethanol (vol/vol) and then subjected
to centrifugation at 16,100 g for an additional 10 min. The 70% ethanol was removed and the
pellet was left to air dry. Upon confirmation that all ethanol was successfully removed, pellets
were resuspended in 50 pL of HyClone™ water (#10307052, Fisher Scientific). The gDNA
quantity (ng/pL) was assessed with the NanoDrop™ spectrophotometer (#ND-2000, Fisher

Scientific).

2.1.4.2 PCR reaction

100 ng/pL of gDNA from each pedigree was used in 10 pL Polymerase Chain Reactions
(PCRs). Primers were synthesised by Sigma Aldrich to detect the Psmc1l floxed allele and cre
are detailed in table 2.1.

Table 2.1: PCR primers used for genotyping Psmc1™:CaMKIla-cre colony

Target Sequence Base pairs (BP)
Cre (sense) GGTAGCACCGCAGGTGTAG 380
Cre (antisense); CTAATCGCCATCTTCCAGCAG 380
Psmc1 (control and floxed sense (LB3)) TACGAACCTCCTGTCCCAAC 395
Psmc1 (knock-out sense (D1360)) CAGAAATACAGCCAGTGACC 216
Psmcl (common antisense (X316)). CTGGAACTCAGTGGATTGAG 349

Cre sense and antisense were utilised in the same reaction, and Psmc1 alleles were utilised
separately, leading to two separate PCRs per pedigree. Each 10 pL reaction was made up in

sterile 0.2 mL eppendorfs in the following manner (table 2.2)

Table 2.2:PCR reaction composition (per one gene)

Volume (uL) Ingredient

1.00 10X DreamTaq™ Buffer (#B65, Fisher Scientific)

1.00 1mM dNTPs

0.5 Forward Primer (4uM)

0.5 Reverse Primer (4puM)

0.05 DreamTagq™ DNA polymerase (#EP0702, Fisher Scientific)
100 ng as determined by nanodrop Template gDNA

to final volume (10) HyClone™ water

After making up the PCR reaction, eppendorfs were centrifuged briefly to ensure DNA was at
the bottom of the tube. Eppendorf caps were fitted securely to avoid evaporation of the PCR
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product and placed in the Mastercycler gradient PCR machine (#950000023, Eppendorf),

running the programme listed in table 2.3.

Table 2.3:PCR programme for amplification of Psmcl-wt/Psmcl-floxed and Cre positive genes

Temperature Duration (mins)
94 3.0
94 0.5
65 0.5
72 0.5
35 cycles
72 3.0

2.1.4.3 Visualising PCR products

3 % (w/v) Seakem agarose in Tris-acetate-EDTA (TAE buffer) was heated for 5 min to create
an acrylamide gel mixture. The gel mixture was left to cool to room temperature then 5%
(vol/vol) SYBR™ Safe DNA Gel Stain (#S33102, Fisher Scientific) was added and mixed
thoroughly. This gel mixture was poured into an agarose tank mold with combs and left to set
for 30 min. After setting the gel and removing the combs, the 3% agarose gel was submerged
in TAE buffer (0.04M Tris, 0.001M Na-EDTA and 0.02M acetic acid, pH 8.0) in a gel-
electrophoresis tank (#FB58120, Fisher Scientific). 5 pyL of 100 bp DNA ladder (#N3231L,
New England Biolabs) and 10 pL PCR products were added to the gel. The gel was run at 100
V, 300 mA for 30 min. For visualisation, the gel was transferred to an ultra-violet light imaging
cabinet (Gene Genuis Bioimaging System, SynGene), where PCR products were visualised and

captured using the GeneSnap software (figure 2.1).
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Figure 2.1: Genotype experiment performed as part of the project for maintenance and breeding of the
Psmc1™f:CaMKIlla-cre colony. 2.1A) Psmcl gene present as floxed (band at 395bp), Psmc1 gene control (band
at 350bp). 2.1B) Cre band either present or absent (band at 380bp). Mice genotype as follows: Mouse 1:
Psmc1M:CaMKIla-wt (Control),Mouse 2: Psmc1":CaMKIla-wt (Control), Mouse 3: Psmcl "™ CaMKIllo-wt
(Control),Mouse 4: Psmcl:CaMKllo-cre (Mutant),Mouse 5: Psmc1™t:CaMKlla-cre (Control),Mouse 6:
Psmc1?.CaMKlla-cre (Control).
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2.2  Sequential Window Acquisition of all Theoretical Mass Spectra (SWATH-MS)

2.2.1 SWATH-MS sample preparation
2,3-,4- and 5-week old mouse brains (Psmc1":CaMKIla-cre (n= 6), control (n= 6)) were used

for these experiments. Brains were separated by midline hemisphere, and one hemisphere was
utilised for mass spectrometry analysis and the remaining hemisphere was used for wet-lab
experiments to validate the mass-spectrometry data set. Sample preparation was undertaken by

Dr Jamal Ibrahim Elkharaz.

One hemisphere per each experimental animal was homogenised in 200 pL of Lysis Buffer (9.5
M Urea, 2 % Dithiothreitol (DTT) and 1% n-octyl-p-D-glucoside (BOG)). The samples were
centrifuged at 16,000 g, then frozen at -80 °C for 15 mins then thawed at room temperature for
15 mins twice to encourage cell lysis. The samples were placed on ice and sonicated with three
pulses for 5 secs, followed by centrifugation at 9300 g for 5 min at a temperature of 4 °C. These
pellets contained insoluble debris, and supernatants were removed to clean pre-cooled

eppendorf tubes, and proteins were quantified using a Bradford Assay (Bradford, 1976).

After protein concentrations had been determined, 50 pg of protein was made in a volume of
up to 20 pL using double distilled water, then 1 pL of 0.5 M dithiothreitol was added to each
sample and incubated at 52 °C for 20 min. 2.7 pL of 0.55 M iodoacetamide was added to each
sample and incubated for 15 min in the dark at room temperature. Samples were dried in an
Eppendorf ™ concentrator at 45 °C for 60 minutes, then pellets were resuspended in 100 pL of
50 mM triethyl ammonium bicarbonate. 2 ug of trypsin in 1 mM HCI was added to the sample
and incubated in a 37 °C shaker block overnight. The sample was dried in an Eppendorf ™
concentrator at 45 °C for 90 minutes. Pellets were resuspended in 50 pL of 5 % acetonitrile in
0.1% formic acid solution. Samples were centrifuged at 8 °C for 10 min at 9300 g. The
supernatants were transferred to mass spectrometry vials for further analysis. Mass
spectrometry analysis was performed on the SWATH acquisition feature, AbSciex TripleTOF®
6600 Mass Spectrometer at Nottingham Trent University and performed by Dr David Boocock.

2.2.2 Sample analysis
The resulting data was uploaded and analysed with the 'Protein Workflow expression’

application hosted by Basespace Illumina. The protein workflow expression application has in-

house statistical testing which controls for multiple comparisons and the removal of false
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positive and negative results. The raw data was downloaded at 0% confidence with single
peptides removed. In this context, confidence refers to the positive assurance that the abundance
of ions matches the assigned peptide by using in-programme algorithms to check databases of
similar samples(Keller et al., 2002). Two-week-old control and Psmc1™™:CaMKIla-cre mice
show no significant differences in neuroanatomy (Bedford et al., 2008) therefore representing

a reference to base level for confidence changes.

Proteins detected in this group showed a maximum of 54% confidence; therefore, this was the
lower limit for subsequent studies. Protein lists were separated via experimental groups filtered
to 54% and above confidence. In-programme student t-test results from SWATH-MS data
comparing Psmc1":CaMKIIo-cre mice (n=6) vs age-matched control mice (n=6) for each age
group (3, 4 and 5 weeks), therefore providing three experimental groups, and were presented
as an expression of protein upregulation/downregulation vs the Psmc1";CaMKIla-cre mice
model. The results of these were used to select significant data (probability < 0.05) for

subsequent analysis.

2.2.3 Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) data analysis
Selected proteins over 54% in confidence were assigned their corresponding gene name from

Uni-Prot (https://unitprot.com) and submitted for network analysis in Search Tool for the

Retrieval of Interacting Genes/Proteins  (STRING)  version  11(https:/string-
db.ora/)(Szklarczyk et al., 2019). Network analysis displayed molecular interactions in various
data sources such as text mining, experiments, databases, co-expression, neighbourhood, gene
fusion and co-occurrence. The minimum required interaction score was set at 40 % and above.
for protein pathways to be considered. PPI (Protein-Protein Interaction) map was exported
displaying the strength of interaction, and the enrichment p-value and FDR (False Discovery

Rate) were recorded.
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2.3 Immunohistochemistry — paraffin-embedded.

2.3.1 Tissue retrieval
Transcardial perfusion was performed on mice to remove contaminating blood from the brain.

This was undertaken under PIL number: 1I9D138A1A, under project license: P3/75A76/FE for
this project. 100 pL of pentobarbital was injected intraperitoneally into mice. On confirmation
of deep anaesthesia via loss of pinch reflex, mice underwent transcranial perfusion with
approximately 20 mL of saline solution (0.9% NaCl, 1% Heparin Sulphate (w/v) in PBS) to
flush contaminating blood from tissue. Due to rederivation issues, paraformaldehyde (PFA)
was unable to be flushed via the circulatory system due to a lack of safe disposal. To remedy
this, brains were quickly removed intact and submerged in 4% PFA (w/v) in PBS and left

overnight at 4 °C.

2.3.2 Tissue processing
After overnight fixation, brains were washed with PBS (#18912014, Fisher Scientific) three

times for 5 min intervals. Tissues were processed in paraffin in a TP1050 tissue processor
(Leica) at the School of Life Science Imaging Facility (SLIM), University of Nottingham.
Brain tissues were subjected to the following process: Ethanol was used to dehydrate the tissue
whilst chloroform was used as a clearing agent to remove excess ethanol before embedding it
in paraffin, following a 10-step protocol (table 2.4).

Table 2.4: Tissue processing steps utilised by TP1050 tissue processor

Step Station Time (mins)
1 70%Ethanol 90
2 80% Ethanol 90
3 96 % Ethanol 90
4 100% Ethanol 60
5 100% Ethanol 60
6 100% Ethanol 60
7 100% Chloroform 180
8 100% Chloroform 180
9 Paraffin wax 120
10 Paraffin wax 120
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Paraffin wax, heated to 60 °C, was added to brain tissue in a metal mould, and the treated tissue
was placed on ice to prevent the formation of large crystals using a Leica EG1160 Embedding
Centre. Once paraffin wax cooled and solidified, the block was removed from the mould and
kept at 4 °C until cutting with a microtome. Leica RM2155 rotary microtome was used to take
10 pm sections with the brain in a horizontal orientation to match the Mouse Brain Atlas
(Franklin and Paxinos, 2008). Paraffin sections were smoothed out in a heated water bath and
then applied to 3-Aminopropyltriethoxysilane (APES) covered slides (#42763006-1,
Glycomatrix). Excess water was removed using filter paper to apply slight pressure on the

section. Slides were dried at 40 °C and kept in slide boxes at room temperature.

2.3.3 Immunofluorescence staining
Formalin Fixed Parrafin Embedded (FFPE) slides created using the procedure in section 2.3.2

were used for Immunofluorescence staining for the examination of GFAP and STAT3 reactivity
in 2-,3- and 4-week old mice. All slides for this staining were chosen so age-matched controls
were closely aligned to the horizontal map co-ordinates (Interaural:4.36mm
Bregma: -5.64 mm) in the mouse brain atlas mentioned previously. These slides were taken
through dehydration stages of xylene, 100% ethanol,95% ethanol, 70% ethanol and running
water for ten mins each. After this, antigen retrieval was performed with Tris-EDTA (pH 9.0)
for 20 min at 95-100 °C. The slides were left in antigen retrieval buffer at room temperature for
20 min to cool, then washed in running tap water for 10 mins to remove excess salt. Slides were
then treated with 0.1% sodium borohydride solution (w/v) in Phosphate Buffered Saline (PBS)
(#003002, for 30 min to remove endogenous fluorescence. After this, slides were washed with
0.9% (w/v) saline solution six times for 5 min, using a new solution each time. Slides were

washed with PBS thrice for 5 mins. Slides were dried, taking care to avoid the tissue sections.

An ImmEdge® Hydrophobic Barrier pen (H-4000, Vector Laboratories) was used to draw
around the brain to create a hydrophobic barrier to keep following solutions localised. Blocking
of non-specific staining was achieved using 5% goat serum in Mouse On Mouse (M.O.M)
blocking solution (v/v in TBS-T) (#MKB-2213-1, Vector Labs) for 1 hr at room temperature.
This solution was removed, and sections were incubated in M.O.M reagent (v/v in TBS-T) for
5 minutes. This was then removed, followed by incubation with primary antibodies (STAT3a-
Rabbit, 1:100, Cell Signaling #8768); (GFAP-Mouse, 1:500, #ab4648, Abcam) in 5% Goat
Serum in M.O.M reagent overnight at 4 °C. Following incubation, slides were washed in PBS

for 20 minutes thrice to remove excess primary antibodies. Fluorescent secondary antibodies
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and nuclear stain were mixed in 5% goat serum in M.O.M reagent (Alexafluor 488 donkey anti-
mouse; (#R37114, Thermofisher) 1:500, Alexafluor 568 goat anti-rabbit;(#A-11011,
Thermofisher) 1:500, 4',6-diamidino-2-phenylindole (DAPI) (#62248, Thermofisher) (1:1000)
and incubated in the dark for 1 hour. Slides were washed in PBS thrice and mounted with

DAKO mounting media. These were sealed with nail varnish and left to dry.
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2.3.4 Analysis
Zeiss Axio Vert.Al Microscope was used to take images at x20 magnification using Zen 2.5

software (www.zeiss.com). Regions of interest (ROI) were identified in each hemisphere:
Cerebral cortex (2), Hippocampus (CA1 (2), CA3 (3), DG (4)) whereby the number represents

the number of individual images captured to cover the region of interested. The cerebral cortex

images were taken in layers 1-4, focusing on the somatosensory cortex. The images were taken
in the following fashion at the following light intensity (%) and time exposure (ms -
milliseconds) (table 2.5).

Table 2.5:Immunofluorescence channels, secondary antibody imaged, intensity percentage and

exposure times used for the image taken and further image analysis

Channel Secondary antibody Intensity (%) Exposure (ms)
DAPI DAPI 100 20

FITC Alexafluor donkey-anti mouse 488 100 150

TRITC Alexafluor goat-anti rabbit 568 100 600

Images were saved as multichannel images then imported to Microsoft PowerPoint and
assigned an experimental number per each image (I.E: n1, n2, n3...) which corresponded to the
slide number, genotype, age and region of interest in a separate excel document. The image
scale bar was removed for analysis to avoid visual obstruction of potential positive cells. To
establish that the criteria for the number of positive cells was consistent, a sample stack of
images were analysed by three independent researchers with the criteria listed in section 2.3.4.1,
all blinded to age and genotype to ensure a non-biased analysis. After validation of this criteria
showing consistency across three independent researchers, future analysis was carried out by
myself with the knowledge that the criteria was replicable, ensuring | was blinded to age and
genotype also. After the analysis was complete, the excel sheet was used to regroup the data

for statistical analysis.

2.3.4.1 Number of GFAP*/STAT3a* & STAT3a*/DAPI* cells

For both analyses, to establish the number of positive cells per area (1.E: CAl, CA3, DG,
Frontal cortex), images were imported to Microsoft PowerPoint, and gridlines were imposed.
The number of cells was counted in each photograph, using the gridlines as reference. The

number of cells was divided by the number of images per area. If the average resulted in one
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decimal places, the count was either rounded up or down depending on the decimal place (E.g
11.3 would be rounded down to 11, 13.7 would be rounded up to 14).

Example: GFAP*/STAT3a */DAPI* cells in the CAL region

3 images
Photograph 1: 13 Photograph 2: 14 Photograph 3: 11
13+14+11
— 3 = 12.6

12.6 rounded up = 13 positive cells

For a cell to be defined as GFAP*/STAT3a*/DAPI*, the criteria were:
e STAT3a" was localised to a DAPI™ nucleus
e STAT3a" and DAPI™ positive nucleus was surrounded by a GFAP positive cell body
which included a minimum of one process.
e GFAP" positive processes overlap with STAT3a* positive process, minimum of one

process.

The number of cells conforming to these criteria was counted visually and numbers were
collated in a Microsoft Excel document under the assigned experimental number (figure 2.2).
For labelling purposes, these cells were named GFAP*/STAT3a" cells in subsequent data
reporting. For STAT3a*/ DAPI* cell count, the channels were split using image J and DAPI and
TRITC channels were merged for analysis. For a cell to be defined as STAT3a*/DAPI™; the
criteria were:

. STAT3a* was localised to a DAPI* nucleus

The number of cells confirming these criteria was counted visually and numbers were collated

in a Microsoft Excel document under the assigned experimental number (figure 2.3).
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Figure 2.2:Example of GFAP*STAT3a*/DAPI* counting technique and positive cells in the frontal cortex.
Cells were counted using the criteria and an X was marked adjacent to cells that matched the criteria. This field of

view illustrates 15 positive cells.

Figure 2.3:Example of STAT3a*/DAPI* counting technique and positive cells in the frontal cortex. Cells
were counted using the criteria and an X was marked adjacent to cells that matched the criteria. This field of view

illustrates 34 positive cells.

Results for each replicate of genotype (n=4) were grouped for each region of interest by

experimental group. The resultant numbers were used for a two-way ANOVA (analysis of
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variance) to assess statistical significance between age (1V), genotype (IV) and number of

positive cells (DV).

2.3.4.2 Percentage of STAT3a*/DAPI™ cells associated with GFAP

From each picture, STAT3a'/DAPI* positive cells were counted and the number of
GFAP*/STAT3a/DAPI™ positive cells was divided to assess the percentage of cells associated
with GFAP in each experimental condition. The resultant percentage was subtracted from 100%
to assess the percentage of STAT3a*/DAPI™ only cells. The result for each replicate of each
genotype (n=4) was grouped for each region of interest by experimental group. No statistical

test was performed on this data set.

Example:
GFAP*/STAT3a*/DAPI* cells in the frontal cortex = 15
STAT3a*/DAPI* cells in the frontal cortex = 34
= x 100 = 44.11% GFAP"/STAT3*/DAPI" cells
100 — 44.11 = 55.89% STAT3a'/DAPI* cells
2.3.4.3 Region of interest for GFAP™* area analysis

A representative section of that image was selected by cropping the image to a 3 x 3 cm box
and saving the resultant image under its experimental number in TIFF format (figure 2.4)

Images were analysed subsequently with ImageJ (NIH, US (https://imagej.nih.gov/ij/)).
A B

Figure 2.4: Images were imported to Microsoft Powerpoint, and a representative section of that image (3 x
3) was used to assess the GFAPYSTAT3a" area. 2.4A) Image (CA3) was cropped to 3x3cm square (2.4B) to

produce a resultant image (2.4C) that was used for image J analysis.

2.3.4.4 GFAP* area measurement

Channels were separated using the ‘split channel’ feature, and the FITC channel (GFAP)

underwent manual thresholding to carefully include all areas of GFAP, minimising background
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interference, to create a binary image. The total area of GFAP was measured using the measure
function to provide GFAP area measurement (measured in pixels/255) (figure 2.5). The result
for each replicate (n=4) was grouped for each region of interest. The resultant numbers were

used for a two-way ANOVA to assess statistical significance.

- -

Split channel Threshold Binary image

Figure 2.5: GFAP area was measured in the region of interest (ROI): Image was split into individual
resultant channels (DAPI/FITC/TRITC). The DAPI and TRITC channel was discarded. Image underwent
thresholding to include all visible GFAP signal, minimising background interferences. The resultant binary
image was analysed using the ‘measure’ function in ImageJ, counting the number of pixels positive for

STAT3a* area measurement

Channels were separated using the ‘split channel’ feature, and the TRITC channel (STAT3a)
underwent thresholding to carefully include all areas of STAT3a, minimizing background
interference, to create a binary image. The total area of STAT3a was measured using the
measure function to provide STAT3a area measurement (measured in pixels/255) (figure 2.6).
The result for each replicate of each genotype (n=4) was grouped for each region of interest.
The resultant numbers were used for a two-way ANOVA to assess statistical significance

between age (1V), genotype (IV) and number of positive cells (DV).

=) '
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Split channel Threshold Binary image

Figure 2.6:STAT3a area was measured in the region of interest (ROI). Image was split into individual
resultant channels (DAPI/FITC/TRITC). The DAPI and FITC channel was discarded. Image underwent
thresholding to include all visible STAT3a signal, minimising background interferences. The resultant binary
image was analysed using the ‘measure’ function in ImagelJ, counting the number of pixels positive for the

thresholded signal.
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2.3.4.5 Astrocytic-STAT3 measurement

To assess Astrocytic-STAT3a, the image channels were split to DAPI/TRITC/FITC once again.
The TRITC channel was thresholded as described previously to create a binary image. The
select tool was used to select STAT3a localized within a chosen GFAP*/STAT3a" cell. The
measure function was then used to measure the area of Astrocytic-STAT3a (figure 2.7). The
result for each replicate (n=4) was grouped for each region of interest. The resultant numbers

were used for a two-way ANOVA to assess statistical significance.

L .
= - = -
* ‘ *
GFAP*/STAT3a'cell STAT3a Threshold Binary image Select tool

Figure 2.7:Astrocytic-STAT30 area was investigated by using the threshold, select and measure tool in
ImageJ software. Figure illustrates process of investigating Astrocytic-STAT3a area. Region of Interest (ROI)
was selected, which was then thresholded to become a binary image. The select tool was then used to select

astrocytic-STAT3a and the measure function was used to express astrocytic-STAT3a area (/255 pixels)
2.4 Western blot

Western blotting was used to estimate total protein quantity levels for the following targets:
GFAP, STAT3a, Phosphorylated-STAT3 (Tyrosine 705) and GAPDH.

2.4.1 Tissue processing
In this project, animals were culled via the Schedule 1 method of cervical dislocation aligning

with home office animal regulations (see section 2.1.1). The mouse was decapitated, the skin
was removed from the head and brains were rapidly removed from the skull. The brain was
separated via the fissure line and separate hemispheres were placed in 1.5 mL cryotubes. The
tissue was flash-frozen via dropping in liquid nitrogen. Liquid nitrogen was removed, and tubes

containing the brain pieces sections were stored at -80 °C until the tissue lysis procedure.

To lyse the tissue, tissues were placed on dry ice and radioimmunoprecipitation assay buffer
(RIPA buffer) buffer was prepared: 50 mM Tris hydrochloride, 150 mM sodium chloride, 1.0%
(v/v) NP-40, 0.5% (w/v) sodium deoxycholate, 1.0 mM EDTA, 0.1% (w/v) SDS and 0.01%
(w/v) sodium azide at a pH of 7.4. Protease inhibitor cocktail (1:500, #ab271306,Abcam) and
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phosphatase inhibitor cocktail (1:500, # P2850, Sigma Aldrich) were added immediately before

use.

Small plastic beads were added (10 approx.) to each brain section, and 500 uL of RIPA buffer
was added to each halved cortice. Tissue was carried on ice to the Beadbeater BP, mixed for 20
secs twice with 10 secs rest. After this, the tissue was centrifuged at 16,100 g for 10 minutes.
The supernatants were removed and collected in a new Eppendorf tube. These supernatants
were assessed for protein concentration using the Pierce ™ Bicinchoninic acid (BCA) assay kit
(#23225, Thermofisher).

2.4.2 BCA assay
BCA assay was conducted according to the manufacturer’s instructions, with adaptations. BSA

standards of varying concentrations from 0 to 0.05 mg/mL were made from 1 mg/mL stock and
diluted with RIPA buffer. 2 pL of the sample was diluted with 48 pL of RIPA buffer and three
replicates of each standard were undertaken. BCA reagent A and BCA reagent B were mixed
per the manufacturer’s instructions, and 150 pL was added to each well of 96 well plates with
clear bottom. This reaction was heated to 37 °C for 30 minutes. A spectrometer (SPECTROstar
Nano, BMG Labtech) was used to read the absorbance of the samples at 562 nm. Known
standards were plotted on a graph to create a standard curve, which was used to estimate protein

concentration in unknown samples (figure 2.8).

_ Standard BCA curve for cortex lysates (Western Blot)

200
g 1.75 1
& 1.50 y = 0.0323x + 0.1548
8 1.25 1 R?=0.9926
= 1.00 -
o 0.75 -
8 0.50 -
80.25 4
5 0.00 . . . . .
8 0.00 10.00 20.00 30.00 40.00 50.00
< Known concentrations (pug/mL)
¢ meanabs —— Linear (mean abs)

Figure 2.8:Standard BCA curve for cortex lysates for estimating protein concentration for western blot
lysates. The predetermined concentration of BSA (0-50pg/mL) was plotted and measured against absorbance

values (measured at 562nm). The line of best fit was used to create intercept and slope values.

In this example, the protein concentration is estimated using the intercept value (0.1548) and

slope value (0.0323) of the curve. For example, A triplicate of unknown lysates reporting an
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absorbance value of 0.77, 0.74, and 0.79 would undergo this calculation to estimate protein

concentration:

0.77-0.1548

Replicate 1: 0.77 i 19.07 pg
. ) 0.74-0.1548

Repllcate 2:0.74 o033 18.11 ug
. . 0.79-0.1548

Replicate 3: 0.79 ~—oaga — 19-07 pg

These replicates were averaged to find the mean concentration of the lysate:

19.07+18.11+19.07
3

= 18.75 ug

The resultant number is divided by 2 (the number of microlitres added to the sample) to

establish pg/pL

875 = 9.375 pg/uL

= =
To establish the volume of the lysate to add to establish 100 g of protein, the following

calculation is undertaken:

2% -10.66 uL

9.375

Due to the low concentration of phosphorylated proteins, 100 pg of protein was used as a

standard for all western blots in this thesis.

2.4.3 Sample preparation
100 pg of lysate was mixed in equal volume with 2 x Gel Application Buffer (0.15M Tris, 8M

Urea, 2.5% (w/v) SDS, 20% glycerol, 10% 2-mercaptoethanol, 3% DTT) (i.e. 2x GAB)in 1.5
mL Eppendorf tubes. These tubes were then heated to 95 °C for 5 min and centrifuged at 16,100
g for 10 min.

2.4.4 Sodium-dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
A 5-20 % Tris-Glycine gradient gel was utilised for separating proteins via molecular size for

western blotting analysis. Prior, gel plates were cleaned with 70 % ethanol and assembled using
large bulldog clips to secure a gasket between the large and smaller plate. A spirit level was
used to ensure the plate alignment was straight. 5% and 20% resolving gels were made as in
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table 2.6, adding ammonium persulphate (APS) and tetramethylethylenediamine (TEMED) just
before use. A gradient-gel pourer was used to make the gradient gel. Water-layered butanol was
then overlaid on the top of the gel to eliminate air bubbles. The gel was left to set for 10 min,
then water-saturated butanol was washed off with distilled water and blotted thoroughly.
Stacking gel was then made and poured onto the resolving gel, a 14-well comb was put in and
left for 10 min. The comb was removed under deionised water washes to remove excess
acrylamide and then assembled into the gel tank. The inner chamber of the gel tank was filled
with electrode buffer (25mM Tris, 186 mM Glycine, 0.1% (w/v) SDS). 3uL of BLUeye
Prestained Protein Ladder (#PM007-0500, Bio Helix) was inserted alongside the samples to
estimate protein size. The gel tank was run at 40V per gel (Max 500 mA) for 90 minutes, or

until the dye front was no longer visible.
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Table 2.6: Gel compositions (5% resolving gel, 20% resolving gel, 4% stacking gel) for SDS-PAGE
5% Resolving Gel

Volume (mL) Reagent

3.33 Buffer B (1.1 M Tris, 0.1% (w/v) SDS, pH 8.8)
5.00 Water

0.1 10% wiv APS

1.67 Acrylamide

0.0.1 TEMED

0.10 0.1% w/v SDS

20% Resolving Gel

Volume (mL) Reagent

3.33 Buffer A (1.1 M Tris, 0.1% (w/v) SDS, 30% Glycerol, pH 8.8)
6.67 Acrylamide

0.10 10% w/v APS

0.01 TEMED

0.10 0.1% w/v SDS

4% Stacking gel

Volume (mL) Reagent

5.00 Stacking gel (0.14 M Tris, 0.1% (w/v) SDS)
1.00 Acrylamide

0.10 10% w/v APS

0.01 TEMED

2.4.5 Western blot transfer
One piece of 11 cm x 15 cm 0.45 pm-pore size nitrocellulose membrane (#1620115, Biorad)

and two 12 cm x 16 cm blotting papers per gel were submerged in Western Transfer Buffer and
then assembled in the cassette: Positive Anode (Red), Blotting Paper, Nitrocellulose, gel,
Blotting Paper (Negative Anode). Air bubbles were removed by using a rolling motion over the
sandwich. The cassette was inserted into a western blot transfer tank, submerged in western
transfer buffer (0.025 M Tris, 0.192 M glycine, 20% (v/v) Methanol) and ran at 8 V (max 40
mA) overnight. As GAB and the SDS denaturation of the protein give the protein an overall

negative charge, this causes the proteins from the gel to transfer onto the paper.
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2.4.6 Visualising protein transfer
After overnight transfer, the quality of protein transfer to the membrane was assessed. The

membrane was removed from the cassette and placed in Ponceau stain (0.1% Ponceau S, 100
mL glacial acetic acid, 900 mL deionised water) for 5 min. Ponceau is a reversible stain which
is used to visual protein bands in red or pink colour (Sander et al., 2019).After this, the ponceau
stain was removed and the membrane was placed in Tris Buffer Saline solution (10mM Tris,
150 mM sodium chloride, pH 7.5) (TBS) to wash off excess ponceau. The blot was scanned

using University scanner software for future reference (figure 2.9).

Figure 2.9: Example of Ponceau stain used to visualise protein transfer after overnight transfer. Ponceau
was added to the membrane for 5 mins then washed with TBS to remove excess ponceau then scanned for future

reference. This membrane was discarded due to air bubble formation at the MW kDa region of interest.

If the ponceau stain highlighted uneven loading of proteins, poor transfer, or trapped air bubbles
in regions of interest, the membrane was discarded. The membrane was washed for 10 min

thrice in TBS to remove excess ponceau stain.

2.4.7 Blocking, primary and secondary antibody treatment of membrane
After the ponceau stain was completely removed, the membrane was blocked against non-

specific binding proteins in 5% Marvel® powder in TBS with 0.05% tween (TBS-T) for one
hour, then incubated with the following antibodies diluted in 5% Marvel® in TBS-T: GFAP,
Phospho-STAT3 Tyrosine 705 (pSTAT3 Tyrosine 705),STAT3a and Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) at 4 °C overnight at differing concentrations (table 2.7).
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Table 2.7: Primary antibodies used for Western Blot in control and Psmc1¥f:CaMKIlla-cre cortices

Antibody target Raised in Product number Concentration
GAPDH Rabbit #ab128915, Abcam 1:10,000
GFAP Mouse #ab4648, Abcam 1:4000
STAT3a Rabbit #8768, Cell signaling 1:1000
Phospho-STAT3 (Tyrosine 705) Rabbit #ab76315, Abcam 1:500

After overnight incubation, membranes were washed with TBS-T for 20 min three times to
remove excess primary antibodies. Horseradish Peroxidase (HRP) tagged secondary antibodies
(table 2.8) were diluted in 5% Marvel® in TBS-T and the membranes were incubated with the
species-appropriate solution for 1 hr at room temperature. After this, membranes were washed

in TBS-T for 5 min thrice to remove excess secondary antibodies.

Table 2.8: HRP secondary antibodies used for the western blot of control and Psmc1™:CaMKIlla-cre

cortices

Antibody target Raised in Product number Concentration
Rabbit Swine P0399, DAKO 1;1000-1:4000
Mouse Rabbit P0260,DAKO 1:4000

2.4.8 Visualising blot
The membranes were transferred to a clean container. Equal volumes of the Pierce™ ECL

Western Blotting Substrate detection agent (#32106, Thermofisher) were mixed in a universal
and added to the blot for approximately 2 min. The excess detection agent was removed, and
the blots were wrapped in cellophane and secured in a developing cassette. Under UV light,
transfer film was added, and the cassette was closed. After a fixed time, the transfer film was
submerged in llford 2150XL developer to visualise protein bands and placed in ILFORD
2150XL fixative solution (#1992182, IIford) for 2 min minimum. The films were washed in

water and left to dry. The film was scanned using University scanner software for analysis.

2.4.9 Analysis
The scanned film was analysed using ImageJ software (NIH, US,(https://imagej.nih.gov/ij/)).

The rectangle tool was used to draw around the protein band of interest, keeping a standard

region of interest size for each protein band (area: 0.020) (figure 2.10). The measure function
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was then used, and the mean value of the resultant measurement was used for further

quantitative analysis.

!vi..lg-—--~— - -

Figure 2.10:Image J analysis of western blot to assess the quantitative value of protein bands Region of
interest was drawn using the rectangle box around protein bands, the measure function was then used to give a

quantitative number which was used for subsequent analysis.

The mean value was then subtracted from 255 (number of pixels) to give the overall value. This
was repeated with each lane. The background value was also calculated by using the same sized
region of interest to measure just below the band (figure 2.11). This mean value was also
subtracted from 255 (number of pixels) to give the overall value. This was also repeated with
each lane.

Figure 2.11:Background measurement in Image J was calculated to remove potential background from
the protein band. The same region of interest was used and selected underneath the protein band; the measure
function was then used to give a quantitative number of background measurements which was used for

subsequent analysis.

The background value was subtracted from the signal value to give the final mean value. This
was repeated for each protein of interest (GFAP, Phospho-STAT3 Tyrosine 705 (pSTAT3
Tyrosine 705), STAT3a) and its corresponding loading control (GAPDH) on each blot. A
calculation was undertaken where each replicate protein signal was normalised to the

corresponding control replicate to create a fold change:

Signal of chosen protein (113) _

= 1.19 fold change

Loading control (95)

The fold change ratios were calculated for each replicate (4 = control) (4 = Psmc1 ":CaMKIla-
cre) in each experimental condition (2 weeks, 3 weeks, 4 weeks) for each protein of interest.
The fold change ratios were analysed in Prism (Graphpad, version 9) software, where an

unpaired-t-test was conducted to assess statistical significance.
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2.5 Quantitative real-time polymerase chain reaction (QRT-PCR)

2.5.1 RNA extraction
Before starting, all surfaces were sprayed with RNAzap to prevent potential contamination.

RNA extraction is per the manufacturer’s protocol (#74134, RNeasy Plus Mini Kit, Qiagen).
For sample extraction, flash-frozen hippocampi from 3,4 and 5 weeks-old Psmc1 ¥™:CaMKlla-
cre mice and age-matched control littermates were used. Hippocampi were weighed before

RNA processing to ensure the RNeasy spin column was not overloaded.

Tissues were kept on dry ice in 1.5 mL Eppendorf tubes, and 1 mL of QIAzol Lysis Reagent
(#79306, QIAGEN) was added to the hippocampi on ice and homogenised using a rotator stator
homogeniser for 20 seconds. The sample was left to stand at room temperature for 5 minutes.
100 pL of gDNA eliminator solution was added and samples were shaken vigorously for 15
seconds.180 pL of chloroform was added to each tube and the sample was shaken vigorously
for 15 seconds. The sample was left to stand at room temperature for an additional 3 minutes.
The lysates were centrifuged at 12,000 g for 15 minutes at 4 °C. This led to a 3-layered gradient,
containing an aqueous phase (RNA),white interphase and a red organic phase. 600 pL of the
aqueous phase was added to an RNA-free tube and mixed with an equal volume of 70% ethanol
through pipetting.600 pL of the sample was transferred to a RNeasy mini spin columns placed
in a 2 mL collection tube and centrifuged for 15 secs at 8000 x g at room temperature. This
flow-through was then discarded. This was repeated with the remainder of the sample, again
discarding the flow through. 700 pL of Buffer RWT was added to the RNeasy spin column and
centrifuged for 15 secs at 8000 g, and the flow through was discarded. 500 pL of Buffer RPE
was added to the RNeasy spin column and centrifuged for 15 secs at 8000 g, and the flow

through was discarded.

A final 500 pL of Buffer RPE was added to the RNeasy spin column and centrifuged for 2 min
secs at 8000 g, and the flow through was discarded. 30 pL of RNAse-free water was added to
the RNeasy spin column and centrifuged for 1 min at 8000 x g to elute RNA. The resulting
RNA concentration per pL was assessed by pipetting using Nanodrop 2000c UV/IV
Spectrophotometer (#ND2000CLAPTOP, Thermofisher) and 260/230 ratios were checked for
quality.
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2.5.2 cDNA synthesis
cDNA synthesis is carried out using reverse transcriptase enzyme, using the RNA template to

create complementary DNA. The following materials were combined in a 200 pL sterile

eppendorf for cDNA synthesis, with the same total volume for each reaction (table 2.9).

Table 2.9: Volumes of reagents used for cDNA synthesis of isolated RNA from mice hippocampi

Volume (pL) Reagent

1 50 uM random hexamers

1 10 mM dNTP mix (A/T/C/G)
Upto 1l Template mRNA (100 ng)
Upto 13 HyClone Water

The materials were briefly mixed and then centrifuged (1000, g for 10 secs) to ensure the RNA
was at the bottom of the tube. This mixture was heated at 60 °C for 5 min and then placed on

ice for one min to allow the random hexamers and dNTPs to anneal to the RNA.

To synthesise double-stranded cDNA, a reverse transcriptase (RT) reaction is needed. Again,

the following materials were combined in 200 pL sterile eppendorf tubes (table 2.10).

Table 2.10: Reverse Transcription Reaction for double-stranded cDNA synthesis

Volume (uL) Reagent

4 5 x SuperScript™ |V RT Reaction Buffer (#18090050B, Thermofisher)

1 100 mM dithiothreitol (#R0861, Thermofisher)

1 RNaseOUT™ Recombinant RNase Inhibitor (#10777019, Thermofisher)

1 SuperScript® IV Reverse Transcriptase (200 U/uL (#18090010, Thermofisher)

The 7 pL RT reaction mix was added to the annealed RNA then incubated at 23 °C for 10
min,50-55 °C for 10 min, then inactivated the reaction by incubating at 80 °C for 10 min. The
resultant cDNA was quantified using the Nanodrop 2000c UV/IV Spectrophotometer
(#ND2000CLAPTOP, Thermofisher) and stored at -20 °C until use.

2.5.3 qQRT-PCR
10-25 ng of cDNA was used in each PCR reaction depending on the quantity of DNA needed

for specific target gene expression. As DNA template concentration was variable between each
replicate, the amount of cDNA was variable (table 2.11, table 2.12). A no template control
(NTC) was also included. The gPCR plate was centrifuged and checked for bubbles before

running on the Agilent Step One Plus thermocycler using the standard cycling program (table

62



2.13). A melt curve was also performed to assess the purity and specificity of each product
(table 2.14).

Table 2.11: cDNA gquantity, primer targets and forward and reverse primers for gRT-PCR in
hippocampi

cDNA
Target Reverse Forward
(ng/L) 2"
25 TNF-a GCTACGACGTGGGCTACAG CCCTCACACTCAGATCATCTTCT
10 IL-6 TTGGTCCTTAGCCACTCCTTC TAGTCCTTCCTACCCCAATTTCC
25/10 GAPDH TGCTGTTGAAGTCGCAGGAG TGGTGAAGCAGGCATCTGAG
10 GGCTTGACATATACTCCATGTAG AGCAAGGAAAGGTCTAAAAGA
CXCL10
GG TCTCC
10 STAT3a CAGACTGGTTGTTTCCATTCAGAT ACCCAACAGCCGCCGTAG

Table 2.12: gRT-PCR SYBR™ Green Master Mix composition

Volume (pL) Reagent

10 PowerUp™ SYBR™ Green Master Mix (2X) (#15350929, fisher scientific)
Variable Forward and reverse primers 400nM
Variable DNA template + Nuclease-Free Water (10 ng / 25 ng cDNA for each reaction)

Table 2.13: Standard Cycling Mode PCR programme for gRT-PCR

Temperature ( °C) Duration (secs)
50 120
1 cycle
95 120
1 cycle
60 30
40 cycles
60 30

Table 2.14: Melt curve cycling mode to assess purity and specificity of target

Step Ramp rate Temperature Duration
1 1.6°C/second 95°C 15 sec
2 1.6°C/second 60°C 1 min
3 0.15°C/second 95°C 15 sec
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2.5.4 gQRT-PCR data analysis and statistical testing

For gRT-PCR analysis, the threshold value was set in the exponential phase. NTC samples
were checked for no or minimal signal to ensure there were no contaminants present. Melt
curves were checked for a sharp specific peak to indicate specificity to the target. Multiple
plates were used and the thresholds were set at the same value for each gene on each plate.
The comparative Ct method was used to compare test samples to a calibrator (control)
sample, and by also normalising to housekeeper gene, GAPDH. All the Ct values of test genes
were normalised to housekeeper gene GAPDH for both control and Psmc1™;CaMKllo-cre

mice samples:

Difference between Ct values of target gene (e.g TNF-a) and housekeeping (GAPDH) = ACt

This value was normalised to the average of the control samples at each time point.

ACt sample - ACt control average = AACt

Results were expressed as fold change compared to control which assumes there is double the
amount of product. 224¢t

The fold change of the gRT-PCR target compared to the housekeeper compared to control
sample value (222“) was used for this analysis. GraphPad Prism software was used to
undertake unpaired t-tests between each target in each experimental group (i.e: CXCL10 in 3-
week control and 3-week Psmc1™: CaMKlla-cre mice). Two-way ANOVA’s were
conducted on Astrocytic-STAT3 initiators and Astrocytic-STAT3 markers (DV) between age
(V) and genotype (1V).
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2.6 Acute slice experiments

2.6.1 Experimental setup
A 1L stock solution of standard Krebs buffer was prepared: 126 mM sodium chloride, 3 mM

potassium chloride, 1.2 mM sodium dihydrogen phosphate, 25 mM sodium bicarbonate, 15
mM glucose w/v deionised water. Before the experiment started, 3mM magnesium sulfate was
added to 250 mL to create the 'cutting buffer' and then placed at - 20°C for 1 h. The remaining
solution was supplemented with 2 mM magnesium sulphate and 2 mM calcium chloride and
bubbled with carbogen (95% O, 5% CO>) in a 32 °C heated water bath.

In this project, a C57BL mouse pup (p21) was culled by cervical dislocation, followed by
decapitation to confirm death. The brain was rapidly removed and placed in pre-cooled

carbogenated cutting buffer, on ice.

Brains were dissected by the removal of the cerebellum and occipital lobes, then a scalpel was
used to cut down the midline to separate the hemispheres. This dissection ensured that portions
of the frontal, parietal, temporal and occipital lobes and underlying subcortical regions were
available for slicing. The block was mounted on a vibratome cutting plate, secured with
superglue on the cut surface with the sagittal plane uppermost. The cutting plate was mounted
in the vibratome bath, which was filled with ice-cold cutting buffer, which was continuously
bubbled with carbogen. The vibratome (VT1000 S vibratome, Leica) was used to cut 400 pum
slices in the sagittal plane (figure 2.12).

Sagittal 400 pm slices

Figure 2.12:Brain dissection and mounting to retrieve sagittal slices 2.12A) Occipital lobes and cerebellum
were removed from the brain and discarded. 2.12B) A scalpel was used to cut down the midline to separate the
two hemispheres. 2.12C) Each hemisphere was mounted on the vibratome stage with the sagittal plane uppermost,

cutting 400um sagittal orientation slices.
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2.6.2 Recovery and experimental chambers
Using a cut Pasteur pipette, slices were transferred to the nylon mesh in a hand-made designed

recovery chamber in a water bath at 32 °C, which was situated alongside 3 experimental
chambers. These chambers were filled with Krebs buffer supplemented with magnesium
sulphate and calcium chloride (Krebs 2 mM MgSOa, 2 mM CaCly) ensuring the buffer covered
the nylon mesh which would contain the brain slices. The inlet line supplied a continuous source
of carbogenation, to provide sufficient oxygenation and slices were left in the recovery chamber

in the heated water bath for 1 hr to recover from the slicing procedure (figure 2.13).

Carbogen lines

| | L
recovery chamber experimental chambers

Figure 2.13:Recovery and experimental chambers used for acute slices. The recovery chamber and
experimental chambers are shown in the diagram with carbogen inlets featured. Slices were placed in the

recovery chamber for 1hr before pharmacological treatment.

2.6.3 Pharmacological treatment
After 1 hr, 50 mL of heated Krebs 2 mM MgSOs, 2 mM CaCl, buffer was poured into

experimental chambers with each carbogen line set up. 3 slices were transferred from the
recovery chamber to each experimental chamber. The pharmacological agent (CXCL10, #500-
P129, Peprotech; IL-6, #216-16; Peprotech; TNF-a #510-RT, R&D Systems; Bz-ATP, #A-385,
Alome; 2-MeS-ADP, #1624, Tocris; STATTIC, #2798, Tocris,) was diluted to desired
concentration in total bath volume via direct pipetting into the experimental chamber. For
control slices, an equal volume of Krebs (2 mM MgSQO4, 2 mM CaCl;) was added, represented
by the term ‘NULL’. A timer for 2 minutes was set in between multiple conditions to ensure all
slices had equal time in the pharmacological reagent and ensure there was enough time for
inactivating the slices in tandem. Slices were incubated in the reagent for 30 min.
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2.6.4 Inactivation of slices
After 30 min, a 2 min timer was set in which within this period slices were inactivated. As 3

slices were present in each experimental chamber, 2 slices were processed for
immunofluorescence staining and 1 slice was used for western blot. It was ensured that the slice
number for each replicate matched, and each condition had a common approximate brain region
to standardise analysis. The slices that were for immunofluorescence staining were fixed in 4%
paraformaldehyde and 5% sucrose in 0.1M phosphate buffer solution (pH 7.4) for 3 hrs at 4 °C.
The slice that was for western blot was collected in an eppendorf and flash frozen in liquid
nitrogen and stored at -80 °C until tissue lysis was needed. Due to the limited number of slices
available for each experiment, pharmacological tests were separated into separate runs (table
2.15).

Table 2.15: Experimental time course of pharmacological treatments in acute slices

Run Pharmacological agent Reagent concentration
CXCL10 100 ng/pL
IL-6 100 ng/pL
1 TNF-a 200 ng/uL
Null N/A
2-MeS-ADP 100 uM
Bz-ATP 100 uM
2 STATTIC 10 pM
Null N/A

2.6.5 Immunohistochemistry of acute slices

2.6.5.1 Tissue slice fixing and sectioning

After fixation, tissue slices were submerged in 20% sucrose (w/v PBS) overnight at 4 °C. Slices
were then placed in a cryomold using a fine paintbrush and submerged in an embedding
medium (Tissue-Tek OCT; Raymond Lamb, London, UK) for 30 min. These were left to
solidify in the freezer for 30 min. These were then mounted onto a cryostat chuck. A Leica
cryostat 3050 S model was equilibrated to the block temperature of -12 °C and the chamber
temperature of -20 °C. This cryostat was then used to cut 12 uM slices, which were mounted
on Epredia™ SuperFrost Plus™ Adhesion slides (#10149870, Fisher Scientific). Slides were
kept in a slide box at - 20 °C.
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2.6.5.2 Immunofluorescence on frozen tissue

For full details of the source of the reagents used, please refer to section 2.3.3

Slides were returned to room temperature and washed in PBS for 5 min. Slides were treated
with 0.1% sodium borohydride for 10 min thrice, then washed with 0.9% (w/v) saline for 40
min then washed with PBS for 40 min. The non-specific background was blocked using a 10%
goat serum v/v M.O.M blocking agent (as directed) for one hour at room temperature. The
blocking agent was removed, and primary antibodies (pSTAT3 Tyrosine 705: 1:50; GFAP
1:200) in 10% goat serum and 10% M.O.M concentrate was added and incubated for 48 hours
at 4 °C. Slides were washed with PBS for one hour, then secondary antibody (1:500 AF568
Rabbit, 1:500 AF488 Mouse) in 10% goat serum and 10% M.O.M concentrate for one hour in
the dark. Slides were washed in PBS then DAPI (1:1000) was applied for 5 mins. Slides were
washed in PBS and then mounted with 5 pL of DAKO media, using nail varnish to seal the

edges.

2.6.5.3 Analysis

Zeiss Axio Vert.Al Microscope was used to take images at x10 and x20 magnification using
Zen 2.5 software (www.Zeiss.com). Unfortunately, due to tissue degradation, in-depth analysis

as performed in section 2.3.4 was unable to be replicated.

2.6.6 Western blotting of acute slices
Please see section 2.4.7 for details on how the tissue was lysed, protein quantity was estimated,

SDS-PAGE electrophoresis, western blot transfer and visualising of protein transfer was
conducted. The blocking and primary incubation of Phospho-STAT3 Tyrosine 705 with 5%
Marvel in TBS-T was kept the same for all conditions. For these experiments, 100 puL of RIPA
buffer with associated protein and phosphatase inhibitors was added, instead of 500 L.

2.6.6.1 Detection of pSTAT3 Tyrosine 705

For fluorescence secondary antibody, IRDye® 680RD Goat anti-Rabbit 1gG Secondary
Antibody (# 926-68071, LI-COR) was diluted to a 1:5000 dilution in TBS and used for
detection of Phospho-STAT3 Tyrosine 705. Membranes were incubated in this solution in a

light-proof container for one hour, then washed with TBS-T twice for 10 min, with a final wash
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of TBS for 10 min. The image was then scanned in a LI-COR Odyssey® 9120 Imaging system
to visualise protein bands. The results image was exported into a TIFF file and subsequently

analysed in Image J.

2.6.6.2 Analysis

All membranes, LI-COR and HRP underwent the same protein band measurements as listed in
section 2.4.9. As immunofluorescence showed endogenous phospho-STAT3 Tyrosine 705
activation at the cut edge in control slices, the calculation was changed to normalise to
membrane-specific control phosphoSTAT3 tyrosine instead of a housekeeping gene.

Signal of pharmacological reagent
(172)
Signal of control slice (104)

= 1.65 fold change

The fold change ratios were calculated for each replicate per condition (4 replicates). The fold
change ratios were submitted to Prism GraphPad where an unpaired t-test was conducted to
assess statistical significance.
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Chapter 3 Protein expression profiling in Psmc1™M:CaMKIlla-cre

mice across disease progression using SWATH-MS.

3.1Introduction

3.1.1 Protein expression profiling by proteomics
Genetic mutations are widely accepted as risk factors for familial inherited neurodegenerative

disease; however, this only accounts for 5 % of all neurodegenerative diseases (NDs),
suggesting sporadic cases have unclear etiopathogenesis (Julio-César and Rosa-Helena, 2018).
Therefore, our current knowledge of the molecular pathogenesis involved in neurodegenerative
disease is currently incomplete. As these diseases are complex, a broad investigative approach

Is needed to unravel the molecular pathways underlying these conditions.

Humans are estimated to have 19,969 genes potentially which after transcription, translation,
alternative RNA splicing and post-translational modification (PTM) can potentially represent
400,000 different types of proteins (Kozak, 2007). This range of proteins presents an analysis
problem when trying to understand the key changes that occur during neurodegenerative
diseases, as they are taking place after the transcription of genes and post-translationally. The
field of proteomics, the study of protein expression by the cell, may be able to enlighten this

situation.

Mass spectrometry analysis of patient and animal model samples shows high accuracy in the
identification of proteins and has shown utility in identifying non-invasive biomarkers for the
diagnosis of diseases through blood, cerebral spinal fluid, and urine (Diamandis, 2004; Meyer
and Schilling, 2017; Carlyle, Trombetta and Arnold, 2018). One of the limitations of current
literature in the field is that it is mainly focused on proteomics of known neurodegenerative
diagnosis, therefore fails to address pre-pathological states before neurodegenerative onset. As
Psmc1":CaMKIllo-cre mice display the early and pathological stages of the lewy-body
dementia disease process, from healthy to neurodegenerative pathology, proteomic analysis of
this model allows the opportunity for protein expression profiling to be mapped across disease

progression.
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3.1.2 STRING analysis to highlight dysregulated pathways in neurodegenerative disease
STRING — (Search Tool for the Retrieval of Interacting Genes/Proteins) is a bioinformatic

database that contains information on known and predicted protein-protein interactions (PPI).
STRING analyses groups of user-selected proteins to display the physical, functional, spatial,
and co-regulatory protein interactions, with the ability to co-select for physical subcomplexes
(Szklarczyk et al., 2019).

Three distinct large categories of proteins have been defined, such as cellular components,
molecular function, and biological processes. This, coupled with KEGG and Reactome
pathways makes STRING a popular database for highlighting functional enrichments in
proteome data. STRING represents data as a diagram, dictated by nodes and edges (table 3.1),

helping to illustrate the functional connectivity of the proteome.

Table 3.1: STRING analyses user-entered protein-protein interactions which are represented as a protein

interaction map, defined by tabled labels

Label Explanation

Nodes Number of proteins selected analysis

Edges Number of proteins that have shown an interaction

Average node degree The number of how many interactions (at the score threshold) that a protein has on

the average in the network.
Expected number of edges: how many edges are to be expected if the nodes were to be selected at random
Average local clustering the measure of how connected the nodes in the network are
coefficient

PPI enrichment value Protein-Protein Interaction (PPI) enrichment value

3.1.3 Aims of this chapter
This chapter provides proteomic profiling of the ongoing disease process of 3,4- and 5-week-

old Psmc1™:CaMKIlla-cre mice to age-matched controls. Protein-fold change level was
analysed via STRING cluster map analysis to identify both individual proteins and potential
proteome interactions in key molecular pathways, which could be responsible for the initiation

and progression of neurodegenerative diseases.
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3.2 Materials and methods
A schematic diagram of the methods used for this chapter is displayed in figure 3.1. For full

details on SWATH-MS sample preparation and subsequent analysis, please see section 2.2.
Confidence, the assurance that peptides detected were related to the protein assigned, was used

as a cut-off point for further STRING analysis.

Brain lysis

Trypsinisation Polypeptides

OneOmics”

OneOmics

Ion Library used to
mine m/z ratio of

interest

Confidence and
significance gating

1
w

STRING V 11.5

Figure 3.1:Overview of SWATH-MS method. In brief, six mice cortices from each condition (Control and
Psmc1™M;CaMKIlla-cre of each age group (2 weeks, 3 weeks, 4 weeks, 5 weeks old)) were subjected to brain lysis
and subsequent trypsinisation. Samples were subjected to SWATH acquisition, where a predefined ion library was
used to mine the m/z ratio of interest. All data was uploaded and assessed using the AbSciex OneOmics package.
After this, single polypeptides were removed, and proteins deemed significant via an in-programme performed t-

test were put forward for STRING analysis.
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3.3 Results

3.3.1 The confidence threshold for 3-,4- and 5-week samples were determined by the
confidence value of 2-week-old samples

In the first instance, we analysed expression levels of proteins in control versus Psmcl
fil-caMK I la-cre mice for 2-week samples, before the activation of the transgene had occurred.
This was used to identify a cut-off level for confidence value that would need to be exceeded
for a meaningful change in expression pattern due to the onset of pathology to be accepted.
Taking this into consideration, the uppermost confidence value detected in these samples was

54%, therefore samples with a confidence value of 54% and over were included in the following

data analysis (figure 3.2).
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Figure 3.2:Confidence threshold was determined by analysing upper confidence value in both
Psmc1¥f;CaMKIla-cre and aged matched control littermates at 2-weeks of age. Previous data indicates that
there is no change between Psmc1 ¥ ;CaMKIIa-cre mice and control littermates control at 2 weeks old. Proteins

at 54% confidence and over were included for the following data analysis
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3.3.2 Confidence gating 3-week-old mice
In a total of 2092 differentially expressed proteins, 1071 were upregulated and 1021

downregulated in 3-week-old Psmc1";:CaMKIla-cre mice cortices at 0 % confidence (figure
3.3A). Confidence gating at 54% reduced the number to 14 upregulated proteins and 9
downregulated proteins, whereby 8 and 7 reached statistical significance, respectively (figure
3.3B).
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Figure 3.3:SWATH-MS proteins detected 2092 differently expressed proteins in 3-week old Psmcl
fifl-CaMK I la-cre mice versus age-matched controls. 3.3A) Total proteins detected in SWATH-MS data in 3-
week old Psmc1™M;:CaMKIla-cre mice versus age-matched control, dotted line indicates confidence cut-off point.
3.3B) Schematic diagram displaying the number of final proteins from SWATH-MS data set submitted for
STRING analysis.

74



3.3.2.1 Upregulated pathways

8 proteins which surpassed confidence and significance conditions from the SWATH-MS data
were inputted to STRING for protein-protein interaction analysis (table 3.2). The protein
interactome map was deemed significant, with a significant PPI value below p<0.05 (figure
3.4). STRING analysis reported enrichment of the ubiquitin-ligase protein binding process and
the SCF-ubiquitin-protein complex. An upregulation in the ubiquitin-ligase pathway has

previously been validated in this model at 3 weeks of age (figure 3.5).

Table 3.2: Uprequlated proteins detected via mass spec in 3-week old Psmcl ##-CaMKIla-cre
cortices versus age-matched control.

STRING  Protein FC SD C Sig

RBX1 E3 ubiquitin-protein ligase RBX1 1.81 0.10 0.55 0.04 =
FBX0O2 F-box only protein 2 155 0.02 0.69 0.05 *
PSMC4 26S proteasome regulatory subunit 6B 1.33 0.00 0.54 0.01 ***
GFAP Glial fibrillary acidic protein 2.30 0.00 0.82 0.00 ***
UCHL1 Ubiquitin carboxyl-terminal hydrolase isozyme L1 1.26 0.00 0.65 0.00 ***
GSTA4 Glutathione S-transferase A4 131 0.01 0.61 0.00 F***
RPS27A Ubiquitin-40S ribosomal protein S27a 1.65 0.01 0.85 0.00 ***
CACYBP  Calcyclin-binding protein 155 0.01 0.76 0.00 F***

Key: STRING - String Label, FC = Fold change detected by SWATH-MS, SD — standard deviation,
C - confidence, Sig = Significance value of FC, (* = P<0.05, ** = P<0.01, *** = P<(.001, **** =
P<0.0001).
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Figure 3.4:Upregulated proteins in 3-week-old Psmc1™f;CaMKIla-cre mice show a significant protein-
protein interaction value, indicating pathway enrichment. STRING diagram showing the interaction of

proteins via ‘strength’ — thicker and darker lines indicate stronger interaction.
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Ubiquitin-ligase protein binding SCF-ubiquitin ligase complex
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Figure 3.5:Ubiquitin-protein ligase binding proteins are upregulated in 3-week-old Psmc1 "f;CaMKIlla-cre
mice. 3.5A) SWATH-MS quantitative mass spectrometry fold change values for 4 key proteins enriched in
Ubiquitin ligase binding (1.56, FDR: 0.0080) and 3.5B) the SCF-Ubiquitin Ligase Complex (Strength, 2.14 FDR:
0.0045) as determined by STRING analysis. 3.5C) Ubiquitin-staining in the frontal cortex is visibly localised to

neuronal cells in 3-week old Psmc1™:CaMKIla-cre mice (Geiszler et al., 2018) (Scale Bar = 100 pm).
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3.3.2.2 Downregulated pathways

Despite these changes in expression level, STRING database analysis showed no significant
protein-protein interactions amongst these candidates (table 3.3). Despite these changes in
expression level, STRING database analysis showed no significant protein-protein interactions

amongst these candidates.

Table 3.3: Downrequlated proteins detected via SWATH-MS in 3-week old Psmcl 7 'CaMKlla-cre

cortices versus age-matched control.

STRING  Protein FC SD C Sig **
LYPLALl  Acyl-protein thioesterase 1 -1.30 0.01 0.68 0.00 ol
STOML2  Stomatin-like protein 2, mitochondrial -1.26 0.01 054 0.00 Fxk
SRRT Serrate RNA effector molecule homolog -429 026 0.68 0.01 faleie
ADAP?2 Arf-GAP with dual PH domain-containing protein 2-1.32  0.00  0.55 0.01 *
KRT77 Keratin, type Il cytoskeletal 1b -1.73  0.00 0.66 0.02 *
SLC27A1 Long-chain fatty acid transport protein 1 -414 051 0.66 0.03 *
MRPL13 39S ribosomal protein L13, mitochondrial -2.09 0.06 0.69 0.04 *

Key: STRING — String Label, FC = Fold change detected by SWATH-MS, SD — standard deviation, C —
confidence, Sig = Significance value of FC, (* = P<0.05, ** = P<0.01, *** = P<0.001, **** = P<(.0001).
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3.3.3 Confidence gating in 4-week-old mice
In a total of 1919 differentially expressed proteins, 1098 were upregulated and 821

downregulated in 4-week-old Psmc1™"M:CaMKIlo-cre mice cortices at 0 % confidence (figure
3.6A). Confidence gating reduced the number to 61 upregulated proteins and 13 downregulated
proteins, from which 39 and 9 reached statistical significance (p<0.05) (figure 3.6B).
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Figure 3.6:SWATH-MS proteins detected 1919 differently expressed proteins in 4-week old Psmcl
fill: CaMKIla-cre mice versus age-matched control. 3.6A) Total proteins detected in SWATH-MS data in 4-
week old Psmc1™;CaMKIla-cre mice versus age-matched control, dotted line indicates confidence cut-off points.

3.6B) Schematic diagram displaying the number of final proteins from SWATH-MS data set submitted for
STRING analysis.
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3.3.3.1 Upregulated proteins

39 proteins which surpassed confidence and significance conditions were inputted to STRING

for protein-protein interaction analysis. 35 proteins were detected to be upregulated that were

not present in 3-week analysis, highlighted in table 3.4. The protein interactome map was

deemed significant, with a significant PPI value below p<0.05 (figure 3.7).
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Figure 3.7:Upregulated proteins in 4-week-old Psmc1™M;CaMKIla-cre mice show a significant protein-

protein interaction value, indicating pathway enrichment. STRING diagram showing interaction via ‘strength’

— thicker and darker lines indicate stronger association.
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Table 3.4: Uprequlated proteins detected via mass spec in 4-week old Psmc1f:CaMKIlla-cre cortices versus age-matched control littermates (1/2)

STRING label Protein FC SD C Sig **
FBXO2 F-box 2 2.06 0.07 0.85 0.00 Fkkk
RPS27A Ubiquitin-40S ribosomal protein S27a 2.39 0.01 0.90 0.00 falaiede
UCHL1 Ubiquitin carboxyl-terminal hydrolase isozyme L1 1.35 0.00 0.82 0.00 falaiede
GFAP Glial Fibrillary Acidic Protein 4.86 0.12 0.86 0.00 ikl
CHP1 Calcineurin B homologous protein 1 1.74 0.03 0.63 0.00 folaiale
PCLO Protein piccolo 2.29 0.02 0.81 0.00 Fokkk
CPNE5 Copine-5 1.48 0.00 0.70 0.00 Fhkx
PRDX1 Peroxiredoxin-1 1.43 0.01 0.74 0.00 folaiale
HSP90AAL Heat shock protein HSP 90-alpha 1.63 0.00 0.89 0.00 feiahaie
ALDOC Fructose-bisphosphate aldolase C 1.36 0.00 0.84 0.00 Fkkk
TCEA1l Transcription elongation factor A protein 1 1.72 0.00 0.73 0.00 Fkkk
RANGAP1 Ran GTPase-activating protein 1 2.82 0.22 0.62 0.00 Fkkk
PTPN23 Tyrosine-protein phosphatase non-receptor type 23 1.33 0.00 0.77 0.00 Fkkx
HSP90AB1 Heat shock protein HSP 90-beta 1.53 0.00 0.84 0.00 Fkkx
HSPH1 Heat shock protein 105 kDa 1.42 0.00 0.74 0.00 falaialel
ATAD1 ATPase family AAA domain-containing protein 1 1.39 0.00 0.57 0.00 falaialel
ASNS Asparagine synthetase [glutamine-hydrolyzing] 1.68 0.03 0.74 0.00 faiaiaied
PSMA3 Proteasome subunit alpha type-3 1.32 0.00 0.61 0.00 faiaiaied
ARCN1 Coatomer subunit delta 1.31 0.04 0.65 0.00 faiaiaied

Key: STRING - String Label, FC = Fold change detected by SWATH-MS, SD - standard deviation, C — confidence, Sig = Significance value of FC, (* = P<0.05, ** =
P<0.01, *** = P<0.001, **** = P<0.0001



Table 3.4: Uprequlated proteins detected via mass spec in 4-week old Psmc1?f:CaMKIlla-cre cortices versus age-matched control littermates continued(2/2)

STRING Protein FC SD C Sig fol
GJAL Gap junction alpha-1 protein 2.39 0.02 0.74 0.00 Fkkx
UBE2D3 Ubiquitin-conjugating enzyme E2 D3 1.22 0.00 0.75 0.00 Fkkx
HSPAS Heat shock cognate 71 kDa protein 1.34 0.00 0.88 0.00 Fkkx
NDRG2 Protein NDRG2 1.38 0.01 0.81 0.00 Fkx
PREPL Prolyl endopeptidase-like 1.93 0.13 0.57 0.00 falail
NUDCD3 NudC domain-containing protein 3 1.49 0.02 0.56 0.00 falaled
GLUL Glutamine synthetase 1.26 0.00 0.70 0.00 falaled
CHMP5 Charged multivesicular body protein 5 6.14 2.09 0.73 0.00 faleie
TAGLN2 Transgelin-2 3.73 0.11 0.55 0.00 Fkx
CTSD Cathepsin D 1.89 0.07 0.83 0.00 Fkx
RAD23B UV excision repair protein RAD23 homolog B 1.42 0.01 0.59 0.01 Fxk
SLC1A4 Neutral amino acid transporter A 1.45 0.03 0.70 0.01 Fxk
APOE Apolipoprotein E 2.11 0.04 0.68 0.01 il
NAPB Beta-soluble NSF attachment protein 1.31 0.02 0.62 0.01 **
SUB1 Activated RNA polymerase Il transcriptional coactivator p15 1.66 0.02 0.67 0.01 **
KCNJ10 ATP-sensitive inward rectifier potassium channel 10 6.48 1.18 0.64 0.01 **
NEFM Neurofilament medium polypeptide 1.47 0.01 0.63 0.02 **
NEFL Neurofilament light polypeptide 1.34 0.00 0.66 0.02 **
NCL Nucleolin 1.47 0.02 0.67 0.05 *
COX7C Cytochrome ¢ oxidase subunit 7C, mitochondrial 7.96 2.79 0.82 0.00 Fkkk

Key: STRING - String Label, FC = Fold change detected by SWATH-MS, SD - standard deviation, C — confidence, Sig = Significance value of FC, (* = P<0.05, ** =
P<0.01, *** = P<0.001, **** = P<0.0001



3.3.3.1 Upregulated pathways

STRING analysis reported an additional set of upregulated pathways linked to defined cellular
processes, with four of interest that were specific to 4-week Psmc1™:CaMKlla-cre mice:
unfolded protein binding (Strength: 1.44, FDR 0.0086 (figure 3.8A), microtubule based
transport (Strength: 1.19, FDR: 0.0081) (figure 3.8B), negative regulation of MAPK pathway
(Strength: 1.12, FDR = 0.0346) (figure 3.8C), and negative regulation of apoptotic pathways
(Strength:1.09,FDR = 0.038) (figure 3.8D).
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Figure 3.8:Unfolded protein binding, negative regulation of the MAPK cascade, microtubule-based
transport, and negative regulation of apoptotic pathways are enriched processes in 4-week old
Psmc1™;CaMKIIa-cre mice. 3.8A) Unfolded protein binding (Strength: 1.44, FDR 0.0086), 3.8B)Microtubule
based transport (Strength: 1.19, FDR: 0.0081), 3.8C) Negative regulation of MAPK pathway (Strength: 1.12,
FDR = 0.0346), 3.8D)Negative regulation of Apoptotic pathways (Strength:1.09, FDR = 0.038) are enriched
pathways from SWATH-MS data as determined by the STRING analysis. Fold change expressed compared to
age-matched controls. Dotted line indicates baseline, in programme t-test was conducted (* = P<0.05, ** =
P<0.01, *** = P<0.001, **** = P<0.0001).
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3.3.3.2 Post-translational modification is a shared process in 3 and 4-week-old

Psmcl1f:CaMKIla-cre mice

To further examine the meaning of functional clustering of upregulated proteins, we tested for
process-level associations in the results from 3- and 4-week samples. Post-translational
modification, a process which involves the covalent modification of a protein, was shown to be
a highly enriched process in both 3 weeks (Strength 1.04, FDR: 0.018) and 4 weeks (strength
0.65, FDR: 0.016) Psmc1":CaMKlla-cre mice (figure 3.9). The SWATH-MS fold change

values of proteins enriched in this pathway is displayed in figure 3.10.

Rbx1
Psmc4

3-week old
Napb

Uchll Arenl
Rps27a Rad23b

Fbhxo?2 Psma3
4-week old

Rangapl
Ube2d3
Apoe

Figure 3.9:Upregulated proteins in 3 and 4-week-old Psmc1™f;CaMKIIa-cre mice show a significant
pathway enrichment in post-translational modification proteins. Venn Diagram shows unique proteins as
derived from SWATH-MS data that are present in the STRING enrichment that are present in 3 weeks, 4 weeks,

and their shared proteins
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Figure 3.10:3 and 4-week-old Psmc1™f;CaMKIIa-cre mice show a significant upregulation in proteins related to the post-translational modification pathway. Graph

displays alterations in fold change of enriched proteins compared to age-matched controls. Dotted line indicates baseline, t-test was conducted (* = P<0.05 , ** = P<0.01, ***

= P<0.001, **** = P<0.0001).
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3.3.3.3 Downregulated pathways

9 proteins which surpassed confidence and significance conditions were inputted to STRING
for protein-protein interaction analysis (table 3.5). There was no overlap between 3 and 4-week
downregulated proteins, therefore all proteins detected were unique to each age. The protein
interactome map was deemed insignificant, with a PPI value of 0.477 (p>0.05) (figure 3.8).

//'\ number of nodes: 9

Prkcb

Q"/J\_/ number of edges: 1

N average node degree: 0.222

avg. local clustering coefficient: ~ 0.222
expected number of edges: |

PPI enrichment p-value: 0.477

Figure 3.11:Downregulated proteins in 4-week-old Psmc1"";CaMKIla-cre mice show an insignificant
protein-protein interaction value. STRING diagram showing interaction via ‘strength’ — thicker and darker

lines indicate stronger interaction

Table 3.5: Downregulated proteins detected via SWATH-MS in 4-week old Psmc1™f-CaMKIla-cre

cortices versus age-matched control

STRING Protein FC SD C Sig **
CACNA1B N-type calcium channel subunit alpha-1B -7.68 0.59 0.61 0.00 Fkkk
PRKCA Protein kinase C alpha type -1.51 0.01 0.93 0.00 faleiaie
FGF12 Fibroblast growth factor 12 -1.25 0.01 0.54 0.00 folalelel
NPTXR Neuronal pentraxin receptor -1.69 0.02 0.71  0.00 faleiaie
NECAB?2 N-terminal EF-hand calcium-binding protein 2  -1.60 0.02 0.67  0.00 ikl
SYT5 Synaptotagmin-5 -1.18 0.01 0.73  0.00 **
PRKCB Protein kinase C beta type -1.36 0.01 0.68 0.02 *
SLC2A3 Solute carrier family 2, facilitated glucose -1.31 0.01 0.57 0.02 *

transporter member 3
TRFC Transferrin receptor protein 1 -1.71 0.02 0.70  0.00 faleiaie

Key: STRING - String Label, FC = Fold change detected by SWATH-MS, SD — standard deviation, C — confidence, Sig
= Significance value of FC (* = P<0.05, ** = P<0.01, *** = P<0.001, **** = P<0.0001

Protein kinase C alpha (Prkca) and Protein Kinase C Beta (Prkcb) are key calcium-dependent
enzymes responsible for a range of cellular pathways. Upon further analysis through KEGG
pathways, Cacnalb, N-type calcium channel subunit alpha-1B, is strongly associated with

Prkca and Prkcb interaction in the MAPK/ERK neuroinflammatory pathways. This is of
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particular interest, seeing as proteins associated with negative regulation of MAPK/ERK
signaling are upregulated at 4 weeks old.

3.3.4 Confidence gating in 5-week-old mice

In a total of 1614 differentially expressed proteins, 851 were upregulated and 763
downregulated in 5-week-old Psmc1 "M:CaMKIla-cre mice cortices at 0 % confidence (Figure
3.12A). Confidence gating reduced the number to 67 upregulated proteins and 40
downregulated proteins, whereby 44 and 23 were featured in STRING diagrams, respectively.
(Figure 3.12B).

A
1.0
0.8+
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£
e
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= 0.4+
S
o
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0.0 —
-8 -6
Fold change: 5 week old Psmc1”" CaMKiia-cre vs control.
B

Upregulated Downregulated

8 5 1 Proteins detected 7 6 3
6 7 Proteins above confidence 40

threshold

44 Proteins above significance value 2 3

Figure 3.12:SWATH-MS proteins detected 1614 differently expressed proteins in 5-week-old Psmcl

fifl: CaMKIla-cre mice versus age-matched control. 3.12A) Total proteins detected in SWATH-MS data in 5-
week old Psmc1™M;CaMKIla-cre mice versus age-matched control, dotted line indicates confidence cut-off
points 3.12B) Schematic diagram displaying the number of final proteins from SWATH-MS data set submitted

for STRING analysis
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3.3.4.1 Upregulated proteins

Forty-three proteins were submitted for STRING for analysis, which reported a significant
protein-protein interaction value (p<0.001) (figure 3.13). 30 proteins were detected that were
not present in 4-week upregulated data, highlighted in table 3.6.
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number of nodes: 43

number of edges: 60

Dbi average node degree:  2.79

@

avg. local clustering coefficient: 0.387
expected number of edges: 27
PPI enrichment p-value: 1.8E-08
Figure 3.13:Upregulated proteins in 5-week-old Psmc1™f;CaMKIla-cre mice show a significant protein-

protein interaction value, indicating pathway enrichment. STRING diagram showing interaction via ‘strength’

— thicker and darker lines indicate stronger reaction.
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Table 3.6: Uprequlated proteins detected via SWATH-MS detection in 5-week-old Psmc1¥f:CaMKIlla-cre cortices versus age-matched control (1/2)

STRING
RPS27A
HSD17B4
HSPO0AAL
FBXO2
GFAP
CTSD
HSP90AB1
GLUL
PSMC4
soD1
KCNJ10
C1QB1
NEFL
GJAL
CST3
PSMD14
RTN3
AHCYL1
CYBS5R3
HMGB1
FABP7
SUB1
CACYBP

Protein

Ubiquitin-40S ribosomal protein S27a
Peroxisomal multifunctional enzyme type 2

Heat shock protein HSP 90-alpha

F box only protein 2

Glial Fibrillary Acidic Protein

Cathepsin D

Heat shock protein HSP 90-beta

Glutamine synthetase Gf

26S proteasome regulatory subunit 6B
Superoxide Dismutase

ATP-sensitive inward rectifier potassium channel 10
Complement C1q subcomponent subunit B
Neurofilament Light Polypeptide

Gap junction alpha-1 protein

Cystatin-C

26S proteasome non-ATPase regulatory subunit 14
Reticulon-3

S-adenosylhomocysteine hydrolase-like protein 1
NADH-cytochrome b5 reductase 3

High mobility group protein B1

Fatty acid-binding protein, brain

Activated RNA polymerase Il transcriptional coactivator p15

Calcyclin-binding protein

FC
2.28
1.75
2.19
3.02

12.78
3.01
2.03
1.50
1.36
1.42
5.16
7.24
1.61
4.83
2.86
1.50
1.72
1.38
2.55
1.50
1.89
2.06
2.38

SD
0.11
0.09
0.01
0.14
0.20
0.08
0.05
0.00
0.01
0.04
1.40
1.60
0.08
0.94
0.36
0.00
0.03
0.01
0.20
0.00
0.02
0.03
0.09

C
0.89
0.87
0.87
0.87
0.87
0.86
0.83
0.81
0.78
0.77
0.77
0.75
0.74
0.74
0.73
0.72
0.70
0.69
0.69
0.69
0.68
0.66
0.66

Sig
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.05
0.02
0.01
0.00
0.02
0.01
0.00
0.00
0.00
0.03
0.00

**%
*kk*k
*kkk

**

**%

*kk*k

*kk*k
*kk*k
**

*kk*k

**

*kk*k
**
*k*k*k
**

*kk*k

*kk*k
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Table 3.6: Uprequlated proteins detected via SWATH-MS detection in 5-week-old Psmc1?f:CaMKIlla-cre cortices versus age-matched control continued. (2/2)

STRING
PRDX6
NT5C3B
ANP32E
DBI
HEXB
ASAH1
EIF4A1
NEFM
DHRS1
PREPL
HIST2H2BB
HSPE1
PHGDH
PSMB1
NAP1L1
PSMB7
ARF2
SKP1A
FASN
TSR2

Protein

Peroxiredoxin-6

7-methylguanosine phosphate-specific 5'-nucleotidase
Acidic leucine-rich nuclear phosphoprotein 32 family member E
Acyl-CoA-binding protein

Beta-hexosaminidase subunit beta

Acid ceramidase

Eukaryotic initiation factor 4A-I

Neurofilament Medium Polypeptide
Dehydrogenase/reductase SDR family member 1
Prolyl endopeptidase-like

Histone H2B

10 kDa heat shock protein, mitochondrial
D-3-phosphoglycerate dehydrogenase
Proteasome subunit beta type-1

Nucleosome assembly protein 1-like 1
Proteasome subunit beta type-7
ADP-ribosylation factor 2

S-phase kinase-associated protein 1

Fatty acid synthase

Pre-rRNA-processing protein TSR2 homolog

FC
1.57
1.71
4.29
1.90
2.39
2.65
2.29
1.83
581
2.95
1.35
1.24
1.63
1.58
4.34
1.73
3.26
1.56
1.54
1.78

SD
0.05
0.05
0.73
0.06
0.05
0.17
0.70
0.16
1.90
0.07
0.01
0.01
0.02
0.01
0.26
0.06
0.22
0.01
0.03
0.20

C
0.65
0.65
0.64
0.64
0.64
0.64
0.64
0.62
0.62
0.61
0.60
0.60
0.59
0.58
0.58
0.57
0.56
0.56
0.55
0.55

Sig
0.05
0.01
0.00
0.02
0.00
0.02
0.00
0.01
0.00
0.03
0.02
0.00
0.00
0.02
0.03
0.00
0.00
0.00
0.00
0.00

**

*k*k*k

**

**

**

*kk*k

*kk*k

**

**

*kk*k

**

*kk*k

Key: STRING - String Label, FC = Fold change detected by SWATH-MS, SD = standard deviation, C = confidence, Sig = Significance value of FC, (* = P<0.05 , ** = P<0.01, *** =
P<0.001, **** = P<0.0001)
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3.3.4.1 The proteome of cortices of 4- and 5-week old Psmc1f:CaMKIlla-cre share

upregulated processes

STRING analysis of 4 and 5-week old Psmc1™M;:CaMK Ila-cre mice interactomes share cellular

pathways related to necroptosis, innate immunity and cellular stress response (figure 3.14 —

3.18). Table 3.7 illustrates the commons processes, the number of proteins in each interactome

and its corresponding false discovery rate (FDR).

Table 3.7: Shared enriched processes between 4- and 5-week-old interactomes show the number

of proteins and corresponding false discovery

4-weeks old
Process #nb PPl  FDR
Cellular response to stress
8 1.06 <0.001
Innate immunity 8 0.68 <0.05
Necroptosis 4 1.17  <0.05

#nb

9
15
4

5-weeks old
PPI FDR
1.07 <0.0001
0.91 <0.0001
1.13 <0.05
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Figure 3.14:Upregulated proteins in 4 and 5-week-old Psmc1™f;CaMKIla-cre mice show a significant
pathway enrichment in the cellular response to stress. Venn Diagram shows unique proteins present in 4 weeks,
and 5 weeks and their shared proteins.
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Figure 3.15:4 and 5-week-old Psmc1™f;CaMKIIa-cre mice show a significant upregulation in proteins related to cellular response to stress. Graph displays
alterations in fold change of enriched proteins compared to age-matched controls. Dotted line indicates baseline, a t-test was conducted (* = P<0.05 , ** = P<0.01, *** =
P<0.001, **** = P<0.0001)
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Figure 3. 16:Upregulated proteins in 4 and 5-week-old Psmc1"";CaMKIlIa-cre mice show a significant
pathway enrichment in innate immunity. Venn Diagram shows unique proteins present in 4 weeks, and 5

weeks and their shared proteins.
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Figure 3. 17:4 and 5-week-old Psmc1™;CaMKIIa-cre mice show a significant upregulation in proteins related to Innate immune system. Graph displays alterations
in fold change of enriched proteins compared to age-matched controls. Dotted line indicates baseline, a t-test was conducted (* = P<0.05 , ** = P<0.01, *** = P<0.001,
**%% = P<0.0001)
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Figure 3.18:Upregulated proteins in 4 and 5-week-old Psmc1";CaMKIIa-cre mice show a significant
pathway enrichment in necroptosis.3.18A) Venn Diagram shows unique proteins present in 4 weeks, and 5
weeks and their shared proteins. 3.18B) Fold change expressed compared to age-matched controls. Dotted line
indicates baseline, students a t-test was conducted (* = P<0.05, ** = P<0.01, *** = P<0.001, **** = P<(0.0001)
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3.3.4.1 Upregulated pathways

STRING pathways analysis reported that IL-1 signaling (Strength: 1.58; FDR = 0.000591) and
Neutrophil degranulation (Strength: 1.04; FDR = 0.006) are key enriched pathways (Figure
3.19) in 5-week-old mice.
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Figure 3.19:STRING pathways enrichment reports upregulation in proteins associated with IL-1 signaling
and neutrophil degranulation. Dotted line indicates baseline, students t-test conducted (* = P<0.05, ** =
P<0.01, *** = P<0.001, **** = P<0.0001).
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3.3.4.2 Downregulated proteins

The 23 proteins downregulated proteins which surpassed confidence and significance
conditions were inputted to STRING for protein-protein interaction analysis. The protein
interactome map was deemed significant, with a PPI value below p<0.05 (figure 3.20).20 of the
proteins that were detected that were not present in 4-week downregulated data, highlighted in
table 3.6.
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- PPI enrichment p-value: 4.66E-15

Figure 3.20:Downregulated proteins in 5-week-old Psmcl "#;CaMKIIa-cre mice show a significant protein-
protein interaction value, indicating pathway enrichment. STRING diagram showing interaction via ‘strength’

— thicker and darker lines indicate a stronger reaction.
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Table 3.8 Downregulated proteins detected via mass spec in 5-week old Psmc1?f:CaMKIlla-cre

cortices versus age-matched control

STRING
CAMK2A

KCTD16
AGPS

BRSK1
SHANK1

DCLK1
GRIN1
HPCAL4
DNM1
NRGN
NCALD
VSNL1
SNCA
PPIA
DLGAP2
MRPL13
SYT5
AGFG1

PPP3CA

FGF12
NPTXR
ABRACL
CPLX2

Protein

Calcium/calmodulin-dependent protein kinase
type Il subunit alpha
TB/POZ domain-containing protein KCTD16

Alkyldihydroxyacetonephosphate synthase,
peroxisomal
Serine/threonine-protein kinase BRSK1

SH3 and multiple ankyrin repeat domains
protein 1
Serine/threonine-protein kinase DCLK1

Glutamate receptor ionotropic, NMDA 1
Hippocalcin-like protein 4

Dynamin 1

Neurogranin

Neurocalcin-delta

Visinin-like protein 1

Alpha-Synuclein

Peptidyl-prolyl cis-trans isomerase A
Disks large-associated protein 2

39S ribosomal protein L13, mitochondrial
Synaptotagmin-5

Arf-GAP domain and FG repeat-containing
protein 1

Serine/threonine-protein  phosphatase 2B
catalytic subunit alpha isoform

Fibroblast growth factor 12

Neuronal Pentraxin Receptor
Costars family protein ABRACL

Complexin 2

FC
-1.66

-1.52
-1.86

-1.37
-2.35

-1.51
-1.37
-1.81
-1.60
-2.43
-1.61
-1.54
-1.90
-1.58
-1.47
-1.31
-1.60
-1.49

-1.70

-1.71
-1.86
-1.59
-1.72

SD
0.01

0.03
0.00

0.01
0.36

0.00
0.01
0.04
0.01
0.05
0.02
0.05
0.09
0.03
0.03
0.01
0.00
0.01

0.00

0.06
0.12
0.00
0.07

C
0.82

0.80
0.62

0.60
0.54

0.71
0.56
0.62
0.86
0.58
0.80
0.73
0.75
0.78
0.56
0.67
0.88
0.58

0.79

0.60
0.55
0.65
0.51

Sig
0.00

0.00
0.00

0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.01
0.01
0.02
0.02
0.02

0.04

0.04
0.04
0.05
0.00

*%

*kKk*k

*kKk*k

*kkk

*kkk

*kkk

*%*

**

**

**

**

**

**

**

*%*

Key: STRING - String Label, FC = Fold change detected by SWATH-MS, SD — standard deviation, C
— confidence, Sig = Significance value (* = P<0.05 , ** = P<0.01, *** = P<(.001, **** = P<0.0001
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3.3.4.3 The somatodendritic compartment in neurons are downregulated in 4 and

5-week Psmc1/f-:CaMKIla-cre mice

Proteins that are assigned as enriched in the somatodendritic region were downregulated over
4 weeks (Strength: 1.05; FDR = 0.0084) and 5 weeks (Strength: 0.95, FDR: 0.000425) (figure
3.21,3.22).

Sle2a3
Cacnalb

Prkca  4-week old
Necab?

Figure 3.21:Downregulated proteins in 4 and 5-week-old Psmc1¥;CaMKIlIa-cre mice show a significant
pathway enrichment in the somatodendritic compartments of neurons. Venn Diagram shows unique

proteins present in 4 weeks, and 5 weeks and their shared proteins.
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Figure 3.22:4 and 5-week-old Psmc1™f;CaMKIlIa-cre mice show a significant upregulation in proteins related to Innate immune system. Graph displays alterations in

fold change of enriched proteins compared to age-matched controls. Dotted line indicates baseline, a t-test was conducted (* = P<0.05 , ** = P<0.01, *** = P<0.001, **** =

P<0.0001).
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3.3.4.4 Downregulated cellular components

STRING pathways reported additional neuronal cellular components to be downregulated in 5-
week old Psmc1";CaMKlla-cre mice such as neuron projection (strength: 0.79; FDR:
0.00020) (figure 3.23) and glutamatergic synapses (strength: 1.22; FDR: 0.000035) (figure
3.24).
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Figure 3. 23:Proteins associated with neuron-projection was significantly downregulated in 5-week-old
Psmc1 " ;CaMKIIa-cre mice compared to age-matched control. (Strength: 0.79; FDR: 0.00020) Dotted line
indicates baseline, students t-test conducted (* = P<0.05, ** = P<0.01, *** = P<0.001, **** = P<0.0001).
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Figure 3. 24:Proteins associated with glutamatergic synapses was significantly downregulated in 5-week-
old Psmc1™f;CaMKIIa-cre mice compared to age-matched control. (Strength: 1.22; FDR: 0.000035) Dotted
line indicates baseline, students t-test conducted (* = P<0.05, ** = P<0.01, *** = P<0.001, **** = P<0.0001).
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3.3.5 Shared protein enrichment over disease progression implicates a strong astroglial
response

The Venn diagram below demonstrates proteins unique and shared proteins identified between 3,4 and
5-week-old Psmc1"™:CaMKIla-cre mice (figure 3.25). Three proteins were consistently detected to be
upregulated in Psmc1":CaMKlla-cre mice; Glial Fibrillary Acidic Protein (GFAP), Ubiquitin-40S
ribosomal protein S27a (RPS27A) and F box only protein 2 (FBX02).

2
3-week old
4 5
3
4-week old " 5-week old
9
25 \\ 30

e e ) ) N

GFAP Glial fibrillary Acidic Protein 4.86 12.78 &
RPS27A  Ubiquitin-408S ribosomal protein S27a 1.65 *¥** 239 REEES | 2L RERES
FBX02 F box only protein 2 1.55 + 2.06 EREES |2 R

Key: STRING — string label, WKs — weeks, Sig — significance value as reported by SWATH-MS compared to
age-maiched littermates
Figure 3. 25: Shared and unique identified upregulated proteins in 3, 4 and 5-week-old Psmc1™:
CaMKIla-cre mice, with three proteins showing consistent upregulation across disease progression. Venn
Diagram shows unique proteins present in 3, 4 weeks, 5 weeks and shared proteins GFAP, RPS27A and FBX02

fold change values and their resulting significance is shown.
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STRING pathway analysis of SWATH-MS data reported enrichment in astroglial projection
(figure 3.26) and myelin sheath components (figure 3.27,figure 3.28) indicating an astroglial
response to neuronal proteasome depletion.
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Figure 3. 26: Upregulated proteins in 3, 4 and 5-week-old Psmc1™f;CaMKIIa-cre mice show a significant
pathway enrichment in the Astroglia projection. 3.26A) Venn Diagram shows unique proteins present in 3, 4
weeks, 5 weeks and their shared proteins. 3.26B) Fold change expressed compared to age-matched controls.
Dotted line indicates baseline, a t-test was conducted (* = P<0.05 , ** = P<0.01, *** = P<0.001, **** =
P<0.0001).
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Figure 3. 27: Upregulated proteins in 3, 4 and 5-week-old Psmc1 "f;CaMKIIa-cre mice show a significant
pathway enrichment in the myelin sheath. Venn Diagram shows unique proteins present in 3, 4 weeks, and 5

weeks and their shared proteins.
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Figure 3. 28: 3, 4 and 5-week-old Psmc1™"™;CaMKIIa-cre mice show a significant upregulation in proteins related to the myelin sheath component. Graph displays
alterations in fold change of enriched proteins compared to age-matched controls. Dotted line indicates baseline, a t-test was conducted (* = P<0.05, ** = P<0.01, *** =
P<0.001, **** = P<0.0001)
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3.4 Discussion

3.4.1 SWATH-MS reveal key pathways in the progression of neurodegenerative disease
SWATH-MS was used to perform a proteomic analysis of 3, 4 and 5-week Psmc1":CaMKlla-

cre mice alongside aged-matched controls, to identify key biochemical processes that are
disrupted in response to 26S proteasomal depletion in forebrain neurons. In summary, the
bioinformatic package, STRING, revealed several defined cellular processes and specific
signaling pathways that were significantly altered, based on interactome analysis of SWATH-

MS protein levels at progressive points from the onset of the disease.

This analysis shows a progressive disruption of cellular processes caused by the loss of Psmcl.
Early changes in key astroglial markers and post-translational modification processes are
followed by an intermediate disruption of microtubules, MAPK signaling, cell stress and
apoptosis, leading ultimately to the appearance of immune markers and loss of neuron-specific
proteins. These results help identify the key changes at the molecular level that underlie
previous anatomical evidence for the progressive onset of neurodegeneration in this mouse

model.

3.4.2 3-week upregulated pathways
One of the earliest identified changes due to loss of Psmc1 and proteasome dysfunction was in

ubiquitin ligase proteins. The SCF-ubiquitin ligase complex is a ubiquitin ligase with multiple
subunits that transfers activated ubiquitin to target-protein substrates. The SKP1-CUL1-F-box
protein (SCF) Ubiquitin Ligase Complex reported a strength of 2.14 (FDR: <0.01), Rbx1 (E3
ubiquitin-protein ligase RBX1) and Fbxo2 (F-Box only Protein 2) are shown to be part of the
cellular complex, whereas Cacybp (Calcyclin-binding protein) has shown interaction with
SKP1.

In addition to this, ubiquitin-ligase protein binding was also reported as an enriched upregulated
process in 3-week Psmc1™M:CaMKlla-cre. The four proteins; Uchll, Rbx1, Rsp27a,Cacybp
reported a strength of 1.56 (FDR <0.01). Ubiquitin C-Terminal Hydrolase L1 (Uchl1) has been
determined as a neuron-specific biomarker and is associated with neuronal inclusions in
neurodegenerative disease (Day and Thompson, 2010; Reinicke et al., 2019).Rps27a,
Ubiquitin-40S ribosomal protein S27a, is a specific ribosomal protein responsible for the

synthesis of ubiquitin, indicating an increase in ubiquitin translation and production. Previous
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immunohistology experiments display a strong increase in neuronal-centric ubiquitin-staining
at 3-weeks of age. The reduction in 26S proteasome complexes caused by cre activation impairs
ubiquitin-mediated protein degradation, so the upregulation of these proteins would be
consistent with an attempt to compensate for this loss and sustain proteolysis (Bedford et al.,
2010).

3.4.3 Post-translational modification is upregulated in 3 and 4-week-old Psmcl
fiffl: CaMKlla-cre mice
The process of post-translational modification is upregulated in 3- and 4-week-old Psmc1 /™

CaMKlla-cre mice, with unique and common proteins in both conditions, with a strength of
1.04 (FDR: 0.018) and a strength of 0.65 (FDR: 0.016), respectively. E3 ubiquitin-protein ligase
RBX1(Rbx1) and 26S proteasome regulatory subunit 6B (Psmc4) are unigue to three weeks,
with Ubiquitin carboxyl-terminal hydrolase isozyme L1 (Uchll), Ubiquitin-40S ribosomal
protein S27a (Rsp27a) and F-box only protein 2 (Fbxo2) shared between 3 and 4 weeks old.
Proteins unique to 4-week-old Psmcl ":CaMKIlla-cre mice include Beta-soluble NSF
attachment protein (Napb), Coatomer subunit delta (Arcnl), UV excision repair protein RAD23
homolog B (Rad23b), Ran GTPase-activating protein 1 (Rangapl), UV excision repair protein
RAD23 homolog B (Ube2d3) and Apolipoprotein E (APOE).

It is worth noting that the proteins shared between 3 and 4 weeks old did show an increase in
fold change between the two conditions, however as statistical testing was carried out by SCIEX
software, the raw data was unable to be accessed for in-house statistical testing. Post-
translational modifications have been demonstrated to be vital in supporting or hindering

protein aggregation of neurodegenerative-related proteins.

For instance, the acetylation of the N-terminus in alpha-synuclein was demonstrated to decrease
the ability of a-synuclein protein aggregation whereas phosphorylation of serine residues
increases the formation of oligomers and the formation of fibrillar aggregates ((Samuel et al.,
2016; Schaffert & Carter, 2020). Furthermore, APOE O-glycosylation is associated with
increased solubility and potential to aggregate compared to other APOE with post-translational
modifications (DiBattista, Sierra and Masliah, 2020).

Of interest, two proteins unique to 4-week-old post-translation modification, Ruvbl and

Rad23b, are associated with a response to double-strand DNA breaks (DSBs). The cause of
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DSBs is attributed to chemical and oxidative damage, with most recent studies reporting an
early neuronal accumulation of DSBs in neurodegenerative diseases (Shanbhag et al., 2019).
Upregulation of these proteins indicates the initiation of a repair mechanism at this stage of the

pathology.

3.4.4 4-week upregulated pathways
3.4.4.1 Microtubule transport

Microtubule transport in neurons is vital for their survival, as they oversee many cell
movements, including intracellular transport and positioning of membrane vesicles and

organelles.

Microtubule transport enriched proteins reported from STRING analysis of 4-week Psmc1™™:
CaMKIlla-cre mice showed a strength of 1.19 (FDR: 0.0081). Proteins enriched in this process
include Neurofilament Light Polypeptide (Nefl), Neurofilament medium polypeptide (Nefm),
Heat shock cognate 71 kDa protein (Hspa8), Connexin 43 (Gjal) and Ubiquitin carboxyl-
terminal hydrolase isozyme L1 (Uchll).

In particular, Nefl, has shown a prominent role in neurodegeneration. An increase in Nefl has
been characterised as a marker of axonal damage, which can be detected via CSF or blood
depending on the extent of the injury (Khalil, 2018). CSF-derived Nefl has shown to increase
in association with declining cognitive states (normal — AD, PD, ALS) in human studies
(Ollson, 2018). In support of this, the increase of Nefl is associated with increased brain atrophy
in Alzheimer’s disease, therefore illustrating a causal relationship and making it a promising

biomarker (Mattson, 2016).

Neurofilament expression, such as Nefl and Nefm, in the Psmc1"™;CaMKIla-cre model has
previously been characterised by the lab, demonstrating a significant upregulation in Nefl and
Nefm proteins from 4-weeks old via western blot and immunohistology analysis (Mohamed,
2018). This is useful confirmation of the consistency of changes identified using different

analysis techniques.

Connexin 43 (Gjal) is a gap junction protein, localised to astrocytes, that has shown to be

regulated by microtubules. Gjal has shown roles in neuron-glia interaction in
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neurodegeneration. Gjal KO Astrocytes showed reduced amyloid-beta phagocytosis and a
neuroprotective phenotype (Kajiwara et al., 2018) and an increase in Gjal is associated with a
neurotoxic astrocyte in ALS (Spitale et al., 2020). Overall, this increase in connexin 43 may

have a role in neuronal death (Yi et al., 2016).

Uchll and Hspa8 have also shown roles in axonal transport on synaptic proteins. This
upregulation in microtubule processes can be hypothesised to be a mechanism from the neuron
to enable the formation of intraneuronal inclusions that are present at 4-weeks of age (Robinson
et al., 2005; Bheda et al., 2010; Stricher et al., 2013; Bishop, Rocca and Henley, 2016; Ganguly
etal., 2017; Lyon and Milligan, 2019).

3.4.4.2 Negative regulation of the apoptotic pathway

Negative regulation of apoptotic pathways (Strength:1.09, FDR = 0.038) included proteins such
as Neurofilament protein light (Nefl), Heat shock protein 90 § (Hs90ab1), Heat shock protein
105 kDa (Hsph1) and Apolipoprotein E (APOE).

Neurofilament light peptide has shown to have roles of negative regulating apoptosis by default,
with knock-out studies displaying upregulated apoptosis in both the brain and spinal cord(Wang
et al., 2021). Heat shock protein 105 is also implicated in the negative regulation of apoptosis,
with overexpression of HSP105 in PC12 cells displaying a strong protective effect against

various apoptotic stimulating treatments (Hatayama et al, 2001; Kennedy et al, 2014).

Apolipoprotein E (APOE) is well known for its role in the pathogenesis of Alzheimer’s Disease
but has also shown a role in the negative regulation of apoptosis. Hayashi and colleagues report
found that APOE-containing lipoproteins, secreted from glial cells, protect neurons from
apoptosis (Hayashi et al., 2007). This is supported by more recent studies detailing that specific
isoform effects of APOE, such as APOE2 and APOES3, alleviates hydrogen-peroxide-induced
neuronal apoptosis(Gao et al., 2021). Overall, from these studies it can be concluded that APOE
does have a negative regulatory effect on apoptosis, suggesting that this disruption of regulated

cell death may be a feature of progressive neurodegeneration in our model.
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3.4.4.3 MAPK pathway and negative regulation of MAPK-pathway

The MAPK/ERK pathway is a key inflammatory pathway which has shown deleterious effects
on brain health, particularly in neurodegenerative disorders such as Parkinson’s disease,
Alzheimer’s disease, and Amyotrophic lateral sclerosis (Albert-Gasco et al., 2020). In 4-week-
old Psmc1™:CaMKIla-cre mice, downregulated proteins (Cacnbl, Prkca, Prkcb) detected via
STRING analysis indicate a downregulation in the MAPK pathway (Strength: 1.41;
FDR=0.0075).

Cacanbl (N-type calcium channel subunit alpha-1B) is a component of a neuronal voltage-
gated calcium channel that has a multitude of roles such as neurotransmitter release. ERK-
phosphorylation of the calcium subunit alpha-1 has shown to be important in modulating these
channels (Martin et al., 2006). Protein kinase C has shown strong evidence in coupling with
downstream MAPK/ERK effectors to elucidate a range of cellular processes such as TNF-a

release (Song et al., 2017).

Overall, it can appear here that there is a downregulation of MAPK signaling in 4-week Psmc1l
il-caMKllo-cre mice. However, it must be taken into consideration that 26S proteasome
depletion may not necessarily lead to a direct downregulation in MAPK signaling. One reason
for this is the MAPK protein was found to be upregulated in 4-week Psmc1":CaMKlla-cre
mice compared to age-matched control controls (2.1 increase in Log2 fold change), however,

this change did not reach statistical significance (p-value = 0.941).

In addition to this, proteins associated with the negative regulation of the MAPK pathway
(Nrdg2, Uchl1, Hsph1 and Apoe) were upregulated in 4-week-old Psmc1™;CaMKIla-cre mice
(Strength: 1.12, FDR = 0.0346). NRDG2, N-myc downstream-regulated gene 2, is a
multifunctional protein associated with cellular proliferation and transmembrane transport.
NDRG2 expression has been shown to negatively regulate the MAPK pathway via disrupting
phosphorylation of the ERK protein (Huang et al., 2020). In the central nervous system,
NDRG?2 is strongly associated with Astrocytes, with several papers indicating co-localisation
with other astrocyte markers such as GFAP and S100p (Okuda, Kokame and Miyata, 2008;
Flugge et al., 2014; Lin et al., 2015). The changes observed may therefore vary between
different cell types.
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Elevated NDGR2 expression has been cited in popular neurodegenerative disease models such
as APP/PS1 transgenic mice and mice treated with MPTP (Takeichi et al., 2011; Wang et al.,
2014). Interventional NDGR2-reduction studies in these models report a downregulation in
GFAP and NDGR2, alongside diminishing behavioral deficits (Wang et al., 2014.). Overall, it
can be concluded that elevated NDGR2 expression in the Psmc1"M;:CaMKIlla-cre model may

be related to reactive astrogliosis, which could potentially drive a neurotoxic phenotype.

In summary, it can be argued that negative regulation of MAPK signaling through NDRG2
overexpression is potentially a neurotoxic mechanism employed by astrocytes in response to

26S-proteasome depletion.

3.4.5 4- and 5-week old Psmc1?f:CaMKIla-cre mice shared upregulated pathways

3.4.5.1 Cellular stress response

The cellular stress response was a STRING-enriched process in 4 and 5-week-old Psmcl
fifl-caMKIla-cre mice, with four proteins unique to 4 weeks, three shared proteins, and five

proteins unigue to 5 weeks old.

Heat shock protein 71, Heat Shock Protein 90a and Heat-shock protein 90 are molecular
chaperones which are part of the Heat Shock Response, a cellular response mounted in response
to proteotoxicity. Proteasome inhibition has previously shown an upregulation in the heat shock
proteins (Bush, Goldberg and Nigam, 1997) and shows molecular action in suppressing the
aggregation of misfolded proteins through binding through hydrophobic regions (van Noort,
Bugiani and Amor, 2017; Raghunath et al., 2018; Lang et al., 2021). Furthermore, the
overexpression of heat shock proteins in neurodegenerative models has been shown to rescue

disease pathology (Hoshino et al., 2011; Jiang et al., 2013; Cox, Carver and Ecroyd, 2014).

PSMAS, a 20S proteasomal subunit, was also significantly upregulated. PSMA3 also has roles
in binding intrinsically disordered proteins, therefore contributing to a reduction in proteotoxic
stress (Biran et al., 2017). Together, an upregulation in these proteins indicates a neuronal-

centric response to ubiquitin-aggregates.
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A group of peroxiredoxins were also significantly upregulated in 4- and 5-week mice.
Peroxiredoxins are antioxidant proteins that have a role in the oxidative stress response (Szeliga,
2020). PRDX1 was significantly upregulated at 4 weeks old. PRDX1 overexpression has shown
roles in Alzheimer’s disease and is associated with protection against amyloid-f toxicity
(Cumming et al., 2007).

PRDX6 was significantly upregulated at 5 weeks old. PRDX6 overexpression in astrocytes is
associated with decreased amyloid-B plaques in association with activated microglia
(Pankiewicz et al., 2020). The PRDX6-astrocyte expression has already been demonstrated in
Psmc1":CaMKIla-cre mice, thereby supporting the reliability of SWATH-MS data (Elkharaz
et al., 2013). Although seen as typically neuroprotective, excessive PRDX6 activity has been
shown to inhibit neurogenesis, thereby obstructing neuronal repair (Yun et al., 2015; Yeo et al.,
2019).

At 5 weeks of age, there was a significant increase in proteasomal subunits Psmbl, Psmb7,
Psmd14 and Psmc4. Psmbl and Psmb7 form the 20S proteasome complex, whilst Psmd14 and
Psmc4 form the 19S regulatory cap. Upregulation in proteasomal subunits in response to

proteotoxicity is a predictable and well-documented phenomenon.

3.4.5.2 Necroptosis

At 4 and 5-week, STRING analysis showed upregulation of several key proteins associated

with “necroptosis”.

Typically known as ‘inflammation-induced cell death’, necroptosis is induced by activation of
a Toll-Like Receptor (TLR), Death Receptor (DR) or interferon or Tumour Necrosis Factor
activation (Dhuriya and Sharma, 2018). Necroptosis is a hybrid of necrosis and apoptosis and
regulates cell death through key morphological features such as swelling, which leads to the
rupture of the plasma membrane. This membrane disruption leads to the extracellular release
of Damage Associated Molecular Patterns (DAMPS), such as HMGBJ1, which in turn, activates
downstream innate and adaptive immune components(Riegler et al., 2019). Excitotoxicity,
oxidative stress and mitochondrial dysfunction are all shown to trigger neuronal necroptosis in

neurodegenerative disorders (Vandenabeele et al., 2010). Incidentally, these three features are
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evidenced in the Psmc1™:CaMKIla-cre model at 5 weeks (Elkharaz et al., 2013; Geiszler et
al., 2018).

Necroptosis in CaMKIlla-cre neurons is a reasonable prediction. 4-week-old Psmcl
fil-caMKIla-cre mice showed a significant upregulation in the Charged Multibody Vesicle
Binding Protein 5 (Chmp5). Chmp5 is a key protein in the endoplasmic reticulum and its
upregulation indicates an increased sorting-cargo responsibility and is a major constituent of
necroptotic exosomes (Shlomovitz et al., 2021). Upon cellular stress response to misfolded
proteins (indicated by upregulated in heat shock response proteins Hsp90pB and Hsp90a), the
final resolution is conducted through the necroptotic process. The necroptotic mechanism
involves caspase-8 regulated RIP3 cleavage which further leads to the activation of Glutamine
synthetase (Zhang et al., 2009), a protein present both in 4 and 5 week Psmc1 "™:CaMKlla-cre
SWATH-MS data.

High mobility group box 1 protein, HMGB1, is uniquely upregulated in 5-week-old mice.
HMGBL1 is a unique DAMP which is released from necroptotic cells and interacts with
TLR2/TLR4 pathways, promoting NF-kB P65 translocation and leading to IL-1 signaling
(Paudel et al., 2018). Necroptosis is also implicated in astrocytes, showing active roles in
reactive astrogliosis with necroptotic astrocytes inducing neuronal apoptosis through ADEVs
(Chen et al., 2021; Re et al., 2014; Zhu et al., 2020; Zhu et al., 2021).

3.4.5.3 Innate immunity and IL-1 signaling

KEGG pathway analysis indicated that innate immunity was upregulated in 4-week and 5-week
mice. 5 proteins were uniquely expressed at 4 weeks, whilst 12 were uniquely expressed at 5
weeks old. 3 proteins were in the overlap. Many proteins in the ‘cellular response to stress’
pathway are also found in this enrichment. At 4 weeks old, an upregulation in HSP71 (HSPAS8)

with HSP90 indicates a mounting of the unfolded protein response.

Additionally, upregulation of lysosomal proteins, cathepsin D (Ctsd), Beta-hexosaminidase
subunit beta (Hexb) and acid ceramidase (Ashal) was reported at 4- and 5 weeks old.
Lysosomal protein degradation has been reported to be upregulated in neurodegenerative
disease, including loss of function mutations in cathepsin D have been shown to be linked to

familial neurodegenerative pathology (Suire et al., 2020; Bunk et al., 2021).
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Proteins in glycolysis were also upregulated across 4 -5 week Psmc1™"M:CaMKIla-cre mice such
as Fructose-biphosphate aldolase (Aldoc) and Cytochrome B5 Reductase (Cyb5r3). Aldoc is
localised to astrocytes, and its expression is linked to STAT3 activation(Levine et al., 2016).

Ubiquitin-conjugating enzyme E2 D3 (Ube23d), also present in the cellular stress response
pathway, is a ubiquitin-ligase conjugating enzyme responsible for conduction of the autophagy-
lysosomal pathway through P62/SQSTM1(Wang et al., 2021). This specific ubiquitin-ligase is
also responsible for the degradation of ikkb1, a NF-«kb inhibitory protein, thereby initiating NF-
kb phosphorylation and translocation to the nucleus. In addition to this, S-phase kinase-
associated protein 1 (Skpla) was also upregulated at 5 weeks, which forms part of the SCF-
ubiquitin-ligase complex. This, in addition to an upregulation in proteasomal subunits, Psmb1,
Psmc4, and Psmb7, indicates an increased efficiency in proteolysis.

Complement protein C1qb is significantly upregulated in 5-week-old Psmc1™™:CaMKlla-cre
mice. C1gb has been cited to be localised to microglia and upregulation has been detected in
neurodegenerative diseases (Holtman et al., 2015).

3.4.5.4 Neutrophil degranulation

Neutrophil degranulation is activated by oxidative stress, amyloid-3 aggregates and cytokines.
This degranulation is reported to have either beneficial or detrimental effects in
neurodegenerative disease pathology and has shown deleterious effects on the blood-brain
barrier (Manda-Handzlik and Demkow, 2019). In support of this, pharmacological inhibition
of neutrophils proteases in models of neurodegenerative disease has shown a reduction in

disease phenotype (Pietronigro et al., 2017).

3.4.6 Downregulation in neuronal components at 5 weeks of age
There is a downregulation in glutamate signaling detected in 5-week-old Psmc1"M;CaMKIla-

cre, with many proteins being cited to be localised to glutamate-neurons. Glutamatergic
synapses in neurodegenerative diseases are well-documented, and for their role in
excitotoxicity, with glutamate antagonists having potential therapeutic benefits (Sheldon and
Robinson, 2007). The loss of glutamatergic synapses in neurons is reported in human studies
(Crabbé et al., 2019). Glutamatergic synapses are also regulated by astrocytes, with astrocyte
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dysfunction also leading to the loss of glutamatergic synapses (Mahmoud et al., 2019). In
conclusion, the downregulation of glutamatergic synapses indicates a likely excitotoxic cause

of neuronal death at 5 weeks.

In addition to this, proteins associated with a downregulation in neuron-projection were
additionally found, such as alpha-synuclein, synaptotagmin 5 and CamK2A were also reported
to be significantly downregulated. These proteins have a multitude of roles such as synaptic-
vesicle release and long term-potentiation. As CAMKIla neurons were targeted, their

downregulation is expected.

3.4.7 Upregulation in Astroglia-associated proteins coincides with downregulation of
neuronal components.
An overview of all proteins shared across disease pathways reported 3 key proteins to be

upregulated in each disease stage: GFAP, FBX0O2 and RSP27A. As these are present before
intraneuronal inclusions and neuronal death, it can be assumed that these proteins have an active
role in the initiation of pathology. STRING pathway analysis reported that these proteins are
constituent components of the myelin sheath and astroglia-cell projection, therefore supporting
a role for astrocytes in the progression of disease pathology. In addition to this, several
upregulated pathways presented in this chapter have shown to be associated with astroglia
including MAPK-pathway, cellular stress response, innate immunity, necroptosis and
neutrophil degranulation (Yi et al., 2016; Spitale et al., 2020; Zhu et al., 2020; Zhu et al., 2021;
Chen et al., 2021).
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3.5 Conclusions and further work

Overall, this proteome analysis has effectively mapped the trajectory of changes in molecular
signaling in the brains of mice with progressive neurodegeneration induced by loss of Psmcl.
Despite the loss of Psmc1 being present in previous work by the group, SWATH-MS data failed
to detect Psmcl, even in raw data sets, suggesting that key proteins maybe overseen using this
method. In addition to this, although a range of proteins were identified through SWATH-MS
data, this chapter is limited by the caveats of STRING network analysis. STRING does not
consider the significance value noted in SWATH-MS data, therefore only providing a simple-
overlap of protein function, and thereby reducing the biological significance of fold change and
its significance to the control. In addition to this, STRING is not localized to brain specific
proteins, thereby enriched pathways that have shown significance elsewhere may not be present
in the brain. Thirdly, this proteomic dataset has not been validated by immunofluorescence in
fixed-tissue to confirm the cellular localization of SWATH-MS proteins, therefore leaving
questions on cellular pathways specific to each cell type unanswered.

Despite these caveats, one of the noteworthy results that raises new questions is the early onset
of protein enrichment in the astroglia projection and myelin sheath. This is clearly an enriched
cellular component in Psmc1™:CaMK Ila-cre mice, suggesting that gliosis is one of the earliest
indicators of pathology in the mouse model. Astrocytes have shown a prominent role in the
SWATH-MS data with the key marker, GFAP, reporting an increased protein fold change
associated with progressive neurotoxicity. To progress this, | will investigate GFAP expression

across the early stages of neurodegenerative disease (2-,3-, 4 weeks) in my next chapter.
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Chapter 4 JAK/STATS3 signaling in Psmc1™™:CaMKIla-cre cortex

4.1 Introduction

4.1.1 STAT3 is a key regulator of astrogliosis

In the previous chapter, Glial Fibrillary Acidic Protein (GFAP) was shown to be a key
upregulated protein, which exhibited an increasing fold change in association with a depletion
in 26S proteasome complexes in CaMKIla neurons. The significant elevation of GFAP at three
weeks, a mere four days after the initial proteasome depletion occurs in CaMKIlla neurons,
strongly indicates a transcellular mechanism, where changes in the neurons are being rapidly
detected by glia (Bedford et al., 2008). This suggests that the disruption in proteostasis is
modulating neuron-astrocyte crosstalk.

The elevation of GFAP is a marker for astrocyte reactivity. Astrogliosis presents as hypertrophy
of cellular processes, cell proliferation, and functional changes that lead to the formation of the
glial scar. Astrogliosis is a multi-graded process, and has shown to be injury specific - reporting
distinct transcriptomic signatures (e.g. in acute CNS injury versus neurodegeneration) (Das et
al., 2020). Overall, this complex collection of phenotypic changes has been hypothesised to be

regulated by JAK/STAT3-mediated gene expression (Ceyzériat et al., 2016).

The JAK/STAT3 pathway in astrocytes has shown multiple effects in gliosis, with roles such
as mediation of glia-scar formation, preservation of myelin sheath, secretion of anti-
inflammatory cytokines and the reduction of leukocyte infiltration (Colombo and Farina, 2016;
Giannaki,2020). STAT3 activation in primary astrocytes has been shown in response to a range
of neurotoxic stimuli and pro-inflammatory mediators (O’Callaghan et al., 2014).

Many mice models of neurodegenerative disease show an upregulation in Astrocytic-specific
STATS signaling, with STAT3 inhibitors showing an alleviation in disease symptoms and
astrocyte hypertrophy (Ceyzériat et al., 2016; Ceyzériat, ben Haim, Denizot, Pommier, Matos,
Guillemaud, M. A. Palomares, et al., 2018; Abjean et al., 2021). Collectively, this evidence
suggests the hypothesis that the early increase in GFAP observed in our mouse model results

from the activation of STATS3 signaling pathways in astroglia.
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4.1.2 Aims of this chapter

This chapter aims to determine whether STAT3 activation is associated with upregulation of
GFAP in Psmc1":CaMKIlla-cre mice and disease progression. To this end, we have used
Western Blot and Immunofluorescence methods to examine the expression of STATS3, p-
STAT3 Tyrosine 705 and GFAP in cortical regions across the progression of 26S Proteasome
depletion.
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4.2 Materials & Methods

Western blotting of cortex lysates will be used to investigate the protein quantity of STAT3,
GAPDH, GFAP and p-STAT3 Tyrosine 705. Immunofluorescence histological staining will be
used to visualize GFAP, STAT3a and its subsequent co-localisation in areas enriched with
CaMKIla neurons, such as the dentate gyrus, CA1, CA3 and cortex. For full details please refer

to sections 2.3 and section 2.4.

4.2.1 Western blotting
2-,3-,4-week old Psmc1 "M:CaMKIlo-cre mice (n=4) and age-matched control littermates (n=4)

were culled by S1, and the brain was rapidly removed and snap frozen in liquid nitrogen. Brains
were kept at -80 until the lysis procedure. Cortex was lysed in RIPA buffer and further
homogenized using the BeadBeater BP. Tissue was centrifuged to pellet debris and the
supernatant was collected for subsequent protein quantification using a BCA assay. 100 pg of
each sample was loaded to SDS page gels and transferred overnight.

The resultant membrane was checked for protein transfer using ponceau staining and the
membrane was blocked in 5% Marvel® in TBS-T for one hour. Primary antibodies
(GAPDH/pSTAT3/STAT30/GAPDH/GFAP) were added at the required dilution and
incubated overnight. Secondary antibodies (HRP) were added to 5% Marvel ® in TBS-T and

membranes were incubated for one hour. ECL was used to visualize protein bands.

4.2.2 Immunofluorescence of FFPE brain tissue
2-,3-,4-week old Psmc1 "M:CaMKIlo-cre mice (n=4) and age-matched control littermates (n=4)

were culled by PIL procedure and brains were submerged in 4% PFA and processed to
formalin-fixed paraffin embedded (FFPE) slides. Slides were rehydrated followed by antigen-
retrieval. Endogenous fluorescence was blocked using several washes of 0.1% Sodium
borohydride in PBS, then washed with saline and PBS. M.O.M blocking reagent supplemented
with goat serum was used as a blocking solution and primary antibodies (GFAP/STAT3a) were
incubated on tissues overnight at 4°C. Secondary fluorescent antibodies with DAPI were
incubated for 1 hr in the dark at room temperature. Slides were mounted with DAKO mounting
media. Several images of each brain region were taken for each sample (DG — 4, CA1 -2, CA3
-3,FC-2).
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4.3 Results

4.3.1 Anincrease in astrocyte reactivity is observed in the cortex
Firstly, western blotting for GFAP was undertaken to validate the mass spectrometry results

shown in the previous chapter. Western blot results supported SWATH-MS data, reporting no
significant fold change at two weeks (1.06 p >0.5) to a significant fold change of 1.56 (p <
0.0001) at 3 weeks old, increasing to 2.18 (p< 0.0001) at 4 weeks old compared to age-matched
control littermates (figure 4.1A; 4.1C). It is noteworthy that in the Psmc1":CaMKlla-cre mice
model there are additional isoforms present, marked by detection under the 50 kDa band. This
has previously been reported in this model (Elkharaz et al., 2013).
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Figure 4.1:Immunoblotting demonstrates GFAP protein expression is significantly increased in
Psmc1:CaMKlla-cre mice in 3 and 4-week cortex. 4.1A) 100 ug protein lysate was loaded
(Psmc1":CaMKIla-cre mice — n=4, age-matched control- n=4) in 2, 3, and 4-week old mice. 4.1B) GAPDH of
corresponding 2-, 3- and 4-week. 4.1C) Unpaired t-test shows significant increase of GFAP in Psmc1"™;CaMKlla-

cre mice at 3 and 4 weeks old (**** = P <0.0001).
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4.3.2 Immunofluorescence demonstrates an increase in astrocyte-hypertrophy in CaMKlla
areas
After western blot demonstrated a significant upregulation of GFAP, it was then decided to

assess astrocyte morphology in brain areas containing CaMKIlla neurons. Brain regions were
identified from the previous mapping of the CaMKIla-GFP model (Wang et al., 2013). In brief,
it was reported that CaMKIlo was strongly expressed in the Dentate Gyrus, followed by the
CA3 and then CAL regions of the hippocampus. The cortex (somatosensory and auditory
cortex) was also examined due to its loss manifesting in neurodegenerative symptoms. By
analysing these regions, it can be inferred that astrocyte morphology, thereby reactivity can be
attributed to the progressing neuronal proteotoxicity.

A two-way ANOVA was performed to analyse the effect of age and genotype on GFAP area
expression. Four separate two-way ANOVAs were conducted for each region of interest
(Cortex, CA1, CA3, DG).

In the cortex, the two-way ANOVA revealed that there was a statistically significant interaction
between the effects of age and genotype (F(2,18=6.656), p=0.0069).Tukeys multiple
comparison analysis reported that GFAP area in the cerebral cortex showed no significant
difference at 2 weeks old (10.73 vs 10.28, p>0.05),but increased in 3-week Psmc1":CaMKIla-
cre mice compared to control (14.70 vs 22.02, p<0.05) and in 4-week Psmc1™™:CaMKIlla-cre
mice (20.76 vs 29.50, p <0.01) and also a statistically significant increase in GFAP area between
3-week and 4-week-old Psmc1 "M:CaMKIla-cre mice (22.02 vs 29.50, p <0.05) (figure 4.2).

In analysis of the CAL region, the two-way ANOVA revealed that there was a statistically
significant interaction between the effects of age and genotype (F(2,18=35.62), p=0.00234).
Tukeys multiple comparison analysis reported that GFAP area in the CA1l region of the
hippocampus showed no significant difference at 2 weeks old (7.30 vs 7.53 p >0.05), or 3 weeks
old (20.10 vs 22.93) however the area increased in 4-week Psmcl ":CaMKlla-cre mice
compared to control (13.57 vs 28.76, p <0.01).In addition to this, there was no significant
increase in GFAP area between 3-week and 4-week-old Psmc1 ":CaMKIlla-cre mice (22.02
vs 28.76, p >0.05) (figure 4.3).
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In analysis of the CA3 region, the two-way ANOVA revealed that there was a statistically
significant interaction between the effects of age and genotype (F(2,18=25.62), p= <0.0001).
Tukeys multiple comparison analysis reported that the CA3 region showed no significant
difference at 2 weeks old (6.88 vs 6.82 p >0.05), however, there was a significant increase in
area at 3 weeks old (12.91 vs 25.57 p<0.004) and 4-week old Psmc1":CaMKIlo-cre mice
(10.06 vs 38.30, p<0.003). In addition to this, there was a significant difference between 3 and
4-week-old Psmc1™:CaMKIIo-cre GFAP area (25.57 vs 38.30, p <0.003) (figure 4.4).

In analysis of the DG region, the two-way ANOVA revealed that there was a statistically
significant interaction between the effects of age and genotype (F(2,18=38.75), p= <0.0001).

Tukeys multiple comparison analysis reported that GFAP area in the DG region showed no
significant difference at 2 weeks old (9.24 vs 9.30 p >0.05) but showed a significant increase
in area at 3 weeks old (14.45 vs 32.71, p<0.0001) and 4-week old Psmc1"M:CaMKIla-cre mice
(10.06 vs 38.30, p<0.003), in addition to this there was no significant difference between GFAP
area in 3 and 4-week-old Psmc1";CaMKIla-cre mice (32.71 vs 38.30, P >0.05) (figure 4.5).

Overall, this data shows a significant increase in GFAP area at 3 weeks old, prior to

intraneuronal inclusions and pyknotic nuclei at 4 weeks.
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Figure 4.2:GFAP area is significantly increased in 3- and 4-week Psmcl1™f;:CaMKIla-cre mice cerebral
cortex. 4.2A) 20x images of GFAP (green) and nuclei (blue) in 2,3,4 week Psmc1™:CaMKIla-cre mice and aged-
matched control, scale bar: 100um White box indicates the region of interest (3 x 3) which was used for GFAP
area (%) analysis. 4.2B) GFAP ROI identified, scale bar 25 pm. 4.2C) Post-hoc Tukeys multiple comparison test

reported a significant difference between age-matched conditions across age groups (* = P<0.05, ** =P<0.01).
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Figure 4.3:GFAP area is significantly increased 4-week Psmc1™:CaMKIla-cre mice CAL region. 4.3A)
20x images of GFAP (green) and nuclei (blue) in 2,3,4 week Psmc1™;CaMKIla-cre mice and aged-matched
control, scale bar: 100um. 4.3B) GFAP ROI identified, scale bar 25 pm.4.3C) Post-hoc Tukeys multiple
comparison test reported a significant difference between 4-week control and Psmc1™:CaMKIlla-cre mice (**
=P<0.01).

125



4 weeks

Control

N
?
=]
—
—(
:
«
<
S
y—
[3)
£
n
-
B C
Control Psmcl;CaMKIlla-cre GFAP area in CA3
=
S
w
?S * K
B 50 | 1
o ns *ok * ok ok
[ 1

40

30

3 weeks-old

Area

20

=
g 10
w)
E [;] i
)
z
- 0 T T T
2 weeks 3 weeks 4 weeks
Age
=3 Control B psmc /. CaMKllo-cre

Figure 4.4: GFAP area is significantly increased in 3 and 4-week Psmcl ;CaMKIla-cre mice CA3 region
4.4A) 20x images of GFAP (green) and nuclei (blue) in 2,3,4 week Psmc1™:CaMKIla-cre mice and aged-matched
control, scale bar: 100um. 4.4B) GFAP ROI identified, scale bar 25 pm. 4.4C) Post-hoc Tukeys multiple
comparison test reported a significant difference in GFAP area between 3 and 4-week control and Psmcl
. CaMKlla-cre mice (** =P<0.01,****=P<0.0001).
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Figure 4.5: GFAP area is significantly increased in 3 and 4-week Psmc1™";CaMKIla-cre mice in the Dentate
Gyrus (DG). 4.5A)20x images of GFAP (green) and nuclei (blue) in 2,3,4 week Psmc1™:CaMKIla-cre mice and
aged-matched control, scale bar: 100 um. The white box indicates the region of interest (3 x 3) which was used
for GFAP area analysis. 4.5B) GFAP ROl identified, scale bar 25 pm. 4.5C) Post-hoc Tukeys multiple comparison

test reported a significant difference between 4-week control and Psmc1™:CaMKlla-cre mice (**** =P<0.0001).
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4.3.3 JAK/STAT3 signaling is significantly increased in Psmc1 /fl;CaMKIla-cre mice
JAK/STAT signaling has been cited as a key regulator of astrogliosis (Hong and Song, 2014).

Therefore, immunoblotting for STAT3a and phosphorylated STAT3 (Tyrosine 705) was
performed in 2,3 and 4-week-old cortex in both control and Psmc1™:CaMKIlla-cre mice (n =
4). Western blots probing for STAT3a in Psmcl™:CaMKIlo-cre mice demonstrated no
significant fold change at two weeks (1.06,p>0.5) but a significant fold change of 1.70 (p
<0.0001) at 3 weeks old, increasing to 1.90 (p <0.0001) at 4 weeks old compared to age-
matched control littermates (figure 4.6). In line with this, there was no detection of
phosphorylated-STAT3 tyrosine 705 at 2 weeks, however, there was a significant fold change
of 1.94 at 3 weeks (p <0.0001) and 1.77 at 4 weeks old (p <0.0001) in Psmc1™:CaMKIla-cre
mice compared to age-matched-control littermates (figure 4.7).
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Figure 4.6:Immunoblotting demonstrates STAT3a protein expression is significantly increased in Psmcl
fifl. CaMK I la-cre mice in 3 and 4-week cortex. 4.6A) 100 pg protein lysate was loaded (Psmc1™;CaMKIlla-cre
mice — n=4, age-matched control n=4) in 2, 3, and 4-week old mice. 4.6B) GAPDH of corresponding 2-, 3- and 4-
week proteins. 4.6C) Unpaired t-test shows significant increase of STAT3a in Psmc1™ ;CaMKIla-cre mice at 3
and 4 weeks old (**** =P <0.0001).
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Figure 4.7:Immunoblotting demonstrates that p-STAT3 (Tyrosine 705) protein expression is significantly
increased in Psmc1™M;CaMKIla-cre mice. 4.7A) 100 pg protein lysate was loaded (Psmc1™:CaMKIla-cre mice
—n=4, age-matched control- n=4) in 2-, 3-, and 4-week-old mice. 4.7B) GAPDH of corresponding 2, 3 and 4-week
proteins. 4.7C) Unpaired t-test shows significant increase of p-STAT3(Tyrosine 705) in Psmc1 "M:CaMKIlla-cre
mice at 3 and 4 weeks old (**** = P <0.0001).
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4.3-4 The number of STAT3/DAPI colocalized cells is significantly increased in Psmc1 /fl;
CaMKIlla-cre mice
Immunoblotting data indicates that there is an upregulation in STAT3a and p-STAT3 (Tyrosine

705) protein expression in Psmcl™:CaMKlla-cre mice compared to control mice.
Unfortunately, direct immunofluorescence staining of p-STAT3(Tyrosine 705) antibody in
histology preparations was unsuccessful in our hands. As STAT3a dimerises and translocates
to the nucleus as part of its activation mechanism after phosphorylation, it was deemed
reasonable to use this as a proxy measure of potential p-STAT3 formation, by examining
colocalised STAT3a'/DAPI" cells. This same method has been used by many other groups as
a marker of phosphorylated-STAT3 (Lucile et al., 2015; Haim et al., 2015; Ceyzériat et al.,
2016; Ceyzériat, ben Haim, Denizot, Pommier, Matos, Guillemaud, M. A. Palomares, et al.,
2018; Guillemaud et al., 2020).

A two-way ANOVA was performed to analyse the effect of age and genotype on the number
of STAT3a*/DAPI* cells. Four separate two-way ANOVAs were conducted for each region of
interest (Cortex, CAl, CA3, DG).

In the cortex, the two-way ANOVA revealed that there was a statistically significant interaction
between the effects of age and genotype (F(2,18=4.532), p=0.025) on the number of
STAT30/DAPI* cells. Tukeys multiple comparison analysis reported a significant difference
in the cerebral cortex (+12 cells, p < 0.05) at 3-weeks of age and a significant increase at 4-
weeks old (+13, < 0.05) in Psmc1™:CaMKIIa-cre mice vs controls. There was no significant
difference between 3 and 4-week old Psmc1™:CaMKIIa-cre mice (-0.5, p>0.05) (figure 4.8).

In the CA1 region, the two-way ANOVA revealed that there was a statistically significant
interaction between the effects of age and genotype (F(2,18=7.411), p=0.0045) on the number
of STAT3a'/DAPI* cells. Tukeys multiple comparison analysis reported that a significant
difference in the CAl region (+10, p <0.001) at 3-weeks of age however there was no significant
difference 4-weeks old (+3, p>0.05) in Psmc1™M:CaMKIIa-cre mice vs controls. There was no
significant difference between 3 and 4-week old Psmc1™;:CaMKIIa-cre mice (+ 1.25, p>0.05)
(figure 4.9).

In the CA3 region, the two-way ANOVA revealed that there was no statistically significant
interaction between the effects of age and genotype (F(2,18=3.307), p=0.0598) on the number
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of STAT3a*/DAPI"™ cells. Tukeys multiple comparison analysis reported that there is no
significant difference in the CA3 region (+5, p >0.05) at 3-weeks of age however there was a
significant difference at 4-weeks old (+12, p <0.05) in Psmc1"":CaMKIIa-cre mice vs controls.
There was no significant difference between 3 and 4-week old Psmc1":CaMKIIa-cre mice
(+10, p>0.05) (figure 4.10).

In the DG region, the two-way ANOVA revealed that there was a statistically significant
interaction between the effects of age and genotype (F(2,18=8.098), p=0.0031) on the number
of STAT3a"/DAPI* cells. Tukeys multiple comparison analysis reported that there is no
significant difference in the DG region (+16, p<0.01) at 3-weeks of age however there was a
significant difference at 4-weeks old (+22, p <0.05) in Psmc1™":CaMKIIa-cre mice vs controls.
There was no significant difference between 3 and 4-week old Psmc1":CaMKIIa-cre mice
(+9, p>0.05) (figure 4.11).
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Figure 4.8: Number of STAT3a*/DAPI* colocalised cells is significantly increased in 3 and 4-week Psmcl
fifl. CaMK I la-cre mice cerebral cortex. 4.8A)20x images of STAT3a. (red) and nuclei (blue) in 2,3,4 week Psmcl
fifl. CaMKlla-cre mice and aged-matched control, scale bar: 100um. 4.8B) Post-hoc Tukeys multiple comparison
reported a significant difference between 3 and 4 week Psmc1™"M;:CaMKIla-cre mice versus age-matched control
(* =p<0.05).
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Figure 4.9:Number of STAT3a*/DAPI* colocalised cells is significantly increased in 3-week Psmcl
fifl. CaMK I la-cre mice in the CAL region. 4.9A)20x images of STAT3a (red) and nuclei (blue) in 2,3,4 week
Psmc1™;CaMKlla-cre mice and aged-matched control, scale bar: 100um. 4.9B) Post-hoc Tukeys multiple
comparison reported a significant difference between 3-week-old Psmc1™™;CaMKIlla-cre mice versus age-

matched control (***=p<0.001), however, showed no significant difference at 4-weeks old.

134



2 weeks 3 weeks 4 weeks

STAT3a/DAPI co-localisation - CA3

Control

Psmc11;CaMKIla-cre

50 ns

40 —

w
=

~
=

Number of STAT3a /DAPI"
colocalised cells
L |
I 1

0 T T
2 weeks 3 weeks 4 weeks
Age
=3 Control B psmcl//.CaMKlla-cre

Figure 4.10:Number of STAT3a*/DAPI* colocalised cells is significantly increased in 4-week Psmcl
fifl. CaMK I la-cre mice in the CA3 region. 4.10A)20x images of STAT3a (red) and nuclei (blue) in 2,3,4 week
Psmc1™:CaMKIla-cre mice and aged-matched control, scale bar: 100um. 4.10B) Post-hoc Tukeys multiple
comparison reported a significant difference between 4 week old Psmc1™:CaMK I la-cre mice versus age-matched

control (*** =p<0.001), however no significant difference at 3-weeks old.
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Figure 4.11:The number of STAT3a*/DAPI* colocalised cells is significantly increased in 3 and 4-week
Psmc1™:CaMKIla-cre mice in the DG region. 4.11A)20x images of STAT3o. (red) and nuclei (blue) in 2,3,4
week Psmc1";:CaMKIla-cre mice and aged-matched control, scale bar: 100um. 4.11B) Post-hoc Tukeys multiple
comparison reported a significant difference between 3 and 4-week-old Psmc1"1;CaMKIlla-cre mice versus age-
matched control (*** =p<0.001), (** =p<0.01).
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4.3.5 The number of GFAP*/STAT3a* cells is increased in Psmc1"f;CaMKIla-cre mice

As STAT3 is a key regulatory of astrogliosis, dual immunofluorescence staining of GFAP and
STAT3a was used to assess astrocyte-specific reactivity in the cortex. It must be noted that for
GFAP*/STAT3a" cells to be counted, they must have both a STAT3a positive nucleus and
closely associated GFAP labelling.

A two-way ANOVA was performed to analyse the effect of age and genotype on the number
of GFAP*/STAT3a" cells. Four separate two-way ANOVAs were conducted for each region of
interest (Cortex, CAl, CA3, DG).

In the cortex, the two-way ANOVA revealed that there was a statistically significant interaction
between the effects of age and genotype (F(2,18=73.93), p=<0.0001) on the number of
GFAP*/STAT3a" cells. Tukeys multiple comparison analysis reported a significant difference
in GFAP*/STAT3a" positive cells at 3-weeks old (+19, p < 0.0001) and 4-weeks old (+20,
p<0.0001) in Psmc1™:CaMKIIa-cre mice vs control mice. There was no significant difference
between the number of GFAP/STAT3a" positive cells at 3-week and 4-week old
Psmc1™"M:CaMKIIa-cre mice (+1, p>0.05) (figure 4.12,4.13, 4.14).

In the CAL region, the two-way ANOVA revealed that there was a statistically significant
interaction between the effects of age and genotype (F(2,18=17.61), p=<0.0001) on the number
of GFAP*/STAT3a" cells. Tukeys multiple comparison analysis reported a significant
difference in GFAP*/STAT3a" positive cells at 3 weeks-old (+12, p < 0.0001) and 4-weeks old
(+6, p <0.01). There was no significant difference between the number of GFAP*/STAT3a"
positive cells at 3-week and 4-week old Psmc1™:CaMKIlo-cre mice (+1, p>0.05)(figure
4.15,4.16,4.17).

In the CAS3 region, the two-way ANOVA revealed that there was a statistically significant
interaction between the effects of age and genotype (F(2,18=12.79), p=<0.0004) on the number
of GFAP*/STAT3a" cells. Tukeys multiple comparison analysis reported a significant
difference in GFAP*/STAT3a" positive cells in the CA3 region at 3-weeks old (+10, p<0.05)
and 4-weeks old (+19, p<0.001). There was a significant difference between the number of
GFAP*/STAT30" positive cells at 3-week and 4-week old Psmc1™:CaMKIIa-cre mice (+9,

p<0.05)(figures 4.18,4.19,4.20).
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In the DG region, the two-way ANOVA revealed that there was a statistically significant
interaction between the effects of age and genotype (F(2,18=10.66), p=0.0009) on the number
of GFAP*/STAT3a" cells. Tukeys multiple comparison analysis reported a significant
difference in the number of GFAP*/STAT3a" positive cells at 3 weeks old and 4-weeks old
(+19, p<0.001 ) (+25, p < 0.0001). There was no significant difference in GFAP*/STAT3a*
cells between 3-week and 4-week old Psmc1™:CaMKIla-cre mice (+8,p>0.05)(figures

4.21,4.22,4.23).
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Figure 4.12: DAPI, GFAP and STAT3a staining in the 3-week-old cerebral cortex in control and Psmcl
fill: CaMK Ila-cre mice. 20x images of DAPI (blue),.GFAP (green) and STAT3a (red) — scale bar: 100 pum.
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Figure 4.13: DAPI, GFAP and STAT3a staining in the 4-week-old cerebral cortex in control and Psmcl
fill: CaMK I la-cre mice. 20x images of DAPI (blue).GFAP (green) and STAT3a (Red) —scale bar: 100 pm.
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Figure 4.14:GFAP*/STAT3a" cells are significantly increased in 3 and 4-week Psmc1™f;:CaMKIla-cre mice
in the cerebral cortex. 4.14A)20x images of STAT3a, GFAP and DAPI (merged) in 2,3,4 week Psmcl
. CaMKlla-cre mice and aged-matched control, scale bar: 100 um. The white box indicates the region of interest
(3 x 3) which was used for GFAP area analysis. 4.14B) ROI identified, scale bar: 25 pum. 4.14C) Post-hoc Tukeys
multiple comparison reported a significant difference in the number of GFAP*/STAT3a" cells between 3 and 4
weeks Psmc1":CaMKIla-cre and their aged-matched litter mates (**** P=<0.0001).
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Figure 4.15:DAPI, GFAP and STAT3a staining in the 3-week-old CA1 region in control and Psmcl
fill: CaMKla-cre mice. 20x images of DAPI (blue), GFAP (green) and STAT3a (red) —scale bar: 100um.
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Figure 4.16:DAPI, GFAP and STAT3a staining in the 4-week-old CAl region in control and Psmcl
fill: CaMK I la-cre mice. 20x images of DAPI (blue).GFAP (green) and STAT3a (red) —scale bar: 100 um.
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Figure 4.17:GFAP*/STAT3a* cells are significantly increased in 3 and 4-week Psmc1"" ;CaMKIla-cre mice
in the CA1 region. 4.17A)20 x images of STAT3a, GFAP and DAPI (merged) in 2,3,4 week Psmcl ¥:CaMKlla-
cre mice and aged-matched control, scale bar: 100um. The white box indicates the region of interest (3 x 3) which
was used for GFAP area analysis. 4.17B) ROI identified, scale bar 25 um. 4.17C) Post-hoc Tukeys multiple
comparison reported a significant difference in the number of GFAP*/STAT3a* cells between 3 and 4 week Psmcl

fifl. CaMKlla-cre mice and their age-matched litter mates (****p =<0.0001, *** p = <0.001).
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Figure 4.18:DAPI, GFAP and STAT3a staining in the 3-week-old CA3 region in control and Psmcl
fill: CaMKIla-cre mice. 20x images of DAPI (blue),GFAP (green) and STAT30. (red) —scale bar: 100 um
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Control Psmc1//;CaMKIla-cre
DAPI DAPI
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Figure 4.19:DAPI, GFAP and STAT3a staining in 4-week-old in the CA3 region in control and Psmcl
fill: CaMKIla-cre mice. 20x images of DAPI (blue), GFAP (green) and STAT3a (red) — scale bar: 100 um
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Figure 4.20:GFAP*/STAT3a" cells are significantly increased in 3 and 4-week Psmc1™";CaMKIla-cre mice
in the CA3 region. 4.20A)20 x images of STAT3a, GFAP and DAPI (merged) in 2,3,4 week Psmc1™™:CaMKIla-
cre mice and aged-matched control, scale bar: 100um. The white box indicates the region of interest (3 x 3) which
was used for GFAP area analysis. 4.20B) ROI identified, scale bar 25 pm. 4.20C) Post-hoc Tukeys multiple
comparison T reported a significant difference in the number of GFAP*/STAT3a* cells between 3 and 4 week
Psmcl "M;:CaMKlla-cre mice and their age-matched littermates (****p =<0.0001, *** p = <0.001) and a

significant increase from 3 to 4 weeks old (p<0.05).
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Control Psmc1”/7;CaMKIla-cre
DAPI

STAT3a

Figure 4. 21: DAPI, GFAP and STAT3a staining in 3-week-old DG region in control and Psmc1 ™/f;
CaMKIlla-cre mice. 20x images of DAPI (blue).GFAP (green) and STAT3a (red) —scale bar: 100pm.
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Figure 4. 22:DAPI, GFAP and STAT3a staining in 4-week old DG region in control and Psmcl
fifl: CaMKIla-cre mice. 20x images of DAPI (blue),GFAP (green) and STAT3a. (red) —scale bar:100pm
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Figure 4.23:GFAP*/STAT3a* cells are significantly increased in 3 and 4-week Psmc1";CaMKIlla-cre mice
in the DG region. 4.23A)20 x images of STAT3a, GFAP and DAPI (merged) in 2,3,4 week Psmc1™™:CaMKIla-
cre mice and aged-matched control, scale bar: 100pum. The white box indicates the region of interest (3 x 3) which
was used for GFAP area analysis. 4.23B) ROI identified, scale bar 25 pm. 4.23C) Post-hoc Tukeys multiple
comparison reported asignificant difference in the number of GFAP*/STAT3a* cells between 3 and 4 week Psmcl

fifl. CaMKIlla-cre mice and their age-matched litter mates (****p =<0.0001, ** p = <0.01).
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4.3.6 Astrocytic-STAT3 is significantly increased in the CA3 and DG in 3- and 4-week old
Psmcl ¥f;CaMKIla-cre mice

ROI images featuring GFAP*/STAT3a" cells were used to investigate the Astrocytic-STAT3a
area as a measure of the total STAT3 positive astrocytic compartment in the different regions.

Images channels were split into DAPI, FITC and TRITC then the TRITC channel (STAT3a)
was thresholded to create a binary image. The selection tool was used to select astrocytes which

were then measured to identify the area of astrocytic-STATS3.

A two-way ANOVA was performed to analyse the effect of age and genotype on the number
of Astrocytic-STAT3 area. Four separate two-way ANOVAs were conducted for each region
of interest (Cortex, CAl, CA3, DG).

In the cortex, the two-way ANOVA revealed that there was no statistically significant
interaction between the effects of age and genotype (F (2,18=1.357), p=0.2826) of Astrocytic-
STATS3 area. Tukeys multiple comparison analysis reported a non-significant difference at 2
weeks (3.9 vs 4.5, P > 0.05), 3 weeks (9.4 vs 16.3 P > 0.05) or 4 weeks (14.53 vs 16.49 P >
0.05) in the cerebral cortex (figure 4.24A). There is no significant difference in Astrocytic-
STAT3 area between 3 and 4 week Psmc1":CaMKIIa-cre mice (-0.18, p>0.05) (figure 4.24A).

In the CA1 region, the two-way ANOVA revealed that there was no statistically significant
interaction between the effects of age and genotype (F (2,18=2.811), p=0.086) of Astrocytic-
STATS3 area. Tukeys multiple comparison analysis reported a non-significant difference at 2
weeks (4.02 vs 3.53, P > 0.05), 3 weeks (5.69 vs 13.04, p > 0.05) or 4 weeks (7.16 vs 12.33, p
> 0.05). There is no significant difference in Astrocytic-STAT3 area between 3 and 4 week
Psmc1":CaMKIIo-cre mice (-0.71, p>0.05) (figure 4.24B).

In the CA3 region, the two-way ANOVA revealed that there was a statistically significant
interaction between the effects of age and genotype (F (2,18=5.456), p=0.0140) of Astrocytic-
STAT3 area. Tukeys multiple comparison analysis reported a significant difference in the
astrocytic -STAT3 area in the CA3 region at 3 weeks (6.6 vs 16.31, p<0.001) and 4 weeks (5.8
vs 12.6, p <0.5). There is no significant difference in Astrocytic-STAT3 area between 3 and 4
week Psmc1™™:CaMKIIa-cre mice (3.75, p>0.05) (figure 4.24C).
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In the DG region, the two-way ANOVA revealed that there was a statistically significant
interaction between the effects of age and genotype (F (2,18=14.77), p = 0.0002) of Astrocytic-
STATS3 area. Tukeys multiple comparison analysis reported a significant difference significant
increase in astrocytic-STAT3 in the DG area at 3-weeks old (7.17 vs 19.40, p <0.0001) and 4-
week old (5.19 vs 15.98, p <0.001. There is no significant difference in Astrocytic-STAT3 area
between 3 and 4 week Psmc1™":CaMKIIa-cre mice (3.42, p>0.05) (figure 4.24D).
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Figure 4.24:Astrocytic-STAT3 area is significantly increased the CA3 and DG region in 3 and 4-week
Psmc1?®;CaMKIla-cre mice versus age-matched litter mates. 4.24A) Cerebral cortex, 4.24B) CAL1 region,
4.24C) CAS3 region, 4.24D) DG region Significance details post-hoc tukey test results (**** =P<0.0001
,**=P<0.01,*=P<0.05).
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4.4 Discussion

Protein expression profiling using SWATH-MS in Psmc1™:CaMKIlla-cre mice highlighted
GFAP, a major intermediate filament protein in astrocytes, to be consistently upregulated in
line with disease progression. This chapter aimed to further validate this marker, using western
blot and immunofluorescence techniques to identify protein upregulation and map its location
in the Psmc1"M;:CaMKIla-cre cortex. We found that GFAP expression in astrocytes increases
with disease progression and correlates with STAT3 and phosphorylated-STAT3 expression
and localisation in astrocytes. This provides evidence that astrocyte reactivity is associated with
JAK/STAT3 activation in this mouse model.

Western blot results supported SWATH-MS data, reporting no significant fold change at two
weeks before the loss of Psmc1l, but a significant fold change of at 3 weeks old, increasing to
2.18 at 4 weeks old compared to age-matched control littermates. Through western blot, it is
also visible that unique additional bands were detected in the Psmc1™"M:CaMKIla-cre mice at 3
and 4 weeks old. Speculatively, it can be attributed that these bands represent differential GFAP
isoforms. To date, 6 different GFAP isoforms are shared between the mice and the human
nervous system (GFAP a, B, 9, {, x, A exon 7), which are detectable with the GFAP antibody
used in this study (Meli et al., 2014; Yang et al., 2017). In support of this, Alzheimer’s and
Parkinson's disease models show an increase in GFAP isoforms associated with chronic
pathology (Clairembault et al., 2014; Hol & Pekny, 2015; Kamphuis et al., 2012; Sullivan,

2014). However, these isoform roles in their contribution to neuroinflammation remain elusive.

After confirmation of GFAP upregulation via western blot, we decided to assess STAT3 levels
via western blot also. Western blots probing for STAT3a in Psmc1™:CaMKlla-cre mice
demonstrated no significant fold change at two weeks,to a significant fold change at 3 weeks
old, further increasing at 4 weeks old compared to age-matched control littermates. In line with
this, detection of phosphorylated STAT3 tyrosine 705 showed a significant fold change at 3
weeks and at 4 weeks old in Psmc1™:CaMKIllo-cre mice compared to age-matched control
littermates. This upregulation in STAT3a coincides with a significant increase in STAT3
Tyrosine 705 phosphorylation. This phenomenon is supported by literature in the field which
reports that STAT3 undergoes a positive autoregulatory loop, where STAT3 tyrosine 705 binds
to the promoter of STAT3a, therefore leading to an overall increase in protein expression

(Ichiba et al., 1998; He et al., 2005).
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To assess if astrocytes were the source of JAK/STAT signaling, immunofluorescence labelling
of STAT3 Tyrosine 705 on paraffin-embedded slices was attempted. However, the use of this
was unsuccessful, displaying no specific staining. It is noted in the literature that detection of
phosphorylated-STAT3 is difficult in paraffin-embedded slices due to low levels and reduction
of epitope availability due to fixation methods (Mueller et al., 2011). In addition to this, a
comparative study performed by O’ Callaghan and Sriram reported traditional methods of
culling, such decapitation, reduced the preservation of the phosphorylation states of proteins
(O’Callaghan and Sriram, 2004). Therefore, an alternative approach was needed. It was decided
to use STAT3a colocalization with DAPI as a marker of STAT3-phosphorylation, as used and
published by other groups (Haim et al., 2015).

Firstly, we assessed if there were any significant changes in the number of STAT30a+/DAPI+
cells compared to age-matched control mice. The cerebral cortex and dentate gyrus showed a
significant increase compared to control at both 3 and 4 weeks of age. The CA3 region showed
no significant increase at 3 weeks old but reached significance at 4 weeks old. These results
support that there is an increase in STAT3 phosphorylation associated with an increase in
disease pathology. However, the CAL region showed a significant increase at 3 weeks old but
failed to reach significance at 4 weeks. One reason for this may be that STAT3 expression in
the brain increases at P28, therefore masking potential disease related STAT3 changes (Sadok
etal., 2021).

To clarify these findings, we dual-stained for GFAP*/STAT3a" cells and reported that all
regions examined across all weeks reported a significant increase in the number of
GFAP*/STAT3a" cells compared to the age-matched control. A two-way ANOVA reported
that there was a significant increase in the number of GFAP*/STAT3a" in the CA3 region

between 3-week and 4-week-old Psmc1™M:CaMKlla-cre mice (+9, p<0.05).

As STAT3 has been linked with neurite outgrowth in neurons, and as neuroinflammation is
associated with a reduction in healthy neuronal physiology, a decline in STAT3a*./DAPI* only
cells could be attributed to the effects of reactive gliosis (Park, Nozell and Benveniste, 2012;
Leibinger et al., 2013; Su et al., 2020).Neuronal STAT3 inhibition has been cited in
neurodegenerative disease models, citing intracellular crowding of aggregate prone proteins in

neurons as a cause of neuronal death (He et al., 2020; Hong et al., 2020; Zhang et al., 2021).
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This hypothesis would need to be confirmed with further studies, such as dual staining of
neurons (e.g. with MAP2) and STAT3a. In addition to this, mitochondrial dysfunction has been
cited at 3 weeks old in this model, which has a strong relation to STAT3. It is possible to
speculate that STAT3 dysfunction in neurons may have a role in activating JAK/STAT

signaling in astrocytes.

We then decided to undertake an analysis of the GFAP area in hippocampal regions and the
cerebral cortex. We used the GFAP area as a measure of astrocyte hypertrophy, thereby
indicating reactivity. At 3-weeks of age, GFAP area reported a significant increase in the
cerebral cortex (+8% ,p < 0.01), CA3 region (+12%, p < 0.01) and Dentate Gyrus (+18%, p <
0.0001), however not in the CA1 region (+2%, p > 0.5). At 4-weeks of age, all areas
demonstrated a significant increase in GFAP area, cerebral cortex (+9%, p<0.01), CA3 (+28%,
p <0.0001), CAL (+11%, p < 0.01) and DG (+28%, p < 0.0001).

Two-way ANOVA also demonstrated a significant increase in astrocyte hypertrophy in the
cerebral cortex and CA3 between 3 and 4 week Psmc1™:CaMKIla-cre mice, but not in the
dentate gyrus and the CA1 region. This data suggests that astrocyte reactivity in this model is a
heterogeneous phenomenon, potentially attributed to the localisation of CaMKIla neurons.
What is of most interest, is that although hypertrophy in the CA1 region did not significantly
increase at 3 weeks old, the number of GFAP*/STAT3a" cells significantly increased. As CAl
hypertrophy is increased at 4 weeks old, this previous increase in the number of
GFAP*/STAT3a" cells supports the notion that STAT3 drives GFAP hypertrophy as it precedes
GFAP hypertrophy, therefore potentially offering therapeutic avenues that have already been
used in previous neurodegenerative disease models (Abjean et al., 2022; Ceyzériat et al., 2016;
Guillemaud et al., 2020).For future work, the use of a STAT3 antibody in chromatin

immunoprecipitation would validate this notion.

The astrocytic-STAT3 area was also investigated by measuring the area of STAT3 localised in
Astrocytes, marked by the GFAP area. Astrocytic-STAT3 area showed a significant increase
in 3-week and 4-week old Psmc1"M:CaMKIla-cre mice compared to age-matched littermates,
showing statistical significance in the CA3 and DG regions (3 weeks, 4 weeks). An increase in
STATS3 protein via western blot, followed by detected phosphorylated-STAT3 tyrosine, an

increase in the GFAP*/STAT3a" positive cells as well as an increase in astrocytic-STAT3 area
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strongly supports STAT3 positive autoregulatory loop, driving reactive gliosis (Ichiba et al.,
1998; Narimatsu et al., 2001; Tyzack et al., 2014).

Overall, there are many limitations to this work. Although STAT3 colocalization with nuclei is
used by other groups, this does not indicate what type of STAT3 phosphorylation is undertaken
in the astrocyte. It must also be noted that other groups expressed their results as ‘high
expressing’ STAT3 astrocytes versus ‘low expressing’” STAT3 astrocytes, a differentiation
which was not made in this model. To truly understand if STAT3 is responsible for driving
astrogliosis, an in-vivo intervention experiment should be conducted, where expression and
phosphorylation of STAT3 are regulated exogenously, through stereotactic injections of viral
vectors specific for transgene expression in astrocytes which are specific for JAK2 or STAT-
induced inhibitor, SOCS3 (Ceyzériat, ben Haim, Denizot, Pommier, Matos, Guillemaud, M.-
A. Palomares, et al., 2018).

Despite this, there is good evidence for the role of the JAK/STAT3 pathway in the cellular
response to proteasome loss in the Psmc1"™:CaMKIla-cre model. As a possible link between
proteostasis and STATS3, transcriptomic analysis of acutely sorted astrocytes from Huntington
disease mice shows that JAK/STAT3 astrocyte signaling is associated with an increase in UPS
and lysosomal degradation proteins, thereby indicating a phagocytosis role for astrocytes in
neurodegeneration (Abjean et al., 2022). As this model is a disruption of neuronal proteolysis,

this is a key hypothesis that could be utilised for further testing.

4.5 Conclusions and further work

In conclusion, this data chapter provides evidence of an increase in GFAP hypertrophy that is
coupled with STAT3-signaling. We demonstrate a significant increase in the number of
GFAP*/STAT3a" cells, alongside a significant fold change in total STAT3 and STAT3-
phosphorylated Tyrosine 705, indicating a positive-feedback loop of reactive gliosis. The next

chapter serves to investigate the initiator of STAT3-driven astrogliosis.
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Chapter 5 Pharmacological treatment of acute slices to investigate
initiators of STATS3 reactivity in astrocytes

5.1Introduction

5.1.1 Initiators of STAT3 reactivity in astrocytes
The last two chapters of this thesis showed a clear signaling pathway in the response to

26S proteasome depleted neurons. Firstly, we identified an upregulation in GFAP, a major
cytoskeletal protein in astrocytes which was correlated with a downregulation in neuronal
structure and projection across disease progression. Secondly, immunofluorescence staining
and western blot analysis confirmed this upregulation. Thirdly, we found that total astrocytic-
STAT3 was rapidly upregulated from 3 weeks of age in the hippocampus of Psmcl
. CaMKIllo-cre mice and this was confirmed by the increase in phosphorylated- STAT3

tyrosine 705 levels in the whole brain.

This current collection of results indicates that astrocytes can detect and respond to some cue
in the brain of Psmc1l deficient mice, thereby leading to STAT3 activation prior to intraneuronal
inclusion formation. It is therefore important to identify the molecular initiator of this signaling
pathway, to better understand what is triggering the early gliosis response that precedes

neurodegenerative pathology.

One major feasible molecular mechanism is the direct release of proinflammatory cytokines,
CXCL10, TNF-a and IL-6, all of which have been cited to be released from proteotoxic neurons
(Fattori et al., 1995; Israelsson et al., 2010) (figure 5.1a). However, it has been previously
reported that 3-week-old Psmc1™:CaMKIla-cre mice exhibit paranuclear accumulation of
mitochondria, alongside an increase in Cytochrome oxidase 1V and Parkin protein (Elkharaz et
al., 2013; Ugun-Klusek et al., 2017). Given this background, mitochondrial damage in response
to 26S proteasome depletion is a reasonable hypothesis for an initiator of gliosis, especially as
mitochondrial DAMPS, such as ADP and ATP, have been shown to cause STATS3-
phosphorylation in astrocytes(figure 5.1b). These ligands have been shown to interact with
astrocyte-specific receptors, as outlined in figure 1.5¢ (Breder et al., 1993; Washburn and
Neary, 2006; Vinet et al., 2010; Gandelman et al., 2010; Probert, 2015; Liu et al., 2018; Ali,
Biswas and Pal, 2019; Zhou et al., 2019; Davidson et al., 2022).
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ATP/ADP

TNF-a

Figure 5.1:Hypothesized initiators of STAT3 Tyrosine 705 phosphorylation from Psmc1 ¥f;CaMKIla-cre
neurons. 5.1A) The release of proinflammatory cytokines can activate Astrocytic STAT3 tyrosine 705
phosphorylation, leading to increased hypertrophy. 5.1B) The release of DAMPS can activate Astrocytic-STAT3
tyrosine 705. 5.1C) A schematic diagram of potential receptor-ligand interaction in astrocytes. Abbreviations:
Interleukin-6 (IL-6), Interleukin-6 Receptor (IL-6R), Tumour Necrosis Factor Alpha (TNF-a), Tumour Necrosis
Factor Receptor (TNFR), C-X-C motif chemokine ligand 10 (CXCL10), C-X-C motif chemokine receptor 3,
(CXCR3), 2'(3")-0-(4-Benzoylbenzoyl)adenosine 5'-triphosphate (BZATP), P2X receptor (P2XR), Adenosine
Diphosphate(ADP), P2Y receptor (P2YR) Image made with biorender.com
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5.1.2 Aims of this chapter
This chapter aims to identify which of these potential upstream signaling networks could be

contributing to STAT3 activation in astrocytes, and so may account for the early-stage gliosis

observed at 3-week Psmc1M:CaMKIla-cre mice.

Firstly, we will screen samples from 3, 4 and 5-week-old control and Psmc1"™CaMKIla-cre
mice for the expression of pro-inflammatory mediators, alongside GFAP and STAT3a, via
quantitative-real time PCR. Secondly, we will use acutely isolated cerebral cortex and
hippocampal slices to test the ability of known agonists (CXCL10, IL-6, TNF-a, BZATP,
ADP) to initiate STAT3 tyrosine 705 phosphorylation, using STATTIC inhibitor of STAT3
phosphorylation as a negative control. Thirdly and finally, we will immunolabel these areas to
quantify the number of STAT3a" astrocytes in each condition to assess if there is a significant

difference between experimental conditions
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5.2 Materials & Methods

5.2.1 gRT-PCR
Snap frozen hippocampi from 3,4 and 5 weeks-old Psmc1"™:CaMKIlla-cre mice (n =3) and

age-matched control littermates (n=3) underwent RNA-extraction using the RNeasy Plus Mini
Kit (Qiagen.# 74134). cDNA synthesis was undertaken and qRT-PCR was carried out using
10/25ng of cDNA depending on the chosen target. Log fold change was normalised to GAPDH
expression. An unpaired students t-test was undertaken to assess statistical significance between

each age group. Please see section 2.5 for full details.

5.2.2 Acute slice preparation and experimental procedure
3-week-old C57BL mice were sacrificed by cervical dislocation, the brain was rapidly removed

and placed in ice-cold cutting buffer (126 mM NaCl, 3 mM KCI, 1.2 mM NaH2PO4, 25 mM
NaHCOs, 15 mM glucose, 3mM MgSO4, 2mM Ca?"). The occipital lobe and cerebellum were
removed then hemispheres were separated. Each hemisphere was mounted on the vibratome
stage with the sagittal plane uppermost and cut sagittal 400um slices. Slices were transferred
to the recovery chamber in a water bath set at 32 °C and left for 1 hour to recover. 3-4 slices
were transferred from the recovery chamber to the experimental chambers. A pharmacological
agent at the desired concentration in the recovery buffer was added via direct pipetting over the
slice and left for 30 minutes. Slices for western blotting were snap frozen in liquid nitrogen
and slices for immunofluorescence were fixed in 4% PFA w/v PBS for 3 hours, then submerged
in 20% sucrose overnight at 4 °C. Slices were washed thrice in PBS for 10 minutes then
submerged in OCT in cryomolds. A cryostat was used to cut 10um slices which were then
mounted on superfrost slides. Slides were kept at -20 °C until needed. Please see section 2.6 for
full details.

5.2.3 Western blotting
Snap frozen slices were lysed using a similar protocol to brain homogenisation, however using

a smaller volume of RIPA buffer (100 pL). Protein quantification was estimated using a BCA
assay and 100 pg of protein was loaded to 10% SDS-page gels and transferred to nitrocellulose
membranes overnight. Membranes were blocked with 5% NFDM in TBS-T and incubated with
primary antibody pSTAT3-tyrosine 705 (1:250) overnight. After several washes of TBS-T,
membranes were either incubated with HRP-Rabbit antibody (1:1000) or Licor 800 anti-rabbit
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(1:1000) for one hour. Results were viewed using appropriate detection methods specific to the

secondary antibody used. Please see section 2.4 for full details.

5.2.4 Immunofluorescence
Superfrost slides were returned to room temperature and washed in PBS for 5 min. Slides were

treated with 0.1% sodium borohydride for 10mins thrice, then washed with 0.9% (w/v) NaCl
for 40 minutes then washed with PBS for 40 minutes. The non-specific background was blocked
using a 10% goat v/v M.O.M blocking agent (as directed) for one hour at room temperature.
The blocking agent was removed, and primary antibodies (pSTAT3: 1:50; GFAP 1:200) in 10%
goat serum and 10% M.O.M concentrate were added and incubated for 48 hours at 4°C. Slides
were washed with PBS for one hour, then second antibody (1:500 AF568 Rabbit, 1;500 AF488
Mouse) in 10% goat serum and 10% MOM concentrate for one hour in the dark. Slides were
washed in PBS then DAPI (1:1000) was applied for 5 mins. Slides were washed in PBS and

then mounted with DAKO media. Please see section 2.6.5 for full details.
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5.3 Results

5.3.1 qRT-PCR indicates a significant upregulation of key initiators and markers of
reactive gliosis

To assess potential chemokine and cytokine initiators of STAT3 activation in astrocytes,
quantitative PCR was undertaken in 3,4- and 5-week-old Psmc1 ¥:CaMKIla-cre mice cortices
and their age-matched controls. IL-6 showed no significant difference at 3-weeks (1.00 vs 3.04,
p >0.05) and 4-weeks old (1.00 vs 4.33, p>0.05), however showed a significant difference at 5-
weeks old (1.00 vs 7.33, p<0.05) (figure 5.2A). TNF-a showed a significant increase at 3-
weeks (1.03 vs 1.21, p <0.05) 4-weeks (1.01 vs 2.58, p<0.0001) and 5-week old (1.00 vs 3.14)
in Psmc1"M:CaMKIla-cre mice vs age-matched littermates (figure 5.2B). CXCL10 showed no
significant difference at 3-weeks old (1.00 vs 0.78, p>0.05), 4-weeks old (1.00 vs 12.78,
p>0.05) and 5-weeks old (1.00 vs 17.81, p>0.05)(figure 5.2C). In this last case, there were large

changes in mean fold change, but also large variance between samples.

To compare gRT-PCR results to previous data, STAT3a and GFAP expression were also
investigated. STAT3a expression showed no significant upregulation at 3-weeks old (1.00 vs
1.21, p>0.05), however did reach statistical significance at 4-weeks old (1.00 vs 2.58, p<0.01)
and 5-weeks old (1.00 vs 3.13, p <0.01) (Figure 5.3A). GFAP also showed no significant
upregulation at 3 weeks old (1.00 vs 1.48, p>0.05), however also reached statistical significance
at 4 weeks old (1.00 vs 13.13, p<0.05) and 5 weeks old (1.00 vs 41.18, p <0.01) (Figure 5.3B).
This contrasts with previous SWATH-MS data and western bot, demonstrating a significant

increase at 3 weeks of age.
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Figure 5.2:gRT-PCR demonstrates an upregulation in possible initiators (TNF-a, IL-6 and CXCL10) in 3-week, 4-week and 5-week old Psmc1"";CaMKIla-cre mice
compared to age-matched control littermates .5.2A) IL-6, 5.2B) TNF- a, 5.2C) CXCL10, students t-test conducted — n=3 of each genotype, significance values: ns = non

significant (p>0.05), * = p<0.05, ** = p <0.01, *** = p<0.01, ****=p <0.0001)
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Figure 5.3:gRT-PCR demonstrates an upregulation in possible in Astrocytic-STAT3 in 3-week, 4-week
and 5-week old Psmc1™f;:CaMKIla-cre mice compared to age-matched control littermates 5.3A) STAT3a,
5.3B) GFAP..Students t-test conducted - significance values: ns = non significant (p>0.05), * = p<0.05, ** = p
<0.01, *** = p<0.01, ****=p <0.0001)

5.3.2 Significance increase in GFAP and CXCL10 mRNA is in association with disease
pathology.
To assess if there was a significant difference between agonists and markers of gliosis across

disease stages (3,4 and 5-week old), a two-way ANOVA per sample group (control and
Psmc1":CaMKIlo-cre) was conducted to assess the effect of age (IV) and gene targets (V)

on mRNA expression (DV).

Firstly, chemokines and cytokines were investigated for developmental changes in control mice
between 3,4 and 5 weeks of age. A two-way ANOVA reported no significant interaction
between age, gene targets and their relative mRNA expression (F(4,18) = 0.03775, P=0.9970).
Post hoc Tukey tests reported there was no significant change across 3,4 and 5 weeks for
CXCL10 (1.22, 1.00, 1.15), IL-6 (1.16,1.05, 1.02) and TNF-a (1.06, 1.10, 1.11), all reporting a
probability of p>0.05 (Figure 5.4A).

A two-way ANOVA reported no significant interaction between age, gene targets and their
relative mRNA expression (F(4,18) = 0.9840, P=0.4410) in Psmc1":CaMKIlo-cre mice.

CXCL10 displayed a fold change increase in 3, 4 and 5 weeks of age (0.78, 12.78, 22.97), with
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post hoc tukey tests indicating a significant fold change in CXCL10 between 3- and 5-week-
old mice (+22.22, p<0.5) however no significance was detected between 3 -, 4 -week and 4-, 5-
week old mice (+12, p>0.05, +10.19, p>0.05). TNF-a also displayed an increase in mean fold
change with disease progression across 3,4-and 5-week Psmcl™;CaMKlla-cre mice
(1.81,8.21,15.78), but this did not reach statistical significance (p>0.05). IL-6 followed in this
progression (3 weeks:3.04, 4 weeks:4.23, 5 weeks: 8.75), however again did not reach statistical

significance (p>0.05) (Figure 5.4B).

Next, GFAP and STAT3 were investigated for changes in control mice across 3,4 and 5 weeks
of age. A two-way ANOVA reported no significant interaction between age, gene targets and
their relative mRNA expression (F(2,12) = 0.08215 P=0.9216). Post hoc tukey tests reported
there was no significant change across 3,4 and 5 weeks for GFAP (3 weeks: 1.05, 4 weeks:
1.02, 5 weeks: 1.18) or STAT3 (1.03,1.02, 1.00) all reporting a probability of p>0.05 (Figure
5.5A).

GFAP and STAT3 were investigated for changes in Psmc1"":CaMKIIa-cre mice across 3,4
and 5 weeks of age. A two-way ANOVA reported a significant interaction between age, gene
targets and their relative mRNA expression (F(2,12) = 24.74 P=<0.001). GFAP displayed a fold
change increase at 3, 4 and 5 weeks of age (3 weeks: 1.48, 4 weeks: 13.13, 5 weeks: 46.58),
and Post hoc tukey tests reported there was a significant fold change between 4 and 5-week old
mice (ca 33 fold, p<0.0001) and between 3 and 5-week old mice (ca 45 fold, p<0.0001) however
no significance was detected between 3 - 4 week old mice (ca 12 fold, p>0.05). STAT3a also
displayed an increase in fold change with disease progression across 3,4- and 5-week Psmcl
fl/fl;CaMKIla-cre mice (3weeks: 1.21, 4 weeks: 2.59,5 weeks: 3.54) however did not reach
statistical significance (p>0.05) (Figure 5.5B).
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A qRT-PCR of Astrocytic-STAT3 initiators
in control mice over disease progression
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Figure 5.4:Two-way ANOVA of gRT-PCR demonstrating STAT3-agonists fold change over disease
progression period (3, 4 and 5-weeks old ) in control and Psmc1?®;CaMKIla-cre mice. 5.4A) Agonist
change in control mice over disease progression period. 5.4B) Agonist change in Psmc1™:CaMKlla-cre mice
over disease progression. Post-Hoc Tukey Test values plotted - Significance values: ns = non-significant
(p>0.05), * = p<0.05
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A qRT-PCR of Astrocytic-STAT3 markers in control
mice over disease progression

Bl 3 weeks
B 4 weeks
Bl 5 weeks

Fold change in control mice
normalised to GAPDH

GFAP STAT3e
Astrocytic-STAT3 markers

B qRT-PCR of Astrocytic-STAT3 in Psmc7/7;CaMKlla-cre
mice over disease progression

% %k %k %k
1

70 Fok ok ok
65 — w3 weeks

55 B 4 weeks
45 Bl 5 weeks

Fold change in Psmcl Wﬂ,CaMKIIu-cre mice
normalised to GAPDH
(]
S

GFAP STAT3a
Astrocytic-STAT3 markers

Figure 5.5:Two-way ANOVA of gRT-PCR demonstrating the increase in fold change of markers of gliosis
at 4 and 5-week old in Psmc1™:CaMKIla-cre mice. 5.5A) No fold change was present across age groups in
control mice 5.5B) GFAP demonstrated a significant fold change across 4 and 5-week-old Psmc1"M;:CaMKIla-cre
mice. . Post-Hoc Tukey Test values plotted - Significance values: ns = non-significant (p>0.05), **** = p<0.0001.

167



Collectively these results confirm the increase in STAT3 and GFAP reported in previous
chapters and identify several significant changes in chemokine and cytokine levels, but with

limits on the reliability of detecting consistent changes accurately.

5.3.3 PSTAT3 astrocyte localisation present at cut-edge in acute slices

Immunofluorescence staining was undertaken in control slices to optimise the staining
procedure before moving on to treated slices. It is demonstrated that p-STAT3 Tyrosine 705
positive astrocytes are localised at the edge of the tissue, speculated to be due to astroglia
activation after the physical damage of slicing (figure 5.5A-B). There is also evidence that p-
STAT3 Tyrosine 705 positive astrocytes activation within the control slice, however, it must
be noted this is in a small quantity compared to the cut edge (figure 5.6A-B).

p-STAT3 Y705

MERGED

Figure 5.6:STAT3 Tyrosine 705 specific phosphorylation in Astrocytes in control slice shows localisation
towards cut-edge of slice 5.6 A) GFAP (green), p-STAT3 Y705 (red), and DAPI (blue) as a nuclear stain alongside
merged image — scale bar 25um (images taken at 10x magnification) 5.6B) Close up region of interest with arrows

pointing to p-STAT3 Y705 positive astrocytes on the cut slice of the edge — scale bar = 25um..
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A p-STAT3 Y705

Figure 5.7:STAT3 Tyrosine 705 specific phosphorylation in Astrocytes in control slice 5.7A)GFAP (green),
p-STAT3 Y705 (red), and DAPI (blue) as a nuclear stain alongside merged image, images taken at x20
magnification). 5.7B) Close up region of interest with arrows pointing to p-STAT3 Y705 positive astrocytes— scale

bar = 25um
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5.3.4 Western blot demonstrates that CXCL10, TNF-a and IL-6 report a significant
upregulation in pSTAT3 Tyrosine 705
As control slices showed p-STAT3 Tyrosine 705 astroglia specific activation towards the cut

edge, it was decided that the control slice would be used as a normalisation control for western
blotting densitometry analysis. As reported in chapter 4, phosphorylated-STAT3 Tyrosine 705
expression is difficult to obtain due to low levels, therefore two methods of immunoblotting
were conducted: LICOR (the use of a secondary fluorescence probe) and HRP (the use of a

HRP-conjugated secondary antibody increasing sensitivity of signal).

Immunoblotting using LICOR demonstrated a visible presence in phosphorylated-STAT3
Tyrosine 705 expression in control slices, and slices incubated with CXCL10, IL-6 and TNF-a
(figure 5.7A). One sample t-test demonstrated a significant increase in p-STAT3 levels in TNF-
a treated slices (1.13, p<0.05), but did not reach statistical significance for CXCL10 (1.25,
p>0.5) or IL-6 (1.40, p>0.5) (figure 5.7B). It must be noted that no p-STAT3 signal was
detected in slices treated with BZ-ATP or ADP, therefore we decided to move on to a more

sensitive method of detection using HRP-conjugated antibodies.

Immunoblotting using the more sensitive HRP-conjugated antibody methods again
demonstrated a visible presence in phosphorylated-STAT3 Tyrosine 705 expression in control,
CXCL10, IL-6 and TNF-a treated slices (figure 5.9A). One sample t-test demonstrated a
significant upregulation in TNF- o treated slices when all three replicates were included (1.39,
p<0.05) however did not reach statistical significance for CXCL10 (1.17, p>0.5) or IL-6 (1.26,
p>0.5) (figure 5.9B)

Pooling all replicates from both detection methods, using their respective control as a
comparison, demonstrated a significant upregulation in treated slices: CXCL10 (1.20, p <0.01),
IL-6 (1.32, p<0.05) and TNF- a (1.27, p<0.01)(figure 5.10). In both detection methods, there
was no detectable phosphorylated-STAT3 Tyrosine 705 in ADP, BZ-ATP or STATTIC treated

slices.
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A Licor detection of p-STAT3 Tyrosine 705 in Acute slice experiments
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Figure 5.8:Immunoblotting shows p-STAT3 Tyrosine 705 activation in control, CXCL10, IL-6 and TNF-a

treated slices via Licor Fluorescence detection. 5.8A) Western blot shows the positive signal in 3 individual

replicates, 5.8B) One sample t-test illustrated TNF-a to be significant compared to control slice expression ( * P

=<0.05). 5D of control group used for normalization is 0.001
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A HRP detection of p-STAT3 Tyrosine 705 in Acute slice experiments
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Figure 5.9:Immunoblotting shows p-STAT3 Tyrosine 705 activation in control, CXCL10, IL-6 and TNF-a
treated slices via HRP-detection. 5.9A) Western blot shows a positive signal in 4 individual replicates, probed

by HRP. 5.9B) One sample t-test illustrated TNF-a to be significant compared to control slice expression ( * P =
<0.05).
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Figure 5.10:Pooled immunoblotting results show significant fold change in p-STAT3 Tyrosine 705
activation in CXCL10, IL-6 and TNF-a treated slices in one sample t-test. N= 4 significance * = p <0.5, **
= p<0.001

5.3.5 Slice sample deterioration prevented validation of western-blot data
Immunofluorescence was performed on treated acute slices to validate immunoblotting data,
however, after multiple attempts, it became apparent that slice samples had deteriorated to such
a point where there was no epitope availability (figure 5.10A, 5.10B). The plausible causes for
this deterioration will be addressed in the discussion section.

A p-STAT3 Y705 B

Figure 5.11:Failure to successfully stain treated slices 5.11A)GFAP (green), p-STAT3 Y705 (red), and DAPI
as a nuclear stain alongside the merged image, images taken at x10 magnification. Scale bar is 100 pm 5.11B)
Close-up region of interest showing non-specific staining of slices speculated to be due to the failure to antigen

restoration. Scale bar = 25 um.
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5.4 Discussion

The overall aim of this chapter was to identify plausible candidates for the onset of STAT3
signaling in astrocytes, thereby initiating early-stage gliosis in the Psmc1™:CaMKlla-cre mice
model at 3-weeks of age. As cited in the introduction, mitochondrial damage and increase in
microglia soma area are key events in 3-week old Psmc1"M:CaMKIllo-cre mice, therefore
mitochondrial DAMPS (ATP/ADP) and microglia released cytokines/chemokines (CXCL10,

TNF-a, IL-6) were investigated as plausible initiators for STAT3 reactivity in astrocytes.

Quantitative-PCR screening of Psmc1"M;CaMKIllo-cre mice and their age-matched control
littermates supported our immunohistochemical and western blot data indicating an
upregulation of STAT3 and GFAP, displaying significant difference at 4 weeks old. GFAP
mRNA also showed a significant difference between 4 and 5-week-old Psmc1":CaMKlla-cre
mice and between 3 and 5-week-old Psmc1™:CaMKIlla-cre mice, thereby indicating a

progression of reactive astrogliosis as a key feature in this neurodegenerative disease pathology.

Quantitative PCR results for potential initiators were less clear due to large variation. CXCL10
displayed no significant difference between Psmc1™M;CaMKIllo-cre mice and control mice
across disease progression, however, a two-way ANOVA did show significant upregulation
between 3 and 5-week old Psmc1™:CaMKIla-cre mice. The significant increase in CXCL10
mRNA in Psmc1"M:CaMKIlla-cre mice could be attributed to an additional reactive astrogliosis
feedback loop, CXCL10 reporting recruitment of peripheral immune cells such as CD4" and
CD8* cells (Roberts et al., 2015).

IL-6 showed a significant difference at 5 weeks old in Psmc1"M;:CaMKIllo-cre mice, however,
no significant difference was found at any other stage or between age groups. Once again, IL-
6 has also reported a self-regulatory loop and thereby significant escalation could be the result

of reactive astrogliosis (Camporeale and Poli, 2011).
TNF-o0 mRNA demonstrated a significant increase in association with disease pathology in the

Psmc1":CaMKIllo-cre model with no significant differences demonstrated between age-

matched control mice.
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Initial immunostaining of control acute slices highlighted STAT3a" astrocytes localised
towards the cut edge of the tissue slice. As there was only a small number of STAT3a"
astrocytes present in the center of the acute slice, it was deemed that this was due to the
methodological consequence of acute slice preparation. As this cut-edge effect had the potential
to confound immunoblotting analysis, immunoblots were normalised to the expression of

pStat3 Tyrosine 705 control slice for statistical analysis.

Immunoblotting also demonstrated that CXCL10, TNF-a and IL-6 could upregulate p-STAT3
Tyrosine 705 phosphorylation, however, there was a high variance in the detectable signal. To
remedy this, two detection methods were used, with HRP being favoured due to its increased
sensitivity. Samples were pooled and normalised to control slice to get to the result, which
demonstrates a significant upregulation in STAT3 Tyrosine 705 phosphorylation. In principle,
this confirms that all pro-inflammatory cytokines tested can increase STAT3 Tyrosine 705

phosphorylation, and so could be contributing to the early gliosis response.

In contrast, slices treated with Bz-ATP or ADP did not show any STAT3-tyrosine 705
phosphorylation in any experiments. This can be simply attributed that these DAMPS do not
initiate this effect, but it is also concerning that p-STAT3 was also undetectable in control slices
in these experiments. Another issue, upon looking at the literature, is that it may be due to the
aspect that we only incubated the slices for 30 minutes when other studies have used a minimum
of 2 hours and a higher concentration of agonists (Eyo et al., 2013; Munoz et al., 2017). We
must also take into consideration the potential molecular signaling pathways of these DAMPs;
for example, it may first activate microglia via purinergic receptors. This is supported by
previous research indicating that microglia soma size is significantly increased in 3-week-old
Psmc1"-CaMKlla-cre mice (Geiszler et al., 2018). Literature suggests that microglia
activation of P2X7/P2X4 receptors increases the resting calcium status, and this increase in
calcium has been attributed to microglia phagocytosis and the release of chemokines/cytokines,
including IL-6, CXCL10 and TNF-a (Hoffmann et al., 2003)(figure 5.11).
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Figure 5.12:DAMP-driven activation of microglia may lead to the release of proinflammatory cytokines
that lead to astrocytic-STAT3 phosphorylation. ADP/ATP can activate microglia purinoreceptors, thereby
leading to an increase in proinflammatory cytokines that lead to STAT3-phosphorylation in astrocytes. Figure

made using biorad.com.

If this is the originator of the pro-inflammatory cytokines that do initiate STAT3a" astrocytes
in the Psmc1™:CaMK Ilo-cre model, the microglia priming process can take a matter of hours
and if this is the case, direct ATP/ADP stimulation of astrocytes would not show an increase in
phosphor-STAT3 tyrosine 705 in this experiment.

Immunofluorescence of treated slices was planned to validate that phospho-STAT3 Tyrosine
705 activation was localised to astrocytes. Unfortunately, reliable fixation and sectioning of
slices proved difficult, with many experiments showing little to no positive immunostaining.
This can be attributed to the technical difficulty of working with the small size of the tissue
slice, thereby making intact slices difficult to fix, process and cut reliably. The fixation process

of 4% PFA for 3 hours may not have been long enough to preserve epitope availability.

In addition to this, it is important to note that there was a substantial delay between initial
control experiments where slices were cut, stained and imaged before the onset of the COVID-
19 pandemic, whereas other cutting, staining and images were performed after 4 months of
sample storage. Poor fixation, thin torn slices and prolonged storage were obstacles to testing
this hypothesis. To remedy this, free-floating slices paired with confocal imaging could be used

in future studies to assess STAT3a" astrocytic activation in response to pharmacological

treatment.

Overall, the outcome of this chapter is mixed. We have demonstrated an increase in the

expression of pro-inflammatory cytokines in Psmc1™;:CaMKIla-cre mice. Although ATP and
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ADP did not show tyrosine-705 phosphorylation in these pharmacological studies, the
increased microglia soma at 3 weeks of age in association with mitochondrial damage
represents a possibility of DAMP signaling at microglia, but not astrocytes. TNF-a is a key
candidate in the possible initiators, however, the source of this TNF-o (neuronal/microglia) is
to be decided by future work. Immunoblotting confirmed that all initiators do have the
possibility to upregulate STAT3 tyrosine 705 phosphorylation, however with the lack of
immunofluorescence data to support it we cannot definitively say that it is astrocyte-specific.
However, in support of this, previous students in the Bellamy lab have shown that TNF-a
treatment of primary cultures of astrocytes leads to STAT3 Tyrosine 705 phosphorylation
(paper in progress), thereby suggesting TNFa as the molecular initiator to be worthy of further
investigation.
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Chapter 6 Discussion

6.1 Background and aims of the project

Defects in proteolytic systems are a key feature in neurodegeneration and are exemplified by
the appearance of protein inclusions and aggregates in disease state. There is great uncertainty
in the literature about how these typical features cause neuronal damage, and if these aggregates
are related to relieving or exacerbating the burden of neurodegenerative disease. In this thesis,
we used the Psmcl™:CaMKllo-cre mouse model, which selectively depletes the 26S
proteasome complex in CaMKIla-cre neurons over 3 weeks, therefore providing a valuable tool
for investigating neurodegenerative mechanisms. Despite a documented evidence base
regarding progressive gliosis (see table 1.5, introduction) there are important unanswered
questions about the detailed progression from neuronal-proteolytic dysfunction to
neurodegeneration and how glial cell reactivity influences disease pathology. This thesis aimed
to examine glial responses in this mouse model during the onset of neuronal dysfunction and
neuroinflammation to elucidate the potential mechanisms, signaling pathways and initiators at
play. A summary of the key results can be found in figure 6.1.

178



3-weeks old 4-weeks old 5-weeks old

Ubiquitin-aggregates | Iniraneuronal inclusions/ pyknotic nuclei Neuronal death
‘ Ubiquitin-ligase pathway Negative regulation of apoptosis Neutrophil
Unfolded protein binding degranulation
Microtubule transport
Negative regulation of MAPK pathway IL-1 signalling

| Post-translational modification

Cellular stress response
SWATH-MS Necroptosis

Innate immunity
IT

Somatodendritc compartment |

Neuron-projection

Glutamatergic

synapses
I Astroglia projection/Myelin sheath |
L |
Increase in number of GFAP*/STAT3" cells
Increase in GFAP arca
IHC/WB Increase in STAT3 Tyrosine 705 phosphorylation
Increase in GFAP protein expression

TNF-a mRNA
TNF-omRNA STAT3a mRNA
qRT-PCR TNF-a mRNA STAT3a mRNA GFAP mRNA

GFAP mRNA IL-6 mRNA

Figure 6.1:Schematic representation of the summary of the results and how they map onto proteasome depleted neurons Writing in italics is representative of
neurodegenerative stages in the mouse model and results are separated by technique. Red text symbolises upregulated processes compared to age-matched control; blue text

symbolises downregulated components compared to age-matched controls.
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6.2 Molecular analysis of the progression of neurodegeneration

The aim of chapter 3 was to identify key changes during progressive neurodegeneration using
SWATH-MS to perform protein-expression profiling of 2-3-4- and 5-week old
Psmc1™M;CaMKIla-cre mice compared to their age-matched littermates. Significant protein-
protein interactions and pathway analyses of these proteins were performed using STRING
software. A range of pathways and cellular components showed enrichment or downregulation
particular to disease state; all of which were supported by external literature citing common

pathways in neuroinflammation and neurodegeneration.

3-week-old Psmc1™™:CaMKIla-cre mice demonstrated an upregulation of the ubiquitin-ligase
pathway, which has been previously evidenced in this model and speculated to be due to
compensation for 26S proteasome loss (Bedford et al., 2008; Geiszler et al., 2018). This was
important confirmation that the proteomic approach was able to successfully detect known
changes in the mouse phenotype, but with additional detail in the network of related proteins
involved. The upregulation of pathways associated with unfolded-protein binding and negative
regulation of apoptosis coincides with intraneuronal inclusions in CaMKIlla neurons at 4-weeks
of age, further supporting the argument that inclusions are protective in neurodegeneration
(Shankar et al., 2007). 4- and 5-week-old Psmc1™:CaMKIla-cre mice share overlapping
pathways in necroptosis, cellular stress response and innate immunity. 4-week neurons also
evidence pyknotic nuclei, therefore supporting necroptosis to be a pathway of neuronal death.
In addition to this, neuronal death has previously been shown by our lab to be present at 5 weeks
old, supporting STRING-pathway reports of downregulation of cellular components in neuron-

projection, somatodendritic compartment and glutamatergic synapses (Geiszler et al., 2018).

Of most importance, GFAP was shown to be consistently upregulated from an early stage, with
increasing levels observed throughout disease progression, supporting the key role of reactive
astrogliosis in this mouse model. In addition to this, SWATH-MS supported previous astroglia-
centered peer-reviewed data reported, such as upregulation in PRDX6 (Elkharaz et al., 2013).
SWATH-MS corroborated a lot of existing results, but importantly, it added a quantitative
analysis of protein levels, and it increased the understanding of the connectivity of molecular
signaling networks implicated in the progression of the disease. While previous work identified

individual target proteins, SWATH provides broader coverage of protein networks and can
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identify clusters of functionally connected proteins at the systems level. That helps map the key
processes occurring, rather than scattershot coverage of individual markers. Furthermore,
SWATH analysis is relatively unbiased and so identified previously unrecognised changes that
might not have been predicted from existing knowledge.

Although SWATH-MS overall supported previous research on this mouse model, there are
disadvantages to this method and the subsequent STRING analysis. Firstly,
immunohistochemical staining using microglia marker Ibal has shown an increase in soma size
and area associated with disease progression. However, Ibal was not detected in SWATH-MS
data of 2,3-,4- or 5-week-old mice, even at 0% confidence levels. One argument for this could
be due to the small molecular weight of Ibal at 17 kDa, and thus it was therefore impossible to
detect Iba-1 by mass spectrometry. However, this argument falls flat with evidence that alpha-

synuclein, a 14 kDa molecular weight protein, was detected and quantified in 5-week data sets.

An alternative explanation for this inconsistent result could lie in sample preparation. Trypsin,
the enzyme used for peptide cleavage before mass spectrometry, cleaves peptides at the lysine(
K') and arginine ( R ) residue. An examination of the amino acid sequence of both proteins
demonstrates that alpha-synuclein does not contain arginine residues, whilst Ibal does.
Hypothetically, the number of peptides generated by trypsin cleavage has been mapped in figure
6.2. Asshown below, Ibal produces a multitude of peptides under 6-7 amino acids long, which
are not recognised by the mass spectrometer, whereas alpha-synuclein cleaved results in longer
peptide sequences. The probability of these peptides being exclusive to Ibal is also a factor,
and as there are so few of them, would reduce confidence also. Overall, it can be concluded that

factors in the preparation process may cause some proteins to be missed in the analysis.
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In addition, single polypeptides detected by SWATH-MS were removed from the data set,
therefore reducing the likelihood that Ibal would be reported. This is not a unique problem,
with one study citing that only 26% of the proteome is surveyed by using trypsin-digested
samples, therefore significantly restricting the area of the proteome covered (Simpson, 2006;
Tsiatsiani et al., 2015). Overall, it appears that SWATH-MS only gives us ¥ of the story,

leaving 75% unknown.

IBA1

MKPEEISRGKAFGLLKAQQEERLEGINKQFLDDPKYSNDE
DLPSKLEAFKVKYMEFDLNGNGDIDIMSLKRMLEKLGVP
KTHLELKRLIREVSSGSEETFSYSDFLRMMLGKRSAILRMI
LMYEEKNKEHKRPTGPPAKKAISELP

a-Synuclein

MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVLY
VGSKTKEGVVHGVTTVAEKTKEQVINVGGAVVTGVTAVAQ
KTVEGAGNIAAATGFVKKDQMGKPGSEAYEMPSEEGYQDY
EPEA

Figure 6.2:Hypothetical trypsin cleavage of IBA1 and alpha-synuclein show potential amino

acids for detection by mass spectrometry. K — lysine residue, R — Arginine residue

Secondly, SWATH-MS was performed in the brain cortex, with a mixed range of cells present.
Although some proteins are cell-specific (e.g. GFAP), other proteins localisation needs to be
confirmed through alternative techniques such as immunohistochemistry. In addition to this, it
has been argued that results using whole brain tissue are driven by cell abundance and therefore
do not represent the accurate cellular signaling pathways of all cell types (Srinivasan et al.,
2016). Finally, STRING analysis indicates but does not validate the pathway, and more so does
not consider the fold change in SWATH-MS data.

Despite these caveats, this data chapter builds on and extended previous work on this model.
The most striking result in this chapter is the predominance of GFAP which arises prior to
intraneuronal inclusions and neuronal death, which progressively increases in line with disease
progression. The initial cause of astrocyte activation was decided to be the focus of the

subsequent chapter.
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6.3 Mechanism of early onset astrogliosis

The aim of chapter 4 was to extend the results from SWATH-MS data which indicated that
GFAP, a marker of astrocytes, increased with disease progression. STAT3 has been cited as a
key early regulator of astrogliosis, with downstream effector genes showing roles in astroglial
hypertrophy and glial scar formation (Acarin, Gonzalez and Castellano, 2000; O’Callaghan et
al., 2014a; Renault-Mihara and Okano, 2017).

Western blotting supported SWATH-MS data, displaying a significant increase in GFAP
protein expression from 2,3-4 weeks old. Immunofluorescence corroborated this, showing a
distinct increase in astrocyte hypertrophy correlating with disease progression that varied in
brain regions. The number of GFAP*/STAT3a" cells significantly increased over time,
however, this also varied in the different brain regions studied. This could potentially be
attributed to the distribution of CaMKIllo neurons, which are more concentrated in the CA3 and
DG areas (Wang, Zhang, Szabo and Q. Q. Sun, 2013). Support for this hypothesis comes from
additional data in this chapter, which demonstrated a significant increase in astrocytic-STAT3
in the CA3 and DG area at 3 and 4 weeks old. Western blotting demonstrated a significant
increase in STAT3 and STAT3 phosphorylated tyrosine 705 at 3 and 4 weeks old, therefore
suggesting that STAT3 upregulation may be due to its subsequent phosphorylation, providing
a positive feedback loop (Narimatsu et al., 2001; Tyzack et al., 2014).

Albeit our results display an increase in GFAP*/STAT3a" astrocytes, we are unable to conclude
if this serves as beneficial or detrimental in the progression of neurodegeneration in our mouse
model. Using the SWATH-MS data as an indicator, we found astrocytic proteins functionally
associated with neurotoxic astrocytes to be upregulated at 4 weeks old (i.e., Connexin 43,
NDRG2). In addition to this, support comes from other studies in neurodegenerative mouse
models which also report an increase in GFAP*/STAT3a" cells and demonstrates that STAT3
inhibition reduces disease burden (Ceyzériat et al., 2016; Ceyzériat, ben Haim, Denizot,
Pommier, Matos, Guillemaud, M. A. Palomares, et al., 2018). On the other hand, there are also
3-week SWATH-MS data which indicates that these astrocytes may be protective, reporting an
enrichment in Glutathione S-transferase A4, which has neuroprotective roles in
neurodegenerative disease models (Jewett, Jimenez-Ferrer and Swanberg, 2017; Jewett et al.,
2018; McGann and Mandel, 2018). In addition to this, GFAP*/STAT3a" astrocytes have also
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shown beneficial roles in promoting proteostasis in neurodegenerative disease. Astrocytic-
STATS3 has been cited to be A1, A2 and even pan reactive through previous literature in a range
of neurodegenerative models, therefore reinforcing the questioning of whether these astrocytes
are friend or foe in disease state (Das et al., 2020; Fan and Huo, 2021).

STAT3 has been cited to be translocated to the mitochondria where it has established roles in
regulating energy production and the synthesis of antioxidant genes through Serine 727
phosphorylation (Joo et al., 2009). In support of this, cultured astrocytes from the STAT3
ffl-GFAP-cre mouse model report a decrease in ATP production and a reduction in
mitochondrial membrane potential and mass compared to their control counterparts (Sarafian
et al., 2010). In addition to this, astrocyte cultures in a disease model of neurodegenerative
report a decrease in phospho-serine 727 phosphorylation, leading to a loss in astrocytic
protective phenotype. Of most interest, this was not reflected in the total STAT3 protein
(Muhoz, Paula-Lima and Nufiez, 2018). It may be reasonable to assume that these astrocytes
are at first neuroprotective, then move to neurotoxicity, however, further experiments will be

needed to address this hypothesis.

Another limitation of this work is the use of formalin-fixed paraffin-embedded tissues, therefore
only providing a ‘snapshot’ of the cellular state, therefore potentially minimizing the true
reflection of Astrocytic-STAT3 phosphorylation. Despite STAT3 localization to the nucleus
being used as a measurement of STAT3 phosphorylation by other groups, this does not
accurately address whether the STAT3 Tyrosine 705 phosphorylation detected in western blot
originated from astrocytes. We reason that the increase in GFAP*/STAT3a" cells is reflected
in the elevation of tyrosine 705 phosphorylation. Another caveat that was not addressed was
the intensity of STAT3 staining in astrocytes, other published work has addressed this and
sorted their data by the intensity of expression. This level of data analysis may provide clearer

answers in comparing astrocytes across disease progression.

The results from this chapter show for the first time that the earliest stages of neuronal stress
caused by Psmc1 loss trigger activation of STAT3 in astrocytes, and the initiation of the classic
astrogliosis response. This indicates that astrocytes can detect and respond to a stimulus linked

to STAT3 signaling networks very soon after proteolysis in neurons is compromised. It seems
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reasonable to speculate that an active process causes this stimulation of astrocytes, as the
initiation of STAT3 signaling precedes any overt damage or apoptotic or necrotic death of
neurons, which would be expected to cause gliosis in a more responsive manner. The next
question was to address the unknown triggers that could lead to astrogliosis as a result of

neuronal proteasomal depletion.

6.4 Triggers for STAT3 activation in astrocytes

The aim of chapter 5 was to assess potential agonists of astrocytic-STAT3, as candidates for
the stimulus that triggers gliosis in the early period after Psmc1l deletion. Agonists were chosen
based on their perceived feasibility as mediators in relation to neuronal proteasomal depletion.
There are two main feasible mechanisms for STAT3 activation and phosphorylation in
astrocytes: the release of cytoplasmic DAMPS (ATP/ADP) and the active release of pro-

inflammatory cytokines.

Quantitative PCR of hippocampi tissue of the Psmcl1™;:CaMKIlla-cre model reported a
significant increase in TNF-a throughout disease progression, displaying significant
upregulation at 3, 4 and 5 weeks of age. IL-6 also reported a significant increase at 5 weeks of
age. CXCL10 displayed a significant fold change from 3-week old to 5-week old
Psmc1™:CaMKIlla-cre model. This is of interest, as neutrophil degranulation, a pathway
indicated in SWATH-MS data in chapter 3, releases CXCL10 (Benigni et al., 2017; Rawat,
Syeda and Shrivastava, 2021).

It must be noted that real-time quantitative PCR (RT-qPCR) data must be treated with caution.
In addition to analyzing potential agonists, markers of gliosis GFAP and STAT3a were also
assessed by RT-qPCR. Despite GFAP and STAT3a displaying a significant upregulation in
immunohistochemistry and western blotting at 3 weeks old, this significance was not matched
by RT-qPCR data. One of the reasons for this may be due to RT-qPCR primers mapping to
isoforms that were overlooked in the immunohistochemistry and western blotting data and can
also be explained due to the large standard error of the mean, which may be remedied by the

addition of extra samples.
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Acute slice experiments reported an increase in astrocytic-STAT3 tyrosine 705 phosphorylation
at the cut edge, and western-blot supported that TNF-a, IL-6 and CXCL10 also could produce
STAT3 tyrosine 705 phosphorylation, however, the localisation of this response to astrocytes
could not be validated due to slice deterioration, technical difficulty, and time limitations. This,
therefore, limited the conclusions that could have been drawn from this work. However,
colleagues in the lab have demonstrated treatment of cortical astrocytes with TNF-a does lead

to tyrosine 705 phosphorylation (Hareeri, 2021 — manuscript under review).

TNF-a is known to be released from proteasome-compromised neurons and has been evidenced
in a range of neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease
(Sriram et al., 2002; Chang, Yee and Sumbria, 2017; Amin et al., 2022). Secondly, TNF-a is a
potent activator of astrogliosis and thirdly, SWATH-MS pathways that are triggered for cell
death, such as necroptosis, are initiated by TNF-a signaling (Gavillet, Allaman and Magistretti,
2008; Zhang et al., 2009; Alé et al., 2014; Habbas et al., 2015; Abd-El-Basset et al., 2021; Zhao
et al., 2022). In conclusion, the data of this chapter suggests TNF-a to be a credible agonist of
STAT3-driven astrogliosis in this model.
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6.5 Limitations and future plans

The validation of TNF-a as the initiator of STAT3-driven astrogliosis needs further validation.
This could potentially be done by transfecting organotypic hippocampal slices of the
Psmc1":CaMKIllo-cre mice with SIRNA for TNF-o to assess if this improves disease
progression. Additionally, the characterisation of STAT3 expressing astrocytes needs to be
developed, potentially through studying astrocytic-phagocytosis markers. For the progression
of this research to be truly translational, in-vivo experiments will need to be performed to assess
the consequence of astrocytic-STAT3 phosphorylation on disease pathology within this mouse

model.

6.6 Conclusion

Overall, this thesis has demonstrated the utility of SWATH as a way of increasing detail of
molecular changes at a network level, identified activation of astrocyte STATS3 as the origin of
early astrogliosis in the model, and identified a plausible candidate for the upstream stimulus
that astrocytes detect as a first indicator that neuronal protein handling is compromised. Filling
in the details further will help understand the sequence of events that leads from protein
dysregulation to neurotoxic death.
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