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Abstract

The toxic aggregation of the pre-synaptic protein alpha (a)-synuclein is a key
feature of several neurodegenerative diseases, including Lewy body dementias
(LBDs). Patients with LBDs have progressive cognitive impairment including memory
loss and complex visual hallucinations. Recent evidence from patient and rodent
models has shown neuronal hyperexcitability and neuroinflammation in most
neurodegenerative diseases. Novel research on metformin, a type 2 diabetes drug,
has demonstrated anti-inflammatory/neuroprotective properties and can easily
penetrate the blood-brain barrier.

| investigated hyperexcitability and neuroinflammatory changes in the
hippocampus of young hA30P mice, a transgenic mouse model that over-expresses
human mutant alpha-synuclein and tested the effects of metformin treatment on these
changes.

Immunofluorescence staining was conducted using sections of the
hippocampus from 1-4 months hA30P mice and wild-type (WT) mice as a control.
Primary antibodies for neuronal, glial, and neuroinflammatory markers were
employed. Proteome cytokine array and label-free mass spectrometry (LF-MS)
measurements were made from hippocampal tissue extracts. | also employed
intranasal metformin treatment in WT and hA30P mice, followed by
immunofluorescence histology.

Immunofluorescence revealed significant differences between WT and hA30P
animals in the CAS3 region of the hippocampus. An interesting biphasic change in the
expression of c-Fos in male hA30P mice was observed with high expression at 1
month, consistent with early onset of hyperexcitability, but lower expression from 2-4
months in male hA30P mice compared to the controls, possibly indicating chronic
hyperexcitability. Neuroinflammation was indicated by significant increases in the %
area of GFAP, a marker for reactive astrocytes, and the number of Iba-1+ microglia
that expressed iINOS immunoreactivity in 1-4 months male hA30P mice compared to
WT. A similar increase in %GFAP was observed in female hA30P mice, however, the
%Ilba-1 area was not different between female WT and hA30P mice. In WT mice aged
2-4 months only 4.6% of Iba-1+ cells co-expressed iNOS. In contrast, in age-matched
hA30P mice, 87% of cells co-expressed Iba-1 and iINOS. There was a significant

increase in GFAP and Iba-1/iINOS co-expression immunoreactivity in a cohort of 1-



month-old hA30P compared to WT mice. A significant decrease in NeuN positive
neurons and perineuronal nets detected with WFA lectin was also observed in the CA3
region of hA30P mice compared to WT at 2-4 months.

The results of LF-MS at 2 months in the hippocampus of male hA30P mice
revealed that a-synucleinopathy causes significant changes in the proteome,
indicating the effect of overexpressed human mutant a-synuclein. There were 158
significantly upregulated proteins in the hippocampus of hA30P mice involved in
neurotransmission, and neuronal activity, such as Tenm1, Wdfy3, Syn, and Lin7,
mitochondrial dysfunction such as TOMMG6 and Rala, oxidative stress such as Rab-
1A, and apoptosis in neurons such as Snrk. At the same time, there were 30
significantly downregulated proteins involved in different biological function e.g.
DNA/RNA damage such as Gmpr2, Rps7, and Rbmx. Although there was no direct
evidence for neuroinflammation through proteins associated with microglial and
astrocytic activation, there were many proteins related to inflammation such as
Ddrgk1, Cadps, Syn2, Hspa1ll, Hspa2, Hspa5, Hspa8, Lin7a, Lin7b, and Lin7c that
showed upregulation in hA30P compared to WT mice.

In a pilot experiment, metformin intranasal treatment significantly reduced the
proportion of activated microglia in the CA3 hippocampal region in treated versus
vehicle hA30P mice, however, other neuronal and glial markers showed no significant
differences.

Overall, my data showed evidence for early network hyperexcitability and
neuroinflammation that might contribute to the progression of neurodegenerative
changes. Further experiments are needed to explore the therapeutic potential of

metformin.
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Introduction









1.1 Neurodegenerative Dementia

Neurodegenerative disorders, such as the alpha-synucleinopathies are caused
by the presence of self-aggregated and insoluble alpha-synuclein (a-syn) protein in
both neurons and other cells in the brain (Miller et al., 2022). This protein normally
contributes to chemical synaptic neurotransmission through synaptic vesicles, but
aggregation and dysfunction of this protein occur in disease. The aggregation and
misfolding of a-syn into toxic oligomers and fibrils results in neurodegenerative
diseases (Selkoe, 2001). a-synucleinopathy is characterized by abnormal
accumulations of a-syn aggregated in Lewy bodies (LBs) and Lewy neurites. The term
Lewy body disease (LBD) refers to Parkinson's disease (PD), Parkinson's disease
dementia (PDD), and dementia with Lewy bodies (DLB). In advanced disease states,
these conditions are associated with neuronal loss and neurodegeneration. Due to the
over-diagnosis of PD, and under-diagnosis of DLB, most studies neglect DLB as a
field of study so the full prevalence of the condition isn't fully understood (Outeiro et
al., 2019).

Dementia is a serious national issue in the UK. There are around 944,000
people with dementia, more than ever before, and the number of people with dementia
is expected to grow sharply over the next few decades (Alzheimer's Society, 2024
https://dementiastatistics.org/about-dementia/diagnosis/). In the UK, DLB accounts for
approximately 10-15% of patients with dementia (Alzheimer's Research UK,
2023). The pathological features of DLB are characterized by the aggregation of a-
syn protein within neurons and the formation of LBs in the brain stem, limbic systems,
and cortical areas. As a result of the loss of nigrostriatal dopaminergic neurons in the
substantia nigra caused by LBs and Lewy neurites, dopamine levels are depleted
(Schulz-Schaeffer, 2010).

The main clinical features of DLB include progressive cognitive impairment
including memory loss, complex visual hallucinations, rapid eye movement sleep
behaviour disorder (RBD), and Parkinsonism (Outeiro et al., 2019). McKeith et al.
(2017) have reported that there are at least two clinical features above that can

contribute to the diagnosis of DLB.



1.1.1 Alpha-synuclein (a-syn)

The a-syn protein is fundamentally unfolded and can interact with various lipid
membranes to take on a partly helical shape (Bisaglia et al., 2009). a-syn a highly
expressed protein involved in neurotransmission (Selkoe, 2001, McKeith et al., 2017,
Mochizuki et al., 2018). While the exact physiological function of a-syn is still unknown,
several studies suggest that it interacts with members of the soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE) family to regulate synaptic
membrane processes as well as neurotransmitter release (Bellucci et al., 2016).

In dopaminergic neurons, a-syn regulates neurotransmission (Butler et al.,
2017) and reduces the recycling rate of vesicles (Jenco et al., 1998). Additionally, a-
syn inhibits synaptic vesicle clustering following exocytosis in cultured glutamatergic
hippocampal neurons, negatively modulating neurotransmitter release (Nemani et al.,
2010). In cultured dopaminergic neurons, a-syn has also been shown to interact with
the dopamine transporter to promote neurotransmitter reuptake (Lee et al., 2001), as
well as serotonergic neurons, and noradrenergic neurons are also proposed to

function by a similar mechanism (Wersinger and Sidhu, 2006).

Figure 1.1: Human a-syn Protein Structure. The a-Syn protein can be classified into three
regions. The six missense mutations that cause familial PD are located in the amphipathic region of
the protein, suggesting that this region functions in an important way (Xu and Chan, 2015). The central
hydrophobic region (non-amyloid-component or (NAC) domain) of a-syn is associated with fibril
formation (Jethva et al., 2011). Most of the residues in the acidic C-terminal tail are negatively charged
and are unfolded (Xu and Chan, 2015).

There has been evidence that mutations in the synuclein (SNCA) gene on

chromosome 4 are responsible for the formation of the structures in familial PD



(Meade et al., 2019). The SNCA gene encodes a small, soluble 140 amino acid
protein, a-syn, which is found throughout the neurons (Fig.1.1) (Norris et al., 2004,
Bernal-Conde et al., 2019). The a-syn protein consists of three regions. The C-
terminus contains an acid residue-rich region (Bernal-Conde et al., 2019). The highly
conserved N-terminal domain encodes for an imperfect 11 amino acid repeat with a
consensus motif of KTKEGV, which resembles the lipid-binding domain of
apolipoproteins. It enables lipid binding, specifically to negatively charged lipids. This
allows for the formation of an alpha helix (Bernal-Conde et al., 2019). Due to its
hydrophobic structure, the non-amyloid component (NAC) of proteins allows for

oligomerization to occur (Bernal-Conde et al., 2019).

The role of a-syn in PD was first discovered through genetic linkage studies in
a few families (Polymeropoulos et al., 1997a). These studies found mutations, gene
duplications (Chartier-Harlin et al., 2004), and triplications in the SNCA gene (Byers
et al., 2011). Six missense variants in the a-syn gene A30P, A53T, E46K, H50Q,
G51D, and A53E have so far been connected to the pathophysiology of PD (Xu and
Chan, 2015). When compared to cells expressing wild-type a-syn and control cells,
the expression of the mutant isoforms of A53T and A30P increases the cytotoxicity
generated by hydrogen peroxide and 1-methyl-4-phenylpyridinium. These mutations
impact the response to oxidative stress (Kanda et al., 2000). Furthermore, compared
to the wild-type, the A30P, A53T, and H50Q mutations lead to enhanced
oligomerisation and fibril formation (Khalaf et al., 2014, Narhi et al., 1999), whereas
the G51D and A53T mutations decrease a-syn aggregation (Rutherford et al., 2014,
Ghosh et al., 2014). By deactivating the JNK1-Bcl-2 pathway, the E46K mutation
impairs macroautophagy (Yan et al., 2014). In genome-wide association studies, a
substantial correlation between a-syn and sporadic PD was recently demonstrated
(Ramanan and Saykin, 2013, Satake et al., 2009).

Research has identified many mechanisms by which a-syn interacts with
neurotransmitters, lipids, carbohydrates, membrane-bound receptors, and other
proteins in the brain (Saleh et al., 2015). Although a-syn is a mobile protein, it is mainly
found in the axons and presynaptic terminals of neurons in the memory and emotion
centres of the brain (Saleh et al., 2015).



a-syn can bind to acidic membranes, and this binding is mediated by
amphipathic a-helix in the N-terminal domain. The unfolded cytosolic and membrane-
bound states of a-syn are in dynamic equilibrium under physiological conditions (Burré
et al., 2014). In contrast, when a-syn acts under pathological conditions, it adopts an
abnormal shape of a B—sheet-rich-amyloid conformation, resulting in the formation of
fibrils and subsequent deposition of a-syn into LBs (Pineda and Burré, 2017). The o-
helical part of the molecule is responsible for the generation of the different types of
oligomers, which are currently considered the most toxic. The release pathway for a-
syn depends on endosomal integrity (Emmanouilidou et al., 2010, Alvarez-Erviti et al.,
2011, Emmanouilidou and Vekrellis, 2016). Exosomes can also release the a-syn. An
exosome is a small vesicle with a diameter of 100 nm that transports proteins or RNA
between cells (Mutreja and Gamblin, 2017, Jansen et al., 2017). a-syn can enter the
extracellular space by active and passive mechanisms, such as leakage through
damaged membranes and impairment of cell function. Through interacting with cell
membranes and fibrillating, a-syn can accelerate the transporting process (Volles and
Lansbury, 2002). a-syn is also believed to cross the cell membrane through pore-like
structures such as the voltage-dependent anion channel (Hoogerheide et al., 2017).

The a-syn protein is natively unstructured and cannot form stable secondary
structures until bound to phospholipid membranes (Davidson et al., 1998a, Sahay et
al., 2015). The a-syn monomers are capable of dynamically forming oligomers, which
might aggregate to produce insoluble fibrils (EI-Agnaf et al., 1998). It may be possible
to promote or prevent a-syn aggregation through post-translational modifications of a-
syn (Beyer et al., 2006).



1.1.2 Dementia with Lewy bodies (DLB)

Pathologically, DLB is caused by the aggregation and misfolding of the synaptic
protein a-syn. High expression leads to toxic oligomers and fibrils and ultimately forms
LBs in neurons, which Frederic Lewy first described in 1912 (McKeith et al., 2017,
Selkoe, 2001, Mochizuki et al., 2018). This misfolded a-syn alters the membrane
composition, leading to protein aggregation (Hijaz and Volpicelli-Daley, 2020). It
eventually leads to the formation of Lewy bodies as the proteins conjugate (Fig.1.2).
When LBs accumulate in neurons, they interfere with neurotransmission and cause
cognitive dysfunction (Arnaoutoglou et al., 2019).

Both DLB and PDD involve aggregation of a-syn, but they are distinguished by
the temporal order in which symptoms appear. In DLB, patients first develop cognitive
dysfunction including memory loss, visual hallucinations, and cognitive fluctuations
before the onset of motor symptoms. In contrast, in PDD the motor symptoms, which
include tremors and the bradykinesia of Parkinson’s disease occur first, then a
proportion of patients (~ 30%) also progress to develop cognitive dysfunction (McKeith
et al., 2017). In general, females are more protected against neurodegenerative
disease, possibly due to hormonal mechanisms. A meta-analysis study by Moisan et
al., 2016 found the male-to-female ratio was 1.48 for the prevalence of PD and 1.49
for its incidence. DLB is more prevalent in males, and sporadic cases generally occur
between 50 and 83 years old (McKeith et al., 2004).

Alzheimer’s disease (AD) is one of the neurodegenerative diseases that shares
common features of aggregation and misfolding of the amyloid beta protein that are
normally soluble in physiological conditions (Larson et al., 2012).

Soluble a-syn levels showed a greater correlation to cognitive impairment in
AD, in comparison to soluble amyloid beta protein (AB) and tau levels (Larson et al.,
2012). Cognitive dysfunction may be associated with the misfolding of normal soluble
a-syn caused by amyloid deposition, meaning that a build-up of amyloid and synuclein
caused the loss of solubility in the intracellular cytosolic proteins (Saleh et al., 2015).
It has been demonstrated that cytotoxic species of a-syn form self-aggregating
aggregates that spread between cells (Lee et al., 2012), consequently, seeding (Sang
et al., 2021) and aggregation perpetuated in a prion-like manner (Vargas et al., 2019,
Allen Reish and Standaert, 2015).



Figure 1.2: Pathological features of LBs. The formation of the LBs goes through different phases
starting with initial dust-like particles cross-linked of a-syn to aggregation of ubiquitinated dense
filaments ending in the formation of LBs, and finally the degradation and death of the affected neurons
(Rietdijk et al., 2017).

1.1.3 Transgenic mouse models of DLB (hA30P)

Although studies involving familial forms of a-synucleinopathy have helped
develop our knowledge of a-synucleinopathy pathology, much remains unknown. To
study how a-syn contributes to cognitive deficits in a-synucleinopathy, rodent models
are frequently used. It is essential to develop transgenic mouse models to study how
a-syn might cause the disease. These models allow us to evaluate changes in the
brain before permanent damage occurs, allowing interventional treatments to be
considered before permanent damage occurs. Hence, we should investigate DLB at
the earliest stage of its development before symptoms emerge. A transgenic mouse
model allows us to study this stage in greater depth.

There are a variety of rodent models that incorporate a human gene insert,
either in wild-type form or with mutations isolated from individuals with familial a-
synucleinopathy. The expression of human a-syn in rodents can also be induced by
viruses, the injection of preformed fibrils, or the induction of neurodegeneration via
toxins (Sommer et al., 2000). The DLB mouse model used in this study is the human
mutant mouse (hA30P). A monomeric structure of a-syn is generated by inserting the
entire human mutation of the SNCA gene. The A30P missense mutation in the SNCA
gene, first described in a patient with familial Parkinson's disease (Kruger et al., 1998),
represents a Guanine (G) to Cytosine (C) substitution at nucleotide position 88. As a

result, the amino acid position 30 is changed from alanine to proline. Human (hA30P)



transgenic mice were first used to study mutant SNCA gene transport under the Thy-
1 promoter (Kahle et al., 2000). Thy-1 protein was originally considered to be
expressed in thymocytes-precursor of T cells in the thymus, and cell surface of mature
excitatory neurons. However, recent evidence suggests Thy-1 is expressed also in
other cell types. It is possible to control the expression of the human SNCA gene
inserted in transgenic mice using a variety of promoters, including the Thy-1 promoter
like hA30P mice. Kemshead et al. (2002) reported that the Thy-1 promoter is
expressed most highly in the striatum and hippocampus, while there were low levels
within the substantia nigra (Neumann et al., 2002). hA30P mice express a human
mutant form of a-syn from 1 month of after which there is a progressive, age-
dependent, increase in pathological human a-syn phosphorylated at serine residue
129 (PS129) (Kahle et al., 2000).

The abnormal a-syn accumulates in neuronal cell bodies when overexpressed,
(Kahle et al., 2000). It has been suggested that the hA30P mutation leads to a-syn
losing its vesicle-binding properties and altering a-syn's role in neurotransmitter
release (Jensen et al., 1998a). Human SNCA gene expression is three-fold higher in
Thy-1 A30P mice than expression of the endogenous murine SNCA gene (Kahle et
al., 2001). When human a-syn is overexpressed, murine a-syn does not aggregate
like the human SNCA gene and its staining pattern remains normal (Kahle et al., 2001).
A30P mutation in the SNCA gene may form oligomers at a high rate causing a severe
neurodegenerative phenotype due to their accelerated oligomerization rates. The
human mutant a-syn causes abnormal interactions with proteins controlling synaptic
vesicle trafficking (Dalf6 et al., 2004) and reduced membrane bindings, so it competes
with mouse a-syn for biding sites but does not function properly (Snead and Eliezer,
2014). By producing phosphatidic acid, phospholipase D2 is believed to contribute to
the creation of vesicles at the plasma membrane. Phospholipase D2 translocation to
vesicle production sites during high-frequency stimulation may be a crucial step in
vesicle recycling (Davidson et al., 1998b). It is believed that the N-terminal region of
a-syn, which contains the AS53T and A30P alterations, mediates binding to
phospholipid membranes. Vesicle recycling may, therefore, be indirectly impacted by
mutations in a-syn that change its interaction with and regulation of phospholipase D2
(Jensen et al., 1998b, Jo et al., 2002). At the terminal, the majority of dopamine
molecules are typically enclosed in monoaminergic vesicles, where they are shielded

from degradation. Mutations that impair the ability of a-syn to control phospholipase

6



D2 activity may result in impaired binding to membrane sites of vesicle recycling, which
could ultimately lead to incomplete vesicle recycling. This may contribute to a lack of
synaptic vesicles that are available for storing neurotransmitters (Lotharius and
Brundin, 2002).

Less dopamine is packaged into vesicles in mice with the AS0P mutation was
found that this would disrupt the prolonged bursting of dopaminergic neurons (Yavich
et al.,, 2004), although basal neurotransmission is not impacted. Also, the hA30P
protein aggregates and is toxic to neurons due to the transformation oligomerization
and fibrillation of human a-syn into toxic aggregates of oligomers that then precipitates
a cascade of changes, involving mitochondrial dysfunction and oxidative stress which
leads to neurodegeneration.

Human a-syn pathology in hA30P mice results in deficits in memory function as
determined using the fear conditioning task and Morris water maze, and the mice
exhibit increasing motor dysfunction with age after 6 months (Kahle et al., 2000). By
12 months of age, hA30P mice exhibit cognitive dysfunction with impaired memory
dysfunction (Freichel et al., 2007) and at 14 months of age, the mice develop motor
deficits including rigidity and tremor (Kahle et al., 2000), and by 16 months of age
exhibit severe motor dysfunction (Freichel et al., 2007). After that, mice become
paralyzed and die prematurely at 17-18 months (Freichel et al., 2007).

There are limited studies about the early cellular changes in young hA30P mice,
for the work presented in this thesis, | will be using the hA30P mice at a young age (1-
4 months) before the onset of any reported symptoms. The current study aimed to
examine changes that occur in young pre-symptomatic mice aged between 1-4
months old compared to the C57BL/6 strain as WT control mice.

1.1.4 Network hyperexcitability in DLB

Although still not widely recognized many neurodegenerative diseases are
linked to epilepsy or forms of abnormal cortical excitability. Abnormal epileptiform-like
activity or myoclonus has been reported in as many as ~30-50% of patients with AD
and DLB (Beagle et al., 2017).

Murine models of AD have been known for some time to exhibit epileptic
electroencephalography (EEG) activity and reducing excitability with anti-epileptic

drugs has been proven to be successful in restoring cognitive function (Sanchez et al.,
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2012). Indeed, there is evidence from studies of patients with both AD and DLB that
indicate the presence of hyperexcitability, either in the form of myoclonus or seizures,
maybe an early feature of neurodegeneration (Stargardt et al., 2015).

Furthermore, neuronal and/or network hyperexcitability may even worsen the
disease progression, thus several studies are investigating possible mechanisms that
could reduce this early network hyperexcitability (Vico Varela et al., 2019). To date,
there are no effective treatments that can prevent any of the neurodegenerative

diseases, so new therapies and treatment strategies are required.

1.1.5 Hyperexcitability in murine models of AD and DLB

As seen in patients with AD the murine models of AD have been known for
some time to exhibit epileptic electroencephalography (EEG) activity and reducing
excitability with anti-epileptic drugs has proven to be successful in restoring cognitive
function (Sanchez et al., 2012). There is a link between abnormal electrical activity
causing non-convulsive epileptic discharges and an increase in AB levels causing
synaptic dysfunction. AD causes epileptiform activity, in part, due to its influence on
synapses of neurons (Ghatak et al., 2019, Ghiglieri et al., 2018).

Studies have demonstrated that changes in neuronal physiology result from
overexpression of wild-type a-Syn both in vivo and in vitro (Robson et al., 2018,
Tweedy et al., 2021, Stylianou et al., 2020) . According to (Nemani et al., 2010), a
threefold increase in human wild-type a-syn expression in the mouse brain reduced
neurotransmitter release by preventing synaptic vesicle recycling. Additionally, these
transgenic animals showed a selective reduction in particular synaptic vesicle proteins
linked to the decreased presynaptic release (Nemani et al., 2010).

LBD rodent models overexpressing human a-syn (either mutant or WT) also
exhibit similar excitability changes. Morris et al., 2015, showed that transgenic mice
with human wild-type a-syn exhibited interictal spikes and intermittent seizures in the
EEG (Morris et al., 2015). Immunohistochemical changes aligned with the functional
increased excitability observed. Immunohistochemistry showed mossy fibre sprouting
and increased expression of calbindin in the a-syn transgenic mice (Morris et al., 2015,
Walker et al., 2002). More recently, (Morris et al., 2015, Peters et al., 2020, Stylianou
et al., 2020) have also shown that hyperexcitability may be an early feature of human

a-syn pathology in mouse models of DLB.



Furthermore, neuronal and/or network hyperexcitability may even worsen the
disease progression, thus several studies are now investigating possible mechanisms
that could reduce this early network hyperexcitability (Vico Varela et al., 2019).
Previous work in our laboratory demonstrated that the hA30P mice exhibit very early
(2-4 months of age) hyperexcitability in the hippocampus (Tweedy et al., 2021) so |
focused in my thesis work on this region aiming to investigate the causes of this
hyperexcitability, in particular the role neuroinflammation might play in generating

abnormal network activity.

1.2 Hippocampus

The hippocampus is a bilateral structure in the temporal lobe of the human and
rodent brain. Humans rely on the hippocampus to store and recover declarative
memories as well as spatial connections. Memories about facts and events are known
as declarative memories e.g. memorizing lines from a play or a speech. The
hippocampus plays an essential role in spatial memory and navigation, through the
activity of place and grid cells and also in the episodic memory of sequencing the past,
present, and future events (Moser et al., 2015, Bear et al., 2020). The hippocampus,
including the dentate gyrus (DG), has the shape of a curved tube, which has been
compared to a seahorse, and a ram's horn (Cornu Ammonis) (CA). The abbreviation
of CA is used in naming the hippocampus subfields CA1, CA2, CA3, and CA4 (Bear
et al., 2020) (Fig. 1.3, and 1.4).

The hippocampal subfields CA1, CA2, CA3, and CA4 are defined by a narrowing
of the cortex into a single layer of tightly packed pyramidal neurons that curl into a tight
U shape. CA4 is embedded in the backward-facing, flexed DG on one border of the
"U" (Kosaka et al., 1987). The hippocampus is divided into two parts: anterior and
posterior (in primates) or ventral and dorsal (in other animals). Both components are

similar in composition but have diverse tasks and belong to different neural
circuits. The dorsal hippocampus is responsible for spatial memory, verbal memory,
and conceptual learning; it also contains more place cells than the ventral and
intermediate hippocampal areas. The ventral and dorsal hippocampus share
similarities with the intermediate hippocampus (Kosaka et al., 1987). The functions of
the ventral hippocampus are in fear conditioning and affective processes (Bear et al.,
2020).



The dentate gyrus is composed of three layers of cells (or four if the hilus is
included) (Bear et al., 2020). The entorhinal cortex (EC) is the primary input of the tri-
synaptic (information) circuit to the hippocampus, while CA1 is the primary output, with
axons projecting through the perforant pathway to the granule cells of the DG (first
synapse). The information is transmitted to CA3 via the mossy fibers (second
synapse). CA3 axons, known as Schaffer collaterals, leave the deep section of the cell
body, loop up to the apical dendrites, and then extend to CA1 (third synapse). CA1

axons then project back to the EC, closing the circuit.

Figure 1.3: The structure of the hippocampus. The right: The hippocampal subfields CA1, CA2, and
CA3, and the laminar structure of the hippocampus stratum oriens (SO), stratum pyramidale (SP), and
stratum radiatum (SR).The left: The layout of a pyramidale neuron in the pyramidal layer
(https://nba.uth.tmc.edu/neuroscience/m/s4/chapter05.html).
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Figure 1.4: The different layers of the Cornus Ammonis and the gyrus dentatus of the
Hippocampus. A horizontal cut through the hippocampus formation of a mouse (C57BL/6) reveals the
various layers of the gyrus dentatus (GD) and Cornus Ammonis (CA). The stratum radiatum (SR) and
lacunosum-moleculare (SLM) come after the stratum oriens (SO), which is external to internal and
contains the axon of pyramidal neurons in the stratum pyramidale (SP). The CA3 area is the only one
where the stratum lucidum (SL) is found. DG: The dendrites of the granule cells of the stratum granulare
(SG) are housed in the stratum moleculare. The SG is existed by the mossy fibres, or axon, of the
granule cells through the stratum multiforme or hilus (Hi) fissure hippocampal (HF). CA and GD contain
interneurons in addition to projection neurons, pyramidal cells, and granule cells (Schréder et al., 2020).

Several other connections are crucial to hippocampus function. Aside from
the EC, other cortical areas, notably the prefrontal cortex, are served by other output
routes. The hypothalamus also receives a major output from hippocampus (Bear et
al., 2020). In the current study, | focused on the CA3 region particularly, because it
exhibits interictal activity and generates abnormally large gamma oscillations (Le
Duigou et al., 2014, Trevifio et al., 2007)
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Figure 1.5: Synaptic connectivity of the hippocampus in the trisynaptic circuit. A) The trisynaptic
circuit (Bear et al., 2020). B) Generation of gamma oscillations depends on the dynamic interplay
between fast-spiking inhibitory interneurons and excitatory pyramidal cells. PV interneurons synapse
on the cell bodies of excitatory neurons, thus providing inhibition. Glutamatergic neurons, in turn,
provide excitatory drive by synapsing on the cell bodies of GABAergic interneurons (Antonoudiou et al.,
2020).

1.2.1 Parvalbumin GABAergic Interneurons

Two main populations of neurons exist within the hippocampus. The principal
neurons of the CA regions are the glutamatergic pyramidal neurons. They produce
glutamic acid, a major excitatory neurotransmitter in the hippocampus, and excitatory
pyramidal neurons make up approximately 90% of neurons in the hippocampus
(Freund and Buzséaki, 1996). Pyramidal neurons are classified depending on the
morphology of the dendritic tree and are found in many areas of the brain including
the cerebral cortex, hippocampus, and amygdala (Bear et al., 2020) (Fig.1.3).

The second main neuronal type in the hippocampus is the gamma-aminobutyric
acid (GABAergic) interneurons which release the inhibitory transmitter GABA and
make up the remaining ~10% of the neurons. GABAergic neurons provide effective
inhibition to the pyramidal neurons and other interneurons due to their extensive
arbors (Kosaka et al., 1987). Both pyramidal neurons and interneurons are further
innervated and modulated by a variety of cholinergic, dopaminergic, serotonergic, and
noradrenergic inputs from other brain areas (Avery and Krichmar, 2017).

Different classes of interneurons can be defined by the different expressions of

peptides or calcium-binding proteins. Calcium-binding proteins, which are abundant in
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the nervous system, can influence the spatial and temporal dynamics of calcium
signals (Bjerke et al., 2021). Parvalbumin (PV) and calbindin (CB) are two such
proteins that are expressed in essentially non-overlapping clusters of neurons that
exhibit fast-spiking and bursting electrophysiological characteristics, respectively
(Bjerke et al., 2021). Only around 10-12% of the GABAergic interneurons in the
hippocampus are CB+ interneurons, and the stratum radiatum contains a large
number of CB+ cell bodies (Toth and Freund, 1992). CB interneurons are frequently
categorised as oriens-lacunosum moleculare cells, bistratified cells, or radial trilaminar
cells and have generally innervate the dendrites of pyramidal cells. Although CB
interneurons lack the fast-spiking characteristics of most PV+ interneurons, they are
essential for inhibition and preserving the equilibrium between excitation and inhibition
in the hippocampal network (Puig et al., 2008). PV is expressed in a type of interneuron
that is distinguished by fast responses and effective inhibition of surrounding principal
neurons (Bjerke et al., 2021) (Fig.1.5B).

The cell bodies of PV interneurons are typically present in or near the stratum
pyramidale (SP). While PV interneurons primarily innervate pyramidal neurons, it is
estimated that 5-15% of synaptic contacts from PV interneurons are to other
GABAergic interneurons. A complex network of excitatory and inhibitory connectivity
is further enriched by a subset of interneurons that specifically target other
interneurons within the hippocampus (Kosaka et al., 1987).

Basket interneurons are the main type of PV interneuron that receive excitatory
input from pyramidal neurons and subsequently provide inhibitory feedback to them
(Freund and Buzsaki, 1996) (Fig.1.5B). This recurrent inhibition is a basic feedback
circuit in the hippocampus that can regulate excitatory responses. The pyramidal
neurons produce recurrent excitation, which is a key mechanism in several memory-
processing microcircuits (Kosaka et al., 1987).

Appropriate brain function is dependent on networks of inhibitory interneurons
and excitatory projection pyramidal neurons that are well-linked and well-organized
(Rudy et al., 2011). Inhibitory interneurons influence the activity of pyramidal neurons,
which are responsible for transmitting information between neuronal assembilies.
Imbalances between these network components can result in brain function
abnormalities and neurological diseases such as epilepsy, schizophrenia, and autism
spectrum disorder (Jiang et al., 2016).
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Glutamatergic neurons and GABAergic interneurons contribute to the
generation or regulation of rhythmic network oscillations required for effective signal
processing, as well as the commencement and duration of cortical plasticity phases
(Bjerke et al., 2021). Inhibitory interneurons are extremely diverse: in rodents, more
than 20 unique inhibitory interneuron types have been found in the cerebral cortex and
the CA1 area of the hippocampus (Jiang et al., 2016).

Interneurons can also be categorized based on physiological features, such as
discharge patterns in response to depolarization (Bear et al., 2020). PV-expressing
basket interneurons and some chandelier interneurons have a high rate of spiking.
Bouquet (bipolar) interneurons exhibit irregular, adaptive spiking and high input
resistance. Neuroglia cells have a slow firing, late spiking firing pattern, as well as slow
adaptability (Rudy et al., 2011).

PV inhibitory interneurons appear to be prone to injury in chronic epileptogenic
lesions of the neocortex and the hippocampus (Jiang et al., 2016), which is why it was
part of my interest in this study.

In this study, | looked at both pyramidal neurons and PV interneurons to
understand neuronal hyperexcitability in the CA3 region of the hippocampus in young
hA30P. The hippocampus is affected by a-syn pathology in patients with DLB and
changes in these regions likely contribute to some of the key features of DLB, including

impaired executive function and memory (Robson et al., 2018, Crews et al., 2010).

1.2.2 Perineuronal nets (PNNs)

There is an extracellular matrix (ECM) of proteins surrounding the components
of the CNS. GABAergic PV interneurons are particularly enveloped by condensed
matrix from these extracellular matrix proteins called perineuronal nets (PNNs). PNNs
surround the soma, proximal dendrites, and synapses. Most PV interneurons are
surrounded by PNNs in the hippocampus and perirhinal cortex in addition to some
hippocampal pyramidal neurons (Fawcett et al., 2022). PNNs regulate plasticity by
stabilizing synapses and protecting neurons and their synaptic connections from
environmental stress (Cabungcal et al., 2013a). The PNNs also control neuronal
plasticity by controlling the formation of new synaptic connections (Reichelt et al.,
2019). The relationship between neurons and PNNs is attracting attention as a central

mechanism controlling brain plasticity, playing roles as both a regulator of synaptic
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plasticity and a protective barrier (Fawcett et al.,, 2022). PNNs have a delayed
developmental trajectory and are key components in the closure of critical periods of
heightened neuroplasticity (Fawcett et al., 2019, Miyata and Kitagawa, 2017). In
animal models, manipulating PNNs outside this critical window can enhance cognition,
suggesting a potentially therapeutic approach for attenuating cognitive decline
(Fawcett et al., 2019). However, the crucial role of PNNs in plasticity and protection
means that such therapeutic modulation must strike a careful balance: manipulation
of PNNs to promote plasticity may have unintended negative consequences resulting
from exposure of neurons to neurotoxins (Cabungcal et al., 2013a).

Recent evidence showed that the PNNs play a vital role in memory dysfunction
linked to pathological changes. PNNs matrix and neurodegeneration changes are
frequently related (Fawcett et al., 2022). Neurons are more susceptible to oxidative
stress if the PNNs are damaged. There are also excitatory and inhibitory balance
changes, synaptic loss, and synaptic loss all linked with PNNs damage (Wen et al.,
2018). Converging evidence indicates that PV interneurons and PNNs are impaired in
various neurological disorders. PNNs development and maintenance are necessary
for several processes within the CNS, including regulation of GABAergic cell function,
protection of neurons from oxidative stress, and closure of developmental critical
period plasticity windows. Understanding PNNs' functions may be essential for
characterizing the mechanisms of altered cortical excitability observed in
neurodegenerative and neurodevelopmental disorders. Indeed, abnormalities of the
PNN have been observed in post-mortem brain tissues of patients with schizophrenia
and AD. There is impaired development of PNNs and enhanced activity of its key
regulator matrix metalloproteinase-9 (MMP-9) in Fragile X syndrome, a common
genetic cause of autism. MMP-9, a protease that cleaves ECM, is differentially
regulated in several disorders. Despite this, few studies have addressed the
interactions between PNNs expression, and neuronal excitability (Wen et al., 2018).
In the current thesis, | studied the effect of overexpression of a-syn on the PNNs in

the CA3 region hippocampus in young hA30P.
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1.3 Neuroglia

We now know that glial cells play an active role in numerous cellular brain
functions and are just as important as neurons. Glial cells include astrocytes,
microglia, and oligodendrocytes. Neuroglia were so named for their supposed function
as the “glue” of the brain holding neurons in place. Neurons and glia are the two
primary cell types that make up the CNS. According to some estimates, glial cells,
make up 50% of the brain's cells (Azevedo et al., 2009). Glial cells were once believed
to play primarily a passive role in sustaining neurons, but mounting evidence points to
their involvement in critical homeostatic and developmental processes, and we now
know that glial cells play an active role in numerous cellular brain functions and are

just as important as neurons (Allen and Lyons, 2018).

1.3.1 Astrocytes

Astrocytes are star-shaped glial cells that make up 20 to 50% of brain volume
contiguously connecting the entire CNS by enveloping neuronal synapses, dendrites,
cell bodies, and blood vessels with their processes (Sofroniew and Vinters, 2010) (Fig
1.6). From the late 19th century, morphological heterogeneity was identified and
astrocytes were classified into two main groups: protoplasmic astrocytes located in the
grey matter and fibrous astrocytes in the white matter (Sofroniew and Vinters, 2010)
(Pestana et al., 2020). Grey matter protoplasmic astrocytes have revealed most of
what we know about astrocyte function and form, whereas white matter fibrous
astrocytes have remained relatively unexplored (Mazumder et al., 2022). Protoplasmic
astrocytes have been shown to release neurotransmitters such as glutamate and
GABA to modulate both excitatory and inhibitory neuronal activity and are closely
associated with memory formation due to their role in synaptic remodelling and
plasticity (Crotti and Ransohoff, 2016).

The mammalian white matter tracts extensive energy demands compared to
the axons, they are metabolically demanding (Ransom and Orkand, 1996, Harris and
Attwell, 2012). White matter possesses a relatively limited substrate supply due to a
less dense vascular network than gray matter (Moody et al., 1990). In white matter,

dense populations of astrocytes supply the main energy sources to axons via lactate
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shuttles between neurons and astrocytes (Wender et al., 2000, Pellerin et al., 1998).
Axons receive lactate when needed after glucose is taken up from capillaries by
astrocyte endfeet and stored as glycogen in astrocytes (Dringen et al., 1993).
Whenever ambient glucose alone is insufficient to meet the immediate energy
demands, glycogen acts as an energy buffer and converts to lactate (Tekkok et al.,
2005, Brown et al., 2003). The lactate becomes demanded fuel than glucose when
glucose levels are low or when neuronal activity increases (e.g., firing increases)
(Tekkok et al., 2005, Brown et al., 2003).

The role that astrocytes play is diverse and includes the control of neuronal
migration during development and functional modulation of mature synapses. These
cells play an essential role in brain homeostasis as they are involved in regulating
blood flow and maintaining the integrity of the blood-brain barrier (BBB) (MacVicar and
Newman, 2015). Additionally, astrocytes control synaptic activity by participating in the
tripartite synapse (the sum of the presynaptic membrane, and postsynaptic
membrane, and their intimate association with surrounding glia contributes to the
generation of activity at the chemical synapse), recycling neurotransmitters, releasing
gliotransmitters including glutamate and GABA, buffering extracellular K+ ions, and
other processes (Verhoog et al., 2020). The electrical connection between astrocytes,
through gap junctions, allows the coordination of responses and aids in the spread of
calcium ions throughout the astrocytic network. Astrocytes respond to most
neurotransmitters, which evoke an increase in astrocytic intracellular calcium levels
and modulation of synaptic transmission within the tripartite synapse (Sofroniew and
Vinters, 2010). Furthermore, astrocytes provide metabolic support to neurons through
neurovascular coupling (Bear et al., 2020) (Fig 1.7).

Activated astrocytes have recently been classified into two distinct forms (pro-
and anti-inflammatory). In response to injury, infection, or disease, non-active (resting)
functional astrocytes change to reactive astrocytes state (Favoretto et al., 2023). Pro-
inflammatory astrocytes (A1) lose their ability to perform normal physiological
functions and secrete neurotoxic factors to remove neurons and synapses. They are
characterized by a decrease in ramifications and the length of their processes. The
number of pro-inflammatory astrocytes is increased in physiological aging and may
therefore infer a vulnerability to neurodegeneration (Crotti and Ransohoff, 2016, Kwon
and Koh, 2020). While anti-inflammatory astrocytes (A2) participate in the process of

neuroprotection, minimize the damage and repair. They are characterized by an
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increase in ramifications and the length of their processes (Crotti and Ransohoff, 2016)
(Fig. 1.6 and 1.7).

Figure 1.6: Neuroprotective and neurotoxic states of glia. Glial cells' dichotomous functional state
under prolonged stress. Stress or noxious stimuli cause astrocytes and microglia to transition from a
non-reactive to a reactive functional state. Proinflammatory reactive phenotypic imbalance should be
associated with high-stress sensitivity. The anti-inflammatory phenotype is characterized by an increase
in ramification and length in the process, and the pro-inflammatory phenotype is characterized by a
decrease in ramification and length in the process and an increase in soma size (Favoretto et al., 2023).

While increase in reactive astrocytes typically ends in scar formation, a
cascade of changes occurs before this point which are often reversible, including
upregulation of glial fibrillary acid protein (GFAP) and vimentin, both intermediate
filaments forming the astrocytic cytoskeleton (Sofroniew and Vinters, 2010). Increased
expression of GFAP, is a defining characteristic of all reactive astrogliosis types
(Anderson et al., 2014, Eddleston and Mucke, 1993). Since elevated GFAP+ levels
have been linked to several pathogenic disorders, this protein is now often employed
in both clinical and experimental settings as a reliable indicator of reactive astrocytes
(Sofroniew and Vinters, 2010). Therefore, | will consider the GFAP as an important
histological marker in my study of the early stage of human a-synucleinopathy in
hA30P mice.
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1.3.2 Microglia

The second maijor type of glial cell are the microglia. Due to the role of the BBB
in excluding the body’s immune cells from the brain, the brain’s native immune cells
are the microglial which act as immune regulators and make up around 10-15% of
cells within the brain. The so-called “resting” microglia are incorrectly named, given
their active role in the surveillance of their microenvironment, and maintaining
homeostasis (lba et al.,, 2020, Iba et al., 2023). Non-active (resting) functional
microglia are preferentially referred to as ramified surveilling microglia due to their
small soma and long processes (Bjerke et al., 2021) (Fig. 1.6, and 1.7). They play a
role in synaptic pruning, the removal and fine-tuning of synapses, in network
development through phagocytosis. Consequently, microglia are implicated in
synaptic plasticity through the phagocytosis of weaker synapses (Favuzzi et al., 2021).
In an activated state, microglia produce pro-inflammatory cytokines and chemokines
such as in the case of neurodegenerative diseases including a-synucleinopathies
(Mavroeidi and Xilouri, 2021, Deyell et al., 2023). Reactive microglia carry out several
roles including the release of mediators that activate astrocytes (Zhao et al., 2020)
(Favuzzi et al., 2021). Microglia make brief connections with neurons and astrocytes,
and it has been shown that following contact neuronal activity is reduced. Potassium
(K+) channels on microglia respond to small disturbances in extracellular K+, often
caused by damaged or ruptured cells. Microglia may also indirectly modulate neuronal
excitability through activation of astrocytes. It is unsurprising therefore that like
astrocytes, microglia are implicated in the pathogenesis of epilepsy (Vezzani and
Viviani, 2015). Microglia also recognize and respond to immune threats and misfolded
proteins. There is growing evidence of neuroinflammation in AD and PD, which may
be a result of misfolded proteins inducing microglial reactivity (Zhao et al., 2020).
Conversion of microglia from a protective to toxic role can occur because of
physiological aging or neurodegenerative disease. Conversion back to the
neuroprotective state is promoted by non-steroidal anti-inflammatory drugs (Ajmone-
Cat et al., 2010).
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Reactive microglia have also been proposed to occupy two distinct states of
neurotoxicity (M1) and neuroprotection (M2), marked by the differential release of pro-
inflammatory or anti-inflammatory factors, respectively. While both phenotypes of
microglia are marked by ionized calcium-binding adapter molecule 1 (lba-1)
upregulation, specific markers can be used to differentiate between each state
(Colonna and Butovsky, 2017, Favoretto et al., 2023). The production of pro-
inflammatory cytokines and chemokines, such as tumour necrosis factor-alpha
(TNFa), interleukin-6 (IL-6), and interleukin-1 (IL-1), which harm neurons, are
hallmarks of M1 microglial activation, often referred to as classical activation. M2
microglia in contrast release growth factors, anti-inflammatory cytokines, and pro-

survival factors, which encourage the phagocytosis of cellular debris, tissue repair,

Figure 1.7: Role of glia in neurodegeneration. Schematic representation of the cascade of pathologic
events provoked by increased levels of cytokines in the nervous system. Cytokines are synthesized
and released by glia (microglia and astrocytes), or imported into nervous tissue by blood immune cells,
particularly in pathologic conditions associated with BBB damage. Excessive levels of cytokines can, in
turn, promote both glia and BBB dysfunction, with an impact on neuronal cell excitability and viability.
Excessive activation of cytokine receptor signaling in neurons may lead to hyperexcitability and
excitotoxicity, thereby contributing to neuronal cell loss, neurological deficits, and seizures (Vezzani and
Viviani, 2015).

and neuron survival (Colonna and Butovsky, 2017). In this state, the microglia exhibit
morphological changes, such as increased soma roundness, and size, increased
compactness, and decreased branches (Fixemer et al., 2022, Iba et al., 2020, Iba et
al., 2023).
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The expression of Iba-1 an adaptor molecule implicated in membrane ruffling,
the development of motile cell surface protrusions comprising a meshwork of freshly
polymerized actin filaments, is one of the earliest structural changes that may be seen
in cells in response to several external stimuli and Iba-1 expression is a defining
hallmark of microglia (Sasaki et al., 2008). Iba-1 has been frequently employed as an
immunofluorescence marker of microgliosis because it is linked to elevated expression
of microglia (Ahmed et al.,, 2007). Therefore, Iba-1 antibody staining has been

conducted in this study.

1.3.3 Neuroinflammation

The term neuroinflammation refers to an inflammatory response originating in
the CNS that is caused by the activity of glial cells, such as microglia and astrocytes
(Morales et al., 2014). The CNS is protected against damaging stimuli via pathogen
clearance and tissue regeneration collectively described as a neuroinflammatory
response (Kwon and Koh, 2020). Through the secretion of cytokines, chemokines,
reactive oxygen species, and secondary messengers by local CNS cells, endothelial
cells, and peripherally derived immune cells, this process includes the production of a
cascade of inflammation-inducing mediators (DiSabato et al., 2016).

Research suggests that neurodegenerative disorders create a permanent
stimulus that over-activates microglial cells and causes chronic neuroinflammation
(Guzman-Martinez et al., 2019). Neuronal dysfunction and cell death are associated
with this cycle of chronic neuroinflammation that can lead to cognitive decline
(Surendranathan et al., 2015) (Fig. 1.6).

The effects of microglial activation on AD in aged chimpanzees were examined
by Edler and colleagues, 2018. Results showed that increasing levels of activated
microglia were positively correlated with increasing amyloid plaque volume. This is
because activated microglia increase brain cells' production of amyloid, resulting in
more plaques and aggravating disease progression (Outeiro et al., 2019). Research
has also shown that DLB patients exhibit similar observations following
neuroinflammation to those with AD but to a lesser extent. As a consequence, previous

findings about AD may apply to DLB (Fixemer et al., 2022).
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1.3.4 Neuroinflammation and Neurodegeneration

Neuronal excitability is regulated by the astrocytic network through its critical
role in maintaining the concentration of extracellular glutamate at physiologically low
levels by clearance of synaptically released glutamate, in addition to buffering
extracellular potassium to control neuronal excitability (Bear et al., 2020).

Researchers have previously examined the potential mechanisms behind
increased brain hyperexcitability associated with neuroinflammation. It was suggested
by Tzour et al, 2016 that microglial activation inhibits Kv7/M channels leading to
hyperpolarized neurons. There is evidence that Kv7/M channels are involved in the
regulation of neural hyperexcitability in patients with epilepsy (Tzour et al., 2017).
Glutamate was released when microglia were activated. Glutamate acts on calcium
(Ca2+) of neurons' receptors. Consequently, Kv7/M channels are inhibited, and
cortical hyperexcitability is increased (Tzour et al., 2017).

As an alternative explanation for cortical hyperexcitability, over activation of
microglia may contribute to synaptic dysfunction in patients with neurodegenerative
disorders. The relationship was discussed by Piccioni et al., 2021 in terms of AD.
Activating microglia over a prolonged period leads to the production of
proinflammatory cytokines like interleukin 13 (IL-18) TNF-a. Synaptic damage or loss
can result from the overproduction of these cytokines since it results in impaired
phagocytic capacity of microglia and decreases the release of the neurotrophic factors
(Piccioni et al., 2021, Heneka et al., 2015).

Another possible explanation concerning synaptic damage involves microglia
engulfing inhibitory synapses in aberrant ways in neurodegeneration. Microglia have
been shown to manipulate synaptic transmission by wrapping around inhibitory
presynaptic terminals when activated, although there is little research supporting this
theory (Andoh et al.,, 2019). It also supports the idea that neuroinflammation is
associated with cortical hyperexcitability.

Therefore, this study depends on activated astrocytes and microglia as the
main indicator of neuroinflammation in the model of DLB (hA30P) as markers of

neurodegeneration in this transgenic mouse.
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1.4 Mammalian Target of Rapamycin (mTOR) Pathway: Role in
Neurodegeneration

The pathway that involves the mammalian target of rapamycin (mTOR) controls
many cellular functions. mTOR is involved in numerous metabolic and autophagic
processes and has been shown to play a role in synaptic plasticity and memory
function (Crews et al., 2010). The mTOR pathway is associated with several cellular
processes implicated in neurodegeneration including autophagy and is expressed
ubiquitously in neuronal and non-neuronal cells (Norwitz and Querfurth, 2020,
Woullschleger et al., 2006).

Furthermore, mTOR may play a function in neuroinflammation and has been
proven to be neuroprotective in mouse models of AD (Perluigi et al., 2022). The mTOR
pathway is considered to be neuroprotective because it promotes protein synthesis,
which then enhances synaptogenesis, but it can also impair autophagy leading to
neurotoxic protein aggregation (Fig. 1.8) (Norwitz and Querfurth, 2020).

mTOR has also been found to be upregulated in most neurodegenerative
conditions including AD (Perluigi et al., 2022) and DLB (Crews et al., 2010). In AD and
DLB, mTOR hyperactivation is linked to the accumulation of amyloid-beta and a-syn
respectively, within neurons (Caccamo et al., 2010, Norwitz and Querfurth, 2020).
Previous studies in human post-mortem tissue have suggested that mTOR was
particularly increased in pyramidal neurons that contained a-syn (Crews et al., 2010).
mTOR also has a possible role in neuroinflammation and is neuroprotective in rodent
models of AD (Sanchez et al., 2012).

The function of mTOR in neurodegenerative disease and epilepsy is of
relevance, given the growing recognition that epilepsy, or at least neuronal
hyperactivity, maybe early hallmarks of neurodegenerative disease in humans (Zhao
et al., 2020). Because of these multiple cellular modulations mTOR activity is now
considered to have great potential as a therapeutic intervention aimed at reducing

neurodegeneration (Heras-Sandoval et al., 2020).
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1.5 Therapeutic Interventions in Neurodegenerative Diseases

In recent years, reducing mTOR activity has gained increasing attention as a
potential therapeutic intervention to slow neurodegeneration (Heras-Sandoval et al.,
2020). Several compounds are known to act as inhibitors of mTOR including
rapamycin, metformin, and everolimus (Thellung et al., 2019).

Recently, pre-clinical studies have shown that inhibition of mMTOR using either
metformin (type 2 diabetes drug), or rapamycin can mediate a wide range of
neuroprotective effects that include reducing oxidative stress, neuroinflammation, and
apoptosis. In addition, it protects the BBB (Van Skike et al., 2018, Norwitz and
Querfurth, 2020) and mitochondrial integrity (Cao et al., 2019).

mTOR activation promotes, via downstream signalling pathways, increasing
protein synthesis but also impairs autophagy leading to mitochondrial dysfunction and
protein aggregation (Norwitz and Querfurth, 2020). The WHO reported in 2022 that
around 50 million people worldwide suffer from epilepsy and that approximately 5
million new cases are reported every year. Hyperactivated mTOR in both
neurodegenerative disease and epilepsy is of particular interest because of the
increasing understanding that epilepsy, or at least neuronal hyperactivity, may be early
features of neurodegenerative disease (see section 1.1) (Stylianou et al., 2020)
(Tweedy et al., 2021). mTOR inhibition has now shown promise as a treatment for
epilepsy, with rodent studies showing metformin can ameliorate seizure activity (Ou et
al., 2021).

Previous studies have shown that rapamycin is neuroprotective in murine
models of AD (Ma et al., 2007, DiTacchio et al., 2015). Notably, rapamycin reduced
amyloid-beta and neurofibrillary tangles, and improved cognition in AD models
(Caccamo et al., 2010, Spilman et al., 2010). Rapamycin has some side effects, so
scientists have looked at other drugs that target mTOR that could have therapeutic
intervention in neurodegenerative diseases (Blagosklonny, 2019). There is currently
growing interest in metformin as this drug has an mTOR inhibitory effect and is well
tolerated in patients (Yang et al., 2017).

In this study, | used metformin treatment to investigate whether it had an anti-

inflammatory/neuroprotective effect in hA30P mice.
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Figure 1.8: The mTOR pathway controls many cellular functions. Several downstream targets of
mTOR are involved in autophagy, and the master regulator of lysosomal biogenesis, TFEB defined in
full. mTOR activation promotes protein synthesis, including the synthesis of abnormal (cytotoxic)
proteins, and synaptogenesis proteins involved in learning, and memory. However, it can also impair
autophagy, causing mitochondrial dysfunction and neurotoxic protein accumulation (amyloid-beta,
phosphor-tau, a-syn, etc.). Adapted from (Norwitz and Querfurth, 2020).
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1.6 Metformin

Metformin basically is a botanical medicine called Galega officinalis. It was used
in medieval Europe (Bailey and Day, 2004). This perennial plant grows over two feet
high in most tepid regions, including Britain, and has white, purple, or blue flowers
(Bailey and Day, 2004) (Fig. 1.9).

According to Palit Palit et al. (1999), the main chemical components of Galega
officinalis extract are guanidine and glargine. Its hypoglycaemic effect on animals is
well documented, but its toxic nature prevented its use in clinical trials. A synthetic
biguanide was created by combining two guanidines (Patade and Marita, 2014) (Fig
1.10) that were found to be better tolerated and safer than the plant extract (Patade
and Marita, 2014).

Metformin has no obvious side effects if taken as a monotherapy (without
combination with other compounds). Metformin's chemical structure is illustrated in
(Fig. 10). A French physician, Jean Sterne, synthesized metformin in 1929 and
developed it clinically in the 1950s under the name Glucophage ("glucose eater")
(Gottlieb and Auld, 1962). Metformin prevents fats, glycogen, and amino acids of the
liver from converting into glucose and it enhances the adenosine monophosphate-
activated protein kinase (AMPK) enzyme to make the cells more responsive to insulin,

and thus normalize blood glucose levels (Imfeld et al., 2012) (Fig. 11).

Figure 1.9: The Galega officinalis is the source of metformin. It is also called French lilac. Bailey
and Day (2004 ) describe these plants as being borne as ladders and adorned with short spikes of lilac,
pea-like leaves (Bailey and Day, 2004).
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Figure 1.10: Chemical structure of metformin. A hygroscopic, crystalline solid that is white and
bitter. C4H11N5 is its molecular formula. The molecule can be dissolved in water freely (Ruggiero-
Lopez et al., 1999).

Metformin improves insulin sensitivity and decreases insulin resistance, to
avoid metabolic disturbances and serious side effects such as fatal and non-fatal lactic
acidosis caused by metformin (Salpeter et al., 2010). Today metformin is the most
important compound used in the management of diabetes mellitus (Ruggiero-Lopez
et al., 1999). Currently, it is often prescribed for obese or overweight patients, over 40
years of age, with type Il diabetes (T2D). The American Diabetes Association and the
European Association for the Study of Diabetes currently recommend metformin as
the drug of choice when treating type Il diabetes (Inzucchi et al., 2015). Since, six
decades after the production of metformin, it remains the frequently prescribed oral
medicine to treat T2D (Balducci et al., 2010). The number of metformin users in the
UK increased from 55.4% to 83.6% from 2000 to 2013 in patients with T2D, (Sharma
et al., 2016).

Glucose metabolism correlates with patient cognitive performance (Bohlken et
al., 2018). Many studies suggest that individuals with altered insulin signalling, or with
T2D, have a higher risk of cognitive decline compared with those who have a healthy
metabolism (Carlsson, 2010, Osmanovic Barilar et al., 2015). Considerable research
has been conducted into the relationship between the use of antihyperglycemic drugs
and dementia risk. Researchers noticed a reduced dementia risk incidence in T2D

patients who were using metformin (Hsu et al., 2011, Yang et al., 2019).
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Figure 1.11: An illustration of metformin's anti-hyperglycaemic action on liver cells. Through
organic cation transporter 1 (OCT1), metformin is transported from the portal vein into the liver cells
(hepatocytes). In the liver cell, metformin inhibits mitochondrial respiration (complex I), resulting in
reduced adenosine triphosphate (ATP) production and an increase in AMP levels that inhibit glucose
synthesis by directly activating AMPK. By inhibiting the production of cyclic adenosine monophosphate
(cAMP), a high AMP concentration is essential for suppressing adenylate cyclase, which in turn
decreases the expression of gluconeogenic enzymes such as glucose-6-phosphatase and
phosphoenolpyruvate carboxykinase. Based on these results, gluconeogenesis and lipid/cholesterol
synthesis are inhibited (Rena et al., 2013).

1.6.1 Metformin and a-synuclein

Interestingly a-syn is upregulated in epilepsy and this was found to be reduced
in a rodent model of epilepsy by treatment with metformin (Hussein et al., 2019). It is
thought that metformin ameliorates oxidative damage, activates AMPK, inhibits
mTOR, reduces apoptosis, and increases phagocytosis which removes abnormal a-
syn. These processes lead to reduced seizure activity and improved cognitive function
(Han et al., 2016). Several experimental models of epilepsy have been extensively
evaluated using metformin, including Lafora disease, progressive myoclonus epilepsy,
where metformin treatment delayed the onset of seizures, reduced the duration and
frequency of seizures, and helped terminate seizures (Nandini et al., 2019). Recently,
metformin was approved for use in patients with Lafora disease (Bisulli et al., 2019).

The metformin neuroprotective effects in PD pathogenesis present a novel

promising therapeutic strategy that might improve the current PD and epilepsy
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treatments available via inhibiting a-syn phosphorylation by AMPK/mTOR pathway
and/or other pathways. In patients with PD, a-syn becomes increasingly
phosphorylated at pS129. There are divergent effects of metformin and AMPK on a-
syn phosphorylation. a-syn phosphorylation is mediated by multiple kinases, including
AMPK. There is evidence that pS129 enhances macro autophagy clearance of
aggregated a-syn, but at the same time, it may increase a-syn's toxicity as well. In
summary, the pathological role of pS129 in PD is complex and may vary depending
on the severity of the disease (Taymans and Baekelandt, 2014). Protein phosphatase
2A (PP2A) inhibits AMPK and dephosphorylates PS129. Therefore, a-syn may
contribute to the regulation of AMPK. The potency of metformin's activation of PP2A
independent of AMPK is higher than its activation of AMPK, at least in vitro, and this
promotes dephosphorylation of pS129-a-syn (Curry et al.,, 2018, Taymans and
Baekelandt, 2014).

1.6.2 Effect of Metformin in Neurodegenerative Diseases

Studies showed that metformin treatment reduced the cognitive decline risk
among persons with diabetes (Tizazu et al., 2019, Isop et al., 2023). Kim et al. (2021)
reported in their longitudinal study of 701,193 Korean patients with diabetes that dual
oral therapy with metformin and thiazolidinedione (other anti-diabetic medication),
lowered the risk of all types of dementia. Also, metformin improved the activation of
AMPK in the prefrontal cortex and hippocampus of high-fat diet mice and enhanced
neuronal health markers such as synaptophysin and brain-derived neurotrophic factor
(Yang et al., 2019).

There are some contradictory/conflicting results of medical intervention of
metformin studies, beyond just differences in treatment parameters and conditions
e.g., dosage, duration of treatment, target population, the severity of the case, sex,
and the polymorphism or genotype of the patient (Isop et al., 2023).

Although, as outlined above there is a reduced risk of developing AD in long-
term users of metformin with diabetes, compared with other antidiabetic drugs (Imfeld
et al., 2012),some studies have reported that metformin may also accelerate the
pathogenesis of AD. This negative effect of metformin may be mediated by inducing
amyloid-beta precursor protein (ABPP) processes and the accumulation of

autophagosomes (Son et al., 2016).
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Patients with neurological disorders of diverse types have benefited from
metformin treatment. mMTOR and AMPK signalling pathways are shared in both AD
and T2D. This mechanistic link presents a good opportunity to use anti-diabetes drugs
for therapeutic or prevention purposes against dementia and cognitive impairment
(Karki and Hofmann-Apitius, 2017). However, the mechanisms of action of metformin
and its neuroprotective role are still being investigated. In neurons, insulin regulates
the metabolism of the AB precursor protein, which minimizes the accumulation of A
peptides that are pivotal to AD pathogenesis (Chen et al., 2009). Metformin reduces
the biochemical changes in the brain of mouse models of AD according to Li et al.,
2012 (Li et al., 2012). Metformin is also associated with improved learning, memory,
and attention skills in a randomized placebo-controlled crossover study in subjects
with mild cognitive impairment (Koenig et al., 2017) and a mouse model of AD (Farr
et al., 2019).

Despite a great investment and notable interest from the pharmaceutical
industry, no potential drug has been discovered yet that halts cognitive decline and
dementia. Metformin could be beneficial in dementia for several reasons. Metformin
can facilitate seizure termination and so could reduce the hyperexcitability that might
worsen neurodegenerative disease progression (Yang et al.,, 2017). Although the
mechanism of action of metformin in showing neuroprotection and cognitive
improvement in models of epilepsy and AD is unclear, its potential to mitigate brain
oxidative damage could explain its anti-epileptic effect (Nandini et al., 2019).
Numerous pre-clinical studies have shown that, in addition to inhibition of mTOR,
metformin could reduce oxidative stress, neuroinflammation, and apoptosis and
activate AMPK (Hussein et al., 2019). Modulation of these processes could lead to
reduced seizure activity and improved cognitive function in a range of conditions.

Furthermore, metformin has also been shown to improve mitochondrial function
and reduce oxidative stress and it has been suggested that reducing the activity of
hyperactive mitochondria early in PD could be beneficial (Mor et al., 2020). Metformin
inhibits mitochondrial complex | activity (Hur and Lee, 2015). Hawley et al. (2002)
attribute this inhibition to metformin-induced activation of AMPK directly. Metformin
can partially inhibit mitochondrial complex | activity resulting in a reduction of
intracellular adenosine triphosphate (ATP) levels (Zhou et al., 2001) and an increase
in adenosine monophosphate (AMP) levels (Fig.1.12), as two molecules of (ADP) are

converted into AMP and ATP by adenylate kinase (Dzeja and Terzic, 2009). It may
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also help to reduce reactive oxygen species (ROS) by acting on complex | (Peralta et
al., 2020).

Glucose utilization and uptake enhancement due to metformin is the reason for
the onset delay in neuron-specific Ndufs3, a neuronal deficiency in complex | mouse
models (Peralta et al., 2020). Mor et al. (2020) reported that hyperactive mitochondria
resulting from dysfunctional-branched chain amino acid (BCAA) metabolism
contribute the motor deficits in PD. They also suggested an early reduction of
mitochondrial respiration by metformin has efficacious outcomes. Neuronal viability is
improved by metformin's role in mitochondrial homeostasis. Neurons normally supply
metabolic input to the citric acid cycle (TCA) cycle, a major pathway to produce energy
in the mitochondria through the branched-chain amino acid transferase (BCAT-1).
TCA cycle gene expression increases with reduced BCAT-1 expression, and steady-
state levels of TCA cycle metabolites decrease, possibly due to greater turnover of the
TCA cycle (Mor et al., 2020). As a result, mitochondrial respiration increases and
reactive oxygen species-mediated damage occurs, resulting in neurodegeneration.
Inhibition of complex | may restore mitochondrial homeostasis and viability in response
to metformin treatment (Mor et al., 2020).

In addition to neuroprotective effects (Roganovic et al., 2019, Yang et al.,
2017) metformin has multifaceted features e.g., rapid ability to cross BBB to reach
several brain regions through a safe pharmacokinetic pathway which may exert a
therapeutic drug for cognitive decline and dementia of neurodegenerative disorders
(Labuzek et al., 2010b, Takata et al., 2013, Kazkayasi et al., 2022). Overall, evidence
of the promising impacts of metformin on neuroprotection/neurogenesis is increasing.
Novel studies prove its ability to be beneficial in a wide range of neurological diseases
including AD (Wang et al., 2019, Ou et al., 2021), PD (Curry et al., 2018), stroke (Gunn
et al., 2018), schizophrenia (Wang et al., 2019), Huntington’s disease (HD) including
epilepsy (Sanchis et al., 2019, Ma et al., 2007), and Lafora disease (Bisulli et al.,
2019). For this reason, my project is interested in investigating the effect of metformin
in the hA30P mice.

31



Figure 1.12. AMPK and metformin have distinct effects on the phosphorylation of a-syn $129.
PP2A is activated by metformin via AMPK-independent mechanisms, with a greater potency than
AMPK, at least in vitro, and, thus, pS129-Syn is dephosphorylated (Curry et al., 2018).

1.7 Nasal Route of Administration to Treat Brain Disease

Many facts have brought researchers' attention to the use of the nasal route
of administration to treat brain diseases, such as the nasal route's contribution to
causing neurological, neurodegenerative, and cancer diseases due to environmental
pollution (Aleya and Uddin, 2020). Some drugs can have difficulty passing through the
BBB and, as is the case for metformin, the amount of a drug that can reach the brain
is limited due to extensive metabolism and excretion in the systemic circulation which
results in an insufficient concentration of the drug that reaches the brain to produce an
appropriate therapeutic effect (Pardridge, 2019, Pardridge, 2020).

Nasal delivery of drugs to the brain offers an effective method for preventing
and treating brain disorders (Sun et al., 2018). Neurological diseases are effectively
controlled by the local delivery of therapeutic drugs to the brain, which reduces the
side effects in other tissues. Through the olfactory nerve system, the drug will be
delivered noninvasively directly to the brain (Pardridge, 2020) (Fig. 1.13).

In the ethmoid bone, the cribriform plate holds the olfactory bulbs, and sensory
neurons are located between the nasal cavity and the brain, which is responsible for
directing CSF toward the brain (Sun et al., 2018). In addition, the olfactory neurons
are physically connected from the nasal mucosa to the brain so drug delivery through
the olfactory region can deliver drugs directly to the brain, without having to go through

the systemic circulation (Bahadur et al., 2020). Drugs can be delivered through the
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olfactory nerve within 1.5—6 h, and the olfactory epithelial cells within a few minutes
(Shield, 2021).

Figure 1.13: An illustration of the physiological systems involved in the delivery of drugs to the
brain through the nose. (A) Nasal-brain drug delivery may occur through the olfactory pathway. (B)
The respiratory pathway. (C) The systemic pathway through the BBB. (D) Through nasopharyngeal
lymphoid tissue (NALT). In the nasopharynx, lymphoid tissue is associated with the BBB and the blood-
nasopharynx barrier. Olfactory epithelial cells are represented by a and c in A, while olfactory nerve
pathways are represented by d. In A, B, and D, black dotted arrows indicate direct routes from the nasal
cavity to the brain for drug delivery. Blue dots indicate indirect drug delivery pathways between the
nasal cavity and the brain in B-D (Jeong et al., 2023).

Several routes are available for directly delivering drugs into the olfactory
region, including:
e Endocytosis and simple diffusion.
e Paracellular methods in intercellular junctions in the olfactory epithelium.
e The intraneuronal pathway in the olfactory nerve.
Naloxone and zolmitriptan are two examples of drugs that can pass through the
respiratory epithelium and overcome mucociliary clearance. These drugs can be
absorbed into the small blood vessels within the lamina propria, where they avoid the

first-pass metabolism that occurs with oral agents. However, they still need to pass
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through the BBB from the systemic circulation (Ghadiri et al., 2019). Along with a large
number of tiny blood arteries, the lamina propria of the respiratory epithelium has a
high surface area of trigeminal neuron branches, which together provide a significant
perineuronal and perivascular channel for medicines to enter the brain (Lochhead and
Thorne, 2012, Ross et al., 2004, Thorne et al., 2004, Lochhead et al., 2015).

Thus, the nasal-brain administration route reduces the clinically required doses
of drugs while maintaining therapeutic drug concentrations in the brain. Drug
absorption rates via the nasal route were like those of intravenous injections (Rejman
et al., 2004, Ugwoke et al., 2001, Yates et al., 2002). Generally, there are four
applicable formulations for nasal brain delivery. Usually, intranasal solutions are
delivered as nasal sprays, but drops can also be used, although the clearance rate
from the nasal cavity is faster than that of nasal sprays (Hardy et al., 1985). For
example, Diazepam (for sedation and seizure stabilization) is much more bioavailable
when administered intranasally than when administered orally or rectally (Hogan et
al., 2020).

Although it is still unclear how the nasal-brain pathway exactly works, and there
has been insufficient systematization of related information, the nasal-brain route has
been proposed as an efficient alternative for drug delivery, and studies have reported
continuous success when drugs are delivered through the nasal cavity to the brain
(Jeong et al., 2023). So, | decided to use the intranasal route to administer metformin
drug to mice in this study to investigate its potential anti-inflammation/neuroprotection

role.
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Chapter 2

General Methods






2.1 Animal provision

All procedures were performed following the UK Animals (Scientific
Procedures) Act 1986 and the EU Directive 2010/63/EU and with the appropriate
project license and protocol selection. Same-sex groups of no more than six mice were
maintained in 12-hour light/dark cycles with access to food and water ad libitum.
Whenever possible, animals were not left alone for longer than 24 hours.

(Thy-1)-human h[A30P] a-SYN mice on a C57BL/6 background (henceforth
referred to as hA30P mice) were provided by Prof. Philipp Kahle (University of
Tabingen, Germany) (K

ahle et al., 2000), and a colony was established at Newcastle University’s
Comparative Biology Centre (CBC). To refresh every few generations homozygous
mice were crossed with C57BL/6 mice bought in from Charles River (Tranent, UK).
Immediately following weaning (21 days), the first generation of mice were all
heterozygous and were ear-notched and genotyped to obtain a hA30P signal level
(Transnetyx, USA). Heterozygous mice from different breeding pairs were then
crossed to produce litters containing either wild type, homozygous hA30P, or
heterozygous mice. Further genotyping was conducted to determine which mice were
homozygous and these were subsequently crossed with hA30P mice from different
breeding pairs to establish the hA30P homozygous line. The first litters from each
homozygous hA30P line were further genotyped to confirm genotype was correct.
Heterozygous mice were used for preliminary immunofluorescence (IF) staining. WT
and hA30P lines were maintained separately, with the potential to cross again as
needed.

Because | am interested in the characterization of the prodromal stage of a-
synucleinopathy in hA30P mice, all mice used in this thesis were between 3 weeks
and 4 months of age, with groups at 1 month and 2-4 months being studied. C57BL/6
background mice were bought from outside vendors (Charles River) but were also
later established as an in-house WT breeding colony in the CBC at Newcastle
University according to ARRIVE guidelines. Male and female mice were used as

detailed in subsequent sections.
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2.2 Euthanasia and transcardial perfusion of animals with fixative

Mice were first given a small dose of the volatile anaesthetic isoflurane (IsoFlo
100%, Zoetis, UK), which was then followed by the administration of 100 mg/kg of
ketamine (Narketan®1°, 100 mg/ml, Vetoquinol, UK) combined with 10 mg/kg of
xylazine (Xylacare 20 mg/ml, Animal Care, UK). All major reflexes (eye blinking, pedal
withdrawal, righting reflex, and tail withdrawal) were examined to make sure there was
no neurological reaction before procedures commenced. When all reflexes were
abolished transcardial perfusion was then performed by excising the rib cage through
an abdominal incision to access the heart. The left ventricle was punctured with a
needle, attached to a 30 ml syringe, and filled with 0.9% NaCl saline while the right
atrium was cut to allow blood to flow out of the heart. The flush with solution followed
by perfusion with buffered 4% paraformaldehyde (4% PFA) solution
(Thermoscientific, USA) for transcardial perfusion with fixative. The brain was then
removed from the skull, the olfactory bulbs and hindbrain were trimmed off and the
brains were stored overnight in 4% PFA solution in the fridge. The following day the
4% PFA solution was replaced with a cryopreservant solution (Table 2.1) until the brain
sank (usually after 24 hours). The brains were then frozen and stored at -20°C until
use. After brain dissection, each perfusion's effectiveness was evaluated; perfusion
was considered successful if there was a movement in the limbs and tail, the body

was stiff, and the brain was white and clear of blood.

2.3 Slice preparation and ink method for sub-region identification

Brain sections were prepared by trimming the prefrontal cortex and cerebellum
coronally off from the PFA-fixed brain, then cutting the remaining part of the cerebrum
down from the midline sagittally into two halves. | spared the left hemisphere and used
the posterior part of the right hemisphere which contains the hippocampus. The rest
of the cerebrum was returned to the cryopreservant solution (Table 2.1) and kept in

the fridge for at least one night before being transferred to the freezer at -20° C.
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The posterior part of the hemisphere, containing the hippocampus, was kept in
30% sucrose in 0.1M phosphate buffer saline (PBS) solution (Table 2.1) in the fridge

at least overnight before the sectioning process.

Table 2.1: Buffers used for the immunofluorescence staining

Solution Substances Concentration
Normal Saline NaCl 0.87%
1X PBS NaCl 137 mM
pH7.3at25°C KCI 2.7 mM
NazHPO4 10 mM
KH2KPO, 1.8 mM
Cryopreserving Glycerol 30%
Ethylene 30%
0.3% PBS 20%
Donkey serum 3%
Blocking buffer Triton-X 100 0.3%
PBS 1X

The dorsal, ventral, and intermediate hippocampus share the same
morphological shape but have functional and structural distinctions (Bear et al., 2020,
Kosaka et al., 1987). To select the correct sections of the region of interest (ROI)
which is the CA3 region of the intermediate hippocampus in this study, | designed a
method of using ink to identify sub-regions (Fig. 2.1). The ink method depends on
using two 24-well plates. In one | collect sections for later IF staining and in the other
sections are stained with ink. 35 pym-thick sections were cut horizontally from the
posterior part of the hemisphere starting from the ventral side toward the dorsal side,
using a freezing stage microtome (Bright Instruments; UK). Four sections were
collected in 500 ul of 0.1M PBS for IF in the first well (A1) of the 24-well plate, while

the 5" section was put into the first well (A1) of the second 24-well plate for ink staining
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which contains 290 ul of 0.1M PBS in every well (Fig. 2.1). This was repeated until
the entire ROI of the hippocampus was cut.
After completing the sectioning/collection, | added 10 pl of ink (cartridges blue

WH Smith) to every well of the second plate (that means the dilution factor of the ink

Figure 2.1: Ink Method for Sub-region Identification (Horizontal sectioning of the brain of 3-
month-old mouse). The coloured horizontal sections of the hippocampus were in a 24-well plate of
diluted ink 1:30 after 5 minutes of shaking. The sectioning started from the ventral to dorsal regions of
the hippocampus by collecting 4 sections each time into well A1 the original plate and the fifth
section into well A1 of a second ink plate. This was repeated A2-D6 until the whole hippocampus had
been sectioned.

was 1:30). The ink plate was then placed on a shaker for at least 5 minutes. Each
section becomes coloured with stronger blue staining for the cell-dense regions, such
as the pyramidal neurons layer and dentate gyrus, and light blue colour in the rest
region of the tissue section. This enabled me to easily visualize the correct
hippocampal sections rapidly and easily from the corresponding well plate numbers.
This pattern of staining enabled easy recognition of the laminar and sub-regional
structure of the hippocampus of ROI to choose from. The ink-coloured sections gave
a clear structural view of the tissue section in every well of the inked plate for the
corresponding sections in the original well plate. For example, wells B5-C2 in the ink
plate in Fig. 2.1 represent the optimal ROI | am interested in (Fig. 2.2, and 2.3), so |
used the sections in any sections from these wells (B5-C2) of the original plate for IF

staining. | replaced the 0.1M PBS in wells that contain unused optimal ROI sections in
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the original plate with 500 pl cryopreservant solution and kept the plate in the freezer
at -20° C, until further use.

The ink method provides many sections from each hippocampus and enables
the researcher to select the ROI easily. Ultimately it helps to reduce the number of
used mice in an experiment and that will be compatible with the 3Rs of the UK Animals
(Scientific Procedures) Act 1986 and the EU Directive 2010/63/EU. Furthermore, the
ink method for sub-region identification can be used to determine any ROI/sub-ROI of
the brain, for example, Fig. 2.3 shows the coronal sectioning of a 3-month-old mouse

brain.

Figure 2.2: Ink Method for Sub-region Identification (Horizontal sectioning in the brain of 1-
month-old mouse). The optimal ROI represented by the wells C3-C5 only, because the brain was
smaller in the size compared to Fig. 2.1.

2.4 Immunofluorescence in free-floating

After selecting the sections that contained the ROI to stain, three x 10-minute
washes in 0.1 M PBS were performed. Sections were then blocked for 3-6 hours at
room temperature on a vibrating shaker (mini orbital shaker-Stuart®) using a blocking
buffer solution (Table 2.2).
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Figure 2.3: Ink Method for Sub-region Identification (Coronal sectioning in the brain of 2-month-
old mouse). The coloured coronal sections of the hippocampus were in a 24-well plate of diluted ink
(1:30) after 5 minutes of shaking. The sectioning started from the anterior to posterior direction by
collecting 3 sections each time starting in well A1.

Depending on the secondary antibodies to be used, donkey serum was added.
Because all the secondary antibodies | used in my study were hosted in donkeys. |
used normal donkey serum Abcam (cat. No. Normal Donkey Serum ab7475) for the

blocking step.

Figure 2.4: Optimal Sections of the Intermediate Hippocampus. A horizontal section in the
intermediate hippocampus identified by ink method (A) and corresponding image from the anatomy
atlas of mice brain, show CAS3 region (B).
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For incubating sections in primary antibodies, 0.1 M PBS solution containing

4% serum, and 0.3% Triton X-100 solution was used. The sections were incubated at
4 °C overnight (18—20 hours) on a rotating platform (IKA® ROCKER 3D digital), at no

more than 250 rpm, with the blocking buffer from each well-being swapped out for a

primary antibody solution (Table 2.2). The following morning, sections were exposed

to three 10-minute washes in 0.1 M PBS, followed by the application of the Alexa

Fluor-conjugated secondary antibodies corresponding to the immuno-type of the

primary antibodies applied (Table 2.3) and a 2-3 hour incubation period at room

temperature. To find the suitable concentration of the primary and secondary

antibodies, | tested different concentrations (corresponded to positive and negative

controls) and compared their images, then chose the lowest concentration that gave
the best staining (Table 2.2 and 2.3).

Table 2.2: Primary antibodies used in IF staining

Optimal
. o Dilution
Antibody Definition Host Company code RRID
(v:v)
a -synuclein Rat Enzo Life Science,
Exeter, UK
a-syn Xeter, AB 1:250
(15G7) 2050691
ALX-804-258
Glial fibrillary acidic Rabbit Dako, Ely, UK AB
GFAP protein l9G 70334 10013382 | 4.5000
The ionized calcium-
binding adapter .
Iba1 Goat Abcam, Cambridge, | AB 222402 | 1:2000

molecule 1

UK

Ab5076

41




A calcium-binding AB
tei di
PRI RS Mouse | Sigma-Aldrich, USA | 23369638
subset of GABAergic
1:1000
Neuronal nuclear Abcam, AB
i
NeuN antigen Mouse Cambridge, UK | 2732785 | 4.1000
ab104224
A surrogate marker Abcam,
to stain immediate ) )
c-Fos Rabbit Cambridge, UK AB 1:500
early genes (IEGs)
[EPR21930-238] | 2891049
ab222699
Biotinylated Wisteria | Wisteria Vector
WAE Floribunda Lectin floribunda Laboratories, UK AB 1:500
(plant) (B-1355-2) 2077569
Inducible nitric oxide
i Abcam,
) Inflammation- . .
iINOS Rabbit Cambridge, UK AB 1:200
induced enzyme that
3083470

produces nitric oxide

ab283655

All the next steps were performed while sections were protected from light to

avoid the bleaching of the secondary antibodies. The sections underwent the final

three 10-minute washes in 0.1 M PBS and were transferred from the 24-well plate onto

gelatine-coated standard glass slides. Once the transferred sections had dried, they
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were mounted in Fluoromount-G mounting media with DAPITM (4", 6-diamide-2-
phenylindole) Abcam (catalog. ab104139), which is an aqueous anti-fade mounting
medium used to preserve fluorescence when imaging tissues. Its formulation prevents
rapid photo-bleaching, and it also contains DAPI to stain the cell nuclei, to quantify cell
number and distribution. The sections were then covered with 22 x 50 mm, 0.13-0.17
mm coverslips (avoiding air bubbles). The slides were left at room temperature to dry

fully while protected from light and then subsequently stored at 4° C before imaging.

Table 2.3: Secondary antibodies used in IF staining

Secondary Antibody Manufacturer and Dilution
Catalog No. (v: v)
donkey anti-rabbit IgG, Alexa ThermoFisher Scientific
Fluor 594 nm A-21207 1:1000
donkey anti-goat 1gG, Alexa Abcam
Fluor 488 nm Ab150133 1:1000
donkey anti-mouse IgG, Alexa Invitrogen 1:1000
Fluor 488 nm
donkey anti-mouse IgG, Alexa Invitrogen
Fluor 568 nm A10037 1:1000
donkey anti-rat IgG, Alexa Fluor Invitrogen
594 nm A-21209 1:1000
Texas Red Fluorescein VECTOR
streptavidin, Alexa Fluor 498 nm SA-5006 1100
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2.5 Imaging and data analysis by the Fiji program

In this thesis, all the stained sections were imaged using an upright Nikon
Eclipse Ni-E fluorescent microscope equipped with an Andor Zyla 5.2 camera and the
Nikon Elements software, except for the images that show the astrocytes and
microglia morphology where they were imaged using the Nikon A1 upright laser
scanning confocal microscope with Nikon CFI Plan Apo 40x/0.95 NA Air MRD00405
lens, and excited 3 channels with laser lines 405, 488 and 561 nm. The sections were
imaged at 10x, 20x, and 100x magnification, keeping exposure settings consistent
across filters and conditions. For quantifying iINOS staining with microglia, z-stacks
were taken on the Ni-E fluorescent microscope at 20x magnification with a 5 ym step
size. For the images that were taken as z-stacks, | compressed only the best four
sequenced z-stacks before | started with further analysis. | used the Fiji software
program to do a densitometric analysis of the images. Initially, images were cropped
to the CA3 hippocampal region using a freehand drawing tool. By converting the
images to binary using a threshold value, fluorescence was enhanced, and the noise
was reduced.
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2.5.1 Quantification of Human-a-syn Protein Expression

The integrated density (Int.Den.) value of fluorescence due to immunoreactivity
for human-a-syn reflects the amount of human-a-syn protein expressed in the CA3
region of the hippocampus in WT and hA30P mice sections (ROI) and was analysed

using the Fiji program (Fig. 2.5).

Figure 2.5: A pipeline of densitometric image analysis steps conducted by the Fiji program for
human-a-syn. (a) the image was acquired by Nikon NiE fluorescent microscope and the file was
opened in Fiji to display all the channels imaged. (b) The image was pre-processed, in the blue (DAPI)
channel and | defined the ROI of CA3 by drawing the polygon. (¢) Drawing of the ROI was transferred
from the blue to the red channel and cropped. (d) Brightness and contrast (B&C) were adjusted, and
the background was subtracted (Rolling ball radius). (e) The image was then thresholded and converted
to a binary (black and white colours) and masked to prepare for analysis. (f) The ROI was retraced for
post-thresholding processing. (g) The outer border was cropped, and then noise / despeckle was
removed. (h) Set measurement was analyse particles, producing a measurement of the Int.Den. of
human-a-syn.
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2.5.2 Quantification of c-Fos Protein Expression

To quantify changes in c-Fos expression in ROI in WT and hA30P mice,
sections were immunostained for c-Fos. Using Fiji, | counted the nuclei that stained
red in the CA3 region of the hippocampus. | use the term c-Fos+ nuclei/mm2 to refer

to this counting value, as Fig.6 shows.

Figure 2.6: A pipeline of densitometric image analysis steps conducted by the Fiji program for
c-Fos. (a) The image was acquired by Nikon NiE fluorescent microscope and the file was opened in
Fiji to display all channels imaged. (b) The image was pre-processed, in the blue (DAPI) channel, and
the CA3 was drawn by the polygon. (¢) The drawing of the ROI was transferred from the blue to the
merged channels red and blue again. (d) | cropped the outside and adjusted brightness and contrast.
(e) | added a grid from Tools of Analysis to facilitate manual count. (f) | zoomed in and counted manually
using the toolbar. (g) | measured the area of ROI. (h) Then | divided the count of c-Fos+ nuclei by the
area of ROI.
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2.5.3 Quantification of Neuron Expression

| immunostained neurons for NeuN, and then | quantified the % area occupied
by NeuN+ immunofluorescence in the ROl in WT and hA30P mouse sections by the

Fiji program as Fig.7 shows.

Figure 2.7: A pipeline of densitometric image analysis steps conducted by the Fiji program for
Neu-N. (a)The image was acquired by Nikon NiE fluorescent microscope and the file was opened in
Fiji to display all channels imaged. (b) The image was pre-processed. CA3 was drawn by a polygon in
the blue (DAPI) channel drawing. (¢) The drawing of the ROl was transferred from the blue to the green
channel and cropped outside. (d) Brightness and contrast were adjusted, and the image was
sharpened. (e) The background was removed. (f) The image was thresholded and converted to a binary
mask to prepare for analysis. (g) Post-thresholding processing was conducted to remove the outliner.
(h) | removed the noise and cropped the outer border. (i) | set measurements and then analysed
particles, producing a measurement of the % area occupied by neurons.
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2.5.4 Quantification of PV Interneurons Expression

To quantify changes in PV interneurons expression in the ROl in WT and
hA30P mice, sections were immunostained for PV and by using Fiji | measured % the
area occupied by PV immunofluorescence including cell bodies and neuropil, as Fig.8

shows.

Figure 2.8: A pipeline of densitometric image analysis steps conducted by the Fiji program for
PV interneurons. (a) The image was acquired by Nikon NiE fluorescent microscope and the file was
opened in Fiji to display all channels imaged. (b) The image was pre-processed. The CA3 was drawn
by the polygon in the blue (DAPI) channel (c) The drawing of the ROl was transferred from the blue to
the green channel and cropped outside. (d) Brightness and contrast were adjusted, and the image was
sharpened. (e) The background was removed. (f) The image was thresholded and converted to a binary
mask to prepare for analysis. (g) Post-thresholding processing was conducted to remove the outliner.
(h) | removed the noise and cropped the outer border. (i) | set measurements and then analysed
particles to produce the % area occupied by PV.
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2.5.5 Quantification of Reactive Astrocyte Expression

To quantify reactive astrocyte expression in the ROl in WT and hA30P mice,
sections were immunostained for GFAP. Using Fiji, | measured the % area occupied

by reactive astrocytes including cell bodies and processes, as Fig.9 shows.

Figure 2.9: A pipeline of densitometric image analysis steps conducted by the Fiji program for
reactive astrocytes. (a) Image acquired by Nikon NiE fluorescent microscope and the file is opened in
Fiji to display all channels imaged. (b) The image is pre-processed, in the blue (DAPI) channel draw
CA3 by the polygon. (c) The drawing of the ROI has been transferred from the blue to the red channel
and cropped outside. (d) Brightness and contrast are adjusted, and the image is sharpened. (e) The
background is removed. (f) The image is thresholded and converted to a binary mask to prepare for
analysis. (g) Post-thresholding processing is conducted to remove the outliner. (h) Remove noise and
crop the outer border. (i) Set measurement then | analysed the particles, producing a measurement of
the % area occupied by GFAP.
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2.5.6 Quantification of Microglia

| quantified changes in microglia in the ROl in WT and hA30P mice, by
immunostaining the sections for Iba-1 and by using Fiji | measured % the area

occupied by microglia and their processes, as Fig.10 shows.

Figure 2.10: A pipeline of densitometric image analysis steps conducted by the Fiji program for
microglia. (a) The image was acquired by Nikon NiE fluorescent microscope and the file was opened
in Fiji to display all channels imaged. (b) The image was pre-processed, and the CA3 was drawn by
polygon in the blue (DAPI) channel (¢) The drawing of the ROl was transferred from the blue to the
green channel and cropped outside. (d) Brightness, contrast filters, and median (set radius sigma) were
adjusted, and (e) the background was removed and sliding paraboloid was chosen (f) the image was
thresholded and converted to a binary mask to prepare for analysis. (g) ROl was retraced and the
outliner around was removed, then post-thresholding processing was conducted. (h) The outer border
was cropped. Noise / despeckle was removed and then closed to fill any gaps within cells. (i) | set
measurements and analysed particles to produce a measurement of the % area occupied by microglia.
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2.5.7 Quantification of Iba-1 with iNOS expression

To quantify changes in iINOS protein expression with reactive microglia in ROI
in WT and hA30P mice, sections were immunostained for iNOS (red), and ba-1
(green). Using Fiji, | counted Iba-1 with and without iINOS immunoreactivity, as Fig.11

shows.

Figure 2.11: A pipeline of densitometric image analysis steps conducted by the Fiji program for
iNOS in reactive microglia. (a) The image was acquired by Nikon NiE fluorescent microscope and the
file was opened in Fiji to display all channels imaged of 10x and 20x z-stacks and compressed the
suitable z-stack. (b) The image was pre-processed, and the CA3 was drawn by polygon in the blue
(DAPI) channel. (c) The drawing of the ROI was transferred from the blue to the merged channels red
and green. (d) | cropped the outside and then adjusted the brightness and contrast. (e) | added a grid
from Tools of Analysis to facilitate manual count. (f) | zoomed in and counted manually within ROI using
the toolbar. (g) | measured the area of ROI. (h) | divided the count of microglia with and without iINOS
manually.
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2.6 Statistical analysis

GraphPad Prism Software (Prism 9 USA) was used for the statistical analysis of
all data sets. In each figure, the sample sizes are indicated as (n = number of
sections/N = number of mice). To see if the data were normally distributed, | first tested
for normality using the Shapiro-Wilk test. In the case of data following a normal
(Gaussian) distribution, parametric tests were applied. If the distribution of the data in
the group did not follow a Gaussian distribution, the data were treated as non-
parametric. Bar charts were used to represent parametric data, with mean values and
error bars representing the standard error of the mean (SEM). Data for non-parametric
analyses were presented as median and interquartile ranges (IQR) and plotted as box
plots with individual data values. To evaluate the significant difference between two
independent samples, unpaired t-tests were used when data were parametric or a
Mann-Whitney rank sum test if non-parametric.

Two-way ANOVA was used when data were parametric or a Kruskal-Wallis test
when data were non-parametric to compare the effect of more than two independent
variables on one dependent variable. To compare more than two dependent non-
parametric variables (laminar distribution), the Friedman test method was used,
followed by a Dunns multiple comparison test.

The significance values were reported as *p< 0.05 when p is significant, **p< 0.01
when p is very significant, and *** p< 0.001 when p is extremely significant. Non-

significant values were reported as p> 0.05.

52






Chapter 3

Early Neuronal and Neuroinflammatory Changes in the CA3 Region
of the Hippocampus of 2-4 Months hA30P Mice






3.1 Introduction

Human mutant a-syn expression is upregulated by 1 month postnatal in hA30P
mice and its pathology progresses with age (Schell et al., 2009). Transgenic hA30P
mice show declining hippocampal memory function and motor dysfunction by 12-14
months (Kahle et al., 2000, Lindstrom et al., 2014). Ultimately excess overexpressed
mutant human a-syn aggregations cause neuronal cell death in transgenic animals
(Watson et al., 2012).

There is evidence from studies of patients with both AD and DLB that indicate
the presence of hyperexcitability in the form of myoclonus or seizures (Vicente et al.,
2024). More recently, researchers have shown that hippocampal network
hyperexcitability may be an early feature of human a-syn pathology in hA30P mice
(Stylianou et al., 2020, Tweedy et al., 2021). Thus, hyperexcitability may be an early
feature of neurodegeneration (Stargardt et al., 2015).

As discussed in Chapter 1 (section 1.3.2) glial cells are the most abundant and
versatile cells in the brain, and they interact with neurons, blood vessels, and
themselves to maintain many normal functions of the brain (Colonna and Butovsky,
2017). A vital function of astrocytes is to regulate blood flow and maintain the integrity
of the BBB, thereby assisting in brain homeostasis (MacVicar and Newman, 2015,
Haim and Rowitch, 2017, Kwon and Koh, 2020). In normal conditions, the astrocytes
control synaptic activity by participating in the tripartite synapse and GABA buffering
extracellular K+ ions, and other processes (Verhoog et al., 2020). In response to CNS
injury, reactive changes in astrocytes' molecular, cellular, and functional profiles occur
to minimize tissue damage and repair nearby neurons (Kwon and Koh, 2020).

In human studies of patients with DLB, the correlation between aggregated a-
syn and reactive gliosis has been documented (Surendranathan et al., 2015).
Neuroinflammation and neuronal hyperexcitability may facilitate cognitive impairment
in a-synucleinopathy, where reactive gliosis has been implicated in neurodegeneration
and epileptiform activity (Vezzani and Viviani, 2015).

Seizures and other noxious stimuli activate the immediate early gene (IEG) c-
Fos which leads to transiently increased levels of c-Fos protein in the active cells and
many studies have used c-Fos to measure brain activity indirectly (Campeau and
Watson, 1997, Campeau et al., 2002). According to current knowledge, the IEG c-Fos

appears to be activated in neurons and glial cells (Li et al., 2018). To address whether
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the known early hyperexcitability seen in hA30P mice (Tweedy et al., 2021) is
associated with neuroinflammation in this chapter, | conducted immunofluorescence
(IF) staining on sections from WT and hA30P mice at 2-4 months of age focusing on

neuronal and neuroinflammation markers.

3.2 Aims

This chapter aims to understand better neuronal and glial changes at the early
stage of a-syn pathology in the CA3 region of the hippocampus hA30P mice and
explore evidence of early prodromal or presymptomatic disease-related changes that

could be used as potential biomarkers in diagnosis or as therapeutic targets.

3.3 Methods

The methods are outlined in Chapter 2, section 2.2 for anaesthesia, Section 2.3
for tissue preparation, section 2.4 for immunofluorescence staining, and Section 2.5
for imaging and data analysis by the Fiji program.

| stained hippocampal sections using immunofluorescence to confirm human
a-syn expression in male 2-4 month hA30P mice. | detected global changes in
neuronal activity, changes in neuron population, and the GABAergic parvalbumin
interneuron population, in addition to the PNNs by using the antibodies to ha-syn, c-
Fos (IEG gene product), neuronal nuclear antigen (NeuN), anti-parvalbumin (PV), as
well as Biotinylated Wisteria Floribunda Lectin (WAF) which binds to PNNs (Table 2.2),
comparing to age and sex-matched WT mice.

| also investigated whether there are early changes in neuroinflammation in
male and female hA30P mice aged 2-4 months compared to age and sex-matched
WT mice, by detecting changes in reactive astrocytes using antibodies to GFAP,
intermediate filaments forming the cytoskeleton in some astrocytes (Sofroniew and
Vinters, 2010). Increased GFAP immunoreactivity represents a change in protein
expression and a marker of reactive astrocytes rather than a change in astrocyte
number (Serrano-Pozo et al., 2013). Microglia were detected by measuring changes
in the ionized calcium-binding adapter molecule 1 (Iba-1) (Hiragi et al., 2018). Anti-

inflammatory and pro-inflammatory states of microglia are both marked by Iba-1
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upregulation. To detect reactive microglia | co-labelled Iba-1+ cells with antibodies to
a specific marker inducible nitric oxide synthase (iNOS) the enzyme that produces
nitric oxide (Table 2.2) which is expressed in reactive microglia (Sierra et al., 2014).
The results in this thesis were plotted as an average of the slices (4-7 sections
per IF stain) used in each mouse, with at least 3 mice per experimental group (see

section chapter 2).

3.4 Results

3.4.1. Expression of Human a-syn in the CA3 Region of the Hippocampus of
Male 2-4 Month hA30P Mice

Before investigating changes in neuronal activity and neuroinflammatory
modifications, | wanted to confirm that the young hA30P mice showed clear expression
of human mutant a-synuclein. | used a group of 2-4 months old male hA30P mice and

immunostained for ha-syn (Fig. 3.1).
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Figure 3.1: Expression of human a-syn in the CA3 Region of the Hippocampus of Male 2-4 Month
old hA30P Mice. (A and B) Represent IF images. The ha-syn (red) and the nuclei (blue) (DAPI). Scale
bars represent 100 um A and 50 ym in B. (A) High level of human a-syn protein overexpression in the
hippocampus of hA30P mice only. B) There was a greater expression of ha-syn protein in the deep
pyramidal neurons layer, more than in the superficial layer. (C) There was a significant increase
***p<0.001 in the integrated density of ha-syn in the CA3 region of the hippocampus of male 2-4 months
hA30P mice (N=7) compared to sex and age-matched WT mice (N=7). (D) The laminar distribution of
the ha-syn in the CA3 region of male 2-4 months hA30P mice (N=4) showed a significant increase
*p<0.05 in the SP compared to SR.

57



As expected, staining for ha-syn confirmed overexpression in the hippocampus
only in the hA30P mice (Fig. 3.1A, and B). The expression of human mutant a-syn was
clear in the soma of cells in the CA3 region. There was a significantly higher integrated
density (Int.Den.) of ha-syn immunofluorescence expressed in the CA3 region of the
hA30P mice compared to WT mice. In hA30P median Int.Den. was 1081426, (IQR
471975 — 5585435; n/N = 54 sections/7 mice) versus WT median Int.Den. of 308, (IQR
270 - 333, n/N = 41 sections/7 mice. ***p<0.001; Mann Whitney test) (Fig. 3.1C).

The results also revealed a clear laminar distribution of the expression of the
human a-syn in the layers of the hippocampus of the hA30P mice, where stratum
pyramidale (SP) showed a higher level of human a-syn expression in comparison to
stratum radiatum (SR) layer (Fig. 3.1A, B and D). There was a significant increase in
ha-syn Int. Den. in the SP compared to SR of 2-4 months hA30P mice. In SP median
Int. Den. was 8856, (IQR 6885 - 11368, n/N = 12 sections/4 mice) versus SR median
Int. Den. of 4392, (IQR 4339 — 5012, n/N = 12 sections/4 mice. *p<0.05; Friedman
test). Interestingly, we also found that there was a greater expression of ha-syn in the
deep layer of SP compared to the superficial layer in the hippocampus of the hA30P
mice (Fig. 3.1B).

3.4.2 Decrease in c-Fos+ nuclei/mm? in the CA3 Region of the Hippocampus of
2-4 Months Male hA30P Mice

As outlined above there is evidence in young 2-4 month pre-symptomatic
hA30P mice of cortical hyperexcitability due to the pathologic effects of overexpression
of human mutant a-syn in their hippocampi (Stylianou et al., 2020, Tweedy et al.,
2021). The c-Fos gene belongs to the IEG family of markers that activate following
transient increased neuronal activity (Carrion et al., 1999, Lyons and West, 2011), but
is also known to be downregulated following chronic activity (Morris et al., 2015). In
this staining, | used anti c-Fos antibody as an indirect marker of neuronal activity (Fig.
3.2).
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Figure 3.2: Decrease in c-Fos+ nuclei/mm? in the CA3 Region of the Hippocampus of Males 2-4
Months hA30P Mice. (A) Representatives IF images. The c-Fos+ protein (red) and the nuclei (blue)
(DAPI). Scale bars represent 100 um. Decrease in c-Fos+ in the hippocampus of hA30P mice compared
to WT mice. (B) There was a significant decrease *p<0.05 in the count of c-Fos+ nuclei/mm? in the CA3
region of the hippocampus of 2-4 months old male hA30P mice (N=6) compared to sex and age-
matched WT mice (N=6).
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For c-Fos staining, | used a group of male 2-4 months old, hA30P mice and sex
and age-matched WT mice. The IF staining result revealed a decrease in nuclei that
were c-Fos+ (red dots) in the CA3 region of the hippocampus of hA30P mice
compared to the control (Fig. 3.2A, and B). There was a significant decrease in c-Fos+
nuclei/mm? present in the CA3 of the hippocampus of hA30P compared to WT mice.
In hA30P the median count was 25.9 per section, (IQR 12.50 - 52.59, n/N = 23
sections/6 mice) versus the WT median count of 67.2, (IQR 43.22- 75.53, n/N = 23
sections/6 mice. *p<0.05; Mann Whitney test).

This result is consistent with other studies of c-Fos in a-syn transgenic mice

with chronic hyperexcitability (Morris et al., 2015, Peters et al., 2020).

3.4.3. Decrease in the % area of NeuN in the CA3 Region of the Hippocampus
of Male 2-4 Months hA30P Mice

There is evidence of impaired differentiation and maturation of hippocampal
neurons in several AD transgenic mouse models, resulting in neurodegeneration
(Krezymon et al.,, 2013). To investigate if there was a loss in neurons in the
hippocampus of young hA30P mice, | used male mice aged 2-4 months old and
immunostained for NeuN, co-localised with ha-syn immunofluorescence.

NeuN protein is expressed specifically in nearly all neurons and is used as a
biomarker to identify already differentiated neurons (Gusel'Nikova and Korzhevskiy,
2015) (Fig. 3.3).
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Figure 3.3: Decrease in the % area of NeuN in the CA3 Region of the Hippocampus of Males 2-4
Months hA30P Mice. (A and B) Representative IF images. NeuN neurons (green), ha-syn (red), and
the nuclei (blue) (DAPI). Scale bars represent 100 um in A and 50 ym in B. (A) Decrease in % area of
expressed NeuN in the CA3 region of the hippocampus of 2-4 months old hA30P mice compared to
sex and age-matched WT mice. (B) The localization of human a-syn in neurons showed the deep SP
contained neurons with higher expression of human a-syn (indicated by white arrows), in comparison
to neurons in the superficial layer. (C) There was a significant decrease *p<0.05 in the % area occupied
by NeuN in the CA3 region of the hA30P mice (N=5) compared to WT mice (N=5).

61



| used a group of 2-4 months old male hA30P mice versus age and sex-
matched WT mice as a control group. The results of anti NeuN and ha-syn staining
showed a decrease in the expression of NeuN in the CA3 region of the hippocampus
of the hA30P mice compared to WT mice (Fig. 3.3A, and C). There was a significant
decrease in the % area occupied by NeuN in the CA3 region of the 2-4 months hA30P
mice compared to WT mice. In hA30P median % area of a section occupied by anti-
NeuN immunostaining was 14.7, (IQR 12.85 -17.14, n/N = 29 sections/5 mice) versus
the WT median % area of 19.0%, (IQR 17 - 19.9, n/N = 41 sections/5 mice. *p<0.05;
Mann Whitney test).

As shown above (section 3.4.1) again the results showed that the deep SP in
the hA30P mice had more neurons containing human a-syn compared to neurons in

the superficial layer (Fig. 3.3B, orange neurons indicated by white arrows).

3.4.3 Expression of PV Interneurons in the CA3 Region of the Hippocampus
of Male 2-4 months hA30P Mice

Imbalances between inhibitory GABAergic interneurons and glutamatergic
excitatory pyramidal neurons can result in brain function abnormalities and
neurological diseases such as epilepsy, schizophrenia, and autism spectrum disorder,
in addition, deficits in PV interneurons occur in AD and DLB in both humans (Xu et al.,
2020, Gasiorowska et al., 2021) and rodent models (Tweedy et al., 2021). To
investigate whether there were changes in PV interneurons caused by overexpression
of human a-syn pathology in the CA3 region of the hippocampus in 2-4 months old
male hA30P mice, | conducted IF staining using anti-PV antibodies co-localised with

anti-ha-syn immunostaining (Fig. 3.4).
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Figure 3.4: Expression of Parvalbumin Interneurons in the CA3 Region of the Hippocampus of
Male 2-4 Months hA30P Mice. (A and B) Representative IF images. The PV interneurons without
human a-syn (green), the PV interneurons with human a-syn (orange), the ha-syn (red), and the nuclei
(blue) (DAPI). Scale bars represent 100 um in A and 50 ym in B. (A) There was a slightly increasing
trend in % area of PV interneurons in the CA3 region of the hippocampus of male 2-4 months old hA30P
mice compared to sex and age-matched WT mice. There was overexpression of human a-syn protein
only in male 2-4 months old hA30P mice. (B) The localization of ha-syn in the PV interneurons was
represented by orange soma of PV interneurons with ha-syn (indicated by orange arrow) and green
soma indicating referrer to PV interneurons without human a-syn (indicated by orange arrow). (C) There
was no significant difference p>0.05 in the % area occupied by PV interneurons in the CA3 region of
the hippocampus of male 2-4 months hA30P mice (N=8) compared to WT mice (N=7).
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The result of staining with anti-PV and human a-syn antibodies was a small
trend towards an increase in the % area occupied by PV in the CA3 region of the
hippocampus of the hA30P mice compared to sex and age-matched WT mice (Fig.
3.4A, and C). However, this did not reach statistical significance. In hA30P median %
area of PV immunostaining per section was 9.2, (IQR 7.7 — 13.2, n/N = 69 sections/8
mice) versus WT median % area of PV of 8.1, IQR 5.9 - 13.4, n/N = 55 sections/7 WT
mice. p>0.05; Mann Whitney test).

The immunofluorescence co-labelling of human a-syn with the PV interneurons
showed there were a few PV interneuron somas containing ha-syn (indicated by the
orange arrow), but most of them were without ha-syn protein (indicated by green

arrow) (Fig. 3.4B). However, | did not quantify this further.

3.4.4 Increase in the Count of PV without PNNs/mm? in the CA3 Region of the
Hippocampus of Male 2-4 months hA30P Mice

Extracellular perineuronal net (PNNs) matrix changes and neurodegeneration
are frequently related (Fawcett et al., 2022). The overexpression of ha-syn leads to
neuroinflammation in mice (Rannikko et al., 2015) and release of proinflammatory
cytokines, reactive oxygen species, and proteinases by reactive microglia can destroy
PNNs (Kettenmann et al., 2013). The breakdown of PNNs by cytotoxic proteinases
leads to damage to the neurons due to exposure to oxidative stress (Reichelt, 2020).
To investigate if the accumulation of ha-syn affects PNNs that surrounded PV
interneurons in the hippocampus of male 2-4 months hA30P mice | used biotinylated
wisteria floribunda lectin (WAF) binding to identify PNNs, anti-PV antibody to detect
PV interneurons, in addition to anti-human a-syn antibody to determine the localization
of ha-syn protein within PV interneurons (Fig. 3.5).
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Figure 3.5: Increase in the Count of PV without PNN/mm2 in the CA3 Region of the Hippocampus
of Male 2-4 Months hA30P Mice. (A and B) Representative IF images. The PNNs (green), PV
interneurons (red), human a-syn (purple), and the nuclei (blue) (DAPI). Scale bars represent 50 ym and
100 um. (A) Increase in the count of PV without PNNs in the CA3 region of the hippocampus of male
2-4 months age of the hA30P mice compared to sex and age-matched WT mice. (B) There was no
significant difference p>0.05 in the total count of PV/mm?Z cells in the CA3 region of the hA30P mice
(N=6) compared to WT mice (N=4) (C) There was a significant increase **p<0.01 in the count of PV
without PNNs/mm?2 in the CA3 region of the hA30P mice (N=6) compared to WT mice (N=4) (D) There
was no significant difference p>0.05 in the % of (PV without PNNs/ mm?2)/ (PV/mm?) in the CA3 region
of the hA30P mice (N=6) compared to WT mice(N=4).
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The results of IF staining of PV, PNNs, and ha-syn showed there was no
statistically significant difference in the total count of PV interneurons in the CA3 region
of the hippocampus of the hA30P compared to WT mice (Fig. 3.5A, and B). In hA30P
median number of PV/mm? per mouse was 57.8, (IQR 44.76 - 66.8, n/N = 12
sections/6 mice) versus WT median PV/mm? of 45.4, (IQR 41.41 - 55.85, n/N = 8
sections/4 mice.). However, there was a trend of an increase in PV count in hA30P
compared to WT mice, and this result was consistent with the result of a trend to an
% area occupied by PV outlined above (Fig. 3.4A, and C).

Interestingly, the result showed the count of PV interneurons not surrounded by
the PNNs matrix (indicated by the orange arrow) per mm? in the CA3 region of the
hA30P mice was significantly greater than in WT mice (Fig. 3.5A, and C). In hA30P
median number of PV neurons without PNNs/mm? per mouse was 31.6, (IQR 29.2-
42.9, n/N = 12 sections/6 mice) versus WT median PV without PNNs/mm? of 6.2, (IQR
1.2 — 8.6, n/N = 8 sections/4 mice. **p<0.01; Mann Whitney test).

There was no significant difference in the proportion of the count of PV without
PNNs/mm? per total count of PV/mm? in the CA3 region of the hA30P mice compared
to WT mice (Fig. 3.5A, and D). In hA30P the median % (PV without PNNs/ mm?)/(Total
PV/mm?) was 57.9, (IQR 44.7 — 66.8, n/N = 12 sections/6 mice) versus WT median
PV without PNNs/Total PV per mm? of 45.5, (IQR 41.5 — 55.9, n/N = 8 sections/4

mice).

3.4.5 Increase in % Area of Reactive Astrocytes in the CA3 Region of the
Hippocampus of Male 2-4 Months hA30P Mice

Abnormal expression of aggregated a-syn triggers neuroinflammation by
interacting with Toll-like receptor 4 protein (TLR4) expressed on the astrocyte
membrane leading to inflammatory responses in humans and mice (Rannikko et al.,
2015). In physiological aging, the number of pro-inflammatory astrocytes is increased
and may facilitate neurodegeneration (Loveland et al., 2023). To investigate reactive
changes that occurred in astrocytes in 2-4 months old hA30P mice due to the
pathological effect of overexpression of human mutant a-syn in the hippocampus | first
assessed reactive astrocytes by IF staining using anti GFAP antibody in male mice
aged 2-4 months (Fig. 3.6).
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Figure 3.6: Increase in % Area of Reactive Astrocytes in the CA3 Region of the Hippocampus of
Male 2-4 Months hA30P Mice. (A, B, and C) Representative IF images. The reactive astrocytes (red)
and the nuclei (blue) colour (DAPI). Scale bars represent 100 ym in A, 25 ymin B, and 2 um in C. (A)
Increase in reactive astrocytes in the hippocampus of 2-4 months old male hA30P mice compared to
sex and age-matched (B) WT mice. (C) Morphological changes in reactive astrocytes of hA30P mice
compared to WT mice. There was an increase in ramifications and length of the processes in reactive
astrocytes compared with normal astrocytes of WT mice. (D) Representative Fiji drawing of reactive
astrocytes. GFAP+ cells were less localized within the SP layer of the hippocampus in the hA30P and
WT male mice. (E) There was a significant increase *p<0.05 in the % area of GFAP in hA30P mice
(N=6) compared to WT mice (N=6) (F) The laminar distribution of GFAP in the WT mice showed a
significant increase, **p<0.01 in the % area occupied by GFAP in the SO compared to the SP layer
(N=7) (G) The laminar distribution of the GFAP of the hA30P mice showed a significant increase
**p<0.01 in the % area occupied by GFAP in the SO compared to the SP layer in addition to a significant
increase *p<0.05 in the SR compared to SP layer (N=7). Comparing the laminar distribution of the %
area of GFAP in the hA30P (N=7) to WT mice (N=7), there was a significant increase **p<0.01 in the
SO (H), *p<0.05 in the SP (1), and ***p<0.001 in the SR (J).

The result of staining for GFAP showed a significant increase in the % area
occupied by reactive astrocytes in the CA3 region of the hippocampus of the hA30P
compared to WT mice (Fig.3.6A, B, and E).

Over the entire CA3 region, there was a significant increase in the % area of
GFAP in the hippocampus in male 2-4 months hA30P mice compared to WT mice. In
hA30P median % area was 7.5, (IQR 6 — 9.4, n/N = 37 sections/6 mice) versus WT's
median % area of 5.1, (IQR 2.9 — 6.6, n/N = 46 sections/6 mice. *p<0.05; Mann
Whitney test) (Fig. 3.6E).

The IF staining also showed there was an increase of ramifications and length
of the processes of reactive astrocytes of hA30P compared to the WT mice (Fig. 3.6B,
and C), although | have not quantified the morphological changes in detail,
stereological test is needed to determine these morphological changes.

The drawing of densitometric image analysis by Fiji showed there was an
interesting laminar distribution for reactive astrocytes in the hippocampus, where the
SP layer showed less reactive astrocytes in comparison to the SO and SR layers in
the CAS3 region of the hippocampus of both male 2-4 months hA30P and WT mice
(Fig. 3.6D).

The laminar distribution of the GFAP in the CA3 region of the hippocampus in
2-4 months male WT mice showed a significant increase in the % area occupied by
GFAP only in the SO compared to the SP layer, suggesting there were few astrocytes
in the SP layer (Fig. 3.6F). In SO median % area was 6.2, (IQR 4.8 — 7.2, n/N = 23
sections/7 mice) versus SP median % area of 0.4, (IQR 0.39 — 1.2, n/N = 23 sections/7
mice. **p<0.01; Friedman test). The laminar distribution of the GFAP in the CA3 region
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of the hippocampus in 2-4 months male hA30P mice also showed laminar differences
with again few astrocytes located in the SP. There was a significant increase in the %
area occupied by GFAP in the SO compared to the SP layer (Fig. 3.6G). In SO median
% area was 9.6, (IQR 8.9 — 13.3, n/N = 27 sections/7 mice) versus SP median % area
of 2, (IQR 1 — 2.4, n/N = 27 sections/7 mice. **p<0.01; Friedman test), in addition to a
significant increase in the % area occupied by GFAP in the SR compared to the SP
layer, in SR median % areawas 7.3, (IQR 7.2 — 11.2, n/N = 27 sections/7 mice) versus
SP median % area of 2.0, (IQR 1 — 2.4, n/N = 27 sections/7 mice. *p<0.05; Friedman
test).

Comparing the hA30P versus WT for each layer there was a significant
increase in GFAP in all layers in the hA30P mice. The % area of GFAP in the SO of
hA30P was increased compared to WT mice. In hA30P median % area was 9.7, (IQR
8.9 - 13.3, n/N = 27 sections/7 mice) versus WT median % area of 6.2, (IQR 4.8 — 7.2,
n/N = 23 sections/7 mice. **p<0.01, Mann Whitney test) (Fig. 3.6H). There was a
significant increase in the % area of GFAP in the SP of hA30P compared to WT mice.
In hA30P median % area was 2, (IQR 1 — 2.4, n/N = 27 sections/7 mice) versus WT
median % area of 0.4, (IQR 0.39 — 1.1, n/N = 23 sections/7 mice. *p<0.05; Mann
Whitney test). (Fig. 3.61). There was a significant increase in the % area of GFAP in
the SR of hA30P compared to WT mice. In hA30P median % area was 7.3, (IQR 7.2
— 11.2, n/N = 27 sections/7 mice) versus WT median % area of 5.1, (IQR 3.5 — 6.4,
n/N = 23 sections/7 mice. ***p<0.001; Mann Whitney test). (Fig. 3.6J).

3.4.7 Increase in % Area Reactive Astrocytes in the CA3 Region of the
Hippocampus of Female 2-4 Months hA30P Mice

There is a 1.5-fold increase in PD prevalence in men compared to women
(Moissan, 2016) suggesting that female hormones might slow the progression of the
disease in patients. In a PD mouse model, a-syn accumulation was found to be age-
dependent, and the degree of astrogliosis and microgliosis was also affected by
biological sex with male mice being more severely affected by a-syn toxicity than
females (Lamontagne-Proulx et al., 2023). From work in this thesis, | have found
changes in neuronal activity and neuroinflammation markers in the CA3 region of the

hippocampus of male 2-4 months hA30P mice. To investigate the possible sex
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differences in neuroinflammation, | used female 2-4 months hA30P mice and sex and
age-matched WT mice and stained with GFAP (Fig. 3.7).
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Figure 3.7: Increase in % Area Reactive Astrocytes in the CA3 Region of the Hippocampus of
Female 2-4 Months hA30P Mice. (A) Represent IF images. The reactive astrocytes (red) and the nuclei
(blue) colour (DAPI). Scale bars represent 100 um (A) High level of reactive astrocyte in the CA3 region
of the hippocampus of female 2-4 months old hA30P mice compared to sex and age-matched WT mice.
(B) Representative Fiji drawing of reactive astrocytes. Astrocytes were less localized within the SP layer
in hA30P and WT mice. (C) There was a significant increase *p<0.05 in the % area occupied by GFAP
in hA30P mice (N=5) compared to WT mice (N=5) (D) The laminar distribution of the GFAP female WT
mice showed a significant increase **p<0.01 in the % area occupied by GFAP in the SO compared to
the SP layer (N=6) (E) The laminar distribution of the GFAP in the CA3 region of the hippocampus in
female hA30P mice showed a significant increase *p<0.05 in the % area occupied by GFAP in the SO
compared to the SP layer (N=6). Comparing the laminar distribution of the % area of GFAP in female
hA30P (N=6) to WT mice (N=6), there was a significant increase **p<0.01 in the SO (F), and *p<0.05
in the SP (G), but there was no significant difference in p>0.05 in the SR (H). (I) There was no significant
difference p>0.05 in the % area occupied by GFAP in male hA30P mice (N=6) compared to female
mice (N=5) in the same age. (j) There was no significant difference p>0.05 in the % area occupied by
GFAP in male WT mice (N=6) compared to female mice (N=6) in the same age.

The staining with GFAP showed that, as seen in the male mice (Fig. 3.6), we
also saw an increase in reactive astrocytes in the hippocampus of females’ hA30P
mice in comparison to sex and age-matched WT mice (Fig. 3.7A, and C). There was
a significantly higher level of % area occupied by GFAP in the CA3 region of females
in the hA30P in comparison to WT mice. In hA30P the median % area was 8.7, (IQR
3.8 — 11.1, n/N = 23 sections/5 mice), versus WT median % area of 1.9, (IQR 0.9 —
3.6, n/N = 26 sections/6 mice. *p <0.05; Mann Whitney test).

Like the young male hA30P mice, the results again showed an interesting
laminar distribution for the reactive astrocytes in the hippocampus of female 2-4
months hA30P and WT mice, where SO and SR layers showed a high level of GFAP+
astrocytes in comparison to the SP layer (Fig. 3.7B).

The laminar distribution in the CA3 region of 2-4 months female WT mice
showed a significant increase in the % area occupied by GFAP in the SO compared
to the SP layer. In SO median % area was 2.2, (IQR 0.9 — 4.6, n/N = 26 sections/6
mice) versus SP median % area of 0.3, (IQR 0.04 — 1.3, n/N = 26 sections/6 mice.
**p<0.01; Friedman test) (Fig. 3.7D). The laminar distribution of the GFAP female WT
mice also showed a significant increase in the % area occupied by GFAP in the SO
compared to the SP layer. In SO median % area was 8.4, (IQR 5.6 — 12.1, n/N = 26
sections/6 mice) versus SP median % area of 3.5, (IQR 0.7 — 7.3, n/N = 26 sections/6
mice. *p<0.05; Friedman test) (Fig. 3.7E).

Comparing the changes between hA30P and WT for each laminar | found a

significant increase in the % area of GFAP in the SO of females 2-4 months hA30P
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compared to WT mice. In hA30P median % area was 8.4, (IQR 5.6 — 12, n/N = 26
sections/6 mice) versus WT median % area of 2.2, (IQR 0.9 — 4.6, n/N = 26 sections/6
mice. **p<0.01; Mann Whitney test). There was a significant increase in the % area
occupied by GFAP in the SP layer in hA30P mice compared to WT mice. In hA30P
median % area was 3.5, (IQR 0.7 — 7.3, n/N = 26 sections/6 mice) versus WT median
% area of 0.3, (IQR 0.04 — 1.3, n/N = 26 sections/6 mice. *p<0.05; Mann Whitney test)
(Fig. 3.7G). There was a significant increase in the % area of GFAP in the SR of hA30P
mice compared to WT mice. In hA30P median % area was 6.4, (IQR 2.6 — 12.3, n/N =
26 sections/6 mice) versus WT median % area of 1.4, (IQR 0.3 — 3, n/N = 26 sections/6
mice. *p<0.05; Mann Whitney test) (Fig. 3.7H).

In addition, the results showed there was no statistically significant difference
in the % area of reactive astrocytes in the CA3 region of the females’ hA30P in
comparison to males the hA30P mice in the same age. In females median % area was
8.7, (IQR 3.8 — 11.1), n/N = 23 sections/5 mice, versus male median % area of 7.5,
(IQR 6 — 9.4, n/N = 26 sections/6 mice.) (Fig. 3.71).

The results also showed that there was no statistically significant difference in
the % area of reactive astrocytes in the CA3 region of the female WT mice in
comparison to male hA30P mice of the same age. In female mice median % area was
1.9, (IQR 0.8 — 3.6), n/N = 24 sections/6 mice, versus male median % area of 5.0,
(IQR 2.9 — 6.8, n/N = 26 sections/6 mice.) (Fig. 3.7J).

| did notice the values within each cohort of female WT and female hA30P mice
at 2-4 months showed considerable variability in the range of % area of GFAP+
astrocytes compared to male WT and hA30P mice at the same age. The % area of in
female hA30P ranged from IQR 3.8 — 11.1, versus WT IQR 0.9 — 3.6; while for male
was hA30P the range was IQR 6.1 - 9.4, versus WT IQR 2.9 - 6.6.

3.4.8 Increase in % Area Occupied by Microglia, and the Count of Reactive
Microglia in the CA3 Region of the Hippocampus of Male 2-4 Months hA30P
Mice

The marked changes seen in astrocytes above were because of
overexpression of human mutant a-syn in young hA30P mice, thus | also went on to
assess whether abnormal a-syn had also induced changes in the expression of

reactive microglia (Zhao et al., 2020, Favuzzi et al., 2021). | used the Iba-1 antibody
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to quantify microglia. Because both neurotoxic and neuroprotective microglia show an
increase in Iba-1 expression, to differentiate between them, | used co-labelling of Iba-
1 with the INOS antibody, an inflammation-induced enzyme that produces nitric oxide
and is expressed only in reactive microglia (Dai et al., 2011, Sierra et al., 2014). (Fig.
3.8)
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Figure 3.8: Increase in % Area Occupied by Microglia and the Count of Active Microglia in the
CA3 Region of the Hippocampus of Male 2-4 Months hA30P Mice. (A and B) Representative IF
images. Iba-1 (green), INOS (red), and the nuclei (blue) (DAPI). Scale bars represent 100 um in A and
10 ym in B. (A) Increase in % area occupied by Iba-1 and increase in total count of Iba-1/mm? in the
CA3 region of the hippocampus of male 2-4 months old hA30P compared to sex and age-matched WT
mice. (B) Increase in count of reactive microglia (Iba-1 with iINOS) (indicated by the orange arrow) in
the CAS3 region of hA30P compared to count of Iba-1 without iINOS (indicated by the white arrow) in WT
mice. (C) There was a significant increase *p<0.05 in the % area occupied by Iba-1 in the CA3 region
of the hA30P mice (N=5) compared to WT mice (N=4). (D) There was a significant increase *p<0.05 in
the total count of Iba-1/mm? in the CA3 region of the male hA30P mice (N=6) compared to WT mice
(N=6). (E) There was a significant increase **p<0.01 in Iba-1 with INOS/mm? in the CA3 region of the
hA30P mice (N=6) compared to WT mice (N=6). (F) There was a significant increase **p<0.01 in the %
(Iba-1 with iINOS/ mm?2)/ (Iba-1 mm?) in the CA3 region of the male 2-4 months hA30P mice (N=6)
compared to WT mice (N=6).

| used a group of male 2-4 months hA30P mice versus age and sex-matched
WT mice as a control group. The results of IF co-staining of Iba-1 and iINOS showed
there was a significant increase in the % area occupied by Iba-1 in the CA3 region of
the hippocampus in hA30P compared to WT mice. In hA30P mice median % area
occupied by Iba-1 was 11.3, (IQR 6.3 — 14.9, n/N = 25 sections/5 mice) versus WT
median Iba-1/mm? of 3.1, (IQR 2.5 — 4.7, n/N = 20 sections/4 mice. *p<0.05; Mann
Whitney test) (Fig. 3.8A, and C). To test whether the increase in the % area was due
to an increase in microglial processes, | counted the microglia cell bodies manually
with the assistance of Fiji, and the result showed there was also a significant increase
in the total count of Iba-1+ cell bodies /mm? in the hA30P compared to WT mice (Fig.
3.8A, and D). In hA30P median total count of Iba-1/mm? was 387.3, (IQR 332 —406.1,
n/N = 13 sections/6 mice) versus WT median Iba-1/mm? of 255, (IQR 223.5 — 303.1,
n/N = 12 sections/6 mice. *p<0.05; Mann Whitney test).

The results also revealed a significant increase in the count of reactive microglia
(indicated by orange arrow) that co-labelled with iINOS in the hA30P compared to WT
mice. The non-reactive microglia were without iNOS co-expression (indicated by white
arrows) (Fig. 3.8B and E). In hA30P median Iba-1 with INOS/mm? was 329.1, (IQR
289 — 343.9, n/N = 13 sections/6 mice) versus WT median Iba-1 with INOS/mm? of 11,
(IQR 9.4 — 20.5, n/N = 12 sections/6 mice. **p<0.01; Mann Whitney test).

The qualitative assessment also showed there were morphological changes in
microglia due to the neuroinflammation. There was an enlargement of soma and a
decrease in ramifications and shortening of the processes of microglia (Fig. 3.8B), but
| did not quantify these changes. To provide quantitative data on glial morphology

stereological analysis may use in future work.
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There was also a significant increase in the proportion of co-labelled cells (Iba-
1 with INOS/mm?)/ (total Iba-1/mm?) in the hA30P compared to WT mice (Fig. 3.8B,
and F). In hA30P median % (Iba-1 with iINOS/mm?)/ (total Iba-1/mm?) was 87.4%, (IQR
83.1 — 89.9, n/N = 13 sections/6 mice) versus WT median (lba-1 with iNOS/mm?)/
(total Iba-1/mm?) of 4.6%, (IQR 3.1 — 8.4, n/N = 12 sections/6 mice. **p<0.01; Mann
Whitney test). These data demonstrate that most microglia were activated in the
hA30P mice as they co-expressed iINOS and Iba1. In contrast in the WT mice, very

few microglia exhibited a reactive phenotype.

3.4.9 Increase in % Area Occupied by Microglia in the CA3 Region of the
Hippocampus of Female 2-4 Months hA30P Mice

To determine whether there were male versus female differences in the reactive
microglia as has been previously reported (Lamontagne-Proulx et al., 2023) | used a
group of female 2-4 months old hA30P and WT mice and conducted IF to stain
microglia by Iba-1 antibody (Fig. 3.9).
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Figure 3.9: Increase in % Area Occupied by Microglia in the CA3 Region of the Hippocampus of
Female 2-4 Months hA30P Mice. The microglia (green) and the nuclei (blue) (DAPI). Scale bars
represent 100 um in A and 50 um in B. (A, and B) High level of microglia expression in the hippocampus
of females 2-4 months old hA30P mice compared to sex and age-matched WT mice. (C) There was a
significant increase *p <0.05 in the % area occupied by Iba-1 in the CA3 region of the hippocampus of
female hA30P mice (N=4) compared to WT mice (N=6). (D) There was no significant difference p >0.05
in the % area occupied by Iba-1 in female hA30P mice (N=4) compared to male hA30P mice (N=5) at
the same age. (E) There was no significant difference p >0.05 in the % area occupied by Iba-1 in female
hA30P mice (N=6) compared to male WT mice (N=4) at the same age.
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The staining with Iba-1 confirmed there was also a higher expression of reactive
microglia in the CA3 region of the hippocampus of female 2-4 months old hA30P mice
in comparison to sex and age-matched WT mice (Fig. 3.9A, B, and C). There was a
significant increase in the % area occupied by Iba-1 in the CA3 region of the female
hA30P mice. In hA30P median % area was 7, (IQR 1.2 — 14, n/N=16 sections/4)
versus the WT median % area of 0.6, (IQR 0.5 — 3.5, n/N = 15 sections/6 mice. *p
<0.05; Mann Whitney test).

The qualitative assessment again showed morphological changes in microglia
due to neuroinflammation. There was a qualitative increase in ramifications and
increase in the length of the processes of microglia in 2 months female hA30P mice
compared with WT (Fig. 3.9B), while the reactive microglia in those close to 4 months
exerted a decrease in the processes and enlargement in their soma, which may reflect
the neuroinflammation severity depending on the hA30P mice age.

However, the results revealed no significant difference in the % area occupied
by microglia in the CA3 region of the hippocampus of the female 2-4 months hA30P
mice compared to age-matched males (Fig. 3.9D). In female mice median % area was
7, (IQR 1.8 - 14, n/N = 18 sections/4 mice) versus the median % area of 11.3, (IQR
6.3 — 14.9, n/N = 18 sections/5 mice. p>0.05; Mann Whitney test) in male mice.

The results also revealed no significant difference in the % area occupied by
microglia in the CA3 region of the hippocampus of the female 2-4 months old WT mice
compared to age-matched males (Fig. 3.9E). In female mice median % area was 0.6,
(IQR 0.45 — 3.48, n/N = 24 sections/6 mice) versus the median % area of 3.1, (IQR
2.45-4.7, n/N = 18 sections/4 mice. p>0.05; Mann Whitney test) in male mice.

However, the values in each cohort of female WT and female hA30P mice at
2-4 months showed considerable variability compared to male mice. The IQR of %
area of occupied Iba-1 in female hA30P was 1.8 — 14, versus WT of IQR 0.5 — 3.5,
while for male hA30P was IQR 6.3 — 14.9, versus WT of IQR 2.5 -4.7.
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3.5 Discussion

A summary of key findings in Chapter 3 was as follows:

e A significant expression of the ha-syn protein in the CA3 region of the
hippocampus of male 2-4 months male hA30P mice, and the expression in the
deep layer of the SP was much higher than in the superficial layer.

e A significant decrease in the % area of NeuN IF in the male 2-4 months old
hA30P compared to the control.

e A trend to an increase in PV+ interneuron density and % area of PV
immunoreactivity in male 2-4 months hA30P mice compared to the control.

e A significant decrease in the count of PV+ neurons without PNNs/mm? in male
2-month-old hA30P mice compared to the control.

e A significant down-regulation in c-Fos expression in male 2-4 months old
hA30P mice compared to the control.

e Asignificant increase in GFAP+ reactive astrocytes in both male and female 2-
4 months old hA30P compared to WT mice. Interesting laminar distribution of
reactive astrocytes across the CA3 layers with few astrocytes present in SP for
both male and female 2-4 months of hA30P and WT mice.

e A significant increase in the % area occupied by microglia in both male and
female hA30P mice compared to the control, and a significant increase in the

count of Iba-1+ INOS+ microglia in male hA30P compared to the control.

3.5.1 Human a-syn Expression in the CA3 Region of the Hippocampus

The results of human a-syn immunofluorescence staining of the CA3 region of
the hippocampus of male 2-4 months hA30P mice showed there was a significant
expression of ha-syn protein only in the hA30P mice. This result was expected, and
in line with earlier research which showed that hA30P mice start to accumulate
pathogenic human a-syn as early as 1 month of age (Schell et al., 2009, Kahle et al.,
2000). The hA30P mice have 3 times more expression of human a-syn than
endogenous mouse a-syn (Kahle et al., 2000).

Expression of human a-syn reaches a plateau phase at 1 month of age (Kahle et
al., 2001), but changes with aging are linked to oligomerization, phosphorylation of

serine residue 129 (PS129), and aggregation of a-syn (Kahle et al., 2000, Neumann
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et al., 2002, Schell et al., 2009, Ekmark-Lewén et al., 2018). However, | did not stain
for pS129, although this would be interesting to do in future studies. In this study, we
found that the expression levels of a-syn were variable across mice. This variability in
IF of ha-syn levels may reflect differences in the expression of the transgene in
different mice or may be due to a problem in staining similar to those encountered in
staining human a-syn oligomers in tissue fixed by the PFA procedure. The human a-
syn oligomers have been difficult to measure using conventional IF staining techniques
because the heteromorphic human a-syn oligomers are difficult to detect ex vivo using
an anti-ha-syn antibody (Enzo (15G7) ALX-804-258) anti-human a-syn protein.
Conformational epitopes of oligomers may be inaccessible or altered on fixed PFA
tissue surfaces, hence oligomer pathology could be missed (Behere et al., 2021). To
get precise measurements of human a-syn protein, a crucial component, using
paraffin-embedded tissue and/or confocal microscope imaging has been suggested,
also using another assay to detect the exact concentration of human a-syn protein,
like enzyme-linked immunosorbent assay (ELISA) is recommended in future work.
However, variability in various measures has been seen previously in hA30P mice
(Ekmark-Lewén et al., 2018).

Overexpression of human a-syn under the Thy1 promoter has previously been
shown to result in widespread overexpression of the protein in neurons across the
brain of hA30P mice (Fernagut et al., 2007). Interestingly, our results showed the
expression of the ASYN gene under the Thy1-promoter predominated in the deep
layer of the SP in the hippocampus of hA30P mice and was much higher than in the
superficial layer. This result was compatible with previous research by Dobbins et al.
(2018), who found expression of channelrhodopsin under Thy1 favoured deep-layer
CA1 pyramidal neurons (Dobbins et al., 2018). It is becoming increasingly apparent
that the hippocampal deep layer pyramidal neurons are distinct from the superficial
layer neurons, with physiological differences in connectivity and expression patterns
(Slomianka et al., 2011a). This needs to be clarified before a-synucleinopathy changes
can be fully explored. In future work, it would be interesting to stain for Thy-1, or human
a-syn mRNA, to determine if there are subregional differences in expression within the
hippocampal pyramidal neurons layer.
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3.5.2 Overexpression of Human a-syn Reduction in % area of NeuN in hA30P
mice

Interestingly we found a significant decrease in the % area of NeuN IF in the
CA3 region of males 2-4 months old hA30P mice. Although, the reduction in % area
of NeuN is not definite marker to reduction in neurons, this result was surprising as we
had not expected to see any marked neurons death at this early stage of disease
progression. Cognitive dysfunction and motor deficits are not evident in hA30P mice
until 12 and 14 months respectively (Kahle et al., 2000). NeuN is extensively used to
identify the nuclear protein of neurons in adult vertebrates, there are some limited
exceptions, such as photoreceptors in the retina, mitral cells in olfactory bulbs, and
Purkinje cells in the cerebellum (Weyer and Schilling, 2003, Wolf et al., 1996), in
addition to the neurons in substaintia nigra pars reticulata of gerbil (Kumar and
Buckmaster, 2007). However, many studies have reported that NeuN
immunoreactivity in neurons is weakened or disappears as a result of various
pathological processes (Lind et al., 2005). Staining of neurons and their cytoplasm
with NeuN antibody has been observed to disappear completely in the striatum after
ischemic damage (Korzhevskii et al., 2009, Kirik et al., 2009). Huntington's disease
causes certain neurons in the striatum to cease synthesis of NeuN protein as noted in
a human post-mortem brain study of Huntington's patients (Tippett et al., 2007). A
decrease in NeuN immunoreactivity in the CA3 region of the hippocampus in mice
following brain injury was also reported (Igarashi et al., 2001).

The reduction in % area of neurons at this early age in hA30P mice was not
expected. Anti-NeuN antibodies are used to detect neuronal differentiation and assess
the functional state of neuron populations in normal and pathological states
(Gusel'Nikova and Korzhevskiy, 2015). Although it is more than 20 years since NeuN
was first used in immunohistochemical studies on neuronal differentiation in normal
and pathological conditions, the mechanisms that contribute to the loss of NeuN
immunoreactivity and post-translational modifications of this protein in cells are still
unclear (Gusel'Nikova and Korzhevskiy, 2015).

There are several explanations relating to the reduction in % area of NeuN
staining. The first case occurs when the NeuN protein is not expressed in a cell or
when protein synthesis occurs in a small enough amount that cannot be detected by

immunostaining. This case might be behind the reduction in % area of NeuN staining
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of young hA30P mice in the current study. The second is that the dephosphorylation
of NeuN protein influences the binding ability of epitopes masking the active binding
site of antigen and resulting in false negative results and failed antigen-antibody
binding (Lind et al., 2005). The third reason for the reduction in NeuN-staining
occurrence when the protein translation of NeuN is impaired due to damaged neurons
(without affecting their viability). Unal-Cevik et al. (2004) demonstrated that NeuN-
staining loss may not always result from neuronal death. The damage in neurons may
temporarily suspend the synthesis of this protein by neurons. Neurons that have been
exposed to a moderate ischemia model (30 min ischemia) lose NeuN immunoreactivity
6 h after exposure, while still retaining their integrity and nuclei and showing no
characteristic signs of death. It has been suggested that NeuN non-immunoreactive
neurons are diverse morphologically and do not share a single neurotransmitter
system (Sarnat et al., 1998, Kumar and Buckmaster, 2007).

So, my finding of decreased % area of NeuN in the young hA30P mice may
suggest that the CA3 region neurons are under stress due to a-syn accumulation, but
cell death itself may not have happened yet. Using another marker more specific for
death markers such as a caspase 3 marker to detect apoptosis in future work is
recommended to distinguish the cause of this loss of % area of NeuN in the
hippocampus of young hA30P mice.

The co-staining of NeuN within ha-syn showed that the majority of human a-syn
protein was expressed in pyramidal neurons. According to Kemshead et al. 1982, the
striatum and hippocampus are the brain regions that express the Thy-1 promoter the

most widely (Kemshead et al., 1982).

3.5.3 Changes in PNNs and possibly in PV interneuron function in hA30P mice

PV interneurons are a key component of neuronal oscillations at gamma
frequencies (Colgin, 2016, Whittaker et al., 2011) and impairments in PV function play
a key role in generating epileptiform activity (Jiang et al., 2016). PV interneurons are
also critical for cognitive functions like learning, memory, and planning (Tremblay et
al., 2016). In this study, | was interested in quantifying changes in the PV population
in hA30P mice because PV interneurons are particularly vulnerable to injury in chronic
epileptogenic lesions of the neocortex and hippocampus (Jiang et al., 2016, Zhao et

al., 2020). Because PV interneurons have a high energy demand (Kann et al., 2014)
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they may be susceptible to ha-syn pathology in the hippocampus of hA30P mice
(Olkhova et al., 2024).

The cohort of 2-4 months hA30P mice used in this experiment showed a trend
of increase in PV interneurons and their processes in both % area and count/mm? in
the CA3 region. Previous work also showed there was a trend toward increased
numbers of PV interneurons in the CA3 region in 2-4 months male hA30P mice
compared to the WT mice (Tweedy et al., 2021). We know the PV interneurons
upregulate PV expression in response to increased neuronal activity (Espinoza et al.,
2018). At this early stage in the hA30P mice, a trend to increased PV might be a result
of increased neuronal activity in PV interneurons as a compensatory attempt to
enhance inhibitory feedback of cortical activity (Espinoza et al., 2018).

The PNNs protect PV interneurons against environmental stressors (Reichelt
et al., 2019). PNNs have been demonstrated to provide neuroprotection to rodent
cortical neurons in dissociated cultures. Miyata et al. 2007, examined the ability of
PNNs to protect against the neurotoxic effects of AR, an important component of AD
plaques (Miyata et al., 2007). They used chondroitinase ABC, an enzyme that is used
to degrade chondroitin sulphate proteoglycans, the structural component of PNNs, of
neurons in culture. They found that cortical neurons free of PNNs showed significant
neurotoxic responses after AB1-42 treatment, but neurons associated with PNNs did
not reveal neurotoxicity. Using Gclm mice that have genetically impaired antioxidant
systems where the modulatory subunit of glutamate cysteine ligase is not expressed
(Yang et al.,, 2021), it has been found that PNNs preferentially surround PV
interneurons to protect them against excitotoxicity (Cabungcal et al., 2013b). These
results indicate that PNNs may protect neurons from oxidative stress and
neurodegeneration. Furthermore, due to their stabilizing effects on neuronal
synapses, PNNs around PV interneurons, prevent further plasticity (Chaunsali et al.,
2021).

Interestingly in this study, | found a decrease in % area of PNNs in young 2-4
months hA30P mice compared to WT. Previous findings demonstrated that PNN
damage might contribute to excitatory-inhibitory imbalance changes, synaptic loss,
and increased neuronal susceptibility toward oxidative stress (Wen et al., 2018). The
interpretation for the loss of PNNs | observed might be an attempt to increase synaptic
plasticity. Research has disputed whether the digestion of PNNs in neurodegenerative

diseases is a compensatory mechanism to increase neurons' plasticity and form new
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synapses, which would reduce cognitive impairment. Digestion of PNNs by injection
of chondroitinase ABC in the hippocampus of two mice models of tauopathy (Tg
P301S, and AAV-P301S) resulted in restoring memory to normal levels one week after
the injection (Yang et al., 2015). Also, studies in mouse models of AD pathologies
demonstrate that removing PNNs enhanced memory (Vegh et al., 2014). Thus, the
early decrease in the PNNs we observed in this study might be a compensatory
decrease to maintain normal levels of cognitive function. Overall, the trend of an
increase in the PV interneurons that was associated with a decrease in PNNs might
be due to the insult of human a-syn accumulation.

With more advanced stages of neurodegeneration, there is a reduction in the
PV interneuron numbers and depletion in the PNNs reported in some studies. AD and
DLB in both human post-mortem tissue (Bernstein et al., 2011) and late-stage disease
of rodent models (Zhao et al., 2020) have shown deficits in PV interneurons. With the
development of advanced pathology, the degradation of neuroprotective PNNs will
likely accelerate degeneration, exacerbate dementia, and lead to advanced cognitive
decline (Reichelt, 2020).

Although | did not quantify the exact number of PV interneurons that co-
labelled within ha-syn, a small proportion of PV interneurons co-labelled within ha-syn
in the CA3 region of hA30P mice. This result was comparable with the previous study
by Tweedy et al. 2021, which found 25% of PV interneuron colocalized within human
a-syn in the hA30P mice of the same age as the current study (Tweedy et al., 2021).
a-syn aggregates are predominantly in excitatory neurons, but it is believed that
synaptic interactions with excitatory synapses affect PV inhibitory interneurons
indirectly (Ghiglieri et al., 2018, Calabresi et al., 2023), where a-syn could spread
extracellularly and be taken up by PV interneurons.

For future work, it is crucial to study the effect of PV and PNNs' role in the
neuronal activity changes in different age male and female hA30P mice. The
identification of factors linked to neuroinflammation and cortical hyperexcitability will

provide direction for therapeutic intervention.
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3.5.4 Decreased c-Fos expression suggests increased chronic neuronal
excitability in young hA30P mice

The current study showed down-regulation in c-Fos expression in the CA3
region of the hippocampus in hA30P mice of 2-4 months of age. The immediate early
genes (IEG) family is considered a marker that activates following neuronal activity
(Carrion et al., 1999, Lyons and West, 2011). Seizures and other noxious stimuli have
been shown to activate the IEG, such as c-Fos, which leads to increased levels of c-
Fos protein in the active cells (Campeau et al., 1997). However, these changes are
immediately occurring within minutes. Other studies have shown that chronic activity
leads to a decrease in c-Fos expression (Singh et al., 2019, Morris et al., 2015, Torres
et al., 2021).

Previous studies in a-syn transgenic mice including mice expressing the AS3T
mutation (Singh et al., 2019), and wild-type ha-syn mice (Morris et al., 2015, Torres et
al., 2021) showed cortical hyperexcitability due to the pathologic effects of
overexpression of human a-syn occurred with decreased c-Fos expression. My data
in the hA30P mice showing downregulation of c-Fos is, therefore, consistent with
chronic hyperexcitability.

However, according to current knowledge, the IEG c-Fos appears to be
expressed in glial cells in addition to neurons (Li et al., 2018), So further work is
needed to see which cells have the c-Fos to gain a deeper understanding of the

relationship between early neuronal hyperexcitability and neuroinflammation.

3.5.5 Increase in Reactive Astrocytes in the Hippocampus of Male and Female
2-4 Months hA30P Mice

Astrocytes, the CNS's most abundant cell population, play an increasingly
important role in a-synucleinopathy (Lobsiger and Cleveland, 2007, Di Marco Vieira et
al., 2020). The results here showed there was a significant increase in reactive
astrocytes in the CA3 region of the hippocampus in both males and females 2-4
months old hA30P compared to WT mice. Research suggests that astrocytes serve
as potential eliminators for aggregations of toxic extracellular proteins (Giusti et al.,
2024), so they are activated by the presence of a-syn.
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Previous human post-mortem studies demonstrated that multiple system
atrophy (MSA), Parkinson's disease, and DLB are associated with filamentous
synuclein aggregates deposited on astroglia and oligodendrocytes (Kordower et al.,
2008). Similar findings were also found, in a human a-syn transgenic mouse model
(Lee et al., 2010).

My finding of increased GFAP expression in male and female hA30P mice
could be explained by the astrocytes' role in cleaning the parenchymal
microenvironment. Lee et al., 2010, found that synuclein released from neuronal cells
could be easily endocytosed by astrocytes, causing them to produce glial inclusions
and release neuroinflammatory mediators. Upon exposure to neuronal synuclein,
astrocytes undergo changes in gene expression that reflect a neuroinflammatory
response, including the release of cytokines, chemokines, and adhesion molecules
involved in cell migration (Lee et al., 2010). a-syn triggers neuroinflammation by
interacting with TLR4 expressed on the astrocyte membrane leading to inflammatory
responses (Fellner et al., 2013). My data showed that, even at this early stage of the
disease, abnormal mutant human a-syn expression in the hA30P mice is sufficient to
trigger an increase in reactive astrocytes.

Qualitative analysis of the IF images revealed an interesting laminar distribution
of reactive astrocytes across the CA3 layers with few GFAP+ astrocytes presentin SP
for both male and female 2-4 months of hA30P and WT mice. The SP showed a
significant increase in % area GFAP in male hA30P compared to WT but the same
stratum did not show a change in female hA30P compared to WT. This result may
indicate greater neuroinflammation in male mice compared to female mice
(Lamontagne-Proulx et al., 2023). However, no obvious male versus female
differences were seen when % area GFAP across the whole CA3 region of hA30P
mice was compared control, despite some literature reporting that there are
differences between males and females (Yu et al., 2023, Oltra et al., 2023).

The astrocyte reactivity we found in the current study may have contributed to
the hyperexcitable hippocampus network state seen in both the hA30P mice (Tweedy
et al., 2021), and other transgenic human a-syn lines (Morris et al., 2015, Peters et al.,
2020). Because of the changes in the regulation of GABA synthesis and release due
to the alteration in the astrocytes' function (Liddelow and Barres, 2017). Along with
their homeostatic role, the astrocytes regulate inhibitory neurotransmission through
GABA uptake and release (Kilb and Kirischuk, 2022, Andersen et al., 2023), and thus
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play an important regulating network excitability. Consistent with this, recent studies
have suggested a role for astrocytes in the generation of seizure activity (Chan et al.,
2019).

Although | did not quantify the morphological changes that were consistent with
reactive astrocytes, an increase in ramification of astrocyte processes was clear in the
hippocampus of hA30P compared to WT mice. Overall, the result showed a clear
marker of neuroinflammation of increased GFAP indicating that alterations in
astrocytes in the hippocampus of hA30P mice occur even at this early age and might

be the direct cause of hyperexcitability.

3.5.3 Increase in Reactive Microglia in the Hippocampus of Male and Female
2-4 Months hA30P Mice

The IF results in this chapter reported a significant increase in the % area
occupied by microglia in the CA3 region of the hippocampus of both male and female
hA30P mice compared to the control, and there was a significant increase in the count
of Iba-1+ microglia in male hA30P compared to the control. This result was compatible
with previous findings in cell culture of primary microglia (Scheiblich et al., 2021) that
demonstrated an increase in microglia in response to aggregated a-syn, which
triggered neurodegeneration (Zhang et al., 2005). In the current experiment, it is
possible that compromising the BBB can allow toxins and cells (Rana and Musto,
2018) such as invasive macrophages penetrating the hippocampus in hA30P mice.
During a mouse brain injury, microglia were demonstrated to play an important role in
maintaining BBB integrity (Lou et al., 2016).

Recent studies have shown that microglia can remove and transfer aggregated
a-syn load using gap junctions and tunnelling nanotubes from microglia to
neighbouring microglial cells (Scheiblich et al., 2021). In PD, microglia play an
important role in driving and perpetuating neurodegeneration, although researchers
are still unsure how they contribute to neuronal cell death. Impairment in clearance
and degradation of a-syn by microglia increased inflammatory profiles and cell death
(Scheiblich et al., 2021). However, by degradation via autophagy, microglia have been

reported to protect neurons from neuron-released a-syn (Choi et al., 2020). The
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correlation between aggregated a-syn and reactive gliosis has been documented
increasingly (Cinar et al., 2022).

The extracellular treatment of rodent and human microglia in human
neuroblastoma SH-SY5Y cell line culture with aggregated recombinant a-syn has
induced various inflammatory responses (Cinar et al., 2022, Klegeris et al., 2008). A
further mechanism by which microglia increase a-syn-mediated neurotoxicity depends
on NADPH oxidase activation and phagocytosis of a-syn, ultimately leading to
neuronal damage (Cinar et al., 2022). Microglial factors including the release of
cytokines can also modulate astrocyte responses (Bezzi et al., 2001).

That indicates the increase in reactive microglia that we observed in the current
result was in line with the previous studies that have shown that neuroinflammation
contributes to neurodegenerative diseases. The abnormal activation of microglia can
cause immune dysfunction and the release of neuroinflammatory substances that
damage nearby healthy nerve tissue. Neurons gradually degenerate and die over time
due to these processes (Zajda et al., 2020, Pena-Bautista et al., 2019). AD, PD, and
HD are neurodegenerative diseases characterized by chronic neuroinflammation,
driven by persistent abnormal activation of microglia. Neurons and synaptic structures
in the brain can be destroyed by prolonged inflammation (Du et al., 2022b). Sustained
chronic microglia have been linked to neuronal cell dysfunction, excitability changes
in neurons, and neuronal cell death (Vezzani and Viviani, 2015). Also, the current
result of an increase in microglia was in line with hyperexcitability in the hippocampus
of males at 2-4 months of age of hA30P mice (Tweedy et al., 2021). However, it would
be interesting to look at hA30P mice and older age groups and assess changes in
both astrocytes and microglia.

Although the current study result showed a trend of decrease in % area of Iba-
1 in CA3 of female hA30P compared to male, it did not reach a significant value
statistically. This may be due small sample size that was used. This trend for less
microglia % area stain in females compared to males might be predicted because
previous studies reported that hormones have a role in boosting the immune
responses in females (Lamontagne-Proulx et al., 2023).

In response to inflammatory mediators such as lipopolysaccharides (LPS) and
cytokines, iINOS is expressed in macrophages, microglia, astrocytes, and other cell

types, in addition, two additional isotypes have been recognized: endothelial NOS
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(eNOS) that is expressed in endothelial cells, and neuronal NOS (nNOS) that is
expressed in neurons (Pacher et al., 2007, Brown and Neher, 2010).

The results of the current study showed there was a significant increase in the
count of INOS co-expression in Iba-1+ cells in addition to a significant increase in the
proportion of microglia labelled with INOS in male hA30P compared to the control.
That might indicate the higher neurotoxicity level due to overexpression of human a-
syn in the hippocampus of hA30P mice at this early stage of life. The increase in
reactive microglia that labelled with iINOS was in agreement with previous studies that
found a correlation between iINOS expression in activated microglia and
neurodegeneration (Brown and Neher, 2010). TNF-a, IL-1B, and IL-6 have been
identified as possible neuroinflammatory mediators in human post-mortem PD brains
(Nagatsu et al., 2000, Rajkumar et al., 2020), activated microglia produce iNOS mainly
in response to neuroinflammatory factors (Brown and Neher, 2010). Previous research
presented evidence that neuronal cell dysfunction and changes in neuronal network
excitability are caused by dysregulation of their cytokine manufacture and cellular
release of cytokines, or changes in receptor-mediated intracellular pathways in target
cells (Vezzani and Viviani, 2015) in human post-mortem brain in the nigrostriatal
region (Nagatsu et al., 2000), and in rat microglia culture (Wang et al., 2004).

Recent demonstrated that microglia respond to excitatory glutamate-driven
neuronal activity with increased process extension and retraction and decreased
motility which can lead to increased network hyperexcitability (Merlini et al., 2021).
Healthy microglia could share a-syn burden and mitigate the neuroinflammatory profile
(Scheiblich et al., 2021). Meanwhile, cytokines that proinflammatory microglia
produce have a role in PNNs degradation, leading to exposure of PV inhibitory
interneurons to ROS toxicity (Cabungcal et al., 2013b). PV interneuron damage may
increase the network hyperexcitability in the CA3 region of hA30P mice. These, and
other studies, suggest microglia are significant regulators of network excitability which
will have important implications for elucidating the mechanisms that link network
hyperexcitability, neuroinflammation, and neurodegeneration.

Understanding neuroinflammatory changes linked to a-syn is particularly
important because PD patients with a pro-inflammatory profile exhibit a faster decline
(Kouli et al., 2020).
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3.6 Conclusion

The results of this chapter demonstrated that marked gliosis occurred in the
young male and female hA30P mice long before the onset of any cognitive or motor
deficits that were reported in this mouse line (Kahle et al., 2000, Freichel et al., 2007).
The results suggested a close association between early neuronal hyperexcitability
and neuroinflammation (Kilb and Kirischuk, 2022, Andersen et al., 2023, Kouli et al.,
2020). Chronic hyperexcitability, which we have previously observed in young hA30P
mice (Tweedy et al., 2021), was proposed to account for the downregulation of c-Fos
seen in hA30P mice aged 2—4 months. | also showed that the changes in c-Fos were
coupled with a marked increase in both reactive astrocytes and microglia. The
decrease in % area of NeuN observed here in hA30P mice suggested that the neurons
were under the stress of overexpressed human mutant a-syn accumulation, even at
this early age. The trend of an increase in PV IF expression might indicate a
compensatory change in the CA3 region due to hyperexcitability. PV is a calcium
buffer, and more active neurons tend to show increased PV expression. The 2-4
months old hA30P showed a decrease in PNNs in the CA3 region, perhaps, because
the microglia had switched to a pro-inflammatory state and degraded the PNNs (Wang
et al., 2015). Also, the reduction in the PNNs might be due to a compensatory action
to enhance the plasticity of the CA3 region of the hippocampus to maintain a normal
level of cognition and memory (Yang et al., 2015, Vegh et al., 2014). Principally, the
reduction of PNNs in the current study was concurrent with a decrease of c-Fos, a
member of the IEG family, that related to memory and learning (Gallo et al., 2018).
This chapter revealed obvious neuroinflammation and neuronal changes in the

hippocampus of 2-4 months hA30P mice.
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Chapter 4

Pilot study investigating anti-neuroinflammatory effects of

intranasal Metformin Treatment






4.1 Introduction

Treatment of neurodegenerative dementia is considered a big challenge
because of its pathological complexity and the difficulties for pharmacological agents
to gain access to the brain. Current methods for diagnosing and treating
neurodegenerative diseases are limited. Metformin has been shown to have beneficial
effects on neurological diseases (Pérez-Revuelta et al., 2014). Research has shown
that metformin readily passes the BBB (Cao et al., 2023, Sanz et al., 2024), although
the precise mechanism of metformin transport into the central nervous system remains
unclear (McCreight et al., 2016).

Several studies using metformin in human and animal models have shown
mitigation of neurodegenerative diseases through anti-inflammatory, antioxidant
action, enhancement of BBB function, as well as neuroprotective, and neurogenesis-
inducing properties (Isop et al., 2023). These properties make metformin a promising
therapeutic choice for the treatment of neurodegenerative disease.

There is evidence linking mTOR signalling to accelerated aging, dysregulation
in the mTOR pathway has been shown to promote cancer growth, inflammation,
neurological disorders, and T2DM (Dazert and Hall, 2011). Due to the indirect
inhibition of MTOR caused by AMPK activation, metformin, an activator of AMPK, has
been found to suppress the expression of mMTOR (Onken and Driscoll, 2010). As a
result of activating AMPK, metformin reduces energy expenditure by inhibiting multiple
enzymes involved with ATP synthesis and degradation. Metformin can also enhance
mitochondrial biosynthesis, assist autophagy, and maintain cellular health (Ma et al.,
2022). Metformin has been shown to lead to a prolonged lifespan and mitigates aging
in C. elegans (Chen et al., 2017).

The AMPK activation by metformin has an important role in the reduction of
protein phosphorylation. Some studies have shown that metformin could inhibit the
phosphorylation of a-synuclein (Pérez-Revuelta et al., 2014). However, the impact of
metformin on a-syn pathology is not well understood. Interestingly, the induction of
autophagy was promoted by pAMPK activation by metformin, which leads to a
decrease in a-syn accumulation (Gopar-Cuevas et al., 2023). There was a significant
reduction in the accumulation of AB, and an improvement in the plaque-associated tau

pathology of APP/PS1 mice in the hippocampus and cortex when metformin was
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administered (Ou et al., 2018). Metformin also reduced APPc99 and pTau404
expression levels in SAMP8 mice, which is a model for sporadic AD (Farr et al., 2019).

Metformin has been recommended as an additional medication for treating
inflammatory and immune-mediated diseases (Pernicova et al., 2020). A dosage of
2550 mg/day for 12 weeks decreases high-sensitive C-reactive protein and decreases
tumour necrosis factor (TNF) levels in the blood of individuals with chronic
inflammation compared to those treated with glucocorticoid (Pernicova et al., 2020).

Prolonged microglial activation causes chronic neuroinflammation that
develops in neurodegenerative diseases and which causes damage to neurons and
synapses in the brain (Du et al., 2022a). Evidence shows that metformin can inhibit
neuroinflammation. It was observed to reduce cytokine expression and microglia that
were activated by lipopolysaccharide in a PD rat model (Tayara et al., 2018).
Metformin also mitigates the oxidative damage of neurons and effectively reduces
neuroinflammation by suppressing astrocytes and microglia (Isop et al., 2023).

In the hippocampus of mice with APP/PS1, metformin has also been shown to
dramatically reduce the concentrations of cytokines TNF-a, interleukin 1 beta (IL-1pB),
and IL-6 when taken orally (Lu et al., 2020b, Ou et al., 2018). Metformin was found to
reduce circulating levels of proinflammatory cytokines in older diabetics after a five-
year follow-up study (Tizazu et al., 2019). As a result of the reduction in
proinflammatory cytokines, the risk of death was reduced among this population
(Tizazu et al., 2019).

BBB dysfunction leads to the increased permeability of pro-inflammatory
cytokines contributing to seizure events (Ruber et al., 2018), AD (Anderson et al.,
2011), posttraumatic epilepsy (Tomkins et al., 2011), psychiatric disorders, and
cognitive impairment in T2D (Serlin et al., 2011). By mitigation of BBB dysfunction in
people with diabetes, metformin has been indicated to reduce seizure risk through its
anti-inflammatory properties (Liu et al., 2014).

Despite the functions outlined above, and its safe use, recent research reported
that patients with diabetes who are treated with metformin show more signs of vitamin
B12 insufficiency (Sayedali et al., 2023). To avoid the malabsorption of vitamin B12
that results from the interference of metformin with protein-bounds B12 in the gut
(Gueéant et al., 2022), the nasal delivery route offers an effective method for preventing

and treating brain disorders invasively (Sun et al., 2018) (see Chapter 1 Section 1.7),
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especially since metformin could penetrate the BBB (Cao et al., 2022, Sanz et al.,
2021).

We, therefore, planned to test metformin treatment given intranasally in a pilot
study. | aimed to investigate the potential neuroprotective/anti-neuroinflammation
effects of metformin to reduce the neuroinflammatory changes described in Chapter 3
in the hA30P mice. To do this we planned to treat mice for 4 weeks from postnatal day
30 at which point we know a-syn is expressed in the hA30P mice (Kahle et al., 2000).
However, before commencing this study we first needed to determine whether

neuroinflammation was present and detectable at 1-month of age.

4.2 Aims

This chapter aimed to detect early prodromal disease-related neuronal excitability
and neuroinflammatory changes in the CA3 region of the hippocampus of hA30P
mice at 1 month of age, compared to age-matched WT mice. | also wanted to
determine the feasibility of intranasal metformin treatment to assess the potential
neuroprotective/anti-neuroinflammation effects. In particular, | wished to determine
whether metformin could reverse the pathological changes that we detected in the

CA3 region of the hippocampus of male 2-4-month-old hA30P mice.

4.3 Methods

The methodology of this chapter has two parts.

First: Immunofluorescence staining was conducted to confirm human-a-syn
detectable expression in the CA3 ROI of male 1-month-old hA30P mice and to detect
if there were changes in neuronal activity, and neuroinflammation markers, compared
to age-matched WT mice by using ha-syn, c-Fos, and GFAP and Iba-1 co-labelled
with INOS antibodies, respectively. All related details of mouse anesthesia, brain
perfusion with PFA, and immunostaining methodology are as described in Chapter 2,
section 2.2 for anaesthesia, section 2.3 for tissue preparation, section 2.4 for
Immunofluorescence, and Section 2.5 for Imaging and data analysis by the FIJI

program.
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Second: Metformin hydrochloride (Cat. No. 2864; Tocris Bioscience, UK) was
dissolved in sterile distilled water to prepare in 100 mM solution. Mice were treated
with 11.5 mg/kg for 5 days out of seven over 28 days with no treatment at the weekend.
In the current study, | used a micropipette to deliver a small drop of the size of 14 pl
(split into two rounded; 7 pl, then after 5 min another 7 pl, in purpose to give rest for
the mice) that suits the capacity of the nasal cavity of the juvenile mice as the
colleagues in the CBC advance. | used the maximum solubility of metformin which is
100 mM concentration. This resulted in only 11.5 mg/kg/day of metformin. | used male
1-month hA30P mice and age and sex-matched WT control mice (Fig. 4.3). The drug
and vehicle were at room temperature and the total volume administered was 14 pl
split into two rounds of 7 ul each time. After a 5-minute rest, another 7 ul was given,
resulting in 14 pl per mouse/day. A score sheet was used to record the health
conditions of the mice by observing their coat, breathing, posture, and weight daily
(Table 4.1). We used two groups of hA30P mice, the first as a treatment group (N = 3)
mice treated with metformin, and the second as a control group (N = 3) treated with
vehicle only (sterile distilled water). In addition, we had two groups of WT mice, the
first as a treatment group (N = 3) mice treated with metformin, and the second as a

control group (N = 3) treated with vehicle only (sterile distilled water).

4.3.1 Intranasal drug delivery

Research on the effects of metformin in different neurodegenerative models
showed a wide range of dosages have been used, generally 20-350 mg/kg (Rabiei
Poor et al., 2021) to prevent damage to the hippocampus and reduce inflammation. A
wide variety of administration routes have also been used in different studies (Isop et
al., 2023). An intracerebroventricular injection of streptozotocin induces
phosphorylation of insulin receptors in the hippocampus and cerebral cortex of AD
mice. According to Kazkayasi et al., 2022 intranasal 200 mg/kg metformin treatment
for four weeks significantly reduced the phosphorylation of insulin receptors,
consequently increasing the sensitivity of insulin receptors leads to improved learning
and memory functions in these mice (Kazkayasi et al., 2022).
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This study was conducted using a special intranasal administration method

developed by Hanson et al. 2013. The goal of this procedure is to deliver drugs directly

to the central nervous system without anaesthesia in mice. This was accomplished by:

e First, acclimatization of the mice to being handled.

e Second, immobilizing the animal's head with a modified scruff grip.

e Third, the drug was administered intranasally with drops administered via a
pipette (Fig. 4.1).

e Fourth, the mouse was returned to its cage and rewarded. In my study, |
used peanut butter for 3 hours post-dosing which was then removed to avoid

the mice gaining too much weight (Fig. 4.2).

After the mice were weaned at the age of 21 days, acclimatization started for

7-10 days (Fig. 4.3) to build up to the handling steps for intranasal drug delivery
(Hanson et al., 2013) (Fig. 4.1):

1.

| started by placing the mouse in the palm of my hand for two to three minutes,

no higher than one foot above the cage's top.

. After that, | petted the mouse gently from the head to the tail for three minutes

in the palm. When doing so the animal will be free to move around and feel
safe, and that builds trust in the holder's hands.

Using the thumb and pointer finger on the back of the animal's neck after the
animal tolerates panic by placing the mouse in the palm for 3 minutes.

The next step in acclimation is to hold the mouse by the scruff of its neck for 30
seconds before letting it rest on top of the cage for another 30 seconds.

Using the thumb and index finger of the dominant hand, | then held the mouse
by its tail to practice the intranasal delivery, by pinning the lower portion of the
animal's body to the cage using the middle, ring, and pinkie fingers.

After grabbing the bars, | gently stretch the animal out to better grasp the scruff
(Fig. 4.1A).

In the non-dominate hand, | pinched the mouse firmly behind the neck with the
thumb and middle finger (Fig. 4.1B).
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8. In the shoulder blades, | make a tent by pulling up the loose skin of the upper
back (I avoid pulling up muscles or pressing too hard on the ribcage/spin) (Fig.
4.1C).

9. Then, quickly | place the index finger of the non-dominant hand as close as
possible to the mouse's nose while holding back on the skin. The mouse's head
should not move vertically or horizontally while the thumb and middle finger

were slid into the optimal position (Fig. 4.1D).

The next steps are for performing the intranasal drug delivery. | showed the technician
in the CBC the full instructions and video/photos of intranasal delivery for awake mice

(Hanson et al., 2013) he/she conducted the following steps:

10.He/she inverted the animal so that the ventral side faced the ceiling, and the
neck faced the ground (Fig. 4.1E, and F).

11. Then He/she practiced placing a 45-degree angle micropipette close to the
nostrils, once the mouse had become comfortable with the inverted intranasal
grip (Fig. 4.1G).

12.As a final step, slowly He/she injected 7 ul of metformin solution /distal water
into the tip so that it formed a small droplet (Fig. 4.1H), and He/she made sure
the droplet was close enough to the mouse's nostrils for it to inhale. He/she
held the mouse in this position for about 15 seconds, before He/she put the

animal back in its cage.
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13.For positive reinforcement, | gave peanut butter after each acclimation or
intranasal dosage session (Fig. 4.2). Before returning an animal to its cage. |
also always restored the nest to its original state and changed the gloves

between cages to reduce stress (Hanson et al., 2013).

Figure 4.1: Acclimatisation and Intranasal Drug Delivery to Mice. Steps A to F represent the
acclimatization of a mouse, and G to H are actual delivery. A) Holding and petting the mouse for around
2-3 min. B) Lightly pinching scruff. C) and D) Scruff the skin at the neck and shoulder. E) Grip for
intranasal delivery. F) Intranasal gripping and inverting. G) Intranasal gripping, inverting, and delivering
the drug (metformin solution) or the vehicle (sterile distilled water) to the nares. H) Leaving the mouse
for 5 min, then intranasal gripping, inverting, and delivering to the second round (Hanson et al., 2013).

96



Figure 4.2: Rewarding the Mouse. A mouse was happy after treatment and started eating peanut
butter before | closed the lid of the cage.

Intranasal treatment was conducted for 5 days/week for four weeks and animals
were checked each day against the checklist (score sheet) (Table 4.1).

At the end of treatment, mice were anesthetized as outlined above for PFA
fixation to prepare their brains for immunofluorescence staining to study the effect of
the drug on the CA3 region of the hippocampus as outlined above analysed blind the
images of IF staining of the metformin study as my supervisor coded the images to
avoid unconscious bias while making counts and measurements.

To ensure that the hA30P mice exhibited increased neuronal activity, and
neuroinflammation differences in that early stage of 1 month (the age of beginning of
the treatment), | carried out immunofluorescence staining on sections hA30P mice 1
month of age before | started with metformin study using the exact the same group of

antibodies | planned to use for metformin trail.
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Timetable of metformin treatment
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Figure 4.3: Timetable of Metformin Intranasal Delivery to Mice. After weaning, the acclimatization
process ran for 10 days, then the intranasal treatment was conducted for four weeks before fixing the
mice brains and preparing for immunofluorescence staining.

4.4 Results

In the previous chapter, the results revealed neuronal and neuroinflammatory
changes in the CA3 region of the hippocampus in young pre-symptomatic 2-4 months
hA30P mice. This chapter aimed to investigate metformin treatment intranasally in 1-
month-old hA30P mice, therefore | needed first to confirm that some pathological

changes were already present at this very early age.

4.4.1 Confirmation of Human a-syn Expression in the CA3 Region of the
Hippocampus of Male 1-Month hA30P Mice

| first used a human a-syn antibody (Table 2.2) in IF staining to confirm if young
male 1-month-old pre-symptomatic hA30P mice have detectable overexpression of
mutant human a-syn in the hippocampus as previously reported (Schell et al., 2009,
Kahle et al., 2000) (Fig. 4.4).
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In this experiment, | used a group of male 1-month-old, hA30P versus age and
sex-matched WT mice as a control group. IF staining for human a-syn confirmed the
overexpression of mutant human a-syn in the hippocampus of the hA30P mice (Fig.
4 4A, and B). There was a significantly higher integrated density detected of human
a-syn expressed in the CA3 region of the hA30P mice compared to WT mice. In hA30P
mean integrated density was 4746442, (IQR 4074567 — 5611184, n/N = 10 sections/3
mice) versus WT mean integrated density of 235.8, (IQR 233.6 - 275.1, n/N = 9
sections/3 mice. ***p<0.001, Unpaired t-test) (Fig. 4.4C).

The results showed there was a clear laminar distribution for the expression of
the human a-syn in the layers of the hippocampus of the hA30P mice. However,
although | did not calculate the values for the laminar distribution, SP qualitatively
showed a higher level of human a-syn expression in the pyramidal cell soma in
comparison to SO and SR layers (Fig. 4.4B). Interestingly, as found in 2-4 months
hA30P mice (Fig. 3.1C), we also found that there was a greater expression of human
a-syn in the deep layer of the SP compared to the superficial layer of the SP in the

hippocampus of the hA30P mice.

4.4.2 Increase in c-Fos+ nuclei/mm? in the CA3 Region of the Hippocampus of
1 Month old male hA30P Mice

| used the c-Fos antibody (Tables 2.2) for IF staining to indirectly detect the
changes in neuronal activity (Carrion et al., 1999, Lyons and West, 2011) in male 1-
month-old hA30P mice that may have occurred due to the pathologic effects of

expression of mutant human a-syn in the hippocampi at this early age (Fig. 4.5).
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In this IF staining, | used c-Fos antibody in a group of male 1-month-old hA30P
mice and sex and age-matched WT mice to detect if there were neuronal changes in
the CA3 region of the hippocampus at this early age. Interestingly at 1 month of age
the IF staining result revealed a clear increase in the number of nuclei that expressed
c-Fos+ protein (red) in the CA3 region of the hippocampus of hA30P mice compared
to WT mice (Fig. 4.5A, and B). This was the opposite of the changes observed in
hA30P mice aged 2-4 months old when c-Fos was down-regulated (Fig. 3.2A, and B).
In hA30P mean c-Fos+ nuclei/mm? was 197.2, (IQR 148.6 - 220.6, n/N = 8 sections/4
mice) versus WT mean c-Fos+ nuclei/mm? of 57.9, (IQR 26.11 - 95.75, n/N = 8
sections/4 mice. **p<0.01, Unpaired t-test) (Fig. 4.5B). This increase in c-Fos at this
early stage could be due to early excitability in juvenile mice, so | went on to compare
the results between mice aged 1 and 2-4 months.

The result showed a significant decrease in the count of c-Fos+ nuclei/mm? in
the CA3 region of the hippocampus of male 2-4 months hA30P mice compared to
male 1-month hA30P mice. In 2-4-month-old mean c-Fos+/mm? count was 35.31, (IQR
19.33 - 52.59, n/N = 23 sections/6 mice) versus 1-month-old mean c-Fos+/mm? of
197.2, (IQR 148.6 - 220.6, n/N = 8 sections/4 mice. ****p<0.0001, Unpaired t-test) (Fig.
3.5C).

In contrast, the result of the comparison of 1-month to 2-4 months of WT mice
showed there was no significant difference in the count of c-Fos+ nuclei/mm? in the
CA3 region of the hippocampus in the two age groups (Fig. 3.5D). In 2 - 4 months old
WT mice the mean c-Fos+/mm? count was 67.22, (IQR 43.22 - 75.53, n/N = 23
sections/6 mice) versus 1-month mean c-Fos+/mm? count of 57.92, (IQR 13.22 -
95.75, n/N = 8 sections/4 mice. p>0.01, Unpaired t-test). These data, therefore, show
a biphasic change in c-Fos in hA30P mice, which is increased at one month but

decreased by 2-4 months of age compared to the control.

4.4.2 Increase in Reactive Astrocytes in the CA3 Region of the Hippocampus
of 1-month Old Male hA30P Mice

The data outlined above show expression of mutant human a-syn and changes
in neuronal activity in the CA3 ROI of male 1-month hA30P mice. Therefore, the next
aim was to determine whether there was immunohistological evidence of gliosis at this

early age. | stained a group of 1-month hA30P male mice and sex and age-matched

102



© 7 PIFHIRU* ) $3 DQEERG  7DE® R GHAWRADRRNYDWG DVWIRR WV 5 DQAIN\R HW
DO & OUNH HNDO ) U



Figure 4.6: Increase in % Area Occupied by Reactive Astrocytes in the CA3 Region of the
Hippocampus of 1 Month old Male hA30P Mice Compared to WT. (A, and B) Representative IF
images. The reactive astrocytes (red) and the nuclei (blue) colour (DAPI). Scale bars represent 100 um
in A and 25 um in B. (A, and B) Increase in reactive astrocytes in the CA3 region of the hippocampus
of 1 month old male hA30P mice compared to WT mice. (C) FIJI drawing showing the laminar
distribution of GFAP+ cells were less localized within the SP in both the hA30P and WT mice. (D) There
was a significant increase **p<0.01 in the % area occupied by GFAP in hA30P (N=3) compared to WT
mice (N=3). The laminar distribution of the GFAP showed a significant increase *p<0.05 in the % area
occupied by GFAP in the SR compared to the SP in both WT mice (N=3). (E), and hA30P mice (N=3).
(F). (G) There is a significant increase *p<0.05 in the % area occupied by GFAP in the SO in hA30P
(N=3) compared to WT mice (N=3). (H) There was no significant difference p>0.05 in the % area
occupied by GFAP in the SP in hA30P (N=3) compared to WT mice (N=3). (I) There was a significant
increase **p<0.01 in the % area occupied by GFAP in the SR in hA30P (N=3) compared to WT mice
(N=3).

Even at this very young age the result of IF staining with GFAP antibody
confirmed high expression of reactive astrocytes in the CA3 region of the hippocampus
in hA30P mice compared to the control (Fig. 4.6A, B, and D). There was a significantly
higher % area of the CA3 occupied by GFAP immunofluorescence in hA30P mice
compared to WT when measured across the whole of the CA3 region. In hA30P mice,
the % area occupied by GFAP immunofluorescence had a mean of 6.8% per section
(IQR 6.1 — 8.1, n/N = 10 sections/3), versus the WT mean of 3.7, (IQR 3.5-4.1, n/N =
12 sections/3. **p<0.01, Unpaired t-test).

Like the male 2-4 months hA30P mice (Chapter 3 Fig. 3.6, and 3.7), the results
of the IF images and the FIJI analysis showed there was an interesting laminar
distribution for the expression of reactive astrocytes in the layers of the hippocampus
where SO and SR layers showed a high level of GFAP expression in comparison to
the SP layer (Fig. 4.6B, and C). The laminar distribution of the GFAP in the 1-month
male WT mice showed a significant increase in the % area occupied by GFAP only in
the SR compared to the SP layer (Fig. 4.6E). In SR mean % area was 4.982, (IQR 4.6
— 5.8, n/N = 12 sections/3 mice) versus SP % area mean of 0.2, (IQR 0.1 — 1.2, n/N =
12 sections/3 mice. *p<0.05; Friedman test) (Fig. 4.6F). The laminar distribution of the
GFAP in the hA30P mice also showed a significant increase in the % area occupied
by GFAP in the SR compared to the SP. In SR mean % area was 9.4, (IQR 7.8 - 10.2,
n/N = 10 sections/3 mice) versus SP mean % area of 0.6, (IQR 0.5 — 1.1, n/N = 10
sections/3 mice. *p<0.05; Friedman test).

When | compared each layer between WT and hA30P mice, there was a
significant increase in the % area occupied by reactive astrocytes in the SO layer of

the male 1-month hA30P mice in comparison to sex and age-matched WT mice (Fig.
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4.6G). In hA30P mean was 6.9, (IQR 6.6 — 9.7, n/N = 10 sections/3 mice) versus WT
mean of 4, (IQR 3.8 — 4.5, n/N = 12 sections/3 mice. *p<0.05, Unpaired t-test).
However, there were no significant differences in the SP layer in hA30P compared to
WT mice (Fig. 4.6H). In hA30P mean was 0.6, (IQR 0.5 — 1.1, n/N = 10 sections/3
mice) versus the WT mean of 0.2, (IQR 0.1 — 0.2, n/N = 12 sections/3 mice. p>0.05,
Unpaired t-test). Finally, there was also a significant increase in the % area occupied
by reactive astrocytes in the SR layer of hA30P mice compared to WT mice (Fig. 4.6l).
In hA30P mean was 9.4, (IQR 7.8 — 10.2, n/N = 10 sections/3 mice) versus WT mean
of 4.9, (IQR 4.6 — 5.8, n/N = 12 sections/3 mice. **p<0.001, Unpaired t-test). Overall,
these data show that even at 1 month of age there was evidence of increased reactive

astrocytes in hA30P mice like that observed in the 2-4 months cohort of mice.

4.4.4. Increase in % Area Occupied by Microglia in the CA3 Region of the
Hippocampus of Male 1-Month hA30P Mice

To investigate whether there was a change in microglia due to the pathologic
effect of human a-syn (Crotti and Ransohoff, 2016) in the CA3 region of the
hippocampus of juvenile males, | used a group of male 1-month hA30P mice and

conducted IF staining microglia by Iba-1 antibody (Table 2.2) (Fig. 4.7).
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The IF staining with Iba-1 antibody showed there was higher expression of
microglia in the CA3 region of the hippocampus of male 1-month hA30P mice in
comparison to the control mice (Fig. 4.7A, B, and C). There was a significantly higher
level of % area occupied by Iba-1 in the hA30P compared to WT mice. In hA30P mean
% area occupied by Iba-1 was 5.0, (IQR 3.8 — 6.1, n/N = 10 sections/3 mice) versus
WT mean % area of 1.8, (IQR 1.7 — 1.8, n/N = 12 sections/3. **p<0.01, Unpaired t-
test).

4.4.5. Increase in the Reactive Microglia in the CA3 Region of the
Hippocampus of Male 1-Month hA30P Mice

Neuroinflammation concurrent with brain injury occurs to repair nearby neurons
(Crotti and Ransohoff, 2016). | also conducted co-staining of microglia using Iba-1 and
iINOS antibodies (Tables 2.2) to differentiate pro-inflammatory from anti-inflammatory
microglia because in the pro-inflammatory microglia express iINOS which is the
enzyme involved in the inflammation pathway (Dai et al., 2011, Sierra et al., 2014)
(Fig. 4.8).
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| used a group of male 1-month-old hA30P mice versus age and sex-matched
WT mice as a control group. The results of IF co-staining of Iba-1 and INOS antibodies
showed there was a significant increase in the total count of microglia/mm? in the CA3
region of the hippocampus of the hA30P mice compared to WT mice (Fig. 4.8A, and
C). In hA30P mice the median count of microglia was 344, (IQR 326.0 — 352.4, n/N =
14 sections/4 mice) versus the WT median count of microglia of 279.7, (IQR 261.1 —
282.9, n/N = 11 sections/4 mice. *p<0.05, Mann Whitney test).

There was also a significant increase in the count of reactive microglia that co-
expressed iNOS in the CA3 region of the hippocampus of the hA30P mice compared
to WT mice (microglia indicated by white arrow were without INOS and those with
iINOS were indicated by orange arrow) (Fig. 4.8B and D). In hA30P mice the median
count of Iba-1 with INOS/mm? positive cells was 302.3, (IQR 273 — 315.9, n/N = 14
sections/4 mice) versus WT median lba-1 with iNOS/mm? of 32.1, (IQR 21.9 — 39.9,
n/N = 11 sections/4 mice. *p<0.05, Mann Whitney test).

Also, the result showed a significant increase in the proportion of Iba-1 with
iINOS/mm?)/(Iba-1/mm?) in hA30P mice compared to WT mice (Fig. 4.8E). In hA30P
median % was 87.9, (IQR 78.7 — 90.9, n/N = 14 sections/4 mice) versus WT median
% of 11.5, (IQR 7.8 — 15.3, n/N = 11 sections/4 mice. *p<0.05, Mann Whitney unpaired
test). Therefore, these data show that even at 1 month of age there was evidence of
increased reactive microglia in hA30P mice similar to what was seen in the 2-4 months
old hA30P mice.

4.4.6. Morphological Changing of Reactive Astrocytes and Microglia of hA30P
Mice

| did not quantify the morphological changes in glial cells that are associated
with gliosis and neuroinflammation (Liddelow and Barres, 2017, Torres et al., 2021).
However, | did observe some interesting morphological changes occurring in reactive
astrocytes and reactive microglia in the CA3 region of the hippocampus of male and
female hA30P mice at the different ages (1-month — 4 months) studied in the thesis.
Although | selected an age range of mice of 2-4 months as one cohort, | noticed
morphological changes between the mice that were closer in age to 2 months
compared to those that were close to 4 months of age (Fig. 4.9).
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Imaging of the reactive astrocytes and microglia in the CA3 region of the
hippocampus of hA30P mice of 1-4 months of age compared to WT mice revealed
changes in the morphology in microglia and astrocytes reflecting the severity of
neuroinflammation through age (Fig. 4.9A, and B). | also noted that changes in the
reactive microglia occurred before the changes in the astrocytes at the same age.

In addition to the increase in the count of microglia in male hA30P at 1 month
as outlined above, there was an increase in ramification and length of the processes
(white arrow). While the reactive astrocytes still retained normal ramified shape and
qualitatively did not look different to those in seen WT mice at this age (blue arrow).

The reactive microglia at 2+ months exhibited an increase in the thickness of
their processes, and an enlargement in soma size compared to WT (orange arrow).
The reactive astrocytes at the same age showed clear morphological changes with
increasing length and ramification of their process, in addition to an increase in the
count and crowding toward both boundaries of SP compared to WT mice (green
arrow).

The reactive microglia in the hA30P mice for those close to 4 months showed
a loss of processes, an enlargement in soma size, and transformation into amoeboid
and Jellyfish shapes (red arrow), also they decreased in number. While the reactive
astrocytes exhibited increases in their number and length, enlargement in soma, and
proximity to the SP (pink arrow).

These changes might indicate an increase in the severity of the
neuroinflammation in the CA3 region of hA30P mice, compared to WT, in response to
the continuous accumulation of ha-syn and its pathological effects and would be
interesting to explore further in future studies.

However, using different analysis program as IMRS instead Fiji, or using
stereological tests is recommended in future work as they provided quantification for

the dimensions in 3D.
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Figure 4.9: Morphological Changing of Reactive Astrocytes and Microglia in CA3 Region of
Hippocampus of hA30P Mice. Representative IIF images of hippocampi from male and female hA30P
mice aged 1-4 months. (DAPI) labelled nuclei with blue, (Iba-1) labelled microglia with green, and
(GFAP) labelled reactive astrocytes with red. (A) Representative IF image with a scale bar of 50 and
100 um. (B) Represents an expanded view of the microglia and astrocytes indicated by the coloured
arrow in A. Microglia started increasing in the count, and morphological changes gradually occurred
including an increase in ramification and length of the processes (white, and orange arrow) followed
by the loss of processes and formation of amoeboid and Jellyfish shapes (red arrow) gradually with
age. Activation of the astrocyte’s response came after the microglia, they gradually increased in the
count, ramification, and length of processes (blue arrow), and crowded closer to the SP layer (green,

and pink arrows), (pink arrow) more, and more depending on the severity/age of hA30P mice.

4.4.7. Intranasal Metformin Treatment Did Not Affect Mouse Body Weight

Benefits of metformin medication for weight loss have been demonstrated in
large cohort studies (Yerevanian and Soukas, 2019). Ekmark-Lewen et al., 2018, had
previously reported that there was no difference in body weight between hA30P and
WT mice at the same age. The average body weight of the mice used in the current
study for both hA30P and WT mice was 20 grams at 1 month of age at the start of
metformin treatment consistent with other studies (Ekmark-Lewén et al., 2018). To
detect the effect of the 11.5 mg/kg/day dosage of intranasal metformin treatment on
body weight gain during the four weeks (5 days/week) course of therapy (Fig. 4.10) |
weighed the mice daily and recorded that in a score sheet (Table 4.1). | also scored
the condition of the coat, breathing, and posture of the mice as indicators of the general

health state of the mice under the supervision of the veterinarian at the CBC.
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The score sheet showed that the mice were tolerant of both the metformin and
the intranasal delivery route (Table 4.1). The results showed no significant difference
in the body weight gained by animals during the treatment course between metformin-
treated and vehicle in both WT and hA30P mice (Fig 4.10A, B, and C). For the
metformin-treated hA30P mice median body weight gain was 4.6, (IQR 3.9 — 5.8 mg,
N = 3 mice) versus vehicle hA30P median body weight gain of 4.1, (IQR 3.7 — 5.7 mg,
N = 3 mice). For the metformin-treated WT mice median body weight gain was 5.2,
(IQR 2.5 - 9.8 mg, N = 3 mice) versus vehicle WT median body weight gain of 4.2,
(IQR 4 — 10.5 mg, N = 3 mice. p>0.05, Ordinary one-way ANOVA).

4.4.8. Effect of Metformin in c-Fos in the CA3 Hippocampus of male hA30P

Mice

Studies on metformin have demonstrated neuroprotective effects in various
neurological disorders, both in humans and animals (Boccardi et al., 2019, Gantois et
al.,, 2019). Metformin was observed to reduce neuronal degeneration in the
hippocampal CA1 region (Fang et al., 2017, Chen et al., 2020).

In view of the biphasic changes in c-Fos expression seen in hA30P mice (Fig.
3.2 and 4.5 IF staining using an anti-c-Fos antibody (Table 2.2) was conducted to
detect whether metformin treatment had any effect on network excitability in either WT
or hA30P mice (Fig. 4.11).
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| treated a group of male 1-month-old mice (hA30P and WT) intranasally with
metformin 11.5 mg/kg daily for 4 weeks, and | used another group of sex and age-
matched mice (hA30P and WT) as control (vehicle) treated with sterile distilled water
at room temperature.

Similar to the results, observed in 2-4 months mice (Fig. 3.2), the IF staining
with c-Fos antibody of vehicle-treated mice showed that there was a trend towards a
decrease in hippocampal c-Fos+ nuclei count in the hA30P compared to WT mice
(Fig. 4.11).

The IF result showed there was also a trend to increase in the density of c-Fos+
nuclei in hA30P metformin-treated animals compared to the hA30P vehicle group.
However, these changes were not significantly different. (Fig. 4.11A, and B). In
metformin-treated hA30P mice the median count of c-Fos+/mm? was 100.2, (IQR 71.6
— 109, n/N = 18 sections/3 mice), vehicle hA30P median count of 67.5, (IQR 32.4 —
90.1, n/N = 17 sections/3 mice), and in metformin-treated WT median count of c-
Fos+/mm? was 115.3, (IQR 109 — 247, n/N = 11 sections/3 mice), vehicle WT median
count of 137.6, (IQR 90.1 — 192, n/N = 12 sections/3 mice. p>0.05, Ordinary one-way
ANOVA).

4.4.9. Effect of Metformin on Reactive Astrocytes in the Hippocampus of
hA30P Mice

According to recent data, metformin can modulate chronic neuroinflammation
(one of the core pathologies in AD) (Liao et al., 2021). Metformin's neuroprotective
effects extend to astrocytes and microglia (Wang et al., 2021). Rabieipoor et al. (2023)
reported that metformin therapy reduces astrogliosis in the hippocampus in the
sporadic AD mouse model in addition to enhancing cognition. To test whether
metformin had an anti-inflammatory effect in this thesis, IF staining using an anti-GFAP
antibody (Table 2.2) was conducted in the CA3 region of hA30P mice (Fig. 4.12).
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Overall, however, statistical analysis showed no significant differences in %
area occupied by reactive astrocytes in the hippocampus between the metformin-
treated and vehicle mice in both hA30P and WT mice (Fig. 4.12 A, and B). In
metformin-treated hA30P median % area occupied by GFAP immunofluorescence
was 10.5, (IQR 10.5 — 11.3, n/N = 12 sections/3 mice), for vehicle hA30P median %
areawas 11.7, (IQR 10.7 — 12.5, n/N = 12 sections/3 mice), and in metformin-treated
WT median % area occupied by GFAP was 5.7, (IQR 5.6 — 7.9, n/N = 12 sections/3
mice), whereas for vehicle WT median % area was 4.1, (IQR 2 — 10.3, n/N = 12

sections/3 mice. p>0.05, Kruskal-Wallis test).

4.4.10 Effect of Metformin in the Reactive Microglia CA3 Hippocampus of
hA30P Mice

In addition to reducing astrocyte reactivity, metformin therapy inhibits microglial
activation, which may reduce neuroinflammation (Wang et al., 2021, Rabieipoor et al.,
2023) (Jin et al., 2014). A previous study showed that 200 mg/kg metformin as a daily
injection for 2 weeks reduced Iba-1 in the CA3 region of the hippocampus in a sporadic
AD mouse model and restored cognition dysfunction (Rabieipoor et al., 2023).

It has been reported via polymerized chain reaction (PCR) analysis that
metformin oral drug of 200 mg/kg/day for 8 weeks could massively reduce levels of
the mRNA for proinflammatory cytokines such as TNF-a, IL-1B, and IL-6 in the brains
of APP/PS1 transgenic AD model, which activate the AMPK pathway in the
hippocampus tissue (Lu et al., 2020b). | used IF staining to co-stain Iba-1 with INOS
antibodies (Table 2.2) to detect the potential anti-inflammatory effect of metformin in
the current pilot study (Fig. 4.13).
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metformin-treated WT the median count of Iba-1/mm? cells was 204.6, (IQR 196.4 —
229, n/N = 11 sections/3 mice), and vehicle WT the median count was 206.9, (IQR
160.3 — 217.3, n/N = 12 sections/3 mice. p>0.05, Ordinary one-way ANOVA).

No significant difference in the count of reactive microglia (Iba-1+ cells that co-
labelled with INOS) was seen in the hippocampus between the metformin-treated and
vehicle groups in both hA30P and WT mice (Fig. 4.13C). In metformin-treated hA30P
the median count of cells expressing Iba-1 and iINOS/mm? was 188.5, (IQR 108.2 —
201.8, n/N = 12 sections/3 mice), in vehicle-treated hA30P mice the median count was
166.2, (IQR 163.3 — 198, n/N = 11 sections/3 mice). As shown in Chapter 3 the number
of reactive microglia co-labelled with INOS was much lower in the WT mice. In
metformin-treated WT the median count of Iba-1 and iNOS/mm? was 30.4, (IQR 25 -
32, n/N = 11 sections/3 mice), and in vehicle-treated WT the median count was 26,
(IQR 22.7 — 31.6, n/N = 12 sections/3 mice. p>0.05, Ordinary one-way ANOVA).

However, the proportion of reactive microglia/ total microglia per mm? in the
CA3 of metformin-treated hA30P mice was significantly decreased compared to the
vehicle group, while there was no significant difference between metformin-treated WT
and vehicle mice (Fig. 4.13D). In metformin-treated hA30P median % (lba-1 with
INOS/mm?)/(lba-1/mm?) was 74.1, (IQR 47.8 — 75.3, n/N = 12 sections/3 mice), vehicle
hA30P median proportion of 82.1, (IQR 81.8 —87.1, n/N = 11 sections/3 mice. *p<0.05,
Ordinary one-way ANOVA), and in metformin-treated WT median % (Iba-1 with
iINOS/mm?)/(lba-1/mm?) was 14.6, (IQR 13.4 — 15.3, n/N = 12 sections/3 mice), vehicle
WT median proportion of 15.1, (IQR 11.8 — 15.8, n/N = 11 sections/3 mice. p>0.05,
Ordinary one-way ANOVA). The result showed the dosage of metformin in the current
study did significantly affect the proportion of reactive microglia/ total microglia per

mm? in the CA3 of metformin-treated hA30P compared to vehicle hA30P mice.

4.5 Discussion

A summary of key findings in Chapter 3 was as follows:
e There is detectable human a-syn protein expression in 1-month hA30P mice.
e A significant increase in c-Fos expression in 1-month hA30P mice compared to
the wild type, which was the opposite of the result seen at 2-4 months.
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e Like 2-4 months old mice, there was a significant increase in both reactive
astrocytes and reactive microglia in 1-month hA30P mice compared to 1-
month-old wild-type mice.

e Mice were tolerant to the metformin treatment and did not show any side
effects.

e Intranasal metformin treatment of 11.5 mg/kg five days weekly for 4 weeks, did
not affect significantly either the % area occupied by GFAP+ reactive astrocytes
or the total count of Iba-1 positive microglia/mm? in the CA3 region of hA30P
mice compared to vehicle-treated controls.

e However, metformin-treated hA30P mice showed a significant reduction in the
proportion of iINOS+/Iba-1+ microglia in the hippocampus compared to the

vehicle-treated h30AP mice.

4.5.1 Confirmation of Human a-syn Expression in the CA3 Region of the
Hippocampus of Male 1-Month hA30P Mice

| started with confirming human a-syn protein expression in the CA3 in the
hA30P mice at 1 month of age, before investigating its pathological effect. The IF
staining with ha-syn antibody showed an obvious detectable immunofluorescence
signal of ha-syn in the hippocampus of hA30P mice only. At the same time, the WT
had no ha-syn immunofluorescence reactivity which was evidence of the specificity
and efficient detection of the antibody used. In hA30P mice, the human aSYN gene
expression is induced during the first postnatal month and remains high throughout
life (Neumann et al., 2002, Schell et al.,, 2009, Ekmark-Lewén et al., 2018).
Overexpression of hA30P o-SYN might represent early stages of pathological
abnormalities, resulting in pathological accumulations that could finally lead to a PD-
like phenotype (Ekmark-Lewén et al., 2018). hA30P mice express human mutant a-
syn from 1 month of age, after which there is a progressive, age-dependent, increase
in pathological phosphorylated human a-syn serine residue pS129 (Kahle et al., 2000).
However, | did not stain for phosphorylated ha-syn in this thesis, but it would be
interesting to conduct that in the future, especially at this early age of male and female
hA30P mice.

The results of this study showed there was a high level of ha-syn protein

overexpression spread across the whole hippocampus of 1-month-old male hA30P
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mice compared to WT mice. Again, as outlined in Chapter 3 section 3.4.1, | found a
preferential distribution of ha-syn to neurons situated in the deep SP layer of the
hippocampus. As discussed in Chapter 3 section 3.5.1 this phenomenon may be
explained by the expression of human a-syn protein being controlled by the Thy-1
promoter, as Thy-1 is more prominently expressed in the deep layer of the SP
(Dobbins et al., 2018, Slomianka et al., 2011b). Pyramidal cells exhibit heterogeneity
in their molecular, morphological, and functional levels corresponding to their
preferential location in deep versus superficial SP, within CA3 neurons (Sun et al.,
2017) and CA1 neurons (Valero and de la Prida, 2018) in the hippocampus.
Confirmation of a detectable amount of human a-syn in the hippocampus of
hA30P mice led us to continue in the investigation of its pathological effects at this

early age.

4.5.2 Increase in c-Fos+ nuclei/mm? in the CA3 Region of the Hippocampus of
1-Month Male hA30P Mice

To detect the pathological contributions resulting from overexpression of
human a-syn in the hippocampus of 1-month-old hA30P. | conducted IF staining with
c-Fos, the indirect marker of neuronal activity, before detecting neuroinflammation.
Interestingly, in contrast to the results observed at 2-4 months (Chapter 3) where c-
Fos expression was decreased, the IF staining at 1 month revealed a clear increase
in the number of nuclei containing c-Fos+ protein in the CA3 region of the
hippocampus compared to control. This suggests that at the same time as ha-syn
expression is evident, there was an early increase in neuronal activity resulting in a
transientincrease in c-Fos. As we have shown in Chapter 3 when c-Fos was measured
at 2-4 months this increase had become a decrease in relative control, likely reflecting
the longer period of neuronal excitability.

a-syn protein plays a role in the release of neurotransmitters and the transit of
vesicles (Jensen et al., 1998a) and it has been suggested that the hA30P mutation
leads to a-syn losing its vesicle-binding properties thus altering a-syn’s role in
neurotransmitter release (Jensen et al., 1998a). a-syn multimerization restricts the
trafficking and recycling of synaptic vesicle neurotransmitters (Wang et al., 2014). The

overexpression of a-syn leads to neuroinflammation which might be one cause of the
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increased neuronal hyperexcitability (Tzour et al., 2017) in the CA3 region of male
hA30P mice at this early age in the current study.

c-Fos expression changes in the hA30P mice were, therefore, found to be
biphasic, as the current study showed a transient initial increase in c-Fos in juvenile
mice, which may reflect an early increase in neuronal excitability, followed by the later
down-regulation following chronic network excitability changes. More recently, it has
been shown that in younger mice (2-4 months of age) hippocampal activity is abnormal
with increased power of the kainate-evoked gamma frequency oscillations and
evidence of epileptic-like activity with interictal discharges, which are not seen in wild-
type mice (Tweedy et al., 2021). This biphasic change in the neuronal activity indicated
by the change of c-Fos changes in expression that we observed in the current thesis
may be due to the progression in the neuroinflammatory state which caused an
alteration from hyperexcitability to chronic hyperexcitability in the mice by age from 1
month to 2-4 months.

There is robust evidence demonstrating that c-Fos expression diversely
influences the dynamics of networks associated with memory and learning (Gallo et
al., 2018). So, our observations may reveal an early change that could contribute to
the memory deficits of hA30P mice that occur at around 12 months (Kahle et al., 2000).
In future work, it would be interesting to monitor c-Fos expression changes in older

males and females in hA30P mice.

4.5.3 Increase in Reactive Astrocytes in the CA3 Region of the Hippocampus
of 1-month Male hA30P Mice

The results of this chapter found there were changes in various markers of
neuroinflammation in the CA3 region of the hippocampus of the hA30P mice even at
the early age of 1 month as represented by the increased levels of reactive astrocytes
in hA30P mice compared to sex and age-matched WT mice. As shown in hA30P mice
aged 2-4 months, (Chapter 3 section 3.4.8), we also found evidence for increased
reactive astrocytes at 1 month. This very early increase in reactive astrocytes may be
due to their role in the clearance of a-syn. In addition to astrocytes' role in the
homeostasis of the brain, mounting evidence suggests that they are implicated in
clearing extracellular aggregated proteins including a-syn via receptor-mediated
phagocytosis/pinocytosis (Giusti et al., 2024). TLRs are the potential candidates for
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taking up a-syn (Dzamko et al., 2017). As a part of the pattern recognition receptor
family, TLRs have been documented as overexpressed in both neurons and glia in PD
patients (Dzamko et al., 2017), and in transgenic PD/DLB mouse models
overexpressing a-syn (Watson et al.,, 2012). Despite this, the exact molecular
mechanisms of how astrocytes remove misfolded proteins are still unknown (Giusti et
al., 2024). Increased IF staining of GFAP antibody is associated with reactive
astrogliosis types (Anderson et al., 2014, Eddleston and Mucke, 1993), and my data
showed there was a significant increase in % area occupied by reactive astrocytes in
the CAS3 region in hA30P mice at 1-month of age in comparison with WT mice.

My results again showed a differential laminar distribution of GFAP expressing
astrocytes in the hippocampus of 1 month in both hA30P and WT mice, similar to that
seen at 2-4 months (Chapter 3) of age where astrocytes were predominantly located
in SO and SR, with few observed in SP.

| did, however, notice that in the 2-4 months older group the reactive astrocytes
were crowding closer to the SP layer and extending their process gradually in between
pyramidal neurons of the SP.

Astrocytes undergo reactive changes in their morphology as well as their
molecular, cellular, and functional profiles in response to CNS injury to minimize
damage to nearby neurons (Kwon and Koh, 2020). Although | did not quantify the
morphological changes in the reactive astrocytes of young hA30P mice, | did notice
that at 1-month age (mild neuroinflammation), the astrocytes showed extended
processes and increased ramifications. The changes at 2-4 months gradually increase
in the ramifications and lengthen the processes until they access the SP. That might
reflect the increasing severity of the neuroinflammation in the hippocampus of hA30P

mice due to the increase in a-syn with age.

4.5.4. Increase in Reactive Microglia in the Hippocampus of Male 1-Month
hA30P Mice

This thesis showed that both the % area of Iba-1+ microglia, and the total count
of Iba-1+ microglia were also significantly increased in the CA3 region of the
hippocampus in hA30P compared to WT mice at 1 month of age. These two results
may reflect an increase in the total count of microglia and/or an increase in their

process and ramifications at this early neuroinflammatory stage (Vidal-Itriago et al.,
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2022) in the hippocampus of hA30P mice. Activated microglia release reactive
oxygen/nitrogen species such as nitric oxide (NO) produced via iINOS (Stykel and
Ryan, 2022). The current result was in line with previous studies that showed microglia
releasing to INOS (Loveland et al., 2023) in the CA3 region of hA30P compared mice
even at 1 month of age.

Researchers now think that reactive microglia and a-syn aggregates are more
relevant than previously thought. Moreover, the progression of a-synucleinopathies
may also be influenced by these cells (Tanridver et al., 2020). It has been shown that
the activation of microglia contributes to the spread of a-syn lesions (George et al.,
2019, Grozdanov and Danzer, 2018). Recently, microglia have been shown to form
tunnelling nanotubes to move aggregated a-syn load to neighbouring microglia for
clearance (Scheiblich et al., 2021). In mice overexpressing human wild-type a-syn
under a Thy-1 promoter, a previous study also showed that as early as one month
there was evidence for activation of the microglia and the maintenance of
immunological responses to a-syn overexpression (Watson et al., 2012).

Although | did not quantify the morphological changes in reactive microglia, |
observed some differences between WT and hA30P mice as microglia exhibited
increased ramification of processes in hA30P mice. Alterations in microglia
morphology might indicate the transformation of microglia from a surveilling/silent state
to activated microglia due to acute or chronic stress phase, followed by an active/
phagocytic state in response to neuroinflammation severity. This result was
compatible with previous research (Edler et al., 2018, Vidal-Itriago et al., 2022). Also,
the observation of morphological changes in reactive microglia that occurred before
those of astrocytes in the CA3 region of hA30P mice in the current study confirmed
previous studies that reported that the reactive microglia showed an increase in
number and changed shape earlier than astrocytes (Bantle et al., 2021). However,
there is a possibility that dysfunction of the BBB caused an increase in the penetration
of peripheral macrophages (that are also labelled with Iba-1) (Laurent et al., 2017) in
the CA3 region of hA30P mice in the current study.

It would be worth studying the morphological changes of the microglia at
different disease stages of male and female hA30P mice in the future. The current
study used Iba-1 which stains all microglia types that are present in brain parenchyma
and the peripheral microglia as well, in addition to the use of INOS which is produced

in many cells other than reactive microglia. Using antibodies specific to the
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differentiation of microglia from other macrophages, such as antibodies against trans-
membrane protein 119 (Tmem119) would be important in the future. Tmem119 is a
highly expressed unique gene on the surface of the microglia cell (Bennett et al.,
2016). Also, it would be interesting to conduct differential quantification for the
microglia in the different layers of the hippocampus as | did for astrocytes, although

qualitatively microglia appeared to be more uniform in their distribution.

4.5.6 Effect of Metformin on Weight Gain in Male hA30P Mice

Evidence of the promising impact of metformin on
neuroprotection/neurogenesis is increasing day by day. Novel clinical studies prove
metformin’s ability to protect against the adverse effects of neurological diseases
including AD (Liao et al., 2021). In the brains of PD patients, metformin lessens
neuronal damage (Lu et al., 2020a). Metformin reverses schizophrenia in a rat model
(Wang et al., 2019). Metformin intake enhances the condition of Huntington’s disease
(HD) patients (Hervas et al., 2017) by improving the cognitive status. Also, it helps
Lafora disease patients (Bisulli et al., 2019) by possible reduction of seizure frequency
and enhancing general clinical improvement of patients.

|, therefore, wanted to conduct a pilot study to determine the potential for
metformin treatment to reverse the neuroinflammatory changes we have seen in the
hA30P mice. | first demonstrated that handling, and daily nasal administration of
metformin did not affect the mice using a daily score sheet. In addition, | showed in
the current study, that the metformin treatment regime did not affect the weight of the
mice compared to the vehicle-treated groups.

The dosage in the current study was low compared to the previous study by
Kazkayasi et al., 2022 when they used a volume of 28 pl intranasally with a dosage of
200 mg/kg/day for their mice (Kazkayasi et al., 2022). This dose of metformin seems
rather improbable as it is impossible to dissolve metformin at that concentration (Tocris
Bioscience, UK). The authors may have used a suspension of metformin, but they did
not mention that in their published paper, nor did they respond to our inquiry via email.
However, the dosage of 11.5 mg/kg that | used was not low compared with the dosage
of 20 mg/kg used by Fang et al., 2017 to effectively reduce CA1 region damage in a
neonatal hypoxic-ischemic rat model (Fang et al., 2017). Fang and his colleagues
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used a single dose of subcutaneous 20 mg/kg metformin and reported that 24 hours
after HI damage, metformin administration significantly reduced brain oedema and
infarct sizes. Metformin's neuroprotective and anti-neuroinflammation effects were
linked to a reduction in microglia, astrocytes, cytokines, and neuronal apoptosis, in
addition to enhanced integrity of the BBB (Fang et al., 2017).

4.5.7 Effect of Metformin in Reactive Astrocytes in the Hippocampus of Male
hA30P Mice

In general, the result of IF showed that metformin did not affect the increase in
GFAP we have previously observed in Chapter 2. | treated only three hA30P mice with
metformin, and the results were variable among these small groups as one mouse
showed a great reduction of the GFAP in the CA3, and that might be indication of
actual penetration of metformin to the hippocampus in the brain and had some effect.
Another mouse showed a slight decrease in GFAP expression, but the third mouse
showed a negative effect of metformin treatment where it exhibited an increase of %
area occupied by GFAP compared to the vehicle-treated group. This is in contrast to
another study in a sporadic AD mice model (C57BL/6 mice treated with STZ) a 200
mg/kg dosage of metformin injected intra-peritoneal for two weeks resulted in a
reduction of astrocyte reactivity and microglial activation in the hippocampus of 5-6
months old mice (Rabieipoor et al., 2023). The difference in the results of our study
might be due to the much lower dose of metformin that | used (keeping in mind that
STZ used in medical research to produce an animal model for hyperglycemia and
Alzheimer's in a large dose) but it has been shown that a single 20 mg/kg dose of
subcutaneously metformin treatment did inhibit TLR4/NFkB signalling, which in turn
reduces activated astrocytes and microglia and neuronal apoptosis in the CA1 region
of the hippocampus, (Fang et al., 2017). Therefore, we hypothesized that metformin
might be able to reduce the increase in reactive astrocytes seen in the hA30P mice.
Our data, however, do not show a marked change in GFAP expression following
metformin treatment, although it is possible that with a greater number of animals, we
might have seen a statistically significant reduction in GFAP. Another reason we did
not see a significant reduction in reactive astrocytes in the current study may be due

the two-day gap in treatment over the weekends.
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It is worth trying to treat mice for continuous days without gaps in future studies
and also possibly twice daily injections while keeping the same concentration of

metformin and the same route of administration.

4.5.8 Metformin Reduced Reactive Microglial in Male hA30P Mice

Immunofluorescence results of the current study showed there was no
significant difference in the total count of Iba-1/mm? in the CA3 region of the
hippocampus of metformin-treated male hA30P mice, nor the count of reactive
microglia/mm? compared to vehicle mice. However, interestingly the proportion of the
number of microglia that co-expressed INOS was significantly reduced in the
metformin-treated hA30P mice compared to vehicle mice. These data, therefore,
suggest that metformin treatment in the hA30P mice was able to significantly reduce
the number of reactive microglia seen in the CA3 region. This reduction in reactive
microglia was compatible with many other studies' findings that used metformin as an
anti-inflammatory drug (Liu et al., 2014, Lu et al., 2020b, Ou et al., 2018, Tizazu et al.,
2019). For examples:

Metformin can suppress the activation of microglia in a mouse model of PD
(Ryu et al., 2020). Chemokines and cytokines enzymes such as iNOS, IL-6, IL-1[3, and
TNF-a are involved in neonatal cerebral inflammation after neonatal hypoxic-ischemic
brain injury (Vezzani and Viviani, 2015). Genes transcription of these pro-inflammatory
enzymes is influenced by the activation of nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) (Nijboer et al., 2009). Oral administration of 50 mg/kg
metformin for four weeks suppressed activation of microglia and reduced levels of
proinflammatory cytokines (TNF- and IL-1) in a mice model of PD (Ryu et al., 2020).

Jing et al. (2018) investigated how metformin reduced chronic low-grade
inflammation in high-fat-diet-fed C57/6J male mice. Jing and his team used ELISA,
and flow cytometry, for the markers CD11c and MCP-1 in adipose tissue. Metformin
(300 mg/kg/d) administered orally for 7 weeks could turn microglia of the M2 pro-
inflammatory state into an anti-inflammatory M1 type phenotype via elevated levels of
the anti-inflammatory cytokine interleukin-10 (IL-6) and TNF-a in serum, in addition to
a reduction in CD11c and MCP-1 compared with control cells. They demonstrated that
the modulation of macrophage polarization to an anti-inflammatory, M2 phenotype was

partly due to the activation of AMPK signalling (Jing et al., 2018).

129



Studies showed that nuclear factor (NF) protects the brain by regulating the
dephosphorylation of the Tau protein (Docrat et al., 2021). Metformin has been shown
to inhibit NF-kB in various cell types and reduce their production of proinflammatory
cytokines (Du et al., 2022a) and in male Sprague—Dawley rats (Zhu et al., 2015). All
these anti-inflammatory actions of metformin could have contributed to the reduction

in the number of INOS labelled microglia that | saw in this study following treatment.

4.5.9 Effect of Metformin in c-Fos in the Hippocampus of Male hA30P Mice

This study showed that metformin did not significantly alter the c-Fos
expression in treated mice compared to vehicle mice in both the WT and hA30P mice.
However, there was a trend to increase c-Fos in metformin-treated mice compared to
the vehicle group, which may indicate there was possibly an action to reduce neuronal
hyperexcitability. Earlier, we showed that c-Fos expression changes are biphasic,
there was an early increase in c-Fos which indicated a neuronal hyperexcitability,
followed by down-regulation in c-Fos which indicated a chronic hyperexcitability
excitability changes. The trend of increase in c-Fos in metformin-treated hA30P mice
might be due to its effect of mitigating neuroinflammation by the treatment of metformin
(Liu etal., 2014, Lu et al., 2020a, Ou et al., 2018, Tizazu et al., 2019), as the following
sections will show.

Also, the trend of increase in c-Fos in treated hA3P mice might be due to its
ability to regulate releasing of glutamate in the synapsis and attenuate
hyperexcitability. mTOR is increased in neurological disorders (Zhao et al., 2020,
Norwitz and Querfurth, 2020). Although the mechanisms of action of metformin are
not completely known, by activating the AMPK pathway, metformin suppresses the
mTOR signalling which has been shown to regulate many crucial cellular activities
(DiTacchio et al., 2015). Metformin has also been shown to regulate glutamate release
at presynaptic terminals, and the effect occurs independently of AMPK (Chen et al.,
2020). In addition, it has a role in alleviating pain related to diabetic neuropathy through
attenuating hyperexcitability in sensory neurons (Ma et al., 2015). By intraperitoneal
injection of STZ in rats Ma et al., 2015, demonstrated that metformin can mitigate
diabetes-induced hyperalgesia and allodynia, which might be associated with its anti-
oxidative properties through the AMPK pathway (Ma et al., 2015). So, they suggested

it as an effective drug for abnormal sensations in painful diabetic neuropathy but
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indirectly this suggests that metformin may be able to alter neuronal activity levels and
thus could impact c-Fos expression.

Our findings in the current thesis were in line with the above findings. Using
more specific antibodies and a larger group size of mice might find more supportive
evidence for the role of metformin in ameliorating a-synucleinopathy.

For future work it is recommended to use micro-dialysis, or liquid
chromatography-tandem mass spectrometry to determine the concentration of
drugs in specific tissue.

However, | found that there was some variation among the metformin-treated
hA30P mice (N=3) used in the current study, which may be due to different responses
toward the delivery route of the intranasal method. Foo et al. 2007, stated that the
variation in respiration rate and administration angle caused inter-individual and/or
inter-trial variability in intranasal delivery to the brain. Effectiveness-wise, intranasal
injection of a solution or administration as a spray will undoubtedly have the advantage
of delivering the drug to the brain, avoiding the first-pass effect, and providing a quick
effect; however, the device plume angle and administration angle were major factors
affecting nasal deposition efficiency in the case of nasal administration using nasal
spray (Foo et al., 2007).

Overall, the metformin pilot study conducted during this thesis work had some
limitation factors, such as dosage and duration of treatment. The small group size was
a limitation statistically because when the sample is larger in size and random in
choice, it becomes more representative of the population and stronger statistically.

Despite the tolerance for mice towards metformin and the delivery route in this
experiment, there were some issues. | could summarize them as the following:

Using an intranasal delivery route for the first time in the CBC of Newcastle
University and applying the 3Rs to get a valuable statistically accepted result was a
big challenge. Therefore, we chose to use a small number of mice to conduct this pilot
study. Also, using a small drop of 14 pl/day only of metformin solution with a
concentration of 100 mM (the maximum solubility) was suitable for the small nasal
cavity of the juvenile mice. It is possible giving a repeat dose (twice/day) will give
better results in future work. Skipping the weekend days without treatment may also
have affected the treatment regime as the drug presumably reduces to a low
concentration during these days. All these factors might negatively affect our results

in this thesis.
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Also, it will be beneficial to use more accurate detection methods like PCR, real-
time PCR, Western blot consecutive, and proteomic analysis to measure markers at
a molecular level difference such as enzymes, chemokines, and cytokines between

treated and vehicle mice.

4.6 Conclusion

This chapter's findings showed that the young 1-month male hA30P mice
showed a detectable overexpression of human mutant a-syn accumulation by IF
staining and exerted gliosis well in advance of any known motor or cognitive
abnormalities even at this early age (Kahle et al., 2000, Freichel et al., 2007). The
current results suggested a close association between early neuronal hyperexcitability
and neuroinflammation (Kilb and Kirischuk, 2022, Andersen et al., 2023, Kouli et al.,
2020). Hyperexcitability, which we have previously observed in young hA30P mice
(Tweedy et al., 2021), was proposed to count for the upregulation of c-Fos seen in
young hA30P mice. The result showed that 1-month hA30P mice experienced an
increase in c-Fos that was coupled with a marked increase in both reactive astrocytes
and microglia. Depending on morphological changes in microglia in the CA3 region of
1, 2-4 months hA30P mice, my observation showed a transition of microglia from an
M2 anti-inflammatory state to M1 to a pro-inflammatory state, although | did not
quantify these changes. This chapter revealed obvious neuroinflammation and
neuronal changes in the hippocampus of 1-month hA30P mice.

Intranasal metformin treatment was tolerated well by the mice and did not show
observable side effects. However, the dosage of 11.5 mg/kg for five days weekly for 4
week regime, did not affect significantly both of % area occupied by reactive astrocytes
or the total count of microglia/mm? in the CA3 region of hA30P mice compared to the
vehicle. However, metformin-treated mice showed a significant reduction of INOS
expression in the microglia of the hippocampus compared to the vehicle. This result
was compatible with many previous studies, which demonstrated the neuroprotective

and anti-inflammatory role of metformin.
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Chapter 5

Proteome Cytokine Array and Proteomics Analysis of the
Hippocampus of Male 2 Months hA30P and WT Mice






5.1 Introduction

The data reported in Chapters 3, and 4 showed changes in various
neuroinflammatory markers in the young pre-symptomatic hA30P mice. In this
chapter, | aimed to investigate the role of neuroinflammation further and explore other
potential pathways that might be modulated by human mutant a-syn in the hA30P
mice. | therefore decided to explore other possible pathways using the proteome
cytokine array Kit, and Label-free mass spectrometry (LF-MS) Proteomics to detect
possible effects of a-synucleinopathy in 2-month age hA30P mice.

| predicted that several other pathways might show altered levels of expression
in hA30P resulting from abnormal a-syn expression. Autophagy is one pathway that is
essential for neuronal homeostasis, primarily as a housekeeping mechanism to
prevent protein aggregates, including a-syn, and defective organelles from
accumulating. Balanced, bidirectional trafficking of intracellular constituents between
distal neurites and the cell soma is required for neuronal homeostasis (Gunn et al.,
2018). Autophagosomes and endosomes that fuse in the distal axon of neurons must
be retrogradely transported to the soma to fuse with lysosomes where their contents
are degraded (Crews et al.,, 2010). Thus, modest alterations in autophagosome
formation, maturation, or trafficking would be expected to have disastrous
consequences for autophagic flux and neuronal homeostasis, because aggregated
protein accumulation in the brain is frequent in various neurodegenerative disorders
(Gunn et al., 2018). Recent research suggests that increasing autophagy in mouse
models of neurodegenerative diseases can reduce disease protein accumulation,
protect against toxicity associated with protein aggregation, and have potential
therapeutic benefits (Heras-Sandoval et al., 2020). Thus, | was interested to see if
changes in the expression of proteins involved in autophagy were evident in 2-month-
old hA30P mice.

Aggregations of a-syn lead to a multitude of other harmful intracellular effects,
such as an increase in oxidative stress, disruption of axonal transport, degradation of
the ubiquitin-proteosome machinery, impaired mitochondrial function, and synaptic
dysfunction (Irwin et al., 2013, Hsu et al., 2000, Scott et al., 2010).

Other changes that might be relevant and occurring in young hA30P mice

include potential changes in mitochondria. Mitochondria are exceptionally well-
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positioned to play a critical role in neuronal cell survival because they are key
regulators of energy production in the neurons (Thellung et al.,, 2019). They are
responsible for the production of the energy molecule ATP, and endogenous ROS, in
addition to homeostasis of intracellular calcium ions, and programmed cell death
(apoptosis) (Thellung et al., 2019). Mitochondria appear to be particularly vulnerable
to physiological aging because they experience the most extreme age-related
changes, including structural degeneration such as swelling and cristae loss, partial or
total disintegration of the mitochondrial inner membrane (MIM), decreased respiration,
and loss of ATP production (Turrens and Boveris, 1980). Furthermore, brain cells rely
heavily on mitochondrial oxidative phosphorylation machinery (OXPHOS), which
includes respiratory complexes (Graziotto et al., 2012).

Evidence has accumulated indicating that mitochondria may also be prone to
selective destruction by mitophagy, the process of collecting and degrading damaged
mitochondria by lysosomes. Mitophagy is essential for the removal of defective
mitochondria and mutant mitochondrial deoxyribonucleic acid DNA (mtDNA) since
DNA repair in mitochondria is significantly less robust than in the nucleus (Larsen et
al., 2005). There have been numerous instances where mitochondria have been
localized within autophagosomes (Koopman et al., 2010).

Both a-syn misfolding/aggregation and mitochondrial dysfunctions have been
studied extensively about neuronal degeneration in PD (Exner et al., 2012) (Bose and
Beal, 2016). The mitochondria involve mitochondrial complex | of the nicotinamide
adenine dinucleotide (NAD+)/NADH is considered an integral element of the OXPHOS
(Thellung et al., 2019). Complex | (NADH-ubiquinone oxidoreductase) is the first
complex in the electron transport chain (ETC) and catalyses the electron transfer from
NADH oxidation to ubiquinone. This electron transport is linked to the pumping of
protons across the IMM, which contributes to the electrochemical gradient required for
ATP production via Complex V or ATP synthase (Wirth et al., 2016, Koopman et al.,
2010). Interfering of abnormal a-syn in mitochondria’s function and structure has been
widely reported (Zhu et al., 2016). A plethora of evidence suggests that the aetiology
and progression of PD might be related to impaired autophagy clearance and
mitochondrial dysfunctions. These dysfunctions include bioenergetics and calcium
handling defects, and there is evidence showing that a-syn contributed to the
physiological and pathological impairment of mitochondria (Zhu et al., 2016). Some

mitochondrial processes, including cytochrome c release, calcium homeostasis, and
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ATP production, are directly affected by a-syn (Zhu et al., 2016). It has been shown
that cellular a-syn can selectively localize to mitochondrial sub-compartments upon
specific stimuli, suggesting novel mechanisms by which a-syn can act. Thus, |
expected that | might see changes in the expression levels of proteins associated with
mitochondrial function in the hA30P mice.

Recent research showed there is a specific innate immune pathway that helps
to prevent viral and bacterial infections by recognizing fragments of DNA in cells (Liu
et al., 2021). A toxin operating on cyclic guanosine monophosphate (GMP) — ATP
(cGAMP) synthase (cGAS) can activate the protein stimulator of the interferon gene
(STING) when DNA fragments bind to it (Liu et al., 2021). In addition to recognizing
fragments of self-DNA arising from released mitochondrial DNA or damaged genomic
DNA, cGAS also recognizes DNA derived from invading pathogens (Liu et al., 2021).

There is mounting evidence demonstrating that mitochondrial dysfunction
develops before the onset of symptoms in PD (Thellung et al., 2019). Thus, it is
possible that mitochondrial dysfunction could be a very early change in the hA30P
mice as suggested by Tweedy et al 2021 (Tweedy et al., 2021). The cGAS/STING
pathway also plays a role in the brain's response to pathological aggregation of a-syn
(Hinkle et al., 2022). Furthermore, in primary mixed glial and human postmortem tissue
cultures for PD, misfolded a-syn may also cause genomic DNA damage to microglia,
which triggers cGAS/STING-driven neuroinflammation and is a key mechanism of
neurodegeneration (Hinkle et al., 2022). Multiple system atrophy (MSA) is also
associated with the activation of STING by a-synucleinopathy. According to recent
studies in human postmortem MSA tissue, astrocytes were found to be activated by
STING (Inoue et al., 2021). Also, enhanced mitochondrial oxidative stress and DNA
damage have been seen in transgenic mice overexpressing human wildtype a-syn
(Bender et al., 2013). We, therefore, hypothesized that proteomic analysis of the
hippocampus of young hA30P mice may shed light on a-syn-induced changes in
autophagy, mitochondria, and oxidative stress pathways.
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5.2 Aims

The principal aims of this chapter were to measure inflammatory activity via
quantification of Chemokine and Cytokine expression, and look at other pathways
induced by overexpression of a-syn in the hippocampus of male 2-month-old hA30P
mice compared to age and sex-matched WT mice, by using two methods:

1- Proteome cytokine array Kit

2- LF-MS Proteomics.

Detection and quantification of the consequences of aggregation of a-syn protein
in prodromal stages of diseases is important for understanding pathophysiological

events that may lead to developing better diagnostic tools and/or therapies.

5.3 Methods

5.3.1 Animals

WT (C57BL/6) mice were bought from outside vendors (Charles River) and
used as controls. The hA30P was an in-house breeding colony in the CBC facility at
Newcastle University housed according to ARRIVE guidelines. In this chapter, | used
5 male 2-month-old hA30P mice and another 5 sex and age-matched WT mice. For
each mouse, one hippocampus lysate was used in the proteome cytokine array, and
the other hippocampus went to LF-MS proteomics analysis. For analysis of the
hippocampus fresh brain tissue, | sacrificed mice by Schedule 1, a humane Kkilling
regulated procedure under ASPA. | used the dislocation of the neck method, and then

| isolated the hippocampus in the following steps.

5.3.2 Hippocampus Dissection

| carried out the protocol approved by the veterinary office of Zurich
(https://www.youtube.com/watch?v=XUblOG1Euf4), with minor modifications. A cold
surface was needed to preserve brain tissue during the dissection, so a pre-chilled
metal cleaned plate was used in addition to the usual dissecting tools. The dissection
process steps are illustrated in Figure 5.1, as the following steps:
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Using schedule 1, the neck was dislocated. The brains were then isolated from

the skull and rinsed with cold PBS to remove excess blood from the brain. The
brain was then placed on the cold plate on the ventral side. Blotting paper,
moistened with PBS, and placed on the cold dissection surface beforehand
prevented the brain from sliding too much.
The prefrontal cortex was trimmed off by cutting the brain coronally from the
middle and stored separately. Then the following steps were used to dissect
the hippocampi (Fig. 5.1 images 1-5) (I modified only step-in image 3, by cutting
the brain coronally instead of sagittally to spare the prefrontal cortex as a whole
unit).

A cut along the groove of the inter-hemispheric fissure with a scalpel blade
perpendicular to the plate was done. Then the two halves of the brain were
gently pulled apart. The brain half was then oriented with the lateral side
upward. Fresh tissue allowed us to distinguish different brain parts based on
their colour differences (Fig. 5.1 images 6-7).

The posterior parts of the brain were removed by cutting along the border of the
cerebral cortex. Then the remaining tissue was flipped so that the medial side
faced upwards (Fig. 5.1 images 6-7).

The hippocampus medial surface tissue was isolated by inserting the tip of one
spatula underneath the corpus callosum and gently pulling out the thalamus,
septum, and underlying stratum, removing this block of tissue using the other

spatula (Fig. 5.1 images 8-9).

The banana-shaped hippocampus was easy to recognize at this stage. The
hippocampus was removed carefully by placing the tip of the spatula under the
ventral part of the hippocampus, rolling it out, and separating it from the cortex
so there was no damage to the hippocampus (Fig. 5.1 images 10-12). Any
remaining pieces of cortex were cut away since the cortex appears different in
colour from the hippocampus. Immediately the isolated hippocampus was

transferred to a labelled Eppendorf tube with liquid nitrogen for two minutes,
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https://www.youtube.com/watch?v=XUbIOG1Euf4

5.3.3 Tissue Lysis Preparation

After isolating the hippocampi, one hippocampus was used to prepare lysate
for cytokine array work. Cytokine Proteome ProfilerTM Array (Mouse Cytokine Array
Panel A) was purchased from biotechne? R&D SYSTEMS. The average weight of the
hippocampus in mice aged 2 months was ~15 mg. Based on previous research using
the same kit, 100 pg for mouse hippocampal lysate was processed following the
manufacturer’s instructions (Scuderi et al., 2018, Beggiato et al., 2020). That means
a 1:15 dilution would be sufficient for the homogenization of the hippocampus because
it is expected to contain protein > 10 ug/pL. The resulting yield provided protein
concentration > 10 ug/uL would be enough protein required for the reaction of
antibody-antigen of the membrane due to the kit (Scuderi et al., 2018, Beggiato et al.,
2020). WT mice would be expected to contain no, or low, cytokines concentrations
therefore | used 1000 pug per membrane to avoid a weak signal. In summary, lysate of
one hippocampus homogenized in 1 ml BPS should be sufficient to give a reaction in
the array.

To avoid degradation of the proteins in the samples/solution during the
preparation of the lysate | used cold solutions and an ice bath as recommended. The
following steps explain the tissue homogenization for the Mouse Cytokine Array Panel
A kit material and procedure:

1. 200 ml of ice-cold PBS was prepared.

2. 10 ml of 1X PBS with 1 complete mini protease inhibitor cocktail tablet was
vortexed.

3. Homogenization of hippocampal tissue with 1X PBS at 1:15 (w: v) was achieved
by adding 1% Triton-X 100 (approximately 3 pl) followed by a protease inhibitor
cocktail (150 pl per hippocampus). Then quick vertexing and passing the tissue
multiple times through 1000 ul and 200 pl tips of the insulin syringe needle was
the easiest way to accomplish hippocampus tissue homogenization.

4. Lysate was then frozen at -70° C for at least 2 hours, then thawing the tissue
was an essential step to complete lysis of the tissue.

5. The samples were then centrifuged at 10,000xg for 5 minutes at 4°C to split the

debris from the supernatant.
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6. The Bicinchoninic assay (BCA), a colorimetric test based on copper that is used
to quantify the protein, was performed to determine the protein concentration

of the used samples.

5.3.4 Preparation Standards for Measuring Protein Concentration:

To determine the protein concentration in the hippocampal lysate, the BCA

method depending on the following steps:

1. To prepare the solution, 100 mg of bovine serum albumin (BSA) powder was
dissolved in an amount of PBS 1X, resulting in a 10 mg/ml concentration at the

end of the procedure.

2. To prepare 1000 ug/ml, 1 ml of the solution above was diluted with 9 ml of PBS
1X. 8 Eppendorf tubes of BSA 1000, 800, 600, 400,200, 100, 50, and 0.0 pg/mi
were prepared.

3. 190 pl of A+B (50:1) standards were added to the first and second columns of
a 96 well-plate (usually prepared by mixing 4900 ul of A+B and 100 ul of A+B)
standards to the third and fourth columns, two for the WT lysis and two for the
hA30P lysis, followed by the addition of 10 pl of 0.0 g/ml standard
concentrations as duplicates to A1 and A2. Then, 10 yl each of 50 g/ml
standard concentration was added to B1 and B2. A duplicate of 10 ul at 100
g/ml standard concentration was added in C1 and C2. A duplicate of 10 ul at
1000 g/ml standard concentration was also added in C1. From the WT lysis,
10 pl was added to A3 and A4. From the hA30P lysis, 10 pul was added to B3
and B4. It was important to avoid air bubbles when mixing each addition. 96
well-plate standards were diluted 1:50 (1 pl tissue lysis + 49 ul 1X PBS) before
use.

4. The plate was left at room temperature for 30 minutes.

5. To quantify hippocampus protein concentration. | measured the absorbance
by a spectrophotometer for the whole 96 well-plate and plotted the absorbance
reading (Fig 5.2).

140



) LIXWH 4 XDQWIFDMRQ Rl 3LRMOQ &ROFHQADMRQ 7KH SBWWKRZV WH UHDMRQKIS EHEHHQ
DEVRUEDQFH UDAQJ LQD VSHAMRSKRRP HMUDW QP Z DYHBIQJ \W DQG WH FROFHORDIRQR! H WDRMG
SURMOQIURP KISSRFDP SDONVXH VDWW RQ\WH YFIQFKRQQIE DWD\

0 RXVH &\ VRNLOH $ UD\ 3 DQHOS

7R P HDVXUH P\ \RNGHY DQG FKHP RNGHY BIYHY' 1Q WH KISSRFDP SXV OVDWM D
FRP P HIADONVDYDIDE®! ILRP EIRMFKQH 5 ' 6<67( 06 $EQIGRQS. 3WRMRPH
3WRIBI® $WD 0 RXVH&\\RNCH$WD 3DQHGS ZMW&DI® 1XPEHU$5<  ZDV
XVHGE\ DSSOLQI WH P DQXI DPXUHY IQARKPURQY

0 RXVH&\ \RNGH$ WD\ 3 DQHGS GlLIHHQIWY P\ \RNGHY BIYHY EHE HHQVDP SV
B\ GHMAIRY VIP XBBCHRX\VO : MMRXWSHURP IQ] QXP HIRXV [P P XGRDWD\V  IWIY
SRWEG! \R GHWMP I0H UHDIWH BVHY R H SUWMRQ IRU P RXVH PORNGHV Z WK
GHWRIRQ DQIERGHY QAMG [Q\WH NWBDIOMW DSSHQE[ 7 DE®!

3IRMRP H 3WRIBU 0 RX\VH &\ \RNGH $UD\ . IW 3DQHO$ XVHV D VDQEZ IFK
IP P XQROWD\ RQ QUWRFHO®WH P HP ELDQHY \WDWKDYH EHHQ VSRWHG Z W FDS\WUH

DQUIERGHV 1Q GXSTFDM
7 KH SURFHGXUWH Rl WH NWWQYROHG \WUHH P DIQ \AMSV

6WS  7KHVDP SGV Z HIH QOWG DQG P If HG Z M D FRANWMICRI EIRID. QWG GHWMRIRQ
DQNERAHV

i of



Step 2: The sample-antibody mixture was placed on the Mouse Cytokine Array
membranes for incubation. Membrane-immobilized captured antibodies (spotted in

duplicate) were bonded to any cytokine/detection antibody complex present.

Step 3: After a wash to remove unbound material, Streptavidin-HRP, and
chemiluminescent detection reagents were added sequentially. Chemiluminescent
detection reagents were used to visualize captured proteins. There was a proportional
increase in light production at each spot based on the amount of cytokine bound.
There is a video showing the procedure at https://www.youtube.com/watch?v=1It1f_-

Elwg.

Table 5.1: Mouse Cytokines of the Array Panel A

Target Target
BLC IL-16
C5/Cb5a IL-17
G-CSF IL-23
GM-CSF IL-27
1-309 IP-10
Eotaxin I-TAC
sICAM-1 KC
IFN-Y M-CSF
IL-1a JE
g MCP-5
IL-1ra MIG
IL-2 MIP-1a
IL-3 MIP1
IL-4 MIP-2
IL-5 RANTES
IL-6 SDF-1
IL-7 TARC
IL-10 TIMP-1
IL-13 TNF-a
IL-12 p70 TREM-1
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5.3.7 LF-MS Proteomics Analysis

In this analysis, the hippocampi from the opposite hemisphere of the mice used
in the cytokine array above were used. The labelled frozen hippocampi of WT and
hA30P mice were sent off to the Protein and Proteomics unit at Newcastle University,
where their proteomic analysis protocol was applied.

In summary, the LF-MS process included the homogenization of hippocampus
tissue, after that the extracted protein was alkylated and acidified by S-trap cartridges.
Then, it was digested with trypsin enzyme. The resulting peptide samples were
injected in Exploris 480 via Thermo Scientific liquid chromatography-mass
spectrometry (LC-MS) instrument. The peptides were separated using UltiMate 3000
RSLCnano HPLC (Tyanova et al., 2016) (Fig. 5.4).

5.3.8 Proteomic Statistical Analysis

An alignment was performed between the raw proteomic data (peptide
sequence intensity) acquired from the Protein and Proteomics Unit and the known
sequences of proteins via MaxQuant v2.0.3.0 program. Peptides that aligned with less
than at least two unique peptide hits were discarded. Averages of the five most
sequence-intense peptides related to a given protein indicated the abundance of that
protein. Excel was used to log2 transform and normalize the data for both hA30P
cases (N = 5) and WT cases (N = 5). To control the unequal loading during peptide
injection in the LC-MS instrument, the medians of each data set of a protein were
equalized and adjusted by using the subtract function in the Perseus program for
normalization. The analysis excludes peptides that are not present in 100% of all used

hippocampal lysate peptides of hA30P or WT mice.
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A report of the results was generated to include protein groups. | received the
report from the Protein and Proteomics Unit and conducted further processing in
Perseus (version 1.6.15.0). Then the data were pooled to compare hA30P cases
versus WT cases. According to the normal distribution of the data, the values are
imputed in the Perseus program. The confidence cut-off representative of the False
Discovery Rate (FDR) was applied to the search result file on both peptide and protein
levels. The FDR was estimated in Perseus using a two-sample t-test, and permutation-
based algorithm. The FDR is a statistical term to adjust the p-value of multiple
comparisons, calculated as follows: false positives/false positives plus true positives.
When the cutoff of FDR is smaller, more emphasis is placed on changes that result
from the statistical calculation. So, that | depended on FDR = 0.05. The s0 is used to
minimize the coefficient of variation. The sO adjusts the relative importance of the p-
value of a t-test and the difference between medians. When s0O equals 0 only the p-
value matters, but also at non-zero s0 the difference of medians plays a role. The data
of the current study that presented Perseus with a threshold of sO = 0.1 is close enough
to zero to make the p-value matter more.

After the FDR analysis, those proteins that were significantly elevated or
downregulated (in hA30P hippocampi compared to WT) were submitted to the Gene
Ontology Reporter Database for Annotation, Visualization, and Integrated Discovery
(DAVID) website (https://david.ncifcrf.gov/tools.jsp) (Dennis et al., 2003, Huang et al.,
2007). The analysis was performed to identify biological processes enriched above
the background group (all hA30P data were detected with significance thresholds of
FDR<0.05, and sO = 0.1). In addition, STRING, a database for evidenced and
predicted interaction among proteins, (1.6.15.0) (https://string-db.org/) was used to
visualize interactions between proteins in upregulated and downregulated groups.
Network enrichment values were calculated using the full background proteomic set.
STRING produces a network of potential protein interactions (PPI) between proteins
in a network, where each node in the network represents a protein, and the thickness
of the edges (lines connecting nodes) corresponds to the strength of the confidence
of the protein interactions. The strength of the interaction score in STRING indicates
the confidence of how much this database judges a particular interaction as true
depending on the available knowledge from previous research findings. In Prism 9.0
(GraphPad Software, USA), scatter plot analysis was performed using a non-

parametric Mann-Whitney test with a significance threshold of p<0.05. Then, |
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analysed some proteins/genes that had a more significant difference by further

bioinformatics tools available in GeneCards (https://www.genecards.org/).

5.4 Results

5.4.1 Mouse Cytokine Array Panel a Result

The results obtained using the commercial cytokine array (Fig 5.3) were
variable, although, | got a reliable protein concentration for every hippocampal lysate,
and precisely followed the manufacturer’s instructions. | kept all the steps of the
experiment constant and used the same lysate of WT and the same lysate of hA30P.
Overall, | conducted three different runs to try to obtain consistent results. The different
runs were as follows:

The cytokine array kit had 4 nitrocellulose membranes with sequenced printed
numbers as codes for labelling. For example, a kit had numbers B1017, B1018,
B1019, and B1020. For the 1st experiment, | used WT lysate for the 1st membrane
(odd number) and hA30P lysate for the 2nd membrane (even number). The result of
pixel densitometry showed that most cytokine values were greater in the hA30P
compared to WT mice. In the 2nd experiment, | used the membranes with an even
number for WT and those with an odd number for hA30P lysate which gave a
completely opposite result.

Finally, in the 3rd experiment, | repeated the experiment using only one hA30P
hippocampus lysate sample. Surprisingly, the result showed different pixel
densitometry in the two treated membranes (Fig. 5.5). When we contacted the
manufacturer company, they suggested that the densitometry measures in my
experiment were perhaps too low and therefore under the detection threshold for the
array.

When | analysed the data, each experimental run gave statistically significant
differences (Fig. 5.6). For example, interleukin 23 (IL-23) was significantly increased
in hA30P mice in Experiment 1 but significantly decreased in Experiment 2 compared
to WT. Then in Experiment 3 with the same lysate the hA30P sample was significantly
different from itself (Fig 5.6).

147



YJUXH & VRNQH$UD\ 5HVX®V, JRADUDEGI VXV E\ XMIQ) \WH VDP H SURMOQ OVDW | RUKH \WUHH
H SHIP HON $ &\ \RNGQHS$ WD\ ( [ SHUP HQNV VKRZ HGDMI QUEDQACFUDVHIQ,/  LQWH KISSRFDP SXV
RKS 3 FRPSDUHGWR: 7 PIFH % ([ SHUP HQN VKRZ HGDQRSSRVIW UHVXGVDIKRXJ K \WH VDP H OVDW
R H SHIP HON ZDVXVHG & 9% XVIQJ WH VDP H SIRMQ OVDM R RQD K$ 3 R H SHUP HQV  \KH
UHVXEWKRZ HG \WHUH Z DV D VLI QUEDQWAL HUHQRH EHE HHQ WH QUIRFHG®VH P HP ELDGHV

i 80



YJUXH & BNQH$UD /  5HVX®V, JRAWDUDEGI VXV E\ XMIQ) \WH VDP H SURMQOVDM IRUWH
WUH HSHIPHQN $ &\ \RNCH $UD. ( [SHIPHQN WKRZHG D WQUEDQMQFUHDVH 1Q /  1Q \WWH
KISSRFDP SXVR K$ 3 FRPSDUIHG\R: 7 PIFH % ([ SHUP HQV VKRZ HG DQ RSSRVIMM UHVX@VDAKRXIK
\WH VDP H OVDIM R H SHUP HQV ZDVXVHG & 98 XVIQJ \WH VDP H SIRMQOVDMR DK$ 3 PRXVHR
H SHIP HOV  \WH UMVXOVWKRZHG WHUH ZDV D VW QUEDQNGLIHHGFH EHREHHQ \WH QUWRFHO®WH
P HP EULDGHV

QYIHZ R \KH YDUDEIDV 1Q \WH DERYH P\ \RNGH DUD. H SHUP HQN , Z HQARQ\R
FRQGXPWD SURMRP IE DQDOMY RN\ RXQJ : 7 YHWXVKS 3 KISSRFDP SXV

/ DEHO) HHO DW 6 SHFARP HWM /) 06 3WRWRP LFV 5 HVXAQV

QWY H SHIP HQV, X\HG PDBI PROKRGK$ 3 P IFHEWHG IQ KRXVH DQG
DQRKHU VH DQGDIH P DWKHG: 7 ERXJKWQ IURP  DQ H WALDOSURYIGHURQ GLLIHBHQW
DMV 7 KHVFDWHUSEVR SUQRISDOFRP SRCHQDQDOMY 3&$ LKLY DWHP SVWOOMADWG
\WDWKHUH ZDV D GLHHQAH EHEHHQ K$ 3 DQG: 7 KISSRFDP SDOSURMOQ FROMQN
SIRMRP IV EXWZKI®! WH K$ 3 JURXS VHHP HG \R EH FROUMMQW\WH : 7 P IEH
VKRZ HG D FROVGHIDE®! VSUDG R CDW ,Q WY FDVH WH UHVX@WEG QRAGHQM P DQ
SIRMOQV WDWZ HIH VI QUFDQ® GlLIHHQAEHE HHQ WH H SHUP HQBOJURXSV 7R VROH
WY VWDMRQ ZH WDQ D QHZ /) 06 H SHIP HOMHHSIQ) WH \DPH K$ 3 P IFH
KISSRFDP SDONAVXH VDP SBV EXVWD QHZ JURXS R ;7 JURXS WDVWKDG DOR EHHQEUHGIQ
KRXAWH 1Q WH &%& R 1 HZ FDW®I 8 QYHIW 7KLY WP H WH 3&$ UHVXGMG LQ FED®D
VHSDUDMG J IRXSV EHEHHQ: 7 DQGK$ 3 PIEH )
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YJLUXWH 6 FDWHMU3 BB UQFISDO& RP SROHQWS QDOVIY 3&$  $ 5 HSUHVHQIMG WH I SHUP HQW/
R/) 06 XVMQI K$ 3 P IFH\WDWKDG EHHQEWHG IQWH &%& DQG: 7 P IFH \WDWKDG EHHQ ERXJKWURP

\WH H \MEQDCSURYIGHU DWGLHIHQAGDMY 7 KH UHVX@WKRZ HG \WHUH Z DV DQ IQMIDPURQ EHE HHQ WH \BIR

JURXSV EXVWKH GDWY Z HIH CRAYHY Z HOVHSDUDMG % 5 HSUAVHQMG WH VHFRQG H SHIP HOAR /) 06

XMQI K$ 3 DQG: 7 P IFH KDG EHHQ EUHG IQWH &%&  \WH UHVXEOWKRZ HG \WHUH Z DV D J RRG VHSDUDVRQ
1Q WHUSURMOQ FROMNEHE HHQ \WH GLLIHHQAI HCRIVSHY

SWIRWRP IF $ QDOVIV RI +LSSRFDP SDO7IWXHRI K$ 3 9HWXV: 7 0 LIFH
5 HYHDBIG 8 QI XH 3 IRMQV

/) 06 TXDQMEDIRQIRUIKH SURMRP H UHVXGMG [Q SIRMOQV I IGMHG R
SIRMQV ZKHQ HFOAQ] WRWH ZIM RQ®  SHSWAH GHWRMG DQG VXEVHTXHQW
SURMRP LE DQDOMY UHYHDBIG \HUH Z HH XQTXH SIRMQ HBP HQW ) ' 5
DQGV WUHVKRG LCHQIMHG IQWH VDP SBV 7 KH QXP EHUR WL QUIFDQ® HBIYDIMG
SRMQVZDV  IQWHKISSRFEDP SXVR K$ 3 1 YHWXVFRQARCR : 7 PIFH 1

ZKIB\WHHZHH  SURMOQV UHSRWMG DV EHQJ VW QUEDQ® UHGXFHG ) LJ

7KH DI SBWIG DV D KIHIDUFKDOFOMMUIQ)  KHDWP DS SOWRP  DDOMY R
QUHHMDOIHH H SIHWIRQ Z W XSUHIXDWG SIRMQV [Q WG DQG GRZ QUHI XOWG
SIRMQVIQIUWHHQ ) LI



) LIXUH 9HQQ GIDIWDP RI GUIHHMD® HIXOWG SIRMQV  $EMRXIK /) 06 UHYHDBIG

VI QUEDQAXS UHIXDWMG SIRMQV DG VW QUEDQAGRZ Q UHIXOWMG SIRMOQY 1Q WH KISSRFDP SXV R
K$ 31 YHYXVFRMRCR : 7 PIEH 1 7KH 9 HQQ GDIWDP  UHYHDBIG \WHUH Z DV D VLI QUIEDQWY
HENDURQ R SIRMQV DQG WHUH ZHH  UHSRWMG DV EHQJ VI QUIEDQ® WHGXFHG 7KH UAWWR WH
SIRMQV Z HH QRAGHQMHG

3 URWRP [EVDQDOMVRI /) 0 6 Z DVWWHQ YIVXD@ HG YID D YREDGR SB\W HOHIDMG
B\ 3HYHXV ) L] 7KH SURMOQ Z KIEK Z DV WWH KL KHWS YDOH LQ \WH SBWZ DV \WH
61&$ KRZIQ) WDWKLY SIRMOQ VKRZ HG WH J UDWMAKSUHI XOWG SURMOQ \KDWZ DV
TXDQMHG IQK$ 3 FRP SDUHG R : 7 P IFH DQG KHS YDIEDW WH UHP DIQGHUR RXU
IIQAQIV



) LUXWH +HDW) DS &RP SDUVRQRI 3 IRMQ( [ SIHWWRQRI +ISSRFDP SDOY IWXHRI K$ 3 9HWXV
: 7 0 IFH 7KH KIHDUWRKDCFOMMUQ] DCDOWY [GWMIDWMG H SUHWIRQ GIYHY R LOAYIGXDCEUIRMQY 1O VRO
OVDMV DFTXLHG IlRP ERK: 7 1 PIFH DQGK$ 3 1  PIFH KISSRFDP SLWVXH 8 SUHIXDWG
SIRMQV Z HH IQ UHG  DQG GRZ QUHI XOWG Z HUH 1Q J WHHQ FRBXU
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) LIXUH 9REDQR 3BWRI 3IRWRP [F' DW 7KH< DIVIV+/ R] R 3 9$/8( DQG; WHD VIV
/R] R )RG&KDQH IRUGUIHHQH EHEHHQOKS 3 : 7 $: DQG\WUHKRG R )' 5 IDOH
QVFRYHY (DWW 3 URMOQV WDWKDYH WL QUEDQAGLIHUHQFHY DU KL K@ KWG 1Q WG DQG QRQ WL QLIEDQN
QUHHFHV DIH IQEGH /0 ) 6 DQG VXEVHTXHQABURMRP LE IXQRIRCDCDQDOWY UHYHDBIG \WH I QLIEDQW
HENDWRQR  SIRMQVDQGWHHZHH  UHSRWAMG DV EHQJ VW QUEDQU® UHGXFHG LQ\WH KISSRFDP SXV
RK$ 31 YHYXVFROWRCR : 7 PIEH 1



The 158 proteins that were significantly different in hA30P compared to WT
mice are indicated in Perseus. The proteins that were unchanged are indicated in blue.
The upregulated proteins are on the right side of the volcano plot, and the down-
regulated are on the left side (Difference = hA30P-WT; A-W). | summarized the top 15
proteins that were significantly different based on the highest fold change, between
WT and hA30P mice, in Table 5.2.

Table 5.2: The highest significantly different proteins/genes between hA30P
and WT mice

Gene ID Protein Description Fold Enrichment Term of Functional p-value of
Role t-test

Gmpr2 guanosine 131.2 p<0.01
monophosphate downregulated Purine metabolism
reductase 2
Abr Active breakpoint 6.2 Guanine-nucleotide p<0.01
cluster region-related downregulated releasing factor
protein

Syn1; Syn2; Synapsin 3.5 p<0.05

Syn3 downregulated Synapse
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7KH P RWWAJQUEDQ® GLIHHQMBURMOY GHSHQAQ) RQIRT FKDQJ HY EHEHHQ
KISSRFDP SDCBURMRP IFEVRI K$ 3 DQG: 7 P IFH DUHWKRZ QIQ) L

) LIXUH 7KH  KUKHVWWI QUIFDQWD GUIHHQWSWIRMQY EHEHHQ K$ 3 DG : 7 $
5 HSUHVHQWG * WDSK3DG 3UMP SBW IRUWH KLY KHVWKSUHIXOWG JHGHY % 5 HSUMVHQMG * UDSK3 DG
3WP SEW IRUWH KL KHWERZ QUHI XOWG J HQHV



Interestingly, nearly all the above proteins that were upregulated in the hA30P
mice are associated with autophagy, mitochondrial functions, stress response, or
exocytosis. All of these are pathways one might predict would be impacted by a-syn

overexpression in hA30P mice.

5.4.4 STRING Analysis Revealed 7 Distinguished Clusters of Proteins

To make the protein data results easier to visualize and to analyse the
interactions between the significantly different proteins, | went on to conduct STRING
analysis.

The result of the STRING PPI network of the significant difference proteomics
of hA30P compared to WT mice showed there were 7 distinguishable protein clusters:
5 clusters contained upregulated proteins (Fig. 5.12) and 2 clusters contained
downregulated proteins (Fig. 5.13). All these clusters had significantly more
interactions in the network than would be expected by chance. In other words, the
proteins interact with one another more often than would be expected if the same size
and kind of proteins were randomly chosen from the genome. Biologically, such
enrichment indicates at least a partial relationship among the proteins in the cluster.
The result showed that all the proteins formed strong potential protein interaction
networks that were represented by high PPI (Fig. 5.14, and 5.15).

The STRING proteomics data for 158 significantly elevated proteins suggested

there were 5 clusters (Fig. 5.12, and 5.14) which were as follows:

Cluster 1 G-Protein Activity had 28 proteins.
Cluster 2 Cytoplasmic Translation had 22 proteins.
Cluster 3 mRNA Splice Site Selection had 14 proteins.

Cluster 4 Proteasome Degradation had 9 proteins.

o 0 nh =

Cluster 5 (not defined) had 2 proteins.
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) LIXWH 675,1* 1HERW R 3RWQADCS (RMQ ,QMIDFURQV |RUS SUHI XMAWRQ 3 IRMQV ( DFK
QRGH UHSUHVHON D SURMOQ Z K \KH WIENGHW R \WWH QHVE RINHGIH @H FRQQHAWY QRGHY UHSUHVHQUY
WH FRQIGHFH R SIRMQ IQMDRIRQ ZIWW D PIQP XP  UHTXIWHG IQMDAIRQ VFRWH R P HAXP

FRQIGHQAH /) 06 UHYHDBIG VLI QUEDQM® KL KHUSURMOQ LOMUDRIRQ QHE RUNY FRP SDUHG R H SHRWRU
FOMMY R VJ QUEDQ® HBYDWG SIRMQY
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YUXWH D )XQPMRQ * IRXS Rl ) XQPURQDO$ QQRIMRQ & OMMUIQI 1RU %4R®J LFDO) XQFWRQ
5 HSRUMUIQWH' $9,' Rl 6LJQULIFDQW 8 SUHI XOMWMG 3IRMOQLQKS$ 3 &RP SDIHGWR: 7 0 IFH 7KH
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5.4.7 The Second Biological Function Group of Upregulated Proteins/Genes by
Gene Ontology Reporter DAVID for the Biological Functions

The second function group of upregulated proteins in the gene ontology
reporter DAVID consisted of 3 groups of proteins that related to the following cellular

functions (Fig. 5.18a-c):

1. Mitochondrial Outer Membrane (MOM) with enrichment 2.3-fold above

the background and contained 16 genes (Fig. 5.18b).
2. Golgi Apparatus with enrichment 1.6-fold above the background and
contained 50 genes (Fig. 5.18b).

3. Nucleus with enrichment 1.2-fold above the background and contained 7

genes (Fig. 5.18c).
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5.4.8 The Third Biological Function Group of Upregulated Proteins/Genes by
Gene Ontology Reporter DAVID for the Biological Functions

The third functional group of upregulated proteins in the gene ontology reporter
DAVID identified consisted of 3 groups of proteins that related to the following cellular

functions (Fig. 5.19a, and b):

1. Ribosomal Protein with enrichment 2.4-fold above the background and

contained 10 genes (Fig. 5.19b).

2. Ribonucleoprotein with enrichment 7.6-fold above the background and

contained 12 genes (Fig. 5.19b).

3. Glycosyltransferase with enrichment 2.5-fold above the background and

contained 4 genes (Fig. 5.19b).
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5.5 Discussion

A summary of key findings in Chapter 5 was as follows:

LF-MS illustrated that there was a clear difference in protein expression levels
between the hippocampus of 2 months hA30P compared to control mice.
LF-MS quantification for the proteome resulted in 6644 different proteins
filtered to 4165.

The significantly elevated proteins were 158 in the hippocampus of hA30P (N
= 5) versus control of WT mice (N = 5), while there were 30 proteins reported
as being significantly downregulated in hA30P mice.

The highest twelve significantly different upregulated proteins between hA30P
and WT mice depending on fold changes were Wdfy3, Tenm1, Hspa1l; Hspa2;
Hspab; Hspa8, Rab1A, Rala, Lin7a; Lin7b; Lin7c, Rps7, TOMMG6, Rbmx, Snrk,
Ddrgk1, and Snca; Sncb.

Terms of the functional role of these upregulated proteins are related to
glycosyltransferase, stress response, autophagy, exocytosis, ribosomal
protein, MOM, ribonucleoproteins, and nucleus.

The highest three significantly different downregulated proteins/genes between
hA30P and WT mice depending on fold changes were Gmpr2, Abr, and Syn1;
Syn2; Syn3.

The role of the functional term of these downregulated proteins is related to

purine metabolism, guanine-nucleotide releasing factor, and synapse.

We did not feel the cytokine array Kit was detecting accurately so that data of
cytokine array will not be discussed further.

Each of the terms and clusters that resulted from the LF-MS data involved many

proteins. | summarised the 15 most significantly different proteins between

hippocampal proteomics of hA30P and WT mice depending on fold changes as the

following and have considered their significance to the hA30P mouse model and the

other data discussed in this thesis.
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The highest significantly upregulated protein:

a-synuclein (a-syn) SNCA: As expected a-syn was the most upregulated
protein in hA30P compared to WT mice. This was expected because the hA30P
mice have an inserted and expressed mutant SNCA gene for human a-syn
(Kahle et al., 2000), in addition to the murine a-syn that is present in both control
and hA30P mice. In normal conditions a-syn plays a role in synaptic activity
e.g., regulation of the trafficking of synaptic vesicles and release of
neurotransmitters. a-syn monomers also enhance vesicle priming during
synaptic vesicle exocytosis. In neurons and glial cells, the SNARE proteins are
crucial for neurotransmitter release as well as other processes (Han et al.,
2017). a-syn has a role in exocytosis fusion pores fusion and dilation and is
important to maintain normal SNARE-complex during aging (Burré et al., 2010,
Burré et al., 2014). Specifically, a-syn has a role in the regulation of dopamine
neurotransmission via association with dopamine (Polymeropoulos et al.,
1997b, Burré et al., 2010, Burré et al., 2014). The overexpression of a-syn
leads to a-synucleinopathy in LBD patients and mouse models of LBD as
hA30P mice. The fact that the a-syn protein showed the most significantly

altered protein expression in the hA30P was a confirmation of the LF-MS data.

WD repeats and FYVE domain containing 3 (Wdfy3): Involved in the
creation of cytoplasmic ubiquitin-containing inclusions and their autophagic
degradation (Orosco et al., 2014, Dragich et al., 2016). Crucial for the
development of major forebrain commissures as well as axonal tract creation
throughout the brain and spinal cord (Dragich et al., 2016). Plays a role in the
brain cells' capacity to react to guidance cues signals (Dragich et al., 2016). An
increase in Wdfy3 in the current study would agree with the activation of
defense mechanisms in the hippocampus to remove excess a-syn via the

autophagy process.

Teneurin-1 (Tenm1): Regulates the establishment of proper neuroplasticity
and neural development in the limbic system (Wang et al., 2005). In the
hippocampus and amygdala, Tenmn1 facilitates a rapid reorganization of actin-

and tubulin-based cytoskeleton elements (Wang et al., 2005, Al Chawaf et al.,
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2007). Tenm1 is considered a bioactive neuroprotective peptide because it
induces brain-derived neurotrophic factor-transcription inhibition in neurons.
Also, it decreases the effects of corticotropin-releasing factor (CRF) on the
production of c-Fos and FOS and the necrotic cell death associated with
alkalosis (Trubiani et al., 2007, Tan et al., 2008, Tan et al., 2009, Tan et al.,
2011, Ng et al., 2012, Chand et al., 2012). The upregulation of Tenm1 in 2-
month hA30P mice supports our result of a reduction in c-Fos expression in the
hA30P compared to WT mice at 2 months of age. Also, the current result of
upregulation in Tenm1 is compatible with the trend of increased PV expression
shown in the current thesis (Fig. 3.4) and previous work that demonstrated the
hyperexcitability in the hippocampus of young hA30P mice (Tweedy et al.,
2021). The upregulation of Tenm1 in the current study might be due to a

compensatory action involving neuroprotection and neuroplasticity.

Heat shock 70 kDa protein 1-like (Hspa): This molecular chaperone is
involved in many different physiological functions, including the folding, and
transporting of synthesized polypeptides, and protecting the proteome from
stress. In addition, the Hspa protein plays an important role in the importation
process of mitochondria, because it delivers protein to the TOMM70
mitochondrial import receptors (Egerton et al., 1996). Our findings of an
increase of Hspa in hA30P mice were consistent with the previously reported
findings showing that overexpression of a-syn leads to mitochondrial
dysfunction in LBD patients and mice models of LBD (Thellung et al., 2019).
The upregulation of Hspa in the current study might be due to a compensatory

action aimed at repairing damaged mitochondria.

Ras-related protein (Rab-1A): a regulator of intracellular membrane
trafficking, formation of transport vesicles, and fusion with membranes (Wang
et al., 2010, Ishida et al., 2012). IL-8 and growth hormones are secreted from
the cell surface by Rab-1A, which regulates the transport of vesicular proteins
from the endoplasmic reticulum to the Golgi compartment (Wang et al., 2010).
| will expand on Rab-1A later due to its importance and because this protein

belongs to the family of autophagy proteins identified in the first biological
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functional term of the oncology report of DAVID, which has the highest fold
enrichment upregulation change of 2.9 after the group of stress response

proteins.

V-ral simian leukemia viral oncogene A (Rala): Belongs to a hydrolase
enzyme family that binds to nucleotide guanosine triphosphate (GTPase).
GTPase has several functions involved in membrane trafficking, oncogenic
transformation, gene expression, cell migration, and proliferation
(Balasubramanian et al., 2010). It serves as a GTP sensor for dense-core
vesicle exocytosis that is reliant on GTP (Balasubramanian et al., 2010). It also
controls the fission of mitochondria (Kashatus et al., 2011, Balasubramanian et
al., 2010). An increase of Rala in the young hA30P mice in the current results
might be an indication of a-syn's role in cell trafficking and mitochondrial

function.

Protein lin-7 homolog B (Lin7): Assists in creating and maintaining the
asymmetric distribution of receptors and channels at polarised cell's plasma
membranes (Setou et al., 2000). Lin7 functions to localize synaptic vesicles at
synapses where they are bound by [-catenin and cadherin, integral
components of the adherens junctions, and may also couple synaptic vesicle
exocytosis to cell adhesion in the brain. Lin 7 is also necessary for the GABA
transporter and Kir2 (inward-rectifier potassium) localization, which contribute
to the action potential repolarization and control of resting membrane potential
(Setou et al., 2000, Bamiji et al., 2003). The upregulation in Lin7 revealed in the
current analysis might be attempted to regulate the hyperexcitability of the
synapses in the hippocampus of young hA30P mice that was noticed previously
(Tweedy et al., 2021).

40S ribosomal protein S7 (Rps7): Protein synthesis in cells is carried out by
the ribosome, a large ribonucleoprotein complex (Li et al., 2022). Rps7 is
essential for the maturation of ribosomal ribonucleic acid (rRNA). A component
of the small subunit (SSU) processome, which is the eukaryotic small ribosomal

subunit's first progenitor (Li et al., 2022). Numerous ribosome biogenesis
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factors, an RNA chaperone, and ribosomal proteins associate with the
developing pre-rRNA during the assembly of the SSU processome in the
nucleolus. These interactions result in RNA folding, modifications,
rearrangements, and cleavage as well as the targeted degradation of pre-
ribosomal RNA by the RNA exosome (Malygin and Karpova, 2010, Li et al.,
2022, Konno et al., 2010). a-synucleinopathy in the hippocampus of 2-month
hA30P mice resulted from a cascade of pathologic events related to
overexpression of human mutant a-syn protein. The protein synthesis process
occurs in ribosomes by the assessment of rRNA, and translated RNA (tRNA),
in addition to pre- and post-translational processes such as splicing. So, the
abnormal upregulation of Rps7 might reflect the increase of protein synthesis
in the neurons of the hippocampus at this prodromal stage that ultimately leads

to dysfunctional proteins at a symptomatic stage in the mice.

Mitochondrial import receptor subunit TOMM6 homolog (TOMMG6): One of
at least seven proteins that form the outer mitochondrial membrane (TOMM
complex) pre-protein translocase complex (TOMM5, TOMM6, TOMM?7,
TOMM20, TOMM22, TOMM40 and TOMM70) (Dunn and Napier, 1975). The
upregulation of this protein at this early prodromal stage in hA30P mice may
indicate a compensatory change to enhance mitochondrial function because
the mitochondria are under stress of overexpression of a-syn protein. | will
expand on TOMM®6 further below due to its importance, and because this
protein/gene belongs to outer mitochondrial membrane proteins of the second
biological functional term of the oncology report of DAVID that had the highest

fold enrichment upregulation change of 2.3.

RNA binding motif protein, X chromosome (Rbmx): Regulates the process
of pre- and post-transcriptional modification of mMRNA. It is involved in tumour
suppression. It can either activate or repress exon inclusion, for instance acting
to enhance exon 7 inclusion for survival motor neuron (SMN2) transcripts and
suppressing the splicing of exon 10 for MAPT/Tau (Takemoto et al., 2007,
Omura et al., 2009). An increase in Rbmx may indicate abnormalities in protein
synthesis due to a-synucleinopathy in hA30P mice at this early age.
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SNF-related serine/threonine-protein kinase (Snrk): Snrk may contribute to
the differentiation or proliferation of hematopoietic cells, and is also possibly an
intermediate step in the apoptosis of neurons (Kertesz et al., 2002, Xie et al.,
2023). Incorporation of the significant increase in Snrk in these proteomic
results, combined with the significant reduction of % area of NeuN
immunoreactivity we observed (Chapter 3) might indicate a greater possibility
of neuron death in the hippocampus of 2 months hA30P mice, or at least it

emphasizes a stress effect on neurons at this early age.

DDRGK domain-containing protein 1 (Ddrgk1): The endoplasmic reticulum
that has a crucial role to play in autophagy. Ddrgk1 is responsible for the
production of ubiquitin-fold modifier 1 (Ufm1), which covalently attaches to
substrate proteins during vesicle trafficking of the protein degradation system
(ufmylation) (Liu et al., 2017). The process of ufmylation is induced under
conditions of endoplasmic stress and is required for processes such as
hematopoiesis and inflammation when endoplasmic reticulum sheets are
stressed (Egunsola et al., 2017). The upregulation of Ddrgk1 in the
hippocampus of hA30P mice might result from stress induced by the a-
synucleinopathy e.g., the neuroinflammation caused by the overexpression of

a-syn, as the result in Chapters 3, and 4 showed.

The highest significantly downregulated protein:

Guanosine monophosphate reductase 2 (Gmpr2): Curtails the conversion
of the nucleobase, nucleoside, and nucleotide derivatives of Guanine to
Adenine nucleotides that form the essential component of deoxyribonucleic
acid (DNA). Gmpr2 also assists in controlling the differentiation of cells (Deng
et al., 2002, Zhang et al., 2003, Li et al., 2006, Patton et al., 2011). Recent
evidence showed that DNA damage is associated with a-synucleinopathy in
post-mortem brain tissue of DLB patients and mouse models of DLB (Koss et
al unpublished observations). The reduction of Gmpr2 expression in the

hippocampus of hA30P compared to mice WT mice in the current study would
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be consistent with DNA/RNA damage, even at this early age. | will expand on
Gmpr2 later because this protein/gene belongs to purine metabolism proteins
of the first biological functional term of the oncology report of DAVID that had
the highest fold downregulation change of 131.2.

Active breakpoint cluster region-related protein (Abr): A member of the
Rho family of proteins that has a role in regulating dendritic spines and
excitatory synapses. A peculiarly shaped protein with two conflicting regulatory
functions towards tiny GTP-binding proteins. Defective Rho control causes
mental retardation and Alzheimer’s disease (Oh et al., 2010). Abr stimulates
the transformation of the GTPase-activating protein domain from its GDP-
bound form to its GTP-bound form. Serves as a significant inhibitor of RAC1,
GTPase-activating protein domain, activity in neurons. Controls RAC1 activity,
which in turn controls macrophage activities like phagocytosis and CSF-1-
directed motility (Cho et al.,, 2007). A decrease in Abr may indicate
phagocytosis dysfunction due to a-synucleinopathy in hA30P mice at this early

age.

Synapsin (Syn): Several neuropsychiatric disorders may be related to family
members of Syn, all of whom have similar protein domains and are linked to
synaptogenesis and neurotransmitter release regulation and development
(Zaltieri et al., 2015). This gene may be a candidate gene for schizophrenia
based on its location and potential locus of vulnerability to schizophrenia (Kao
et al., 1998). In the current study, the decrease in Syn might mean there were
fewer synapses because of a-synucleinopathy in the hippocampus of hA30P
mice or reduced synaptic function. a-syn causes abnormalities in the SNARE-
complex which is crucial for neurotransmitter release processes (Burré et al.,
2010, Burré et al., 2014), which may lead to the downregulation of Syn. The
current result of decreased Syn may indicate the effect of a-synucleinopathy in
the CAS3 region 2 months hA30P mice.
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All the above proteins showed changes in expression because of
overexpression of a-syn in the hA30P.

Interestingly many of the proteins with altered expression are related to
autophagy, mitochondrial functions, and exocytosis. These are all pathways and

processes we would expect to show changes due to abnormal a-syn.

Some of the most interesting changed proteins were included:

1- Rab1A is related to stress response as an upregulated protein.
2- TOMMG is related to the MOM one of the upregulated proteins.

3- Gmpr2 is related to purine metabolism one of the down-regulated proteins.

5.5.1 Effect of Overexpression of Human a-syn on Oxidative Stress

The LF-MS found that Rab1A was significantly upregulated in the hippocampus
tissue of 2-month hA30P mice compared to the control mice. Protein Coding gene
RAB1A belongs to the Rab family of small GTPase, which are a family of proteins
involved in the regulation of intracellular membrane trafficking, and the formation of
transport vesicles (Wang et al., 2010, Ishida et al., 2012). IL-8 and growth hormone
are secreted from the cell surface by Rab-1A, which regulates the transport of
vesicular proteins from the endoplasmic reticulum to the Golgi apparatus and/or within
Golgi compartments (Wang et al., 2010).

During the Rab cycle, GDP becomes inactive and GTP becomes active,
allowing it to recruit downstream effectors directly involved in vesicle formation,
movement, tethering, and fusion of vesicles to membranes (Wang et al., 2010). As
one of the major functions of a-syn is vesicle fusion (Wang et al., 2010), this result
suggests that abnormal a-syn may affect Rab function resulting in a compensatory
increase in expression in the hippocampus to keep the Rab cycle balanced.

The additional interpretation for increasing Rab in hA30P mice might be
because of its crucial role in autophagosomes and cellular defence reactions against
the overexpressed a-syn, or result from cellular damage. By regulating protein
trafficking, Rab1A is also involved in cell adhesion and migration (Wang et al., 2010).

It contributes to the assembly of autophagosomes and cellular defence reactions
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against pathogenic bacteria (Dong et al., 2012). It also activates early endosomes in
the transport of microtubule-dependent proteins and melanosomes anterogradely
(Dong et al., 2012). Wang et al., 2010, Wang et al. (2010) used an unbiased RNAI
screen targeting GTPases to prove that Rab1a is a novel regulator of cell migration.
Their results showed the role of Rab1a in the regulation of cell migration via controlling
integrin B1 recycling and localization to lipid rafts through a specific downstream
effector pathway. Recently, it has been shown that Rab 1 has a protective effect
against a—syn toxicity and is an endogenous substrate of leucine-rich repeat kinase 2
(LRRK2), a common mutation that causes familial PD and sporadic disease (Nirujogi
et al., 2021, Orenstein et al., 2013). The expression of PD-related LRRK2 mutation
negatively affects autophagic activity (Alegre-Abarrategui et al., 2009). This mutation
affects the maturation and transport of autophagosomes, which results in impaired
autophagy (Boecker et al., 2021), leading to compromising the degradation of a-syn
in PD (Orenstein et al., 2013). Numerous proteins in the Rabs family are LRRK2
substrates (Steger et al., 2016), ultimately an increase in Rabs has a protective effect
against a—syn toxicity. Interestingly, the current result of the upregulation of Rab 1A in
the hippocampus of 2-month hA30P mice agreed with previous research that found its
upregulation in PD post-mortem human brain (Martinez-Menarguez et al., 2021). The
surviving nigral neurons in PD cases showed overexpression of the small GTPase
Rab1 by 50% in human PD samples (Tomas et al., 2021), and in a cellular model of
PD (Rendon et al., 2013, Coune et al., 2011). The overexpression of wild-type or A53T
mutant a-syn in mammalian cells caused inhibition of docking and fusion of vesicles
with the Golgi apparatus by the disruption of the SNARE complex assembly
(Thayanidhi et al., 2010). Due to the pathological accumulation of a-syn, hydrolase
trafficking and lysosomal activity were affected, however, overexpression of Rab1 may
improve this dysfunction (Mazzulli et al., 2016). The interaction of a-syn with Golgi-
shaping matrix protein (GM130), an effector related to membrane traffic that disrupts
Rab1-dependent endoplasmic reticulum—Golgi traffic, and the Golgi department
causes this alteration (Martinez-Menarguez et al., 2021). Is this overexpression of
Rab1 an attempt to rescue normal cell function in the hA30P mice or does it result
from cellular damage? Currently, we do not know the answer but Rab1, as a substrate
of LRRK2, and a regulator of a-syn toxicity, may be a good therapeutic target
candidate for further PD research (Savitt and Jankovic, 2019).
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5.5.2 Effect of Overexpression of Human a-syn on Mitochondrial Outer
Membrane

The LF-MS results showed that TOMM®6 was a significantly upregulated protein
in the hippocampus in the 2-month hA30P mice compared to the control. Due to the
abundance of mitochondria present in the fast-spiking PV interneurons, inflammatory
stimuli that affect mitochondrial function and activity would be expected to negatively
affect PV interneurons (Ruden et al., 2021).

Superoxide dismutase 2 (SOD2) is a genetic alteration that increases oxidative
stress through a partial impairment of the rate-limiting enzyme in the antioxidant
machinery of the mitochondria. Scudamore and Thomas Ciossek, 2018, generated a
transgenic mouse model of PD with haplodeficiency of superoxide dismutase 2
(SOD2) in the (Thy-1)-hA30P a-synuclein transgenic line to oxidative to stress and a-
synuclein aggregation in vivo (Scudamore and Ciossek, 2018). They found that the
mice homozygous for the SOD2 mutation showed overexpression of a-syn and died a
week after being born, and only wild-type or heterozygous mice survived after the
weaning date. These results suggest that mitochondrial oxidative stress plays a
significant role in a-syn pathology, where an increase in ROS-induced oxidative stress
exacerbates a-syn aggregation and accumulation (Scudamore and Ciossek, 2018).
Therefore, the increase in TOMMG6 we found in the current study might be an indication
of abnormalities in the MOM due to the a-synucleinopathy in the hippocampus of the
hA30P mice at this early stage.

To perform their vital functions, more than 1500 proteins are found inside
mitochondria, divided between two membranes and two aqueous compartments. The
importation and sorting of nuclear-encoded proteins into mitochondrial compartments
takes place through an extensive network of dedicated proteins. Various pathologies
arise from defects in this fundamental system, including neurodegenerative diseases
and cardiovascular disease (Bogorodskiy et al., 2021). Kato and Mihara (2008)
showed, that the TOMM complex can be immuno-isolated from HeLa cells expressing
human TOMM22-FLAG, identifying human TOMMS5, TOMM6, and TOMM?7 in the
human TOMM complex. According to their results, human small TOMM proteins
maintain TOMM's structural integrity.

The current result agreed with the previous finding that TOMM20 in PD is
affected by aggregated a-syn. According to Di Maio et al. (2016), post-mortem brain

187



tissue from PD patients showed an abnormal interaction between a-syn and TOMM20
in nigrostriatal dopaminergic neurons. Furthermore, this interaction was associated
with mitochondrial protein loss. That confirmed the pathogenic effect of a-syn in the
mitochondrial membrane (Di Maio et al., 2016). A feasible interpretation of the
significant increase in TOMMG6 of hA30P compared to WT might be the interaction of
accumulated ha-syn causing destruction of membrane structural integrity. This loss of
MOM then leads to an upregulation of TOMM6 as a compensatory process aimed at

mitigating the damage to MOM integrity.

5.5.3 Effect of Human a-syn on DNA damage

The result of the proteomics screen also showed that one of the most
downregulated genes was Guanosine Monophosphate Reductase 2 (Gmpr2).
GMPR_2 is a gene that codes for many proteins linked to a range of diseases including
urethral cancer. It is associated with nucleotide salvage and nucleotide metabolism
which retrieve bases and nucleosides from external sources, or the degradation of
RNA and DNA and transform them back into nucleotides. Gmpr activity and
oxidoreductase activity are gene ontology annotations related to the Gmpr2 gene
(Deng et al., 2002).

GMPR2 is responsible for converting nucleobases, nucleosides, and
nucleotides of G to A, and it maintains the intracellular balance between A and G
nucleotides (Deng et al., 2002). GMPR also plays a crucial role in the reutilization of
free intracellular bases and purine nucleosides (Li et al., 2006). The decrease in
Gmpr2 that we found in the current study may reveal degradation in the DNA in the
hippocampus of 2-month hA30P mice due to the toxicity of overexpressed a-syn even
at this early age.

Maintaining DNA integrity is crucial to preventing genomic instability, apoptosis,
and senescence for cells to survive. Current research suggests that DNA damage can
lead to neurodegeneration (Madabhushi et al., 2014). In recent years, studies have
examined the functions of a-syn located in the nucleus to determine how DNA can be
altered in its pathological form (Koss et al., 2022). In a study of hippocampal neurons,
DNA damage was shown to rapidly relieve topological constraints on early-response
gene expression (Madabhushi et al., 2014). DNA damage and neurodegenerative
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diseases appear to have a bidirectional relationship (Yu et al., 2018, Suberbielle et al.,
2015).

It has been found that a-syn alters DNA. Since a-syn is mainly associated with
presynaptic proteins, it has been studied primarily in the cytoplasm. However, a-syn
is also present in the nucleus, and its functions there are still being elucidated. The
presence of nuclear a-syn in human post-mortem tissues was confirmed, in addition
to alterations in nuclear a-syn of LBD patients (Koss et al., 2022). Additionally, a study
looking at nuclear a-syn in hippocampal neurons suggests that abnormal DNA repair
encourages synuclein aggregation, leading to Lewy pathology propagation and further
DNA damage (Liu et al., 2021).

As mtDNA is more vulnerable to damage compared to nuclear DNA, | expect
the reason behind our result of the downregulation of GMPR2 might be due to mtDNA
damage. However, previous studies showed that DNA damage is causally related to
a-syn pathology in the hippocampus of AD model transgenic mice APP/PSEN1 (Yu et
al., 2018). Moreover, in transgenic mouse models of DLB, an analysis of in vivo a-syn
function revealed that A53T mutant mice developed mitochondrial damage and
neuronal cell death (Martin et al., 2006).

However, in the current study, there was no evidence that the downregulation
of Gmpr2 indicated there were defects in nuclear DNA, mtDNA, or both. The mtDNA
has a weak repair system and a-synucleinopathy affects neurons via mitochondrial
dysfunction. PV interneurons require huge amounts of energy. Thus, they are highly
susceptible to a decrease in mitochondrial function, and to metabolic stress and
oxidative damage associated with the disease (Kann et al., 2014, Whittaker et al.,
2011, Olkhova et al., 2024). Mitochondria are protected from Ca ?* overload by the
parvalbumin protein. The PV protein buffers Ca?* entering receptors and channels at
physiological concentrations. By maintaining physiological Ca?* levels in mitochondria,
ATP production is promoted. A high level of Ca?* disrupts mitochondrial membrane
potential and a high level of means electron transport chain (ETC) releases ROS that
trigger the apoptosis pathway (Ruden et al., 2021). Pro-apoptotic factors trigger MOM
permeabilization. Upon widening of pores within the MOM, MIM folds, and releasing
in mtDNA to the cytosol (Riley et al., 2018). So, the probability of mtDNA degradation
is more expected at this early age of hA30P mice compared to nuclear DNA.
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5.6 Conclusion

The results of LF-MS at 2 months in the hippocampus of male hA30P mice
revealed that overexpressed human mutant alpha-synuclein caused significant
changes in the proteome. There were 158 significantly upregulated proteins in the
hippocampus of hA30P mice involved in neurotransmissions, neuropeptides, and
neuronal activity, such as Tenm1, Wdfy3, Syn, and Lin7; mitochondrial dysfunction
such as TOMMG6 and Rala; oxidative stress such as Rab-1A; and apoptosis in neurons
such as Snrk. There were 30 significantly downregulated proteins including those
linked to DNA /RNA damage such as Gmpr2, Rps7, and Rbmx. Although there was
no direct evidence for neuroinflammation or inflammatory protein upregulation that
reflects microglial and astrocytic activation, there were still many proteins whose
functions have been linked to inflammation such as Ddrgk1, Cadps, Syn2, Hspa1l;
Hspa2; Hspab; Hspa8, and Lin7a; Lin7b; Lin7c all showed upregulation in hA30P.
Overall, this chapter's work has identified several key proteins that changed in the
hippocampus of 2-month hA30P mice as a result of overexpression of human a-syn.
Further work is needed to confirm these findings by western blot, and

immunofluorescence staining for these changed proteins.
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Chapter 6

General Discussion






6.1 The Main Findings in the Current Thesis

Our results confirmed detectable a-syn in the CA3 region of the hippocampus
since 1-month hA30P mice, demonstrated that marked gliosis at 1-4 month hA30P
mice compared to control, reduction in the % area of NeuN and PNN at 2-4 months,
and the LF-MS revealed significant changes in protein content in 2-month hA30P
compared to WT mice due to a- synucleinopathy long before the onset of any cognitive
or motor deficits which occur at 12 and 14+ months respectively in the hA30P mouse
line (Kahle et al., 2000, Freichel et al., 2007). In addition, we have shown a close
association between early neuronal hyperexcitability and neuroinflammation. Chronic
hyperexcitability, which we have previously observed (Tweedy et al., 2021), was
proposed to account for the downregulation of c-Fos seen in hA30P mice aged 2—4
months. Changes in c-Fos were coupled to a marked increase in both reactive
astrocytes and microglia. Evidence from human studies in patients with DLB also
suggests that neuroinflammatory changes occur early (Loveland et al., 2023). The pilot
study of intranasal metformin treatment showed no side effects and there was a
significant effect on the iINOS inflammation marker in reactive microglia between

metformin-treated and vehicle hA30P.

6.2 General Discussion

The current thesis found evidence of prodromal changes in neuronal excitability
and neuroinflammation due to the overexpression of a-syn at 1-4 months in hA30P
mice. Overexpression of human mutant a-syn in the hA30P mice is sufficient to trigger
detectable neuroinflammation from 1 month of age. There was an increase in reactive
astrocytes and reactive microglia. The increase in GFAP could be explained by the
astrocytes' role in cleaning the parenchymal microenvironment. Lee et al., 2010, found
that a-syn released from neuronal cells could be easily endocytosis by astrocytes,
causing them to produce glial inclusions and release neuroinflammatory mediators.
Upon exposure to neuronal a-syn, astrocytes undergo changes in gene expression
that reflect a neuroinflammatory response, including the release of cytokines,
chemokines, and adhesion molecules involved in cell migration (Lee et al., 2010). a-
syn triggers neuroinflammation by interacting with TLR4 expressed on the astrocyte

membrane leading to inflammatory responses (Fellner et al., 2013). The astrocyte
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reactivity we found in the current study may have contributed to the hyperexcitable
hippocampus network state seen in the hA30P mice (Tweedy et al., 2021). Alteration
in reactive astrocytes' function caused changes in the regulation, release, and
synthesis of GABA (Liddelow and Barres, 2017). Along with their homeostatic role, the
astrocytes regulate inhibitory neurotransmission through GABA uptake and release
(Kilb and Kirischuk, 2022, Andersen et al., 2023). The significant increase in the count
Iba-1 within iINOS of reactive microglia in male hA30P compared to the control result
was compatible with previous findings in cell culture of primary microglia (Scheiblich
et al., 2021) that demonstrated an increase in microglia in response to aggregated a-
syn and trigger signalling causes of neurodegeneration (Zhang et al., 2005). The
correlation between aggregated a-syn and reactive gliosis has been documented
increasingly (Cinar et al., 2022). Neurons and synaptic structures in the brain can be
destroyed by prolonged inflammation caused by the activation of microglia (Du et al.,
2022b). Sustained chronic microglia have been linked to neuronal cell dysfunction,
excitability changes in neurons, and neuronal cell death (Vezzani and Viviani, 2015).

Interestingly although the IF data showed clear evidence for neuroinflammation
the LF-MS proteomic data did not show direct evidence for neuroinflammation or
inflammatory protein upregulation that reflects microglial and astrocytic activation,
there were many proteins whose functions have been linked to inflammation such as
Ddrgk1, Cadps, Syn2, Hspa1l; Hspa2; Hspa5; Hspa8, and Lin7a; Lin7b; Lin7c all
showed upregulation in hA30P.

Our results showed hyperexcitability in the hippocampus of young hA30P mice
reflects the stage of neuroinflammation. There was downregulation of c-Fos in 2-4
months hA30P mice consistent with chronic hyperexcitability. Other studies have
shown that chronic activity leads to a decrease in c-Fos expression (Singh et al., 2019,
Morris et al., 2015, Torres et al., 2021). Previous studies in a-syn transgenic mice
showed cortical hyperexcitability due to the pathologic effects of overexpression of
human a-syn occurred with decreased c-Fos expression (Singh et al., 2019, Morris et
al., 2015, Torres et al., 2021). There is robust evidence demonstrating that c-Fos
expression diversely influences the dynamics of networks associated with memory
and learning (Gallo et al., 2018). IF results of the current thesis showed a reduction in
c-Fos in 2 months hA30P mice observed, in addition to the upregulation of Tenm1
which decreases the effects of corticotropin-releasing factor (CRF) on the production

of c-Fos (Tan et al., 2009) as LF-MS results showed were compatible. They might
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reveal an early change that could contribute to the memory deficits of hA30P mice that
occur at around 12 months (Kahle et al., 2000).

Interestingly, IF staining at 1 month revealed a contrasting result. There was an
increase in c-Fos in the CA3 region of hA30P compared to control. c-Fos expression
changes in the hA30P mice were therefore found to be biphasic, a transient initial
increase in c-Fos in juvenile mice, which may be reflecting an early increase in
neuronal excitability, followed by the later down-regulation following the chronic
network hyperexcitability changes.

Interestingly IF results found a significant decrease in the NeuN IF in the CA3
region of males 2-4 months hA30P. However, many studies have reported that NeuN
immunoreactivity in neurons is weakened or disappears as a result of various
pathological cases (Lind et al., 2005, Kirik et al., 2009, Korzhevskii et al., 2009, Tippett
et al., 2007), and in the CA3 region of the hippocampus in mice, brain injury was
reported (lgarashi et al., 2001). The significant reduction in NeuN immunoreactivity
might be due to the stress of overexpressed a-syn. LF-MS revealed a significant
increase in Snrk protein which is possibly an intermediate step in the apoptosis of
neurons (Kertesz et al., 2002, Xie et al., 2023). This result might indicate a greater
possibility of neuron death in the hippocampus of 2-month hA30P mice.

The cohort of 2-4 months hA30P mice showed a trend of increase in PV
interneurons in the CA3 region. This result was in line with previous research (Tweedy
et al.,, 2021). Now, we know the PV interneurons upregulate PV expression in
response to increased neuronal activity (Espinoza et al., 2018, Shi et al., 2019). At this
stage, this might be a result of increased neuronal activity in PV interneurons as a
compensatory attempt to enhance inhibition feedback of cortical activity (Espinoza et
al., 2018, Shi et al., 2019). The increase in TOMMG6 that we found in the current study
might be an indication of abnormalities in the MOM due to the mitochondrial oxidative
stress of abnormal a-syn aggregations (Scudamore and Ciossek, 2018) in the
hippocampus of the hA30P mice at this early stage.

Interestingly, | found a decrease in PV interneuron that is surrounded by PNN
in young 2-4 months hA30P mice compared to WT. The early decrease in the PNN we
observed in this study might be a compensatory decrease to maintain normal levels
of cognitive function and/or enhance memory. Research has disputed whether the
digestion of PNNs in neurodegenerative diseases is a compensatory mechanism to

increase neurons' plasticity and form new synapses, which would reduce cognitive

192



impairment (Yang et al., 2015). Also, studies in mouse models of AD pathologies
demonstrate that removing PNNs enhances memory (Vegh et al., 2014).

In this thesis, | also looked at the potential role of metformin in reversing some
of the above changes. To date we looked at the impact of metformin on hippocampal
inflammatory changes using IF, however, in future work, it would be interesting to also
repeat the proteomic experiments in mice treated with metformin versus vehicle.

To avoid the malabsorption of vitamin B12 that results from the interference of
metformin with protein-bounds B12 in the gut (Guéant et al., 2022), the nasal delivery
route offers an effective method for preventing and treating brain disorders invasively
(Sun et al., 2018) especially metformin could penetrate the BBB (Cao et al., 2022,
Sanz et al., 2021). Overall, the mice | used in this study were tolerant to the treatment
of metformin dosage and route of delivery and did not exhibit weight loss in metformin-
treated mice compared to the vehicle. This result agreed with previous findings
(Golay, 2008). In a pilot experiment, metformin intranasal 11.5 mg/kg dosage
treatment significantly reduced the proportion of activated microglia to total microglia
per area in the CA3 hippocampal region in treated versus vehicle hA30P mice. The
proportion of the number of microglia that co-expressed iINOS was significantly
reduced in the metformin-treated hA30P mice compared to vehicle mice. This result
suggested its ability to reduce reactive microglia in the CA3 region even in low
dosages. This reduction in reactive microglia was compatible with many other studies'
findings that used metformin as an anti-inflammatory drug (Liu et al., 2014, Ou et al.,
2018, Tizazu et al., 2019, Ryu et al., 2020, Jing et al., 2018, Du et al., 2022a, Zhu et
al., 2015). In addition to the neuroprotective effects of metformin (Roganovic et al.,
2019, Yang et al., 2017), it has multifaceted features e.g., rapid ability to cross BBB to
reach several brain regions through a safe pharmacokinetic pathway which may exert
a therapeutic drug for cognitive decline and dementia of neurodegenerative disorders
(Labuzek et al., 2010a, Takata et al., 2013, Kazkayasi et al., 2022).

However, other c-Fos neuronal activity markers and reactive astrocytes
showed no significant differences resulting from metformin treatment. A plethora of
previous research reported the anti-inflammatory effects of metformin but in higher
dosage, regime, duration, and different administration route (Rabieipoor et al., 2023,
Fangetal., 2017). Further experiments are needed to explore the therapeutic potential

of metformin.
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6.3 Conclusion

Overall, the results of this thesis revealed obvious neuroinflammation and
neuronal changes in the hippocampus of 1 and 2-4 months hA30P mice. The IF results
showed detectable gliosis well in advance of any known motor or cognitive
abnormalities even at this early age (Kahle et al., 2000, Freichel et al., 2007). The
results suggested a close association between early neuronal hyperexcitability and
neuroinflammation (Kilb and Kirischuk, 2022, Andersen et al., 2023, Kouli et al., 2020).
The increase in reactive astrocytes and microglia was associated with an increase in
c-Fos due to neuronal hyperexcitability in the CA3 region in 1-month hA30P mice.
While the chronic hyperexcitability in 2-4 months hA30P mice causes the
downregulation of c-Fos.

Intranasal metformin treatment was well tolerated by the mice and did not show
observable side effects. Metformin-treated (11.5 mg/kg for five days weekly for 4
weeks) mice showed a significant reduction of INOS expression in the microglia of the
hippocampus compared to the vehicle. This result was compatible with many previous
studies, which demonstrated the neuroprotective and anti-inflammatory role of
metformin.

The LF-MS analysis showed proteomic content of the hippocampus of 2-month
hA30P mice was affected. There were 188 significantly different proteins involved
in neurotransmissions, neuropeptides, neuronal activity, mitochondrial dysfunction,
oxidative stress, and apoptosis in neurons, inflammation, and DNA and/or RNA
damage. a-synucleinopathy caused obvious and significant changes in the proteome

of the hippocampus of young hA30P mice.

6.4 Limitations

The current project had a number of limitations. These included an absence of
negative controls for the antibodies that were used in chapter 3, and 4. The statistical
power for some samples was also low for some comparisons. For example the limited
N=3 in the group of mice of 1 month age. However, a power calculation based on the
variance of my data suggested that N=6 would be appropriate to give alpha=0.8 and
in most of my analysis (apart from the pilot metformin study) | had sufficient mice

included.
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The pilot study of metformin also had some limitation factors, which were the
dosage and duration of treatment. Using a small drop of 14 ul/day of metformin
solution with a concentration of 100 mM (the maximum solubility) was suitable for the
small nasal cavity of the juvenile mice, which resulted in a dosage of 11.5 mg/kg/day.
However, this was a low dose compared to some studies in the literature. Not treating
mice on the weekend days may also have affected the treatment regime as the drug
could have reduce to a low concentration during these days. All these factors might

negatively affect the results of this thesis.

6.5 Future Work

e |t is worth trying to treat mice for continuous days, twice daily, using more
specific antibodies and a larger group size of mice and keeping the same
concentration of metformin and the same route of administration and treatment
duration. Also, it will be beneficial to use more accurate detection methods like
PCR, real-time PCR, Western blot consecutive, ELISA, and proteomic analysis
to measure markers related to neuroinflammation and hyperexcitability at a
molecular level difference such as enzymes, chemokines, and cytokines
between metformin-treated and vehicle mice.

e |t would be worth using more specific antibodies such as those to differentiate
between microglia from other macrophages e.g. against trans-membrane
protein 119 (Tmem119), and caspase 3 markers to detect apoptosis in young
hA30P mice.

e To deepen our understanding of the relationship between early neuronal
hyperexcitability and neuroinflammation, it would be interesting to co-label c-
Fos antibody with markers for glial cells and/or neurons.

e |t is worth to use a specific marker to detect the infiltered macrophage to
recognise it from microglia in neuroinflammation.

e It would be interesting to stain human a-syn mRNA to determine if there are
subregional differences in expression within the hippocampal pyramidal cell
layer in the hippocampus of hA30P mice. Staining for phosphorylated human
a-syn serine residue pS129 at young hA30P mice would be beneficial to study

the progression pathology of a-syn that age-dependent.
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It would be worth studying the morphological changes of reactive astrocytes
and reactive microglia in different age stages of male and female hA30P mice
in the future by using suitable methodology such as stereology test. Also, it
would be interesting to conduct differential quantification for the microglia in the
different layers of the hippocampus.

Determination of exact concentration of metformin in the hippocampus would

be helpful to amend the dosage that | used intranasally.
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