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Abstract

Alzheimer’'s disease (AD) represents a major global health burden, with
prevalence continuing to rise and current treatments offering limited efficacy.
Growing evidence highlights neuroinflammation as a key driver of AD
progression, with activated microglia and reactive astrocytes contributing to
and accelerating AD pathology. Similarly, major depressive disorder (MDD) is
characterised by enhanced neuroinflammation, including elevated levels of
pro-inflammatory cytokines, and is recognised as a risk factor for AD.
Furthermore, patients experiencing both MDD and AD show accelerated
disease progression and a worse prognosis, suggesting that MDD could act
as an early biomarker or intervention target for AD therapeutics. Recent
findings demonstrate that protease-activated receptor 2 (PAR2) activation
induced behavioural changes associated with depression-like behaviour and
cytokine release in vivo. Based on this, we hypothesised that PAR2 activation
via activator AC264613, as well as LPS-induced inflammation, would elicit
depression-like behaviour and exacerbate neuroinflammation and amyloid-

beta (AB) deposition in the 5xFAD mouse model.

10-12-week-old mice (5xFAD-- and 5xFAD*" litermates and C57BL6/J wild-
types) were injected with either vehicle (i.p.), AC264613 (AC: 100 mg kg i.p.)
or lipopolysaccharide (LPS: 0.5 mg kg™ i.p.) and locomotor activity, anhedonia
and apathy were investigated 2h and 24h post-injection. Both AC and LPS
induced behavioural changes associated with depression-like behaviour,

demonstrated by reduced locomotor activity, sucrose preference, and
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grooming behaviour, which were exacerbated under environmental stress.
Immunohistochemistry revealed that AC and LPS induced transient
immunomodulatory effects, reducing astrocyte reactivity and AB plaque
deposition at 3 weeks post-injection in female 5xFAD*- mice but had no effect
on activated or phagocytic microglia. Both AC and LPS altered pro- and anti-
inflammatory cytokine release in 5xFAD-- mice, while AC had minimal effects
in 5xFAD*- mice. In addition, PAR2 activation increased blood brain barrier
(BBB) permeability, whereas PAR2 inhibition maintained BBB integrity and

prevented AC induced disruption.

Overall, this study expands our knowledge on the neuroprotective and
immunomodulatory properties of PARZ2, highlighting its potential as a
therapeutic target for modulating neuroinflammation, A plague deposition and

BBB integrity, offering promising new avenues for AD treatments.
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1.1. Alzheimer’s disease

1.1.1. History and prevalence of Alzheimer's disease

Alzheimer’s disease (AD) is the most common form of dementia, accounting
for 60-70% of all cases, and is recognised as the leading cause of disability
and dependency worldwide. Globally, over 55 million people are currently
living with dementia, with approximately 10 million new cases each year, and
prevalence is projected to rise to 140 million cases by 2050 (Long et al., 2023;
World Health Organisation [WHOQO], 2023). In the UK, dementia and AD has
been the leading cause of death since 2022, responsible for 12% of all deaths
in England and Wales (Office for National Statistics (ONS), 2024). It is
estimated that 70% of care homes residents have dementia, and the economic
health and social care burden exceeds £25bn in the UK alone (Alzheimer’s
Society, 2024; Landeiro et al., 2024). As life expectancy increases, and with
no cure and only limited treatments to slow progression, the WHO has
declared AD ‘a global public health priority’ (The World Health Organisation,

2012; Zhang, Zhang, et al., 2024).

First described in 1906 by German psychiatrist Alois Alzheimer, AD is a
progressive neurodegenerative disorder clinically characterised by memory
loss and cognitive decline, eventually leading to behavioural changes and
impairments in speech and motor function (Alzheimer, 1906; De-Paula et al.,
2012). Pathologically, the disease is defined by the accumulation and
aggregation of extracellular amyloid beta (AB) peptide in the form of neuritic
plaques and hyperphosphorylated tau protein (p-tau) in the form of intracellular

neurofibrillary tangles (NFTs) (Alzheimer et al., 1995; Ferencz et al., 2015).
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Inflammatory responses, neuronal apoptosis, and synaptic loss results in
atrophy in the cortical regions, hippocampus, and entorhinal cortex, correlating

with the cognitive and memory symptoms of AD (Jellinger, 1998).

Neuropsychiatric symptoms (NPS) comprise a core feature of AD, with nearly
all patients suffering early or late stage NPS. Depression and apathy are the
most frequent early onset NPS that continue as the disease progresses, with
agitation, aggression, and psychotic symptoms becoming more common in the
later stages of disease (Lyketsos et al., 2011). Early cognitive symptoms are
often subtle and mistaken for normal age-related decline, complicating early
diagnosis (Knopman et al., 2021). Mild cognitive impairment (MCI) represents
the earliest symptomatic stage of cognitive decline, characterised by slight but
noticeable changes in memory and thinking abilities. Although not all cases of
MCI go onto develop AD, MCI is often the transitional stage between normal
ageing and AD progression, therefore MCI can act as an indication of dementia
risk (Petersen, 2004). Deposition of amyloid pathology can begin 15-20 years
before symptoms, followed by tau pathology and cognitive changes (Bateman

etal., 2012).

Ongoing research has focused on understanding the molecular mechanisms
driving AD, identifying genetic and environmental risk factors, and developing
disease-modifying treatments. Growing evidence highlights the importance of
neuroinflammation in the development and progression of AD pathogenesis
(Heneka et al., 2024). Although, whether the immune response is a driver or
consequence of disease, and whether it represents a viable therapeutic target

remains under debate.
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1.1.2. Alzheimer’s disease pathology

1.1.2.1. Amyloid cascade hypothesis

AB peptide, identified as the primary component of AB plaques, has been
proposed as the initiating factor in AD pathogenesis, forming the basis of the
amyloid cascade hypothesis (Glenner et al., 1984; Hardy et al., 1992). This
hypothesis posits that abnormal AB production acts as the driving force,
causing subsequent pathological changes including tau pathology and

neurodegeneration (Hardy et al., 1992).

AB is derived by sequential cleavage of the 3-amyloid precursor protein (APP)
(Kang et al., 1987). APP is an integral membrane protein highly expressed in
the brain, particularly at neuronal synapses, and is involved in synaptic
function and repair, intracellular transport, signalling, and neuronal
homeostasis (Chen et al., 2017). APP can be processed via two cleavage
pathways: the non-amyloidogenic pathway via a-secretase or the
amyloidogenic pathway via 3-secretase (BACE1). Most APP is cleaved via a-
secretase, producing a soluble secreted APP-fragment (sAPP)a and
membrane-bound C-terminal fragment 83 (C83), which y-secretase further
cleaves to produce P3 peptide, a truncated form of AB (AB17-40/42).
Alternatively, cleavage by B-secretase generates soluble sAPPB and C-
terminal fragment 99 (C99). Further cleavage of C99 by y-secretase creates
monomers, AB4o and AB42, which are released into the extracellular space,
forming the basis of AR plaques (Fig. 1.1) (Haass et al., 1993; Wang et al.,
2012; Zhang et al., 2013). Normally, extracellular AR is degraded but the

abnormal APP processing by BACE1 and an imbalance in the production and
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clearance leads to the accumulation of AB40 and AB42. Due to the slightly longer
amino acid sequence, AB42 is more hydrophobic and readily aggregates into
oligomers, which in turn form misfolded insoluble fibrils, ultimately resulting in
the formation of amyloid neuritic plaques (Rambaran et al., 2008; Chen et al.,
2017). BACE1 inhibition has been explored to reduce AB4o42 production, but

clinical trials were halted due to off-target toxicity and selectivity issues (Zhang

et al., 2023).
APP
sAPP-3 sAPP-a
B-secretase u
y-secretase (BACE1) a- secretase -secretase
— —
Membrane i |
(o)) (v2]
(o)) o0
<Amyloidogenic pathway | O O |Non -Amyloidogenic pathw>

Figure 1.1: Schematic representation of amyloidogenic and non-amyloidogenic
APP processing pathways. Transmembrane protein APP is usually cleaved via a-
secretase within the AR region (indicated in orange), generating the soluble secreted
APP-fragment (sAPP)a and C83, which is further cleaved by y-secretase to produce
P3 peptide. Alternatively, B-secretase cleaves APP, producing sAPP3 and C99. C99
is further cleaved by y-secretase producing monomers ABs and ABs2. (Figure
adapted: Wang et al., 2012).

AB deposits initially accumulate in the neocortex, spreading to the entorhinal
cortex and hippocampus, then to the subcortical nuclei, and finally to the
brainstem and cerebellum inducing neurotoxicity, tau deposition, synaptic loss,
and neuronal apoptosis (Jellinger, 1998; van der Kant et al., 2020). The

mechanisms of plaque propagation are not fully understood but the ‘seeding’
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hypothesis suggests that small AR aggregations can act as 'seeds’ that are
released from synapses to propagate AB plaques in adjacent brain regions,
spreading throughout the brain in a prion-like manner (Walker et al., 2016).
Studies have shown AB injected into AD mouse brains demonstrate a seeding-

like spread from the site of injection (Li ef al., 2022).

AB plaques are typically classified as diffuse and neuritic plaques. Diffuse
plaques are an amorphous, poorly defined collection of aggregated AB peptide
not yet fibrillar in form and are not usually associated with a glial reaction,
frequently occurring in normal ageing. Neuritic, dense-core or senile plaques
consist of fibrillar AR with a compact central core, surrounded by dystrophic
neurites, reactive microglia and astrocytes, and are associated with
neurotoxicity and synaptic degeneration (Wippold et al., 2008; Serrano-Pozo
et al., 2011). Ap deposits can also accumulate in cerebral blood vessel walls,
known as cerebral amyloid angiopathy (CAA), leading to weakened
vasculature and increased vulnerability to intracerebral haemorrhages. CAA is
frequently observed in AD brains and may contribute to cognitive decline

(Serrano-Pozo et al., 2011; Jakel et al., 2022).

1.1.2.2. Neurofibrillary Tau tangles

Tau is a soluble microtubule-associated protein highly expressed in axons and
plays an essential role in axonal transport, microtubule assembly, and stability
(Grundke-lgbal et al., 1986; Medeiros et al., 2011). Encoded by the
microtubule associated protein tau (MAPT) on chromosome 17, tau is spliced
into six isoforms, differing in the number of N-terminal and C- terminal inserts.

Depending on the repeat domain, tau proteins become either 3R or 4R, three
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or four repeats, respectively (Goedert et al., 1989; Hutton et al., 1998). In the
adult human brain, 3R and 4R isoforms are expressed at approximately equal
levels but this ratio is altered in tau-related neurodegenerative diseases,
collectively known as tauopathies (Hernandez et al., 2007; Medeiros et al.,

2011).

Under normal homeostasis, tau undergoes various post-translational
modifications including phosphorylation, glycosylation, ubiquitination,
methylation, and oxidation. Typically, only two or three residues are
phosphorylated but under certain conditions, tau is prone to misfolding
resulting in increased phosphorylation known as hyperphosphorylation.
Hyperphosphorylated tau (p-tau) molecules misfold and aggregate within the
neuronal soma, dendrites, and synapses forming insoluble paired helical fibrils
(PHF), the main component of NFTs (Grundke-Igbal et al., 1986; Kbpke et al.,
1993; Medeiros et al., 2011). This process impairs axonal transport and
microtubule support resulting in microtubule instability and cytoskeletal

disintegration (Kdpke et al., 1993; Alonso et al., 2018).

Alongside AB plaques, NFTs are a fundamental hallmark of AD. However,
NFTs are observed in several other tauopathies, including frontotemporal
dementia, chronic traumatic encephalopathy, progressive supranuclear palsy,
and corticobasal degeneration (Hernandez et al., 2007; Alonso et al., 2018).
Tauopathies can often be classified by predominant isoform of tau
accumulating in NFTs, with 3R tau characteristic of Pick’s disease and 4R of
supranuclear palsy. Both 3R and 4R tau occur in the NFTs in AD (Hernandez

et al., 2007; Medeiros et al., 2011).
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The progression and regional distribution of NFTs are described by Braak
staging (Braak et al., 1991). NFTs initially develop in the entorhinal cortex,
spreading to the limbic system and hippocampus, and eventually the
neocortical areas through synaptic seeding and propagation mechanisms.
This progressive accumulation of tau pathology correlates strongly with
cognitive decline in AD patients (Braak et al., 1995; Nelson et al., 2012; Ferrari

et al., 2021).

1.1.2.3. Pathological and structural brain changes

Atrophy of the hippocampus and amygdala represents one of the earliest
structural changes in AD, contributing to the memory and mood disturbances
of early disease. As atrophy progresses, it spreads through the temporal lobe
and entorhinal cortex to the thalamus and striatum, and subsequently to
widespread cortical areas, including the prefrontal cortex responsible for
executive functions (Jellinger, 1998). Synapse loss and degeneration, driven
by AB- and tau-induced synaptic toxicity, strongly correlates with cognitive
decline as the disease progresses (DeKosky et al., 1990; Tzioras et al., 2023).
Ventricle enlargement and thinning of the corpus callosum are also observed
resulting from neuronal and synaptic atrophy (Fig. 1.2). Several of the brain
regions vulnerable to AD pathology are also susceptible to other
neurodegenerative disease pathologies, including a-synucleinopathy and
TDP-43 proteinopathy. Mixed dementia pathology is therefore common, and
overlapping or heterogeneous clinical symptoms can often complicate

accurate diagnosis (Srivastava et al., 2021).
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Healthy brain vs Alzheimer’s disease
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Figure 1.2: Pathology of healthy brain vs Alzheimer’s disease brain. (1-2) APP
is cleaved via the amyloidogenic pathway by B-secretase and y-secretase, producing
ABso/ABs2 that aggregate into AR oligomers. (3) AR oligomers aggregate into
extracellular AB plaques, accumulating around neurons. (4) Intracellular tau proteins
become hyperphosphorylated, forming insoluble paired helical fibrils. (5) Tau fibrils
form into neurofibrillary hyperphosphorylated tau tangles aggregated in the neuronal
soma. Additional pathological changes include generalised brain atrophy, cerebral
cortex atrophy, ventricle enlargement, thinning of the corpus callosum, and shrinkage
of the hippocampus and amygdala. (Figure made in biorender.com).

1.1.2.4. Amyloid plaques and neurofibrillary tau interactions

A neuropathological diagnosis of AD requires the presence of both A plaques
and NFTs (Jellinger, 1998). However, there remains debate regarding which
pathological change initiates and drives AD progression. The amyloid cascade
hypothesis, introduced in 1991, has been the central framework for
understanding AD pathogenesis following the discovery that three familial
mutations promote AR plaque aggregation and early onset AD (Hardy et al.,
1992). This hypothesis has continued to guide drug development, with recent

monoclonal antibodies designed to reduce AB deposition and/or enhance A

clearance (Sims et al., 2023; van Dyck et al., 2023).
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Biomarker studies, including cerebral spinal fluid (CSF) analysis,
neuroimaging, and post-mortem samples, indicate that AB accumulation
precedes the appearance of p-tau pathology (Fagan et al., 2006; Tolboom et
al., 2009). Over time, the amyloid hypothesis has evolved to encompass
additional mechanisms including neuroinflammation, oxidative stress, and
dysregulation of protein homeostasis, highlighting the multifactorial nature of
AD and the need for multi-targeted therapeutic approaches (Selkoe et al.,
2016; van der Kant et al., 2020). However, many disagree with the amyloid
hypothesis due to the lack of correlation in cognitive decline between AR in
MCI and AD, and presence of amyloid pathology in cognitively normal

individuals (Aizenstein et al., 2008).

An alternate theory posits tau as the primary instigator of AD, having been
identified in the medial temporal lobe in the absence of amyloid plaques in
cognitively normal individuals. Tau pathology is proposed to begin very early
in the brain, as pretangles in the brain stem nuclei, progressing to NFTs
subsequently triggering AB plaque deposition (Braak et al., 2011). Others
argue this represents age-related tau pathology rather than a true precursor to
AD (Crary et al., 2014; Scholl et al., 2016). A contrasting hypothesis proposes
that NFTs only spread beyond the medial temporal lobe in the presence of AR
plaques, reinforcing that AB is the initiating factor (Schdll et al., 2016; Vogel et
al., 2021). Interestingly, substantial AB and tau pathology comparable to that
in AD, has also been reported in cognitively normal individuals suggesting a
potential resilience to the effects of these neuropathological changes (Neuner

et al., 2022; Zhang, Ganz, et al., 2022; Ahangari et al., 2023).
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Synaptic degeneration driven by AB and p-tau toxicity correlates strongly with
cognitive decline in both humans and animals models (Sri et al., 2019; Colom-
Cadena et al., 2020; Tzioras et al., 2023). Animal studies have demonstrated
AB clearance via antibody immunotherapy can improve or even reverse
synaptic loss (Rozkalne et al., 2009; Spires-Jones et al., 2009). Similarly, tau
reduction or tau knockout (KO) has been shown to restore memory and
behavioural deficits while protecting against AB-induced synaptic degeneration
(Roberson et al., 2007; Cisternas et al., 2022). Deletion of the AB cleaving
enzyme BACE1 in the 5xFAD mouse model also completely reversed amyloid
deposition, improving long-term potentiation (LTP) and synaptic function (Hu

et al., 2018).

Although clear links exist between AR plaque formation and NFT propagation,
the underlying cause of these pathological processes remain uncertain. AD is
now recognised as a multifactorial disease, associated with several risk factors

including ageing, genetics, and environmental factors.

1.1.3. Genetics of Alzheimer's disease

1.1.3.1. Familial Alzheimer’s disease

Although most AD cases are sporadic, approximately 1-2% are familial (FAD,
familial Alzheimer’s disease), presenting with early-onset symptoms (EOAD)
(Guerreiro et al., 2012). Mutations in three major genes have been identified,;
APP, presenilin 1 (PSEN1T) and presenilin 2 (PSENZ2) (Chartier-Harlin et al.,
1991; Levy-Lahad et al., 1995; Sherrington et al., 1995). These mutations alter
APP processing, favouring APs42 production and promoting amyloid

accumulation. Over 200 pathogenic variants have been identified across these
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genes, contributing to AD risk and progression (Ferencz et al., 2015; Xiao et

al., 2021).

1.1.3.2. Sporadic Alzheimer’s disease

Late-onset AD (LOAD) accounts for 98-99% of cases, with many associated
variants affecting Ap metabolism (Ferencz et al., 2015). The strongest genetic
risk factor for LOAD is a polymorphism in the apolipoprotein E (APOE) gene,
which encodes a glycoprotein involved in lipid transport and neuronal repair
(Liu et al., 2013; Shen et al., 2016). Humans possess three isoforms of the
APOE gene: €2, €3, and €4 alleles, with €4 allele increasing AD risk by
approximately 3-4-fold in heterozygotes and approximately 9-15-fold in
homozygous allele inheritance (Corder et al., 1993; Frick et al., 2024). €4
promotes AP aggregation and impairs clearance, accelerating AD
pathogenesis (Tachibana et al., 2019; Husain et al., 2021). Conversely, €2 is
considered protective with a decreased risk of developing AD (Liu et al., 2013;

Li et al., 2020).

Recent genome-wide association studies (GWAS) have identified over 40 loci,
associated with LOAD risk, including APOE, many of which relate to
inflammation and microglial function (Novikova et al., 2021; Wightman et al.,
2021). Variants in triggering receptor expressed on myeloid cells 2 (TREM?2)
and cluster of differentiation 33 (CD33), both expressed by microglia and
involved in phagocytosis, are linked to impaired immune responses and
increased AD susceptibility (Fig. 1.3). Notably, TREM2-activating antibodies
have shown promise in restoring microglial function (Misra et al., 2018; van

Lengerich et al., 2023). Several of the identified loci are linked to the immune
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response, highlighting the importance of inflammation in AD risk (Fig.1.3)

(Karch et al., 2015).
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Figure 1.3: Genetic variant mutations contributing to AD risk. Genetic variants
are shown according to their associated AD risk level, either low, medium, or high risk,
and frequency in the general population. (Figure adapted: Karch and Goate, 2015).

1.1.4. Risk factors of Alzheimer's disease

Age is the highest risk factor for AD with the typical onset 65 years old, and
risk increases exponentially with age (Livingston et al., 2024). Ageing is also
associated with co-morbidities, including cardiovascular diseases, diabetes,
bowel disease, and depression. These disorders can precede or occur
concomitantly with AD, and their presence may influence AD progression.
Chronic inflammation represents a common feature linking these conditions,
though whether it is a cause or consequence of AD remains debated (Santiago

et al., 2021).
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Biological sex is another important determinant, with women exhibiting a
higher prevalence of AD independent of lifespan. This disparity may reflect
both biological influences, such as hormonal changes, and sociocultural

factors including education and lifestyle differences (Lopez-Lee et al., 2024).

A recent review published in The Lancet identified a series of modifiable risk

factors associated with a 45% increased risk in developing AD (Fig. 1.4).
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Figure 1.4: 14 modifiable risk factors contributing to AD prevalence. These
factors collectively account for 45% of the increased risk of developing AD and are
distributed across different life stages, with each factor indicating the potential
reduction in dementia risk if eliminated. (Figure adapted: Livingston et al., 2024).
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These risk factors were identified across the life-course highlighting areas to

practice preventative measures to reduce AD risk (Livingston et al., 2024).

Depression is recognised as a midlife risk, with long-term depression
associated with cognitive decline. Further, meta-analyses have identified a 2-
3-fold risk in developing AD in individuals who have suffered depression
through life (Saiz-Vazquez et al., 2021). Notably, depression is more prevalent
in women, highlighting sex-specific vulnerability across both affective and

neurodegenerative disorders (Kim et al., 2021).

1.1.5. Biomarkers of Alzheimer's disease

The lack of effective AD treatments in clinical practice may be attributed to the
advanced disease state during clinical trials and pharmacological intervention.
As A deposition can begin up to 20 years before symptom onset, developing
specific early-stage diagnostic tools is crucial for both early detection and
therapeutic intervention (Zetterberg et al., 2021; Klyucherev et al., 2022).
Currently, the main biomarkers include neuroimaging and CSF testing, with
emerging blood-based biomarkers offering promising advances in accessibility

and costs.

Positron emission tomography (PET) remains the leading neuroimaging
technique, enabling detection of amyloid, tau, and glucose metabolism in the
brain. Radioligands, such as ['8F]florbetapir, ['8F] flortaucipir, and '8F-2-fluoro-
2-deoxy-D-glucose (['®F]FDG), cross the blood brain barrier (BBB) to bind AR
plaques, p-tau, or glucose, respectively, allowing accurate quantification of

pathology (Maschio et al., 2022). Development of new radiotracers targeting
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neuroinflammatory markers, including glia, could offer new insights into the

disease progression of AD (Zhou et al., 2021; Liu et al., 2022).

CSF analysis provides biochemical evidence of amyloid and tau pathology, as
well as neurodegeneration by measuring AB42, AR42/AB4o ratio, p-tau and total
tau (t-tau), and neurofilament light polypeptide (NfL), respectively (Dhiman et
al., 2020; Zetterberg et al., 2021). In AD, reduced ABs2 and increased
AB4o/a2 ratio reflect plaque deposition, while increases in p-tau and t-tau
correlate with tau pathology (Zetterberg et al., 2021; Klyucherev et al., 2022).
Elevated NfL indicates axonal degeneration, hippocampal atrophy, and grey
matter loss, making them useful predicters of cognitive impairment (Dhiman et
al., 2020) (Fig. 1.5). Despite their diagnostic accuracy, CSF tests are limited

by cost and invasiveness.

Recent progress in plasma and serum biomarker assays offers a less invasive
alternative with high diagnostic potential. Plasma levels of p-tau217 and p-
tau181 show strong correlations with early AR load, while levels of t-tau
indicate neurodegeneration (Balogun et al., 2023). Additionally, markers such
as NfL can reflect neurodegeneration and astrocytic activation, supporting the
use of blood-based biomarkers as a practical, scalable diagnostic tool for AD

(Chatterjee et al., 2023; Grande et al., 2025).

Although current biomarkers are highly specific, testing usually occurs only
after clinical symptoms emerge. Identifying earlier indicators of disease risk is
a major research focus. Monitoring modifiable factors, such as chronic

depression, may provide early insight into neuroinflammatory processes
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preceding amyloid or tau pathology, acting as a biomarker and potentially
enabling intervention before irreversible neurodegeneration (Howlett et al.,

2021; Roccati et al., 2024).
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Figure 1.5: Biomarkers and progression of AD. AB42 detection identified by CSF
and PET is followed by p-tau detection, with neurodegeneration measured by FDG-
PET and MRI scans. Cognitive decline (green zone) progresses from MCI to dementia
as AB42 and p-tau levels increase. (Red brain) Tau pathology spreads from the
entorhinal cortex, hippocampus, and temporal regions to the cortical regions. (Blue
brain) AB deposition begins in the neocortex, spreading to the hippocampus,
entorhinal cortex, and amygdala, then to the subcortical nuclei. Widespread AR
accumulation occurs in preclinical AD, while tau pathology develops later, suggesting
amyloid may drive tau aggregation. (Figure sources: Jack et al., 2013; van der Kant,
Goldstein and Ossenkoppele, 2020).
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1.1.6. Treatments for Alzheimer’s disease

Current treatments for AD can be divided into symptomatic agents, which aim
to improve cognitive and behavioural features, and disease-modifying
therapies (DMT), which aim to alter the underlying processes to prevent or
reduce disease progression. Developing effective and specific DMTs remains
a priority and as of 2025, 138 agents were in various phases of clinical trials,
with DMT representing 75% of these treatments (Cummings et al., 2025).
There has been increasing development and success with the use of
monoclonal antibodies (mAbs) as DMTs to specifically target and remove AR

(Cummings et al., 2024).

1.1.6.1. Symptomatic treatments

Four drugs are currently approved by both the Medicines and Healthcare
products Regulatory Agency (MHRA, UK) and Food and Drug Administration
(FDA, US) for the management of cognitive and behavioural symptoms in AD;
acetyl cholinesterase inhibitors (AChEls), donepezil, rivastigmine, and
galantamine, and N-methyl-D-aspartate (NMDA) receptor antagonist,
memantine (National Institute for Health and Care Excellence, 2018;
Cummings, 2021). In addition, two further drugs for AD symptoms have been
approved by the FDA in the USA, brexpiprazole for agitation and suvorexant

for insomnia, though neither is currently approved for use in the UK.

The cholinergic hypothesis, derived in the 1970s, arose from findings that
cholinergic antagonists induced memory impairment and neocortical deficits in
the enzyme choline acetyltransferase (ChAT), which is responsible for the

synthesis of acetylcholine (ACh) (Deutsch, 1971). ACh is essential for learning
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and memory, and cholinergic degeneration is associated with cognitive decline
and AB-related neurotoxicity. AChEIls inhibit acetylcholinesterase (AChE) from
breaking down ACh, thereby increasing ACh in the synaptic cleft (Pakaski et

al., 2008; Huang et al., 2022).

Excitatory glutamatergic neurotransmission via NMDA receptors is essential
for synaptic plasticity but overactivation leads to calcium (Ca?")-mediated
excitotoxicity and neuronal death. Memantine blocks NMDA receptor
overactivation, restoring physiological glutamatergic signalling (Zhou et al.,
2014; Liu et al., 2019). Memantine is recommended by National Institute for
Health and Care Excellence (NICE, UK) in combination with donepezil for
moderate to severe AD (National Institute for Health and Care Excellence,
2018; McShane et al., 2019). Both drug classes provide modest cognitive and
neuropsychiatric symptom (NPS) improvement, particularly in mild-to-
moderate disease, but do not halt neurodegeneration (Rodda et al., 2009; Dou

et al., 2018; Guo et al., 2020).

Brexpiprazole is an atypical antipsychotic that modulates neurotransmitter
activity in the brain, acting as a partial agonist at serotonin (5-HT1A) and
dopamine D2 receptors, as well as an antagonist at serotonin 5-HT2A
receptors, thereby influencing both serotonin and dopamine signalling.
Commonly used in schizophrenia, brexpiprazole is the first FDA-approved
drug for the treatment of agitation associated with AD (Edinoff et al., 2021; Lee,
Clark, et al., 2024). Suvorexant is an orexin receptor antagonist that promotes
sleep by inhibiting wakefulness-promoting orexin neurons through binding

OX1R and OX2R receptors, and was FDA-approved for treating insomnia in

19|Page



mild to moderate AD (Herring et al., 2020; Ragsdale et al., 2025). Depression
and anxiety are the most prevalent NPSs of AD, and patients are frequently
prescribed selective serotonin reuptake inhibitors (SSRIs) to manage mood
disturbances; however, evidence suggests that these treatments have limited
efficacy and do not alter the underlying progression of the disease (Costello et

al., 2023; Lenouvel et al., 2024).

1.1.6.2. Disease-modifying treatments

The first DMT, aducanumab, an immunoglobulin G1 (IgG1) mAb was approved
by the FDA in 2021 for AD treatment. Aducanumab targets and removes A
oligomers, fibrils, and plaques, most successfully in mild cases of AD or MCI
(Sevigny et al., 2016). Its approval was controversial due to limited evidence
of cognitive benefit, early fast-track approval, and significant adverse effects,
including amyloid-related imaging abnormalities (ARIA) such as cerebral
oedema (35%) and haemorrhage (19%), alongside high treatment cost (Walsh

et al., 2021; Beshir et al., 2022).

Subsequent AR targeting mAbs, Lecanemab and Donanemab, were FDA
approved in 2023 and 2024, after demonstrating reduced amyloid burden and
modest slowing of cognitive decline over 12—18 months (McDade et al., 2022;
H. et al., 2023; Sims et al., 2023). However, both were rejected by NICE due

to limited clinical benefit, ARIA risk, and cost (Mahase, 2024).

Despite these challenges, the approval of AB-targeting antibodies is a major

milestone in AD therapeutics. Numerous agents targeting tau pathology,
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neuroinflammation, and neurotransmitters are currently in clinical trials, aiming

to deliver more effective and safer DMTs (Cummings et al., 2025).

1.1.7. Animal models of Alzheimer's disease

Experimental models are essential for understanding the complex
mechanisms underlying AD pathology, and for testing novel therapeutics.
Models are established based on three basic constructs: face validity
(phenotype similar to human disease), construct validity (shared underlying
mechanisms), and predictive validity (response to treatments) (Willner, 1984).
Additional refinements, such as mechanistic (similar cognitive or biological
mechanisms) and pathogenic validity (etiological and biomarker validity),
further improve translational relevance (Belzung et al., 2011; Wang et al.,

2017).

Genetically modified animal models, particularly rodent models, are widely
used due to their comparable brain structure and function, short lifespan
allowing longitudinal observations, and the ability to introduce human relevant
genetic variants that reproduce key AD hallmarks such as AB plagques and
NFTs (Drummond et al.,, 2017; Yokoyama et al., 2022). The discovery of
genetic mutations in APP/PSEN, linked to FAD, and MAPT, associated with
tauopathies, has led to the creation of diverse transgenic, knock-in, and knock-
out models that develop AB and tau pathology, as well as associated

inflammatory responses (Zhong et al., 2024) (table 1.1).

Models can be designed to capture different stages of disease progression,

with rapidly developing pathology in transgenic lines such as 5xFAD (Oakley
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et al., 2006), while knock-in models develop pathology more gradually,
providing a closer approximation to human disease progression (Saito et al.,
2014; Zhong et al., 2024). Although no single model fully recapitulates the
combined AB, p-tau, and neurodegeneration pathology seen in AD, these
models effectively represent various disease stages, providing valuable
platforms to study disease progression, cognitive deficits, and behavioural

changes (Kosel et al., 2020).

1.1.7.1. Cognitive and behavioural tests of Alzheimer's disease

Rodent cognitive and behavioural tests are designed to assess functions that
decline in AD, including memory, executive function, and attention. Common
paradigms include maze-based tasks and object recognition test, to evaluate
reference, working, and recognition memory (Olton et al., 1976; Barnes, 1979;
Morris et al., 1982; Ennaceur et al., 1988). Executive function can be tested
with discrimination tasks (Birrell et al., 2000), while attention can be modelled

with multiple-choice time selective tasks (Carli et al., 1983).

These tests provide insight into neurological functions affected by disease
progression, with performance deficits indicating AD-like cognitive decline.
Rodent models can also be used to assess the efficacy of potential therapeutic
interventions. However, rodent models replicate only specific aspects of AD
pathology, limiting their translational accuracy from preclinical to clinical

settings (Webster et al., 2014; Drummond et al., 2017).

Behavioural symptoms associated with neuropsychiatric features of AD, such

as depression-like and anxiety-like behaviour can also be examined in rodent
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models using various tests including forced swim test (Porsolt et al., 1977),
sucrose preference (Willner et al., 1987), grooming behaviour, (Isingrini et al.,
2010) and nesting building tests (Deacon, 2006). These are discussed in more

depth in ‘rodent models of MDD’ (section 1.3.6).
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Table 1.1: Examples of commonly used mouse models of Alzheimer's disease.

Mouse model

Tg2576 (Hsiao et
al., 1996)

APP/PS1
(Jankowsky et al.,
2004)

5xFAD

(Oakley et al.,
2006)

3xTg

(Oddo et al.,
2003)

APPNLF Knock-in

(Saito et al.,
2014)
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Mutations

APP Swedish mutation:
(KM670/671NL)

APP Swedish mutation:
(KM670/671NL) PSEN1
mutation: (PS1dE9)

APP Swedish mutations:
(K670N/M671L), Florida
(1716V), London (V7171),
PSEN1 mutations: (M146L and
L286V)

APP Swedish mutation:
(KM670/671NL), PSEN1
mutation (M146V), MAPT-tau
mutation (P301L)

APP Swedish mutation:
(K670N/M671L), APP
Beyreuther/Iberian mutation:
(I716F)

AB plaques

+ (6-8 months of
age - amyloid, 11-
13 months of age -
plaque formation)

+ (high levels of
plaques at 6
months of age)

+ (2 months of age
- plaque formation
with high plaque
level by 6 months
of age)

+ (6-12 months of
age - amyloid
plaques)

+ (6 months of age
- amyloid
deposition, 24
months of age
cortical amyloidosis

p-Tau

+ (NFTs
from 12
months
of age)

Inflammation

1 Reactive astrocytes
1 Activated microglia
| Synaptic density

1 IL1B, IL6, IL10

1 Reactive astrocytes
1 Activated microglia
| Synapse function

1 Reactive astrocytes
1 Activated microglia
| Synaptic density

1 Neurodegeneration
1 IL1B, TNF-a

1 Inflammation

1 Neurodegeneration
1 Synapse dysfunction
1 LTP deficits

1 Reactive astrocytes
1 Activated microglia
| Synapses

Cognitive & Behaviour

| Cognition (6-8 months of age)

| Spatial & working memory

1 Hyperexcitability & Anxiety?
Social withdrawal

1 Aggression

| Cognition (6-9 months of age)
| Spatial & working memory

| Fear conditioning

1 Anxiety & social withdrawal

1 Hyperexcitability

| Cognition (6-12 months of age)
| Spatial & working memory

1 Hyperexcitability & Aggression
| Anxiety

1 Depression-like behaviour

1 Cognition (3-5 months of age)
| Spatial & working memory

1 Depression-like behaviour (18
months of age)

1 Aggression

| Cognition (18 months of age)
| Working memory



1.1.7.2. 5xFAD mouse model

The 5xFAD transgenic mouse model was developed as an aggressive model
of AD, characterised by rapid development of AB plaques, as early as 2 months
of age, and the onset of cognitive and behavioural deficits at approximately 6
months of age. The 5xFAD model carries five FAD mutations: three APP
mutations, the Swedish (K670N/M671L); the Florida (1716V) and London
(V7171) mutations, driven by a Thy1 promotor, and two PSEN1 mutations
(M146L and L286V), on a C57BL/6 background. These mutations alter APP

processing, favouring AB42 production (Oakley et al., 2006).

5xFAD mice develop extensive amyloid pathology beginning in the deep
cortical layers and the subiculum, progressing with age through the
hippocampal CA1-CA3 regions, dentate gyrus, neocortex, thalamus, and
brainstem (Oakley et al., 2006; Forner et al., 2021). Female mice exhibit
greater AP deposition than male mice due to the oestrogen-mediated Thy1
promoter (Oakley et al., 2006; Sadleir et al., 2015; Zhong et al., 2024). The
model also displays heightened neuroinflammatory responses, including
activated microglia and reactive astrocytes, as demonstrated by F4/80 and
GFAP markers, and increased pro-inflammatory cytokine levels, including
Interleukin (IL)-1B and tumor necrosis factor alpha (TNF-a) (Oakley et al.,
2006; Oblak et al., 2021), which may act as both drivers and consequences of

AR deposition.

Cognitive and behavioural deficits emerge from 6-12 months of age, with
impairments in spatial and working memory observed in the Morris water

maze, radial arm maze, and novel object recognition tests (Oakley et al., 2006;
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Padua et al., 2024). Mice also display reduced anxiety-like behaviour in open
arm and elevated plus mazes, and some studies have reported depression-
like behaviour in forced swim tests (Jawhar et al., 2012; Locci et al., 2021).
Male 5xFAD mice have been known to show increased aggression (Kosel et
al., 2020, 2021) while both sexes often show reduced weight and hyperactivity
compared to wild type (WT) littermates (Kosel et al., 2020, 2021; Forner et al.,

2021).

Overall, the 5xFAD mouse model provides a robust platform to study early and
rapid amyloid pathology, neuroinflammatory mechanisms, and potential
neuropsychiatric behaviours in AD pathogenesis. Importantly, the presence of
amyloidosis before the onset of cognitive decline allows for study of potential
drivers of disease and biomarker discovery (Oblak et al., 2021; Zhong et al.,

2024).

1.2. Neuroinflammation

1.2.1. The inflammatory response

Neuroinflammation is a key feature of neurodegenerative diseases and is
recognised as the third core hallmark of AD pathogenesis (Heneka et al.,
2024). Neuroinflammation refers to an inflammatory response within the CNS
in response to injuries, iliness, or infections, leading to the release of pro-
inflammatory cytokines, chemokines, and reactive oxygen species (ROS) from
the innate immune cells, including microglia and astrocytes (Morales et al.,

2014; Kwon et al., 2020).
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Primarily, neuroinflammation is an acute protective mechanism to promote
recovery. However, prolonged chronic activation can lead to synapse
dysfunction, neuronal death and impaired neurogenesis, driving AD
progression (Kempuraj et al., 2016; Leng et al., 2021). Thus, the balance
between neuroprotective and neurotoxic effects remains a major focus of

research.

Epidemiological studies have reported long-term use of non-steroidal anti-
inflammatory drugs (NSAIDs) is associated with reduced AD risk, with meta-
analyses indicating a 19% lower risk compared to controls (Zhang et al., 2018;
Vom Hofe et al., 2025). However, despite these associations, clinical trials
have shown that NSAIDs do not slow or alter the progression of established
AD and are therefore not recommended by NICE guidelines, highlighting the
challenge of translating anti-inflammatory strategies into effective treatments
(National Institute for Health and Care Excellence, 2018). Despite this,
compounds targeting neuroinflammation currently comprise 17% of the DMTs
in clinical trials (Cummings et al., 2025). Furthermore, immune receptors, such
as TREM2 and CD33, and gene variants involved in inflammatory pathways,
have been identified as AD risk factors. Modulation of microglial and astrocytic
activation to alleviate neuroinflammation has been proposed as a potential

therapeutic strategy (Singh, 2022; Chen et al., 2025).

1.2.2. Microglia

Microglia are the resident immune cells of the brain, derived from embryonic
yolk sac precursors, they act as the primary line of surveillance and defence

in the CNS. Microglia comprise approximately 10% of all brain cells, and are
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highly motile, constantly surveying for pathogens, clearing debris, and
maintaining homeostasis (Colonna et al., 2017; Leng et al., 2021). In response
to such stimuli, damage- or pathogen-associated molecular patterns (DAMPs
and PAMPSs) trigger microglial activation to the site of injury to initiate the
immune response. Microglia can clear debris via phagocytosis and release
proinflammatory cytokines, such as TNF-qa, IL-1B, IL-6, and chemokines, as
well as anti-inflammatory cytokines, such as IL-4 and IL-10, to recruit additional
immune cells to support pathological agent removal (Hansen et al., 2018;

Kwon et al., 2020).

Microglia alter their morphology from a ramified, branched ‘resting’ state to a
rounded, ameboid ‘activated’ state in response to stimuli (Gao, Jiang, et al.,
2023). Traditionally, they were classified as either M1 (pro-inflammatory) or
M2 (anti-inflammatory), with M1 microglia releasing cytokines and chemokines
to limit further damage, and M2 microglia promoting tissue repair and
neuroprotection (Fig.1.6) (Heneka et al., 2015; Wang et al., 2022). However,
the M1/M2 classifications are now regarded as an oversimplification, and
transcriptomics has revealed microglia exist on a spectrum of activation states
influenced by different stimuli, microenvironments, and CNS regions. Fine
regulation of microglia activation is essential for normal function, and
dysregulation or overreaction contributes to neurodegenerative disease

pathology (Colonna et al., 2017; Guo, Wang, et al., 2022).

1.2.2.1. The role of microglia in AD
In AD, microglia adopt a reactive phenotype and are recruited to sites of A

deposition (Gao, Jiang, et al., 2023). Recent transcriptomics identified a
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Figure 1.6: Microglia activation. Resting ramified microglia are stimulated by
PAMPS or DAMPs and alter to a pro- or anti-inflammatory ameboid conformation
resulting in cytokine and chemokine release. Chronic activation of pro-inflammatory
pathways can induce neurotoxicity and degeneration, while anti-inflammatory
responses promote repair and neurogenesis. (Figure created in Biorender.com;
adapted: Wang et al., 2022).

distinct subpopulation, termed disease-associated microglia (DAM), which are
associated with neurodegenerative diseases, including AD. DAMs act to
downregulate homeostatic pathways, while upregulating phagocytosis and
lipid metabolism, suggesting a transition toward an activated, neuroprotective
state in early disease (Keren-Shaul et al., 2017; Takatori et al., 2025).
However, ongoing formation, impaired clearance, and positive feedback loops
result in chronic non-resolving inflammation that promotes further A
accumulation (Heneka et al., 2015). TREM2 signalling is essential for the
transition to the DAM phenotype, and TREM2 mutations can impair this
process, limiting AB clearance (Keren-Shaul et al., 2017). Prolonged exposure

to AR, cytokines, and other inflammatory mediators leads to microglial
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dysfunction at the plaque sites, contributing to synaptic dysfunction and

neuronal death (Krabbe et al., 2013; Heneka et al., 2024).

Microglia also regulate synaptic maintenance and plasticity through secretion
of brain-derived neurotrophic factor (BDNF), with age-related reductions in
BDNF potentially impairing synaptic plasticity and memory formation in AD
(Norden et al., 2013; Cornell et al., 2022). Ageing microglia display heightened
sensitivity to inflammatory stimuli and a reduced activation threshold resulting
in increased pro-inflammatory cytokine release. This ageing, termed microglia
‘priming’, is associated with functional decline and microglial senescence
(Hoeijmakers et al., 2016; Greenwood et al., 2021).
Elevated levels of both pro-, IL-1B, IL-6, IL-18, TNFa, and anti-inflammatory
cytokines, interleukin-1 receptor antagonist (IL-1RA) and IL-10, have been
detected in the CSF of patients with AD (Dionisio-Santos et al., 2019).
Interestingly, some AD mouse models have shown IL-1pB overexpression can
reduce AR plaque load, potentially by enhancing microglial clearance.
Conversely, cytokines such as IL-1B, IL-6, and TNF-a, have been linked to
exacerbated tau hyperphosphorylation (Shaftel et al., 2007; Ghosh et al.,
2013; Domingues et al., 2017). Furthermore, mutations within the microglial
immune receptors TREM2 and CD33 impair AR phagocytic clearance,
heightening inflammatory response and accelerating AD progression (Griciuc

et al., 2021).

1.2.3. Astrocytes

Astrocytes are specialised glial cells that play essential roles in maintaining

CNS homeostasis. Derived from a common progenitor shared with neurons
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and oligodendrocytes, astrocytes are the most abundant cell type in the CNS
(Liddelow et al., 2020). Originally thought to merely provide structural ‘glue’ for
neurons, they are now recognised as morphologically and functionally diverse,
with two major subtypes: protoplasmic astrocytes, predominantly found in grey
matter, and fibrous, found in white matter. Both subtypes have extensive major
‘branches’ as well as secondary and tertiary “branchlets’ that form interactions
with other neurons and synapses throughout the brain (Zhang et al., 2021,
Baldwin et al., 2024). In addition, single-cell and spatial transcriptomic studies
have revealed region-specific astrocyte subtypes, reflecting the diversity of

different brain areas (Batiuk et al., 2020; Sofroniew, 2020).

Astrocytes form part of the tripartite synapse, interacting with both pre- and
post-synaptic neurons to enable bidirectional communication between glia and
neurons, allowing modulation of synaptic transmission and plasticity.
(Monterey et al., 2021). Key functions include ion regulation, synapse
formation and support, metabolic support to neurons, maintenance of the
blood-brain barrier (BBB), and clearance of neurotoxic waste (Leng et al.,
2021; Monterey et al., 2021). Astrocytic endfeet enwrap capillaries and secrete
factors required for BBB formation and tight-junction maintenance. The BBB
regulates the exchange of ions and molecules in and out of the brain and
protects the brain from pathogens and toxic substances. BBB disruption and
increased permeability are common in several neurological disorders,

including AD (Cabezas et al., 2014; Nehra et al., 2022).

Astrocytes regulate synaptic transmission through the uptake of

neurotransmitters such as glutamate, GABA, and adenosine. Proper
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regulation of glutamatergic transmission and clearance is essential to prevent
excitotoxic build-up, a key feature of cognitive decline in neuropsychiatric and

neurodegenerative diseases (Ziar et al., 2025).

In response to stimuli such as toxins, oxidative stress, or infections, resting
astrocytes become reactive, undergoing morphological and functional
changes. Traditionally, these were classified as proinflammatory, A1-like, or
anti-inflammatory, A2-like, astrocytes (Fig.1.7) (Li et al., 2019; Sarkar et al.,
2022). However, as with microglia, this binary classification oversimplifies their
response as astrocytic activation occurs across a continuum of states
influenced by environmental and pathological factors (Fan et al., 2021). These
reactive astrocytes trigger relevant signalling pathways to release pro- or anti-
inflammatory cytokines and chemokines. Activated microglia can also induce
astrocyte reactivity through the release of cytokines, amplifying both pro- and
anti-inflammatory signalling cascades (Escartin et al., 2021; Sarkar et al.,

2022).

1.2.3.1. The role of astrocytes in AD

Neuropathological and neuroimaging studies demonstrate significant atrophy
and dysfunction of astrocytes in AD, which disrupts synaptic connectivity,
neurotransmitter homeostasis, and neuronal survival through increased
excitotoxicity (Zhang et al., 2021). Historically, much of the research into
understanding neuroinflammation in AD focused on microglia. However, post-
mortem samples of AD brains have revealed abundant reactive astrocytes
surrounding amyloid plaques and blood vessels with AB deposits (Monterey et

al., 2021; Viejo et al., 2022).
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Figure 1.7: Astrocyte activation. Resting non-reactive astrocytes are activated
directly by AB, or in response to microglial activation, to a pro- or anti-inflammatory
reactive state resulting in cytokine and chemokine release. Chronic pro-inflammatory
pathway activation can induce neurotoxicity, synapse damage, and neuronal death,
while anti-inflammatory responses promote synaptic repair and neurogenesis. (Figure
created in Biorender.com; adapted: Sarkar et al., 2022).

Astrocytes are central mediators of the neuroinflammatory response through
reactive gliosis, characterised by an upregulation of glial fibrillary acidic protein
(GFAP). Although GFAP is widely used as a marker for astrocytic reactivation,
it does not fully capture the molecular and functional diversity of astrocytic
reactivity (Zhang et al., 2021; Heneka et al., 2024). In AD, astrocytes are
stimulated by AP deposition, triggering morphological and functional
transformation into reactive states. They adopt both pro- or anti-inflammatory
responses and release cytokines, chemokines, and growth factors that
influence disease progression. The early astrocytic response is thought to be

neuroprotective, enhancing neuronal viability and mitochondrial biogenesis to
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counter amyloid induced inflammation (Li et al., 2019; Leng et al., 2021).
However, chronic activation sustains a pro-inflammatory response, increasing
cytokines and chemokine release and promoting neurotoxicity, synapse

dysfunction, and neuronal death (Kwon et al., 2020; Sarkar et al., 2022).

The complement system plays a crucial role in innate immune defence and
clearance of pathogens; however, excessive activation can result in neuronal
damage. Upregulation of complement component 3 (C3) is hallmark of
neurotoxic reactive astrocytes, which are induced by microglial cytokines such
as IL-1a, TNF-a, and C1q (Liddelow et al., 2017; Lawrence et al., 2023).
Elevated C3 levels have been detected in both AD brain tissue and CSF,
where they contribute to synaptic dysfunction and neuronal loss, and correlate
with increased neuroinflammation and tau-associated cognitive decline

(Litvinchuk et al., 2018; Wu et al., 2019).

Recent single nucleus RNA-sequencing studies have identified a spatially and
transcriptionally distinct subpopulation of astrocytes, termed disease-
associated astrocytes (DAAs), which share similarities with DAMs, and are
located in proximity to AB plaques (Batiuk et al., 2020; Habib et al., 2020).
DAAs upregulate genes involved in lipid and cholesterol metabolism,
responses to toxic compounds, and inflammatory signalling pathways,
suggesting they contribute to both protective clearance mechanisms but also

neurotoxic inflammation in AD (Habib et al., 2020; Lee, Rone, et al., 2024).

Activated microglia can further induce reactive astrocytes through cytokine

release, including IL-1a, IL-1pB, IL-6, and TNF-a, which stimulates 3-secretase
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and y-secretase to cleave APP, leading to further A production by astrocytes
and amplification of plaque formation. (Zhao et al., 2011; Zhou et al., 2023). In
addition, dysfunction in astrocytic glutamatergic transmission disrupts
excitatory neurotransmitter clearance, elevating AR and tau burden

contributing to memory impairment in AD (Gonzalez-Reyes et al., 2017).

In AD, chronic astrocytic reactivity contributes to BBB disruption and increased
vascular permeability. Structural and functional impairment of astrocytic
endfeet reduces tight-junction integrity and alters the secretion of trophic and
signalling factors required for BBB maintenance. This results in leakage of
plasma proteins, infiltration of peripheral immune cells, and reduced clearance
of AB and other neurotoxic molecules from the brain, further exacerbating
neuroinflammation and neuronal dysfunction (Cabezas et al., 2014; Nehra et

al., 2022).

1.2.4. Microglia and astrocyte interactions

Microglia and astrocytes have traditionally been studied as separate
contributors to neuroinflammation. However, recent evidence highlights
extensive crosstalk between these glial cells in both healthy and diseased
brains. In the healthy brain, microglia and astrocytes coordinate to maintain
homeostasis, modulate synaptic activity, and support neuronal metabolism.
However, under pathological conditions, such as amyloid deposition in AD, this
microglia-astrocytic crosstalk becomes dysregulated (Matejuk et al., 2020; Wu

et al., 2023).
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Activated microglia are typically the first responders to AR accumulation,
releasing cytokines including IL-1a, complement C1q and TNF-a. These
mediators drive the transformation of resting astrocytes to A1-like reactive
astrocytes, which in turn activate NF- kB pathways to release C3, along with
other pro-inflammatory mediators (Liddelow et al., 2017; Jha et al., 2019;
Gomes et al., 2024). The astrocytic release of C3 and cytokines further
activates microglia via complement receptor 3 (CR3) and other signalling
pathways, amplifying the neuroinflammatory response (Litvinchuk et al., 2018;

Wu et al., 2019) .

Conversely, astrocytes can detect AR and other DAMPs, and through NF-kB
activation, secrete cytokines such as IL-6, IL-18, and CCL2, as well as C3, to
further stimulate microglial activation (Wu et al., 2019). This creates a positive
feedback loop, sustaining chronic inflammation and oxidative stress, and
resulting in a dysregulated, self-amplifying inflammatory response (Jha et al.,
2019; Leng et al., 2021). Activation of the toll-like receptor (TLR) and NLRP3
inflammasome pathways in microglia, enhances IL-13 and IL-18 secretion,
which further extenuates reactive astrocytes and exacerbates neuronal

damage (Van Zeller et al., 2021; Soraci et al., 2023).

Spatial and single-cell transcriptomic analyses have shown DAMs and DAAs
frequently co-localise near AB plaques, often sharing upregulation genes
involved in lipid metabolism, complement signalling, and cytokine responses
(Mallach et al., 2024; Chen et al., 2025). While the initial responses of microglia
and astrocytes are intended to facilitate AP clearance and promote

neuroprotection, chronic activation shifts this response towards a dysregulated
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self-perpetuating inflammatory state that exacerbates synaptic dysfunction,

BBB disruption, and neuronal death (Matejuk et al., 2020; Heneka et al., 2024).

Given the central role of microglia—astrocyte crosstalk in sustaining chronic
neuroinflammation in AD, therapeutic approaches have a focus on disrupting
this interaction to restore homeostasis and limit disease progression. Inhibition
of key pro-inflammatory cytokines, including IL-1a, C1q and TNF-a, as well as
targeting the complement cascade to suppress astrocyte-derived C3-
signalling, has been shown to attenuate neuroinflammation and synapse loss
(Lian et al., 2016; Lawrence et al., 2023). Studies in C3 knockout mice or C3-
inhibited mice demonstrated rescued synapse integrity and improved cognitive
function, while deletion of the C3 receptor reduced tau pathology and
neurodegeneration in AD models (Lian et al., 2016; Shi et al., 2017; Litvinchuk
et al., 2018). Astrocytic priming following transient immune stimulation has
been shown to enhance microglial AB clearance but this effect is impaired in
APOE4 astrocyte carriers (Lee, Yu, et al., 2025). Enhancing TREM2 signalling
has also shown potential to restore microglial phagocytosis, thereby limiting
AB accumulation and inflammatory responses, providing neuroprotection (Li et

al., 2023).

1.2.5. Cytokines and chemokines

Cytokines and chemokines are small, secreted proteins that mediate immune
signalling, facilitate communication between glia and neurons, and are
essential components of the neuroinflammatory response. In the CNS, they
are released primarily by microglia and astrocytes, and play key roles in cell

proliferation, gliogenesis, neurogenesis, cell migration, apoptosis, and
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synaptic release of neurotransmitters as well as responding to pathological
stimuli. Although they are usually classified as pro- or anti-inflammatory, many
cytokines exhibit context dependent dual functions, therefore balance is
essential for homeostasis (Zheng et al., 2016; Domingues et al., 2017; Chen

et al., 2024).

1.2.5.1 Cytokines and chemokines in AD

In AD, AR deposition and tau aggregation trigger microglia and astrocytes to
release pro-inflammatory cytokines, including interleukins IL-18, IL-6, IL-2, and
IL-12, TNF-a and interferon-y (IFN-y), which activate downstream signalling
pathways, such as NF-kB and MAPK, promoting reactive gliosis and
amplifying inflammatory responses. Chemokines, including CCL2 (MCP-1),
CCL5 (RANTES) and CXCL10, are involved in cell recruitment and glial
activation, which amplifies inflammatory responses and contributes to the
chronic neuroinflammation seen in AD (Zheng et al., 2016; Domingues et al.,
2017; Kwon et al., 2020). Sustained elevation of these cytokines and
chemokines contributes to neuronal dysfunction, synaptic loss, and

neurodegeneration.

Anti-inflammatory cytokines, including IL-1ra, IL-4, IL-10, and IL-13, are also
released in AD to prevent excessive pro-inflammatory responses and support
tissue repair, thereby providing neuroprotection (Bhol et al., 2024; Chen et al.,
2024). A balance between pro- and anti-inflammatory cytokine release is
therefore crucial to limit neuroinflammation and prevent AD-associated

neurodegeneration.
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1.2.6. LPS model of inflammation

To investigate the role of inflammation on neurological processes,
lipopolysaccharide (LPS) is widely used as a pharmacological agent to induce
an immune response (Nazem et al., 2015). LPS is an endotoxin derived from
a gram-negative bacterium that acts on pattern recognition receptor, toll-like
receptor 4 (TLR4), to initiate inflammation. Upon LPS stimulation, microglia
become activated and release pro-inflammatory cytokines, such as IL-1f, IL-
6, and TNFa, as well as chemokines, complement proteins, and anti-
inflammatory cytokines, such as IL-10 and TGF-3 (Nazem et al., 2015; Zhao
et al., 2019). LPS has also been shown to disrupt the BBB, increasing
permeability and promoting further neuroinflammation (Zhao et al., 2019; Peng

etal., 2021).

In rodent models, LPS induces a rapid ‘sickness-like behaviour’ similar to
sepsis, resulting in fever, loss of appetite and decreased activity (Dantzer,
2006; Xie et al., 2022). Furthermore, LPS can induce cognitive impairments,
such as spatial memory deficits, and behavioural changes similar to
depressive- and anxiety-like behaviour (Zhao et al., 2019; Yin et al., 2023). As
such, LPS is often used to study neuroinflammatory-related diseases,
including Parkinson’s disease (Deng et al., 2020), but numerous studies have
also used LPS-induced neuroinflammation to examine the effects on AD

pathology (Jendresen et al., 2019; Xie et al., 2021; Yang et al., 2023).

1.2.6.1. LPS in AD models
As neuroinflammation is recognised as a key driver of AD progression, studies

have investigated LPS-induced inflammation on AD pathology. Several studies
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using AD models, including Tg2576 and APP/PS1 mice, reported increased
AB deposition following with LPS administration (Sly et al., 2001; Lee et al.,
2008; Michaud et al., 2013; Tejera et al., 2019). However, other studies using
the same models, reported reductions in AB burden but increased
neuroinflammation (Herber et al., 2004; Go et al., 2016; Thygesen et al., 2018).
In the 5xFAD model, a single dose of LPS administered prior to AB plaque
deposition was shown to induce microglial priming, and reduce plaque burden

at 6 months of age (Yang et al., 2023).

Variation in results could be due to different dosages, duration of
administration, age of animals, and time of sacrifice. Notably, short-term, low-
dosages of LPS often reduced AP deposition, whereas long-term
administration, weekly dosing for 12-13 weeks, were more likely to display
increased plaque burden (Xie et al., 2022). These studies support that
neuroinflammation has an initial neuroprotective role, which after sustained
chronic activation, becomes neurotoxic and exacerbates AD progression

(Nazem et al., 2015; Xie et al., 2022).

A study in wild-type Sprague Dawley rats found a single dose of LPS increased
soluble AB and plaques, as well as increased p-tau levels, potentially as a
downstream consequence of AB plaque aggregation (Wang, Wu, et al., 2018).
Furthermore, LPS administered to CD1 mice mothers in late gestation,
resulted in long-term neuropathological and behavioural changes in the
offspring, with increased levels of AB42, p-tau, and GFAP, and impairment in

cognitive tasks starting at 12 months of age (Wang et al., 2020).
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Continuous LPS infusion into the fourth ventricle of rats led to upregulation of
microglial activation, as well as shrinkage of the temporal lobe, enlargement of
the ventricles, and neuronal loss in the hippocampus and entorhinal cortex,
pathologies similar to AD (Hauss-Wegrzyniak et al., 2000; Nazem et al., 2015).
Additionally, sustained inflammation impaired microglial A clearance resulting
in increased plaque deposition in APP/PS1 mice (Tejera et al., 2019).
Cognitive impairment is also reported following repeated LPS administration,
demonstrated as deficits in the MWM, memory avoidance tasks, and fear

conditioning in models of AD (Kahn et al., 2012; Zhao et al., 2019).

Overall, LPS is a valuable tool for examining neuroinflammatory responses,
glial activation, and behavioural and cognitive changes. Furthermore, findings
that a single or low doses of LPS can have neuroprotective effects highlight
that immune modulation may represent a potential therapeutic strategy for

targeting AD pathology.

1.3. Major depression disorder

1.3.1. Epidemiology and symptoms of MDD

Major depressive disorder (MDD), also known as clinical depression, is a
neuropsychiatric disorder characterised by persistent low mood, loss of
interest or motivation (apathy), loss of pleasure in pleasurable activities
(anhedonia), feelings of worthlessness, fatigue, appetite and weight changes,
and in extreme cases, thoughts and acts of self-harm and suicide (Cui et al.,
2024). As one of the leading causes of disability worldwide, MDD affects 5%

of the population, with the lifetime prevalence as high as 15-20% (Kamran et
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al., 2022). Further, the prevalence is higher in women than men, with an
incidence of approximately 10-25% and 5-12%, respectively (Sabic et al.,

2021; Bains et al., 2023).

The duration and severity of MDD vary widely, ranging from a moderate
singular event to a recurrent lifelong condition. In extreme cases, patients may
experience severe chronic psychosis distinguished by delusions and
hallucinations. Other types of depression include melancholic depression, peri-
and post-partum depression, and seasonal affective disorder, each
characterised by distinct symptoms and triggers (Fekadu et al., 2017).
Diagnosis of MDD is made through psychiatric evaluation using the Diagnostic
and Statistical Manual of Mental Disorders (DSM-5), developed by the
American Psychiatric Association, or the diagnostic criteria set out by the
International Classification of Disease (ICD-11) (First et al., 2021). MDD is
diagnosed when the three prominent features; low mood, anhedonia, and
apathy, are present for a minimum period of two weeks (Kamran et al., 2022;

Cui et al., 2024).

1.3.2. Biomarkers and risk factors of MDD

Due to the variability in clinical symptoms, there are currently no validated
biomarkers for MDD diagnosis. However, research on growth factors,
inflammatory and oxidative stress markers, genetic features, and
neuroimaging may provide invaluable information in understanding the
aetiology and pathophysiology, therefore may be strong candidates for

diagnostic biomarkers (Hacimusalar et al., 2018; Dadkhah et al., 2023).
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The aetiology of MDD is multifactorial, involving genetic, environmental, and
psychological factors. GWAS have identified over 100 independent variants
and more than 200 genes associated with MDD, many of which are associated
with synaptic function and neurotransmission (Howard et al., 2019; Amare et
al., 2020; Levey et al., 2021). Environmental factors such as adverse life
experiences, prolonged stress, trauma as well as other health conditions can

contribute to the risk of MDD.

MDD is a common co-morbidity in chronic diseases, such as cancer,
cardiovascular disease, inflammatory disorders, and neurodegenerative
diseases, adding significant psychological burden (Berk et al., 2013; Gold et
al., 2020). Long-term MDD has been linked to cognitive decline, particularly in
elderly individuals, with impairments in executive function and memory. MDD
concomitantly with a neurodegenerative disease, such as AD, is thought to
exacerbate disease progression and worsen prognosis (Martin-Sanchez et al.,

2021; Sevil-Pérez et al., 2024).

1.3.3. Pathophysiology of MDD

The biological mechanisms of MDD are not fully understood, likely due to the
complexity of genetic and environmental influences, but several hypotheses

have been proposed (Fig.1.8) (Cui et al., 2024).

1.3.3.1. The monoamine theory
Neurotransmitter monoamines, noradrenaline, dopamine, and serotonin (5-
HT) modulate various physiological processes including memory, behaviour,

reward, and cognition (Perez-Caballero et al., 2019). Low levels of these
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neurotransmitters have been reported MDD and suicide cases (Kamran et al.,
2022). The first generation of antidepressants, monoamine oxidase inhibitors
(MAQIs) and tricyclic anti-depressants, impaired the breakdown or blocked the
reuptake of monoamines, thus increasing noradrenaline, dopamine, and

serotonin levels in the synaptic cleft (Perez-Caballero et al., 2019).

Antidepressant development has progressed, with selective serotonin
reuptake inhibitors (SSRIs) and serotonin and noradrenaline reuptake
inhibitors (SNRIs) being the first-line treatment for MDD due to their improved
safety profile (Perez-Caballero et al., 2019). Despite this, individual responses
to antidepressants vary, with approximately 30% of patients achieving
remission after a single treatment, rising to 60% after multiple courses (Rush
et al., 2006; Troubat et al., 2021). Cognitive behavioural therapy (CBT) is the
most well documented psychological intervention for MDD, with meta-analyses

reporting improved MDD symptoms with CBT alone, and even greater benefits
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Figure 1.8: Major theories of MDD pathophysiology. Highlighting the numerous
contributors to MDD and their effects on signalling pathways. (Figure adapted:
Mlyniec, 2015).
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in combination with pharmacological treatments. Relapse rates are also lower
in patients treated with CBT compared to pharmacological treatments alone
(Gautam et al., 2020; Cuijpers et al., 2023). However, 30-40% of patients
experience treatment resistant depression (TRD), expressing the need for

novel intervention methods (Perez-Caballero et al., 2019).

1.3.3.2. Stress, the HPA axis and glucocorticoid cascade hypothesis

The hypothalamic-pituitary-adrenal (HPA) axis regulates stress responses
through the release of corticosteroids. During stress, corticotropin-releasing
hormone (CRH) is released from the hypothalamus to stimulate the pituitary to
secrete adrenocorticotropic hormone (ACTH), which promotes cortisol release
from the adrenal gland. Cortisol then inhibits further secretion of CRH in a

negative feedback loop.

Cortisol acts through glucocorticoid (GR) and mineralocorticoid (MR)
receptors, which are highly expressed in the hippocampus, amygdala, and
prefrontal cortex. These regions regulate emotion and memory, as well as
influence HPA axis activity, and are strongly implicated in MDD (Keller et al.,
2017; Mikulska et al., 2021). Chronic stress and early-life stress can disrupt
this feedback system, causing HPA axis dysregulation and downregulated
GRs and MRs, thus increasing the levels of cortisol in the brain (Keller et al.,
2017; Troubat et al., 2021). Rodents subjected early life stress, such as
maternal separation, experienced HPA axis dysregulation, and while short
term separation was associated with resilience, long-term separation
increased vulnerability to HPA axis dysregulation and depression-like

behaviour (Levine, 2005; Wang et al., 2017). Furthermore, patients with MDD
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also displayed up to 40-60% hyperactivity of the HPA axis and elevated cortisol

in the brain (Keller et al., 2017; Troubat et al., 2021).

This increase in cortisol forms the basis of the ‘glucocorticoid cascade
hypothesis,’” in that chronic glucocorticoid activation and reduced GRs can
induce hippocampal neurotoxicity, resulting in neuronal loss and reduced
hippocampal volume, furthering HPA dysfunction. Administration of
glucocorticoids increased levels of APP and BACE1, promoting AB plaque
deposition and p-tau accumulation in models of AD (Green et al., 2006; Canet
et al., 2019). These studies support that prolonged stress, causes HPA
dysfunction, contributing to both MDD pathophysiology and increased

vulnerability to neurodegenerative diseases.

1.3.3.3. Glutamatergic neurotransmitter receptor dysfunction

Dysfunction in the glutamatergic, GABAergic, dopaminergic, and serotonergic
neurotransmitter systems has been implicated in MDD. Altered receptor
expression causes an imbalance in neurotransmission, resulting in
behavioural and cognitive changes (Wang et al., 2021; Cui et al., 2024).
Stress-induced reductions in AMPA receptor expression, along with deficits in
the inhibitory neurotransmitter GABA and its receptor, GABAa, have been
shown to impair hippocampal and prefrontal cortex function and synaptic
plasticity, contributing to the cognitive changes observed in MDD (Ren et al.,

2016; He et al., 2023).

Abnormal expression of NMDA receptors, GIuUN2A and GIuN2B, due to

hypermethylation of genes GRIN2A and GRIN2B in the hippocampus and
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PFC, has been linked to increased susceptibility to MDD. Grin2a and Grin2b
knockout mice exhibit heightened depressive-like behaviours (Boyce-Rustay
et al., 2006; Miller et al, 2014), while treatment with NMDA receptor
antagonists, such as ketamine, restored impaired synaptic transmission and

promotes neurogenesis (Amidfar et al., 2019; Wang et al., 2021).

Serotonin (5-HT) is a key inhibitory neurotransmitter with 14 receptor subtypes
widely distributed in the cortex and synapses. Dysfunction of the 5-HT1a
receptor reduces serotonergic signalling, contributing to MDD. Mouse models
with reduced 5-HT1a receptor expression have shown greater resilience to
stress and improved responses to SSRIs, compared to those with receptor

overexpression (Richardson-Jones et al., 2011; Yohn et al., 2017).

Dopamine, a precursor of noradrenaline, regulates emotion and reward
pathways, and dysfunction in dopamine receptor 2 (D2) is implicated in MDD
and anxiety. Polymorphisms in the D2 receptor gene, DRD2, have been
associated with early-life and maternal-deprivation stress, with DRD2 knockout
mice displaying increased depression-like behaviour (Wang et al., 2021; Guo,

Li, et al., 2022).

1.3.3.4. Pathological changes and neurogenesis

Abnormalities in brain regions that regulate emotional response and memory,
such as the amygdala and hippocampus, have been reported in MDD,
potentially due to corticosteroid imbalance. Imaging and post-mortem studies

revealed reduced grey matter volume in the prefrontal cortex and
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hippocampus, which may impair function and disrupt HPA axis regulation

(Colla et al., 2007; Fekadu et al., 2017).

Chronic stress reduces BDNF expression, which is essential for synaptic
plasticity and hippocampal neurogenesis, and is implicated in
neurodegenerative diseases. Reduced BDNF levels contribute to neuronal
atrophy and cognitive deficits observed in MDD, and antidepressants have
been shown to increase BDNF expression and promote neurogenesis (Cui et

al., 2024; Han et al., 2025).

Chronic stress can also cause epigenetic modifications through DNA
methylation, inducing lifelong changes to the genome resulting in increased
susceptibility to MDD. Maternal separation studies in rodent induced
epigenetic modifications, leading to increased depression- and anxiety-like

behavioural changes in adulthood (Levine, 2005; Becker et al., 2021).

Together, these neurobiological and pathological changes contribute to MDD
pathophysiology, but neuroinflammation is increasingly recognised as a key

driver of the disorder.

1.3.4. Neuroinflammation in MDD

Neuroinflammation is recognised as a key driver of MDD and may provide a
mechanistic link to neurodegenerative diseases, including AD. Patients with
MDD display elevated pro-inflammatory cytokines, including IL-18, TNF-a, IL-
6, and C-reactive protein (CRP), in blood and CSF, along with reduced anti-
inflammatory cytokines, such as IL-10 (Min et al., 2023; Kouba et al., 2024).

Chronic, low-grade inflammation is associated with decreased dopamine
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synthesis and reduced monoamine neurotransmission, contributing to MDD

(Miller et al., 2016).

Evidence has shown microglial activation, measured by translocator protein
(TSPO) total distribution volume, occurs in the prefrontal and anterior cingulate
cortex, correlating with the severity of a depressive episode (Setiawan et al.,
2018; Wang et al., 2022). Prolonged microglial activation becomes chronic in
untreated MDD, and may ‘prime’ microglia, increasing their reactivity to
subsequent injuries and insults, providing a link between MDD and
neurodegenerative disease (Dafsari et al., 2020; Richardson et al., 2022).
Increased microglial density has also been observed in the anterior cingulate
cortex of suicide patients (Steiner et al., 2011; Wang et al., 2022). Supporting
evidence in animal models of depression, either induced by chronic stress or
LPS, have demonstrated similar microglial immune response with increased

levels of pro-inflammatory cytokines (Nazem et al., 2015; Zhao et al., 2019).

Astrocytes also show pathological alterations in MDD, with reduced density
and GFAP expression, particularly in the prefrontal and anterior cingulate
cortex, and decreased coverage of blood vessels in the grey matter (Si et al.,
2004; Kruyer et al., 2023; Gonzalez-Arias et al., 2025). Disrupted astrocytic
glutamate synthesis and transmission contributes to excitotoxicity and
depressive-like behaviour in rodent models (Kruyer et al., 2023). Astrocytes
are also key producers of BDNF, and their dysfunction, along with chronic
stress, reduces BDNF expression and impairs hippocampal neurogenesis and
synaptic plasticity, increasing susceptibility to MDD. BDNF deficits may further

amplify neuroinflammatory responses, creating a feed-forward loop, that
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promotes chronic inflammation and contribute to neurodegeneration (Puentes-

Orozco et al., 2024; Gonzalez-Arias et al., 2025).

Clinical studies have shown that anti-inflammatory treatments, including
NSAIDs and cytokine inhibitors, can improve depressive symptoms to a certain
degree, as both a monotherapy and in combination with antidepressants
(Kohler et al., 2016; Bay-Richter et al., 2022). Antidepressants also possess
anti-inflammatory properties, with SSRIs, such as fluoxetine, shown to reduce
microglial and astrocytic activation, downregulate pro-inflammatory cytokine
production, reverse stress-induced hippocampal changes, and promote BDNF
release to improve synaptic plasticity and promote neurogenesis (Zhang et al.,
2012; Dafsari et al., 2020; Fang et al., 2022). However, despite evidence
suggesting modest symptomatic benefit, NSAIDs are not included in current
NICE guidelines for the treatment of MDD due to inconsistent efficacy and
concerns regarding long-term safety (National Institute for Health and Care

Excellence, 2022).

Collectively, the chronic inflammation, impaired neurogenesis, and glial
dysfunction observed in MDD overlap with pathological features of AD,
highlighting mechanisms through which depression may contribute to cognitive

decline and increase the risk of AD.

1.3.5. MDD and AD

Epidemiological and clinical studies increasingly indicate that MDD is
associated with cognitive decline and dementia (Fig.1.9) (Cassano et al.,

2019). MDD is the most common NPS in patients with AD, and a history of
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Figure 1.9: The role of MDD in AD risk. Dysfunction of the HPA axis, chronic
inflammation, and reduced neurotransmission in MDD contribute to an increased
vulnerability of AB deposition and hippocampal atrophy accelerating the progression
of AD. (Figure created using biorender.com; adapted: Cassano et al., 2019).

MDD is associated with a 2-3 fold increased risk of developing AD (Ownby et
al., 2006; Saiz-Vazquez et al., 2021). Longitudinal studies suggest the number
of depressive episodes correlates with AD risk, with each recurrent episode
increasing risk by 14% (Dafsari et al., 2020; Saiz-Vazquez et al., 2021).
Furthermore, meta-analyses have shown that MDD increased AD risk even
when the depressive episodes occurred up to 25 years prior to cognitive

changes, highlighting the long-term effect of psychiatric disorders on

neurodegeneration (Green et al., 2003).
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MDD may accelerate progression from normal cognition to MCI, and from MCI
to dementia. Studies show older adults with both MCI and recently active
depression are particularly vulnerable to this progression (Brendel et al., 2015;
Gallagher et al., 2018). Dysfunction of the HPA axis in MDD has been linked
to hippocampal atrophy and cognitive deficits, which may further contribute to
AD development (Canet et al., 2019). Chronic inflammation associated with
MDD increases glial activation and pro-inflammatory cytokines, which may
exacerbate A deposition and p-tau accumulation in AD. Supporting evidence
from rodent models of AD has shown increased AB accumulation following
stress-inducing glucocorticoid administration (Dafsari et al., 2020), and stress-
induced MDD increased AB production in cognitively normal older adults,
suggesting that MDD could act as a prodromal indicator or biomarker of MCI

and AD progression (Gatchel et al., 2019).

Glucocorticoids can accelerate NFT formation, with PET imaging studies
showing increased tau phosphorylation in the entorhinal cortex and inferior
temporal lobe of depressed but cognitively normal older adults (Gatchel et al.,
2017). Rodent stress models have demonstrated that CRH overexpression
increases tau phosphorylation and aggregation, brain atrophy, and cognitive
deficits (Campbell et al., 2015). However, treatment with CRH receptor 1
antagonists reduced AP deposition, synaptic loss, and stressed-induced
behavioural and cognitive changes in AD models, potentially by restoring HPA

axis function (Dong et al., 2014, 2018; Zhang et al., 2016; Canet et al., 2019).

Both MDD and AD have multi-factorial aetiologies, including environmental risk

factors and genetic mutations affecting fundamental neurophysiological
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processes. Both diseases share closely linked inflammatory aetiologies, with
increased activated microglia and reactive astrocytes, and enhanced pro-
inflammatory cytokine release, including IL-183, IL-6, and TNF-a, as well as
reduced anti-inflammatory cytokines, including IL-10 (Dafsari et al., 2020;

Kwon et al., 2020; Min et al., 2023).

While antidepressants, particularly SSRIs, are often prescribed to manage
depressive symptoms in patients with established AD, evidence suggests they
have limited efficacy in treating MDD once neurodegeneration is present and
do not improve disease progression (Costello et al., 2023; Lenouvel et al.,
2024). In contrast, retrospective studies have shown that long-term treatment,
using SSRIs, may be associated with a reduced risk of developing AD,
alongside improved cognitive and memory function, and decreased AP
accumulation in patients with MCI or early AD (Kessing et al., 2009; Bartels et
al., 2018; Dafsari et al., 2020). Furthermore, antidepressant citalopram
decreased CSF AB by 40% compared to controls, suggesting a
neuroprotective role (Sheline et al., 2014). The effects of antidepressants have
also been demonstrated in rodent models of AD, with fluoxetine reducing AR
deposition, as well as improving spatial memory, learning, and behavioural
deficits in the APP/PS1 model (Wang et al., 2014). Mechanistically,
antidepressants may exert neuroprotective effects by reducing glial activation,
lowering pro-inflammatory cytokines, promoting BDNF expression, enhancing
synaptic plasticity, and supporting hippocampal neurogenesis, which together

may reduce AD risk (Zhang et al., 2012; Dafsari et al., 2020; Fang et al., 2022).

53|Page



However, contradicting studies have reported little to no effect of
antidepressants on AD (AlDawsari et al., 2022; Ramos-Cejudo et al., 2024;
Belessiotis-Richards et al., 2025), while others have shown an increased risk
of AD development with prolonged SSRI and MAOI treatment (Wang, Tai, et
al.,, 2018; Mo et al., 2025), highlighting variability in treatment efficacy.
Furthermore, long-term antidepressant use has been associated with negative
effects such as impaired emotion regulation, withdrawal symptoms and side
effects, and increased risk of cardiovascular disease (Cartwright et al., 2016;
Jang et al., 2020). These findings highlight the need for novel more effective

interventions to prevent or slow AD progression in patients with MDD.

1.3.6. Rodent models of MDD

Animal models have been vital for advancing understanding of MDD
pathophysiology and testing antidepressant efficacy. However, many of the
complex symptoms of MDD, such as hallucinations, feelings of worthlessness,
ruminations, and self-harm and suicide ideation, are considered uniquely
human and cannot be replicated in rodent models. Therefore, behavioural
tests rely on behavioural paradigms that reproduce measurable aspects of
MDD, such as reduced activity, anhedonia, apathy, and social withdrawal

(Table 1.2) (Nestler et al., 2010; Petkovi¢ et al., 2022).

As previously discussed, the translational relevance of animal models is
commonly assessed using established validity criteria, including face,
construct, predictive, mechanistic, and pathogenic validity, to determine how
effectively models recapitulate key features of human disease (Willner, 1984;

Belzung et al., 2011; Wang et al., 2017). Given the complex aetiology of MDD,
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rodent models are typically generated through chronic stress exposure,
genetic manipulation, or pharmacological intervention to replicate behavioural
and molecular hallmarks of the disorder (Nestler et al., 2010; Wang et al.,

2017).

1.3.6.1. Chronic stress-induced models

Chronic stress paradigms, such as chronic mild stress (CMS) or chronic
unpredictable mild stress (CUMS) models are widely used to induce
depression-like behaviour by exposing rodent to repeated mild stressors,
including fear conditioning, food/water deprivation, restraint, loud noises, cage
shaking, and unsuitable home cage environments, over a period of several
weeks (Willner, 1997, 2017). These models have strong face validity, as
prolonged stress is a maijor risk factor for MDD. Depression-like behaviour is
commonly evaluated by forced swim (FST) and tail suspension tests (TST),
where increased immobility indicates behavioural despair (Porsolt et al., 1977,
Steru et al., 1985). Learned helplessness similarly measures failure to escape
from escapable foot shocks (Maier et al., 2016). While these stresses
reproduce core depression-like behaviours, they can also induce anxiety-like

behaviour, reflecting the overlapping symptoms of anxiety and MDD.

1.3.6.2. Genetic models

Genetically modified rodents provide valuable insights into molecular
mechanisms underlying genes associated with MDD vulnerability. Various KO
and overexpression transgenic models targeting the serotoninergic and
noradrenergic neurotransmission systems, as well as HPA axis regulation

have been developed (Planchez et al., 2019; Becker et al., 2021). Mutations
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in 5-HT1a and 5-HT1s receptors increased sensitivity to stress, reversible by
SSRIs, while 5-HT1a KO mice show antidepressant-resistant depression- and
anxiety-like behaviour (Richardson-Jones et al., 2011; Willner et al., 2015).
Mice with reduced glucocorticoid receptors, GR*- mice, exhibit HPA axis
dysfunction and stress-induced depression- and anxiety-like behaviour,
whereas GR overexpression induced resilience in learned helplessness tests
(Ridder et al., 2005). In addition, serotonin transporter SERT~~ mice also
demonstrated heightened sensitivity to stress with reduced GR expression and
impaired HPA axis function (Jiang et al., 2009). Although such models lack full
face validity due to the multifactorial nature of MDD, they remain valuable for

mechanistic studies.

1.3.6.3. Pharmacological models

Pharmacological models provide reproducible and reversible methods for
inducing MDD, making them highly useful for understanding mechanisms and
drug responses. Chronic glucocorticoids or corticosterone administration
mimics long-term stress exposure, decreases hippocampal BDNF, and
induces HPA axis dysfunction, resulting in depression-like behaviour (Ding et
al., 2018; Wang et al., 2024). BDNF infusion restores hippocampal function
and reversed depression-like behaviour (Gourley et al., 2008; Ding et al.,
2018). Other studies report additional behavioural changes, including social
avoidance, decreased grooming, impaired memory, and increased anxiety-like
behaviour following prolonged corticosterone administration, which are
reserved with antidepressant fluoxetine or ketamine treatment (Planchez et

al., 2019; Becker et al., 2021). Reserpine, a vesicle reuptake inhibitor which
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prevents the reuptake of neurotransmitters, depletes noradrenaline,
dopamine, and serotonin in the synaptic cleft, inducing depression- and
anxiety-like behaviour, reflecting the monoamine depletion theories of MDD

(Qian et al., 2023).

LPS-induced depression has gained increasing relevance as a model of
inflammation-driven MDD (Yin et al., 2023). Systemic administration of LPS,
activates the immune system leading to elevated circulating pro-inflammatory
cytokines, such as IL-1B, IL-6, and TNFa, and suppressed anti-inflammatory
IL-10 (Xie et al., 2022). These cytokines cross the BBB, promoting glial
activation and further cytokine release, as well as disrupting monoaminergic
signalling and neurogenesis (Nazem et al., 2015; Zhao et al., 2019). This
induced inflammatory response produces a sickness-like behaviour followed
by depression-like behavioural changes, including reduced locomotor activity,
anhedonia, weight loss, and cognitive impairment (Dantzer, 2006; Yin et al.,
2023). Antidepressant treatment with SSRIs, such as fluoxetine, has been
shown to attenuate LPS-induced behavioural and inflammatory responses (Liu

et al., 2011; Zhang, Zhang, et al., 2022).

1.3.6.4. Behavioural tests of depression

Once a model has been established, a variety of behavioural tests are used to
evaluate specific depression-like symptoms (Table 1.2). These tests capture
measurable behaviours that correlate with core MDD features, including
behavioural despair, anhedonia, apathy, and motivational deficits (Becker et

al., 2021; Petkovi¢ et al., 2022).
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Behavioural despair is typically assessed using the forced swim test (FST) or
tail suspension test (TST), where increased immobility reflects loss of coping
or hopelessness (Porsolt et al., 1977, Steru et al., 1985). Learned
helplessness models also assess coping ability through escape latency
following mild foot shocks, providing strong construct validity for stress-

induced depressive behaviour (Maier et al., 2016).

Anhedonia is assessed using the sucrose preference test (SPT), where
reduced sucrose consumption in a two-bottle paradigm indicates depression-
like behaviour (Oddo et al., 2003). Apathy and reduced motivation, reflecting
reduced goal-directed behaviour, is assessed by unkempt fur due to lack of
self-care, impaired nest formation, reduced social interest, and reduced
maternal care. The splash test, using sucrose solution sprayed onto the dorsal
coat, measures grooming duration and latency to groom with reductions
associated with depression-like behaviour (Isingrini et al., 2010; Cathomas et
al., 2015). Nest building is a natural behaviour in rodents for comfort and the
housing of pups. In testing, animals are scored on nest completion and timing,
and slow or incomplete nesting is associated with a depression-like phenotype

(Deacon, 2006; Kraeuter et al., 2019).

The open field test (OFT) measures locomotor activity and exploration, with
reduced activity and more time at the edge of the arena, thigmotaxis,
associated with both anxiety- and depression-like phenotypes (Seibenhener et
al.,, 2015). Furthermore, the novelty-suppressed feeding test assesses
rodents’ exploratory behaviour and fear of open and bright environments

against its motivation to eat after being food-deprived (Stedenfeld et al., 2011).
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1.3.6.5. Targeting MDD and neurodegeneration

Collectively, clinical and experimental studies highlight neuroinflammation and
glial dysfunction as key mechanisms linking MDD to neurodegeneration,
potentially driving AD progression. Consequently, there is a need to identify
new therapeutic strategies that target these shared inflammatory pathways.
Recent evidence has shown activation of protease-activated receptor 2
(PAR2) induces both inflammatory responses and depression-like behaviour
(Moudio et al., 2022), indicating it may be a useful tool for examining the

mechanistic links between MDD and neurodegeneration.
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Table 1.2: Common behavioural tests used to assess depression-like behaviour in rodents.

Test

Forced swim test (FST)
(Porsolt et al., 1977)

Tail suspension test (TST)
(Steru et al., 1985)

Open field test (OFT)
(Seibenhener et al., 2015)
Sucrose preference test (SPT)
(Oddo et al., 2003)

Splash test

(Isingrini et al., 2010)
Nest building

(Deacon, 2006)
Learned helplessness

(Maier et al., 2016)
Novelty-suppressed feeding

(Stedenfeld et al., 2011)
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Behaviour assessed

~ Behavioural despair

Behavioural despair

General locomotion and
anxiety-like behaviour

Anhedonia
Apathy: Self-
care/motivation

Apathy: Goal directed
behaviour

Coping behaviour/
behavioural despair

Anxiety/motivational
conflict

Measure

Immobility time in water

Immobility time when
suspended by tail

Distance travelled; time in
centre vs edge

Preference for sucrose over
water

Grooming duration; latency
to groom

Nest quality and completion
Latency to escape from foot
shocks

Latency to approach food in
novel environment

Depression-like effect

1 Immobility = despair-like behaviour

1 Immobility = despair-like behaviour

| Locomotor activity = low mood
| Time at centre = anxiety-like behaviour

| Sucrose preference = Anhedonia

| Grooming = apathy-like behaviour
1 Latency to groom

| Nest quality = apathy/reduced motivation
1 Time to build nest

1 Latency = helplessness

1 Latency = anxiety/depression-like
behaviour



1.4. Protease-activated receptors

1.4.1. PAR activation and expression

Protease-activated receptors (PARs) are a family of transmembrane G protein-
couple receptors (GPCRs) consisting of four members: PAR1, PAR2, PAR3
and PAR4 (Heuberger et al., 2019). They possess a unique activation
mechanism in which endogenous or exogenous proteases irreversibly cleave
N-terminal peptides, exposing a new N-terminal peptide chain. These new
peptides act as tethered activation ligands, binding to a conserved region on
the second extracellular loop, initiating conformational changes and activating

intracellular signalling cascades (Mclntosh et al., 2020; Lyu et al., 2025).

PAR1 was first described in 1991, when it was discovered as a key receptor
for thrombin-mediated coagulation on human platelets (Vu et al., 1991).
Subsequently, PAR1 KO models led to the discovery of the other PAR
members, PAR2, PAR3 and PAR4 (Nystedt et al., 1994; Ishihara et al., 1997,
Xu et al.,, 1998), which are highly expressed on endothelial cells, myocyte

muscle cells, immune cells, and neurons (Heuberger et al., 2019).

PAR1, 3 and 4 are primarily activated by the serine protease thrombin at
differing potencies, whereas PAR2 is preferentially activated by trypsin,
tryptase and some coagulation factors (McIntosh et al., 2020). PARs can be
activated by numerous endogenous proteases from coagulation,
inflammatory, and digestive pathways, as well as exogenous proteases from
plants, bacteria, and insects (Heuberger et al., 2019). In addition, PARs can

be activated by short synthetic peptides, such as SLIGRL in rodents or SLIGKV
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in humans, which correspond to the tethered ligand sequence in humans, and
activate PARs without proteolytic cleavage, enabling controlled experimental

activation (Price et al., 2021).

1.4.2. PAR functions

Due to their wide tissue distribution, PARs contribute to a range of
physiological processes, including platelet regulation through haemostasis
and thrombosis, regulation of vascular smooth muscle, cell proliferation and
migration, and inflammatory signalling (Alberelli et al., 2014; Heuberger et al.,

2019).

Beyond their peripheral functions, PARs are also expressed throughout the
CNS, including regions relevant to MDD and AD, such as the hippocampus,
prefrontal cortex, amygdala, and hypothalamus. Their localisation to neurons,
astrocytes, and microglia underlies their diverse roles in modulating synaptic
transmission, plasticity, nociception, and neuroinflammatory processes

(Noorbakhsh et al., 2003; Price et al., 2021).

PAR1 and PAR2 are particularly abundant in neurons and glial cells,
suggesting roles in both neuroprotection and neurotoxicity (Greenwood et al.,
2010; Han et al., 2011; Moudio et al., 2025). Dysregulated PAR signalling has
been implicated in numerous diseases, including cardiovascular disease,
cancer, inflammatory conditions including asthma, bowel disease and arthritis,
and neurodegenerative diseases including Parkinson’s disease and AD
(Russell et al., 2009; Hara et al., 2023; Peach et al., 2023; Khoon et al., 2025).

Among these, PAR2 has emerged as a key modulator of neuroinflammation
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and glial activation, making it a potential therapeutic target for MDD and AD

(Noorbakhsh et al., 2006; Zhuo et al., 2022).

1.4.3. PAR2

PAR2 was first described in 1994 when a GPCR-DNA sequence homologous
to PAR1 was isolated from a mouse genome library and found to be activated
by trypsin and the synthetic peptide SLIGRL (Nystedt et al., 1994). Since its
discovery, PAR2 has been found to be widely distributed throughout the body,
including the gastrointestinal tract, vasculature, immune systems, and CNS
(Price et al., 2021; Peach et al., 2023; Reches et al., 2024; Habibi et al., 2025).
Its activation by trypsin, mast cell tryptase, and coagulation factors Vlla and
Xa, as well as synthetic agonists such as SLIGRL or SLIGKV, triggers multiple
intracellular signalling cascades (Mclintosh et al., 2020; Han, Aiyer, et al.,

2021).

Upon activation, with trypsin or a synthetic peptide, PAR2 couples primarily to
Gaq, Ga12/13, Gi proteins, leading to increased intracellular Ca?*, phospholipase
C (PLCB) activation, MAPK pathways, including ERK1/2, JNK, and p38, as
well as downstream inflammatory signalling pathways (Fig. 1.10) (Han, Aiyer,
et al., 2021; Zhuo et al., 2022). PAR2 signalling can also engage NF-kB and

B-arrestin-mediated pathways (Nichols et al., 2012; Bang et al., 2021).

Although PAR?2 is often associated with pro-inflammatory signalling, research
has indicated that its effects are context dependant, acting as either pro- or
anti- inflammatory, varying by tissue type and disease state (Bushell, 2007;

McCulloch et al., 2018). Studies have shown in rodent models of arthritis,
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PAR2 agonists induce joint swelling and cytokine release, whereas
antagonists or PAR2 KO models show reduced inflammation and tissue
damage (Ferrell et al., 2010; Crilly et al., 2012). This duality suggests that
regulated PAR2 activation may support tissue repair or neuroprotection under
acute stress, while chronic or excessive activation promotes pathological
inflammation and neurodegeneration (Noorbakhsh et al., 2003; Zhuo et al.,

2022).

Proteolytic cleavage Synthetic peptide e.g.
A Y J B SLIGKYV activation
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Figure 1.10: Schematic representation of PAR2 activation. (A) Endogenous
activation via cleavage of the N-terminus by trypsin, reveals a tethered ligand which
binds to the second extracellular loop inducing GPCR activation, resulting in Ca?*
release and intracellular signalling cascade activation. (B) Alternative activation via a
synthetic peptide, e.g. SLIGKV, binds the second extracellular loop, activating
downstream signalling cascades, in the absence of proteolytic cleavage. (Figure
adapted: Reches and Piran, 2024).
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1.4.3.1. PAR2 in the CNS

Within the CNS, PAR2 is expressed in neurons, astrocytes, and microglia
across multiple brain regions, including the hippocampus, CA1-CA3 regions
and the dentate gyrus, cortex, amygdala, thalamus, and striatum (Striggow et
al., 2001; Bushell, 2007; Price et al., 2021). Activation of PAR2 increases
intracellular Ca?* levels in neurons and astrocytes (Bushell et al., 2006) and
modulates synaptic activity, including induction of NMDA-receptor dependant
long-term depression in hippocampal CA1-CA3 regions (Gan et al., 2011;

Shavit-Stein et al., 2017).

PAR2 has shown neuroprotective properties, with PAR2 activation protecting
against kainate-induced excitotoxicity in organotypic hippocampal cultures
(Greenwood et al., 2010; Moudio et al., 2025) and ceramide-induced neuronal
death (Wang et al., 2007). However, other studies have shown PAR2
activation is neurotoxic in a concentration dependant manner (Smith-
Swintosky et al., 1997), suggesting PAR2 plays an important role in the

balance between neuroprotection and neurotoxicity.

Upregulated PAR2 expression is reported in several neuroinflammatory
diseases including multiple sclerosis, HIV dementia, and AD (Afkhami-Goli et
al., 2007; Sachan et al., 2019; Eftekhari et al., 2024), while deficiency of the
PAR2 gene increases acute ischemic brain damage (Jin et al., 2005). In
addition, PAR2 is associated with neurogenic inflammation and pain pathways,
with studies targeting PAR2 for migraine treatments (Mason et al., 2023).
PARZ2 activation is also associated with increased pro-inflammatory cytokines,

including TNF-q, IL-6, and IL-12 expression (Bang et al., 2021; Khoon et al.,
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2025), similar to those observed in MDD (Min et al., 2023; Kouba et al., 2024),

suggesting potential shared inflammatory pathways.

1.4.3.2. PAR2, neuroinflammation and depression-like behaviour

Recent studies have highlighted PAR2 as a modulator of neuroinflammatory
and behavioural changes associated with MDD. PAR2 KO mice show delayed
onset and faster recovery from LPS-induced depression-like behaviour
(Abulkassim et al.,, 2016). Further, a reportedly potent selective, BBB-
permeable PAR2 activator, AC264613 (Gardell et al., 2008), has recently been
shown to induce behavioural changes associated with depression-like
behaviour in vivo, including reduced locomotor activity and anhedonia, core
symptoms of MDD. AC264613 also elevated peripheral levels of pro-
inflammatory cytokine IL-6, again an inflammatory change observed in MDD
(Moudio et al., 2022). Additionally, PAR2 inhibition with antagonist, AZ8838
produced anti-inflammatory effects in a model of paw inflammatory oedema in
vivo (Kennedy et al., 2020). Together, these findings demonstrate that PAR2
activation can induce both inflammatory and behavioural changes similar to
those observed in MDD and LPS-induced inflammatory models of depression

(Yin et al., 2023).

Given that MDD is an established risk factor for AD, with neuroinflammation
underlying both pathologies, and PAR2s established role in activating
inflammatory signalling pathways and inducing depression-like behaviour,
PAR2 may provide a valuable pharmacological tool for modelling depression-
like behaviour and inflammation in transgenic AD models, enabling

investigation into how MDD and inflammation accelerates AD pathology.
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1.5. Hypothesis

Based on evidence that MDD increases the risk of developing AD, and that
neuroinflammation contributes to the pathophysiology of both diseases, we
hypothesise that pharmacologically-inducing depression-like behaviour,
utilising PAR2 activation and LPS-induced inflammation, will amplify the
neuroinflammatory response and exacerbate amyloid pathology in a mouse

model of AD, thus accelerating disease progression.

Using the 5xFAD mouse model of amyloid pathology, a combination of
behavioural testing, immunohistochemistry, and cytokine profiling will be

performed to test the hypothesis through the following research questions:

1. Does PAR2 activation and LPS induce depression-like behaviour in
5xFAD”- and C57BL6/J wild-type controls?

2. Do 5xFAD*- mice exhibit depression-like behaviour, and/or are
5xFAD*- mice more susceptible to pharmacologically-induced

depression-like behaviour compared to 5xFAD" littermate controls?

3. Does double-dose intervention or multi-dose intervention of
pharmacologically induced depression-like behaviour exacerbate

behavioural, inflammatory, and molecular pathology in 5xFAD*- mice?

4. Does PARZ2 inhibition affect blood brain barrier integrity and influence
behaviour and pathological changes following pharmacologically-

induced depression-like behaviour in 5XFAD*- mice.
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Chapter 2: Materials and methods
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2.1. In vivo experiments

2.1.1. Mice

All in vivo experimental procedures were in accordance with UK legislation
(Animals (Scientific Procedures) Act 1986), ARRIVE guidelines v2.0 and with
approval by the University of Strathclyde Ethics Committee, under the project
licence PLL:PP0688944. Experiments were performed using transgenic
5XFAD heterozygous mice ((5xFAD*- and 5xFAD” male and female
littermates, (strain: B6SJL-Tg (APPSwFIlLon, PSEN71*M146L*L286 V)
6799Vas/Mmjax: genetic background: CJ57BL/6J) and CJ57BL6/J wild-type
(WT) mice at 11-12 weeks-old, which were group-housed under standard
conditions: 21 + 2°C, 45-65% humidity, 12h dark/light cycle (7am - 7pm) or
14h dark/light cycle (7am - 9pm) in MB1 cages (45 x 28 x 13 cm) lined with
grade 6 wood bedding, containing a plastic house, tunnel, and nesting
material. During week one, mice were singly housed for the sucrose
preference test and regrouped after the last measurement. Mice had free
access to food and water, and all behavioural procedures were carried out
between 8am - 5pm. As per animal welfare guidelines, any lone mice were

given cage buddies.

2.1.1.1. Breeding and genotyping

All 5xFAD heterozygous mice were bred using a C57BL6/J female (purchased
from stock colony at biological procedures unit, University of Strathclyde or
Envigo, UK) and 5xFAD*- male (purchased from Jackson Laboratories or from
colony breeders) on a B6SJL-Tg, genetic background: CJ57BL6/J. This

breeding strategy generated pups that inherited either the human APP and
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PSEN1 transgenes (5xFAD*-) or did not carry the transgenes (5xFAD),
producing transgene-positive and -negative littermates (Fig.2.1). In this study,
the notation “* and “/” therefore denotes the presence or absence of the
5xFAD transgene. Pups were weaned at approximately 3 weeks old. Ear
notching was used for individual identification, and ear punch samples were
collected from pups at 3-9 weeks old and genotyped by automated genotyping
service, Transnetyx, USA, using probes designed to identify APPsw Tg and
huPSEN1 Tg mutations. Genotype results were received approximately 1

week after sampling.

C57BL6/J 5xFAD""

Female Male

g x

5xFAD” 5xFAD"

Male & Female Male & Female

Figure 2.1: Protocol for breeding heterozygous 5xFAD mice. Male 5xFAD*" mice
are bred with female C57BL6/J mice to produce transgenic-positive, 5XFAD*", and
transgenic-negative, 5xFAD™, pups. (Image created with biorender.com).

2.1.2. Study groups

The initial experiments were conducted in C57BL6/J WT and 5xFAD”- mice
(group 1) to establish that PARZ2 activation, using activator AC264613 (Gardell
et al., 2008), induced depression-like behaviour. Once depression-like

behaviour was confirmed, groups 2, 3, and 4 tested the effects of PAR2
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activation and LPS on behaviour and pathology in 5xFAD*-, with varying time
courses and dosing regimens. Group 5 were used to assess the peripheral
inflammatory response to PAR2 activation and LPS. Groups 6 and 7 were used
to study the effect of PAR2 inhibition, using the inhibitor AZ8838 (Cheng et al.,

2017), on behaviour and the BBB integrity, respectively (Fig.2.2).

2.1.3. Treatments

Mice were randomly assigned to their treatment groups. Group 1-5 mice
received either vehicle, AC264613 (AC) or LPS via intraperitoneal (i.p.)
injection. The dose of AC (100 mg kg ') was selected based on previous
pharmacokinetic and in vivo studies demonstrating that AC peaks in the brain
1h post-injection, produces measurable behavioural changes at 2h post-
injection, and is undetectable with behaviours returning to baseline at 24h
post-injection (Moudio et al., 2022). The dose of LPS (0.5 mg kg ') was
selected based on previous studies showing that this dose rapidly induces
cytokine release and sickness-like, inflammation-driven behavioural changes,
primes microglia, and reduces A load in the 5xFAD model (Xie et al., 2022;

Yang et al., 2023; Yin et al., 2023).

Group 6 mice received the PAR2 inhibitor AZ8838 (AZ) either alone or in
combination with vehicle or AC, while group 7 mice received either vehicle,
AC, AZ, or AZ followed by AC. The dose of AZ (100 mg kg -') was selected
based on unpublished pharmacokinetics data generated within the research
group, indicating that AZ crosses the BBB and reaches peak brain
concentrations 1h post-injection. Accordingly, AZ was administered 1h prior to

AC injection to ensure maximal PAR2 inhibition.
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Vehicle control was made up of 0.9% sodium chloride (NaCl) saline solution
(Fisher scientific, UK) with 1% tween 80 (Sigma-Aldrich, UK). AC was given
as 100 mg kg ' (Tocris/Bio-Techne, UK) sonicated and suspended in vehicle.
LPS was given as 0.5 mg kg ' (Sigma-Aldrich, UK) suspended in vehicle. AZ
was given as 100 mg kg -' (Neo-Biotech CliniSciences, UK) sonicated and
suspended in vehicle, given either alone or 1h prior to AC or vehicle where
applicable. Mice were perfused 2h post i.p. injection. In cases were mice
received both AZ and AC, mice were perfused 2h post AC-injection. All
treatments were heated to approximately 37°C and administrated
intraperitoneally to the right-side abdomen of the mouse. In cases where mice
received two i.p. injections, the left-side abdomen was used for the second

injection (i.p., maximum volume 0.7 mL).

To examine BBB permeability following PAR2 activation and inhibition, polar
tracer and protein marker cadaverine-A555 and vascular marker fluorescein
conjugated Tomato lectin (Lycopersicon esculentum) were used to examine
the brain parenchyma and blood vessels. The doses and administration
timings of cadaverine and lectin were based on a prior study examining BBB
dysfunction (Bravo-Ferrer et al., 2025). Alexa Fluor™ 555 Cadaverine
(A30677, ThermoFisher Scientific, UK) was dissolved with 1% phosphate
buffered saline (PBS) (Millipore Merck, UK) to 1 mg kg -'. Cadaverine was
given at 7 mg kg ! intravenously (i.v.) 30 min post i.p. injection (1.5h prior to
perfusion fixation). Fluorescein conjugated tomato Lectin (FL-1171-1 Vector
Laboratories by 2BScientific, UK) was given at 5 mg kg ' i.v. 5 min prior to

perfusion fixation.
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Group 1

Perfusion fixation
Treat| t: Treat| t: i
V[eehei‘cT;?n OFT & SPT V[eehei‘cT;?n Splash test & brain removal
AC264613 AC264613
or LPS or LPS

Group 2 Immunohistochemistry

Treatment: Treatment: Perfusion fixation
Vehicle, OFT&SPT  vehicle, Splashtest g pain removal

AC264613 AC264613
or LPS or LPS

Group 3 Immunohistochemistry

Treatment: Treatment: Perfusion fixation
Vehicle, OFT&SPT  vehicle, Splash test " g prain removal
AC264613 AC264613

orLPS orLPS

Immuno-

Group 4 OSFI;!-T& Splash test  histochemistry
Perfusion
Treatment: Treatment: Treatment: Treatment: fixation &
Vehicle, Vehicle, Vehicle, Vehicle, brain removal
AC264613 AC264613 AC264613 AC264613
or LPS orLPS or LPS or LPS

Group 5 Fresh cardiac Cytokine array
P Treatment. x| ™ blood sample of blood
: : & perfusion sample
Vehicle, fixation
AC264613
or LPS

Group 6 Treatment OFT Perfusion
P Treatment: AC264613, fixation &
AZ8838 Vehicle or brain removal
No additional
treatment

Treatment:

Group 7 Vehicle, P Ly Perfusion
AC264613, : LV fixation &
AZ8838 or Cavaderine Lectin brain removal
AZ8838 &
AC264613

Figure 2.2: Schematic representation of the 7 experimental mouse groups.
Figure highlights the treatments, testing protocols, behavioural tests, sex, and
genotypes included in each group. (Image created with biorender.com).
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2.1.4. Behavioural tests

Prior to experiments, all mice were handled for a minimum of two sessions in
a habituation week prior to testing at 10 weeks old. For all behavioural tests,
mice were habituated to the relevant apparatus prior to treatments. All
apparatus was cleaned thoroughly with safe4 disinfectant cleaner (DMB, UK)
before and after use. Mice underwent two naive habituation and two pre-drug
OFT sessions prior to treatment to establish baseline locomotor activity. All
videos were recorded using open broadcaster software (OBS) studio. Mice

were 11 weeks old upon receiving their first i.p. treatment.

Based on prior studies demonstrating that AC peaks in the brain at 1h post-
injection and produces behavioural changes at 2h post-injection, and that LPS
induces rapid inflammatory responses and behavioural changes within hours
of administration, behavioural testing was conducted at 2h post-injection to
capture acute effects. Behavioural testing was also performed at 24h post-
injection, when AC is undetectable in the brain and behaviour has been
reported to return to baseline. Behavioural testing took place over two weeks,
with one injection given per week (Fig. 2.3: example of group 2 testing

protocol).

The open field test and sucrose preference test took place in week one and
the splash test was conducted in week two, allowing animals one week to fully
recover from the treatment. Mice in group 4 received two additional injections
without further behavioural testing. Mice were weighed daily as a marker of
health, starting from naive hab 1 until one week post final injection. Mice were

aged for 3- or 10-weeks post final injection, before a final OFT and weighing.
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Mice in group 1 and 6 were perfused 1-week-post treatment. Mice were then

perfusion fixed, and brain removed for immunohistochemistry.
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Figure 2.3: Schematic representation of the behavioural testing schedule for
group 2 mice: double-injection 3-week protocol. Mice were handled and
habituated to the apparatus and testing arena then were separated and singly-house
for the sucrose preference test. Mice underwent two pre-drug OFT recordings.
Following i.p. injection, behavioural tests were carried out 2h and 24h post injection,
over a period of two weeks with OFT and sucrose preference conducted in week 1
and the splash test conducted in week 2. Mice were aged for 3 weeks then underwent
a final OFT before perfusion fixation and brain removal for immunohistochemical
analysis. (Image created with biorender.com).

2.1.4.1. Open field test
Mice were individually placed in a 40x40x40cm white Perspex box (IKEA, UK),

with a webcam (Nulaxy HD 1080p, Amazon, UK) situated overhead (Fig. 2.4)
and habituated for two, 20 min naive OFT habituation recordings (naive hab 1
and 2) (Seibenhener et al., 2015). Following habituation, mice were recorded
for 20 min for two pre-injection (pre-drug 1 and 2) OFT sessions on

consecutive days to determine baseline locomotor activity. Following i.p.
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injection, mice were recorded in the OFT arena for 20 min at 2h and 24h post-
injection with 5xFAD mice receiving a final OFT, 3- or 10-week post final

injection.

woQy

Figure 2.4: OFT set up. Four 40 x 40 x 40 cm white Perspex boxes with a single
webcam directly overhead to record locomotor activity. The centre square was defined
as 14 x 14 cm but not physically marked on the box.

Locomotor activity was measured as distance travelled, determined using an
artificial intelligence (Al) software python package, DeepLabCut (DLC) (Mathis
et al., 2018) to track animal movement. Each video had 11-body parts tracked
that generate coordinates reflecting the movement of each body part for the
20 min OFT (Fig.2.5). These co-ordinates generated in DLC were imported
into MatLab script (written by Professor Shuzo Sakata, University of
Strathclyde) to plot body position trajectories and calculate animal speed and
distance travelled. The centre of the box was defined in the MatLab script as
a 14 x 14 cm centre square but not physically marked on the box base. Time
spent at the centre vs the edge was calculated as a marker of anxiety. Naive

habituation OFT and 1 week post OFT sessions were not recorded for
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behaviour tests in the group 1 or group 6 mice. Mice in group 5 received a 2h

post-injection OFT before immediate perfusion for blood sampling.

Figure 2.5: DLC tracking of individual mouse body parts and respective tracing
images generated for each. Body parts tracked: nose, left and right ear, left and right
shoulder, centre, left and right hip, tail base, mid tail, tail tip.

2.1.4.2. Sucrose preference test

Prior to experiments, mice were singly housed with two identical bottles of
water, with the amount of water consumed for each measured over 24h to
determine bottle position preference (Oddo et al., 2003). For the next 2 days,
mice were habituated to sucrose by replacing the water bottle in the non-
preferred position with an identical bottle containing 1% sucrose solution,
made up with sucrose (Fisher Scientific, UK) and fresh tap water (Fig. 2.6).
The weights of both bottles were recorded daily, and the sucrose and water
bottle positions were switched after 24h to allow mice to habituate to the

sucrose bottle in both positions. Following habituation, sucrose and water
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consumption was measured pre-injection, 2h and 24h post-injection with
sucrose consumption (%) and total volume drunk calculated at each time point.
Sucrose was deemed preferred over water at 50% sucrose consumption at the
pre-injection measurement. Mice below this threshold were excluded from
results and further testing or reassigned to another study group. Mice were

regrouped in MB1 cages after the 24h sucrose weighing and monitored.
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Figure 2.6: Sucrose preference set up. MB1 cage with two identical bottles one
containing tap water (W) and one containing 1% sucrose water (S). Mice had free
access to food pellets, a plastic tunnel and house with bedding material.

2.1.4.3. Splash test

In preparation for the splash test (Isingrini et al., 2010), mice were habituated
to the OFT box, with an individual webcam fixed atop each box, for 10 min in
an unrecorded session. Mice received their appropriate second i.p. injection
and at 2h and 24h post injection, mice were sprayed on their dorsal coat twice
with a freshly made 10% sucrose solution, made up of sucrose (Fisher

scientific, UK) and fresh tap water, then immediately placed in the OFT box
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and recorded for 10 min. Grooming behaviour was measured as total duration
of grooming, time to first groom, and number of grooming episodes using DLC
to track animal movement and a MatLab script, SaLSa, (written by Professor
Shuzo Sakata, University of Strathclyde) to analyse animal pose co-ordinates
in a semi-automatic learning classification model (Sakata, 2023). All grooming
videos were also scored manually using a stopwatch. Total time spent
grooming, time to first face wipe, and time to first sit and groom >5 sec were
recorded. Any mice excluded from the sucrose preference did not undertake

the splash test.

2.1.4.4. Exclusion criteria

All mice were checked to be healthy for the study prior to inclusion. Mice were
excluded if they displayed one of the following: excessive locomotor activity
>120 m in 20 min, sucrose preference <50% at pre-drug measurement or
health defects such as teeth malocclusion. Excluded mice were reassigned
where appropriate to alternate groups where behavioural testing was not
necessary, i.e. cytokine or BBB. Any mice under 19 grams on the day of dosing
were assigned to vehicle injections, as a previous study found mice with low
weight had a prolonged recovery from AC- and LPS-injection. This ensured

that excessive animals were not excluded unnecessarily.

2.1.5. Perfusion fixation
Mice were lethally injected with pentobarbital, 200 mg/mL (Dolethal,
Vetoquinol, UK). The chest cavity was opened, and the right atrium of the heart

was shipped to allow desanguination. Mice were perfused transcardially with

10 ml of 1% PBS followed by 10 ml of 4% paraformaldehyde (PFA,
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ThermoFisher Scientific, UK). The brain was removed and further fixed in 4%
PFA for 24h, then stored in 30% sucrose solution for cryoprotection at 4°C until
cutting. Mice in the cytokine group were injected with their assigned drug and
perfused 2h post-injection. Upon snipping the right atrium, blood was collected
for cytokine analysis. The mice were then perfused and brains collected as

described above. The blood samples were stored at -20°C until analysis.

2.2. Immunohistochemistry

Immunohistochemistry (IHC) was performed on the collected brains to
visualise AB plaque pathology and neuroinflammatory markers. Thioflavin S
stain was utilised to visualise AB structures including ApB sheets and dense
plaques. Monoclonal anti-GFAP (Glial fibrillary acidic protein) and anti-C3
(complement component 3) were used as markers for reactive astrocytes.
Monoclonal anti-lba1 (lonized calcium-binding adaptor molecule 1) was used
as a marker of microglia, with anti-CD68 (Cluster of Differentiation 68) used as

a marker of phagocytic microglia.

2.2.1. Microtomy

Brain samples were dissected into left and right hemispheres with the
cerebellum and brain stem removed. For microtomy, each hemisphere was
embedded onto a sliding microtome (Leica SM2010R) using freezing optimal
cutting temperature (OCT) compound (CellPath, UK). Each sample was
trimmed until the full hippocampal formation (HPF), and medial geniculate

(MG) complex were visible below the dentate gyrus (DG) (Fig. 2.7). Sagittal
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serial sections were cut at 40 ym and collected into a 24-well plate containing

1% PBS, with three replicates per well. Samples were stored at 4°C until IHC.

Figure 2.7: The Allen mouse brain atlas diagram of a sagittal cerebrum section.
Sections were collected for IHC when the full HPF was visible, and the MG was visible
below the DG. (Figure source: Allen Institution of Brain Sciences, 2004).

2.2.2. IHC

The free-floating brain sections were washed in PBS then permeabilised using
1% Triton X-100 (Sigma-Aldrich, UK) in PBS for 1h on a mini orbital shaker at
80 rpm (Stuart SSM1). Sections were then blocked for 1h in PBS with 0.5%
Triton X-100, 1% (w/v) bovine serum albumin (BSA, Sigma-Aldrich, UK) and
5% (v/v) foetal calf serum (FCS). Sections were incubated overnight at 4°C
with relevant primary antibodies diluted in 0.5% Triton X-100, 1% BSA and 5%
FCS. Sections were then washed with PBS and incubated for 3h with
secondary antibody diluted in 0.5% Triton X-100, 1% BSA and 5% FCS, on
the orbital shaker at 80 rpm. Sections were washed with PBS then relevant

sections were counterstained for AB plaques using 10% Thioflavin-S (1:1000,
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T1892, Sigma-Aldrich, UK) in PBS for 15 min on the orbital shaker at 80 rpm.

Sections were washed with PBS and mounted on slides with VectaMount

Express Mounting medium (H-5700, Vector Laboratories by 2BScientific UK).

Primary and secondary antibodies, and dyes are listed below (Table 2.1).

Table 2.1: List of primary and secondary antibodies, and dyes used in IHC.

Antibodies/Dyes Species

Thioflavin S

GFAP

C3

Iba1

CD68

Alexa Fluor 555
Cadaverine

Fluorescein
conjugated
tomato Lectin
Alexa Fluor 555
Alexa Fluor 555
Alexa Fluor 555

Alexa Fluor 488
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Mouse

Mouse

Rabbit

Rat

NA

NA

Donkey
anti-mouse
goat anti-
rabbit

goat anti-rat

goat anti-
rabbit

Dilution

1:1000

1:100

1:2000/1:1000
if co-labelling
with CD68
1:1000

NA

NA

1:500
1:500
1:500

1.500

ID

T1892, Sigma
Aldrich

MAB360, Sigma
Aldrich

HM1045, Hycult
Biotech,
Cambridge
bioscience
AB178846, Abcam

MCA1957GA, Bio-
Rad

A30677,
ThermoFisher
Scientific, UK
FL-1171-1, Vector
Laboratories
2BScientific, UK
A31570, Life
technologies
A21428, Life
technologies
A21434, Life
technologies
A11008, Life
technologies

Target

AB structures
including AR
sheets and
dense plaques
Reactive
astrocytes
Reactive
astrocytes

Activated
microglia

Phagocytic
microglia
Leakage of
BBB proteins
to parenchyma
Vascular
endothelium

GFAP & C3
Iba1
CD68

Iba1



2.3. Imaging

2.3.1. Mesolens imaging

Images were acquired using a custom built wide-field epi-fluorescence
microscope (Mesolens, designed and built by Professor Gail McConnell,
University of Strathclyde (McConnell et al., 2016)). Excitation wavelengths of
435 nm (Thioflavin S) and 585 nm (GFAP, C3 and Iba1), or 490 nm (lba1) and
585 nm (CD68) were used, respectively. Each image included the full
hippocampus and subiculum, as well as partial regions of visual cortex (VC)
and somatosensory cortex (SSC) (Fig.2.8). Images were processed and
quantified using the open-source software Fiji Imaged to analyse fluorescence

intensity. AR plaque load, size, and number were analysed using Fiji plugin

Subiculum

plaques

Figure 2.8: Representative Mesolens image of a 5xFAD*- mouse brain. (A) Brain
section stained with thioflavin S to visualise AR plaques in the hippocampus,
subiculum, VC and SSC. (B) Magnified image of the subiculum with thioflavin S and
GFAP co-stain to highlight the colocalisation of astrocytes to AB plaques. (C)
Magnified image of the subiculum with thioflavin S and Iba1 co-stain to highlight the
colocalization of microglia to AB plaques.
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Trainable Weka Segmentation. Brain regions analysed were the subiculum,

cornu Ammonis (CA) 1 and CAS3, DG, VC and SSC.

2.3.2. Cadaverine and lectin imaging

2.3.2.1. Mesolens imaging

Brains from mice injected with fluorescently labelled cadaverine and lectin
were dissected and 9 serial sections at 40 ym were collected into PBS, as
described in section 2.2.1. Sections were mounted directly onto slides without
further preparation. Images were acquired using the Mesolens at excitation
wavelengths of 490 nm (lectin) and 585 nm (cadaverine) to visualise the
hippocampus, VC, SSC, and motor cortex. Images were processed and

quantified using Fiji ImagedJ to analyse fluorescence intensity.

2.3.2.2. Confocal imaging

Sections from mice injected with fluorescently labelled cadaverine and lectin
were also examined using a TCS SP8 Leica Microsystems confocal
microscope (Leica, UK). Images of blood vessels were acquired as a z-stack
at x63 magnification, using excitation wavelengths of 488 nm (lectin) and 552
nm (cadaverine) in the CA1 region of the hippocampus. Images were
processed and quantified using Fiji Imaged to analyse fluorescence intensity

in the parenchyma and vasculature.

2.4. Cytokine arrays

2.4.1. Blood sampling

Cytokine assays were utilised to examine cytokine and chemokine release in

the periphery following PAR2 activation and LPS in 5xFAD*- and 5xFAD"-

84|Page



mice. Mice received either vehicle, AC264613 (100 mg kg -') or LPS (0.5 mg
kg -') and at 2h post-injection, cardiac blood was collected for profiling prior to
perfusion fixation. The Proteome Profiler Mouse Cytokine Array Kit (ARY006,
R&D Systems, UK) was used to detect 40 different cytokines, chemokines,

and acute phase proteins simultaneously (Table 2.2).

Table 2.2: Cytokines, chemokines, and acute phase proteins detected by the
mouse array proteome profiler.

Cytokines, chemokines, and acute phase proteins detected

CXCL13/BLC/  IL-1 alpha/ IL-7 CXCL10/IP-10 CCL4/MIP-1 beta

BCA-1 IL-1F1

C5a IL-1 beta/IL-1F2 IL-10 CXCL11/I-TAC CXCL2/MIP-2

G-CSF IL-1ra/IL-1F3 IL-12 CXCL1/KC CCL5/RANTES
p70

GM-CSF IL-2 IL-13 M-CSF CXCL12/SDF-1

CCL1/1-309 IL-3 IL-16 CCL2/JE/MCP-1 CCL17/TARC

CCL11/Eotaxin = IL-4 IL-17 CCL12/MCP-5 TIMP-1

ICAM-1 IL-5 IL-23 CXCLI/MIG TNF-alpha

IFN-gamma IL-6 IL-27 CCL3/MIP-1 alpha TREM-1

2.4.2. Sample preparation

Cardiac blood samples were collected and stored at -20°C until analysis.
Samples were thawed and centrifuged at 1600 rpm, 4°C (Labofuge 400R,
Heraeus) for 20 min to separate blood serum and plasma. The blood serum
was collected and 28 ul was used per sample, with 4 samples (2 per sex)
analysed for each treatment per genotype in accordance with the kit protocol.
Membranes were blocked with array buffer for 1h on a rocking platform shaker
(HS250, IKA). Plasma samples were prepared with array buffers 4 and 6 then

incubated with 15 ul of reconstituted mouse cytokine array panel A detection
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antibody cocktail for 1h. The plasma sample/antibody mixes were added to the
membranes and incubated on the rocking platform shaker at 2-8°C overnight.
Following incubation, the membranes were washed with wash buffer then
incubated with Streptavidin-HRP for 30 min on rocking platform shaker. The
membranes were washed thoroughly before 1 ml of chemi reagent mix was
added to the membranes and gently shaken for even spread for 1 min. Excess

reagent mix was blotted off the membranes in preparation for exposure.

2.4.3. Membrane exposure

Membranes were placed in an autoradiography film cassette and covered with
plastic wrap, removing any air bubbles. Blue sensitive autoradiography X-ray
film (UltraCruz, Fisher Scientific, UK) was applied, and samples were exposed
for 5 min. The film was then developed in an automatic X-ray film processor
(JP-33, JPI). All 5xFAD*- membranes were developed on one film and all
5xFAD” on another, to compare treatments within the genotypes (Fig.2.9).

Membranes were scanned and processed using Fiji Imaged to analyse the

Heat plot of cytokine profile and analysis

SXFAD* Exposure film B -
= Vehicle  AC264613  LPS -:
= % ° ° ° . :. o s R
00 o (1 00 g 22 I I 132 51l
+ ° °* 00 =
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Figure 2.9: Cytokine array method. Cardiac blood samples from vehicle, AC and
LPS-injected mice were centrifuged, and serum was collected and incubated with the
cytokine array panel A detection antibody cocktail. The membranes were exposed
and developed then the pixel density of each array spot was analysed to determine a
relative change between samples. (Image created using biorender.com).
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pixel density of each array spot to determine a relative change between
samples. Each array spot was analysed in duplicate, and the mean density

after background subtraction, was calculated.

2.5. Data and statistics

All data are reported as mean £ S.E.M. with individual data points, where n
=the number of animals used. Sex and genotypic differences were compared
to identify any differences in drug effects, with data presented separately by
sex and genotype, as well as combined to show overall treatment effects.
Statistical analyses were performed using GraphPad Prism (v8.4.3). Statistical
tests are indicated in the relevant figure legends and included one-way
repeated-measures ANOVA with Tukey’s post hoc test, two-way repeated-
measures ANOVA with Sidak’s or Tukey’s post hoc tests, and unpaired two-
tailed t-tests. Significance is reported when p<0.05. Asterisks shown with
brackets indicate significant pairwise differences between groups, while
asterisks shown without brackets represent significant overall effects identified
by ANOVA. Data were examined for normality using the Shapiro-Wilk test,

alongside inspection of Q-Q plots and assessment of Gaussian distribution.

To maintain clarity given the sample sizes, analyses compared drug effects by
sex or genotype across timepoints, or by assessing overall drug effects using
two-way repeated-measures ANOVA. This approach assumes normality,
homogeneity of variance, and sphericity for repeated-measures data, which
may be less robust in complex designs with multiple variables and could

potentially over- or under-represent statistical significance.
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2.5.1. Power calculations

Based on the data from previous projects, the normalised mean + standard
deviation (SD) under the null hypothesis was predicted to be 1 £ 0.2, whereas
the alternative hypothesis was predicted to be 0.6. Group 1 mice were used to
confirm that AC264613 induced depression-like behaviour, and to assess
genotypic differences between wild-type C57BL6/J and 5xFAD~- mice. As no
difference in genotype or sex were predicted for behavioural outcomes, an n =
3 per sex and genotype was used. To assess AC264613 on behaviour and
brain pathology in 5xFAD*- mice, using an anticipated change of 40% with a
90% power and a 5% significance level (alpha = 0.05), the sample size was
calculated at a minimum of 5 animals per group. Hence, a minimum of 5 mice

per sex and genotype were used for each treatment group in mice groups 2-4.

To examine cytokines in the blood, previous data were consulted, with the
normalised mean + SD predicted to be 1 + 0.2 and an expected change of
approximately £ 0.4. With a 90% power and a 5% significance level, the
minimum sample size was calculated as 2 animals per treatment group. A
small project grant was awarded to examine peripheral cytokines, and an n =

2 per sex and genotype were used for each treatment group.

To examine BBB integrity following PAR2 activation and antagonism, a small
pilot grant was awarded. As the effects of PAR2 on the BBB were unexplored,
an n = 3 female mice of each genotype and treatment were used to establish
preliminary data. To examine the effects on PAR2 antagonism on behaviour,
surplus C57BL6/J or 5xFAD colony mice, were used with an n = 3 per sex

per treatment to establish preliminary data.
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Chapter 3: The effects of AC- and LPS-
injection on behaviour in C57BL6/J and

5xFAD” mice.
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3.1. Introduction and aims.

Previous research demonstrated that PAR2 activation induced depression-like
behaviour in vivo (Moudio et al., 2022). As we planned to use PAR2 activation
to induce depression-like behaviour in a mouse model of AD, we first wanted
to confirm these previous findings. To control for potential effects of genetic
background, behavioural responses were examined in both C57BL6/J WT and
5xFAD” mice, which do not express the APP or PSEN1 transgenes. This
comparison ensured that observed behavioural effects were not driven by
transgenic background and confirmed the replicability of pharmacological
effects in non-diseased mice. Hence, PAR2 activator AC264613, was
examined alongside vehicle and LPS, to measure three core features of MDD,
low mood/fatigue, anhedonia, and apathy in both genotype. It was
hypothesised that AC and LPS would induce depression-like behaviour,
displayed as reduced locomotor activity, sucrose preference, and grooming

behaviour in both C57BL6/J and 5xFAD mice.
The work in this chapter aims to answer the following research questions:

e Do AC and LPS induce depression-like behaviour in both C57BL6/J and
5xFAD” mice?

e Does sex influence the effects of AC- and LPS-induced behavioural
changes?

e Are there any behavioural genotypic differences between C57BL6/J
and 5xFAD”- mice prior to, or following pharmacologically induced-

depression-like behaviour?
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3.1.1. C57BL6/J and 5xFAD”- mice

In total 15 mice received vehicle, 16 mice received AC, and 16 mice received
LPS. After exclusions, each treatment group had 12, 14 and 13 mice,

respectively (Table 3.1).

Table 3.1: Number of mice included and excluded in each treatment group.

Total after
Total Number exclusion
Vehicle 15 12 C57BL6/J vs 5xFAD"
16 14
16 13
Total after Exclusions
C57BL6/J 5xFAD™"
F M F M
Vehicle 3 3 3 3
~ AC461613 4 3 4 3
LPS | 3 3 3 4
Excluded
C57BL6/J 5xFAD™"
F M F M
Vehicle 1 1 0 1
~ AC461613 0 0 0 2
LPS 1 1 1 0

3.2. AC- and LPS-injection reduced locomotor activity

independent of sex and genotype.

Comparing locomotor activity from pre-drug to 2h post-drug, AC- and LPS-
injection significantly reduced locomotor activity at 2h post-injection (F3-108) =
41.8, p<0.001 vs pre-drug) with AC- (p<0.001 vs vehicle, n=14, Fig. 3.1B) and
LPS-injection (p<0.001 vs vehicle, n=14, Fig. 3.1B) reducing locomotor activity
2h post-injection when compared to vehicle injection. At 24h post-injection,

locomotor activity in the AC- and LPS-injected mice was fully recovered. In
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contrast, vehicle injection had no effect on locomotor activity at either 2h or

24h post-injection (p=0.99 vs pre-drug, n=12, Fig.3.1B).

Having shown that AC and LPS reduced locomotor activity, we investigated
whether this was dependent on the sex of the mice. Within genotypes, AC-

and LPS-injection reduced locomotor activity 2h post-injection in both

C57BL6/J (AC: F2-11) = 5.2, p=0.02 vs pre-drug, n=7, Fig. 3.2C; LPS: F(29)

12.17, p=0.002 vs pre-drug, n=6, Fig. 3.2E) and 5xFAD” mice (AC: F(-9

21.06, p=0.0005 vs pre-drug, n=6, Fig. 3.2D; LPS: F-12) = 34.64, p<0.0001 vs
pre-drug, n=7, Fig.3.2F). When comparing sex within the genotypes, no
differences in locomotor activity were observed between male and female mice
prior to, or following injection of vehicle, AC or LPS (vehicle: F(1-4)=0.1, p=0.77
C57BL6/J male vs female, n=3, Fig.3.2A; F(14) = 1.55, p=0.28 5xFAD-- male
vs female, n=3, Fig.3.2B; AC: F¢15 = 0.18, p=0.69 C57BL6/J male, n=3, vs
female, n=4, Fig.3.2C; F(1-5y= 0.02, p=0.89 5xFAD"- male, n=3, vs female, n=4,
Fig.3.2D; LPS: F(14) = 4.38, p=0.1 C57BL6/J male vs female, n=3, Fig.3.2E;

Fa1-5 = 1.94, p=0.22 5xFAD”- male vs female, n=3, Fig.3.2F).

We also examined whether drug-induced changes were genotype dependent.
No differences in locomotor activity were found between C57BL6/J and
5xFAD” mice within the treatment groups prior to injection (vehicle: p>0.99
C57BL6/J vs 5xFAD”, n=6, Fig.3.3A; AC: p=0.67 C57BL6/J vs 5xFAD™,
Fig.3.3B, n=7; LPS: p=0.29 C57BL6/J, n=6, vs 5xFAD"-, n=7, Fig.3.3C, at pre-
drug 2 for all treatments). However, AC injection reduced locomotor activity in
C57BL6/J mice compared to 5xFAD” mice at 2h post-injection (p=0.04

C57BL6/J vs 5xFAD”, n=7, Fig.3.2B). This genotypic difference was not
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observed at 24h post-injection (p=0.46 C57BL6/J vs 5xFAD”, n=7). No
genotypic differences were observed in vehicle- or LPS-injected mice 2h post
injection (vehicle: p=0.35 C57BL6/J vs 5xFAD"-, n=7; LPS: p=0.65 C57BL6/J,

n=6, vs 5xFAD", n=7).
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Figure 3.1: AC- and LPS-injection significantly reduced locomotor activity 2h
post-injection. (A) Representative OFT tracking traces of an individual mouse’s
movement during the pre-drug, 2h post- and 24h post-injection for vehicle, AC and
LPS. (B) AC (100 mg kg™'i.p.) and LPS (0.5 mg kg'i.p.) injection significantly reduced
locomotor activity in C57BL6/J and 5xFAD" mice 2h post-injection (AC: ***p<0.001;
LPS: ***p<0.001 vs vehicle). Two-way repeated-measures ANOVA with Tukey’s post
hoc test (n=12 vehicle, n=14 AC, n=13 LPS).
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Figure 3.2: AC- and LPS-injection significantly reduced locomotor activity 2h
post-injection in both C57BL6/J and 5xFAD”- mice independent of sex. No sex
differences within the genotypes were observed at any time point or following injection
of vehicle, AC or LPS. (C-D) AC- and (E-F) LPS-injection significantly reduced
locomotor activity overall at 2h-post injection in both C57BL6/J (AC: *p<0.05 vs pre-
drug; LPS **p<0.01 vs pre-drug) and 5xFAD"-mice (AC: ***p<0.001 vs pre-drug; LPS
***p<0.001 vs pre-drug). Two-way repeated-measures ANOVA with Sidak’s post hoc
test (vehicle: n=3 male vs female; AC: n=4 female vs n=3 male; LPS: n=3 male vs

female C57BL6/J, n=3 female vs n=4 male 5xFAD™).
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Figure 3.3: AC-injection significantly reduced locomotor activity in C57BL6/J
compared to 5xFAD” mice at 2h post-injection. No genotypic differences in
locomotor activity were observed prior to injection of vehicle, AC or LPS, or post-
injection with vehicle or LPS between C57BL6/J and 5xFAD”" mice. However, at 2h
post AC-injection (B), C57BL6/J mice had reduced locomotor activity compared to
5xFAD™ mice (¥p<0.05 C57BL6/J vs 5xFAD™). This genotypic difference was not
observed at 24h post-injection. Overall, AC- and LPS-injection significantly reduced
locomotor activity at 2h post injection (AC: ***p<0.001; LPS: ***p<0.001 vs pre-drug).
Two-way repeated-measures ANOVA with Sidak’s post hoc test (vehicle: n=6
C57BL6/J vs 5xFAD™; AC: n=7 C57BL6/J vs 5xFAD”; LPS: n=6 C57BL6/J vs n=7
5xFAD™).
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3.2. AC- and LPS-injection reduced time spent in centre square
independent of sex and genotype.

A common test of anxiety-like behaviour in rodent studies measures the
amount of time spent in the centre vs edge of the OFT arena, with a greater
time spent at the edge relating to higher anxiety-like behaviour. We examined
time spent in the centre square, prior to and following injection in the C57BL6/J

and 5xFAD”- mice.

AC- and LPS-injection significantly reduced time spent in centre 2h post-
injection (AC: p=0.04 vs pre-drug, n=14; LPS: p=0.01 vs pre-drug, n=13, Fig.

3.4) compared to pre-drug, but no changes were observed 24h post-injection.
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Figure 3.4: AC-injection significantly reduced time spent in the centre square
2h post-injection. AC- and LPS-injection significantly reduced time spent in the
centre of the OFT box in C57BL6/J and 5xFAD” mice 2h post-injection (AC: *p<0.05;
LPS: *p<0.05, vs pre-drug). Two-way repeated-measures ANOVA with Tukey’s post
hoc test (n=12 vehicle, n=14 AC, n=13 LPS).
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In contrast, vehicle injection had no effect on time spent in centre at 2h or 24h

post-injection (p>0.99 vs pre-drug, n=12, Fig. 3.4).

Examining sex within the genotypes found no differences between males and
females in time spent in centre prior to, or following injection of vehicle, AC or
LPS (vehicle: F¢1-4) = 0.03, p=0.88 C57BL6/J male vs female, n=3, Fig.3.5A;
F(1-4) = 4.25, p=0.11 5xFAD- male vs female, n=3, Fig.3.5B; AC: F(1.5) = 1.43,
p=0.29 C57BL6/J male, n=3, vs female, n=4, Fig.3.5C; F(-5 = 0.09, p=0.78
5xFAD” male, n=3, vs female, n=4, Fig.3.5; LPS: Fu4) = 5.74, p=0.07
C57BL6/J male vs female, n=3, Fig.3.5E, F(1-5) = 1.54, p=0.27 5xFAD"- male,
n=4, vs female, n=3, Fig.3.5F). However, LPS-injected C57BL6/J female mice
showed a trend towards increased time spent at centre compared to males
across the time points (p=0.07, male vs female, n=3, Fig 3.5E). Overall, AC-
injection reduced time spend at centre at 2h post-injection in C57BL6/J (p=0.02

vs pre-drug, n=7, Fig.3.5C) but not 5xFAD"- mice.

Genotypic differences were also examined and no differences were found in
time spent in the centre square between C57BL6/J and 5xFAD- mice prior to
or following injection (vehicle: F-10) = 0.06, p=0.82, C57BL6/J vs 5xFAD™,
n=6, Fig.3.6A; AC: F(1-12) = 0.27, p=0.62, C57BL6/J vs 5xFAD"-, n=7, Fig.3.6B;
LPS: F@-11y = 0.08, p=0.78, C57BL6/J, n=6, vs 5xFAD”-, n=7, Fig.3.6C).
Overall, at 2h post-injection, AC and LPS significantly reduced time spent in
the centre (AC: p=0.05 vs pre-drug, n=14, Fig.3.6B; LPS: p=0.02 vs pre-drug,

n=13, Fig.3.6C).
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Figure 3.5: AC-injection reduced time spent in centre square 2h post-injection
and is independent of sex. No sex differences within the genotypes were observed
at any time point or following injection of vehicle, AC or LPS in time spent at centre in
the OFT arena. AC-injection significantly reduced time spent at centre overall at 2h-
post injection in C57BL6/J (*p<0.05 vs pre-drug) but not 5XFAD”- mice. Two-way
repeated-measures ANOVA with Sidak’s post hoc test (vehicle: n=3 male vs female;
AC: n=4 female vs n=3 male; LPS: n=3 male vs female C57BL6/J, n=3 female vs n=4
male 5xFAD™).
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Figure 3.6: AC- and LPS-injection reduced time spent in the centre square 2h
post-injection is genotype independent. No genotypic differences in time spent at
centre of the OFT arena were observed at any time point prior to, or post injection
with vehicle, AC or LPS between C57BL6/J and 5xFAD” mice. AC- and LPS-injection
significantly reduced time spent at centre overall at 2h post injection (AC: *p<0.05 vs
pre-drug; LPS: *p<0.05 vs pre-drug). Two-way repeated-measures ANOVA with
Sidak’s post hoc test (vehicle: n=6 C57BL6/J vs 5xFAD"; AC: n=7 C57BL6/J vs

3]
1
°

T

35+
® C57BL6/J
304 5xFAD™
254 ® °
° [ ]
20+ ®
[ ]
[ ]
T3
T T
.L. rYy o
[ [ 3PS
°® e
[ ]
: Pre-drug 1 Pre-drug2 2hpost  24h post
35+
* ® C57BL6/J
304 — 5xFAD™"
25
204 ©
[ ]
15+ Y
[ ]
T e%e
[ ] [ ]
10 %] - ° Trr
e ﬁ L
) [ ]
5_
[
0 [o]l | (]
Pre-drug 1 Pre-drug2 2hpost 24h post
] ° * ® C57BL6/J
30 ' 1 5xFAD™

i

) Pre-drug 1 Pre-drug 2 2h post

5xFAD”; LPS: n=6 C57BL6/J vs n=7 5xFAD™).

100|Page

24h post



3.3. AC-injection reduced sucrose preference independent of sex
and genotype.

The sucrose preference test was used to examine anhedonia in the mice. AC-
injection significantly reduced sucrose preference 2h post-injection (p=0.02 vs
pre-drug, n=14, Fig.3.7) when compared to pre-drug. This reduction was
recovered by 24h post-injection. LPS-injection non-significantly reduced
sucrose preference at 2h post-injection (p=0.06 vs pre-drug, n=13, Fig.3.7).
No significant change in sucrose preference was observed following vehicle

injection (p=0.5 vs pre-drug, n=12, Fig.3.7).
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Figure 3.7: AC-injection significantly reduced sucrose preference 2h post-
injection. AC-injection significantly reduced sucrose preference in C57BL6/J and
5xFAD” mice 2h post-injection (*p<0.05 vs pre-drug) which was recovered by 24h
post-injection. LPS-injection non-significantly reduced sucrose preference 2h post-
injection (p=0.06 vs pre-drug). No significant change in sucrose preference was
observed following vehicle-injection. Two-way repeated-measures ANOVA with
Tukey’s post hoc test (n=12 vehicle, n=14 AC, n=13 LPS).
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The observed reduction in sucrose preference was independent of sex when
examined within genotypes following vehicle, AC- and LPS-injection (vehicle:
F@-4) = 0.95, p=0.38 C57BL6/J male vs female, n=3, Fig 3.8A; F1-4) = 0.38,
p=0.57 5xFAD” male vs female, n=3, Fig.3.8B; AC: Fu.5) = 1.22, p=0.32
C57BL6/J male, n=3, vs female, n=4, Fig.3.8C; F(1-5) = 0.17, p=0.7 5xFAD"
male, n=3, vs female, n=4, Fig.3.8D; LPS: F(14) = 7.42, p=0.053 C57BL6/J
male vs female, n=3, Fig.3.8E, F(-5) = 0.58, p=0.48 5xFAD" male, n=4, vs
female, n=3, Fig.3.8F). Overall, AC-injection non-significantly reduced sucrose
preference in both C57BL6/J (F(1-7) = 4.9, p=0.058 vs pre-drug, n=7, Fig.3.8C)
and 5xFAD” mice 2h post-injection (F¢1-5) = 5.42, p=0.066 vs pre-drug, n=7,

Fig.3.8D).

When sucrose preference was examined between the genotypes, no
differences were found between C57BL6/J and 5xFAD-- prior to or following
injection (vehicle: F1-10) = 0.37, p=0.56 C57BL6/J vs 5xFAD"-, n=6, Fig.3.9A;
AC: F1-12) = 0.43, p=0.52 C57BL6/J vs 5xFAD", n=7, Fig.3.9B; LPS: F(1-11) =
1.43, p=0.26 C57BL6/J, n=6, vs 5xFAD", n=7, Fig.3.9C). Overall, AC- and
LPS-injection reduced sucrose preference across the time points (AC: F(1-14) =

10.01, p=0.005, n=14, Fig.3.9B; LPS: Fe2-18) = 5.78, p=0.015, n=13, Fig.3.9C).
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Figure 3.8: AC-injection reduced sucrose preference 2h post-injection in both
C57BL6/J and 5xFAD"" mice and is independent of sex. No sex differences within
the genotypes were observed following injection of vehicle, AC or LPS. AC-injection
non-significantly reduced sucrose preference 2h-post injection in both C57BL6/J
(p=0.058 vs pre-drug) and 5xFAD"" mice (p=0.066 vs pre-drug). Two-way repeated-
measures ANOVA with Sidak’s post hoc test (vehicle: n=3 male vs female; AC: n=4
female vs n=3 male; LPS: n=3 male vs female C57BL6/J, n=3 female vs n=4 male
5xFAD™).
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Figure 3.9: AC- and LPS-injection reduced sucrose preference across the
timepoints with no difference between genotypes. No genotypic differences in
sucrose preference were observed prior to, or following injection of vehicle, AC or
LPS. Overall, AC- and LPS-injection induced a significant reduction in sucrose
preference across the timepoints (AC: **p<0.01; LPS: *p<0.01, vs pre-drug). Two-way
repeated-measures ANOVA with Sidak’s post hoc test (vehicle: n=6 C57BL6/J vs
5xFAD™; AC: n=7 C57BL6/J vs 5xFAD™; LPS: n=6 C57BL6/J vs n=7 5xFAD™").
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3.4. LPS- but not AC-injection reduced time spent grooming.

Having established that both AC and LPS induced behavioural changes
associated with depression-like behaviour, we next examined grooming
behaviour using the splash test to assess apathy-like behaviour following AC-
and LPS-injection. To analyse the grooming behaviour recordings, we
implemented Al machine learning using DLC software (Mathis et al., 2018)
followed by the SaLSa MatLab script (Sakata, 2023) to measure total time
spent grooming, time to first groom, and number of grooming episodes. We
also scored the recordings manually with a stopwatch and measured total time
spent grooming, time to first face wipe, and time to sit and groom for >5
seconds. The two methods of analysis yielded differing results suggesting

sensitivity issues with Al machine learning analysis.

3.4.1. Al machine learning analysis suggested AC-injection increased
grooming behaviour 2h post-injection.

Al machine learning analysis of the splash test found a significant increase in
the total time spent grooming 2h post-injection in AC-injected mice (p=0.002
vs vehicle, n=14, Fig.3.10A) when compared to vehicle-injected mice. LPS-
injection had no effect on total time spent grooming compared to vehicle at 2h
post-injection (p=0.17 vs vehicle, n=13, Fig.3.10A). There was an overall
increase in time spent grooming at 2h post-injection compared to 24h post-
injection across the treatment groups (F1-36) = 48.55, p<0.001 2h post-vs 24h

post-drug, n=39, Fig.3.10A).

No difference in time to first groom was observed between the treatment

groups at 2h post-injection (AC: p=0.96 vs vehicle, n=14, Fig.3.10B; LPS:

105|Page



p=0.95 vs vehicle, n=13, Fig.3.10B) or 24h post-injection (AC: p=0.13 vs
vehicle, n=14, Fig.3.10B; LPS: p=0.74 vs vehicle, n=13, Fig.3.10B), and no
difference was observed in time to first groom across the timepoints (F1-36) =

0.94, p=0.34 2h post-vs 24h post-drug, n=39, Fig.3.10B).

There was a significant increase in the number of grooming episodes at 2h
post-injection compared to 24h post-injection (F1-36) = 18.63, p<0.001 2h post-
vs 24h post-drug, n=39, Fig.3.10C) but no significant differences in were found
between the treatment groups at 2h post-injection (AC: p=0.09 vs vehicle,

n=14, Fig.3.10C; LPS: p=0.47 vs vehicle, n=13, Fig.3.10).
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Figure 3.10: Al machine learning analysis suggests that AC-injection
significantly increased time spent grooming 2h post-injection. When analysed
with Al machine learning, AC-injection increased total time spent grooming (**p<0.01
vs vehicle) 2h post-injection. Overall, grooming time was increased 2h post-injection
across the treatments (##p<0.001 2h post- vs 24h post-drug). No differences in time
to first groom were observed between the treatments or timepoints. There was an
overall increase in number of grooming episodes at 2h post-injection across the
treatment groups (*#p<0.001 2h post- vs 24h post-drug) but no differences in
grooming episodes were observed between the treatments. Two-way repeated-
measures ANOVA with Tukey’s post hoc test (n=12 vehicle, n=14 AC, n=13 LPS).
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3.4.2. Manual scoring analysis reveals LPS- but not AC-injection reduced
grooming behaviour.

As manual scoring was the standard method described in the literature to
assess grooming behaviour (Isingrini et al., 2010), we also used manual
scoring to verify our splash test results. Manual scoring revealed that AC-
injection had no effect on time spent grooming at either 2h post-injection
(p=0.99 vs vehicle, n=14, Fig.3.11A) or 24h post-injection (p=0.93 vs vehicle,
n=14, Fig.3.11A). However, LPS-injection significantly reduced time spent
grooming 2h post-injection (p=0.004 vs vehicle, n=13, Fig.3.11A) compared to
vehicle. At 24h post-injection, LPS-injected mice had recovered and
significantly increased their time spent grooming compared to 2h post-injection

(p=0.03 2h post vs 24h post-drug, n=13, Fig.3.11A).

As the mice frequently exhibited brief hyperactive behaviour following sucrose
water spraying and placement in the test box, the time to first wipe their face
and the latency to settle and initiate grooming for at least 5 seconds was also
measured. No differences in time to first face wipe were observed between the
treatment groups at 2h post-injection (AC: p=0.62 vs vehicle, n=14, Fig.3.11B;
LPS: p=0.99 vs vehicle, n=13, Fig.3.11B) or 24h post-injection (AC: p=0.41 vs
vehicle, n=14, Fig.3.11B; LPS: p=0.15 vs vehicle, n=13, Fig.3.11B), and no
differences were observed in time to first face wipe across the timepoints (F-
36) = 0.09, p=0.77 2h post-vs 24h post-drug, n=39, Fig.3.11B). Further, no
differences in time to sit and groom > 5 s were observed between the treatment
groups at 2h post-injection (AC: p=0.99 vs vehicle, n=14, Fig.3.11C; LPS:

p=0.32 vs vehicle, n=13, Fig.3.11C) or 24h post-injection (AC: p=0.22 vs
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vehicle, n=14, Fig.3.11C; LPS: p=0.11 vs vehicle, n=13, Fig.3.11C), and no
differences were observed in time to sit and groom > 5 s across the timepoints

(F(1-36) = 0.44, p=0.51 2h post-vs 24h post-drug, n=39, Fig.3.11C).

When the videos were analysed with hand scoring, it was observed that the
behaviour displayed in the recording often misaligned with the machine
learning classifications, highlighting sensitivity issues with the Al software. Due
to this, behaviour that was not grooming, such as being immobile, was being
classified as grooming, thus giving inaccurate results. Therefore, it was
deemed that manual hand scoring was more accurate for analysing grooming
behaviour, hence manual scoring was the adopted method for analysing the

splash test data.
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Figure 3.11: Manual scored grooming revealed that AC-injection had no effect
on time spent grooming. When analysed using manual scoring, AC-injection had
no effect on grooming time 2h post-injection. LPS-injection significantly reduced total
time grooming 2h post-injection (**p<0.01 vs vehicle). Overall, there was no difference
in time spent grooming between 2h post- or 24h post-injection across the treatments,
however there was a significant decrease in total time grooming in LPS-injected mice
at 2h post-injection compared to 24h post-injection (*p<0.05 2h post- vs 24h post-
drug). No differences in time to first face wipe or time to sit and groom for > 5 s were
observed between the treatments or timepoints. Two-way repeated-measures
ANOVA with Tukey’s and Sidak’s post hoc test (n=12 vehicle, n=14 AC, n=13 LPS).
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3.4.3. Sex and genotype had no effect on time spent grooming 2h post-
injection independent of treatment.

When sex was examined within the genotypes, no differences were found in
grooming time between male and female mice 2h post-injection following
vehicle, AC- or LPS-injection (vehicle: F(1-4) = 0.8, p=0.42 C57BL6/J male vs
female, n=3, Fig.3.12A; F(14) = 0.03, p=0.87 5xFAD”- male vs female, n=3,
Fig.3.12B; AC: Fus = 3.4, p=0.12 C57BL6/J male, n=3, vs female, n=4,
Fig.3.12C; F1-5y = 0.79, p=0.42 5xFAD- male, n=3, vs female, n=4, Fig.3.12D;
LPS: F¢14)=4.7, p=0.1 C57BL6/J male vs female, n=3, Fig.3.12E; F(1-5) = 0.38
p=0.56 5xFAD”- male, n=4, vs female, n=3, Fig.3.12F). No sex differences
were found at 24h post-injection in the vehicle or LPS-injected mice but AC-
injected female C57BL6/J mice groomed more than males (p=0.03 male, n=3,
vs female, n=4, Fig.3.12C). No sex differences were found in AC-injected
5xFAD mice. Overall, vehicle-injected female C57BL6/J mice groomed more

at 2h post-injection than 24h post-injection (p=0.048 2h post-vs 24h post-drug).

No differences were observed in time spent grooming between C57BL6/J and
5xFAD mice within the treatment groups at 2h or 24h post-injection (vehicle:
F1-10) = 1.96, p=0.19 C57BL6/J vs 5xFAD", n=6, Fig.3.13A; AC: F(1-12) = 0.29,
p=0.6 C57BL6/J vs 5xFAD”, n=7, Fig.3.13B; LPS: F@.11) = 0.65, p=0.44,
C57BL6/J, n=6, vs 5xFAD”, n=7, Fig.3.13C). Overall, vehicle-injected
C57BL6/J mice groomed more at 2h post-injection compared to 24h post-
injection (p=0.04 2h post-vs 24h post-drug, n=6, Fig.3.13A) and AC-injected
5xFAD”- mice groomed more at 2h post-injection than at 24h post-injection

(p=0.04 2h post-vs 24h post-drug, n=7, Fig.3.13B).
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Figure 3.12: AC- and LPS-injection had no influence on time spent
grooming in either sex within the genotypes 2h post-injection. No
differences in total time grooming between males and females of either
genotype were found 2h post-injection with vehicle, AC or LPS. However, at
24h post AC-injection, female C57BL6/J mice groomed significantly longer
than male C57BL6/J (*p<0.05 male vs female). This behaviour was not
observed in AC-injected 5xFAD” mice. Overall, vehicle-injected female
C57BL6/J mice groomed significantly more at 2h post-injection compared to
24h post-injection (*p<0.05 2h post vs 24h post-drug). Two-way repeated-
measures ANOVA with Sidak’s post hoc test (vehicle: n=3 male vs female;
AC: n=4 female vs n=3 male; LPS: n=3 male vs female C57BL6/J, n=3
female vs n=4 male 5xFAD™").
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Figure 3.13: Genotype has no effect on total time spent grooming at 2h post-
or 24h post-injection independent of treatment group. No genotypic differences
in time spent grooming were observed prior to, or following injection of vehicle, AC or
LPS. Overall, C57BL6/J mice that received vehicle-injection groomed longer at 2h
post-injection compared to 24h post-injection (*p<0.01 2h post- vs 24h post-drug) and
AC-injected 5xFAD”- mice groomed significantly more at 2h post-injection compared
to 24h post-injection (*p<0.01 2h post- vs 24h post-drug). Two-way repeated-
measures ANOVA with Sidak’s post hoc test (vehicle: n=6 C57BL6/J vs 5xFAD™; AC:
n=7 C57BL6/J vs 5xFAD™; LPS: n=6 C57BL6/J vs n=7 5xFAD™).
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3.5. AC- and LPS-injection induced temporary weight loss.

Mice were weighed daily starting from the pre-drug OFT recordings, until 1
week post final injection. During the first week of testing, at 24h post-injection,
AC-injection significantly reduced female mice weight compared to pre-drug
weight (p=0.048 vs pre-drug, n=8, Fig.3.14A). LPS-injection significantly
reduced weight 24h post-injection in both female (p=0.009 vs pre-drug, n=6
Fig.3.14A) and male (p<0.001 vs pre-drug, n=7, Fig.3.14B) mice. During the
second week of testing, AC-injection had no significant effect on weight at 24h
post- injection in female (p=0.38 vs pre-drug, n=8, Fig.3.14A) or male mice
(p>0.99 vs pre-drug, n=6, Fig.3.14B). LPS-injection had no significant effect
on female mice (p=0.21 vs pre-drug, n=6, Fig.3.14A) but male mice had
significantly reduced weight at 24h post-injection (p<0.001 vs pre-drug, n=7,
Fig.3.14B). Any weight lost was temporary and never > 20% of the mouse’s
pre-drug weight, and all mice had fully recovered by the next weighing

timepoint (day 7 and 12).

No genotypic differences in weight were found at any timepoint across any of
the treatment groups for female mice (vehicle: F¢1-4) = 0.11, p=0.76 C57BL6/J
vs 5xFAD”-, n=3; AC: F1-6) = 0.11, p=0.74 C57BL6/J vs 5xFAD", n=4; LPS:
F(1-4) = 0.33, p=0.6 C57BL6/J vs 5xFAD-, n=3) or male mice (vehicle: F(1.7) =
1.2, p=0.31 C57BL6/J vs 5xFAD", n=3; AC: F(1-4) = 0.32, p=0.6 C57BL6/J vs
5xFAD”, n=3; LPS: Fu.5 = 0.004, p=0.95 C57BL6/J vs 5xFAD”-, n=3).
Therefore, weight graphs were combined to display mean + S.E.M. weight

across time for female and male mice.
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Figure 3.14: AC- and LPS-injection cause a temporary reduction in weight
independent of genotype. AC- and LPS-injection induced a significant reduction in
weight at 24h-post injection in the first week of testing in female (AC: *p<0.05; LPS:
**p<0.01 pre-drug vs 24h post-drug) mice, whilst LPS but not AC-injection induced a
significant reduction in male weight post-injection (***p<0.001 pre-drug vs 24h post-
drug). AC-injection had no effect on weight in the second week of testing, but LPS
induced a trend of weight loss in female mice and a significant reduction in weight in
male mice (***p<0.001 pre-drug vs 24h post-drug). Weight displayed as mean + SEM.
Mixed model’'s analysis with Tukey’s post hoc test (vehicle: n=6 female, 6 male; AC:

n=8 female, 6 male; LPS: n=6 female, 7 male).
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3.6. Discussion

3.6.1. AC264613 and LPS induce behavioural changes associated with
depression-like behaviour in C57BL6/J and 5xFAD~- mice.

Our data from both C57BL6/J and 5xFAD”- mice confirmed that AC (100 mg
kg™') and LPS (0.5 mg kg™') induced behavioural changes associated with
depression-like behaviour as demonstrated by reduced locomotor activity and
reduced sucrose preference, suggesting the mice are experiencing low mood,
fatigue, and anhedonia, which are major symptoms in patients with MDD.
These findings further support previous studies within the research group that
AC induces depression-like behaviour similar to LPS induced sickness-like

behaviour (Abulkassim et al., 2016; Moudio et al., 2022).

3.6.2. AC264613 and LPS reduced locomotor activity and increased anxiety-
like behaviour in C57BL6/J and 5xFAD”- mice.

Locomotor and exploratory activity are natural behaviours in rodents and
reductions in these behaviours are associated with anxiety- and depression-
like behaviour (Seibenhener et al., 2015; Wang et al., 2017; Becker et al.,
2021). Studies of social defeat and stress-induced depression-like behaviour
models report decreased locomotor activity and exploratory behaviour that can
be reversed with anxiolytic or antidepressant treatments (Rygula et al., 2008;
Krishnan et al., 2011). As fatigue, low mood and reduced activity are symptoms
of MDD, this reduced locomotor and exploratory behaviour observed in the AC
and LPS-treated groups suggests the mice may be experiencing depression-

like behaviour (Seibenhener et al., 2015; Gencturk et al., 2024 ). This reduction

116 |Page



in locomotor activity was not present 24h post-injection, indicating that AC and

LPS do not induce prolonged behavioural changes.

Previous work from our lab group established the pharmacokinetic profile for
AC (100 mg kg™), showing that AC crosses the BBB, peaks at 1h post-
injection, and is almost undetectable at 24h post-injection, highlighting it short-
lived effects (Moudio et al., 2022). Multiple studies also support the transient
nature of LPS administration, with rapid inflammatory cytokines peaking within
hours of systemic injection, while behavioural changes are usually fully

recovered by 24h (Biesmans et al., 2013; Lasselin et al., 2020).

AC and LPS also reduced the time spent at the centre of the OFT arena,
suggesting possible anxiety-like behavioural changes. The centre vs edge
ratio in the OFT is a common behavioural assay, where reduced time spent
exploring the centre and increased time spent exploring the edges of the arena
(thigmotaxis) are associated with higher levels of anxiety (Seibenhener et al.,
2015; La-Vu et al., 2020). This behaviour mimics natural behaviour, whereby
mice would avoid open areas to avoid potential predation, with the centre vs
edge behavioural measure often used to assess the effects of anxiolytics.
Administration of anxiolytics such as benzodiazepines have shown increased
time spent at the centre of the OFT arena, which is interpreted as decreased

anxiety-like behaviour in rodents (Prut et al., 2003; La-Vu et al., 2020).

It is important to differentiate “sickness-like behaviour” from depression- or
anxiety-like behaviour when interrupting in vivo studies as they share

overlapping symptoms. Sickness-like behaviours are acute responses to an
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immune challenge, including reduced locomotor and exploratory behaviour,
social withdrawal, decreased food and water intake, and changes in body
temperature (Dantzer, 2006). In contrast, depression-like behaviour
encompasses specific phenotypes such as anhedonia, apathy, and low mood,
while anxiety-like behaviour is reflected in avoidance behaviours (Nestler et

al., 2010).

In our study, reduced time spent at centre following AC and LPS may be
interpreted as anxiety-like behaviour. Previous behavioural testing using the
elevated plus maze, as well as OFT and forced swim test demonstrated that
PAR2 activation did not induce anxiety-like behaviour in C57BL6/J mice
(Moudio et al., 2022). Instead, mice were often immobile at the edges of the
arena, as opposed to exploring only around the periphery. In addition, AC- and
LPS-injected mice were often found immobile in their home cage immediately
prior to OFT testing suggesting fatigue. This immobility could be associated
with transient sickness-like behaviour induced by AC264613 or LPS, rather
than fatigue alone. However, the concurrent reductions in sucrose preference
and grooming indicate the mice were experiencing anhedonia and apathy,
consistent with depression-like behavioural changes, supporting the
conclusion that the observed behavioural changes are not solely attributable

to sickness.

3.6.3. AC264613 and LPS reduced sucrose preference in C57BL6/J and
5xFAD” mice.
AC reduced sucrose preference 2h post-injection, further supporting previous

findings suggesting that PAR2 activation induces anhedonia in mice, a key
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symptom in MDD (Abulkassim et al., 2016; Moudio et al., 2022). The sucrose
preference test is a common behavioural assay used in induced stress and
depression-like behaviour models, where reduced preference to sucrose
consumption is considered indicative of anhedonia (Markov, 2022). Mice
injected with LPS also showed a trend towards reduced sucrose preference,
partially supporting previous findings that LPS induces anhedonia (Salazar et
al., 2012; Biesmans et al., 2016). These varying effects may reflect differences
in LPS dosage used in other studies, as higher doses have been more
consistently associated with significant reductions in sucrose preference
(Salazar et al., 2012; Biesmans et al., 2016). However, reduced sucrose
preference has also been observed using the same dosage employed in the

present study (Li et al., 2015).

Overall, there was a degree of variability in sucrose preference across mice in
all treatment groups prior to injection, ranging from 61% to 99% preference.
Sucrose was considered the preferred drinking solution when consumption
exceeded 50% compared to water; however, several studies suggest a
threshold of 65%, with lower values indicative of anhedonia (Scheggi et al.,
2018; Berrio et al., 2023). This would therefore suggest some mice were

experiencing anhedonia prior to treatment.

Furthermore, several mice excluded from the results showed no preference for
sucrose prior to treatment, instead preferring tap water even in the absence of
induced stress or pharmacological intervention. Although these cases were
few and occurred in both sexes, they highlight individual variability despite all

mice being of the same strain, raised in the same environment and housing
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conditions, within the same age range and subjected to prior handling and
habituation. It has been suggested that, although the sucrose preference test
is a widely used assay for assessing anhedonia, the numerous variations in
experimental protocols, such as environmental and housing conditions, light-
dark cycle, food and water deprivation, duration of testing and habituation
procedures, can increase variability and limit reproducible results (Primo et al.,

2023).

3.6.4. LPS but not AC264613 induced apathy-like behaviour in C57BL6/J
and 5xFAD” mice.

Apathy, defined as a reduction in goal-directed behaviour, is one of the core
features of MDD (Cathomas et al., 2015). The splash test is commonly used
to model apathy-like behaviour by assessing self-care and motivational
behaviour in rodents. Most protocols employ a 10% sucrose solution and
measure total time spent grooming and latency to first groom (lIsingrini et al.,
2010; Planchez et al., 2019). Reduced grooming behaviour is associated with
depression-like behaviour, as animals may no longer experience pleasure
from the sweetness of sucrose and show a lack of motivation to groom

(Isingrini et al., 2010; Planchez et al., 2019; Becker et al., 2021).

To reduce potential experimenter bias in assessing grooming behaviour,
machine learning Al was implemented using a MatLab script designed to
classify behaviour based on movement and body part co-ordination (Sakata,
2023). The Al machine learning classifier was trained using several videos of

mice grooming. However, results from the C57BL6/J and 5xFAD-- cohorts
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suggested that AC increased time spent grooming, contrary to our hypothesis

that AC would reduce grooming.

When the videos were subsequently analysed by manual scoring, it was found
that the Al results were inaccurate. Upon reviewing the videos, it was
discovered that mice form a range of postures and movements while
grooming, and machine learning was not sensitive enough to detect all
grooming behaviours. Furthermore, the machine learning could not reliably
distinguish between a mouse sitting immobile and a mouse sitting and
grooming. As a result, periods of immobility were often misclassified as
grooming. Consequently, it appeared that AC increased total grooming time,

although the mice were often immobile.

Several other machine learning options were explored, including B-SOID,
SimBA, and JAABA (Kabra et al., 2013; Hsu et al., 2021; Goodwin et al., 2024).
However, the majority of previous studies using the splash test to assess
apathy-like behaviour employed manual scoring (Kalueff et al., 2004b; Isingrini
et al., 2010; Bouguiyoud et al., 2022).Therefore, given the limitations of the
MatLab script, manual scoring was deemed to more accurately capture
grooming behaviour and was used as the standard method for all subsequent

studies.

AC had no effect on grooming behaviour when examined 2h post-injection. It
was hypothesised that AC would decrease grooming time, consistent with
findings from chronic stress- and blindness-indued depression-like

behavioural models (Isingrini et al., 2010; Hu et al., 2017; Bouguiyoud et al.,
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2022). However, AC-injected mice groomed for a similar duration as vehicle-
injected mice, suggesting that AC may not induce apathy-like behaviour. In
contrast, LPS reduced grooming behaviour, consistent with previous reports
(Sabedra Sousa et al., 2019; Watanabe et al., 2025), but grooming recovered
to levels comparable to vehicle by 24h post-injection, again supporting a short-

lived effect.

Grooming is a complex, innate behaviour in rodents, with mice spending 30-
50% of their waking time grooming (Kalueff et al., 2007; Shiota et al., 2016).
Grooming is considered a ‘self-soothing’ behaviour in stressful situations, and
both the duration and frequency of self-grooming can vary depending on stress
and anxiety levels (Estanislau et al., 2013; Kalueff et al., 2016). Rats have
shown longer time spent grooming in response to restraint-induced stress
(Zhang et al., 2011; Kalueff et al., 2016). Grooming behaviour also varies
across strains and species, with research demonstrating that C57BL/6J mice

groom more than 129S1/SvimJ mice (Kalueff et al., 2004a).

Although AC reduced locomotor activity and sucrose preference and was
therefore expected to induce apathy-like behaviour, it is possible that AC-
injected mice experienced mild stress, expressed as grooming for comfort.
Similar to MDD, in which some individuals engage in excessive eating or
“comfort” behaviours, mice may exhibit a similar “comfort eating” or “self-
soothing” response (Kalueff et al., 2016; Burton et al., 2019; Liu et al., 2021).
AC-injected mice may have found comfort or pleasure in the 10% sucrose

water spray; however, as AC also induced anhedonia-like behaviour, it
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remains unclear whether the grooming was driven by comfort-seeking or to

taste the sucrose water.

LPS-injected mice displayed reduced locomotor activity, likely reflecting
fatigue, which may have also contributed to decreased grooming behaviour
(Sabedra Sousa et al., 2019; Carregosa et al., 2024). At 24h post-injection,
grooming times were comparable across all three treatments, further

supporting that both AC and LPS-induced behavioural changes are transient.

3.6.5. AC264613 did not affect general animal health.

Mice received two injections of each treatment one week apart, and neither
AC nor LPS had any adverse effects on general health and wellbeing beyond
two days post-injection. Body weight was recorded daily, and while both AC
and LPS caused temporary weight loss within 24h following injection, this
reduction never exceeded 20% of their pre-drug weight and had fully

recovered by 48h post-injection.

This transient weight loss may reflect temporary fatigue or reduced appetite in
response to the AC and LPS, both features of MDD (Shin et al., 2024). Further,
LPS is known to reduce body weight primarily due to the body’s breakdown of
proteins, lipids and carbohydrates to support the immune inflammatory
response, with sustained LPS administration capable of inducing fat loss and
anorexia (Dantzer et al., 2008; Yang et al., 2022). Daily weighing allowed for

mice to be monitored as a marker of health throughout the study.

Notably, the second dose of AC did not significantly reduce body weight,

suggesting a level of tolerability to PAR2 activation. Mice were also checked
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daily, and no health or welfare concerns were found following either AC or
LPS-injection, supporting that PAR2 induced depression-like behaviour is
transient and not associated with long-term behavioural or welfare concerns.
Locomotor activity was examined 3- and 10-weeks post-injection in 5xFAD
and 5xFAD*- to further evaluate potential long-term behavioural effects of

PAR2 activation (see chapters 4.3 and 5.2, respectively).

3.6.6. Sex and genotype do not influence AC264613 or LPS-induced
depression-like behaviour.

Across all behavioural tests, few sex or genotype differences were observed
following AC or LPS administration, suggesting that induced behavioural
changes occur independently of sex and genotype. Sex differences remain an
underexplored area in biomedical. Historically, females were often excluded
from studies due to assumptions that the oestrous cycle would introduce
variability in results (Dayton et al., 2016; Lovick et al., 2021), despite MDD and
other neuropsychiatric disorders being more prevalent in women (Eid et al.,
2019; Green et al., 2019). However, comparative studies of male and female
rodents in depression-like behaviour has yielded inconsistent results, with
some demonstrating greater depression-like behaviour in females, others in
males, and many show no differences (Pitzer et al., 2022; Bowman et al.,
2025). These discrepancies may be attributed to numerous factors including
variations in strain, age, experimental design, and the specific model of

depression used.

Sex differences in PAR2 activation are not well studied, with mostly male

animals being used (Abulkassim et al., 2016; Hassler et al., 2020; Moudio et
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al., 2022). A recent PAR2 migraine model reported no sex differences in pain-
related behaviour (Mason et al., 2023), which supports the absence of sex
effects in our study. Together, these findings suggest that PAR2 activation,

and the resulting depression-like behaviour, are not strongly influenced by sex.

Similarly, no major genotypic differences were found between C57BL6/J and
5xFAD” mice. As 5xFAD” mice do not express the APP or PSEN1
transgenes, they served as a transgene-negative control, but it was unknown
if 5XFAD-- would display the same behaviour as a standard C57BL6/J wild-
type mouse. The largely overlapping behavioural profiles observed indicate
that pharmacologically induced behavioural changes were not driven by
transgenic background. While, AC-injected C57BL6/J mice exhibited a small
reduction in locomotor behaviour, as no genotypic differences were observed
in LPS-injected mice or at other time points or behavioural tests, this effect

likely reflects individual variability rather than true genetic difference.

In literature, 5xFAD”- mice are commonly referred to as wild-type litermates of
heterozygous 5xFAD mice but due to the inclusion of C57BL6/J in this study,
it was necessary to differentiate the breeding parentage (Forner et al., 2021).
There is little evidence of comparisons between C57BL6/J and 5xFAD”- mice
as most behavioural comparisons are between 5xFAD*- and wild-type mice.
Here, the use of both C57BL6/J and 5xFAD” mice provided important
validation that AC- and LPS-induced behavioural effects were reproducible in
non-diseased mice and not confounded by transgenic lineage. Further, these
initial experiments were conducted to generate baseline behavioural

responses and to establish working protocols for conducting the three
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behavioural tests post-injection. Also, due to a genotyping error at the outset
of the study, 5xFAD*" breeders were unavailable, and therefore only C57BL6/J

and 5xFAD”- mice were available for the first 8 months of the project.

3.6.7. Conclusion

We confirm that PAR2 activation and LPS induce behavioural changes
associated with depression-like behaviour. AC elicited short-term behavioural
changes indicative of low mood, fatigue and anhedonia as demonstrated by
reduced locomotor and exploratory activity and decreased sucrose preference,
while LPS reduced activity and produced signs of apathy-like behaviour.
Furthermore, sex and genotype did not appear to influence AC- or LPS-

induced depression-like behavioural changes in C57BL6/J and 5xFAD”- mice.
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Chapter 4: The effects of AC- and LPS-
injection on behaviour and neuropathology in

5xFAD” and 5xFAD*" mice.
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4.1. Introduction and aims.

MDD is a known risk factor for developing AD, and evidence suggests that
individuals with AD and MDD concomitantly suffer a worse prognosis and
accelerated disease progression (Brendel et al., 2015; Cassano et al., 2019).
After confirming that AC- and LPS-injection induced depression-like behaviour
in C57BL6/J and 5xFAD-- mice, we then examined whether pharmacologically-
induced depression-like behaviour was altered in the 5xFAD*- mouse model
of amyloid pathology compared to littermate controls and whether two doses
in successive weeks of AC or LPS exacerbated molecular pathology. Based
on clinical and preclinical evidence, we hypothesised that 5xFAD*- mice would
be more likely to display and be more susceptible to depression-like behaviour
than 5xFAD” mice. Furthermore, we hypothesised that induced-depression-
like behaviour would accelerate AP plaque pathology and increase

neuroinflammation compared to vehicle injection in the 5xFAD*- mice.

Previous work on PAR2 activation revealed elevated levels of pro-
inflammatory cytokine IL-6 in the blood sera of WT mice following AC-injection,
while other pro-inflammatory markers, TNF-a, IL-18 and INF-y, were
unaffected (Moudio et al., 2022). Peripheral inflammation is increasingly
recognised as a contributor to the pathogenesis of MDD, with IL-6 upregulation
associated with MDD (Beurel et al., 2020; Roohi et al., 2021). Given the links
between peripheral inflammation, MDD, and AD progression, we aimed to
examine whether pharmacologically-induced depression-like behaviour
influenced peripheral cytokines in 5xFAD*- mice. We hypothesised that AC-

and LPS-injection would increase pro-inflammatory cytokine levels and reduce
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anti-inflammatory cytokines in the 5xFAD-- and 5xFAD*- mice, similar to that

observed in patients with MDD.
The work in this chapter aims to answer the following research questions:

e Do 5xFAD*- mice display depression-like behaviour and/or are more
susceptible to AC- and LPS-induced depression-like behaviour
compared to 5xFAD"-mice?

e Does two doses of AC- and LPS-induced depression-like behaviour
influence neuroinflammation and AR plaque pathology in 5xFAD~- and
5xFAD*- mice at 3 weeks post-injection?

e Do AC- and LPS-induced depression-like behaviour influence
inflammatory peripheral cytokines in 5xFAD?- and 5xFAD*- mice in a

similar manner to cytokine changes observed in MDD?
4.1.1 5xFAD mice

In total 30 mice received vehicle, 30 mice received AC, and 31 mice received
LPS. After exclusions, each treatment group had 23, 23 and 24 mice,

respectively (Table.4.1).
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Table 4.1: Number of mice included and excluded in each treatment group.

Total after
Total Number exclusion
Vehicle 30 23 5xFAD-- VS 5xFAD*-
30 23
31 34
Total after Exclusions
5xFAD™ 5xFAD*-
F M F M
8 5 5 5
8 5 5 5
8 6 5 5
Excluded
5xFAD" 5xFAD*-
F M F M
2 1 3 1
0 1 2 4
2 0 3 2

4.2. 5xFAD*- mice have higher locomotor activity upon first

exposure to the open field arena.

5xFAD*- mice are reported to have increased hyperactivity and anxiety-like
behaviour compared to WT mice (Oblak et al., 2021; Zhong et al., 2024).
Therefore, locomotor activity at the first naive habituation session in the OFT
was examined. At the first habituation session (naive hab 1), 5xFAD*- mice
exhibited significantly increased locomotor activity (F¢1-6s) = 5.053, p=0.02,
5xFAD*- n=30, vs 5xFAD" n=40, Fig. 4.1A) compared to 5xFAD” mice. In
contrast, on the second habitation day (naive hab 2), no difference in
locomotor activity was observed between the genotypes (p=0.22, 5xFAD*-,
n=30 vs 5xFAD”-, n=40, Fig. 4.1A). From naive hab 1 to naive hab 2, there
was an overall reduction in locomotor activity in both genotypes (F1-68) = 199.6,
p<0.001, naive hab 1 vs naive hab 2, N=70, Fig. 4.1A) confirming the mice

were becoming habituated to the OFT arena. Furthermore, no differences in
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locomotor activity between male and female 5xFAD*- mice were found at

either time points (F(1-28) = 0.01, p=0.91, male vs female, n=15).

To examine anxiety-like behaviour in the 5xFAD*- mice at first habituation
session, the time spend at the centre square was calculated. No difference in
time spent at the centre square was found between the genotypes at either
timepoint (F1-68) = 0.27, p=0.61, 5xFAD*", n=30 vs 5xFAD"-, n=40, Fig. 4.1B)
and no change in time spent at centre square was observed from naive hab 1
to naive hab 2 (F-68) = 0.09, p=0.76, , 5xFAD*", n=30 vs 5xFAD", n=40, Fig.
4.1B). Further, no sex differences in 5xFAD*- mice were found at either

timepoint (F(1-28) = 0.12, p=0.73, male vs female, n=15).
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Figure 4.1: 5xFAD*- mice have significantly increased locomotor activity
compared to 5xFAD”- at naive habituation day 1. (A) 5xFAD*" mice had higher
locomotor activity compared to 5xFAD” mice at naive hab 1 (p<0.05 5xFAD*" vs
5xFAD™). No difference in locomotor activity between the genotypes was found at
naive hab 2 but there was an overall decrease in locomotor activity at naive hab 2
compared to naive hab 1 (***p<0.001 naive hab 1 vs naive hab 2). (B) No difference
in time spent at the centre square was observed between 5xFAD”and 5xFAD*"mice,
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Sidak’s post hoc test (n=40 5xFAD”, n=30 5xFAD"").
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4.3. AC- and LPS-injection reduced locomotor activity is

independent of sex and genotype.

Following habituation and pre-drug measurements, locomotor activity was
then examined 2h post-injection. AC- (100 mg kg™') and LPS-injection (0.5 mg
kg™") significantly reduced locomotor activity at 2h post-injection compared to
pre-drug (Fs-192) = 39.26, p<0.001 vs pre-drug, Fig 4.2B), with AC- (p=0.004
vs vehicle, n=23, Fig. 4.2B) and LPS-injection (p<0.001 vs vehicle, n=24, Fig.
4.2B) significantly reducing locomotor activity compared to vehicle injection. At
24h post-injection, locomotor activity in the AC- (p>0.99 vs vehicle, n=23,
Fig.4.2B) and LPS-injected (p>0.99 vs vehicle, n=24, Fig.4.2B) mice was fully
recovered. Vehicle injection had no effect on locomotor activity at either 2h or
24h post-injection (p>0.99 vs pre-drug, n=23, Fig.4.2B). A final OF T was done
at 3-weeks post-injection to confirm there were no long-term adverse effects
on locomotor activity following AC- and LPS-injection. AC- (p=0.64 vs vehicle,
n=23, Fig.4.2B) and LPS-injection (p=0.79 vs vehicle, n=24, Fig.4.2B) had no
effect on locomotor activity at 3-weeks post injection compared to vehicle

injection.

Having shown that AC- and LPS-injection reduced locomotor activity, sex
differences were then investigated within the genotypes. Both AC- and LPS-
injection reduced locomotor activity 2h post-injection independent of sex in
5xFAD” (AC: p=0.008 vs pre-drug, n=13, Fig. 4.3C; LPS: p<0.001 vs pre-drug,
n=14, Fig. 4.3E) and 5xFAD*-mice (AC: p=0.053 vs pre-drug, n=10, Fig. 4.3D;
LPS: p<0.001 vs pre-drug, n=10, Fig. 4.3F). No differences in locomotor

activity were observed between males and females, prior to or following AC-
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and LPS-injection in either genotype (AC: F(1-11) = 1.22, p=0.29, 5xFAD"- male,
n=5, vs female, n=8, Fig.4.3C; F(1-s) = 0.02 p=0.89 5xFAD*- male vs female,
n=5, Fig.4.3D; LPS: F(1-12) = 0.93, p=0.36 5xFAD"- male, n=6 vs female, n=8,
Fig.4.3E; F1-8) = 1.91, p=0.2 5xFAD*- male vs female, n=5, Fig.4.3F). Vehicle
injection had no effect on locomotor activity 2h post-injection in either sex of
5xFAD”- (p=0.96 vs pre-drug, n=13, Fig. 4.3A) or 5xFAD*" mice (p=0.99 vs

pre-drug, n=10, Fig. 4.3B).

Drug-induced changes were also examined for genotype dependence. No
genotypic differences were observed at any time point in the vehicle-injected
mice (F(1-21)= 1.7, p=0.2 5xFAD"-, n=13 vs 5xFAD*", n=10, Fig 4.4A). Both AC-
(p<0.001 vs pre-drug, n=23, Fig. 4.4B) and LPS-injection (p<0.001 vs pre-
drug, n=24, Fig. 4.4C) reduced locomotor activity 2h post-injection with no
differences observed between the 5xFAD” and 5xFAD*- mice, prior to or
following injection (AC: F1-21) = 1.17, p=0.29 5xFAD"-, n=13 vs 5xFAD*", n=10,
Fig 4.4B; LPS: F1-22) = 0.01, p=0.91 5xFAD"-, n=14 vs 5xFAD*-, n=10, Fig

4.4C).
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Figure 4.2: AC- and LPS-injection significantly reduced locomotor activity 2h
post-injection. (A) Representative OFT tracking traces of an individual mouse’s
movement during the pre-drug, 2h post-drug, 24h post-drug and 3-week post-drug for
vehicle, AC and LPS. (B) AC- (100 mg kg™i.p.) and LPS- (0.5 mg kg™ i.p.) injection
significantly reduced locomotor activity in the mice 2h post-injection (AC: **p<0.01;
LPS: ***p<0.001, vs vehicle). Two-way repeated-measures ANOVA with Tukey’s post
hoc test (n=23 vehicle, n=23 AC, n=24 LPS).
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Figure 4.3: AC- and LPS-injection reduced locomotor activity 2h post-injection
in both 5xFAD”-and 5xFAD*-mice independent of sex. (A-B) Vehicle injection had
no effect on locomotor activity between the genotypes or sexes. (C-D) AC-injection
reduced locomotor activity 2h post-drug in both 5xFAD” (**p<0.01 vs pre-drug) and
5xFAD*" mice (p=0.053 vs pre-drug) independent of sex. (E-F) LPS-injection reduced
locomotor activity in both 5xFAD” (***p<0.001 vs pre-drug) and 5xFAD*" mice
(***p<0.001 vs pre-drug) 2h post-injection independent of sex. Two-way repeated-
measures ANOVA with Tukey’s and Sidak’s post hoc test (vehicle: n=5 male vs 8
female 5xFAD”, n=5 male vs female 5xFAD*-; AC: n=5 male vs 8 female 5xFAD™,
n=5 male vs female 5xFAD*~; LPS: n=6 male vs 8 female 5xFAD”", n=5 male vs
female 5xFAD*").
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Figure 4.4: AC- and LPS-injection significantly reduced locomotor activity
independent of genotype. (A) Vehicle injection had no effect on locomotor activity
in either 5xFAD” or 5xFAD*" mice. (B-C) Both AC- and LPS-injection significantly
reduced locomotor activity 2h post-injection in both 5xFAD” and 5xFAD*" mice (AC:
**p<0.01; LPS: ***p<0.001, vs pre-drug) with no genotypic differences. Two-way
repeated-measures ANOVA with Tukey’s and Sidak’s post hoc test (vehicle: n=13
5xFAD” vs 10 5xFAD""; AC: n=13 5xFAD™ vs 10 5xFAD""; LPS: n=14 5xFAD" vs 10

5XFAD*).
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4.4. LPS- but not AC-injection reduced time spent at the centre

square of the OFT arena independent of sex and genotype.

To examine anxiety-like behaviour, time spent at the centre square of the OFT
arena was analysed across the treatment groups. LPS-injection reduced time
spent at the centre square 2h post-injection (p=0.057 vs pre-drug, n=24, Fig.
4.5) compared to pre-drug whilst vehicle and AC-injection had no effect
(vehicle: p=0.54; AC: p=0.86, vs pre-drug for both treatments, n=23, Fig. 4.5).
No change in time spent at centre was observed at 24h- or 3-week post-

injection in any of the treatment groups.

Sex was compared within the genotypes with LPS-injection having no effect
on time spent at the centre square in male or female 5xFAD”- mice (p=0.29 vs
pre-drug, n=14, Fig. 4.6E) at 2h post-injection but LPS did induce a non-
significant reduction in time at the centre square in male and female 5xFAD*"
mice (p=0.07 vs pre-drug, n=10, Fig. 4.6F) independent of sex. No sex
differences were found in either vehicle injected 5xFAD"- (F(1-11) = 0.93, p=0.36,
n=13, Fig 4.6A) or 5xFAD*- mice (F(1-8) = 1.77, p=0.22, n=10, Fig 4.6B), or in
AC-injected 5xFAD” mice (F-11) = 0.05, p=0.82, n=13, Fig 4.6C) or 5xFAD*-

mice (F1-8) = 0.009, p=0.93, n=10, Fig 4.6D).

Genotypes were also compared and no difference in time spent at the centre
square between 5xFAD”- and 5xFAD*- mice were observed in any of the
treatment groups (vehicle: F121) = 1.6, p=0.2 5xFAD”, n=13 vs 5xFAD*",
n=10, Fig 4.7A; AC: Fau-21) = 0.56, p=0.46 5xFAD", n=13 vs 5xFAD*", n=10,

Fig 4.7B; LPS: F-22) = 0.47, p=0.5 5xFAD', n=14 vs 5xFAD*-, n=10, Fig
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4.7C). Overall, LPS but not vehicle or AC-injection, significantly reduced time
spend at the centre square 2h post injection (p=0.018 vs pre-drug, n=24, Fig

4.7C) compared to pre-drug.
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Figure 4.5: LPS-injection reduced time spent at the centre square 2h post-
injection. LPS-injection but not vehicle or AC-injection reduced time spent at the
centre square of the OFT arena 2h post-injection (p=0.057 vs pre-drug. Two-way
repeated-measures ANOVA with Tukey’s post hoc test (n=23 vehicle, n=23 AC, n=24
LPS).
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Figure 4.6: Sex did not influence time spent at the centre square of the OFT
arena. (A-B) Vehicle injection had no effect on time spent at the centre of the OFT
box in either sex of 5xFAD” or 5xFAD*- mice. (C-D) AC-injection had no effect on
time spent at centre in male or female 5xFAD” mice 2h post-injection. (E-F) LPS-
injection had no effect on time spent at the centre square in 5xFAD”" mice but non-
significantly reduced time spent at the centre in 5xFAD*- mice (p=0.07 vs pre-drug)
independent of sex. Two-way repeated-measures ANOVA with Tukey’s post hoc test
(vehicle: n=5 male vs 8 female 5xFAD™, n=5 male vs female 5xFAD*"; AC: n=5 male
vs 8 female 5xFAD”, n=5 male vs female 5xFAD*-; LPS: n=6 male vs 8 female
5xFAD”, n=5 male vs female 5xFAD*").
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Figure 4.7: LPS-injection significantly reduced time spent at the centre square
independent of genotype. No genotypic differences in time spent at the centre of
the OFT arena were observed at any time point prior to, or following injection of
vehicle, AC or LPS between 5xFAD” and 5xFAD*" mice. (A-B) Overall, vehicle and
AC-injection did not affect time spent at centre. (C) LPS-injection significantly reduced
time spent at centre 2h post-injection (*p<0.05 vs pre-drug). Two-way repeated-
measures ANOVA with Tukey’s and Sidak’s post hoc test (vehicle: n=13 5xFAD™ vs
10 5xFAD*"; AC: n=13 5xFAD” vs 10 5xFAD""; LPS: n=14 5xFAD"- vs 10 5xFAD*").
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4.5. Injection per se reduced sucrose preference independent of

sex and genotype.

When sucrose preference was examined, we revealed that vehicle, AC and
LPS all reduced sucrose preference 2h post-injection in 5xFAD”- vs 5xFAD*-
mice (vehicle: p<0.001 vs pre-drug, n=23; AC: p<0.001 vs pre-drug, n=23;
LPS: p<0.001 vs pre-drug, n=24, Fig 4.8). This reduction in sucrose preference
was recovered at 24h post-injection in the vehicle and AC-injected mice.
However, sucrose preference in the LPS-injected mice remained reduced at

the 24h post injection measurement (LPS: p<0.001 vs pre-drug n=24, Fig 4.8).

When sex was examined within the genotypes, sucrose preference was
reduced 2h post-injection in both vehicle and AC-injected male and female
5xFAD”- and 5xFAD*- mice compared to pre-drug, with no difference found
between the sexes (vehicle 5xFAD”: p=0.006 vs pre-drug, n=13, sex
differences: F(1-11) = 0.62, p=0.45, male, n=5, vs female, n=8, Fig.4.9A; Vehicle
5xFAD*-: p=0.012 vs pre-drug, n=10, sex differences: F(1-s) = 2.55, p=0.15,
male, n=5, vs female, n=5, Fig.4.9B; AC 5xFAD": p<0.001 vs pre-drug, n=13,
sex differences: F¢1-11) = 0.08, p=0.77, male, n=5, vs female, n=8, Fig.4.9C; AC
5xFAD*-: p=0.003 vs pre-drug, n=10, sex differences: F-s) = 1.14, p=0.32,
male, n=5, vs female, n=5, Fig.4.9D). In LPS-injected mice, there was an
overall reduction in sucrose preference in both 5xFAD” and 5xFAD*- mice
across the timepoints, independent of sex (LPS 5xFAD-: F(1-16) = 4.4, p=0.04,
n=14, sex differences: F(1-12) = 0.006, p=0.94, male, n=6, vs female, n=8,
Fig.4.9E; LPS 5xFAD*": F2.15) = 4.03, p=0.04, n=10, sex differences: F.g) =

6.1, *p=0.04, male, n=5, vs female, n=5, Fig.4.9F). LPS-injected male 5xFAD*"
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mice had a non-significant reduction in sucrose preference at 24h post-
injection compared to females (p=0.08 males vs female, n=5, Fig 4.8F) but no

significant differences were found between the sexes.

When genotypes were compared, no significant genotypic differences in
sucrose preference were found prior to or following injection of vehicle (F-21)
= 7.6, p=0.99 5xFAD"-, n=13 vs 5xFAD*", n=10, Fig 4.10A), AC (F(1-21) = 2.87,
p=0.1 5xFAD”, n=13 vs 5xFAD*", n=10, Fig 4.10B) or LPS (F(122) = 0.77,
p=0.39 5xFAD"-, n=14 vs 5xFAD*", n=10, Fig 4.10C). 5xFAD*" mice in the AC-
injection group had a non-significant preference for sucrose prior to injection
compared to 5xFAD” mice (p=0.06 5xFAD”, n=13 vs 5xFAD*-, n=10, Fig
4.10B). However, this different was not observed in other treatment groups or
timepoints. Overall, vehicle, AC- and LPS-injection reduced sucrose
preference at 2h post injection (Vehicle: p<0.001 vs pre-drug, n=23, Fig 4.10A;
AC: p<0.001 vs pre-drug, n=23, Fig 4.10B; LPS: p=0.002 vs pre-drug, n=24,
Fig 4.10C) and sucrose preference remained reduced at 24h post-injection in

the LPS-injected mice (p=0.007 vs pre-drug, n=24, Fig 4.10C).
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Figure 4.8: Injection per se significantly reduced sucrose preference 2h post-
injection independent of treatment. Sucrose preference was significantly reduced
across vehicle, AC- and LPS-injected 5xFAD"- and 5xFAD*" mice at 2h post injection
(vehicle: ***p<0.001, AC: ***p<0.001; LPS: ***p<0.001, vs pre-drug). At 24h post-
injection, sucrose preference was recovered in vehicle and AC-injected mice but not
LPS-injected mice (*™*p<0.001 pre-drug vs 24h post-drug). Two-way repeated-
measures ANOVA with Tukey’s post hoc test (n=23 vehicle, n=23 AC, n=24 LPS).
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Figure 4.9: Injection per se reduced sucrose preference 2h post-injection in
both 5xFAD”-and 5xFAD*-mice independent of sex. No sex differences within the
genotypes were observed prior to or following injection of vehicle, AC or LPS. (A-B)
Vehicle injection reduced sucrose preference 2h post-injection in both 5xFAD™
(**p<0.01 vs pre-drug) and 5xFAD*" (*p<0.05 vs pre-drug) mice. (C-D) AC-injection
reduced sucrose preference 2h post-injection in both 5xFAD” (***p<0.001 vs pre-
drug) and 5xFAD"" (**p<0.01 vs pre-drug) mice. (E-F) Overall, LPS-injection reduced
sucrose preference across the timepoints in both 5xFAD”- and 5xFAD*" (*p<0.05)
mice. At 24h post-injection, male 5xFAD*" mice had non-significantly reduced sucrose
preference compared to female 5xFAD*" mice (p=0.08 male vs female). Two-way
repeated-measures ANOVA with Tukey’s and Sidak’s post hoc test (vehicle: n=5 male
vs 8 female 5xFAD, n=5 male vs female 5xFAD*"; AC: n=5 male vs 8 female 5xFAD"
- n=5 male vs female 5xFAD*~; LPS: n=6 male vs 8 female 5xFAD”-, n=5 male vs
female 5xFAD*").
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Figure 4.10: Injection per se reduced sucrose preference 2h post-injection
independent of genotype. No genotypic differences in sucrose preference were
observed following injection of vehicle, AC or LPS between 5xFAD” and 5xFAD*"
mice. However, 5xFAD*"mice had a higher preference to sucrose prior to AC-injection
(p=0.06 5xFAD*- vs 5xFAD™). Injection per se reduced sucrose preference 2h post-
injection in all treatment groups (vehicle: ***p<0.001, AC: ***p<0.001; LPS: **p<0.01,
vs pre-drug). Sucrose preference remained reduced 24h post-injection in LPS-
injected mice (**p<0.01 24h post vs pre-drug). Two-way repeated-measures ANOVA
with Tukey’s and Sidak’s post hoc test (vehicle: n=13 5xFAD" vs 10 5xFAD""; AC:
n=13 5xFAD" vs 10 5xFAD*"; LPS: n=14 5xFAD™ vs 10 5xFAD"").
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4.6. AC- and LPS-injection reduced grooming behaviour in

5xFAD*" mice.

Based on the grooming behavioural results from the C57BL6/J vs 5xFAD-
mice cohort, it was determined that manual scoring was more accurate to
analyse grooming behavioural recordings than Al machine learning. This was
also the most commonly used method in the literature, therefore was the

adopted method to analyse the 5xFAD-- vs 5xFAD*- mice data.

Both, AC- and LPS-injection reduced total time spent grooming 2h post-
injection compared to vehicle (AC: p<0.001 vs vehicle, n=23; LPS: p=0.02 vs
vehicle, n=24, Fig 4.11A) but grooming levels had recovered 24h post-injection
(AC: p=0.99 vs vehicle, n=23; LPS: p=0.83 vs vehicle, n=24, Fig 4.11A). At 2h
post-injection, AC- but not LPS-injection delayed the time for mice to first wipe
their face compared to vehicle (p=0.039 vs vehicle, n=23, Fig 4.11B). No
difference in time to first face wipe was observed between the treatments at
24h post injection (AC: p=0.87 vs vehicle, n=23; LPS: p=0.6 vs vehicle, n=24,
Fig 4.11B). As the mice frequently exhibited hyperactive behaviour following
sucrose water spraying and placement in the test box, the latency to settle and
initiate grooming for at least 5 seconds was also measured. No difference was
found between the treatments in time to sit and groom > 5 seconds at 2h post-
(AC: p=0.39 vs vehicle, n=23; LPS: p=0.5 vs vehicle, n=24, Fig 4.11C) or 24h
post-injection (AC: p=0.27 vs vehicle, n=23; LPS: p=0.8 vs vehicle, n=24, Fig

4.11C).
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The influence of sex and genotype on total grooming time was then examined.
When sex was compared within the genotypes, vehicle injection had no
influence on time spent grooming in either 5XFAD” (F1-11) = 0.31 p=0.59 2h
post- vs 24h post-drug, n=13, Fig 4.12A) or 5xFAD*- mice (F(1-8) = 0.85 p=0.38
2h post- vs 24h post-drug, n=10, Fig 4.12B) but female 5xFAD”- mice groomed
significantly more than males at 24h post-injection (p=0.45 female, n=8, vs
male, n=5, Fig.4.12A). AC-injection significantly reduced grooming time overall
in 5xFAD”- mice (F@-11) = 0.68 p=0.02 2h post- vs 24h post-drug, n=13, Fig
4.12C). In 5xFAD*- mice, AC-injection reduced grooming time 2h post-
injection in female (p=0.06 2h post- vs 24h post-drug, n=5, Fig. 4.12D) and
male mice (p=0.01 2h post- vs 24h post-drug, n=5, Fig. 4.12D). Also, at 2h
post-injection, AC-injected male 5xFAD*- mice groomed significantly less than
females (p=0.03 male vs female, n=5, Fig.4.12D) but no difference was
observed 24h post-injection. LPS-injection had no effect on grooming time in
5xFAD”- mice (F¢1-12) = 0.003 p=0.96 2h post- vs 24h post-drug, n=14, Fig
4.12E) but decreased grooming time overall 2h post injection in 5xFAD*" mice
(Fa1-8) = 12.2 p=0.008 2h post- vs 24h post-drug, n=10, Fig 4.12F). No sex

differences were found in the LPS-injected mice of either genotype.

When genotypes were compared it was revealed that 5xFAD*- mice were
more susceptible to reduced grooming at 2h post-injection with AC and LPS
compared to 5xFAD”-mice (AC: p=0.037 5xFAD*-, n=10, vs 5xFAD*-, n=13,
Fig.4.13B; LPS: p=0.06 5xFAD*", n=10, vs 5xFAD*", n=14, Fig.4.13C). These
genotypic differences were not observed at 24h post-injection. Overall, AC-

and LPS-injection reduced grooming behaviour 2h post-injection (AC: F(1-21) =
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26.9 p<0.001 2h post- vs 24h post-drug, n=23, Fig 4.13B; LPS: Fu-22) = 8.5

p=0.08 2h post- vs 24h post-drug, n=24, Fig 4.13C).

No sex or genotypic differences were found within the treatment groups for
time to first face wipe or for time to sit and groom > 5 seconds, apart from AC-
injected 5xFAD*- male mice had a delayed time to sit and groom at 2h post-
injection compared to females (p=0.03 males vs females, n=10). This delay to

groom in males was not observed at 24h post-injection.
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Figure 4.11: AC- and LPS-injection reduced grooming behaviour 2h post-
injection. (A) AC- and LPS-injection significantly reduced grooming time 2h post
injection compared to vehicle (AC: ***p<0.001; LPS: **p<0.01, vs vehicle) but no
change was observed 24h post-injection. (B) AC-injected mice had a delayed time to
first face wipe at 2h post-injection compared to vehicle (*p<0.05 vs vehicle). Which
was not observed 24h post-injection. (C) No difference in time to sit and groom > 5
secs were found between the treatments or timepoints. Two-way repeated-measures
ANOVA with Tukey’s and Sidak’s post hoc test (n=23 vehicle, n=23 AC, n=24 LPS).
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Figure 4.12: AC-injection reduced grooming 2h post-injection with differences
found between sex in 5xFAD*- mice. (A-B) Vehicle injection had no effect on
grooming time within the genotypes at either timepoint. However, at 24h post-
injection, female 5xFAD” mice groomed more than males (p<0.05 male vs female).
(C-D) AcC-injection reduced overall grooming 2h post-injection in 5xFAD” mice
(*p<0.05 2h vs 24h post-drug). In 5xFAD* mice, AC-injection reduced grooming 2h
post-injection in females (p=0.06 2h vs 24h post-drug) and males (*p=0.01 2h vs 24h
post-drug), with male mice grooming less than females (p<0.05 male vs female). (E-
F) Overall, LPS reduced grooming 2h post-injection in 5xFAD*" (**p<0.01) but not
5xFAD” mice, with no sex differences observed. Asterisks without brackets denote
significant main effects. Two-way repeated-measures ANOVA with Sidak’s post hoc
test (vehicle: n=5 male vs 8 female 5xFAD", n=5 male vs female 5xFAD*"; AC: n=5
male vs 8 female 5xFAD”", n=5 male vs female 5xFAD*"; LPS: n=6 male vs 8 female
5xFAD”, n=5 male vs female 5xFAD*").
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Figure 4.13: 5xFAD*-mice are more susceptible to reduced grooming behaviour
following AC- and LPS-injection. (A) Vehicle injection had no effect on grooming
behaviour independent of genotype. (B-C) Overall, AC- and LPS-injection reduced
grooming behaviour 2h post-injection (AC: ***p<0.001; LPS: **p<0.01, 2h post- vs
24h post-drug). At 2h post-injection, 5xFAD*"mice were more susceptible to reduced
grooming time following AC- and LPS-injection compared to 5xFAD” mice (AC:
#p<0.05; LPS: p=0.06, 5xFAD"" vs 5xFAD”). Asterisks without brackets denote
significant main effects. Two-way repeated-measures ANOVA with Sidak’s post hoc
test (vehicle: n=13 5xFAD" vs 10 5xFAD*"; AC: n=13 5xFAD" vs 10 5xFAD*"; LPS:
n=14 5xFAD" vs 10 5xFAD"").

152|Page



4.7. LPS-injection induced a temporary weight reduction

independent of sex or genotype.

Mice were weighed daily starting from the first naive habituation day, until 1-
week post-injection, and at a final 3-week post injection weighing prior to
perfusion-fixation. It was observed that 5xFAD*- mice were often smaller than
their 5xFAD- littermates and at first weighing, male but not female 5xAD*"
mice had significantly reduced body weight compared to 5xFAD” mice
(female: p=0.41 5xFAD*-, n=15, vs 5xFAD", n=24, Fig.4.14A; male: p=0.004

5xFAD*-, n=15, vs 5xFAD"", n=16, Fig.4.14B).

Weights were compared within the genotypes for each sex. During the first
week of testing, LPS- but not AC- or vehicle-injection, induced a temporary
weight reduction at 24h post-injection compared to pre-drug in both 5xFAD-
(p<0.001 vs pre-drug, n=8, Fig.4.15A) and 5xFAD*- female mice (p<0.002 vs
pre-drug, n=5, Fig.4.15B). During the second week of testing, LPS-injection
significantly reduced body weight in the female 5xFAD"- mice (p=0.04 vs pre-
drug, n=8, Fig.4.15A) but not female 5xFAD*- mice (p=0.19 vs pre-drug, n=5,
Fig.4.15B). LPS-injection induced a temporary weight loss in male 5xFAD
(p<0.001 vs pre-drug, n=6, Fig.4.16A) and 5xFAD*- mice (p<0.001 vs pre-
drug, n=5, Fig.4.16B) during the first week of testing, and again in male
5xFAD*- (p=0.03 vs pre-drug, n=5, Fig.4.16A) but not 5xFAD" mice in the
second week of testing. No weight loss was observed in vehicle or AC-injected
males of either genotype. Any weight lost was temporary and never exceeded
20% of the mouse’s pre-drug weight, and all mice had fully recovered by the

next weighing time point (day 7 and 12).
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Figure 4.14: Male 5xFAD*- mice have significantly reduced overall body weight
compared to male 5xFAD” mice. When genotypes were compared at day 1
timepoint, male but not female 5xFAD*" mice have a reduced body weight compared
to age-matched male 5xFAD” mice (**p>0.01 5xFAD*"vs 5xFAD”"). Weight displayed
as mean = SEM. Unpaired two-tailed t-test (Females: n=24 5xFAD", 15 5xFAD*";
Male; n=16 5xFAD", 15 5xFAD*").

154 |Page



Weight (g)

Weight (g)

5xFAD” Female weights

261 ® Vehicle
+ AC
25+ = LPS
244 *
1
23 % % %
|
224
214
204
194
184
17 1 T T T 1 T T T T 1 T T 1 T T T 1
1 2 3 4 Pre- 24h 7 8 9 Pre- 24h 12 13 14 15 16 3-week
drug post- drug post- post
Timepoint (days)
+/- .
26+ 5xFAD Female weights
254 @ Vehicle
* AC
24 #® LPS
* %k
239 —
224
214
204
194
18+
17 T T T T T T T T T T T T T T T T T
1 2 3 4 Pre- 24h 7 8 9 Pre- 24h 12 13 14 15 16 3-week
drug post- drug post- post
Timepoint (days)

Figure 4.15: LPS-injection induced a temporary reduction in weight in female
mice of both genotypes. LPS-injection induced a significant reduction in weight at
24h-post injection in the first week of testing in both 5xFAD”- (***p<0.001 vs pre-drug)
and 5xFAD*" (**p<0.01 vs pre-drug) female mice. In the second week of testing, LPS-
injection induced a significant reduction in weight in 5xFAD” mice (*p<0.05 vs pre-
drug) and a trend of weight loss in 5xFAD*" female mice. Weight displayed as mean
+ S.E.M. Two-way repeated-measures ANOVA with Tukey’s post hoc test (5xFAD™:
vehicle n=8, AC n=8, LPS n=8; 5xFAD*": vehicle n=5, AC n=5, LPS n=6).
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Figure 4.16: LPS-injection caused a temporary reduction in weight in male mice
of both genotypes. LPS-injection induced a significant reduction in weight at 24h-
post injection in the first week of testing in both 5xFAD" (***p<0.001 vs pre-drug) and
5xFAD*" (***p<0.001 vs pre-drug) male mice. In the second week of testing, LPS-
injection induced a trend of reduced weight in male 5xFAD”" mice, and a significant
weight reduction in male 5xFAD*"- mice (*p<0.05 vs pre-drug). Weight displayed as
mean * S.E.M. Two-way repeated-measures ANOVA with Tukey’s post hoc test
(5xFAD™: vehicle n=8, AC n=8, LPS n=8; 5xFAD*": vehicle n=5, AC n=5, LPS n=6).
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4.8. Immunohistochemistry results

Following behavioural testing and treatments, mice were aged for 3 weeks to
allow neuropathology to develop, then brains were fixed and IHC performed to
examine astrocytes, microglia, and AR plaques in the following regions:
subiculum, cornu Ammonis (CA) 1 and CA3, dentate gyrus (DG), visual cortex

(VC) and somatosensory cortex (SSC).

4.8.1. Two injections of AC and LPS reduced GFAP and C3 expression in
female but not male 5xFAD*- mice at 3 weeks post-injection.

Astrocytic reactivity was determined using GFAP and C3 antibodies, with
images of sagittal sections taken using the Mesolens. When astrocytes were
examined using GFAP fluorescence (Fig.4.17), there was an overall increase
in GFAP expression in the subiculum of both male and female 5xFAD*- mice
(F3s8) = 89.75, p<0.001 5xFAD”, n=40, vs 5xFAD*-, n=30, Fig 4.18A)
compared to 5xFAD” mice. Across the other brain regions examined, female
vehicle-injected 5xFAD*- mice had increased GFAP expression compared to
female vehicle-injected 5xFAD”- mice (CA1: p<0.001, Fig.4.18B; CAS3:
p=0.007, Fig.4.18C; DG: p<0.001, Fig.4.18D; VC: p<0.001, Fig.4.18E; SSC:
p<0.001, Fig.4.18F, 5xFAD”, n=8, vs 5xFAD*-, n=5, for all regions). Male
5xFAD*- mice were found to have reduced overall GFAP expression
compared to 5XFAD*- females in the subiculum, DG, VC and SSC (p<0.001
males vs females, n=5) but no differences were found between male 5xFAD--

and 5xFAD*- mice or between treatments and sexes in 5xFAD”- mice.

In 5xFAD*- mice, it was revealed that AC-injection reduced GFAP expression

across all examined brain regions in female 5xFAD*- mice compared to vehicle
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injection (subiculum: p=0.002, Fig.4.18A; CA1: p=0.005, Fig.4.18B; CAS:
p=0.005, Fig.4.18C; DG: p<0.001, Fig.4.18D; VC: p=0.007, Fig.4.18E; SSC:
p=0.002, Fig.4.18F, n=5 vs vehicle for all regions). AC-injection had no effect
on GFAP fluorescence in male 5xFAD*- mice in any region (subiculum:
p=0.65, Fig.4.18A; CA1: p=0.91, Fig.4.18B; CA3: p=0.92, Fig.4.18C; DG:
p=0.73, Fig.4.18D; VC: p=0.97, Fig.4.18E; SSC: p=0.91, Fig.4.18F, n=5 vs

vehicle for all regions).

In 5xFAD*- mice, LPS-injection also reduced GFAP expression in female
5xFAD*- mice compared to vehicle injection in all regions (subiculum: p=0.004,
Fig.4.18A; CA1: p=0.003, Fig.4.18B; CA3: p=0.013, Fig.4.18C; DG: p=0.002,
Fig.4.18D; VC: p=0.03, Fig.4.18E; SSC: p=0.002, Fig.4.18F, n=5 vs vehicle for
all regions). GFAP expression was unaffected by LPS-injection in male
5xFAD*" mice (subiculum: p=0.34, Fig.4.18A; CA1: p=0.99, Fig.4.18B; CA3:
p=0.79, Fig.4.18C; DG: p=0.99, Fig.4.18D; VC: p=0.94, Fig.4.18E; SSC:

p=0.88, Fig.4.18F, n=5 vs vehicle for all regions).

When C3 fluorescence was examined (Fig.4.19), vehicle-injected female
5xFAD*- mice had increased C3 expression across the brain compared to
vehicle-injected female 5xFAD” mice (subiculum: p<0.001, Fig.4.20A; CA1:
p=0.003, Fig.4.20B; CA3: p=0.03, Fig.4.20C; DG: p=0.02, Fig.4.20D; VC:
p=0.02, Fig.4.20E; SSC: p=0.008, Fig.4.20F, 5xFAD"-, n=8, vs 5xFAD*", n=5
vs vehicle for all regions). Male 5xFAD*- mice had reduced overall C3
expression compared to 5xFAD*- female mice in several brain regions
(subiculum: p=0.01; CA1: p=0.02; DG: p=0.05; VC: p=0.008; SSC: p=0.009,

males vs females, n=5). No difference in C3 expression was observed
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between male 5xFAD” and 5xFAD*- mice, or between the treatments in

5xFAD”- mice of either sex.

Similar to GFAP, AC-injection reduced C3 expression in female 5xFAD*- mice
(subiculum: p=0.006, Fig.4.20A; CA1: p=0.04, Fig.4.20B; CA3: p=0.052,
Fig.4.20C; DG: p=0.04, Fig.4.20D; VC: p=0.015, Fig.4.20E; SSC: p=0.035,
Fig.4.20F, n=5 vs vehicle for all regions). However, no change was observed
in male 5xFAD*- mice following AC-injection (subiculum: p=0.88, Fig.4.20A;
CA1: p=0.99, Fig.4.20B; CA3: p=0.98, Fig.4.20C; DG: p=0.82, Fig.4.20D; VC:

p=0.78, Fig.4.20E; SSC: p=0.44, Fig.4.20F, n=5 vs vehicle for all regions).

LPS-injection also reduced C3 expression in female 5xFAD*- mice (subiculum:
p=0.003, Fig.4.20A; CA1: p=0.011, Fig.4.20B; CA3: p=0.03, Fig.4.20C; DG:
p=0.04, Fig.4.20D; SSC: p=0.005, Fig.4.20F, n=5 vs vehicle for all regions) but
LPS-injection had no effect in male 5xFAD*- mice (subiculum: p=0.93,
Fig.4.20A; CA1: p=0.75, Fig.4.20B; CA3: p=0.99, Fig.4.20C; DG: p=0.99,
Fig.4.20D; VC: p=0.99, Fig.4.20E; SSC: p=0.78, Fig.4.20F, n=5 vs vehicle for

all regions).
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Figure 4.17: Representative Mesolens images of GFAP IHC in female and male
5xFAD” and 5xFAD*- mice. (A-B) GFAP expression was increased in female
5xFAD*- mice compared to 5xFAD” mice. (C-D) AC- and LPS-injection reduced
GFAP expression across the brain regions in female but not male 5xFAD*" mice at 3
weeks post-injection. Scale bar: 500um.

160|Page



150

100+

504

Fluorescence Intensity (AU)

i

Subiculum

HHE  *x
| — |
* % e Vehicle
— s AC
H = LPS
% N
[ ]
L[]
L]

il |

" 5xFAD” 5xFAD” 5xFAD™ 5xFAD"
Female Male Female Male
C CA3
*
100+ T
2 * % ,*_f * Vehicle
$ T 1 + AC
> 80 ® = LPS
K7 . °
5
E 601
8 " ° A - A g . :
& a0 = s s |
@ ®ofl 1 N .
Q . = ° []
o 20
3
L
" 5XxFAD” 5xFAD” 5xFAD” 5xFAD"
Female Male Female Male
E VC
%
60 —
kK ﬁ : X%hlcle
' " " LPS

404

20+

Fluorescence Intensity (AU)

> b

T

" 5XFAD™"
Female

5xFAD” 5xFAD"” 5xFAD"™
Male Female Male

Fluorescence Intensity (AU)

Fluorescence Intensity (AU)

Fluorescence Intensity (AU)

CA1
100+ %%k
'*T‘ . Xechicle
ol | *ok ok — . ths
604 .
40 [ . g : =
CIES = Y N :
20 ® -
" 5XFAD" 5xFAD” 5xFAD”" 5xFAD™
Female Male Female Male
DG
*%
1001 % %k %
% 3k %k — * V\ehicle
T 1 » AC
80 . = LPS
60 o
40 o 44 ° ° -
20- L] A » Y | | ﬂ
5xFAD” 5xFAD” 5xFAD™ 5xFAD™
Female Male Female Male
SSC
100+ * %k
W . X%hicle
8] | *kx — = LPS
604
404 o °| N
il ﬁﬁm .-: Az: ] ﬂﬂ | AAA .
" 5xFAD" 5xFAD” 5xFAD" 5xFAD"™
Female Male Female Male

Figure 4.18: AC- and LPS-injection reduced GFAP expression in female but not
male 5xFAD*- mice. (A) Overall, GFAP expression was increased in the subiculum
of 5xFAD*- mice compared to 5xFAD” mice (*#p<0.001 5xFAD” vs 5xFAD*"). (B-F)
GFAP expression was increased in vehicle-injected female 5xFAD* mice compared
to 5xFAD”mice (CA1, DG, VC, SSC: ***p<0.001; CA3: **p<0.01, 5xFAD"vs 5xFAD*"
, for all regions). (A-F) AC- and LPS-injection reduced GFAP expression in female but
not male 5xFAD*- mice compared to vehicle ((A) subiculum: AC: **p<0.01; LPS:
**p<0.01 (B) CA1: AC: **p<0.01; LPS: **p<0.01 (C) CA3: AC: **p<0.01; LPS: *p<0.05
(D) DG: AC: ***p<0.001; LPS: **p<0.01 (E) VC: AC: **p<0.01; LPS: *p<0.05 (F) SSC:
AC: *p<0.01; LPS: **p<0.01, vs vehicle for all regions). Fluorescence intensity
measured as arbitrary units (AU). Two-way repeated-measures ANOVA with Tukey’s
post hoc test (Female: 5xFAD™- n=8 all treatments, 5xFAD*" n=5 all treatments; Male:
5xFAD™ n=5 vehicle, n=5 AC, n=6 LPS, 5xFAD*"n=5 all treatments).
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Figure 4.19: Representative Mesolens images of C3 IHC in female and male
5xFAD” and 5xFAD*- mice. (A-B) C3 expression was increased in female 5xFAD*"
mice compared to 5xFAD” mice. (C-D) AC- and LPS-injection reduced C3 expression
across the brain regions in female but not male 5xFAD*"- mice at 3 weeks post-
injection. Scale bar: 500um.
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Figure 4.20: AC- and LPS-injection reduced C3 expression across the brain of
female but not male 5xFAD*- mice. (A-F) Vehicle injected female 5xFAD*"mice had
increased C3 expression across the brain compared to 5xFAD” mice (subiculum and
CA1: ***p<0.001; CA3, DG, VC and SSC: *p<0.05, 5xFAD” vs 5xFAD*", for all
regions). AC- and LPS-injection reduced C3 expression in female but not male
5xFAD*" mice compared to vehicle-injection (A) Subiculum: AC: **p<0.01; LPS:
**p<0.01 (B) CA1: AC: *p<0.05; LPS: *p<0.05 (C) CA3: AC: p=0.052; LPS: *p<0.05
(D) DG: AC: *p<0.05; LPS: *p<0.05 (E) VC: AC: *p<0.05 (F) SSC: AC: *p<0.05; LPS:
**p<0.01, vs vehicle for all regions. Fluorescence intensity measured as arbitrary units
(AU). Two-way repeated-measures ANOVA with Tukey’s post hoc test (Female:
5xFAD” n=8 all treatments, 5xFAD*-n=5 all treatments; Male: 5xFAD” n=5 vehicle,
n=5 AC, n=6 LPS, 5xFAD*"n=5 all treatments).
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4.8.2. Two injections of AC reduced Iba1 expression in some brain regions
of female but not male 5xFAD*- mice at 3 weeks post-injection.

Activated microglia were examined using Iba1 expression (Fig.4.21). There
was an overall increase in lba1 expression in 5xFAD*- mice compared to
5xFAD”- mice across several brain regions (subiculum: F(3.s8) = 57.5 p<0.001;
CA1: Fs8) = 4.4 p<0.01; CA3: F(3-58) = 3.1 p<0.05; DG: F3-58) = 2.78 p<0.05;
SSC: F@zss) = 6.8 p<0.001, 5xFAD"-, n=40, vs 5xFAD", n=30 for all regions,
Fig 4.21A-D, F). In the subiculum, male 5xFAD*- mice had reduced lba1
expression compared to female mice (p<0.05 males vs females, n=5). No

differences were found between treatments or sex in 5xFAD"- mice.

In 5xFAD*- mice, AC-injection reduced Iba1 expression in only the CA3
(p=0.048 vs vehicle, n=5, Fig 4.22C) and SSC (p=0.047 vs vehicle, n=5, Fig
4.22F) of female 5xFAD*- mice compared to vehicle-injection. AC-injection
had no effect on Iba1l expression in male 5xFAD*- mice in any region
(subiculum: p=0.29, Fig.4.22A; CA1: p=0.16, Fig.4.22B; CA3: p=0.22,
Fig.4.22C; DG: p=0.51, Fig.4.22D; VC: p=0.27, Fig.4.22E; SSC: p=0.09,

Fig.4.22F, n=5 vs vehicle for all regions).

LPS-injection had no significant effect on Iba1 expression in either female
(subiculum: p=0.99, Fig.4.22A; CA1: p=0.68, Fig.4.22B; CA3: p=0.63,
Fig.4.22C; DG: p=0.99, Fig.4.22D; VC: p=0.42, Fig.4.22E; SSC: p=0.51,
Fig.4.22F, n=5 vs vehicle for all regions) or male 5xFAD*" (subiculum: p=0.26,
Fig.4.22A; CA1: p=0.29, Fig.4.22B; CA3: p=0.37, Fig.4.22C; DG: p=0.36,
Fig.4.22D; VC: p=0.32, Fig.4.22E; SSC: p=0.75, Fig.4.22F, n=5 vs vehicle for

all regions) mice compared to vehicle injection.
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Figure 4.21: Representative Mesolens images of Iba1 IHC in female and male
5xFAD” and 5xFAD*- mice. (A-B, E-F) There was an overall increase in Iba1
expression in 5xFAD*" mice compared to 5xFAD” mice. (C-D) AC-injection reduced
Iba1 expression in some brain regions in female 5xFAD*" mice but LPS-injection had
no effect. (G-H) Neither AC- nor LPS-injection influenced Iba1 expression in male
5xFAD*- mice at 3 weeks post-injection. Scale bar: 500um.
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Figure 4.22: AC-injection reduced Iba1 expression in some brain regions of
female 5xFAD*- mice. (A-D, F) Iba1 expression was increased in 5xFAD*" mice
compared to 5xFAD”" mice across the brain (subiculum: ##p<0.001; CA1: #p<0.05;
CA3: #p<0.05; DG: #p<0.05; SSC *#p<0.001, 5xFAD"- vs 5xFAD*"for all regions). (C,
F) AC-injection reduced Iba1 expression in some brain regions of female 5xFAD*"
mice (CA3: *p<0.05; SSC: *p<0.05, vs vehicle) but LPS-injection had no effect on
Iba1 expression in any region of female 5xFAD*" mice. Neither AC- nor LPS-injection
significantly influenced Iba1 expression in male 5xFAD*"mice. Fluorescence intensity
measured as arbitrary units (AU). Two-way repeated-measures ANOVA with Tukey’s
post hoc test (Female: 5xFAD™ n=8 all treatments, 5xFAD*"n=>5 all treatments; Male:
5xFAD™ n=5 vehicle, n=5 AC, n=6 LPS, 5xFAD*"n=5 all treatments).
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4.8.3. Two injections of AC and LPS reduced AP plaque load in female but
not male 5xFAD*- mice at 3 weeks post-injection.

Thioflavin S was used to visualise AR plaques in 5xFAD*- mice (Fig.4.23).
Overall, female 5xFAD*- mice had a higher plaque load than males across alll
brain regions (subiculum: F1-24y = 18.21 p<0.001; CA1: Fp124) = 13.58
p=0.0012; CA3: F(1-24) = 38.5 p<0.001; DG: F(1-24) = 56.4 p<0.001; VC: F(1-24) =
65.04 p<0.001; SSC: F(1-24) = 56.37 p<0.001, male vs female, n=5, for all

regions, Fig 4.24A-F).

AC-injection reduced AB plaque load compared to vehicle in several brain
regions of female 5xFAD*- mice (subiculum: p=0.03, Fig.4.24A; CA3: p<0.001,
Fig.4.24C; DG: p<0.001, Fig.4.24D; VC: p=0.001, Fig.4.24E; SSC: p=0.008,
Fig.4.24F, n=5 vs vehicle for all regions). However, AC-injection had no effect
on AB plaque load in male 5xFAD*- mice (subiculum: p=0.76, Fig.4.24A; CA1:
p=0.92, Fig.4.24B; CA3: p=0.86, Fig.4.24C; DG: p=0.99, Fig.4.24D; VC:

p=0.65, Fig.4.24E; SSC: p=0.96, Fig.4.24F, n=5 vs vehicle for all regions).

It was also revealed that LPS-injection reduced AR plaque load in some brain
regions of female 5xFAD*- mice compared to vehicle (CA3: p<0.001,
Fig.4.24C; DG: p<0.001, Fig.4.24D; VC: p=0.04, Fig.4.24E, n=5 vs vehicle for
all regions). However, similar to AC, LPS-injection did not influence AR plaque
load in male 5xFAD*- mice (subiculum: p=0.9, Fig.4.24A; CA1: p=0.89,
Fig.4.24B; CA3: p=0.92, Fig.4.24C; DG: p=0.96, Fig.4.24D; VC: p=0.84,

Fig.4.24E; SSC: p=0.9, Fig.4.24F, n=5 vs vehicle for all regions).
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Furthermore, the size of AB plaques in 5xFAD*- mice were analysed. Overall,
female 5xFAD*-mice had significantly larger AB plaques than males in all brain
regions (subiculum: F1-24) = 13.75 p=0.002; CA1: F(1-24) = 14.65 p<0.001; CA3:
F(1-24)=6.74 p<0.015; DG: F(1-24) = 22.18 p<0.001; VC: F(1-24) = 25.52 p<0.001;
SSC: F(1-24) = 35.69 p<0.001, male vs female, n=5, for all regions, Fig 4.25A-

F).

In female 5xFAD*- mice, AC-injection reduced AB plaque size across some
brain regions compared to vehicle injection (subiculum: p=0.052, Fig.4.25A;
DG: p=0.009, Fig.4.25D; VC: p=0.04, Fig.4.25E, n=5 vs vehicle for all regions).
AC-injection did not alter AR plaque size in male 5xFAD*- mice (subiculum:
p=0.99, Fig.4.25A; CA1: p=0.99, Fig.4.25B; CA3: p=0.56, Fig.4.25C; DG:
p=0.99, Fig.4.25D; VC: p=0.41, Fig.4.25E; SSC: p=0.74, Fig.4.25F, n=5 vs

vehicle for all regions).

When AR plaque size was examined in LPS-injected mice, plaque size was
only reduced in the DG of female 5xFAD*- mice (p=0.051, Fig.4.25D, n=5 vs
vehicle). In male 5xFAD*- mice, LPS-injection had no effect on AB plaque size
(subiculum: p=0.94, Fig.4.25A; CA1: p=0.97, Fig.4.25B; CA3: p=0.85,
Fig.4.25C; DG: p>0.99, Fig.4.25D; VC: p=0.76, Fig.4.25E; SSC: p=0.46,

Fig.4.25F, n=5 vs vehicle for all regions).
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Figure 4.23: Representative Mesolens images of A plaques in female and male
5xFAD*- mice following vehicle, AC- and LPS-injection. (A&D) Female 5xFAD*"
mice had significantly increased AR plaque load than male 5xFAD*" mice. (B-C) AC-
and LPS-injection reduced AB plaque load in several brain regions in female but not
male 5xFAD*" mice at 3 weeks post-injection. Scale bar: 500um.
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Figure 4.24: AC- and LPS-injection reduced A plaque load across several brain
regions of female but not male 5xFAD*"- mice. (A-F) Thioflavin S staining revealed
an overall increase in AB plaque load in female 5xFAD*- mice compared to males
across all regions (subiculum: ##p<0.001; CA1: #p<0.01; CA3: ##p<0.001; DG:
##5<0.001; VC ##p<0.001; SSC *##p<0.001, male vs female for all regions). Across
many brain regions, AC- and LPS-injected female but not male 5xFAD*- mice had
significantly reduced AR plaque load compared to vehicle-injection ((A) subiculum:
AC: *p<0.05 (C) CA3: AC: ***p<0.001; LPS: ***p<0.001 (D) DG: AC: ***p<0.001; LPS:
***p<0.001 (E) VC: AC: ***p<0.001; LPS: *p<0.05 (F) SSC: AC: **p<0.01, vs vehicle
for all regions). Two-way repeated-measures ANOVA with Tukey’s post hoc test (n=5
all treatments and sex).
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Figure 4.25: AC- and LPS-injection reduced AR plaque size in some regions of
female but not male 5xFAD*" mice. (A-F) Thioflavin S staining revealed an overall
increase in AB plaque size in female 5xFAD*- mice compared to males across all
regions (subiculum: #p<0.01; CA1: #p<0.001; CA3: #p<0.05; DG: ##p<0.001; VC
##p<0.001; SSC ##p<0.001, male vs female for all regions). In some regions, AC-
and LPS-injected female but not male 5xFAD*" mice had reduced AB plaque size
compared to vehicle-injection ((A) Subiculum: AC: p=0.052 (D) DG: AC: **p<0.01;
LPS: p=0.051 (E) VC: AC: *p<0.05, vs vehicle for all regions). Two-way repeated-
measures ANOVA with Tukey’s post hoc test (n=5 all treatments and sex).

171|Page



4.8.4. Two injections of AC and LPS had no influence on CD68 expression
or CD68 to Iba1 ratio at 3 weeks post-injection.

Following the observation that AC- and LPS-injection reduced astrocytic
reactivity and A plaque load in the female 5xFAD*" mice, it was hypothesised
that AC and LPS may modulate microglia-astrocyte cross-talk (Rostami et al.,
2021; Lee, Yu, et al., 2025), thereby promoting a more phagocytic microglial
phenotype and thereby reducing AB plaque burden. To investigate this, CD68
antibody was utilised to examine phagocytic microglia, both as CDG68
expression (Fig.4.26), and as the ratio of CD68 to Iba1 expression in 5xFAD*"

mice.

In female 5xFAD*- mice, CD68 expression was significantly increased across
the brain compared to male 5xFAD*- mice (subiculum: F(1-23) = 23.05 p<0.001;
CA1: F¢123) = 14.57 p<0.001; CA3: F(1-23) = 5.48 p=0.03; DG: F1-23) = 10.69
p=0.003; VC: F@-23) = 8.57 p<0.008; SSC: F(1-23) = 21.4 p<0.001, male vs
female, n=5 females all treatments; n=4 vehicle, n=5 AC, n=5 LPS males, for

all regions, Fig 4.27A-F).

AC-injection had no effect on CD68 expression in either female (subiculum:
p=0.5, Fig.4.27A; CA1: p=0.49, Fig.4.27B; CA3: p=0.35, Fig.4.27C; DG: p=0.5,
Fig.4.27D; VC: p=0.2, Fig.4.27E; SSC: p=0.09, Fig.4.27F, n=5 vs vehicle for
all regions) or male 5xFAD- mice (subiculum: p=0.9, Fig.4.27A; CA1: p=0.84,
Fig.4.27B; CA3: p=0.82, Fig.4.27C; DG: p=0.66, Fig.4.27D; VC: p=0.95,

Fig.4.27E; SSC: p=0.99, Fig.4.27F, n=5 vs vehicle for all regions).
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LPS-injection significantly reduced CD68 expression in only the SSC of female
5xFAD*- mice (p=0.03 vs vehicle, n=5) but had no further significant effects
across the brain in either female (subiculum: p=0.2, Fig.4.27A; CA1: p=0.42,
Fig.4.27B; CA3: p=0.19, Fig.4.27C; DG: p=0.13, Fig.4.27D; VC: p=0.37,
Fig.4.27E, n=5 vs vehicle for all regions) or male 5xFAD*- mice (subiculum:
p=0.99, Fig.4.27A; CA1: p=0.76, Fig.4.27B; CA3: p=0.88, Fig.4.27C; DG:
p=0.83, Fig.4.27D; VC: p=0.89, Fig.4.27E; SSC: p=0.8, Fig.4.27F, n=5 vs

vehicle for all regions).

When CD68 was examined as a ratio with Iba1, there was overall increase in
CD68 labelled phagocytic microglia compared to Iba1 labelled activated
microglia in the CA3 and VC of female 5xFAD*- mice compared to males (CA3:
F(1-23)=10.04 p=0.004, Fig.4.28C; VC: F(1-23) = 12.54 p=0.002, Fig.4.28E, male
vs female, n=5 females all treatments; n=4 vehicle, n=5 AC, n=5 LPS males,

for both regions).

AC-injection had no effect on CD68 to Iba1 ratio in either female (subiculum:
p=0.73, Fig.4.28A; CA1: p=0.97, Fig.4.28B; CA3: p=0.8, Fig.4.28C; DG:
p=0.99, Fig.4.28D; VC: p=0.09, Fig.4.28E; SSC: p=0.94, Fig.4.28F, n=5 vs
vehicle for all regions) or male 5xFAD*- mice (subiculum: p>0.99, Fig.4.28A;
CA1: p=0.99, Fig.4.28B; CA3: p=0.28, Fig.4.28C; DG: p=0.99, Fig.4.28D; VC:

p=0.83, Fig.4.28E; SSC: p=0.99, Fig.4.28F, n=5 vs vehicle for all regions).

In LPS-injected mice, there was an increase in CD68 to Iba1 ratio in the VC of
female 5xFAD*- (p=0.055 vs vehicle, Fig. 4.27E, n=5). However, LPS-injection

did not alter CD68 to Iba1 ratio in any other region of female (subiculum: p=0.8,
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Fig.4.28A; CA1: p=0.94, Fig.4.28B; CA3: p=0.54, Fig.4.28C; DG: p=0.94,
Fig.4.28D; SSC: p=0.13, Fig.4.28F, n=5 vs vehicle for all regions) or male
5xFAD*" (subiculum: p=0.1, Fig.4.28A; CA1: p=0.15, Fig.4.28B; CA3: p=0.27,
Fig.4.28C; DG: p=0.25, Fig.4.28D; VC: p=0.91, Fig.4.28E, SSC: p>0.99,

Fig.4.28F, n=5 vs vehicle for all regions).
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Figure 4.26: Representative Mesolens images of CD68 IHC in female and male
5xFAD*" mice following vehicle, AC- and LPS-injection. (A&D) Female 5xFAD*"
mice had significantly increased CD68 expression than male 5xFAD*" mice. (B-C &
E-F) AC- and LPS-injection had no significant effect on CD68 in either female or male
5xFAD*" mice at 3 weeks post-injection. Scale bar: 500um.
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Figure 4.27: AC- and LPS-injection had no influence on CD68 expression in
female or male 5xFAD*" mice. (A-F) CD68 expression was significantly increased
in female 5xFAD*" mice compared to males across the brain (subiculum: ##p<0.001;
CA1: ##5<0.001; CA3: #p<0.05; DG: #p<0.01; VC: #p<0.01; SSC ##p<0.001, male
vs female all regions). Across the brain, AC- and LPS-injection had no effect on CD68
expression in either female or male 5xFAD*" mice. (F) However, in the SSC, LPS-
injection reduced CD68 expression compared to vehicle (*p<0.05 vs vehicle.
Fluorescence intensity measured as arbitrary units (AU). Two-way repeated-
measures ANOVA with Tukey’s post hoc test (Female: n=5 all treatments; Male: n=4
vehicle, n=5 AC, n=5 LPS).
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Figure 4.28: AC- and LPS-injection had no significant effect on CD68 to Iba1
ratio in male or female 5xFAD*"-mice. (C, E) In the CA3 and VC, CD68 to Iba1 ratio
was increased in female 5xFAD*" mice compared to males (CA3: #p<0.01; VC:
#15<0.01, male vs female for both regions). (E) In the VC, LPS-injection increased
CD68 to IBA1 ratio compared to vehicle (p=0.055 vs vehicle). However, AC- and LPS-
injection did not alter CD68 to Iba1 ratio in any other brain region in either female or
male 5xFAD*-mice. Two-way repeated-measures ANOVA with Tukey’s post hoc test
(Female: n=5 all treatments; Male: n=4 vehicle, n=5 AC, n=5 LPS).
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4.9. AC-injection has no influence on peripheral cytokines in

5xFAD*" mice.

Given the established link between peripheral inflammation and MDD (Beurel
et al., 2020; Roohi et al., 2021), peripheral cytokine levels were examined
following AC- and LPS-induced depression-like behaviour to assess systemic
inflammatory responses and determine whether cytokine changes correspond

to those observed in MDD.

Cytokines were examined within the genotypes. In 5xFAD- mice, AC- and
LPS-injection influenced several cytokines (Fig.4.29). LPS-injection increased
pro-inflammatory IL-6 levels (p<0.001 vs vehicle, n=4, Fig.4.29) compared to
vehicle injection but AC-injection had no effect on IL-6 (p=0.17 vs vehicle, n=4,
Fig.4.29). LPS-injection had no effect on pro-inflammatory cytokines IL-1(3
(p=0.29 vs vehicle, n=4, Fig.4.29) and TNF-a (p=0.16 vs vehicle, n=4,
Fig.4.29). However, AC-injection  significantly = reduced  several
proinflammatory cytokines in 5xFAD” mice (IL-1B: p=0.01; TNF-a: p=0.008;
IL-12: p=0.01, n=4 vs vehicle for all cytokines, Fig.4.29). In 5xFAD”- mice,
some anti-inflammatory cytokines were reduced by both AC- (IL-4: p<0.001;
IFN-y: p<0.001, n=4 vs vehicle for both cytokines, Fig.4.29) and LPS-injection
(IL-4: p<0.001; IFN-y: p=0.009, n=4 vs vehicle for both cytokines, Fig.4.29) but
no change was observed in anti-inflammatory IL-10 following either AC- or
LPS-injection (AC: p=0.4; LPS: p=0.12, n=4 vs vehicle for both cytokines).
Furthermore, AC- and LPS-injection increased pro-inflammatory levels of
several CC chemokine ligands (CCL) and chemokine (C-X-C motif)

ligands (CXCL), including CXCL1 (AC: p=0.046; LPS: p<0.001, n=4 vs vehicle
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for both chemokines, Fig.4.29) and CCL2 (LPS: p<0.001 vs vehicle, n=4,

Fig.4.29).

When cytokines were examined in the 5xFAD*- mice (Fig.4.30), AC-injection
only increased pro-inflammatory CXCL1 (AC: p=0.036 vs vehicle, n=4,
Fig.4.30). LPS-injection again increased several pro-inflammatory cytokines
and chemokines (IL-6: p<0.001; CXCL1: p<0.001; CCL2: p<0.001, n=4 vs
vehicle for all cytokines, Fig.4.30) but neither AC- nor LPS-injection altered IL-
18, IL-12 or TNF-a (IL-1B: AC: p=0.96; LPS: p=0.98; IL-12: AC: p=0.77; LPS:
p=0.15; TNF-a: AC: p=0.86; LPS: 0.85, Fig.4.30, n=4 vs vehicle for all
cytokines). LPS-injection also reduced anti-inflammatory cytokines IL-4
(p=0.002 vs vehicle, n=4, Fig.4.30) and IFN-y (p<0.001 vs vehicle, n=4,
Fig.4.30) but no change was observed in these anti-inflammatory cytokines

following AC-injection.
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5xFAD” Cytokines
Vehicle AC LPS

BLC (CXCL13/BCA-1)
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I-TAC (CXCL11)
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JE (CCL2/MCP-1)
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MIP-2 (CXCL2)
RANTES (CCL5)

1100

Figure 4.29: Cytokine analysis of 5xFAD”- mice following vehicle, AC- and LPS-
injection. Several cytokines were increased or decreased in response to AC- or LPS-
injection compared to vehicle. Notably, IL-6 was increased in response to LPS-
injection (***p<0.001) but not AC-injection. Cytokine heat plot displayed as mean, sex
combined data (*p<0.05, **p<0.01, ***p<0.001 vs vehicle). Two-way repeated-
measures ANOVA with Tukey’s post hoc test (n=4; 2 male, 2 female per treatment).
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5xFAD" Cytokines
Vehicle AC LPS

BLC (CXCL13/BCA-1)

C5/C5a (Complement component 5)
G-CSF

GM-CSF

1-309 (CCL1/TCA-3)
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JE (CCL2/MCP-1)
MCP-5 (CCL12)
MIG (CXCL9)
MIP-1a (CCL3)
MIP-18 (CCL4)
MIP-2 (CXCL2)
RANTES (CCL5)
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Figure 4.30: Cytokine analysis of 5xFAD*" mice following vehicle, AC- and LPS-
injection. Several cytokines were increased or decreased in response to LPS-
injection. However, in 5xFAD*" mice only pro-inflammatory CXCL1 was increased
following AC-injection (*p<0.05). Notably, IL-6 was increased in response to LPS-
injection (***p<0.001) but not AC-injection. Cytokine heat plot displayed as mean, sex
combined data (*p<0.05, **p<0.01, ***p<0.001). Two-way repeated-measures
ANOVA with Tukey’s post hoc test (n=4; 2 male, 2 female per treatment).
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4.10. Discussion

4.10.1. AC264613 and LPS induced behavioural changes associated with
depression-like behaviour.

The results from the 5xFAD”- vs 5xFAD*- mice cohort further confirmed that
AC264613 (100 mg kg') and LPS (0.5 mg kg') induce behavioural changes
associated with depression-like behaviour 2h post-injection. Reductions in
locomotor activity, reduced sucrose preference, and grooming behaviour
suggest the mice are experiencing low mood, anhedonia, and apathy, core
features of MDD. While AC-induced behavioural changes were recovered by
24h post-injection, LPS-induced anhedonia persisted at 24h post-injection,
although changes in grooming and locomotor activity were recovered. These
findings further support our data from the C57BL6/J and 5xFAD- mice cohort,
as well as previous studies within the research group (Abulkassim et al., 2016;

Moudio et al., 2022).

Neuropsychiatric symptoms are a core feature of AD, with a higher incidence
of depression reported in patients living with dementia (16-32%) compared to
the general population (5%) (Kamran et al.,, 2022; Huang et al., 2024).
Therefore, we hypothesised that 5xFAD*- mice would be more likely to display
and would be more susceptible to depression-like behaviour compared to their
5xFAD- littermates. However, few genotypic differences were observed, with
the most notable being a greater reduction in grooming behaviour in 5xFAD*-
mice following AC and LPS. This suggests that while both genotypes display
depression-like responses to AC and LPS, 5xFAD*- mice may be more

vulnerable to pharmacologically induced apathy-like behaviour.
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4.10.2. AC264613 and LPS reduced locomotor activity in both 5xFAD”- and
5xFAD*- mice, while LPS alone increased anxiety-like behaviour.

In our 5xFAD- vs 5xFAD*" cohort, we observed an initial increase in locomotor
activity in 5xFAD*- mice upon first exposure to the OFT arena, which may
indicate hyperactivity. However, in subsequent sessions, no differences in
locomotor behaviour were found between 5xFAD*- and 5xFAD” mice.
Furthermore, we did not observe any change in anxiety-like behaviour in

5xFAD*" mice during any OFT sessions.

Hyperactivity and increased anxiety-like behaviour has been reported in
5xFAD*- mice compared to WT controls (Oblak et al., 2021; Zhong et al.,
2024). However, these behavioural changes are typically observed in older
animals, between 6—12 months of age (Oblak et al., 2021), suggesting that the
mice used in our study, 3 months of age at the time of testing, may have been
too young to display such changes. The age of the mice selected for this
research was chosen due to the early formation of AR plaque pathology,
therefore behavioural changes associated with low mood and anhedonia may

be seen between the genotypes in aged animals.

Reports in the literature vary considerably, with some suggesting 5xFAD*"
mice display altered behaviour, including locomotor and exploratory behaviour
from 6—9 months, while others report earlier onset at 4—5 months (Oblak et al.,
2021; Medina-Vera et al., 2023; Padua et al., 2024). Interestingly, reduced
anxiety-like behaviour has also been observed in 5xFAD*- mice at 12 months
of age (Forner et al., 2021; Zhong et al., 2024), and previous reviews have

highlighted significant inconsistencies related to the exploratory behaviour of
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5xFAD*- mice, both in the nature and age of onset of behavioural changes

(Padua et al., 2024).

Both 5xFAD”-and 5xFAD*-mice exhibited reduced locomotor activity following
AC and LPS treatment, indicating that both genotypes were equally
susceptible to AC- and LPS-induced sickness or depression-like behavioural
changes affecting locomotion and exploratory behaviour. This reduction
supports previous findings, and may reflect low mood and fatigue in the mice,
key features of MDD (Seibenhener et al., 2015; Gencturk et al., 2024). As
observed in the previous cohort, locomotor activity recovered by 24h post-
injection in both genotypes, indicating that AC and LPS did not induce
prolonged behavioural changes. Furthermore, no long-term alterations in
locomotor activity were observed at 3-weeks post injection, supporting the
transient effect of AC and LPS-induced behavioural changes (Biesmans et al.,

2013; Lasselin et al., 2020; Moudio et al., 2022).

LPS, but not AC, induced a decrease in time spent in the centre of the OFT
arena, which may indicate increased anxiety-like behaviour, particularly in the
5xFAD*-mice. Although previous studies have reported anxiety-like behaviour
following LPS treatment (Sulakhiya et al., 2016; Yu et al., 2022), this increased
time spent at the edges may also be attributable to general fatigue, with the
mice simply resting, rather than exhibiting anxiety-like behaviour per se, similar

to the effects observed with C57BL6/J and 5xFAD- cohort.
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4.10.3. Vehicle, AC- and LPS-injection all induced anhedonia-like behaviour
in 5XFAD”- and 5xFAD*- mice.

Both AC- and LPS-injected mice exhibited reduced sucrose preference,
indicating anhedonia-like behaviour consistent with findings in the WT cohort
and previous reports (Salazar et al., 2012; Biesmans et al., 2016; Moudio et
al., 2022). There were no significant differences between 5xFAD” and
5xFAD*- mice in the degree of reduction, suggesting that both genotypes were

equally susceptible to the effects of AC and LPS treatment.

A notable discrepancy between the C57BL6/J vs 5xFAD” cohort and the
5xFAD” vs 5xFAD*- mice experiments was the incidence of reduced sucrose
preference in the vehicle-injected mice, suggesting they were experiencing
anhedonia-like behaviour despite no change in locomotor activity or grooming
behaviour. The sucrose preference test is widely used to assess anhedonia;
however, its reliability and reproducibility have been questioned, particularly in

chronic stress studies (Markov, 2022; Berrio et al., 2024).

Although the experimental protocols remained identical between cohorts, is it
possible that external factors influenced the vehicle-injected group. At the time
of these experiments, major construction work was being carried out in the
animal facility and despite best efforts to minimise any disruption, it is difficult
to determine whether environmental stress may have contributed to reduced
sucrose consumption post-injection (Liu et al., 2018). No genotypic differences
were observed within the vehicle-injected group, suggesting that 5xFAD*-mice
were not inherently more susceptible, but potentially that the injection alone or

the environmental conditions may have induced anhedonia-like behaviour.
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As observed in the WT studies, there was variability in baseline sucrose
preference across the mice of all treatment groups prior to injection ranging
from 56% to 99% preference. The inclusion threshold remained > 50%
preference to maintain consistency with the initial WT studies and to minimise
exclusions in line with the 3Rs principles. Although studies have suggested a

higher threshold of 65% preference (Scheggi et al., 2018; Berrio et al., 2023).

More 5xFAD*- mice (15 mice) were excluded than 5xFAD mice (6 mice). Of
these, 13 were excluded due to sucrose preference of <50%, 10 of which were
5xFAD*- mice, and 3 were 5xFAD- mice. This finding suggests that 5xFAD*-
mice may experience elevated anhedonia-like behaviour even in the absence
of pharmacological intervention. Clinically, patients with AD often experience
anhedonia, either independently or alongside MDD (Turner et al., 2022).
Anhedonia has also been proposed as a potential preclinical symptom of
cognitive decline, or a neuropsychiatric risk factor for AD (Lee et al., 2019;

Vaquero-Puyuelo et al., 2021).

Although anhedonia is less reported in the 5xFAD model than other
behavioural impairments, reduced sucrose preference has been observed at
5 months of age in heterozygous (5xFAD*-) and homozygous (5xFAD**) mice
when compared to non-transgenic controls (Medina-Vera et al., 2023),

suggesting anhedonia may be an under-reported feature of this model.
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4.10.4. 5xFAD'- but not 5xFAD” mice are susceptible to pharmacologically-
induced apathy-like behaviour.

When grooming behaviour was analysed, AC- and LPS-injected 5xFAD*" mice
showed reduced grooming durations compared to 5xFAD”- mice at 2h but not
24h post-injection, suggesting that 5xFAD*- mice may be more susceptible to
pharmacologically-induced apathy-like behaviour. AC-injection also delayed
the time to first groom at the 2h splash test but not 24h post-injection splash

test, further indicating transient apathy-like behaviour.

Apathy-like behaviour has been reported in the 5xFAD model starting from
approximately 6-months of age, deteriorating with age when examined using
nest building and marble burrowing (Keszycki et al., 2023; Padua et al., 2024).
This further supports that the mice used in this study, 3 months of age, may
have been too young to display baseline naive apathy-like behaviour but,
5xFAD*- mice were still more susceptible to pharmacologically-induced

apathy-like behaviour.

Grooming behaviour is known to vary between species, strains, age and sex
(Kalueff et al., 2004a, 2016; Tran et al., 2021). Naive grooming behaviour was
not examined between the genotypes to avoid habituation and maintain
novelty of the splash test sucrose spray. Reduced grooming in the 5xFAD
model has been observed between 3—-6 months of age; however, differences
in testing protocols within the study produced variable outcomes (O’Leary et
al., 2024). The 5xFAD*- mice were indistinguishable from 5xFAD- mice in their
home cage highlighting both genotypes were well groomed throughout the

duration of this study. Future studies could explore baseline grooming in
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absence of pharmacological intervention to determine whether 5xFAD*- mice

groom less than 5xFAD”- mice and exhibit inherent apathy-like behaviour.

Male 5xFAD*- AC-injected mice exhibited reduced grooming duration and
increased latency to sit and groom compared to females at 2h but not 24h
post-injection. This may indicate transient sex differences in susceptibility to
apathy-like behaviour. Pathological sex differences are well established in the
5xFAD model, with female mice exhibiting greater AB plaque load and
heightened neuroinflammation due to the oestrogen-mediated Thy1 promoter
(Sil et al., 2022; Zhong et al., 2024). However, despite this increased
pathology, female 5xFAD*- mice displayed less apathy-like behaviour than

male 5xFAD*- mice following AC-injection.

Sex differences in MDD are well documented, but studies investigating sex
differences in rodent apathy are limited. Some report increased grooming in
C57BL6/J mice compared to their female counterparts (Pitzer et al., 2022; Sil
et al., 2022), though other findings remain inconsistent due to lack of research

studying both sexes (Isingrini et al., 2010; Bangasser et al., 2021).

4.10.5. AC264613 and LPS reduced astrocyte reactivity in female but not
male 5xFAD*" mice at 3 weeks post-injection.

The incidence of MDD is linked to an acceleration in AD pathology and a worse
prognosis for people diagnosed with AD (Saiz-Vazquez et al., 2021).
Therefore, we hypothesised that pharmacologically-induced depression-like
behaviour would exacerbate neuroinflammation and AB plaque pathology.

Unexpectedly, it was discovered that two doses in successive weeks of AC
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and LPS reduced astrocytic reactivity in all examined brain regions in female

but not male 5xFAD*- mice at 3 weeks post-injection.

Astrocyte reactivity is increasingly recognised as a core component of
neuroinflammatory and neurodegenerative diseases (Kwon et al., 2020;
Verkhratsky et al., 2023), and emerging research has shown astrocytes play
important roles in disease states, with cross-talk between microglia and
astrocytes modulating disease pathology (Rostami et al., 2021; Singh, 2022).
Communication between microglia and astrocytes modulated by astrocyte
sourced IL-3 has been shown to direct microglia to reduce plaque burden and
improve cognition in the 5xFAD model (McAlpine et al., 2021; Rodriguez-
Giraldo et al., 2022). Interestingly, in our cytokine array analysis, LPS but not
AC reduced IL-3 levels in the 5xFAD*- mice, contradicting previous reports

that describe a protective role for IL-3 in AD (Chen et al., 2024).

Complement component 3 (C3) is an astrocyte-released factor found to be
correlated with cognitive decline and tau Braak staging in AD (Litvinchuk et al.,
2018; Rodriguez-Giraldo et al., 2022). When C3 receptor C3aR1 was knocked
out in a tau mouse model, neuroinflammation and tau pathology was
attenuated (Litvinchuk et al., 2018). Further, a C3aR antagonist reduced
neuroinflammation and AR plaques, improving cognitive deficits in a Tg mouse
model (Yao et al., 2023). C3 is involved in the astrocyte-microglia crosstalk,
with C3 effecting downstream NF-kB signalling resulting in greater AB plaque
deposition. This increase in plaques is suggested to lead to astrocytic release
of further C3, initiating a feed-forward loop (Lian et al., 2016). Prolonged C3

activation also reduces microglial phagocytosis (Fu et al., 2012). As we found
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that AC and LPS reduced C3 expression in the female 5xFAD*" mice, this may
have alleviated some of the excessive neuroinflammatory responses, allowing

for more efficient phagocytic clearance of AB plaques.

Previous studies have shown that modulation of the astrocytic pathways can
directly influence AB plaque pathology. Inhibition of the JAK2-STAT3 pathway,
reduces astrocytic reactivity and AB plaques, restoring synaptic function and
cognitive performance in AD models (Ceyzériat et al., 2018; Reichenbach et
al., 2019). However, astrocytic inhibition of NF-kB accelerated AR plaque
deposition and tau accumulation in models (Jong Huat et al., 2024),
highlighting that reactive astrocytes possess beneficial neuroprotective
effects, or detrimental neurotoxic effects, depending on their activation state
(Ding et al., 2021; Lawrence et al., 2023). Previous research within the lab
group demonstrated neuroprotective properties of PAR2 activation against
kainite-induced neurotoxicity via astrocytic activation (Greenwood et al., 2010).
PAR2 signalling has also been linked to modulation of glial reactivity and
cytokine release via ERK1/2 and NF-kB pathways (Noorbakhsh et al., 2006;
Peach et al., 2023), suggesting that AC-induced PAR2 activation may have
contributed to the observed reduction in astrocytic activation and AB plaque

pathology.

Together, our findings suggest that AC and LPS may modulate astrocyte
reactivity and astrocyte-derived factors such as C3, potentially influencing A

plaque clearance, thus reducing plaque burden in female 5xFAD*- mice.
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4.10.6. AC264613 and LPS have no effect on activated microglia at 3
weeks post-injection.

When activated microglia were examined across the 5xFAD*- mice brains,
there were region-specific reductions, CA3 and SSC, in Iba1 expression in the
AC-injected female mice but no further changes throughout the brain.
However, there was no change in Iba1 expression in any region of LPS-treated
females compared with vehicle controls. Similarly, AC and LPS treatment had

no effect on activated microglia expression in male 5xFAD* mice.

PAR2 is expressed on microglia, and PAR2 activation can influence microglial
activation to initiate inflammatory signalling cascades, including the MAPK and
NF-kB pathways, leading to cytokine release (Noorbakhsh et al., 2006; Quarta
et al., 2024). Studies have shown both neuroprotective (Moudio et al., 2025)
and neurotoxic (Afkhami-Goli et al., 2007; Park et al., 2010) properties for
PAR2 activation. However, in our study we demonstrated limited effects of
PAR2 activation on microglia expression when examined at 3 weeks post-

injection, suggesting that AC may have short-live effects on microglial activity.

LPS is an endotoxin that activates microglia via TLR4, and the administration
of LPS in varying dosages and methods has been associated with a reduction
in AB deposition in several studies (Go et al., 2016; Thygesen et al., 2018;
Wendeln et al., 2018; Xie et al., 2022). Furthermore, recent research has
suggested that a single administration of LPS (1mg kg™), before the
development of plaques in 6-week-old 5xFAD mice, ‘primes’ the innate
immune memory of the microglia, altering microglial activation. This alteration

can increase phagocytosis, thus reducing AR plaque deposition, as well as
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improving cognitive performance, suggesting low-dose LPS treatment in the

pre-clinical stages of AD may therapeutically beneficial (Yang et al., 2023).

For our study, we selected a dose of 0.5 mg kg-!, which was well tolerated and
previously shown to lower AB plaque burden (Thygesen et al., 2018). Our
results confirm previous findings in that a low dose of LPS reduces AB plaque
burden but there was no change in microglial activity in response to LPS. The
5xFAD mouse model displays pronounced and early microglial activation, with
clustering of reactive microglia around AR plaques as early as 2 months of age
(Oakley et al., 2006; Forner et al., 2021). This heightened basal activation may
reduce the effects of AC and LPS on microglial expression hence the limited
effects we observed at 3 weeks post-injection. However, due to the microglial-
astrocytic cross-talk (Singh, 2022), we proposed that modulation of astrocytic
reactivity by AC and LPS could reduce excessive neuroinflammation. Such a
reduction may restore glial cells to a more efficient functional state, thereby

enhancing microglial phagocytosis and ultimately reducing Ap plaque burden.

4.10.7. AC264613 and LPS reduce AP plaque load in female but not male
5xFAD*- mice at 3 weeks post-injection.

When AR plaques were examined, we revealed that, in contrary to our
hypothesis, two injections in successive weeks of AC and LPS reduced A
plaque load and size in female but not male 5xFAD*- mice suggesting that
short-term priming of the immune responses with AC and LPS may be

beneficial to AB pathology.
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Evidence of PAR2 activation directly influencing AD pathology is limited, but
upregulated PAR2 expression has been found in glia clustered around A
plaques in human post-mortem tissue (Afkhami-Goli et al., 2007). On the other
hand, LPS has been widely used to modulate AB plaque pathology, with
several studies reporting reduced plaque deposition, following single or multi-
treatments with LPS (Go et al., 2016; Thygesen et al., 2018; Wendeln et al.,
2018; Xie et al., 2022). These reductions have been linked to ‘priming’ of the
immune cells, and ‘primed’ microglia and astrocytes have demonstrated
increased AR plaque clearance (Yang et al., 2023; Lee, Yu, et al., 2025).
Based on these findings, we decided to investigate microglial phagocytosis, to
determine whether AC and LPS increased phagocytic microglia activity, thus

reducing plaque burden.

4.10.8. AC264613 and LPS have no effect on phagocytic microglia at 3
weeks post-injection.

When phagocytic microglia were explored, it was found that two injections in
successive weeks of AC and LPS had no significant effects on phagocytic
microglia expression in male or female 5xFAD*- mice. Interestingly, there was
a trend of reduced phagocytic microglial expression in female AC and LPS-
treated mice. However, when phagocytic microglia were compared to overall
microglial expression, there was in increase in phagocytic microglia in CA3
and VC of LPS-injected females. Several studies have shown that LPS
treatment reduces AR plaque burden (Go et al., 2016; Thygesen et al., 2018;
Wendeln et al., 2018; Xie et al., 2022), with a single dose found to ‘prime’

microglia and enhance this effect (Yang et al., 2023). However, CD68-marked
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phagocytosis was only altered in the dentate gyrus of 5xFAD mice, suggesting
region-specific modulation (Yang et al., 2023). In another study a single dose
of LPS shifted AB plaques from an insoluble to a soluble state, favouring

plaque clearance, thus reducing plaque burden (Jendresen et al., 2019).

In our study, consistent with patterns observed for astrocyte and microglial
expression, female 5xFAD*- mice showed greater phagocytic microglial
activity than males, which may be attributable to the more advanced
progression of disease. Overall, there was a higher degree of variability in the
CD68 IHC results compared to the rest of IHC performed. Brain slices were
sectioned in advance and stored in PBS with sodium azide at 4 °C for several
months while antibody optimisation was performed. When the samples were
finally stained, the tissue quality was compromised, resulting in fewer usable
replicates and the exclusion of some brains from analysis. This may have

contributed to the variability observed in CD68 staining.

As our findings suggest phagocytosis via microglia was largely unaffected by
AC and LPS, it is worth considering alternative mechanisms of AB clearance.
Given that astrocyte reactivity was modulated by AC and LPS, future studies
should investigate astrocytic phagocytosis to better understand the reduction
in AB plaques observed. Although microglia are considered the primary
phagocytic cells in the brain, growing body of evidence highlights an important

role for astrocytes in phagocytosis (Lee et al., 2021; Konishi et al., 2022).

Studies have shown that astrocytic phagocytic receptors such as Multiple-EGF

like domains 10 (MEGF10) and MER-proto-oncogene tyrosine kinase
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(MERTK) contribute to AB plaque clearance, and knockdown models of
MEGF10 or MERTK inhibits the uptake and clearance mechanisms (Singh et
al., 2010; Fujita et al., 2020; Hulshof et al., 2022). Astrocytes can also
internalise AB plaques via endocytosis which are then degraded by lysosomal
enzymes. Further, astrocytic lysosomal-associated membrane protein 1
(LAMP1) is often elevated and co-localised with AB plaques, indicating
enhanced lysosomal activity and a potential role in plaque degradation (Li et
al., 2024). In addition, astrocytes can produce various A3 degrading proteases,
including neprilysin, insulin-degrading enzyme, and matrix metalloproteinases,
which are suggested to aid in the clearance of plaques (Ries et al., 2016; Park
et al., 2024). As mentioned above, the compromised tissue quality prevented

further analysis of astrocyte activity.

4.10.9. Methodological limitations of immunohistochemical analysis

A methodological limitation of the IHC analysis throughout this project was the
reliance on fluorescence intensity as a quantitative measure of astrocyte
reactivity and microglial activation and phagocytosis. While fluorescence
intensity is widely for protein expression, molecular localisation, and cellular
studies, it can be influenced by technical factors including tissue storage,
antibody penetration, tissue thickness, staining efficiency, and imaging
parameters. As such, changes in signal intensity may not directly reflect
absolute differences in astrocyte or microglia activity (Waters, 2009; Shakya
et al., 2020). In addition, IHC was performed without the inclusion of negative
controls, such as no-primary antibody controls, limiting the ability to fully

exclude non-specific binding or background fluorescence. Although antibody
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concentrations, staining protocols, and imaging parameters were kept
consistent across experimental groups to minimise technical variability, the
absence of negative controls represents a limitation when analysing across
different IHC batches. Future studies should incorporate appropriate negative
controls and potentially other methods of analysis, such as astrocyte and

microglia density or burden, to strengthen IHC results.

4.10.10. Sex differences in pathology results

Behaviourally, only minor sex differences were observed in grooming, but
pathology revealed a pronounced effect of sex. Analysis of our data revealed
that alterations in astrocyte reactivity, microglial activation, and AB plaque
burden in response to AC and LPS were observed exclusively in female
5xFAD*- mice. Female 5xFAD*- mice are known to exhibit higher levels of AR
plaques compared to males, thus exhibit higher levels of neuroinflammation
(Sil et al., 2022; Poon et al., 2023). As discussed in section 1.1.7.2, the five
familial AD mutations in the 5xFAD model are expressed under the control of
the neuron-specific Thy1 promoter. Thy1 drives overexpression of mutant APP
and PSENT1 in forebrain excitatory neurons, resulting in rapid AB42
overproduction and early plaque deposition (Oakley et al., 2006). Oestrogen
influences the Thy1 promoter, enhancing the expression of APP and PSEN1
thus contributing to the increased AP plaque burden in female mice (Forner et

al., 2021; Zhong et al., 2024).

A recent study reported that parental origin of the transgenes also influences
AB plaque burden in 5xFAD*- mice, with paternal inheritance producing a two-

fold increase in AR plaque load compared to maternal inheritance, while
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grandparental origin had no effect. This study highlighted a potential
neuroprotective role of maternal inheritance of the transgenes (Sasmita et al.,
2025). In our study, mice inherited the transgene paternally and thus exhibited
higher plaque burden. However, due to breeding challenges there was a lack
of male 5xFAD*" mice, therefore, additional males were sourced from another
colony. These mice were later found to carry maternally inherited transgenes
and displayed significantly fewer plaques. To maintain consistency, they were

excluded and subsequently replaced with paternal-inherited mice.

Evidence has shown sex-specific differences in astrocytes and microglia,
including functional, developmental and morphological variations influenced
by hormones and early life experiences in both humans and rodents (Han,
Fan, et al.,, 2021; Gozlan et al., 2024). While male astrocytes have been
reported to reach full maturation faster than females, sex differences are
region specific, and males show a greater number of astrocytes, and more
extensive branching in the hypothalamus, whereas females exhibit increased
astrocyte density with shorter branches in the hippocampal regions, including
CA1 and DG (Gozlan et al., 2024; Bortolanza et al., 2025). Females also tend
to express higher levels of GFAP, potentially reflecting greater astrocyte
reactivity or numbers. The introduction of testosterone or oestrogen into
females or males, reduces or increases GFAP levels, respectively. Astrocyte
sex-specific responses to injury and disease are also recognised, with male
astrocytes reported to secrete higher levels of proinflammatory cytokines
(Crespo-Castrillo et al., 2020), while chronic stress and inflammation induce

increased astrocyte activation in females (Zhang, Elias, et al., 2024).
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Similarly, microglia also display well-characterised sex-specific differences
throughout development and in disease states. Microglial maturation is
regulated by sex hormones such as oestradiol and testosterone, leading to
distinct regional activation profiles (Villa et al., 2018; Han, Fan, et al., 2021). In
rodents, male brains exhibit higher densities of amoeboid microglia during
early postnatal development, particularly within the hippocampus and
amygdala, whereas females have more ramified and activated microglia within
the hippocampus and cortex (Han, Fan, et al., 2021; Lynch, 2022). In
adulthood, males display increased Iba1 dense microglia at baseline, while
female microglia demonstrate a more rapid response to pathological stimuli
such as AB plaques and increased phagocytic capacity (Villa et al., 2018;

Crespo-Castrillo et al., 2020).

These inherent sex differences in glial function may partly explain why AC and
LPS reduced astrocyte reactivity and AB plaque pathology in female, but not
male 5xFAD*- mice. Female glia have been reported to exhibit more dynamic
morphological and activation changes in response to inflammatory stimuli,
which could contribute to sex-specific differences in Ap plaque reduction. (Villa
et al., 2018; Crespo-Castrillo et al., 2020; Han, Fan, et al., 2021). This
enhanced glial responsiveness is likely further influenced by oestrogen, which
is known to exert neuroprotective effects. Reduced oestrogen levels are
associated with increased AB plaque deposition. Whereas oestrogen can
suppress pro-inflammatory cytokine expression in response to LPS.
Furthermore, oestrogen receptor agonists have been shown to enhance anti-

inflammatory responses, reduce AR plaques and improve cognitive function
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(Chakrabarti et al., 2014; Price et al., 2025). Although the oestrous cycle was
not examined in this study, it may contribute to the observed reduction in
astrocyte reactivity and AB plaques in female mice. Investigating how AC
influences oestrogen levels in the brain could provide further insight into its

effect on astrocyte and plaque modulation.

4.10.11. Cytokine changes in 5xFAD”- and 5xFAD*- mice.

Given the established link between cytokines, particularly IL-6, and MDD
(Beurel et al., 2020), cytokine analysis was performed to explore whether
peripheral cytokine release following AC- and LPS-injection contributed to the
induced depression-like behaviour in 5xFAD mice. Previous work in WT mice
showed that AC increased pro-inflammatory IL-6 levels while other markers,
TNF-a, IL-1B and INF-y were unaffected (Moudio et al., 2022). In the current
study, we assessed whether similar effects occur in 5xFAD mice following AC-

and LPS-injection. Cytokine profiles were examined within the genotypes.

AC altered several cytokines associated with MDD in the 5xFAD”- mice,
notably decreasing pro-inflammatory cytokines IL13, IL-12, while increasing
CXCL1, and decreasing anti-inflammatory IL-4 and INF-y. However, in
5xFAD*- mice, AC only significantly increased CXCL1. Research has shown
that 5xFAD mice exhibit elevated baseline levels of pro-inflammatory cytokines
both peripherally and centrally due to AR plaque burden compared to wild-
types (Oblak et al., 2021). These findings suggest that the heightened baseline
inflammatory state in 5xFAD*- mice dampens their responsiveness to AC,
while the comparatively homeostatic immune environment of the 5xFAD- mice

enables AC to elicit wider cytokine changes.
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In contrast, LPS produced robust cytokine changes in both genotypes,
increasing pro-inflammatory cytokines IL-6, CXCL1 and CCL2, while
decreasing the anti-inflammatory cytokines IL-4 and IFN-y. Unlike AC, which
signals through the selective PAR2 pathway, LPS activates via TLR4, to
produce more potent and broad cytokine changes across both 5xFAD”- and
5xFAD*- mice regardless of disease or baseline inflammatory state (Wendeln

et al.,, 2018; Yang et al., 2023).

The cytokine changes observed by AC and LPS only partially reflect the
peripheral cytokine profile reported in MDD. IL-6 is consistently upregulated
patients with MDD (Roohi et al., 2021; Kouba et al., 2024), and while LPS
increased IL-6 in our study, AC had no effect. TNF-a is also often elevated in
MDD, while IL-1B reports are variable (Dowlati et al., 2010; Das et al., 2021).
Anti-inflammatory cytokines such as IL-4 and IFN-y show inconsistent patterns
in MDD, with some reports of increase or no change at all (Dowlati et al., 2010;
Daria et al., 2020; Sarmin et al., 2024). Chemokines CXCL1 and CCL2 have
been reported in stress-induced models and some elderly MDD studies (Eyre
et al., 2016; Chai et al., 2019; Fanelli et al., 2019). Overall, our LPS data aligns
more closely to the changes observed in MDD, whereas AC-induced changes
in the 5xFAD-- mice do not reflect the typical MDD profile, suggesting that the
depression-like behavioural changes we observed are not driven by the

peripheral cytokine response.

Our study utilised cytokine multiplex immunoassays which provide broad
profiling but are less sensitive than ELISAs for detecting subtle changes, such

as the IL-6 increase previously reported with AC in wild-type mice (Moudio et
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al., 2022). Finally, no sex differences were detected; however, the sample size
per sex was small (n=2 per treatment per genotype), limiting statistical power

to detect sex-specific effects.

4.10.12. Conclusion

From the work in this chapter, we conclude that 5xFAD*- mice do not inherently
exhibit depression-like behaviour. Under the influence of AC and LPS-
injections, 5xFAD*- mice are not more susceptible to depression-like
behavioural changes such as low mood and anhedonia but they may be more
prone to induced apathy-like behaviour. Two injections in successive weeks of
AC and LPS, reduced astrocytic reactivity and AB plaque burden exclusively
in female 5xFAD*- mice but had limited influence on activated and phagocytic
microglia in either sex. Furthermore, LPS, but not AC, induced peripheral
cytokine alterations that correlate with MDD. Overall, these results suggest
that AC and LPS may be potentially useful therapeutic tools to modulate
neuroinflammatory and AR plaque pathology in AD. To further explore this
potential, the long-term effects, and the impact of additional dosing of AC or

LPS on neuroinflammation and AB plaque pathology were investigated.
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Chapter 5: The longevity and effect of
additional dosing of AC and LPS on behaviour

and neuropathology in 5xFAD*" mice.
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5.1. Introduction and aims.

Evidence has shown that a single dose of LPS could prime the immune system
to enhance AB plaque phagocytosis, leading to reduced plaque load at 140
days post-injection in 5XFAD mice (Yang et al., 2023). Having established that
two doses in successive weeks of AC (100 mg kg') and LPS (0.5 mg kg™)
reduced astrocytic reactivity and AB plaque pathology at 3 weeks post-
injection, we then examined the longevity of this effect, and whether additional
injections could further modulate these changes. We hypothesised that the
impaired reactivity and plaque load observed following two injections of AC or
LPS would remain for an extended period. However, as this effect was only
observed in female 5xFAD*- mice, we investigated the long-term impact of two
doses in successive weeks of AC or LPS at 10 weeks post-injection only in
female 5xFAD*- mice. We further hypothesised that additional injections of AC
and LPS would elicit more pronounced effects, reducing astrocytic reactivity
and AR plaque load further in female mice, and also induce pathological
changes in male 5xFAD*- mice. Therefore, we examined the effects of four
injections in successive weeks of AC or LPS in both male and female 5xFAD

mice.
The work in this chapter aims to answer the following research questions:

e Do two AC and LPS injections produce prolonged reductions in
astrocytic reactivity and AB plaque load at 10 weeks post-injection?
e Do four AC and LPS injections further enhance astrocyte modulation

and further reduce AP plaque load in 5xFAD mice?
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5.1.1. 5xFAD mice

To ensure that behavioural testing did not influence pathological outcomes and
to maintain consistency with previous experiments, locomotor activity, sucrose
preference, and grooming behaviour were assessed using the same protocols,
with all mice receiving a final OFT prior to perfusion. To examine the longevity
of AC and LPS treatment, female 5xFAD*- mice received two doses of either
vehicle, AC or LPS during the behavioural testing phase, then were aged for

10 weeks. Each treatment group consisted of five mice.

To investigate the effects of additional doses of AC and LPS, both male and
female 5xFAD*- mice underwent the standard two weeks of behavioural
testing and injections, followed by two additional weeks of injections with no
further behavioural testing, then were aged for 3 weeks. Each treatment group

consisted of five mice per sex.

5.2. AC- and LPS-injection reduced locomotor activity with no
prolonged behavioural or health changes at 10 weeks post-
injection.

When locomotor activity was examined in the female 5xFAD*- mice, AC (100
mg kg™') and LPS-injection (0.5 mg kg') once again reduced activity 2h post-
injection compared to pre-drug (F(2-24) = 15.21, p<0.001 vs pre-drug, Fig 5.1A)
with AC- (p<0.001 vs vehicle, n=5, Fig.5.1A) and LPS-injection (p<0.001 vs
vehicle, n=5, Fig.5.1A) reducing locomotor activity compared to vehicle

injection. Locomotor activity was recovered at 24h post-injection (AC: p=0.99

vs vehicle, n=5, Fig.5.1A; LPS: p=0.92 vs vehicle, n=5, Fig.5.1A). When
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locomotor activity was examined at 10 weeks post-injection, no long-term
behavioural changes were observed in either AC- p=0.65 vs vehicle, n=5,
Fig.5.1A) or LPS-injected (p=0.28 vs vehicle, n=5, Fig.5.1A) female 5xFAD*"

mice.

When sucrose preference was examined 2h post-injection, LPS-injection
reduced sucrose preference (p=0.03 vs pre-drug, n=5, Fig.5.1B) but no
significant changes were observed in AC- or vehicle-injected mice (vehicle:
p=0.09 vs pre-drug, n=5, Fig.5.1B; AC: p=0.79 vs pre-drug, n=5, Fig.5.1B). At
24h post-injection, the LPS-induced reduction in sucrose preference was not

significant when compared to pre-drug (p=0.17 vs pre-drug, n=5, Fig.5.1B).

In contrast to previous findings, AC- and LPS-injection had no effect on
grooming behaviour compared to vehicle at 2h post-injection in this cohort of
female 5xFAD*- mice (AC: p=0.99 vs vehicle, n=5, Fig.5.1C; LPS: p=0.84 vs
vehicle, n=5, Fig.5.1C). Furthermore, when grooming was compared from 2h
post-injection to 24h post-injection within the treatment groups, no significant
difference in time spent grooming were observed between the timepoints (F-

12) = 3.56, p=0.08 2h post- vs 24h post-drug, n=15, Fig 5.1C).

As with previous experiments, mice were weighed daily during the behavioural
testing and treatments phase. At 10-weeks post-injection, mice underwent a
final weighing and no difference in weight was found between the female
5xFAD*- mice given AC (p=0.45 vs vehicle, n=5) or LPS (p=0.5 vs vehicle,

n=5) treatment compared to vehicle injection.
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Figure 5.1: AC- and LPS-injection reduced locomotor activity and sucrose
preference 2h post-injection with no prolonged effects on locomotor activity at
10 weeks post-injection. (A) AC- (100 mg kg™ i.p.) and LPS-injection (0.5 mg kg™
i.p.) significantly reduced locomotor activity in female 5xFAD*" mice 2h post-injection
(***p<0.001 vs vehicle). No long-term effects of AC- and LPS-injection on locomotor
activity persisted at 10 weeks post-injection. (B) LPS- but not AC-injection significantly
reduced sucrose preference in female 5xFAD*" mice 2h post-injection (*p<0.05 2h
post- vs 24h post-injection). (C) AC- and LPS-injection had no effect on time spent
grooming at either 2h or 24h post-injection. Two-way repeated-measures ANOVA with
Tukey’s post hoc test (n=5 all treatments).
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5.3. Immunohistochemistry results at 10 weeks post-injection.

Following behavioural testing and treatments, female 5xFAD*- mice were aged
for 10 weeks to determine if the neuroprotective effects observed at 3 weeks
post-injection were still present. IHC was conducted using the established

protocols, and brains were labelled for astrocytes, microglia, and A plaques.

5.3.1. Two injections of AC and LPS had no effect on GFAP or C3 expression
at 10 weeks post-injection.

When reactive astrocytes were examined using GFAP fluorescence (Fig.5.2A-
C), it was revealed that AC-injection had no effect on GFAP expression at 10
weeks post-injection in any brain region in female 5xFAD*- mice (subiculum:
p=0.96, Fig.5.3A; CA1: p=0.98, Fig.5.3B; CA3: p=0.92, Fig.5.3C; DG: p=0.83,
Fig.5.3D; VC: p=0.9, Fig.5.3E; SSC: p=0.99, Fig.5.3F, n=5 vs vehicle for all

regions).

LPS-injection also had no influence on GFAP expression at 10 weeks post-
injection in female 5xFAD*- mice (subiculum: p=0.98, Fig.5.3A; CA1: p=0.99,
Fig.5.3B; CA3: p=0.94, Fig.5.3C; DG: p=0.99, Fig.5.3D; VC: p=0.96, Fig.5.3E;

SSC: p=0.99, Fig.5.3F, n=5 vs vehicle for all regions).

As with GFAP, IHC with reactive astrocyte marker C3 (Fig.5.2D-F) revealed
that AC-injection did not affect C3 expression compared to vehicle in female
5xFAD*- mice at 10 weeks post-injection (subiculum: p=0.95, Fig.5.4A; CA1:
p=0.93, Fig.5.4B; CA3: p=0.87, Fig.5.4C; DG: p=0.84, Fig.5.4D; p=0.97,

Fig.5.4E; SSC: p=0.92, Fig.5.4F, n=5 vs vehicle for all regions).
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Similarly, LPS-injection did not alter C3 expression at 10 weeks post-injection
in any brain region of female 5xFAD*- mice (subiculum: p=0.99, Fig.5.4A; CA1:
p=0.99, Fig.5.4B; CA3: p=0.98, Fig.5.4C; DG: p=0.99, Fig.5.4D; VC: p=0.97,

Fig.5.4E; SSC: p=0.98, Fig.5.4F, n=5 vs vehicle for all regions).
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Figure 5.2: Representative Mesolens images of GFAP and C3 IHC in female
5xFAD*- mice at 10 weeks post-injection. AC- and LPS-injection had no effect on
GFAP (A-C) or C3 (D-F) expression compared to vehicle across the brain regions at
10 weeks post-injection in female 5xFAD*" mice. Scale bar: 500um.
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Figure 5.3: AC- and LPS-injection had no effect GFAP expression at 10 weeks
post-injection in female 5xFAD*- mice. (A-F) Across all brain regions, GFAP
expression was unchanged by AC or LPS-injection compared to vehicle when
examined at 10-week post-injection in 5xFAD*- mice. Fluorescence intensity
measured as arbitrary units (AU). One-way repeated-measures ANOVA with Tukey’s
post hoc test (n=5 all treatments).
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Figure 5.4: AC- and LPS-injection had no effect C3 expression at 10 weeks post-
injection in female 5xFAD*" mice. (A-F) Across all brain regions, AC and LPS-
injection had no effect on C3 expression compared to vehicle at 10-week post-
injection in 5XFAD*" mice. Fluorescence intensity measured as arbitrary units (AU).
One-way repeated-measures ANOVA with Tukey’s post hoc test (n=5 all treatments).
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5.3.2. Two injections of AC and LPS had no influence on Iba1 or CDG8
expression at 10 weeks post-injection.

When activated microglia were examined with Iba1 (Fig.5.5A-C), it was found
that AC-injection had no effect on Iba1 expression at 10 weeks post in female
5xFAD*" mice (subiculum: p=0.98, Fig.5.6A; CA1:p=0.97, Fig.5.6B; CA3:
p=0.99, Fig.5.6C; DG: p=0.98, Fig.5.6D; VC: p=0.97, Fig.5.6E; SSC: p=0.95,

Fig.5.6F, n=5 vs vehicle for all regions).

In LPS-injected female 5xFAD*- mice, Ibal expression was unchanged
compared to vehicle-injection at 10 weeks post-injection (subiculum: p=0.99,
Fig.5.6A; CA1: p=0.99, Fig.5.6B; CA3: p=0.99, Fig.5.6C; DG: p=0.99,
Fig.5.6D; VC: p=0.99, Fig.5.6E; SSC: p=0.99, Fig.5.6F, n=5 vs vehicle for all

regions).

We also examined whether treatments affected phagocytic microglia using
CD68 (Fig.5.5D-F) but AC-injection had no influence on CD68 expression at
10 weeks post-injection in female 5xFAD*- mice (subiculum: p=0.99, Fig.5.7A;
CA1:p=0.98, Fig.5.7B; CA3:p=0.9, Fig.5.7C; DG: p=0.99, Fig.5.7D; VC:

p=0.98, Fig.5.7E; SSC: p=0.99, Fig.5.7F, n=5 vs vehicle for all regions).

Similarly, LPS-injection also did not alter CD68 expression at 10 weeks post-
injection in female 5xFAD*- mice (subiculum: p=0.63, Fig.5.7A; CA1: p=0.92,
Fig.5.7B; CA3: p=0.85, Fig.5.7C; DG: p=0.89, Fig.5.7D; VC: p=0.71, Fig.5.7E;

SSC: p=0.95, Fig.5.7F, n=5 vs vehicle for all regions).

Furthermore, when phagocytic microglia vs activated microglia were

investigated using CD68 to Iba1 ratio, AC-injected mice displayed no change
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in CD68 to Iba1 ratio compared to vehicle-injected female 5xFAD*- mice at 10
weeks post-injection (subiculum: p=0.99, Fig.5.8A; CA1: p=0.98, Fig.5.8B;
CA3: p=0.99, Fig.5.8C; DG: p=0.99, Fig.5.8D; VC: p=0.83, Fig.5.8E; SSC:

p=0.99, Fig.5.8F, n=5 vs vehicle for all regions).

LPS-injection also had no effect on CD68 to Iba1 ratio examined at 10 weeks
post-injection in female 5xFAD*- mice (subiculum: p=0.84, Fig.5.8A; CA1:
p=0.96, Fig.5.8B; CA3: p=0.91, Fig.5.8C; DG: p=0.93, Fig.5.8D; VC: p=0.73,

Fig.5.8E; SSC: p=0.98, Fig.5.8F, n=5 vs vehicle for all regions).
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Figure 5.5: Representative Mesolens images of Iba1l and CD68 IHC in female
5xFAD*- mice at 10 weeks post-injection. AC- and LPS-injection had no effect on
Iba1 (A-C) or CD68 (D-F) expression compared to vehicle across the brain regions at
10 weeks post-injection in female 5xFAD*" mice. Scale bar: 500um.

214|Page



A Subiculum

® \/ehicle
200+ A AC
m LPS
A
150+ ™

50

Fluorescence Intensity (AU)

St
e

5xFAD" Female

C CA3 ® \ehicle

A AC
807 = LPS

A

60— o
A [ ]

41
1

20+

=

.
.

Fluorescence Intensity (AU)

5xFAD" Female

E VC ® Vehicle

4 AC
1007 = LPS

80+ [ ]

60

T
+

20+

Fluorescence Intensity (AU)

T
o

5xFAD"" Female

Fluorescence Intensity (AU) Fluorescence Intensity (AU)

Fluorescence Intensity (AU)

100

CA1 ® Vehicle
A AC
N m LPS
801 ° -
A
T
1
T
20 ) n
[ |
5xFAD"" Female
e Vehicl
DG N A% icle
80+ = LPS
A A [ |
601 L
[ ]
J T I I
LI
[
5xFAD"" Female
® Vehicle
SSC e
m LPS

150y

100+

50+

_‘r
talBE

5xFAD"" Female

Figure 5.6: AC- and LPS-injection had no effect Iba1 expression at 10 weeks
post-injection in female 5xFAD*" mice. (A-F) Across all brain regions, AC and LPS-
injection had no influence on Iba1 expression compared to vehicle injection in female
5xFAD*- mice at 10 weeks post-injection. Fluorescence intensity measured as
arbitrary units (AU). One-way repeated-measures ANOVA with Tukey’s post hoc test

(n=5 all treatments).

215|Page



150

100+

50

Fluorescence Intensity (AU)

Subiculum

® Vehicle
A AC

= LPS

e -

e

A
A
RS
L
A

Fluorescence Intensity (AU)

5xFAD"" Female

150

CA3
® Vehicle
A AC
= |LPS
80 A
|
[ )
60
“ I I
A ]
20+ °
A
5xFAD"" Female
VC
® \/ehicle
A AC
m LPS

100+

Fluorescence Intensity (AU)

T
I_*_I

*Tf
T

5xFAD"" Female

Fluorescence Intensity (AU) Fluorescence Intensity (AU)

Fluorescence Intensity (AU)

B CA1
100~ ® \/ehicle
A A AC
= LPS
80
[ |
[ ]
60+
T4
| |
40
sa RS
A
20- i A
5xFAD" Female
D DG
807 e Vehicle
A " A AC
. = LPS
60+
401 T T "y
20+ . =
° A
5xFAD" Female
SSC
F
150 ® \/ehicle
s AC
= LPS
100 [ |
A
[ ]
J
e || [ L
A [ |
° A

5xFAD"" Female

Figure 5.7: AC- and LPS-injection had no influence on CD68 expression at 10
weeks post-injection. (A-F) CD68 expression was unchanged across the brain in
AC- and LPS-injected female 5xFAD*" mice at 10 weeks post-injection compared to
vehicle injection. Fluorescence intensity measured as arbitrary units (AU). One-way
repeated-measures ANOVA with Tukey’s post hoc test (Female: n=5 all treatments).
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5.3.3. Two injections of AC and LPS did not affect AB plaque load at 10 weeks
post-injection.

When AB plaques were examined in the female 5xFAD*- mice at 10 weeks
post injection (Fig.5.9), AC-injection did not influence AB plaque load in any of
the examined brain regions (subiculum: p=0.99, Fig.5.10A; CA1: p=0.9,
Fig.5.10B; CA3: p=0.9, Fig.5.10C; DG: p=0.83, Fig.5.10D; VC: p=0.85,

Fig.5.10E; SSC: p=0.99, Fig.5.10F, n=5 vs vehicle for all regions).

Similarly, LPS-injection also had no effect on AB plaque load across the brain
at 10 weeks post-injection when compared to vehicle injection (subiculum:
p=0.81, Fig.5.10A; CA1: p=0.84, Fig.5.10B; CA3: p=0.84, Fig.5.10C; DG:
p=0.97, Fig.5.10D; VC: p=0.61, Fig.5.10E; SSC: p=0.55, Fig.5.10F, n=5 vs

vehicle for all regions).

The size of AB plaques were also examined but no changes were found

following AC- and LPS-injection at 10 weeks post-injection.
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Figure 5.9: Representative Mesolens images of thioflavin S staining AB plaques
in female 5xFAD*- mice at 10 weeks post-injection. Compared to vehicle injection,
neither AC- nor LPS-injection had any effect on AB plaque load or size across all the
examined brain regions at 10 weeks post-injection in female 5xFAD*- mice. Scale
bar: 500um.
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Figure 5.10: AC- and LPS-injection did not alter A@ plaque load at 10 weeks post-
injection in female 5xFAD*" mice. (A-F) Thioflavin S staining revealed that AC- and
LPS-injection had no effect AB plaque load in any brain region compared to vehicle
injection at 10-week post-injection in 5xFAD*- female mice. One-way repeated-
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measures ANOVA with Tukey’s post hoc test (n=5 all treatments).
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5.4. Multiple-injections of AC or LPS had no lasting influence on
locomotor activity or animal health at 3 weeks post-injection in

5xFAD*- mice.

Male and female 5xFAD*- mice in the multiple-injection cohort, received four
weekly-doses of either vehicle, AC or LPS, with the OFT and sucrose

preference in week 1 and splash test in week 2.

Consistent with previous findings, AC and LPS injections again reduced
locomotor activity 2h post-injection compared to pre-drug (F(1-3s) = 6.67,
p=0.007 vs pre-drug, Fig 5.11A) with AC- (p=0.03 vs vehicle, n=10, Fig.5.11A)
and LPS-injection (p=0.002 vs vehicle, n=10, Fig.5.11A) reducing locomotor
activity compared to vehicle injection. No sex differences were observed at any
time point. However, hyperactivity was observed in two animals at 24h post-
injection, one vehicle-injected and one LPS-injected. This increased activity
partially recovered in the vehicle-injected mouse but persisted in the LPS-
injected mouse. When locomotor activity was examined 3-weeks post-
injection, additional doses of AC and LPS had no lasting behavioural changes
on the 5xFAD*"- mice (AC: p=0.83 vs vehicle, n=10, Fig.5.11A; LPS: p=0.89 vs

vehicle, n=10, Fig.5.11A).

To maintain consistency, sucrose preference was examined to find that LPS-
injection again reduced sucrose preference 2h post-injection (, p=0.03 vs pre-
drug, n=10, Fig.5.11B) but no significant changes were observed in AC- or
vehicle-injected mice (Vehicle: p=0.26 vs pre-drug, n=10, Fig.5.11B; AC:

p=0.09 vs pre-drug, n=10, Fig.5.11B). At 24h post-injection, the LPS-induced
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reduction in sucrose preference was not significant when compared to pre-
drug (p=0.25 vs pre-drug, n=10, Fig.5.11B). When sex was examined, AC- and
LPS-injection significantly reduced sucrose preference 2h post-injection in
female (AC: p=0.05; LPS: p=0.04, n=5 vs pre-drug for both treatments) but not

male mice when compared to pre-drug.

When grooming behaviour was examined in this cohort of mice, there was an
overall reduction in time spent grooming in the AC-injected mice 2h post
injection (p=0.046 vs vehicle, n=10, Fig.5.11C), whereas LPS-injection had no
effect (p=0.36 vs vehicle, n=10, Fig.5.11C). When sex differences were
examined, it was noticed that male 5xFAD*- mice were more susceptible to
reduced grooming 2h post-injection following both AC (p=0.02 male vs female,
n=5) and LPS (p=0.02 male vs female, n=5). Overall, no difference in time
spent grooming was found between 2h post-injection and 24h post-injection

(F(1-27) = 1.56, p=0.22 2h post- vs 24h post-drug, n=30, Fig 5.11C).

Consistent with the previous studies, mice were weighed daily during the
behavioural testing and treatments phase. Additional doses of AC and LPS
had no effect on final body weight in either male or female 5xFAD*- mice at 3-
weeks post-injection compared to vehicle injection (AC: p=0.44 vs vehicle,
n=10 males; p=0.62 vs vehicle, n=10 females; LPS: p=0.33 vs vehicle, n=10

males; p=0.13 vs vehicle, n=10 females).
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Figure 5.11: AC- and LPS-injection reduced locomotor activity 2h post-injection
with additional doses having no lasting influence on activity at 3 weeks post-
injection. (A) AC- and LPS-injection significantly reduced locomotor activity 2h post-
injection (AC: *p<0.05 vs vehicle; LPS: **p<0.01 vs vehicle). Additional doses of AC
and LPS had no lasting effects on locomotor activity at 3-weeks post-injection. (B)
LPS- but not AC-injection significantly reduced sucrose preference 2h post-injection
(*p<0.05 2h post- vs 24h post-injection). (C) AC- but not LPS-injection reduced
grooming time 2h post-injection (*p<0.05 vs vehicle). Two-way repeated-measures
ANOVA with Tukey’s post hoc test (n=10 all treatments).
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5.5. Immunohistochemistry results of four weekly-injections of AC

or LPS.

Following the established behavioural testing protocol, with two injections in
successive weeks alongside behaviour testing, both male and female 5xFAD*"
mice received two additional injections in successive weeks (four injections in
total) and were aged for 3 weeks to determine if the neuroprotective effects
were enhanced with further dosing in female 5xFAD*- mice, and whether any

pathological changes were observed in male 5xFAD*- mice.

5.5.1. Fourinjections of AC and LPS had no effect on GFAP or C3 expression
at 3 weeks post-injection.

GFAP fluorescence was used to examine astrocyte reactivity (Fig.5.12) to
reveal that additional AC-injections did not influence GFAP expression across
the brain in female (subiculum: p=0.81, Fig.5.13A; CA1: p=0.55, Fig.5.13B;
CA3: p=0.8, Fig.5.13C; DG: p=0.49, Fig.5.13D; VC: p=0.51, Fig.5.13E; SSC:
p=0.54, Fig.5.13F, n=5 vs vehicle for all regions) or male 5xFAD*- mice
(subiculum: p=0.85, Fig.5.13A; CA1: p=0.87, Fig.5.13B; CA3: p=0.98,
Fig.5.13C; DG: p=0.94, Fig.5.13D; VC: p=0.99, Fig.5.13E; SSC: p=0.9,
Fig.5.13F, n=5 vs vehicle for all regions). Furthermore, no differences in GFAP

expression were found between the sexes in any brain region.

When LPS-injected mice were examined, we also found that additional
injections of LPS had no effect on GFAP expression when compared to vehicle
injection in either female (subiculum: p=0.93, Fig.5.13A; CA1: p=0.9,

Fig.5.13B; CA3: p=0.98, Fig.5.13C; DG: p=0.99 Fig.5.13D; VC: p=0.98,
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Fig.5.13E; SSC: p=0.99, Fig.5.13F, n=5 vs vehicle for all regions) or male
5xFAD*- mice (subiculum: p=0.99, Fig.5.13A; CA1: p=0.99, Fig.5.13B; CA3:
p=0.71, Fig.5.13C; DG: p=0.92, Fig.5.13D; VC: p>0.99, Fig.5.13E; SSC
p=0.94, Fig.5.13F, n=5 vs vehicle for all regions). Also, no differences in GFAP
expression were found between male and female 5xFAD*- mice following

multiple LPS-injections across the brain.

When C3 expression was examined (Fig.5.14), multiple injections of AC
revealed no change C3 expression in female 5xFAD*- mice compared to
vehicle-injected mice (subiculum: p=0.92, Fig.5.15A; CA1: p=0.91, Fig.5.15B;
CA3: p=0.97, Fig.5.15C; DG: p=0.84, Fig.5.15D; VC: p=0.91, Fig.5.15E; SSC:
p=0.95, Fig.5.15F, n=5 vs vehicle for all regions). There was also no effect of
additional AC-injections on C3 expression in male 5xFAD*- mice (subiculum:
p=0.58, Fig.5.1A; CA1: p=0.6, Fig.5.15B; CA3: p=0.81, Fig.5.15C; DG: p=0.5,
Fig.5.15D; VC: p=0.55, Fig.5.1E; SSC: p=0.69, Fig.5.15F, n=5 vs vehicle for
all regions). When sex was compared, no differences between C3 expression

were found between AC-injected male and female 5xFAD*- mice.

Further, additional injections of LPS also had no effects on C3 expression in
either female (subiculum: p=0.76, Fig.5.15A; CA1: p=0.79, Fig.5.15B; CAS3:
p=0.58, Fig.5.15C; DG: p=0.58, Fig.5.15D; VC: p=0.83, Fig.5.15E; SSC:
p=0.8, Fig.5.15F, n=5 vs vehicle for all regions) or male 5xFAD*- mice
(subiculum: p=0.99, Fig.5.1A; CA1: p=0.99, Fig.5.15B; CA3: p=0.94,
Fig.5.15C; DG: p=0.99, Fig.5.15D; VC: p=0.87, Fig.5.1E; SSC: p=0.94,
Fig.5.15F, n=5 vs vehicle for all regions). In addition, no sex differences in C3

expression were found between LPS-injection male and female 5xFAD*" mice.
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Figure 5.12: Representative Mesolens images of GFAP IHC in female and male
5xFAD*- mice following multiple-injections. Additional doses of AC- and LPS-
injection had no effect on GFAP expression compared to vehicle in either female (A-
C) or male (D-F) 5xFAD*- mice across the brain regions at 3 weeks post-injection.
Scale bar: 500um.
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Figure 5.13: GFAP expression was unchanged in both female and male 5xFAD*"
mice following multiple injections of AC or LPS. (A-F) Across the brain, multiple
injections of AC and LPS-injections had no effect on GFAP expression at 3 weeks
post injection in either male or female 5xFAD*"mice compared to vehicle. Further, no
significant differences in astrocytic reactivity were found between male and female
5xFAD*" mice. Fluorescence intensity measured as arbitrary units (AU). Two-way
repeated-measures ANOVA with Tukey’s post hoc test (n=5 all treatments and sex).
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Figure 5.14: Representative Mesolens images of C3 IHC in female and male
5xFAD*- mice following multiple-injections. Additional doses of AC- and LPS-
injection had no effect on C3 expression compared to vehicle in either female (A-C)
or male (D-F) 5xFAD*" mice across the brain regions at 3 weeks post-injection. Scale
bar: 500um.
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Figure 5.15: C3 expression was unaffected in both female and male 5xFAD*"
mice following multiple injections of AC or LPS. (A-F) Multiple injections of AC
and LPS had no effect on C3 expression when examined across the brain in either
male or female 5xFAD*" mice at 3 weeks post-injection. There were also no
differences in C3 expression found between sex of any treatment. Fluorescence
intensity measured as arbitrary units (AU). Two-way repeated-measures ANOVA with
Tukey’s post hoc test (n=5 all treatments and sex).
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5.5.2. Four injections of AC and LPS had no effect on Iba1l or CD68
expression at 3 weeks post-injection.

When activated microglia were examined using Iba1 expression (Fig.5.16), we
found that additional doses of AC had no effect on Ibal expression when
compared to vehicle in both female (subiculum: p=0.92, Fig.5.17A; CA1:
p=0.99, Fig.5.17B; CA3: p=0.99, Fig.5.17C; DG: p=0.99, Fig.5.17D; VC:
p=0.78, Fig.5.17E; SSC: p=0.79, Fig.5.17F, n=5 vs vehicle for all regions) and
male 5xFAD*" mice (subiculum: p=0.67, Fig.5.17A; CA1: p=0.79, Fig.5.17B;
CAS3: p=0.75, Fig.5.17C; DG: p=0.88, Fig.5.17D; VC: p=0.88, Fig.5.17E; SSC:
p=0.99, Fig.5.17F, n=5 vs vehicle for all regions). Furthermore, there was no
difference in Iba1 expression between AC-injected male and female 5xFAD*-

mice in any brain region.

We also revealed that additional doses of LPS did not influence Iba1
expression compared to vehicle in either female (subiculum: p=0.99,
Fig.5.17A; CA1: p=0.9, Fig.5.17B; CA3: p=0.95, Fig.5.17C; DG: p=0.96,
Fig.5.17D; VC: p=0.85, Fig.5.17E; SSC: p=0.99, Fig.5.17F, n=5 vs vehicle for
all regions) or male 5xFAD*- mice (subiculum: p=0.99, Fig.5.17A; CA1:
p=0.79, Fig.5.17B; CA3: p=0.75, Fig.5.17C; DG: p=0.91, Fig.5.17D; VC:
p>0.99, Fig.5.17E; SSC: p=0.99, Fig.5.17F, n=5 vs vehicle for all regions).
Furthermore, no sex differences were found in Iba1l expression following

additional injections of LPS.

Phagocytic microglia, assessed using CD68 expression (Fig.5.18), were
unaffected by additional doses of AC in female 5xFAD*- mice (subiculum:

p=0.96, Fig.5.19A; CA1: p=0.99, Fig.5.19B; CA3: p=0.99, Fig.5.19C; DG:

230|Page



p=0.95, Fig.5.19D; VC: p>0.99, Fig.5.19E; SSC: p=0.99, Fig.5.19F, n=5 vs
vehicle for all regions). Further, CD68 expression in male 5xFAD*" mice was
unchanged compared to vehicle following additional doses of AC (subiculum:
p=0.73, Fig.5.19A; CA1: p=0.63, Fig.5.19B; CA3: p=0.67, Fig.5.19C; DG:
p=0.58, Fig.5.19D; VC: p=0.84, Fig.5.19E; SSC: p=0.77, Fig.5.19F, n=5 vs

vehicle for all regions).

Additional doses of LPS also had no effect on CD68 expression in both female
(subiculum: p=0.99, Fig.5.19A; CA1: p=0.99, Fig.5.19B; CA3: p=0.97,
Fig.5.19C; DG: p=0.98, Fig.5.19D; VC: p=0.95, Fig.5.19E; SSC: p=0.95,
Fig.5.19F, n=5 vs vehicle for all regions) and male 5xFAD*- mice (subiculum:
p=0.92, Fig.5.19A; CA1: p=0.81, Fig.5.19B; CA3: p=0.78, Fig.5.19C; DG:
p=0.88, Fig.5.19D; VC: p=0.85, Fig.5.19E; SSC: p=0.73, Fig.5.19F, n=5 vs

vehicle for all regions).

There was a general trend towards increased CD68 expression across the
treatment groups in male 5xFAD*- mice in the CA3 (F(1-23) = 4.06, p=0.056
male vs female, n=15, Fig 5.19C), DG (F(1-23) = 3.31, p=0.08 male vs female,
n=15, Fig 5.19D) and SSC (F-23) = 3.2, p=0.087 male vs female, n=15, Fig

5.19F).

Finally, when the CD68 to Iba1 ratio was examined, we found no change
following additional doses of AC compared to vehicle in either female
(subiculum: p>0.99, Fig.5.20A; CA1: p=0.62, Fig.5.20B; CA3: p>0.99,
Fig.5.20C; DG: p=0.93, Fig.5.20D; VC: p=0.58, Fig.5.20E; SSC: p=0.79,

Fig.5.20F, n=5 vs vehicle for all regions) or male 5xFAD*- mice (subiculum:
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p>0.99, Fig.5.19A; CA1: p=0.97, Fig.5.20B; CA3: p=0.99, Fig.5.20C; DG:
p=0.99, Fig.5.20D; VC: p=0.81, Fig.5.20E; SSC: p=0.97; LPS: Fig.5.20F, n=5

vs vehicle for all regions).

There was also no change in CD68 to Iba1 ratio following additional doses of
LPS compared to vehicle in either female (subiculum: p=0.82, Fig.5.20A; CA1:
p=0.78, Fig.5.20B; CA3: p=0.93, Fig.5.20C; DG: p=0.89, Fig.5.20D; VC:
p=0.88, Fig.5.20E; SSC: p=0.96, Fig.5.20F, n=5 vs vehicle for all regions) or
male 5xFAD*- mice (subiculum: p=0.5, Fig.5.19A; CA1: p=0.98, Fig.5.20B;
CA3: p=0.43, Fig.5.20C; DG: p=0.61, Fig.5.20D; VC: p=0.97, Fig.5.20E; SSC:
p=0.94, Fig.5.20F, n=5 vs vehicle for all regions). No sex differences in CD68

to Iba1 ratio were observed following additional doses of vehicle, AC or LPS.
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Figure 5.16: Representative Mesolens images of Iba1 IHC in female and male
5xFAD*- mice following multiple-injections. Additional doses of AC- and LPS-
injection had no effect on Iba1 expression compared to vehicle in either female (A-C)
or male (D-F) 5xFAD*- mice across the brain regions at 3 weeks post-injection. Scale
bar: 500um.
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Figure 5.17: Iba1 expression was unaltered in both female and male 5xFAD*"
mice following multiple injections of AC or LPS. (A-F) In both male and female
5xFAD*" mice, multiple injections of AC and LPS had no effect on Iba1 expression
compared to vehicle when examined across the brain at 3 weeks post-injection. Also,
no differences in Iba1l expression were found between sex of any treatment.
Fluorescence intensity measured as arbitrary units (AU). Two-way repeated-
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measures ANOVA with Tukey’s post hoc test (n=5 all treatments and sex).
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Figure 5.18: Representative Mesolens images of CD68 IHC in female and male
5xFAD*" mice following multiple-injections. Additional doses of AC- and LPS-
injection had no effect on CD68 expression compared to vehicle in either female (A-
C) or male (D-F) 5xFAD*" mice across the brain regions at 3 weeks post-injection.
Scale bar: 500um.
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Figure 5.19: CD68 expression was unchanged in both female and male 5xFAD*"
mice following multiple injections of AC or LPS. (A-F) When CD68 expression
was examined, multiple injections of AC and LPS had no effect in either male or
female 5xFAD*" mice compared to vehicle when examined across the brain regions
at 3 weeks post-injection. There was also no significant difference in CD68 expression
between male and female mice of any treatment. Fluorescence intensity measured
as arbitrary units (AU). Two-way repeated-measures ANOVA with Tukey’s post hoc
test (n=5 all treatments and sex).
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5.5.3. Four injections of AC and LPS did not influence AR plaque load at 3
weeks post-injection.

When AB plaques were examined using thioflavin S staining (Fig.5.21), we
found that multiple injections of AC had no influence on AB plaque load in any
of the examined brain regions in either female (subiculum: p=0.38, Fig.5.22A;
CA1: p=0.85, Fig.5.22B; CA3: p=0.97, Fig.5.22C; DG: p=0.95, Fig.5.22D; VC:
p=0.64, Fig.5.22E; SSC: p=0.53, Fig.5.22F, n=5 vs vehicle for all regions) or
male 5xFAD*" mice (subiculum: p=0.97, Fig.5.22A; CA1: p=0.99, Fig.5.22B;
CA3: p=0.83, Fig.5.22C; DG: p=0.78, Fig.5.22D; VC: p=0.99, Fig.5.22E; SSC:

p=0.55, Fig.5.22F, n=5 vs vehicle for all regions).

Furthermore, additional doses of LPS also had no effect on AB plaque load in
either female (subiculum: p=0.33, Fig.5.22A; CA1: p=0.53, Fig.5.22B; CAS3:
p=0.96, Fig.5.22C; DG: p=0.93, Fig.5.22D; VC: p=0.9, Fig.5.22E; SSC:
p=0.12, Fig.5.22F, n=5 vs vehicle for all regions) or male 5xFAD*- mice
(subiculum: p=0.99, Fig.5.22A; CA1: p=0.5, Fig.5.22B; CA3: p=0.42,
Fig.5.22C; DG: p=0.92, Fig.5.22D; VC: p=0.39 Fig.5.22E; SSC: p=0.99,

Fig.5.22F, n=5 vs vehicle for all regions).

In several brain regions, there was an overall increase in AB plaque load in
female mice compared to males (CA1: F¢1-24) = 4.81, p=0.4, Fig 5.22B; DG: F1-
24)=6.1, p=0.02, Fig 5.22D; SSC: F(1-24)= 10.7, p=0.003, Fig 5.22F, n=15 male
vs female for all regions). In addition, the size of AB plaques were examined
but we found no changes following additional doses of AC and LPS in either

SexX.

238|Page



AB plaque

Female 5xFAD" Male 5xFAD"

Vehicle-
injected

AC-
injected

LPS-
injected

Figure 5.21: Representative Mesolens images of thioflavin S staining in female
and male 5xFAD*" mice following multiple-injections. Additional doses of AC- and
LPS-injection had no significant effect on AB plaque load compared to vehicle in
either female (A-C) or male (D-F) 5xFAD*" mice across the brain regions at 3 weeks
post-injection. Female mice were observed to have increased AB plaque load in
several regions compared to male mice. Scale bar: 500um.
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Figure 5.22: Multiple injections of AC or LPS had no influence on AB plaque
load in either female or male 5xFAD*- mice. (A-F) Thioflavin S staining revealed
that additional doses of AC and LPS had no effect AR plaque load compared to
vehicle injection in any brain region in either male or female 5xFAD*" mice at 3 weeks
post-injection. (B, D, F) Female mice had significantly increased AB plaque load in
the CA1 (*p<0.05), DG (*p<0.05) and SSC (**p<0.01) compared to male 5xFAD *-
mice. Two-way repeated-measures ANOVA with Tukey’s post hoc test (n=5 all
treatments and sex).
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5.6. Discussion

5.6.1. AC264613 and LPS had no effect long-term effect on locomotor activity
or animal health at 10 weeks post-injection.

Consistent with previous experiments, we observed that AC and LPS reduced
locomotor activity 2h post-injection, suggesting the mice were experiencing
low mood-like behaviour (Petkovi¢ et al., 2022). This reduction was recovered
at 24h post-injection, again highlighting the short-lived effects of AC (100 mg
kg™') and LPS (0.5 mg kg') on activity (Dang et al., 2019; Moudio et al., 2022).
As we previously found no long-term effects of AC and LPS on locomotor
activity at 3 weeks post-injection, we also confirmed activity remained

unchanged at 10 weeks post-injection.

Furthermore, we found no long-term changes in body weight in the animals
that received AC and LPS at 10 weeks post-injection. Although locomotor
activity was only examined in female 5xFAD*- mice at 10 weeks post-injection,
prior cohorts comparing WT and 5xFAD”- vs 5xFAD*" mice revealed no sex
differences in locomotor activity, suggesting that male 5xFAD*- mice would
likely also exhibit no lasting effects of AC or LPS at this time point. Taken
together, these results indicate that, at the doses and frequency used, AC and

LPS do not induce persistent behavioural or general health changes in mice.

5.6.2. LPS but not AC264613 reduced sucrose preference at 2h post-
injection.

In this cohort of female 5xFAD*- mice, LPS reduced sucrose preference at 2h
post-injection, whereas AC had no significant effect. These results contrast to

our previous 5xFAD- vs 5xFAD*- mice cohort, where both AC- and vehicle-
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injection also induced reductions in sucrose preference. This variability in our
results highlights the reported reliability and reproducibility issues often

associated with the sucrose preference test (Markov, 2022; Berrio et al., 2024).

In particular, the previous 5xFAD”- vs 5xFAD*- mice cohort experiments were
conducted during major construction to the animal facility, exposing animals to
environmental stressors such as noise and room changes. Several studies
show that acoustic and environmental stressors increase susceptibility to
depression-like and anhedonia-like behaviours in rodents. Chronic aversive
noise has been shown to reduce sucrose preference and induce other
depressive-like behaviours in mice (Dong et al., 2016), while intense auditory
stress impaired cognitive function, as well as inducing depression-like
behaviour, including reduced sucrose preference and hyperactivity (Gao,
Zhang, et al., 2023). Therefore, the mice from our earlier 5xFAD”- vs 5xFAD*"
cohort may have been more susceptible to stress-induced anhedonia-like

behaviour following AC and vehicle-injection.

In contrast, the later cohorts of mice, including the female 5xFAD*- mice
maintained for 10 weeks post-injection, and the male and female 5xFAD*" that
received four weekly injections, were born and tested after construction had
finished. These mice were maintained in a quieter and more stable
environment, likely reducing their susceptibility to stress-related behavioural
alterations. Although these cohorts were maintained in a quieter environment,
they still experienced LPS-induced reduced sucrose preference suggesting
that LPS-induces anhedonia regardless of environment. LPS is widely used to

induce anhedonia (Dantzer, 2006; Biesmans et al., 2016), and studies have
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shown LPS-induced anhedonia is exacerbated in the presence of
environmental stressors (Couch et al., 2016). Evidence of environmental
stress effects can also be observed in the locomotor activity between these
cohorts of mice, as the 5xFAD” vs 5xFAD*" mice exhibited higher baseline
locomotor activity compared to later cohorts, suggesting stress may have
induced some degree of hyperactivity in the mice (Boulle et al., 2014; Deal et
al.,, 2021). Overall, these results highlight that environmental stress can
influence baseline and vehicle or AC-induced sucrose preference, but LPS

consistently produces a transient anhedonia-like behaviour.

5.6.3. AC264613 and LPS did not induce apathy-like behaviour in female
5xFAD*" mice.

In contrast to the 5xFAD”- vs 5xFAD*- mice cohort where we found 5xFAD*"
mice were more susceptible to pharmacologically-induced apathy-like
behaviour, AC and LPS had no effect on grooming in the 5xFAD*- female mice
cohort 2h post-injection. There was also no overall change in grooming time

between 2h and 24h post-injection.

This difference may also be attributable to environmental stress. The earlier
5xFAD”- vs 5xFAD*- mice cohort was exposed to major construction in the
animal facility, which may have led to increased susceptibility to stress-induced
reductions in grooming and apathy-like behaviour (Atrooz et al., 2021; Nollet,
2021). By contrast, the 5xFAD*- female mice cohort was maintained in a
quieter, more stable environment, therefore were less likely to display stress-
induced apathetic behaviour. Studies have shown environmental stressors

exacerbate pharmacologically-induced depression- and apathy-like behaviour
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(Couch et al., 2016; Kwatra et al., 2021). This further supports that stress
influences responses to apathy-like behaviour, and suggests that in our study,
AC, may only induce apathetic-like behavioural changes in stress-sensitised
animals. Interestingly, in the WT cohort, which was conducted before the
animal facility construction commenced, we also found that AC did not alter
grooming behaviour whereas LPS reduced grooming, suggesting LPS-
induced behavioural changes can occur regardless of environmental stress,

but the consistency may vary across cohorts.

Overall, these findings highlight that environmental conditions can influence
susceptibility to depression- and apathy-like behaviour, and that
pharmacologically-induced effects, such as AC or LPS, may be variable across

cohorts depending on both stress history and other cohort-specific factors.

5.6.4. AC264613 and LPS had no effect astrocytic reactivity at 10 weeks
post-injection.

The 5xFAD*- female mice cohort were maintained for an additional 7 weeks,
reaching 10 weeks post-injection (22-23 weeks old) when the brains were
examined. Our previous results demonstrated that two injections of AC and
LPS reduced astrocyte reactivity and AR plaque burden at 3 weeks-post
injection. However, we found at 10 weeks post-injection these pathological
changes did not persist, and astrocyte reactivity between vehicle, AC and LPS

was indistinguishable.

Astrocyte reactivity is increasingly recognised as a hallmark of

neuroinflammatory and neurodegenerative diseases, with astrocytes
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undergoing progressive changes that contribute to disease pathogenesis
(Verkhratsky et al., 2023; Huang et al., 2025). Depending on their activation
state, reactive astrocytes can have beneficial neuroprotective effects, or
detrimental neurotoxic effects that can influence disease progression
(Lawrence et al., 2023; Zhao et al., 2024). Previous research within the lab
group has shown PAR2 activation induces neuroprotection against kainate-
induced neurotoxicity via astrocytic activation, highlighting the potential of
PAR2 astrocytic modulation (Greenwood et al., 2010). In the 5xFAD mouse
model, astrocyte reactivity is associated with A plaque burden (Oakley et al.,
2006) and multiple studies have demonstrated modulation of astrocyte
reactivity can influence AB plaque burden. Indeed inhibition or knock-out
models of regulators involved with astrogliosis, such as STAT3 and YKL-40,
have shown to reduce astrocyte reactivity and AB plaque burden in mouse
models of AD (Reichenbach et al., 2019; Zeng et al., 2023). Furthermore,
pharmacological interventions of STAT3 signalling, reduced astrocyte
expression, as well as reduced AB plague deposition and improved cognitive
function in the APP/PSN1 mouse model (Gao et al., 2022). Conversely,
several studies have also shown that ablation or reduction of astrocyte activity
can impair AB plaque clearance and worsen AR plaque burden, often resulting

in further cognitive decline (Kraft et al., 2013; Katsouri et al., 2020).

From our results at 3 weeks-post injection, we proposed that AC and LPS were
modulating astrocytes to reduce reactivity, thus facilitating AB plaque
clearance. However, as we see no change in GFAP or C3 expression following

two injections of AC and LPS at 10 weeks post-injection, this effect appears to
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be short-lived. This may be due to the progressive and aggressive pathology
of the 5xFAD model, where astrocyte reactivity and AB plaque advance rapidly
potentially overtaking any early pharmacological effect (Oblak et al., 2021).
Further, it could suggest that the dose and frequency of AC and LPS given in
our study were only sufficient for short-term modulation. A study using low-
dose LPS demonstrated astrocyte and microglia activation, resulting in AB
plaque reduction up to 14 days post-injection. However, after 14 days post-
injection astrocyte reactivity returned to baseline, while A plaque burden was
restored by 28 days post-injection (Herber et al., 2004). Taken together, our
results suggest a transient neuroprotective role of astrocytic modulation in
5xFAD mice but potentially dosage and frequency may influence the duration

of efficacy.

5.6.5. AC264613 and LPS had no effect on activated microglia or their
phagocytic activity at 10 weeks post-injection.

We found that at 10 weeks post-injection, AC and LPS had no effect on
activated microglia levels, measured using Iba1 expression, or phagocytic
activity, measured using CD68 expression. From our 3 week-post injection
data, we observed region specific reductions in microglial activity following two
injections of AC, but we found no changes in microglial phagocytic activity. We
also did not observe any changes in microglial or phagocytic activity following
LPS treatment. Our 10-week post-injection findings further substantiate that
AC and LPS produce little to no effect on microglial and phagocytic activity in

the 5xFAD mouse model at the dosage and frequency used.
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Upregulated microglial activation is a hallmark of neuroinflammatory and
neurodegenerative diseases, including AD (Leng et al., 2021; Valiukas et al.,
2025). Microglia play a crucial role in AR plaque clearance but as disease
progresses, chronic microglial activation contributes to a dysfunctional
inflammatory response, leading to impaired AB plaque clearance, and even
increased AB plaque deposition (Valiukas et al., 2025). In the 5xFAD model,
activated microglia cluster around AB plaques, and studies have shown
increased activated microglia levels starting at 2 months of age (Oakley et al.,
2006; Forner et al., 2021). This heightened and sustained inflammatory
environment may limit the ability of pharmacological agents, such as AC or

LPS, to further modulate microglial activity at more developed disease stages.

PAR2 activation has been shown to modulate microglial responses, though its
effects are context-dependent. Studies have shown PAR2 activation can
induce pro-inflammatory responses via microglia, releasing cytokines that
result in neuronal death (Park et al., 2010). Conversely, others have shown
PAR2 stimulation can release protective neurotrophic factors and delay
inflammatory cytokine release (Chen et al., 2012). However, previous studies
within the lab group demonstrated that AC did not induce cytokine release from
primary microglia (Moudio et al., 2022). The results from both our 3-week and
10-week post-injection cohorts suggests that PAR2 activation via AC-injection
has limited effects on activated microglia and does not influence microglial
phagocytosis. This again may be due to the disease state of the 5xFAD model,
or the dose of AC used in our study is not sufficient to produce effects on

microglia.
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LPS is widely used in to induce microglial inflammatory responses. However,
several studies have shown that LPS-induced microglial activation often
produces short-lived effects, peaking within a few hours or days post-injection
but returning to baseline levels shortly after (Reinert et al., 2014; Jung et al.,
2023). Whereas other research demonstrated that repeated LPS injections
induced long-lasting immune training and tolerance effects in microglia that
persisted for 6 months (Wendeln et al., 2018). Whilst these studies may vary
by dosage and frequency of administration, these findings suggest that the
microglial response to a single LPS exposure can be limited in duration and
may not produce long-lasting effects on microglial activity or AR clearance.
Notably, only a fraction of systemically administered LPS enters the brain, as
the BBB prevents most from penetrating. Instead, LPS primarily mediates its
effects indirectly via peripheral immune activation, leading to cytokine release
that can cross the BBB to initiate a neuroinflammatory response. Additionally,
disruption of the BBB may allow further LPS into the CNS (Nordgreen et al.,
2018; Batista et al., 2019). In contrast, AC, as a small molecule, can readily
cross the BBB and directly affect the CNS directly (Moudio et al., 2022). These
differences in CNS accessibility may influence the extent of behavioural effects
and immunomodulation, although in our study, behavioural and pathological

outcomes were broadly similar between AC and LPS.

Together, the results from both our 3 week and 10-week post-injection cohorts,
suggest that, at the dose and frequency used, AC and LPS are insufficient at

influencing microglial activity in the 5xFAD model.
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5.6.5. AC264613 and LPS had no effect AR plaque load at 10 weeks post-
injection.

Although we observed significant reductions in AR plaque load at 3 weeks
post-injection following two injections of AC and LPS treatment, by 10 weeks
post-injection neither AC nor LPS altered AB plaque load in female 5xFAD*-
mice. These findings, alongside unchanged astrocytic and microglial activity,
further support that AC and LPS exert only transient effects on AD related

pathology in the 5xFAD model.

Whilst extensive research supports the role of PAR2 in glial expression
(Bushell, 2007; Price et al., 2021), evidence linking PAR2 activation directly to
AB plaque pathology is limited. Upregulated PAR2 expression has been found
in glial cells clustered around AR plaques in human post-mortem tissue
(Afkhami-Goli et al., 2007). Furthermore, a PAR2 inhibitor was found to
decrease amyloid aggregates and neuroinflammation in human fibroblasts
from Parkison’s patients (Quarta et al., 2024). These studies support an

association between PAR2 and amyloid related neuroinflammation.

Conversely, LPS has been used to influence AB plaque pathology in various
models to differing effects. A single administration of LPS prior to plaque
formation induced long-term microglial priming and reduced A plaques for up
to 6 months in the 5xFAD model, indicating that the timing of immune
stimulation influences sustained neuroprotection (Yang et al., 2023). Additional
studies have also reported decreases in A plaque burden following repeated
or low-dose LPS administration in mouse models of differing ages (Go et al.,

2016; Thygesen et al., 2018; Jendresen et al., 2019). In contrast, others report
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systemic or chronic LPS exposure can exacerbate amyloid pathology and
neuroinflammation (Michaud et al., 2013; Xie et al., 2021, 2022). Such
discrepancies likely arise from differences in LPS dosage, frequency, route of

administration, and the disease stage at which interventions occur.

In our 3-week post-injection cohort, we revealed that both AC and LPS reduced
AB plaque burden in female 5xFAD*- mice, but not in males. Hence, we
focused on females for the 10-week cohort. However, the absence of an effect
at 10 weeks post-injection suggests that these interventions produce only
short-lived modulation of AB pathology. This may be due the aggressive and
progressive inflammatory state of the 5xFAD model. Taken together with our
astrocytic and microglial findings, these data indicate that AC- and LPS-
induced modulation may induce transient neuroprotective effects in female

5xFAD*- mice, which diminish as disease pathology advances.

5.6.6. Multiple doses of AC264613 and LPS had no long-lasting effect on
locomotor activity or animal health at 3 weeks post-injection.

After observing reductions in astrocytic reactivity and AR plaques in female
5xFAD*- mice following two injections in successive weeks of either AC or
LPS, we sought to determine whether additional doses could further potentiate
these effects or elicit responses in male 5xFAD*- mice. To maintain
consistency with the initial experimental design, both male and female
5xFAD*- mice received two injections in successive weeks alongside
behavioural testing in accordance with previous protocols for the first two

weeks. This was followed by two additional injections in successive weeks, for
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a total of four injections. Mice were then maintained for 3 weeks post-final

injection.

As seen in previous experiments, AC (100 mg kg™') and LPS (0.5 mg kg™)
reduced locomotor activity 2h post-injection, consistent with short-term low
mood-like behavioural effects, which were recovered by 24h post-injection. We
also revealed that additional doses of AC and LPS had no lasting effects on
activity, further confirming the short-lived nature of the treatments on behaviour
(Moudio et al., 2022). In addition, repeated injections of AC and LPS did not
affect long-term changes in body weight in the animals when examined at 3
weeks post-injection. These findings further confirm that, at the doses and
frequency used, AC and LPS do not induce persistent behavioural or general

health alterations in 5xFAD mice.

5.6.7. LPS reduced sucrose preference in both sexes, while AC264613
reduced sucrose preference in only female 5xFAD*- mice at 2h post-injection.
As with the 10-week post-injection cohort, the mice in the multi-injection cohort
were maintained and tested in a quieter and more stable environment. Overall,
LPS, but not AC, reduced sucrose preference in both sexes; however, AC
reduced sucrose preference in female 5xFAD*- mice, suggesting sex-

dependant susceptibility of AC-induced anhedonia.

Interestingly, previous research from our lab group found that AC (10 mg kg™')
reduced sucrose preference 2h post-injection in WT male mice (Moudio et al.,
2022). However, despite a higher dose of AC in the present study, only female

mice exhibited anhedonia-like behaviour again highlighting variability in the
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sucrose preference test, as well as the influence of environmental conditions,

strain, age, and sex on behavioural outcomes (Verharen et al., 2023).

Taken together with the 10-week cohort, these findings highlight that AC-
induced anhedonia-like behaviour is context dependant but under conditions
of environmental stress, behavioural responses can be potentiated. Whereas

LPS still produces anhedonia-like behaviour regardless of environment.

5.6.8. AC264613 and LPS induce apathy-like behaviour in male 5xFAD*"
mice.

When grooming behaviour was assessed in the multi-injection mice cohort,
which were maintained in a quieter, more stable environment, both AC and
LPS induced apathy-like behaviour in male 5xFAD*- mice. These findings are
consistent with those observed in previous cohorts, firstly in that 5xFAD*- mice
were more susceptible to pharmacologically-induced apathy, and secondly
aligning with the absence of grooming changes observed in the 10-week

female 5xFAD*" mice.

Sex differences in apathy-like behaviour are well reported in rodents,
particularly in grooming tests. As previously discussed, grooming behaviour
can vary between sex, strain, age, and environmental contexts (Kalueff et al.,
2004a). Studies have reported that males of various strains can have
increased or decreased baseline grooming compared to females (Pitzer et al.,
2022; Murta et al., 2023). Females have also been reported to be more
susceptible to reduced grooming following LPS intervention (Sens et al., 2017)

or in stress-inducing conditions (Bekhbat et al., 2018).
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In our 5xFAD”- vs 5xFAD*" mice cohort, we found a trend towards reduced
grooming in males. In the present cohort, we suggest that male 5xFAD*" mice
exhibit lower baseline grooming but also are more susceptible to AC- and LPS-
induced apathy, even in the absence of environmental stress. We have also
shown that male 5xFAD*- mice exhibit lower levels of neuroinflammation and
AB plaques than females. Therefore, the inflammatory effects induced by AC
and LPS may exacerbate behavioural deficits in males, while female 5xFAD*"

mice may be less affected due to their heightened inflammatory state.

5.6.9. Fourinjections of AC264613 and LPS had no effect astrocytic reactivity
in either male or female 5xFAD*- mice at 3 weeks post-injection.

The multi-injection 5xFAD*- mice cohort received four weekly injections and
were maintained for 3 weeks post-injection (17-18 weeks old) when brains
were examined. Our previous results demonstrated two injections reduced
astrocyte reactivity and AB plaque burden in female 5xFAD*- mice, therefore
we expected to find further reductions or potential changes in male mice.
However, our results revealed that additional doses of AC and LPS had no

effect on astrocyte reactivity in either sex.

The absence of effects on astrocytic reactivity following repeated AC and LPS
treatment may be due to several mechanisms. One possibility is a saturation
or ceiling effect in astrocytic modulation, limiting further pathological changes,
despite continued stimulation, as observed in other models of pharmacological
intervention (Chistyakov et al., 2019; Kim et al., 2024). Repeated activation of
PAR2 could also cause receptor desensitisation, resulting in diminished

responsiveness pathologically to AC-injection (Ricks et al., 2009). However,
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PARZ2 is known to resensitise within hours, therefore prolonged desensitisation
across several days is unlikely (Buhm et al., 1996). Despite AC repeatedly
producing daily behavioural responses (Moudio et al., 2022), astrocytes may
have reached a modulation threshold after two injections, thus additional
doses are ineffective. Similarly, repeated LPS exposure has been shown to
induce immune tolerance, resulting in reduced cytokine release and glial

activation (Wendeln et al., 2018).

Environmental stress and prior immune history can alter astrocytic
responsiveness to pharmacological interventions. Studies have shown prior
stress can blunt LPS-induced astrocytic reactivity (Biesmans et al., 2015),
while others have shown stress can potentiate neuroinflammatory responses
to LPS (Munhoz et al., 2006). The 5xFAD- vs 5xFAD*- cohort were exposed
to construction-related environmental stress, which may have altered
astrocytic baselines or changed reactivity profiles, and as such AC and LPS
produced measurable reductions in astrocyte reactivity. Whereas mice tested
in the later quieter environment, including the 10-week and multi-injection
cohorts, did not show the same astrocytic modulation to AC and LPS (Miguel-

Hidalgo, 2022).

Another contributing factor could be the advancing disease state of the 5xFAD
model at 17-18 weeks of age, where extensive neuroinflammation and AR
plaque deposition, may further limit the capacity for pharmacological
modulation (Forner et al., 2021). Finally, we observed considerable variability

in GFAP intensity. Whist all IHC and imaging protocols remained consistent
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throughout the project, such variability was noted across multiple stains and

may have contributed to variation within the analyses.

5.6.10.  Four injections of AC264613 and LPS had no effect activated
microglia or phagocytic activity in either male or female 5xFAD*- mice at 3
weeks post-injection.

Consistent with previous cohorts, additional injections of AC and LPS did not
alter activated microglial or phagocytic activity in either sex. Taken together,
the results from our 3-week, 10-week and multi-injection cohorts, suggest that,
at the dose and frequency used, AC and LPS are insufficient to modulate

microglial activity in the 5xFAD model.

Previous studies using prolonged repeated exposure to LPS (12-13 weeks),
found increased microglial activation and clustering around AB plaques, and
while some reported decreases in AB plaque burden (Thygesen et al., 2018),
others report increases in plaque burden (Sheng et al., 2003). These
discrepancies in findings could be due to different transgenic models, ages,
and varying treatment regimens, all of which can significantly influence

immunomodulatory outcomes.

As the experimental cohorts in our study expand over the period of, and
conclusion of major construction in the animal unit, the absence of microglial
activity following AC and LPS suggests that environmental stress did not
influence our findings. Potentially, the lack of response of AC and LPS on
microglial activity is due to the advancing disease state of the 5xFAD model.

At 17-18 weeks of age, microglia in 5xFAD mice are already chronically

255|Page



activated and may have reached a plateau of reactivity, limiting further

pharmacological modulation.

5.6.11. Four injections of AC264613 and LPS had no effect AB plaque burden
in either male or female 5xFAD*- mice at 3 weeks post-injection.

Despite our initial results demonstrating reductions in Ap plaque load in female
5xFAD*- mice at 3 weeks post-injection following AC and LPS treatment,
additional injections did not influence AB plaque burden in either sex. Our
results suggest a potential ceiling effect or receptor desensitisation to
additional doses of AC and LPS, thus AB plaque clearance is limited. While we
observed an initial transient neuroprotective effect of AC and LPS in female
5xFAD*- mice, these effects plateau potentially due to the advancing state of

disease in the 5xFAD model.

It was observed that overall, the 10-week and the multi-injection cohort, had
similar or slightly reduced AB plaques load, regardless of treatment than the
mice in the 5xFAD- vs 5xFAD*- cohort despite being older. This may be due
to the construction-inducing environmental stress in the mice, resulting in
exacerbated neuroinflammation and AB plaque load in the 5xFAD” vs
5xFAD*- cohort. Chronic stress has been widely shown to potentiate
neuroinflammation and accelerate AB plaque deposition, and increase the risk
of cognitive decline in both humans and mouse models of AD (Dong et al.,
2009; Wallensten et al., 2023; Shlomi-Loubaton et al., 2025). Together, these
findings suggest that stress in our study may have modulated baseline

pathology and influenced the efficacy of AC and LPS intervention.
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In several regions of the brain, we still observed female 5xFAD*- mice had a
higher plaque burden, consistent with known pathology in the 5xFAD model
(Oakley et al., 2006). These sex-specific differences may contribute to the lack
of detectable effects in males, as 5xFAD*- males display lower baseline AR
levels and glial reactivity, potentially limiting the observable impact of AC or
LPS. Together, our results indicated that, at the frequency and dosages,
additional injections of AC and LPS were insufficient to reduce AB plaques in
the progressing 5xFAD model, and environmental conditions and disease

progression are factors to consider in pharmacological immunomodulation.

5.6.12. Conclusion

From the work in this chapter, we conclude that AC and LPS do not produce
any long-term behavioural changes in 5xFAD*- mice. Both AC and LPS
intervention produce only limited, transient neuroprotective effects on
astrocyte reactivity and AB plaque pathology, which do not persist to 10 weeks
post-injection. Furthermore, additional treatments with AC and LPS were
insufficient to modulate neuroinflammation and plaque pathology. Our findings
suggest that environmental stress can highly influence AC- and LPS-induced
changes in both behaviour and pathology, while the progressive and
aggressive nature of disease in the 5xFAD model limits pharmacological

immunomodulation.
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Chapter 6: The effects of PAR2 inhibition on

behaviour and blood brain barrier integrity.
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6.1. Introduction and aims.

PAR2 has been implicated in a range of inflammatory processes, and
accumulating evidence indicates that pharmacological inhibition of PAR2 can
suppress its pro-inflammatory signalling pathways, offering potential
therapeutic avenues for inflammatory disease (Villano et al., 2024). The
selective PAR2 inhibitor, AZ8838 (AZ), has been reported to act as a
competitive inhibitor at the receptor, preventing PAR2 activation-induced
inflammation and exerting anti-inflammatory effects in vivo (Kennedy et al.,
2020). From our results, we revealed that PAR2 activator AC (100 mg kg™)
consistently reduced locomotor activity. Therefore, we investigated the effects
of AZ (100 mg kg') on activity and hypothesised that AZ inhibition would

diminish AC-induced reductions in locomotor activity.

It is well-established that astrocytes play a crucial role in maintaining blood
brain barrier (BBB) integrity, with astrocyte endfeet enwrapping blood vessels
to support tight junctions and regulate BBB permeability (Yue et al., 2023).
BBB dysfunction is a common feature of neurodegenerative diseases,
including AD, and is often associated with increased astrocytic reactivity (Chen
et al., 2023). BBB leakage has also been shown in the 5XxFAD mouse model
of amyloid pathology (Liu et al., 2020). Evidence also suggests that PAR2
contributes in BBB maintenance, potentially through astrocytic regulation,
where balanced PAR2 activity supports BBB integrity (Xu et al., 2022).
However, it remains unclear whether PAR2-induced astrocytic modulation

directly influences BBB permeability.
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In our previous results, we demonstrated that astrocytic GFAP and C3
expression is reduced by AC-injection in female 5xFAD*- mice at 3-weeks
post-injection, which suggests that this reduction of astrocytic reactivity may
also influence the BBB integrity. Therefore, we investigated the effects of
PAR2 activation and inhibition, using AC- and AZ-injection, on BBB
permeability. We hypothesised that astrocytic reactivity contributes to
increased BBB permeability, thus PAR2 activation will reduce BBB

permeability, whereas PAR2 inhibition would increase BBB permeability.
The work in this chapter aims to answer the following research questions:

e Does AZ influence activity and/or inhibit AC-induced changes in
locomotor behaviour in mice?

e Do AC and/or AZ alter BBB permeability in 5XFAD~- or 5xFAD*- mice?

6.1.1. 5xFAD mice.

In previous experiments, we found no sex differences in locomotor activity
following vehicle or AC-injection. To ensure PAR2 inhibition did not influence
sex in behavioural testing, both male and female WT and 5xFAD”- mice were
examined. Each treatment group consisted of a minimum of three mice per

SeX.

As reduced astrocytic reactivity was only observed in female 5xFAD*- mice
following AC-injection, we subsequently examined PAR2 activation and
inhibition on BBB integrity in female 5xFAD”- and 5xFAD*" mice. Brain regions

examined were the hippocampus (HC), motor cortex (MC), visual cortex (VC),
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somatosensory cortex (SSC), and Cornu ammonis 1 (CA1). Each treatment

group consisted of a minimum of three mice per genotype.

6.2. AZ pre-treatment enhanced AC-induced reductions in

locomotor activity 2h post-injection, while AZ alone had no effect.

AC-injection (100 mg kg') reduced locomotor activity 2h post-injection
compared to pre-drug as previously shown (F@2-29) = 15.69, p<0.001 vs pre-
drug, n=14, Fig.6.1B) with AC-injection significantly reducing activity compared
to vehicle (p<0.001 vs vehicle, n=14, Fig.6.1B). No sex differences were found

in the AC-treated group (F(1-12) = 0.05, p=0.82 male, n=6 vs female, n=8).

At 2h post-injection, AZ-injection (100 mg kg') alone did not alter locomotor
activity compared to pre-drug (F2-11) = 1.08, p=0.38 vs pre-drug, n=6, Fig.6.1B)
or when examined with vehicle injection (p=0.87 vs vehicle, n=6, Fig.6.1B).
Similarly, no differences in activity were found between males and females

(F(1-4) = 2.35, p=0.2 male vs female, n=3).

Having shown that AZ alone did not affect behaviour, we then examined a
combination of AZ-injection (100 mg kg!) followed 1h later by vehicle-injection.
No difference in locomotor activity was observed at 2h post-injection in the AZ-
and vehicle-injected mice compared to pre-drug (F(-14) = 0.04, p=0.99 vs pre-
drug, n=6, Fig.6.1B) or when compared to vehicle-injection alone (p=0.14 vs
vehicle, n=6, Fig.6.1B). There was a trend towards reduced locomotor activity
in females across all timepoints (F(1-4) = 6.39, p=0.06 male vs female, n=3) but
sex had no influence on treatment at 2h post-injection (p=0.51 male vs female,

n=3).
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To determine whether AZ pre-treatment affected AC-induced behavioural
changes, AZ (100 mg kg™') was injected followed 1h later by AC-injection (100
mg kg™), with locomotor activity measured 2h post AC-injection. In AZ- and
AC-injected mice, locomotor activity was significantly reduced compared to
pre-drug (Fa-6) = 24.97, p<0.001 vs pre-drug, n=6, Fig.6.1B) and when
examined with vehicle (p<0.001 vs vehicle, n=6, Fig.6.1B). Interestingly, AZ
pre-treatment further enhanced the AC-induced reduction in activity compared
to AC-injection alone (p=0.008 vs AC, n=6, Fig.6.1B). No sex differences were

found within the AZ and AC-injection (F(1-4) = 1.6, p=0.27 male vs female, n=3).
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Figure 6.1: AZ-injection followed by AC-injection reduced locomotor activity 2h
post-injection while AZ-injection alone had no effects. (A) Representative OFT
tracking traces at 2h post-injection following vehicle, AC, AZ, AZ + Vehicle and AZ +
AC. (B) AZ + AC-injection (100 mg kg™ i.p.) significantly reduced locomotor activity
2h post-injection compared to vehicle (***p<0.001 vs vehicle) and AC alone (**p<0.01
vs AC). AZ-injection (100 mg kg™ i.p.) alone and AZ (100 mg kg™ i.p.) + Vehicle-
injection had no effect on locomotor activity at 2h post-injection. AC-injection (100 mg
kg' i.p.) significantly reduced locomotor activity 2h post-injection (***p<0.001 vs
vehicle). Two-way repeated-measures ANOVA with Tukey’s post hoc test (n= 12
vehicle, 14 AC, 6 AZ, 6 AZ + Vehicle, 6 AZ + AC).
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6.3. AC- but not AZ-injection increases cadaverine and lectin
levels across the brain.

6.3.1. AC-injection increases cadaverine expression in across the brain.

To investigate BBB permeability, cadaverine (7 mg kg ') (Bravo-Ferrer et al.,
2025), a small polar tracer and protein marker which does not normally cross
the BBB, was administered intravenously to examine BBB leakage into the
brain parenchyma. Cadaverine is often used to detect paracellular or
transcytotic leakage, as it rapidly diffuses into areas of BBB disruption but is
largely excluded from healthy brain tissue (Munoz-Ballester et al., 2024 ). Mice
received either vehicle, AC (100 mg kg '), AZ (100 mg kg '), or AZ pre-
treatment (100 mg kg -') followed 1h later by AC (100 mg kg ),
intraperitoneally, with brain fixation and removal occurring 2h post-injection.

Cadaverine was given 30 min after i.p. treatment.

Mesolens imaging of cadaverine fluorescence (Fig.6.2A-D) revealed no
difference in cadaverine fluorescence between 5xFAD--and 5xFAD*- vehicle
injected mice (F(1-4) = 1.18, p=0.34 5xFAD"- and 5xFAD*", n=3). Compared to
vehicle, AC-injection increased cadaverine fluorescence in the brain (HC:
p=0.02; MC: p=0.04; VC: p=0.01; SSC: p=0.02, n=6 vs vehicle, Fig.6.3A) but
no differences in cadaverine fluorescence were found between the genotypes

following AC-injection (F(1-4) = 0.47, p=0.53 5xFAD” and 5xFAD*-, n=3).

AZ-injection alone had no effect on cadaverine expression in any brain region

(HC: p=0.99; MC: p>0.99; VC: p=0.99; SSC: p=0.99, n=6 vs vehicle, Fig.6.3A).
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There were also no genotype differences in cadaverine expression in the AZ-

injected mice (F1-4) = 0.007, p=0.94 5xFAD-- and 5xFAD*", n=3).

Finally, AZ-injection followed 1h later by AC-injection also had no influence on
cadaverine expression compared to vehicle (HC: p=0.96; MC: p>0.99; VC:
p=0.99; SSC: p=0.99, n=6 vs vehicle, Fig.6.3A). Further, no genotype

differences were found (F(1-4) = 0.33, p=0.6 5xFAD”- and 5xFAD*", n=3).

6.3.1 AC-injection increases lectin expression in some brain regions.

To investigate blood vessels in the brain, vascular marker lectin (5 mg kg )
(Bravo-Ferrer et al., 2025) was administered intravenously to label endothelial
cells lining blood vessels to visualise vascular structures. Lectins, including
isolectins such as Ricin Toxin B subunit (RTB), bind to glycoproteins on the
endothelial surface and are widely used to map cerebrovascular architecture
(Hanafy et al., 2023). Lectin was given 5 min prior to brain fixation and removal.
Mesolens imaging of lectin (Fig.6.2E-H) revealed no genotypic differences in
lectin expression in vehicle injected mice (F¢1-4) = 1.44, p=0.3 5xFAD”- and
5xFAD*", n=3). Unlike cadaverine, AC-injection did not alter lectin expression
compared to vehicle-injection (HC: p=0.22; MC: p=0.38; VC: p=0.19; SSC:
p=0.22, n=6 vs vehicle, Fig.6.3B). However, AC-injection did increase lectin
expression in some brain regions when compared to AZ- followed by AC-
injection (VC: p=0.036; SSC: p=0.051, n=6 vs AZ+AC, Fig.6.3B). Furthermore,
lectin expression was unaffected by genotype following AC-injection (F(1-4) =

0.32, p=0.6 5xFAD”- and 5xFAD"", n=3).
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AZ-injection alone had no effect on lectin expression (HC: p=0.99; MC: p=0.99;
VC: p=0.99; SSC: p>0.99, n=6 vs vehicle, Fig.6.3B), and no genotypic

differences were found (F(1-4) = 0.11, p=0.76 5xFAD”- and 5xFAD*-, n=3).

Lastly, AZ-injection followed 1h later by AC-injection also did not alter lectin
expression compared to vehicle in any brain region (HC: p=0.97; MC: p=0.83;
VC: p=0.88; SSC: p=0.9, n=6 vs vehicle, Fig.6.3B). We also confirmed no
differences in lectin expression between the genotypes (F1-4) = 0.03, p=0.88

5xFAD”- and 5xFAD*", n=3).

266 |Page



Cadaverine Lectin

Vehicle-
injected

AC-
injected

500 pm

AZ-
injected

500 pm

AZ + AC-
injected

Figure 6.2: Representative Mesolens images of cadaverine and lectin
expression in the hippocampus, VC and SSC. (A-D) Cadaverine expression was
significantly increased following AC-injection but not AZ-injection or AZ + AC-injection.
(E-H) Lectin expression was increased in the VC and SSC following AC-injection but
not AZ-injection or AZ + AC-injection. Scale bar: 500 ym.
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Figure 6.3: AC-injection increases cadaverine and lectin expression across
brain regions. (A) Mesolens analysis demonstrated an increase in cadaverine
fluorescence following AC-injection (*p<0.05 vs vehicle) in all examined brain regions.
AZ-injection, and AZ + AC-injection had no effect on cadaverine fluorescence. (B) AC-
injection significantly increased lectin expression in the VC and SSC (*p<0.05 vs AZ
+ AC) when compared to AZ + AC-injection. AZ alone, and AZ + AC—injection had no
effect on lectin expression. Two-way repeated-measures ANOVA with Tukey’s post
hoc test (n= 6).
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6.4. Confocal imaging reveals no increase in parenchymal
cadaverine or vascular lectin in the CA1 following AC-injection.

6.4.1. AC-injection has no significant effect on cadaverine expression in the
parenchyma.

Confocal imaging was also used to assess cadaverine extravasation into the
parenchyma and lectin expression in the blood vessels. When parenchymal
cadaverine fluorescence was examined (Fig.6.4A-D), no significant change
was observed following AC-injection compared to vehicle (p=0.23 vs vehicle,

n=5, Fig.6.5A).

Consistent with mesoscale imaging, AZ-injection alone had no effect on
cadaverine fluorescence in the parenchyma compared to vehicle injection
(p=0.71 vs vehicle, n=6, Fig.6.5A). Similarly, AZ-injection followed 1h later by
AC-injection also did not alter parenchymal cadaverine fluorescence

compared to vehicle (p=0.98 vs vehicle, n=6, Fig.6.5A).

No genotype differences were observed in cadaverine fluorescence in the
parenchyma across any treatment groups (F1-15) = 0.83, p=0.38 5xFAD-, n=3

veh, AZ, AZ+AC, 2 AC and 5xFAD*", n=3).

6.4.2. AC-injection has no significant effect on lectin expression in the blood
vessels.

When lectin expression was examined in the vasculature in the CA1 (Fig.6.4E-
H), AC-injection had no significant influence on lectin expression compared to

vehicle (p=0.6 vs vehicle, n=5, Fig.6.5B).
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In line with the mesoscale imaging, AZ-injection alone had no effect on lectin
expression in the blood vessels (p=0.99 vs vehicle, n=6, Fig.6.5B). Similarly,
AZ-injection followed 1h later by AC-injection also did not alter lectin

expression compared to vehicle injection (p=0.68 vs vehicle, n=6, Fig.6.5B).

There was also no genotype differences found in vascular lectin expression
across any treatment groups (F(1-15) = 1.82, p=0.2 5xFAD”, n=3 veh, AZ,

AZ+AC, 2 AC and 5xFAD*", n=3).
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Figure 6.4: Representative confocal images of cadaverine and lectin expression
in the hippocampal CA1 region. (A-D) Cadaverine expression in the parenchyma
following vehicle, AC-injection, AZ-injection, and AZ + AC-injection. (E-H) Lectin
expression in blood vessels following vehicle, AC-injection, AZ-injection, and AZ +
AC-injection. Scale bar: 20 ym.
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Figure 6.5: AC-injection did not significantly influence the expression of
cadaverine in the parenchyma or lectin in the blood vessels in the CA1. (A)
Confocal analysis of the CA1 found no significant effect of AC-injection on
parenchymal cadaverine expression. AZ and AZ + AC also had no effect (B) AC-
injection had no effect on lectin expression in CA1 blood vessels. AZ and AZ + AC
did also not influence blood vessel lectin expression. One-way repeated-measures
ANOVA with Tukey’s post hoc test (n= 6 Vehicle, 5 AC, 6 AZ, 6 AZ + AC).
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6.5. Discussion.

6.5.1. AZB8838 pre-treatment exacerbates AC264613-induced reductions in
locomotor activity.

AZ is proposed to be a selective, competitive and potent PARZ2 inhibitor,
binding to the orthosteric site on the receptor to block PAR2 activation and
inhibiting PAR2 downstream signalling pathways (Kennedy et al., 2018).
Hence, we expected AZ to inhibit PAR2 activation and competitively block AC
binding, preventing or attenuating the AC-induced reductions in locomotor
activity. Unpublished pharmacokinetics data within the research group,
demonstrated AZ peaks at 1h post-injection, therefore, AZ was injected 1h

prior to AC to ensure maximal inhibition of the receptor.

Interestingly, while AZ alone or AZ followed by vehicle injection had no effect
on locomotor behaviour, AZ pre-treatment exacerbated AC-induced reduced
locomotor activity, in contrary to our hypothesis that AZ would reduce AC’s
effects. We hypothesised that AZ may alter BBB permeability, thus allowing
more AC to enter the brain, leading to enhanced reductions in locomotor
activity. However, when BBB permeability was assessed using cadaverine and
lectin, we found that AZ pre-treatment inhibited AC induced BBB leakage.
These results suggest potential issues in functional selectivity of AZ or possible
off-target interactions that alter neural activity and locomotor behaviour

independently of BBB integrity.

Several PAR2 antagonists have reported complex signalling pathways. GB88,
initially described as a selective antagonist that inhibits PAR2 Gg/11/Ca?*/PKC

signalling, was later found to exhibit partial agonist properties by activating
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PAR2 cAMP, ERK and Rho thereby promoting PAR2 downstream signalling
(Suen et al., 2014; Lyu et al., 2025). AZ may exhibit similar properties and
while effectively inhibiting certain PAR2-mediated pathways, it may also act as
a partial agonist in the presence of AC, thereby further enhancing PAR2

activation-induced effects on behaviour as observed in our study.

Another possibility is that AZ interacts with off-target receptors or pathways
unrelated to PAR2. Like many GPCRs, PAR2 can activate multiple
downstream signalling pathways, and while AZ is proposed to be selective,
studies of other PAR2 antagonists have shown that pathway-specific inhibition
or high concentrations can influence unrelated receptors or signalling
pathways (Avet et al., 2020; Mclntosh et al., 2020). Therefore, a combination
of partial agonism, biased signalling or off-target activity may explain the
unexpected enhancement of AC-induced behaviour effects following AZ pre-

treatment.

6.5.2. PARZ2 activation increases BBB permeability, whereas PAR2 inhibition
preserves barrier integrity.

When we examined BBB integrity, we revealed, in contrast to our hypothesis,
that PAR2 activation via AC-injection increased barrier permeability, whereas
PARZ2 inhibition with AZ alone, or AZ pre-treatment followed by AC, preserved
barrier integrity. These findings suggest that PAR2 activation promotes barrier
disruption, potentially through increased astrocytic reactivity and inflammatory

responses, while PAR2 inhibition maintains endothelial stability.
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The BBB is vital for maintaining homeostasis by tightly regulating the
movement of ions, molecules and immune cells to the CNS (Profaci et al.,
2020). BBB dysfunction is a feature of many neurodegenerative diseases,
including AD, where increased permeability allows peripheral inflammatory
mediators and immune cells to enter the brain, thereby amplifying
inflammatory responses and damage, contributing to disease progression
(Nehra et al., 2022). Astrocytes are crucial for BBB maintenance, providing
trophic and structural support to endothelial cells, and increased astrocyte
reactivity has been shown to increase BBB dysfunction and permeability

(Argaw et al., 2012; Kim et al., 2022).

While we found AC-injection significantly reduced astrocytic GFAP and C3
expression in female 5xFAD*- mice, these brains were examined 3 weeks
post-mortem, by which time any initial neuroinflammatory or increased glial
responses may have resolved or led to immunomodulatory responses. In
contrast, the brains used in the BBB permeability experiments were fixed 2h
post-injection, capturing potential acute effects of AC. PAR2 activation is
known to trigger inflammatory signalling cascades in both glial and endothelial
cells, including activation of NF-kB, MAPK, and calcium-dependent pathways
within hours of activation, resulting in cytokine release and increased
endothelial permeability (Zeng et al., 2013; Bang et al., 2021; Ushakumari et
al., 2022). Therefore, AC-induced PAR2 activation may have caused transient
astrocyte activation and cytokine release, leading to disruption of the BBB,

hence we observed an increase in cadaverine and lectin expression.
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In contrast, AZ-injection appeared to inhibit PAR2 activation and downstream
pro-inflammatory signalling, preventing BBB leakage. PAR2 inhibition has
been shown to induce anti-inflammatory pathways, including reduced cytokine
release and improved BBB integrity (Suen et al., 2014; Ocak et al., 2020).
Interestingly, mice that received both AZ and AC did not exhibit BBB leakage,
despite showing enhanced AC-induced reductions in locomotor activity. This
dissociation, with preserved BBB integrity despite amplified behavioural
effects, contrasts with our previous hypothesis that AZ induced BBB disruption
leads to increased AC entering the brain thus inducing enhanced effects.
Instead, the findings suggest that AZ may exert complex off-target effects or
pathway-biased effects that alter neural activity and locomotor behaviour

without directly affecting astrocytes and astrocytic mediated BBB regulation.

When confocal imaging was used to examine the brain sections, no significant
increases in parenchymal cadaverine or vascular lectin expression were
detected following AC-injection. However, this analysis was limited to the CA1
region of the hippocampus, whereas Mesolens imaging revealed widespread
BBB alterations. It would therefore be of interest to assess BBB integrity using
confocal microscopy in additional regions to better characterise the spatial

profile of AC-induced permeability changes.

Across all treatment groups, we observed no differences between 5xFAD"-and
5xFAD*- mice in cadaverine or lectin expression. This suggests that, at the
age of the mice used (12-18 weeks old), the neuroinflammation or amyloid
pathology of the 5xFAD*- model had not yet significantly impacted baseline

BBB integrity. Disrupted BBB integrity has been reported in 5xFAD mice at 4—
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6 months of age, with further deterioration observed with aging (Liu et al., 2020;
Bae et al., 2024). Therefore, it is likely our mice were too young at the time of

dosing to detect significant genotype differences.

It is important to note methodological considerations regarding the tracers
used to assess BBB permeability and vasculature. Cadaverine, a small polar
tracer is commonly used to detect BBB leakage, typically showing patchy or
focal parenchymal distribution in cases of localised injury such as stroke or
trauma (Boyé et al., 2022; Munoz-Ballester et al., 2022). However, in our study,
cadaverine appeared relatively uniform across the brain following AC injection.
Due to its small size, cadaverine can diffuse through the extracellular space
where tight junctions are transiently compromised, and may reflect BBB

disruption following AC injection, rather than focal leakage.

Similarly, lectin, used to label endothelial cells and visualise vasculature, did
not clearly recapitulate the cerebrovascular architecture. Lectins bind
glycoproteins on the endothelial surface, but staining intensity and pattern can
be affected by perfusion efficiency, lectin binding issues, tissue sectioning, and
imaging resolution (Battistella et al., 2021). In our study, lectin primarily
highlighted general vascular structures rather than detailed vessel networks,
which may have limited interpretation of fine vascular changes following AC or

AZ treatment.

Taken together, these observations highlight a limitation of using cadaverine
and lectin to investigate BBB permeability. While both tracers provide useful

insight into overall barrier changes, the tracers may not fully capture subtle or
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region-specific leakage. Similar to the IHC data, cadaverine and lectin were
quantified by fluorescence intensity which may not reflect absolute differences.
Future studies would benefit from additional approaches, such as endogenous
plasma protein extravasation with IgG or fibrinogen, radiolabelled tracers, or
higher-resolution imaging methods, to provide more quantitative assessments

of BBB and vascular integrity (Ryu et al., 2009; Chung et al., 2025).

6.5.3. Conclusion

From the work in this chapter, we conclude that the PAR2 inhibitor AZ alone
does not influence behavioural changes in locomotor activity. However, when
AC is administered in the presence of AZ, the AC-induced reduction in
locomotor behaviour is further exacerbated. We also found that AC increases
BBB permeability, whereas AZ maintains BBB integrity and effectively
prevents AC-induced barrier leakage. Furthermore, we observed no
differences in BBB integrity between 5xFAD*- and 5xFAD”- mice, suggesting
that the mice used were too young to exhibit genotype-related BBB
dysfunction. Our findings suggest that while AZ inhibits PAR2-mediated BBB
disruption, its interaction with AC may produce unexpected or pathway-specific
effects that enhance behavioural changes rather than attenuate them in the

5xFAD mouse model.
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Chapter 7: General discussion
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7.1. Summary of aims and results.

In this thesis, we aimed to assess the effects of PAR2 activation and LPS on
behavioural, pathological, and molecular outcomes in a mouse model of
amyloid pathology. We also investigated sex- and genotype-specific
differences in both behaviour and pathology to further understand PAR2 and
LPS immunomodulation in the 5xFAD mouse model. Additionally, we explored
the effects of PARZ2 inhibition on locomotor behaviour and blood brain barrier
permeability to expand our understanding of PAR2 activators and antagonists

in vivo.
The research in this thesis aimed to answer the following questions:

1. Does PAR2 activation and LPS induce depression-like behaviour in
5xFAD”- and C57BL6/J wild-type controls?

2. Do 5xFAD*- mice exhibit depression-like behaviour, and/or are
5xFAD*- mice more susceptible to pharmacologically-induced

depression-like behaviour compared to 5xFAD littermate controls?

3. Does double-dose intervention or multi-dose intervention of
pharmacologically induced depression-like behaviour exacerbate

behavioural, inflammatory, and molecular pathology in 5xFAD*- mice?

4. Does PARZ2 inhibition affect the blood brain barrier integrity and
influence  behaviour and pathological changes following

pharmacologically-induced depression-like behaviour in 5xFAD mice.

Overall, our results revealed that PAR2 activation via AC264613 and LPS

induced behavioural changes associated with depression-like behaviour in
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5xFAD” and C57BL6/J mice, with no significant sex or genotypic differences.
At 3 months of age, 5xFAD*- mice did not inherently exhibit depression-like
behaviour but appear more susceptible to pharmacologically-induced
depression-like behaviour, independent of sex. We also revealed that
behavioural changes associated with depression-like behaviour can be
exacerbated by stress-inducing environments. Additionally, AC264613 and
LPS, administered either as two or four-injections, do not cause any lasting

alterations to locomotor behaviour or general health in the 5xFAD model.

AC264613 and LPS induced transient immunomodulatory effects, reducing
astrocyte reactivity and AB pathology at 3 weeks post-injection in 5xFAD*"
mice in a sex-specific manner. However, these effects appeared to be
sensitive to environmental stress. Multiple dosing with AC264613 or LPS may
have caused receptor desensitisation or signalling saturation, limiting their
pharmacological effects on pathology. Both, AC264613 and LPS can induce
pro- and anti-inflammatory peripheral cytokine changes, some of which
correlate with MDD. However, AC264613 had minimal effects on cytokine
levels in 5xFAD*- mice suggesting peripheral cytokines do not contribute to

the observed behavioural changes.

Finally, PAR2 inhibition via AZ8838 alone did not affect locomotor behaviour.
However, in the presence of AZ8838, AC264613-induced reductions in
locomotor activity were further exacerbated. Additionally, AC264613 increases
blood brain barrier permeability, whereas AZ8838 preserves barrier integrity

and prevents AC264613-induced disruption, independent of genotype.
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7.2. Clinical relevance

Alzheimer’s disease represents a major global health burden, with prevalence
continuing to rise and current treatment options offering only limited efficacy
(Zhang, Zhang, et al., 2024). The development of novel therapeutic strategies
and identification of new molecular targets remain critical for achieving
effective disease-modifying interventions. Although most approaches have
focused on targeting AB pathology (Cummings et al., 2025), growing evidence
highlights the important role of neuroinflammation in AD and other
neurodegenerative diseases, offering it as a promising new avenue for

therapeutic strategies (Lee and Chang, 2025).

PAR2 has been implicated in multiple inflammatory conditions (Reches et al.,
2024). In the present study we have built upon previous work in that PAR2
activation induces depression-like behavioural changes (Abulkassim et al.,
2016; Moudio et al, 2022) but may also offer neuroprotective
immunomodulatory properties in vivo that could be utilised in
neurodegenerative research. We also observed that PAR2 activation
influences BBB integrity, an effect that could be critical for understanding how
inflammatory signalling impacts brain homeostasis and how therapeutics can
be effectively delivered to the CNS. Further investigation into how the PAR2
activator AC264613 modulates glial cell activity, inflammatory pathways and
BBB function would provide valuable mechanistic insight and may inform the

development of targeted interventions for neurodegenerative diseases.

Lastly, major depressive disorder is the leading cause of disability worldwide,

with treatment resistant depression affecting up to half of all cases (Mclintyre
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et al., 2023). As a recognised risk factor for AD, as well as other conditions
(Berk et al., 2023), identifying new molecular pathways could offer significant
translational value. Our findings that PAR2 activation induces depression-like
behavioural changes contribute to a deeper understanding of PAR2 function
in neuropsychiatric disorders. Consequently, PAR2 inhibition could represent
a potential therapeutic approach for alleviating depression-like behaviours and

reducing associated neurodegenerative risk.

7.3. Limitations

The limitations of this study have been discussed throughout each results
chapter, with the most significant being the major construction that took place
in the animal facility during the study period. Although the effects of this stress-
inducing environment were not initially apparent, subsequent analysis of
behavioural and pathological data from the 10-week and multiple-injection
cohorts revealed that environment had likely influenced previous results
thereby limiting the interpretability and impact of these results. We believe that
the excessive noise, vibrations from equipment and frequent room changes,
contributed to elevated stress levels in the mice tested under these conditions,
resulting in increased locomotor activity as well as altered sucrose preference
and grooming behaviour. We also believe that environmental stress
exacerbated amyloid plaque deposition and increased neuroinflammatory
responses. In contrast, when mice were tested under calmer and quieter
conditions, behavioural and pathological changes in response to PAR2
activation and LPS were markedly reduced or absent. Future studies should

be conducted under tightly controlled environmental conditions, ideally
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replicating key findings in stable housing facilities to ensure that behavioural
and neuropathological outcomes reflect true pharmacological effects rather

than environmental confounds.

Another limitation of this study was the poor quality of the brain tissue used to
analyse phagocytosis in the 5xFAD”- vs 5xFAD*- 3-week post-injection mice.
Due to inappropriate and prolonged storage, the tissue integrity was
compromised, therefore potential mechanistic experiments were limited.
Although these issues were rectified for the 10-week and multi-injection
cohorts, they limit the reliability of the phagocytosis results from the 3-week
cohort, particularly where AC and LPS appeared to influence pathology. Future
studies should ensure that tissue processing and IHC are planned carefully to
maintain high sample quality and reproducibility of histological data. In
addition, IHC analyses relied primarily on fluorescence intensity as a
quantitative measure, which can be influenced by technical factors and may
not always reflect absolute differences. The absence of negative controls
further limited interpretation of IHC interpretation between staining batches.
Future studies should therefore include appropriate controls and potential
complementary quantitative approaches such as cell burden and density.
Furthermore, this study only investigated a single method of phagocytosis,
limiting exploration of alternative mechanisms of AR plaque clearance. Future
research should investigate additional pathways and assays to better
understand the mechanisms underlying reduced astrocyte reactivity and AB

burden.
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Based on the results from the 3-week post-injection cohort, where drug-
induced effects were observed exclusively in females, only female 5xFAD*"
mice were included in the 10 week-post injection cohort. However, disease
pathology is known to progress more rapidly in female 5xFAD*- mice than in
males, meaning females are typically at a more advanced disease stage at the
same age and may respond earlier to immunomodulatory interventions.
Including male 5xFAD*- mice could have provided valuable insight into
whether drug-induced effects appear later in disease progression, as males
generally develop pathology more slowly and may require a longer timeframe
to exhibit comparable responses. Future studies should therefore include both

sexes to provide more comprehensive and robust data.

The study utilised cadaverine and lectin tracers to examine BBB permeability
and vascular structure. However, cadaverine distribution appeared relatively
uniform rather than region-specific, and lectin staining did not clearly
recapitulate cerebrovascular architecture, likely due to technical factors. While
these tracers provide insight into overall barrier changes, they may not capture
subtle or region-specific leakage. Future studies should consider alternative
techniques such as endogenous plasma protein extravasation including IgG
or fibrinogen, radiolabelled tracers, or higher-resolution imaging to better

explore BBB integrity following PAR2 activation an inhibition.

Finally, while the experimental design and sample sizes allowed detection of
main effects, the statistical analyses were limited by the use of two-way
repeated-measures ANOVA. This approach assumes normality, homogeneity

of variance, and sphericity, which may be less robust in complex designs
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involving multiple variables such as treatment, genotype, and sex. Additionally,
multiple comparisons were conducted across behaviours, sexes, genotypes,
and treatment groups, which increases the risk of false-positive results.
Consequently, some effects may be over- or under-represented. Future
studies could employ linear mixed-effects models to better account for
repeated measures and interactions between variables, improving the

robustness and interpretability of statistical outcomes.

7.4. Future directions

This study builds upon previous investigations into the potential
neuroprotective properties of PAR2 activation (Greenwood et al., 2010) and
advances our understanding of its role in amyloid pathology and
neuroinflammation in vivo. Although we demonstrated clear behavioural and
pathological outcomes following PAR2 activation, these findings would benefit
from mechanistic studies to determine how AC264613 alters glial activation,
as well as downstream inflammatory pathways, and the broader neuroimmune

environment.

While the present work focused on early pathological and behavioural
changes, future studies should investigate whether PAR2 activation also
influences cognitive outcomes, as reducing or slowing cognitive decline
remains a fundamental goal in AD therapeutics. Although amyloid pathology
is often considered the initiating event in AD, tau pathology is more directly
associated with cognitive decline (Zhang et al., 2023). Therefore, it would also

be valuable to determine whether PAR2 activation affects tau phosphorylation,
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aggregation, or propagation, thereby providing deeper insight into how PAR2

signalling might influence cognitive function and disease progression.

Future studies should also aim to replicate key findings under tightly controlled
environmental conditions to eliminate confounding effects of external stressors
on behaviour and pathology. Furthermore, it would be informative to assess
whether earlier intervention with PAR2 modulation provides greater
neuroprotective benefit, particularly when applied prior to substantial amyloid
deposition. Similarly, using a less aggressive or more slowly progressing
model of AD could allow for a clearer assessment of long-term effects and

potential therapeutic windows for PAR2 targeted interventions.

Finally, exploring the relationship between the PAR2 agonist AC264613 and
the antagonist AZ8838 may clarify how receptor activation and inhibition
differentially modulate neuroinflammation, BBB integrity, and behavioural
outcomes. Given that PAR2 activation induced depression-like behavioural
changes in this study, evaluating whether PAR2 inhibition could prevent or
reverse existing depression-like behaviours represents an interesting area of
investigation with potential relevance to both neuropsychiatric and

neurodegenerative disorders.
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