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Abstract

Neuropsychiatric conditions, such as depression and anxiety, are a burden for both
the people living with them and from a socioeconomic viewpoint. Traditional
pharmacological interventions for these syndromes primarily focus on altering
levels of monoamine neurotransmitter availability within the brain. From this
patient group, a non-responsive fraction to these monoamine treatments has
emerged. This calls for better understanding of alternative pathophysiology that
can lead to these clinical conditions. From this search for different causative
pathways of neuropsychiatric conditions, an inflammation-driven theory emerged.
This neuroinflammation-focused pathophysiology proposes that raised
intracerebral pro-inflammatory cytokines can alter neural circuits and ultimately

result in behavioural changes.

The molecular and cellular mechanisms underpinning neuroinflammation are
relatively poorly understood. To further understand these neural changes, this
work uses the Aldara model of non-invasive toll-like receptor (TLR)-7-driven
neuroinflammation. The Aldara model involves topically applied cream containing
imiquimod (IMQ), which is a TLR7 agonist. This has been found to trigger both a
peripheral dermal psoriasis-like response and cross the blood brain barrier (BBB)
to directly activate TLR7-expressing CNS-resident cells. This thesis focuses on
characterising the transcriptional global and region-specific TLR7-driven
neuroinflammation. Both brain-resident microglia and peripheral T cell
populations will be explored in respect to their cytokine production and reactive
status. To characterise the interplay between microglia and mature lymphocytes,
RAG2KO mice which lack B and T cells were used. Spatial transcriptomics was used
to evaluate the immune cell response within the Aldara model and
transcriptionally investigate brain regions linked to reward behaviours. To further
characterise inflammation-driven behavioural changes, a battery of behavioural
tests have been implemented to characterise anxiety-like and anhedonia-like

behaviours.

This data presents a transcriptionally-validated global neuroinflammation
response within the Aldara model. Both microglia and T cells are found to actively

produce cytokines in the TLR7-driven neuroinflammation. Spatial transcriptomics



iii
identified 5 potential subclusters of immune cells within the CNS. These had a
primary pro-inflammatory transcriptional signature with suggestions of a potential
anti-inflammatory response. Immune-rich neighbourhoods in the brain were found
uniquely in Aldara-treated mice via spatial transcriptomics. RAG2KO Aldara-
treated mice still displayed heightened microglial reactivity via Iba1* staining.
Brain regions associated with reward circuity were found to upregulate pro-
inflammatory transcriptional responses and downregulate synaptic signalling-
related genes. Behavioural tests documented an anhedonia-like phenotype within
Aldara-treated mice. This work presents the Aldara model as a useful non-invasive

tool to study neuroinflammation.
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1 Introduction

1.1 Overview

Neuroinflammation is a key biological mechanism which is implicated in many
neuropsychiatric conditions including major depressive disorder (MDD), anxiety
and schizophrenia. This possible pathological change within the central nervous
system (CNS) involves many signalling processes and cellular contributors to carry
out its damaging effects. A number of neuropsychiatric conditions, including MDD
and anxiety, have an established link to pro-inflammatory cytokines. Patients
living with these conditions have documented elevated peripheral cytokines levels
including TNFa and IL-6 (Min et al., 2023, Cui et al., 2024, Yirmiya, 2024). This
increase of pro-inflammatory molecules observed in MDD underpins the
alternative pathophysiology of cytokines being a driver of the neuropsychiatric
condition (Felger and Lotrich, 2013). The cytokine hypothesis of depressive
behaviours is further supported by evidence of patients receiving cytokine therapy
developing depressive-like behaviours. An example of this includes patients living
with hepatitis C being administered interferon (IFN)-a therapy and developing
depression (Smith et al., 2011). Furthermore, patients treated with Etanercept,
an antagonist of TNFa commonly used to treated psoriasis, reported improvement
of depression scores in both humans and rodents (Brymer et al., 2018, Yang et al.,
2019). Presence of neuroinflammation in both individuals and animal models can
manifest the onset of sickness behaviours (SB). This umbrella term encompasses
various feelings one may experience when unwell and these include fatigue,

reduced appetite and feelings of anhedonia.

This thesis uses the Aldara neuroinflammation model which is triggered by the
TLR-7 agonist IMQ. To begin understanding the cellular drivers of the Aldara model
and its TLR7-driven neuroinflammation, brain-resident microglia and infiltrating T
cells have been selected as the research focus of this study. This is due to their
fundamental involvement in initiating, mediating and possibly resolving
neuroinflammation. Microglia are the primary immune cell of the CNS and possess
similar abilities to their macrophage counterparts. This includes carrying out

phagocytosis to remove potentially damaging pathogens and cellular debris. The



brain-resident immune cell also are key drivers and mediators of

neuroinflammation in producing and responding to pro-inflammatory cytokines.

Recruitment of peripheral T cells into the brain parenchyma during
neuroinflammation can both signify contribution to pro-inflammatory mechanisms
and/or attempts of dampening the inflammatory insult. Characterising the
presence of exogenous immune populations, such as T cells, in the CNS could
highlight their role in promoting or combating the ongoing neuroinflammation

present in the Aldara model.

Previous characterisation of the Aldara model has focused on the global nature of
the TLR7-driven inflammation. Whilst expanding the understanding of this global
transcriptional environment, work in this thesis additionally investigates regional
differences. This includes particular focus on brain regions involved in reward-
processing behaviours which may explain anhedonia-like phenotype present in the
Aldara model. Additionally, a wider phenotypic profile is created of the Aldara
model via a battery of behavioural tests to characterise the presence of anxiety-

like and anhedonia-like behaviours.

1.2 Neuropsychiatric conditions

The pathophysiology underpinning MDD and other neuropsychiatric conditions is
complex and multi-faceted. Several different causative events have emerged
ranging from biological deficits to environmental impacts to comorbidity triggers
(Cui et al., 2024, Hollander et al., 2020, Hesdorffer, 2016). Dissecting and
understanding these pathophysiologies will potentially present new therapeutic

targets to help relieve the burden of neuropsychiatric conditions.

It is estimated that 1 in every 5 people live with a neuropsychiatric condition. This
family of diagnoses include, however are not limited to, MDD, schizophrenia,
anxiety and neurodevelopmental disorders. Each of these conditions are taxing for
the people living with them and upon society from a socioeconomic viewpoint
(Campbell et al., 2022). Recent work shows the prevalence of MDD and anxiety

stands at 12.2% and 17% in Scotland, respectively (Fernandez-Pujals et al., 2015).



Diagnosis of neuropsychiatric conditions is rarely in isolation. These conditions are
prevalent comorbidities observed in several somatic conditions including cancer,
diabetes, cardiovascular and respiratory diseases (Huang et al., 2024, Lloyd et al.,
2018, Sartorius, 2018, Pope and Wood, 2020, Dudek et al., 2020). Considering the
high prevalence and devasting impact of neuropsychiatric conditions, relatively
little is understood about the underlying molecular and cellular mechanisms
driving these complex and heterogenous conditions compared to other non-

neuropsychiatric conditions.

One of the leading pathophysiology hypotheses underpinning MDD is the
monoamine hypothesis (Potter and Manji, 1994, Lee et al., 2010). This involves an
imbalance in monoamine neurotransmitters which include dopamine,
noradrenaline and serotonin. The monoamine hypothesis for depression was
proposed in the 1950s when patients with hypertension were treated with the drug
Reserpine and concurrently developed depressive-like symptoms (Strawbridge et
al., 2023). Reserpine induces a reduction in brain monoamine neurotransmitter
levels (Baumeister et al., 2003), which is thought to cause this unexpected
pharmacological consequence. This disease mechanism has been well explored by
the neuropsychiatric field and has resulted in the desigh of successful
therapeutics. This family of drugs include selective serotonin re-uptake inhibitors
(SSRIs), noradrenaline-dopamine re-uptake inhibitors (NDRIs) and tricyclic

antidepressants (TCAs).

These various pharmacological families of antidepressants generally work by
increasing the bioavailability of their respective monoamine neurotransmitter in
the brain. SSRIs block the serotonin reuptake transporter on the presynaptic
neuronal membrane (Stahl, 1998). This results in increased levels of serotonin
available in the synaptic cleft. NDRIs work in a similar mechanism except from
blocking noradrenaline and dopamine reuptake transporters. Again, TCAs elicit
their effects by similar means but focus on blocking both serotonin and

noradrenaline reuptake.

As prescription of monoamine-related therapeutics grew in popularity, a

considerable body of non-responding patients to now ‘traditional antidepressants’



also grew (Al-Harbi, 2012). The research began to uncover a fraction as high as
30% of people diagnosed with depression that did not respond clinically to these
monoamine-focused interventions (Joffe et al., 1996, Al-Harbi, 2012). This
presentation of treatment-resistant depression (TRD) further highlights the
heterogeneity of the neuropsychiatric condition and needs for alternative
therapeutics. To reveal potential novel therapeutic targets, more research is
required to understand alternative molecular and cellular mechanisms driving the

pathophysiology underpinning neuropsychiatric conditions.

During the late 20" century, research within the neuropsychiatric field focused on
discovering different neuropsychiatric pathophysiology that deviated from the
monoamine hypothesis. Depression was starting to be appreciated not only as a
change to mental state and behaviour but also coupled with peripheral changes in
the body, notably, elevation of circulating proinflammatory cytokines (Himmerich
et al., 2019, Burrows et al., 2021). Additionally, this inflammatory bidirectional
relationship was presenting in several peripheral inflammatory conditions. This
comorbidity dynamic is observed in inflammatory bowel disease (IBD), rheumatoid
arthritis (RA) and psoriasis (Graff et al., 2009, Matcham et al., 2013, Russo et al.,
2004). Growing clinical evidence was recognising patients with peripheral
inflammatory conditions also experienced a high prevalence of neuropsychiatric
conditions (Wang et al., 2025). These discoveries initiated the focus on an
inflammation-based cause of neuropsychiatric conditions. Resulting in a demand
of novel alternative therapeutics that adopted an anti-inflammatory

pharmacological approach.

A systematic review conducted in 2016, found that diagnosis of anxiety and
depression in patients living with IBD doubled compared to healthy controls
(Mikocka-Walus et al., 2016). Common elevated peripheral pro-inflammatory
cytokines within IBD patients which correlate with worsening of depressive
symptoms include interleukin (IL)-6, interferon (IFN)y and IL-17 (Moulton et al.,
2019). Following a similar pattern, diagnosis of depression within patients living
with RA is significantly higher compared to the general population (Nerurkar et
al., 2019). Key inflammation molecular players found to be elevated in circulation

of RA patients include tumour necrosis factor alpha (TNFa), IL-6 and IL-17



(Parlindungan et al., 2023). Psoriasis again mirrors this comorbidity trend with the
condition’s upregulation of peripheral cytokines including IFNy, IL-17 and TNFa.. A
recent review found that patients living with psoriasis experience significantly
higher prevalence of neuropsychiatric conditions including anxiety and MDD
(Hedemann et al., 2022, Chen et al., 2021).

Overall, this bidirectional comorbidity between peripheral inflammatory
conditions and neuropsychiatric conditions highlights the interplay between
peripheral and central brain inflammatory changes. The raised circulating
cytokines recorded in these patient groups uncovers a potential origin of these
pro-inflammatory agents which can drive negative changes to behaviour (Miller,
2009). This inflammatory link between cytokines, cellular drivers within the brain

and changes to behaviour will be a focus in this thesis.

Another body of evidence that supports the role of inflammation in development
of depressive-like behaviours is the onset of depression in patients administered
cytokine therapy (Capuron et al., 2002). With their action inducing immune-
modulatory effects, cytokines are a key area of therapeutic research. They can
be used agonistically to aid cellular proliferation and harness their inflammatory
effect. These therapeutics include IFNa recombinant therapy for viral infections
and granulocyte colony-stimulating factor (G-CSF) in patients with neutropenia
(Donini et al., 2007, Finter et al., 1991). Cytokine inhibitors are another beneficial
therapeutic tool and aim to decrease the inflammation in several clinical
conditions. This includes anti-TNFa therapeutics (e.g. infliximab, etanercept) for
peripheral inflammatory conditions such as psoriasis and RA. Overall, these pieces
of evidence further proved that altering cytokine levels can promote or attenuate

depressive-like symptoms.

1.3 Sickness behaviours

Inflammation may result in the development of SB during periods of acute illness.
These encompass a wide scope of signs and symptoms that individuals exhibit in
times of inflammation-driven illness which are considered a protective and

compensatory mechanism of the body. Some of these behaviours include malaise,



reduced appetite and anhedonia (Kelley and Kent, 2020). Manifestation of SB is
considered an evolutionary mechanism to allow the body to tackle the infection
(Dantzer, 2009, Dantzer, 2023). These states of mind and body have also been
found to potentially precede and mirror the more chronic biology which underpins
neuropsychiatric syndromes including MDD and anxiety (Turkheimer et al., 2023,
Maes et al., 2012). Neuroinflammation has various key cellular players and
molecular mechanisms underpinning the pathological changes associated with the
tissue state. These biological components will be discussed later in this chapter

with their links to neuroinflammation discussed in tandem.

One symptom common in both SB and neuropsychiatric conditions is anhedonia.
Negative changes to mood and motivation are often classified as ‘anhedonia’
(Cooper et al., 2018). This emotional status is described as the loss of one’s ability
to feel pleasure or interest in activities that once were enjoyed by the individual.
This change in behaviour is thought to have links to reward circuitry in the brain.
One brain network which mediates reward behaviour is the dopaminergic

mesolimbic pathway.

1.3.1 Depressive-like behaviours and reward circuitry

As scientific work strives to understand the neurobiological changes that lead to
a development of anhedonia, these feelings of loss of interest have been linked to
reward circuitry deficits (Der-Avakian and Markou, 2012, Hoflich et al., 2019).
Individuals reporting anhedonic feelings may also experience reduced motivation
in the initial seeking of activities that induce pleasure. In the context of
depression pathophysiology, initial studies focused on serotonergic and
noradrenergic pathway deficits. As discussed previously in this chapter, this body
of research brought about success in the discovery of treatment options including
SSRIs and SNRIs (Moncrieff et al., 2023, Gorman and Kent, 1999).

However, with anhedonia and reduced motivation being frequently documented
symptoms from individuals living with depression, the relevant dopamine-driven
reward pathways gained more interest within the neuropsychiatric field (Ostinelli
et al., 2023, Dresp-Langley, 2023). Some of the success attributed to these

common monoamine-linked depression treatments have more recently been



linked to changes in dopamine levels within the brain (Li et al., 2020).
Understanding dopamine’s role in reward pathways and its links to clinical success
of first-line antidepressive treatment highlights the neurotransmitters importance

when exploring changes to motivation-related behaviours.

As with any complex behaviour, reward and motivation encompass intricate
interactions of several different neurotransmitters, neural circuits, and brain
regions. Of these, dopamine is one of the primary neurotransmitters for mediation

of reward-driven behaviours (Bromberg-Martin et al., 2010).

Dopamine is an example of a catecholamine neurotransmitter and present both in
the brain and periphery. Dopamine exerts its myriad of effects via activation of G
protein-coupled dopamine receptors (DRs) which have two major subcategories:
D1-like and D2-like. The synthesis of dopamine is a two-step process involving the
hydroxylation of L-tyrosine to form L-DOPA via the enzyme tyrosine hydroxylase

followed by decarboxylation via aromatic amino acid decarboxylase (AADC).

The primary cell type that synthesises dopamine are dopaminergic neurons which
are mainly found in the ventral midbrain. Following neuronal excitation,
dopaminergic afferents release the neurotransmitter from storage vesicles into
the synaptic cleft primarily in the nucleus accumbens (NAc) to modulate reward-
related behaviours. Excess dopamine can be removed from the synapse either via
dopamine transporters (DAT) or undergo inactivating oxidative deamination via
monoamine oxidase (MAO) or O-methylation via catechol-O-methyl transferase
(COMT). Understanding these biosynthesis steps and potential changes to them
following neuroinflammation may explain the resulting deficits in motivation and

reward.



The mesolimbic pathway is one neural circuit underpinning the coordination of
reward and motivation behaviour. This pathway involves various brain regions
including the ventral tegmental area (VTA), NAc, amygdala, hippocampus, and
prefrontal cortex (PFC). Dopaminergic neurons mediate the effects and behaviours
of the mesolimbic pathway. The thalamus is considered a major relay centre and
indirect regulator of the mesolimbic pathway via its glutamatergic afferent
projections into the NAc which subsequently cause the release of dopamine. The
primary neurotransmitter released from NAc efferents is gamma-aminobutyric
acid (GABA) via the principal cell type of the brain region medium spiny neurons
(MSNs). These GABAergic efferents primarily project to the ventral pallidum which
also play a role in the modulation of reward-seeking behaviours. A summary of
these neural circuits can be seen in Figure 1 (Heshmati and Russo, 2015). These
dopamine-driven pathways mediate various cognitive functions including

attention, memory and behaviours involved in motivation and reward.
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Figure 1: Anhedonia and brain reward circuitry summary on sagittal mouse brain section
schematic. Glutamatergic projections from the prefrontal cortex (PFC), hippocampus
(HIP), intralaminar thalamus (ILT) and amygdala (AMY) to the nucleus accumbens.
Dopamine projections from the ventral tegmental area (VTA) also to the nucleus

accumbens. GABAergic inhibitory projections from the VTA to the nucleus accumbens.
Figure adapted from Heshmati and Russo, 2015.

1.4 Aldara TLR7-driven neuroinflammation model

As discussed previously, the increase of neural cytokines can lead to manifestation
of depressive-like behaviours. The exact molecular and cellular drivers of these
inflammation-induced behaviours are poorly understood. To begin characterising
the biology underpinning these behavioural changes, this thesis will use the non-

invasive Aldara model of TLR7-driven neuroinflammation.



Aldara cream is a topically applied treatment which contains the active ingredient
IMQ. It is used to treat a range of skin conditions including genital warts,
precancerous skin growths (actinic keratoses) and superficial basal cell carcinoma
(Wagstaff and Perry, 2007). However, following topical application of Aldara
cream, patients started reporting psoriasis-like dermal inflammation (Owens et
al., 1998). This then led to the IMQ-containing cream to be used in mice to create
an acute dermal inflammation murine model of psoriasis. The psoriasis-like model
was first described in 2009 by Van Der Fits (Van der Fits et al., 2009). IMQ is a TLR
7/8 ligand which when activated generates a strong anti-viral immune response
involving type | IFN, cytokines, and chemokines. The reaction to IMQ, when
applied to the skin, is that similar to human psoriasis infection pathology
characterised by erythema of the skin, swelling, scabbing, and itching of the
affected area (Badanthadka and D’Souza, 2020). Other more widespread effects
of the cream involve hyperkeratosis of the dermal skin layer, splenomegaly, and

a draining effect on lymph nodes (Palamara et al., 2004).

Traditionally, this model was created as a psoriasis model and used to study the
effects of peripheral inflammation and its downstream effects. The Aldara model
serves a powerful tool in the study of psoriasis with its trigger of the IL-17/IL-23
signalling pathway which is harmonious with the pathophysiology detailed in the
human disease (Guo et al., 2024). Additionally, the model results in the onset of
neuroinflammation including raised intracerebral cytokines and glial cell
activation. A pre-clinical model of psoriasis resulting in neuroinflammation would
be useful to document links between the peripheral inflammatory condition
leading to central brain changes. Studying the presence of neuropsychiatric-like
behaviours in psoriasis was of interests due to patients living the dermal conditions
reportedly 1.5 times more likely to experience depressive symptoms compared to
healthy control cohorts (Hedemann et al., 2022). However, it must be considered
that Aldara preparation of IMQ cream contains isostearic acid which has been
shown to play a role in activating the TLR7-independent inflammasome response
(Walter et al., 2013). This additional pro-inflammatory trigger may be contributing
to the overall dermal response in the Aldara model.
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Work using the Aldara model then shifted to studying presence of
neuroinflammation in the murine model. Mass spectroscopy experiments found
that IMQ is present in the brain parenchyma as little as 4-hours post-topical
application of Aldara cream (Nerurkar et al., 2017b). Previous experiments also
discovered that the 3-day timepoint is the peak of neuroinflammation within the
model (McColl et al., 2016). This timepoint will be the one further explored within
this thesis. TLR7 is expressed on several brain-resident cells including neurons,
astrocytes and primarily microglia (Michaelis et al., 2019). This presented the use
of the Aldara model being a non-invasive model of TLR7-driven

neuroinflammation.

Previous work has established that the IMQ-driven peripheral inflammation results
in central brain changes of IFN-stimulated genes alongside increased
neuroinflammation and increased neuroglia activity (Sharma et al., 2024, Nerurkar
et al., 2017b, McColl et al., 2016). The Aldara model additionally displays,
following from IMQ entering the brain and inducing an anti-viral-like immune
response, increased chemokine expression within the CNS. This results in the
infiltration of peripheral blood leukocytes into the brain parenchyma including B,
T, NKT cells and monocytes. Central brain changes also associated with the Aldara
model include a recorded reduction in hippocampal neurogenesis. Furthermore,
behavioural implications with a reduction in burrowing behaviour; a commonly
used behavioural output to assess routine activity and motivation in rodents
(McColl et al., 2016; Jirkof, J Neurosc Methods, 2014). A summary of the
neuroinflammation present in the Aldara model and possible TLR7-driven

inflammation routes are shown in Figure 2.
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Figure 2: Aldara IMQ TLR7-driven neuroinflammatory model. Topical application of 5% IMQ
cream triggers a psoriasis-like dermal reaction. This creates a systemic pro-inflammatory
response. Previous findings show, via mass spectrometry, IMQ enters the brain parenchyma
following topical application. This highlights another route of neuroinflammation trigger. A
neuroinflammatory response is triggered through activation of brain-resident glia, raised
cerebral cytokines and infiltration of peripheral immune cells. This results in changes to
behaviours termed ‘sickness behaviours’. These changes include reduced appetite, weight
changes, reduced burrowing and presentation of anhedonia-like phenotype. Schematic created
in https://BioRender.com
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1.4.1 TLR7 signalling pathway and TLR7-activated

neuroinflammation

As stated previously, mass spectrometry experiments found IMQ present in brain
parenchyma 4 hours post-topical Aldara application (Nerurkar et al., 2017a). This
infiltration from circulation is attributed to the chemical composition of IMQ being
a lipophilic molecule with a relatively small molecular weight of 240-260kDa
(Peralta et al., 2018, Bellettato and Scarpa, 2018). IMQ is a TLR7 ligand which is
a modulator of the innate immune response (El-Zayat et al., 2019). TLR7’s primary
role is recognising pathogen-associated molecular patterns (PAMPs) via single-
stranded viral ribonucleic acid (RNA) (Kawasaki and Kawai, 2014). TLR7 ligation
activates transcription factors including NF-kB and IFN regulator factors (IRF) via
the MyD88 pathway (Hemmi et al., 2002, Bender et al., 2020). The consequential
inflammatory pathway triggered is a type | IFN and cytokine-mediated response
(Wenzel et al., 2005). A summary of the TLR7 signalling pathway can be seen in
Figure 3 (Lesniak et al., 2023).

sSRNA endosome
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Figure 3: TLR7 signalling pathway. TLR7/8 located intracellularly on endosomes are innately
activated by single-stranded RNA viruses (ssRNA). This activates a molecular cascade results in
the production of interferons and pro-inflammatory molecular mediators. Adapted from
Lesniak et al., 2023.

Circulating pro-inflammatory cells that express TLR7 include T cells, B cells,
macrophages and monocytes (Li et al., 2019, Fillatreau et al., 2021). The primary

cell thought to be driving the dermal TLR7-activated response in the Aldara model
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is plasmacytoid dendritic cells (Holcmann et al., 2012). TLR7 expression within
the CNS has also been reported in neurons, microglia and astrocytes all which are
thought to contribute to neuroinflammation (Hanke and Kielian, 2011). This
widespread expression of TLR7 across brain-resident and immune populations
highlights different activation mechanisms possible of the TLR7 ligand IMQ.
Although exact mode of activation underpinning the neuroinflammation in the
Aldara model is unknown, it is important to consider the numerous possible routes
of inflammatory pathways. The benefits of this model lie in its non-invasive nature
(i.e. IMQ crossing the BBB and activating TLR7 on brain-resident cells directly).
The Aldara model evokes a neuroinflammatory response with subsequent changes
to behaviour. To further validate the use of this model as a TLR7-driven
neuroinflammatory model, experiments in this thesis focus on characterising
transcriptional and cellular drivers of the inflammation-induced behavioural

changes.

1.5 Neuroinflammation

Neuroinflammation is a multi-cellular and molecular process which mediates pro-
inflammatory responses to various pathogenic stimuli. The initiation of
neuroinflammation begins as a protective defence mechanism. However, if pro-
inflammatory mechanisms persist in the brain chronically, they can result in
changes within the CNS. These changes may include negative effects on synaptic
plasticity, cellular damage, behavioural changes and chronically elevated neural
cytokines (DiSabato et al., 2016).

Presence of cytokines does not necessarily indicate damage within neural tissue.
Tolerated levels of these pro-inflammatory molecules are essential for repair,
protection, learning & memory (Yong et al., 2019, Bourgognon and Cavanagh,
2020). In periods of sickness, upregulation of pro-inflammatory cytokines is
considered a protective adaptive response of organisms. In some cases, this

inflammatory response results in the manifestation of SB.



1.5.1 Microglia

As the brain’s resident immune population, microglia are a research hotspot when
investigating neuroinflammation. Microglia are CNS-resident macrophages and are
responsible for a myriad of immune and neural functions. These include the
refining of neural networks via synaptic pruning, phagocytotic clearance of
cellular debris and secretion of inflammation-mediating molecules (Colonna and
Butovsky, 2017). This innate immune cell of the brain is essential for the
protection of the CNS and response to any pathogens and inflammatory stimuli. A
summary of their homeostatic and pathological responses can be seen in Figure 4
(Pocock and Piers, 2018).
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Figure 4: Summary of homeostatic and pathological microglial responses. Schematic adapted
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The lineage of microglia is unique compared to other tissue-resident macrophages
in originating from erythromyeloid precursors from the yolk sac (Alliot et al., 1999,
Prinz and Priller, 2014). Other myeloid populations differentiate from stem cells
located in the bone marrow. This difference in lineage of microglia and other
myeloid populations is useful for distinguishing the 2 broad populations. The
cellular origin differences allow for techniques such as cellular fate mapping to
detail cells’, such as microglia, precursor and development stages (Bobotis et al.,
2024).
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Microglia form the first-line of innate defence for the CNS with initial activation
having a protective role. The brain-resident immune population actively
contribute to both damaging and reparative processes through the release of both
pro-inflammatory and anti-inflammatory cytokines (Piano et al., 2023). Microglia
have been shown to respond both to direct brain inflammation and also immune
challenges in the periphery (Dantzer et al., 2008). In systemic inflammatory
lipopolysaccharide (LPS) rodent models, microglia have been identified as key
cellular regulators of the consequential neuroinflammation (Geloso et al., 2024).
This peripherally-induced microglial reactivity has been demonstrated via
increased ionised calcium-binding adaptor molecule 1 (Iba1) staining and increase
pro-inflammatory cytokines from the innate brain immune cell (Norden et al.,
2016). Microglia are equipped with TLRs which aid their surveillance and
responsive abilities in the CNS tissue (Jack et al., 2005). This surface and
intracellular family of receptors allow for detection and recognition of damage-
associated molecular patterns (DAMPs) and PAMPs. Depending on which subtype
of TLR is activated, this results in a multi-molecular pro-inflammatory cascade
typically consisting of cytokines and type | IFNs. As TLR7 is known to be expressed
on microglia and, when activated, triggers a pro-inflammatory response, this
presents the Aldara model as a useful research tool.

Following a pathogenic stimulus, microglia can change their reactive status. This
shift to a reactive microglial phenotype results in various transcriptional changes
and increased cytokine production (Guvenek et al., 2024, Muzio et al., 2021).
Additionally, changes to microglial morphology is a primary indicator of their
reactive status. When faced with pro-inflammatory triggers, microglia may alter
their morphology from a complex ramified structure with many cellular processes
to an ameboid structure (Adrian et al., 2023, Green and Rowe, 2024). Increased
microglial processes have been imaged, via two-photon imaging, to aid immune
surveillance and synaptic remodelling (Kamei et al., 2022, Nimmerjahn et al.,
2005). These morphological changes highlight microglia’s goal to survey the brain

parenchyma and respond accordingly.

The nomenclature surrounding the microglial field is ever-changing in pursuit of

the most accurate classification of the brain-resident cell. Originally, microglia
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were categorised similarly to peripheral macrophage as M1 or M2 phenotypes
based on showing pro-inflammatory and anti-inflammatory properties,
respectively. However, microglial reactivity states are now known to be more
complex and exist in a spectrum of physiology (Wang et al., 2023a). Single-cell
RNA sequencing (scRNAseq) has provided an in-depth exploration into the
transcriptomic profiles of mouse microglia in various tissue environments. These
experiments have revealed the true heterogeneity of the brain-resident immune
population (Hammond et al., 2019). Subsets of microglia have been described in
different tissue states including aged brain, diseased and post-injury (Jin and
Yamashita, 2016). These differing phenotypes and functional abilities of microglia
highlight the true multidimensional nature of the glial population. This evidence
supports the abandonment of previous M1/M2 polarity categorisation of microglia

to more accurately portray their variable reactivity status.
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Figure 5: CNS-related myeloid cells including their unique and overlapping markers. Adapted
from (Greter et al., 2015).

Microglia express a variety of cell surface markers with single cell experiments
documenting a wide range of markers of the CNS immune population in both
humans and rodents (Mrdjen et al., 2018, Yaqubi et al., 2023). A number of these
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microglial markers are shared with other myeloid populations such as macrophages

and monocytes as illustrated in Figure 5 (Greter et al., 2015).

In vitro, the cytoplasmic marker Ibal can be used to visualise both microglia at
rest and at increased levels indicating reactive microglia (Bennett and Viaene,
2021, Ito et al., 1998). Iba1 is also capable of staining other myeloid population
including circulating monocytes and macrophages which needs to be considered
when interpreting results (Cora et al., 2020). Using Iba1 staining can serve as a
preliminary result of general microglial reactivity within the CNS. Microglia share
various markers with their other myeloid cell types (Figure 5). As microglia
perform similarly to their macrophage counterparts and possess these shared
cellular markers, teasing apart the population proves a difficult task for the
neuroimmunology field. Some surface markers expressed by microglia include
Tmem119, P2ry12 and Msr1 alongside pan immune markers such as CD45 and
CD11b (Hammond et al., 2019). However, work with inflammatory models have
demonstrated that macrophages and other myeloids can express these ‘microglial
markers’ (Jurga et al., 2020). Additionally, the expression of these myeloid
cellular markers varies depending on the biological state of the tissue. This
highlights the lack of unique and specific microglial markers within the

neuroimmunology field.

This restricted identification of true microglia from other myeloid populations
creates a technical limitation when studying neuroinflammation. Both activation
of resident microglia and infiltration of macrophages are at play in various
neuroinflammatory environments including models of Alzheimer’s disease (AD)
and traumatic brain injury (TBI) (Minogue, 2017). This inability to reliably
distinguish microglia from other infiltrating myeloid populations during
neuroinflammation limits the accurate characterisation of the different cellular
drivers. However, whilst maintaining this limitation in mind when interpreting
results, consequential pro-inflammatory effects of both cellular population can
still be characterised. Various technical methods exist to attempt to separate out

the innate and infiltrating myeloid cellular drivers of neuroinflammation.
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One method of separating microglial and myeloid populations is through varying
expression of the immune marker CD45 via flow cytometry. Recent work has shown
brain-resident microglia express relatively ‘intermediate’ levels of CD45
compared to ‘high’ expression of macrophage and other myeloid populations
(Ritzel et al., 2015, Honarpisheh et al., 2020, Srakocic et al., 2022). This creates
a resident microglial population identifiable by a CD45™ CD11b* via flow
cytometry. However, following inflammatory activation, some microglia may shift
their CD45 expression to ‘high’ and adopt a more macrophage-like phenotype
(Honarpisheh et al., 2020). This change in CD45 expression may represent
microglia entering a more reactive cellular state in response to
neuroinflammation. However, this CD45" CD11b* will also contain other myeloid
populations including infiltrating monocytes and macrophages. Infiltration of this
population of CD45" monocyte-derived macrophages into the CNS has been
documented in various mouse neuroinflammatory environments including models
of stroke (Ju et al., 2022). Neuroinflammation-mediated mouse stress models also
demonstrate an increase of the peripherally-derived CD45" myeloid populations
(Wohleb et al., 2014, Mildner et al., 2007). Using additional microglial or
macrophage-specific markers on these flow cytometry populations could further

delineate the 2 myeloid populations from each other.

Another subset of macrophages that have been shown to be involved in the
regulation of the brain’s immune response are border-associated macrophages
(BAMs) (Sun and Jiang, 2024b). The BAMs encompass various subsets of
macrophages residing in meningeal tissue and space, choroid plexus and
perivascular area. This broad category of macrophages are derived from bone
marrow stem cells and reside in these CNS boundaries as seen in Figure 6 (Sun and
Jiang, 2024a). These macrophages act similar to other myeloid subset including
detecting and responding to immune stimuli. Additionally, BAMs carry out their
immunomodulatory role in the production of various molecular drivers including
cytokines and chemokines following inflammatory stimuli including peripheral
introduction of LPS (Yan et al., 2023). BAMs are another macrophage subset which
express similar surface markers to microglia including CSF1R, MerTK and Iba1 (Sun
and Jiang, 2024a, Utz et al., 2020). Therefore, care must be taken when

interpreting microglial findings as some changes may be attributed to other non-
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microglial macrophage subsets. Microglia are similar to their macrophage
counterparts in carrying out immune-focused functions in the brain parenchyma.
They do possess various unique function due to their resident organ including

synaptic pruning and modulation of synaptic transmission.
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Figure 6: Border-associated macrophages (BAMs) subsets and anatomical differences of
brain parenchymal microglia. Various BAM anatomical niches including meningeal,
perivascular and choroid plexus. Macrophage (M¢) differentiates from bone marrow stem cells
and enter circulation as monocytes. CSF = cerebrospinal fluid. Adapted from Sun and Jiang,
2024.

1.5.2 Meninges

The meninges are 3 protective layers of the CNS and, in more recent years, has

become of interest to immunologists. Recent discoveries of meningeal
immunological tissue-niches present the question of their involvement in
neuroinflammation (Rebejac et al., 2024). From skull to brain, the 3 meningeal
layers are the dura, arachnoid and pia mater. The dura mater is a dense,
connective tissue which adheres tightly to the cranium and anchor at the
boundaries of the foramen magnum. The dura mater has both a protective
function but also organisational one with its folds forming the falx cerebri and
tentorium cerebelli which aids the structuring of the cerebrum. The arachnoid

mater has a branching appearance which extend into the cerebrospinal fluid (CSF)-
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containing subarachnoid space. The arachnoid and its associated features create
the shock-absorber feature of the meninges to protect the brain. The pia mater is
directly adhered to the brain parenchyma and can be grouped with the arachnoid

mater as the leptomeninges.

The meninges were originally thought to solely be responsible for forming the
physical protective barrier of the CNS. However, recent work now recognises the
meninges as vital regulatory components of CNS immune function (Ransohoff and
Engelhardt, 2012). Even at rest, the meninges have an immunomodulatory action
on the CNS without any cells trafficking to the brain parenchyma (Rebejac et al.,
2024). Various RNA sequencing techniques have revealed the meningeal layers are
immune-rich compartments with presence of various subtypes of CD45+ cell
populations (Van Hove et al., 2019). Some of the previously discussed BAMs reside
in this meningeal space (Sun and Jiang, 2024b). This meningeal myeloid subset are
involved in the local immune surveillance and homeostasis of CNS tissues.
However, through various transcriptomic profiling of these subtypes they have
been distinguished from their brain parenchymal microglial counterparts.
Experiments in this thesis have begun to detail the transcriptomic signatures of

immune cells in the brain.

When investigating neuroinflammation and its effects on both resident and
infiltrating immune populations, it is important to consider the meninges. As will
be discussed later in chapters 4 and 5 of this thesis, care must be taken during
tissue collection to ensure brain parenchyma is being harvested without meningeal
tissue. This is to separate out the 2 immune niches of the CNS and meninges.

1.5.3 CNS immune cell surveillance

The now disproven belief that the CNS is an immune-privileged site was based on
the idea that the blood-brain barrier (BBB) created a strict compartmentalisation
of the CNS from the peripheral immune system. Now it is understood that, even
at rest, there is a delicate interplay between brain-resident immune populations
(i.e. microglia), CNS-associated immune niches (e.g. meningeal immune cells,

BAMs) and peripheral immune cells. Immune surveillance of the CNS is vital to
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maintain a healthy, homeostatic tissue environment is that of immune
surveillance. This cellular system patrols the brain parenchyma to identify and

eliminate potentially damaging invading pathogens and toxins from the CNS.

As previously discussed, brain-resident microglia are the main contributor to
immunosurveillance specifically within the brain. Microglia are the first
responders of the CNS tissues by completing phagocytosis, secreting
proinflammatory cytokines and can act as antigen presenting cells (APCs) to
infiltrating T cell populations into the neural niches. Immune surveillance is vital
for neuron and glial function including synaptic transmission. It is now understood
that other peripheral immune cells also support the surveillance and immune
response within the CNS. CNS-Infiltrating T cells are now a key focus of peripheral
and central immune interactions. This is due to the peripheral lymphocyte being
a primary mediatory of inflammatory processes by the release of both pro-
inflammatory and anti-inflammatory cytokines (Benallegue et al., 2022). These
primarily infiltrating T lymphocytes are known to respond to a variety of neural

immune stimuli.

1.5.4 T lymphocytes

Recent work demonstrates the importance of peripheral immune cells in
modulating the neuroimmune environment. T cells, B cells and macrophages are
involved in the cellular processes mediating neuroinflammation (Ni Chasaide and
Lynch, 2020, Ahn et al., 2021). This thesis focuses on T lymphocytes (T cells) and
their role in TLR7-driven neuroinflammation as the chosen 3-day timepoint of
inflammation is relatively acute (McColl et al., 2016). Other peripheral immune

cells such as B cells are more often associated with chronic states of inflammation.

The major subcategorisation of T cells is that of CD4+ (helper T cells: Th) or CD8+
(cytotoxic T cells: Tc). However, at this stage expression signalling results in the
naive T cells becoming double positive for these markers (Parel and Chizzolini,
2004). Before becoming a single positive T cell, this transitional population must
undergo positive selection. This process occurs when the T cells interact with
thymus-resident epithelial cells which express with major histocompatibility
complex (MHC) Class | or Il. T cells will differentiate into CD8+ TC or CD4+ Th cells
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after interacting with epithelial cells expressing MHC Class | and Il, respectively
(Swain, 1983). Th cells exhibit a coordinating role of immune responses including
activating other immune cells including B cells and myeloid populations (Pobor et
al., 1984). Tc cells carry out their functions more directly by inducing apoptosis
of pathogenic harmful cells (Groscurth and Filgueira, 1998). Both subtypes are
responsible for secretion of key cytokines depending on their further phenotypic
characterisation. Full categorisation and mature phenotypes is a multi-molecular

process which is summarised in the schematic shown in Figure 7.

1.5.4.1 T Cells in neuroinflammation

Infiltration into the CNS of both CD4+ and CD8+ T cells has been demonstrated in
a variety of neuroinflammatory environments including mouse models of multiple
sclerosis (MS), TBI and stress (Gonzalez and Pacheco, 2014, Xu et al., 2021, Shi et
al., 2022). In MS lesions, infiltration of CD4+ T cells has been shown to contribute
pro-inflammatory cytokines to the neuroinflammation-driven demyelinating

syndrome. IFNy and IL-17 production from Th cell subsets have been shown as one
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of the pro-inflammatory drivers of the pathology in both humans and animal
models of MS (Arellano et al., 2017, Domingues et al., 2010).
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Figure 7: T Cell subset phenotypic characterisation. Schematic summarising molecular
mechanisms underpinning T Cell functional categorisation. Vital transcription factors,
cytokine production and surface receptor expression of Tregs, Th1, Th2, Th17 and Th22
subsets shown. Figure created in https://BioRender.com.

CD8+ T cells elicit a relatively more direct attack during neuroinflammation. This
also involves secretions of pro-inflammatory cytokines, in addition to triggering
cell death via intrinsic and extrinsic pathways (Jangalwe et al., 2019). CD8+ T
cells have established interactions with various brain-resident cells. One
pathogenic relationship exists with cytokines produced from astrocytes triggering
CD8+ T cells to initiate caspase-3-mediated apoptosis in neurons in acute stage
TBI (Wu et al., 2021). T cells and characterisation of their inflammation-mediating
components is essential to understanding peripheral immune contribution to

neuroinflammation.

CD4+ T cells are essential mediators of neuroinflammation. This Th subset have
also been identified in the serum of patients living with anxiety (Dai et al., 2024).
These lymphocytes are considered essential for maintaining the balance in
neuroinflammation in the production of pro-inflammatory and anti-inflammatory

cytokines. The maturation process of microglia has been found dependent on CD4+
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T cells (Pasciuto et al., 2020). In the neuroinflammatory AD mouse model, CD4+ T
cells have been found to promote microglia to shift to a more phagocytic
phenotype with the upregulation of MHCIlI and P2ry12 (Mittal et al., 2019).
Ultimately, this T cell subset plays important roles in the neural environment both

independently and participating in glial reactivity.
1.6 Cytokines & chemokines

Cytokines are one of the primary molecular mediators of inflammation in the
body. Cytokines encompass other immunomodulatory molecules of cellular
response which include chemokines, lymphokines and IFNs. These secretory
proteins play a crucial role in the immune system to combat pathogens. Cytokines
trigger signalling cascades within cells via interaction with their relevant 7-
transmembrane G-protein-coupled receptors (Lowry, 1993). Depending on what
cell and corresponding receptor cytokines act upon, a single cytokine can have
several differing effects. In their role as immune response regulator, they have a

homeostatic role that can be either pro- or anti-inflammatory.

As with peripheral inflammation, neuroinflammation is initiated and modulated
by cytokines (Konsman, 2022). These neural cytokines can originate from either
resident populations (e.g. microglia, astrocytes and neurons) or responding
infiltrating peripheral leukocytes. Cytokines play a key role in brain development
and homeostatic mechanisms such as learning and memory (Bourgognon and
Cavanagh, 2020, Mousa and Bakhiet, 2013). Initiation of a pathogenic
neuroinflammatory environment triggers a cascade of damaging consequences.
They range from BBB remodelling, leukocyte trafficking to the CNS, aggregation
of abnormal proteins, behaviours and synaptic deficits. Detailing the molecular
mechanisms that lead to these consequences would provide better understanding

of potential damage-limiting therapeutic targets.

1.6.1 Pro-inflammatory cytokines

A variety of pro-inflammatory and anti-inflammatory cytokines are documented

in neuropsychiatric conditions including MDD, schizophrenia and anxiety (Kim et



1 26

al., 2016, Na et al., 2014, Kronfol and Remick, 2000). However, this thesis focuses
on a selected panel due to their involvement in neuropsychiatric conditions.
Additionally, these cytokines have direct links to microglia and T cells via
activation of these cellular populations. These cellular drivers of

neuroinflammation are the primary focus on the work in this thesis.

1.6.1.1 TNFa

TNFa is a major player in the initiation and continuation of inflammation within
the body. There are many cellular sources of TNFa including macrophages, B cells,
activated T cells and within the CNS namely astrocytes and microglia. TNFa has a
key regulatory role and can trigger different effects depending on which receptor
it acts upon. TNF receptor (TNFR)-1 and TNFR2 both have proinflammatory

capacity, however, the latter primarily elicits an anti-inflammatory response.

TNFa plays a homeostatic role in the brain with contributions to plasticity and
myelination (Kleidonas et al., 2023, Selmaj and Raine, 1988). The classic
proinflammatory cytokine has been established as a key mediator in homeostatic
synaptic plasticity to maintain proper neural circuit function (Heir and Stellwagen,
2020). This cytokine has the capacity to have both protective and damaging
effects within the CNS. When TNFa levels tip from homeostatic to pathological,
several downstream effects occur within the CNS. Primarily via TNFR1 activation,
release of proinflammatory cytokines is elicited from both brain-resident
microglia and infiltrating immune populations (e.g. infiltrating activated T cells
(Raffaele et al., 2020, McCulloch et al., 2024). Endothelial cells of the BBB can
also secrete TNFa which may have local effects on the barrier’s physiology. This
may include decreasing expression of the tight junctions which may result in a
breach of the integrity (Versele et al., 2022). Changes to BBB integrity is one of
the consequences of neuroinflammation which can exacerbate the pro-

inflammatory environment.

TNFa and microglia have an intimate relationship, namely, TNFa-induced
activation and maturation of microglia into a proinflammatory phenotype. TNFa-
dependent activation of microglia further promotes inflammation within the brain
parenchyma, continuing the damaging cycle (Henning et al., 2023). Detailing

cellular sources of TNFo in the TLR7-driven neuroinflammation in the Aldara
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model aids understanding of the molecular mechanisms underpinning the

sequence of pathological events.

As mentioned previously in this introduction, TNFa is one of the pro-inflammatory
cytokines found to be implicated in neuropsychiatric conditions namely MDD.
Raised serum TNFo levels have been shown to positively correlate with the
severity of depression symptoms (Das et al., 2021). One of TNFa’s proposed roles
in the pathophysiology of depression include decreasing the bioavailability of the
essential serotonin precursor tryptophan via stimulating the enzyme indoleamine
1,3-dioxygenase. This enzymatic depletion of tryptophan mediated by TNFa has
been shown to results in depressive-like behaviours in preclinical models of stress
(Liu et al., 2015). As briefly discussed in the overview section of this chapter,
another piece of evidence of TNFa’s involvement in neuropsychiatric conditions
includes Etanercept and the drug’s biological consequences. The antagonist of
TNFa, administration of Etanercept has been documented to alleviate
neuropsychiatric-like symptoms in both rats and humans (Bayramgurler et al.,
2013, Yang et al., 2019).

1.6.1.2 IFNy

IFNy is one of the primary pro-inflammatory cytokines that induces glial reactivity
in the CNS (Monteiro et al., 2017). Increased levels of IFNy are typical of an anti-
viral response. Literature surrounding IFNy presents the cytokine as having both
neuroinflammatory and neuroprotective effects. IFNy-incubated cultures
stimulated with LPS resulted in a heightened astrocytic neuroprotective response
for neurons (Sun et al., 2017). Characterising IFNy+ cells via flow cytometry could
provide clearer understanding of the role of the cytokine. Considering type | IFN
signalling is a primary molecular pathway activated within the Aldara model (Grine
et al., 2015), this presents the TLR7-driven model as a useful tool for investigating

this cytokine’s contribution further.

IFNy displays a similar variability in its role within various neuropsychiatric
conditions. The pro-inflammatory cytokine has been documented as both
increasing and decreasing in patients living with MDD (Dunn et al., 2020). The link

between IFNy and onset of depressive-like symptoms is exhibited in patients
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receiving IFNy therapy and developing these behavioural changes (Lai et al.,
2023). This connection is further suggested with levels of IFNy mRNA in MS patients
positively correlating with severity of depression scores (Kahl et al., 2002).
However, serum IFNy levels have been documented to decrease within MDD
patient groups (Daria et al., 2020). This brief investigation of the literature
highlights the variable role of IFNy within neuroinflammatory and neuropsychiatric

clinical contexts.

1.6.1.3 IL-6

IL-6 is a common pro-inflammatory cytokine that has both damaging and
homeostatic effects within the CNS. It is a key immune regulator with both
microglia and astrocytes producing the molecule following viral infection.
Specifically for microglial production, IL-6 has been found to have a
neuroprotective effect by promoting neuronal survival in viral responses (Chucair-
Elliott et al., 2014). Normal feeding behaviours is thought to have an IL-6-
dependent mediation with IL-6-deficient mice showing increased eating and rapid
weight gain (Lopez-Ferreras et al., 2021). IL-6 is involved in the development of
inflammation-induced SB with IL-67- mice showing attenuation of systemic LPS-

driven behavioural changes (Bluthe et al., 2000).

IL-6 has a well-established pathogenic role within the preclinical context which
extends into the clinical conditions. A meta-analysis in 2010 documented IL-6 as
one of the primary pro-inflammatory cytokines to be elevated in patients living
with MDD (Dowlati et al., 2010). This pathological elevation in IL-6 within
neuropsychiatric patients is important to note due to the cytokine’s involvement
in reduction of adult hippocampal neurogenesis (Marsland et al., 2008). Anti-IL-6
therapy is being investigated into its potential pharmacological use of alleviating
depressive-like behaviours in patients living with long-term COVID-19 symptoms

(Kappelmann et al., 2021).

1.6.1.4 IL-17

IL-17 is a key pro-inflammatory cytokine with various links to neuroinflammation.

Th17 cells are the primary source of IL-17 with other subsets of Th1 and Th2 cells
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thought to be an additional source (Xu and Cao, 2010). IL-17 has been shown to
act directly on brain resident cells and further promote neuroinflammation namely
in neurodegenerative disease and MDD (Chen et al., 2020, Kim et al., 2021a). BBB
endothelial cells have been shown to express receptors for IL-17 and activation
results in an increase in BBB disruption (Kebir et al., 2007). The presence of SB
have been demonstrated to involve IL-17 in their pathogenesis with the cytokine’s
release from meningeal yd17 T cells eliciting anxiety-like behaviours in mice
(Alves de Lima et al., 2020). Clinical trials are currently underway to investigate
the therapeutic potential of monoclonal antibodies against IL-17a in patients with

treatment-resistant depression.

As detailed above, IL-17 has a significant immunomodulatory effect within the
brain in the context of neuroinflammation. This pro-inflammatory role extends
into the cytokine’s involvement in a number of neuropsychiatric conditions.
Previous studies identified elevated IL-17 serum levels and its primary cellular
source Th17 cells in patients living with MDD (Chen et al., 2011). This increase in
circulating and CSF IL-17 has also recently been documented in paediatric cases
of neuropsychiatric conditions (Foiadelli et al., 2025). Novel therapeutic research
is focusing on the use of probiotics to alter Th17 cellular and subsequently IL-17

levels in the hopes to alleviate depressive-like symptoms (Yousefi et al., 2019).

1.6.1.5 IL-21

IL-21 has been found to have a mediating role in a variety of neuropsychiatric
conditions. Elevated levels of the pro-inflammatory cytokines have been
documented in both humans living with AD and mouse models of the conditions
(Baulch et al., 2020, Agrawal et al., 2022). Th17 cells are a major source of IL-21,
and these cells have been reported in neuroinflammatory environments including
the CNS of mouse AD models (Machhi et al., 2021). IL-21-driven mechanisms in
neuroinflammation include the trigger of reactive microglia. Mice injected with
IL-21 display heightened microglial reactivity and subsequent elevated neural
cytokine levels (Oyamada et al., 2025). Identification of IL-21 including its T cell
sources within a neuroinflammatory model could aid understanding in its role

between infiltrating T cells and microglial reactivity.
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IL-21 has a relatively understudied relationship with neuropsychiatric conditions.
Significant increases in gene expression of IL-21 have been documented in patients
living with MDD (Galecka et al., 2021). However, this finding is not in agreement
with other studies finding no difference in the serum protein IL-21 between MDD

patients and healthy controls (Davami et al., 2016).

1.6.2 Anti-inflammatory cytokines

1.6.2.1 IL-10

IL-10 is an anti-inflammatory cytokine considered to be the primary
immunosuppressive cytokine in neuroinflammation (Burmeister and Marriott,
2018). Microglia carry out their protective roles through the release of IL-10 to aid
resolving of pro-inflammatory environments (Lobo-Silva et al., 2016). IL-10’s main
producer are CD4+ T cells (Saraiva and O'Garra, 2010). This lymphocyte subset
have been identified in neuroinflammatory contexts including the experimental
autoimmune encephalomyelitis (EAE) model of MS (Yogev et al., 2022).
Investigating  cellular sources of anti-inflammatory  cytokines in

neuroinflammation could reveal drivers of resolution in a given animal model.

IL-10 anti-inflammatory role is also thought to be involved in the pathophysiology
leading to neuropsychiatric conditions. A recent case-control study found patients
living with anxiety had reduced serum IL-10 levels compared to healthy controls
(Sarmin et al., 2024). This reduction in the circulating anti-inflammatory cytokine
is also observed in MDD patients (Dhabhar et al., 2009). This highlights the
inflammation-driven pathophysiology may be both a heighted pro-inflammatory
response coupled with a dampened anti-inflammatory response within

neuropsychiatric conditions.
1.6.2.2 IL-4

IL-4 is one of the anti-inflammatory cytokines that plays many roles in
neuroinflammation. IL-4 is produced by a variety of immune cells including CNS-
infiltrating T cells. Murine models of intrauterine growth restriction, a

developmental disorder with a prevalent neuroinflammation, demonstrate a
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heightened neuroprotective Th2-driven IL-4 response to restore remyelination
processes (Zanno et al., 2019). Another neuroprotective effect of IL-4 is the
suppression of key pro-inflammatory cytokines TNFa and IL-1 demonstrated in
vitro with LPS-treated purified human monocytes (Hart et al., 1989). IL-4
enhances the phagocytic ability of microglia in a pro-inflammatory subarachnoid

haemorrhagic mouse model (Wang et al., 2024).

IL-4 has gained popularity within the psychoneuroimmunology field as being
presented as a potential diagnostic factor between active depressive episodes in
both MDD and bipolar disorder (Lu et al., 2023a). A recent meta-analysis of
patients living with depression also found reductions in circulating IL-4 protein
levels (Osimo et al., 2020). This further highlights the potential loss of this anti-

inflammatory compensatory mechanism within neuropsychiatric patients.

Experiments focusing on characterising a neuroinflammatory environment,
including cellular sources of cytokines present possible target for therapeutic
design. As neuroinflammation is controlled by several molecules and pathways and
not all having damaging roles, developing drugs to target specific molecules could
have a more tailored and fine-tuned treatment approach. These specific cytokine-
focused interventions could alleviate the damaging side of inflammation with

attempts to maintain neuroprotective aspects of neuroinflammation.

All the discussed pro-inflammatory and anti-inflammatory cytokines have
established research and clinical neuroinflammatory links. Of this group of
cytokines, previous work with the Aldara model has shown TNFa, IL-6 and IL-10
all to increase and peak within the brain at the 3-day timepoint of the model
(McColl et al., 2016). Given these previous findings, these cytokines will be the
focus of the experiments in this thesis. This will include identification of cellular
origins of the cytokines, namely microglia and T cell subsets. Identification of
origin and quantification of these cytokines aid full characterisation of the TLR7-

driven neuroinflammatory environment within the Aldara model.
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1.7 Using transcriptomics to study neuroinflammation

Transcriptomics is the field of studying an organisms’ transcriptome which
includes RNA, particularly messenger RNA (mRNA), within cells. RNA sequencing
and its various associated branches have grown in popularity within recent years.
RNA sequencing utilises isolated RNA samples from organs, tissues or cells and
combines the data output with computational techniques to provide a quantified
expression of transcripts from the given sample. Investigating the transcriptome
provides valuable and reliable estimations of the organism’s current biological

state and changes following a stimuli.

However, one limitation that existed in the transcriptomic field until recently was
the loss of spatial information with the data outputs. Tissue processing prior to
single cell sequencing analysis removes cells from their in-situ context.
Additionally, harvesting of single cells for sequencing can induce cellular damage
and death which would alter the transcriptional output. This technical limitation
stands true for brain-resident cells. Their complex morphology and proximity to
one another makes it difficult to harvest single cell suspensions from brain
parenchyma. This is due to cellular processes branching relatively long distances
in the mouse brain. For example, microglial ramified branches have been
documented to range from 200-350um in length (Reddaway et al., 2023).
Therefore, this complex morphology of brain-resident cells makes cellular harvest
difficult resulting in a lower yield of cells. Additionally, brain cells are in close
and intertwined proximity which strengthens their inter-cell communication to
maintain normal physiology. Maintaining a cell in its tissue context is beneficial
for understanding proximity to other cells which may be indicative of interaction
and influence on one another. This tissue context is essential to truly

understanding a cell’s state and overall function in situ.

The development of spatial transcriptomics aims to address these current
limitations of other sequencing techniques (Stahl et al., 2016). Spatial
transcriptomic platforms have many versions including Visium by 10X Genomics
and Nanostring’s contributions of GeoMx and CosMx. Experiments in this thesis
have used the spatial transcriptomics platform CosMx, Nanostring’s single-cell

subcellular transcriptomic spatial molecular imager (SMI).
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CosMx’s SMI utilises molecular barcodes for its in situ hybridisation (ISH) of RNA
from intact biological samples. The biology involved does not require any
amplification of nucleic acid targets like other techniques (Williams et al., 2022).
The RNA ISH probes in CosMx consist of a DNA strand that will bind to the target
RNA via a target-binding domain (He et al., 2022). Alongside the target-binding
domain is a readout domain which consists of 4 short DNA sequencing (10-20
nucleotides) that all are individually barcoded. Via the CosMx SMI, these ISH
probes can be detected, identified and recorded in the target’s original tissue
location. A schematic of the CosMx RNA ISH probes can be seen in Figure 8 (He et
al., 2022). Imaging of this transcriptional output allows for single-cell and

subcellular categorisation of cell type and transcript location.

Reporter

Target-binding
domain

Figure 8: CosMx SMI ISH RNA probes. Target-binding domain consisting of 35-50 nucleotides
(nt). Readout domain of DNA sequence of 60-80 nt. Short DNA strands of 10-20 nt forming the
report-landing domains. Each fluorescent reported is attached to DNA via photocleavable
(PC) sites. These reports aid transcript in situ location determination. Figure adapted from
He et al., 2022.

For characterising the Aldara TLR7-driven neuroinflammatory model, Nanostring’s
CosMx Mouse Neuroscience 1000-plex RNA panel can begin to deepen our
knowledge of inflammation-driven transcriptional changes. Alongside cell typing,
this predefined neuroscience panel contains gene targets used to investigate a
variety of changes including glial reactivity, BBB function, cytokine and chemokine

signalling and neurotransmission.
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1.8 Animal behavioural tests for inflammation-induced

behaviours

For robust translational work in the neuropsychiatric field, there must be reliable
measures of rodent behaviour via behavioural and functional testing. This
becomes a difficult task when considering the heterogenous phenotypes presented
in neuropsychiatric conditions such as anxiety and MDD. Furthermore, limitations
arise when assuming rodents can feel and express complex human emotions and
symptoms (von Mucke-Heim et al., 2023). As previously discussed in this chapter,
a common symptom of neuropsychiatric conditions is anhedonia. This describes
individuals reporting loss of pleasure from life’s experiences. To investigate
anhedonia, using reward-focused behavioural tests for rodents provides initial

understanding to potential deficits resulting in this lack of pleasure.

An array of behavioural tests can be used to examine these inflammation-induced
changes that may be attributed symptoms like anhedonia experiences in
neuropsychiatric conditions and SBs. These tests include rotarod for motor
capability as Aldara-treated mice present with observed reduced in-cage
movements (Unpublished observation, Kirstyn Gardner-Stephen). Before pursuing
with other movement-based tests for anxiety and anhedonia-like behaviours, it
was important to assess that Aldara-treated mice did not have any motor deficits.
Tests used for assessing anxiety-like behaviours will include the elevated plus
maze and open field. Other neuroinflammatory models including TBI, systemic LPS
and stress present with anxiety-like behaviours assessed by these parameters
(Fesharaki-Zadeh et al., 2020, Carregosa et al., 2024). To assess presence of
anhedonia-like behaviours within the Aldara model, sucrose preference and nest
building will be used as tests. These tests commonly present with deficits in other
neuroinflammatory models including chronic unpredictable mild stress (CUMS) and
AD mouse models (Markov, 2022, Robinson et al., 2024). Overall, this battery of
behavioural tests will assess possible inflammation-induced behavioural changes

within the Aldara model.
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1.9 Justification and thesis aims

Neuroinflammation is increasingly recognised as a contributor towards the
pathophysiology of various neuropsychiatric conditions. This involvement
highlights the requirement of clear and detailed understanding of the biological
processes underpinning neuroinflammation. More in-depth appreciation for these
molecular and cellular drivers may potentially lead to the discovery of novel
therapeutic targets for neuropsychiatric conditions. The heterogeneity displayed
in neuroinflammation creates a challenging biology to study with multiple facets

to its resulting damage and outcomes.

As discussed earlier in this chapter, there are many cellular drivers of
neuroinflammation. To fully understand the contribution to neuroinflammation of
these cell families, researching the interplay among brain-resident and infiltrating
peripheral immune populations is an important mechanism to characterise. In a
field lacking in non-invasive neuroinflammatory models, | present the Aldara IMQ
model as a beneficial model due to its non-invasive nature. Additionally, the
neuroinflammation within the Aldara model has not been described as having
neurodegenerative effects. Having access to a reproducible mouse model of
neuroinflammation at this sub-chronic timepoint allows for characterisation of
molecular and cellular drivers of this neuroinflammation. This would allow for
potential intervention at this acute time point before subsequent chronic tissue

change occurs with prolonged states of neuroinflammation.

The overarching aim of this thesis is to describe the transcriptional and cellular
mechanisms underpinning the TLR7-driven Aldara IMQ neuroinflammatory model.
Additionally, a battery of behavioural tests will be used to further characterise
the inflammation-induced functional changes within this model. To achieve this
aim, | will address the following research questions concerning the Aldara IMQ

model:

1. What whole-brain transcriptomic changes, characterised via bulk RNA
sequencing and spatial transcriptomics, occur following TLR7-activated

neuroinflammation?
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2. How does microglial reactivity change in response to TLR7-driven
inflammation?

3. What subtypes of T cells are present in the brain parenchyma and what is
the cytokine contribution of CNS-infiltrating T cells in TLR7-driven
inflammation?

4. What effects does TLR7-driven neuroinflammation have on anxiety-like and
depressive-like behaviours including transcriptional changes to associated

brain regions?

These experiments aim to characterise and validate the use of the Aldara IMQ
model as a non-invasive preclinical model of TLR7-driven neuroinflammation. |
hypothesise these forthcoming experiments will show a detailed transcriptional
signature of a global pro-inflammatory TLR7-driven neuroinflammatory
environment. | believe this neuroinflammatory environment will have both
microglia and T cells are cellular drivers of the pro-inflammatory mechanism.
Furthermore, | hypothesise from the observed in-cage behaviours of Aldara-
treated mice, this neuroinflammation will exert behavioural changes which mimic
neuropsychiatric-like symptoms such as anhedonia. Overall, characterising the
Aldara model of TLR7-driven neuroinflammation as a useful, non-invasive research

tool for the neuropsychiatric field.



2 Materials & methods

2.1 General materials, reagents & equipment

o 5mm Stainless Steel Beads (69989, Qiagen, UK)

o 70um Cell Strainer (CLS431751, Merck, UK)

o Aldara™ Imiquimod 5% Cream (Meda AB, UK)

o BD Cytofix™ Fixation Buffer (554655, BD Biosciences, USA)

o BD GolgiPlug™ Protein Transport Inhibitor (containing Brefeldin A) (555029,
BD Biosciences, USA)

o BD Horizon™ Fixable Viability Stain 510 (15873609, Fisher Scientific, UK)

o BD LSRFortessa™ Cell Analyser (BD Biosciences, USA)

o Boots Aqueous Cream (Boots, UK)

o Bovine Serum Albumin Standard Ampules 2mg/mL (23209, Thermo
Scientific™ Pierce™, UK)

o Buffer RPE (1018013, Qiagen, UK)

o Buffer RW1 (1053394, Qiagen, UK)

o CosMx™ Mouse Neuroscience RNA Panel FFPE Kit (Nanostring Technologies,
USA)

o Cotton (for nesting material)

o DAPI Nuclear Stain (H-1500-10, Vector Laboratories, UK)

o Debris Removal Solution (130-109-398, Miltenyi Biotec, UK)

o DeNovix DS-11 Series Spectrophotometer (DeNovix Inc., USA)

o Diethypyrocarbonate (DEPC)-treated Water (Nanostring, USA)

o Dolethal 200mg/mL Solution (Covertus, UK)

o Dulbecco’s phosphate-buffered saline (D-PBS) with calcium, magnesium,
glucose and pyruvate (1419044, ThermoFisher Scientific, UK)

o eBioscience™ Permeabilisation Buffer, 10X (00-8333-56, ThermoFisher
Scientific, UK)

o EDTA, 0.5M (AM9260G, ThermoFisher Scientific, UK)

o Enzyme mix 1 (from Miltenyi Biotec Adult Brain Dissociation Kit, UK) =
Enzyme P (50ul) and Buffer Z (1900ul)

o Enzyme mix 2 (from Miltenyi Biotec Adult Brain Dissociation Kit) = Buffer Y
(20ul) + Enzyme A (10ul)
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Foetal Bovine Serum

gentleMACS™ C Tubes (130-093-237, Miltenyi Biotec, UK)

gentleMACS™ Octo Dissociator with Heaters (130-096-427, Miltenyi Biotec,
UK)

Goat anti-Rat IgG antibody, mouse absorbed (H&L), Biotinylated (BA-9401-
.5, VectorLabs, USA)

Haemocytometer

IBA1 antibody (234308, Sysy Antibodies, Germany)

Invitrogen™ eBioscience™ Cell Stimulation Cocktail, 500X (00-4970-93,
Fisher Scientific, UK)

ITC Rotarod (755, ITC Life Sciences inc., USA)

JAX® Mice Strain: C57BL/6J Mice (Strain code: 632, Charles River, USA)
Leica Biosystems BOND PLUS SLIDES (NC1823288, Fisher Scientific, UK)
Miltenyi Biotec Adult Brain Dissociation Kit (130-107-677, Miltenyi Biotec,
UK)

Mouse BC Fc Block™ (553141, BD Biosciences, USA)

Nikon Inverted AX-R Microscope (Nikon, USA)

Normal Goat Serum (31872, Invitrogen, UK)

Paraformaldehyde 4% (158127, Sigma-Aldrich, UK)

PB Buffer: D-PBS with 0.5% BSA

Phosphate-buffered saline

Qiagen RNeasy Lipid Tissue Mini Kit (74804, Qiagen, UK)

QIAzol Lysis Reagent (79306, Qiagen, UK)

Red Blood Cell Lysis Solution, 10x (130-0940183, Miltenyi Biotec, UK)
RNAlater™ (AM7021, ThermoFisher Scientific, UK)

Saline Sodium Citrate (Nanostring, USA)

SM2010R freezing microtome (Leica, UK)

Streptavidin, AlexaFluor™ 546 conjugate (511225, ThermoFisher, UK)
Sucrose (50389, Sigma-Aldrich, UK)

Thermo Scientific Shandon Citadel 1000 tissue processor (ThermoFisher
Scientific, UK

Thermo Shandon AS325 Manual Microtome (Fisher Scientific, UK)
TissuelLyser Il (85600, Qiagen, UK)

Triton™ X-100 (X100, Sigma-Aldrich, UK)
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o Trypan Blue Solution, 0.4% (15250061, ThermoFisher Scientific, UK)

o UltraComp eBeads™ Compensation Beads (01-2222-41, ThermoFisher
Scientific, UK)

o VECTASHIELD® HARDSET™ Antifade Mounting Medium (H-1400-10, Vector

Laboratories, UK)

2.2 Animals

Adult female C57BL/6 mice aged 8 to 10 weeks were obtained from Charles River
Laboratories (UK) and housed in University of Glasgow Central Research Facility.
Animals were kept in individually ventilated and pathogen-free cages. Animals
were permitted one-week to acclimatise to new housing environment prior to
commencement of models and/or procedures. Animals were maintained in a 12-
hour light/dark cycle in a temperature and humidity-controlled environment.
Animals had ad libitum access to food and water. All experiments were carried
out in accordance with UK Animal Scientific Procedures Act 1986 under a Home
Office approved PPL. Local ethical approval was granted by the University of

Glasgow Animal Welfare and Ethical Review Board.

2.2.1 RAG2KO Mice

To assess mature B and T lymphocyte contribution, the Aldara model was carried
out on mice lacking the Rag2 gene. This gene is responsible for initiating the
recombination sequences essential to produce mature B and T lymphocytes
(Akamatsu and Oettinger, 1998, Mombaerts et al., 1992, Shinkai et al., 1992). The
transgenic mouse strain was all on a C57BL/6 background. Mice were obtained
from the Maizel’s laboratory at the University of Glasgow. The Aldara model was

completed as described below with the addition of twice daily health checks.

2.3 Aldara 5% imiquimod neuroinflammation animal

model

The Aldara™ IMQ neuroinflammation model was completed as per previous studies
(Nerurkar et al., 2017a, McColl et al., 2016, Thomson et al., 2014). An
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approximately 3cms square region was shaved on the dorsal back region of adult
mice. Following this, for 3 consecutive days, mice were weighed daily then 62.5mg
of Aldara™ cream (containing 5% IMQ: Meda AB) or Control cream (Boots Aqueous
Cream) was applied to the shaved skin. If mice lost 20% of the initial weight prior
to topical cream application, they were culled as per the project license
guidelines. Temporary weight loss is expected in the 3-day duration of the Aldara
model, however, rarely reaches the 20% limit. Fresh baby food was provided ad
libitum as a supportive measure to limit inflammation-induced weight loss.
Psoriasis-like dermal inflammation was assessed daily using the scoring matrix
found in Table 2.1. This details inflammation, erythema and scaling potentially
caused by topical Aldara cream application. Typical Aldara-treated mice have
small daily increments in the 3 dermal inflammation parameters demonstrating a

worsening of the psoriasis-like reaction.

Table 2.1: Example psoriasis-like dermal reaction scoring matrix for Aldara-treated mice.
Scores are recorded daily for duration of model.

Mouse ID Day 1 (1t application) Day 2
inflammation erythema scaling Weight inflammation erythema scaling Weight
XXX 0 0 0 17.6g 1 1 0 16.8g

0: no sign - 1: pinkish skin — a little dandruff - 2: red skin — erythema visible — dandruff - 3: red skin,

psoriasis-looking skin, scaling

2.4 Tissue collection & processing

2.4.1 Transcardial perfusion

Mice were terminally anaesthetised via intraperitoneal injection of pentobarbital
(Dolethal, 10 pl/g of 200mg/mL solution). To remove most residual blood from
brain parenchyma vasculature, transcardial perfusion was performed with 20 mL
of ice-cold phosphate-buffered saline (PBS). Brain tissue harvest was performed

as per requirement of proceeding experiments.
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2.4.2 RNA isolation from whole brain

Following PBS perfusions, one hemisphere was collected and stored at -20°C in 1.5
mL RNAlater™ (AM7021, ThermoFisher Scientific™). RNA extraction was
completed using Qiagen RNeasy Lipid Tissue Mini Kit (74804, Qiagen™) and
following manufacturer’s instructions. Prior to RNA extraction, tissue was thawed
and weighed to ensure sample did not exceed maximum weight restriction of
extraction columns from Qiagen extraction kit. A summary of the protocol is as
follows. Prior to RNA extraction, Buffer RPE was diluted in 100% ethanol (1:4
dilution) and used for nucleic acid purification by removing trace salts. Tissue
was weighed and split to comply with 100mg tissue weight upper limit of the kit.
Exceeding the weight limit results in poor RNA extraction due to columns

saturation with tissue.

Tissue was placed in 2 mL Eppendorfs with 5mm Stainless Steel Beads (69989,
Qiagen™) in 1 mL of QIAzol Lysis Reagent. Tissue was disrupted using TissueLyser
Il (85600, Qiagen™) for 3 minutes at 20 Hz. This allowed for sufficient mechanical
dissociation of tissue before proceeding to RNA isolation. Tissue:lysis reagent
mixture was left to incubate at room temperature for 5 minutes. 200ul of
chloroform was added and then tubes were shaken vigorously for 15 seconds then
left to incubate for 3 minutes. Tissue was centrifuged at 12,000 x g for 15 minutes
at 4°C. This centrifugation separates the lysate into 3 layers: 1. upper, aqueous
RNA-containing phase; 2. white lipid-containing middle phase and; 3. lower,
organic DNA-containing phase. The upper, aqueous RNA-containing phase was
transferred to a new 2 mL Eppendorf and equal volume (approx. 600ul) of 70%

ethanol was added and the tube vortexed thoroughly.

700ul of this sample was then transferred to RNeasy Mini spin column within a 2
mL collection tube. This was the maximum volume able to be transferred to the
RNeasy spin column to ensure sufficient RNA collection and avoid saturation of the
silica membrane. Samples were centrifuged at 8000 x g for 15 seconds at room
temperature. Flow-through was discarded and a second centrifugation was
completed. 700ul of Buffer RW1 was added and centrifuged at 8000 x g for 15

seconds at room temperature. Buffer RW1 is a stringent washing reagent which
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contains ethanol and guanidine salt. This buffer was used to remove potential
contaminating biomolecules including carbohydrates, fatty acids and proteins.
Once again to remove trace salts flow-through was discarded and 500ul of Buffer
RPE was added then centrifuged. A final washing step was completed using 700ul
of 80% ethanol to remove impurities. Extracted and purified RNA was collected by
adding 50ul of RNase-free water to the pellet. RNA concentration and purity was

measured using DeNovix DS-11 spectrophotometer (Appendix 1).

2.5 Immunofluorescence staining

To determine microglia activation status and T cell contribution to the TLR7-
driven neuroinflammation, wild-type and RA2GKO brain tissue was stained with
Iba1. This is a commonly used stain to identify microglia both at rest and with
reactive phenotypes (Ito et al., 1998). Four treatment groups were used, wild-
type Control, wild-type Aldara, RAG2KO Control and RAG2KO Aldara
(n=4/treatment). Following perfusion-fixation with ice-cold PBS and 4%
paraformaldehyde (PFA), hemispheres were harvested and fixed in 4% PFA
overnight at 4°C. Hemisphere tissue was then cryoprotected in 30% sucrose
solution at 4°C. Coronal hemisections of 10um thickness were cut using the
SM2010R freezing microtome (Leica, UK). Sections were collected into in-house
antifreeze solution (30% ethylene glycol, 25% glycerol and 25% 0.2M PB in ddH,0)
at -20°C until the staining process. Storage in antifreeze solutions preserve the

integrity and antigenicity of the tissue prior to staining.

All staining and washing steps were completed in a 12-well plate. Prior to antigen
retrieval, sections were washed with PBS 3 times to remove residual antifreeze.
Antigen retrieval was completed overnight in AGR Buffer (10mM citrate, pH 6.0)
in a water bath set at 60°C. Between each staining step, sections were washed in
PBS with Triton X (PBST: 0.1M PBS, 0.3% Triton X) for 15 minutes. To reduce
background staining, sections were incubated in 100mM glycine solution. Then to
reduce non-specific binding of antibodies, tissue sections were then incubated in
blocking buffer (3% Normal Goat Serum [NGS] with PBST) for 2 hours at room
temperature. Primary antibody incubation of Iba1l (Anti-lbal [Guinea Pig],

Synaptic Systems, 234308) was completed for 72 hours at 1:200 dilution with 1%
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NGS. Biotinylated secondary antibody (BA-9401-.5, VectorLabs, USA) incubated for
4 hours at room temperature. Streptavidin tertiary antibody (511225,
ThermoFisher, UK) were incubated for 2 hours at room temperature. A final wash
using PBS was completed prior to mounting with VECTASHIELD® HardSet™ with
DAPI (H-1500-10, Vector Labs, UK).

10X magnification tile scan images were captured using the Nikon Inverted AX-R
Microscope (Nikon, USA) at the University of Glasgow’s Imaging Facility. Images
were processed using Fiji imaging software (ImageJ2, v2.16.0/1.54p) (Schindelin
et al., 2012). All images were set to the same Brightness and Contrast and the
‘Reduce Noise’ function was also applied. Representative images of full

hemisphere and anterior cingulate cortex (ACC) were captured.

2.5.1 Preparation of formalin-fixed paraffin embedded (FFPE)

sections for CosMx spatial transcriptomics

For immunohistochemistry and CosMx, following PBS perfusion, mice were
transcardially perfused with ice-cold 4% PFA (20 ml) for tissue fixation . Brains
were removed, hemisected and incubated in 4% PFA overnight at 4°C to ensure
complete fixation of tissue.

Hemispheres were placed in individual embedding cassettes for paraffin
embedding using a Thermo Scientific Shandon Citadel 1000 tissue processor

(ThermoFisher Scientific, UK). This involved the following steps:

70% Ethanol (1 hour)

90% Ethanol (1 hour)

95% Ethanol (1 hour)

100% Ethanol (1 hour) [repeat 3 times]
100% Ethanol (1.5 hours)

100% Ethanol (2 hours)

Xylene (1 hour) [repeat twice]
Xylene (1.5 hours)

9. Wax (2 hours)

10. Wax (3 hours)

Total processing time = 17 hours

O NO A WN

For steps 9 & 10, 4 mouse brain hemispheres were placed within 1 paraffin block

to adhere with CosMx Scan Area boundaries as demonstrated in Figure 1. Thermo
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Fisher Scientific™ Shandon Finesse 325 microtome was used to cut 6um thick
coronal sections into water bath set at 60°C. Sections were mounted onto Leica
Biosystems BOND PLUS SLIDES according to CosMx imaging area boundaries. Each
slide held coronal hemisphere sections of 2 biological replicates from Control and
Aldara mice. The total experiment had n=4/ group. For each biological replicate,
6um coronal hemisections were cut in an anterior plane (Bregma range = +1.1 to
+0.78 mm) and posterior plane (Bregma range = -1.0 to -2.0 mm). Tissue sections
prepared and pre-stained for morphological markers for CosMx can be seen in
Figure 2-5 with Control (A&B) and Aldara (C&D) samples from each plane. See
Table 2.2 for slide details. Slides were baked at 37°C overnight to improve tissue

adherence.

5mm

17 mm—’l

Figure 1: CosMx SMI Tissue preparation guidelines. Scan Area (green area) represents
location of tissue for successful capture by CosMx SMI. Image adapted from CosMx SMI Manual
Slide Preparation Manual Page 24.

Table 2.2: CosMx™ slide IDs and corresponding AtoMx reference slide image

. Sample ID & treatment
Slide ID AtoMx Reference Slide group

Image (Figure ref)
Figure 2 Control - 1055antbs1 (2A)
Control - 1055antbs2 (2B)
Aldara - 1055antbs3 (2C)
Aldara - 1055antbs4 (2D)
Figure 3 Control - 1055posbs1 (3A)
Control - 1055posbs2 (3B)
Aldara - 1055posbs3 (3C)
Aldara - 1055posbs4 (3D)
Figure 4 Control - 1056antbs1 (4A)
Control - 1056antbs2 (4B)
Aldara - 1056antbs3 (4C)
Aldara - 1056antbs4 (4D)
Figure 5 Control - 1055posbs1 (5A)
Control - 1055posbs2 (5B)
Aldara - 1055posbs3 (5C)
Aldara - 1055posbs4 (5D)

1055_1

1055_2

1056_1

1056_2
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Figure 2: Image of Slide 1055_1 from Nanostring AtoMx platform showing Control (A & B) and
Aldara (C & D) anterior coronal hemisphere sections. Morphology markers shown include GFAP
(Magenta), ribosomal RNA (Cyan), Histone (Green) and DNA (Grey). Images shown with altered
contrast to aid visualisation.
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Figure 3: Image of Slide 1055_2 from Nanostring AtoMx platform showing Control (A & B)
and Aldara (C & D) posterior coronal hemisphere sections. Morphology markers shown
include GFAP (Magenta), ribosomal RNA (Cyan), Histone (Green) and DNA (Grey). Images
shown with altered contrast to aid visualisation.
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Figure 4: Image of Slide 1056_1 from Nanostring AtoMx platform showing Control (A & B)
and Aldara (C & D) anterior coronal hemisphere sections. Morphology markers shown
include GFAP (Magenta), ribosomal RNA (Cyan), Histone (Green) and DNA (Grey). Images
shown with altered contrast to aid visualisation.




Figure 5: Image of Slide 1056_1 from Nanostring AtoMx platform showing Control (A & B)
and Aldara (C & D) posterior coronal hemisphere sections. Morphology markers shown
include GFAP (Magenta), ribosomal RNA (Cyan), Histone (Green) and DNA (Grey). Images
shown with altered contrast to aid visualisation.

2.6 Flow cytometry

Brains were harvested following perfusion with ice-cold PBS. For cell-surface
marker flow, 1 hemisphere provides sufficient cell numbers to complete the flow
cytometry protocol. For intracellular cytokine and transcription factor staining
panels, the whole brain is needed to meet cell number requirements due to
additional washing and fixing steps within the protocol that results in unavoidable

cell loss.
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2.6.1 Adult brain single-cell dissociation

Brain tissue was dissociated using the Adult Brain Dissociation Kit for mouse
(Miltenyi Biotech; 130-107-677, UK). After transcardial perfusion of ice-cold PBS
to remove most residual blood and tissue harvest, brain tissue is cut into 8-10
small pieces with a scalpel before being transferred into gentleMACS™ C Tubes
containing 1950 pL of Enzyme Mix 1 and 30 pL of Enzyme Mix 2. Tissue was
dissociated using the gentleMACS™ Octo Dissociator with heaters and pre-defined
tissue program 37C_ABDK_01. This machine mechanically disrupts tissue while
maintaining samples at 37°C. This created a single-cell suspension of all the cells
in the mouse brain. This single-cell suspension included all brain-resident cells
(e.g. neurons, astrocytes, microglia and oligodendrocytes) and infiltrating immune
populations (e.g. T cells, B cells, macrophages and monocytes). All reagents were

maintained ice-cold unless stated otherwise.

2.6.1.1 Debris removal

Following mechanical dissociation, samples were mixed with 10 mL of Dulbecco’s
PBS (D-PBS). This balanced salt buffer is used to maintain cell viability throughout
tissue processing. Samples were then filtered through 70 um cell strainers whilst
using the back of a 5 mL syringe plunger. This filtration step removes extracellular

debris such as fatty connective tissue material from the myelin sheath to avoid

Excess buffer

Myelin

Cell pellet

Figure 6: Representative image representing density layer separation technique for single
cell flow cytometry tissue preparation. Off-white coloured myelin layer and excess buffer can
be removed to continue purification of single cell samples for flow cytometric analysis
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clogging of flow cytometer at later stages. Samples were centrifuged at 300 x g
for 10 min at 4°C to pellet single cells. The supernatant was discarded, and cell
pellet was re-suspended in 3.1 mL of D-PBS and 900ul Debris Removal Solution.
Another 4 mL of D-PBS is gently overlayed to create a density gradient solution to
remove myelin and isolate cells. This creates a density gradient to separate cells
and myelin based on their density following centrifugation. Samples were
centrifuged at 3000 x g for 10 minutes at 4°C with half acceleration and half brake
parameters. Then the top two layers were aspirated and discarded which
represent the myelin and excess debris buffer layer as seen in Figure 6. D-PBS
was added then samples were centrifuged at 1000 x g at 4°C for 10 minutes.

Aspirate and discard the supernatant leaving behind the cell pellet.

2.6.1.2 Red blood cell removal

To remove erythrocytes, samples were incubated in Red Blood Cell Removal
Solution diluted 1:10 with double-distilled water. Cell pellets were resuspended
in 1 mL of Red Blood Cell Removal solution and incubated for 10 minutes at 2-8°C.
The lysis reaction was then stopped by adding 10 mL of cold PBS and centrifuge at
300xg at 4°C for 10 minutes. The cell pellet was then resuspended in 1 mL of D-
PBS.

2.6.2 Flow cytometry staining

Trypan blue and a haemocytometer were used for cell counting (live cells exclude
trypan blue, and dead cells are stained blue). These cells count were further used
to count the absolute numbers of different cell types from Flow cytometry
analysis. Incubations were completed in fluorescence-activated cell sorting (FACS)
buffer (2% Foetal Bovine Serum [FBS], 0.4% of 50mM EDTA in 1 X PBS) unless stated
otherwise. Samples were centrifuged at 400xg at 4°C for 5 minutes between
incubations unless stated otherwise. Live/Dead staining (eBioscience™ eFluor™
506, Cat. No.: 65-0866-14, USA) was performed to stain live cells and allow for
selection and quantification of live-only cells in future gating analysis. This
live/dead staining identifies cells with intact membranes as ‘live’ cells. ‘Dead’
cells are those whose membrane is not intact and, therefore, this dye can enter

the cell and label intracellular components. Live/Dead staining was completed at



1:1000 dilution in PBS at 4°C for 20 minutes. To prevent non-specific staining, Fc
block (Mouse BC Fc Block™: 553141, BD Biosciences, USA) was first performed in
4°C for 20 minutes, at 1:100 dilution. Extracellular marker antibodies were
incubated at 4°C for 20 minutes. See Table 2.3 for flow cytometry antibody

details.
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Table 2.3: Antibody details for flow cytometry experiments

d e olgelnlplolg ompa alogue pe one RRID O
CD11b AF700 Biolegend 101222 M1/70 AB_493705 1:500
CD11b APCCy7 Biolegend 101226 M1/70 AB_830642 1:500
CD11b BV785 Biolegend 101243 M1/70 AB_2561373 1:500

CD19 PE Texas Red Biolegend 115554 6D5 AB_2564001 1:500

CD19 APC-Cy7 Biolegend 115529 6D5 AB_830706 1:500

CD3 Bv711 Biolegend 100241 17A2 AB_2563945 1:500

CD4 Bv605 Biolegend 100451 GK1.5 AB_2564591 1:500

CD4 Bv605 Biolegend 100451 GK1.5 AB_2564591 1:500

CD4 BUV805 BD Biosciences 612900 GK1.5 AB_2739008 1:500

CD45 BUV395 BD Biosciences 564279 30-F11 AB_2651134 1:500

CD45 PCP Cy5.5 Biolegend 103132 30-F12 AB_893340 1:500

CD45 PE Texas Red Biolegend 103146 30-F11 AB_2564002 1:500

CD45 Bv605 Biolegend 103139 30-F11 AB_2562341 1:500

CD8 FITC Biolegend 100723 53-6.7 AB_389304 1:500

CD8 PECy7 Biolegend 100722 53-6.7 AB_312761 1:500

CD8 BV650 Biolegend 100741 53-6.7 AB_11124344 1:500
F4/80 BUV805 BD Biosciences 749282 T45-2342 AB_2873657 1:500
GATA3 BV421 Biolegend 653813 16E10A23 AB_2563220 1:100

IFNg APC Biolegend 505810 XMG1.2 AB_315404 1:100

IFNg APC Biolegend 505810 XMG1.2 AB_315404 1:100

IFNy Bv421 Biolegend 505830 XMG1.2 AB_2563105 1:100

IL10 PCP-Cy5.5 Biolegend 505027 JES5-16E3 AB_2561522 1:100

IL10 APC Biolegend 505009 JES5-16E3 AB_315363 1:100

IL17 AF488 Biolegend 506910 TC11-18H10.1 AB_536012 1:100

IL17 AF488 Biolegend 506910 TC11-18H10.1 AB_536012 1:100

IL17 PCP-Cy5.5 Biolegend 506919 TC11-18H10.1 AB_961385 1:100

1L4 Bv421 Biolegend 504119 11B11 AB_10896945 1:100
IL6 APC Biolegend 504508 MP5-20F3 AB_10694868 1:100
MERTK PE Texas Red Biolegend 151524 2B10C42 AB_2876509 1:500
MHCII Bv786 Biolegend 107645 M5/114.15.2 AB_2565977 1:500
MHCII Bv786 Biolegend 107645 M5/114.15.2 AB_2565977 1:500

MSR1 BV711 BD Biosciences 268318 Clone 268318 AB_2872549 1:200
NK1.1 PCP Cy5.5 Biolegend 108916 DX5 AB_2129358 1:500
RORyt APC eBiosciences 17-6981-82 B2D AB_2573254 1:100

Thet FITC Biolegend 644811 4B10 AB_2287097 1:100

TNFa PE BD Biosciences 554419 MP6-XT22 (RUO) AB_395380 1:100

TNFa Bv421 Biolegend 506327 MP6-XT22 AB_10900823 1:100

For intracellular cytokine staining, single cells, post extracellular-marker staining,
were stimulated with a Cell Stimulation Cocktail (eBioscience™ Cell Stimulation
Cocktail 500X, Cat. No.: 00-4975-03, USA) and incubated with a protein transport

Golgi blocker for 4 hours at 37°C in CO2 incubator. The cell stimulation cocktail
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is a pre-made (500X) solution containing phorbol 12-myrisate 13-acetate (PMA)
and ionomycin. These reagents induce cell activation and stimulate cytokine
production. This cell stimulation cocktail is used with a Golgi blocker (BD
GolgiPlug™ Protein Transport Inhibitor: BD Biosciences, Cat. No.: 555029, USA)
which contains brefeldin A and monensin. These reagents prevent cytokines from
being transported out of the cell and instead accumulate the cytokines in the Golgi
apparatus and endoplasmic reticulum. This allows for antibody labelling of the
cytokines within and flow cytometry analysis. Cells were fixed using Fix Buffer (BD
Biosciences; Cat. No.: 554655, USA) then permeabilised with Perm Buffer (BD
Biosciences; Cat. No.: 554723, USA). Detergents in the Perm Buffer are used to
make small pores in the membranes of fixed cells to allow for entry and staining
of antibodies targeting intracellular components. All intracellular antibodies were
incubated in Perm Buffer. For all extracellular and intracellular antibody details,
see Table 2.3.

For fluorescence minus one (FMO) staining controls, pooled sample cells received
full panel of antibodies in experiment except from one antibody. These controls
were used to determine true ‘positive’ populations in samples. FMO controls for
cell types identified via flow cytometry can be seen in Appendix 3. Compensation
was performed using antibody stained UltraComp eBeads (01-2222-41, Thermo
Fischer Scientific, UK)

2.6.3 Flow cytometry acquisition & analysis

Flow cytometry was performed using the LSR Fortessa (BD Biosciences, USA) within
the Flow Core Facility (University of Glasgow). Data acquisition was completed
using BD FACSDiVaTM digital software. Data analysis was completed using FlowJo
software version 10.10.0. Data on graphs was generated using absolute cell
number as recorded from haemocytometer and gating strategies percentages.
Statistical analysis and graphical representation were completed using Prism 10
for macOS version 10.4.0 (527).
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2.7 Bulk RNA sequencing: RNA quality analysis,

sequencing & data analysis

Isolated RNA samples were stored at -80°C until being shipped to Novogene for
sequencing. A minimum of 7 ug per sample was sent to Novogene. After receiving
isolated RNA samples, Novogene performed sample quality check (QC). Firstly, 1%
agarose gel electrophoresis to assess RNA amount, size and purity. Then,
Novogene perform a second round of RNA quality analysis. This was done by using
a Nanodrop spectrophotometer to assess RNA concentration and purity via
260/280 and 260/230 ratios. Novogene uses widely accepted 260/280 ratio of ~2.0
and 260/230 ratio range of 2.0-2.2 as acceptable purity levels for RNA samples.
Finally, Novogene uses the Agilent2100 to check samples’ RNA integrity nhumber
(RIN). A sample’s RIN provides a value, between 1-10, of how degraded the RNA
is with 10 being fully intact RNA and 0 being completely degraded. Novogene RIN
requirement is >4.0 for total RNA samples. All RNA samples passed Novogene’s QC

by adhering to these purity parameters.

Library preparation and bulk RNA sequencing was completed by Novogene. Pair-
end sequencing was completed with 2 read per fragment at 150 base pairs. An
average of 53 million reads were sequenced per sample. Data alignment was
completed by HiSat2 to the mouse genome (mus_musculus) from the Ensembl
Genome Browser (Yates et al., 2020). Gene raw reads were normalised followed
by differential gene expression which was calculated using DESeg2 (Love et al.,
2014). Significantly differentially expressed genes (DEGs) were defined as
adjusted p value (p.adj) <0.05 and log; fold change >0.5. Glasgow Polyomics
Bioinformatics facility aided analysis of sequencing data with the implementation
of the Searchlight analysis platform (Cole et al., 2021). This platform provides
commonly used data interpretations of bulk RNA sequencing datasets. The graphs
included in this thesis are principal component analysis (PCA), heatmaps,

distribution of expression values, lollipop graphs and volcano plots.
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2.7.1 Over representation analysis (GProfiler)

Three-day treatment timepoint DEGs from the bulk RNA sequencing data were
ranked by log; fold change and entered on a ranked basis into the GProfiler R
online system (Kolberg et al., 2023). To test for multiple corrections of bulk RNA
sequencing DEGs to predefined gene sets, the recommended significance
threshold algorithm provided by GProfiler developers 'g:SCS threshold' was used.
User-defined p-value threshold was set as recommended 0.05. The data input was
ordered against the Mus musculus database. Three Gene Ontology (GO) reference
databases were selected for analysis: Molecular Function (MF), Biological
Processes (BP) and Cellular Components (CC). KEGG, Reactome and WikiPaths
were excluded due to their biological focus on disease pathophysiological and

human physiology.
2.8 CosMx single molecule imaging platform

Following CosMx tissue and slide preparation as per section 1.5.1, the following
tissue processing steps and CosMx SMI instrumentation protocol was completed at
the Jamieson laboratory at the University of Glasgow. The full CosMx mouse

neuroscience 1000-plex panel can be seen in Appendix 2.
2.8.1 Tissue processing and in situ hybridisation

The hybridisation cassette was prepared by wetting Kimwipes with 2X saline-
sodium citrate (SSC) buffer and heating to 40°C. SSC is used as a stringent washing
buffer throughout the CosMx staining protocol. Slides were removed from baking
oven and deparaffinization completed via following washing steps:

1. X2 Xylene (five minutes);
2. X2 100% Ethanol (two minutes)

Slides were then left to dry in oven at 60°C for five minutes then left at room
temperature prior to target retrieval. Tissue was then washed with
diethpyrocarbonate (DEPC)-treated water between each change of reagents
unless stated otherwise. DEPC is used throughout as an RNase inhibitor to

inactivate ribonucleases and prevent RNA degradation.
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Target retrieval was completed next to reveal appropriate antibody binding sites
on the brain tissue. Slides were first placed into preheated 100°C 1X Target
Retrieval Solution and then the slide jar was returned to a preheated pressure
cooker for 15 minutes. Slides were transferred to DEPC-treated water then 100%
Ethanol for 3 minutes. Slides were then dried at room temperature for 30 minutes

prior to tissue permeabilisation steps.

Incubation frames are pre-cut plastic adhesive boundaries that are used to ensure
all future buffers stay within the tissue area to optimise actions and binding of
reagents. Incubation frames were adhered onto the slides prior to tissue
permeabilisation steps. Digestion buffer was added and incubated with tissue at
40°C for 30 minutes.

Fiducial markers are used in spatial transcriptomic platform to create artificial
spatial reference points for future scanning of tissue. Fiducial stock was diluted
and used at 0.001% and left to incubate with tissue for 5 minutes at room

temperature. Slides were washed in 1X PBS.

Tissue is incubated in Neutral-buffered formalin (NBF) for one minute at room
temperature to fix tissue. Fixation was then stopped using the NBF Stop Buffer
and wash with 1X PBS.

NHS-acetate is a buffer used to prevent primary amines from interfering with the
future staining steps. Binding of primary amines may result in non-specific binding.
Slides were then incubated with NHS-Acetate mixtures for 15 minutes at room

temperature. Following with 2X SSC for a stringent washing step.

The probe mix containing 1000-plex RNA probes was firstly denatures at 95°C for
2 minutes then crash cooled. The probe mix was then applied to the tissue in the
incubation frame and left to incubate overnight at 37°C. The next day, slides were
washed in 2X SSC for 25 minutes.

To capture cellular nuclei, a Nuclear Stain Buffer was applied and left to incubate

for 15 minutes at room temperature whilst being protected from light. Excess
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nuclear stain was removed with a washing step with 1X PBS. Following washing,
the CosMx Staining Mix was applied and left to incubate for one hour at room
temperature whilst being protected from light. The staining mix is a combination
of all 4 cell segmentation markers and blocking buffer. These cell markers include:
DAPI for nuclear staining, glial fibrillary acidic protein (GFAP) for astrocytes, rRNA
and histone markers. The 4 cell segmentation markers are pre-decided and a part
of CosMx’s Mouse Neuroscience 1000-plex RNA kit.

A second NHS-acetate application was added to the slides and left to incubate for
15 minutes at room temperature. Again, this was to block any primary amines
binding and causing non-specific binding on the tissue. Slides were then washed
and stored for up to 6 hours protected from light and submerged in 2X SSC at room

temperature until loading on CosMx SMI instrument.

2.8.2 CosMx spatial molecular imager

Once placed into the CosMx SMI, the tissue was scanned and visualised for the four
cell segmentation markers in the panel: histones, nuclear, rRNA and GFAP. This
then allows for the tissue to be subdivided into 0.51mm x 0.51mm Field of View
(FOVs) for image capturing and future data analysis. Each tissue section is covered
by a grid of FOVs as shown in Figure 7. Across the entire 4 slide CosMx™
experiment, 1348 FOVs were selected. This included most of the coronal
hemisphere tissue section from the anterior plane (Bregma range = +1.1 to +0.78

mm) and posterior plane (Bregma range = -1.0 to -2.0 mm).



Figure 7: Representative images of CosMx anterior and posterior tissue sections illustrating
FOVs grid-like placement for probe processing and capture.

2.8.3 CosMx data analysis

CosMx data processing within R was completed by bioinformaticians Megan
Saathoff and Robin Carvajal Quisilema. For the analysis of CosMx data, 2
approaches were taken: first for singular cell types and their DEGs a scRNA-seq
method was adopted. Secondly, for brain region analysis, a pseudo-bulk approach
was adopted which involved considering all cell types (i.e. a cell agnostic
approach) in the differential analysis. This involves taking all transcriptional
differences from all cell types together to build a data output of one brain region.

Both approaches implemented the Searchlight platform (Cole et al., 2021).

2.8.3.1 Data export, processing & quality control

Following tissue scanning and image processing, CosMx data was downloaded from
Nanostring’s spatial informatic platform AtoMx. All 16 sections from the 4 slides
and their corresponding FOVs were exported as a scRNAseq data object for
subsequent analysis using the Seurat toolkit (Hao et al., 2024). These AtoMx
exports, now referred to as Seurat objects, contained all polygon and transcript

coordinates. Polygon coordinates are used for cell segmentation as these
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represent boundaries for individual cells. Transcript coordinates, although not
used in the analysis in this thesis, allow for subcellular localisation of transcripts

in single cells.

All FOVs belonging to a single brain tissue hemisection were combined to create a
single Seurat object, resulting in 16 Seurat objects for the entire experiment. All
Seurat objects were updated to Seurat version 5.2.0 for future analysis using this

platform.

After creating Seurat objects for all 16 brain samples, QC of the spatial
transcriptomic data was performed. This included controlling for number of
transcripts expressed per cell (i.e. nCounts) (He et al., 2022). nCounts was set to
20 as recommended by Nanostring. This QC removed any cells from the dataset
that had less than 20 transcripts in its cellular boundaries. Controlling for nCounts
removed 'noise’ from cells with low transcript quantity and, therefore, improving
cell typing clustering during uniform manifold approximation and protection
(UMAP) analysis. All data processing was completed using R programming language
and RStudio (Team, 2024b, Team, 2024a).

2.8.3.2 Clustering and cell type identification

To capture all possible cell clusters and subsequent cell types, all 16 samples were
merged to include all data for clustering analysis. Integration of samples for this
analysis was performed to capture all shared cell populations across samples and
minimize technical variation. This involved merging all 16 Seurat objects for the
purpose of clustering. Merging and batch correction was completed using the
Harmony software (Korsunsky et al., 2019). After merging, the Seurat object was
log normalised using the NormalizeData function then scaled using ScaleData
function (Seurat v5.2.0). A UMAP plot with cell clusters was created using the
RunUMAP function. To identify cluster-defining markers, differential gene
expression analysis was performed using the FindAllMarkers function with
Wilcoxon Rank Sum test. Cluster identifier genes and spatial location of clusters

were used to identify cell types in the CosMx dataset.
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For identification and characterization of identified immune-like cells within the
database, the ‘Immune’ cluster was re-clustered to produce subclusters. This was
to explore subtypes from these cells that were transcriptionally different from the
other subclusters. Per individual subcluster, differential gene expression analysis
was completed using the Searchlight platform (Cole et al., 2021).

2.8.3.3 Regional pseudo bulk RNA sequencing CosMx analysis

To explore cell agnostic regional differences in brain areas linked to behavioural
changes, pseudobulk RNA sequencing analysis was performed on hand-drawn
regions of interest (ROIs). The selected ROIs included: ACC, NAc and the thalamus.
ROIs were drawn using a tablet and Procreate iOS application. Regions and
boundaries were identified on CosMx stained brain slices and using the Allen Mouse

Brain Atlas (Wang et al., 2020b). Representative images shown in Figure 8 detail

the hand drawn ROIs for pseudobulk RNA sequencing analysis.

Figure 8: Representative images of hand drawn ROIs from CosMx tissue sections. Hand drawn
masks of anterior cingulate cortex (ACC) [A], nucleus accumbens (NAc) [B] and thalamus [C].

2.9 Behavioural assessment

Excluding Rotarod testing, behavioural assessment paradigms were performed by

Dr Lilya Andrianova and data was analysed by Kirstyn Gardner-Stephen.
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2.9.1 Behavioural assessment animal acclimatisation

Apart from rotarod experiments in which mice were housed together in treatment
groups, mice were singly housed in sterilised rat cages with running wheel for
additional social enrichment. Two water-bottles were available to mice with one
containing water and the other filled with 0.1% (w/v) sucrose solution. For nesting
and sucrose preference test, measurements were acquired twice daily throughout
the duration of the model. Elevated plus maze was completed in the morning
then, following 2-3 hours of rest, open field testing was completed in the
afternoon. Animals were permitted 30 minutes of acclimitisation to the room prior

to the behavioural tests.

2.9.2 Rotarod

Locomotor activity was measured using an ITC Rotarod (lITC Life Sciences Inc,
USA). Animals were habituated to the testing room which housed the rotarod 30
min prior to testing. Mice were acclimatised to accelerating rotarod for 3 trial
runs the day before recording. Aldara model was performed as previously
described and 4 timepoints were recorded per animal for rotarod: baseline (prior
to first topical cream application), post-1-day topical cream application, post 2
days-topical cream application and post 3 days- topical application. Mice were
placed on the stationary rotarod beam in separate lanes of the apparatus. A start
speed of rotarod beams was set to 5 rpm accelerating to a maximum speed of 40
rpm. Total trial run time was 300 secs. The apparatus stops the recording when
the mouse falls from the rod landing on the lever connected to the clock. Three
parameters measured were: latency to fall up to 300 seconds (Time); top speed

reached (rotations per minute [RPM]) and distance travelled (Distance).

2.9.3 Nesting

For nest building assessment and sucrose preference test, after 1 week of
environmental acclimitisation, animals were singly housed in rat cages with a
running wheel for additional enrichment and 2 drinking bottles. Cages were

washed and sterilized to remove any scents from other species.
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The Deacon nest building protocol was used for assessment of behavioural output
(Deacon, 2006). All pre-shredded nesting, handling tubes and cardboard houses
were removed from cages before study commencement. Each morning, mice were
given 3g (+/- 0.05g) of unbleached cotton squares which were collected and
weighed the following morning. Images of the nests were taken prior to collection
and given a score out of 5, in which increasing scores indicates improving ability
to nest build. A score of 5 was awarded to a fully shredded cotton square and high
walled nest, whereas 1 was awarded to untouched cotton square. Low-range
scores representing poor nesting behaviour indicate absence of innate in-cage
nesting behaviour which are indicative of animal well-being and motivation
(Jirkof, 2014).

2.9.4 Sucrose preference test

Following habituation, one bottle was filled with 0.1% (w/v) sucrose solution and
the other with water. Both were available ad libitum. Behavioural readouts were
recorded twice daily. Both water bottles, were weighed in the morning and
evening. Measurements were collected 3 days prior to the model commencing and
throughout topical applications. Changes of consumption were reported as a ratio
of sucrose preference. Mice usually display an innate preference to sucrose
solution over water. Deviation from this typical consumption is indicative of

anhedonia in animals (Primo et al., 2023).

2.9.5 Open field Test

The open field test was used to assess presence of anxiety-like behaviour in the
TLR7-driven neuroinflammation model. Mice were placed into an enclosed Perspex
box measuring 40 x 40 x 45 cm and recorded for 1 hour using ANY-maze video-
tracking software. Base of the monitoring box was white to allow for video-
capturing of the black C57BL/6 mouse. The first 15 minutes of recording were
analysed for average and maximum speed of animals and time spent at the centre
and periphery of the arena. Apparatus was cleaned with ethanol between animals.
As mice are curious in nature, exploratory behaviour of both zones is expected in

healthy mice. Presence of anxiety-like behaviours in open field test would present
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as preference to periphery zone rather than the central zone (Seibenhener and
Wooten, 2015).

2.9.6 Elevated plus maze

Elevated plus maze was another behavioural test used to assess anxiety-like
behaviour. Mice were placed into a cross-shaped Perspex arena measuring 110cm
x 110cm and 65cm from the ground. Two arms were open and 2 arms were
considered closed by having walls and positioning lights Recording of animals was
completed by ANY-maze video-tracking software. One trial was recorded for 5
mins. Apparatus was cleaned with ethanol between animals. The following results
were recorded: distance travelled, average and maximum speed and number of
entries in open and closed arms. Presence of anxiety-like behaviours is considered
to be exhibited by mice spending less time in the open arms and showing

preference for the closed arms (Walf and Frye, 2007).
2.10 Graphical representation and statistical analysis

Individual heatmaps from bulk RNA sequencing DEGs were created using the online
tool Heatmapper (Babicki et al., 2016). Venn diagrams were created using the
online tool Venny (v2.1) (Oliveros, 2024). All statistical analysis and graphical
representation were completed for flow cytometric, CosMx cell counts and
behavioural data was completed using Prism 10 (v10.4.0). Unless stated otherwise
in figure legends, data was analysed using two-way ANOVA corrected for multiple
comparisons via the Sidak’s correction test. All data was plotted as scatterplots
with +/- standard deviation (SD). Significant findings were considered as follows:
p< 0.05 =*, p< 0.005 = **, p<0.002 = *** and p<0.0001 = ****, Cell counts per CosMx
immune subclusters were analysed by one-way ANOVA corrected for multiple

comparisons via the Tukey’s correction test.
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3 Whole-brain transcriptomic changes following

TLR7-activated neuroinflammation

3.1 Introduction

TLR7’s signalling pathway is well characterised and triggers a type | IFN response
including the upregulation of IFNa. Activation of TLR7 subsequently results in
upregulation of pro-inflammatory cytokines including TNFa, IL-6 and IFN-a (Sakata
et al., 2018). TLR7 is expressed within the brain parenchyma and predominantly
on microglia (Michaelis et al., 2019). It has been previously shown via mass
spectrometry that IMQ, a TLR7 agonist, once topically applied on the skin is able
to enter circulation and passively cross the BBB (Nerurkar et al., 2017b). This is
thought to be due to its small molecular composition and high hydrophobicity
(Ramineni et al., 2013). This creates a non-invasive neuroinflammatory agent
which is advantageous compared to other intrusive neuroinflammatory models
(Aucott et al., 2018). To better understand IFN-driven neuroinflammation and its
downstream pathophysiology, the TLR7-driven Aldara neuroinflammation model

proves useful.

The exact mode of neuroinflammation induction in the Aldara model has various
potential triggers of the neuroinflammation. Firstly, the presence of psoriasis-like
dermal inflammation following topical application of the IMQ-containing cream
(van der Fits et al., 2009, Wohn et al., 2014). This animal model was originally
used to study the disease progression of psoriasis. When the presence of
neuroinflammation was established (Thomson et al., 2014), the model was then
used for studying the communication between peripheral inflammation to changes
within the CNS (McColl et al., 2016). However, as it was discovered IMQ can enter
the brain parenchyma directly following topical dermal application, it was noted
that this model has multiple routes of initiating neuroinflammation. The scope of
this thesis is to further characterise the central neuroinflammation present within

this mouse model.

To begin characterising this model on a broad biological scale, whole brain bulk

RNA sequencing proves a beneficial technique. Studying changes to the whole
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transcriptome allows for an unbiased approach in characterising the global TLR7-
driven neuroinflammation. Biological relevance of single gene findings in bulk RNA
sequencing can then be used for a transcript-estimation of what biological
pathways are enriched within the organ. Performing bulk RNA sequencing of the
whole brain within this model identifies CNS-relevant changes following both TLR7

peripheral and central activation.

This chapter aims to transcriptionally characterise the TLR7-induced
neuroinflammation within the Aldara model. This characterisation was completed
for 3-days of topical IMQ application as this is the predefined ‘peak’ of
neuroinflammation timepoint of this model (Nerurkar et al., 2017b, McColl et al.,
2016).

3.2 Bulk RNA sequencing analysis

3.2.1 Distribution of expression values

Brain hemispheres were collected following PBS perfusion to remove residual plots
cells from neural vasculature following 3 days of Aldara application (n=5/group).
Tissue was processed and RNA was isolated prior to bulk RNA sequencing. Plotting
gene expression distribution amongst all samples ensures technically high-quality

RNA samples have been used in a bulk RNA sequencing experiment (Koch et al.,

s1 S2 S3 sS4 S5

Figure 1: Distribution of expression values for Control and Treated RNA samples at three-
day timepoint, Density plots of Control Samples (A-E) and Aldara-treated samples (F-J) with
expression values in logo scale on x-axis and gene density on y-axis. n=5/group.
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2018). For high quality samples, density plots displaying the distribution of
expression values should look similar across both treatment conditions. As seen in
Figure 1, both Control and Aldara samples show extremely similar density plots of
distribution of expression values. This demonstrates the isolated RNA from the
brain tissue that was sequenced were both of high quality and low variability

across all samples from both treatment groups.

3.2.2 Principal component analysis

Principal component analysis (PCA) considers all expression values within
sequencing datasets and aims to identify underlying variables, termed principal
components (PC), which best separate samples. To control for over representation
effects of highly expressed genes, all gene expression values shown on PCA plots
are scaled on a gene-by-gene basis via Z-score transformation. Z-score is
determined by calculating the mean expression of a gene across all samples. A
positive Z-score indicates an expression level higher than that of the gene’s mean
and a negative Z-score indicates an expression level lower than the mean of a
given gene. If treatment groups within the experiment are separated within PCA
scatterplots, this suggests that the plotted PCs are a key factor of variation within
the dataset.
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Figure 2A displays a waterfall plot of the gene expression data PCA and the
contribution of each PC which are shown in descending order. This ranks PC1 as
the highest level of variance between samples and PC10 the least. Shown in Figure
2B, Control (blue) and Aldara (pink) can be delineated into distinct groups. This
suggests that PC1 is dependent on treatment condition. Extent of clustering within
a group, shown via PC2 axis, demonstrates similar biological heterogeneity within

samples from each group which is to be expected amongst mice baseline

variability.
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Figure 2: Principal Component Analysis (PCA) for three-day Control and Aldara samples. (A)
Waterfall plot showing PCA contribution of components of gene expression data. Components
are ordered by decreasing underlying global variation between genes and samples with PC1
representing the most variation and PC10 representing the least variation. (B) Scatterplots
showing PCA of gene expression with each dot representing an individual sample. Control
shown in blue (51-55) and Aldara shown in pink (S6-510). Percentages of total variation for PC1
and PC2 are shown on the x-axis and y-axis, representatively. n=5/group.
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3.2.3 Significant differentially expressed genes (DEGs)

At the whole-brain level, bulk RNA sequencing identified 24,732 genes in total. Of
this whole transcriptome analysis following Aldara application, 2783 significantly
DEG in which 2198 were upregulated and 585 were downregulated in Aldara-
treated mice compared to controls, as shown in Figure 3. Significance was defined
as p.adj value < 0.05 and an absolute log; fold change of >0.5 in the respective
direction of change. These parameters for significance remain constant for

following bulk RNA sequencing figures unless stated otherwise.

Control vs Aldara - -585 | @ ® 2198

-2000 0 2000

number of significant genes (pos = up, neg =down)

Figure 3: Lollipop bar chart showing number of significantly differentially expressed genes
between 3-day treated Control and Aldara samples. Significantly differentially expressed
genes (defined as p.adj <0.05 and absolute log:; fold change >0.5). X-axis shows number of
genes with downregulated represented by a blue dot and upregulated represented by a red
dot. Directional change of genes is indicative of decreased and increased expression within
Aldara group compared to Control. N=5/group.

Figure 4 shows a volcano plot of significant DEGs between Control and Aldara
groups. Alongside the lollipop graph shown in Figure 3, the volcano plot further
highlights the transcriptional changes within this model are predominantly
upregulation. The 10 labelled genes on the volcano plot show the top 10
upregulated genes as ranked by adj.p-value. These ranked genes include: C3ar1,
Rac2, Ptprc, Itgam, B2m, Fcer1g, Clec4a1, H2-k1, Adgre1 and Clec4a3. Table 3.1
displays the top 10 upregulated genes by log; fold change and include the following
in descending order: Gzmb, Il1rn, Saa3, Slfn4, Gzma, Ccl5, Fcrl5, Tnf, Acod1 and
Sirpb1c. All the stated upregulated genes indicate an increase immune response

within the brain parenchyma including pro-inflammatory mechanisms.
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When investigating biological relevance of bulk RNA sequencing data, one can
inspect ‘top 10 DEGs’ either ranked by p.adj value or log; fold change. Genes
ranked higher by p.adj represent the genes in which their change is most
statistically reliable following data analysis and implementation of multiple
testing correction. Alternatively, ranking DEGs based on their log, fold change
represent the changes in the transcriptional biology that demonstrate the largest
magnitude of change in their expression profile. Providing all top 10 genes ranked
by log; fold change hold a significant p.adj value (Table 3.1), these DEGs were
focused on to examine the biological changes within this neuroinflammatory

environment.
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Figure 4: Volcano plot of differentially expressed genes between Control and Aldara groups.
Log: Fold Change shown along x-axis and -logio p-value shown on y-axis. Upregulated
significantly differential genes (p.adj <0.05, absolutely log: fold > 0.5) are shown in red.
Downregulated significantly differential genes (p.adj <0.05, absolutely log: fold < 0.5) are
shown in blue. Non-significant genes (p.adj > 0.05) are shown in grey. A positive (>0.5) fold
change represented higher gene expression in Aldara group compared to Control. Labelled
genes show the top 10 upregulated genes as ranked by p-value. N=5/group.

Table 3.1: Top 10 upregulated genes between Control and Aldara groups by logz Fold.

Gene | log2fold p p.adj
GZMB 11.61 1.139121e-30 8.599609e-29
IL1RN 10.74 7.176069e-26 3.867783e-24
SAA3 10.55 8.649130e-51 1.809097e-48
SLFN4 10.44 5.146089e-29 3.390916e-27
GZMA 10.28 2.083448e-27 1.221094e-25
CCL5 10.12 2.088124e-56 5.877424e-54
FCRL5 10.04 2.153457e-25 1.131260e-23
TNF 9.94 2.523241e-20 1.005723e-18
ACOD1 9.91 8.984901e-16 2.742259e-14
SIRPB1C| 9.87 7.501168e-19 2.745090e-17
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Table 3.2 displays the top 10 downregulated genes by log; fold change and
including the following in descending order: Cyp2g1, Scgb1c1, Cyp1a2, Gm13648,
Bpifb3, Or12j5, Or4k15, Bglap, Gfy and Gmm44737. Various downregulated genes
are involved in olfactory functions including Cyp2¢1, Bpifb3 Or12j5 and Or4k15 .
This may be indicative of the Aldara-treated animals getting some of the topically
applied cream in their noses during grooming. The downregulation of these
olfactory genes could indicate a protective mechanism of the olfactory mucosal
membrane (Lane et al., 2010). Some of these genes involved in drug metabolism
have been found to be downregulated in other neuroinflammatory environments

including Cyp1a2 (Nicholson and Renton, 2002).

Table 3.2: Top 10 downregulated genes between Control and Aldara groups by logz Fold.

Gene log2fold p p.adj
CYP2G1 -5.95 9.258118e-06 9.424579e-05
SCGB1C1| -4.78 5.422900e-04 3.559940e-03
CYP1A2 -461 3.691193e-03 1.843898e-02
GM13648 | -459 6.791261e-04 1.000000e+00
BPIFB3 -457 1.018714e-03 6.159020e-03
OR12J5 -449  3.312026e-02 1.067443e-01
OR4K15 -446  1.890901e-01 1.000000e+00
BGLAP -4.44  8.990593e-06 9.191773e-05

GFY -4.09 2.757957e-07 3.683577e-06
GM44737 | -4.02 4.674102e-03 1.000000e+00

3.2.4 Over representation analysis (GProfiler results)

Results from bulk RNA sequencing experiments can be overwhelming when
interpreting the biological significance of potentially thousands of DEGs. To gain
scientific insights from sequencing results, pathway enrichment analysis can prove
a powerful tool for researchers (Reimand et al., 2019). GProfiler was the online
tool used to perform pathway enrichment analysis (Kolberg et al., 2023). This
analysis tool implements ORA to a bulk RNA sequencing dataset. This takes the
DEGs from a dataset and compares them to a predefined biological pathway

reference database including Gene Ontology (GO), KEGG, Reactome and
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WikiPathways. These are freely available databases which can be selected for
specificity and comprise transcriptional information both of organisms at rest and
in various diseased states (Drabkin et al., 2012) The analysis then defines
‘enrichment’ with the number of overlapping genes which are differentially
expressed within the experimental dataset and a set of genes that belong to a
biological pathway. For example, GO Molecular Function database 'Immune System
Process' pathway contains 3050 genes. The higher number of overlapping genes
within a biological pathway gene set, the higher the enrichment status of that

given pathway.

Three-day Aldara treatment results in upregulated log, fold change (FC) rank DEGs
GProfiler analysis as presented in Figure 5. Three GO reference databases were
selected for ORA: GO: Molecular Functions (MF); GO: Biological Processes (BP) and
GO: Cellular Components (CC). These reference databases were selected as they
focus on fundamental biological changes rather than other databases that
highlight clinical relevance. The number of significantly enriched pathways from
GO datasets included: GO:MF with 194, GO:BP with 1461 and GO:CC with 126. For
GO:MF and GO:BP, the top enriched pathways all included immune system related
hits as seen in Figure 6 and 7, respectively. GO:CC involved cytoplasm, membrane

and other organelle-related pathways (Figure 8). A full report of GProfiler analysis
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Figure 5: GProfiler over-representation analysis (ORA) overview for three-day treated bulk
RNA sequencing log2FC ranked expression for upregulated DEGs. Manhattan plots displaying
enriched pathways from ORA via GProfiler analysis for upregulated genes. ORA reference
databases include Gene Ontology Molecular Functions (GO:MF), GO Biological Processes
(GO:BP) and GO Cellular Components (GO:CC) as shown along x-axis. Numbers within brackets
represent number of enriched pathways belonging to each GO reference dataset: GO:MF - 194,
GO:BP - 1461 and GO:CC - 126. Y-axis displays adjusted enrichment p-values in negative l0g1o
scale.
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showing all enriched pathways, genes overlapping and pathway validation
evidence can be found at https://biit.cs.ut.ee/gplink/l/0M2YRCIsTU.



GO:MF stats

Term name Term ID Padj . -log10(Pad;j) e
immune receptor activity G0:0140375 4.873x10-32 _
signaling receptor binding G0:0005102 1.616x10-22 e
pattern recognition receptor activity G0:0038187 2.476x10-21 _
cytokine binding G0:0019955 5.237x10-18 EREEEE
MHC class | protein binding G0:0042288 1.103x10°" T
cytokine receptor activity G0:0004896 1.573x10°"7 _
MHC protein binding G0:0042287 1.091x10-16 [
catalytic activity, acting on a nucleic acid G0:0140640 1.428x1076 _
purine ribonucleoside triphosphate binding G0:0035639 1.747x10715 _
enzyme binding G0:0019899 3.263x10°5 e
cytokine receptor binding G0:0005126 1.387x10°14 _
carbohydrate binding G0:0030246 2.211x10-4 L
protein-macromolecule adaptor activity G0:0030674 3.081x107 B
nucleoside phosphate binding G0:1901265 2.910x10713 B
nucleotide binding G0:0000166 2.910x10-13 BT
GTPase binding G0:0051020 6.018x10"13 L
ribonucleotide binding G0:0032553 3.231x10-12 BT
purine ribonucleotide binding G0:0032555 5.797x10°12 i
transcription coregulator activity G0:0003712 6.932x10""2

chemokine activity G0:0008009 7.371x10-12 ]

Figure 6: GProfiler Gene Ontology: Molecular Function top 20 enriched pathways from 3-
day treatment upregulated log:FC ranked results.

GO:BP stats

Term name Term ID Padj . -log10(Padj) e
immune system process G0:0002376 2.516x10°198 e
immune response G0:0006955 ae09x10's° G
defense response G0:0006952 2.682x10-174 _
defense response to other organism G0:0098542 5.073x107162 _
response to other organism G0:0051707 4.293x107158 _
response to external biotic stimulus G0:0043207 9.340x10°158 _
response to biotic stimulus G0:0009607 1.310x10°155 _
defense response to symbiont G0:0140546 1.269x107152 _
regulation of immune system process G0:0002682 1.143x107149 _
biological process involved in interspecies interaction b... G0:0044419 9.619x107149 _
innate immune response G0:0045087 1.790x10-144 _
positive regulation of immune system process G0:0002684 1.118x10-135 _
regulation of immune response G0:0050776 9.815x10713% _
response to external stimulus G0:0009605 2.468x107125 _
positive regulation of immune response G0:0050778 2.858x10-118 _
regulation of defense response G0:0031347 2.039x10°106 _
positive regulation of response to external stimulus G0:0032103 4.529x10798 _
regulation of response to external stimulus G0:0032101 3.199x10-97 _
regulation of response to biotic stimulus G0:0002831 4.725x10°97 _
positive regulation of defense response G0:0031349 1.726x10°9% _

Figure 7: GProfiler Gene Ontology: Biological Processes top 20 enriched pathways from 3-
day treatment upregulated log:FC ranked results.




Go:CC stats

Term name Term ID Padj . -log10(Padj) e
cytoplasm G0:0005737 5.038x10-99 B
nucleoplasm G0:0005654 1.628x10-92 [T
cytosol G0:0005829 1.444x10-80 B
external side of plasma membrane G0:0009897 1.662x10°54 _
cell surface G0:0009986 5.386x10°5! e
organelle membrane G0:0031090 1.210x10749 _
microtubule cytoskeleton G0:0015630 4.615x10749 _
side of membrane G0:0098552 3.068x10748 _
catalytic complex G0:1902494 6.055x10746 _
mitochondrion G0:0005739 9.229x10745 e
synapse G0:0045202 7.806x10-44 [
cell junction G0:0030054 3.388x10739 s
bounding membrane of organelle G0:0098588 4.428x1073° _
cell projection G0:0042995 6.037x10°38 e
centrosome G0:0005813 2.946x10-37 O
organelle envelope G0:0031967 5.792x10-37 s
envelope G0:0031975 5.792x10"%7 s
microtubule organizing center G0:0005815 4.876x10736 _
plasma membrane bounded cell projection G0:0120025 5.194x10-36 _
neuron projection G0:0043005 2.278x10-3%

Figure 8: GProfiler Gene Ontology: Cellular Components top 20 enriched pathways from 3-
day treatment upregulated log:FC ranked results.

Figure 9 shows 3-day treatment downregulated log,FC rank DEGs GProfiler results.
The number of significantly enriched pathways from GO datasets included: GO:MF
with 26, GO:BP with 46 and GO:CC with 17. The GO:MF analysis reveals pathways
involved in protein binding including haemoglobin, tetrapyrrole and haptoglobin
(Figure 10). These are groups with oxygen-related activity including antioxidant
relevant pathways. GO:BP mirrors this oxygen-related biology pathway
enrichment alongside synaptic signaling pathways (Figure 11). More oxygen-
related pathways are featured in the GO:CC analysis which are coupled with
extracellular matrix processing including collagen and plasma membrane
interactions (Figure 12). A full report of GProfiler analysis can be found at
https://biit.cs.ut.ee/gplink/l/agSIW-QgkQX.
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Figure 9: GProfiler Over Representation Analysis overview for 3-day treated bulk RNA
sequencing log2FC ranked expression for downregulated DEGs. Manhattan plots displaying
enriched pathways from overrepresentation analysis (ORA) via GProfiler analysis for
upregulated genes. ORA reference databases include Gene Ontology Molecular Functions
(GO:MF), GO Biological Processes (GO:BP) and GO Cellular Components (GO:CC) as shown along
x-axis. Y-axis displays adjusted enrichment p-values in negative logo scale.

GO:MF stats

Term name Term ID S pag , -10g10(Padj) ”
heme binding G0:0020037 2.542x10™M
tetrapyrrole binding G0:0046906 3.720x10"
haptoglobin binding G0:0031720 3.831x10"°
oxygen carrier activity G0:0005344 2.171x1078
oxygen binding G0:0019825 2.215x1077
iron ion binding G0:0005506 9.739x10°7
oxidoreductase activity G0:0016491 2.252x1076
peroxidase activity G0:0004601 1.362x1075
oxidoreductase activity, acting on peroxide as acc... G0:0016684 1.560x1075
antioxidant activity G0:0016209 6.299x10°5

Figure 10: GProfiler Gene Ontology: Molecular Function top 10 enriched pathways from 3-
day treatment log:FC ranked results for downregulated DEGs.
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GO:BP stats

Term name Term ID S Padj o ~1ogro(Padi)  _

oxygen transport G0:0015671 1.083x1077

gas transport G0:0015669 1.147x10°8

cell-cell signaling G0:0007267 3.450x1076

anterograde trans-synaptic signaling G0:0098916 8.304x10°5

chemical synaptic transmission G0:0007268 8.304x10°®

trans-synaptic signaling G0:0099537 1.016x104

system development G0:0048731 1.366x1074

cellular oxidant detoxification G0:0098869 3.659x1074

synaptic signaling G0:0099536 3.681x1074

olefinic compound metabolic process G0:0120254 5.751x1074
Figure 11: GProfiler Gene Ontology: Biological Processes top 10 enriched pathways from 3-
day treatment downregulated log:FC ranked results.

Go:CC stats
Term name Term ID N Padj - =10g10(Pagj) .
haptoglobin-hemoglobin complex G0:0031838 2.774x10°°
hemoglobin complex GO:0005833 2.774x10°°
extracellular matrix G0:0031012 2.028x10"4
external encapsulating structure G0:0030312 2.186x107*
extracellular region GO:0005576 2.557x10°4
collagen-containing extracellular matrix G0:0062023 5.605x10"4
plasma membrane region GO:0098590 5.458x10°3
apical plasma membrane urothelial plaque G0:0120001 7.031x10°3
synapse G0:0045202 8.094x10°3
perikaryon G0:0043204 1.282x10°2

Figure 12: GProfiler Gene Ontology: Cellular Components top 10 enriched pathways from 3-
day treatment downregulated log:FC ranked results.

3.3 Discussion

The use of whole brain bulk RNA sequencing provides a transcriptional snapshot of
the inflammation present at a global scale in the CNS. This technique additionally
provides an unbiased exploration into the TLR7-driven transcriptional changes.
The bulk RNA sequencing results reveal a broad and expected inflammatory
response. This finding is supported by both individual DEGs and enriched
pathways. The gene Tnf, which encodes for the pro-inflammatory cytokine TNFa,

features in the top DEGs following Aldara application. This inflammatory mediator
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has been implicated in a variety of neuroinflammatory models including EAE and
clinical conditions such as MDD (Steeland et al., 2017, Elgellaie et al., 2023).

Upregulation of Saa3 features in the top changed genes in this model. This gene
encodes for a serum protein which has been shown to increase expression in
neuroinflammation including post-stroke. Saa3 has links to upregulating another
pro-inflammatory cytokine IL-18 via inflammasome activation (Yu et al., 2019).
These top DEGs upregulated following Aldara treatment provide further evidence
of the prevalent neuroinflammation in the mouse model. Previous work
investigated the transcriptional response to neuroinflammation by investigating
pre-determined genes via quantitative polymerase chain reaction (qPCR) (McColl
et al., 2016). The work in this thesis confirms these findings through a more
unbiased approach of bulk RNA sequencing. Additionally, the previously quantified
genes vis qPCR only featured 1 gene from the top 10 identified via bulk RNA
sequencing. This further validates the importance of the unbiased approach

implemented in this thesis’ experiments.

Amongst the upregulated DEGs, we gain a transcript-backed insight into the
possible cellular mechanisms underpinning the neuroinflammation within the
Aldara model. Myeloids and T cells are presented as likely key players within this
physiology through the upregulation of genes including Gzma/b, Ccl5 and Sirpb1c.
Inhibitors of Granzyme B, encoded by Gzmb, show neuroprotective properties with
in vivo EAE models (Haile et al., 2015). Granzymes have also been established as
potential diagnostic biomarkers of MS with presence of granzyme B* T cells

positively correlating with disease progression (Shi et al., 2023).

Peripheral immune cells have been documented in the brain parenchyma following
topical Aldara application (Sharma et al., 2024). CCL5, encoded by Ccl5, is a key
chemokine responsible for the recruitment of peripheral monocytes and T cells.
Increased levels of CCL5 play a role in the trafficking of peripheral immune cells
across the BBB (Ubogu et al., 2006). This chemokine is an important cross-cell
communication signal between T cells and microglia. Blocking of CCL5 was found
to dampen microglia activation within the mouse hippocampus in a seizure model
(Zhang et al., 2023b). Sirpbic is established as a T cell marker and upregulation

of the identifier gene has been found in other models of neuroinflammation
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including both early and late disease stages of EAE (Brummer et al., 2023). The
chemotaxis-related transcriptional changes identified support this recruitment
mechanism previously identified immune populations in the Aldara model (McColl
et al., 2016, Sharma et al., 2024).

To maintain homeostasis in the brain and to prevent unwanted damage during
neuroinflammatory periods, it is vital the organ has a balance between pro- and
anti-inflammatory mechanisms. Evidence of an anti-inflammatory cascade is
present with upregulation of /l1rn. IL-1 is a key pro-inflammatory cytokine within
the brain which is increased following Aldara treatment (McColl et al., 2016).
Studies show an upregulation of its antagonist, encoded by /{1rn, can modulate
downstream effects to suppress its actions (Gosselin and Rivest, 2007). This
highlights a potential protective mechanism being initiated to combat the ongoing

TLR7-driven neuroinflammation.

Another upregulated gene which is involved in potential anti-inflammatory effects
is Adoc1. Within microglia, ACOD1, encoded by Adoc1, is described as having a
neuroprotective effect with Acod7 knock out (KO) mice displaying heighted spinal
cord inflammation (Qian et al., 2024). Within the Aldara model, weight change is
a common occurrence with initial 2 days of weight loss followed by weight gain
around day 3 of the model. This positive fluctuation in weight coupled with
upregulation of anti-inflammatory mechanisms may illustrate an attempt of the

organism’s defence against the TLR7-mediated inflammation.

Downregulation of genes may suggest a tissue’s attempt to reduce its
responsiveness to a stimulus. For the Aldara model, the TLR7 agonist IMQ is
topically applied daily and has been shown to enter brain parenchyma 4 hours
post-application (Nerurkar et al., 2017a). It can be speculated that this results in
a daily reintroduction of the TLR7 agonist into the CNS resulting in continuation
of its pro-inflammatory impacts. This daily insult into the brain parenchyma may

explain downregulation of previously stated genes.

A common biological trend shown in the downregulated genes within this model
are those related to olfactory functions including Cy2pg1, Scgb1c1, Bpifb3, Or12j5

and Or4k15 (Chen et al., 2019). Chronic olfactory inflammation conditions are
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mediated via IFNy proinflammatory signalling which may be heightened by the
similar TLR7 IFN-mediated signalling pathway (LaFever et al., 2022). This
activation of the olfactory response may be explained by the grooming habits of
Aldara mice. Following topical application of Aldara cream to the dorsal back,
mice groom themselves and other cage mates. This may result in the TLR7-
containing cream to enter the nose which is a commonly accepted limitation of
the model. The downregulation of these olfactory genes could be explained by the

potential nasal mucousal TLR7 activation.

Aldara treatment results in many global transcriptional changes which encompass
primarily immune-focused biology. While single gene changes may catch the eye
of biased ‘favourite gene’ searches, there are analysis techniques which have
present stronger biological relevance to transcriptional results. One of these
techniques is the previously mentioned ORA to explored enriched pathways from

bulk RNA sequencing data.

The analysis software GProfiler was used to complete the enriched pathways
within this dataset (Kolberg et al., 2023). When setting the parameters for this
analysis, reference databases must be selected from several different sources.
These can include GO, which was selected, and others such as Wikipaths, KEGG
and Reactome. GO databases were selected for reference material of enrichment
analysis as these databases focus on fundamental biological interactions between
cells rather than human-focused clinical orientated context of changes to

transcriptional material.

Unsurprisingly within a TLR7-activated neuroinflammatory model, most of the
enriched pathways from upregulated genes displayed immune-related properties.
This includes cytokine and chemokine activity which further supports the
previously shown recruitment of peripheral immune cells into the brain
parenchyma within this model (McColl et al., 2016). Response to external stimuli
and defence mechanisms are additionally highlighted in the enriched pathway.
This shows the ongoing defence mechanisms being activated, at the

transcriptional levels, following the daily TLR7 activation.
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Changes to mitochondrial function is suggested by both directional transcriptional
changes but primarily the downregulated enriched gene sets. The top enriched
pathway analysis of downregulated genes also involved many protein-binding
pathways. Multiple pathways including haem, tetrapyrrole and haptoglobin
binding are related to oxygen transport and, more specifically, oxidative stress
biological pathways. Downregulation of these oxidative stress-relative genes may
suggest some alterations to mitochondrial function in the TLR7-driven
neuroinflammation. A common consequence of mitochondrial function alteration
is the release of mitochondrial-derived DAMPs. These can be recognised by innate

and infiltration immune populations to trigger a pro-inflammatory response.

Mitochondrial changes have been documented in neuroinflammation as a potential
precursor event in the cascade of inflammation-caused changes (Peruzzotti-
Jametti et al., 2024). Downregulation of enzymes involved in oxidative-related
mechanisms can also prove detrimental to cells in making them vulnerable to
increases in reactive oxygen species (ROS). These ROS have been shown to
promote states of neuroinflammation in different models including systemic LPS-
trigger neuroinflammation (Shukuri et al., 2021). Mitochondria serve as potential
checkpoints of neuroinflammation and changes to their physiology may elevate

inflammation levels within the organ.

Mitochondrial disorders have been shown to results in a number of neural
functional deficits including changes to mood and more chronic neuropsychiatric
manifestations including MDD (Anglin et al., 2012, Ni et al., 2024). The link
underpinning mitochondrial dysfunction and behavioural changes is thought to be
consequential deficits in synaptic transmission and morphology. This pathological
relationship has been demonstrated in a variety of clinical conditions including AD
and MDD (Guo et al., 2017, Ciubuc-Batcu et al., 2024). The transcriptional
evidence of mitochondrial changes within the Aldara model may be further
explored with techniques focused on mitochondrial function including the

Seahorse assay for cellular bioenergetics (Shaw et al., 2020).

Gene sets found to be enriched from the downregulated DEGs included ones of
synaptic transmission biology. This downregulation of neural communication genes

may suggest a possible dampening of certain brain circuits. Perturbations in
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reward-related brain circuits have previously been documented in the Aldara
model, namely the thalamostriatal circuit (Sharma et al., 2024). Potential changes
to synaptic transmission are suggested globally at the transcriptional level.
Further transcriptional analysis of brain regions related to specific circuits would
assign more detail on this potential synaptic signalling dampening. This more

focused regional approach will be explored in chapter 6 of this thesis.

One limitation of bulk RNA sequencing of a whole organ is inability to assign
transcriptional changes to one cell type. This becomes even more difficult when
multiple cell types are known to express similar genes. As previously discussed in
the introduction chapter, this problem of shared markers is the case for microglia
and other infiltrating myeloids and BAMs (Jurga et al., 2020). Upregulated gene
Acod1/Irg1 has been implicated in both types of myeloid cells (Pires-Afonso et al.,
2022). Increased Tnf is another potential indicator of microglia activity as they
are one of the primary producers of this proinflammatory cytokine (Raffaele et
al., 2020, Raffaele et al., 2024). This weakness of bulk RNA sequencing highlights

the need for a technique that can assign transcriptional changes to one cell type.

Whole-organ bulk RNA sequencing can be argued as too broad an exploration
technique as regionality of these transcriptional changes is lost. This is especially
problematic for an organ such as the brain where details regarding regional
changes is crucial if interested in neural pathways and behavioural changes.
However, this chapter’s goal was justifying the Aldara model as a non-invasive
model of neuroinflammation. It could be argued this initial whole brain approach
is beneficial and reassuring that this immune-mediated neuroinflammation is
evident even when combining all cells within the organ. This may suggest a global
response of the TLR7-activated pro-inflammatory cascades. However, further

regional validation of biological changes is required before this can be supported.

This chapter strives to provide a transcriptional snapshot of the TLR7-driven
neuroinflammatory response within the Aldara model. Additionally, through
proving a global response, strengthen its appropriateness as a non-invasive
neuroinflammatory model. Transcriptional evidence shows the changes in this
model may be primarily immune-driven with upregulation of pro-inflammatory

cytokines and chemokines. To understand the intricacies of this
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neuroinflammation and cellular interactions leading to cellular and behavioural
changes, relatively more focussed techniques have been utilised in forthcoming
chapters. These include the use of spatial transcriptomics which begins to assign

these transcriptional changes to individual cell types and brain regions.
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4 Microglia response and changes following TLR7-

activated neuroinflammation

4.1 Introduction

As outlined earlier in this thesis, microglia have a myriad of functions within the
brain. Some responsibilities of microglia include acting as the innate immune
defence against invading pathogens, maintenance of neural networks specifically
via synaptic pruning and have a role in early brain development (Cornell et al.,
2022). These roles are essential to maintain optimal conditions for the CNS which
are active both at times of rest and in response to potential threats (Colonna and
Butovsky, 2017).

Similar to peripheral immune cells, microglia have the ability to produce
cytokines, phagocytose, recognise pathogens via surface receptors and act as APC
(Yang et al., 2010). Microglial are one of the key cellular drivers of
neuroinflammation. As stated in previous chapters of this thesis, this work utilises
the Aldara model with focus on characterising the TLR7-driven
neuroinflammation. Microglial responses are essential to characterise as they are
the primary endogenous neural cell type for TLR7 expression as shown by previous
literature (Zhang et al., 2014).

Several neuroinflammatory models, including LPS and AD models, present a
microglia-based responsive relationship (Surendranathan et al., 2018, Geloso et
al., 2024). This change to microglial phenotype includes increased cytokine
production and changes to morphology to aid phagocytic abilities. As the primary
cellular driver in neuroinflammation, microglial are essential to characterise to

full describe the innate brain response to inflammation.

Microglial nomenclature and their various functional states is constantly changing
to strive towards the most representative portrayal of their physiology. The now
outdated ‘M1’ and ‘M2’ myeloid labels, to represent proinflammatory and anti-
inflammatory respectively, lay the foundations in the preliminary phenotypic

understanding of these cells. It is more recently appreciated that microglia have
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multiple state of activation and diverse phenotypic presentations (Wang et al.,
2023a).

The microglial field has expanded in its understanding of this heterogenous cell
population with a variety of different research techniques (Sousa et al., 2017).
Fluorescent-activated cell sorting (FACS) was an approach that found great
success in the microglial field. Initial findings discovered brain-resident microglia
presented as CD11b*CD45' which differed from other macrophage populations
being characterised as CD11b*CD45" (Sedgwick et al., 1991). This flow cytometric
approach has been further refined to show microglial populations express more

intermediate levels of CD45 compared to other macrophages.

Single-cell transcriptomic analysis have revealed unique gene signatures of the
brain resident cells and identify functionally different phenotypic subsets (Yaqubi
et al., 2023). These pieces of this evidence have been discovered to not only
disagree with the dated M1/M2 phenotypic and physiological assighment but
support the complete abandonment of this terminology. Relatively more
contemporary and palatable language within the microglial field is the view of
these cells being capable of a spectrum of reactivity and fluidity of this functional
state (Wei and Li, 2022).

When dealing with the brain as an organ of interest, regionality holds critical value
in true understanding of biological changes as the CNS displays localisation of
function. Additionally, subsets of microglia with an immune-focused functions
have been found to display regionality within the human brain (Li et al., 2022b).
Many research techniques, including scRNAseq and flow cytometry, provide useful
details about cellular biological states such as transcriptomic and surface marker
changes. However, this usually comes with the sacrifice of regionality with tissue

preparation including a homogenate single-cell suspension prior to analysis.

Techniques that maintain in situ information, such as immunohistochemistry (IHC)
are usually limited to the amount of information they can provide due to technical
limits (e.g. fluorescent channels available on a microscope). These technical
limitations subsequently restrict the scope of biology which can be studied (e.g.

number of IHC targets limited by fluorescent channel availability). Spatial
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transcriptomics is a new and growing field that begins to address this gap by
providing both detailed insight to cellular changes and maintenance of tissue
regionality (Williams et al., 2022). This novel technique retains regionality with
staining protocols being completed on intact tissue sections and provides vast

cellular information with the use of high-plex RNA probe panels.

Nanostring’s CosMx SMI provides a high-plex in situ RNA imaging platform for fresh
and archival mouse and human tissue (He et al., 2022). This technique allows for
RNA-determined cell typing including subcellular visualisation of transcript
localisation. With its high number of microglial markers, this platform proves
useful to explore cellular changes while maintaining tissue and regionality
integrity. Furthermore, in using the CosMx mouse neuroscience 1000-plex panel
which contains a range of microglial and functional genes, potential subtypes of

the innate CNS immune cell could be identified.

As discussed previously in this thesis, the TLR7 ligand IMQ can enter the brain via
crossing the BBB (Nerurkar et al., 2017b). Therefore, it may be proposed that this
neuroinflammatory agent is acting directly on TLR7-expressing microglia after IMQ
enters the brain parenchyma. Another mode which may result in increased
microglial reactivity is the peripheral inflammatory component in the Aldara
model. Topical application of IMQ induces a psoriasis-like dermal inflammation
(Wohn et al., 2014, Nerurkar et al., 2017a, McColl et al., 2016). This peripheral
response additionally results in a systemic inflammatory response including raised
plasma cytokines and splenomegaly. Overall, this heightened immune response is

another potential route of initiation of microglial reactivity.

Previous characterisation of microglia within the Aldara model found a significant
increase in Iba1* cells within the hippocampus amongst the global
neuroinflammatory environment established both at transcript and protein level
(McColl et al., 2016, Nerurkar et al., 2017a). The stated Iba1* cells within Aldara-
treated brains additionally altered their morphology in thickening of their
processes and taking on a classic reactive-status ameboid shape. Further work
included in this thesis focuses on expanding this initial identification of these Iba1*

cells and delineation of them from other myeloid counterparts.
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Additionally, previous work with the Aldara model has shown changes to microglial
morphology again via Iba1* staining (Sharma et al., 2024). These innate brain
immune cells were also found to be actively secreting pro-inflammatory cytokines.
Reactive microglia in the TLR7-driven Aldara neuroinflammatory model has been
previously described. However, no microglial characterisation in the Aldara model

has been completed via spatial transcriptomics.

The aim of this chapter is to identify microglia and explore their response within
the TLR7-activated Aldara neuroinflammatory model. | will utilise flow cytometry
for cell characterisation alongside transcriptomic technique bulk RNA sequencing

of whole-brain and the spatial transcriptomic platform CosMx.

4.2 Whole-brain transcriptional changes of microglia-

related genes

To provide an initial indicator of microglia presence and reactive status,
expression levels of microglia-related genes were selected for analysis from the
whole-brain bulk RNA sequencing dataset. These genes range from classic
myeloid/microglia surface markers (e.g. CD68, Hexb, Fcrls) and other markers
which indicate increased reactive status of microglia (e.g. Msr1, MerTK). This list
of microglia-related genes were comprised from mainly scRNAseq experiments of
the brain-resident population from the literature (Olah et al., 2020, Hammond et
al., 2019, Van Hove et al., 2019, Mrdjen et al., 2018, Masuda et al., 2020b). Figure
1 shows a clustered heatmap of key microglial genes within Control and Aldara
groups at the 3-day timepoint (n=5/group). The heatmap presented in Figure 1 is
row-scaled using gene expression Z-scores. This analysis approach and
presentation involves calculating the mean expression of the given gene for all
samples and representing its expression in reference to the previously calculated

gene mean.

A split in the transcriptional biology is observed with a group of upregulated genes
shown in yellow (positive Z-score) and downregulated in blue (negative Z-score)
amongst the Aldara-treated animals. Consistently significantly upregulated genes

amongst the Aldara samples include Hexb, Tmem119, Cd68, Msr1, Aif1 and Pros1



4 87

(p-adj<0.05). These genes encode for proteins which have been shown to be
involved in microglial reactivity in neuroinflammation (Masuda et al., 2020b). The
genes Csf1r, Cx3cr1 and Mertk showed some variation between samples with some
biological replicates displaying a relatively downregulated transcriptomic
signature. Of these, only Cx3cr1 and MerTK were significantly changed
(p.adj<0.05). This variation in microglial transcriptomic signatures could display
varying levels of responsiveness of the brain immune cells. Consistently
significantly downregulated genes amongst the Aldara samples include Gpr34,
P2ry12, Trem2 and Nr4a1A. Downregulation of these genes may be suggestive of
a dampening of microglial responses to combat neuroinflammation. The protein
encoded by Gpr34 has been found to mediate microglial shift to disease-associated
cellular states (Preissler et al., 2015). Additionally, the purinergic receptor
encoded by P2ry12 has links to microglial motility (Haynes et al., 2006).

Downregulation of this in the TLR7-driven neuroinflammation may be indicative
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Figure 1: Aldara-treated samples display both up- and downregulated transcriptional
biology of microglia-related genes at the whole-brain level. Heatmap of microglia-related
genes from 3-day treatment bulk RNA sequencing dataset. Columns indicate biological
replicates within treatment groups. Expression levels of genes have been row-scaled into z-
scores. Colour intensity represents expression level with yellow showing upregulated genes
(positive Z-score) and blue showing downregulated genes (negative Z-score). Significantly DEGs
p.adj<0.05 indicated by (*). Average linkage by rows clustering method and Pearson distance
measurement method used. N=5/group.
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of a more static cell state. Several microglia-related genes that displayed varying
expression levels throughout Aldara samples include Olfm3, Lyvel, Fcrls, Trem2
and Sall1. However, these genes with variable expression were not significantly
changed (p.adj>0.05).

4.3 Flow cytometric identification of cytokine-producing

and reactive microglia within brain parenchyma

Microglia are commonly classified in flow cytometry by CD45" CD11b* cells
(Srakocic et al., 2022). Particularly the gating separation of CD45™ from CD45"

A Control B Aldara
10°
yeloids
- " (CD45M)
3 -3 4
o O 10
< < E
P 0 < Microglia
= = : * (CD45™)
2 2 10° el
£ E £l
k S oq- _
10% 10° 3
!w; "; ' I103 . ‘xo‘ l IxoS jm; ": l Ixo3 I ‘10" I ImS
Comp-Alexa Fluor 700-A : CD11b Comp-Alexa Fluor 700-A :: CD11b
(o
+ 2000000 -
= skokokok
-
[a) |
(&} g
< 1500000-
i.'f-’ |
3 :
o ut
& 1000000 S
g’ [ ]
b (1L}
— -
= . .l om
S 500000 - o —sgrt—
- [
o [
Nal [
£
=)
=z
Control Aldara

Figure 2: Number of resting microglia (CD45™, CD11b*) increase in whole-brain of Aldara-
treated mice. Representative flow plots of Control (B) and Aldara (C) brains showing
microglial gating (CD11b*, CD45™) and myeloid gating (CD11b* CD45™). Scatterplot displaying
total number of live cells from Microglia in Control (white) and Aldara (red) mice (C).
Individual animals plotted on graph. Y-axis displayed as linear scale. Unpaired t-test shows
significance for both cell groups. P<0.0001 shown as ****. Pulling of 8 experiments provided
n=40 for Control and n=42 for Aldara.
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distinguishes resident microglial populations from infiltrating myeloid populations
including macrophages (Brandenburg et al., 2020). This intermediate CD45
expression classification further separates resident microglia from BAMs with the
latter showing high CD45 expression levels (Dermitzakis et al., 2023).
Representative flow plots showing microglial gating (CD11b*, CD45™) and myeloid
gating (CD11b*, CD45") can be seen for Control and Aldara brains in Figures 2A
and B, respectively. As seen in Figure 2C, the number of CD45™ CD11b* microglia
is significantly increased in Aldara-treated mice (p<0.0001). On average, there is
a 321% increase in CD45™ CD11b* microglia in Aldara compared to Control mice.
When investigating the number of microglia, some variation can be seen in Figure
2C. This may be explained by biological variation of microglial reactivity the TLR7-

neuroinflammation.

As microglia as a relatively heterogenous population in terms of function, changes
to number of microglia may not be indicative of total microglial response. To
investigate microglial output during TLR7-driven neuroinflammation, their
cytokine production was investigated. Additionally, to an overall increase in
numbers of CD45™ CD11b* microglia, their cytokine production activity is also
increased. Microglia were found to significantly increase their IFNy and TNFa pro-
inflammatory cytokine production (Figure 3A). The third key cytokine IL-6 also

presented an increasing trend without reaching significance (p=0.0515). This may



be explained by a smaller sample size. Representative contour flow plots of
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Figure 3: Increasing trend in cytokine-producing Microglia in Aldara mice. Scatterplot
displaying total number of cytokine-producing Microglia (CD45™, CD11b*) in Control (white)

and Aldara (red) mice (A). Individual animal values shown following the key displayed. Y-axis
displayed as Log10 scale. Two-way ANOVA using Siddk’s statistical test for multiple comparison
shows significance for both cell groups. P<0.0021 shown as ** and ns shows p>0.05. Pulled
experiments and availability of marker expression explains variation observed in n number.
Representative contour flow plots showing numbers of microglia for Control (upper) and
Aldara (lower) mice for cytokine production (B). N number per group are as follows: IFNy= 12;
TNFa = 27 and IL-6 = 6.
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microglial cytokines can be seen for Control and Aldara brains in Figure 3B.
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Figure 4: Increasing trend in Microglia activation markers in Aldara-treated mice. Scatter
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Control (upper) and Aldara (lower) mice for reactive surface markers (B). N number per
group are as follows: MHCIl = 9; F4/80 = 4; MERTK = 4 and MSR1 = 5.

Further microglia changes following this TLR7 ligation is reorganisation of their
surface markers indicative of a transition to reactive status. The 4 commonly used
microglial reactive markers are MHCII, F4/80, MERTK and MSR1. Figure 4A shows
all 4 of microglia reactive markers display an upwards trend in Aldara mice with

MERTK being the only marker to show significance (p<0.0001). Representative
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contour flow plots of microglial reactive surface markers can be seen for Control

and Aldara brains in Figure 4B.

4.4 ldentification of microglia-like population via spatial

transcriptomics

As previously discussed, spatial transcriptomics allows for in situ visualisation of
various cell type based on their transcriptional profile within the selected tissue
(Williams et al., 2022). Here, Nanostring’s CosMx SMI was chosen to further
explore microglial biology following TLR7-activated neuroinflammation (He et al.,
2022). CosMx 1000-plex mouse neuroscience panel provides multiple microglia-
related genes for identification of the resident neural cell type. These include
Hexb, Tmem119, P2ry12, Cx3cr1 and Msr1. Changes to these microglia-related

genes were shown previously with whole-brain bulk RNA sequencing (Figure 1).

Firstly, cell typing was completed with the CosMx dataset. To aid cell
identification in both at rest and inflammatory tissue environments, all 16 CosMx
samples, both Control and Aldara, were integrated. This was to capture all cell
types regardless of their individual transcriptomic changes or reactivity status. A
scRNAseq-like clustering approach revealed 18 clusters as shown in the UMAP in
Figure 5A. The heatmap shown in Figure 5B involves different interpretation to
classical heatmaps. These heatmaps show genes that are uniquely upregulated
within that cluster. From this point, this variation of heatmaps will be termed
‘inter-cluster expression heatmaps’. At this 18-cluster stage, one biological cell
type may be represented by multiple clusters. This explains why ‘classic’ cell
identifying genes may not appear in that clusters ‘top 10 identifier genes’ as that

gene is equally expressed across all clusters that represent that cell type.

One limitation of spatial transcriptomic analysis is its minimal ability to capture
complex cell morphologies. This confinement is especially true for neural cells
which have many anatomical cellular processes and membrane extensions. Going
forward, this may explain unusual genes being ‘expressed’ in certain cell types
(e.g. Gfap is expressed in all identified CosMx cell types but is a commonly known

astrocytic markers).
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Of the 18 clusters, 9 cell types were identified using key cell typing genes as seen
in Table 4.11. These cells include glutamatergic neurons, GABAergic MSNs,
astrocytes, oligodendrocytes, endothelial cells, neurovascular units (NVU; thought
to be mix of astrocytes and endothelial cells), immune (predominantly microglia)
and ependymal cells. Two clusters, Cluster 0 and 1, were unclassified neurons as

they expressed no specific neuronal subtype identifier genes.

Table 4.1: CosMx cluster marker genes for cell type identification

Cell type Cluster number Cell type identifier genes

Astrocytes 7,11,12 Gja1, Slc13a3, Agp4
Endothelial cells 14 Cldn5, Pecam1, Flt1
Ependymal cells 16 Foxj1, Ttr, Htcr2
GABAergic neurons 3 Gad1, Gad2, Slc32a1
Glutamatergic neurons 2,6, 15 Slc17a7, Camk2a

Immune 10, 17 Ptprc, Cx3cri

Medium spiny neurons 8, 13 Ppp1rib, Adora2a, Arpp21
Neurovascular 4 Plp, Apod
Oligodendrocytes 5,9 Mog, Mag, Plp1, Mbp
Unclassified neurons 0,1 n/a

From the 18 initial clusters, 2 immune/microglia clusters were identified: clusters
10 and 17. Gene expression heatmaps for clusters 10 and 17 can be seen in Figures
5C and 5D, respectively. Key identifier genes of these clusters which were
suggestive of immune cells include complement-related genes (C71qga-c), Hexb,
Ctss, Tyrobp, Grn, Csf1r, Ctsd and Selplg (Pettas et al., 2022). These cluster
transcriptional identifiers coupled with the global spatial distribution of cells
(Figure 6), led these cells to be classified as immune cells - including brain-
resident microglia. It should be noted that cluster 10 appears as the primary
microglia cluster with cluster 17 potentially representing predominantly
infiltrating immune cells with their ‘top’ identifier genes including more classical
immunological markers including Cdé, Ctss, C1gb, Lag3, Cxcl2, Gas2, Slit2 and Tnc
(Hsing and Rudensky, 2005, Ruffo et al., 2019, Gurrea-Rubio et al., 2025). Both
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clusters were included in immune cell analysis to investigate both brain-resident

and peripheral infiltrating populations.
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Figure 5: Two Microglia/immune-like clustered identified in initial CosMx spatial
transcriptomics clustering. (A) UMAP of 18 clusters identified from integration of all Control
and Aldara samples. (B) Inter-cluster Expression Heatmap displaying relative gene expression
of one cluster compared to other 17 clusters. (C) Inter-cluster Expression Heatmap showing
relative gene expression indicating suspected Microglia/Immune-like cluster 10. (D) Inter-
cluster Expression Heatmap showing relative gene expression indicating suspected
Microglia/Immune-like cluster 17. For heatmaps shown in A-C, yellow indicates relative
increased expression and purple indicates relative decreased expression.
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From the grouped clusters and biological cell types as seen in Table 4.1, DE
analysis was performed in a bulk RNA sequencing-like approach using the
Searchlight analysis platform (Cole et al., 2021). As ‘anterior’ and ‘posterior’
samples came from 1 mouse, differential analysis was performed separately to

avoid oversampling improperly powered statistics.

Control Aldara

Anterior

Posterior

Figure 6: CosMx spatial plots of two representative Control and Aldara samples from
anterior and posterior plane. 18 clusters shown correspond with 18 identified clusters from
previous UMAP (Figure 5). Clusters 10 represented by red outline and clusters 17 by blue
outline. One dot in the spatial plot represents one cell from the corresponding cluster.

As the research questions for this thesis focus on the contribution of immune
populations to the TLR7-driven neuroinflammation, the immune cluster was
investigated. Figure 7 shows a summary of the DE analysis of the cells belonging

to the immune cluster from anterior brain sections. PCA shows the gene expression
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data Control and Aldara naturally separating into 2 distinct groups (Figure 7A).
This suggests PC1 may be representative of treatment and PC2 may be
representative of biological variation. The lollipop graph shows 90 genes being
significantly upregulated in Aldara samples compared to control and 32
downregulated (Figure 7B; p.adj<0.05 and absolute log? fold change >0.5 and <-
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grey. (D) Hierarchically clustered heatmap of DEGs in Control and Aldara samples. Expression
levels shown are row-scaled into Z-scores with yellow representing high expression and purple
representing low expression.
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0.5, respectively). The heatmap featured in Figure 7D highlights the DEGs and
their pattern of transcriptional changes with Aldara samples primarily displaying
upregulation of genes displayed in yellow. Anterior Control samples typically

presented a downregulation of their transcriptional biology.

Figure 8 shows a summary of the DE analysis of the cells belonging to the immune
cluster from posterior brain sections. PCA of gene expression from Control and
Aldara shows a relatively less distinct grouping of treatments in posterior samples
compared to anterior samples (Figure 8A). This suggests more variety in the
transcriptional biology of the immune cells belonging to posterior samples of both
treatment groups. The lollipop graph shows 79 genes being significantly
upregulated in Aldara samples compared to control and 27 downregulated (Figure
8B; p.adj<0.05 and absolute log; fold change >0.5 and <-0.5, respectively).
Inspecting the transcriptional biology presented in the heatmap in Figure 8D, most

Aldara samples show significantly upregulated genes displayed in yellow.
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However, for some of the significantly changes genes, there is a split between

Controls with two samples displaying upregulation and the other two displaying
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from CosMx spatial transcriptomics platform. (A) PCA scatterplots showing gene expression
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downregulation of the same genes. This suggests, immune cells from posterior
control brain sections may display more heterogeneity in their transcriptional

biology.

From the volcano plots for anterior and posterior immune cells (Figure 7C and 8C),
top 10 significantly changed genes are shown. From the upregulated genes, these
include key markers which have been documents as upregulated in reactive
microglia. This includes the gene Apod which encodes for apolipoprotein D which
increased levels has been shown to shift microglia from their resting homeostatic
to a more secretory state and increase cytokine production (Corraliza-Gomez et
al., 2023). Further suggestion of microglial reactivity comes from upregulation of
Tspo which has been found increased in microglia within AD neuroinflammatory
environments (Nutma et al., 2021). Upregulation of Ptprc, which encodes for the
pan immune marker CD45, strengthens claims of this cell cluster being
immunological. Downregulation of P2ry12 is commonly observed in microglia in
neuroinflammation and may be suggestive of decreased microglial anatomical
processes (van Wageningen et al., 2019). Overall, transcriptomic signatures of
these cells are suggestive of a reactive microglial subtype with potential increase

in secretory processes.

To reveal all immune cell subtypes within the CosMx dataset, combination and
reclustering of immune clusters 10 and 17 was performed. This was theorised to
include all potential resident, infiltrating and border-associated immune cells.
Reclustering revealed 5 new immune subclusters based on inter-cluster relative
gene expression (Figure 9). The UMAP showing 5 subclusters Immune.0-Immune.4
can be seen on Figure 9A. The inter-cluster expression heatmap can be seen on
Figure 9B. Representative spatial plots of all 5 immune subclusters for Control and

Aldara sections on anterior and posterior planes can be seen in Figure 10.

Immune.0 cluster was found to have no distinct expressing genes compared to the
other clusters. Of the genes shown to be relatively expressed by Immune.1, none
are specific identifiers unique to microglia, but several are upregulated and
related to microglial function including Vim, B2m, Ftl1, Srgn, Ccl2 and Lilrb4a/b
(Hammond et al., 2019, DePaula-Silva et al., 2019, Mendes and Majewska, 2021,

Kretzschmar et al., 2021). Some of these genes may also be expressed on other
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cell types including astrocytes and neurons. However, this may indicate this
subcluster interacting with other brain-resident population and highlight the
limitation of cell segmentation within this technique. Interaction and cellular
segmentation overlap with astrocytes presents as a strong possibility within this

cluster with its relatively increased expression of astrocytic marker Gfap.
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Figure 9: Reclustering of CosMx spatial transcriptomic dataset reveals five potential
subclusters of microglia/immune-like cells. (A) Integrated UMAP of five microglia/immune
subclusters labelled ‘immune.0’, ‘immune.1’;, ‘immune.2’, ‘immune.3’and ‘immune.4’ for
Control and Aldara samples. (B) Heatmap of relative inter-cluster gene expression of five
microglia/immune subclusters. Yellow representing relative upregulation and purple
representing relative downregulation of genes.

Cluster Immune.2 features a collection of upregulated reliable microglia identifier
genes including P2ry12, Csf1r, Cx3cr1, Hexb, Tmem119 and Sall1 (Hammond et
al., 2019). Other upregulated transcripts that relate to microglial biology,
however, may be expressed within other immune and brain-resident cells

populations include Tgfbr1, Serinc3, Cd9, Cd14 and Selplg. Again, potentially
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indicating other brain-resident cells that this microglia-like subcluster may be

interacting with.

Subcluster Immune.3 expresses the least number of microglia-related genes within
this relative expression heatmap shown in Figure 9B. The main cell type that
expresses the relatively upregulated genes within this cluster are neurons. These
neuron-related genes include Dnm1, Snap25, Sncb, Map1b, Bex1/2, Rtn1 and Rtn3.
Some upregulated genes within this cluster, although not microglia specific, may
be indicative of changes to microglial function and reactivity status include Ywhag
and Mdh1.
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Figure 10: Representative spatial plots of immune subclusters from anterior and posterior
coronal brain hemisections from Control and Aldara mice. Spatial plots of Control brain
hemisections from immune subclusters 0-3 in anterior (A) and posterior (C) planes. Spatial
plots of Aldara brain hemisections show immune subclusters 0-4 in anterior (B) and posterior
(D) planes. Contrast and saturation increased for visualisation. White drawn boundaries of

brain tissue slice.
The relative upregulated signal displayed by the Immune.4 subcluster features
several immune-focused genes including Cxcl2, Cdé, Lag3 and Tnc. This subcluster

additionally displays neuron-related gene changes including Nos1, Cnksr2, Arc and
Nrsn1. As seen in Figure 10, this subcluster was primarily present in Aldara
samples. This subcluster will be further examined in relation to its immune

properties in the subsequent chapter of this thesis.
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As displayed in Figure 11, several immune subclusters experienced an increase in
cell numbers following Aldara treatment. These include Immune.0 and Immune. 1
which displayed significance (p<0.0001) and Immune.3 which did not reach
significance (p>0.05). Immune.2 was the only subcluster to present a significant

decrease in cell number (p<0.0001).
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Figure 11: Changes in cell number amongst CosMx microglia/immune subclusters. Bar chart
displaying total number cells in Control (white) and Aldara (red) mice. Symbols on graphs
represent one tissue section and one animal is represented by two symbols for anterior and
posterior sections. Y-axis displayed as logo scale. Two-way ANOVA using Siddk’s statistical test
for multiple comparison shows significance for both cell groups. Ns p>0.05 and not shown on
graph. P<0.0332 = *, p<0.0002 = **** and p<0.0001 = ****, Data presented as mean +/- SD.
N=4/group.

To understand the transcriptional changes of the immune subclusters, DE analysis
was again performed using the Searchlight analysis platform of individual
subclusters in anterior and posterior tissue planes. DE analysis of cells belonging
to anterior Immune.0 subcluster samples is shown in Figure 12. PCA shows the
gene expression data of anterior Immune.0 subclusters from Control and Aldara

treatment groups
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Figure 12: Differential expression analysis of ‘Immune.0’ subcluster from anterior brain sections.
(A) PCA scatterplots showing gene expression data for Control [blue] and Aldara [red]. Individual
samples represented by dots. (B) Lollipop graph showing number of significantly DEGs [p.adj <0.05,
absolute log:fold >0.5]. (C) Volcano plot of significantly DEGs with upregulated shown in red,
downregulated in blue and non-significant in grey. (D) Hierarchically clustered heatmap of DEGs in
Control and Aldara samples. Expression levels shown are row-scaled into Z-scores with yellow
representing high expression and purple representing low expression.
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naturally separating into 2 distinct grouping (Figure 12). One Aldara sample
presents as separate from the other samples with relatively higher PC1 and PC2
scorings. This sample is the third Aldara sample shown in the heatmap (Figure
12D) which has a relatively higher increase in the significant DEG. This slight
variation among samples may be explained by the biological replicate having a
strong response to the inflammatory stimulant within the Aldara model. For other
samples shown in the PCA, grouping of samples via PC1 may be representative of

treatment.

The lollipop graph shows 55 genes being significantly upregulated in Aldara
samples compared to control and 29 downregulated (Figure 12B; p.adj<0.05 and
absolute log; fold change >0.5 and <-0.5, respectively). The heatmap featured in
Figure 12 highlights the DEGs and their pattern of transcriptional changes. Aldara
samples primarily display a subtle upregulation of genes displayed in yellow and
some genes remaining unchanged compared to Controls as shown in black. The
top significantly upregulated genes in Aldara anterior Immune.0 subclusters
include B2m, Apod, Ccl2, Slc13a3 and Grn. The top significantly downregulated
genes in Immune.0 include P2ry12, Csf1r, Cst3, Trem2 and Mbp. The top 10
upregulated and downregulated genes ranked by log; fold change can be seen in
Table 4.2.

Table 4.2: Top 10 upregulated and downregulated DEGs in anterior ‘immune.0’ CosMx

subcluster

Gene |log2fold p p.adj Gene | log2fold p p.adj
B2M 2.98 1.342670e-36 3.168702e-34 P2RY12 -2.56 6.515038e-33 1.153162e-30
APOD 2.59 1.188339e-36 3.168702e-34 CSF1R -1.65  4.452999e-15 3.503026e-13
CCL2 2.46 6.266766e-08 2.142444e-06 CST3 -1.61 8.414114e-20 9.928655e-18
SLC13A3 2.42 1.011015e-06 2.385996e-05 TREM2 -1.59 4.388519e-10 2.134674e-08
GRN 2.32 1.646156e-37 1.165478e-34 MBP -1.43  2.141623e-10 1.166361e-08
CTSB 2.30 2.831494e-29 4.009396e-27 GLUL -1.05 4.830007e-09 2.011556e-07
TSPO 2.27 4.522614e-10 2.134674e-08 RGS5 -0.97 1.432749e-04 1.779625e-03
ITGAX 2.18 8.003059¢e-12 4.721805e-10 RIMS2 -0.94  3.259629e-04 1.000000e+00
VIM 217 6.082227e-18 6.151739e-16 PLP1 -0.94  7.334864e-09 2.885047e-07
SRGN 2.09 2.318309e-15 2.051704e-13 SELPLG| -0.89 5.752842e-07 1.508523e-05
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DE analysis of cells belonging to posterior Immune.0 subcluster samples is shown
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Figure 13: Differential expression analysis of ‘Immune.0’ subcluster from posterior brain
sections. (A) PCA scatterplots showing gene expression data for Control [blue] and Aldara
[red]. Individual samples represented by dots. (B) Lollipop graph showing number of
significantly DEGs [p.adj <0.05, absolute logzfold >0.5]. (C) Volcano plot of significantly DEGs
with upregulated shown in red, downregulated in blue and non-significant in grey. (D)
Hierarchically clustered heatmap of DEGs in Control and Aldara samples. Expression levels
shown are row-scaled into Z-scores with yellow representing high expression and purple
representing low expression.
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in Figure 13.

PCA shows the gene expression data of posterior Immune.0 subclusters from
Control and Aldara treatment groups naturally separating into 2 distinct groups
(Figure 13A). This suggests PC1 may be representative of treatment. The lollipop
graph shows 43 genes being significantly upregulated in Aldara samples compared
to control and 29 downregulated (p.adj<0.05 and absolute log; fold change >0.5
and <-0.5, respectively). The heatmap featured in Figure 13D highlights the DEGs
and their pattern of transcriptional changes with Aldara samples primarily
displaying upregulation of genes displayed in yellow. The top significantly
upregulated genes in Aldara anterior Immune.0 subclusters include B2m, Ctsb,
Slc13a3, Grn and Gbp2. The top significantly downregulated genes in Immune.0
include P2ry12, Csfir, Cst3, Plp and Trem2. The top ten upregulated and

downregulated genes ranked by Log, fold change can be seen in Table 4.3.

Table 4.3: Top 10 upregulated and downregulated DEGs in posterior ‘immune.0’ CosMx

subcluster
Gene |log2fold p p.adj Gene | log2fold p p.adj
B2M 3.35 1.414962e-56 1.058391e-53 P2RY12 -2.40 1.506545e-32 2.817240e-30
CTSB 2.37 2.677260e-39 7.589820e-37 CSFI1R -1.59 5.791909e-16 4.332348e-14
SLC13A3 2.33 6.766112e-08 2.410025e-06 CST3 -1.33 1.327711e-19 1.655213e-17
GRN 2.26 3.044045e-39 7.589820e-37 PLP1 -1.15 2.665888e-08 1.107825e-06
GBP2 2.09 3.574484e-05 6.076623e-04 TREM2 -1.05 3.864810e-06 8.259652e-05
ITGAX 2.08 9.459886e-14 6.432723e-12 SCD2 -1.03  1.091746e-07 3.550546e-06
VIM 1.95 1.005086e-19 1.503609e-17 ADGRG1| -0.94 3.837322e-07 1.063080e-05
APOD 1.94 1.070909e-16 1.001300e-14 MBP -0.93 3.522836e-05 6.076623e-04
CCL2 1.83 4.785188e-06 9.942557e-05 GLUL -0.91 2.185414e-08 9.615823e-07
GFAP 1.76 3.092973e-16 2.570604e-14 CFH -0.90 7.559323e-06 1.528209e-04

DE analysis of cells belonging to anterior Immune.1 subcluster samples is shown in
Figure 14. PCA shows the gene expression data of anterior Immune.1 subcluster
with the Control and Aldara naturally separating into 2 distinct grouping (Figure
14). Control samples are tightly grouped together in PCA demonstrating low levels
of biological variance between samples for this CosMx immune subcluster (Figure
14A). Aldara samples from this group display a greater extent of biological
variation as displayed with relatively diffuse spreading with respect to PC2. This
suggests PC1 may be representative of treatment and PC2 of biological variance.
The lollipop graph shows 84 genes being significantly upregulated in Aldara

samples compared to control and 54 downregulated (p.adj<0.05 and absolute log;
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fold change >0.5 and <-0.5, respectively). The heatmap featured in Figure 14D
highlights the DEGs and their pattern of transcriptional changes with Aldara
samples primarily displaying upregulation of genes displayed in yellow. The top
significantly upregulated genes in anterior tissue section Immune.1 subcluster
include B2m, Tspo, Ccl2, Srgn and Fth1. The top significantly downregulated genes
in Immune.1 include Ptgds, H2-ab1, Apoe, Atpla2 and Rgs5. The top 10
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upregulated and downregulated genes ranked by log; fold change can be seen in
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Figure 14: Differential expression analysis of Immune. 1’ subcluster from anterior brain
sections. (A) PCA scatterplots showing gene expression data for Control [blue] and Aldara
[red]. Individual samples represented by dots. (B) Lollipop graph showing number of
significantly DEGs [p.adj <0.05, absolute logzfold >0.5]. (C) Volcano plot of significantly DEGs
with upregulated shown in red, downregulated in blue and non-significant in grey. (D)
Hierarchically clustered heatmap of DEGs in Control and Aldara samples. Expression levels
shown are row-scaled into Z-scores with yellow representing high expression and purple
representing low expression.
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Table 4.4.

Table 4.4: Top 10 upregulated and downregulated DEGs in anterior ‘immune.1’ CosMx

subcluster

Gene |log2fold p p.adj Gene |log2fold p p.adj
B2M 3.30 2.032805e-42 1.912869e-39 PTGDS -3.53 5.958308e-36 2.803384e-33
TSPO 2.81 6.159137e-13 4.139820e-11 H2-AB1 -1.76  1.927619e-15 1.813890e-13
CCL2 2.52 6.965447e-13 4.369657e-11 APOE -1.71  7.800628e-12 3.863364e-10
SRGN 2.32 2.729211e-17 3.210234e-15 ATP1A2 -1.49  1.961354e-13 1.419718e-11
FTH1 2.25 1.878644e-24 2.525434e-22 RGSS5 -1.45 1.264291e-08 4.575762e-07
CTSB 2.24 3.357696e-33 1.053197e-30 H2-AA -1.44  2.400053e-12 1.411531e-10
CTSS 2.09 5.206271e-29 9.798202e-27 MYL9 -1.31 1.834740e-06 3.836645e-05
GRN 2.08 1.162256e-27 1.822805e-25 VTN -1.28 8.160771e-10 3.338820e-08
PTPRC 201 6.323131e-10 2.704576e-08 EDN3 -1.27  4.269792e-08 1.434955e-06
VIM 1.99 7.032805e-12 3.676594e-10 COL1A2| -1.20 2.963688e-07 7.339028e-06

DE analysis of cells belonging to posterior Immune.1 subcluster samples is shown
in Figure 15. PCA shows the gene expression data of posterior Immune.1 subcluster
with the Control and Aldara naturally separating into 2 distinct grouping (Figure
15). Control samples are tightly grouped together in PCA demonstrating low levels
of biological variance between samples for this CosMx immune subcluster (Figure
15A). Aldara samples from this group display a greater extent of biological
variation as displayed with relatively diffuse spreading with respect to PC2. This
suggests PC1 may be representative of treatment and PC2 of biological variance.
The lollipop graph shows 78 genes being significantly upregulated in Aldara
samples compared to control and 60 downregulated (Figure 15B; p.adj<0.05 and
absolute log; fold change >0.5 and <-0.5, respectively). The heatmap featured in
Figure 15D highlights the DEGs and their pattern of transcriptional changes with
Aldara samples primarily displaying upregulation of genes displayed in yellow. The
top significantly upregulated genes in posterior tissue section Immune.1
subcluster include B2m, Ptprc, Ccl2, Grn and Tnf. The top significantly
downregulated genes in Immune.1 include Ptgds, Ttr H2-ab1, H2-aa and Cd74.
The top ten significantly upregulated and downregulated genes ranked by log2

fold change can be seen in Table 4.5.
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Figure 15: Differential expression analysis of ‘Immune. 1’ subcluster from posterior brain
sections. (A) PCA scatterplots showing gene expression data for Control [blue] and Aldara
[red]. Individual samples represented by dots. (B) Lollipop graph showing number of
significantly DEGs [p.adj <0.05, absolute logzfold >0.5]. (C) Volcano plot of significantly DEGs
with upregulated shown in red, downregulated in blue and non-significant in grey. (D)
Hierarchically clustered heatmap of DEGs in Control and Aldara samples. Expression levels
shown are row-scaled into Z-scores with yellow representing high expression and purple
representing low expression.




Table 4.5: Top 10 upregulated and downregulated DEGs in posterior ‘immune.1’ CosMx

112

subcluster
Gene | log2fold p p.adj Gene |log2fold p p.adj
B2M 3.31 1.677505e-65 1.677505e-62 PTGDS -3.63  7.470260e-35 1.867565e-32
PTPRC 2.59 3.184465e-18 3.184465e-16 TTR -3.05 1.616917e-07 3.593148e-06
CCL2 2.28 7.228534e-08 1.807134e-06 H2-AB1 -1.72  4.563761e-19 6.519659e-17
GRN 2.23 2.038674e-62 1.019337e-59 H2-AA -1.68  1.890271e-12 1.111924e-10
TNF 209  2.852065e-09 8.912702e-08 CD74 -1.65 3.101484e-18 3.184465e-16
CTSB 2.05 4.007984e-37 1.335995e-34 COL1A2| -1.37 1.199476e-09 4.136126e-08
TSPO 2.00 1.384406e-10 6.292753e-09 APOE -1.37  3.154368e-13 2.253120e-11
SRGN 1.84 1.557602e-12 9.735015e-11 ITM2A -1.33  8.145408e-10 3.016818e-08
SAMHD1 1.82 4.662452e-09 1.371309e-07 CFH -1.28  2.074368e-11 1.037184e-09
PECAM1 1.77 1.333305e-09 4.444349e-08 ATP1A2 -1.27  1.320643e-10 6.288778e-09

DE analysis of cells belonging to anterior Immune.2 subcluster samples is shown in
Figure 16. PCA shows the gene expression data of anterior Immune.2 subcluster
with the Control and Aldara naturally separating into 2 distinct grouping (Figure
16). Aldara samples are tightly grouped together in PCA demonstrating low levels
of biological variance between samples for this CosMx immune subcluster (Figure
16A). Control samples from this group display a greater extent of biological
variation as displayed with relatively diffuse spreading with respect to PC2. This
suggests PC1 may be representative of treatment and PC2 of biological variance.
The lollipop graph shows 14 genes being significantly upregulated in Aldara
samples compared to control and 7 downregulated (Figure 16B; p.adj<0.05 and
absolute log; fold >0.5 and <-0.5, respectively). The heatmap featured in Figure
16D highlights the DEGs and their pattern of transcriptional changes with Aldara
samples primarily displaying downregulation of genes displayed in purple. The top
significantly upregulated genes in anterior tissue section Immune.2 subcluster
include Apod, Gfap, B2m, Ptgds and Slc13a3. The top significantly downregulated
genes in anterior sections’ Immune.2 subcluster include P2ry12, Cst3, Trem2,
Csf1r and Selplg. The top 10 significantly upregulated and downregulated genes
ranked by log2 fold change can be seen in Table 4.6.
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Figure 16: Differential expression analysis of Immune.2’ subcluster from anterior brain
sections. (A) PCA scatterplots showing gene expression data for Control [blue] and Aldara
[red]. Individual samples represented by dots. (B) Lollipop graph showing number of
significantly DEGs [p.adj <0.05, absolute logzfold >0.5]. (C) Volcano plot of significantly DEGs
with upregulated shown in red, downregulated in blue and non-significant in grey. (D)
Hierarchically clustered heatmap of DEGs in Control and Aldara samples. Expression levels
shown are row-scaled into Z-scores with yellow representing high expression and purple
representing low expression.
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Table 4.6: Top 10 upregulated and downregulated DEGs in anterior ‘immune.2’ CosMx

subcluster

Gene |log2fold p p.adj Gene |log2fold p p.adj
APOD 4.18 4.819099%e-21 2.710743e-19 P2RY12 -2.08 4.008285e-22 3.006214e-20
GFAP 2.90 2.201250e-14 9.905625e-13 CST3 -1.77  2.499817e-28 2.812294e-26
B2M 2.70 5.452135e-30 1.226730e-27 TREM2 -1.34  5.690063e-05 1.000000e+00
PTGDS 2.20 2.401230e-13 9.004614e-12 CSFIR -1.29  6.893264e-06 1.193065e-04
SLC13A3 191 8.477939%e-06 1.362526e-04 SELPLG -1.17  1.217217e-06 2.489761e-05
FTH1 1.53 5.960469e-08 1.490117e-06 RGS5 -1.15  7.796651e-04 1.000000e+00
GRN 1.48 3.136004e-10 1.008001e-08 CFH -1.01  1.629960e-04 1.000000e+00
VIM 1.44 1.467434e-07 3.301727e-06 CRP -0.91  1.454638e-03 1.000000e+00
TSPO 1.32 9.780320e-05 1.000000e+00 SERINC3| -0.78 5.679475e-05 8.519213e-04
PTPRC 1.27 1.546235e-04 1.000000e+00 CD14 -0.59 5.663192e-04 6.371091e-03

DE analysis of cells belonging to posterior Immune.2 subcluster samples is shown
in Figure 17. PCA shows the gene expression data of posterior Immune.2 subcluster
with the Control and Aldara naturally separating into 2 distinct grouping (Figure
17). Aldara samples are tightly grouped together in PCA demonstrating low levels
of biological variance between samples for this CosMx immune subcluster (Figure
17A). Control samples from this group display a greater extent of biological
variation as displayed with relatively diffuse spreading with respect to PC2. This
suggests PC1 may be representative of treatment and PC2 of biological variance.
The lollipop graph shows 26 genes being significantly upregulated in Aldara
samples compared to control and 13 downregulated (Figure 17B; p.adj<0.05 and
absolute log; fold >0.5 and <-0.5, respectively). The heatmap featured in Figure
17D highlights the DEGs and their pattern of transcriptional changes with Aldara
samples primarily displaying downregulation of genes displayed in purple. The top
significantly upregulated genes in posterior tissue section Immune.2 subcluster
include Apod, B2m, Ptgds, Gfap and Ctsb. The top significantly downregulated
genes in posterior sections’ Immune.2 subcluster include P2ry12, Cst3, Csf1r,
Selplg and Adgrg1. The top ten significantly upregulated and downregulated genes
ranked by log, fold change for posterior Immune.2 subcluster can be seen in Table
4.7.
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Figure 17: Differential expression analysis of ‘Immune.2’ subcluster from posterior brain
sections. (A) PCA scatterplots showing gene expression data for Control [blue] and Aldara
[red]. Individual samples represented by dots. (B) Lollipop graph showing number of
significantly DEGs [p.adj <0.05, absolute log:fold >0.5]. (C) Volcano plot of significantly DEGs
with upregulated shown in red, downregulated in blue and non-significant in grey. (D)
Hierarchically clustered heatmap of DEGs in Control and Aldara samples. Expression levels
shown are row-scaled into Z-scores with yellow representing high expression and purple
representing low expression.

Table 4.7: Top 10 Upregulated and Downregulated DEGs in Posterior ‘immune.2’ CosMx

subcluster
Gene |log2fold p p.adj Gene |log2fold p p.adj
APOD 458  7.877297e-30 4.671237e-27 P2RY12 -2.17  1.777819e-15 1.506067e-13
B2M 3.09 3.529026e-24 6.975708e-22 CST3 -1.61  2.311165e-21 2.741041e-19
PTGDS 2.63 2.853967e-19 2.820671e-17 CSF1R -1.35 9.360219e-11 4.625508e-09
GFAP 2.58 1.953547e-29 5.792268e-27 SELPLG -1.29  2.969612e-07 1.100612e-05
CTSB 1.71 2.023945e-21 2.741041e-19 ADGRG1 -0.96 5.133063e-05 1.268294e-03
FTH1 1.44 2.780895e-11 1.649071e-09 CD14 -0.92  7.801210e-05 1.850447e-03
VIM 1.33 1.706385e-07 6.833524e-06 TREM2 -0.85 6.589096e-04 1.260430e-02
GRN 1.28 2.623241e-15 1.944478e-13 CFH -0.84  5.547285e-04 1.096513e-02
TMSB4X 1.19 1.032357e-14 6.802085e-13 SPARCL1| -0.72 1.090651e-03 1.847875e-02
MAG 1.16 4,738911e-07 1.653044e-05 RGS5 -0.68 2.997620e-03 4.335582e-02
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DE analysis of cells belonging to anterior Immune.3 subcluster samples is shown in
Figure 18. PCA shows the gene expression data of anterior Immune.3 subcluster
for Control and Aldara samples (Figure 18). Control samples are tightly grouped
together in PCA demonstrating low levels of biological variance between samples
for this CosMx immune subcluster (Figure 18A). Aldara samples from this group
display a greater extent of biological variation as displayed with relatively diffuse
spreading with respect to PC2. One Aldara sample shows close grouping with the
Control samples for this subcluster. This suggests for this potential cell subtype in
this animal does not display typical biological responses compared to other
biological repeats in the treatment group. Overall, the PCA plot suggests PC1 may
be representative of treatment and PC2 of biological variance. The lollipop graph
shows 35 genes being significantly upregulated in Aldara samples compared to
control and 16 downregulated (Figure 18B; p.adj<0.05 and absolute log; fold >0.5
and <-0.5, respectively). The heatmap featured in Figure 18D highlights the DEGs
and their pattern of transcriptional changes with Aldara samples primarily
displaying upregulation of genes displayed in yellow with exception of the
previously mentioned outlier Aldara sample. The top significantly upregulated
genes in anterior tissue section Immune.3 subcluster include B2m, Gfap, Apod,
Tspo and Vim. The top significantly downregulated genes in Immune.3 include
P2ry12, Csf1r, Cfh, Selplg and TremZ2. The top 10 significantly upregulated and
downregulated genes ranked by log2 fold change for anterior Immune.3 subcluster
can be seen in Table 4.8.
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Figure 18: Differential expression analysis of Immune.3’ subcluster from anterior brain
sections. (A) PCA scatterplots showing gene expression data for Control [blue] and Aldara
[red]. Individual samples represented by dots. (B) Lollipop graph showing number of
significantly DEGs [p.adj <0.05, absolute logzfold >0.5]. (C) Volcano plot of significantly DEGs
with upregulated shown in red, downregulated in blue and non-significant in grey. (D)
Hierarchically clustered heatmap of DEGs in Control and Aldara samples. Expression levels
shown are row-scaled into Z-scores with yellow representing high expression and purple
representing low expression.
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Table 4.8: Top 10 upregulated and downregulated DEGs in anterior ‘immune.3’ CosMx

subcluster
Gene | log2fold p p.adj Gene | log2fold p p.adj
B2M 3.79 1.631139e-30 1.314698e-27 P2RY12 -1.97  7.903513e-19 1.274046e-16
GFAP 3.47 1.607033e-26 5.722560e-24 CSFIR -156  1.114125e-15 1.282836e-13
APOD 313  2.129985e-26 5.722560e-24 CFH -1.30  2.225885e-06 8.970315e-05
TSPO 2.34  2.784605e-07 1.181259e-05 SELPLG | -1.08  2.020644e-07 9.047996e-06
VIM 226 8.386576e-13 6.759580e-11 TREM2 -1.06  1.238512e-04 2.772890e-03
cCL2 220 7.695209e-06 2.696669e-04 CST3 -0.98 5.476094e-12 4.012483e-10
GRN 218 5.047742e-25 1.017120e-22 RASGRF2| -0.85 2.519375e-05 7.810062e-04

SLC13A3| 1.94 3.479249e-05 9.387554e-04 TMEM119 | -0.71 6.295387e-04 1.103061e-02
SRGN 1.49 6.273976e-08 3.371217e-06 MEF2C -0.66  1.105879e-04 2.546680e-03
CTSB 1.49 1.580319e-14 1.592171e-12 TGFBR1 -0.64  1.307059e-03 2.025942e-02

DE analysis of cells belonging to posterior Immune.3 subcluster samples is shown
in Figure 19. PCA shows the gene expression data of posterior Immune.3 subcluster
for Control and Aldara samples which separate the 2 into distinct groups (Figure
19). The PCA plot suggests PC1 may be representative of treatment and PC2 of
biological variance. The lollipop graph shows 33 genes being significantly
upregulated in Aldara samples compared to control and 11 downregulated (Figure
18B; p.adj<0.05 and absolute log; fold >0.5 and <-0.5, respectively). The heatmap
featured in Figure 18D highlights the DEGs and their pattern of transcriptional
changes with Aldara samples primarily displaying upregulation of genes displayed
in yellow. One Control sample displays unique upregulation of some genes
compared to others in the treatment group. The top significantly upregulated
genes in posterior tissue section Immune.3 subcluster include B2m, Gfap, Grn,
Gbp2 and Ccl2. The top significantly downregulated genes in Immune.3 include
P2ry12, Csf1r, Selplg, Cst3 and Cfh. The top ten significantly upregulated and
downregulated genes ranked by log; fold change for posterior Immune.3 subcluster

can be seen in Table 4.9.
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Figure 19: Differential expression analysis of ‘Immune.3’ subcluster from posterior brain
sections. (A) PCA scatterplots showing gene expression data for Control [blue] and Aldara
[red]. Individual samples represented by dots. (B) Lollipop graph showing number of
significantly DEGs [p.adj <0.05, absolute logzfold >0.5]. (C) Volcano plot of significantly DEGs
with upregulated shown in red, downregulated in blue and non-significant in grey. (D)
Hierarchically clustered heatmap of DEGs in Control and Aldara samples. Expression levels
shown are row-scaled into Z-scores with yellow representing high expression and purple
representing low expression.




Table 4.9: Top 10 upregulated and downregulated DEGs in posterior ‘immune.3’ CosMx
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subcluster
Gene |log2fold p p.adj Gene |log2fold p p.adj
B2M 3.37 1.764593e-36 5.311426e-34 P2RY12 -2.37 7.717816e-39 6.969188e-36
GFAP 2.85 1.515925e-24 3.422201e-22 CSFI1R -1.44  8.593913e-10 7.054821e-08
GRN 2.35 7.048500e-37 3.182398e-34 SELPLG -1.05 3.118485e-10 3.128880e-08
GBP2 2.14 3.311967e-07 1.574056e-05 CST3 -1.04  1.184574e-09 8.913923e-08
CCL2 2.07 7.119665e-09 4.592184e-07 CFH -0.95 9.743133e-06 3.033810e-04
ITGAX 1.94 2.765058e-14 3.566925e-12 TREMZ2 -0.95 3.421738e-04 8.350891e-03
APOD 1.89 1.335375e-08 7.536521e-07 PENK -0.73 1.110598e-04 3.039000e-03
SLC13A3 1.85 2.610929e-07 1.309816e-05 PPP1R1B| -0.63 7.093881e-04 1.562384e-02
VIM 1.81 1.352650e-14 2.035738e-12 MERTK -0.59  3.334547e-04 8.350891e-03
CTSB 1.78 9.208826e-23 1.663114e-20 GLUL -0.52 1.776476e-03 3.208315e-02

To view transcriptional similarities and differences which may be indicative of
cellular function, commonality of gene expression amongst immune subclusters
was investigated. To allow for comparison across different subclusters, a threshold
of log.fold >1.0 was applied to capture genes largely changing their transcriptional

biology following Aldara treatment.

Overlapping and unique upregulated genes, that adhere to the stated threshold,
from CosMx Immune.0-Immune.3 subclusters of anterior brain sections can be seen
in Figure 20. Eight genes are commonly expressed amongst the 4 immune
subclusters: B2m, Grn, Ctsb, Tspo, Vim, Gfap and C1qga. All these genes code for
proteins which have established links with pro-inflammatory tissue environments.
Subcluster Immune.0 has 6 uniquely expressed genes, according to the threshold:
Mmp14, C5ar1, P2rx4, Igfbp7, Spp1 and H3f3b. The proteins coded by these genes
are involved in immune activation. Some have been found to be expressed on
reactive microglia populations particularly in states of disease responsiveness
(Gomez-Arboledas et al., 2022, Vazquez-Villoldo et al., 2014).

Subcluster Immune.1 uniquely expressed 10 genes: Ctss, Hspa8, Tyrobp, Fau,
Adar, Rps9, Cd44, Lilrb4a/b, Selenow and Ywhag. These genes broadly code for
proteins involved in 2 branches of neuroinflammation: microglial-mediated
immune processes and neuroprotective mechanisms. Subcluster Immune.2 has
relatively low levels of unique gene expression with only Ptgds which has links to
exacerbating neuroinflammation particularly through microglia and astrocyte
relationships (Mohri et al., 2006). Immune.3 subcluster cells from anterior sections

showed no unique gene expression in upregulated genes. Genes expressed by
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Immune.3 but shared with other subclusters further demonstrate an immune-
mediated pro-inflammatory subset of the cells with upregulated genes including
Ccl2, Tnf, Srgn and Stat2. Genes that encode for proteins involved in iron
metabolism feature in multiple subclusters namely Ft{1 and Fth1. This further
suggests the high cellular activity in response to the TLR7-induced

neuroinflammation.

Ctss Rps9
Hspa8 Cd44
Tyrobp  Lilrb4a/b
Samhd1 Tmsb4x Fau Selenow
Cc3 Tmsb10 Adar Ywhag
Pirb Cyba '
Ptpnt Immune.1 Immune.2 | Ptgds
Ptprc
10 1 Fth1
7 1 0
Mmp14 C5ar1
P2rx4 Sppt 6 0
Igfbp7 H3f3b 0 1
0 0
Immune.0 Immune.3
Figure 20: Commonality of top 10 upregulated genes in 4 Immune subclusters CosMx
clusters from anterior brain sections. Venn diagram representing overlap in top
significantly upregulated genes in microglia/immune subclusters Immune.0, Immune.1,
Immune.2 and Immune.3. Text boxes correspond with cluster’s uniquely expressed genes and
overlapping genes between at least 2 subclusters. Figure created using Venny 2.0.

Overlapping and unique upregulated genes, that adhere to the stated threshold,
from CosMx Immune.0-Immune.3 subclusters of posterior brain sections can be

seen in Figure 21. Five genes are commonly expressed amongst the 4 immune
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subclusters: B2m, Grn, Ctsb, Vim and Ftl1. These genes encode for proteins that

could be expressed by high-activity cells in a neuroinflammatory environment.

Subcluster Immune.0 has only 1 uniquely expressed gene: C5ar1. This gene codes
for a protein involved in the complement cascade which highlights the
involvement in primarily innate immune functions in this neuroinflammatory
model. Subcluster Immune.1 uniquely expressed nine genes: Pecam1, Tmsb10,
Ctss, Adar, Tyrobp, Hspa8, Ptpn1, Ywhag and Apbai. Similarly to upregulated
genes in the anterior sections, these genes mainly code for proteins involved in
microglial-mediated immune processes and neuroprotective mechanisms. Some
BBB changes may also be involved in this subcluster with Pecam1 encoding for a
cellular adhesion molecule commonly expressed by endothelial cells. Subcluster
Immune.2 has 3 unique genes upregulated in its subcluster which are Ptgds, Mag
and Gsn. These genes may suggest a possible relationship with myelin with
upregulation of Mag. Mirroring the same pattern presented in the anterior
sections, Immune.3 subcluster cells from posterior sections showed no unique
gene expression in upregulated genes. Genes expressed by Immune.3 but shared
with other subclusters further demonstrate an immune-mediated pro-
inflammatory subset with featured genes coded for proteins involved in the

complement cascade, microglial reactivity and chemokine/cytokine signalling.
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Figure 21: Commonality of upregulated genes with >1.0 log: fold change in 4 Immune
subclusters CosMx clusters from posterior brain sections. Venn diagram representing overlap
in top significantly upregulated genes in fine microglia/immune clusters Immune.0, Immune. 1,
Immune.2 and Immune.3. Text boxes correspond with cluster’s uniquely expressed genes and
overlapping genes between at least 2 subclusters. Figure created using Venny 2.0.

Overall, the upregulated genes, that adhered to the previously stated log; fold
change threshold, demonstrate a similar picture regardless of plane of tissue
section. All 4 subclusters of immune cells potentially represent different reactive
states of microglia. All 4 present a common pro-inflammatory element with the
previously stated commonly expressed genes. Elements of a potential
compensatory anti-inflammatory response are present with upregulated genes
such as Selenow, Spp1, Hspa8 and Ywhag (Behl et al., 2023, Li and Jakobs, 2022,
Dukay et al., 2019).

To compare downregulated genes of CosMx immune subclusters, a similar
threshold approach was taken with genes considered if they displayed a log; fold

change <-1.0 (Figure 22). In anterior sections, relatively less commonality was
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shown by downregulated genes between subclusters compared to upregulated. No
genes were commonly downregulated among all 4 subclusters. Subcluster
Immune.0 uniquely downregulated Mbp and Glul which are linked to myelin and
glutamine synthesis, respectively. The subcluster which displays the greatest
uniqueness in downregulated genes is Immune.1 with 10 genes: Ptgds, H2-Ab1,
Apoe, Atpla2, H2-Aa, Myl9, Vtn, Edn3, Col1a2 and Cd74. Most of these genes have
been found to be highly expressed in reactive microglia subpopulations. Both
Immune.2 and Immune.3 subclusters have no uniquely expressed genes. These
subclusters do co-express genes involved in microglial activity including P2ry12
and Csf1r.

Ptgds Myl9
H2-Ab1 Vtn I 1 Rgs5 I 5
Apoe  Edn3 mmune. mmune.
Atp1a2 Colla2
H2-Aa Cd74 selplg
10 0 Cfh
0 1 2
2 (i}
Mbp 0 0
Glul
0
1 0
Cst3 3 0
0
Immune.0 immune.3
P2ry12
Csfir
Trem2

Figure 22: Commonality of top 10 downregulated genes in 4 Immune subclusters CosMx
clusters from anterior brain sections. Venn diagram representing overlap in top significantly
downregulated genes in fine microglia/immune clusters Immune.0, Immune. 1, Immune.2 and
Immune.3. Text boxes correspond with cluster’s uniquely expressed genes and overlapping
genes between at least 2 subclusters. Figure created using Venny 2.0.

Posterior sections’ downregulated genes from CosMx immune subclusters can be
seen in Figure 23. Only 1 gene, P2ry12, was found to be downregulated in all

subclusters which has well established links to microglial reactivity. Subcluster
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Immune.1 uniquely downregulated 3 genes: Plp1, Trem2 and Scd2. These genes
encode for proteins that may be involved in changes to lipid metabolism which is
a key feature of neuroinflammatory tissue environments (Shippy and Ulland, 2023,
Wei et al., 2024). The subcluster to display the greatest extent of uniquely
downregulated genes in posterior sections was Immune.1 with 15 genes. These
genes largely encode for proteins involved in microglial and astrocytic
neuroinflammatory processes coupled with neuroprotective elements. No genes

were uniquely expressed in subclusters Immune.2 and Immune.3.

Overall, the downregulated genes from immune subclusters of both anterior and
posterior brain sections exhibit key processes and markers for both pro- and anti-
inflammatory processes. Changes to lipid metabolism are suggested by some
featured genes. Both the upregulated and downregulated genes presented are
largely linked to microglia and peripheral immune cell activity which is further
confirmatory of the cellular identification within the CosMx spatial

transcriptomics system.
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Figure 23: Commonality of top 10 downregulated genes in 4 Immune subclusters CosMx
clusters from posterior brain sections. Venn diagram representing overlap in top significantly
downregulated genes in fine microglia/immune clusters Immune.0, Immune.1, Immune.2 and
Immune.3. Text boxes correspond with cluster’s uniquely expressed genes and overlapping genes
between at least 2 subclusters. Figure created using Venny 2.0.

To identify functionally distinct areas within the brain which encompasses all cell
types, neighbourhood analysis was performed. This approach is capable of
interrogating spatial transcriptomics datasets to produce unbiased cellular niches.
This includes grouping together all transcriptionally-similar cells into a
‘neighbourhood’, with representative spatial plots seen in Figure 24 and 26.
Assignment of cells to neighbourhoods is unbiased, however, the researcher can
set the number of neighbourhoods they want the analysis to identify. The pre-
determined number of niches was 5 and 8 for anterior and posterior tissue

sections, respectively.
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To understanded the cellular composition of the neighbourhoods, parts of a whole
bar charts are shown in Figure 25 and 27. The 5 neighbourhoods identified in
anterior Control sections included: periphery + ventricles, cortex, ventral
striatum, corpus callosum + white matter (WM) and septal nuclei (Figure 25). In
anterior Aldara sections, the ventral striatum and septal nuclei were combined to
form 1 neighbourhood. This is suspected to allow for the final neighbourhood
identified in Aldara sections to be the vasculature and immune neighbourhood
(Figure 25). The posterior Control sections contained the following 8
neighbourhoods: hippocampus, cortex, periphery + ventricles, hypothalamus +
amygdala, thalamus, corpus callosum + WM, caudoputamen and midline (Figure
27). The posterior Aldara tissue sections contained the following 8
neighbourhoods: hippocampus (granular layer), cortex + hippocampus, cortical
projections, hypothalamus + amygdala, thalamus, corpus callosum + WM,

caudoputamen and vasculature + immune (Figure 27).

From the cell composition analysis of the neighbourhoods, a unique predominantly
immune cell neighbourhood in Aldara brains was identified. This may highlight
both increased reactivity of brain-resident microglia and infiltration of exogenous
immune cells. The likelihood of this neighbourhood containing infiltrating immune
cells is strengthened by the anatomical location which follows the vasculature of
the brain (Xiong et al., 2017). This vasculature-focused distribution of the immune
neighbourhood may also be encapsulating BAMs. All other identified
neighbourhoods in both planes and treatment groups appear relatively consistent
and are primarily composed of other non-immune brain-resident cells (i.e.

neurons, oligodendrocytes, astrocytes).
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Figure 24: CosMx Neighbourhood analysis presents 5 transcriptionally determined cellular
niches. Spatial cellular plots of representative Control and Aldara CosMx coronal anterior
hemisphere sections (n=1/group). (A) and (C) display combined neighbourhoods and (B) and (D)
display separated corresponding individual neighbourhoods.
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Figure 25: Cellular composition of CosMx Neighbourhood analysis niches presents Immune-
dominant niche only in Aldara samples. Parts of a whole bar charts showing cellular
composition percentages of representative anterior Control and Aldara CosMx tissue sections.
Control and Aldara presented n=1.
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Figure 26: CosMx Neighbourhood analysis presents 8 transcriptionally determined cellular
niches. Spatial cellular plots of representative Control and Aldara CosMx coronal posterior
hemisphere sections (n=1/group). (A) and (C) display combined neighbourhoods and (B) and
(D) display separated corresponding individual neighbourhoods.
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Figure 27: Cellular composition of CosMx Neighbourhood analysis niches presents Immune-
dominant niche only in Aldara samples. Parts of a whole bar charts showing cellular
composition percentages of representative posterior Control and Aldara CosMx tissue sections.
Control and Aldara presented n=1.

4.5 Discussion

Following Aldara application, microglial reactivity was found to increase in both
expression of reactivity surface markers and production of pro-inflammatory
cytokines. Via spatial transcriptomics, 4 potential microglial subclusters were
identified with a common pro-inflammatory transcriptional signature. Immune

cell-rich neighbourhoods were identified uniquely in Aldara-treated mice.

Investigating microglia’s role within a neuroinflammatory model is a key
characterisation step of the biology underpinning the downstream consequences
for an organism. Microglia are the endogenous immune cells within the brain
parenchyma. As previously outlined in the introduction, their contribution is
critical to the initiation, mediation and potential resolution of inflammatory
processes within the CNS. Furthermore, microglia are a logical research target as
they are the primary population for TLR7 expression within the brain (Michaelis et
al., 2019). IMQ has previously been demonstrated, via mass spectroscopy, to be
present in the brain parenchyma 4-hours post-topical application of Aldara cream
(Nerurkar et al., 2017b). As the Aldara model involves daily topical applications
of the TLR7 agonist IMQ, it can be postulated that microglia are receiving a daily

insult and trigger to this TLR7-activated neuroinflammation.
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Whole-brain bulk RNA sequencing was used as an unbiased approach to quantify
transcriptomic changes underpinning this neuroinflammation. This global response
was characterised in an unbiased manner in chapter 3 of this thesis. This current
chapter focused on using this bulk transcriptomic dataset to identify microglial-

mediated mechanisms which contributed to the TLR7-driven neuroinflammation.

Various significantly changed genes found in the bulk RNA sequencing dataset are
suggestive of reactive microglia. Amongst the consistently upregulated genes,
Hexb featured in all Aldara samples. Hexb encodes for the enzyme f-
hexoaminidase which is an established marker of reactive microglia and claimed
to not be expressed on other myeloid populations (Shah et al., 2022). This is a
well-documented core microglial gene found to be upregulated in response to
different inflammatory conditions including EAE (Masuda et al., 2020a). However,
studies performed in Hexb”’- mice still displayed presence of activated microglia
suggesting Hexb is a contributor to activation but not the sole mediator
(Kyrkanides et al., 2012).

Hexb presents as one the most reliable delineation markers between microglia
and other myeloid populations (monocytes/macrophages). The gene’s unique
microglial expression has been shown through various techniques including RNA
sequencing of the microglial sensome (Hickman et al., 2013). Confidence in Hexb’s
exclusive microglial expression is reinforced with research validating it as a
potential target for microglia-targeted adeno-associated virus (AAV) in treatment
of HIV. This includes its increased suitability for the therapy compared to other
targets including Cdé8 which is limited due to its dual expression on microglia and
macrophages (Shah et al., 2022). With changes to Hexb being strongly associated
with microglial-specific changes, it is plausible that upregulation of this gene
within the TLR7-driven neuroinflammatory environment suggests microglial
reactivity within the Aldara model. This microglial marker was not included in the
current flow cytometry experiments due to antibody availability. However, future
experiments to characterise this marker expression could aid delineation between

microglial and peripheral myeloid populations.

Other consistently upregulated microglial genes following Aldara treatment were
Tmem119, Cx3cr1, Msr1 and MerTK (Hammond et al., 2019). However,
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experiments with neuroinflammatory models including EAE have shown a
downregulation of Tmem119 for microglia (Vankriekelsvenne et al., 2022).
Additionally, there are debates of the transmembrane encoded by Tmem119 being
a reliable microglial marker with recent discoveries of expression on peripheral
dendritic cells. Upregulation of Tmem119 has conflicting evidence with both
homeostatic and reactive microglial populations expressing the transmembrane
protein (Ruan and Elyaman, 2022). As this finding was reported at the whole-brain
level, further single-cell investigation of microglia would be required to determine

the reactive status upregulation of Tmem119 may suggest in the Aldara model.

One microglia-related gene which was found to be consistently downregulated
across all Aldara samples was P2ry12. This gene is considered an example of
homeostatic microglial genes and has previously been shown to exhibit
downregulation in neuroinflammatory environments including patients with MS
(Zrzavy et al., 2017). In the presented bulk RNA sequencing whole-brain and single
cell spatial transcriptomics dataset, the findings presented in this thesis agree

with this literature.

Providing TLR7 expression is most common amongst microglia compared to other
brain-resident cells, the transcriptional changes stated strengthen the likelihood
surrounding microglia being a critical mediator during this inflammatory cascade.
However, TLR7 expression is throughout brain-cells so this is most likely a multi-
cellular response to the neuroinflammation. This adds detail to both endogenous
and exogenous multi-cellular mechanism that most likely underpins the initiation

and continuation of this neuroinflammation.

These whole-brain transcriptomic changes suggest the microglia within the Aldara
model are shifting away from their homeostatic phenotype to a more reactive
form in response to the TLR7-driven neuroinflammation. Interpretation of these
results is based on these genes exclusive expression on microglia. However,
studies show shared markers between the brain-resident microglia and other
myeloid populations (Honarpisheh et al., 2020). Some of the ambiguous myeloid
markers that can be expressed on both microglia and macrophage populations
include Cdé8, Csfir and Cx3cr1. Due to these challenges of distinguishing
microglia from infiltrating myeloid populations and BAMs, whole-brain gene
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changes can only be interpreted reliable to a certain extent. However, further
single-cell validation of these transcriptomic profiles would be required to commit
them to a particular cellular origin.

To begin the single-cell characterisation of microglia, flow cytometry was used.
This allowed identification of both reactive status and cytokine production of the
brain-resident immune population. Once again, identification of microglia within
the brain is complicated due to their similar expression profile of surface markers
with their myeloid counterparts (e.g. macrophages and monocytes). However, one
flow cytometric approach to separate brain-resident and other myeloid
populations is by their CD45 expression level. Microglia have been shown to
express the classic immunological marker CD45 at intermediate level. This creates
a broad microglia classification via flow cytometry as CD45™CD11b*. This
expression profile is a widely accepted and implemented classification within the
microglial field (Martin et al., 2017, Marques et al., 2008, Sharma et al., 2024).
Gating of the CD45" population will include infiltrating myeloid cells and BAMs.
Therefore, the CD45" cell populations were not included in this analysis. This
CD45-based separation of cell populations increases reliability that the stated flow
cytometry changes are representative of microglia rather than infiltrating myeloid

populations.

It is important to note that, in states of inflammation, microglia can shift their
CD45 expression to a more macrophage-like ‘high’ phenotype (Honarpisheh et al.,
2020). To fully characterise this CD45" population, which contains both peripheral
myeloids and microglia, more cell specific markers would be required. The CD45™t
was selected for microglial characterisation in this thesis as myeloids do not
typically downregulate their expression of this immune marker. This ensured the
highest confidence possible in microglial identification given the markers involved

in the current experiments.

Flow cytometry showed a significant increase in cytokines, TNFa, IL-6 and IFNy,
from microglial populations. This demonstrated the brain-resident cell’s active
role in the mediation of the neuroinflammatory environment previously described
within the Aldara model. Cytokines have diverse functions especially within the

brain where they have both beneficial and damaging effects (Bourgognon and
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Cavanagh, 2020). Therefore, homeostasis of these signalling molecules is essential
for proper homeostatic function and prevention of prolonged periods of
inflammation. TNFa is a classical cytokine with a multitude of cellular sources
including other brain-resident cells (Gonzalez Caldito, 2023). Microglial activation
followed by subsequent release of microglial TNFa is a hallmark of a variety of
neuroinflammatory animal models including LPS, Poly I:C, AD and PD (Nazem et
al., 2015).

TNFa secretion from reactive microglia has various cellular consequences
(Raffaele et al., 2020). The cytokine can elicit an autocrine effect and further
microglial reactivity via activation of the membrane-bound TNFR1 shown in an
LPS-driven neuroinflammatory model (Kuno et al., 2005). Inducing astrocytic
activation is another possible effect of TNFa which continues the pro-
inflammatory environment (Liddelow et al., 2017). This microglia-driven TNFa in
the Aldara model suggests a possible multi-cellular mediated neuroinflammatory

environment.

TNFa is known to exhibit both pro- and anti-inflammatory effects via a variety of
cellular mechanisms. In the context of cerebral ischaemia, microglia-derived
TNFa is suggested to have a neuroprotective effect compared to secretion from
other infiltrating leukocytes (Lambertsen et al., 2009). Consistently, the anti-
inflammatory effects of TNFa is further demonstrated through microglia-specific
ablation of TNFR2 causes exacerbation of EAE disease signs (Gao et al., 2017). This
finding contrasted with TNFR2 ablation in infiltrating myeloid populations presents
an overall suppressive effect of neuroinflammation within the animal model of
MS. Microglial-derived TNFa in the Aldara model may be suggestive of either pro-

inflammatory and/or anti-inflammatory mechanisms.

IL-6 is another essential cytokine underpinning neural functions, development and
potential damage. The class | cytokine can be secreted from a number of brain-
resident cells including neurons, astrocytes, endothelial cells and microglia (Erta
et al., 2012). Microglial production of IL-6 has been described in several
pathophysiological settings including viral infection and LPS-treated glial cell

cultures (Chucair-Elliott et al., 2014, Zhu et al., 2018). IL-6 plays a crucial role in
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neurogenesis within the brain, however, the multifaceted cytokine has also been
implicated in promoting neurodegeneration in several disorders (Kummer et al.,
2021). The cytokine is another of its signalling molecule family to display potential
neuroprotective effects with IL-6-deficient mice displaying heightened
inflammatory processes following simulated brain injury (Penkowa et al., 2000).
Microglial-derived IL-6 in the Aldara model is another potential example of

balance of cytokines within a neuroinflammatory environment.

IFNy is of interest when investigating TLR7-induced inflammation as activation of
TLR7 is a main mediator of production of this cytokine (Hart et al., 2005). The
type Il IFN family member is increased in several neuroinflammatory conditions
including mouse models of AD (Mesquita et al., 2015). IFNs have been discovered
to have primary links to the development of depressive-like symptoms. This is
demonstrated by patients undergoing IFN-therapy reporting the onset of
depression during their treatment (Pinto and Andrade, 2016). Microglial IFNy was
shown to be linked to MHCII expression of the brain-resident cells to enhance their
innate immunological functions within the parenchyma (Kawanokuchi et al.,
2006). Increased numbers of IFNy-producing microglia within the Aldara model
may indicate a functional shift in the brain-resident cell to more macrophage-like

roles including cytokine production and acting as APCs within the CNS.

Increased microglial TNFa and IL-6 expression within the Aldara model may also
highlighting a potential protective mechanism occurring in the brain parenchyma
to protect the organ from this daily TLR7 activation. The increased presence of
IFNy-producing microglia may demonstrate the requirement of the relatively more
macrophage-like phenotype of these brain-resident cells within the Aldara model.
It proves difficult from these results to disclose a single cell populations’ ability
of either promoting, repairing or, most biologically likely, a combination of these

homeostatic mechanisms.

For all cytokines, particularly within the CNS tissue landscape, homeostasis of
these signalling molecules is crucial in maintaining balance of physiology within
the organ. The presence of cytokines is not distinctly a ‘bad’ thing. However,
when the balance of these molecules gets altered by a pro-inflammatory trigger

is when damage can occur. Due to the increased cytokine production within the
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Aldara model, it can be suggested that the microglial cellular state has been
shifted from homeostatic to reactive in the brain following TLR7 activation. This
potential pathological shift is further demonstrated through changes to microglial

surface markers and recruitment of peripheral immune cells.

Microglial reactive status can initially be explored through changes to surface
activation marker expression, namely MerTK F4/80, MSR1 and MHCIl. These
markers are traditional myeloid markers, however, have been found to feature on
microglia in states of inflammation and disease (Schwabenland et al., 2021). All 4
activation markers were found to be increased in expression on microglia within
the Aldara model with MerTK being the only surface receptor to show significance.
MerTK is a surface receptor protein expressed on microglia which has been linked
to general brain homeostasis, brain development and influence on the brain-
resident cell’s phagocytic abilities (Nomura et al., 2017). This MerTK-focused shift
in microglia phenotype may represent the cell completing more phagocytic
activities within the Aldara model. Additionally, this may highlight an increase of
microglial-mediated synaptic pruning which has been shown to change in pro-

inflammatory neural environments (Li et al., 2024).

To further this single-cell analysis of microglia and characterise their in-situ
biology, the spatial transcriptomics platform CosMx was used. Utilising the CosMx
1000-plex mouse neuroscience panel allowed for microglia-like cells to be
identified via characterising genes such as Cx3cr1, Hexb, MerTK, Msr1, P2ry12 and
Tmem119. Using a scRNAseq-like analysis approach uncovered 18 initial
transcriptional-based distinct clusters. Two were identified to be the most
immune cell-like and thought to encompass all microglia, infiltrating immune
populations and BAMs. Subsequently after combination and reclustering of these
immune clusters, 5 transcriptionally different subclusters of identified immune
cells within the Aldara model were identified. Of these subclusters, 4 relatively
more microglia-like presenting clusters were explored within the context of this
chapter to investigate microglia’s role in this TLR7-activated neuroinflammatory
model.

Across all putative subclusters of CosMx identified microglia, all 4 shared common

upregulated inflammation gene markers across anterior and posterior sections:
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B2m, Ctsb and Vim. All these genes have been implicated with different
neuroinflammatory and neurodegenerative conditions. This presents the 4
microglial subclusters have a fundamental pro-inflammatory transcriptional
signature following Aldara treatment. The macroglobulin encoded by BZ2m is a
crucial element in MHC class I-mediated antigen presentation in immunological
contexts (Li et al., 2016). BZm has been found to mediate activation of microglial
in aged mice resulting in a neurotoxic microglial phenotype (Chen et al., 2025).
Additionally, B2m features within a group of key genes that have been found
upregulated in the initial stages of microglia activation in mouse models of AD
(Keren-Shaul et al., 2017). In mice displaying depressive-like symptoms, microglia
NLPR3 inflammasome activation has been found and, furthermore, studies have
found that BZ2m serves as an initiator of this inflammasome signalling pathway (Li
et al., 2022a, Hofbauer et al., 2021). Upregulation of B2m within this subcluster
of microglia/immune cells may highlight a key cellular population involved in the

mediation of this neuroinflammatory environment within the Aldara model.

Cathepsin B, encoded by Ctsb, is a lysosomal cysteine protease which, in various
contexts of neuroinflammation, has been shown to be elevated and carry out pro-
inflammatory roles (Hook et al., 2022). Mice knock outs of Ctsb have been shown
to improve memory and cognition in pro-inflammatory neural environments within
AD mouse models (Kindy et al., 2012). Increasingly popular nomenclature for
microglia in neuroinflammation is ‘disease-associated microglia’ (DAMs). This glial
subset is mainly present in neurodegenerative diseases, such as Parkinson’s
disease (PD) and AD, and exhibit pro-inflammatory and increased phagocytotic
role. As previously stated, these diseases have a well-established
neuroinflammatory component to their pathophysiology. Ctsb is one of the DAM-
phenotypic markers and considering the upregulation in the 4 subsets of microglia
within the Aldara model, it can be postulated the brain-resident immune cell is
mimicking the immune-driven functions as described in the DAM literature (Wei
and Li, 2022).

A potential protective mechanism in microglia is suggested by all 4 CosMx immune
subclusters upregulating Grn. Progranulin, encoded by the gene Grn, has been
shown to demonstrate a neuroprotective effect in neuroinflammatory contexts.

Deficiencies of the glycoprotein resulted in exacerbation of injury-responding
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microglial states (Martens et al., 2022). With this potential neuroprotective
effect, Grn has become a focus of neurodegenerative treatments. This therapeutic
research is validated with overexpression of the genes has shown promising
protective effects in various mouse models with neuroinflammatory-mediated
pathologies (Rhinn et al., 2022). This common upregulation of the protective gene

Grn may highlight the dynamic nature of microglial reactivity in the Aldara model.

Across the 4 subtypes, Immune.0 and Immune.3 present as the most pro-
inflammatory reactive microglial state. Evidence of this includes upregulation of
various related genes including cytokine and chemokine signalling (Thf, Ccl2),
inflammation-induced vasculature changes (/gfbp7) and heightened cellular
activity via increased iron metabolism-related genes (Wang et al., 2020a,
McCarthy et al., 2018). These transcriptional changes show these microglial
subclusters are performing key pro-inflammatory actions including increased
cytokine production and potential vasculature changes that could heighten

peripheral leukocyte ingress.

Subcluster Immune.1 presents with a shift to a neuroprotective status of microglia
with evidence of BBB remodelling. Compensatory protective mechanisms against
oxidative stress are suggested by the upregulation of genes such as Selenow and
Hspa8. The proteins encoded by these genes have both been established as
neuroprotective in various neuroinflammatory tissue environments (Wang et al.,
2018a, Chung et al., 2009). This subcluster was found to increase following Aldara
treatment, potentially indicating a compensatory microglial subtype to combat

the daily introduction of TLR7 into the brain parenchyma.

Immune.2 is the only subcluster which was found to decrease in cell nhumber
following Aldara treatment. Additionally, this subcluster demonstrated an
upregulation of genes linked to iron metabolism and downregulation of G protein
signalling-linked genes. The 3-day timepoint explored in this thesis was chosen as
it was previously established as the ‘peak’ of neuroinflammation in the Aldara
model (McColl et al., 2016, Nerurkar et al., 2017a). The decrease in cells
presenting with an Immune.2 subcluster signature may suggest these cells are the
‘first responders’ to the initial IMQ introduction to the neural environment 4-hours

after the first dermal application. This 3-day timepoint may be this microglia
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subpopulations’ responsive time range coming to a pause to allow cellular
recovery of these over-active cells. Other neuroinflammatory models including
mouse models of AD have identified a chronically ‘exhausted’ microglial
phenotype (Millet et al., 2024). However, of this transcriptomic ‘exhausted’
signature only 2 genes were featured on the CosMx panel. Whole transcriptomic
single cell analysis of microglial would be required to query this potential

exhausted phenotype further.

These findings collectively may suggest the spectrum of microglial reactivity
statuses in neuroinflammation. Alongside classic pro-inflammatory signatures, a
potential neuroprotective microglial role emerged from this transcriptomic
analysis of TLR7-driven neuroinflammation. This potential reparative microglial
subtype is a novel finding within the Aldara model. The varying microglial
subclusters further highlight the balanced nature of the neural cellular response
within the Aldara model. This pro-inflammatory and anti-inflammatory mixture is
comparably more reflective to what is seen in human clinical conditions rather
than complete ablation of homeostatic mechanisms following induction of

neuroinflammation (Muller et al., 2025).

Previous work with the Aldara model has characterised various peripheral immune
populations in the CNS including CD4* and CD8* T cells, (natural killer) NK and NKT
cells (McColl et al., 2016, Nerurkar et al., 2017a). Method of entry of these
immune cells from circulation to brain parenchyma is suspected to be trafficking
across the BBB. Previous unpublished data found impaired BBB integrity following
Aldara treatment via Evan’s blue dye experiments (Maria Suessmilch, unpublished
data). Strengthening this BBB-entry point theory of peripheral immune cells to the
brain parenchyma is the neighbourhood analysis of CosMx spatial transcriptomic
data. This revealed Aldara-specific immune-dominant niches which appeared to
follow global vasculature networks as observed in mouse brain vasculature atlas
(Xiong et al., 2017). Considering IMQ is present in brain parenchyma 4-hours post-
topical application, these immune-dominant niches may be encapsulating both
microglia activity in proximity and potential subsequent chemokine-driven
leukocyte trafficking (Nerurkar et al., 2017a). BAMs can also exercise their
inflammatory effects across the neurovascular unit of the BBB. These immune-rich

neighbourhoods in Aldara brain may also be identifying these vasculature-bound
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active macrophages. Due to time constraints, the transcriptomic signature of
these immune-rich neighbourhoods were not explored. Future work focusing on
these transcriptomic changes may reveal potential immune-mediated remodelling
of the BBB. This lack of barrier integrity may shed light on the method of entry

for these previously identified peripheral leukocytes in Aldara-treated brains.

One limitation of the CosMx spatial transcriptomics SMI is the difficulty of
accurately identifying and delineating complex cell morphology. This has proven
difficult with the innate complex membrane boundaries of brain-resident cells and
changes to this in neuroinflammatory contexts (Sharma et al., 2024). These
intricate neural cell membranes have proved difficult to confidently complete cell
segmentation within the CosMx dataset. The ‘cells’ captured by CosMx are only
visualising the cell body of these cell populations. Disciplines which are finding
great success with the CosMx platform are those of oncology and immune-
prominent research (Yeh et al., 2024). These scientific advances may be
attributed to peripheral immune organs and tumours display a relatively
homogenous cellular architecture compared to the CNS. Immune cells are uniform
in nature with relatively simple cell boundaries compared to the various processes

and morphologies exhibited by brain-resident cells.

With this lack of confidence in CosMx’s cell segmentation abilities, it is assumed
not all transcriptional changes detected by the SMI are representative of that cell
type. This is due to the exclusion of parts of the cell’s processes which are
inherently important and not to be disregarded when exploring neural changes.
This limitation holds true for microglia with the cell type displaying essential local
translation of proteins at the cellular processes beyond the nucleus to maintain
their phagocytic abilities (Vasek et al., 2023). The lack of inclusions of non-soma
spherical regions of neural cells may be missing important sites of transcription
which will influence that cell’s overall transcriptional changes following Aldara

treatment.

One possibility to address this cell segmentation limitation is expansion of the
panel and morphology markers included. Nanostring has expanded its RNA panels
with regards to human tissue to the whole transcriptome. However, no new murine

tissue panels have been announced. To expand the RNA panel to the whole mouse
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transcriptome would provide greater detail of transcriptional changes within cells.
This RNA information may help to identify cell boundaries due to subcellular
location. For studying brain tissue, the pre-selected morphology markers in the
CosMx mouse neuroscience panel included GFAP (astrocyte), rRNA, histone and
DAPI (nucleus). The CosMx SMI is currently limited to 4 morphology markers due
to the fluorescent channels available for visualisation of the markers. If more
morphology markers were available to incorporate into the CosMx SMI, the
addition of major neural cell types would prove useful. This may include NeuN for
neurons, Iba1 for microglia, O4 for oligodendrocytes and CD31 for endothelial cells
of the BBB (Gusel'nikova and Korzhevskiy, 2015, Lin et al., 2009, Zhang et al.,
2023a). More protein cell type markers would also begin to address the complexity

of brain-resident cells including the overlapping of cellular processes.

The CosMx SMI uses extremely thin tissue sections (6pum) which is not expected to
capture one cell’s span throughout the brain unless implementing a Z-stack
approach to account for these wide spreading cellular processes. Considering
dendrites of P30 mice have an average length of 11.5mm, it is understandable
that CosMx using 6um thick tissue sections will encounter limitations in its whole
cell identification (Wu et al., 2014). This limited tissue thickness poses as a
limitation for both brain resident and immune cells in which their total span
exceeds this range (Tigner et al., 2025). Exploring spatial transcriptomic platforms
that allow for thicker tissue sections, such as Deep-RIBOmap techniques, may
provide more detail on cellular architecture, however, increasing tissue thickness
may not resolve fundamental limitations presented by neuroanatomy (Sui et al.,
2024).

One biological limitation that must be considered when studying microglial is
distinguishing the brain-resident population from infiltrating monocytes, BAMs and
other CNS-related tissue myeloid populations. Considering previous findings
confirmed presence of both microglia and other myeloid populations within the
brain parenchyma in the Aldara model, the findings presented in this thesis may
be linked to both cell populations (Sharma et al., 2024). This chapter has
attempted to differentiate these populations primarily using variation in CD45
expression amongst these cell populations via flow cytometry. With microglia

having intermediate expression of CD45 compared to myeloid’s high expression
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levels allows for this distinction. A limitation to consider with this approach is
microglia’s fluid nature in CD45 expression particularly following microglial
activation (Honarpisheh et al., 2020). Following microglia’s transition into a more
reactive state, they alter their CD45 expression from intermediate to high levels
and present as more macrophage-like cells compared to their previous resting
state. The CosMx Mouse Neuroscience 1000-plex panel does feature several
microglia-related genes including Hexb, Tmem119, Cx3cr1, Msr1 and other
targets. However, some of these ‘microglial’ markers have been found on other

peripheral myeloid populations.

Various genetic reported mouse lines have been developed in attempts to
distinguish microglia from other myeloid populations. Studies using
Tmem119tdTomate/+ foynd, via IHC and flow cytometry, TMEM119 expression only in
CNS-resident microglia and not on peripheral myeloid populations (Ruan et al.,
2020). Fractalkine receptor (Cx3cr1) is another common genetic modification
target for microglial mouse lines (Jung et al., 2000). However, BAMs have now
been found to express this ‘microglial’ marker (Eme-Scolan and Dando, 2020).
Carrying out the Aldara model in one of these genetic mouse lines may provide
more information on contribution of microglia compared to other myeloid

populations to the TLR7-driven neuroinflammation.

Ultimately, this chapter has further characterised the TLR7-activated
neuroinflammatory environment within the Aldara model with respect to
microglial contribution. The identified reactive and active cytokine-producing
microglia has strengthened the brain-resident cell as a primary cellular driver of

the neuroinflammation within the Aldara model.

Spatial transcriptomics revealed 5 potential subpopulations of immune-focused
cells in which these clusters presented as transcriptionally distinct from each
other. This transcriptomic-powered data also explored the proximal relationship
displayed by cerebral vasculature and immune cell populations within a
neuroinflammatory  model. These  vasculature-mapping immune-riche
neighbourhood potentially highlights a leukocyte entry point into the brain

parenchyma. This chapter presents the Aldara model as a neuroinflammatory
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mouse model with a fundamental microglial-driven component which supports it

as a favourable model to further investigate these brain-resident immune cells.
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5 Transcriptomic and flow cytometric analysis of
CD4*/ICD8" T cell subsets in TLR7-driven

neuroinflammation

5.1 Introduction

T cells are one of the key immune cells which bridge the gap between the innate
and adaptive immune systems (Gao and Williams, 2015, Lee et al., 2020). Their
contribution to several neuroinflammatory conditions including AD, MS and PD is
well established (Asamu et al., 2023, Fletcher et al., 2010, Contaldi et al., 2022)
This clinical contribution is somewhat unsurprising as they are key mediators of

inflammatory processes throughout the body (Sun et al., 2023).

T cell infiltration into the brain parenchyma is a research focus across a variety of
neuroinflammatory mouse models and clinical conditions (Laurent et al., 2017,
Kedia et al., 2024). Trafficking of T cells into the CNS is important as their
relationship with brain resident immune cells, namely the activation of microglia,
is a hallmark of various neuroinflammatory conditions (Gonzalez and Pacheco,
2014, Schetters et al., 2017). Peripheral immune cell trafficking into the brain
parenchyma is another piece of evidence against the dated ‘immune privileged’
status the CNS once held (Galea et al., 2007).

Characterisation of T cells into their subsets aids both in identification and
provides more information on their specialised functions including their cytokine
responses. The major subcategorisation of T cells is that of CD4* (helper T cells:
Th) or CD8* (cytotoxic T cells: Tc). Th cells exhibit a coordinating role of immune
responses including activation other immune cells including B cells and myeloid
populations (Pobor et al., 1984). Tc cells carry out their functions more directly
by inducing apoptosis of pathogenic harmful cells (Groscurth and Filgueira, 1998).
Both subtypes are responsible for secretion of key cytokines depending on their
further phenotypic characterisation. Full categorisation and mature phenotypes is
a multi-molecular process which is summarised in the schematic shown in Figure
1.
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Figure 1: T Cell subset phenotypic characterisation. Schematic summarising molecular
mechanisms underpinning T Cell functional categorisation. Vital transcription factors,
cytokine production and surface receptor expression of Tregs, Th1/Tc1, Th2/Tc2 and
Th17/Tc17. Figure created in https://BioRender.com.

As discussed in the previous chapter, microglia are key immune mediators during
neuroinflammation. Both microglia and T cells have shown activation and pro-
inflammatory properties in neuroinflammation. In mice experiencing chronic
unpredictable mild stress (CUMS), both cell types become reactive and increase
cytokine production (Shi et al., 2022, Wang et al., 2018c). Interactions between
microglia and T cells are becoming a key research area within the
neuroimmunology field. It is thought the interaction between the brain-resident
microglia and infiltrating T cells could mediate the pro-inflammatory response
within the brain (Schetters et al., 2017).

A CD3* T cell presence in the parenchyma has been established via
immunohistochemistry in the Aldara model and their infiltration demonstrated no
distinct regionality (McColl et al., 2016). This lack of regionality of T cell
infiltration suggests a global immune cell-driven neuroinflammatory environment.

This is important when using animal models to study changes to behaviour which
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exhibits localisation of function. To further explore the T cell contribution to the
neuroinflammatory environment of this model, it is pertinent to further
characterise these CD3* cells as helper and cytotoxic including their cytokine
profile. Detailing the presence of T cell subsets within the Aldara model may
unveil how these primarily infiltrating immune cells are modifying the

neuroinflammatory environment.

Whole-brain bulk RNA sequencing of T cell gene identifiers can begin to provide
transcriptional evidence of infiltration of specific lymphocyte subsets. Flow
cytometry allows for subcatergorisation of T cells based on transcription factors,
surface markers and cytokine production. To investigate the role of T cells in
microglial reactivity within the Aldara model, the RAG2KO mouse line has been
used. These mice lack the RAG-2 gene which is essential for mature B and T
lymphocyte production (Shinkai et al., 1992). Microglial reactivity was

investigated using Iba1* cells as a marker (Lier et al., 2021).

The aim of this chapter is to further characterise the T cell subset populations as
per their cytokine profiling within the Aldara model. Additionally, using RAG2KO
mice, the contribution of T cells to microglial reactivity is briefly described.
Furthermore, this chapter outlines the possibilities of identifying T cell-like cells

using spatial transcriptomics.

5.2 Whole-brain transcriptomic changes to T cell-related

genes

CD3* T cell presence in this model has been previously confirmed by the Cavanagh
Laboratory (McColl et al., 2016). Their presence was global with no specific
regionality observed in whole-brain transcriptomic changes to T cell-related
genes. Figure 2 shows a heatmap displaying key T cell-related genes including
subsets of the CD4* and CD8* subtypes.

From this list, several genes shown here are present on all T cell subsets. Of these

pan markers, the majority show consistent upregulation amongst all Aldara
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samples compared to Controls. Significantly upregulated pan T cell markers
include Cd36 (Cd3d), Cd3e (Cd3e), Cd3y (Cd3g), Itgal, Cd28 and I12rg (Figure 2).

As discussed previously in the introduction, the first major categorisation of T cells
is into CD4* or CD8" which assigns their helper and cytotoxic phenotype,
respectively. The expression levels of Cd4 are relatively varied across Aldara

samples with a primary downregulated gene expression signature of the subtype-
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Figure 2: Heatmap of T cell-related genes from 3-day Aldara treatment bulk RNA
sequencing dataset. Significantly expressed genes (p.adj <0.05 and log.FC > 0.5) are
accentuated by (*). Columns indicate biological replicates within treatment groups.
Colour intensity represents expression level with yellow showing upregulated genes and
purple showing downregulated genes. Expression levels of genes have been row-scaled
into z-scores. Data shown n=5 mice/group.
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specific gene (p>0.05). However, the CD8-related genes, Cd8a and Cd8b1, are
both found to be significantly upregulated amongst all Aldara samples when

compared to Control brains (p.adj<0.05).

T Cell subtype biology is determined through expression of transcription factors
and cytokines as seen previously summarised in Figure 1. At the level of bulk RNA
sequencing, these whole brain transcriptomic changes cannot be attributed to a
single cell population. The 3 main T cell subsets, based on cytokine profiling,
explored within the context of this thesis are CD4+ subsets Th1, Th2, Th17, and
CD8+ subsets Tc1, Tc2 and Tc17.

Tbx21, the gene which codes for the transcription factor T-bet, is linked to Th1
and Tc1 cell subsets. This gene shows a primarily upregulated gene expression in
Aldara samples; however, 2 brains present a relatively mild downregulation profile
(Figure 2). The transcription factor descriptive of Th2 and Tc2 cell is GATA-3 and
its gene, Gata-3, displays a similar transcriptional biology amongst Aldara samples
like Tbx21 expression with majority of samples presenting upregulation. Two
biological Aldara replicates appear to have similar downregulation patterns of the
transcription factor genes. However, 2 Aldara samples again present a mild
downregulated gene expression of the Th2/Tc2 transcription factor. RORyt, coded
by the gene Rorc, and responsible for Th17 and Tc17 cell typing, displays a varied
gene expression amongst Aldara samples with both downregulation and
upregulation appearing across treated samples. This variation may be explained
by other cells present in the brain parenchyma expressing the transcription factors
listed above. As bulk RNA sequencing combines all these cells, the observed non-

significant distribution may be attributed to this limitation of the technique.

Several genes which are potential markers of activated T cells Cd28 and Ctla4
displayed a strong upregulated gene expression profile within Aldara brains
(Figure 2). This collection of transcriptional changes is indicative of T cell
presence including activation of these immune cells. However, as previously
stated, this whole-brain expression of the T cell-related genes is inadequate to

assign these changes to one subset cell.
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5.3 CD4* and CD8* T cell characterisation in brain

parenchyma following neuroinflammation

The initial whole-brain bulk RNA sequencing data of Aldara brains confirm the T
cell presence within brain parenchyma, at transcriptional level. To build on and
further characterise the already established presence of CD3* T cells within the
Aldara model, initial CD4* and CD8* T cell numbers were quantified using flow
cytometry. Gating strategy using fluorescently-tagged antibodies for CD4* and
CD8* T cells is presented in Appendix 3. Both populations of T cells show a
significant increase within the whole brain and CD8* T cell numbers are
documented as relatively higher compared to CD4* T cells (Figure 3A).
Representative contour FACS plots for CD4* and CD8* for both treatment groups
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Figure 3: Number of CD4* and CD8" T cells increase in whole brain of Aldara-treated mice.
(A) Scatterplot displaying total number of CD4* and CD8* T cells in Control (black circles) and
Aldara (red squares) mice. Individual animal values shown following the key displayed. Y-axis
displayed as Log1o scale. Two-way ANOVA using Siddk’s statistical test for multiple comparison
shows significance for both cell groups. P<0.0002 shown as *** and p<0.0001 shown as ****.
Pulling of seven experiments provided n=35/group. (B) and (C) Representative FACs contour
plots showing increase in CD4+ and CD8+ T cells following Control and Aldara treatment,
respectively.
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can be seen in Figure 3B and C. These representative quadrant flow plots show an
increase of percentage from live cells of both CD4* and CD8* T cells following
Aldara treatment. Both T cell subpopulations were present in equal nhumbers with
no significant difference between CD4* and CD8* cells within the Control group
(p>0.05).

CD4* Th cells can be further categorised into Th1, Th2 and Th17 based on their
transcription factor expression and cytokine production. Th1 cells express T-bet
leading to pro-inflammatory cytokines IFNy and TNFa production. Th2 cells
express GATA-3 and produce anti-inflammatory cytokines IL-4 and IL-10. Th17
cells express RORyt and pro-inflammatory cytokines IL-17 and IL-21.

Figure 4 shows post-Aldara treatment brain-resident CD4* T cell characterisation
via positivity for/expression of transcription factors and cytokine. Th1 & Th17 cell
subsets as defined by transcription factor expression demonstrate a significant
increase in number, while GATA-3 positive Th2 cells do not (Figure 4A). Th1 and
Th17 both demonstrate a significant increase in number with each showing more
than 10-fold change from Control to Aldara groups (p<0.0001). Representative
contour flow plots for CD4* T cell expressing transcription factors can be seen in
Figure 4B. A significant increase was found in TNFa and IL-10 (p<0.0001) and IL-
17 (p<0.0002) CD4+ T cells following Aldara treatment (Figure 4C). IFNy, IL-4 and
IL-21 positive cell number increased following Aldara treatment but did not reach
significance (p<0.05). Representative contour flow plots for CD4* T Cell cytokines
for both treatment groups can be seen in Figure 4D. The representative contour
flow plots show gating strategy for discussed cell types including percentage of
this cell population of live cells. Overall, all Th subsets showed an increase in

Aldara mice, however, Th1 and Th17 were favoured in this biological change.
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Figure 4: Increasing trend in transcription factors and cytokine-producing CD4+ T Helper cells
(Th) in Aldara mice. Scatterplot displaying total number of transcription factor-positive (A) and
cytokine-producing (C) CD4* T cells in Control (white) and Aldara (red) mice (individual animals
represented by each point). Y-axis displayed as Logo scale. Two-way ANOVA using Siddk’s statistical
test for multiple comparison shows significance for both cell groups. P<0.0021 shown as **,
p<0.0002 shown as ***, p<0.0001 shown as **** and ns is p-value>0.05. Pooled experiments and
availability of marker expression explains variation observed in n number. Transcription factor
plots show one experiment n=6/group (A). N number per group for cytokine-producing CD4+ T Cells
are as follows: IFNy = 8; TNFa = 19; IL-4 = 10; IL-10 = 4; IL-17 = 14 and IL-21 = 4. Representative
contour flow plots showing numbers of CD4* T Cells for Control (upper) and Aldara (lower) mice
for transcription factors (B) and cytokine production (D).
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CD8* Tc cells can be further categorised into Tc1, Tc2 and Tc17 based on their
transcription factor expression and cytokine production. Tc1 cells express T-bet
and produce pro-inflammatory cytokines IFNy and TNFa. Tc2 cells express GATA-
3 and produce anti-inflammatory cytokines IL-4 and IL-10. Tc17 cells express

RORyt and pro-inflammatory cytokines IL-17 and IL-21.

Figure 5 shows post-Aldara treatment brain-resident CD8" T cell characterisation
via transcription factors and cytokine production. All 2 Tc cell subsets
demonstrate an increasing trend, and similarly to CD4+ Th cells, GATA-3 for Tc2
cells does not reach significance (Figure 5A). Tc1 and Tc17 both demonstrate a
significant increase with each experiencing an over 10-fold change from Control
to Aldara groups (p<0.0001). Representative contour flow plots for CD8* T cell
transcription factors can be seen in Figure 5B. All cytokine positive cells were
elevated in CD8* T cell populations following Aldara treatment, however, only Tc1
subset specific cells positive for cytokines IFNy and TNFa reached significance
(Figure 5C; p<0.05). Representative contour flow plots for CD8* T cell cytokines
can be seen in Figure 5D. Overall, all Tc subsets showed an increased in Aldara
mice, however, Tc1 and Tc17 appeared to be more prevalent compared to Tc2

subpopulations.
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Figure 5: Increasing trend in transcription factors and cytokine-producing CD8* T Cytotoxic cells
(Tc) in Aldara mice. Scatterplot displaying total number of transcription factor-positive (A) and
cytokine-producing (C) CD8" T cells in Control (white) and Aldara (red) mice. Individual animal
values shown following the key displayed. Y-axis displayed as Logio scale. Two-way ANOVA using
Siddk’s statistical test for multiple comparison shows significance for both cell groups. P<0.0021
shown as **, p<0.0002 shown as ***, p<0.0001 shown as **** and ns is p-value>0.05. Pulled
experiments and availability of marker expression explains variation observed in n number.
Transcription factor plots show one experiment n=6/group (A). N number per group for cytokine-
producing CD8+ T Cells are as follows: IFNy = 8; TNFa = 19; IL-4 = 10; IL-10 = 4; IL-17 = 14 and IL-21
= 4. Representative contour flow plots showing numbers of CD8+ T Cells for Control (upper) and
Aldara (lower) mice for transcription factors (B) and cytokine production (D).
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5.4 Identifying T cell-like cells using spatial

transcriptomics

To identify T cell presence and potential localisation with the CosMx spatial
transcriptomic dataset, it was first explored if there were enough cells expressing
CD3 subunits genes present for the platform to successfully register them. Due to
the relatively low numbers of CD3+ T cells compared to brain resident cells in a
coronal mouse hemisphere, an R package called Nebulosa was used to explore the
dataset. This analysis package accounts for low data sparsity in scRNAseq
experiments and was adjusted to account for spatial location for CosMx brain
sections (Alquicira-Hernandez and Powell, 2021). Sparsity within an RNA
sequencing dataset is defined as a high recordings of ‘zero counts’ by lowly
expressed genes (Bouland et al., 2023). Presences of sparsity within a sequencing
dataset would result in a high number of ‘dropout events’ which may be explained
by low mRNA abundance within the processed tissue. As previously shown, CD3+
T cells are present within the Aldara brain but at relatively low cell counts (McColl
et al., 2016, Sharma et al., 2024). The Nebulosa statistical analysis uses gene-
weighted kernel density estimation which harnesses transcriptional information
from neighbouring cells to recover dropout events that have been lost due to low

expressed genes (Alquicira-Hernandez and Powell, 2021).
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This analysis revealed areas within the brain where 3 subunits of CD3 included in
the CosMx RNA panel, Cd36, Cd3¢ and Cd3y, were found to all be expressed on a
cell in anterior and posterior sections (Figure 6 & 7). These results found CD3*
areas within both Control and Aldara samples, with treatment group showing no
relatively higher signal than control. This analysis package is designed for 1
dataset at a time. Since each brain slice is treated as a standalone dataset when
visualising the data at the spatial level, the package did not allow for the ‘Joint

Density’ scale to be standardised to allow for accurate inter-sample comparison.

Casar Cter Cavgr Caar Cater Catgr ‘Casar Cater Cadar Casae Cader Cagr

Control

Cade Cates Carge Caage Cater Corge Casge Cater Catge Cande Cates Carge

Aldara

Figure 6: Nebula density plot of co-expression of transcript-based Cd36* Cd3s* Cd3y* cells
identified via anterior tissue sections CosMx spatial transcriptomic dataset. Anterior coronal
slices of Control and Aldara treated hemispheres with high joint density of three CD3 subunits
shown as yellow and low joint density shown as purple. N=4/group.
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Figure 7: Nebula density plot of co-expression of transcript-based Cd36* Cd3s* Cd3y cells
identified on posterior tissue sections CosMx spatial transcriptomic dataset. Posterior
coronal slices of Control and Aldara treated hemispheres with high joint density of three CD3
subunits shown as yellow and low joint density shown as purple. N=4/group.

As described in the previous chapter, 5 immune clusters were identified in the 3-
day Aldara CosMx spatial transcriptomic dataset. Of these potential subsets of
immune cells in the brain, clusters Immune.0-Immune.3 were theorised as varying
reactive subtypes of microglia, as discussed in the previous chapter. Subcluster
Immune.4 appeared to be transcriptionally unique to the other 4 subclusters
(Figure 8). From this list of genes presented in the inter-cluster heatmap (Figure
8B), some T cell markers Lag3 and Cdé were identified (Ruffo et al., 2019, Santos
et al., 2024).

Within the CosMx mouse neuroscience 1000-plex panel, 3 subunits of CD3 are
included in the panel: Cd36, Cd3¢ and Cd3y. When analysing the expression of
these 3 CD3 subunits amongst the 5 immune subclusters, Immune.4 is the only to
show significant change of expression in any of the subunits. Notably, an increased
expression of Cd3¢ (Figure 9). This subcluster also shows an increased expression

of Cd3y, however, this change did not reach significance. The other immune
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subclusters, Immune.0-Immune.3, showed non-significant (p>0.05) relatively

minimal fold changes in the 3 CD3 subunits.

integrated_subclusters
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Figure 8: Reclustering of CosMx spatial transcriptomic dataset reveals 5 potential
subclusters of microglia/immune-like cells. (A) Integrated UMAP of five microglia/immune
subclusters labelled ‘immune.0’, ‘immune.1’; ‘immune.2’, ‘immune.3’and ‘immune.4’ for
Control and Aldara samples. (B) Heatmap of relative inter-cluster gene expression of five
microglia/immune subclusters. Yellow representing relative upregulation and purple
representing relative downregulation of genes.

To understand the transcriptional changes of the immune CosMx subclusters
(Figure 8), DE analysis was again performed using the Searchlight analysis platform
approach presented in the previous chapters (Cole et al., 2021). This current
chapter discusses the final CosMx immune subcluster, Immune.4. It should be
noted that only 4 Control slices contained cells that belong to Immune.4 and all 8
Aldara tissue sections contained cells belonging to the subcluster. This results in
2 biological replicates for Control group as ‘51056 ANT BS1 C’ and ‘S1056 POS BS1
C’ are different tissue planes belonging to the 1 animal (Figure 10: n=2). Aldara

has all 4 biological replicates involved in the experiment (n=4).
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Figure 9: Heatmap showing CD3 subunit gene expression across CosMx immune
subclusters. Gene expression of Cd3 subunits (Cd3g, Cd3e and Cd3d) across CosMx immune
subclusters. Only significantly changed gene shown is increased Cd3e in subcluster
Immune.4 indicated by (*). Columns indicate CosMx Immune subclusters Immune.0-
Immune.4. Colour intensity represents expression level with yellow showing upregulated
genes and blue showing downregulated genes. Black expression shows no expression

DE analysis of cells belonging to anterior Immune.4 subcluster samples is shown in
Figure 10. PCA shows the gene expression data of anterior Immune.4 subcluster
with the Control and Aldara naturally separating into 2 distinct grouping (Figure
10A). With respect to PC2, both treatment groups display a spread across the PCA
scatterplot. This suggests PC1 may be representative of treatment and PC2 of
biological variance. The lollipop graph shows 129 genes being significantly
upregulated in Aldara samples with no genes found to be significantly
downregulated (Figure 10B; p.adj<0.05 and absolute log; fold change >0.5 and <-
0.5, respectively). The heatmap featured in Figure 10D highlights the DEGs and
their pattern of transcriptional changes with Aldara samples primarily displaying
upregulation of genes displayed in yellow. The top significantly upregulated genes
in anterior tissue section Immune.4 subcluster include genes involved in iron
metabolism (Fth1 and Ftl(1), immunomodulation (Slc13a3) and innate immune
responses (Cpa3 and Tlr4). The top 10 significantly upregulated genes ranked by
log2 fold change can be seen in Table 5.1.
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Figure 10: Differential expression analysis of anterior Immune.4 subcluster cells from CosMx
spatial transcriptomics platform. (A) PCA scatterplots showing gene expression data for Control
[blue] and Aldara [red]. Individual samples represented by dots. (B) Lollipop graph showing number
of significantly DEGs [p.adj <0.05, absolute log:fold >0.5]. (C) Volcano plot of significantly DEGs
with upregulated shown in red and non-significant in grey. (D) Hierarchically clustered heatmap
of DEGs in Control and Aldara samples. Expression levels shown are row-scaled into Z-scores with
vellow representing high expression and purple representing low expression. Control n=3, Aldara
n=4 (biological replicates).
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Table 5.1: Top 10 significant upregulated DEGs in ‘immune.4’ CosMx subcluster

Gene |log2fold p p.adj
FTH1 7.25 3.159192e-12 1.159424e-09
SLC13A3 5.45 3.214679e-07 1.310875e-05

FTL1 5.32 1.233949e-08 1.087442e-06
CPA3 5.16 2.326794e-07 1.067417e-05
TLR4 5.13 6.639275e-09 1.087442e-06

TACR1 5.09 9.186708e-09 1.087442e-06
GFAP 5.05 4.080132e-06 1.247840e-04
P2RY12 491 1.481529¢e-08 1.087442e-06
COL1A1 4.89 1.240133e-05 3.250920e-04
MOBP 4.66  7.971045e-05 1.329715e-03

No genes were found to be significantly differentially expressed between posterior

Control and Aldara tissue samples.

The number of Immune.4 cells is slightly higher and consistent in Aldara samples
compared to Controls (Figure 11). Across both treatment groups, the number of
Immune.4 cells is relatively lower in posterior sections compared to anterior

sections. No trends displayed significance (p>0.05).
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Figure 11: Number of Immune.4 cells variation across treatment groups and anatomical
tissue planes. Scatter plot showing number of Immune.4 cells in each treatment group and
anterior/posterior tissue sections. One-way ANOVA corrected for multiple comparisons with
the Tukey test. Data shown mean +/- SD, n=4/group.
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When the cells belonging to Immune.4 subcluster are plotted spatially in their
respective hemisphere, Aldara sections are the primary treatment group that
contain these cells (Figure 12). In the anterior plane sections of Aldara treated
mice, common brain regions that contain Immune.4 cells include the
caudoputamen, corpus callosum, various cortical regions and NAc. In the posterior

plane sections of Aldara treated mice, common brain regions that contain

Control Aldara

Immune : s1055ant_bs1 Immune : s1055ant_bs3

Anterior

Immune : s1056pos_bs3

Immune : s1055pos_bs1

Posterior

Figure 12: Representative spatial plots of immune subclusters from anterior and posterior
coronal brain hemisections from Control and Aldara mice. Spatial plots of Control brain
hemisections from immune subclusters 0-3 in anterior (A) and posterior (C) planes. Spatial
plots of Aldara brain hemisections show immune subclusters 0-4 in anterior (B) and posterior
(D) planes. Contrast and saturation increased for visualisation. White drawn boundaries of

brain tissue slice.

Immune.4 cells include peripheral boundaries of the hippocampus, thalamus and
various cortical regions. This regional infiltration of these T cell-like cells may

indicate areas in the brain which are more susceptible to the effects of the TLR7-
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driven neuroinflammation. Region specific infiltration of these immune.4 cells,
suspected to potentially be Tregs, could be attempting to combat the ongoing

TLR7-driven inflammation.

Examining the Immune.4 cell expression in Control slices reveals these cells follow
white matter tracts in the brains including the corpus callosum and anterior
commissure. There is some cortical expression of these cells in Control brains.
These may represent a population of CNS-resident T cell populations used for
immune surveillance of the vital organ. A subpopulation of T cells in brain
parenchyma have been documented at rest in both mice and humans (Nevalainen
et al., 2022). These reported at rest T cells primarily have a memory T cell
phenotype (Ayasoufi et al., 2023). However further characterisation of these
Control-present T cells would be necessary including memory T cell-specific

markers.
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5.5 Using RAG2KO mice to evaluate contribution of
mature lymphocytes to microglial reactivity in TLR7-

driven neuroinflammation

To investigate contribution of T cells to microglial reactivity in the Aldara model,
RAG2KO mice that do not produce mature T and B cells were used. Iba1* staining
was completed in coronal hemisections from WT and RAG2KO brains treated with
control cream or Aldara (Figure 13). Both control-treated groups at anterior and
posterior tissue planes, wild-type and RAG2KO, have minimal Ibal1* staining
(Figures 13A, C, E & G). Aldara-treated wild-type and RAG2KO anterior and
posterior brain sections display observed increased Iba1* staining intensity which
may suggest increased microglial reactivity following treatment (Figures 13B, D,
F & H). It is important to note, quantitative analysis was not completed for Iba1*
IHC.
Control WT Aldara WT Control RAG2KO Aldara RAG2KO

A c

1000pm
.
Figure 13: Iba1* staining in anterior and posterior sections from Control and Aldara-
treated wild type (WT) and RAGZKO mice. Four treatment groups: Control WT anterior
and posterior (A&E), Aldara WT anterior and posterior (B&F), Control RAG2KO anterior and

posterior (C&G) and Aldara RAG2KO anterior and posterior (D&H). Scale bar of 1000um
shown in FigA.

Magnified sections of the Iba1* staining from ACC of all 4 treatment groups can be
seen in Figure 14. Both control treated tissue, wild type and RAG2KO, have iba1+

cells with minimal cellular processes and relatively round morphology (Figure 14A

Anterior Section

Posterior Section
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& C). This suggests minimal to no microglial reactivity. Both Aldara-treated tissue,
wild type and RAG2KO, display Iba1+ cells with extensive cellular processes typical
of reactive ramified microglia (Figure 14B & D). It could be argued that wild type
Aldara-treated mice display increased Ibal1* cells compared to RAG2KO. This
suggests a possible dampening of the microglial-driven neuroinflammation in the
absence of mature lymphocytes. Overall, this suggests that in organisms lacking
mature B and T cells, microglial reactivity remains a prominent feature of the
TLR7-driven neuroinflammation in the Aldara model. However, further

quantitative analysis would be required to increase reliability in these conclusion.

Control Aldara

Wwild type

RAG2KO

Figure 14: Ibat1* cells in Control and Aldara-treated WT and RAGZKO mice in ACC.
Immunofiluorescent staining of Iba1* as a microglial reactivity marker. Scale bar shown in
Fig A for 250 um.
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5.6 Discussion

The identification and characterisation of T cells in this chapter details another
cellular mechanism actively contributing to the neuroinflammation within the
Aldara model. Over previous decades, experimental evidence proves T cells are
not only key mediators in a variety of CNS-focused conditions but also their
importance at rest for homeostasis of this vital organ (Evans et al., 2019). This
chapter provides a T cell-focused exploration of their contribution and mediation

of TLR7-activated neuroinflammation.

Previous evidence of IHC CD3* T Cells and CD4* and CD8* T cells within the Aldara
model via flow cytometry has been presented (McColl et al., 2016, Sharma et al.,
2024). However, no further detail on subcategorisation or biological contribution
to neuroinflammation was documented. The aim was to explore if the reported
global presence of CD3* T cell in Aldara-treated mice results in whole brain
transcriptional changes of pan and specific subset T cell markers. As presented in
this chapter, several T cell-related genes exhibit consistent upregulation in Aldara
compared to Control. Three subunits of the CD3 pan T cell marker, Cd3¢6, Cd3e¢
and Cd3y, express consistent and significant high levels of expression in Aldara

samples.

Some of the genes stated in the above heatmap present a more varied
transcriptional change across treated samples. This may be explained by specific
involvement of T cell subsets or the gene expression of other non-T cell cells which
may be controlling the gross transcriptional changes including NK and B cells
(Wong et al., 2023, Voss et al., 1992, Finkelman et al., 1986). Increase of these
nonspecific T cell markers at the whole brain level would reflect the previous
findings of increase in NK and B cells in the CNS following Aldara treatment (McColl
et al., 2016). Another reason for this varied T cell-related gene expression could
be due to the relatively small numbers of infiltrating populations compared to the

brain-resident cell types.

Of the 2 major categories of T cells, CD8-related genes are more consistently
upregulated within the whole-brain bulk RNA sequencing dataset compared to

CD4-related genes. This transcriptional evidence suggests that the T cell
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contribution within the neuroinflammatory environment of the Aldara model is
CD8-focused.

An increase in both CD4* and CD8* T cells via flow cytometry was discovered in
Aldara treated brains. This was a relatively more equal documentation of CD4*
and CD8+ T cells via flow cytometry compared to the bulk RNA sequencing results.
However, there was still a significant increase in CD8* compared to CD4* T cells
identified in the flow cytometry results. This lower CD4* T cell number identified
in Aldara-treated mice may explain the weaker transcriptional signal of this subset
in the bulk RNA sequencing dataset. Overall, presence of both major T cell subsets
suggests a potential balance in contribution to the underlying neural biology

within this model including both pro- and anti-inflammatory mechanisms.

CD4* Th cells mediate their effects indirectly on potentially damaging cells by
activating and promoting other immune cells including B cells, macrophages and
CD8* Tc. The Th cell subset have been implicated in several neuroinflammatory
models and clinical conditions. A mouse model of PD was shown to exhibit a
protective effect against dopaminergic cell loss when using CD4-deficient mice
suggesting their pathological involvement with «-Synuclein-focused disease

progression (Williams et al., 2021).

To investigate specific T cell-originating cytokines in the TLR7-driven
neuroinflammatory model, further lymphocyte characterisation was carried out
based on cytokine production. Further categorisation of CD4* T cell subsets within
the Aldara model revealed a significant upregulation of cytokines related to Th1,
and Th17 phenotypes and not Th2. Th1 cytokines include IFNy and TNFa which
have been demonstrated as key inflammatory mediators in a variety of
physiological changes. IFNy* CD4* T cells have been shown to be beneficially
involved in the promotion of neurogenesis and synaptic plasticity within models
of AD (Wu et al., 2022b). This suggests a potential anti-inflammatory reparative
mechanisms being initiated in the TLR7-mediated neuroinflammation. This further

highlights the dynamic nature of T cells in the inflammatory process.

TNFo was the only Th1-derived cytokine found to be significantly increased in

Aldara-treated brain. This classic pro-inflammatory cytokine can initiate a multi-
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cell response within an organ with activation of their receptors TNFR1 and TNFR2.
Both TNF receptors’ expression have been documented in brain-resident
populations and immune cells (McCoy and Tansey, 2008). TNFR1 and TNFR2 can
both exhibit pro-inflammatory effects within the brain, however, TNFR2 has
showcased a neuroprotective role namely against excitotoxicity within the
parenchyma (Papazian et al., 2021). This increase in TNFa neural levels is
suggestive of promoting inflammation, but specific receptor binding would have
to be determined before ruling out potential anti-inflammatory effects of the

cytokine.

Another Th subset found significantly upregulated within the Aldara model was
Th17 cells in cytokine IL-17 and transcription factor RORyt increased significantly.
Cytokines originating from Th1 and Th17 cells have been found to promote a pro-
inflammatory response amongst astrocytes. This includes increased Th1/17-
specific chemokines such CCL20 and CXCL10 from astrocytes to further promote
transendothelial recruitment of the CD4* T cell subset into the CNS (Prajeeth et
al., 2017, Kunkl et al., 2022). Additional importance of Th17 cells in
neuroinflammatory environments has been established in their interaction with
microglia serving as a key component of disease progression in the murine MS
model EAE (Xiao et al., 2025). The pro-inflammatory cytokine IL-17 has gained
attention in recent years with established links to neuropsychiatric conditions
including MDD and anxiety (Lu et al., 2023b). Increased circulating IL-17 levels has
been suggested as a biomarker for treatment-resistant depression (Nothdurfter et
al., 2021). The pro-inflammatory cytokine has been found upregulated in stressed
mice which exhibit depressive-like behaviour (Kim et al., 2021b). These results
suggest an IL-17-driven pro-inflammatory response within the Aldara model which
could explain previous finding of reduced burrowing in treated mice (McColl et
al., 2016).

Within the context of neuroinflammation, CD8* T cells can differentiate into their
Tc subclass to mediate direct cell death processes against potentially harmful
cells. Similarly to their Th counterpart, Tc cells can differentiate further into
subtypes including Tc1, Tc2 and Tc17. Investigation of T cell subsets within the
Aldara model revealed a CD8* biology across all subsets with Tc1 cells being the

biggest relative change following the TLR7-activated neuroinflammation.
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CD8* T cells are shown to be critical in the body’s antiviral immune response with
their immediate role in initiation of apoptotic pathways (Reagin and Funk, 2022).
Presence of CD8* T cells have been identified in AD mouse models with an ablation
of these infiltrating immune populations found to heighten Iba1* microglia and,
arguably, heighten microglia activation (Unger et al., 2020). Reactive microglial
have been found to promote CXCL10-mediated recruitment of CD8* T cell

populations in murine neuroinflammation (Groh et al., 2025).

This contribution of CD8" T cells has been observed to shift towards more
damaging effects contrasting with the previously described potential
neuroprotective goals. Accumulation of CD8* T cells has been discovered in post-
TBlI mouse models, a well-documented condition with a neuroinflammatory
element, with depletion of CD8* T cells in the model revealing an improvement in

neurological outcome (Daglas et al., 2019, Chiu et al., 2016).

Presence of active cytokine-producing CD8* T cells within the Aldara model places
it amongst the previously stated neuroinflammatory models with a T cell-
mediated component. Both T cell populations, CD4 and CD8 can operate in balance
within the neural environment in their efforts to resolve and/or amplify the tissue

inflammation.

Exploration of brain-resident T cell subsets following Aldara treatment uncovers a
predominantly Tc1/Th1 and Tc17/Th17-like profile which are typically pro-
inflammatory. Given the global nature of the TLR7-driven neuroinflammation in
this model, this pro-inflammatory T cell biology skew is expected. However, a
potential regulatory mechanism is suggested by the presence of Tc2/Th2 cells
actively producing anti-inflammatory cytokines. This T cell subset balance
potentially suggests a homeostatic role of the infiltrating immune population. One
subset of T cells which play a role in immune homeostasis are Tregs. Although not
identified in this set of flow cytometry experiments, this subset is theorised with

the final CosMx immune subcluster identified.

To distinguish this final immune subcluster from the previous 4 microglial-like ones
discussed in the previous chapter, CD3 expression was explored. As previously

discussed, CD3 is a classic pan-T cell surface antigen used for identification of T
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cells. With only one subcluster from our CosMx showing significant changes in Cd3
subunits, it can be proposed that this immune subpopulation is the most T cell-
like population within the spatial transcriptomic dataset. The only other cell in
the mouse that potentially may express Cd3 are the Purkinje cells in the
cerebellum, however, this brain region was not included within the examined

tissue sections (Gerloff et al., 1993).

The T cell-related genes that featured on the top DEGs within the proposed T cell-
like CosMx subcluster also included Fth1 and Egfr which suggest a potential Treg
subset of the immune cell (Wu et al., 2024, Zaiss et al., 2013). Tregs are a subset
of mainly CD4+ T cells and exhibit primarily suppressive immune effects including
maintaining peripheral immune tolerance and avoidance of autoimmune states
(Vignali et al., 2008). There are many mechanisms Tregs can use to implement
suppression within an organism including the secretion of certain cytokines and

granzymes.

Tregs presence is typically associated with a relatively more chronic
neuroinflammatory timeline. However, recent work proposed Tregs as potential
mediators of innate and anti-inflammatory processes in a variety of conditions (Ou
et al., 2023, Liston et al., 2022). Given the relatively acute timepoint of the Aldara
model, 3 days topical IMQ application, this may be too short a time course for
classic recruitment of peripheral Tregs into the brain parenchyma. However,
brain-resident Tregs have been identified at rest in the mouse previously. Several
studies have found Tregs to be protective in neuroinflammation via suppressing
astrogliosis, improve cognitive outputs and decreased expression of neural pro-
inflammatory cytokines (Ito et al., 2019, Wang et al., 2023c, Huang et al., 2020).
This Fth1* Egfr* T cell-like population identified via CosMx in the Aldara brain
tissue may highlight the development of a protective anti-inflammatory
environment to combat the TLR7-activated neuroinflammation. Presence of these
immune.4 subcluster cells in Control mice highlight the T cell subsets homeostatic
role in both health and neuroinflammation (Liston et al., 2022). To confirm
presence and numbers of these potential brain-resident Tregs, a flow cytometric
analysis of the population would be beneficial. This could involve a panel including
Treg-specific markers such as CD103, CD69, CTLA4 and FoxP3 which have
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previously been shown to identify the brain-resident immune population (Liston
et al., 2024).

However, this CosMx immune subcluster’s top DEGs presented a variety of possible
cellular origins namely T cells, neurons, oligodendrocytes and astrocytes. This
dataset and spatial transcriptomic approach are weakened particularly by
confidence of assigning these transcriptional changes to one cell population due
to the technical limitations regarding cell segmentation. This list of DEGs of multi-
cell origin genes may represent a snapshot of the interactions occurring within
this neuroinflammatory context which has been previously documented in other

experimental settings (Barcia et al., 2013, Kaya et al., 2022, Yshii et al., 2015).

The CosMx mouse neuroscience panel used in the experiments is focused on brain-
resident cells and neural biological pathways. However, when focusing on
peripheral immune populations including T cells, the markers to identify these
cell populations are limited within this panel. Additionally, because of the
relatively small number of T cells which have been identified previously in this
model, this spatial transcriptomic technique is working with a small subcluster of
cells for its reference. A more robust approach to investigating these brain-
resident T cell populations would be scRNAseq. This would provide a whole

transcriptomic picture of this relatively sparse cell type within the brain.

Results from this chapter provide evidence of brain-resident T cells following
Aldara treatment. Although not one of the experimental aims of this thesis, one
questions arises on how these peripheral immune cells penetrate the brain
parenchyma. One theory of how T cells enter brain parenchyma is by crossing the
BBB. Disruption and remodelling of the BBB is a common biological consequence
of neuroinflammation. Damage to this tissue barrier has been documented in
animal neuroinflammatory models including LPS and CUMS (Banks et al., 2015, Shi
et al., 2024). Previous unpublished data of the Aldara model shows potential
remodelling of the BBB with infiltration of peripheral intravenously injected Evans
blue dye entering the brain tissue (Maria Suessmilch, unpublished). This possible
TLR7-mediated disruption of BBB integrity could suggest a weakened barrier
system and present an opportunistic pathway of T cell passage to the CNS.

Additionally, cytokines from these brain-resident T cells populations in the Aldara
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model may be contributing to this inflammation-mediated BBB disruptions. Other
cytokine-producing cells, such as the microglia detailed in the previous chapter,
also may be adding to this BBB remodelling. These results agreed with previous
findings of T cell-mediated BBB disruption assisting in the trafficking of the
immune cells to the CNS (Aydin et al., 2023).

As discussed earlier in the first introductory chapter, the meninges are an immune
niche. During tissue collection for all the techniques described in this chapter,
extra precautions were taken to remove any dura mater and leptomeningeal tissue
from the harvested brains. This was to exclude the T cell niches that exist within
this extra-cerebral meningeal anatomy (Abbaoui et al., 2023). This was to ensure
results were obtained from brain parenchyma and not surrounding supportive
meningeal tissues. T cells are a part of diverse immunological populations within
the meninges with some other key players from the lymphocyte and myeloid
families. The meningeal immune landscape is a popular area of interest with
evidence showing links between changes in behaviour, namely meningeal T cells
found to regulate anxiety-like behaviours in mice via IL-17 production (Alves de
Lima et al., 2020). Direct skull channel systems between the meningeal
compartments and CNS have been described which further supports the direct
communication between the 2 tissue environments (Mazzitelli et al., 2023). This
justifies separation of meningeal tissue from brain parenchyma as both tissues
hold importance and impact on a neuroinflammatory environment and warrant

investigative separation.

The importance of the general T cell population has been highlighted in work with
RAG2KO mice. These genetically modified mice, which lack mature B and T cells,
present with worsened depression-like behaviours in mice following an
inflammatory stimulus (Laumet et al., 2020). Considering T cell presence has been
found to increase with continual Aldara applications; this may suggest a potential
T cell-mediated resolution component within the CNS. Findings presented in the
current chapter show microglial reactivity remains in RAG2KO treated with Aldara.
However, as previously stated in this chapter, the Ibat1* IHC data presented for
RAG2KO tissue was not subject to quantitative analysis due to limitations of time.

To strengthen understanding of what the lack of mature lymphocytes has on the
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TLR7-driven neuroinflammation, further analysis such as intensity quantifying or

cell counts would be a beneficial future step.

This highlights one of the lymphocyte-independent microglial mechanisms
mediating the TLR7-driven neuroinflammation. Relatively small numbers of T cells
throughout the brain can have great impacts on promoting pro-inflammatory
mechanisms. T cells may be promoting microglial reactivity in the Aldara model,
through cytokine production, but this may not be essential to maintain the TLR7-
inflammation. Furthermore, as shown in chapter 3 of this thesis, microglia are the
primary TLR7-expressing cell type in the brain. Providing IMQ enters the brain 4-
hours-post topical application (Nerurkar et al., 2017b), it can be speculated the
microglia have direct and early activation at this earlier timepoint. This is
strengthened with T cell infiltrating reaching its peak at day 3 of this model
(McColl et al., 2016). The microglia must be ready to respond to this acute TLR7-
mediated insult as soon as it enters the brain parenchyma and not wait for

infiltrating T cells to help.

However, a full morphological and cytokine-production analysis of microglia in
RAG2KO mice would be required to comprehensively detail the innate brain’s cell
contribution to the TLR7-driven neuroinflammation. Additionally, as previously
mentioned, RAG2KO mice lack both mature B and T lymphocytes. To assess these
true cellular contributions to neuroinflammation, separation depletion studies
would be required of the lymphocytes. Work in this area has been explored in the
Aldara model with antibody-depletion of CD4* and CD8* T cells (Sharma et al.,
2024). This removal of the 2 major T cell subsets from the Aldara model did not
alter the other immune cells at play in the TLR7-driven neuroinflammation
including microglia, monocytes and other lymphoid populations (e.g. NKT and B
cells). Future experiments would aim to deplete other immune populations to
parse out their sole contribution to the TLR7-driven neuroinflammation in the

Aldara model.

As discussed in previous chapters of this thesis, the 1000-plex CosMx mouse
neuroscience panel is limited with respect to immune markers. Although a Treg
transcriptional signature was suggested in this chapter’s findings by the

upregulation of Cdé and Lag3, some other cell types could be a possibility. This
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cluster upregulated some neuronal genes including Nos? which has been
documented as having roles in GABAergic neurotransmission (Wan et al., 2024).
Other upregulated immune.4 neuronal-specific genes include Cnksr2 and Nsrn1
(Suzuki et al., 2007, Ito and Nagata, 2022).

Another reason for multicellular transcriptional changes within this CosMx
subcluster may be attributed to the previously discussed limitation of this platform
of accurate cellular segmentation. Due to the complex morphology of nhon-immune
cells within the brain parenchyma, accurate cellular boundaries have proven
difficult to capture with the CosMx SMI. For the posterior brain hemisections in
CosMx, no significant gene changes were observed in the immune.4 subcluster
between Control and Aldara. This could be due to relatively limited number of the
subcluster-belonging cells being captured by the spatial transcriptomic system.
Future experiments would incorporate whole-transcriptomic analysis of brain-
resident T cells to provide a wider immune marker range and single cell-specific
changes. These technical improvements would aim to be more accurate in immune
cell-subset classification at the transcriptomic level and, in doing so, potentially
capture more of this infiltrating population for differential analysis.

This chapter has identified a cytokine-producing T cell presence within the Aldara
neuroinflammatory model. The T cell response within the Aldara model has been
found to be primarily, however, not strictly a pro-inflammatory response.
Evidence of a T cell-mediated anti-inflammatory response is also supported by this
chapter’s findings with a potential Treg-driven element. A potential T cell-like
population was identified via spatial transcriptomics. However, an RNA and flow
cytometry panel containing more Treg cell markers would be beneficial to further
investigate this subcluster of brain-present immune cells. Aldara treatment of
RAG2KO highlighted that presence of Iba1* microglia does not rely on mature
lymphocyte population. Collectively, these findings add the Aldara model onto the
list of neuroinflammatory models with a T cell-driven element which is
intertwined with the neuroinflammatory pathogenesis.
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6 TLR7-driven neuroinflammation results in
neurotransmission-related transcriptional

changes and anhedonia-like behaviours

6.1 Introduction

As discussed previously in the introduction of this thesis, inflammation has an
established link to affect different facets of behaviour in humans. Acute periods
of inflammation in response to pathogens can manifest SB (Dantzer, 2023). This
pro-inflammatory response is thought to be a protective mechanism adopted by
organisms. A variety of SB can present which may include changes to appetite,
malaise and anhedonia (Rademacher et al., 2021). Some of these behaviours are
thought to be a results of inflammation-perturbed reward circuitry (Volkow et al.,
2011, Der-Avakian and Markou, 2012). Relatively more chronic neuropsychiatric
conditions such as anxiety and MDD can also display these suspected inflammation-
driven behavioural changes. Patients living with depression who display raised
levels of peripheral inflammation experience disturbed neural circuitry which

mediate reward-driven behaviours (Felger et al., 2016, Goldsmith et al., 2023).

As previously stated, anhedonia is one of the possible behavioural changes
following increased inflammation. Anhedonia is described as a loss in pleasure
from activities which were previously enjoyed (Cooper et al., 2018). Anhedonia
encompasses various types of the depressive-linked symptoms including
consummatory and motivational anhedonia. The distinction between these two
manifestations of anhedonia lies within what part of the individual’s reward
processing may be altered. Consummatory anhedonia describes when individuals
lack the capacity to enjoy or find pleasure in the ‘reward’. Motivational anhedonia
describes individuals that lack the drive or motivation to seek out the reward
(Treadway, 2023).

Anhedonia is a common symptom described by patients living with MDD, other
neuropsychiatric conditions and chronic peripheral inflammatory conditions

including psoriasis and IBD (Der-Avakian and Markou, 2012, Carpinelli et al., 2019,
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Lada et al., 2022). Anhedonia is thought to have a strong link to reward processing
deficits coupled with a reduction in dopamine (DA) transmission (Dresp-Langley,
2023). Indeed, DA neurotransmitter production and signalling has been found to
be reduced in several neuroinflammatory environments in both humans and animal
models (Mancini et al., 2023, Wang et al., 2018b).

Key brain regions and pathways thought to be implicated in anhedonia due to their
involvement in the reward circuit include the mesolimbic areas, namely VTA, ACC
and NAc (an area within the ventral striatum) (Der-Avakian and Markou, 2012).
The thalamus has also been found to show changes to connectivity in individuals
living with anhedonia (Leonard et al., 2024). The corticostriatal and
thalamostriatal circuits have been found to play a crucial coordinating role in
reward-driven behaviours and the brain regions output for these activities (Lee et
al., 2019). Further understanding the regional neuroinflammation-driven
molecular mechanisms underpinning anhedonia could aid comprehension of how
these pathways fit into the wider, multi-symptomatic picture of neuropsychiatric

conditions.

The relationship between neuroinflammation and behavioural changes resulting in
anxiety and depressive-like behaviours in rodents is well-established (Remus and
Dantzer, 2016). The psychoneuroimmunology field has revealed several
mechanisms that may be underpinning these inflammation-induced SB. This is
suspected to be a mechanistic combination of raised levels of intra-cerebral
cytokines from activate endogenous immune and neural cells, such as microglia
and astrocytes, and result in recruitment of exogenous immune cell populations
into the brain parenchyma. The previous chapters of this thesis have shown
increased cytokine production of both microglia and CD4*, CD8* T cells following
Aldara treatment. This multicellular-driven global neuroinflammation alters the
neural circuits responsible for the mediation of different behaviours including that
of reward and anxiety (Huwart et al., 2024, Won and Kim, 2020, Salcudean et al.,
2025).

Animals treated with Aldara display peripheral inflammation-related changes
including the psoriasis-like dermal reaction, splenomegaly, and increased lymph

node weights (McColl et al., 2016, Nerurkar et al., 2017b). During in vivo models,
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it has been reported anecdotally that the mice within the treatment group eat
less of the baby food provided as a supportive measure (i.e. inappetence). As
previously found by our laboratory group, Aldara-treated mice exhibit a reduction
in burrowing (McColl et al., 2016), which is an innate and reward-driven behaviour
of the animals. Changes to this behaviour indicate the presence of inflammation-
induced reward-related behavioural change that may be indicative of anhedonia-
like changes in treated animals. However, to fully characterise the TLR7-driven
behavioural changes within this model, a more in-depth behavioural assessment is

crucial.

Behavioural tests to characterise anxiety-like behaviour in rodents can be split
into 3 categories: approach-avoidant behaviours, vigilance and defensive
behaviours (Lezak et al., 2017). There is an overlap in test interpretation of these
different brackets of anxiety-like behaviours in rodents. Two common behavioural
tests to examine the presence of anxiety-like behaviours in both the literature
and this thesis include open field and elevated plus maze (Belovicova et al., 2017).
The open field and elevated plus maze tests the innate exploratory and curious
nature of a mouse in open environments. A healthy mouse will display a
preference to the closed arms of elevated plus maze. Furthermore, in the open
field the animal’s exploratory nature will be displayed with them exploring all
areas within the test arena. A mouse experiencing anxiety-like behaviours will not
showcase these typical behaviours and, instead, show an aversion to open arms of
the elevated plus maze and central arena of the open field. Additional read-outs
from these behavioural tests include assessing an animal’s motivation and the test

to explore novel environments (Chen et al., 2024).

As described previously in this chapter, there are 2 main forms of anhedonia:
consummatory and motivational. Two branches of behavioural testing can be used
to characterise anhedonia in rodents which evaluate interaction with either
aversive or positive stimuli (Scheggi et al., 2018). Tests using aversive stimuli
interaction involve the forced swim test and tail suspension test. It is believed this
characterises behavioural phenotype more representative of despair within
rodents. Presence of anhedonia and reward deficits can be measured using sucrose
preference test and investigating changes to innate in-cage behaviours such as

nest-building. The experiments in this thesis used positive stimuli behavioural
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tests to characterise anhedonia, particularly the sucrose preference test and
examining nesting behaviours. Testing sucrose-preference explores anhedonia as
mice typically choose sweetened water. Changes in these behaviours following
neuroinflammation may indicate pathological changes in neural pathways within
the Aldara model. From this viewpoint, implementing these behavioural tests
allow for a more detailed depiction of the reward-related changes observed
following TLR7-activated neuroinflammation. The sucrose preference test can be
argued to investigate both consummatory and motivational facets of anhedonia-

like behaviours in rodents (Gencturk and Unal, 2024).

The aim of this chapter is to further characterise subsequent neuroinflammation-
triggered behavioural changes which may be related to deficits in reward
pathways within the Aldara model. A battery of behavioural tests will investigate
changes to treated mice in relation to anxiety-like behaviours, anhedonia and
motor functional outputs. To investigate region-specific transcriptomic changes,
spatial transcriptomics platform CosMx will be utilised to investigate changes to
neurotransmission-related genes in reward-related brain areas: NAc, ACC and
thalamus.

6.2 Results

Previous studies using the Aldara model have documented changes to behaviour
specifically burrowing deficits (McColl et al., 2016). Additionally, observational
findings while carrying out the Aldara model report a reduction in in-cage
movement and innate social behaviour between treated animals. To fully
characterise these inflammation-induced behavioural changes, a battery of
behavioural tests were used to study manifestation of motor capabilities, anxiety-

like and anhedonia-like behaviours in Aldara mice.

6.2.1 Rotarod

Prior to implementing behavioural tests for anxiety-like and anhedonia
behaviours, general mobility and motivation was assessed via rotarod testing.
Furthermore, this initial exploration of movement was essential as Aldara-treated

mice appear less mobile and exhibit less exploratory behaviour in their cages
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compared to control animals (Unpublished data, Kirstyn Gardner-Stephen).
Rotarod behavioural testing provides details on whether treated animals can move

normally if prompted compared to healthy counterparts.

No significant differences were reported in rotarod latency to fall (Figure 1A) and
top speed (Figure 1B) when comparing Aldara and Control mice (p> 0.05). Aldara
animal groups presented a slight decrease in recordings at each timepoint,
however, this difference never reached significance. Aldara-treated mice were
able to stay on the rotarod apparatus for an extended period that was equal to
control mice. Therefore, this proved that the animals could move when prompted
and exhibited no detectable locomotor deficits. This finding suggests the
reduction in observed in-cage movement could be lack of motivation or possible
conservation of energy in response to the presence of inflammation within the

organism.
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Figure 1: No significant changes in Rotarod latency to fall and top speed recordings
between Aldara and Control mice. Scatterplot displaying individual animals’ latency to fall
(seconds; A) and top speed (RPM: B) for Control and Aldara groups. Two-way ANOVA with
Dunnett’s correction for multiple comparisons revealed no significance (p>0.5). Data
presented as mean +/- SD, n=8/group.

6.2.2 Elevated plus maze

Elevated plus maze is a behavioural test for recording anxiety-like behaviours in
rodents. This behavioural test uses rodent’s innate aversion to open spaces when
anxious. Animals exhibiting anxiety-like behaviours will spend more time in the
closed arms compared to the exposed open arms (Walf and Frye, 2007). This test
was used to further explore the inflammation-induced changes to behaviour,
including reduced burrowing previously documented in the Aldara model (McColl
et al., 2016).
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Individual automatic mouse tracking for elevated plus maze and open field was
completed using the ANY-maze video tracking software. Representative images of
Control and Aldara mice tracking heatmaps representing duration spent in
different areas of the behavioural apparatus can be seen in Figure 2A-D. From the
individual animal tracking plots (Figure 2A-D), it appears both treatment groups
displayed a preference to the closed arms. However, there was no significant
difference in arm preference shown between closer or open arms within the
Control and Aldara groups (p>0.05: Figure 2E). Aldara-treated mice displayed no
difference in number of entries into open and closed arms of EPM (Figure 2E).
Control mice showed an increasing trend in the number of entries of into the
closed arms; however, this did not reach significance (Figure 2E; p>0.05). Aldara
mice presented a significant decrease in the number of entries in closed arms

compared to Controls (p<0.05).

There was no significant difference in maximum speed displayed by both
treatment groups which indicates Aldara-treated mice still possess the capability
of movement (p>0.05: Figure 2F), similar to the results for rotarod. However, even
though Aldara mice have the capability, a significant decrease in total distance
travelled was recorded in Aldara mice compared to Controls (Figure 2G). This
overall significant reduction of movement in treated animals was further observed
with a decrease in time mobile and increase in time spent immobile (p<0.005 and
p<0.05, respectively: Figures 2H and I). It is possible that this overall reduction in
movement within the EPM recordings may explain the reduction in closed arm
entries. Rather than links to anxiety-like behaviour, this may be more suggestive
of a reluctance for unprompted movement of Aldara-treated mice like observed

in-cage.

Overall, the results from the elevated plus maze behavioural test further supports
the observation that in-cage spontaneous movement is reduced in Aldara-treated
mice compared to Controls. Aldara-treated mice do not display typical anxiety-
like behaviour as assessed by elevated plus maze. However, the results suggest an
immobility of treated mice with reduced motivation to explore new environments.

This contrasts with rodents’ innate exploratory behaviour and suggests a change
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to this post-Aldara treatment. This potential change to innate behaviour may be

suggestive of a rodent manifestation of inflammation-induced SB.
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Figure 2: Elevated plus maze behavioural test to investigate presence of anxiety-like
behaviours in Aldara-treated mice. Representative animal tracking plots (A, C) and
heatmaps (B, D) for Control and Aldara mice, respectively. Tracking plot shown in (A) shows
open and closed arms which was consistent throughout plots. Scatter graphs showing number
of entries in open and closed EPM arms with data points representing individual animals (E).
Statistical testing via two-way ANOVA with Tukey’s correction test for multiple comparisons.
EPM recordings for Maximum Speed (m/s: F), Total Distance Travelled (m: G), Total Time
Mobile (s: H) and Total Time Immobile (s: 1). Statistical testing via unpaired t-test performed
(* = p<0.05, ** = p <0.005 and ns>0.05). Data presented as mean +/- SD, n=8/group. EPM
behavioural testing carried out by Dr Lilya Andrianova and analysed by Kirstyn Gardner-
Stephen.
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6.2.3 Open field

The open field behavioural test is another method for assessing anxiety-like
behaviours in rodents. Open field is rooted in rodents’ innate exploratory
behaviour and healthy mice would naturally investigate both central and
peripheral zones of the arena. Mice displaying anxiety-like behaviour would show
an aversion to exploring the centre zone and spend most time around the

perimeter of the apparatus (Kraeuter et al., 2019).

No significant differences were observed in the recordings from open field tests
between Control and Aldara mice for any test parameter (p>0.05: Figure 3).
Representative single mouse tracking and heatmaps of both treatment groups
show a varied exploration across both centre and perimeter zones (Figure 3A). No
changes were recorded in the number of entries into the centre and perimeter
zones between Control and Aldara groups. (p>0.05: Figure 3B). Aldara mice
mirrored expected preference to perimeter zones compared to the centre with
accumulative time significantly increasing in both treatment groups (p<0.0001:
Figure 3C). No significant differences were found in average speed in all zones
and total distance travelled between treatment groups (p>0.05: Figures 3D and
E). The matched speed and distance between treatment groups shows Aldara-
treated mice still have the motor ability to complete this test. Overall, no anxiety-
like behaviours are displayed by Aldara-treated mice with assessment by the OF

test.
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Figure 3: Open field behavioural test to investigate presence of anxiety-like behaviours in
Aldara-treated mice. Representative animal tracking plots (A, C) and heatmaps (B, D) for
Control and Aldara mice, respectively. Scatter graphs showing number of entries in centre and
perimeter zones with data points representing individual animals (B). Total time spent in
centre and perimeter zones (s: C). Statistical testing via one-way ANOVA with Tukey’s
correction test for multiple comparisons. OF recordings for Average Speed in all zones (m/s:
D), Total Distance Travelled (m: E). Statistical testing via unpaired t-test performed (****=p
<0.0001 and ns>0.05). Data presented as mean +/- SD, n=8/group. OF behavioural testing
carried out by Dr Lilya Andrianova and analysed by Kirstyn Gardner-Stephen.

6.2.4 Sucrose preference test

The sucrose preference test provides an assessment of an animal’s engagement
with a typically rewarding stimuli such as sucrose solution and assesses presence
of anhedonia-like behaviours in rodents (Primo et al., 2023). Animals experiencing

anhedonic behaviour will stop presenting a sucrose preference over water
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consumption. Outputs from the sucrose preference test is presented as a
sucrose/water ratio. No preference is indicated by a score of 1, while sucrose
preference will be a score of more than 1. A score of 1 or a decrease in this ratio,
indicative of reduced sucrose consumption, suggests deficits in reward-seeking
behaviour within rodents (Markov, 2022). Morning (AM) and evening (PM)
recordings of water and sucrose consumption were noted to account for any

circadian rhythm impacts to measurements.

Prior to Aldara cream application, both groups display a preference of sucrose
solution compared to water consumption overnight (Figure 4). As Aldara is
applied, the treatment group display a continual decrease in sucrose/water ratio
compared to the controls. The treated animals are still drinking the same volume
with Control mice drinking 1.34ml (p>0.05: range = 5.3-0.6 ml) of water on
average daily and Aldara-treated mice drinking 1.37ml (range = 4.7-0.7 ml).
However, the Aldara-treated mice are lacking the innate preference for sucrose.
A significant decrease in sucrose preference in Aldara-treated mice is observed on
the morning of day 3 of the model (p=0.0003: following 2 topical applications of
Aldara). This decrease is also observed on cull day however this difference did not

reach significance (p=0.0576). This loss of sucrose preference in Aldara-treated

5 —
-@- Control

- Aldara

*%kk

3] p=0.0576

Sucrose/Water ratio

Figure 4: Sucrose preference test shows decrease in sucrose/water ratio after
commencement of Aldara treatment compared to Control mice. Line graph of summary data
from Control and Aldara treatment group of sucrose/water ratio prior and after treatment. Two
recording taken daily: morning (AM) and evening (PM). 2-Way ANOVA performed with Siddk’s
test for multiple corrections. ***: p=0.0003, ns>0.05. Statistical testing performed on non-
summary data. Data presented as mean +/- SD, n=4/group.
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animals suggests they are experiencing anhedonia-like behaviour, which is a
potential change to reward-pathways because of the persistent

neuroinflammation in the model.

6.2.5 Nest building

To further investigate relatively more innate in-cage behaviours, nest building
abilities of Control and Aldara mice was explored. Typical in-cage behaviours
include animals building well-structured nests with pre-shredded nesting material.
The act of nest building for mice is both for protective and rewarding goals
(Deacon, 2006). Studies have found that assessing nest building abilities of rodents
can be an indicator of overall health of the animal (Gaskill et al., 2013). To
investigate if Aldara treatment effects reward, animals were provided with equal
squares of non-shredded nestlet material with which to shred and build a nest and

this was assessed daily.

Nest scores were rated out of 5 as per the grading matrix as presented in Figure
5A. This scoring matrix was devised by Dr Lilya Andrianova from the Cavanagh
Laboratory and adapted from the Deacon nest building protocol (Deacon, 2006).
The highest score of 5 was awarded to high-walled nests constructed with fully
shredded material. The lowest score of 1 was awarded for cotton material which
remained untouched by animals. Before topical Aldara treatment, both Control
and Aldara mice consistently had high ratings of their daily nest building with most
animals being scored 5 out of 5 (Figure 5B). No significant difference was found
between treatment group prior to topical cream application (p>0.05). Following
Aldara treatment, Aldara mice display a sudden and maintained decrease in nest
rating with average daily ratings amounting to 2 out of 5. This scoring is awarded
for mice which have shredded the nesting material but not made a typical nest
shape with sufficient wall height. Each daily application results in a significant
decrease in Aldara mice nesting scores compared to Controls (Figure 5B; p<0.05).
Control mice consistently scored high values of 4 or 5 for nest building. Overall,
this reduction in quality of nests built by Aldara-treated mice suggest a possible
reduction in reward from the activity. This decreased interaction with the reward
activity may be suggestive of anhedonia within Aldara-treated mice. Additionally,

due to the ongoing peripheral and central inflammation in Aldara-treated mice,
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there may be a lack of motivation demonstrated by the nesting behaviour deficits
(Xeni et al., 2024).
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Figure 5: Aldara-treatment diminishes quality nest building ability. Representative images
of 5 possible scores for nest building behavioural assay (A). Scatterplot displaying average nest
ratings (out of 5) for Control and Aldara treatment groups (B). Two-way ANOVA with Siddk’s
correction test for multiple comparisons. Ns comparisons not shown on graph (p>0.05). ** =
p<0.0021, **** = p<0.0001. Data presented as mean +/- SD, n=4/group.
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6.2.6 Transcriptional changes to dopamine-related and reward

network-related genes

Localisation of functional change is important when assessing behaviour. Changes
to transcription in neural pathways were observed at the whole brain level
previously shown by bulk RNA sequencing in chapter 3. Next, to assess changes
specifically to dopamine neurotransmission-related underpinning reward
behaviours, transcriptional dopamine-related biology in the whole brain was
explored. A list of dopamine-related genes determined for whole brain
transcriptional analysis can be observed in the heatmap presented in Figure 6.
Only one gene from this list was found to be significantly changed and

downregulated in Aldara-treated mice: Th (Figure 6: p<0.05). This gene is involved
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Figure 6: Gene which codes for enzyme tyrosine hydroxylase (TH) is the only significantly
changed dopamine-related gene change at whole-brain bulk RNAseq following Aldara
treatment. Heatmap of dopamine-related genes from three-day treatment Bulk RNA
Sequencing dataset. Columns indicate biological replicates within treatment groups.
Expression levels of genes have been row-scaled into z-scores. Colour intensity represents
expression level with yellow showing upregulated genes (positive Z-score) and blue showing
downregulated genes (negative Z-score). P.adj < 0.05 shown by (*). Average linkage by rows
clustering method and Pearson distance measurement method used. N=5/group.
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in dopamine signalling as it codes for the protein tyrosine hydroxylase (TH) which
is the rate-limiting enzyme producing dopamine (Daubner et al., 2011). This
suggests a global decrease in dopamine synthesis via downregulation of this key
enzyme. This potential reduction in bioavailability of dopamine may result in
deficits in reward circuitry. No other significant changes to genes related to
dopamine transmission were observed (p>0.05). Although previously behavioural
tests suggest a change to the reward-driven behaviours, this lack of significant
changes at the whole brain shown that the CNS is still maintaining dopamine
neurotransmission. A complete disruption of dopamine neurotransmission is not

entirely expected at this relative acute timepoint of neuroinflammation (3-days).

6.2.7 Spatial transcriptomics of reward-related brain regions

Both in previous studies and earlier in this chapter, changes to suspected reward-
driven tasks is observed following Aldara treatment. This includes changing to
burrowing behaviour (McColl et al., 2016), decreased nest building ability and
sucrose preference. To begin to explain these changes of reward behaviour
documented within the Aldara model, transcriptomic changes within brain regions
linked to reward were explored using the spatial transcriptomic CosMx mouse
neuroscience 1000-plex RNA panel. A cell agnostic, pseudo-bulk analysis approach
allowed for analysis of region-specific transcriptomic changes. This pseudo-bulk
approached involved all cell types and resembled more of a ‘bulk’ readout from

the regions of interest (ROI). Considering the literature discussed previously in this

A ’ o B ’ _ C

Figure 7: Representative ROl masks of brain regions associated with reward behaviour used
for CosMx pseudo-bulk analysis. ROl masks drawn using Allen coronal mouse brain atlas as
reference. ROIs include ACC (A), NAc (B) and thalamus (C). Masks drawn using iPad application
Procreate.
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chapter surrounding the NAc, thalamus and ACC in relation to reward, these brain
regions were selected for ROl analysis. These were determined using the Allen
Coronal Mouse Brain Atlas (Xu et al., 2024, James et al., 2021, Xiao et al., 2024).

A representative image of the hand-drawn ROI ‘masks’ can be seen in Figure 7.

PCA shows the gene expression data of cell agnostic pseudo-bulk analysis from NAc
with the Control and Aldara naturally separating into 2 distinct groups (Figure 8A).
This suggests PC1 may be indicative of treatment and PC2 represents expected
biological variability among animals. The lollipop graph shows 47 genes are
significantly upregulated in Aldara samples compared to control and 14
downregulated (Figure 8B: p.adj<0.05 and absolute log; fold change >0.5 and <-
0.5, respectively). The heatmap featured in Figure 8D highlights the DEGs and
their pattern of transcriptional changes across treatment groups. Aldara samples
displaying a distinct set of both significantly upregulated and downregulated genes
compared to Control (p.adj<0.05). The top significantly upregulated genes in NAc
include primarily neuroinflammation-related genes such as B2m, Gfap, Apod,
Gbp2 and Tspo. The top significantly downregulated genes in the NAc relate to
both neurotransmission and immune functions which include Snca, Itm2a, Cartpt,
Pcp4 and Phactri1. The top ten upregulated and downregulated genes ranked by
Log; fold change can be seen in Table 6.1.
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Figure 8: Pseudo-bulk cell agnostic differential expression analysis of NAc ROl from CosMx
spatial transcriptomics platform. (A) PCA scatterplots showing gene expression data for
Control [blue] and Aldara [red]. Individual samples represented by dots. (B) Lollipop graph
showing number of significantly DEGs [p.adj <0.05, absolute log:fold >0.5]. (C) Volcano plot
of significantly DEGs with upregulated shown in red, downregulated in blue and non-significant
in grey. (D) Hierarchically clustered heatmap of DEGs in Control and Aldara samples.
Expression levels shown are row-scaled into Z-scores with yellow representing high expression
and purple representing low expression.

Table 6.1: Top 10 upregulated (left) and downregulated (right) DEGs in NAc

Gene |log2fold p p.adj Gene log2fold p p.adj
B2M 4.73 1.972888e-64 1.970915e-61 SNCA -1.16  2.408340e-08 1.336629e-06
GFAP 3.17 6.042108e-28 2.012022e-25 ITM2A -1.03  3.843433e-11 3.490536e-09
APOD 2.99 8.860275e-36 4.425707e-33 CARTPT -1.02  7.434452e-05 1.710253e-03
GBP2 2.49 4.888851e-12 4.883962e-10 PCP4 -0.76  3.288452e-06 1.216727e-04
TSPO 2.48 2.625936e-16 3.747586e-14 PHACTR1| -0.68 2.835581e-06 1.089517e-04
GRN 1.94 9.331840e-20 1.864502e-17 RGS5 -0.65 2.699454e-05 7.490985e-04
C1QA 1.88 1.788883e-26 4.467735e-24 MFGES8 -0.65 2.014378e-05 5.749610e-04
VIM 1.83 1.278697e-10 9.826294e-09 BCAN -0.62 8.168900e-06 2.814045e-04
C1QC 1.60 5.822879e-13 6.463395e-11 DGKB -0.61 6.267364e-05 1.527097e-03
PECAM1 1.51 3.183497e-10 2.271653e-08 GLUL -0.59 2.578728e-04 4.600267e-03
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Figure 9: Pseudo-bulk cell agnostic differential expression analysis of ACC RO/ from CosMx
spatial transcriptomics platform. (A) PCA scatterplots showing gene expression data for
Control [blue] and Aldara [red]. Individual samples represented by dots. (B) Lollipop graph
showing number of significantly DEGs [p.adj <0.05, absolute log:fold >0.5]. (C) Volcano plot
of significantly DEGs with upregulated shown in red, downregulated in blue and non-significant
in grey. (D) Hierarchically clustered heatmap of DEGs in Control and Aldara samples.
Expression levels shown are row-scaled into Z-scores with yellow representing high expression
and purple representing low expression.

PCA shows the gene expression data of cell agnostic pseudo-bulk analysis from
ACC with the Control and Aldara separating into 2 groups (Figure 9A). One Aldara
sample, “S1055BS3 ANT A”, is displayed as distinctly different in the PCA with
respect to PC2. This variation may be explained with the biological replicate
displaying larger effects of biological variability. This animal is represented by the
second Aldara column in the heatmap in Figure 9D. Providing this animal’s neural
transcriptional response with relatively decreased compared to other Aldara-
treated mice suggests a possible dampened biological response overall. For other
samples, PC1 represents expected biological variability between animals and PC2
may be indicative of treatment. The lollipop graph shows 44 genes being

significantly upregulated in Aldara samples compared to control and 4
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downregulated (Figure 9B: p.adj<0.05 and absolute log; fold change >0.5 and <-
0.5, respectively). The heatmap featured in Figure 9D highlights the DEGs and
their pattern of transcriptional changes with Aldara samples displaying a relatively
variable expression pattern of upregulated and downregulated genes. The top
significantly upregulated genes in ACC include primarily neuroinflammation-
related genes such as B2m, Gfap, Apod, Tspo and C1ga. The top significantly
downregulated genes in the PFC relate to neurotransmission and synaptic
plasticity and these include Itm2a, Egr1, Npy and Cacna2d1 and Atp2b4. The top
ten upregulated and downregulated genes ranked by log, fold change can be seen
in Table 6.2
Table 6.2: Top 10 upregulated (left) and downregulated (right) DEGs in ACC CosMx ROI

Gene | log2fold p p.adj Gene log2fold p p.adj

B2M 4.16 3.094699¢e-49 3.094699e-46 ITM2A -1.10 8.175381e-09 5.839558e-07
GFAP 3.60 3.893699e-32 1.946850e-29 EGR1 -1.03 1.935004e-08 1.138237e-06
APOD 3.28 2.268683e-29 7.562277e-27 NPY -0.58 2.052361e-05 5.703254e-04
TSPO 2.54 6.941640e-14 8.677050e-12 | | CACNA2D1| -0.56 2.714774e-05 7.144141e-04
C1QA 1.98 4.573908e-22 9.147817e-20 ATP2B4 -0.48  2.427581e-04 4.759964e-03
VIM 1.77 1.360607e-19 2.267678e-17 PRKCB -0.48 6.076526e-05 1.519131e-03
C1QC 1.55 4.021170e-22 9.147817e-20 HOMER1 -0.47  3.837686e-04 7.240917e-03
GRN 1.49 7.510814e-16 1.072973e-13 ARPP21 -0.46  5.883584e-04 1.014411e-02
CTSS 1.49 4.727504e-12 4.727504e-10 SST -0.45  6.035445e-04 1.022957e-02
GBP2 1.39 1.334613e-04 3.033211e-03 STMN2 -0.44  4,745873e-04 8.474774e-03

PCA shows the gene expression data of cell agnostic pseudo-bulk analysis from
thalamus with the Control and Aldara naturally separating into 2 distinct groups
(Figure 10A). This suggests PC1 may represent expected biological variability
between animals and PC2 may indicate treatment. The lollipop graph shows 29
genes being significantly upregulated in Aldara samples compared to control and
4 downregulated (Figure 10B: p.adj<0.05 and absolute log; fold >0.5 and <-0.5,
respectively). The heatmap featured in Figure 10D highlights the DEGs and their
pattern of transcriptional changes with Aldara samples which displays a broad
increase of gene expression compared to Control mice. Similar to the NAc, the top
significantly upregulated genes in thalamus include primarily neuroinflammation-
related genes such as B2m, Gfap, Apod, Gbp2 and Tspo. The top significantly
downregulated genes in the thalamus relate to synaptic signalling, myelin biology
and immune functions. This includes Adcy1, Bcan, Pllp, Shc3 and ItmZ2a. The top
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ten upregulated and downregulated genes ranked by log, fold change can be seen
in Table 6.3.
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Figure 10: Pseudo-bulk cell agnostic differential expression analysis of thalamus RO/ from
CosMx spatial transcriptomics platform. (A) PCA scatterplots showing gene expression data
for Control [blue] and Aldara [red]. Individual samples represented by dots. (B) Lollipop graph
showing number of significantly DEGs [p.adj <0.05, absolute log:fold >0.5]. (C) Volcano plot
of significantly DEGs with upregulated shown in red, downregulated in blue and non-significant
in grey. (D) Hierarchically clustered heatmap of DEGs in Control and Aldara samples.
Expression levels shown are row-scaled into Z-scores with yellow representing high expression
and purple representing low expression.

Table 6.3: Top 10 upregulated (left) and downregulated (right) DEGs in Thalamus CosMx

ROI

Gene |log2fold p p.adj
B2M 4.38 3.326743e-58 3.326743e-55
GFAP 2.93 2.404949e-24 8.016498e-22
APOD 2.59 4.857314e-22 1.214328e-19
TSPO 2.20 4.830367e-08 2.841392e-06
GBP2 212 3.401410e-06 1.546095e-04
C1QA 1.76 6.621262e-26 3.310631e-23
VIM 1.49 4.132720e-18 6.887867e-16
C1QcC 1.46 3.487744e-15 4.359680e-13
PECAM1 141 1.931629e-18 3.863258e-16
CTSS 1.40 2.745173e-09 1.864547e-07

Gene |log2fold p p.adj

ADCY1 -0.91 2.278434e-09 1.752641e-07
BCAN -0.81 1.668628e-05 5.562094e-04
PLLP -0.56 3.396683e-05 9.990246e-04
SHC3 -0.51 5.181243e-05 1.400336e-03
ITM2A -0.43 1.177109e-02 1.023573e-01
GNAL -0.38 5.509168e-05 1.449781e-03
PLTP -0.38 5.391125e-03 6.196695e-02
P2RY12 -0.37 8.109214e-06 3.525745e-04
PCDH15| -0.32 9.228860e-06 3.845359e-04
ARPP21| -0.32 2.634289%e-03 3.817810e-02
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To explore patterns of commonality and uniqueness in transcriptional change
across reward-related ROIls, a similar approach implemented as in chapter 4 of
this thesis. A threshold of significant gene expression was set to log.fold >1.0 for

upregulated and logzfold <-0.5 for downregulated.

As seen in Figure 11 and 12, Venn diagrams show upregulated and downregulated
genes from the CosMx panel which met this log.fold change threshold stated
above. Figure 11 shows the common and uniquely upregulated genes across the
ACC, NAc and thalamus. Twelve genes were commonly upregulated across all 3
reward-related ROIs. These genes encode for proteins primarily involved in
immune activation and pro-inflammatory processes (B2m, C1qga, C1qgc, Ctss, Gbp2

and Tspo), glial reactivity (Gfap, Vim and Tyrobp) and cellular adhesion (Pecam1).

The ACC uniquely upregulated Sparc which codes for a cell-matrix protein which
has been found to be involved in maintenance of BBB integrity in vitro (Alkabie et
al., 2016). The NAc uniquely upregulated 5 genes which code for proteins involved
in immune responses (Ctsb, Ccl2, Samhd1 and Pirb) and Slc13a3 which codes for
a Na*-dependent dicarboxylate transport protein. The thalamus had no uniquely
expressed genes and only expressed the 12 inflammation-related genes common
throughout all 3 ROIs.

Some transcripts were commonly shared between 2 of the 3 reward-related ROls.
Three genes commonly shared between the ACC and NAc were Cyba, Stat2 and
Srgn. The proteins encoded by these genes are involved in immune processes
including IFN signalling and secretory processes underpinning inflammation.
Common upregulation of the genes Ctss and C1gb in the ACC and thalamus is
further suggestive of complement-driven inflammatory processes and antigen
presentation. More immune processes are suggested by the NAc and thalamus
upregulating Ptprc and C3 which encode for the pan immune CD45 and another

complement signalling protein, respectively.
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Overall, the upregulated genes across all 3 ROIs primarily present an immune-
focused biology including pro-inflammatory processes including cell adhesions and
astrocyte and microglia reactivity. Immune cell presence and antigen presentation
processes are suggested at this transcriptional level. This supports the suggestion
of global neuroinflammation present in the Aldara model shown by the whole-

brain bulk RNA sequencing data presented in chapter 3 of this thesis.
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Figure 11: Commonality of top 10 pseudo-bulk upregulated genes in three ROIs (NAc, ACC
and thalamus) from CosMx. Venn diagram representing overlap in significantly upregulated
genes log: fold change>1.0 in three ROIs. Text corresponds with commonly shared genes
between ROIs. Figure created using Venny 2.0.

Downregulated genes across the 3 reward-related areas demonstrate relatively
more uniqueness compared to upregulated genes (Figure 12). No common genes
were found to be downregulated across the ACC, NAc and thalamus. The ACC
uniquely downregulated 3 genes which code for proteins involved in both
homeostatic and pathological inflammatory processes (Egr1) (Yang et al., 2024),
calcium signalling (Cacna2d1) and appetite signals and potential neuroprotective
properties (Npy) (Stanley et al., 1986). The NAc uniquely downregulated 11 genes
which code for proteins involved in synaptic vesicle trafficking (Snca) (Burre,
2015), neuronal signalling (Camk2a, Ppkar2b and Dgkb) (Kool et al., 2019, Hozumi
and Goto, 2012), reward pathway (Cartpt) (Rogge et al., 2008) and glutamine

synthesis (Glul). The thalamus uniquely downregulated three genes which code
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for proteins in dopamine signalling and dopaminergic neuronal health (Adcy1)
(Hwang et al., 2013) and myelin sheath functions (Pllp). Overall, the
downregulated genes across reward-related ROIs present a relatively more
neuronal-focused biology including signalling, neuroprotective and dopaminergic
changes. This suggests a regional specific depression of neurotransmission-related
genes which may explain changes in reward-driven behaviours exhibited in Aldara-

treated mice.

SNCA DGKB
CARTPT LRRC7
PCP4 GLUL
PHACTR1 PRKAR2B
RGS5 CAMK2A
MFGE8

PLLP

Thalamus

Figure 12: Commonality of top 10 pseudo-bulk downregulated genes in 3 ROIs (NAc, PFC
and thalamus) from CosMx. Venn diagram representing overlap in top significantly
downregulated genes log; fold change <-0.5. in three ROIs. Text corresponds with commonly
shared genes between ROIs. Figure created using Venny 2.0.

6.3 Discussion

Several neuropsychiatric conditions, including MDD, commonly present with
anhedonia as a clinical symptom (Der-Avakian and Markou, 2012). Individuals
experiencing anhedonia report a loss of pleasure in activities and decreased
engagement with the world. The neurobiology underpinning anhedonia is not fully
understood. This lack of mechanistic knowledge resulting in anhedonia leaves
minimal condition-specific targets for novel therapeutics. Animal models cannot
fully recapitulate these complex human emotions/behaviours (Barroca et al.,

2022). However, they can be investigative tools to begin detailing the molecular
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mechanisms potentially causing these neuropsychiatric symptoms. Here the Aldara
model has been used as a TLR7-driven neuroinflammatory model to study possible

pathways leading to anhedonia-like behaviours.

Previous evidence of potential reward circuitry deficits within the Aldara model
were presented by reduction of burrowing behaviour (McColl et al., 2016).
Changes to in-cage innate behaviours allow for the assessment of overall animal
wellbeing and may be indicative of inflammation-induced behavioural changes
within mice but are not quantitative (Jirkof, 2014, Aubert, 1999). To further
characterise the inflammation-induced behavioural changes specifically induced
by the Aldara model, a battery of behavioural tests were used to establish anxiety-

like behaviours, anhedonia and motor capability.

Following Aldara treatment, mice did not display any significant changes to motor
functional via rotarod testing. Open field and elevated plus maze did not reveal
presence of anxiety-like behaviour in Aldara-treated mice. However, a significant
decrease in total distance in the elevated plus maze was recorded for Aldara-
treated mice. Anhedonia-like behaviours were present in Aldara mice with a
significant decrease in sucrose preference recorded during the model’s time

course.

For the decrease in total movement in elevated plus maze, this mirrors
observations of a reduction in in-cage movements and exploratory behaviour by
Aldara-treated animals compared to Control mice (Unpublished observation,
Kirstyn Gardner-Stephen). Reduction in elevated plus maze distance travelled has
been recorded in other neuroinflammatory models which highlights potential
centrally controlled functional deficits (Wagnon et al., 2023). This may suggest an
overall reluctance to move by animals experiencing neuroinflammation and is
potentially a functional deficit caused by both the peripheral and central
inflammation exhibited within the Aldara model. This reduced movement may also

be a conservatory action exhibited by Aldara mice as a result of presence of SB.

Two behavioural tests which focus more on characterising presence and changes
in reward-driven tasks are the sucrose preference test and nest building (Primo et

al., 2023). The decrease of sucrose preference observed in Aldara treated mice
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may indicate reduced pursuit of typically rewarding stimuli. The sucrose
preference test and changes in its functional output are commonly associated with
the NAc due to the behavioural test investigating reward-related behaviours (He
et al., 2020, Primo et al., 2023). This is a well utilised and validated anhedonia
test with other mouse models, including CUMS, showing presence of this

depressive-like symptom in a decrease of sucrose preference (Markov, 2022).

Nest building is a behavioural assay routed in investigating in-cage innate
behaviours of mice. Deficits in this ability may be indicative of reduced well-being
of animals and reward circuit deficits. Aldara mice display a significant decrease
following topical cream application of the TLR7 agonist IMQ. This may be
indicative of an overall reduction in reward-seeking behaviour consequential of
the ongoing peripheral and central TLR7-driven inflammation. These reward
circuit deficits are observed in other neuroinflammatory models including

systemic LPS treatment (Teeling et al., 2007).

Mice from this neuroinflammatory model do not present with anxiety-like
symptoms as observed in other neuroinflammatory models such as systemic LPS
and CUMS models (Yin et al., 2023a, O'Connor et al., 2009, Alqurashi et al., 2022).
However, mice from the Aldara model present with a considerably more
inflammation-based sickness phenotype including reduced spontaneous
movement, sucrose preference and observed in-cage innate behaviours. This
reduced movement and lack of engagement in typically rewarding stimuli in Aldara
mice mirror human equivalent SB. These functional changes following Aldara
treatment may be a conservatory response following the onset of peripheral and
central inflammation (Dantzer, 2023). This disengagement and presence of SB may
be linked to reward deficits in Aldara-treated mice. Other inflammatory models
and human equivalents, such as peripheral injection of LPS, trigger a reduction in
effort exerted for rewarding stimuli (Draper et al., 2018, Vichaya et al., 2014).
This evidence suggests the use of the Aldara model as a TLR7 inflammation-driven

SB model with presence of potential reward-deficits.

Across all selected reward-related brain regions from the spatial transcriptomic
dataset, despite the limitations of the panel, a clear inflammation and immune-

related transcriptional environment is presented with upregulated genes. This is



6 199

consistent with the previously presented whole-brain slice CosMx cell cluster
changes in chapter 4 of this thesis and the whole-brain bulk RNA sequencing results

which both reveal an immune-focused upregulated biology at the transcript level.

Classic inflammatory markers which were upregulated across all 3 reward-related
brain regions include genes encoding proteins involved in the complement cascade
(C1ga and C1qgc) and microglia reactivity (Gbp2) and including promotion of anti-
inflammatory phenotype of the brain-resident myeloid population (Trem2) (You
et al., 2024, Xue and Du, 2021, Zhou et al., 2024). At this regional level, this
transcriptional evidence again suggests a multi-cellular mechanisms underpinning

the neuroinflammation.

Two other commonly upregulated genes within the NAc, thalamus and PFC
included Gfap and Vim which both have been linked to astrocyte reactivity in
neuroinflammatory environments (Liu et al., 2014). Reactive astrocytes and
microglia exhibit crosstalk within neuroinflammatory environments and both
promote proinflammatory mechanisms (Liddelow et al., 2017). Therefore, this is
a potential mechanism demonstrated in the Aldara model via upregulation of C1qa
and C1gc in the selected CosMx reward brain regions (Liu et al., 2024). This
upregulation of several pro-inflammatory mechanisms can directly target and
alter neuronal function resulting in changes to neurotransmission, as shown in AD
mouse models (Gomes et al., 2024, Edison, 2024). The regionally indiscriminative
increase of inflammation within the reward-related brain regions further
demonstrates the global pro-inflammatory nature of the Aldara. Additionally,

transcriptional evidence for glial modulation of this neuroinflammation is present.

The presence of neuroinflammation has been established as a factor of
behavioural changes in a number of both pre-clinical and clinical contexts
including rodent models of chronic social stress and patients with MDD (Vichaya
and Dantzer, 2018, Rengasamy et al., 2023, Zhang et al., 2024). Increased
inflammation in brain regions controlling reward behaviours can result in disturbed
neural circuitry and changes to the functional outputs (Greene et al., 2019).
Inflammation present in the NAc has been found to underpin depressive-like
behaviours in mice which further demonstrates the importance of changes to

these brain regions within the Aldara model (Decarie-Spain et al., 2018). Work
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with the neuroinflammatory CUMS models demonstrate the role of the thalamus,
specifically the paraventricular nucleus, in the presence of depressive-like
symptoms in mice (He et al., 2024). Optogenetic stimulation of the ACC highlights
the modulatory role of depressive-like behaviour in rodents (Bissiere et al., 2006).
Collectively, the 3 selected reward-related brain regions for the experiments in
this chapter have established links to neuroinflammatory-induced depressive-like

behavioural changes.

Another upregulated gene across the 3 reward-related brain regions which has
connections to both glial reactivity and functional outputs is Ctss. The gene that
codes for cathepsin S, is upregulated in the thalamus and ACC. Cathepsin S has
previously established links with neuroinflammation and subsequent cognitive
decline in mouse models of AD (Liu et al., 2025). Neuronal upregulation of Ctss
has been found to induce microglial activation via the CX3CR1 axis which leads to
promotion of neuroinflammation. This neuronal and microglial reactivity status is
plausible within the Aldara model. Previous studies present TLR7-mediated
microglia activation being demonstrated through increased Iba1+ staining and
increased production of pro-inflammatory cytokines from the innate CNS immune
population (McColl et al., 2016, Sharma et al., 2024). Therefore, highlighting a
microglial reactivity component to the transcriptional evidence of
neuroinflammation present in the thalamus and ACC regions. This evidence
presents a possible molecular and cellular mechanism driving behavioural changes

controlled by these brain regions.

Myeloid-mediated inflammation is suggested to be present throughout the brain
both from previous bulk RNA sequencing and regional transcriptional changes. The
NAc upregulated key immune genes including markers (Ptprc) and microglia-
specific regulators of ferroptosis indicating a cellular population exhibiting high
activity (Lu et al., 2024, Butovsky and Weiner, 2018). The upregulation of Ccl2,
encodes for monocyte chemoattractant protein-1 an essential chemokine,
suggests an increase in peripheral leukocyte trafficking to the NAc. This supports
previous findings of peripheral leukocyte trafficking to brain parenchyma
following Aldara treatment (Sharma et al., 2024, McColl et al., 2016).
Additionally, chapter 5 of this thesis proved a subset of these peripheral immune

cells, T cells, are actively producing pro-inflammatory cytokines in the brain of
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Aldara-treated mice. This evidence further highlights the likelihood of the TLR7-

driven neuroinflammation following Aldara treatment is a multi-cellular process.

The ACC presents 3 uniquely downregulated genes compared to the NAc and
thalamus. Npy encoding for neuropeptide Y is involved in the modulation of
feeding behaviours via dopamine transmission (Jin et al., 2023). Aldara-treated
mice experience temporary weight loss in the duration of the model and
observational data records a decreased consumption in baby food provided to
animals (McColl et al., 2016). Decreased NPY levels have been reported in other
rodent models in which it precedes periods of weight loss in animals (Eitmann et
al., 2024). This ACC-specific decrease in NPY may indicate a depression of the
dopamine-driven feeding behaviours typically exhibited by healthy mice and serve
as a possible explanation for the weight fluctuations and disinterest to food by

Aldara animals.

NPY has additionally gained increasing interest as an inflammatory modulatory
target within the enteric nervous system (Chandrasekharan et al., 2013). Via
receptors located on immune cells, increased NYP levels have been found to lower
inflammation through decreasing cytokine production. Downregulation of Npy
within the Aldara model may show a dampening of one anti-inflammatory
mechanism which allows for the continuation of the TLR7-trigger

neuroinflammation.

Another downregulated gene found within the NAc with links to neuropeptides and
feeding behaviour was Cartpt (Rogge et al., 2008). The neuropeptide encoded by
Cartpt has displayed regional effects with influence on feeding behaviours: in
fasted rats presenting decreased levels in the NAc (Yang et al., 2005). The similar
decrease in Cartpt within the NAc following Aldara treatment may be highlighting
a mechanism, similar to that of Npy, which explains the weight changes observed
in the neuroinflammatory model. Additionally, changes to Cartpt may be
indicative of the inappetence documented about Aldara-treated mice
(Unpublished observation, Kirstyn Gardner-Stephen). Cartpt encodes for CART
which is a neuropeptide that has been found elevated in patients who respond
positively to traditional antidepressants (Funayama et al., 2023, Mao, 2011). This

neuropeptide has been found to mediate the reward behaviours underpinning drug
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addiction via CAMKIlI and G-protein coupled signalling (Yu et al., 2017).
Considering Cartpt was first described as being upregulated in response to
individuals exhibiting signs of drug abuse, this highlights the neuropeptides’ role
in reinforcing the reward pathway. Cartpt’s links to feeding and reward may
represent a depression of reward-driven behaviours towards food consumption.
This potential loss of feeding behaviours is observed in Aldara-treated mice and
includes decreased consumption of the provided baby food and subsequent weight

loss in the model’s duration.

Genes that are upregulated and mainly involved in tissue damaging processes
during neuroinflammation are Rgs5 and Mfge8. These genes were both uniquely
downregulated in the NAc. Regulator of G-protein signalling 5, encoded by Rgs5,
has been found to increase in expression, particularly in astrocytes, and heighten
inflammation (Yin et al., 2023b). By inducing neuronal death specifically in rat
striatum, upregulation of Mfge8 following peripheral LPS injection was found to
promote phagocytosis of healthy neurons (Fricker et al., 2012). Both pro-
inflammatory genes being downregulated in Aldara-treated mice may suggest a

compensatory mechanism to combat the ongoing inflammation.

Within the NAc, various genes were uniquely downregulated compared to the ACC
and thalamus. These code for proteins involved in neural transmission such as
presynaptic vesicle trafficking and enzymatic synthesis of neurotransmitter
components. One of these genes is Glul which codes for the enzyme glutamine
synthetase. This enzyme is responsible for catalysing the reaction between
glutamate and ammonia to produce glutamine. A common consequence of
neuroinflammation is excitotoxicity, via excess glutamate, which can be damaging
to the neural cells and further exacerbate the pro-inflammatory tissue conditions.
This glutamate disturbance via increased neuroinflammation is a common finding
in various mood disordered including MDD (Haroon et al., 2017, Dantzer and
Walker, 2014). Changes to this gene encoding for this rate-limiting enzyme may
be evidence of the brain attempting to combat glutamate excitotoxity as a result

of the TLR7-driven neuroinflammation.

Alpha synuclein, encoded by Snca, is another gene found to be uniquely

downregulated within the NAc. The proteins accumulation has pathogenic links to



6 203

several synucleinopathies including PD and Lewy body dementia (Calabresi et al.,
2023). A silencing of Snca in striatal dopaminergic neurons in mice results in T cell
accumulation and increase in inflammation which suggests a mediatory and
potential protective role of the synuclein (Benskey et al., 2018). Decrease of Snca
in the NAc of Aldara-treated mice may indicate a loss of this protective mechanism
for dopaminergic neurons. Consequential results may be a decrease in dopamine
levels which could explain the lack of typical reward behaviours observed in
treated mice. Overall downregulation of these genes may highlight deficits in the
neuronal pathways underpinning these anhedonia-like behavioural changes
exhibited in the Aldara model.

The thalamus uniquely downregulated genes involved in neurotransmission and
myelin production. Adcy? was one gene found to be downregulated in the
thalamus and codes for the protein adenylate cyclase 1. This enzyme is involved
in the catalysation conversion of ATP to cyclic AMP (cAMP) which are crucial
second messengers in several signalling pathways. These signalling molecules are
involved in the downstream dopamine receptor D4 (DRD4) which is one of
dopamine’s receptors that has demonstrated strong links to reward behaviours,
particular risk-taking in individuals (Muda et al., 2018). However, these are very
common signalling molecules and may be involved in a variety of different
receptor pathways. Additionally, DRD4 are expressed in the thalamus but at low

levels compared to other brain regions namely the ACC.

Collectively, the upregulated genes across these reward-related brain regions
suggest a primarily pro-inflammatory tissue environment with contribution of both
brain-resident and infiltrating immune populations. Some anti-inflammatory
compensatory mechanisms are hinted but overwhelmed by the pro-inflammatory
processes at play in these areas. Downregulated genes primarily related to
neurotransmitter and receptor activation with some anti-inflammatory
mechanisms presented. Several genes were downregulated that exhibit links to
reward-seeking networks, suggested a possible depression of this circuitry within
the CNS following TLR7 activation in the Aldara model.

The NAc displayed the greatest transcriptional change, with respect to the limited

1000-plex CosMx panel, compared to the PFC and thalamus. This may suggest this
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brain region was most affected by the TLR7-driven neuroinflammation which could
explain the anhedonia-like behaviours shown by treated animals. Other animals
experiencing raised levels of inflammation which display these depressive-like
behaviours, have also found molecular changes in the NAc (Sharma and Fulton,
2013, Floris et al., 2024). The NAc is appreciated as a central brain region involved
in the pathogenesis of depressive-like behaviours (Jiang et al., 2023). Other
neuroinflammatory rodent models displaying both NAc changes and depressive-
like behaviours include CUMS and social defeat (Song et al., 2024, Qian et al.,
2020). The transcriptional changes in the NAc following Aldara treatment
combined with manifestation of anhedonia-like behaviours highlights the
importance of this brain region in the TLR7-driven neuroinflammatory

environment.

A current limitation that stands in the behavioural assessment of depressive-like
symptoms in pre-clinical models is the fundamental ability of animals to express
these complex human emotions (von Mucke-Heim et al., 2023). Assessing changes
to an animal’s innate behaviour provides a broad picture of their well-being.
However, attributing these changes to clinical symptoms or conditions may be
over-interpretation of the changes. For the interpretation of the anhedonia-like
phenotype in Aldara-treated mice to be strengthened, increasing the number of

animals would be beneficial.

The battery of tests utilised in the behavioural characterisation of the Aldara
model primarily focused on anxiety-like and anhedonia behaviours. For true
presence of anhedonia and reward deficits to be established in rodent models,
integration of aversion-based behavioural assays such as the tail-suspension and
forced swimming tests aid identification of ‘despair’ in rodents which is
considered another facet of MDD (Scheggi et al., 2018, Mavrogiorgou et al., 2025).
Incorporation of other non-food rewarding tasks for rodents, such as foraging, is
another measure of these changes which may be indicative of anhedonia-like
feelings in rodents (Xeni et al., 2024). Expansion of the behavioural assessment of
Aldara-treated mouse will aid a fuller understanding of this anhedonia phenotype.
This presents the Aldara model as a neuroinflammation-induced behavioural

change model and a potential anhedonia research tool.
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For true understanding of functional outputs and inflammation-driven changes to
them, recording of neuronal circuits is mandatory via electrophysiology. This
would allow specific circuit detailing of changes within the Aldara model and
explain changes in the connectivity following the induction of the

neuroinflammation.

Although time and careful consideration was given, the selected anatomical brain
regions for CosMx pseudo-bulk analysis were hand-drawn. All drawing were
completed by the same researcher and minimise variability, however, some
inaccuracies may exist in the selected areas being true to the neural anatomy. A
brain atlas and anatomical landmarks of the tissue sections were used to guide
the region masks. However, to improve this technique, an atlas could be overlaid

directly on the image for more accurate drawings.

Once more, limitations are met with the restricted 1000-plex CosMx panel. This
confines the transcriptional understanding of the biology in this model to what is
included as RNA probes in the fixed panel. To fully understand regional differences
at the whole transcriptome level, platforms such as GeoMx (another spatial
transcriptomic platform by Nanostring) or brain regional dissection followed by
bulk RNA sequencing would suffice (Zollinger et al., 2020). As with any transcript-
based technique, the full comprehension of true biological change is only
guaranteed with proteomic changes. To validate transcriptomic findings
presented in this and previous chapters, protein-based assays, such as IHC and

ELISA, would be vital to confirm translated changes between treatment groups.

Ultimately, the Aldara model serves as a useful tool in phenotypic exploration of
more subtle inflammation-induced behavioural changes including ones linked to
reward and depression. Presence of anhedonia-like behaviours were present in
Aldara-treated mice. Through transcriptional analysis of fundamental brain areas
controlling these behaviours, presence of an active inflammatory environment
may explain the changes exhibited in this murine model. Furthermore, a potential
protective anti-inflammatory mechanism was discovered in these brain regions
presenting an attempt of the tissue to halt and repair the current damage induced

by the TLR7-activated neuroinflammation.
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7 Discussion

The aims of this thesis were to further characterise the Aldara neuroinflammatory
mouse model with particular focus on the TLR7-driven global and spatial
transcriptomic changes. This included identifying and describing cellular drivers
of this model, namely microglia and CD4* and CD8* T cell subtypes. Additionally,
functional changes were investigated via a battery of behavioural tests and
exploring transcriptional changes in regions linked to the control of the anhedonia-

like behaviours seen in Aldara-treated mice.
7.1 Summary of findings

This thesis presented the Aldara model as a transcriptionally-validated mouse
model of global TLR7-driven neuroinflammation. Bulk RNA sequencing and spatial
transcriptomics revealed a global presence of neuroinflammation. Both
endogenous microglia and exogenous CD4* and CD8* T cells were found to be
actively contributing to increased cerebral cytokines levels. Subsets of T cells
identified were primarily Th1/Th17 and Tc1/Tc17 rather than their Th2/Tc2
counterparts. This suggests a skew to pro-inflammatory T cell-mediated processes
compared to anti-inflammatory subsets (Annunziato et al., 2015). Previous
experiments using the Aldara model focused only on identification of these cell
types via flow cytometry and CD3* staining (McColl et al., 2016, Nerurkar et al.,
2017b). The daily TLR7 stimulus triggered an anhedonia-like phenotype within
treated animals with deficits in nesting and sucrose preference. Additionally, pro-
inflammatory changes were identified in brain regions controlling the neural

circuits mediating these reward-linked behaviours.

Bulk RNA sequencing allowed for an unbiased approach to analyse the
transcriptional response of the whole brain to TLR7 stimulus. This whole
transcriptome-investigation of the brain’s response was novel in its understanding
of the TLR7-driven inflammation. Previous studies explored limited and pre-
selected transcriptomic changes via gPCR and microarray analysis (Nerurkar et al.,
2017b, McColl et al., 2016). This showed a global pro-inflammatory transcriptional
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response including enrichment of classic immune-related biological pathways and

downregulation of oxygen and iron-related metabolism components.

Previous experiments using the Aldara model identified raised intracerebral
cytokines, however, did not identify the cellular source (McColl et al., 2016). Flow
cytometry experiments from this current work confirmed presence of reactive,
cytokine-producing microglia following Aldara treatment. Via spatial
transcriptomics, 5 transcriptionally distinct subclusters of brain-resident immune
cells were identified. Using transcriptional signatures, 4 subclusters were
indicative of varying microglia reactive phenotypes and 1 subcluster suggestive of
infiltrating T cells. From the proposed 4 microglia subclusters, 3 presented a pro-
inflammatory and one a possible anti-inflammatory compensatory phenotype of
microglia. This transcriptional snapshot of neuroinflammation at day three of the
Aldara model highlights the dynamic nature of microglia. The range of
transcriptional subclusters identified for microglia further supports these cells
exhibiting a spectrum of reactive states rather than the binary M1/M2 dichotomy
(Nahrendorf and Swirski, 2016, Ma et al., 2023).

Presence of CD4* and CD8* T cells within the Aldara model is a well-established
finding (McColl et al., 2016). However, specific helper/cytotoxic subtypes and the
extent to which these infiltrating immune cells contributed to the TLR7-driven
neuroinflammation was unknown. T cells were shown to be an actively
contributing cell to the neuroinflammation in the Aldara model both previously
and within the current experiments (Sharma et al., 2024). The lymphocytes were
cytokine-producing and relatively more pro-inflammatory in nature with a skew
to their Th1/Tc1 and Th17/Tc17 subtypes compared to Th2/Tc2. ldentification of
cytokine-producing microglia and T cells highlights the multi-cellular mechanism
involved in neuroinflammation. This heterogeneous cellular response observed in
the Aldara model is representative of the biology controlling human

neuropsychiatric conditions (Dunn et al., 2020).

To build on the previous characterisation of behavioural changes displayed within
the Aldara model including reduced burrowing (McColl et al., 2016), a battery of
anxiety-like behavioural assays were performed including elevated plus maze,

open field, sucrose preference and nest building. This behavioural analysis showed
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that Aldara-treated mice appeared to lack anxiety-like behaviours assessed by
these parameters. However, treated mice presented with anhedonia-like
behaviour with loss of interest in innately rewarding tasks, including decreased
sucrose preference and nest building. Additionally, brain regions involved in
reward-seeking behaviours displayed an upregulation of pro-inflammatory-related
genes, a downregulation of several neurotransmission-related genes, coupled with
dampening of potential anti-inflammatory processes. Combining the functional
deficits with transcriptional changes in reward-linked brain regions reveals
potential inflammation-driven behavioural changes in Aldara mice. Upregulation
of pro-inflammatory mechanism, such as increased neural cytokine levels and
infiltrating of exogenous immune populations, may result in dampening of
neurotransmission underpinning reward behaviours. These results support the

Aldara model as a neuroinflammation-driven model of anhedonia-like phenotypes.

Overall, the findings of this thesis further characterise the Aldara model as a
potential pre-clinical model of anhedonia with TLR7-driven global
neuroinflammation composed of active microglial and T cell contribution. In a
field of relatively severe, acute and invasive pre-clinical models, the Aldara model
serves as a non-invasive and replicable global neuroinflammatory model in
addition to being a technically easy animal model to carry out. The Aldara model
may be used to begin to understand the molecular mechanisms mediating

inflammation-induced behavioural changes such as anhedonia.

7.2 Aldara as a non-invasive neuroinflammation model

The Aldara model and interpretation of its experimental findings remains
complicated by the multiple triggers of neuroinflammation. These include the
peripheral psoriasis dermal inflammation, possible vagal stimulation and relatively
more direct induction of neuroinflammation via TLR7 agonist IMQ entering the
brain parenchyma (Nerurkar et al., 2017a). Additionally, TLR7 is expressed in a
wide range of organs in the mouse which presents multiple binding targets for the
agonist IMQ (Smith et al., 2018). Differentiation of the peripheral and central
neuroinflammatory stimuli fell outwith the scope of this thesis. However, results

from this thesis further support presence of global neuroinflammation following
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topical application of Aldara cream and reinforces use of the model as a non-

invasive neuroinflammatory model.

Other models adopting an invasive approach to induce neuroinflammation include
intracerebral injections of pro-inflammatory agents such as LPS and cerebral
artery occlusions to mimic ischaemic stroke (Vasconcellos et al., 2021, Campbell
et al., 2012, Ma et al., 2020, Qin et al., 2007). These methods of triggering
neuroinflammation have several drawbacks. This includes introducing local tissue
injury to the animals at the injection site which may trigger an innate immune
response. The severity of the LPS is another limitation of the endotoxin-driven
biology. These extremely damaging effects for the animals include gait changes,
lung inflammation and general SB (Tsikis et al., 2022, Carregosa et al., 2024, Bassi
et al., 2012).

Additionally, other neuroinflammatory models such as systemically delivered LPS
are an acute mimic. The Aldara model can be used to explore impacts of a
relatively more chronic timepoint of neuroinflammation. Previously work has
explored this model at a 5-day timepoint which still displays raised neural cytokine
levels and infiltration of peripheral blood leukocytes (McColl et al., 2016). Other
studies have documented a 7-day timepoint which mice have survived (Sakai et
al., 2016). No exploration of neuroinflammation at these timepoints has been
conducted. In terms of invasiveness, severity and possibility to extend chronicity
to mirror the patient condition, the Aldara model is a preferable mouse model in
its topical cream application and minimal discomfort to the animals other than

the inflammation.

The Aldara model exhibits similar mechanisms to other neuroinflammation
models, such as LPS and CUMS, including raised intracerebral cytokines, glial
activation, inflammation-induced behavioural changes and peripheral immune cell
trafficking to the brain parenchyma (McColl et al., 2016, Nerurkar et al., 2017a,
Sharma et al., 2024, Jung et al., 2023, Johnson et al., 2019, Wohleb et al., 2014).
This highlights the Aldara model as an easy to execute animal model for laboratory

groups to study effects of global neuroinflammation.
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7.3 Cellular interactions driving TLR7-induced

neuroinflammation

The experiments within this thesis identified 2 cellular drivers of
neuroinflammation: brain-resident microglia and infiltrating T cells. Both cell
populations carry out important functions alone but also their interaction is a well-
researched area in the neuroimmunology field (Schetters et al., 2017).
Interactions between T cells and microglia are mediated through both cell
populations producing and responding to chemokines and cytokines. The identified
reactive microglial populations identified in this thesis may be acting as APCs
towards the infiltrating CD4*/CD8* T cells. This antigen-presenting interaction
between microglia and T cells have been shown to further promote infiltration of
CD8* T cells into brain parenchyma (Goddery et al., 2021). Both CD4* and CD8* T
cells have been documented to promote microglial reactivity which furthers the
pro-inflammatory cytokine production from the innate brain immune population
(Kedia et al., 2024, Benakis et al., 2022). This reciprocal activation between the
brain-resident microglia and suspected infiltrating CD4* and CD8* T cells highlights
a key cellular mechanism documented within neuroinflammatory environments
(Schetters et al., 2017).

In the context of EAE, a model with a well-characterised neuroinflammatory
component, microglia have been established as key recruiters of T cells into the
brain parenchyma and subsequent activation (Jie et al., 2021). Subsets of Th cells
have also been identified in EAE, namely Th1 and Th17 cells, which displayed links
to microglia activation resulting in release of classical pro-inflammatory cytokines
including IL-6 and TNFa (Murphy et al., 2010).

Investigating interaction between T cells and microglia was not a specific aim of
this thesis. However, to investigate the cellular populations influence on one
another, the Aldara model was run within the RAG2KO mouse line that lack mature
B and T cells. Aldara treated RAG2KO mice still exhibited microglial reactivity via
increased Iba1*. This demonstrates that even though infiltrating T cells are
actively producing cytokines in the Aldara model, their presence is not vital for

an increase in microglial reactivity. One limitation of RAG2KO to study T cell
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contribution is this mouse line also lacks mature B cells. B lymphocytes have been
shown to significantly increase following Aldara treatment (Sharma et al., 2024).
However, as the focus on this thesis was to characterise the pro-inflammatory
environment, T cells were selected as the primary mature lymphocyte producer.
More focused and separate B and T cell depletion studies would allow for a more
accurate account of the individual lymphocyte’s contribution to the
neuroinflammatory environment in the Aldara model. Work for this lymphocyte
characterisation has started with antibody depletion CD4* and CD8* T cells within
the Aldara model. Removal of both T cell subsets did not rescue the Aldara
behavioural phenotype with mice still experiencing similar weight loss and sucrose

preference test deficits compared to wild-type mice (Sharma et al., 2024).

The removal of mature lymphocytes was the only cellular KO mechanism
investigated in this thesis. To reciprocate this approach for microglia is a relatively
more difficult task. This is due to microglia being a relatively more complex cell
type to remove from in vivo models due to their shared markers with other
myeloid populations. An indirect approach to evaluate microglia contribution
would be using Csf1rsre/smire (FIRE) mouse which lack microglia from embryonic to
adult life (Rojo et al., 2019, Kiani Shabestari et al., 2022).

These FIRE mice retain BAMs including meningeal and perivascular macrophages
(Rojo et al., 2019). Performing the Aldara model upon these microglia-deficient
mice would provide an estimate of the microglia-only response within the TLR7-
driven neuroinflammatory model. Utilising KO mice to investigate T cells and
microglia’s contribution to the Aldara model would answer their sole cellular
responsibilities and begin to answer presence of interaction. Furthermore,
removing both innate and peripheral immune cells simultaneously from an
organism would allow for non-immune cellular drivers within the Aldara model to
potentially be discovered. Both astrocytes and neurons have been shown to
respond to and produce pro-inflammatory cytokines in both animal models and

neuropsychiatric conditions (Zhao et al., 2024).

Another estimate of cellular interaction would be ligand-receptor analysis of
spatial transcriptomic data. This transcript-based interaction studies proximity of

one cell type expressing a ‘ligand’ and another expressing a receptor near each
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other (Li et al., 2023). This interaction approximation is also possible with bulk
RNA sequencing data but in situ information is lost with this technique (Villemin
et al., 2023). However, the poor cellular segmentation of neural tissue with spatial
transcriptomic software limits the reliability of this analysis. Considering cell
boundaries of brain-resident cells are inaccurately defined with CosMx,
assignment of ligands and receptors would therefore also be unreliable. If in situ
information was sacrificed, scRNAseq would be a potential alternative to study
cell ligand-receptor interactions. This will be discussed in the limitations section

of this chapter.

7.4 Balance between pro-inflammatory and anti-

inflammatory mechanisms

Although cross-talk between peripheral and central immune systems is now a well-
established concept that challenges the dated ‘immune privileged’ label of the
CNS, the brain remains as a tightly regulated tissue environment via the BBB. The
brain has a specific pathophysiological response with the possibility of
catastrophic consequences when this finely tuned environment is overwhelmed.
The immune-related neurobiology underpinning neuropsychiatric conditions
includes a disrupted balance of pro- and anti-inflammatory mechanisms. Utilising
anti-inflammatory drugs in treatment of neuropsychiatric conditions is a growing
pharmacological avenue in the field (Ballaz and Bourin, 2023). Evidence of
endogenous anti-inflammatory and protective mechanisms within the Aldara
model detailed earlier in this thesis highlight the homeostatic mechanisms at play
in TLR7-driven neuroinflammation. In studying a model that has active anti-
inflammatory properties, this could widen understanding of successful
neuroprotective mechanisms and provide novel signalling pathways that may be
investigated for pharmaceutical targets in treatment of inflammation-driven

neuropsychiatric conditions such as MDD and anxiety.
7.5 Inflammation-induced anhedonia-like phenotype

As discussed throughout this thesis, anhedonia is a common symptom experienced

by people living with neuropsychiatric conditions. Work in this thesis revealed no
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anxiety-like phenotype in Aldara mice. However, discovering that our model
primarily exhibits anhedonia-like symptoms creates a vital tool which can be used
to characterise inflammation-induced behavioural changes including those which

may be translated understand anhedonia-like phenotypes.

Models to characterise anhedonia and the biological mechanisms underpinning this
behavioural change are vital to our understanding of syndromal depression
(Barthel et al., 2020). No focused pharmacological treatments exist for anhedonia
and the symptom is indirectly managed through antidepressants and psychological
therapies (Serretti, 2023). The core neuropsychiatric symptom has been found to
respond poorly or not at all to traditional antidepressant therapeutics (Cao et al.,
2019). Pharmacological intervention for anhedonia has mainly focused on
modulation of monoamines (Serretti, 2025). The Aldara model could be used to
investigate inflammation-related changes resulting in anhedonia-like behaviours
as the model shows pro-inflammatory processes in brain regions involved in reward
circuitry and anhedonia-like behaviours. This model could form the basis of tests
of novel inflammation-focused therapeutic targets for anhedonia treatment which

is a growing pharmacological research field (Lee et al., 2018).

The battery of behavioural tests in the current experiments included assessments
of anhedonia-like behaviour and anxiety-like behaviours. There was evidence of
an anhedonia-like phenotype with mice displaying a reduction in preference to
typically rewarding sucrose stimuli and not displaying natural innate nesting
behaviours. Future experiments to monitor in-cage social interaction, such as
interaction with a novel item or stranger, would be a useful way to evaluate
potential reward deficits in treated animals (Kim et al., 2019). Implementing
motivation-based foraging tasks would provide details if the anhedonia phenotype
has a motivational deficit attached to it (Xeni et al., 2024). Further
characterisation of the behavioural phenotype in the Aldara model would be useful
in strengthening its use as a preclinical model of inflammation-induced anhedonia.
Non-invasive in-cage monitoring systems via video recording could provide an
assessment of the mice’s natural behaviours and inflammation-induced changes
to these. In-cage video monitoring systems such as MouseVUER allow for tracking
of mouse behaviours with minimal disruption to their in-cage life (Salem et al.,

2024). This better understanding of TLR7-induced anhedonia would determine if
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the Aldara model would be suitable for therapeutic assessment of the

neuropsychiatric symptom.

7.6 Cellular characterisation of TLR7-driven

neuroinflammation

The CosMx spatial transcriptomic platform provided spatial information lacking in
whole brain bulk RNA sequencing results. Additionally, it was possible to assign
changes to single cell-types and adapt a pseudo-bulk cell agnostic approach to
brain regions involved in reward processing. This pseudo-bulk approach involved
taking all cell types into account for regional analysis (e.g. one brain region data
output includes all identified cell types in the CosMx dataset). After quality
control, the spatial transcriptomic dataset captured and analysed an estimated
750,000 cells. Considering a whole-brain MERFISH dataset identified 4.3 million
cells (Yao et al., 2023), our QC-passed 750,000 cells seems reasonable for 16 6um
coronal hemisphere tissue sections. From spatial plots of our CosMx data, some
blank spaces exist. This may highlight again the limitation of poor cellular
segmentation of neural cells by CosMx with these complex morphologies not
adhering to aspects of the quality control protocols and inaccurately being

discounted.

As this thesis is focused on detailing the immune cell drivers of this model, only
immune cells were explored in depth using this platform. Microglia were explored
specifically as previous work with the Aldara model showed a reactive and
cytokine-producing population of this resident immune cell (McColl et al., 2016,
Sharma et al., 2024). The 4 possible immune subclusters identified via CosMx
agrees with the range of phenotypes and functionality of the brain-resident
immune populations observed both at rest and in other neuroinflammatory
environments (Vidal-ltriago et al., 2022, Xu et al., 2022). These 4 microglial
subclusters were primarily pro-inflammatory in their transcriptional signature.
However, some transcriptional evidence did suggest a neuroprotective status of
some of the CosMx-identified microglia. These microglial findings support within
the confines of the 1000-plex CosMx panel, the known heterogeneity displayed by
this brain-resident cell population (Healy et al., 2022). Expanding the RNA panel
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for CosMx would provide more confidence in the identification of microglia from
other myeloid populations. Inclusion of a morphology stain such as Iba1 would
strengthen microglia separation. However, the success of morphology markers in
the CosMx platform remains limited by the poor cellular segmentation of the

platform.

Other CNS-resident cells were identified in this dataset including neuronal
subtypes, oligodendrocytes, astrocytes and NVU cells of the BBB. For a
comprehensive cellular characterisation of this model, future work aims to analyse
all transcriptionally identified CosMx cell types as with the immune cells in this
thesis. Investigating neuronal subtypes and their responses in TLR7-driven
neuroinflammation would be important given the changes to neuronal networks
documented in the Aldara model (Sharma et al., 2024). CosMx may also reveal
changes to neurotransmitter-related genes that could explain neural pathway

perturbations following Aldara treatment.

Only 3 regions of interest were explored in this thesis due to their links to reward
behaviour. Future analysis of this spatial transcriptomic dataset could also explore
other brain areas to further understand different behavioural changes. Other
areas which may be of interest for reward behaviours could include the amygdala
and hippocampus (Hu et al., 2021, Duarte et al., 2024). The 2 tissue planes were
selected for CosMx analysis as they contained the largest collection of brain
regions linked to inflammation-induced behavioural changes. To fully understand
the reward processing in Aldara mice and changes to this, it would be beneficial

for future experiments to include the VTA in tissue collection.

BBB changes have been observed within the Aldara model demonstrated by
permeability of the brain to systemically injected Evan’s blue dye and changes to
BBB-associated tight junction proteins (Maria Suessmilch, unpublished). These
results suggest inflammation-induced BBB changes and possible remodelling of the
interface. Interrogating the endothelial and NVU cell clusters in the CosMx dataset
may expand our understanding of BBB permeability. It is hypothesised that
endothelial cells may exhibit upregulation of pro-inflammatory genes from the
CosMx panel in response to the TLR7-triggered neuroinflammation. This pro-

inflammatory state of NVU cells may highlight a mechanism resulting in the
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dynamic remodelling suspected within the Aldara model. Characterising single cell
type changes in response to TLR7-driven neuroinflammation via the CosMx
platform provides insight to the cellular mechanisms governing the inflammation
and its consequences. Detailing transcriptional changes to the BBB-associated
cells may indicate an entry mechanism for the previously established infiltration
of peripheral immune cells into the brain following TLR7-driven inflammation
(Sharma et al., 2024).

Due to time constraints, the subcellular characterisation of transcriptomic
changes using the CosMx platform following TLR7-induced neuroinflammation was
not possible. Transcripts can be localised to allow for subcellular granularity of
expression. This could be a useful tool to identify areas of high transcription within
cells following a stimulus. Identifying subcellular regions of high transcriptional
turnover of pro-inflammatory molecules may present an inhibitory target for novel
drugs (Wang et al., 2023b). However, as previously discussed earlier in this thesis,
there is the limitation of poor cellular segmentation for neural cells with the
CosMx platform. This questions the reliability of this subcellular analysis approach
as cellular processes are not included in the estimated membrane boundaries.
Additionally, CosMx tissue sections are only 6um thick so will not capture neural
cells which have processes that project across several hundred micrometres (Han
et al., 2013, Nimmerjahn et al., 2005).

Improvements of CosMx cellular segmentation for neural cells is vital before
reliable interpretations are possible at subcellular analysis. The CosMx mouse
neuroscience 1000-plex panel contains 4 morphology markers which are fixed.
These contain protein markers for nuclei, rRNA, histones and GFAP. Although not
currently available, incorporating cell membrane markers for main neural cell

types may increase accuracy to membrane boundaries within the CosMx system.

For a broader transcriptomic single-cell analysis of CNS-resident cells in the Aldara
model, single-nuclei RNA sequencing would be an attractive next step in the
characterisation of the transcriptomic profile of the model. This combination of
transcriptomic techniques has shown success in other neuroinflammation models
including LPS-induced encephalopathy to create more detailed transcriptomic

profiles of brain-resident cells (Zhu et al., 2024). Further targets of interest may
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be validated via proteomic analysis including the implementation of spatial

proteomic software.

Nanostring’s alternative whole transcriptome spatial platform GeoMx may also
prove useful in addressing neural questions (Zollinger et al., 2020). GeoMx has a
more detailed transcriptional readout compared to the limited 1000-plex panel of
CosMx. However, these results can only be assigned to a pre-defined region of
interest and not one single cell type. For questions regarding cell-specific changes,

CosMx is superior to GeoMx.

7.7 Limitations

The main limitation of the Aldara model is the multiple possible triggers of
neuroinflammation. Although important questions exist surrounding which method
of induction for neuroinflammation is at play in the Aldara model, the model
results in a well-established pro-inflammatory neural environment and
behavioural changes (McColl et al., 2016, Nerurkar et al., 2017b, Sharma et al.,
2024). To study consequences of a particular central or peripheral mode of
neuroinflammation induction, other models would be more useful than Aldara.
However, the Aldara model is sufficient and useful for answering questions
surrounding the consequences of neuroinflammation and impact on neural
networks, particularly with TLR7 and IFNy driven inflammation. This IFN-driven
mechanism may be useful to further understand anti-viral responses within brain
parenchyma and the type Il IFN’s involvement in neuropsychiatric conditions
including MDD (Monteiro et al., 2017).

As previously discussed, separating microglial and myeloid populations from each
other is a difficult technical task for the neuroimmunology field. The 2 broad cell
populations share many common surface markers. This commonality makes
distinction between the 2 and their contribution to a pro-inflammatory
environment challenging to delineate (Greter et al., 2015, Honarpisheh et al.,
2020). This becomes even more challenging when microglia are known to shift
surface markers, such as CD45, from an intermediate to macrophage-like high

expression. This possibility shift in CD45 phenotype was justification for, via flow
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cytometry, only characterising the CD45™t populations which would mainly contain

microglia rather than other myeloid populations such as BAMs or monocytes.

Findings from the current experiments detail a range of reactivity statuses of CNS-
resident immune populations via a range of scientific techniques including flow
cytometry and spatial transcriptomics. Both techniques lack true morphological
detail of these myeloid cells which is the best distinguisher between myeloids and
microglia with the latter being relatively more complex in their cellular
boundaries (Vidal-Itriago et al., 2022). Microglia have been shown to change their
morphology to a less ramified state following Aldara treatment (Sharma et al.,
2024). Spatial transcriptomics does not currently hold the ability to drive this area
of myeloid research forward until more microglia-specific markers are
incorporated into RNA panels. Increased microglia-specific RNA targets coupled
with more accurate cellular segmentation could advance microglia identification

via spatial transcriptomics.

The spatial transcriptomics platform CosMx was used in this thesis as a tool to
investigate cellular contributions in situ within the TLR7-driven
neuroinflammation paradigm. However, following this in-depth analysis of the
platform and the data outputs currently available from this software, some
limitations are met particularly with CNS tissue. The pre-determined 1000-plex
mouse neuroscience panel is limited in nature with an estimated 25 times fewer
targets than a whole-transcriptomic experiment (Breschi et al., 2017). As
suggested by its title, the target probes included in this panel focus more on
neuroscience biology and, even though a vital compartment of the neural
landscape, the immunological functions of microglia cannot be entirely

characterised by the current panel.

Further limitations exist with the CosMx platform surrounding cell segmentation.
Other fields including immunology and oncology have found great success with the
spatial transcriptomics system, utilising an immunology-focused panel. Some of
this success may be attributed to the relatively more uniform and spherical cell
morphology displayed by immune cells compared to that of CNS-resident cells
(Denisenko et al., 2024, Weber et al., 2024). CNS cells do not adopt this defined

spherical morphology as neurons, glial and oligodendrocytes possess a complex
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and far-reaching cell boundary. This complexity displayed by CNS-resident cells is
a difficult parameter to capture in situ. The CosMx platform does not employ a
protein membrane markers and cell morphology is determined on an mRNA
estimation method completed by cell segmentation algorithm (He et al., 2022).
This absence of membrane marker however can be explained by the great cell
diversity expressed in the brain and no one marker being all to label and capture
all cell types present. The difficulty in capturing the full cell membrane boundary
is increased by using 6um thick sections which does not encompass many CNS cells.
These limitations surrounding accurate cell segmentation of CNS cells restricts the

conclusions that can be drawn from this dataset.

7.8 Conclusions

In conclusion, this thesis has expanded the transcriptomic understanding of the
TLR7-driven Aldara neuroinflammation model, identified cytokine contributions
from microglia and CD4* and CD8* T cell populations. Additionally, this work has
begun to unravel the inflammation-induced anhedonia-like behavioural phenotype
exhibited by Aldara-treated mice. This experimental work could evolve in a
variety of ways. Future experiments could focus on delineating contributions from
brain-resident to infiltrating immune populations, expanding the spatial
transcriptomic landscape within the brain as technologies improve to tackle
relatively complex cell morphologies and further characterising the anhedonia-
like phenotype. All experimental avenues that may be explored in the future with
regards to the Aldara model will strive to grow understanding of
neuroinflammation-driven changes to aid translational work to the
neuropsychiatric field. This thesis presents the Aldara model a useful research tool
to study the mechanisms underpinning neuroinflammation including consequences

to cellular reactivity and functional behavioural output.
7.9 Future directions
There is a variety of avenues this work could explore to expand the understanding

of TLR7-driven neuroinflammation and its biological consequences. Future work

could compare its effects to other neuroinflammatory models including
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tamoxifen-driven cell-specific cytokine expressing mice and CUMS. Comparing the
Aldara model to relatively more chronic neuroinflammatory models would allow
for a clearer understanding of the sequence of events following different stimuli.
This would include differences and similarities across various neuroinflammatory
models. Detailing sequence of events following a neuroinflammatory stimulus may

present different intervention points for novel therapeutics.

To address the question of what TLR7 trigger is driving the neuroinflammation
observed in the Aldara model, teasing apart the peripheral and central responses
within animals would prove beneficial. For the dermal inflammation exhibited in
the model, it is suspected the isostearic acid in the cream preparation may
contribute to the local cutaneous inflammation as this compound has been shown
to be an irritant to skin if applied topically (Strass et al., 2023). Attempts to create
a ‘home-made’ IMQ topical cream with soluble IMQ and aqueous cream were
carried out, however, no comparable dermal or neural inflammation responses to
the ‘traditional’ Aldara model were captured (Kirstyn Gardner-Stephen,
unpublished data). Preliminary experiments with 5% IMQ cream without the
isostearic acid contained in the Aldara preparation did not show promising results
to induce the same level of neuroinflammation compared to the original mouse
model. Instead of trying to improve the model to eliminate the psoriasis-like
dermal inflammation, teasing apart the peripheral and central immune
compartments would prove beneficial. To delineate these 2 pro-inflammatory
responses within the model, one approach to this would be to separate the brain-

resident microglia response from peripheral macrophage populations.

Several pro-inflammatory cytokines were found to be at play in the Aldara model
with both transcriptional and flow cytometric cell-specific evidence presented in
all results chapters of this thesis. Both microglia and T cells were found to be
primary producers of these pro-inflammatory cytokines. To further investigate the
consequence of these cellular origins of cytokines, transgenic mice with both cell
and cytokine specific promoters would prove useful in future experiments. In the
context of microglia, | propose cytokine-specific promoters for TNFa and IFNy
would provide crucial insight to these pro-inflammatory cytokines’ responsibilities
in this TLR7-driven neuroinflammatory environment. Both cytokines are

implicated in the pathophysiology of neuropsychiatric conditions including MDD
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(Bortolato et al., 2015, Daria et al., 2020). The ability to control the cell-specific
expression of these pro-inflammatory cytokines would allow for mapping of their
consequences and downstream actions in a TLR7-driven neuroinflammatory
environment. This would further characterise the molecular steps which is

relatively unknown for neuroinflammation pathophysiology.

All the work present in this thesis used female mice and no males. This was as
male mice have been found to have different skin morphology which hinders the
pro-inflammatory nature of the Aldara model psoriasis-like reaction (Azzi et al.,
2005, McColl et al., 2016). However, exploring TLR7-driven neuroinflammation
and its consequences in both sexes is essential in evaluating clinical outcomes of
inflammation-induced changes. Particularly when investigating immune cell
populations which a variety of both innate and adaptive cells being shown to
express sex-specific hormonal receptors that can alter their functions (Sciarra et
al., 2023). Providing this thesis focused on microglial, it has been long established
that the brain-resident immune population expressed receptors for and alter their
physiology in response to oestrogen (Mor et al., 1999). Recent work has shown,
particularly in neuroinflammatory environments, these oestrogen-related
microglial changes include increased immunoreactivity, altered transcriptional
signatures and increased pro-inflammatory cytokine production (Acosta-Martinez,
2020). Furthermore, this exploration of possible sex differences in a
neuroinflammatory model would be useful for translational work as sex has been
found to impact symptoms experienced with neuropsychiatric conditions (Thibaut,
2016). Future experiments may involve optimising the Aldara model, including

altering doses and duration, for male mice inclusion.

This thesis focused on transcriptional changes in brain regions involved in the
prefrontal-thalamostriatal circuit which underpins reward behaviours. To fully
understand inflammation-induced changes to circuitry, future experiments would
plan to include electrophysiology to investigate synaptic signalling perturbations.
Other anhedonia-presenting neuroinflammatory models such as chronic stress
have used electrophysiological methods to detail synaptic changes (Lim et al.,
2012). This functional evaluation of how neurons are communicating following
Aldara treatment would build on the transcriptional evidence of changes to

neurotransmission present in chapters 3 and 6 of this thesis.
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Dopamine and its effects were studied in this thesis at the regional transcriptional
level using CosMx in chapter 6. Minimal transcriptional changes were uncovered
for the reward-modulating neurotransmitter even though reward-deficits were
recorded in Aldara-treated mice. To fully investigate dopamine and its changes in
the TLR7-driven neuroinflammatory environment, optogenetics would prove a
useful research tool. Successful selection and activation of dopaminergic neurons
in the VTA has been achieved in previous studies (Taylor et al., 2016).
Transcriptional evidence of a downregulation of synaptic signalling following
Aldara treatment was shown via CosMx in chapter 6 of the thesis. To fully
understand dopamine’s role in the manifestation of anhedonia-like behaviours in
the Aldara model, optogenetics could be used to inhibit dopaminergic neurons in
the ACC and NAc. If this dopamine-specific neuronal inhibition in the reward-
related regions results in similar behavioural outputs as observed in the model,
this would strengthen dopamine’s involvement in the anhedonia-like change

following TLR7-driven neuroinflammation.

Evidence of cytokine-producing CD4* and CD8* T cells was shown in chapter 5 of
this thesis. Other work surrounding the Aldara model shows presence of other
peripheral immune cells within the brain parenchyma (Sharma et al., 2024).
However, the question concerning the mechanism of entry of these immune
populations into the brain and their role in neuroinflammation and behavioural
changes remains unanswered. Transcriptional changes presented in the thesis
suggests a chemokine-driven mechanism to this cellular entry. To test chemokine
involvement of cellular recruitment to brain parenchyma in Aldara mice,
inflammatory chemokine receptor (iCCR) KO mice could be utilised. Specifically
mice lacking CCR 1, 2, 3 and 5. Preliminary experiments with these iCCR KO mice
have shown a potential decrease in monocytic recruitment to the brain in Aldara-
treated mice (Sharma et al., 2024). However, these iCCR deficient mice still

displayed weight loss and sucrose preference deficits following Aldara treatment.

Alternative methods of removing a specific cell type from the inflammatory
physiology involves the use of antibody blockers. Hexb was previously discussed
as, from the limited availability, one of the most microglia-specific markers to
delineate from other myeloid populations (Shah et al., 2022). Antibody-driven

silencing of this microglia-specific marker could eliminate the brain’s innate
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immune cell from an organism. This could then indirectly evaluate microglia’s
contribution to the TLR7-driven neuroinflammation and contrast it with other

myeloid populations including BAMs and infiltrating monocytes.

One element of the Aldara model which was not explored in depth was the
consequence of changes to the BBB. Disruption of the circulation-tissue interface
following the TLR7-driven inflammation has been shown via entry of systemically
administered Evan’s blue dye into the brain (Maria Suessmilch, unpublished).
Additionally, some transcriptional evidence of BBB remodelling was suggested by
the CosMx data for both microglia-specific changes and regions involved in reward
behaviours. The spatial transcriptomic identification of unique immune-rich
neighbourhoods in Aldara-treated mice which appear to map to the neural
vasculature show immune-driven changes potentially effecting the barrier’s
integrity. Loss of BBB integrity is a common consequence of neuroinflammatory
environments including neuropsychiatric conditions such as anxiety and MDD
(Kealy et al., 2020, Wu et al., 2022a). As changes to the BBB is thought to both be
a result of and contribute to worsening of neuroinflammation in neuropsychiatric
conditions, novel therapeutics have been designed to try and strengthen the
barrier’s integrity (Bicker et al., 2020). Future work utilising the Aldara model
could use the previously identified NVU cells from the CosMx dataset in chapter 4
of the thesis. Exploring the transcriptomic changes to these BBB-associated cells
following TLR7 stimulation could strengthen the wuse of Aldara as a
neuroinflammatory model with BBB disruption. This may lead to the TLR7-driven
neuroinflammatory model being useful as a non-invasive model to study these
novel BBB-promoting drugs. Some of these therapeutics involve increasing
expression of crucial proteins expressed in the NVU cells such as aquaporin-4 and

various endothelial integrins (Bicker et al., 2020).

CosMx spatial transcriptomic platform provided a novel approach to assessing the
Aldara model’s TLR7-driven neuroinflammation. The 1000-plex RNA panel,
although comparatively limited to whole-transcriptome studies, cell- and region-
specific changes during pro-inflammatory neural environments. Greater
transcriptional understanding of these identified cells would be achieved through

other techniques including whole-transcriptome single-nuclei RNA sequencing
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(Han et al., 2025). This would expand the current 1000-plex understanding of

cellular drivers within the Aldara model to their whole transcriptional profile.

In conclusion, a variety of experiments could be explored in the future to further
detail cellular and molecular changes exhibited in the Aldara model. Building
understanding of the TLR7-driven neuroinflammation and consequential changes
to systems presents potential novel therapeutic targets for the

psychoneuroimmunology field.
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Appendices

Appendix 1:

Isolated RNA samples

263

(for whole-brain bulk RNA sequencing)

concentrations and quality ratios

Sample ID Analysis ID Conc. (ng/uL) 260/230 Ratio 260/280 Ratio

Control 0 S1 786.5053333  3.515333333* 2.624*

Control 1 S2 1151.894167  2.272666667  2.108333333
Control 2 S3 868.384 3.214* 2.576*

Control 3 54 1182.2285 2.243 2.090166667
Control 4 S5 1060.994 3.047333333*  2.446333333
Aldara 0 S6 1133.249667  1.859666667  2.120833333
Aldara 1 S7 1168.485333 2.877 2.381333333
Aldara 2 S8 1154.128167  2.448166667  2.089166667
Aldara 3 S9 1087.262333 2.981 2.429666667
Aldara 4 510 917.9905 1.761166667  2.097833333
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Appendix 2: CosMx mouse neuroscience 1000-plex RNA panel

4930486L24F CTSL Bcl2 BCL2 Cplx1 cPLx1 F13a1 F13A1 H2-Ab1 HLA-DQB1 |Lrrc7 LRRC7 NSG1 Price PRKCE senza ETENEYN Tab2 TAB2 Wwp2 wwp2
6330403K071LOC728392  Bel2I1 BCL2L1 crii CR1L Fazh FA2H H2 Ea HLA-DRA Lrrk2 LRRK2 NTM Prica PRKCQ scnsa scnsA Tac1 TACL xist xIST
Abcaz ABCA2 Bdnf BDNF Crebs CREBS Fabp7 FABP7 H3f3b H3-3A Lrrtm3 LRRTM3 NTRK2 Prigl PRKG1 sec2ab sec2aB Tacr1 TACR1 Xpo1 xPO1
Abil ABIL Bex1/2 BEX1/2 Crebbp CREBBP Fau FAU Hepd HEPD Lsr LSR NTRK3 Prin PRKN selenow SELENOW  Tacrz TACR2 Ybx1 YBX1
Abi2 ABI2 Binl BINL crh CRH Fbins FBLNS He cs Ltbp1 LTBP1 NTSR2 Prnp PRNP selplg SELPLG Tacr3 TACR3 Ywhae YWHAE
AblL ABLL Birce BIRCE crhr1 CRHRL Fbnl FBNL Hdaca HDACA Lynx1 Lynx1 NUP160 Pros1 PROS1 sem1 sem1 Tagin TAGLN Ywhag YWHAG
Abl2 ABL2 Bmpria BMPR1A crhr2 CRHR2 Fbxo33 FBXO33 Hdaco HDACS Lyz1/2 vz NUP214 Prps2 PRPS2 semasa SEMASA Taldo1 TALDO1 Ywhaq YwHAQ
Acaca AcACA Bmprib BMPR1B crip1 CRIP1 Fbxw11 FBXW11 Hecw1 HECW1 Mag MAaG oLFM1 Psap Psap Semaed SEMA6D Tank TANK Ywhaz YWHAZ
Acacb ACACB Bmpr2 BMPR2 crp crpP Fbxw7 FBXW7 Herc1 HERC1 Maged1 MAGED1 oLie1 Psen1 PSEN1 serinc3 SERINC3 Taok3 TAOK3 zbtb20 zBTB20
Ace2 AcE2 Braf BRAF Cryab crvaB Fefl FGF1 Herca HERC4. Magi1 MAGIL oLz Psmal PSMAL Serincs. SERINCS Tardbp TARDBP Zeb1 zEB1
Acers ACER3 Brwd1 BRWD1 csfL csF1 Faf2 FGF2 Hexb HEXB Malat1 MALATL oPA1 Psmd1 PSMD1 serpine2 SERPINE2 Thi1x TBL1X Zfyvele ZFYVEle
Acta2 ACTAZ Bsg BsSG csfir CSF1R Fefr2 FGFR2 Higd1b HIGD1B Mami2 MAanML2 OPRD1 Psmd14 PsMD14 Serpingl SERPING1  Thilxrl TBLIXR1 Zfyves ZFYVES
Ada ADA Btrc BTRC Csmd3s csmps Fit FLT1 Hip1 HIPL Mami3 MAMLS OPRK1 Psmea PSMEA setx SETX Tcf12 TCF12 Znrf3 ZNRF3
Adam10 ADAM10 ciab cias Csnki1a1l CSNK1A1 Fnip2 FNIP2 Hipk2 HIPK2 Mania MAN1AL oPRML Pten PTEN sek1 seK1 Tcfa TCFa Zwint ZWINT
Adam22 ADAM22 ciac ciac Csnk2a1 csNK2A1 Foxol FOXO1 Hmgb1 HMGB1 Mania2 MAN1A2 P2RX4 Pgds PTGDS sgk3 SGK3 Tef712 TCF7L2

Adar ADAR cis1/2 cis Cspes cspas, Foxo3 FOXO3 Hnrnpa2bl HNRNPA2B1 Manilcl MAN1C1 P2RX7 Ptgs2 PTGS2 sh3gl2 SsH3GL2 Tenm2 TENMZ

Adcy1 ADCY1 c2 c2 cst3 csT3 Fpr2 FPR2 Homer1 HOMERL Man2a1 MAN2AL P2RY12 Ptk PTK2 sh3gl3 SH3GL3 m. TENMA

Adcy2 ADCv2 c3 c3 cst7 csT7 Fpr3 FPR2 HspoOaal  HSP90AAL  Maoa [N P2RY14 Ptn PTN sh3tc2 SH3TC2 Terf2ip TERF21P

Adcys ADCYs csar1 C5AR1 Ctbp2 cTeP2 Frs2 FRS2 HspoOabl  HSP9OAB1 | Maob MACE P2RY2 Ptpnl PTPN1 shc3 sHc3 Tfdp2 TFOP2

Adcys ADCYs cab3s caB39 Ctnna1 CTNNAL Fth1 FTH1 Hspala HSPA1A Map1b MAP1B PAKL Ptpn1l PTPN11 shprh SHPRH Tefbl TGFB1

Adcys ADCYS cab3ol cAB3oL Ctnnaz CTNNAZ Ftil FTL Hspalb HSPA1B Map2k1 MAP2K1 PAK2 Ptpni3 PTPN13 shtn1 SHTNL Tefb2 TGFB2

Add1 ADD1 Cacnala CACNALA Ctnnb1 CcTNNBL Fus FUs Hspaal HSPAAL Map2ka MAP2Ka PAK3. Ptpna PTPNA. sil s Tafbri TGFBR1

Adergl ADGRG1 cacnalb cACNALB Ctnnd2 CcTNND2 Fxyd6 FXYD6 Hspag HSPAS Map2ks MAP2KS PARD3 Ptprg PTPRG sipail1 siPA1LL Thrb THRB

Adgrl2 ADGRL2 Cacnalc cAcNAlC Ctsb crss Fyn FYN Hsph1 HSPH1 Map2ke MAP2K6E PARK7 Ptprj PTPR) il SKIL Thsda THSDA4

Aderl3, ADGRL3 Cacnald cACNA1D Ctsd cTsp F2d3 FzD3 Htria HTR1A Map3ks MAP3KS PARN Ptpro PTPRO slc10a6 sLc1o0Ae Thy1 THYL

Adgrvi ADGRV1 Cacnale CACNALE Ctss crss Gab1 GAB1 Htr2a HTR2A Mapaka MAPAKA PBX1 Ptprr PTPRR Slc11a2 sLciiaz Tiam1 TIAML

Adoral ADORAL Cacna2dl  CACNA2D1  Ctxnl CTXNL Gab2 GAB2 Htr2c HTR2C Mapk1 MAPK1 PCDH15 Ptprs PTPRS slc12a2 sLci2a2 Timp2 TIMP2

Adoraza ADORA2A  Cacna2d3  CACNA2D3  Cull cuLa Gabbr2 GABBR2 Htr3a HTR3A Mapk10 MAPK10 PcP2. Ptprzl PTPRZL Slc13a3 sLc13A3 Tip1 TP

Adraid ADRA1D Cacnb2 cacnB2 culs cuLs Gabraz GABRA2 Htre HTRG Mapk14a MAPK14 pcPa Pvalb PVALB slc17a7 sLc17A7 Tke TKT

Adrb2 ADRB2 Cacnba cAcNBa Cx3erl cx3CR1 Gabrb1 GABRB1 Hee HTT Mapka MAPKS PCSKIN Rabla RAB1A Slc18a2 sLcisaz Tiea TLEA

Ago2 AGO2 cacnga cAcNG3 Cxcl1a cxcLia Gabrb2 GABRB2 1app 1APP. Mapkap1 MAPKAP1 PCSKS. Rab31 RAB31 sic1a2 sLciAz Tira TLRA

Ago3 AGO3 calb1 caLB1 cyfipl cYFIPL Gabrb3 GABRB3 lemt 1emT Mapt MAPT PCSK6 Rab6a RABGA Sic1a3 sLc1A3 Tmem119  TMEM119

Agt AGT calb2 caLB2 Cyfip2 CYFIP2. Gabrg3 GABRG3 tdnk IDNK Mark3 MARK3 PDE10A Rab7 RAB7A Slc24a3 sLc24A3 Tmsb10 T™MSB10

Agtria AGTR1 calca caLce Daam1 DAAM1 Gad1 GAD1 ifnar1 IFNARL Masp1 MASP1 PDE1A Raf1 RAF1 Slc25a12 SLC25A12  Tmsbax TMSBAX

Agtrib AGTR1 caler cALCR Daam2 DAAM2 Gad2 GAD2 Ifngr1 IFNGR1 Mbp. mBeP PDE1C Ramp1 RAMP1 Slc25a4 sLc25Aa Tne TN

Agtr2 AGTR2 calm1 caLma Dab1 DAB1 Gal GAL 1fngr2 IFNGR2. Meir [NIST PDE3B Ranbp2 RGPDS Sic2a1 sLc2A1 Tnf TNF

Ahcyl1 AHCYLL calm2 cALm2 Dapk1 DAPK1 Galr1 GALR1 188 IFT88 Me2r Mc2R PDEAD Rapla RAP1A Slc2a13 sLc2a13 Tnik TNIK

Akt1 AKT1 calm3 cALm1 Dapk2 DAPK2 Galr2 GALR2 1gfir IGF1R Mc3r MC3R PDE7B Rapgefl RAPGEF1 Slc32a1 sLca2A1 Tnks. TNKS

Akt3 AKT3 Camkid CAMK1D Dbi o8I Galr3 GALR3 1gfbp7 IGFBP7 Mear Mcar PDESA Rapgef2 RAPGEF2 Sic38a0 sLcasAo Tnr TNR

Alcam ALCAM camk2a CAMK2A Dec bcc Gapa3 GAPa3 no o Mecsr MCSR PDGFD Rasal RASAL sic39a10 SLC39A10  Tnrc6a TNRC6A

Aldh111 ALDH1L1 camk2b cAMK2B Ddt DT Gas2 GAS2 nib e Mcms Mcms PDGFRA Rasal2 RASAL2 Slc39a11 SLC39A11  Tnrcéb TNRC6B

Aldoa ALDOA camk2d CAMK2D Deptor DEPTOR Gba GBA lirap ILIRAP Meu Mcu PDYN Rasgrf2 RASGRF2 Slcaaa1 sLcaaal Tnre6e TNRC6C

Aldoc ALDOC Camk2g cAMK2G Dera DERA Gbp2 GBP2 N1rapl2 ILIRAPL2 Mdga2 MDGA2 PECAM1 Rb1 RB1 Sicaaa sLcana Tph2

Ambp. AmBP Camk2n1 CAMK2N1  Des DES Gbp2b GBP3 e e Mdh1 MDH1 PELI2 Rblccl RB1CC1 Sicaas sLcans Traf3 TRAF3

Ambral AMBRAL camka cAMKa Dgkb DGKB Geg cce Inppsa INPPSA Mef2a MEF2A PENK Rbfox3 RBFOX3 Sic6a1 sLceAl Trem2 TREM2

Anapci6e ANAPC16 cars cas Dgkg DGKG Geer GCGR Insr INSR Mef2c MEF2C PEKL Rbks RBKS. Sic6a3 SLCeA3 Trim2 TRIM2

Ano6 ANO6 Cartpt CARTPT Dgki DGKI Gdnf GDNF Invs INVs Meg3 MEG3 PFKM Rbpa. RBP4 Sicsa1 sLcsal Trim33 TRIM33

Apba1 APBA1 Casp3 CAsP3 Dicer1 DICER1 Gfap GFAP 1p6k2 1P6K2 Megf11 MEGF11 PEKP Rbpj RBPJ Slco3a1 sLcozal Trime2 TRIM62.

Apc APC Cast casT Dig1 bLG1 Gfod1 GFOD1 Irf2 IRF2 Mertk MERTK PGD Reln RELN siit2 suT2 Trio |

Apela APELA cbib ceLs Diga bLGa Ghr GHR irfe IRF6 Mfges MFGES PGLS Rgl1 RGL1 sin sLN Trip12 TRIP12

Aphib/c APH1B Cbin2 cBLN2 Digap2 DLGAP2 Gjai GIAL Irs2 RS2 Mib1 MiBL PGM1 Ren RGN Smad2 SMAD2 Trps3 P53

Apinr APLNR Cek cek DIkl DLK1 Gib1 GIB1 Itch ITCH Mid1 MID1 PHACTRL Rgs12 RGS12 Smad3 SMAD3 Trpm7. TRPM7.

Aplp2 APLP2 Cekar CCKAR Dmd DMD Glpir GLP1R Itga2 ITGA2 [VITEEY MLLT11 PHC2 RegsS RGSS Smurfi SMURF1 Trpvi TRPVL

Apoe APOE Cekbr ccker Dnahi1a DNAH14 Glp2r GLP2R Itga8 ITGAS Mobp MoBP PHC3 Res6 RGS6 Snap25s SNAP25 Tspan3, TSPANS

App APP cenf ccNF Dnah6 DNAHG Gls GLs 1tgao ITGA9 Mog MOG PHKB Rgs7 RGS7 Snca SNCA Tspans TSPANS

Aapa AQPa cd109 cp109 Dnah7a/b/c  DNAH7 Glul GLUL Itgav ITGAV. Msr1 MSR1 PHLPP1 Rhobtb1 RHOBTB1 Sncb SNCB Tspan7. TSPAN7

Arhgef7 ARHGEF7 cdia cpia Dnajc1 bNAICT Gm2a GM2A Itgax ITGAX Mt1 MT1A PIASL Rictor RICTOR Snhgi1 SNHG11 Tspo TsPo

Arih1 ARIH1 cdaa cpaa Dner DNER Gnai1l GNAIL Itgb8. ITGBS M3, MT3 PIK3C3 Rims1 RIMS1 snn SNN Tte3 TTcs

Arpp21 ARPP21 cdas cpae Dnm1 DNML Gnai2 GNAIZ Itm2a IT™M2A Mtmr3 MTMR3 PIK3CA Rims2 RIMS2 Snrpn SNRPN Ter TR

Arrb1 ARRB1 cdss cpss Dnmal DNMIL Gnal GNAL 1tm2b T™M28 Myle MYLe PIK3CB Rit2 RIT2 Sod1 sob1 Tubala/b/c TUBA1A/B/C

Artn ARTN cd7a cp74a Dnm2 DNM2Z Gnao1l GNAOL Itm2c TM2c Myl MYLO PIK3R1 Rnfl44a RNF144A Sorbs1 SORBS1

Aspa ASPA cds1 cps1 Dnm3 DNM3 Gnaq GNAQ Itprl ITPR1 Myoe MYos PINKL Robol ROBO1 Sorl1 SORL1 Tusc3 TUsC3

Astn2 ASTNZ cdo cpo Dockl DpOCK1 Gnas GNAS Itpr2 ITPR2 Myrf MYRF PIPSK1B Robo2 ROBO2 Sort1 SORT1 Tyrobp TYROBP

Atfe ATF6 cdc1ab cocias Dock10 DOCK10 Gnb1 GNB1 Jak1 JAKL Nap1ls NAP1LS LILRB3 Rock1 ROCK1 Sos1 sos1 Ubeze1 UBE2E1

Atg10 ATG10 cdc27 cpc27 Dock3 DOCK3 Gng7 GNG7 Jak2 JAK2 Nav3 NAV3 PKNZ Rock2 ROCK2 Sos2 sos2 Ubeze2 UBE2E2

Atg13 ATG13 cdce cbce Doke DOK6 Gphn GPHN Jam3 JAM3 Nbea NBEA PLA2G4C Ror1 ROR1 Soxs soxs Ubeze3 UBE2E3

Atg2b ATG28B cdke coke Drd1 DRD1 Gpi1 cPi Jun JUN Neam1 NCAM1L PLCBL Rora RORA Sox6 soxe Ube2g1 UBE2G1

Atgac ATGaC cdka coks Drd2 DRD2 Gpméa GPMEA Kalrn KALRN Nckap1 NCKAP1 pLCBA Rpe RPE Sox9 soxo Ubezh UBE2H

Atgs ATGS cfh CFH Drda DRDa Gpmeb GPmeB Kat2b KAT2B Ncor1 NCOR1 pLCL1 Rpia RPIA Spago SPAGY Ubezk UBE2K

Atg7 ATG7 Chchd10 CHCHD10 Dscam DscAm Gpnmb GPNMB Kena2 KCNA2 Ncor2 NCOR2 PLLP Rpl10 RPL1O Sparc SPARC Ube2r2 UBE2R2

Atm ATM chil cHL1 Dscami1 DscAMLL Gpriss GPR158 Kend2 KCND2 Ndrg1 NDRG1 PLP1 Rpl13a RPL13A Sparcl1 SPARCL1 Ubesc UBE3C

Atp1az ATP1A2 Chrm1 CHRML bt DTL Gpriz GPR17 Kenj3 KCNJ3 Ndrg2 NDRG2 PLPP3 Rpl14 RPL14 Spg11l sPG11 Ubeab UBE4B

Atpib1 ATP1B1 Chrm2 CHRM2 Dyncih1 DYNC1H1 Gpr3z GPR37 Kenas KcNas Ndrga NDRG4 PLPPR1 RpI32 RPL32 spock1 SPOCK1 Ubrs. UBRS

Atp2a2 ATP2A2 Chrm3 CHRM3 Dynciil DYNC1I1 Gprazia GPR37L1 Kenas. KcNas Ndufalo NDUFA10 PLTP RpI37 RPL37 Sppl sPP1 Uggt2 ucGT2

Atp2b1 ATP2B1 Chrms CHRMS Dyncii2 DYNC112 Grbio GRB10O Kdmaa KDMaA Ndufal3 NDUFA13 PLXNA4 RpIpO RPLPO spp2 spP2 ugtsa uGTs

Atp2b2 ATP2B2 Chrnaa CHRNA4 Dynciliz DYNC1LIZ  Grb2 GRB2 Kidins220  KIDINS220  Ndufad NDUFA4. PMCH Rps14 RPS14 Sptani SPTANL Ulk2 ULK2

Atp2ba ATP2B4 Chrna7 CHRNA7 Dynii1 DYNLLL Gria1 GRIAL Kifsc KIF5C Ndufs1 NDUFS1 POLR2F Rps27 RPS27 sptbn1 SPTBN1 Uncse uNcsc

Atp6vOal ATP6VOAL  Ckb cks Dynli2 DYNLL2 Griaz GRIAZ Kirrel3 KIRREL3 Neddal NEDDAL PoMC Rpsax RPSAY1 Sptbna SPTBNA. Uncsd UNCSD

Atpevia ATPEVIA Clasp2 cLAsP2 Eda EDA Gria3 GRIA3 Ksr2 KSR2 Negr1 NEGR1 POU2F1 Rpss RPSS sran SRGN Uacrio uacr1o

Atpevih ATPEVIH Cldns cLbns Edn1 EDN1 Griaa GRIA4 Lamaz LAMAZ Nell2 NELL2 PPARGCIA  Rps6ka2 RPS6KAZ ssh2 ssH2 Uacra uacra

Atp8al ATPBAL Clec7a CLEC7A Edn2 EDN2 Grid1 GRID1 Lamc2 LAMC2 Neol NEO1 PPFIA2 Rps6ka3 RPS6KA3 sspo sspoP Ushig usHiG

Atpifl ATPSIFL clip1 cuip1 Edn3 EDN3 Grid2 GRID2 Lamp2 LAMP2 Neua NEU4 PPP1R13B  Rps6kas RPS6KAS sst ssT Usp1s usp1s

Atr ATR Clstn1 cLsTNL Ednra EDNRA Grikl GRIK1 Lanci1 LANCL1 NfL NF1 PPP1R1B Rps9 RPS9 sstr1 SSTR1 Usp3a usp3a

Atrn ATRN clu cLu Ednrb EDNRB Grik2 GRIK2 Lep LEP Nfasc NFASC PPP2R2A Rptor RPTOR sstr2 SSTR2 Uspox uspox

Atxn1 ATXNL cmip cnvip Eef2k EEF2K Grin1 GRIN1 Lepr LEPR Nfe212 NFE2L2 PPP2R2C Rspo2 RSPO2 sstr3 SSTR3 Uvrag UVRAG

Atxn2 ATXNZ Cnksr2 CNKSR2 Efnas EFNAS Grinza GRIN2A Lgi2 [RETEY Nfkb1 NFKB1 PPP2R3A Rtn1 RTNL sstra SSTR4. vavs vavs

Auts2 AUTS2 cnr1 CNR1 Eefr EGFR Grin2b GRIN2B Lgra LGRa Nignal NLGNax PPP2R5C Rtn3 RTN3 st3gale sT3GALE vean vcan

Avp ave cntn1 eNTN Egrl EGR1 Grip1 GRIP1 Lers LGRS NIk NLK PPP2RSE Rtna RTNA stat2 STAT2 egfa VEGFA

Avpria AVPR1A cntn2 cNTNZ Eifaa2 EIFaA2 Grk3 GRK3 Lifr LIFR Nnat NNAT PPP3CA Runx1 RUNX1 stat3 STATS Vim vim

Avbrib AVPR1B cntna cNTNA. Eifag3 EIFAG3 Grm1 GRM1 Lilras LILRAS Nos1 NOS1 PPP3CB Ryr2 RYR2 stk3. STKS vip vie

Avprz AVPR2 cntns CNTNS Elmo1 ELMO1 Grm3 GRM3 Lilrbaa/b LILRBA. Npy NPY PPP3CC Ryr3 RYR3 stmn2 STMNZ Vipri VIPR1

Axl AXL Colaas coLaas Emcn EMCN Grms GRMS Lpar1 LPARL Npy1r NPY1R PREX1 s100a16 s100A16 stmn3 STMNZ Viprz VIPR2

B2m B2M comt comT Emp1 EMPL Grm7. GRM7 Lpar2 LPAR2 Npy2r NPY2R PRICKLEL s100b s1o008 sulf2 SULF2 vmp1 vmP1

B3gnts B3GNTS cop1 cop1 Entpd2 ENTPD2 Grma GRrRME Lpar3 LPAR3 Nr3c1 NR3C1 PRICKLE2 sall1 SALLL sv2a sv2a vtn VTN

Bacel BACEL Coxail coxai1 Ep300 EP300 Grn GRN Lpare LPARG Nrcam NRCAM PRKACB Samhd1 SAMHD1 syn2 SYN2 wac wac

Bace2 BACE2 Cox6e coxec Epbail2 EPBA1L2 Gsk3b Gsk3B Lpin1 LPINT Nrfl NRF1 PRKAG2 sbf2 sBF2 syn3 SsYN3 Wasf1 WASF1

Bcan BCAN Cox7c coxzc Epbail3 EPBA1L3 Gsn Gsn Lpl LPL Nrg1 NRG1 PRKAR1B Scd2 sco synpr SYNPR wdra1 WDRA1

Beasl BCASL Coxsa coxsa Ephac EPHAG Gstm1 GsTMS Lrp2 LRP2 Nrg2 NRG2 PRKAR2A sca2 sca2 syp svp Wadrs9 WDRS59

Bche BCHE Cpb2 cpB2 Epn2 EPN2. Gucy1a2 Gucviaz Lrp6 LRPE Nrgn NRGN PRKAR2B sces. scas syt1 syt Wsed1 wscp1

Bcl2 BCL2 cpe cpPe Esam ESAM H2-Aa HLA-DOA1  Lrredc LRRCAC Nrsn1 NRSN1 PRKCA syti1i sy Wwp1 wwp1
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Appendix 3: Flow cytometry gating strategy and FMO controls for microglia and T

cell subset identification
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Immune cell (CD45+) gating strategy with FMO
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