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Summary

Neonatal Encephalopathy (NE) describes syndromes of “disturbed neurological function”
during the neonatal period induced by a range of aetiologies and is the leading cause of
death and disability in neonates worldwide. The most common aetiology is hypoxic-
ischaemic encephalopathy (HIE), which accounts for 29% of NE cases and has an incidence
of 1 to 3 in 1000 live births in developed countries. HIE is the most common cause of
neonatal seizures, and the co-occurrence of HIE and neonatal seizures is strongly
associated with poorer neurological outcomes. Diagnostic modalities and treatment
strategies are suboptimal at best and rely upon an incredibly narrow therapeutic window
of 6 hours post-injury to have any protective effects, highlighting a significant unmet
clinical need. The involvement of neuroinflammation and microglia in HIE pathology has
been demonstrated in preclinical and human studies, which is significant given their
intrinsic role in neurodevelopment. Even in moderate models of HIE, microglia populations
in the hippocampus are significantly elevated. Thanks to these advances, anti-
inflammatory treatment strategies have garnered promising results in attenuating acute
injury and managing chronic neuroinflammation. One pathway which has emerged is the
NLRP3 inflammasome, responsible for IL-1B release by microglia, which is elevated post-
HIE, and targeting activating receptors, such as P2X7R, has been neuroprotective.
Therefore, this thesis aims to characterise microglia in the hippocampus using phenotypes
and activation markers, followed by NOD-like Receptor Family Pyrin Domain containing 3
(NLRP3) inflammasome inhibition studies using MCC950 to understand how
neuroinflammation in the hippocampus is impacted by inflammasome inhibition.

To do this, global hypoxia was induced at Postnatal Day 7 and microglia in the hippocampus
were analysed at 72 hours and 5 weeks post-hypoxia. This found that microglia
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populations were elevated at both timepoints and expressed higher proportions of pro-
inflammatory microglia and fewer homeostatic microglia. Furthermore, neonatal reflex
development was negatively impacted by hypoxia, as were hippocampal behaviours later
in life such as anxiety and spatial memory.

To understand the role of inflammasome signalling in these deficits, mice were treated
with MCC950 immediately post-hypoxia. Proinflammatory microglia were significantly
reduced acutely but not chronically, and homeostatic microglia were increased at the
chronic stage. Neonatal reflexes were only partially attenuated, 5 weeks later, spatial
memory and anxiety were significantly improved. Accompanying gene and protein
expression studies were performed, which attenuated expression of pro-inflammatory
markers, while inducing persistent upregulation of the classical complement pathway
acutely and chronically.

Next, a different approach was adopted whereby MCC950 was administered twice daily
from PND21 to PND26 to see whether an anti-inflammatory approach is still
neuroprotective far past the traditional treatment window. Proinflammatory microglia
were significantly reduced at 5 weeks post-hypoxia, although proportions of homeostatic
microglia were practically unchanged. MCC950 attenuated behavioural deficits, having a
particularly beneficial effect on anxiety compared to spatial memory.

Overall, the results of this thesis provide compelling evidence that a significant and chronic
immune and microglial response is induced by a moderate model of global hypoxia.
Inhibiting the NLRP3 inflammasome after and 2 weeks post-hypoxia provides promising
neuroprotective effects, opening potential avenues for future research into anti-

inflammatory treatment approaches for HIE.
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1.1. Neonatal Encephalopathy

Neonatal Encephalopathy (NE) is defined as a “syndrome of disturbed neurologic function in
the earliest days of life in an infant born at or beyond 35 weeks of gestation, manifested by a
subnormal level of consciousness or seizures, and often accompanied by difficulty with
initiating and maintaining respiration and depression of tone and reflexes' (American College
of Obstetricians and Gynaecologists, 2014). NE is caused by several antenatal and perinatal
factors, including hypoxia/ischaemia, perinatal infections, placental abnormalities, and
metabolic disorders (Aslam et. al., 2019; Mclintyre et. al., 2021). The most common aetiology
of NE is hypoxic-ischaemic encephalopathy, which accounts for approximately 29% of NE cases
(Molloy & Bearer., 2018). For this reason, hypoxia/ischaemia is the preferred aetiology of NE

to examine in preclinical studies.

1.1.1. Hypoxic-Ischaemic Encephalopathy Incidence

Hypoxic-lschaemic Encephalopathy (HIE) describes NE resulting from an anoxic or ischaemic
brain injury, where blood flow and/or oxygen supply to the brain is compromised (Molloy &
Bearer., 2018). HIE is highly correlative with economic regions, with an incidence of 1 to 3 in
1000 live births reported in developed countries (Shipley et. al., 2021; Cornet et. al., 2023),
and up to 20 in 1000 births in developing countries (Badawi et. al., 1998: Kukka et. al., 2022).
Seizures are the most common neurological sign of HIE, and over 50% of affected neonates

develop seizures, even while receiving treatment for HIE (Boylan et. al., 2015).

1.1.2. Aetiology and Pathophysiology of HIE
HIE is often referred to as birth asphyxia, and the terms are sometimes used interchangeably.
HIE is initiated either peripartum or intrapartum, often by a sentinel hypoxic or ischaemic

event, such as severe abruptio placentae or a ruptured uterus (Aslam et. al., 2019). A state of
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persistent hypoxia leads to hypercapnia (build-up of CO; in the blood), resulting in metabolic
acidosis. During hypoxia, lower O; levels reduce the O; partial pressure in the blood,
compromising O; transportation and metabolism, and blood flow to organs. HIE intracellular
cascades can be separated into phases: the primary energy failure, a latent phase, a secondary
energy failure and a tertiary energy failure (Figure 1.1). The primary energy failure, which is
the acute phase post-injury, is characterised by mitochondrial disruption and reduced ATP
production, resulting in depletion of ATP pools and disruption of cell machinery such as the
Na*/K* ATPase pump (Brillault et. al., 2008). The subsequent membrane depolarisation causes
the release of neurotransmitters, such as glutamate, into the synaptic cleft (Tan et. al., 1996;
Gunn & Gunn., 1997), where they interact with AMPARs and NMDARs post-synaptically
resulting in an increase of intracellular calcium. This is followed by the release of secondary
messengers, such as nitrous oxide (NO) and reactive oxygen species (ROS), and subsequent
neuronal cell death and damage (Rocha-Ferreira & Hristova., 2016; Kleuskens et. al., 2021).
The presence of hyperexcitability and neuronal death or damage thus induces a significant
neuroinflammatory response to combat the worsening of damage and clear cell debris. During
the latent phase there is a recovery of sorts, as cerebral blood flow and/or oxygenation is
restored and ATP pools are replenished. This is followed by a secondary energy failure starting
several hours and lasting up to days post-HIE, characterised by further neuronal death,
depletion of ATP pools, excitotoxicity and continued neuroinflammation (Liu & McCullough.,
2013; Rocha-Ferreira & Hristova., 2016; Samaiya et. al., 2021). The extent of the damage seen
in the secondary energy failure is determined by the severity of the primary energy failure.
Finally, the tertiary phase is the resultant chronic brain injury which can last for years post-
HIE. Here, we see chronic neuroinflammation, astrogliosis and tissue repair (Kleuskens et. al.,

2021).

Page | 3



Time

Post-lnsult: <30 minutes 30 minutes - 6 hours 6 hours - Several Days Days - Years
Primary Energy Failure Latent Phase Secondary Energy Failure Tertiary Energy Failure
(Hl Insult)
Hypoxia-lIschaemia Reperfusion Hyperperfusion Normaldhaemodynamics
restore:
06-&& 06-&8 1-B 0-&&
l glznod Flow

ATP ATP Partial Recovery of
Glucose | ?)-I)—(Fi’d;ttc;\:'eesMetabolism Oxidative Metabolism Mitolchondria! Function
Oxidative Metabolism @ @ Persistent Brain

Free Radicals Damai
' A ge
T Anaerobic Metabolism [ Anaerobic Metabolism  yisochondrial

Dysfunction

Oxidative
Stress

Inflammation, Astrogliosis and

) Excitotoxicity Epigenetic Changes i
Intracellular Calcium : . . Intracellular Calcium / Impede Brain Cell . %}
Extracellular ; El)glto‘toxmty I Extracellular f Proliferation and — "~
Neurotransmitters | release ( Neurotransmitters | Synaptogenesis
Neuronal Damage t : ; ] i Impaired Impeded Synaptic Repair
Excitotoxicity Seizures oligodendrogenesis and Remodelling
; £ .
® L { e ®
X ’ LY P ° ! <o _®
N ™ L .Y [ ] 2 e ®
{ = i = ~ ‘\- LS
v 71 71 4
° .
L Y ® 0
® o o ® s 0 ® o0
Acute Inflammation Acute Inflammation Inflammation Chronic Inflammation

Figure 1.1. Summary of Energy Failure Phases post-HIE. (A) A hypoxic and/or ischaemic insult causes
reduced oxygen and/or reduced blood flow for up to 30 minutes, inducing a primary energy failure. ATP
and glucose stores are depleted, leading to increased anaerobic metabolism and oxidative stress in
mitochondria, accompanied by elevated intracellular Ca®** and extracellular neurotransmitter
concentrations in neurons. A significant inflammatory response is induced. (B) Upon reperfusion and/or
re-introduction of oxygen, there is a latent phase of normal metabolism for up to 6 hours post-injury,
regarded as the therapeutic window to prevent further damage. Mitochondria resume oxidative
metabolism, restoring ATP pools. Neurons remain under excitotoxic stress, thus releasing nitrous oxide.
The inflammatory response remains active to clear damage and debris from the primary energy failure.
(C) The secondary energy failure lasts for several days post-injury. The severity of damage in this stage
depends on the severity of the primary energy failure. Mitochondrial dysfunction resumes, once again
depleting ATP stores and reverting to anaerobic metabolism. Neuronal excitotoxicity persists, causing
seizures, neuronal damage, and neuronal death in severe HIE. A strong inflammatory response persists
throughout. (D) The tertiary energy failure describes damage persisting years after the original insult.
Normal haemodynamics are restored, although other functions remain affected. In mild/moderate
injury, mitochondria recover full functionality, although regardless of injury severity, there is persistent
brain damage. Brain cell proliferation, synaptogenesis and synaptic remodelling are impaired by
chronic inflammation, astrogliosis and epigenetic changes. Oligodendrogenesis is impacted, causing
long-term white matter damage. Chronic inflammation has been extensively characterised in both

animal and human studies, regardless of injury severity, with widespread consequences.
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Hypoxia and ischaemia affect all organs, but the brain is especially vulnerable (Hankins et. al.,
2002; Bhatti & Kumar., 2014; Iribarren et. al., 2022). The high O, demand of the central
nervous system (CNS) makes it more susceptible to hypoxic/ischaemic insults. Within the
brain, the hippocampus is especially prone to elevated immunoreactivity and damage due to
the higher density of microglia and inflammatory receptors (Williamson & Bilbo., 2013). The
hippocampus is an incredibly plastic region, central to learning and memory and neurogenesis
throughout life (Balschun et. al., 2004; Bhattacharyya et. al., 2008; Williamson et. al., 2011).
Immune signalling and microglia mediate and support these functions, requiring a basal level
of neuroimmune signalling in the hippocampus i.e. cytokine receptor expression (Williamson
& Bilbo., 2013). Moreover, immune molecules are integral to guiding neurodevelopment,
governing synaptogenesis (Tremblay & Majewska., 2011), synaptic pruning (Schafer et. al.,
2012; Weinhard et. al., 2018) and neural migration (Addison et. al., 2000; Imitola et. al., 2004).
Microglia and cytokine signalling are associated with neonatal seizure activity post-HIE, and
long-term neurodevelopmental complications arising from early-life inflammation

(Cunningham & De Souza, 1993; Williamson & Bilbo., 2013; Shaker et. al., 2021).

1.1.3. HIE and Neonatal Seizures

HIE is the aetiology of NE most likely to present with neonatal seizures (Aslam et. al., 2019),
and is the most common aetiology overall, causing 38-46% of neonatal seizures (Weeke et.
al., 2015; Glass et. al., 2016). Neonatal seizures are the most common neurological emergency
in neonates, significantly associated with mortality and neurological disability in surviving
infants (Pembegul Yildiz et. al., 2020). They are regarded as transient electrographic changes
in the brain because of excessive, abnormal, or synchronous neurologic function, presenting
with or without clinical signs in the first 28 days of life for a full-term neonate, or before 44

weeks gestational age for a preterm neonate (Pellegrin et. al., 2019). The brain is most
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susceptible to seizures during the neonatal period due to factors including immature
GABAergic inhibition (Briggs & Galanopoulou., 2011) and altered glutamatergic receptor
configuration (Rakhade & Jensen., 2009; Katsarou et. al., 2018), some of which are sexually
dimorphic (Giorgi et. al., 2014). Immature GABAergic neurotransmission results in
depolarisation instead of hyperpolarisation of neurons and altered glutamate receptor
configurations cause a higher influx of Ca%*, thus reducing the seizure threshold (Rakhade &
Jensen., 2009). Neonatal seizures can be either electro-clinical, presenting with both clinical
signs and electroencephalographic (EEG) abnormalities, or electrographic only, which present
as EEG abnormalities with no clinical signs, making them challenging to detect reliably in a
clinical setting (Pressler et. al., 2021). Neonatal seizures are associated with poor long-term
clinical outcomes, with studies reporting higher incidence of neurodevelopmental conditions
such as epilepsy, cerebral palsy, intellectual disability, and autism (Ronen et. al., 2007; Yildiz

et. al., 2012; Tadic et. al., 2018; Pembegul Yildiz et. al., 2020).

1.1.4. Diagnosis of HIE

Timely and accurate diagnosis of neonatal brain injury is crucial to initiate appropriate care
and optimise outcomes. HIE treatment is dependent upon early intervention: the gold
standard treatment for HIE, therapeutic hypothermia (TH), must be initiated up to 6 hours
post-HIE to have any neuroprotective effects (Thoresen et. al., 2013; Yildiz et. al., 2017). The
American Colleges of Obstetrics, Gynaecology and Paediatrics (ACOGP-AAP) task force define
HIE as a retrospective diagnosis; clinicians initially provide a diagnosis of NE which may be
reassigned as HIE after revising the case for factors such as foetal difficulty during labour,
clinical or imaging signs of acute neurological abnormalities, APGAR scores, resuscitation at
birth, metabolic acidosis, and exclusion of differential diagnoses (Executive Summary, 2014;

Molloy et. al., 2023). A neonate with HIE usually presents with foetal umbilical artery
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acidaemia, indicated by a blood pH below 7.0, an APGAR score below 3 at 1- and 5-minutes
post-birth for severe injury or a score between 3-5 for more moderate injury (described in
Table 1.1), abnormal EEG results indicating seizure activity, and abnormal neurological signs,

such as hypotonia (Executive Summary., 2014).

Parameter Score of 0 Score of 1 Score of 2

Appearance (skin  Blue or Pale all  Blue at extremities, No cyanosis, body

A  tone/complexion) over body normal and extremities
(acrocyanosis) normal
P Pulse rate Absent <100 >100
G Grimace (Reflex No response to  Grimace/feeble cry Cry or pull away
Irritability) stimulation when stimulated when stimulated
A Activity (muscle None Some Flexion Flexed arms and legs
tone) that resist extension
R Respiration Absent Weak, irregular Strong, lusty cry.
gasping

Table 1.1. APGAR Scoring. Five parameters assess health of a neonate after birth/ resuscitation on a

10-point scale. A score >7 is normal, <3-5 indicates possible encephalopathy.

Magnetic resonance imaging (MRI) can assess the severity of brain damage and potentially
predict outcomes on neonates as young as 5 days old (Miller et. al., 2005; Thayyil et. al., 2010;
Machie et. al., 2021). In a patient with NE, a typical pattern of injury emerges involving the
thalami with the associated posterior limb of the internal capsule, and, in severe cases, the
brain stem. Severe cases also exhibit damage in the most metabolically active regions of the
brain, such as the hippocampus (Chao et. al., 2006; Izbudak & Grant, 2011). Cortical white
matter injury is more common in neonates with moderate or prolonged hypoxia (Volpe &
Pasternak, 1977; Izbudak & Grant, 2011). Mild HIE causes more subtle injury patterns, which
are easily missed by MRI. Machie (et. al., 2021) showed how to identify obscure injury patterns
in mild HIE using high frequency MRI and Weeke scores. The Weeke score is a more detailed
evaluation which examines both magnetic resonance spectroscopy and diffusion-weighted
imaging, assessing each MRI component separately, e.g. the basal ganglia and the thalamus
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are evaluated separately, with bilateral injury receiving a higher severity score than unilateral
injury in each component (Weeke et. al., 2018). This could assess the neuroprotective effects

of TH or other candidate therapies in the future (Machie et. al., 2021).

Amplitude-integrated EEG (aEEG) has been used to assess neonatal seizures and predict
outcomes post-HIE for decades and is still widely used. aEEG is a trend measure of background
EEG activity, more suited to long-term monitoring of electro-cortical activity. aEEG recordings
in the first six hours post-birth are a robust predictor of neurological outcomes (Spitzmiller et.
al., 2007; Meder et. al., 2022). Continuous aEEG bedside recordings in the days post-birth can
also track the recovery of normal background activity and establishment of the sleep-wake
cycle (Osredkar et. al., 2005; Van Laerhoven et. al., 2013). Delayed establishment of the sleep-
wake cycle and circadian rhythm associated sleep problems are associated with HIE (Tian et.
al., 2021), providing an additional prognostic tool for neurodevelopmental outcomes (Meder
et. al., 2022). Continuous aEEG is also favoured by clinical staff as it can be applied and
interpreted at the bedside by neonatal unit staff to inform patient care. Conventional EEG
(cEEG) is regarded as the most reliable and accurate method to confirm a neonatal seizure
(duPont-Thibodeau et. al., 2017; Pellegrin et. al., 2019), although the ambiguous presentation
of neonatal seizures can still lead to misdiagnosis. cEEG is more specialised, requiring more
expertise to record and interpret than aEEG, which may not always be feasible (Nagarajan &
Ghosh., 2016). This has led to the development of seizure detection algorithms (SDAs). The
Algorithm for Neonatal Seizure Recognition (ANSeR), intended for use with cEEG, assessed
264 babies born between the gestational age of 36 to 44 weeks in a multi-centre randomised
control trial (Pavel et. al., 2020). The ANSeR algorithm accurately identified more seizure hours
in afflicted neonates than with cEEG alone, but there was no difference in the number of

seizures detected between the algorithm and cEEG monitoring by clinicians (Pavel et. al.,
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2020). A secondary analysis of ANSeR using cEEG recordings for term infants before, during
and after TH highlighted that seizure activity after cessation of active cooling correlated with
worse outcomes. This analysis therefore affirmed the importance of continuous monitoring

even after cooling for predicting long-term neurological outcomes (Pavel et. al., 2024).

Biochemical biomarkers, such as blood lactate levels, umbilical cord blood pH and arterial
blood gas, also indicate the presence or severity of HIE. In the initial hours post-injury,
neonates with HIE have higher blood lactate levels, although there is no difference between
those with moderate or severe injury (Heljic et. al., 2018; Michniewicz et. al., 2020). However,
higher blood lactate between 4- and 24-hours post-HIE were associated with more severe
injury and poorer outcomes (Shah., 2004; Boerger et. al., 2024). Arterial blood gas and
umbilical cord blood pH are routinely investigated by clinicians as they are objective and
complementary measurements, given that hypercapnia causes blood pH to become acidic
(acidaemia) (White et. al., 2010; Ahmadpour-Kacho et. al., 2015). They can also be predictive
of outcomes: Lau (et. al., 2023) found that infants with APGAR scores under 7 and a blood pH
6.9 - 7.0 had a 4.3% chance of developing adverse outcomes, but this rose to 30% for infants

in the same APGAR score range with a blood pH < 6.9.

1.1.5. Clinical Outcomes of HIE

HIE is the leading cause of death in neonates, accounting for 23% of infant mortality
worldwide (Millar et. al., 2017). In 2017, birth asphyxia and birth trauma caused 4.35 deaths
per 1000 live births globally according to the World Health Organisation (WHO). In surviving
neonates, HIE is a leading cause of acquired brain injury and life-long neurological
impairments (Kurinczuk et. al., 2010; Black et. al., 2010; Rocha-Ferreira & Hristova., 2016). The

co-occurrence of HIE and neonatal seizures is more strongly associated with long-term
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neurological deficits (Pembegul Yildiz et. al., 2020). TH significantly improves mortality in
moderate to severe cases of HIE, although approximately 40% of surviving infants develop
adverse neurological outcomes (Jacobs et. al., 2013). Clinical outcomes include cerebral palsy,
intellectual disability, autism, ADHD, and epilepsy (Lou., 1996; Tadic et. al., 2018; Pembegul
Yildiz et. al., 2020). There is a growing body of evidence to suggest that even infants with mild

HIE are also at risk of adverse outcomes (Conway et. al., 2018; Machie et. al., 2021).

1.2. Treatment of HIE and Neonatal Seizures.

HIE and Neonatal Seizures are both potentially life-altering conditions with limited therapeutic
options and suboptimal clinical outcomes. These options are a mixture of pharmacological
and non-pharmacological methods. The most appropriate treatment is dependent on the
aetiology of HIE and presence of seizure activity. As discussed previously, diagnostic methods
for identifying and assessing severity for both HIE and neonatal seizures leave much to be

desired with regards to their sensitivity and specificity.

1.2.1. Non-Pharmacological Treatment - Therapeutic Hypothermia

The gold-standard treatment strategy for HIE is TH. During TH, the core body temperature of
the neonate is reduced to 33-34°C, inducing a mild state of hypothermia, which is maintained
for a maximum of 72 hours (Aker et. al., 2019). This is achieved through either full body cooling
or head cooling. A major limitation of TH is that it must be initiated within 6 hours of the
originating insult for it to have any therapeutic effect (Thoresen et. al., 2013; Laptook et. al.,
2017). This is challenging when the originating insult or sentinel event is not always easily
identifiable. The mechanisms by which TH elicits its neuroprotective effects are complex, but
in principle, TH slows the exacerbation of damage (i.e. secondary injury) which occurred in

the acute timeframe following the original insult (primary injury). In targeting this toxicity, this
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dampens the overproduction of ROS, neurotransmitters, inflammatory markers, and
apoptosis (Gonzalez-lbarra et. al., 2011). While TH effectively attenuates damage in the infant
brain after moderate HIE (Sinha et. al., 2018), it does not come without complications. The
rewarming process is fraught with risk and must be done gradually, usually by raising the
infant’s core temperature by 0.5°C every 1 or 2 hours over a period of 6 to 12 hours (Lemyre
& Chau., 2018). Some infants experience seizures or a worsening of clinical encephalopathy
during rewarming, and in these instances, infants are returned to hypothermic temperatures
for 24 hours before rewarming is resumed (Kendall et. al., 2012). Other potential
complications include bradycardia, hypotension, thrombocytopenia, and subcutaneous fat
necrosis, potentially leading to hypercalcemia (Boutaybi et. al., 2014; Karcioglu et. al., 2018;
Rodd et. al., 2021). A meta-analysis of 29 randomised controlled trials from high-income and
low-income healthcare settings found that TH reduced the incidence of neurological disability
and cerebral palsy, although did not affect neonatal mortality. TH treatment also did not
reduce seizure incidence in the neonates or the incidence of childhood epilepsy later in life

(Mathew et. al., 2022).

TH is also the gold standard non-pharmacological treatment strategy for neonatal seizures,
but with far-from-optimal results, and is often only employed when seizures co-occur with NE
or HIE. TH reduces the duration of seizures, but not the number of events (Low et. al., 2012;
Boylan et. al., 2015). While TH provides modest neuroprotection in the acute stages post-HIE
and/or neonatal seizure, its prevention of long-term neurological outcomes associated with

HIE and seizures is more limited (Shankaran et. al., 2012).
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1.2.2. Pharmacological Treatment - Anti Seizure Medications

Pharmacological treatment is used for HIE when seizures also occur (Glass., 2014). The WHO
recommend the gamma-amino butyric acid receptor A (GABAa-R) agonist Phenobarbital (PhB)
as the first-line pharmacological drug to treat HIE-induced neonatal seizures, followed by
phenytoin and fosphenytoin (Glass et. al., 2012). Despite being the first-line treatment, only
50% of infants respond positively to PhB treatment, and the remaining 50% experience either
no change or exacerbated seizures (Painter et. al., 1999; Slaughter et. al., 2013; Donovan et.
al., 2016; Spagnoli et. al., 2016). Phenytoin is the second line treatment, and while it is
similarly efficacious to PhB, phenytoin treatment is more complicated due to adverse effects,
including the requirement for frequent blood monitoring to prevent toxicity (Slaughter et. al.,

2013).

PhB is a positive allosteric modulator of the GABAa-R. In the neonatal brain, GABAA-R
activation leads to depolarisation of immature neurons via Cl° efflux, promoting
hyperexcitability (Ben-Ari et. al., 2007). Neonates exhibit increased intra- and inter-individual
variability in pharmacokinetic properties for a range of drugs, including PhB (Marsot et. al.,
2014), due to rapid developmental changes (Sami et. al., 2021). PhB pharmacokinetics is also
affected by other pathophysiological consequences of a disease state, such as HIE, altered
drug elimination capacities either by renal or hepatic impairment, altered haemodynamics or
decreased cardiac output (Pokorna et. al., 2015; Smits et. al., 2020). Another factor implicated
in PhB pharmacokinetic variability is TH. Hypothermia often delays the clearance of drugs,
resulting in increased plasma concentrations and longer half-lives, as demonstrated in studies
of chlorzoxazone, fentanyl, gentamicin, theophylline and morphine (Koren et. al., 1985; 1987;
Bansinath et. al., 1988; Tortorici et. al., 2006; 2007). Studies of PhB pharmacokinetics post-TH

have had mixed results; Fillippi (et. al., 2011) showed that PhB clearance is delayed in a study
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of hypothermic newborns versus normothermic newborns, while Shellhaas (et. al., 2013)
found no significant changes in PhB clearance during TH treatment. Pokorna and colleagues
(2019) found that both asphyxia severity and TH treatment were important pharmacokinetic
covariables, suggesting that the variability in PhB clearance is a more complex interplay of

factors rather than solely caused by TH.

Several harmful and persisting consequences of PhB treatment during the neonatal period
have been recorded. As early as 1978 it was found that perinatal treatment with PhB reduces
brain weight (Diaz & Schain, 1978), and by 1989 researchers had found PhB treatment to
reduce pyramidal and granule cells in the hippocampus (Pick & Yanai, 1985), and Purkinje and
granule cells in the cerebellum (Yanai et. al., 1989). Introducing anticonvulsants to the
developing brain can hinder vital functions such as synaptogenesis, neurogenesis, and
synaptic plasticity (Bittigau et. al., 2002; Forcelli et. al., 2011; 2012; Ahmad et. al., 2018). PhB
treatment in the neonatal period is also associated with long-term neurodevelopmental
consequences and non-improvement of outcomes post-HIE (Quinlan et. al., 2018). Clinical
studies support this, showing that children treated with PhB as neonates perform significantly
poorer in cognitive and motor function tests at 12 to 24 months of age compared to same-

age untreated infants (Maitre et. al., 2013; Ghosh et. al., 2019; Liu et. al., 2020).

1.2.3. Clinical Trials for HIE

1.2.3.1.  Melatonin

Melatonin (MT) is an indoleamine endogenously produced in the pineal gland, best known for
its regulation of circadian rhythm. It is also a potent scavenger of free radicals (a by-product
of oxidative stress), easily crosses the blood-brain barrier (BBB), and its receptors are widely

distributed throughout the brain, including on microglia (Calvo et. al., 2013). Preclinical
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studies have shown that MT is neuroprotective, both as a single therapy and as an adjuvant
with TH, improving neuronal viability, infarct volumes and long-term neurological outcomes
(Carloni et. al., 2008; Alonso-Alconada et. al., 2013; Robertson et. al., 20133a; Hu et. al., 2017).
Pilot studies in human neonates comparing MT and TH treatment to TH alone show that MT
and TH treatment increased survival post-HIE (Aly et. al., 2015; Ahmad et. al., 2018) and
reduced neurological disabilities detected at 6 months (Aly et. al., 2015) and 18 months of age
versus TH alone (Jerez-Calero et. al., 2020). The MELPRO study is the first Phase Il trial for MT
as an adjuvant with TH for moderate to severe HIE (NCT 03806816), assessing acute and

chronic outcomes up to 24 months of age.

1.2.3.2.  Erythropoietin

Erythropoietin (EPO) is a glycoprotein produced in the liver, which is expressed, along with its
receptor (EPO-R) by many cell types in the brain. EPO is required for normal brain
development, and is involved in inflammation inhibition, upregulating expression of anti-
apoptotic genes, reducing oxygen free radicals and decreasing caspase activation (Robertson
et. al.,, 2013b). EPO is also involved in neurogenesis, angiogenesis, inflammation and
promoting white matter development (Shingo et. al., 2001; Gonzalez et. al., 2013). Activation
of Hypoxia-inducible factor (HIF) by hypoxia or pro-inflammatory cytokines stimulate
increased expression of EPO and EPO-Rs (Zhao et. al., 2013). EPO can downregulate elevated
pro-inflammatory cytokines through negative feedback loops to prevent an uncontrolled
continuation of the inflammatory response (Villa et. al., 2003; Brines & Cerami., 2013). At the
site of injury, neurons express EPO-Rs, which is followed by astrocytic release of EPO (Spandou
et. al., 2004). EPO treatment was proposed to upregulate EPO-Rs post-HIE, enhancing tissue
protection and erythropoiesis (Teramo et. al., 2018). Preclinical studies demonstrated the

neuroprotective effects of exogenous EPO treatment on HIE-induced brain damage (Juul.,
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2004; Traudt et. al., 2013; Pang et. al., 2020). In animal models, higher doses of EPO were
associated with both histological and functional attenuations post-HIE, although combining
EPO with TH provided no additional neuroprotection (Statler et. al., 2007; van der Kooij et. al.,
2008; Wassink et. al., 2020; 2021). Clinical trials for EPO monotherapy conducted in clinical
settings where TH was unavailable (Zhu et. al., 2009; Malla et. al., 2017) found that EPO was
neuroprotective after acute treatment. Clinical trials for EPO and TH combined therapy have
had mixed results. The Phase Il NEATO trial (NCT 01913340) showed limited attenuation of
neurodevelopmental outcomes at 9 and 12 months of age (Wu et. al., 2016; Massaro et. al.,
2018). Similarly, the Phase Il HEAL trial (NCT 02811263) and the Phase Ill PAEAN trial (NCT
03079167) found that EPO had no impact on survival or neurodevelopmental outcomes and
was associated with a heightened risk of serious adverse events (Wu et. al., 2022; Juul et. al.,

2023).

1.2.3.3.  Complement Inhibitor RLS-0071

Recently, studies have highlighted the complement pathway as participatory in the
neuroprotective effects of TH. Shah (et. al., 2021) found that, when TH treatment reduced the
size of brain infarctions, it also decreased systemic serum levels of Clq and Cb5a,
downregulated mitochondrial Clq expression and decreased microglial and neuronal
depositions of C3 and C9. Based on these findings, Kumar (et. al., 2021) utilised a complement
C1 inhibitor, the peptide inhibitor RLS-0071 (ReAlta Life Sciences, USA), as an adjuvant with
TH in a rat model of HIE. RLS-0071 and TH reduced infarct size, attenuated neuronal death,
reduced Clq protein levels and improved long-term brain growth and neurocognitive
outcomes versus TH alone (Kumar et. al., 2021). Phase Il clinical trials are underway to

evaluate RLS-0071 as an adjuvant with TH in severe HIE (NCT05778188).
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1.3. Experimental Models of HIE

Preclinical models have been used extensively to study NE and neonatal seizures. As
mentioned before, HIE is the most widely studied aetiology of NE. Preclinical studies of HIE
rely upon in vivo models to further probe the pathophysiology of HIE and neonatal seizures
under a variety of conditions. The species used include higher mammals such as sheep, pigs
or monkeys, and rodents, rats and mice. HIE in vivo models can be further divided into two

loose categories: hypoxia-ischaemia models and hypoxia-only models.

1.3.1. Modelling HIE in Higher Mammals
Preclinical studies of HIE in higher mammals, such as sheep, pigs, or monkeys, are far less

common than those conducted using rodents, primarily due to high costs.

Very few studies of HIE have been conducted in non-human primates. The first model of birth
asphyxia was published in 1979 (Fahn et al., 1979), inducing asphyxia in term monkey foetuses
by covering their heads with a rubber sac and clamping the umbilical cord. 12 minutes of
asphyxia was required to produce neuropathological injury, and monkeys resuscitated after
20 minutes of asphyxia had extremely high mortality. The damage exhibited in this model was
primarily found in the brain stem. Fahn (et. al., 1979) also designed a partial ischaemia model
whereby pregnant females were made hypotensive during their third trimester. Foetal blood
0, saturation was reduced to 10% for 5 hours, inducing profound acidaemia. At birth, these
monkeys displayed postural abnormalities associated with brain damage and convulsions
(Fahn et. al., 1979). A model of white matter injury in baboons was also devised, whereby
baboons were delivered prematurely by hysterotomy and treated in an intensive care setting
(Inder et. al., 2004). Half of these baboons exhibited white matter injury, although further

behavioural testing was not undertaken.

Page | 16



Piglets are considered a translatable model, as they display similar neuropathological patterns
post-HIE to humans (Johnston., 1998), and a piglet at birth is developmentally comparable to
a full-term infant. Both hypoxia-ischaemia and hypoxia-only models of HIE have been
developed in piglets. Piglet models of hypoxia-ischaemia are performed by transiently
occluding the carotid arteries (Kerenyi et. al., 2012) or the airways (Martin et. al., 1997) to
induce ischaemia, and inducing hypoxia by reducing the O, concentration during this period
(Martin et. al., 1997: Kerenyi et. al., 2012; Alonso-Alconada et. al., 2015). In hypoxia-only
models of HIE, piglets are anaesthetised, intubated and kept on cardiac and EEG monitoring
throughout. The O, concentration is reduced to 6% at the beginning of hypoxia, lasting for an
average of 45 minutes if piglets do not experience cardiac arrest. O, concentration is
transiently increased when piglets are severely bradycardic or hypotensive and reduced back
down to 6% upon recovery (Thoresen et. al., 1996). A limitation of the hypoxia-only models is
that the piglet heart is more sensitive to hypoxic injury than the brain, so cardiac monitoring
and transient cessation of hypoxia are crucial to their survival for further study (LaRosa et. al.,

2017).

Sheep are more developmentally advanced than humans at birth, so foetal sheep are studied
at 0.85 gestation (~125 — 130 days, term = 145) to model HIE at full-term, and at 0.65-0.75
gestation (~95 — 108 days) to model HIE in premature infants (Dobbing & Sands., 1979). HIE is
induced in foetal sheep by umbilical cord occlusion, cerebral ischaemia or asphyxia. During
umbilical cord occlusion, the umbilical cord is partially occluded for 1 minute every 3 minutes
over the course of 2 hours (Clapp et. al., 1988) or for more severe models, 2 minutes of every
5 minutes for 2 hours (De Haan et. al., 1997). In cerebral ischaemia models, bilateral carotid
occlusion for 10 to 20 minutes induces selective neuronal necrosis, and 30 to 40 minutes

induces epileptiform activity and robust neuronal damage in the striatum, parasagittal cortex,
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and hippocampus (Williams et. al., 1990; 1992). In asphyxia models, asphyxia repeated every
5 hours induces injury almost exclusively to the striatum, whereas asphyxia repeated every 5
minutes causes extensive diffuse damage to the cortex, thalamus, and cerebellum in 40% of
animals, and selective neuronal necrosis in these regions for the remaining 60% (Gunn et. al.,

1992; Richardson & Bocking., 1998; Dalitz et. al., 2003).

1.3.2. Rodent Models of Hypoxia-lschaemia

The most widely used rodent model of hypoxia-ischaemia is the Rice-Vanucci model, first
defined by Rice et. al., in 1981. In the original protocol, performed on a P7 rat pup, the right
carotid artery is ligated surgically, inducing ischaemia, and 4 to 8 hours following surgery, the
pup is placed in a hypoxia chamber at 8% O for three and a half hours, inducing hypoxia. The
pathology observed replicates anatomical damage patterns seen in human neonates,
including grey matter injury in the hippocampus, the cortex, the basal ganglia, and the
thalamus (Rice et. al., 1981; Vanucci et. al., 1999), and white matter lesions, the severity of
which correlates with the duration of hypoxia (Liu et. al., 2002; Drobyshevsky et. al., 2005;
2007). The Rice-Vanucci model causes decreased cerebral blood flow (Vannucci et. al., 1988),
decreased cerebral glucose uptake (Vannucci et. al., 1989), brain acidosis (Yager et. al., 1991)
and a heightened inflammatory response, both acutely and chronically (Bona et. al., 1999).
This model has been widely used to study severe HIE for decades, although it is associated
with high variability in infarct size and symptomatology. Researchers have tried to address this
by modifying the original model, producing slightly different phenotypes but consistent
overall hallmarks, such as seizures, memory impairment and hyperactivity (Shimomura & Ohta

1988; Jensen et. al., 1995; Laroia et. al., 1997; Mortola & Naso., 1998; Caputa et. al., 2005).
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1.3.3. Rodent Hypoxia-only Models

The first rodent hypoxia-only model of HIE was described by Jensen et. al., (1991). This model
induces acute seizures by global hypoxia in P10 rats, exposing them to 3-4% O». Hypoxia-only
models were developed to mimic mild to moderate HIE following perinatal asphyxia. Few
hypoxia-only models exist, most of which are permutations of the original Jensen model. The
model used in this study is a hypoxia-only model of HIE, based on the Jensen model and
developed by Rodriguez-Alvarez (et. al., 2015). C57BL6/J P7 mice are exposed to 5% O for
fifteen minutes to induce global hypoxia, modelling moderate hypoxia in a full-term neonate
(Rodriguez-Alvarez et. al., 2015). The pathological features in hypoxia-only models are more
subtle than those seen in hypoxia-ischaemia models, with histological damage detected by
silver staining and no differences in cell death markers (Boss et. al., 2005; Rodriguez-Alvarez
et. al., 2015). Several studies have recorded altered levels of neurotransmitters (Gunn &
Gunn., 1997; Millar et. al., 2017), a lower seizure threshold later in life and a heightened
neuroinflammatory response (Rakhade et. al., 2011; Sun et. al., 2012; Cleary et. al., 2013;
Rodriguez-Alvarez et. al., 2015; Quinlan et. al., 2018). Further evidence to support its
translatability was demonstrated by the response to PhB treatment during acute seizures. 50%
of P7 pups do not respond to PhB treatment for acute seizures post-HIE, which reflects the
response rate reported in human patients (Rodriguez-Alvarez et. al., 2015; Quinlan et. al.,
2018). Longer-term studies with this model demonstrate that mice developed lower seizure
thresholds, memory impairments and anxiety-like behaviours, which echo neurological
conditions such as intellectual disability and epilepsy which patients are much more likely to
develop post-HIE (Mikati et. al., 2005; Talos et. al., 2012; Rodriguez-Alvarez et. al., 2015;
Quinlan et. al., 2018). The similarities between the mouse model and the human condition

are summarised in Table 1.2. below.
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Mouse Model Human Neonates

Clinical/Electrographic Seizures Clinical/Electrographic Seizures
Acute Response
56% response to Phenobarbital 50% response to Phenobarbital

Lower seizure threshold Epilepsy
Chronic Response Memory impairment Cognitive disabilities
Anxiety-like behaviour Cerebral palsy

Table 1.2. Summary of the major acute and chronic features of the global hypoxia mouse model,
relating them to the hallmarks of the acute and chronic response to moderate neonatal hypoxia in
humans. This summary demonstrates the translatability of this model, which had many similarities to
the human condition, more so than several other models (Forcelli et. al., 2011; Chapman et. al., 2012;
Maitre et. al., 2013; Rodriguez-Alvarez et. al., 2015; Ahearne et. al., 2016; Low et. al., 2016; Sun et. al.,
2016; Pisani et. al., 2018; Quinlan et. al., 2018).

1.4. Neuroinflammation

1.4.1. Inflammation

The inflammatory response is integral to the body’s defences against disease and injury.
Temporally, the inflammatory response has an acute phase and a chronic phase. The acute
phase is characterised by the recruitment of immune cells to the site of injury, triggering the
expansion of the immune response by releasing pro-inflammatory mediators such as
interleukin 1B (IL-1B) (Aderem & Ulevitch., 2000; Chen et. al., 2017; Kim et. al., 2019). In
normal tissue repair, this response subsides within a few hours or days; however, in some
instances, this immune response can persist for longer and become chronic (Zhou et. al., 2016;
Chen et. al.,, 2017). Chronic inflammation is associated with diseases such as arthritis,

diabetes, and neurological conditions (Lintermans et. al., 2014; Chen et. al., 2017).
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1.4.2. Inflammation in the CNS

Neuroinflammation —inflammation in the CNS —is inextricably linked to the pathology of many
neurological diseases such as Alzheimer’s Disease (AD), Parkinson’s Disease (PD), Multiple
Sclerosis (MS), epilepsy, and HIE (Linker et. al., 2002; Vezzani & Baram, 2007; Green & Nolan.,
2014; Ng et. al., 2018; Tan et. al., 2020). This response is mediated by resident glial cells
(microglia and astrocytes) and peripheral immune cells, which release cytokines, chemokines,
ROS and secondary messengers, such as NO or prostaglandins (Dunn et. al., 2006; Norden et.
al., 2016). The functions of microglia go far beyond mediating the response to injury and
disease: for instance, microglia and pro-inflammatory cytokines play a central role in
mediating early brain development (Schafer & Stevens., 2013; Salter & Beggs., 2014). During
the neuroinflammatory response, usually initiated by infection or injury, features such as
elevated pro-inflammatory mediator signalling, recruitment of microglia, astrogliosis, blood-
brain barrier (BBB) permeability and resultant peripheral immune cell infiltration emerge
(Werner & Englehard., 2007; Liesz et. al., 2009; 2011; Michael et. al., 2016), all of which are

associated with neurological diseases.

1.4.3. The Inflammasome in Neuroinflammation

Pattern recognition receptors (PRRs) are a family of either transmembrane or cytosolic
receptors that recognise pro-inflammatory stimuli, such as Pathogen-Associated Molecular
Patterns (PAMPs) or Damage-Associated Molecular Patterns (DAMPs) and are integral to the
innate immune response. Transmembrane PRRs include toll-like receptors (TLRs), while
cytosolic receptors include the nucleotide-binding domain (NOD) — Leucine-Rich repeats (LRR)
— containing receptors (NLRs) (Becker & O’Neill., 2007). Activation of PRRs by PAMPs and
DAMPs triggers a signalling cascade which causes cytosolic PRRs, such as NLRs, to form a

multimeric protein complex called the inflammasome (Yang et. al., 2019). The inflammasome
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is then responsible for the activation and release of pro-inflammatory cytokines, such as IL-13
(Martinon et. al., 2002; Agostini et. al., 2004). Microglia release IL-1p both as a regulator of
neurodevelopment and in response to pro-inflammatory stimuli (Del Rey et. al., 2013; Krumm

et. al., 2014).

1.4.4. NLRP3 Inflammasome Formation

NLR family Pyrin Domain Containing 3 (NLRP3) is a 118kDa cytosolic PRR protein expressed
mainly by microglia in the CNS. The C-terminal consists of a leucine-rich repeat (LRR) domain,
the centre is comprised of an ATP-ase containing NACHT, to facilitate oligomerisation, and the
N-terminal is a Pyrine (PYD) domain to recruit proteins for inflammasome formation (Kelley
et. al., 2019). As with other inflammasomes, the NLRP3 inflammasome complex consists of a
sensor, an adaptor, and an effector: NLRP3 is the sensor, apoptotic-associated speck protein
(ASC) is the adaptor, and caspase-1 is the effector (Duncan et. al., 2007; Lu et. al., 2014;
Schmidt et. al.,, 2016; Boucher et. al., 2018). The two stages of NLRP3 inflammasome
formation are priming and activation (Figure 1.2). During priming, TLR or IL-1 Receptor (IL-1R)
ligand-mediated signalling upregulates transcription of NLRP3 and pro-inflammatory
cytokines via proteins such as myeloid differentiation primary response protein (MyD-88), the
activator protein 1 (AP-1) and nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB) (Takeuchi & Akira., 2010; Yang et. al., 2020). Priming also governs post-translational
modifications of NLRP3, namely ubiquitination and phosphorylation, which regulate NLRP3
activation (Yang et. al., 2017). The activation step is initiated by a secondary stimulus. NLRP3
is activated by a diverse range of stimuli, such as particulate matter, extracellular ATP, toxins,
and pathogens (Figure 1.2). It has been suggested that, rather than NLRP3 recognising and
binding all signals, it instead senses a common cellular event caused by all stimuli, such as

disassembly of the trans-Golgi network (TGN) (Chen & Chen., 2018; Kelley et. al., 2019). Upon
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activation, NIMA-related kinase 7 (NEK-7) binds to NLRP3 to modulate NLRP3 inflammasome
assembly. The NACHT-domain is first activated, then the PYD domain recruits the adaptor
molecule ASC to form a filamentous complex called the ASC pyroptosome (Figure 1.2). The
caspase recruitment domain (CARD) of ASC binds to pro-caspase-1, which is converted into
active caspase-1 via proximity-induced autoproteolysis (Lu et. al., 2014: Malik & Kanneganti.,
2017). Caspase-1 cleaves the inactive pro-IL-1B and pro-IL-18 into the active IL-1B and IL-18
respectively, which are released to engage in neuroinflammatory signalling. Caspase-1 also
cleaves and activates the membrane pore-forming gasdermin D (GSDMD), a protein involved
in pyroptosis. The N-terminal domain of GSDMD (GSDMD-NT) shows high affinity for plasma
membrane lipids, so upon cleavage GSDMD-NT oligomerises to form pores in the cell
membrane, resulting in pyroptosis and the release of inflammatory cytokines IL-13 and IL-18
(Figure 1.2) (Ding et. al., 2016; Evavold et. al., 2018). Within the brain, all neural cell types
express NLRP3, however it is preferentially expressed by microglia (Chiarini et. al., 2020; Pike
et. al., 2021). While NLRP3 inflammasome signalling is best known for its role in pathological
signalling, it also has a use in homeostatic functions. Indeed, young mice express basal levels
of NLRP3 inflammasome signalling in neurogenic niches of the ventral hippocampus and basal
amygdala to upkeep conditioning-induced synaptic plasticity and memory consolidation

(Komleva et. al., 2021).
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by PRR or cytokine receptor activation, leading to upregulated transcription of inflammasome related
genes. (B) Priming is followed by either canonical or non-canonical activation. Canonical activation is
triggered by DAMP receptors, such as P2X7R, or from mitochondrial production of ROS and the
resultant CI efflux from the cell. Pro-caspase-1 is cleaved to release active Caspase-1. NLRP3, ASC and
Caspase-1 join to form the inflammasome. (C) Non-canonical activation is triggered by PAMP receptors
such as TLR4, phagocytosis of PAMPs or by ATP efflux via pannexin-1 and the resultant K* efflux. (D)
The inactive pro-IL-18 and pro-IL-18 are cleaved by caspase-1 in the inflammasome to release the
active cytokines IL-18 and IL-18. These cytokines are transported to the cell membrane and released

via GSDMD pores. In some cases, pyroptosis of the cell may also occur.

NLRP3 inflammasome activity in microglia has been linked to several neurological disorders,
including Alzheimer’s disease (McManus et. al., 2025), traumatic brain injury (Wallisch et. al.,
2017), and Parkinson’s disease (Lee et. al., 2019). In HIE, inflammasome priming signals such
as IL-1B and TNF-a are upregulated. Furthermore, expression of P2X7R, a canonical activator
of the NLRP3 inflammasome (Di Virgilio et. al., 2020), is upregulated post-hypoxia in a mouse

model (Rodriguez-Alvarez et. al.,, 2017; Smith et. al.,, 2023). NLRP3 inflammasome is also
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activated by mitochondrial dysfunction and ROS production, both of which are elevated
during the primary and secondary energy failure (Rousset et. al., 2012; Stepanova et. al.,
2019). These results all support findings that NLRP3 activation is elevated post-HIE (Chen et.

al., 2018; Li et. al., 2021a).

Further research is needed to understand the role of the NLRP3 inflammasome in HIE, as when
HIE was induced in NLRP3-knockout mice, they displayed more severe brain injury and
increased microglial activation compared to wild-type mice, whereas ASC-knockout was
neuroprotective post-HIE (Ystgaard et. al., 2019). This contrasts with studies where
pharmacological inhibition of NLRP3 activation and formation post-HIE is neuroprotective (Lv
et. al., 2020; Luo et. al., 2021; Chen et. al., 2023). This highlights how much there is yet to
learn about the functional role and consequences of the NLRP3 inflammasome and its

individual components during the neonatal period and post-HIE.

1.4.5. Treatment Observations from Preclinical Studies

The hypothesis that neuroinflammation plays a role in long-lasting outcomes following HIE
and neonatal seizures is firmly supported by both clinical and preclinical studies. This allows
researchers to identify potential therapeutic targets for an anti-inflammatory treatment
approach with the potential to provide greater and more reliable success than conventional
treatment methods. Current research in HIE treatment is focused on administering an anti-
inflammatory drug as an adjuvant therapy alongside TH to improve on the modest

neuroprotection provided by TH treatment (Chevin et. al., 2018).

Whether an anti-inflammatory drug could ameliorate or inhibit the pathophysiology of HIE
was examined on the hypoxia-only mouse model (Quinlan et. al., 2019). The small molecule

drug was the sartan molecule candesartan cilexetil (CND), an angiotensin Il receptor Type 1
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antagonist currently used to treat high blood pressure and heart failure. CND is in Phase |l
clinical trials as an acute treatment for traumatic brain injury in adults aged 18-65
(NCT05826912). CND regulates the neuroinflammatory response in microglia through
inhibition of TLR4, and in neurons by activation of the anti-inflammatory neuronal receptor
peroxisome proliferator-activated receptor gamma (PPARy) (Saavedra., 2016; Qie et. al.,
2020). Following hypoxia, neuronal damage was attenuated, and these mice experienced
reduced anxiety, less memory dysfunction and reduced incidence of later-life epilepsy
compared to mice not treated with CND (Quinlan et. al., 2019). Furthermore, CND caused no

adverse effects in control mice.

The emerging role of the NLRP3 inflammasome in microglia-mediated neuroinflammation has
suggested the value of NLRP3 inflammasome inhibition as a therapeutic avenue for a range of
neurological disorders, including HIE. One such inhibitor is MCC950, also known as CRID3, a
sulfonylurea compound which potently and selectively inhibits the assembly of the NLRP3
inflammasome by binding to the NACHT domain of NLRP3 (Coll et. al., 2015; Coll et. al., 2019).
Preclinical studies have found that NLRP3 inflammasome inhibition with MCC950 is
neuroprotective in models of Alzheimer’s Disease (AD), traumatic brain injury (TBI),
intracerebral haemorrhage (ICH), spinal cord injury (SCl), experimental autoimmune
encephalomyelitis (EAE) and HIE (Coll et. al., 2015: Dempsey et. al., 2017; Ren et. al., 2017;
Ismael et. al., 2018; Jiao et. al., 2020; Lv et. al., 2020). MCC950 was investigated in clinical trials
for rheumatoid arthritis; however, indications of hepatotoxicity in participants resulted in the
cessation of the study at Phase Il (Mangan et. al., 2018). Further studies have been called for
to understand the source of this hepatotoxicity, as this was not observed in preclinical models

(Li et. al., 2022).
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1.5. Microglia

Microglia, astrocytes, and oligodendrocytes are the three types of glial cells resident in the
brain which create and support an optimal environment for healthy neuronal function. This
thesis focuses on microglia, which are known as the permanent resident immune cells of the
CNS, although this is only one of their many roles. Microglia are heavily involved in guiding
and supporting neurodevelopment, and times of highest microglial activity coincide with
times of rapid and active neurodevelopment, such as the perinatal period (Schafer et. al.,

2012; Weinhard et. al., 2018; Logiacco et. al., 2021).

N. Achucarro and P. Del Rio-Hortega first described microglia in 1919, releasing a series of
three publications recording the diverse range of microglial morphologies they encountered,
from homeostatic to ameboid (Rio-Hortega., 1919; Sierra et. al., 2019). The M1/M2
classification, where M1 microglia are pro-inflammatory and M2 microglia are homeostatic,
was later devised to classify microglia phenotypes; however, this system is outdated as it does
not reflect the multifunctional and multi-phenotypic nature of microglia (Paolicelli et. al.,
2022). Diz-Chaves (et. al., 2012) extends on the M1/M2 classification by proposing five
morphology types, each with a distinct functional role. Type |, Il and Il microglia, traditionally
M2 microglia, are morphologically consistent with homeostatic microglia. Type IV and V
microglia, traditionally M1 microglia, are morphologically consistent with pro-inflammatory
microglia. Homeostatic microglia have small cell bodies, long and ramified processes and are
highly motile. They also express cell-surface markers associated with supporting neuronal
function and maintenance, such as P2RY12, CX3CR1 or CD206 (Sipe et. al., 2016; Hellstrom
Erkenstam et. al., 2016; Tsuda., 2017). In the neonatal period they are highly active and

essential to neuronal maturation through synaptic and dendritic pruning (Mitchell-Robinson
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et. al., 2015). When an insult occurs in the brain, microglia become pro-inflammatory,
resembling macrophages more closely — their cell bodies become enlarged, their processes
retract and become less ramified and they express cell surface markers associated with the
inflammatory response, such as CD36, CD68 or CD86 (Cho et. al., 2006; Wakselman et. al.,
2008; Hellstrom Erkenstam et. al., 2016; Hendrickx et. al., 2017). These cells engage in

phagocytosis, chemokine and cytokine release, and antigen presentation.

1.5.1. Microglia and Neurodevelopment

Unlike the rest of the cell types in the CNS that originate in the ectoderm, microglia originate
in the yolk sac from primitive macrophages and invade the CNS between embryonic day (E)
8.5—-17.5in mice, or 4.5 - 5.5 gestational weeks in humans (Andjelkovic et. al., 1998; Ginhoux
et. al., 2010; Stremmel et. al., 2018). This occurs in parallel with the birth of primitive neurons,
prior to astrocytogenesis or oligodendrogenesis (Frost & Schafer., 2016). Within the brain
environment they develop from early microglia (E10 to E14 in mice), to pre-microglia (E15 to
postnatal day (PND) 9 in mice), finally reaching maturity as adult microglia from PND28 in mice
(Matcovitch-Natan et. al., 2016). Development through these three stages is characterised by
changes in gene expression, morphology and functional profile of the cells (Alliot et. al., 1999;
De et. al., 2018; Spittau et. al., 2020). Early microglia express genes associated with cell cycling
and chromatin remodelling, such as Dab2, Mcm5, Dnmt1 and Lyz2 (Matcovitch-Natan et. al.,
2016). The transition from early to pre-microglia is marked by the downregulation of cell
differentiation genes and upregulation of synaptic pruning genes — an important function of
pre-microglia — such as Crybb1 and Cxcr2 (Paolicelli et. al., 2011; Matcovitch-Natan et. al.,
2016). Finally, adult microglia transition towards the expression of traditional homeostatic
genes and cytokine signalling, and the maintenance of this homeostatic profile is dependent

on the transcription factor MAFB (Matcovitch-Natan et. al., 2016; Jurga et. al., 2020).
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This maturation progresses in synchrony with wider brain development, allowing microglia to
coordinate both neuronal and immune responses temporally to maintain homeostasis
(Matcovitch-Natan et. al., 2016). Microglia regulate both neuronal numbers and early
neuronal circuit formation by localising to several neurogenic niches, such as the neocortex or
the subventricular zone to regulate neurogenesis (Barry-Carroll & Gomez-Nicola., 2024). The
early neonatal stage is when synaptic connections are formed in the rodent brain — these
connections are initially overproduced, with half of these connections pruned (Chechik et. al.,
1998) in a neuronal activity-dependent manner (Wake et. al., 2009; Schafer et. al., 2012). The
complement pathway is an important molecular determinant in synaptic pruning (Wilton et.
al., 2023). Schafer (et. al., 2012) suggested that this is mediated specifically by complement
receptor 3 (CR3), expressed by microglia, and complement protein C3, localised to synaptically
enriched regions, and Weinhard (et. al., 2018) further demonstrated that trogocytosis, or

selective partial phagocytosis, by microglia is also mediated by this C3-CR3 interaction.

Microglia communicate with oligodendrocytes and astrocytes to maintain homeostasis and
guide development. In myelination, microglia support oligodendrocyte progenitor cells (OPCs)
and oligodendrocytes (Hagemeyer et. al., 2017; Wlodarczyk et. al., 2018). In the developing
white matter, microglia form clusters and secrete TNF-a, IL-1B3, IL-6 and IFN-y to promote
oligodendrocyte development and synthesis of proteins for myelin formation, such as myelin
basic protein (MBP) and myelin proteolipid protein (PLP) (Althaus et. al., 2008; Shigemoto-
Mogami et. al., 2014). Microglia-astrocyte communication is also important to neuronal
development, as astrocytes release IL-33 to promote microglial engagement in synaptic
pruning and neuronal maturation (Vainchtein et. al., 2018). Microglia in the adult brain can
also induce the polarisation of astrocytes into a pro-inflammatory, neurotoxic phenotype,

known as the Al reactive phenotype, by releasing IL.-1a, TNF-a and Clq (Liddelow et. al.,
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2017). In turn, Al astrocytes can activate pro-inflammatory microglia by releasing IL-13, TNF-
a and IL-6 (Li et. al., 2015). The interplay between microglia and astrocytes, and how these

impact on BBB dysfunction in the hippocampus, is shown in Figure 1.3.
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Figure 1.3. The interplay between astrocytes and microglia and its impact on BBB dysfunction in
neuroinflammation. (A) The hippocampus is located deep within the medial temporal lobe of the

human brain. (B) Schematic diagram showing the pattern of transverse hippocampal vessels. 1: The
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main blood vessels of the hippocampus give off the internal transverse hippocampal veins (ITHVs) and
the external transverse hippocampal vein (ETHVs); 2: The internal transverse hippocampal artery
(ITHA) enters the CS by the hippocampal sulcus; 3: The branches directly generating from the main
blood vessels to supply the CA1; 4/5: the branches of ITHV respectively supplying CA2 and CA3; 6: ETHV
entering the dentate gyrus by penetrating the fimbriodentate sulcus. In CA: so — stratum oriens; sp —
stratum pyramidale; sr — stratum radiatum. In dentate gyrus: ml — molecular layer; po — polymorph
layer; gcl — granule cell layer. (C) During neuroinflammation, reactive astrocytes and proinflammatory
microglia release pro-inflammatory signals which lead to BBB dysfunction and the infiltration of

proinflammatory circulating factors into the hippocampus.

Microglia express purinergic receptors to sense ATP release by neurons, with both
neuromodulatory and neuroimmune functions. Microglia can inhibit neuronal activity via the
P2Y12 purinergic receptor (P2RY12), mainly found on homeostatic microglia (Badimon et. al.,
2020; Beamer et. al., 2021). P2RY12 is activated by ATP and inhibits glutamatergic
neurotransmission during hyperexcitability, and P2RY12 depletion in adult mice is associated
with higher seizure severity (Badimon et. al., 2020). A key factor in this inhibition is the
neuronal co-transmitter ATP, which is converted to ADP by microglial CD39 and CD73. This
ADP then binds to neuronal Adenosine Al Receptor (ADO-A1R) to inhibit neuronal activity
(Castellano et. al., 2016; Lanser et. al., 2017). During inflammation, microglial expression of
P2RY12 is diminished as they adopt a more pro-inflammatory phenotype (Koizumi et. al.,
2013). Another purinergic receptor expressed by microglia is P2X Purinoreceptor 7 (P2X7R),
which is stimulated by ATP during neuroinflammation to activate the inflammasome, leading
to the release of IL-1B (Figure 1.1) (Kahlenberg & Dubyak., 2004; Thornton et. al., 2006; Keyel.,
2014). Active IL-1B release is also mediated by P2X7R pores (Ferrari et. al., 2006; Monif et. al.,
2016). Inhibition and knockout of P2X7R has provided neuroprotective effects post-hypoxia,
namely by downregulating release of IL-1B (Rodriguez-Alvarez et. al., 2017; Smith et. al.,

2023).
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1.5.2. Microglia and HIE

Microglia activation in the brain is a central hallmark of the neuroinflammatory response post-
HIE (Bona et. al., 1999; Cowell et. al., 2003; Quinlan et. al.,, 2019; Mallard et. al., 2019).
Microglia are also thought to contribute to excitotoxic injury post-hypoxia (Mallard et. al.,
2019), particularly by their association with neuronal morphological alterations in vulnerable
structures, such as the hippocampus (Takemiya et. al.,, 2017). Many studies show that
microglial aggregation and activation occurs regardless of HIE injury severity in both hypoxia-
ischaemia and hypoxia-only models (Del Bigio & Becker., 1994; McRae et. al., 1995; Bona et.
al., 1999; Liu & McCollough., 2013; Serdar et. al., 2019). Comparing mild and severe injury
post-HIE using the Rice-Vanucci model found that increased microglial populations were
recruited to the infarct site and present throughout the brain, regardless of injury severity,
and attributed the differences in pro-inflammatory cell populations between the mild and
severely injured mice to invading peripheral immune cells (Min et. al., 2020). Initial studies
using the hypoxia-only model in this thesis showed that microglia numbers in the
hippocampus are significantly higher 72 hours post-hypoxia compared to same age controls

(Quinlan et. al., 2019).

The morphological differences in microglia and their physiological consequences post-HIE
have yet to be fully explored, particularly in the chronic stages. Serdar (et. al., 2019) explored
microglial phenotypes acutely in a rat model of inflammation sensitised HIE. Microglia were
key drivers of the neuroinflammatory response with primarily pro-inflammatory phenotypes
in the first 24 hours post-HIE (Serdar et. al., 2019). Previous studies in this model have found
increased numbers of microglia in the hippocampus at 72 hours post-hypoxia, and effectively
targeted neuroinflammatory signalling using a broad-spectrum anti-inflammatory compound

and inhibition of P2X7R, an activator of the NLRP3 inflammasome (Rodriguez-Alvarez et. al.,
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2017; Quinlan et. al., 2019; Smith et. al., 2023). This both reduced the acute inflammatory
response and provided more positive neurodevelopmental outcomes chronically (Quinlan et.
al., 2019; Smith et. al., 2023). Molecular studies of inflammatory marker expression support
findings of increased microglial pro-inflammatory activation at both acute and chronic

timepoints post-HIE (Lalancette-Hébert et. al., 2007; 2017; Stridh et. al., 2011).

1.5.3. Cytokines and Chemokines in Microglia Post-HIE

Cytokines and chemokines are released by microglia in response to neonatal HIE, amplifying
inflammatory cascades and recruiting resident and peripheral immune cells to the site of
injury. This inflammatory response is a double-edged sword; while it is intended to repair and
protect the brain from further damage, strong associations have emerged between worsened
neurological outcomes following HIE and elevated pro-inflammatory cytokines, particularly IL-
1B, TNF-a and IL-6 (Jenkins et. al., 2012; Aly et. al., 2015; Orrock et. al., 2016; Numis et. al.,

2019).

IL-1B is released from microglia by several pathways, including the NLRP3 inflammasome as a
regulator of neurodevelopment and in response to pro-inflammatory stimuli, while also
expressing IL-1Rs. IL-1B-IL-1R signal transduction is cell-type specific, regardless of the
intracellular signalling cascade (Cohen., 2014). For a pro-inflammatory response to be
invoked, only 2-3% of IL-1Rs need to be occupied, indicating that low levels of IL-1B can
produce a strong immune response (Dinarello., 1996). IL-1R activation stimulate pro-
inflammatory microglia to release more IL-1p3, creating a positive feedback loop (Vezzani &
Viviani., 2015). Further, in LPS-induced inflammation in neonatal rats, IL-1R antagonist (IL-1Ra)
treatment attenuated long-term neurobehavioural outcomes and dopaminergic neuronal

injury in adulthood by dampening this positive feedback loop (Pang et. al., 2015). Numerous
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studies have shown strong correlations between increased IL-1B expression and worsened
outcomes in HIE in both animal and human studies (Chalak et. al., 2014; Orrock et. al., 2015;

Rocha-Ferreira & Hristova., 2016; Massaro et. al., 2020).

TNF-a is a member of the type-2 transmembrane protein family, expressed in a full-length
membrane-bound form (mTNF-a) which is cleaved to release soluble TNF-a (sTNF-a). There
are two main TNF-a receptors, TNFR1 (p55), preferred by sTNF-a and TNFR2 (p75), preferred
by mTNF-a (Grell et. al., 1995; 1998; Schafers et. al., 2008). Like IL-1B, TNF-a release has both
neuroprotective and neuroinflammatory functions. TNF-a is strongly associated with
neuroinflammatory disorders such as Alzheimer’s Disease (AD) (Dempsey et. al., 2017),
Multiple Sclerosis (MS) (Coll et. al., 2015), ischaemia (Xue et. al., 2022), epilepsy (Chen et. al.,
2021) and HIE (Rocha-Ferreira & Hristova., 2016; Zareen et. al., 2020). TNF-a also contributes
to apoptotic cell death in oligodendrocytes (Hovelmeyer et. al., 2005), and serum TNF-a levels
positively correlate with mortality and abnormal neuroimaging findings in neonates with HIE

(O’Hare et. al., 2017; Massaro et. al., 2020)

Jenkins (et. al., 2012) conducted a study on how cytokine levels in infants post-HIE are
impacted by TH. Neonates treated with TH had significantly higher serum levels of IL-6, IL-8,
IL-10 and monocyte chemoattractant protein 1 (MCP1) compared to normothermic infants
post-HIE. Additionally, in those infants who died and those who survived with more severe
neurodevelopmental outcomes at 12 months of age; there were higher levels of IL-6 and
MCP1 within 9 hours post-birth, followed by lower levels of macrophage inflammatory

protein 1a (MIP1a) between 60- and 70-hours post-birth (Jenkins et. al., 2012).

Rodent models of HIE have found upregulated expression of alpha-chemokines, such as MIP2,

and beta-chemokines such as MIP1a, MIP1B and CCL5, and lymphocyte markers expressed at
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the infarct site (Bona et. al., 1999; Jenkins et. al., 2012). Other chemokines upregulated post-
HIE are CCL2, CCL3 and CCL7, to recruit monocytes from bone marrow, CXCL1, to recruit
monocytes to inflamed tissue (Shi & Pamer., 2011) and CXCL10 (Jaworska et. al., 2017; Teo et.
al., 2023), which is involved in natural killer cell migration to sites of cerebral ischaemia and

exacerbation of blood brain barrier injury (Zhang et. al., 2014).

1.6. The Hippocampus

The hippocampus is a region of the brain best known for its role in learning, memory and
spatial navigation, and forms part of the limbic system (Bird & Burgess., 2008; Miller et. al.,
2014).

1.6.1. Hippocampal Structure and Function.

Located under the cerebral cortex in primates, the hippocampus is divided into two regions:
the cornu ammonis (CA), divided further into three sub-regions (CA1-CA3), and the dentate
gyrus (DG). The CA is comprised of three layers across the three CA subregions: the stratum
oriens (SO) the stratum pyramidale (SP) and the stratum radiale (SR). Animal and human
studies have shown that the hippocampal subregions each serve their own distinct functions:
the CA3 is specialised to perform pattern completion, the DG is involved in pattern separation
and the CA1l is linked to representation of special and temporal sequences over repeated
exposure (Gilbert et. al., 2001; Bakker et. al., 2008; Nakashiba et. al., 2008). The subfields also
have different retention functions; memories supported by the CA3 and the DG form rapidly,
sometimes from just one exposure, whereas the CA1 requires repeated exposures for memory
formation (Nakashiba et. al., 2008). Hippocampal function is also divided along the
longitudinal axis. Dorsal hippocampal structures are preferentially involved in processing

spatial information and memories, and has outputs connected to the anterior cingulate
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cortex, the mammillary nuclei and the anterior thalamus. The ventral hippocampus
preferentially mediates the stress response, and its outputs connect to the olfactory system,
the prefrontal cortex, the amygdala and the hypothalamus (Moser et. al., 1993; 1998;
Fanselow & Dong., 2010; Strange et. al., 2014; Bienkowski et.al., 2018).

1.6.2. Microglia and Neurodevelopment in the Hippocampus

As mentioned previously, the hippocampus presents with a high density of microglia, and that
the density varies between subregions. Microglia are pivotal to guiding hippocampal
development in early life, and to supporting neuroplasticity and memory formation
throughout adulthood (Borst et. al., 2022).

In the human brain, the structure of the hippocampus is mostly established by 18 to 20 weeks
of gestation, although the dorsal and ventral areas continue to differentiate well into
childhood (Gotgay et. al., 2006). In rodents, hippocampal development is protracted over the
embryonic and postnatal stages, characterised by distinct waves of cellular proliferation and
migration (Bayer et. al., 1980; Kim et. al., 2015). Microglia first invade the rodent hippocampus
at E14, and hippocampal microglia density increases rapidly after birth, reaching its peak at
PND15 (Kim et. al., 2015). In the early stages of circuit maturation microglia release factors
such as brain-derived neurotrophic factor (BDNF), nerve growth factor and IL-10 to induce the
formation of both excitatory and inhibitory synapses (Liao et. al., 2008; Lim et. al., 2013) and
spinal filopodia in hippocampal neurons (Weinhard et. al., 2018). Microglia also regulate
neuronal numbers and engulf apoptotic cells, the numbers of which peak at PND4 (Eyo et. al.,
2016). This function is intrinsically tied to their role in neurogenesis, as disruption in microglial
clearance of apoptotic cells directly disrupts hippocampal neurogenesis (Diaz-Aparicio et. al.,
2020). In adulthood, microglia play a constitutive role in synaptic plasticity, remodelling of

neuronal circuits and regulation of neuronal activity (Wake et. al., 2013). Microglia are also
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essential to learning and memory processes, as demonstrated by the deleterious effects of
loss-of-function mutations or deletions in microglia on hippocampal long-term potentiation
(Roumier., 2004; 2008; Maggi et. al., 2011; Rogers et. al., 2011), as reviewed by Paolicelli (et.
al., 2014). This is supported by murine studies where microglial deficiencies such as CX3CR1-
KO, BDNF deletion or microglial depletion resulted in impaired performance in motor learning,
fear conditioning, Morris Water Maze and Novel Object Recognition Test (Maggi et. al., 2011;
Rogers et. al., 2011; Parkhurst et. al., 2013).

1.6.3. The Hippocampus in HIE

The hippocampus is particularly vulnerable to damage following a hypoxic or ischaemic insult
(Bird & Burgess., 2008). The CA1 and the CA3 areas, connected through the Schaffer
collaterals, respond differently to hypoxic or ischaemic conditions (Kirino et. al., 2000). CA1
pyramidal neurons are amongst the most vulnerable, demonstrated repeatedly in the
literature in both animal and human studies (Almli et. al., 2000; McClendon et. al., 2019). Even
a moderate model of neonatal hypoxia induced long-lasting morphological changes to the
pyramidal neurons of the SO in the CA1, which corresponded behaviourally with a lower
seizure threshold and impaired spatial memory consolidation (Quinlan et. al., 2019). In
addition to these findings, Gonzalez-Fuentes and colleagues (2021) found that perinatal HIE
in humans reduces the density of hippocampal GABAergic interneurons, particularly in the
DG, which could have major implications for the long-term balance of excitatory/inhibitory

neurotransmission.

1.7. Hypothesis and Aims

HIE is a leading cause of death and disability in neonates, and the lack of effective treatments

available in clinical settings represents a significant unmet clinical need. Research in both
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animal models and human patients has shown the intrinsic role played by neuroinflammation
in HIE pathophysiology. One example is the strong association between IL-18 and brain
damage post-HIE, and the correlation between increased IL-1B signalling and poorer
neurodevelopmental outcomes. Anti-inflammatory treatment studies in preclinical models
and clinical trials brings potential for novel therapeutic targets, although more work is needed
to understand the wider implications of anti-inflammatory treatment with respect to
microglial function and neurodevelopment. Some studies have also posited the merits of anti-
inflammatory treatments administered past the traditional therapeutic window. One such
study found that treatment with a P2X7R antagonist administered 24 hours post-hypoxia for
a course of 7 days was profoundly neuroprotective (Smith et. al., 2023), and a review by
Chakkarpani and colleagues (2021) proposed EPO as a neurorestorative treatment when
administered during the tertiary energy failure. Therefore, this study aims to characterise the

neuroprotective effects of MCC950 treatment during the tertiary energy failure post-hypoxia.

The hypothesis of this study is that more microglia will express pro-inflammatory phenotypes
in the hippocampus both acutely and chronically post-hypoxia, and this will correspond with
behavioural deficits in neonatal reflexes and adult behaviour tests. When MCC950 is
administered immediately post-hypoxia, this will dampen the immune response, reduce the
prevalence of pro-inflammatory microglia and rescue any behavioural deficits caused by
hypoxia. MCC950 treatment from PND21 to PND26 will also reduce the prevalence of pro-
inflammatory microglia and attenuate behavioural deficits, although this effect may not be as
profound as this treatment will be administered far beyond the traditional therapeutic

window.
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The aims of this thesis are as follows:

1. Characterise microglia in the hippocampus acutely and chronically post-hypoxia, using
morphological analyses and activity markers to understand how hypoxia affects the
prevalence of pro-inflammatory microglia.

2. Investigate the consequences of hypoxia on neonatal reflexes and behaviours related
to the hippocampus.

3. Treat mice with MCC950 immediately post-hypoxia and investigate how this affects
microglia, the neuroinflammatory response and behavioural test performance.

4. Treat mice with MCC950 from PND21 to PND26 to investigate how this affects

microglia and behavioural test performance.
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2.1. Animal Housing and Husbandry

All procedures were performed in accordance with the guidelines of the European
Communities Council Directives (86/609/EU and 2010/63/EU) and were reviewed and
approved by the Research Ethics Committee of Trinity College Dublin (TCD) under license from
the Health Products Regulatory Authority, Ireland (AE19136/P140). Neonatal litters of C57BI/6
mice [weight, 3 - 5g; age, postnatal day 6.5-7.5 (PND7)] were bred using breeding trios of one
male and two females procured from the Comparative Medicine Unit in TCD. Mice had access
to food and water ad libitum and were kept in a barrier-controlled environment with their
dams on a 12hr light-dark standard cycle. Mice were housed in GM500 cages with 2-3cm of
bedding, nesting and a red tube for enrichment. Mice were weaned at PND21 and separated
by sex, unless separation led to singly housed animals. Sex was determined by visual
inspection, agreed upon by two experimenters. Experiments were performed in the morning

during the light cycle, and each experimental group was handled by the same experimenter.

2.2. Mouse Model of Neonatal Hypoxia

Hypoxia in mouse pups was carried out as previously described (Rodriguez-Alvarez et. al.,
2015, Quinlan et. al., 2019). PND7 pups were selected and placed in either a control or hypoxia
chamber, with each litter split between hypoxia and control [litter size, 4-10 mice; controls per
litter, 1-5 mice; hypoxia mice per litter, 1-7 mice]. Those in the hypoxia chamber were exposed
to a premixed gas containing 5% O, / 95% N> for 15 minutes to induce global hypoxia, while
the control pups were in a chamber containing room air for this period. Throughout hypoxia,
the chambers were kept in an incubator to maintain the temperature and humidity at 34°C
and 80% humidity (Figure 2.1), and Oz concentration and temperature were monitored

throughout. O; concentration was reduced gradually to reach 5%, and gas flow was adjusted
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throughout hypoxia to maintain a consistent 5% O concentration throughout hypoxia. An
extra opening in the hypoxia chamber wall prevented a build-up of pressure. CO;
concentrations were not monitored, nor were they controlled for. All animals were observed
during the 15-minute hypoxia period and assessed for behavioural or clinical seizures every 5
minutes using a modified Morrison’s Scale, detailed in Table 2.1 (Morrison et. al., 1996;
Quinlan et. al.,, 2019). Upon cessation of hypoxia, pups were kept in the incubator for
continued monitoring and Morrison score assessment every 5 minutes until they were

returned to their mother in the home cage, usually for 10 to 15 minutes post-hypoxia.
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Figure 2.1. Hypoxia Experiment Apparatus. (A) PND7 mouse pups were exposed to 5% O, for 15
minutes as previously described (Rodriguez-Alvarez et. al., 2015; Quinlan et. al., 2018). O, levels and
temperature were monitored throughout. (B) Trace of Oz concentrations throughout hypoxia showing
the gradual lowering of O, concentration to 5%, and the gradual reintroduction of 21% O;

concentrations.
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SCORE BEHAVIOUR

0 Normal Behaviour

1A Immobility/Motionless

1B Immobility and myoclonic jerks (spasms/shivers)
2 Rigid/ loss of posture

3 Circling, swimming, pedalling, tail extension

4 Spasms, forelimb tonic-clonic

5 Score 4 repeatedly

Table 2.1. Modified 5-point Morrison Scale. Used to Quantify Hypoxia-induced seizures, as described

in the literature (Rodriguez-Alvarez et. al., 2015; Quinlan et. al., 2018).

Pups were monitored closely in the 5 days post-hypoxia using rodent pup wellbeing
scoresheets approved for use under this license (Morton., 2000; European Communities
Directive 2010/63/EU). Scoresheets monitored daily weight gain, assessed for maternal care
by the quality of the nesting, and checked other features such as stomach fullness of each

pup, breathing patterns, gait, and posture. The scoring system is outlined in Table 2.2 below.

Category Parameter 0 1 2 3
Appearance Bodyweight gain per 20+% 15-19% 10-14% 0-9%
day (% of P7 weight)
Drinking and eating Full Stomach Empty
Stomach
Body Breathing Slow/calm Fast breathing Difficulty
. breathing Breathing
Function
Locomotion/posture Normal Slightly Markedly
gait/posture abnormal Abnormal
gait/posture  gait/posture
Other Nesting/ Maternal Nest greater 50% torn, Partially torn, Nestlet 90%
Indicators Care than body but not nest  50-90% intact intact
height

Table 2.2. Scoring system for all features observed for neonatal wellbeing assessments. Scores
assigned to each parameter, ranging from 0 to 3, were added up to give the wellbeing score for that
day. A score of 0-5 required no further action. A score of 6-9 required twice daily checks. A score of 10+

once or 6-9 more than 3 days in a row required consultation with the DV and euthanasia if required.
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2.3.  Invivo Drug Administration

2.3.1. PND 7 MCC950 treatment

For the experiments described in Results Chapter 2 of this thesis, hypoxia mice were selected
from each litter to be treated with MCC950 immediately post-hypoxia [Hypoxia mice, 1-6
mice; Vehicle-treated, 1-3 mice; MCC-treated, 1-3 mice]. Previous studies in various models
have shown that MCC950 effectively crosses the BBB (Coll et. al., 2015; Dempsey et. al., 2017;
Lv et. al., 2020). This timepoint was chosen as this reflects the current clinical approach, where
treatment is administered as soon as possible post-HIE (Laptook et. al., 2017; Quinlan et. al.,
2019). Given the short half-life (3.27 hours) and an oral bioavailability of 68%, mice received
a dose of 10mg.kg* MCC950 (Cat. No. 5.38120.0001, Merck Millipore, USA) dissolved in sterile
saline solution in a maximum of 100ul by intraperitoneal (IP) injection (Coll et. al., 2015; Luo
et. al., 2019). All other mice were administered an IP injection of 100l sterile saline vehicle
solution. Therefore, the three treatment groups were Normoxia-Vehicle (n=42), Hypoxia-
Vehicle (n=38) and Hypoxia-MCC950 (n=43). Following their injections, mice were returned to

the incubator to recover from hypoxia as normal.

2.3.2. PND 21-25 treatment

For the experiments conducted for Results Chapter 3 of this thesis, hypoxia mice from each
litter were selected to receive a longer treatment regimen of MCC950 from PND21 to PND25
[Hypoxia mice, 3-7 mice; Vehicle-treated, 1-4 mice; MCC-treated, 2-3 mice]. Several factors
contributed to the rationale behind this timeframe. Firstly, at PND21 these mice had been
weaned from their home cage, therefore this eliminates the possibility of causing stress to the
mother and other litters living in the same cage pre-weaning. The course of injections was

ceased at PND25 to allow mice to recover from the stress of injections before proceeding to
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adult behaviour tests at PND28, thus minimising the possibility of stress confounding
behavioural test performance. Most treatment studies for HIE, both clinical and preclinical,
administer protective agents very shortly post-HIE, during the latent phase. It has been
suggested that targeting the long-lasting neuroinflammatory response post-HIE may provide
significant neuroprotective and neurorestorative effects (Covey et. al., 2011; Fleiss &
Gressens., 2012). Chakkarapani and colleagues (2021) argued that EPO treatment could
provide tertiary neuroprotection by curbing the delayed rise in IL-1B and attenuating
leukocyte infiltration (Wu et. al., 2015). Stem cell therapy, using either human umbilical cord
blood mononuclear cells (hUCB cells) or mesenchymal stromal cells (MSCs), was also
discussed, as both cell types decreased markers of inflammation and expression of
proliferating inflammatory cells in preclinical studies post-HIE (van Velthoven et. al., 2010;

Nabetani et. al., 2018).

MCC950 was administered by IP injection twice daily for five consecutive days at a dose of
10mg.kg! MCC950 dissolved in sterile saline in a maximum of 100ul injection, a dosage used
previously in the literature (Dempsey et. al., 2017; Ren et. al., 2018; He et. al., 2019). All other
mice were given 100pl sterile saline vehicle solution at all injection times. Therefore, the three
treatment groups were Normoxia-Vehicle (n=9), Hypoxia-Vehicle (n=11) and Hypoxia-MCC950
(n=11). Doses were administered at 8am and 4pm by Dr. Jimenez using a 25G needle, ensuring
to alternate between the left and right IP injection sites to minimise risks of adverse effects.

Following each injection, mice were returned to their cages immediately.

2.4. Neonatal Reflexes

Neonatal reflexes were assessed using a battery of reflex tests at 24- and 72-hours post-

hypoxia in 54 mice for Chapter 1 and 80 mice for Chapter 2. Prior to testing, mice were scored
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on their rodent pup wellbeing scoresheet. All reflex tests were carried out as previously

described (Feather-Schussler & Ferguson., 2016) (Figure 2.2).

Surface Righting

Front Limb Grip Strength

Cliff Aversion
Ambulation and Hindlimb Angles

Negative Geotaxis

Figure 2.2. Overview of Neonatal Reflex Testing. All tests were carried out at PND8 and PND10

according to protocols previously published (Feather-Schussler & Ferguson., 2016).

2.4.1. Front Limb Grip Strength Test

This test, to assess forelimb grip strength, is ideally conducted by two experimenters. One
experimenter introduces the pup to a wire and allows them to grip it with their front paws.
Once gripped with both paws, the experimenter lets go of the pup, so it is now suspended
from the wire by its front paws. The second experimenter, equipped with a stopwatch, records
how long until the pup lets go of the wire, as seen in the literature (Liu et. al., 2013; Feather-

Schussler & Ferguson., 2016). Longer suspension times indicate superior grip strength.

2.4.2. Cliff Aversion Test
The cliff aversion test assesses strength, coordination, vestibular responses and labyrinth

reflexes (Heyser., 2003; Bouslama et. al., 2007; Feather-Schussler & Ferguson, 2016). To set up
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the cliff aversion test, a flat, elevated surface with straight ledges within an enclosed space
was prepared. The mother was allowed to wander around the top of the surface for two
minutes so the smell of the dam could help guide pups away from the ledge. Each pup was
then placed on the edge of the surface with their front paws and head over the edge and
timed until they moved away from the edge (Figure 2.2). Pups with a stronger cliff aversion
reflex will take less time to complete this task. Exclusion criteria are pups that did not move
from their starting position for 30 seconds and litters with more than 50% of pups refused to
run the test. High refusal rates were recorded due to these exclusion criteria, particularly at
24 hours post-hypoxia. Due to inter-litter variability, the times recorded for each pup was

normalised by litter, expressing their time with respect to the average of their control

littermates.
COHORT TIMEPOINT CONTROL HYPOXIA HYPOXIA MCC
CHAPTER 1 24hr 13/32 19/32
72hr 13/29 14/26
CHAPTER 2 24hr 9/17 11/17 11/19
72hr 8/15 10/15 10/17

Table 2.3. Refusals for Cliff Aversion Test. Shown are the numbers of refusals out of the total number

of animals in each cohort for Chapters 1 and 2 at 24- and 72-hours post-hypoxia.

2.4.3. Negative Geotaxis

This test relies on the negative geotaxis reflex, which develops in mice between PND3 to
PND15 (Heyser., 2003) to assess the integration of motor coordination and vestibular
responses to gravity (Sanches et. al., 2012; Wang et. al., 2013). Each mouse was tested once,
where they were placed on a slope facing downwards, and in a successful test they should
reposition themselves to be facing upwards (Figure 2.2). The time it took to turn 180° and face

up the slope was recorded, and a shorter test time indicated a stronger negative geotaxis
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response. If a pup refused to move for 30 seconds, or if they turned a small bit and did not
move again for 30 seconds, they were recorded as a refusal. Litters with more than 50% of
pups marked as refusals were also excluded. High refusal rates were recorded due to these
exclusion criteria. Due to inter-litter variability, the times recorded for each pup was

normalised by litter, expressing their time with respect to the average of their control

littermates.
COHORT TIMEPOINT CONTROL HYPOXIA HYPOXIA MCC
CHAPTER 1 24hr 24/32 19/28
72hr 20/29 19/26
CHAPTER 2 24hr 9/17 10/17 12/19
72hr 5/15 5/15 10/17

Table 2.4. Refusals for Negative Geotaxis Test. Shown are the numbers of refusals out of the total

number of animals in each cohort for Chapters 1 and 2 at 24- and 72-hours post-hypoxia.

2.4.4. Ambulation Test and Hindlimb Angles

Mice were placed on a flat surface and filmed walking within the boundaries of their assigned
region for three minutes, and the videos were watched to assess walking patterns for each
pup. The protocol was adapted from that described in rats by Balasubramaniam (et. al., 2006).
Ambulation testing places particular emphasis on assessing the symmetry of movement.
Symmetric movement is the smooth transition between steps, where the hind paw meets the
front paw in a synchronistic manner with an even rhythm between steps. Asymmetric
movement is characterised by more erratic paw placement and less fluid movement between
steps (Feather-Schussler & Ferguson., 2016). This study assesses ambulation at PND8 and
PND10, during which pups transition from crawling to walking, allowing for the development
of normal motor function to be assessed (Williams & Scott., 1954). The scoring system

outlined in Table 2.5 is adapted from the literature (Feather-Schussler & Ferguson 2016).
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SCORE CHARACTERISTICS

0 No Movement

0.5 Lots of turning, encouragement needed, little to no straight-line
crawling

1 Straight-line crawling with asymmetrical limb movement

1.5 Crawling with Asymmetrical limb movement interspersed with

symmetrical limb movement

2 Slow crawling with symmetric limb movement
2.5 Fast crawling with symmetric limb movement
3 Walking

Table 2.5. Modified Ambulation Scoring scale. This scale expands on the 3-point scale used by Feather-

Schussler & Ferguson (2016). The characteristics associated with each score are also described.

2.4.5. Surface Righting

In this surface righting test, mice were placed on their backs and held by their paws for five
seconds, released, and a second experimenter recorded the time taken for them to assume a
standing position. This test was performed as a measure of subcortical maturation (Wang et.

al., 2013). Unlike the negative geotaxis test, there were no refusals for this test.

2.5. Adult Behaviour Tests

To investigate how neonatal hypoxia impacted cognition, memory and neurodevelopmental
outcomes later in life, behavioural testing was performed three weeks after hypoxia, between
PND28 and PND35. Prior to testing, mice were habituated in the testing room for 45 minutes.
The lid of their home cage was replaced with one holding a water bottle to ensure mice
continued to have access to water ad libitum throughout long days of testing. A white noise
machine was switched on at the beginning of habituation to keep noise levels consistently at

45 decibels throughout testing. Lighting was also kept consistently at 35 lux throughout the
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room so environmental conditions would not affect performance. All tests were recorded
using the Anymaze software (Stoelting Company, Europe). The battery of behaviour tests
assessed is illustrated in Figure 2.3, consisting of the Light-Dark Box Test, the Open Field Test,

the Novel Object Location Test and the Marble Burying Test.

Mouse
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Light-Dark Box Test Riitile Burpng Test
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Open Field Test Movel Object Location Test

Figure 2.3. Battery of Adult Behaviour Tests. All tests were carried out between PND28 and PND35

according to the literature.

2.5.1. Light Dark Box Test

The light-dark box test protocol was adapted from the literature (Quinlan et. al., 2019) and
conducted on 14 mice in Chapter 1, 59 mice in Chapter 2 and 32 mice in Chapter 3. In
summary, mice walked around the light-dark testing apparatus for 10 minutes, with the light
box and the dark box measuring 20 x 40cm each and connected by a small opening in the
middle (Figure 2.3). Anymaze traced the movement of the mouse to provide an in-depth

analysis of each mouse’s movement in both the light and dark regions. The main parameter
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analysed was the latency for each mouse to enter the dark box after being placed in the light

box at the beginning of testing (Rodriguez-Alvarez et. al., 2015; Quinlan et. al., 2019).

2.5.2. Open Field and Novel Object Location Test

The Novel Object Location Test protocol was adapted from the literature (Quinlan et. al., 2018)
to test 14 mice in Chapter 1, 28 mice in Chapter 2 and 32 mice in Chapter 3. To summarise,
the entire testing regimen was conducted over two days; the first day was comprised of
training, and the second day was the test itself. After habituation, the first stage of training
allowed mice to become familiar with the arena without objects over two 10-minute sessions.
The first session was recorded as the Open Field test, conducted as described previously with
minor adaptations in a 40 x 40cm arena (Quinlan et. al., 2019). Anymaze traced the movement
of the mouse for parameters such as speed, distance travelled, and freezing episodes. The
second stage of training was familiarisation with the objects in the same 40 x 40cm arena.
Each mouse spent three 10-minute-long sessions with the test objects in set locations (Figure
2.3). After familiarisation, mice were returned to their home cage until the next day. On the
second day, objects 1 and 2 were placed in the arena, except Object 2 was moved to a different
guadrant of the arena (Figure 2.3). Each mouse was tested once for 10 minutes to allow them
to interact with the new configuration. All videos were analysed manually to record the time
spent by each mouse interacting with both objects for the familiarisation and testing periods.
The time spent with Object 2 was expressed as a percentage for both the familiarisation

sessions and the test session, calculated as follows:

( Object 2

100
Object 1+ Object 2) ’
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The time each animal spent with the novel object location was normalised using the average
percentage of time spent with Object 2 during the three familiarisation sessions to account

for object preferences. The formula devised for this normalisation step is as follows:

50
NOL % ti ith Object 2
(Familiarisation average % time with Object 2 ) * (NOL % time with Object 2)

This formula produces the standardised time spent with the Novel Object Location during the
testing period, and this was used for comparisons and statistical analysis. Animals were

excluded if the time spent with both objects during the test period was less than 20 seconds.

2.5.3. Marble Burying Test

The marble-burying test protocol was adapted from the literature (Angoa-Pérez et. al., 2013)
to test 14 mice in Chapter 1. This test is designed to assess repetitive or compulsive burying
tendencies associated with autism or obsessive-compulsive disorder (Angoa-Pérez et. al.,
2013; Deacon., 2006). The marble burying test was conducted in GM500 cages (W x D x H;
391 x 199 x 160mm) filled with a 5cm thick layer of bedding, with 12 marbles placed in a 4 by
3 configuration (Figure 2.3) and covered by a flat Perspex screen to allow for testing to be
filmed. The testing period for each mouse lasted 30 minutes, after which they were returned
to their home cage. Each testing cage was analysed manually to identify marbles which were
not buried, marbles that were buried <l1cm, 1-3cm, and >3cm under the surface of the

bedding.

2.6. Immunofluorescence staining for Microglia.
2.6.1. Intracardial perfusion
Mice were killed by overdose of pentobarbital (200mg/ml, Table 2.8) by IP injection 72 hours

(PND10) and 5 weeks post-hypoxia (PND42) (Table 2.7). An incision from the mid abdomen to
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the level of the forelimbs exposed the abdominal cavity and the ribcage. The right atrium of
the heart was punctured, and the mice were transcardially perfused through the left ventricle
with 1x phosphate buffered saline (PBS) followed by 4% paraformaldehyde (PFA). Brains were
removed and post-fixed in 4% PFA for 24 hours followed by a 30% sucrose solution. Brains
were embedded in 4% agar and cut at 50um using a Vibratome (VT1000). Once cut, slices
were suspended in an anti-freezing solution (30% sucrose, 30% ethylene glycol and 15%

glycerol in phosphate buffer solution, Table 2.8) in 24-well plates and stored at -20°C.

2.6.2. Immunofluorescence for Ibal and P2RY12/Ibal

Immunofluorescence was performed as described previously by Quinlan (et. al., 2019). Slices
of mouse brain tissue taken from the level of the medial hippocampal region were removed
from the freezer and suspended in PBS in a 24-well plate. Slices were washed with 1x PBS
three times for 5 minutes, before being suspended in 3% Triton-X in PBS for 20 minutes, to
permeabilise the tissue. Following this, slices were incubated in 0.1M glycine for 30 minutes,
washed in PBS, and blocked with 10% BSA/0.3% Triton in 1x PBS solution for 1 hour (Table
2.8). The primary antibodies: Rabbit anti-lbal (1:500, Table 2.9) and Rat anti-P2RY12 (1:100,
Table 2.9) were added after the block and left 18-72hrs at 4°C. Then, slices were washed and
incubated in secondary antibody for 2 hours in the dark: donkey anti-rat Alexafluor-594 (1:500,
Table 2.9), goat anti-rabbit Alexafluor-488 (1:500, Table 2.9). Then, slices were washed and
mounted onto glass slides with Fluoroshield with DAPI (Table 2.8) for visualisation of nuclei.

In double staining, primary and secondary antibodies were incubated in sequence.

2.6.3. CD68/Ibal Immunofluorescence
The staining protocol for the CD68/Ibal stain was conducted as previously described (Guillot-

Sestier et. al., 2021) on all cohorts detailed in Table 2.7. Briefly, slices were first submerged in
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40% methanol/60% dH,0 for 5 minutes, followed by 0.04% pepsin in PBS for 20 minutes (Table
2.8). Slices were washed, permeabilised with 0.3% Triton in PBS, washed again and blocked in
10% BSA/0.3% Triton in PBS. Primary antibodies were incubated sequentially: Rat Anti-CD68
(1:500, Table 2.9) for 72 hours at 4°C, then Rabbit Anti-Ibal (1:500, Table 2.9) overnight. After
washing, slices were incubated in the dark with the secondary antibodies for two hours:
donkey anti-rat Alexafluor-594 (1:500, Table 2.9); goat anti-rabbit Alexafluor-488 (1:500, Table

2.9). Slices were mounted with Fluoroshield with DAPI (Table 2.8) to visualise nuclei.

CHEMICALS CATALOG CODE MANUFACTURER COUNTRY
SODIUM
Dolethal Vetoquinol UK
PENTOBARBITAL
PHOSPHATE BUFFER Fisher Bioreagents/
BP2944 USA
SALINE (PBS) Thermofisher Scientific
PARAFORMALDEHYDE P6148 Sigma-Aldrich, Merck USA
AGAR A1296 Sigma-Aldrich, Merck USA
SUCROSE S0389 Sigma-Aldrich, Merck USA
ETHYLENE GLYCOL 324558 Sigma-Aldrich, Merck USA
GLYCEROL G5516 Merck USA
PHOSPHATE BUFFER
P3619 Sigma-Aldrich, Merck USA
SOLUTION
TRITON-X 9400 Calbiochem, Merck USA
GLYCINE 1504 JT Baker USA
BOVINE SERUM
A9418 Sigma-Aldrich, Merck USA
ALBUMIN (BSA)
FLUOROSHIELD WITH
F6057 Sigma-Aldrich, Merck USA
DAPI
METHANOL 34860 Sigma-Aldrich, Merck USA
PEPSIN P7012 Sigma-Aldrich, Merck USA

Table 2.6. Product Information for Chemicals used in Immunofluorescence staining.
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ANTIBODIES HOST CATALOG CODE MANUFACTURER COUNTRY

ANTI-IBA1 Rabbit 019-19741 Fujifilm WAKO Japan
ANTI-P2RY12 Rat 848004 Biolegend USA
Invitrogen/ Thermofisher
ANTI-CD68 Rat 14-0681-82 USA
Scientific
ANTI-RABBIT Invitrogen/ Thermofisher
Donkey A31627 USA
ALEXAFLUOR-488 Scientific
ANTI-RAT Invitrogen/ Thermofisher
Donkey A21209 USA
ALEXAFLUOR-594 Scientific

Table 2.7. Product information for antibodies used in Immunofluorescence staining.

2.6.4. Imaging

For the cell density and morphological analyses of Ibal* cells in Chapter 1, images were taken
at 20x magnification of the dentate gyrus, Cal and Ca3 regions of the hippocampus using the
Leica SP8 scanning confocal microscope. At each region, a z-stack was taken at 1um intervals,
and a z-projection of this z-stack was used for subsequent analyses. For the double staining
with CD68/Ibal and P2RY12/lbal, images were instead taken at 40x magnification for more
accurate identification of double-labelled cells. As before, the Cal, the dentate gyrus and the
Ca3 were imaged with the Leica SP8 scanning confocal microscope. At each region, a z-stack
was taken at 0.4um intervals, and from this, a z-projection was created for analysis. The
hippocampus taken, either left or right, from each slice had no bearing on the results of the
analysis as this is a global model which affects both hippocampi equally. Only one
hippocampus from each slice was imaged, chosen for better staining quality or structural

integrity.

2.7. Microglia Analysis
The images generated from the IF staining were analysed manually to determine the number
of positively stained cells and to categorise these cells based on their morphological features.
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2.7.1. Number of Ibal* Cells

To determine the number of microglia in the hippocampus, Ibal* cells in each region were
counted manually. All images represented a region 581.25um x 581.25um in size. To account
for variability seen in the total number of cells identified in the cell type and number of branch
categorisations, the average of these three counts was taken as the final number of Ibal* cells
in each region. Whole hippocampus results were compiled by adding these final aggregate
results obtained for the three regions of the hippocampus. The sum of these aggregates was
taken as the whole hippocampus because these images took a large enough field of view for
most of the hippocampus to be represented in these counts. For a cell to be counted, the
whole cell must be visible within the frame; therefore, cells which were missing some or all

their ramifications or soma area were excluded.

2.7.2. Number of Branches

This analysis was conducted using the same set of 20x images analysed in Methods Section
2.7.1, using the same exclusion criteria. Each microglial cell was assigned to one of three
groups based on the number of ramifications emitting from their cell body: 0-1 branches, 2-3
branches and 4+ branches. The 0-1 branch groups and the 2-3 branch groups were considered
to account for active, phagocytic, or primed microglia, and the 4+ branch group constituted
the inactive microglia phenotypes. Each image was counted twice for the three groups
manually, and the average of these two counts was used in the statistical analysis for these

groups.

2.7.3. Microglia Cell Types
To categorise cells by type, each microglial cell was assigned to one of five types based on

their physical characteristics (Diz-Chaves et. al., 2012). Type | cells have small cell bodies with
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few cell processes, characteristic of primitive microglia at 72 hours post-hypoxia and primed
microglia at 5 weeks post-hypoxia. Type Il microglia have small cell bodies with 4 short
processes, while Type lll microglia are hypertrophic with highly ramified processes. Both Types
Il'and lll would be considered homeostatic microglia. Type IV and Type V microglia both active,
immunoreactive microglia; Type IV cells have large cell somas and retracted processes, and
Type V cells are ameboid and macrophage-like due to their increased phagocytic activity. This
analysis was guided by sample images provided (Diz-Chaves et. al., 2012) and those chosen
from each experimental group at both timepoints for all three Chapters. Each image was
counted twice, and the average of the two counts was used in the statistical analysis, using
the same exclusion criteria as detailed in 2.7.1 to eliminate partially visible cells. Results were
represented as a percentage of the total number of Ibal* cells from that image. Whole
hippocampus results were represented by an average of the three regions. This morphological
analysis was conducted on the 20x images used in Methods Section 7.1 and 7.2, and on 40x

images of double stained tissue for CD68/1bal for all three Chapter cohorts.

2.7.4. Double Staining Analysis

Two double staining experiments were performed on each cohort for this thesis: a CD68/lbal
double stain and a P2RY12/Ibal double stain, both of which are described in Methods Sections
6.3 and 6.4 and imaged as detailed in Methods Section 6.5. 40x images represent an area
291.1um x 291.1um in size. Sample images of double stained cells were selected from each
experimental group at both timepoints from all three Chapters to guide the identification
process. Each region was counted manually, marking the number of Ibal* cells and the
number of double stained cells. In images with DAPI added, only DAPI* cells were counted for

analysis. As in previous counts, only cells which were fully visible within the frame of each
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image were counted. For analysis, the amount of double stained cells was expressed as a
percentage of the total Ibal* cells present. When representing the full hippocampus, the
average result for the three regions was taken to represent how many double stained cells are
to be found on average in a region taken at 40x magnification throughout the hippocampus.
This is because the 40x images represent much smaller areas of the whole structure than the
40x images, therefore, these counts could not be pooled as they did not represent the full

hippocampus.

2.8. Protein Quantification by ELISA

2.8.1. Sample Preparation

Samples for analysis by ELISA were prepared as previously described (Quinlan et. al., 2019).
Briefly, mice were deeply anaesthetised by IP injection of pentobarbital, and transcardially
perfused with PBS. Brains were removed and hippocampi were isolated. One hippocampus
was taken for protein studies, placed in 75ul of Lysis buffer and kept on ice. The other was

placed in a dry Eppendorf tube and stored at -80°C for gene expression studies.

2.8.2. Protein Assay

A protein assay was conducted so ELISA concentrations could be quantified with respect to
total protein for each sample. A modified Lowry Assay was conducted according to
manufacturer’s instructions for the microplate assay protocol. Briefly, 4mg/ml BSA was used
to make the standard curve, a 7-point 1:2 serial dilution. Each point on the curve was added
to a 96-well microplate in triplicate, along with a lysis buffer blank, 5ul per well. Samples were
diluted 1:4 in lysis buffer for supernatants and 1:10 for pellets, and 5ul of these dilutions were
added in triplicate. Next, reagent A’ was made by adding 20ul of Reagent S to every 1000ul of

Reagent A. 25ul of Reagent A’ was then added to all wells containing standards, blanks and
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samples, followed by 200ul of Reagent B. The plate was left to incubate for 15 minutes and

read immediately at 750nm.

2.8.3. ELISA

ELISAs were used to quantify protein concentrations of the markers listed in Table 2.8
according to manufacturer’s instructions, which followed the premise of a sandwich ELISA in
a 96-well plate. Briefly, wells were coated with the capture antibody, followed by a blocking
step to eliminate non-specific binding. In kits with pre-coated plates, these steps were not
necessary. The standard curve was made as instructed, usually entailing a 7-point 1:2 serial
dilution. The most common concentration range was 15.6-1000ng/ml, usually for cytokines.
Each dilution and a blank were added to the plate in triplicate. Protein samples were diluted
3:100 and added in triplicate to the plate along with a negative control, which was lysis buffer
diluted 3:100 in the sample diluent provided. Samples, standards and blanks were incubated
at room temperature according to the protocol. Samples were then decanted, and the plate
was washed before incubation with the biotinylated detection antibody. Following this and a
further wash step, the plate was incubated with Streptavidin-HRP. A final wash step was
followed by addition of the substrate tetra-methyl-benzidine (TMB) for 10-20 minutes. This
reaction was stopped by addition of stop solution and read immediately using a

spectrophotometer (wavelengths in Table 2.8).
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MARKER ABSORBANCE (NM)  CAT. CODE MANUFACTURER COUNTRY
IL1B 450 & 540 DY401 R&D Systems, Bio-techne USA
IL6 450 & 540 DY406 R&D Systems, Bio-techne USA
P2RY12 450 MOEB1050 AssayGenie Ireland
IL18 450 MOFI00929 AssayGenie Ireland
CXCR3 450 MOFI00760 AssayGenie Ireland
C1QR1 450 MCD930 R&D Systems, Bio-techne USA
c3 450 MOES00893 Assaygenie Ireland
C5A 450 & 540 DY2150 R&D Systems, Bio-techne USA
Table 2.8. Product information for ELISA kits used.
REAGENTS CAT. CODE MANUFACTURER COUNTRY
PENTOBARBITAL Dolethal Vetoquinol UK
Fisher Bioreagents/
PBS BP2944 USA
Thermofisher Scientific
cOmplete Ultra
PROTEASE INHIBITOR
Tablets, EDTA Free, Roche, Merck USA
COCKTAIL (LYSIS BUFFER)
5892791001
DC PROTEIN ASSAY 500-0116 Bio-rad USA
BSA A9418 Sigma-Aldrich, Merck USA
TMB T0440 Sigma-Aldrich, Merck USA

Table 2.9. Product information for reagents used in Protein Assay and ELISA studies.

2.9.

2.9.1. RNA Extraction

Gene Expression Analysis by qPCR

Hippocampi were isolated as described in Section 8.1, placed in a dry Eppendorf tube, and

stored at -80°C until required. RNA was extracted using Trizol as described previously

(Jimenez-Mateos et. al., 2015) by Sophia Hjelseth and Jessie Kingston. To summarise, each

hippocampus was homogenised in 800ul Trizol, then centrifuged (12,000g, 10 minutes, 4°C).

The clear supernatant was transferred to a new tube, and 200ul chloroform was added. This
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mixture was shaken vigorously and left for 3 minutes. Tubes were centrifuged (13,000rpm, 15
minutes, 4°C) to complete phase separation into an agqueous phase an organic phase, and a
small interphase. The aqueous phase was transferred to a fresh Eppendorf, 450ul isopropanol
was added and this was incubated at -20°C overnight. The next day, the tube was centrifuged
(13,000rpm, 15 minutes, 4°C). The supernatant was removed, and the pellet was washed by
adding 75% ethanol, mixing briefly and centrifugation (12,000g, 5 minutes, 4°C). Ethanol was
removed and the tube was left open to air-dry the pellet. The dry pellet was dissolved in 25ul
dH>0 and incubated at 55-60°C for 10 minutes. Finally, each sample was measured on the
nanodrop. RNA concentration was calculated automatically and recorded, and a 260/280
value of 1.8 or higher was considered uncontaminated. Then, RNA was stored at -80°C.

2.9.2. cDNA Synthesis

cDNA was synthesised from generated RNA using the Reverse Transcription Kit following
manufacturer’s instructions by Sophia Hjelseth and Jessie Kingston (Table 2.17). cDNA 2x
master mix was prepared as in Table 2.12. In a 0.5ml PCR tube, 500ng of total RNA was added
to 10ul of 2x master mix and made up to the total reaction volume of 20ul with dH,0. Tubes
were centrifuged briefly then placed in a thermocycler for cDNA synthesis (Table 2.13). cDNA

samples are then stored at -20°C.

CDNA MASTER MIX INGREDIENTS VOLUME PER REACTION
10X RT BUFFER 2ul
10X RT RANDOM PRIMERS 2ul
25X DNTP MIX (100uM) 0.8ul
RNASE INHIBITOR 1ul
MS REVERSE TRANSCRIPTASE 1ul
NUCLEASE FREE H20 3.2ul
TOTAL 10ul

Table 2.10. cDNA 2x Master Mix instructions to make one reaction.
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THERMOCYCLER TEMPERATURE TIME (MINS)

25°C 10

37°C 120

85°C 5
4°C oo

Table 2.11. cDNA Thermocycler Protocol.

2.9.3. gPCR studies

gPCR was conducted as previously described (Quinlan et. al., 2018) to analyse for 11186, II6,
Tnfa and Clqa, with 8-Actin used as the housekeeping gene, information detailed in Table
2.14. Briefly, Tagman master mix was prepared according to the instructions in Table 2.15,
making up 9ul for each reaction. 9ul of master mix per well was added to a 96-well PCR plate,
and to this 1ul of cDNA template was added, making a total reaction volume of 10ul. Each
sample was run in triplicates. Once filled, the 96-well plate was covered with a plastic film and
run on the thermocycler using the protocol outlined in Table 2.16. Results were subsequently
analysed using the AACt Method. Firstly, for each mouse, the average CT value was found for
that marker and for actin. The ACT was calculated by taking the average actin CT from the
average marker CT. e.g. For mouse X, average Actin CT = 25 and average IL1b CT = 28. ACT is
28-25=3

From this, the AACT was calculated using the C1 sample from each litter. The ACT for this first
control animal was taken from the ACT for all animals in that litter. e.g. The ACT for the C1
mouse in Mouse X’s litter is 4. AACT for mouse X is 4-3=1

Finally, these AACT values are used to calculate fold change. Fold change is 2"22¢T for each
animal. This means that all C1 animals have a Fold change of 1 (2°=1). e.g. AACT of mouse X

is 1. Therefore, the fold change is 21 = 0.5.
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The ranges of CT values obtained for all markers are shown in Table 2.X, and the mean and

standard deviation for Actin are shown in Table 2.X.

QPCR GENES ASSAY ID
Actin -
116 MmO00434228 m1l
1[5 MmO00446190_m1
Tnfa MmO00443258 m1l
Clqa MmQ07295529 m1l

Table 2.12. Primer Details. Assay Identification codes are given for the housekeeping gene, Actin beta,

and the four genes assessed in the qgPCR study (Invitrogen, Thermofisher, USA).

QPCR MASTER MIX INGREDIENTS

VOLUME PER REACTION (pL)

2XMM TAQVAN
DH:0
PRIMER
TOTAL

5
3.5
0.5

9

Table 2.13. gPCR Master Mix instructions to make one reaction.

TARGET TEMPERATURE
CYCLE TIME (MINS)
TEMPERATURE TRANSITION RATE
PRE-INCUBATION 95°C 15 20
95°C 15 20
AMPLIFICATION (40
55°C 20 20
CYCLES)

72°C 40 20

95°C 0 0

MELTING CURVE 65°C 15 20
95 0.1

COOLING 40°C 30 20

Table 2.14. gPCR Thermocycler Protocol. Comparative CT-Fast Protocol chosen from the thermocycler

(Step One Real-Time PCR System, Applied Biosystems, ThermoFisher, USA).
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REAGENT CATALOG CODE MANUFACTURER COUNTRY

TRIZOL (TRI REAGENT) T9424 Sigma Aldrich, Merck USA
CHLOROFORM 1.02431 Sigma Aldrich, Merck USA
ISOPROPANOL BP2618 Fisher Scientific USA

ETHANOL 02851 Sigma Aldrich, Merck USA
CDNA REVERSE
4374966 Applied Biosystems USA

TRANSCRIPTION KIT
RNASE INHIBITOR N808119-C Applied Biosystems USA
TAQMAN FAST
UNIVERSAL PCR 4352042 Applied Biosystems USA
MASTERMIX (2X)

Table 2.15. Product Details for reagents and kits used in Gene Expression Studies.

MARKER 3HR 72HR 5WK
ACTIN Min 15.84709 17.08264 18.8332235
Max 35.99171 28.761 36.9584937
IL1B Min 32.16374 33.0518977
Max 36.85108 37.946405
IL6 Min 31.13389
Max 34.89904
TNFA Min 28.77269 30.87557 32.1203284
Max 38.19844 39.66315 36.4463866
C1QA Min 22.3585 22.68532 23.0960574
Max 32.86204 24.67643 33.4611251

Table 2.16. Minimum and Maximum CT values for each marker at 3hr, 72hr and 5wks post-hypoxia.

ACTIN 3HR 72HR 5WK
MEAN ‘ 20.84723201 19.44953173 23.20001

STANDARD DEVIATION ‘ 5.436407179 2.257014026 4.278798

Table 2.17. Mean and standard deviation for Actin CT values at 3 hours, 72 hours and 5 weeks post-

hypoxia.
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2.10. Data Analysis

All data are presented as the mean * the standard error of the mean (SEM). In all Results
Chapters (1-3), statistical analyses were carried out in Prism (V10) software. For Results
Chapter 1-3, all pairwise comparisons were conducted using Student’s unpaired, one-tailed t-

tests, with p<0.05 considered significant.

In Results Chapter 2 and 3, the Shapiro-Wilk test was first applied to all data to determine
whether the data was parametric or non-parametric. Group comparisons with equal variances
between three groups were conducted using one-way ANOVA with Tukey’s post-hoc testing.
For non-normally distributed groups the non-parametric Kruskal-Wallis’s rank sum test was

used.

In Results Chapters 1, 2 and 3, some test results showed inter-litter variability. Therefore,
results for these tests were normalised by litter before statistical analysis could be performed.
This was done by calculating the average of the control group for each litter and dividing each
animal by the average of their control littermates, therefore expressing its result relative to
the control results for their litter. These values were then analysed using the appropriate

statistical test and graphed for visualisation.

Unless specified in the results, all graphs represent both male and female animals. This is
because there was little to no sexual dimorphism identified in these results, consistent with
previously published literature for this model (Rodriguez-Alvarez et. al., 2015; Quinlan et. al.,

2019).
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Chapter 3: Results Chapter 1
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3.1. Introduction

Microglia are dynamic and multifunctional cells, key to both neurodevelopment and the
neuroinflammatory response (Cunningham et. al., 2013; Matcovitch-Natan et. al., 2016). An
inflammatory insult during the perinatal period shifts the focus of microglia towards resolving
the injury, disturbing neurodevelopment (Bilbo & Schwartz., 2012; Delpech et. al., 2016). This
is evidenced by increased numbers of pro-inflammatory microglia seen acutely post-HIE and
increased levels of pro-inflammatory signals in the brain (Del Bigio & Becker., 1994; Bona et.
al.,, 1999; Liu & McCullough., 2013; Quinlan et. al., 2019; Serdar et. al., 2019). Current
evidence has linked early-life neuroinflammation to long-term adverse neurological outcomes
and persistent neuroinflammation later in life (Williamson et. al., 2011; Bilbo & Schwartz.,
2012; Cardoso et. al., 2015; Bilbo et. al., 2018), and the few studies which have studied this in
models and patients with HIE have supported the long-term consequences of this
neuroinflammatory response, regardless of injury severity (Bona et. al., 1999; Winerdal et. al.,

2012; Akula et. al., 2023).

3.1.1. Microglia in Neurodevelopment

Homeostatic microglia are highly ramified and motile, allowing them to survey their
surroundings and provide support where needed. This is important during times of active
neurodevelopment, such as the perinatal period, as microglia are responsible for shaping
neural circuits and morphology via synaptic pruning (Tremblay & Majewska., 2011; Schafer et.
al.,, 2012; Paolicelli et. al., 2022). Synaptic pruning is a finely balanced process, and any
disturbance to this process i.e., an inflammatory insult, can potentially lead to long-term
changes, with both over- and under-pruning are associated with neurodevelopmental

disorders (Glausier & Lewis., 2013; Tang et. al., 2014; Neniskyte & Gross., 2017).
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3.1.2. Microgliain HIE

HIE induces a significant acute neuroinflammatory response, with potent pro-inflammatory
mediators such as IL-1 and TNF-a upregulated in both human patients and preclinical models
(Hellstrom Erkenstam et. al., 2016; Orrock et. al., 2016; Quinlan et. al., 2018). Microglia
respond to the CNS insult, migrating to the site of injury in the case of an ischaemic event and
adopting a pro-inflammatory phenotype (Hellstrém Erkenstam et. al., 2016). Several studies
have shown that microglia populations are increased acutely post-HIE in both human and
preclinical studies, and that the hippocampus is particularly vulnerable to this due to its high
concentration of inflammatory receptors and resident microglia (Lawson et. al., 1990; Bona
et. al., 1999; Quinlan et. al., 2019; Tan et. al., 2020). Furthermore, some studies have found
that neuroinflammation may persist for weeks, even months, after the HIE has been resolved.
In rat models of severe HIE, elevated microglia populations were found in the brain 5 weeks
post-HIE (Bona et. al., 1999) and neuroinflammatory markers were elevated up to 3 months

post-HIE (Winerdal et. al., 2012).

3.1.3. Neuroinflammation and comorbidities post-HIE.

The introductory chapter of this thesis presented ample evidence of the long-term
neurological comorbidities associated with HIE identified in both human longitudinal studies
and preclinical models. Many of the studies, particularly the preclinical studies, focus on
severe HIE, which is associated with more serious long-term neurological outcomes. Recently,
a growing body of research has shown that these are also present in moderate, and even mild,
HIE, in both human and animal studies (Rakhade et. al., 2011; Rodriguez-Alvarez et. al., 2015;
Pisani & Spagnoli., 2016; Ahearne et. al., 2016; Akula et. al., 2023), presenting more often as
neurodevelopmental disorders such as learning difficulties, epilepsy or ADHD (Mikati et. al.,

2005; Talos et. al., 2012; Park et. al., 2023). Previous work has focused on the acute stages of
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injury, when the process of neurodevelopment is disrupted by the injury response, but it is
now clear from the literature that the chronic stage post-injury is also deserving of attention

(Winerdal et. al., 2012; Akula et. al., 2023).

3.1.4. Hypothesis and Aims

We hypothesise that microglia will be more abundant in the hippocampus at both acute and
chronic timepoints post-hypoxia, with higher proportions adopting more pro-inflammatory
phenotypes compared to controls. We also expect to see deficits in both neonatal reflexes and
adult behaviour in the hypoxia cohort compared to controls, particularly in the memory-based
tasks during adult behaviour due to the involvement of the hippocampus and its vulnerability

post-HIE.

The aims of this study are:

1. Investigate how hypoxia affects the development of acute neurological reflexes and
chronic behavioural outcomes of mice post-hypoxia.

2. Characterise microglia populations in the hippocampus 72 hours and 5 weeks post-
hypoxia, looking at microglia numbers and categorising microglia by morphology.

3. Compliment the morphological analysis using markers for homeostatic and pro-

inflammatory microglia to further understand how hypoxia affects microglia function.
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3.2. Methods

Mice were prepared for hypoxia as described previously and sacrificed at the specified

timepoints detailed in Figure 3.1. Wellbeing score performance presented in Table 3.2.
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Figure 3.1. Timeline showing the points at which different molecular and behavioural studies were

conducted.

3.2.1. Immunofluorescence Staining

Immunofluorescence staining was conducted as described previously (Quinlan et. al., 2019).
For microglia counting and morphological analyses, slices of brain tissue were incubated
overnight at 4°C with Anti-lbal (1:500), followed by Alexafluor 488 goat anti-rabbit (1:500).
Phagocytic microglia were visualised with a modified IF protocol as described in Methods
Chapter 2, Section 2.6.3 (Guillot-Sestier et. al., 2021). Briefly, slices were incubated in 40%
Methanol followed by 0.04% pepsin to facilitate antigen retrieval. Following further
permeabilization with 0.3% Triton and blocking with 10% BSA, slices were incubated with Anti-
CD68 (1:500) for 72 hours followed by Anti-lbal (1:500) overnight. Secondary antibodies
Alexafluor 594 Donkey anti-Rat (1:500) and Alexafluor 488 goat anti-rabbit (1:500), were
incubated sequentially for 2 hours in the dark. To stain for homeostatic microglia, the IF
protocol described in Methods Chapter 2, Section 2.6.2 was followed. Slices were incubated
in Anti-P2RY12 (1:100), followed by Anti-lbal (1:500). Secondary antibodies were Alexafluor

594 Donkey anti-Rat (1:500) and Alexafluor 488 goat anti-rabbit (1:500). Z-stack images for
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each region on all slices were generated with the Leica SP8 scanning confocal microscope (TBSI
Imaging and Microscopy Centre). Images were taken at 20x, at steps of 1um along the z-plain,
for the initial morphological analyses in Results Chapter 1, Section 3.3.3. Images were taken

at 40x for the CD68/1bal and P2RY12/Ibal double staining, with steps of 0.4um.

EXPERIMENT TIME POST-HX NO. CONTROL NO. HYPOXIA
Ibal* Cell 72hrs 7 5
counting 5wks 6 6

Morphology 72hrs 7 5
Analysis 5wks 6 6

72hrs 5 6
CD68/1bal
5wks 7 5
72hrs 8 6
P2RY12/Ibal
5wks 7 5

Table 3.1. Experimental cohorts for immunofluorescence studies in Results Chapter 1.

3.2.2. Cell Counting

Z-stack images were converted to Z-projections in Image J, which was counted manually. Each
image was counted twice, and the average was taken as the final count. Two morphological
analyses were conducted; the first grouped cells on the number of ramifications emitting from
the cell soma; the second grouped cells by morphological features as described previously
(Diz-Chaves et. al., 2012). Both methods are described in finer detail in Methods Chapter 2,

Section 2.7.

3.2.3. Neonatal Behaviour
As described in Methods Chapter 2, Section 2.4, neonatal reflexes were analysed using a
battery of tests adapted from Feather-Schussler & Ferguson (2016). This battery is comprised

of the ambulation test and hindlimb angles, negative geotaxis test, cliff aversion test, surface
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righting test and front limb grip strength test. For the negative geotaxis and the cliff aversion
tests, a refusal was counted as any mouse which did not begin to move or turn over 90° away

from their original position within the first 30 seconds of testing.

3.2.4. Adult Behaviour
The adult behaviour tests selected for these experiments were the Open Field Test, the Light-
Dark Box test, the Marble Burying Test and the Novel Object Location Test. The protocols for

these tests are described fully in Methods Chapter 2, Section 2.5.1, 2.5.2 and 2.5.3.
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P8 P9 P10
PARAMETER SCORING
Control Hypoxia  Control Hypoxia  Control Hypoxia

WEIGHT 0-9% 1 4 0 0 0 0
GAIN 10-14% 14 12 1 2 0 0

15-19% 13 11 2 4 0 1

20%+ 4 1 29 21 29 25
DRINKING/ | Empty stomach 4 6 5 5 14 15
EATING Full Stomach 28 22 27 22 15 11
BREATHING | Difficulty 0 0 1 0 0 0

Fast 0 2 0 0 0 0

Slow/calm 32 26 31 27 29 26
GAIT/ Markedly 0 0 0 0 0 0
POSTURE Abnormal

Slightly Abnormal 0 19 1 22 0 21

Normal 32 9 31 5 29 5
NESTING/ Nestlet 90% 0 0 0 0 0 0
MATERNAL | Intact

Partially torn 0 0 0 0 0 0
CARE .

mostly intact

50% torn but not 10 7 8 6 7 7

nest

Greater than 22 21 24 21 22 19

body height
TOTAL NO. MICE 32 28 32 27 29 26

Table 3.2. Breakdown of pups in the Chapter 1 cohort to receive each score in their wellbeing sheets

at PND8, PND9 and PND10, separated by control and hypoxia.
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3.3. Results
3.3.1. Hypoxia Mice Perform Worse in Both Neonatal Wellbeing Assessments and
Neonatal Reflex Testing

Mice were monitored closely during and post-hypoxia to assess how hypoxia affected acute
neurological and overall development. As previously published, Morrison scores were
recorded to characterise seizure development during global hypoxia (Rodriguez-Alvarez et. al.,
2015; Quinlan et. al.,, 2018). Neonatal wellbeing scoresheets assessed pup health and
maternal care allowing for control and hypoxia pups to be compared. Parallel to these
wellbeing checks, a battery of neonatal reflex tests was conducted to assess whether global

hypoxia caused acute neurological deficits.

3.3.1.1. Mice Exposed to Global Hypoxia at P7 Develop Seizures During Hypoxia.

All pups were monitored and scored throughout hypoxia and directly afterwards on a modified
Morrison Scores Scale (Morrison., 1996; Quinlan et. al., 2018), which measured both the
presence of seizure activity and seizure severity based on clinical symptoms, such as
myoclonic jerks or rigidity (Methods Section Table 2.1 for detailed breakdown). All control
mice received scores of 0 throughout, indicating normal behaviour, so their scores were not
recorded for analysis. All pups exposed to hypoxia developed seizures, varying in severity
(Figure 3.2). As expected, Morrison Scores worsened as hypoxia progressed but began to
recover as soon as normoxia was re-established. Pups were returned to their cage as soon as
all pups in their respective litter received a score of 1b or lower, which varied from litter to

litter but never exceeded 15 minutes.
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Figure 3.2. Morrison Scores Show worsening seizures as hypoxia progresses and a quick recovery
post-hypoxia. (A) Morrison Scores recorded 5, 10 and 15 minutes into the hypoxia period. Only hypoxia
pups were scored (n=23). One-way ANOVA with Tukey’s Post-Hoc test, p<0.0001. (B) Morrison Scores
recorded 5, 10 and 15 minutes after hypoxia cessation. Pups were returned to their dam once all pups

from their litter received a score of 1b or less, which varied between litters.
3.3.1.2. Hypoxia Mice Receive Higher Neonatal Wellbeing Scores, Indicating Poorer
Overall Health, and Gain Weight Slower Over Time.

Neonatal wellbeing scoresheets were important for assessing pup health and maternal care,
with higher scores representing mice with poorer overall health (Methods Section Table 2.2
for detailed breakdown). Hypoxia pups consistently receive higher wellbeing scores than
controls at all timepoints post-hypoxia, indicating that hypoxia pups are in poorer overall
health compared to controls (Figure 3.3). Weight gain was normalised by litter, and as
previously described (Rodriguez-Alvarez et al., 2015) the hypoxia-exposed mice gained less

weight over time than their control littermates (Figure 3.3).
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Figure 3.3. Mice have poorer overall health and gain weight slower post-hypoxia compared to
controls. (A) Wellbeing scores for each mouse at PND8 (C n=32, Hx n=28). PND8 C v Hx p<0.0001. (B)
Wellbeing scores at PND9 (C n=32, Hx n=27). PND9 C v Hx p=0.0027. (C) Wellbeing scores at PND10 (C
n=29, Hx n=26). PND10 C v Hx p<0.0001. (D) Weight gained by pups 24hrs post-hx. Weight gain
expressed as a percentage of PND7 weight was normalised by litter with respect to the average of the
controls. No differences in weight gain found between control and hypoxia. N=26 per group, PND8 C v
Hx p=0.3359. (E) Weight gained 48hrs post-hx normalised by litter. A trend towards slower weight gain
in hypoxia pups versus control is seen. C n=25, Hx n=26, PND9 C v Hx p=0.0633. (F) Weight gain 72hr
post-hx normalised by litter. Hypoxia pups gain significantly less weight than control littermates. N=26
per group, PND10 C v Hx p=0.0324. All unpaired, one-tailed t-test, a-priori hypothesis indicated by

arrow, p < 0.05.

3.3.1.3. Hypoxia Causes no Changes to Surface Righting Reflex.

Reflex testing in human infants is routinely used to identify those at risk of developing
neurodevelopmental disabilities (Romeo et. al.,, 2016; Novak et. al., 2017). Therefore,
neonatal reflexes were assessed in this mouse model of hypoxia using a battery of tests
adapted from Feather-Schussler & Ferguson (2016) at 24- and 72-hours post-hypoxia, a critical

period for neurodevelopment (Heyser et. al., 2003; Castelanho-Carlos et. al., 2010).
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Surface righting measures the core strength and coordination required for a pup to right
themselves from supine to standing (Figure 3.4.A), a reflex which usually develops around
PND5 (Heyser et. al., 2003). At both 24 hours and 72 hours post-hypoxia, no differences were

observed between groups (Figure 3.4.B-D).
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Figure 3.4. No Differences in Surface Righting Response post-hypoxia. (A) Surface Righting Test
lllustration. (B) Time taken to complete test 24hrs post-hx, with no trends emerging. C n=30, Hx n=27,
24hr Cv Hx p=0. 0679. (C) At 72hrs post-hx there are no significant differences between groups. C n=28,
Hx n=24, 72hrs Cv Hx p=0.2329. (D) Difference in time between 24-and 72-hrs post-hx. No significant
trends emerge. C n=26, Hx n=22, Difference C v Hx p=0.1230. Unpaired, one-tailed t-test, with arrows

to indicate direction of a-priori hypothesis, p < 0.05.

3.3.1.4. Hypoxia Mice Have Poorer Front Limb Grip Strength at 24hrs post-hypoxia and
Recover this Deficit by 72 hours post-hypoxia.

Front-limb grip strength was designed to measure grip force and strength in the forelimbs (Sun

et. al., 2015; Xu et. al., 2016). To account for inter-litter variability, the time taken for each

animal to complete the test was normalised by litter. At 24 hours post-hypoxia, the hypoxia

cohort performed significantly worse than their control littermates, but this difference was no
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longer found at 72 hours post-hypoxia (Figure 3.5.B-C). This was reflected in the relative
difference over time, where hypoxia mice had a significantly better improvement over time to

same-age controls (Figure 3.5.D).
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Figure 3.5. Hypoxia mice perform worse relative to their same age control littermates at 24 hours
post-hypoxia, but not at 72 hours post-hypoxia. (A) Forelimb Grip Strength Test Illustration. (B) Grip
Strength Time recorded 24hrs post-hx and normalised by litter. Hypoxia mice had significantly worse
relative times to their same age controls. C n=27, Hx n=22, 24hr C v Hx p=0.0044. (C) Grip Strength
Time recorded 72hrs post-hx normalised by litter. There is no longer any difference between control and
hypoxia littermates. C n=27, Hx n=23, 72hr C v Hx p=0.3168. (D) Relative difference between the
normalised times at 24 and 72hrs. Hypoxia mice had a significantly higher relative difference over time
than controls. C n=26, Hx n=23, Difference C v Hx p=0.0432. Unpaired, one-tailed t-test, with arrows to

indicate direction of a-priori hypothesis, p < 0.05.

3.3.1.5. Hypoxia Mice Have a Weaker Cliff Aversion Response than Controls at 24 hours
post-hypoxia Which Recovers by 72 hours post-hypoxia.

The Cliff Aversion Test was designed to assess a pup’s response to vestibular cues and labyrinth

reflexes. This test assesses the ability of each mouse to sense that their head and front paws
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are over a cliff, and a successful response is removing themselves from the edge (Figure 3.6.A).
There was a high refusal rate, particularly at 24 hours post-hypoxia. To control for inter-litter
variability, the time taken for each mouse to complete the test was normalised by litters, with
each mouse’s time expressed with respect to the average of their control littermates. Due to
the high refusal rate, only a small number of mice were eligible for the difference over time
comparison. At 24 hours post-hypoxia, the relative time taken for hypoxia mice to perform the
test was higher than their control counterparts, indicating a weaker reflex response (Figure
3.6.B). At 72 hours however, there is no significant difference between the groups, indicating
a similar reflex response between control and hypoxia mice (Figure 3.6.C). When the relative
difference between 24- and 72-hours is assessed, there is no significant difference between

control and hypoxia mice (Figure 3.6.D).
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Figure 3.6. The Cliff Aversion Reflex develops more slowly in Hypoxia pups, but this difference
disappears by 72 hours post-hypoxia. (A) Cliff Aversion Test Illustration. (B) Time taken to move away
from cliff, normalised by litter, at 24hrs post-hx. Hypoxia pups have a significantly higher relative time

to control littermates. C n=19, Hx n=9, 24hr C v Hx p=0.0245. (C) Graph shows the relative times to
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conduct the test at 72hrs post-hx. No differences were found between groups. C n=16, Hx n=12, 72hr C
v Hx p=0.1891. (D) Relative difference between the normalised 24- and 72-hour times. No significant
differences were found, although the sample size for this was reduced due to the high refusal rate. C
n=5, Hx n=5, Difference C v Hx p=0.2326. Unpaired, one-tailed t-test, with arrows to indicate direction

of a-priori hypothesis, p < 0.05.
3.3.1.6. Hypoxia Mice Display Deficits in Ambulation Test and Hindlimb Angles at 24
hours and 72 hours post-hypoxia.

During the ambulation test, pups walked around an arena for 3 minutes to assess their
locomotion and hindlimb angles, as seen in sample images in Figure 3.7.A. Their locomotion
was scored based on movement patterns such as limb placement symmetry, excessive turning
and their transition from crawling to walking using the 6-point scale in Methods Table 2.6. At
24 hours post-hypoxia, there were no significant differences between groups (Figure 3.7.B).
At 72 hours post-hypoxia, the hypoxia pups had significantly worse ambulation scores than
controls, reflecting a slower development of the walking reflex (Figure 3.7.C), with less than
half of the hypoxia mice are capable of symmetric limb movement, while almost all control
pups are moving symmetrically, with some already walking. This is further supported by the

higher improvement in score over time in control versus hypoxia mice (Figure 3.7.D).

Hindlimb angles complemented the ambulation scores by assessing limb placement and
posture during straight line movement (Figure 3.7.E). At both 24 hours and 72 hours post-
hypoxia, hypoxia mice have a significantly wider relative hindlimb angle than their control
counterparts when their hindlimb angles are normalised with respect to control littermates
(Figure 3.7.F-G). This wider relative stance is consistent with the higher proportion of hypoxia
mice seen crawling at both timepoints, which is partly characterised by a wider stance than
that required for walking. When the relative difference in hindlimb angles over time is

assessed, no differences were observed between groups (Figure 3.7.H).
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A. Ambulation Sample Images
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Figure 3.7. Ambulation scores and Hindlimb Angles at 24- and 72-hours post-hypoxia. (A) Samples
Images of Ambulation. Ambulation scores were assigned on a modified 6-point scale (Feather-
Schussler & Ferguson., 2016). 0— no movement; 0.5— very little movement, only turning, needs
encouragement; 1— slow crawling in straight lines, asymmetrical limb movement; 1.5— crawling in

straight lines, mixture of symmetrical and asymmetrical limb movement; 2— slow crawling with
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symmetrical limb movement; 2.5— fast crawling with symmetrical limb movement; 3— walking. (B)
Ambulation scores 24hrs post-hx, which showed no significant difference. C n=29, Hx n=25, 24hr C v Hx
p=0.1309. (C) Ambulation scores 72hr post hx; hypoxia pups perform significantly worse to controls. C
n=29, Hx n=25, 72hr C v Hx p<0.0001. (D) Difference in score over time, whereby controls have a
significantly better improvement in ambulation over time versus hypoxia pups. C n=29, Hx n=25,
Difference C v Hx p=0.0188. (E) Sample Hindlimb Angle Images with guidelines drawn. (F) Hindlimb
angle 24hrs post-hx normalised by litter. Hypoxia mice have significantly wider relative hindlimb angles
compared to controls. Cn=31, Hx n=26, 24hr C v Hx p=0.0023. (G) Normalised hindlimb angles at 72hrs
post-hx remained significantly wider than control littermates. C n=29, H n=25, 72hr C v Hx p=0.0105.
(H) Relative difference between the normalised 24 and 72hr angles. While there is a trend towards
poorer improvement over time in the hypoxia cohort, this does not reach significance. C n=27, Hx n=22,
Difference Cv Hx p=0.1007. All tests are one-tailed, unpaired t-tests with arrows to indicate the a-priori

hypothesis, p < 0.05.
3.3.1.7. Hypoxia Mice have a Poorer Negative Geotaxis Response 72 hours post-
hypoxia.

The Negative Geotaxis test evaluates the negative geotaxis reflex, a response to vestibular and
proprioceptive cues which indicate that the mouse’s head is below its body, causing the mouse
to correct itself so that its head is above its body (Xu et. al., 2016). During this test, the mouse
is placed on an angled surface facing downwards and should correct itself to face upwards
(Figure 3.8.A). Due to inter-litter variability, the time taken for each mouse to complete the
test was normalised by litter. There was a high refusal rate in this test, particularly at 24 hours
post-hypoxia. At 24 hours post hypoxia, there is no significant difference between control and
hypoxia groups (Figure 3.8.B), and at 72 hours post-hypoxia, the hypoxia group take
significantly longer to complete the test relative to controls (Figure 3.8.C). No significant

differences are seen in the relative difference over time (Figure 3.8.D).
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Figure 3.8. Negative Geotaxis Reflex Develops More Slowly Post-Hypoxia. (A) Negative Geotaxis Test
lllustration, showing start position (left) and intended end position (right) (B) Time taken for test at
24hrs, normalised by litter, showing no difference. C n=8, Hx n=9, 24hr C v Hx p=0.144. (C) Time taken
for test at 72hrs, normalised by litter. Hypoxia mice take significantly longer relative to control
littermates. C n=9, Hx n=7, 72hr C v Hx p=0.0205. (D) Relative Difference between 24 and 72hour
normalised times, showing no significance. C n=10, Hx n=11, Difference C v Hx p=0.3579. All tests are

unpaired, one-tailed t-tests with arrows indicating the a-priori hypothesis, p < 0.05.

3.3.2. Hypoxia Promotes Anxiety, Poorer Spatial Memory, and Compulsive Behaviours
Later in Life.

Long-term neurobehavioural changes have been characterised before in this model

(Rodriguez-Alvarez et. al., 2015; 2017; Quinlan et. al., 2018), consistently showing that global

hypoxia affects behaviour later in life. The Open Field (OF) test was conducted to measure

motor function, ensuring that any differences between groups in other behaviour tests are
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resulting from behavioural changes rather than mobility deficits, measuring average speed
and the number of line crossings for each animal. In both parameters, no significant

differences were found between hypoxia and control groups (Figure 3.9.B).

The Light Dark Box (LDB) Test is used to assess anxiety behaviours in mice. Previous work in
this model has observed increased anxiety post-hypoxia (Rodriguez-Alvarez et. al., 2015;
Quinlan et. al., 2018; 2019), supported by the results of this study, which found that hypoxia

mice take longer to enter the dark box than their control counterparts (Figure 3.9.D).

The Novel Object Location (NOL) test is a task which assesses spatial memory, a function
governed by the dorsal Cal of the hippocampus (Geiller et. al., 2023). The time spent with the
novel object location during the test period was normalised for each animal to account for
object preferences using the formula detailed in Methods Section 2.5.2. Hypoxia mice
performed significantly poorer in the NOL task relative to controls, demonstrating the

detrimental effects of hypoxia on spatial memory (Figure 3.9.F).

The Marble Burying Test (MBT) assesses compulsive and repetitive behaviours, like those seen
in autism or obsessive-compulsive disorder (OCD) (Dixit et. al., 2020). When the entire cohort
is compared, there is no significant difference, although when separated by sex, hypoxia males

bury significantly more marbles than male controls (Figure 3.9.H).
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Figure 3.9. A battery of behaviour tests shows behavioural differences between control and hypoxia

mice. (A) lllustration of the OF test apparatus. (B) No significant differences were found between
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control and hypoxia in their average speed or the number of line crossings during the OF test. C n=5,
Hx n=3, Average Speed C v Hx p=0.1473, Line Crossings C v Hx p=0.2078. (C) lllustration of the LDB
apparatus. (D) Time taken for each mouse to exit the Light Box after being placed in the arena. Hypoxia
mice take significantly longer to enter the dark box compared to controls. C n=5, Hx n=3, Latency Cv
Hx p=0.0285. (E) lllustration of the NOL apparatus. For the familiarisation stage (left), objects are in set
positions, and for the NOL stage (right), one object is moved. (F) Standardised time spent with the
moved object during the NOL stage. Hypoxia mice spend less time interacting with the moved object
relative to controls, indicating that they do not remember the object was moved. C n=3, Hx n=3, NOL
C v Hx p=0.0297. (G) lllustration shows the MBT apparatus. (H) Number of marbles buried for all mice
(left) and for males only (right). There are no significant differences between control and hypoxia mice
in the number of marbles buried; however, when only males are analysed, hypoxia males bury
significantly more marbles than male controls. C n=8, Hx n=7, Marbles Buried C v Hx p=0.1524. C n=4,
Hx n=3, Males only C v Hx p=0.0354. All tests are unpaired, one-tailed t-tests with arrows indicating

the a-priori hypothesis, p < 0.05.

3.3.3. Ibal* cells are more abundant in the hippocampus, with higher proportions of pro-
inflammatory morphologies post-hypoxia both acutely and chronically.
Preliminary data in this model suggests changes in microglial populations acutely post-hypoxia
(Quinlan et. al., 2019). The next stage of this study will examine how the neuroinflammatory
response is altered post-hypoxia, with respect to microglia function and phenotype, and
whether the neuroinflammatory response persists chronically post-hypoxia, as seen before in
the literature (Bona et. al., 1999). The timepoint selected to represent the chronic stage post-
hypoxia, 5 weeks post-injury at PND42, is equivalent to late adolescence in humans (Semple

et. al., 2013).

The number of Ibal* cells in the hippocampus at 72 hours and 5 weeks post-hypoxia was
counted and Ibal* cells were categorised by morphology using two different classification

systems to investigate whether microglia present with different phenotypes post-hypoxia.
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3.3.3.1. Increased numbers of Ibal* cells are seen in the hippocampus at 72 hours and
5 weeks post-hypoxia.

Previous work from the Jimenez laboratory has found that microglia populations are

significantly increased at 72 hours post-hypoxia (Quinlan et. al., 2019). Here, we evaluated if

microglia numbers remain elevated chronically post-hypoxia, as seen before in a rat model of

severe HIE (Bona et. al., 1999), or if they recover.

It is evident that, at 72 hours post-hypoxia, there is a significantly higher number of Ibal* cells
in hypoxia mice versus controls in the hippocampus (Figure 3.10.C). When Ibal* cells are
counted 5 weeks post-hypoxia, there are significantly more Ibal* cells in the hippocampus
overall post-hypoxia versus same-age controls, with most of this difference attributed to the
dentate gyrus (Figure 3.10.D). These results corroborate what has been seen in the literature
previously (Quinlan et. al., 2018; Bona et. al.,, 1999), and warrant a more detailed

morphological analysis.
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Figure 3.10. Higher numbers of Ibal* cells are found in the hippocampus at 72 hours and 5 weeks
post-hypoxia. (A) Sample images of each hippocampal region in control and hypoxia mice 72hr post-
hx. Scale bar 100um. (B) Sample images of each hippocampal region in control and hypoxia mice 5wk
post-hx. Scale bar 100um. (C) Number of Ibal* cells in each region 72hrs post-hx. The sum of the Ibal*

cells in the three regions is the hippocampus (left). In all regions but the Cal, there are significantly
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more Ibal* cells in hypoxia mice versus controls. C n=7, Hx n=5, Hipp C v Hx p=0.013; DG C v Hx
p=0.0183; Cal Cv Hx p=0.1312; Ca3 C v Hx p=0.0374. (D) Ibal* cell counts by region 5wks post-hx.
There are significantly more Ibal* cells in hypoxia mice relative to controls in the dentate gyrus and the
hippocampus. N=6 per group, Hipp C v Hx p=0.0365; DG C v Hx p=0.0026; Cal Cv Hx p=0.315; Ca3 Cv
Hx p=0.154. All tests are unpaired, one-tailed t-tests, arrows shown to indicate a-priori hypothesis, p <

0.05.
3.3.3.2. Categorising Ibal* cells based on number of ramifications shows that there is
a reduction in more ramified, homeostatic-like microglia at both 72 hours and 5 weeks
post-hypoxia.
The first morphological analysis of microglia categorised cells based on the number of
ramifications, or branches, emitting from the cell soma, assigning each cell to one of three
groups: those with 0-1 branches, those with 2-3 branches and those with 4 or more branches,
based on the premise that microglia with fewer branches are primed or pro-inflammatory,
and that those with 4+ branches are more homeostatic-like. For each image, the number of
cells in each morphology group was represented as a percentage of the total Ibal* counted.
Sample images for each morphology group were selected to guide the analysis (Figure 3.11.A;
Figure 3.12.A). In the 72-hour cohort, the Cal showed trends towards a higher percentage of
0-1 branch cells in hypoxia mice relative to controls (Figure 3.11.B). There were no significant
differences between control and hypoxia groups in the percentage of 2-3 branch lbal* cells
(Figure 3.11.C). There were significantly lower percentages of 4+ branch Ibal* cells in hypoxia
mice compared to controls in the Cal region and the hippocampus, and the Ca3 trended

towards a reduced percentage of 4+ branch Ibal* cells in hypoxia mice (Figure 3.11.D).
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Figure 3.11. There are differences in the proportions of morphology types of Ibal* cells identified in
the hippocampus at 72 hours post-hypoxia. (A) Sample images of each morphology type found in
control and hypoxia hippocampi were used to guide the analysis. Scale bars 10um. (B) Percentage of

Ibal* cells with a 0-1 branch morphology in each region and in the full hippocampus. While no
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significant differences were found, there is a trend towards more 0-1 branch cells in the Cal post-
hypoxia versus controls. Cn=7, Hx n=5, Hipp Cv Hx p=0.1124, DG Cv Hx p=0.3142, Cal Cv Hx p=0.0814,
Ca3 Cv Hx p=0.2591. (C) Percentage of Ibal’ cells with 2-3 branches. No significant differences were
found. C n=7, Hx n=5, Hipp C v Hx p=0.1902, DG C v Hx p=0.4889, Cal C v Hx p=0.1466, Ca3 C v Hx
p=0.1744. (D) Percentage of Ibal* cells with 4 or more branches. All regions except for the DG had
lower percentages of 4+ branch cells post-hypoxia mice relative to controls. C n=7, Hx n=5, Hipp C v Hx

p=0.0204, DG Cv Hx p=0.2823, Cal Cv Hx p=0.0072, Ca3 Cv Hx p=0.0582.

As with the 72-hour analysis, sample images to represent each morphology type at 5 weeks
post-hypoxia guided the analysis (Figure 3.12.A). No significant differences in the percentage
of 0-1 branch microglia were identified in any region of the hippocampus between control and
hypoxia (Figure 3.12.B). There were trends towards higher percentages of 2-3 branch Ibal*
cells in hypoxia mice versus controls in all regions except for the dentate gyrus (Figure 3.12.C).
The 4+ branch group saw a significantly lower percentage of 4+ branch Ibal* cells in hypoxia
animals relative to same-age controls in the hippocampus and the Ca3, and a trend towards
lower percentages in the Cal of hypoxia mice, and no differences in the dentate gyrus (Figure

3.12.D).
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Figure 3.12. There are differences in the proportions of morphology types of Ibal* cells in the

hippocampus 5 weeks post-hypoxia. (A) Sample images of each morphology type found in control and

hypoxia hippocampi were used to guide the analysis. Scale bars 10um. (B) Percentage of Ibal* cells

with a 0-1 branch morphology in each region and in the hippocampus. No significant differences found.
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N=6 per group, Hipp Cv Hx p=0.2413, DG Cv Hx p=0.3312, Cal Cv Hx p=0.3128, Ca3 Cv Hx p=0.1073.
(C) Percentage of Ibal” cells with 2-3 branches. Trends towards lower numbers of 2-3 branch cells post-
hypoxia emerge in all regions except the DG. N=6 per group, Hipp Cv Hx p=0.0608, DG Cv Hx p=0.2684,
Cal Cv Hx p=0.0982, Ca3 Cv Hx p=0.0916. (D) Percentage of Ibal” cells with a 4+ branch morphology.
The hippocampus and the Ca3 had lower percentages of 4+ branch cells in hypoxia mice relative to
same-age controls. N=6 per group Hipp C v Hx p=0.0429, DG C v Hx p=0.2332, Cal Cv Hx p=0.1034,
Ca3 Cv Hx p=0.0099.

3.3.3.3. Type I-V method of categorising microglia finds higher percentages of lbal*
cells with proinflammatory morphologies at 72 hours and 5 weeks post-hypoxia.

This morphological analysis was based on the Type |-V method of categorising microglia

published by Diz-Chaves (et. al., 2012), with each type representing a different functional state

in microglia. Sample images of cells representing each group were selected to guide the

analysis (72 hour (Figure 3.13.A); 5 weeks (Figure 3.14.A)). The number of cells belonging to

each morphology type present in the hippocampal regions were expressed as a percentage of

total Ibal* cell population.

At 72 hours post-hypoxia, higher proportions of Type V microglia and lower proportions of
Type | microglia were found in hypoxia mice versus controls in the full hippocampus (Figure
3.13.B). There is a higher percentage of Type IV Ibal* cells in the dentate gyrus (Figure 3.13.C)
and Type V cells in the Cal (Figure 3.13.D), and a lower percentage of Type | cells in the Ca3

post-hypoxia versus controls (Figure 3.13.E).

More differences between control and hypoxia microglia are seen at 5 weeks post-hypoxia. In
the full hippocampus and the dentate gyrus, hypoxia mice have lower percentages of Type |
Ibal* cells, and higher percentages of Type lll, Type IV and Type V Ibal* cells versus controls
(Figure 3.14.B). In the Cal and Ca3, there are lower percentages of Type | cells, and higher

percentages of both Type Ill and Type IV cells post-hypoxia (Figure 3.14.C-E).

Page | 93



A 72hr Post-Hypoxia Sample Images

Type | Type Il Type lll Type IV TypeV
- - - - -
o - - - -
Typel Type ll Type il Type IV Type V
50
‘ -
8 40+ o ns
+ | f I 0.0841
B Hippocampus 33 ! I : L
¥ 20 ] .
: . ﬂ ﬁ
S 104 age
; al
o= L ¥ L) J L\ ] @ ]
c Hx c Hx c Hx Cc Hx c Hx
Typel Type ll Type i Type IV Type V
ns
504 'ﬁ.
3 ol o 0.0886 ns :
K: Dentate Gyrus & _ | T — J
2 2 :
B 204 - o =,
= . I 1
* kd
o T T T T T T T T
c Hx c Hx c Hx c Hx c Hx
Type |l Type ll Type il Type IV TypeV
50 ns
"
3 404 ns = g | ns
hA | | | | o |
D Cal é 09 e .. . rd i L
3 2 | [ ¥ [___1..
-
; 10+ s -~ -
&
o T o, T e Biuty T 2l et
c Hx c Hx c Hx c Hx c He
Typel Typell Type il Type IV TypeV

ns

o I s TR

% of Total lba1+ Cells
- »n
-] -] -]
A 1 A
'Eg.
L ]

c C M c M c M c R
Figure 3.13. Higher proportions of pro-inflammatory morphology types and lower proportions of
primed and primitive microglia are found in hypoxia mice versus controls at 72 hours post-hypoxia.
(A) Sample images for each morphology type identified in control and hypoxia images. Scale bar 10um.

(B) Percentages of total Ibal* cells for morphology type in the hippocampus. Hypoxia mice had lower
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percentages of Type | cells and higher percentages of Type IV & V cells. C n=7, Hx n=5, Type | C v Hx
p=0.0125; Type Il C v Hx p=0.2323; Type Il C v Hx p=0.4585; Type IV C v Hx p=0.0541; Type V C v Hx
p=0.0332. (C) Percentage of each morphology type in the dentate gyrus. Hypoxia mice had higher
percentages of Type IV cells, and trended towards lower percentages of Type Il cells. Type | C v Hx
p=0.1859; Type Il C v Hx p=0.0886; Type Ill C v Hx p=0.388; Type IV C v Hx p=0.0351; Type V C v Hx
p=0.2348. (D) Percentage of each morphology type in the Cal. Hypoxia mice had higher percentages
of Type V cells. Type | Cv Hx p=0.1772; Type Il C v Hx p=0.2446; Type Il Cv Hx p=0.2109; Type IV C v Hx
p=0.116; Type V C v Hx p=0.0095. (E) Percentage of each morphology type in the Ca3. Hypoxia mice
had lower percentages of Type I cells, and trended towards higher percentages of Type V cells. Type | C
v Hx p=0.0077; Type Il Cv Hx p=0.4674; Type Ill Cv Hx p=0.1127; Type IV Cv Hx p=0.4212; Type V Cv
Hx p=0.051.
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Figure 3.14. Different morphological profile still persists 5 weeks post-hypoxia, with differences seen
in all Types of Ibal* cells in hypoxia mice relative to controls. (A) Sample images for each morphology
type from control and hypoxia images. Scale bar 10um. (B) Percentage of each morphology type in the

hippocampus. Hypoxia mice had lower percentages of Type | & Il cells, higher percentages of Type lll,
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IV and V cells. N=6 per group, Type | C v Hx p<0.0001; Type Il C v Hx p=0.0645; Type Ill C v Hx p=0.002;
Type IV C v Hx p=0.0009; Type V C v Hx p=0.0095. (C) Percentages of morphology types in the dentate
gyrus. Hypoxia mice had higher percentages of Type Ill, IV and V cells, and lower percentages of Type |
cells. Type | Cv Hx p<0.0001; Type Il Cv Hx p=0.1625; Type Ill Cv Hx p=0.0391; Type IV C v Hx p=0.0065;
Type V C v Hx p<0.0001. (D) Percentages of morphology types in the Cal. Hypoxia mice had higher
percentages of Type Il and IV cells, and lower percentages of Type | cells. Type | C v Hx p=0.001; Type
Il C v Hx p=0.3847; Type Il C v Hx p=0.0205; Type IV C v Hx p=0.0134; Type V C v Hx p=0.3953. (E)
Percentages of morphology types in the Ca3. Hypoxia mice had lower percentages of Type | & Il cells
and higher percentages of Type Ill and IV cells. Type | C v Hx p=0.0019; Type Il C v Hx p=0.0978; Type Il
C v Hx p=0.0014; Type IV C v Hx p=0.0339; Type V C v Hx p=0.1306.

3.3.4. Double staining for CD68/lbal shows that there are higher percentages of
CD68*Ibal* cells at both 72 hours and 5 weeks post-hypoxia relative to same age
controls, and these cells have active morphology types.

CD68 is a marker for phagocytic lysosomes, and this has been used previously in the literature

to identify phagocytic or pro-inflammatory microglia (Guillot-Sestier et. al., 2021). A double

stain with CD68 and Ibal allowed for phagocytic microglia to be identified, counted and
morphologically profiled according to the Type I-V method previously employed (Diz-Chaves

et. al., 2012).

3.3.4.1. Higher percentages of CD68*Ibal* cells are present in the hippocampus at both 72
hours and 5 weeks post-hypoxia.

To quantify the prevalence of CD68 in Ibal* cells for comparison between control and hypoxia

groups, Ibal* cells which were also positive for CD68 were expressed as a percentage of total

Ibal* cells present. At both 72 hours and 5 weeks post-hypoxia, there was a significantly higher

percentage of CD68*Ibal* cells in hypoxia mice relative to same-age controls, indicating that

there is elevated phagocytic activity in response to hypoxia which begins in the acute stages

and persists long after the neonatal period (Figure 3.15).
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Figure 3.15. Higher percentages of CD68*Ibal* cells are identified at both 72hr and 5 weeks post-
hypoxia. (A) Sample images of CD68/Ibal double labelled cells in control and hypoxia 72hrs post-hx.
Scale bar 10um. (B) Significantly higher percentage of Ibal* cells in the hippocampus were CD68
positive at 72hrs post-hx versus controls. C n=5, Hx n=6, 72hr C v Hx p=0.0001. (C) Sample images of
CD68/Ibal double-labelled cells in control and hypoxia 5wks post-hx. Scale bar 10um. (D) Significantly
higher percentage of CD68*Ibal* cells found in the hippocampus at 5wks post-hx versus controls. Cn=7,
Hx n=5, 5 weeks C v Hx p=0.0007. Unpaired, one-tailed t-tests, a-priori hypothesis indicated by arrows,
p < 0.05.

3.3.4.2. Using the Type |-V morphological analysis method shows that CD68*lbal* cells
have pro-inflammatory morphologies at both timepoints.
After finding elevated CD68 expression at both acute and chronic timepoints, the Type |-V

morphological analysis was carried out on these cells to ascertain whether any correlation
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existed between CD68 expression and morphology type. A notable observation is that, upon
completion of the morphological analysis, none of the samples contained CD68*Ibal* cells
with Type |, Il or Il morphologies at either time point. Therefore, the morphological analyses

only show proportions of Type IV and Type V cells identified (Figure 3.16.B; Figure 3.17.B).
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Figure 3.16. Higher Percentages of CD68*Ibal* Type IV and Type V cells found in the hippocampus 72
hours post-hypoxia. (A) Samples Images of Type IV and Type V cells found in control and hypoxia
images. Scale bar 10um. (B) Hypoxia mice have higher percentages of CD68 cells with Type IV and Type
V morphology compared to same age controls. C n=5, Hx n=6, Type IV C v Hx p=0.0081, Type V C v Hx
p=0.0005. Unpaired, one-tailed t-tests, a-priori hypothesis indicated by arrows, p < 0.05.
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Figure 3.17. Higher Percentages of CD68*Ibal* Type IV and Type V cells found in the hippocampus 5
weeks post-hypoxia. (A) Samples Images of Type IV and Type V cells found in control and hypoxia
images. (B) Hypoxia mice express significantly more CD68*Ibal* cells with Type IV and Type V
morphologies than control littermates. C n=7, Hx n=5, Type IV C v Hx p=0.0078, Type V Cv Hx p=0.0022.

Unpaired, one-tailed t-tests, a-priori hypothesis indicated by arrows, p < 0.05.

3.3.5. Lower Percentages of P2RY12*Ibal* cells are present in the hippocampus both 72
hours and 5 weeks post-hypoxia.

P2RY12 was used as a marker for homeostatic microglia in the hippocampus for quantification

(Gémez-Morillas et. al., 2021). To quantify the prevalence of P2RY12 in Ibal* cells, Ibal* cells

which were also positive for P2RY12 were expressed as a percentage of total lbal* cells. At

both 72 hours and 5 weeks post-hypoxia, there was a significantly lower percentage of
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P2RY12*Ibal* cells in hypoxia mice relative to controls, indicating that, post-hypoxia, microglia
in the hippocampus have reduced capability to respond to their extracellular environment and

communicate with neurons which persists long after the neonatal period (Figure 3.18).
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Figure 3.18. Lower percentages of P2RY12*Iba1* cells are found in the hippocampus at 72 hours and
5 weeks post-hypoxia. (A) Sample images of P2RY12/Ibal cells 72hrs post-hx. (B) Significantly lower
percentage of Ibal* cells in the hippocampus were also P2RY12 positive at 72hrs post-hx relative to
same-age controls. C n=8, Hx n=6, 72hr C v Hx p=0.0216. (C) Sample images of P2RY12/Iba1 cells 5wk
post-hx. (D) Significantly lower percentages of P2RY12*Ibal* cells found in the hippocampus at 5wk
post-hx relative to same age controls. C n=6, Hx n=5, 5wk C v Hx p=0.0098. Unpaired, one-tailed t-tests,

a-priori hypothesis indicated by arrows, p < 0.05.
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3.4. Discussion

Previous results have found increased numbers of microglia in the hippocampus acutely
following moderate global hypoxia accompanied by chronic behavioural changes (Quinlan et.
al., 2019). Therefore, this study expands on these observations to study microglia more closely
acutely and chronically post-hypoxia, with accompanying neonatal reflex testing and
adolescent behavioural assays. In this study, we showed that hypoxia causes slower
development of neonatal reflexes, and long-lasting deficits in behaviours pertaining to spatial
memory, anxiety and compulsive or repetitive behaviours. When microglia were studied,
hypoxia induced a long-lasting elevation of microglial populations within the hippocampus

which express much higher proportions of phagocytic microglia than same-age controls.

For the first time in this moderate model, neurodevelopmental differences were identified in
the acute period post-hypoxia through neonatal reflex tests. Hypoxia negatively impacted
general neonatal pup wellbeing and the development the vestibular response to gravity,
proprioception, forelimb grip strength and the rostro-caudal gradient of limb movement. For
some tests, this difference is no longer detected by 72 hours post-hypoxia, indicating a delay
rather than a persistent deficit, for example in the forelimb grip strength and the cliff aversion.
For others, there is little to no difference seen at 24 hours post-hypoxia, but a deficit emerges
in hypoxia cohorts by 72 hours post-hypoxia, such as in the negative geotaxis. Although this
battery of tests was designed for testing mice at PND8 and PND10 (Feather-Schussler &
Ferguson., 2016), previous literature has questioned the suitability of the grip strength test in
mice younger than PND10 (Heyser., 2003). Nevertheless, the full set of reflexes shows the
detrimental consequences of hypoxia. Impaired neonatal reflex development has also been
recorded in rodent models of severe HIE (Ten et. al., 2003; Lubics et. al., 2005; Sun et. al.,

2015) and in humans via Denver score testing (Hallioglu et. al., 2001). Furthermore, studies in
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humans have found that, even after TH treatment, MRl abnormalities in the neonatal stage
correlate with poorer performance in developmental testing in infancy (Massaro et. al., 2015;
Chalak et. al., 2018; Reiss et. al., 2020). Neonatal inflammation impairs the developmental
programme of white matter and drives white matter injury (Favrais et. al., 2011; Holloway et.
al., 2021), a finding corroborated by MRI studies of infants (Machie et. al., 2021), therefore
supporting the translatability of our model in precipitating similar developmental delays in

infancy as seen in humans.

The next stage of this study performed behaviour tests on mice at 5 weeks old, focusing on
spatial memory, anxiety, and compulsivity. The NOL test assesses spatial memory, the LDB test
measures anxiety and the MBT tests for compulsive or repetitive behaviours. As reported
previously, spatial memory was negatively impacted by hypoxia (Rodriguez-Alvarez et. al.,
2015; Quinlan et. al., 2019), consistent with a model of neonatal LPS exposure (Wang et. al.,
2012). Studies with anxiety tests in rodents have observed that the behavioural manifestation
of anxiety is governed by age. In younger mice, anxiety manifests as heightened curiosity to
explore the “danger zone” i.e. the light region in this case (Wang et. al., 2012; Arrant et. al.,
2013), whereas older mice exhibit a protective response causing them to hide in the “safe
zone” i.e. the dark region (Hascoét., 1999; Arrant et. al., 2013). Consistent with the literature,
hypoxia mice in this study were more curious to explore the light box, therefore displaying
increased anxiety (Wang et, al., 2012; Rodriguez-Alvarez et. al., 2015). Testing for compulsive
or repetitive behaviours using the MBT found that hypoxia males were the most prone to
increased compulsivity or repetition. Spatial memory and anxiety are governed by the dorsal
and ventral Cal of the hippocampus respectively (Bannerman et. al., 2014; Geiller et. al.,

2023; Li et. al., 2024), while compulsive behaviours are directed by the cortico-basal ganglia-
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thalamic pathway (Garner et. al.,, 2004; Garner.,, 2005), which is connected to the
hippocampus via the amygdala and the striatum (Ciocchi et. al., 2015). There is evidence that
hippocampal dysfunction can contribute to compulsive behaviours (Feduccia et. al., 2012;
Ciocchi et. al., 2015), and it has been hypothesised that compulsive behaviours may be linked
to addiction, a behaviour which involves memory and the hippocampus (Feduccia et. al., 2012;
Kutlu & Gould., 2016; Figee et. al.,, 2016). The vulnerability of the hippocampus to
inflammatory insults (Williamson & Bilbo., 2013) makes it imperative to study behaviours
which reflect hippocampal function. The results of this thesis agree with human studies where
even mild HIE can cause worse long-term behavioural outcomes and increase the risk of

neurodevelopmental disorders (Ahearne et. al., 2016; Akula et. al., 2023).

Next, microglia activation in the hippocampus was characterised via a density assessment
followed by morphological analyses. As mentioned above, microglia were more abundant in
the hippocampus 72 hours post-hypoxia (Quinlan et. al., 2019). This study confirmed and
expanded on these findings, as microglia were more abundant at 72 hours and 5 weeks post-
hypoxia. This agrees with the literature, which has found a significant accumulation of
microglia in the brain, regardless of HIE severity (Del Bigio & Becker., 1994; Liu & McCullough.,
2013; Serdar et. al., 2019). Two morphological analyses were conducted, the first of which
characterised microglia based on the number of branches emitting from their soma, and the
second where microglia were classed into one of five morphology types, based on the work
of Diz-Chaves and colleagues (2012). In the number of branches method, those with fewer
branches were taken as mostly pro-inflammatory, and those with more than 4 branches were
taken as mostly homeostatic. While this analysis did show that there were more homeostatic-
like microglia in control groups than hypoxia, this method did not account for other features

such as cell body size or branch complexity. Therefore, the Type |-V method was employed on
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the same images to give a more detailed profile of the microglia present (Diz-Chaves et. al.,
2012). A greater proportion of microglia from hypoxia pups had bigger bodies and shorter, less
complex dendrites, a phenotype related to pro-inflammatory microglia, acutely and
chronically post-hypoxia. These findings are supported by the literature describing chronic
upregulation of pro-inflammatory markers in the brain post-HIE (Bona et. al., 1999; Lalancette-

Hébert et. al., 2007; 2017; Stridh et. al., 2011; Winerdal et. al., 2012).

Microglia were further characterised via double staining with CD68 and P2RY12, which
represented pro-inflammatory and homeostatic microglia respectively. Microglia expressing
CD68 were more abundant at both acute and chronic time points, with these CD68* microglia
also exhibiting Type IV and Type V pro-inflammatory phenotypes (Diz-Chaves et. al., 2012).
These findings are corroborated by previous studies, as upregulation of CD68 as a marker for
phagocytosis has been reported in severe models of HIE (Li et. al., 2017; Lv et. al., 2020).
Furthermore, KEGG pathway analysis found that phagosome pathways are enriched in rodents
post-HIE (Tao et. al., 2024), a finding supported by single cell RNA sequencing which identified
a subset of highly reactive microglia whose expression is promoted following neonatal

inflammation (Dufour et. al., 2025).

Fewer microglia expressed P2RY12 at acute and chronic timepoints post-hypoxia relative to
same age controls, supporting the findings that there were fewer microglia with homeostatic
phenotypes overall, particularly at 72 hours post-hypoxia. Downregulation of P2RY12 is
associated with a functional shift towards more pro-inflammatory or phagocytic microglia
(Koizumi et. al., 2013), as seen in a model of neonatal stroke (Rayasam et. al., 2020). Single
cell RNA sequencing also found that developmentally associated microglia are impaired and

downregulated by neonatal inflammation (Dufour et. al., 2025). The functional consequences
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of P2RY12 downregulation are far-reaching, as this receptor is involved in functions such as
microglial chemotaxis (Haynes et. al., 2006), maintenance of the microglial ramified

morphology (Sipe et. al., 2016) and communication with neurons (Badimon et. al., 2020).

Page | 106



Chapter 4: Results Chapter 2
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4.1. Introduction

4.1.1. NLRP3 Inflammasome and Microglia

The NLRP3 inflammasome is a multimeric protein complex which activates and releases pro-
inflammatory cytokines, such as IL-1B and IL-18, and can induce pyroptosis in response to
PAMPs and DAMPs as part of the innate immune response (Martinon et. al., 2002; Agostini et.
al., 2004; Becker & O’Neill., 2007; Yang et. al., 2019). Research has shown that the NLRP3
inflammasome is mainly expressed by microglia within the CNS (Gustin et. al., 2015). The
inflammasome, and IL-1P release, have been implicated in a range of both acute and chronic
neurological conditions, such as Alzheimer’s disease (AD) (Dempsey et. al., 2017; McManus
et. al., 2025), traumatic brain injury (TBI) (Wallisch et. al., 2017) and Parkinson’s disease (Lee

et. al., 2019).

4.1.2. NLRP3 Inflammasome and HIE

It comes as little surprise that the NLRP3 inflammasome has been implicated in the
neuroinflammatory response following HIE, given its role in IL-1B activation and release (Chen
et. al., 2018; Li et. al., 2021a). This has been found in both rat models and human studies;
neonates suffering from HIE at birth had elevated peripheral blood levels of NLRP3, IL-13, ASC,
caspase-1 and GSDMD compared to controls, and that the levels of these markers were
positively correlated with clinical HIE severity, measured by APGAR scores (Lv et. al., 2020).
The importance of the NLRP3 inflammasome in driving IL-1B release by microglia is further
evidenced by the upregulation of P2X7R in neonatal HIE (Rodriguez-Alvarez et. al., 2017; Smith
et. al.,, 2023), which is a canonical activator of NLRP3 inflammasome assembly (see
Introduction Figure 1.2). A study of HIE found that NLRP3-knockout mice have increased
microglial activation and more severe brain injury compared to wild type mice, whereas in the

same study, ASC-knockout was neuroprotective compared to wild-type mice (Ystgaard et. al.,
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2019). This contrasts with studies which find pharmacological inhibition of NLRP3
inflammasome formation to be neuroprotective (Lv et. al., 2020; Luo et. al., 2021), highlighting
the existing gap in knowledge regarding the complex interplay between inflammatory

pathways in the aftermath of HIE.

4.1.3. MCC950, a NLRP3 inhibitor.

A growing body of research has used various compounds to suppress different elements of
the NLRP3 inflammasome in a range of disease models, including HIE, to understand how
NLRP3 inflammasome suppression impacts on disease progression (Blevins et. al., 2022).
MCC950, also known as CRID3, is a potent and selective inhibitor of NLRP3 inflammasome
assembly, as demonstrated initially in severe experimental autoimmune encephalomyelitis
(EAE), a disease model of multiple sclerosis (MS), and cryopyrin-associated periodic syndrome
(CAPS) (Coll et. al., 2015). Since then, MCC950 has also been proven beneficial in preclinical
models of neurological conditions such as AD (McManus et. al., 2025), TBI (Ismael et. al.,
2018), intracerebral haemorrhage (ICH) (Ren et. al., 2018) and subarachnoid haemorrhage
(SAH) (Luo et. al., 2019). All these conditions are characterised by a strong neuroimmune
component to disease pathology, particularly with regards to IL-1B signalling, which is

released by microglia via NLRP3 inflammasome signalling.

4.1.4. Hypothesis and Aims

The hypothesis of this study is that administering MCC950 immediately post-hypoxia will
dampen the neuroinflammatory response and lead to fewer pro-inflammatory microglia in
the hippocampus. These attenuations will be reflected in behavioural attenuations in the

developmental reflex testing and the adult behaviour assays.
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The aims of this chapter are as follows:

1. To determine whether MCC950 treatment influences neonatal reflex development or
adult behaviour testing performance post-hypoxia.

2. Tocharacterise microglia using morphological analyses and microglial markers acutely
and chronically post-hypoxia and MCC950 treatment.

3. Gene and protein expression studies to see how markers relating to microglia function

and the neuroinflammatory response are affected by hypoxia and MCC950 treatment.
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4.2. Methods

Mice were prepared for hypoxia as described previously and sacrificed at the specified

timepoints in the flowchart below in Figure 4.1. Wellbeing scores documented in Table 4.2.

IF IF
ELISA ELISA ELISA ELISA
PCR PCR PCR PCR
RN ’r 4 * N, ’r
| RN P7 P74+ 3hrs P8 P10\ P28 P35 P42 ]
* * NS NN
Birth Hypoxia Neonatal Behaviour Adult Behaviour
MCCO50/Vehicle 3 Y -
IPInjection - _; - -

4_'_'-/ 7'./ “-—“ 2 I-‘.

Figure 4.1. Timeline of the molecular and behavioural studies conducted.

4.2.1. Neonatal Behaviour

Neonatal Reflexes were analysed using a battery of tests adapted from Feather-Schussler &
Ferguson (2016), detailed fully in Methods Chapter 2, Section 2.4. The tests used were the
Ambulation test and hindlimb angles, negative geotaxis test, cliff aversion test, surface righting
tests and front limb grip strength test. Due to inter-litter variability, animals were normalised
by litter for the negative geotaxis test, the cliff aversion test, the grip strength test and the

hindlimb angles.

4.2.2. Adult Behaviour
The Adult behaviour tests conducted were the Open Field test, the Light Dark Box test and the

Novel Object Location test as detailed in the Methods Chapter 2, Section 2.5.

4.2.3. Immunofluorescence Staining and Imaging
Phagocytic microglia were visualised with the modified IF protocol described in Methods
Chapter 2, Section 2.6.3 (Guillot-Sestier et. al., 2021), incubated with Anti-CD68 (1:500) and

Anti-lbal (1:500), followed by the secondary antibodies Alexafluor 594 Donkey anti-Rat
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(1:500) and Alexafluor 488 goat anti-rabbit (1:500). Homeostatic microglia were visualised as
described previously in the literature and in Methods Chapter 2, Section 2.6.2 (Quinlan et. al.,
2019) using Anti-P2RY12 (1:100), and Anti-lbal (1:500), followed by secondary antibodies
Alexafluor 594 Donkey anti-Rat (1:500) and Alexafluor 488 goat anti-rabbit (1:500). Z-stacks
for each region were imaged at 40x at 0.4um intervals along the Z-plain using a Leica SP8

scanning confocal microscope (TBSI Imaging and Microscopy Centre).

EXPERIMENT TIME POST-HX NO. C-VEH NO. HX-VEH NO. HX-MCC
72hrs 5 4 6
CD68/1bal
5wks 4 5 3
72hrs 6 7 7
P2RY12/Ibal
5wks 7 7 7

Table 4.1. Experimental cohorts for immunofluorescence studies in Results Chapter 2.

4.2.4. Cell Counting

Z-stack images were converted into a Z-projection in Image J for manual counting. Each image
was counted twice, and the average was taken as the final count. The morphological analyses
grouped cells by morphological features (Diz-Chaves et. al., 2012). This analysis is described
more fully in Methods Chapter 2 Section 2.7.3, and the double staining analysis is described

in Methods Chapter 2 Section 2.7.4.

4.2.5. Protein Assay and ELISA

Hippocampi were isolated at 3 hours, 24 hours, 72 hours and 5 weeks post-hypoxia for protein
guantification with a modified Lowry assay, detailed in Methods Chapter 2, Section 2.8.2.
ELISAs were used to measure the concentration of IL-1f, IL-6, P2RY12, CD68, IL-18, CXCR3,
C1gR1, C3 and C5a in the hippocampus (manufacturer details for all kits in Table 2.10), as

described in Methods Chapter 2, Section 2.8.3. Once the analyte concentration was
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extrapolated from the generated standard curve, data was expressed as ng cytokine X per mg

of total protein.

4.2.6. RNA Extraction, cDNA Synthesis and qPCR

Hippocampi were isolated at 3 hours, 24 hours, 72 hours and 5 weeks post-hypoxia for gene
guantification by gPCR. RNA was first extracted using Trizol as described in Methods Chapter
2, Section 2.9.1, from which cDNA was synthesised (Methods Chapter 2, Section 2.9.2). This
cDNA was used in gPCR to quantify transcription of the following genes: 1116, 116, C1ga2, Tnfa,
with Actin used as the housekeeping gene (protocol described in Methods Chapter 2, Section

2.9.3; primer details in Table 2.14).
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P8 P9 P10
PARAMETER |  SCORING "o o Hx-  C-Veh Hx- Hx-  C-Veh Hx-  Hx-
Veh MCC Veh MCC Veh MCC

WEIGHT 0-9% 6 3 2 0 0 0 0 0 0
GAIN 10-14% 16 18 20 2 1 2 0 0 0

15-19% 8 7 10 7 6 6 1 1 3

20%+ 3 2 1 19 18 20 27 24 25
DRINKING/ Empty 4 5 3 5 0 2 11 10 9
EATING stomach

Full Stomach | 29 25 30 23 25 26 17 15 19
BREATHING | Difficulty 0 0 0 0 0 0 0 0 0

Fast 0 0 0 0 0 0 0 0 0

Slow/calm 33 30 33 28 25 28 28 25 28
GAIT/ Markedly 0 0 0 0 0 0 0 0 0
POSTURE Abnormal

Slightly 3 27 27 0 20 22 0 16 11

Abnormal

Normal 30 3 6 28 5 6 28 9 17
NESTING/ Nestlet 90% | O 0 0 0 0 0 0 0 0
MATERNAL | Intact

Partially torn | 1 2 2 0 0 0 0 0 0
CARE .

mostly intact

50% torn but | 13 11 15 11 9 13 9 8 12

not nest

Greater than | 19 17 16 17 16 15 19 17 16

body height
TOTAL NO. MICE 33 30 33 28 25 28 28 25 28

Table 4.2. Breakdown of pups in each treatment group of the Chapter 2 cohort to receive each score

in their wellbeing sheets at PND8, PND9 and PND10.
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4.3. Results

4.3.1. MCC950 Partially Attenuates Neonatal Reflex Deficits Caused by Hypoxia.

To evaluate the effects of MCC950 injection just after hypoxia, pups were randomly allocated
to one of three groups: C-Veh (normoxia + vehicle), Hx-Veh (hypoxia + vehicle) and Hx-MCC
(hypoxia + 10mg/kg MCC950). A battery of neonatal reflex tests was conducted to identify

how MCC950 treatment affected the acute neurological deficits described in Chapter 1.

4.3.1.1.  Surface Righting Shows No Differences Between Groups.
Surface Righting measures core strength and coordination required to right a mouse to
standing (Heyser et. al., 2003). There were no differences between control and hypoxia mice

at any timepoint, nor was there a difference between Hx-Veh and Hx-MCC mice (Figure 4.2).

A
B 24hr C 72hr D 72hr v 24hr
ns ns
1 1
10+ ns ns 10 300 ns ns
8- . n 8- o 200- o
W g E & ns E
Py 1 §
E . & g = 100 . -
s 4 ° . £ 4 ns ns = . "
" et 2] || " 2= g4
iy -I
0- 0- -100-
C-V Hx-V Hx-M C-V Hx-V Hx-M CY Hx-V Hx-M

Figure 4.2. No Differences in the Surface Righting Reflex Post-Hypoxia or Post-MCC950 treatment.
(A) Surface Righting Test lllustration. (B) Time taken to complete the test 24hrs post-hx, with no trends
between groups. C-V n=15, Hx-V n=15, Hx-M n=16, 24hr C-V v Hx-V p=0.978, Hx-V v Hx-M p=0.3967, C-
Vv Hx-M p=0.2937. (C) At 72hrs post-hx there are no differences between groups. C-V n=17, Hx-V n=17,
Hx-M n=19, 72hr C-V v Hx-V p=0.9662, Hx-V v Hx-M p=0.9674, C-V v Hx-M p<0.9999. (D) No trends

between groups when the difference over time is compared. C-V n=17, Hx-V n=17, Hx-M n=19, 72hr vs
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24hr C-V v Hx-V p=0.9175, Hx-V v Hx-M p=0.4681, C-V v Hx-M p=0.2591. All tests are one-way ANOVA
with Tukey’s post-hoc, P < 0.05.

4.3.1.2. MCC950 Slightly Improves the Negative Geotaxis Response 24 hours post-hypoxia.
The negative geotaxis test assesses a pup’s response to gravity when placed on a surface facing
downwards (Xu et. al., 2016). To account for inter-litter variability, the time taken for each pup
to complete the test was normalised by litter with respect to the average of their control
littermates. At 24 hours post-hypoxia, Hx-Veh mice take twice as long as controls to complete
the test (Figure 4.3.B). When the difference between 24- and 72-hour relative times are

compared, no differences are seen (Figure 4.3.C).
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Figure 4.3. Negative Geotaxis is slightly improved by MCC950 24 hours post-hypoxia. (A) lllustration
of negative geotaxis test. (B) Time taken to complete the test at 24hrs post-hx was normalised by litter.
Hx-V take relatively longer than controls to complete the test, with no differences between Hx-V and
Hx-M groups. C-V n=8, Hx-V n=7, Hx-M n=7, 24hr C-V v Hx-V p=0.0071, Hx-V v Hx-M p=0.1448, C-V v

Hx-M p=0.3552. (C) No trends in the relative difference over time between any groups. C-V n=8, Hx-V
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n=7, Hx-M n=7, 72hr v 24hr C-V v Hx-V p=0.5616, Hx-V v Hx-M p=0.9985, C-V v Hx-M p=0.5939. One-
way ANOVA with Tukey’s post-hoc, p < 0.05.

4.3.1.3. MCC950 Rescues Front Limb Grip Strength at 24 hours post-hypoxia.

Front-limb grip strength was designed to measure grip force and strength in the forelimbs (Sun
et. al,, 2015; Xu et. al., 2016). As in Chapter 1, the time taken for each mouse to complete the
test was normalised by litter. At 24 hours post-hypoxia, the Hx-Veh cohort performed
significantly worse relative to their C-Veh and Hx-MCC littermates (Figure 4.4.B). These
differences are no longer found at 72 hours post-hypoxia (Figure 4.4.C). This is reflected in the
difference over time, where the Hx-Veh mice have a significantly higher relative difference

over time compared to C-Veh and Hx-MCC mice (Figure 4.4.D).
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Figure 4.4. HX-Veh mice have poorer front limb grip strength than C-Veh and Hx-MCC mice at 24
hours post-hypoxia. (A) Forelimb Grip Strength Illustration. (B) Hx-V mice had significantly worse times
than C-V and Hx-M pups 24hrs post-hx. C-V n=16, Hx-V n=14, Hx-M n=17. 24hr C-V v Hx-V p=0.0032,
Hx-V v Hx-M p=0.0037, C-V v Hx-M p=0.9946. (C) There are no differences 72hrs post-hx. C-V n=17, Hx-
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V n=15, Hx-M n=17. 72hr C-V v Hx-V p=0.5267, Hx-V v Hx-M p=0.0957, C-V v Hx-M p=0.5358. (D) Hx-V
mice improved significantly better over time than C-V and Hx-M groups. C-V n=15, Hx-V n=16, Hx-M
n=18. 72hr vs 24hr C-V v Hx-V p=0.0019, Hx-V v Hx-M p=0.0017, C-V v Hx-M p=0.991. One-way ANOVA

with Tukey’s post-hoc, p < 0.05.

4.3.1.4. MCC950 Rescues the Poorer Cliff Aversion Response 24 hours post-hypoxia.

The cliff aversion test challenges a pup’s vestibular cues to recognise that their head and front
paws are over a cliff, as well as proprioception, strength and coordination to manoeuvre
themselves away from this danger. As before, there was a high refusal rate, particularly at 24
hours post-hypoxia. To account for inter-litter variability, each pup score was normalised by
litter. While Hx-Veh pups took twice as long to turn from the cliff than C-Veh and Hx-MCC pups

at 24 hours, this difference was no longer detected 72 hours post-hypoxia (Figure 4.5).
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Figure 4.5. The Cliff Aversion Reflex develops more slowly in Hx-Veh pups versus C-Veh and Hx-MCC
mice. (A) Cliff Aversion Test lllustration. (B) Time to complete the test at 24hrs was normalised by litter.

Hx-V mice take significantly longer to perform this test than C-V and Hx-M littermates. C-V n=8, Hx-V
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n=6, Hx-M n=8. 24hr C-V v Hx-V p=0.0276, Hx-V v Hx-M p=0.0108, C-V v Hx-M p=0.8842. (C) There are
no differences in relative times 72hrs post-hx. C-V n=7, Hx-V n=5, Hx-M n=7. 72hr C-V v Hx-V p=0.9921,
Hx-V v Hx-M p=0.9314, C-V v Hx-M p=0.9628. (D) Relative Difference between normalised times at 72-
and 24-hrs post-hx. No differences are seen between any groups. C-V n=6, Hx-V n=4, Hx-M n=7. 72hr
vs 24hr C-V v Hx-V p=0.2206, Hx-V v Hx-M p=0.8064, C-V v Hx-M p>0.9999. One-way ANOVA with
Tukey’s post-hoc, p < 0.05.

4.3.1.5. MCC950 Does Not Improve Overall Ambulation but provides some postural
improvements.
The Ambulation test was conducted as previously described (Feather-Schussler & Ferguson.,
2016), assessing locomotion using the modified 6-point ambulation scores (Methods Chapter
Table 2.6). At 24 hours post-hypoxia, no trends emerge between groups in their ambulation
scores; most animals, and all the Hx-Veh mice, have yet to develop symmetric limb movement
(Figure 4.6.B). At 72 hours post-hypoxia, a trend emerges whereby control-vehicle mice have
higher ambulation scores compared to both Hx-Veh and Hx-MCC mice (Figure 4.6.C). There

are no significant differences between groups in their difference over time (Figure 4.6.D).

The hindlimb angles provided a complementary assessment of limb symmetry and posture
during straight line movement, which was normalised by litter for analysis. At both 24 hours
and 72 hours post-hypoxia, Hx-Veh mice have wider relative angles than Hx-MCC mice,

although this is only significant 72 hours post-hypoxia (Figure 4.6.E-G).
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A. Ambulation Sample Images
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Figure 4.6. Ambulation Scores and Hindlimb Angles at 24- and 72-hours post-hypoxia. (A) Sample
Images of Ambulation. Ambulation Scores: 0- no movement; 0.5- very little movement, only turning,
needs encouragement; 1- slow crawling in straight lines, asymmetrical limb movement; 1.5—- crawling
in straight lines, mixture of asymmetric and symmetric limb movement; 2- slow crawling in straight
lines with symmetric limb movement; 2.5- fast crawling with symmetric limb movement; 3- walking.
(B) Ambulation Scores 24hrs post-hx, which show no significant differences between groups. C-V n=17,
Hx-V n=17, Hx-M n=19. 24hr C-V v Hx-V p>0.9999, Hx-V v Hx-M p=0.8452, C-V v Hx-M p=0.8452. (C) At
72hrs post-hx, control pups trend towards higher ambulation scores than both Hx-V and Hx-M

littermates. C-V n=15, Hx-V n=15, Hx-M n=17. 72hr C-V v Hx-V p=0.059, Hx-V v Hx-M p=0.9916, C-V v
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Hx-M p=0.0661. (D) No trends in the difference in scores over time. C-V n=11, Hx-V n=10, Hx-M n=13.
72hr vs 24hr C-V v Hx-V p=0.1343, Hx-V v Hx-M p=0.4406, C-V v Hx-M p=0.6814. B-D One-way ANOVA
with Tukey’s post-hoc, p < 0.05. (E) Hindlimb Angles were recorded from ambulation videos and
normalised by litter. At 24hrs post-hx, Hx-V mice trend towards wider hindlimb angles than Hx-M mice.
Hx-V n=14, Hx-M n=15. 24hr Hx-V v Hx-M p=0.079. (F) Hx-M mice have significantly narrower hindlimb
angles compared to Hx-V mice 72hrs post-hx. Hx-V n=14, Hx-M m=13, 72hr Hx-V v Hx-M p=0.0345. (G)
No differences are seen in the relative difference over time between Hx-Veh and Hx-MCC mice. Hx-V
n=10, Hx-M n=12, 72hr v 24hr p=0.9724. E-G unpaired, one-tailed t-tests with arrow indicating a-priori
hypothesis, p < 0.05.

4.3.2. MCC950 Rescues Behavioural Deficits in Anxiety and Spatial Memory.
Following the attenuations recorded in the neonatal reflex assessments after MCC950
treatment, mice underwent a battery of adult behaviour tests to assess the long-term

neurological attenuations, if any, of acute MCC950 treatment immediately post-hypoxia.

The OF Test, as in Chapter 1, was used to assess motor function to make sure differences in
other behaviour tests were not resulting from mobility deficits, comparing average speed and
the number of line crossings between groups. In both parameters, no differences or trends

emerged, consistent with our Chapter 1 findings (Figure 4.7.B).

The LDB Test is used to assess anxiety behaviours in mice (Li et. al., 2024). Previous work in
this model has observed LDB behaviour consistent with increased anxiety (Rodriguez-Alvarez
et. al.,, 2015; Quinlan et. al., 2018; 2019). Consistent with Chapter 1 findings and previous
literature, Hx-Veh mice take significantly longer to enter the dark box compared to C-Veh and

Hx-MCC mice (Figure 4.7.D), therefore MCC950 post-hypoxia attenuates the LDB response.

The NOL test assesses spatial memory, which is governed primarily by the dorsal Cal of the
hippocampus (Bannerman et. al., 2014; Geiller et. al., 2023). The time spent with the novel

object location during the test period was standardised for each animal using familiarisation
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sessions to account for object preferences. Hx-Veh mice performed poorer in this test than

Hx-MCC mice (Figure 4.7.F).
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Figure 4.7. MCC950 Treatment post-hypoxia causes some attenuations in adult behaviour compared
to vehicle-treated hypoxia littermates. (A) Illlustration of the OF test apparatus. (B) No differences

were found in the average speed (L) or the number of line crossings (R) between groups. N=12 per
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group. Average Speed C-V v Hx-V p=0.9936, Hx-V v Hx-M p=0.8186, C-V v Hx-M p=0.8734. Line
Crossings C-V v Hx-V p=0.2614, Hx-V v Hx-M p=0.905, C-V v Hx-M p=0.4789. (C) Illustration of the LDB
apparatus. (D) Time taken for each animal to enter the dark box after being placed in the light box. Hx-
V mice take significantly longer to enter the dark box versus C-V and Hx-M mice. C-V n=7, Hx-V n=6, Hx-
M n=6. Time to Enter Dark Box C-V v Hx-V p=0.0016, Hx-V v Hx-M p=0.0464, C-V v Hx-M p=0.2962. (E)
lllustration of the NOL apparatus. For the familiarisation stage (L), objects are in set positions, and for
the NOL stage (R), one object is moved. (F) When the time spent with the moved object during the NOL
stage is standardised, Hx-V mice spent less time with the moved object than the Hx-M group, indicating
poorer memory in Hx-V mice. NOL C-V n=10, Hx-V n=9, Hx-M n=9. NOL C-V v Hx-V p=0.2259, Hx-V v Hx-
M p=0.0373, C-V v Hx-M p=0.5855. One-way ANOVA with Tukey’s post-hoc, p < 0.05.

4.3.3. Double Staining for CD68/Ibal show that MCC950 alters microglia at 72 hours post-
hypoxia but has no effect at 5 weeks post-hypoxia.

CD68, the marker for phagocytic lysosomes, was used with Ibal to identify, quantify and

morphologically assess phagocytic or pro-inflammatory microglia in the hippocampus (Diz-

Chaves et. al., 2012; Waller et. al., 2019). CD68*lbal* cells are expressed as a percentage of

total Ibal* cells.

Quantification of CD68*Ibal* cells was conducted as previously described. At 72 hours post-
hypoxia, MCC950 treatment did not reduces the percentage of double positive cells in the
hippocampus (Figure 4.8.B). At 5 weeks post-hypoxia, there is no difference between Hx-Veh
and Hx-MCC mice, and both groups have significantly higher percentages than controls (Figure

4.8.D).
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Figure 4.8. MCC950 treatment does not attenuate CD68*Ibal* cell prevalence at 72 hours or 5 weeks
post-hypoxia. (A) Sample Images of CD68/Ibal double-labelled cells in C-V, Hx-V and Hx-M 72hrs post-
hx. Scale bar 10um. (B) Hx-V mice have significantly higher percentages of CD68*Ibal* cells versus C-V,
although no significance is found between Hx-V and Hx-M. C-V n=5, Hx-V n=4, Hx-M n=6. 72hr C-V v
Hx-V p=0.025, Hx-V v Hx-M p=0.5223, C-V v Hx-M p=0.1123. (C) Sample Images of CD68/Ibal double
labelled cells in C-V, Hx-V and Hx-M 5wks post-hx. Scale bar 10um. (D) Hx-V and Hx-M mice have
significantly higher percentages of CD68*Ibal* cells than C-V. C-V n=4, Hx-V n=5, Hx-M n=3. 5wks C-V' v
Hx-V p=0.0018, Hx-V v Hx-M p=0.835, C-V v Hx-M p=0.002. One-way ANOVA with Tukey’s post-hoc, p <
0.05.
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4.3.3.1. CD68*Ibal* cells have pro-inflammatory phenotypes in all groups at both
timepoints post-hypoxia.
CD68*Ibal* cells were analysed for morphology as described previously (Diz-Chaves et. al.,
2012). As observed in Chapter 1, no cells were found which were morphologically consistent
with Type |, Il or Il cells at either time point, therefore only Types IV and V are analysed. As in
Results Chapter 1, there were more CD68*Ibal* cells in hypoxia versus controls, particularly in
the Type V morphology groups. Hx-MCC mice had significantly more Type IV microglia and
significantly less Type V microglia than both C-Veh and Hx-Veh mice at 72 hours post-hypoxia
(Figure 4.9.B), but express Type IV and Type V CD68*lbal* microglia in virtually identical
proportions as the Hx-Veh group at 5 weeks-post-hypoxia (Figure 4.10.B). These differences
infer that acute MCC950 treatment alters pro-inflammatory microglial properties at 72 hours

post-hypoxia, but this difference is no longer detected chronically.
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Figure 4.9. MCC950 post-hypoxia gives a different profile of morphology types to both C-Veh and Hx-
Veh Mice 72 hours post-hypoxia. (A) Representative images of Type IV and Type V cells found in C-V,
Hx-V and Hx-M. Scale bar 10um. (B) Hx-M have significantly higher Type IV and significantly lower Type
V cells than both C-V and Hx-V. C-V n=5, Hx-V n=4, Hx-M n=6. Type IV C-V v Hx-V p=0.9974, Hx-V v Hx-
M p=0.0005, C-V v Hx-M p=0.0003. Type V C-V v Hx-V p=0.0077, Hx-V v Hx-M p<0.0001, C-V v Hx-M
p=0.0094. One-way ANOVA with Tukey’s post-hoc, p < 0.05.
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Figure 4.10. MCC950 has no effect on morphology compared to Hx-Veh mice 5 weeks post-hypoxia.
(A) Representative images of Type IV and Type V cells found in C-V, Hx-V and Hx-M Images. (B) There is
a trend towards higher Type IV cells in Hx-V mice vs C-V mice, and no significant differences between
Hx-M and C-V or Hx-M. Hx-V and Hx-M mice have significantly more Type V cells than C-V mice. C-V
n=4, Hx-V n=5, Hx-M n=3. Type IV C-V v Hx-V p=0.1181, Hx-V v Hx-M p=0.9464, C-V v Hx-M p=0.1699.
Type V C-V v Hx-V p<0.0001, Hx-V v Hx-M p=0.5549, C-V v Hx-M p<0.0001. One-way ANOVA with

Tukey’s post-hoc, p < 0.05.
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4.3.4. MCC950 has no effect on the proportions of P2RY12*lbal* cells present in the
hippocampus both acutely and chronically post-hypoxia
P2RY12 was used in this study as a marker for homeostatic microglia in the hippocampus for
guantification (Rodriguez et. al., 2020; Gémes-Morrillas et. al., 2021). This is a purinergic
receptor expressed on the cell surface of microglia which is activated by ATP to inhibit
glutamatergic neurotransmission, and its expression is diminished on pro-inflammatory
microglia (Koizumi et. al., 2013). Double staining with P2RY12 and Ibal allowed for microglia
to be identified and counted. P2RY12*Ibal* cells were expressed as a percentage of total Ibal*
cells present. P2RY12*Ibal* cell quantification was conducted as previously described in
Results Chapter 1 Section 3.4. At both 72 hours and 5 weeks post-hypoxia, there was a lower
percentage of P2RY12* cells in the hippocampus post-hypoxia versus controls, with no

differences seen between Hx-Veh and Hx-MCC mice (Figure 4.11).
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Figure 4.11. P2RY12'Ibal* cells are less abundant post-hypoxia relative to controls, with no
differences found between Hx-Veh and Hx-MCC mice at either timepoint. (A) Representative images
of P2RY12*Ibal* cells 72hrs post-hx. (B) C-V mice have a higher percentage of P2RY12*Ibal* cells in the
hippocampus than Hx-V and Hx-M mice 72hrs post-hx. C-V n=6, Hx-V n=7, Hx-M n=7. 72hr C-V vs Hx-V
p=0.0175, Hx-V v Hx-M p=0.8409, C-V v Hx-M p=0.0425. (C) Representative images of P2RY12*Ibal*
cells 5wks post-hx. (D) Hx-V and Hx-M have lower percentages of P2RY12*Ibal* cells than C-V mice
5S5wks post-hx. N=7 per group. 5wks C-V v Hx-V p=0.0057, Hx-V v Hx-M p=0.2989, C-V v Hx-M p=0.1294.
One-way ANOVA with Tukey’s post-hoc, p < 0.05.
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4.3.5. MCC950 Induces Changes in the Expression of Genes and Proteins Related to
Neuroinflammation and Microglia.
To better understand the molecular mechanisms underlying the results in this Chapter so far,

gene transcription and protein levels were analysed for a range of inflammatory markers.

4.3.5.1. MCC950 treatment causes some differences in Gene and Protein Expression
Related to the NLRP3 Inflammasome
The first set of markers tested were those associated with NLRP3 inflammasome expression
and function in microglia, at 3 hours (Figure 4.12), 72 hours (Figure 4.13) and 5 weeks post-
hypoxia (Figure 4.14). The time course was undertaken to gain a clearer picture of how these
markers are expressed over time, and whether these are affected by MCC950 treatment
immediately post-hypoxia. At 3 hours post-hypoxia, Hx-Veh mice display significantly higher
IL-1B protein expression (Figure 4.12.B) than C-Veh and Hx-MCC mice. No differences are seen
between groups in IL-6 mRNA or protein expression (Figure 4.12.C-D). TNF-a expression is
lowest in C-Veh and highest in Hx-MCC mice (Figure 4.12.E). Hx-Veh mice trend towards higher
IL-18 protein expression than C-Veh and Hx-MCC mice (Figure 4.12.F). At 72 hours post-
hypoxia, no differences in expression are seen in IL-1p protein (Figure 4.13.A), IL-6 protein
(Figure 4.13.B), and IL-18 protein (Figure 4.13.C) between any groups. At 5 weeks post-
hypoxia, no differences are seen in IL-1 mRNA (Figure 4.14.A), IL-1B protein (Figure 4.14.B),
IL-6 mRNA (Figure 4.14.C) and IL-6 protein expression (Figure 4.14.D). TNF-o mRNA expression
is significantly higher than controls in both Hx-Veh and Hx-MCC, indicating some inflammatory
response (Figure 4.14.E). No significant differences emerge when IL-18 protein expression is

guantified (Figure 4.14.F)
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Figure 4.12. Expression of NLRP3 inflammasome-related genes and proteins 3 hours post-hypoxia,
identified by qPCR and ELISA respectively. (A) Gene expression of IL-18, expressed as mRNA fold
change. No significant differences are found between groups. C-V n=5, Hx-V n=4, Hx-M n=4. IL-18
MRNA C-V vs Hx-V p=0.1981; Hx-V vs Hx-M p=0.383; C-V vs Hx-M p=0.9144. (B) Protein expression of
IL-18, expressed as pg IL-18 per mg protein. Hx-V has significantly higher IL-18 protein than C-V and
Hx-M groups. N=4 per group. IL-18 protein C-V vs Hx-V p=0.0095; Hx-V vs Hx-M p=0.002; C-V vs Hx-M
p=0.5521. (C) Gene expression of IL-6, expressed as mRNA fold change. No significant differences found.
C-V n=5, Hx-V n=3, Hx-M n=5. IL-6 mRNA C-V vs Hx-V p=0.6557; Hx-V vs Hx-M p=0.9986; C-V vs Hx-M

p=0.5404. (D) Protein expression of IL-6 normalised by litter and expressed as relative IL-6
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concentration. No significant differences found. C-V n=4, Hx-V n=4, Hx-M n=3. IL-6 protein C-V vs Hx-V
p=0.9302; Hx-V vs Hx-M p=0.567; C-V vs Hx-M p=0.7614. (E) Gene expression of TNF-a, expressed as
MRNA fold change. Hx-M is trending towards significantly higher concentration than C-V. C-V n=6, Hx-
V n=5, Hx-M n=7. TNF-a mRNA C-V vs Hx-V p=0.384; Hx-V vs Hx-M p=0.5913; C-V vs Hx-M p=0.0567.
(F) Protein expression of IL-18, expressed as pg IL-18 per mg protein. No significant differences are
found between groups. N=4 per group. IL-18 protein C-V vs Hx-V p=0.2492; Hx-V vs Hx-M p=0.2352; C-
V vs Hx-M p=0.999. One-way ANOVA with Tukey’s post-hoc, p < 0.05.
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Figure 4.13. Expression of NLRP3 inflammasome-related proteins 72 hours post-hypoxia, identified
by ELISA. (A) Protein expression of IL-18, expressed as pg IL-18 per mg protein. No significant
differences emerge. C-V n=8, Hx-V n=6, Hx-M n=6. IL-18 protein C-V vs Hx-V p=0.6404; Hx-V vs Hx-M
p=0.8216; C-V vs Hx-M p=0.2919. One-way ANOVA with Tukey’s post-hoc, p < 0.05. (B) Protein
expression of IL-6 normalised by litter and expressed as relative IL-6 concentration. No significant
differences found. C-V n=3, Hx-V n=4, Hx-M n=3. IL-6 protein Hx-V vs Hx-M p=0.4271. (C) Protein
expression of IL-18 normalised by litter and expressed as relative IL-18 concentration. No significant
differences found. C-V n=3, Hx-V n=4, Hx-M n=3. IL-18 protein Hx-V vs Hx-M p=0.3494. B-C Unpaired t-
test, p< 0.05.
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Figure 4.14. Expression of NLRP3 inflammasome-related genes and proteins 5 weeks post-hypoxia,
identified by qPCR and ELISA respectively. (A) Gene expression of IL-16, expressed as mRNA fold
change. Hx-V trends towards higher IL-18 mRNA expression than C-V and Hx-M groups. C-V n=6, Hx-V
n=6, Hx-M n=5. IL-18 mRNA C-V vs Hx-V p=0.0773; Hx-V vs Hx-M p=0.261; C-V vs Hx-M p>0.9999. (B)
Protein expression of IL-18, expressed as pg IL-18/ mg protein. No significance found between groups.
C-V n=5, Hx-V n=4, Hx-M n=4. IL-18 protein C-V vs Hx-V p=0.462; Hx-V vs Hx-M p=0.2794; C-V vs Hx-M
p=0.881. (C) Gene expression of IL-6, expressed as mRNA fold change. No significant differences found.
C-V n=5, Hx-V n=6, Hx-M n=5. IL-6 mRNA C-V vs Hx-V p=0.449; Hx-V vs Hx-M p=0.8149; C-V vs Hx-M
p=0.4728. (D) Protein expression of IL-6 normalised by litter expressed as relative IL-6 concentration.

No significant differences found between groups. C-V n=4, Hx-V n=3, Hx-M n=4. IL-6 protein C-V vs Hx-
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V p=0.1605; Hx-V vs Hx-M p=0.7213; C-V vs Hx-M p=0.9925. (E) Gene expression of TNF-a, expressed
as mRNA fold change. Both Hx-V and Hx-M express significantly more TNF-a than C-V. C-V n=4, Hx-V
n=5, Hx-M n=5. TNF-a mRNA C-V vs Hx-V p=0.0256; Hx-V vs Hx-M p>0.9999; C-V vs Hx-M p=0.0473. (F)
Protein expression of IL-18 normalised by litter expressed as relative IL-18 concentration. No significant
differences found between groups. C-V n=5, Hx-V n=3, Hx-M n=3. IL-18 C-V vs Hx-V p=0.9625; Hx-V vs
Hx-M p=0.7332; C-V vs Hx-M p=0.5293. A, D Kruskal-Wallis Test with Dunn’s post-hoc, p < 0.05. B, C, E,
F One-way ANOVA with Tukey’s post-hoc, p < 0.05.

4.3.5.2. MCC950 Alters Expression of Proteins Related to Microglia Activation

The markers representing microglia activation were CXCR3 and P2RY12. CXCR3 is significantly
upregulated in Hx-MCC mice versus C-Veh and Hx-Veh mice 24hrs post-hypoxia (Figure
4.15.A), although this is no longer seen 5wks post-hypoxia (Figure 4.15.B). P2RY12 expression

is not significant at either timepoint (Figure 4.15.C-D).
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Figure 4.15. Microglia markers measured by ELISA are differentially expressed post-hypoxia and

MCC950 treatment at 24 hours and 5 weeks post-hypoxia. (A) CXCR3 expression is represented as ng
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CXCR3 per mg total protein. At 24hrs post-hx, CXCR3 expression is significantly higher in Hx-M than
both C-V and Hx-V mice. C-V n=4, Hx-V n=3, Hx-M n=4. 24hr C-V v Hx-V p=0.7152; Hx-V v Hx-M
p=0.0037; C-V v Hx-M p=0.0069. (B) CXCR3 concentrations were normalised by litter and represented
as relative CXCR3 concentration. No significant differences found between groups. N=5 per group. 5wk
C-V v Hx-V p=0.2823; Hx-V v Hx-M p=0.6741; C-V v Hx-M p=0.7443. (C) P2RY12 expression is
represented as ng P2RY12 per mgq total protein. No significant differences found between groups. C-V
n=4, Hx-V n=3, Hx-M n=5. 24hr C-V v Hx-V p=0.8949; Hx-V v Hx-M p=0.1989; C-V v Hx-M p=0.3206. (D)
P2RY12 expression 5wks post-hx is normalised by litter and represented as relative concentration. No
significant differences between groups. C-V n=4, Hx-V n=5, Hx-M n=5. 5wk C-V v Hx-V p=0.9767; Hx-V
v Hx-M p=0.4882; C-V v Hx-M p=0.648. One-way ANOVA with Tukey’s post-hoc, p < 0.05.

4.3.5.3. MCC950 Significantly Upregulates the Complement Pathway and Classical
Complement Initiation Both Acutely and Chronically Post-hypoxia.
This Chapter has shown that MCC950 does not modulate the phagocytic activity of microglia
seen by using the broad marker CD68. Here, we evaluate if the complement pathway, which
is a modulator of phagocytosis in synaptic pruning during development, is affected by
MCC950. Complement has been implicated in HIE, as the neuroprotection offered by TH
treatment has been at least partially attributed to the downregulation of complement
pathway proteins such as Clq, C3, C5a and C9 (Shah et. al., 2021). Therefore, an inhibitor of
complement protein C1, RLS-0071, is currently in Phase Il clinical trials as an adjuvant therapy
with TH for severe HIE (Kumar et. al., 2021). Classical pathway initiation, represented by C1gA
mRNA fold change (Figure 4.16.A), was significantly upregulated post-hypoxia in both Hx-Veh
and Hx-MCC mice 3 hours post-hypoxia, although this difference was no longer detected at 72
hours and 5 weeks post-hypoxia. Other elements of the classical pathway were analysed at 72
hours post-hypoxia — C1qR1 (Figure 4.16.B), C3 (Figure 4.16.C) and C5a (Figure 4.16.D).

Expression of C1gR1 and C3 was higher in Hx-MCC mice compared to C-Veh and Hx-Veh mice.
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Figure 4.16. Classical Complement Pathway Activation is slightly elevated by MCC950 post-hypoxia
both acutely and chronically. Additionally, C1qR1, C3 and C5a are elevated at 72 hours post-hypoxia.

(A) Classical Complement Pathway lllustration, with the targets of this analysis marked in pink boxes.
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(B) Classical Pathway initiation time course, shown as mRNA fold change of Clqa at 3hrs, 72hrs and
5wks post-hx. At 3hrs post-hx, Hx-V and Hx-M expression are significantly higher than C-V. No trends
are seen at 72hrs or 5 wks post-hx. 3hr C-V n=7, Hx-V n=4, Hx-M n=5. 3hr C-V v Hx-V p=0.0219, Hx-V v
Hx-M p=0.9989, C-V v Hx-M p=0.0132. 72hr C-V n=2, Hx-V n=3, Hx-M n=2. 72hr C-V v Hx-V p=0.9996,
Hx-V v Hx-M p=0.8885, C-V v Hx-M p=0.8962. 5wk n=3 per group. 5wk C-V' v Hx-V p=0.9872, Hx-V v Hx-
M p=0.4202, C-V v Hx-M p=0.4954. One-way ANOVA with Tukey’s post-hoc, p < 0.05. (C) C1qR1 protein
expression was normalised by litter and expressed as relative C1gR1 concentration. At 72hrs post-hx,
Hx-MCC C1qR1 expression is higher than C-V and Hx-V littermates. C-V n=3, Hx-V n=4, Hx-M n=4. C1qR1
C-V v Hx-V p>0.9999, Hx-V v Hx-M p=0.2022, C-V v Hx-M p=0.0383. (D) C3 protein expression was
normalised by litter and expressed as relative C3 concentration. Hx-M expression of C3 72hrs post-hx is
significantly higher than C-V and Hx-V littermates. C-V n=3, Hx-V n=4, Hx-M n=4. C3 C-V v Hx-V
p=0.9951, Hx-V v Hx-M p=0.0071, C-V v Hx-M p=0.0123. (E) C5a concentration at 72hrs post-hx was
normalised by litter and expressed as relative C5a concentration. No significant differences emerge.
C5a C-V n=3, Hx-V n=4, Hx-M n=3. C5a C-V v Hx-V p=0.9738, Hx-V v Hx-M p=0.3501, C-V v Hx-M
p>0.9999. C-E Kruskal-Wallis test with Dunn’s post-hoc, p < 0.05.
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4.4. Discussion

Previous results have shown that administration of a broad-spectrum anti-inflammatory drug
CND provided neuroprotection after hypoxia (Quinlan et. al., 2019). Additional studies of
P2X7R, an activator of the NLRP3 inflammasome, found that it is upregulated post-hypoxia,
and that P2X7R antagonism or knockout was neuroprotective (Rodriguez-Alvarez et. al., 2017;
Smith et. al., 2023). Given the relationship between P2X7R, the NLRP3 inflammasome and IL-
1B release in microglia, the compound MCC950 was chosen to target NLRP3 inflammasome
assembly. In this study, treatment with MCC950 immediately post-hypoxia provided
attenuation in neonatal reflex development and a partial rescuing of neurobehavioural deficits
post-hypoxia. When microglia and inflammatory markers were analysed at acute and chronic
stages post-hypoxia, a partial rescuing of the inflammatory response is seen acutely post-

hypoxia, although many of these differences are no longer detected 5 weeks post-hypoxia.

The neonatal reflex tests showed that MCC950 treatment post-hypoxia fully rescued deficits
in forelimb grip strength, and almost fully attenuated vestibular and proprioceptive deficits
seen post-hypoxia in the hypoxia-vehicle group of this study and in Results Chapter 1. MCC950
only partially attenuated ambulatory deficits, although hindlimb angles showed some slight
postural improvements. While there is not an even attenuation of all reflexes, these results
are still indicative of a neuroprotective effect. These results echo those produced by Luo and
colleagues (2021), where treatment with an N-acetylserotonin derivative post-HIE inhibited
the NLRP3 inflammasome and improved the negative geotaxis and the surface righting test.
This is further supported by evidence that MCC950 treatment restores myelination in a model
of developmental white matter injury (Holloway et. al., 2021). Other treatment studies in

severe models of HIE have shown variability in the reflexes improved between therapeutic
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modalities. For instance, therapeutic hypothermia (TH) treatment post-HIE improved
performance in the negative geotaxis test, but not in the forelimb grip strength or the surface
righting test (Diaz et. al., 2017). Meanwhile, treatment with melatonin (MT) improved
ambulation, negative geotaxis, surface righting and forelimb grip strength in rodents (Wang
et. al., 2013). This is further corroborated by improved Denver scores in human infants treated
with MT and TH post-HIE (Aly et. al., 2015). This study strengthens current evidence that
neonatal reflex development post-HIE is attenuated by anti-inflammatory intervention in both

rodents and humans.

Neonatal reflex testing was followed by adult behavioural assessments at PND28 to PND35.
MCC950 treatment recovered the spatial memory deficits and reduced the anxiety induced
by hypoxia. These results support previous observations from the laboratory that anti-
inflammatory treatment post-hypoxia rescues cognitive deficits (Quinlan et. al., 2019).
Similarly, studies of severe HIE where the NLRP3 inflammasome was suppressed found the
same rescuing effect on cognitive and behavioural deficits (Chen et. al., 2023; Tao et. al.,,
2024). Furthermore, MCC950 has been shown to ameliorate cognition and neurobehavioural
outcomes in other neurological disease models, such as AD and TBI (Dempsey et. al., 2017;
Ismael et. al., 2018; Xu et. al., 2018; McManus et. al., 2025). It is clear from these results and
from the literature that neuroinflammation is at least partly responsible for the
neurobehavioural deficits post-HIE, and administration of anti-inflammatory agents are
protective. Furthermore, the inflammasome is potentially a key driver of these deficits, given
the marked improvements shown after inhibiting this one pathway. This is not restricted to
HIE but seen across the board in several neurological conditions where neuroinflammation is

a pathological hallmark.
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This thesis, in agreement with previous literature, identifies CD68*lbal* cells as
proinflammatory or phagocytic microglia (Waller et. al., 2019), and P2RY12*lbal* cells as
homeostatic, or anti-inflammatory (Sipe et. al., 2016). MCC950 treatment partially reduced
the proportions of CD68* microglia present 72 hours post-hypoxia but had no effect on CD68*
microglia at 5 weeks post-hypoxia, and did not change the proportions of P2RY12* microglia
at either timepoint. Despite this apparent lack of changes, the neonatal reflex testing and
adult behaviour tests show that MCC950 treatment is neuroprotective, therefore the
microglial changes after MCC950 may be governed by alternative, neuroprotective pathways.
The acute findings corroborate previous studies, as NLRP3 inflammasome inhibition reduced
expression of CD68 and pro-inflammatory microglia acutely post-HIE (Lv et. al., 2020; Luo et.
al., 2021), although none investigated how CD68 expression was affected in the longer term
post-HIE. In models of AD where MCC950 treatment is administered, CD68 expression and
enrichment of phagocytic pathways are increased (Dempsey et. al., 2017; McManus et. al.,
2025), although CD68* cells also express Argl, a classic marker for anti-inflammatory microglia
(Cherry et. al., 2015; Dempsey et. al., 2017; He et. al., 2020). Therefore, this increased
phagocytosis is potentially governed by alternative, anti-inflammatory pathways which
promote the clearance of AB and contribute to the cognitive ameliorations (Dempsey et. al.,

2017; He et. al., 2020; McManus et. al., 2025).

As seen previously in the literature, HIE negatively impacts on hippocampal function by
altering neuronal morphology and inducing significant accumulations of microglia (Del Bigio
& Becker., 1994; Quinlan et. al., 2019; Sheikh et. al., 2019; 2022; Gonzalez Fuentes et. al.,
2021). MCC950 increased phagocytosis which may be governed by neurodevelopmental
pathways, and therefore may attenuate the altered neuronal pruning observed in this model

(Quinlan et. al., 2019). Indeed, MCC950 rescued neuronal damage in the cortex of EAE mice
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(Hou et. al., 2024), rescued structural plasticity of hippocampal dendrites in the dentate gyrus
of socially isolated male mice (Li et. al., 2021b) and attenuated expression of synaptophysin
and post-synaptic density protein 95 (PSD-95) in the hippocampi of mice after HIE (Yang et.
al., 2023). A potential molecular determinant which may be responsible for these attenuations
is the complement pathway, which was found to be acutely and chronically upregulated post-

hypoxia in this study.

Gene and protein expression analysis found that MCC950 was most effective in dampening IL-
1B and IL-18 expression 3 hours post-hypoxia, and this effect diminishes thereafter. These
results corroborate the widely and consistently reported findings in the literature that
MCC950 downregulates the expression and release of these two cytokines in numerous
disease models (Coll et. al., 2015; Dempsey et. al., 2017; Chen et. al., 2018; Lv et. al., 2020).
The other two markers related to the inflammasome in this study were TNF-a and IL-6, both
of which were not affected by MCC950 treatment at any timepoint post-hypoxia. The elevated
gene expression of TNF-a supports the elevated CD68* microglia and is supported by the
literature, which found that MCC950 does not change TNF-a expression (Coll et. al., 2015;
Ismael et. al., 2018; McManus et. al., 2025). A consensus has yet to be reached on the effects
of MCC950 on IL-6 expression, with some studies finding expression to be unchanged
(Dempsey et. al., 2017) and other finding IL-6 is downregulated after MCC950 (Coll et. al.,

2015; Luo et. al., 2019).

In this study, MCC950 treatment significantly upregulated CXCR3 expression relative to both
control and hypoxia-vehicle mice at 24 hours post-hypoxia, but at 5 weeks post-hypoxia CXCR3
expression in hypoxia-MCC mice was slightly lower than hypoxia-vehicle mice. It has also been

shown that CXCL10/CXCR3 signalling is associated with impaired synaptogenesis and long-
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term behavioural consequences in a rat model of neonatal hyperglycaemia (Satrom et. al.,
2018). Therefore, the chronic downregulation of CXCR3 expression post-MCC950 treatment
in this model is consistent with the improvements in adult behaviour also seen in this model,

thus further corroborating the neuroprotection offered by MCC950.

The results of the microglia analysis indicate that, while the overall levels of phagocytic
microglia are largely unchanged by MCC950 treatment, this is not reflective of the
improvements in behavioural test performance or inflammatory markers described in this
chapter. Therefore, the final part of the gene and protein expression analysis studied the
complement pathway and classical complement pathway initiation. As discussed previously,
complement is integral to shaping neuronal circuitry via synaptic pruning and elimination by
microglia via complement-mediated phagocytosis, particularly during the neonatal phase
(Schafer et. al., 2012; Weinhard et. al., 2018). Few studies have investigated how MCC950
treatment impacts on complement signalling, although, as discussed previously, MCC950 is
associated with attenuations in neuronal and dendritic morphology in the hippocampus and
the cortex in different disease models, including HIE (Li et. al., 2021b; Yang et. al., 2023; Hou
et. al.,, 2024). A time course study of ClgA, representing classical complement pathway
initiation, found that MCC950 had no bearing on expression of C1qA acutely post-hypoxia, and
increased C1gA expression at 5 weeks post-hypoxia. Furthermore, protein expression studies
at 72 hours post-hypoxia found that C1gR1 and C3 were significantly upregulated by MCC950.
Previous work in this model found that global hypoxia at PND7 resulted in underpruned
dendrites in the stratum oriens of the Cal chronically post-hypoxia, along with significantly
poorer spatial memory test performance (Quinlan et. al., 2019). Therefore, the improved

spatial memory test performance post-MCC950, coupled with elevated phagocytic microglia
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and complement pathway marker expression, support the hypothesis that these phagocytic

microglia are engaging in synaptic pruning, opening a door for future study.

This chapter has demonstrated the neuroprotective effects of a single dose of MCC950
administered immediately following moderate global hypoxia. This treatment dampened the
acute inflammatory response, although this effect diminished with time. Despite this, MCC950
still rescued the cognitive and behavioural deficits associated with this model in the
adolescent stage. An interesting finding of this study was the significant and chronic
overexpression of the complement pathway induced by MCC950 treatment, which may
explain how a neuroprotective effect has been found in behavioural studies despite the

elevation in phagocytic microglia.

Page | 143



Chapter 5: Results Chapter 3
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5.1. Introduction

5.1.1. Chronic Inflammation After Neonatal Hypoxia.

The patterns of damage following HIE can be divided into phases; primary, secondary, and
tertiary energy failures, each with its own physiological hallmarks (Introduction Chapter 1,
Figure 1.1). The first two Results Chapters of this thesis have shown that, even in this moderate
model of hypoxia, there is a chronically elevated proportion of pro-inflammatory microglia in
the hippocampus many weeks after the original insult. This agrees with the literature, which
has shown a chronic immune response, mainly mediated by pro-inflammatory microglia, in
both humans and animal models of severe HIE (Bona et. al., 1999; Winerdal et. al., 2012;
Zareen et. al., 2020; Zhou et. al., 2022). While microglia are responsible for some deleterious
effects, they are still necessary for clearing debris and damage: when microglia are completely

depleted in P10 mice following a model of HIE, the damage seen is far worse (Tsuji et al., 2020).

5.1.2. Potential Merits of Treatment During Chronic Stage Post-HIE

So far, most treatment strategies proposed for HIE are designed to be administered within the
traditional therapeutic window of 0 to 6 hours post-insult, during the acute or latent phase.
This is particularly challenging for clinicians who have an incredibly short window of
opportunity to initiate appropriate treatment when the aetiology is not always clear (Aslam
et. al., 2019; Pressler et, al., 2021; Molloy et. al., 2023). Research has begun to suggest the
merits of neuroprotective or neurorestorative treatment during the tertiary energy failure
phase (Fleiss & Gressens., 2012). In a review by Chakkarapani (et. al., 2021), erythropoietin
and stem cell treatments were proposed as neurorestorative treatments for administration
during the tertiary energy failure. Long-term studies in humans post-HIE have found that, even
after TH treatment, circulating cytokines are elevated and may correlate with worse

neurodevelopmental outcomes (Jenkins et. al., 2012; Bajnok et. al., 2017; Leifsdottir et. al.,
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2018; Zareen et. al., 2020). Results Chapter 2 has shown the neuroprotection offered after
treatment with MCC950 immediately post-hypoxia within the traditional therapeutic window,
and previous work also found that a more latent treatment course was still neuroprotective.
When mice were treated once daily with a P2X7R antagonist, JNJ-47965567, starting at 24
hours post-hypoxia for 7 days, this rescued later-life hyperexcitability otherwise induced by
hypoxia (Smith et. al., 2023), and provided an anti-inflammatory alternative treatment
strategy for neonatal seizures and subsequent hyperexcitability seen commonly in clinical
cohorts (Zareen et. al., 2020; Akula et. al., 2023). These studies pose the question; can anti-

inflammatory treatment later in life protect against these outcomes?

5.1.3. MCC950 Treatment in Models of Neurodegeneration; Hope for HIE?

MCC950, the NLRP3 inflammasome inhibitor administered in Results Chapter 2, has been used
as a neuroprotective agent in other models of CNS disease or injury, although in models of
injury such as TBI or ischaemia, MCC950 is administered before the insult and/or in the hours
immediately after (Coll et. al., 2015; Ismael et. al., 2018; Ren et. al., 2018; Jiao et. al., 2020).
Therefore, studies of MCC950 administered in neurodegenerative models may give a better
insight into how a more delayed treatment strategy can be neuroprotective or
neurorestorative. In mouse models of AD, MCC950 was administered at 12 months of age.
Not only did MCC950 reduce neuroinflammation and NLRP3 inflammasome activation, but it
also encouraged AB phagocytosis by microglia and had a positive impact on cognition
(Dempsey et. al., 2017; McManus et. al., 2025). The increased phagocytosis corresponds with
the findings of Results Chapter 2, where the complement pathway, involved in microglia-
mediated phagocytosis, was upregulated in Hypoxia-MCC950 mice compared to both controls
and hypoxia-vehicle mice. The findings by Dempsey (et. al., 2017) are corroborated by other

studies where MCC950 treatment attenuated synaptic plasticity deficits (Qi et. al., 2018),
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inhibited AB-induced microglial activation (Lucitinaité et. al., 2020) and protected against the
development of memory impairment and other AD-related behavioural phenotypes (Heneka
et. al., 2013). AD is not the only neurodegenerative disorder where the NLRP3 inflammasome
has been implicated. In models of Parkinson’s disease, MCC950 treatment in Atg5-deficient
mice reduced neuroinflammation in the substantia nigra and protected against neuron loss

(Cheng et. al., 2020).

5.1.4. Hypothesis and Aims

The results stated above have led to the hypothesis that treatment of HIE during the tertiary
energy failure, 2 weeks post-hypoxia, will provide a neuroprotective effect. It is anticipated
that the later timing of the MCC950 administration will be sufficient to reduce the chronic
microglial activation seen in the previous chapter, which may or may not correspond with

rescuing of the neurobehavioural deficits seen in this model post-hypoxia.

The aims of this study are:

1. To assess the effects of later term MCC950 treatment on anxiety and spatial memory.
2. To see how microglia 5 weeks post-hypoxia are affected by later MCC950 treatment
using CD68 and P2RY12 as markers of phagocytic and homeostatic microglia,

respectively.
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5.2. Methods
Mice were prepared for hypoxia as described previously and sacrificed at the specified
timepoints in the flowchart below in Figure 5.1. MCC950 was administered between PND21 —

25 as described in Methods Chapter 2 Section 2.3.2. Wellbeing scores presented in Table 5.2.

Immunofluorescence:
CDe8/Ibal
P2RY12/Iba1

+
[P0 P7 P21 P25 P28 P35 P42 |
S — L 3
B\th Hyg:)xia MCC950/Vehicle Adult Behaviour
s I.P. Injection
Twice Daily <
 SEe -.?. [\ .

Figure 5.1. Timeline of the molecular and behavioural studies conducted.

5.2.1. Adult Behaviour

The Adult behaviour tests conducted were the Open Field test, the Light Dark Box test and the
Novel Object Location test as detailed in the Methods Chapter 2, Section 2.5.

5.2.2. Immunofluorescence Staining and Imaging

Phagocytic microglia were visualised as described in Methods Section 2.6.3 (Guillot-Sestier
et. al., 2021), incubated with Anti-CD68 (1:500) and Anti-lbal (1:500), followed by
Alexafluor594 Donkey anti-Rat (1:500) and Alexafluor488 goat anti-rabbit (1:500).
Homeostatic microglia were visualised as described in Methods Section 2.6.2, using Anti-
P2RY12 (1:100), and Anti-lba1l (1:500), followed by Alexafluor594 Donkey anti-Rat (1:500) and
Alexafluor488 goat anti-rabbit (1:500). Z-stacks were imaged at 40x at 0.4um Z-plain intervals

using a Leica SP8 scanning confocal microscope (TBSI Imaging and Microscopy Centre).

EXPERIMENT TIME POST-HX NO. C-VEH NO. HX-VEH NO. HX-MCC
CD68/l1bal 5wks 6 6 8
P2RY12/Ibal Swks 6 6 8

Table 5.1. Experimental cohorts for immunofluorescence studies in Results Chapter 3.
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5.2.3. Cell Counting

Z-stack images were converted into a Z-projection in Image J for manual counting. Each image

was counted twice, and the average was taken as the final count. The morphological analyses

grouped cells by morphological features (Diz-Chaves et. al., 2012), as described in Methods

Section 2.7.3, and the analysis of double-stained cells is described in Methods Section 2.7.

PARAMETER SCORING P8 P3 P10
Control Hypoxia  Control Hypoxia  Control Hypoxia
WEIGHT 0-9% 1 2 0 0 0 0
GAIN 10-14% 7 19 0 2 0 1
15-19% 3 1 3 8 1 0
20%+ 0 1 8 13 10 22
DRINKING/ | Empty 0 0 0 0 0 1
stomach
EATING Half-Full 2 2 2 3 2 3
Full Stomach 9 21 9 20 9 19
BREATHING | Difficulty 0 0 0 0 0 0
Fast 0 0 0 0 0 0
Slow/calm 11 23 11 23 11 23
GAIT/ Markedly 0 0 0 0 0 0
Abnormal
POSTURE Slightly 0 22 0 18 0 13
Abnormal
Normal 11 1 11 5 11 10
NESTING/ Nestlet 90% | O 0 0 0 0 0
intact
MATERNAL Partially torn | O 0 0 0 3 7
CARE mostly intact
50% torn but | 3 7 3 7 0 0
not nest
Greater than | 8 16 8 16 8 16
body height
TOTAL NO. MICE 11 23 11 23 11 23

Table 5.2. Breakdown of pups in the control and hypoxia groups of the Chapter 3 cohort to receive

each score in their wellbeing sheets at PND8, PND9 and PND10. Hypoxia mice were not divided

between vehicle and MCC for this table as they do not start treatment until PND21.
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5.3. Results

5.3.1. Adult Behaviour Shows that Later Treatment with MCC950 Partially Attenuates
Neurobehavioural Deficits Post-Hypoxia.

Mice underwent the same battery of adult behaviour tests as in Results Chapter 2 to assess

whether treatment with MCC950 two weeks post-hypoxia attenuated neurobehavioural

assessment performance.

The Open Field (OF) Test, as in Chapters 1 and 2, assessed motor function to ensure that any
differences seen in subsequent behaviour tests are due to changed behavioural rather than
reduced mobility. The average speed and the number of line crossings were compared
between groups, and no differences emerged between any groups, consistent with our

Chapter 1 and 2 findings (Figure 5.2.B).

The Light Dark Box (LDB) Test is used to assess anxiety behaviours in mice. Previous work in
this model has observed increased anxiety behaviour in the LDB (Rodriguez-Alvarez et. al.,
2015; Quinlan et. al., 2018). LDB time was normalised by litter due to inter-litter variability.
Consistent with Chapter 2 findings and previous literature, Hx-Veh mice take significantly

longer to enter the dark box compared to Hx-MCC mice (Figure 5.2.D).

The Novel Object Location (NOL) test assesses spatial memory. The time spent by each mouse
with the novel object location during the test period was standardised to account for object
preferences. Hx-Veh mice performed poorer in this test than C-Veh mice and Hx-MCC mice

trend towards an improvement in this test vs Hx-Veh mice (Figure 5.2.F).
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Figure 5.2. MCC950 Treatment 2 weeks post-hypoxia causes some attenuations in adult behaviour
compared to Hx-Veh littermates. (A) lllustration of the OF test apparatus. (B) No differences were
found in the average speed (L) or the number of line crossings (R) between groups. C-V n=9, Hx-V n=10
Hx-M n=10. Average Speed C-V v Hx-V p=0.411, Hx-V v Hx-M p=0.9998, C-V v Hx-M p=0.4215. Line
Crossings C-V v Hx-V p=0.6123, Hx-V v Hx-M p=0.986, C-V v Hx-M p=0.5172. One-way ANOVA with
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Tukey’s post-hoc, p < 0.05. (C) lllustration of the LDB apparatus. (D) Time taken for each animal to enter
the dark box after being placed in the light box, normalised by litter and expressed as relative time. Hx-
Veh mice take significantly longer to enter the dark box than Hx-M littermates. Hx-V n=8, Hx-M n=11.
Time to Enter Dark Box Hx-V v Hx-M p=0.0375. Unpaired, one-tailed t-test with arrow to indicate a-
priori hypothesis, p < 0.05. (E) lllustration of the NOL apparatus. For the familiarisation stage (L),
objects are in set positions, and for the NOL stage (R), one object is moved. (F) When the time spent
with the moved object during the NOL stage is standardised, Hx-V mice spent less time with the moved
object than C-V and Hx-M groups, indicating poorer memory in Hx-V mice. NOL C-V n=9, Hx-V n=11,
Hx-M n=11. NOL C-V v Hx-V p=0.0.005, Hx-V v Hx-M p=0.0987, C-V v Hx-M p=0.3507. One-way ANOVA

with Tukey’s post-hoc, p < 0.05. In all graphs, female mice are white circles, male mice are black circles.

5.3.2. Later Treatment with MCC950 Post-Hypoxia Reduces the Prevalence of Pro-
Inflammatory Microglia.

CD68, the marker for phagocytic lysosomes, was used with Ibal to identify, quantify, and

morphologically assess phagocytic or pro-inflammatory microglia in the hippocampus (Diz-

Chaves et. al., 2012). CD68*Ibal* cells are expressed as a percentage of total Ibal* cells.

5.3.2.1. MCC950 Reduces the Percentage of CD68*lbal* cells in the Hippocampus 5 weeks
post-hypoxia.

Quantification of CD68*Ibal* cells was conducted as previously described. At 5 weeks post-

hypoxia, 17 days after cessation of treatment with MCC950, there is a marked decrease of

CD68*Ibal* cells compared to Hx-Veh mice in all regions of the hippocampus. This indicates

that MCC950 treatment rescues the chronic inflammatory signature seen post-hypoxia.
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Figure 5.3. MCC950 treatment post-weaning attenuates CD68*Ibal* cell prevalence at 5 weeks post-
hypoxia throughout the hippocampus. (A) Sample Images of CD68/Ibal double-labelled cells in C-V,
Hx-V and Hx-M. Scale bar 10um. (B) Hx-V mice have significantly higher CD68*Ibal* cells versus C-V
and Hx-M in the full hippocampus. C-V n=6, Hx-V n=6, Hx-M n=8. Hipp C-V v Hx-V p<0.0001, Hx-V v Hx-
M p=0.0004, C-V v Hx-M p=0.3851. (C) Hx-V mice have significantly higher CD68*Iba1* cells versus C-V
and Hx-M in the dentate gyrus. C-V n=6, Hx-V n=6, Hx-M n=8. Hipp C-V v Hx-V p=0.001, Hx-V v Hx-M
p=0.0033, C-V v Hx-M p=0.1798. (D) Hx-V mice have significantly higher CD68"Ibal" cells versus C-V
and Hx-M in the Cal. C-V n=6, Hx-V n=6, Hx-M n=8. Hipp C-V v Hx-V p=0.0404, Hx-V v Hx-M p=0.0435,
C-V v Hx-M p=0.9733. (E) Hx-V mice have significantly higher CD68*Ibal* cells versus C-V and Hx-M in
the Ca3. C-V n=6, Hx-V n=6, Hx-M n=8. Hipp C-V v Hx-V p=0.0017, Hx-V v Hx-M p=0.0024, C-V v Hx-M
p=0.8963. One-way ANOVA with Tukey’s post-hoc, p < 0.05. In all graphs, female mice are white circles,

male mice are black circles.
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5.3.2.2. CD68*Ibal* cells have pro-inflammatory phenotypes in all groups post-hypoxia,

which are reduced to control levels after MCC950 treatment post-weaning.
CD68*Ibal* cells were analysed for morphology as described previously (Diz-Chaves et. al.,
2012). No CD68*lbal* cells were were morphologically consistent with Type I, Il or 1l cells,
therefore only Types IV and V are graphed. There were more CD68*lbal* cells post-hypoxia,
particularly in the Type V group. Hx-MCC mice expressed similar levels of Type IV and Type V
morphology cells to control mice (Figure 5.4.B).
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Figure 5.4. MCC950 reduces percentages of Type IV and Type V pro-inflammatory morphologies. (A)
Samples Images of Type IV and Type V cells in C-V, Hx-V and Hx-M Images. Scale bar 10um. (B) Hx-M
and C-V have lower percentages of Type IV and Type V cells compared to Hx-V. C-V n=6, Hx-V n=6, Hx-
M n=8. Type IV C-V v Hx-V p=0.0011, Hx-V v Hx-M p=0.004, C-V v Hx-M p=0.6327. Type V C-V v Hx-V
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p<0.0001, Hx-V v Hx-M p=0.0005, C-V v Hx-M p=0.3174. One-way ANOVA with Tukey’s post-hoc, p <

0.05. In all graphs, female mice are white circles, male mice are black circles.

5.3.3. P2RY12 Ibal Staining

P2RY12 was used as a marker for homeostatic microglia in the hippocampus for quantification
(Sipe et. al., 2016) in a double staining with Ibal. P2RY12*lbal* cells were expressed as a
percentage of total Ibal* cells present. At 5 weeks post-hypoxia, both Hx-Veh and Hx-MCC
mice had fewer P2RY12*Ibal* cells present than C-Veh mice in the hippocampus (Figure 5.5.B).
This difference was significant in the Cal and was trending in the Ca3 (Figure 5.5.C-E).
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Figure 5.5. P2RY12'Ibal* cells are less abundant post-hypoxia relative to controls, with little
differences found between Hx-Veh and Hx-MCC mice at either timepoint. (A) Sample Images of

P2RY12*Ibal* cells. Scale bar 10um. (B) C-V mice have higher percentages of P2RY12*Ibal* cells in the
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hippocampus relative to both Hx-V and Hx-M mice. C-V n=5, Hx-V n=7, Hx-M n=8. Hipp C-V vs Hx-V
p=0.0419, Hx-V v Hx-M p>0.9999, C-V v Hx-M p=0.0358. (C) No significant differences emerge in the
percentages of P2RY12*Ibal* cells in the dentate gyrus. C-V n=5, Hx-V n=7, Hx-M n=8. Hipp C-V vs Hx-
V p=0.1763, Hx-V v Hx-M p=0.7524, C-V v Hx-M p=0.4507. (D) C-V mice have higher percentages of
P2RY12*Ibal* cells present in the Cal relative to both Hx-V and Hx-M mice. C-V n=5, Hx-V n=7, Hx-M
n=8. Hipp C-V vs Hx-V p=0.0151, Hx-V v Hx-M p=0.7135, C-V v Hx-M p=0.0028. (E) C-V mice trend
towards higher percentages of P2RY12*Ibal* cells present in the Ca3 relative to both Hx-V and Hx-M
mice. C-V n=5, Hx-V n=7, Hx-M n=8. Hipp C-V vs Hx-V p=0.0912, Hx-V v Hx-M p=0.9885, C-V v Hx-M
p=0.1041. One-way ANOVA with Tukey’s post-hoc, p < 0.05. In all graphs, female mice are white circles,

male mice are black circles.
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5.4. Discussion

This study examined the merits of using a neuroinflammatory therapeutic approach outside
the traditional treatment window, and whether this provides any significant rescuing effect.
As discussed in the introduction, the current methods for acute diagnosis of brain damage or
seizures in neonates leave much to be desired. Optimal treatment strategies for treating HIE
and neonatal seizures still come with significant risks, as they may exacerbate damage caused
by HIE or cause unwanted side effects. In therapeutic hypothermia (TH), these risks are
particularly associated with the rewarming period, a high-risk period for worsening
encephalopathy (Kendall et. al., 2012). Anti-convulsant drugs such as PhB are only effective in
50% of neonates, with the rest experiencing either no change or a worsening of seizures.
Furthermore, anticonvulsant treatment in the neonatal stage is associated with poorer
neurodevelopmental outcomes later in life (Maitre et. al., 2013; Ghosh et. al., 2019; Liu et. al.,
2020). By applying treatment in the weeks or months following injury, clinicians have time to
definitively diagnose an infant with HIE retrospectively and treat as appropriate. The previous
two chapters have shown that a chronic increase in pro-inflammatory microglia in the
hippocampus is a defining characteristic of the tertiary phase post-hypoxia in this moderate
injury model. This is supported by models of severe HIE which found elevated microglia
populations and inflammatory markers expressed months after the hypoxic insult, and human

studies which found chronically elevated cytokines (Bona et. al., 1999; Jenkins et. al., 2012).

The adult behaviour assessments were initiated 6 days after the last MCC950 injection. The
open field reaffirmed that there were no motor deficits caused by hypoxia that could confound
the other behavioural assessments. As in previous chapters, the NOL task measured spatial

memory, as governed by the dorsal Cal region of the hippocampus (Geiller et. al., 2023) and
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the LDB test measured anxiety, governed in part by the ventral hippocampus (Bannerman et.
al., 2014). MCC950 treatment post-weaning partially recovered spatial memory in this task;
hypoxia-vehicle mice perform significantly worse than control mice, and the hypoxia-MCC950
mice only perform slightly worse than the control mice. In the LDB test, MCC950-treated mice
spent less time exploring the light before entering the dark box relative to hypoxia-vehicle
mice, suggesting that this anxiety, manifesting as a longer time exploring the “danger zone”
(light region) is rescued by MCC950 treatment. These results show that MCC950 administered
later in life can still rescue the cognitive effects of chronic inflammation in the hippocampus
after global hypoxia. As discussed previously, models of neurodegeneration found that
treatment with MCC950 after the onset of neurodegeneration positively impacted on
cognition and memory deficits (Heneka et. al., 2013; Dempsey et. al., 2017). These models
further corroborate the potential merits of anti-inflammatory treatments against

neurodegeneration with a strong neuroinflammatory component, such as AD or HIE.

The second part of this study was the microglia analysis. There was a significant reduction of
CD68*Ibal* phagocytic microglia in the hypoxia-MCC mice, which had similar proportions of
pro-inflammatory microglia and phenotypes as controls. This was not reflected in the
P2RY12*Ibal* analysis, which saw no differences between hypoxia-vehicle and hypoxia-MCC
mice, and both cohorts had significantly lower proportions of P2RY12* microglia than the
control group. The proportions of CD68* microglia differ from those seen in Results Chapter
2, but the proportions of P2RY12* microglia echo those seen previously. The reduced
expression of CD68 and pro-inflammatory microglia after MCC950 treatment contradicts what
has been seen previously in models of AD (Dempsey et. al., 2017; McManus et. al., 2025),
where upregulation of CD68 and pro-inflammatory microglia was seen alongside profound

cognitive attenuations. Previous studies administered a P2X7R inhibitor from 24 hours post-
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hypoxia for 1 week and rescued later-life hyperexcitability (Smith et. al., 2023). These studies
provide a template for future studies to find an optimal therapeutic window for anti-

inflammatory treatment and NLRP3 inflammasome inhibition.
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Chapter 6: Discussion
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This study characterises the inflammatory response mediated by microglia in a moderate
model of hypoxia. Neurological deficits were assessed using neonatal reflex tests at 1- and 3-
days post-hypoxia, followed by behavioural testing 4 weeks post-hypoxia. Previous studies
found a significant neuroinflammatory response acutely following global hypoxia (Rodriguez-
Alvarez et. al., 2017; Quinlan et. al., 2019), and in animal and human studies of severe HIE,
pro-inflammatory microglia and pro-inflammatory markers remain elevated for months (Bona
et. al.,, 1999; Winerdal et. al., 2012; Jenkins et. al., 2012). Previous work noted that
components of the NLRP3 inflammasome, caspase-1 and IL-13 were upregulated in the
hippocampus acutely post-hypoxia (Rodriguez-Alvarez et. al., 2017) and that treatment with
a broad-spectrum anti-inflammatory compound was neuroprotective (Quinlan et. al., 2019).
Therefore, mice were treated with MCC950, an NLRP3 inhibitor, immediately post-hypoxia,
and while it somewhat reduced the acute inflammatory response, it had little impact on
microglial activation chronically, and attenuated neonatal reflexes, spatial memory, and
anxiety. Expanding on these findings, a second approach was applied, whereby MCC950 was
administered two weeks after hypoxia for 5 days to target the chronic immune response.

There were attenuations in behaviour and pro-inflammatory microglia.

6.1. Characterising Changes in Neonatal Reflex Development

For the first time in this model, we performed a deep characterisation of microglia and
behaviour studies acute and chronically. Hypoxia negatively impacted the general wellbeing
of pups and the development of vestibular responses, proprioception, rostro-caudal gradient
of limb movement and forelimb grip strength. These results are consistent with previous
literature in models of severe HIE (Heyser et. al., 2003; Sun et. al., 2015; Feather-Schussler &
Ferguson., 2016) and human studies, where mild HIE results in poorer developmental test

performance (Halliglu et. al., 2001; Park et. al., 2023; Torn et. al., 2023). Studies of mild HIE in
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humans have found that MRI abnormalities correlate with poorer performance in
developmental testing in infancy (Chalak et. al., 2018; Reiss et. al., 2020), even after treatment
with therapeutic hypothermia (TH) (Massaro et. al., 2015). Furthermore, murine studies found
that neonatal inflammation contributes to developmental white matter injury (Favrais et. al.,
2011; Holloway et. al., 2021). Therefore, our results support the translatability of this model

in precipitating the same developmental deficits seen in humans with mild to moderate HIE.

Treatment with MCC950 immediately post-hypoxia provided improvements in overall reflex
development; the main deficit which MCC950 failed to improve was the delayed transition
from crawling to walking post-hypoxia, although some postural improvements were noted.
While not all reflexes were attenuated, there was still an overall neuroprotective effect. NLRP3
inhibition with an N-acetylserotonin derivative post-HIE improved performance in the
negative geotaxis and the surface righting tests (Luo et. al., 2021). Given the associations
between HIE and poorer reflex development, the improvements found in this study and in the
literature are supported by research showing that NLRP3 inhibition can rescue developmental
outcomes in HIE. While previous studies focused on white matter injury and myelination
deficits (Zhu et. al., 2021), our study further increases our knowledge of the pathophysiology
of HIE by evaluating the role of microglia and neonatal inflammation (Holloway et. al., 2021).
Other treatment studies have shown variability in neonatal reflex attenuations. TH treatment
post-HIE improved negative geotaxis scores, but not forelimb grip strength or surface righting
(Diaz et. al., 2017), whereas melatonin (MT) treatment improved all neonatal reflexes (Wang
et al 2013), a finding supported by improved Denver scores in humans treated with MT and

TH post-HIE (Aly et. al., 2015).
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This thesis provides compelling evidence in support of neonatal reflex testing as an effective
measure of neurodevelopmental deficits in a model of moderate global hypoxia. This work
also supports previous findings that anti-inflammatory treatment, particularly NLRP3
inflammasome inhibition, post-hypoxia and post-HIE is neuroprotective, attenuating neonatal

reflex development.

6.2. Understanding Long-term Effects on Hippocampal Behaviour at Adolescence

This study found that hypoxia caused increased anxiety and impaired spatial memory, as
previously published (Rodriguez-Alvarez et. al., 2015; Quinlan et. al., 2018), and hypoxia males
were particularly vulnerable to increased compulsivity or repetitive behaviours. Anxiety and
spatial memory are governed by the dorsal and ventral regions of the hippocampus Cal
respectively (Bannerman et. al., 2014; Geiller et. al., 2023), whereas repetitive behaviours are
governed by the cortico-basal ganglia-thalamic pathway (Garnet et. al., 2004; Garner., 2005),
connected to the hippocampus via the amygdala and the striatum, and there is evidence that
hippocampal dysfunction can increase repetitive behaviours (Feduccia et. al., 2012; Ciocchi et.
al., 2015). Neurodevelopmental deficits in adolescence and adulthood are widely reported in
animal models ranging from mild to severe HIE, many of which have also found increased
neuroinflammation (Bona et. al., 1999; Caputa et. al., 2005; Cardoso et. al., 2015; Min et. al.,
2020; Yang et. al., 2023). Furthermore, long-term human studies have shown that even mild
HIE causes long-lasting neurodevelopmental deficits (Shankaran et. al., 2012; Ahearne et. al.,
2016; Conway et. al., 2018; Akula et. al., 2023). As discussed previously, the hippocampus is
particularly vulnerable to hypoxia and inflammatory insults due to its higher density of
immunoreactive receptors, thus the widely reported changes in these hippocampal-directed

behaviours (Williamson & Bilbo., 2013).
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MCC950 treatment immediately post-hypoxia improved both anxiety and spatial memory,
corroborating previous findings that these hippocampal behaviours are improved by anti-
inflammatory treatment post-hypoxia (Quinlan et. al., 2019). Studies of severe HIE have also
found cognitive attenuations upon suppression of the NLRP3 inflammasome (Chen et. al.,
2023; Tao et. al., 2024). MCC950 rescued deficits in spatial learning and memory in models of
traumatic brain injury (Xu et. al., 2018), stroke (Li et. al., 2020), and anxiety in sepsis-associated
encephalopathy (Fu et. al., 2019). When MCC950 was administered from PND21 to PND26,
anxiety was significantly improved, but spatial memory was only partially attenuated.
Therefore, targeting chronic inflammasome activation later in life post-hypoxia can still
provide some benefits in rescuing hippocampal-directed behaviours. This aligns with previous
findings, where MCC950 positively impacted on cognition and memory deficits in models of
AD (Heneka et. al., 2013; Dempsey et. al., 2017; McManus et. al., 2025) and support the
potential therapeutic benefits of later-term anti-inflammatory treatments against conditions

with a strong neuroinflammatory pathophysiology, such as Alzheimer’s Disease or HIE.

These results show that neuroinflammation contributes to the deficits in hippocampal-
directed behaviours post-HIE, evidenced by the neuroprotective effects of anti-inflammatory
agents, seen here and previously in this model (Quinlan et. al., 2019). Microglia, the glial cells
studied in this thesis, are extremely important to the dynamic environment within the
hippocampus throughout life, particularly during the neonatal period where they are
responsible for supporting neurodevelopmental processes. Altered microglial activity caused
by inflammatory or environmental stressors during the neonatal period has been linked to
long-lasting alterations of developmental processes, including behaviour, which persist into

adulthood (Smith et. al., 2014; Umekawa et. al., 2015; Delpech et. al., 2016). Furthermore,
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the inflammasome is potentially a key driver of the microglial alterations which precipitate

these deficits, given the extent of the attenuations provided by inhibiting this one pathway.

6.3.  Microglia Density and Morphological Studies

Previous work showed that microglia were more abundant in the hippocampus 72 hours post-
hypoxia (Quinlan et. al., 2019). In this study, microglia were more abundant at 72 hours post-
hypoxia and remained so at 5 weeks post-hypoxia. This is corroborated by studies which have
shown a significant accumulation of microglia in the brain regardless of HIE severity (Del Bigio
& Becker., 1994; Liu & McCullough., 2013; Min et. al., 2020; Serdar et. al., 2019). When
microglia were further characterized in phenotypic subtypes (Diz Chaves et al.,, 2012),
microglia from hypoxia pups had swollen bodies and shorter, less complex dendrites; a
phenotype related to pro-inflammatory microglia. These findings are supported by the chronic
upregulation of pro-inflammatory markers in the brain post-HIE (Stridh et. al., 2011; Winerdal

et. al., 2012; Lalancette-Hébert et. al., 2017).

6.4. Differences in Markers for Phagocytic and Homeostatic Microglia

As discussed previously, CD68 and P2RY12 were used to identify pro-inflammatory and
homeostatic microglia respectively. CD68* microglia were more abundant at both 72 hours
and 5 weeks post-hypoxia and had pro-inflammatory phenotypes, validating Type IV and Type
V morphologies as indicative of pro-inflammatory microglia and showing that phagocytosis is
inappropriately upregulated far beyond the injury stage. Similar upregulation of CD68 has
been reported acutely post-HIE (Li et. al.,, 2017; Lv et. al., 2020; Han et. al., 2024), and
enrichment of phagosome pathways by KEGG pathway analysis (Tao et. al., 2024). Fewer
P2RY12* microglia were present in the hippocampus post-hypoxia acutely and chronically, as

previously reported 72 hours post-hypoxia (Smith et. al., 2024). Downregulated P2RY12 is
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associated with a functional shift towards more pro-inflammatory or phagocytic microglia
(Koizumi et. al., 2013), as seen in models of neonatal stroke (Rayasam et. al., 2020) and
neonatal inflammation (Dufour et. al., 2025). Previous work found that principal excitatory
neurons had features consistent with under-pruning 5 weeks post-hypoxia in the stratum
oriens of the Cal (Quinlan et. al., 2019. Similar features were recorded in subplate neurons of
the auditory cortex 3 weeks post-HIE (Sheikh et. al., 2019; 2022). Postmortem studies of six
neonates with HIE found somatostatin and neuropeptide Y expression, two markers for
GABAergic hippocampal interneurons, were reduced in the stratum oriens and pyramidal cell
layer of the Cal, indicating impaired hippocampal function (Gonzalez Fuentes et. al., 2021).
There is compelling evidence to suggest that the chronic over-expression of CD68 and under-
expression of P2RY12 induced by hypoxia hinders microglial engagement in development-
associated functions, such as synaptic pruning (Schafer et. al., 2012), chemotaxis (Haynes et.
al., 2006), maintenance of ramified morphology (Sipe et. al., 2016) and repair of a
compromised blood brain barrier (Luo et. al., 2016), causing behavioural deficits characterised

in this thesis, potentially due to altered neuronal morphology.

When MCC950 was administered immediately post-hypoxia, expression of both CD68 and
P2RY12 was unchanged at acute and chronic timepoints, although at 72 hours post-hypoxia
MCC950 treatment caused a significant downregulation of Type V ameboid CD68* microglia
versus vehicle-treated hypoxia mice. Neonatal reflexes and adult behaviour assessments
demonstrated the neuroprotective effects of MCC950: therefore, there may be alternative,
non-inflammatory, mechanisms directing the microglial phagocytic lysosome expression post-
HIE and MCC950 treatment. The unchanged expression of CD68* microglia acutely is in slight
disagreement with the literature, where NLRP3 inflammasome inhibition reduced expression

of CD68 and pro-inflammatory microglia in the days following HIE (Lv et. al., 2020; Luo et. al.,
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2021), although none evaluated CD68 expression in the weeks post-hypoxia. Models of AD
demonstrated increased expression of CD68 and microglia-mediated phagocytosis in the
weeks and months post-MCC950 treatment (Dempsey et. al., 2017; He et. al., 2020), and
chronic inhibition of NLRP3 increased expression of microglial metabolic and phagocytic
pathways (McManus et. al., 2025). Furthermore, CD68* microglia in these studies also
expressed Argl, a classic marker for anti-inflammatory microglia (Cherry et. al., 2015;
Dempsey et. al., 2017; He et. al., 2020). Therefore, increased phagocytosis in these AD models
is potentially governed by alternative, anti-inflammatory pathways to promote the clearance
of AB, contributing to the cognitive attenuations also recorded (Dempsey et. al., 2017; He et.
al., 2020). Upon administration of MCC950 from PND21 to PND26, CD68* microglia were

significantly reduced with no changes in P2RY12* microglia.

As demonstrated above, neonatal HIE has deleterious effects on neuronal morphology and
hippocampal function, accompanied by significant accumulations of microglia (Del Bigio &
Becker., 1994; Quinlan et. al., 2019; Gonzalez Fuentes et. al., 2021; Sheikh et. al., 2019; 2022).
Treatment with MCC950, while neuroprotective, still results in upregulated phagocytic
microglia, leading to the hypothesis that neurodevelopmental phagocytosis is causing CD68
upregulation, the likes of which is seen in synaptic pruning and mediated by the complement
pathway (Schafer et. al., 2012; Weinhard et. al., 2018). In Results Chapter 2, components of
the classical complement pathway were significantly upregulated by MCC950 treatment at
PND7 72 hours post-hypoxia. While this has not been studied with respect to the complement
pathway, MCC950 treatment rescued neuronal and myelin damage in a model of experimental
autoimmune encephalitis (EAE) (Hou et. al., 2024), ameliorated structural plasticity of
dendrites in the hippocampal dentate gyrus of socially isolated male mice (Li et. al., 2021b)

and rescued reduced expression of synaptophysin and PSD-95 in the hippocampus post-HIE in
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mice (Yang et. al., 2023). Future studies could investigate how MCC950 post-hypoxia impacts
on dendrite morphology in the Cal and compare the two treatment regimens to understand
how the differing microglial responses between regimens is reflected in dendritic morphology.
Future studies could also investigate alternative treatment courses using different time points
or dosage regimens post-hypoxia to identify an optimal therapeutic strategy for MCC950

treatment.

6.5. Effects of MCC950 on Markers for Neuroinflammation

As discussed previously, pro-IL-1p and pro-IL-18 are cleaved by caspase 1 in the inflammasome
to release their active forms which go on to participate in the inflammatory response.
MCC950 was most effective in dampening IL-1B expression 3 hours post-hypoxia, although
this effect diminished with time. The dampening of IL-1B expression is supported by the
literature in models of HIE and other disorders such as AD and EAE (Coll et. al., 2015; Dempsey

et. al., 2017; Chen et. al., 2018; Lv et. al., 2020).

At 3 hours and 5 weeks post-hypoxia, TNF-a mRNA expression was upregulated in vehicle and
MCC950 hypoxia mice versus controls. Elevated expression of TNF-a supports the increased
CD68* microglia in both groups at acute and chronic timepoints and is supported by the
literature. MCC950 does not change TNF-a mRNA levels expressed by microglia after
stimulation with LPS or AB-induced inflammasome activation (McManus et. al., 2025) and
does not change TNF-a gene and protein expression in models of AD (Dempsey et. al., 2017),
TBI (Ismael et. al., 2018) and EAE (Coll et. al., 2015). Similarly, IL-6 expression was unchanged
by MCC950 treatment. A consensus has yet to be reached on the effects of MCC950 on IL-6
expression; in a model of AD, IL-6 expression was unaffected by MCC950 (Dempsey et. al.,

2017), yet IL-6 expression was downregulated by MCC950 in models of intracerebral
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haemorrhage (Ren et. al., 2018), EAE (Coll et. al., 2015) and early brain injury (Luo et. al.,

2019).

CXCR3, the microglial chemokine receptor, was overexpressed 24 hours post-hypoxia and
MCC950 treatment and slightly reduced at 5 weeks post-hypoxia. The chronic downregulation
of CXCR3 is also supported by the literature, as CXCL10/CXCR3 signalling has been associated
with impaired synaptogenesis and long-term behavioural deficits in a rat model of neonatal

hyperglycaemia, a less common aetiology of NE (Satrom et. al., 2018).

As discussed, MCC950 treatment post-hypoxia is neuroprotective, leading to the hypothesis
that the chronic upregulation of phagocytic CD68* microglia by MCC950 is homeostatic, as
seen in models of AD (Dempsey et. al., 2017; He et. al., 2020; McManus et. al., 2025) and may
be governed by the complement pathway. The complement pathway is widely expressed and
important to the innate immune response, with complement-mediated phagocytosis and
trogocytosis integral to synaptic pruning and elimination by microglia during the neonatal
phase (Schafer et. al., 2012; Weinhard et. al., 2018). As hypothesised, MCC950 treatment
chronically upregulated classical complement pathway initiation, and acutely upregulated
classical complement pathway components C1qR1 and C3 at 72 hours post-hypoxia. So far
there is a gap in the literature regarding the effects of NLRP3 inflammasome inhibition on
complement-mediated phagocytosis during neurodevelopment. This thesis provides
“circumstantial evidence” to support the role of complement in the neuroprotective effects of
MCC950, as the complement pathway is the main mediator of homeostatic phagocytosis and
opens the opportunity for future work to fully probe this relationship, and how this relates to

the altered dendritic morphology seen chronically post-hypoxia (Quinlan et. al., 2019).
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6.6. Limitations

No body of work is without its limitations, and this thesis is no exception. While the model
presented has been carefully designed to offer a strong likeness to moderate HIE, it can only
go so far in emulating the complex presentations observed in the human condition. This
limitation is an unavoidable truth for all experiments which utilise rodent models to simulate
a human condition. With this limitation in mind, previous work in this model has
demonstrated key features which support its translatability to the human condition, such as a
56% positive response to phenobarbital (Quinlan et. al., 2018) and chronic hyperexcitability
(Rodriguez-Alvarez et. al., 2015), which correspond with 50% response rate to phenobarbital

and higher risks of developing epilepsy later in life for surviving infants.

The main body of molecular work in this model relied on immunofluorescence, staining for
microglia and microglia-specific markers and using confocal microscope images to perform
manual cell counting and morphological analyses. The first limitation was the lack of
automation employed in these processes, opening the door to human error or subconscious
subjectivity. Several programs, such as Analyse Skeleton (Image J) and 3D Morph (MATLAB,
Young et. al., 2018) were trialled extensively to automate cell counting and morphological
analyses, but these ultimately were unsuccessful. These automated methods would also have
been unsuitable for analysing double-stained images as they were not designed to identify co-
labelled cells. Ultimately, it was decided that manual counting was suitable for these
experiments, but that it would be a future goal of the Jimenez laboratory to identify more
suitable means for automating these analyses. Another limitation of the immunofluorescence
study was the use of lbal as the marker for microglia. Ibal is expressed abundantly on
microglia and macrophages, so ultimately there were no means by which to discern microglia

with active morphologies from infiltrating macrophages, nor could CD68*lbal* cells be truly
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discerned from infiltrating phagocytic macrophages. Previous work in the laboratory has
determined that, despite this limitation, Ibal remains the superior marker for imaging
microglia, as more specific markers such as TMEM119 are not expressed in the brain tissue of
young mice to the levels required for accurate morphological analysis. CD68 also remains the
superior marker for identifying phagocytic lysosomes in the brain and is widely used in the

literature for similar characterisations of microglial-mediated phagocytosis.

The molecular studies in Results Chapter 2 gave a deeper insight into the inflammatory
mechanisms post-hypoxia and how they are impacted by MCC950 treatment. Therefore, a
limitation of the study presented in Results Chapter 3 was the lack of molecular studies
investigating inflammatory markers and the complement pathway. These studies were
omitted due to time constraints for the submission of this thesis. Despite the omission of these
results, there are still significant changes recorded in Results Chapter 3 which make these

molecular studies a worthwhile future direction for the Jimenez laboratory.

6.7. Conclusions

In conclusion, this thesis provides compelling evidence of an acute and chronic inflammatory
response in the hippocampus after moderate global hypoxia, a significant driver of which is
microglia. This supports previous findings in this model and others that there is a significant
chronic immune response post-HIE (Bona et. al., 1999; Winerdal et. al., 2012), and that even
moderate HIE leaves the brain more prone to hyperexcitability both acutely and chronically
post-hypoxia (Rodriguez-Alvarez et. al., 2015; Quinlan et. al., 2018; 2019). These changes are
reflected in the delayed consolidation of neonatal reflexes, which reflect the white matter
damage already described in the literature (Izbudak & Grant., 2011; Machie et. al., 2021), and

the persistent deficits in hippocampus-related behaviours such as spatial memory and anxiety.
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Inhibition of the NLRP3 inflammasome immediately post-hypoxia causes distinct changes in
hippocampal microglia and inflammatory marker expression. MCC950 partially attenuated
neonatal reflexes and provided significant recovery to the post-hypoxia hippocampal-directed
behavioural deficits, leading to the conclusion that MCC950 may provide limited protection
against the white matter damage reflected in the neonatal reflexes, but has a more profound
protective effect on the hippocampus, a region with the highest density of microglia,
immunoreceptors and baseline IL-1B signalling in the brain. The results of Chapter 2 have
opened a door to new research into the role of complement-mediated phagocytosis in the
neuroprotective effects of NLRP3 inhibition. The neuroprotection provided by NLRP3
inhibition later in life, while less profound than the earlier treatment strategy, still proves that
anti-inflammatory treatment long after the traditional therapeutic window can still have a
positive impact. Current diagnostic and treatment strategies are restricted to an incredibly
narrow therapeutic window of six hours post-injury, highlighting a significant unmet clinical
need (Aslam et. al., 2018; Pressler et. al., 2021; Molloy et. al., 2023). Our findings are
supported by the literature where the therapeutic potential of later term anti-inflammatory
treatment has been demonstrated in models of HIE (Chakkarpani et. al., 2021; Smith et. al.,
2023). This is also supported by studies in models of AD, where MCC950 administered long
after disease onset still improves on hippocampal behaviours and cognitive deficits in models
of neurodegeneration (Dempsey et. al., 2017; Lucilnaité et. al., 2019). The results of this
thesis, combined with previous evidence in the literature, highlight the potential of NLRP3

inflammasome inhibition as promising therapeutic strategy for moderate hypoxia.
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6.8.  Future Directions

Future directions for this study can use several methods to validate the findings of this thesis

and to more comprehensively understand the role of MCC950 in precipitating the positive

effects characterised in this moderate model of hypoxia.

e To follow up on the findings of Results Chapter 1, researchers can investigate how to
automate microglial counting and morphological analysis. While every effort was made to
perform this analysis objectively, automation of this process may prove more robust and
less time costly.

e By carrying out neuronal morphological studies of pyramidal neurons in the Cal, one can
elucidate whether the behavioural improvements observed in this thesis are due to a
reversal of the long-lasting structural changes in neurons previously observed in this
model. Expanding on this, future studies can also understand whether MCC950 can
reduce long-lasting hyperexcitability as seen before following anti-inflammatory
treatment (Quinlan et. al., 2019).

e Future studies can also perform more detailed analyses of complement marker expression
with other methods such as immunofluorescence or Western Blot, investigating how
these markers are affected by the later term treatment protocol employed in Results
Chapter 3. Furthermore, immunofluorescence can be used to study the colocalization of
microglial or neuronal markers and complement proteins to understand how MCC950

affects the distribution of these proteins in the brain acutely and chronically post-hypoxia.
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