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Abstract

Schizophrenia is a neuropsychiatric disorder characterized by significant
cognitive deficits, including impairments in working memory, selective attention, and
executive function. The anterior cingulate cortex (ACC) and hippocampus are critical
regions involved in these cognitive processes. N-methyl-D-aspartate (NMDA) receptor
hypofunction has been proposed as a key mechanism underlying the cognitive
impairments observed in schizophrenia. This hypofunction is associated with aberrant
beta (20-30 Hz) and gamma (30-80 Hz) oscillations, as well as impaired working
memory in patients. Additionally, increased neuroinflammation and a loss of fast-
spiking parvalbumin (PV)+ interneurons have been documented in post-mortem brain
tissue from patients with schizophrenia. However, the relationship between cognitive

dysfunction and neuroinflammation in schizophrenia remains poorly understood.

This study aimed to explore the effects of NMDA receptor hypofunction on beta
and gamma oscillations in the ACC and hippocampus of rat brain slices, utilizing
phencyclidine (PCP) as an NMDA receptor antagonist to model schizophrenia-related
cognitive deficits. In vitro electrophysiological recordings demonstrated that PCP had
no significant impact on gamma oscillations in the CA3 region of the hippocampus.
However, in the ACC, PCP significantly increased beta oscillations and induced a shift
from gamma to beta frequencies. These aberrant beta oscillations were normalized by
activating metabotropic glutamate 2 (mGlu2) receptors and could be blocked by the
sigma-1 (o 1) receptor antagonist, NE-100. Immunofluorescence microscopy was used
to assess changes in interneuron populations (PV+ and somatostatin; SST+),
perineuronal net (PNN) expression, and neuroinflammatory markers (microglia and
astrocytes) in the ACC. A trend toward an increased SST to PV expression ratio was
observed in KA-exposed slices, although no significant effects of KA or PCP on glial

or PNN expression were detected.

These findings suggest that targeting mGlu2 and o1 receptors may mitigate
PCP-induced network disruptions in the ACC, offering potential therapeutic strategies

for addressing cognitive dysfunction in schizophrenia.
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Chapter 1. Introduction






1.1 Schizophrenia

Schizophrenia is a neuropsychiatric disorder affecting around 24 million people,
in 2021, worldwide (IHME, 2024). The term schizophrenia, ‘schizo’ (splitting) and
‘phren’ (mind), is derived from Greek and was first used in 1908 by the Swiss Professor
of Psychiatry, Eugen Bleuler. “Schizophrenia” described the symptoms Bleuler was
observing in his psychiatric patients (Bleuler, 1911), it is not a split personality as it is
often misdescribed. Specifically, ‘schizophrenia’ referred to the disconnection between
a person’s personality, thinking, memory and perception, the key hallmarks of the
disorder (Gaebel and Kerst, 2019). Patients with schizophrenia present with a diverse
range of symptoms, classified as either positive, negative, or cognitive (Liddle, 1987,
Tandon et al., 2013). The positive symptoms, also characterised as psychosis, include
delusions, auditory and visual hallucinations, and hyperactivity (Tandon et al., 2013).
The negative symptoms include inability to experience joy or pleasure (anhedonia),
poverty of speech (alogia), reduced or absent expression of emotion (affective
flattening) and social withdrawal (Correll and Schooler, 2020, Tandon et al., 2013).
The cognitive symptoms affect learning and memory, specifically impairments in
working memory, executive function, and selective attention (Nuechterlein et al.,
2004). Although the severity of cognitive decline varies between different cognitive
functions, overall cognitive deficits can be exacerbated during episodes of psychosis
(Zanelli et al., 2019).

The positive symptoms of schizophrenia can be relatively well managed by
antipsychotic medication, although some of these medications can cause various
unpleasant side effects that impact compliance (Kane et al., 2001). Initial first
generation antipsychotic (FGA, typical) medications (e.g. haloperidol) are primarily
dopamine 2 (D2) receptor antagonists, whereas second generation antipsychotic
(SGA,; atypical) medications (e.g. risperidone, olanzapine and clozapine) target D2, as
well as other receptor sites including D1, D3 and D4, serotonin (5-HT2A and 5-HT2C),
adrenergic, histamine and muscarinic receptors (Maric et al., 2016). In more recent
years, third generation antipsychotic (TGA) medications (e.g. cariprazine,
brexpiprazole and aripiprazole), that act as either functionally selective or partial D2
receptor agonists, have been developed (Mailman and Murthy, 2010, Maric et al.,
2016). However, there is currently no specific or targeted treatment for the negative or

cognitive symptoms of schizophrenia, even though they affect 40% and 80% of
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patients, respectively (Carbon and Correll, 2014, Maroney, 2022). The mechanisms
underlying these symptoms are still unclear and a lack of treatments for negative and
cognitive symptoms contribute significantly to the long-term burden of the disorder
(Provencher and Mueser, 1997). Specifically, the cognitive symptoms of
schizophrenia can significantly impact an individual's functional independence,

causing social and/or occupational disability (Carbon and Correll, 2014).

Clinically, schizophrenia first presents in late adolescence to early adulthood,
although premorbid and prodromal cognitive deficits have been reported in teenagers,
younger than 16 years old, and young adolescents (Cullen et al., 2020, Giuliano et al.,
2012). Although the prevalence of schizophrenia is similar between genders,
presentation is earlier in males than females (Hafner et al., 1994, Loranger, 1984).
Typically, males have a single peak-presentation between 21 and 25 years, whereas
females have an early peak at 25 — 30 years and a second, later-life peak between 45
and 49 years (Li et al., 2016). Sex differences in symptoms have also been reported,
with males showing an increased risk of negative symptoms whilst females are more
likely to experience affective symptoms, such as depression, impulsivity, and
emotional instability (Leger and Neill, 2016). Males showed poorer performance on
measures of executive function, verbal memory, and information processing speed,
compared to females, whereas females showed greater deficits in visual memory and
attention (Mendrek and Mancini-Marie, 2016).

Individuals with schizophrenia are reported to have a lower quality of life (QOL),
compared to the general population (Bobes et al., 2007). QOL is affected by disease
pathology, pharmacotherapy, and physiological and clinical factors, such as obesity
and hypertension, which can be caused by medication. Unhealthy lifestyle habits, such
as tobacco smoking, also contribute to poor QOL. Amongst patients affected by mental
illness, tobacco smoking is most prevalent in those diagnosed with schizophrenia (70
— 80%), with anecdotal and clinical evidence suggesting that tobacco smoking helps
to alleviate the negative and cognitive symptoms of the disorder, as well as the side
effects of antipsychotic medication (Winterer, 2010). These QOL factors are likely a
result of the various symptoms of the disorder and can also be adverse effects of

antipsychotic medication.



Adverse effects of antipsychotics include sedation, weight gain, and decreased
motivation which can lead to reduced physical activity and self-neglect behaviours
(Dong et al.,, 2019, Tsirigotis, 2018). Cognitive impairment is likely to affect
socioeconomic factors, which can also have significant effects on an individuals’
physical and mental health. As a result, individuals with schizophrenia are predicted
to have a 15 — 20 year shorter life expectancy and a 2 — 4 times greater increase in
sudden cardiac death than the general population (Buckley and Sanders, 2000). In
addition, people with schizophrenia have a 5 — 10% lifetime risk of death by suicide
(Hjorthgj et al., 2017). By understanding the mechanisms underlying the symptoms of
schizophrenia, particularly those causing the cognitive deficits, new treatments can be
developed to target these symptoms and patient outcomes could therefore be

significantly improved.



1.2 The NMDA receptor hypofunction theory

Several neurotransmitters and neurochemical pathways are involved in
regulating normal brain function and cognitive activity. Due to the wide array of
symptoms, abnormal functioning of various neurotransmitter receptors has been
associated with schizophrenia pathology. Historically, dopamine dysregulation was
the first neurotransmitter to be associated with symptoms of schizophrenia, and it was
proposed that hyperactive dopamine transmission results in schizophrenic symptoms
(Seeman, 2021, van Rossum, 1966). However, this original hypothesis has since been
revised and better resolution positron emission tomography (PET) imaging has shown
that dopamine function is increased in the associative striatum of patients with
schizophrenia (Egerton et al., 2013). Furthermore, increased dopamine function in the
associative striatum is associated with psychosis severity (Laruelle, 2013). These
aberrant changes in dopamine transmission underlie the positive symptoms of
schizophrenia, and by targeting D2 receptors, antipsychotics can decrease excess
dopamine transmission, reducing positive symptoms. However, as previously
mentioned, there is currently no treatment for the cognitive and negative symptoms,
and typical antipsychotics do not alleviate either the negative or cognitive symptoms
of schizophrenia, suggesting negative and cognitive symptoms are caused by

changes or disruptions to a different mechanism, or mechanisms.

1.2.1 Glutamate

Glutamate has also been implicated in the symptoms and pathology of
schizophrenia (Halberstadt, 1995). Glutamate is an essential excitatory
neurotransmitter in the brain that binds to two major classes of glutamate receptors:
ionotropic glutamate (iGlu) receptors and metabotropic glutamate (mGlu) receptors
(Figure 1.1). The iGlu receptors are ligand-gated ion channels, crucial for synaptic
plasticity and include N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) and kainate (KA) receptors. mGlu receptors modulate
synaptic transmission via secondary messenger signalling pathways and are
subdivided into Group | (mGlul and mGlu5), Group Il (mGlu2 and mGlu3) and Group
[l (mGlu4, mGlu6, mGlu7 and mGlu8) receptors. iGlu receptors and mGlu receptors



are composed of individual subunits, each of which is encoded by a single gene
(Traynelis et al., 2010).
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Figure 1.1 Types of ionotropic and metabotropic glutamate receptors, and their
associated mechanisms, including glutamate cycling. lonotropic receptors and
their subunits include NMDA (GluN1-3), AMPA (GluAl-4) and KA (GIuK1-5).
Metabotropic glutamate receptors include Group | (mGlul and 5), Group Il (mGlu2
and 3) and Group Il (mGlu4, 6, 7, and 8). Glutamate is released into the synaptic cleft,
interacts with receptors and is taken up by neighbouring astrocytes, where glutamate
is recycled into glutamine by gluatamine synthetase, transported back to the
presynaptic terminal and converted back to glutamate by glutaminase. Figure adapted
from Chen et al. (2023).

Glutamate plays a fundamental role in synaptic plasticity (the activity-
dependent strengthening and weakening of synapses over time) and neuronal

network formation and function (Dingledine et al., 1999, Platt, 2007). However excess



glutamate levels can cause excitotoxicity, oxidative stress, and neurodegeneration
(Lau and Tymianski, 2010). To prevent toxicity, cells perform a process called
glutamate-glutamine cycling (Andersen et al.,, 2021) (Figure 1.1). Glutamate is
released into the synaptic cleft from the presynaptic terminal where it binds to pre- and
post-synaptic receptors. Following activation of the post-synaptic neuron, glutamate is
then removed from the cleft by excitatory amino acid transporters (EAAT) into
astrocytes, a type of glial cell. In the astrocytes, most of the glutamate is converted to
glutamine by glutamine synthetase, which is then transferred back to the presynaptic
terminal and converted back to glutamate by the catalytic enzyme, glutaminase (Kruse
and Bustillo, 2022). Dysfunctional glutamate cycling has been found in patients with
schizophrenia and this is primary evidence for disturbed glutamate function in the
disorder (Burbaeva et al., 2003, Gluck et al., 2002).

Initially, the glutamate hypothesis of schizophrenia developed following clinical
observations of the psychoactive, non-competitive NMDA receptor antagonists,
phencyclidine (PCP) and ketamine (Coyle, 1996, Javitt, 1987, Javitt and Zukin, 1991).
When administered at a sub-anaesthetic dose, PCP transiently mimics many
symptoms of schizophrenia, including psychosis and also the cognitive deficits (Javitt
and Zukin, 1991). Furthermore, both PCP and ketamine exacerbate cognitive
symptoms and psychosis when administered in individuals with schizophrenia (Lahti
et al., 1995, Luby et al., 1959, Malhotra et al., 1997). The glutamate hypothesis of
schizophrenia suggests that cognitive impairment and the positive symptoms of
schizophrenia are due to NMDA receptor hypofunction, leading to disturbances in
glutamate-mediated neurotransmission (Coyle, 1996), especially in the PFC and

hippocampus (Moghaddam and Javitt, 2012).

Evidence for glutamate dysregulation in schizophrenia has been found across
genetic and human imaging studies. In a 2014 genome-wide association study
(GWAS) of nearly 40,000 schizophrenia patients, several mutated genes involved in
glutamatergic neurotransmission, including mGlu3 (GRM3), GIuN2A (GRIN2A) and
AMPA receptor 1 (GRIAL), were identified as being associated with schizophrenia-risk
(Ripke et al.,, 2014). A meta-analysis of recent proton magnetic resonance
spectroscopy (*H-MRS) studies have shown significant increases in glutamatergic
transmission in the limbic system of schizophrenia patients (Merritt et al., 2016), whilst

a 'H-MRS study looking at the hippocampus specifically, found a positive correlation
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between increased glutamate and glutamine levels and poor executive functioning of
schizophrenia patients (Poels et al., 2014). A PET imaging study of schizophrenia
patients found greater blood flow to the anterior cingulate cortex (ACC) following a
ketamine challenge, compared to controls, suggesting the glutamatergic system is
more sensitive to NMDA receptor antagonism in patients with schizophrenia (Holcomb
et al., 2005).

1.2.2 Gamma-aminobutyric acid (GABA)

Gamma-aminobutyric acid (GABA) is the primary inhibitory neurotransmitter in
the adult mammalian brain and balances excitatory glutamate activity. GABA binds to
GABA receptors of which there are two types: the ionotropic GABAAa receptor and the
muscarinic GABAs receptor (Fischer et al., 2022, Marques et al., 2021) (Figure 1.2).
In humans, the GABAAa receptor has 19 subunit isoforms encoded by distinct genes
(a1-a6, p1-B3, y1-y3, 0, €, 6, T and p1-p3) (Goetz et al., 2007), where GABA& has just
two: GABAB1 and GABABg: (Calver et al., 2000). Diverse sub-unit composition allows
GABAAa receptors to have distinct and varied functional and physiological roles
throughout the brain (Mody and Pearce, 2004). GABAs inhibits neuronal activity by
reducing exocytosis, hyperpolarizing post-synaptic membranes, and inhibiting

neuronal activity.

GABA is synthesised from glutamate by glutamic acid decarboxylase (GAD).
GAD exists as two distinct enzymes, GAD65 and GAD67, each encoded by its own
gene, GAD2 and GAD1, respectively (Erlander et al., 1991). GADG67 is a cytosolic
enzyme found in the cell bodies, dendrites, and axonal processes of GABAergic
interneurons. When GADG67 expression is decreased, there is deficient extracellular
GABA and, in turn, GABA-mediated inhibition on pyramidal cells is reduced (Kalkman
and Loetscher, 2003, Zeng et al., 2024). GADG65 is located in the presynaptic terminals
and is closely associated with the membrane of synaptic vesicles (Kanaani et al.,
2010). This allows GADG65 to rapidly synthesise GABA for release, modulating
synaptic inhibition, affecting neuronal plasticity, learning, and memory formation
(Lange et al., 2014, Walls et al., 2010).
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Figure 1.2 A simplified schematic of a GABAergic synapse. GABA (pink) is
released into the synaptic cleft, activating GABAa and GABAG& type receptors. GABA
transporter 1 (GAT1), on the presynaptic neuron, transports GABA back into the
neuron. GAT1 — 3 on astrocytes transports GABA into the astrocyte, and release
glutamine, to be taken up into the presynaptic neuron. Glutamine is converted to
glutamate by glutaminase, and glutamate to GABA by glutamate decarboxylase
(GAD). GABA is taken up into synaptic vesicles by vesicular GABA transporter
(VGAT), where it is then ready to be released into the synaptic cleft. Adapted from
Fischer et al. (2022).

GABA transporters (GATSs), of which there are four distinct proteins (GAT-1,
GAT-2, GAT-3, and betaine/GABA transporter-1; BGT-1), mediate GABA uptake
(Borden et al., 1992) (Figure 1.2). GAT-1 is the most highly expressed GAT in the
CNS, localised predominantly on neuronal presynaptic axon terminals, but is also
found on astrocytic processes (Cherubini and Conti, 2001). GAT-3 is expressed on

astrocytic processes, almost exclusively, except for some retinal neurons (Cherubini
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and Conti, 2001, Johnson et al., 1996). GAT-2 is also expressed in neurons and
astrocytes but is mostly extraparenchymal and is most highly expressed in the choroid
plexus and ependyma (Conti et al., 1999). The GABA is then taken up into synaptic
vesicles via the vesicular GABA transporter (VGAT), where it is then ready to be

released into the synaptic cleft.

Abnormalities in GABA have been one of the most consistent findings in
schizophrenia research, as post-mortem PFC studies find lower density of GABAergic
interneurons (Kaar et al., 2019), reduced levels of GAD67 messenger ribonucleic acid
(mRNA) and GADG67 protein (Dienel and Lewis, 2019), and reduced GATL1 in some
interneurons (Volk et al., 2001), in schizophrenia patients compared to controls. In
vivo, radiotracers show no difference in overall GABA receptor levels between patients
with schizophrenia and controls, however a reduction in the a5 subunit of the GABA
(a5-GABAA) receptor was found in the hippocampus of schizophrenia patients
(Marques et al., 2021), compared to healthy controls. Reductions in a5-GABAa MRNA
and protein levels have also been found in the dorsolateral PFC (dIPFC) of
schizophrenia patients (Beneyto et al., 2011, Duncan et al., 2010). The a5-GABAAa
receptor is more highly expressed in the hippocampus, than other areas of the brain,
and genetic and pharmacological studies have shown it plays an important role in
learning and memory (Jacob, 2019). Taken together, this data implicates changes in
GABA and inhibitory neurons in schizophrenia pathology and indicates a specific
vulnerability of the a5 subunit of the GABAa receptor.

Changes in GABA can disrupt the balance between excitatory and inhibitory
neurotransmission. The healthy development and function of GABAergic interneurons
is dependent on glutamatergic NMDA receptors (Cohen et al., 2015), the function of
which is also reported to be dysfunctional, or hypofunctional, in schizophrenia
(Nakazawa and Sapkota, 2020).

1.2.3 NMDA receptor hypofunction

NMDA receptors are heterotetrameric iGlu channels, permeable to Ca?*. NMDA
receptors are heterogenous and composed of a mixture of subunits; GIuN1, GluN2
(GIuN2A-D) and GIuN3 (GIuN3A-B) (Hollmann, 1999, Moriyoshi et al., 1991) (Figure
1.3). Typically, NMDA receptors are composed of two glycine-binding GIuN1 and two
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glutamate-binding GIuN2 subunits (Mayer et al., 1984). Once released into the
synaptic cleft, glutamate binds to postsynaptic NMDA receptors causing excitatory
postsynaptic currents (EPSCs). To activate NMDA receptors, both glutamate and
glycine must bind to their respective binding sites on the receptor, removing the
channel’s voltage-dependent Mg?* block, allowing the channel to open and an influx
of Ca?* into the neuron (Hansen et al., 2018). NMDA receptor-gated Ca?* influx is
crucial for regulating synaptic plasticity and underlies learning and memory

mechanisms (Lau et al., 2009).
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Allosteric
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Figure 1.3 A schematic diagram of the ionotropic NMDA receptor. NMDA
receptors are comprised of four subunits; two N1 subunits and a combination of N2
and N3 subunits. co-agonist binding site to activate the NMDA receptor. The NMDA
receptor is blocked by voltage-dependent Mg?*. Once activated, extracellular Na* and
Ca?* can flow into the cell and intracellular K* can flow out of the cell. PCP, and other
NMDA receptor antagonists, bind to the PCP receptor on the inside of the NMDA
receptor. Created with BioRender.com.
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Proposed hypofunction of NMDA receptors on GABAergic parvalbumin (PV)-
positive (PV+) inhibitory interneurons causes inactivation of these interneurons and a
subsequent disinhibition of the interacting excitatory pyramidal cells (Homayoun and
Moghaddam, 2007). Overall, there is a resulting increase of cortical excitation, typical
of that seen after NMDA receptor antagonism in human and animal studies (Breier et
al., 1997, Jackson et al., 2004). Prolonged NMDA hypofunction leads to excitotoxicity
in postsynaptic neurons and it has been proposed that neurodegeneration may be
caused by this excessive release of glutamate (Rothman and Olney, 1987). There is
also evidence that neuroinflammation is higher in patients with schizophrenia
(Goldsmith et al., 2016, Wang and Miller, 2018), likely because of excitotoxicity. The
exact mechanisms underlying NMDA receptor hypofunction, and the downstream
consequences, are not fully understood, but studying brain regions sensitive to, or
affected by, NMDA receptor hypofunction could be beneficial in understanding it's

associated pathology.

1.2.4 Animal models of schizophrenia and NMDA hypofunction

To model NMDA receptor hypofunction in rodents, pharmacological, genetic,
and neurodevelopmental techniques can be used to target the NMDA receptor or other

components that effect NMDA receptor function.

Pharmacological techniques use NMDA receptor antagonists, including PCP,
dizocilpine (MK-801) and ketamine, to block the NMDA receptor and inhibit cell firing.
In vivo rodent studies typically model NMDA receptor hypofunction by administering
PCP using one of three paradigms, defined by the duration and frequency of exposure:
acute, subchronic, and chronic (Noli et al., 2017). Acute treatment is typically a single
dose of PCP but can also be multiple doses over a short time, from hours to a couple
of days. Subchronic treatment usually consists of daily, or twice daily, dosing for
multiple days, up to two weeks, followed by a withdrawal or washout period. Finally,
chronic treatment refers to prolonged and continuous administration that initially
follows a similar regimen to subchronic treatment but, following daily dosing,

intermittent dosing is maintained for a further few weeks or months.

Using the appropriate pharmacological treatment protocol is crucial for

recapitulating different aspects of disease (see Neill et al. (2010) for comprehensive
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review of acute, subchronic and chronic PCP effects). To study first-episode
psychosis, acute PCP treatment is used as it induces hyperactivity and social deficits
in rodents (Mitchell et al., 2020), as well as short-lasting cognitive deficits (Savolainen
et al.,, 2021). Subchronic and chronic treatment are used to model the persistent
behavioural symptoms, including cognitive deficits and negative symptoms, but also
some of the cellular and molecular changes (Janhunen et al., 2015, Li et al., 2024a).
For example, PCP alters animal behaviour, mimicking aspects of schizophrenia
including presentation of cognitive deficits, as well as reduced PV expression in the
prelimbic cortex when administered subchronically (McKibben et al., 2010), and the
cingulate cortex and hippocampus when administered acutely (Abdul-Monim et al.,
2007).

Neurodevelopmental animal models of schizophrenia are also often used as
evidence suggests the pathology arises from abnormalities in neurodevelopment of
the PFC and hippocampus during pre- and perinatal stages, which result in long term
pathological changes in behaviour and brain structure and function (Biatonn and Wasik,
2022). Neurodevelopmental rodent models include the methylazoxymethanol acetate
(MAM) model. MAM is a neurotoxin which reduces DNA synthesis. The MAM model
involves prenatal administration of MAM on embryonic day (E) 17, which causes
disruption of embryonic brain development (Biaton and Wasik, 2022), resulting in a
reduction in cortical thickness and simultaneous elevation in neuronal density in the
medial PFC (mPFC) and hippocampus, of the adult brain. The MAM model also
showed decreased PV expression in the mPFC and hippocampus, and deficits in
mPFC gamma oscillatory activity (Gill and Grace, 2014, Mackowiak et al., 2014). The
E17 MAM model also causes several behavioural disturbances observed in adult
offspring, such as cognitive dysfunction (Kéllai et al., 2020), social impairment

(Flagstad et al., 2004), and sensorimotor gating deficits (Le Pen et al., 2006) in rats.

Genetic rodent models are also used to model schizophrenia, and multiple
GWAS have reported various schizophrenia-risk associated genes. A popular model
includes knockdown and point mutations in the Disrupted-in-Schizophrenia 1 (DISC1)
gene, which leads to a number of cognitive deficits in mice, as well as reduced
expression of GAD67 and GIuN1, and decreased GABAergic neuron density (Biaton
and Wasik, 2022). Although abnormalities in DISC1 have been found and linked with
developing schizophrenia (Liu et al., 2019a), the link between DISC1 and

14



schizophrenia is unclear, and considered somewhat controversial (Sullivan, 2013).
Other popular schizophrenia-risk associated gene targets include the dysbindin-1
(DTNBP1) model and the neurotrophic factor neuregulin-1 (NRG1) model. The
dysbinin-1 model sees changes in the dysbindin-1 protein, linked to synaptic function
and plasticity (Mullin et al., 2015, Trantham-Davidson and Lavin, 2019) as well as
working memory (Wolf et al., 2011). The neuregulin-1 model, which effects both the
NRGL1 protein and its receptor, epidermal growth factor receptor 4 (ErbB4), displays
behavioural deficits and impacted GABAergic transmission in mice (Wang et al.,
2018). Overall, the genetic component underlying the development of schizophrenia
is complex, and it is likely that more than one gene is implicated. Currently, there are
no genetic models that completely recapitulate all aspects of the disease, but those
available can help understand disease pathology, and be useful for pharmaceutical

screening.
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1.3 Cognition and working memory

The term limbic was first used by Paul Broca in 1878 to refer to the brain
structures around the edge, or border, of the two hemispheres (Broca, 1878). The
‘limbic lobe’ as it was first described, now known as the limbic system, comprises of
the limbic cortex, including the cingulate gyrus and parahippocampal gyrus, the
hippocampal formation, the amygdala, the septal area and the hypothalamus
(Rajmohan and Mohandas, 2007) (Figure 1.4). The structures of the limbic system
have many different connections and functions, each playing key roles in learning,

memory, and emotion (Rolls, 2019).

While regions such as the amygdala are strongly associated with emotion and
reward processing (Seymour and Dolan, 2008), the ACC and hippocampus are crucial
for learning and memory (Goto, 2022). It is well established that patients with
schizophrenia display aberrant emotional processing, and this is strongly associated
with abnormalities in the amygdala (see Aleman and Kahn (2005) for review), however
this thesis focuses on the learning and memory impairments of schizophrenia and the

role of the ACC and hippocampus.

Cingulate
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Thalamus

Hypothalamus Hippocampus

Amygdala

Figure 1.4 A schematic diagram of the human limbic system. The limbic system
consists of several interconnected structures, including the cingulate gyrus,

hippocampus, amygdala, thalamus and hypothalamus. Created with BioRender.com.
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1.3.1 The human anterior cingulate cortex (ACC)

The human ACC is a bilateral structure located in the medial frontal lobes. The
ACC is often included as a part of the prefrontal cortex (PFC; Figure 1.5a-b), however,
cytoarchitecturally it does not meet the same criteria as the PFC as it lacks a clear
granular layer (Haber et al., 2022). The ACC encompasses Brodmann’s area (BA) 24,
25, 32 and 33 and can be further divided into the perigenual ACC (pACC; BA24 and
32), the subgenual ACC (sACC; BA24, 25 and 32) and the cingulate motor area (CMA,;
BA33) (Jumah and Dossani, 2019) (Figure 1.5b). The ACC can also be divided into
dorsal (dACC) and ventral (VACC), corresponding to BA32 and BA24, respectively.

Although the function of the ACC is strongly debated, it is evident that the ACC
sits in a unique and important position in the brain, forming connections to both the
‘emotional’ and ‘cognitive’ systems (Bush et al., 2000, Rolls, 2019). The sACC and
pACC both play a crucial role in the cognitive regulation of emotion (Palomero-
Gallagher et al., 2019), but the SACC does play a more general role in cognitive control
(Scharnowski et al., 2020). Located next to the primary motor cortex, the CMA is

involved in higher-order motor processing (Jumah and Dossani, 2019).

The vACC receives inputs from the amygdala and orbitofrontal cortex and is
more associated with emotional processing. The dACC forms connections to the
hippocampus via the parahippocampal gyrus and entorhinal cortex (EC), and is central
for complex cognitive processes (Bush et al., 2000), such as response selection, error
detection and reward-based decision-making (Bush et al., 2002, Vogt, 2016), as well
as sensorimotor processing (Ou et al., 2024). It is these connections to the amygdala
and hippocampus that allows the ACC to act as an important interface between

cognition and emotion and play an important role in executive function.

In schizophrenia, structural and functional studies suggest abnormalities in the
ACC may underlie pathology. Imaging studies mostly find that schizophrenia patients
show reduced grey matter volume in the ACC, compared to controls (Fornito et al.,
2009). Post-mortem studies are consistent with these results, finding a reduction in
ACC laminar thickness in tissue taken from patients with schizophrenia, compared to
controls (Bouras et al., 2001), a feature indicative of neuronal loss. Although a key
study found a decrease in pyramidal neuron and interneuron density (Benes et al.,

1986), loss of pyramidal cells is not consistent with the literature and does not
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necessarily correlate with grey matter changes (Fornito et al., 2009). Neuroimaging
studies have found abnormal ACC activity in patients with schizophrenia. Although
results are mixed, overall ACC hypofunction, or hypoactivation, was found in patients
with schizophrenia, across a variety of cognitive tasks (Adams and David, 2007).
However, findings in patients with schizophrenia may be confounded by antipsychotic

medication and may underlie some of the variation in results.

Figure 1.5 The human PFC, highlighting the functional and structural divisions
of the cingulate cortex, including ACC and MCC. (a) lllustration of the common
functional areas of the human PFC, including dorsolateral PFC (dIPFC), dorsomedial
PFC (dmPFC), ventrolateral PFC (VIPFC), ventromedial PFC (vmPFC), orbitofrontal
cortex (OFC) and anterior cingulate cortex (ACC). (b) Subdivisions of the cingulate
cortex, including ACC (red) and MCC (blue), defined by Brodmann’s area (BA) 24, 25,
32 and 33. The ACC includes the perigenual ACC (pACC) and subgenual ACC
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(sACC), and CMA (not shown), indicated by BA33. Adapted from (a) Carlén (2017)
and (b) van Heukelum et al. (2020).

1.3.2 The rat anterior cingulate cortex (ACC)

In both humans and rodents, the ACC is considered as a key brain region
controlling cognition and emotion, or affection (Rolls, 2019), and rodent studies have
played a crucial role in understanding the role of the ACC in human studies. The rodent
ACC forms part of the mPFC, which also includes the infralimbic and the prelimbic
cortices (Xu et al., 2019). The mPFC is considered a higher cortical area and exerts
top-down control over other brain regions, and is therefore crucial for higher order
cognitive processing (Anastasiades and Carter, 2021). The mPFC receives long-
range excitatory inputs from the ventral hippocampus (VHPC), whilst sending outputs
to the dorsomedial striatum, and has reciprocal connections with the cortex,
basolateral amygdala, ventral tegmental area and thalamus amongst others
(Anastasiades and Carter, 2021). The connection between vHPC and mPFC is
important for working memory and the connections between the amygdala and

striatum form the circuit underlying decision-making (Jobson et al., 2021).

The classical nomenclature that defines the structure and function of the rodent
(mouse and rat) cingulate cortex comprises cingulate area 1 (Cgl) and cingulate area
2 (Cg2) which runs perpendicular through both the ACC and midcingulate cortex
(MCC) (Figure 1.6a). In a review by van Heukelum et al. (2020), a definition using
Brodmann areas has been suggested which better aligns rodent ACC functional and
anatomical research with other mammals, including humans and non-human primates
(Figure 1.6b). In most mammals, including humans, the border between the MCC and
ACC is drawn along the rostro-caudal axis (Figure 1.5b), clearly defining ACC and
MCC. This review better links cognitive functions such as reward-based decision
making, attention and social behaviour with the ACC and not MCC, rather than
attributing the function to Cgl and/or Cg2. This discrepancy in definition must therefore

be considered when reviewing literature describing the rodent ACC.
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Figure 1.6 Schematic of the rat mPFC, highlighting differences in ACC
nomenclature. (a) The classic definiton of the rodent mPFC divides the region into
the prelimbic (green) and infralimbic (purple) cortices, and the cingulate cortex along
the ventral-dorsal axis into Cg1 (blue) and Cg2 (red); Brodmann’s Area (BA) 24 in the
ACC, and 24’ in the MCC. (b) A homologous definition of the mPFC defining the ACC
(red) as BA24, 25 and 32, and MCC (blue) as BA24’, dividing the two regions by the
caudal-rostral axis. Taken from van Heukelum et al. (2020).

Overall, nomenclature does not change the evidence for the function of the
rodent ACC which, as in humans, is associated with cognitive and emotional control.
The ACC has been implicated in working memory in rodents (Teixeira et al., 2006) as
it has in humans (Kaneda and Osaka, 2008). A chronic PCP mouse model used to
assess working memory found c-Fos expression, a molecular marker for cellular
activity, increased in the dorsomedial striatum following a T-maze task. (Arime and
Akiyama, 2017). The dorsomedial striatum is a direct output of the ACC, and although
no changes were seen in the ACC, this highlighted the importance of the ACC in
working memory (Arime and Akiyama, 2017). Using an acute MK-801 treatment,
Huang et al. (2022) induced schizophrenia-like social and working memory deficits,
specifically in the novel object recognition (NOR) task, in mice. Interestingly, by
activating the basolateral amygdala (BLA) — ACC pathway using chemogenic and
optogenetic methods, the group were able to alleviate these social and cognitive
deficits. The role of the ACC and the brain regions it is connected to is, therefore, very

important for understanding underlying working memory deficits of schizophrenia.
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1.3.3 The human hippocampus

The hippocampus is one of the most extensively studied brain regions and was
first implicated in learning and memory when patient Henry Gustav Molaison
(commonly known in the literature as patient H.M) underwent surgery for refractory
epilepsy. H.M suffered anterograde amnesia following the removal of the
hippocampus (Scoville and Milner, 1957). Following the discovery of long-term
potentiation (LTP) by Bliss and Lomo (1973), experimental evidence proved that
synapses were plastic and that high-frequency stimulation at excitatory synapses in
the hippocampus resulted in rapid and long-lasting strengthening of synapses (Bliss
and Gardner-Medwin, 1973). LTP quickly became the favoured theory for the
mechanisms underlying learning and memory with NMDA receptor-mediated LTP

becoming the main research focus for most (Nicoll, 2017).

The hippocampus is a complex bilateral brain structure and takes its name from
its distinct ‘seahorse’, or ‘'S’, -shape. As part of the limbic system, the hippocampus is
formed by a densely packed, highly organised laminar structure of neurons, embedded
deep into the temporal lobe. Structurally, the hippocampus is divided into the dentate
gyrus (DG), cornu ammonis (CA) regions (1 - 4) and the subiculum (de N6, 1934). The
major input to the hippocampus comes from the EC via two different pathways (Van
Strien et al., 2009). The perforant pathway projects to the DG and CA3, and the
temporo-ammonic pathway projects to the CA1 and subiculum (Marks et al., 2022).
The subiculum then inputs back to the EC. Although the human hippocampus is
anatomically symmetrical, it is functionally lateralized. The hippocampus is essential
for a range of cognitive functions, where the left hippocampus specialises in episodic,
contextual and long-term autobiographical memory, whereas the right hippocampus is

more specific for spatial information processing and navigation (Jordan, 2019).

As the hippocampus plays a crucial role in learning and memory, it is
unsurprising that there is considerable evidence for hippocampal pathology in patients
with schizophrenia. Most consistently, hippocampal volume is reduced in patients with
schizophrenia, by around 5% (McCarley et al., 1999, Nelson et al., 1998). Loss of
volume is associated with loss of neurons. Zhang and Reynolds (2001) reported a
significant reduction in PV-immunoreactive neuron density, across all regions of the

hippocampus, suggesting a reduction in the expression of PV. Furthermore, Gao et al.
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(2000) found changes in the NMDA receptor subunits in the hippocampus of patients
with schizophrenia, showing an increase in N2B mRNA and a decrease in N1 mRNA.
When studying hippocampal activity, patients with schizophrenia showed decreased
or abnormal hippocampal activation during memory tasks (Weiss et al., 2003, Weiss

et al., 2004), indicative of abnormal cellular network activity.
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Figure 1.7 A comparison between the rat and human brain, highlighting the
location and structure of the hippocampus in each species. The location of the
hippocampus (red) and associated EC (blue) in both (a) rat and (b) human brain. The
cross-sectional schematic of the structure of the hippocampus in both species
indicates the organised morphology of CA1l, CA2 and CA3, dentage gyrus (DG) and
subiculum (Sub). The CA4 is also indicated in human. Adapted from Strange et al.
(2014).
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1.3.4 The rat hippocampus

The hippocampus has been studied in rodents since the 1950s as an incredibly
useful tool for understanding circuits underlying learning and memory (Eichenbaum,
1999, Kandel and Spencer, 1968), as well as spatial navigation (Buzsaki and Moser,
2013, Dostrovsky and O’Keefe, 1971, Zemla and Basu, 2017). The function and
neuroanatomical organisation of the rodent, and specifically rat, hippocampus is
similar to the human hippocampus (Figure 1.7), as both share the same clear laminar
structure and neuronal pathways within the hippocampus (Kesner and Hopkins, 2006).
The rat brain also shows clear lateralization of spatial memory (Klur et al., 2009), akin
to the human hippocampus (Spiers et al., 2001). The vHPC plays a crucial role in
social and emotional memory, through direct connections with the mPFC, particularly
the ACC, and amygdala. Furthermore, although the dorsal CAl is considered the hub
for spatial memory, optogenetic studies have shown the vHPC also plays a functional
role in spatial working memory encoding, along the vHPC - mPFC pathway (Spellman
et al., 2015).

The prenatal MAM model (described above 1.2.4) is a rodent developmental
model of schizophrenia. Studies have shown that the rat MAM model leads to reduced
hippocampal volume and schizophrenia-related behavioural abnormalities in offspring
(Featherstone et al., 2007, Moore et al., 2006). Specifically, MAM treatment at E17 in
rats affected the hippocampus, impairing glutamatergic neurotransmission and
reducing AMPA-receptor-mediated synaptic transmission (Hradetzky et al., 2012).
This results in hyperactivity in the vHPC, leading to reduced gamma frequency
oscillations (Lodge et al., 2009). In mice, MAM treatment on gestational days 16 and
17 also reduced hippocampal volume, impaired contextual fear memory, and
decreased LTP in the CAl (Chalkiadaki et al., 2019). Furthermore, male offspring
showed deficits in cognitive tasks but female offspring did not, highlighting an

interesting sex difference (Chalkiadaki et al., 2019).

The rodent hippocampus is therefore incredibly useful for studying cognitive
deficits in schizophrenia due to its structural and functional similarities to the human
hippocampus. It is crucial for understanding learning, memory, and spatial navigation,

all areas impacted in schizophrenia.
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1.4 Neuronal network activity underlying cognition, learning and memory
1.4.1 High frequency oscillations

When referring to brain or neuronal oscillations, the term describes the rhythmic
electrical activity generated spontaneously, or in response to stimuli, by neuronal
tissue in the CNS (Basar, 2013). In this thesis, such brain oscillations will be referred
to simply as oscillations, or oscillatory activity. Oscillations control the local microscale
timing of action potentials as well as the macroscale coordination of cortical activity
across brain regions, allowing temporal and spatial brain connectivity (Guan et al.,
2022, Zhang et al., 2018). Oscillations were first observed by Hans Berger in 1929
using an electroencephalogram (EEG), a non-invasive method of recording electrical
activity over the skull. An example of a raw EEG signal, comprised of multiple brain
rhythms, can be seen in Figure 1.8a. This raw signal can be filtered and separated to
reveal the distinct, underlying oscillations that each occupy different frequency bands
(Figure 1.8b).

Following on from EEG recordings, oscillations have since been recorded in
vivo from animals (Beker et al., 2016, Colgin et al., 2009, Furth et al., 2017, Gretenkord
et al., 2016, Tavares and Tort, 2022), and in vitro (or ex vivo) from prepared brain
slices, both animal (Buhl et al., 1998, Cunningham et al., 2003, Fisahn et al., 1998,
Glykos et al., 2015, LeBeau et al., 2002, Pietersen et al., 2009, Whittington et al.,
1995) and human (de la Prida and Huberfeld, 2019, Florez et al., 2015). Further
studies, determined that different oscillation frequencies correlated with different brain
states, including sleep and rest, and cognitive or motor activity (Basar et al., 2001,
Bonanni et al.,, 2012, Buzsaki, 2005, Grosmark et al., 2012, Niedermeyer, 1997,
Schmidt et al., 2019, Zhang et al., 2008). In vitro oscillations can be spontaneous, and
gamma frequency oscillations have been recorded from the CA3 of the vHPC
(Pietersen et al., 2009). However, studies wusually evoke oscillations
pharmacologically, using the glutamate receptor agonist kainate (KA) or the
cholinergic agonist carbachol (Buhl et al., 1998, Cunningham et al., 2003, Fisahn et
al., 1998, Pietersen et al., 2009, Whittington et al., 1995), or in response to electrical
stimuli (Traub et al., 1996, Whittington et al., 1997).
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Figure 1.8 EEG oscillations frequency bands. (A) An example raw EEG. (C) The
EEG signals of delta (8), alpha (a), beta () and gamma (y) frequency bands. Adapted
from Zhang et al. (2022).

The frequencies of these oscillations are determined by intrinsic neuronal
properties, synaptic currents and precisely timed spiking activity of neuronal

populations, allowing information processing and cellular communication within and
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between brain regions (Uhlhaas, 2011). As different frequency bands correlate with
different types of activity, oscillations are often used as biomarkers of behaviour or
brain state (Guerra et al., 2019). Gamma (30 - 80 Hz) frequency oscillations, for
example, are associated with working memory and executive function (Howard et al.,
2003, Lisman, 2010, Thompson et al., 2021, van Vugt et al., 2010, Yamamoto et al.,
2014), and changes in gamma frequency oscillations are observed in several
neuropsychiatric disorders and neurodegenerative diseases, particularly in patients
with cognitive impairment, including schizophrenia (Dienel and Lewis, 2019,
Palmisano et al., 2024), major depressive disorder (MDD) (Fitzgerald and Watson,
2018, Palmisano et al., 2024), and Alzheimer’s disease (AD) (Jafari et al., 2020)
patients (Guan et al., 2022). Figure 1.9 demonstrates how spontaneous activity in
each frequency band topographically differs across the brain in schizophrenia patients
compared to healthy controls, showing aberrantly larger oscillatory power in theta (4
— 8 Hz), alpha (8 — 15 Hz), beta (15 — 30 Hz) and gamma (30 — 80 Hz) bands (Tanaka-
Koshiyama et al., 2020). This thesis primarily focuses on beta and gamma frequency
oscillations, as their association with the cognitive impairments in schizophrenia are

well documented, but still not fully understood.

High frequency oscillations can be subdivided into different rhythms, or
frequency bands, namely beta (15 - 30), low-gamma (30 — 80 Hz) and high-gamma
(80 — 150 Hz) oscillations, although the exact divisions vary between research group.
Beta and gamma oscillations are generated and maintained by different interneuron
populations (discussed in detail below 1.6). Low- and high-gamma are also
mechanistically distinct types of activity and, as this thesis focuses on the mechanisms
underlying low-gamma oscillations, from this point forwards low-gamma will simply be
referred to as gamma, or gamma frequency, and any mention of high-gamma will

reference it as such.

Beta and gamma frequency oscillations are biomarkers of cognitive function,
specifically working memory (Lundqvist et al., 2016, Miller et al., 2018), and are
modulated by inhibitory interneuron populations (Fuchs et al., 2007, Tamas et al.,
2000, Whittington et al., 1995). Normal cognitive function depends on the excitatory-
inhibitory balance generated by precisely timed firing of interneurons and a favoured

hypothesis suggests that interneuron dysfunction, via NMDA hypofunction (Figure
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1.10), may cause disinhibition in excitatory-inhibitory neuronal circuits and may
underlie abnormal oscillations and the cognitive deficits of schizophrenia.
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Figure 1.9 Topographical representation of the average resting spectral power
across different oscillation frequency bands, of healthy controls in comparison
to patients with schizophrenia. Theta, alpha, beta and gamma power is visibly
greater in patients with schziophrenia, compared to healthy control subjects. Adapted

from Tanaka-Koshiyama et al. (2020).
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Figure 1.10 NMDA redceptor hypofunction causes disinhibition of excitatory
pyramidal cells. (a) Inhibitory interneurons monitor excitatory glutamatergic levels via
NMDA receptors, and release inhibitory GABA to maintain excitatory-inhibitory
balance with excitatory neurons. (b) NMDA receptor hypofunction disrupts
glutamatergic singalling and interneuron firing, causing reduced GABAergic output,
disinhibition of excitatory neurons, and increased glutamatergic tone. Taken from
Gordon (2010).
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Gamma oscillations are important in synchronising activity across and between
brain regions, as well as modulating the activity evoked when performing a broad
spectrum of cognitive tasks (Guan et al., 2022). Resting, or steady state gamma, is
present during a relaxed or baseline state, without specific task demands or sensory
input. Resting state EEG gamma power studies have repeatedly found increased
gamma power in patients with schizophrenia, compared to healthy controls. Tanaka-
Koshiyama et al. (2020) found increased gamma power in the frontal and occipital-
temporal regions (Figure 1.9). Baradits et al. (2019) and Tikka et al. (2014) also found
increased gamma power in chronic and first episode schizophrenia patients,
respectively. Conversely, in a magnetoencephalography (MEG) study, Grent-'t-Jong
et al. (2018) found reduced gamma power in the PFC of first episode schizophrenia
patients, and the frontal, spatial and temporal areas of chronic schizophrenia patients.
Differences may be due to the spatiotemporal resolution EEG / MEG recording
techniques, however factors such as patient medication, recording session length and
session condition (eyes open vs eyes closed), could also affect results. Taken
together, this evidence indicates that gamma oscillations in patients with

schizophrenia are abnormal and differ across different stages of the disorder.

Deficits in gamma oscillations have also been reported during cognitive tasks.
When performing working memory tasks specifically, patients with schizophrenia
showed reduced gamma activity during the memory retrieval phase of tasks
(Haenschel et al., 2009). Furthermore, where healthy controls demonstrated an
increase in gamma activity in response to tasks that required increased executive
control (Cho et al.,, 2006) and working memory load (Basar-Eroglu et al., 2007),
patients with schizophrenia did not.

The relationship between beta frequency oscillations and cognitive impairment
is more varied. In patients with schizophrenia, resting-state beta power is also reported
to be abnormally increased in comparison to healthy controls (Newson and
Thiagarajan, 2018, Tanaka-Koshiyama et al., 2020). When comparing findings of
auditory stimulation experiments to healthy controls, there was no difference in beta
power (Kwon et al., 1999), whereas a visual-perception task found a reduction
(Spencer et al., 2004) and memory tasks showed increased beta activity (Meconi et

al., 2016), in patients with schizophrenia. Beta oscillations are highly correlated with
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sensorimotor function (Kilavik et al., 2013), thus changes in beta frequency oscillations
are highly dependent on the task being performed.

Gamma oscillations can be generated locally and projected across large
distances across different brain regions. These oscillations are generated by a network
of fast-spiking PV+ inhibitory interneurons, which can fire up upwards of 400 Hz (Wang
et al., 2016), and excitatory pyramidal cells, which only fire up to 3 Hz (Gray et al.,
1989, Whittington et al., 1995, Womelsdorf et al., 2007) (Figure 1.11). The pyramidal
cells are driven by the precise spike timing of the PV+ interneurons, where excitatory
postsynaptic potentials (EPSPs) generated in the interneurons drive an inhibitory
feedback mechanism in the pyramidal cells, causing rhythmic, synchronous firing,
which is terminated by the train of inhibitory postsynaptic potentials (IPSPs) in the

excitatory cells.

Evidence suggests that beta frequency oscillations are orchestrated by
somatostatin (SST)-positive (SST+) interneurons (Chen et al., 2017, Kuki et al., 2015)
and the basic inhibition-based mechanism that generates and drives gamma
frequency oscillations, described above, is also believed to underpin beta frequency
oscillations (Roopun et al.,, 2008). In vivo studies in mice demonstrate that
optogenetically driving PV+ interneurons enhanced gamma oscillations (Sohal et al.,
2009, Cardin et al., 2009) and inhibiting PV+ and SST+ interneurons suppressed
gamma and beta oscillations, respectively (Chen et al., 2017, Sohal et al., 2009).
Interestingly, beta oscillations recorded from the sensory association neocortex in vitro
do not depend on GABAA receptor-mediated IPSPs, and when both gamma and beta
rhythms are in co-existence, GABAAa block diminishes gamma frequency oscillations,
whilst potentiating beta frequency oscillations (Roopun et al., 2008). This suggests
that even though gamma and beta frequency oscillations are generated and
maintained by different interneuron populations, the two mechanisms are inextricably
linked.

Disruption to this synchronous activity, by NMDA receptor hypofunction, has
been proposed to be the cause of impaired cognitive function in schizophrenia (Lesh
et al., 2011). Using beta and gamma oscillations as biomarkers, this thesis aims to

explore how the underlying mechanisms may cause these deficits.
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Figure 1.11 The excitatory—inhibitory network mechanism of gamma
oscillations. Schematic showing the connectivity between pyramidal cells and PV+
and SST+ interneurons, generating gamma frequency oscillations through pyramidal-
interneuron network gamma (PING) or interneuron network gamma (ING)

mechanisms. Adapted from Guan et al. (2022) and created with BioRender.com.

1.4.2 Long-term potentiation (LTP)

While oscillations are known to be critical for learning and memory the cellular
correlate of learning has been proposed to be LTP. Early LTP research was pivotal for
understanding memory and synaptic plasticity (Bliss and Collingridge, 2019). The
discovery of LTP began with T.V.P. Bliss's 1968 experiments which shifted focus from
complex cortical pathways to the simpler hippocampus, inspired by Donald Hebb's
theories (Hebb, 1949). LTP is a model of neuronal plasticity, first observed in
hippocampal recordings, where tetanic stimulation along the Schaffer collateral
pathway induced a persistent increase in the amplitude of EPSPs in CA1l neurons
(Abraham and Bear, 1996, Bliss and Lomo, 1973). LTP can be triggered by tetanic
high-frequency stimulation (HFS) of 100 Hz for 1 second, or with a theta burst

stimulation that consists of repeated short bursts (four or five stimuli at 100 Hz) . LTP
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has two phases: an early-phase LTP, lasting up to 2 hours, which requires modification
of pre-existing proteins, and late-LTP, which is critically dependent on new protein
synthesis at the time of LTP induction and sustains the enhancement of synaptic

efficacy for long periods of time (Vickers et al., 2005).

LTP is caused by changes in the number and biophysical properties of AMPA
receptors (Andrasfalvy and Magee, 2004). LTP induction also requires postsynaptic
events, such as activation of NMDA receptors and an increase in postsynaptic Ca?*
(Collingridge et al., 1983, Lynch et al., 1983). Given the necessary need to activate
NMDA receptors, it is unsurprising that animal experiments that use the NMDA
receptor antagonists PCP and MK-801 cannot induce LTP in vitro (Coan et al., 1987,
Stringer et al., 1983) or in vivo (Abraham and Mason, 1988, Stringer et al., 1983).
Interestingly, an acute model of psychosis found a single injection of the NMDA
receptor antagonist MK-801 can impair LTP, along the perforant path-DG synapse of
the hippocampus in rats, for weeks following injection (Wiescholleck and Manahan-
Vaughan, 2013). The same treatment also causes long lasting impairments in spatial
(Manahan-Vaughan et al., 2008a) and object recognition memory (Manahan-Vaughan
et al., 2008Db).

The role of LTP in learning and memory has led researchers to explore various
approaches to mitigate LTP deficits in schizophrenia, particularly focusing on the
glutamatergic system, NMDA receptor function, and the effects of antipsychotic
medications. Studies have shown that augmenting NMDA receptor function with co-
agonists like glycine or D-serine can reduce LTP deficits in animal models of
schizophrenia (Pei et al., 2021). Alternatively, some SGAs, such as clozapine and
risperidone, have been found to partially restore LTP deficits in animal models of
schizophrenia (Price et al., 2014).

Brain derived neurotrophic factor (BDNF) is an important neurotrophin that is
involved in neurodevelopment and neuroprotection, synapse regulation and synaptic
plasticity. BDNF is necessary for LTP, and schizophrenia is associated with low BDNF
levels in the hippocampus (Ray et al., 2011, Takahashi et al., 2000), PFC (Weickert
et al., 2003), and ACC (Takahashi et al., 2000). Tanqueiro et al. (2021) showed that
PCP-induced NMDA receptor hypofunction induced dysfunctional BDNF signalling in
the PFC, but not in the hippocampus, which may contribute to the PFC-dependent
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cognitive deficits seen in the subchronic PCP model. This suggests that targeting

BDNF signalling may improve cognitive dysfunction in schizophrenia.

Overall, studying LTP in schizophrenia is vital for understanding the deficits in
learning and memory associated with the disorder. LTP, a key mechanism of synaptic
plasticity, underlies memory formation and cognitive function, and examining LTP
deficits provides insight into the neuronal basis of cognitive dysfunction. Research
focusing on restoring LTP through pharmacological interventions may offer potential
strategies to alleviate learning and memory impairments in schizophrenia, contributing

to better management of the disorder.
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1.5 The GABAergic inhibitory network

There are many millions of interneurons in the mammalian brain, and therefore
classifying different types of interneurons is helpful, providing a logistical and
conceptual system for understanding cellular and network function. GABAergic
interneurons are commonly categorised depending on their anatomical, molecular,
and physiological properties (Ascoli et al., 2008, DeFelipe et al., 2013). However, due
to the heterogeneity of these cells a more comprehensive system that accounts for
electrophysiological, biochemical, immunohistochemical and genetic properties would
better define and categorise different interneuron populations (Cembrowski and
Spruston, 2019, Huang and Paul, 2019, Tremblay et al., 2016, Zeng and Sanes,
2017).

PV+ interneurons and SST+ interneurons are key in driving gamma and beta
frequency oscillations, respectively, and this thesis therefore focuses on these two
interneuron types. Genetic studies have shown that patients with schizophrenia that
have a single-nucleotide polymorphism (SNP), and a subsequent missing allele, at
GAD1, are correlated with decreased PV, SST receptors, and GAD ribonucleic acid
(RNA) (Nastase et al., 2022). Understanding interneurons and changes in interneuron
populations is crucial to understanding NMDA hypofunction and schizophrenia
pathology.

1.5.1 Parvalbumin-positive interneurons

PV is a small, mostly cytosolic Ca?*-binding protein found in different classes of
cortical interneurons and in some mammalian neocortical pyramidal cells (Hof et al.,
1999, Jinno and Kosaka, 2004). Physiologically, PV acts as a buffer to sequester and
transport Ca?* in the cytoplasm of inhibitory cells (Lee et al., 2000). PV also regulates
various enzymatic activity and protects neurons from calcium overload (Heizmann,
1993). Interneurons containing PV are characterised as PV-positive or PV-containing
(PV+) interneurons. PV allows PV+ interneurons to cope with the high frequency firing
rate and subsequently balances glutamatergic tone. Genetic ablation of PV causes
changes in GABAergic synaptic transmission, an impairment found in patients with

schizophrenia (Frankle et al., 2015).
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PV+ interneurons can be further categorised into two distinct types, PV basket
cells (PVBCs) and chandelier cells (PVCCs; sometimes known as axo-axonic cells),
based on their morphology, firing properties and projection targets. Around 50% of
cortical basket and chandelier interneurons that innervate pyramidal cells are PV+ (Hu
et al., 2014). The axon terminals of PVBCs primarily target the perisomatic region of
pyramidal cells, whereas the axon terminals of chandelier cells target the axon initial
segment of pyramidal cells, giving them their chandelier-like structure (Somogyi,
1977). The axon terminals of PVBCs and PVCCs also differ in the GABA synthesizing
enzymes contained within: PVBCs’' contain both GAD65 and GADG67, whereas
PVCCs’ contain GAD67 only (Fish et al., 2011).

PVBCs comprise the majority of PV+ interneurons and their activity is clearly
closely coupled to gamma oscillatory activity (Freund, 2003, Klausberger and
Somogyi, 2008). The role of PVCCs in the generation of gamma oscillations is less
clear, however, animal models of schizophrenia suggest that pyramidal cell
innervation by PVCCs is reduced causing reduced inhibition at the axon initial

segment, contributing to aberrant oscillatory activity (Vivien et al., 2023).

PV interneurons also differ in the principal type of GABAAa receptors at their
synaptic targets. The PVBC synapse onto pyramidal cells and predominantly express
GABAA receptors containing the a1 subunit, which mediate fast decay of the inhibitory
postsynaptic current (IPSC). The GABAAa receptors on PVCC inputs to pyramidal cells,
however, contain the a2 subunit, and exhibit a slower IPSC decay (Mody and Pearce,
2004). Gamma oscillations require fast decay IPSCs, indicating PVBCs critical role in
gamma oscillation generation (Bartos et al., 2007). Thus, the available data strongly
implicate the PVBC-pyramidal cell microcircuit as the neuronal substrate of gamma

oscillations.

Across human studies, differences in PV+ interneurons have been reported in
multiple brain regions of schizophrenia patients (Marin, 2024). Although results vary,
most studies suggest that patients with schizophrenia present with lower PV protein
expression and PVALB mRNA, in comparison to controls, in the PFC (Beasley and
Reynolds, 1997, Chung et al., 2016, Hashimoto et al., 2003, Sakai et al., 2008),
hippocampus (Konradi et al., 2011) and EC (Wang et al., 2011). Conversely, other
studies found no significant change in PV expression in the PFC (Beasley et al., 2002,
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Tooney and Chahl, 2004) whilst elevated PV expression was found in the ACC (Kalus
et al.,, 1997), of patients with schizophrenia. However, decreased expression of
GADG67 has been found in PV+ interneurons in the PFC of patients with schizophrenia
and specifically, a reduction in NR2A expressing GAD67+ cells has been found in the
ACC (Woo et al., 2004). Furthermore, the density of excitatory synapses onto PFC
PV+ interneurons is lower in schizophrenia patients than controls (Chung et al., 2016).

In rodent models, loss of PV+ or PV+ dysfunction is reported across
pharmacological and developmental models of schizophrenia. PCP alters animal
behaviour, inducing a schizophrenia-like phenotype including presentation of cognitive
deficits, alongside reduced PV expression in the prelimbic cortex when administered
subchronically (McKibben et al., 2010), and the cingulate cortex and hippocampus
when administered acutely (Abdul-Monim et al., 2007). The MAM model shows PV+
density is reduced in the rat DG (Du and Grace, 2016), mPFC, ACC and ventral
subiculum (Lodge et al., 2009)

1.5.2 Somatostatin-positive interneurons

SST is a neuropeptide produced by neurons and endocrine cells in the brain
and other parts of the body. In the nervous system, SST acts as a neurotransmitter
and neuromodulator, modulating synaptic transmission and regulating neuronal
functions (Pittaluga et al., 2021). SST+ cells are the second largest population of
interneurons (Riedemann, 2019), comprising 30 — 50% of GABAergic inhibitory cells
in the hippocampus and neocortex (Rudy et al., 2011). In these interneurons, SST is
produced by the endoplasmic reticulum (ER) and stored in dense-core vesicles and is

mainly released in a Ca?*-dependent manner (lversen et al., 1978).

Broadly, there are three distinct subtypes of SST+ interneurons; two are types
of Martinotti cells and a non-Matrtinotti cell type. Martinotti cells are small, multipolar
neurons, with short branching dendrites, distributed throughout the layers of the
cortex, defined by an axonal plexus in layer (L) 1. Martinotti cell axons either ramify in
a fan-shape in L2/3 and L1, or simply in L1 in a T-shape. Non-Martinotti cells target
L4, instead of L1. However, in order to better define and understand the functional
diversity of SST+, more recent work by Wu et al. (2023) used single-cell

transcriptomics to form precise and possibly reciprocal microcircuits with excitatory
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neurons that are laminar, cell-type, and subcellular specific. For example, SST-
Membrane metalloendopeptidase (Mme), SST-Calbindin 2 (Calb2) are mainly found
L2/3 whereas SST-Heparanase (Hpse) reside in L4 and L5a, for further details see
Wu et al. (2023).

Within cortical circuits, SST+ cells are densely connected to most neighbouring
pyramidal cells (Fino and Yuste, 2011). A key characteristic of SST+ interneurons is
their high level of spontaneous activity which persists even without synaptic input
(Urban-Ciecko and Barth, 2016). GABA released from SST+ interneuron synapses
target the apical dendrites of pyramidal cells and other interneurons, including PV+
interneurons, but SST+ interneurons do not target other SST+ cells. This GABA
release directly modulates excitatory inputs via GABAa and GABA& receptor-mediated
inhibition (Kanigowski et al., 2023, Pfeffer et al., 2013).

Although most studies focus on PV+ interneuron changes in schizophrenia,
there is evidence for changes in SST+ interneurons too. Human studies have shown
there is a reduction in the number of hippocampal SST+ interneurons (Konradi et al.,
2011), and a decreased level of SST mRNA in the hippocampus, ACC and dIPFC, of
patients with schizophrenia (Fung et al., 2010, Hashimoto et al., 2008, Konradi et al.,
2011). Interestingly, there is a greater reduction in the level of SST in patients with
schizophrenia in comparison to any other measured biomarker, including PV (Alherz
et al., 2017). As neuronal SST expression is activity dependent (Hou and Yu, 2013),
reduced expression in post-mortem tissue does suggest either a loss of SST or SST
dysfunction, however the associated pathology is still unclear. Reduced SST has also
been found in AD, where the reduced levels of SST has been directly associated with
the memory impairment and poor cognitive functioning of the disease (Grouselle et

al., 1998), suggesting it could play a similar role in schizophrenia.

Chronic  administration of NMDA receptor antagonists  during
neurodevelopment is a well-established rodent model used to recapitulate some
aspects of schizophrenia pathology, including cognitive and behaviour disturbances.
Using rat pups at postnatal day (P)10 — 20, Murueta-Goyena et al. (2020) showed
subchronic MK-801 treatment resulted in a loss of SST+ in the adult (P73)
hippocampus, mPFC and ACC, but did not examine behaviour. Perez et al. (2019)
used an SST+ region-specific knock-down model and did find that loss of SST in the
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mPFC caused cognitive deficits, but knockdown in the vHPC did not. Similar results
were obtained with knock down of PV in the PFC and vHPC (Perez et al., 2019),
suggesting that NMDA receptor hypofunction affected both populations of

interneurons.

1.5.3 Perineuronal nets (PNNs)

Plasticity in the brain is highly important for healthy learning and memory
function. An important structure in these mechanisms is the extracellular matrix (ECM),
a non-cellular component composed of proteins, proteoglycans and hyaluronan, that
surrounds both neurons and glial cells. The ECM not only provides structural and
functional support but also significantly contributes to the communication between
neurons and glia. There are 3 major types of ECM: (1) the ‘loose’ ECM, a diffuse
structure present throughout the brain and spinal cord; (2) the membrane-bound
molecules on cells; and, importantly for this thesis, (3) the lattice-like perineuronal nets
(PNNs) (Sorg et al., 2016).

PNNs were first observed by Camillo Golgi in 1898 and were described as a
“delicate covering” that surrounded certain cell bodies and extensions of neurons
(Fawcett et al., 2019, Shen, 2018). Since then, studies have demonstrated that PNNs
are more complex, net-like structures that primarily envelop GABAergic interneurons,
surrounding the cell soma and proximal dendrites, with the majority of PNNs found to
co-localise with fast-spiking PV+ interneurons (Hartig et al., 1992), where they act to
buffer Ca?* and K* (Brickner et al., 1993), aiding PV+ interneurons fast-spiking
behaviour (Balmer, 2016). PNNs are found throughout several brain regions, including

the forebrain, midbrain and cerebullum (Li et al., 2024b).

Although PNNs vary in composition within and between brain regions, all PNNs
have a similar stucture; chondroitin sulfate proteoglycans (CSPGSs), linked together by
glycoprotein tenascin-R (Yamaguchi, 2000), bound to a hyaluronan backbone (Figure
1.12). Hyaluronan is a glycosaminoglycan (GAG) produced by hyaluronan synthase,
a cell surface enzyme produced by neurons. PNNs consist of four types of CSPGs, of
which aggrecan is the most fundamental. Link proteins (hyaluronan and proteoglycan
link protein 1 (HAPLN1); hyaluronan and proteoglycan link protein 4 (HAPLN4)) are

needed to stabilise CSPG-hyaluronan binding, and are crucial to the PNNs structure
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(Carulli et al., 2010). As well as link proteins, chondroitin sulfate glycosaminoglycan
(CS-GAG) chains attach to CSPG proteins. The ability of PNNs to control plasticity is
dependent on these CS-GAGs, and the structure and function of GAG chains are
determined by their number and chain length, as well as their sulfation patterns (eg.
CS-4, CS-6) and the position of the sulfated residues. Other ECM molecules,
homeoprotein orthodenticle homeobox 2 (OTX2) and semaphorin 3A, are also
components of PNNs, and are associated with regulating critical periods in

development.
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Figure 1.12 The structural components of perineuronal nets surrounding
neuronal cells. PNNs are composed of a hyaluronan backbone, secreted by
hyaluronan synthase, bound by chondroitin sulfate proteoglycans (CSPGs); aggrecan,
versican, brevican and neurocan. Link proteins support CSPG-hyaluronan binding and
tenascin-R links CSPGs. Chondroitin sulfate glycosaminoglycan (CS-GAG) chains
attach to CSPG proteins. Other extracellular matrix molecules such as OTX2 and
semaphorin 3A bind to the CS-GAG chains and form part of the nets. Created with

BioRender.com.
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Functionally, PNNs are involved in different forms of memory, including object
recognition, fear and spatial memory and have been identified as being crucial for
neuronal plasticity, and aiding in the consolidation and maintenance of memories over
time (Li et al., 2024b). Interestingly, mouse studies found that PNN formation was
increased in the hippocampus during memory formation, and memory consolidation
within both the hippocampus and ACC is dependent on PNN formation (Shi et al.,
2019). Furthermore, studies that degraded PNNs in the hippocampus, mPFC and ACC

impaired fear conditioning learning in mice (Hylin et al., 2013, Shi et al., 2019).

In the developing brain PNNs promote interneuron maturation and maintain
synaptic stability in the adult CNS (Kwok et al., 2011). In the adult brain, PNNs have
been shown to control interneuron excitability as PV+ interneurons recorded from
hippocampal slices, taken from brevican (another type of CSPG found in PNNSs)
knockout mice, were found to have a decreased firing threshold (Favuzzi et al., 2017),
making PV+ interneurons more excitable (Wingert and Sorg, 2021). Furthermore, a
pharmacological mouse model of sepsis-associated encephalopathy, often used to
model brain dysfunction and abnormal inflammation, showed that decreased PNN+
and PV+ density in the CA1 was associated with cognitive impairments and decreased
beta and gamma oscillatory power (Zhang et al., 2023). Due to their relationship with
synaptic plasticity and PV+ interneurons, it is unsurprising that, in post-mortem
studies, PNN’s are decreased in the PFC (Alcaide et al., 2019, Mauney et al., 2013),
vHPC (Shah and Lodge, 2013), and amygdala (Pantazopoulos et al., 2015) of patients

with schizophrenia.

A key role of PNNs is to protect neurons from oxidative stress. Increased levels
of oxidative stress are associated with schziophrenia (Murray et al., 2021) and is a
known pathological mechanism causing PV+ interneuron impairment. In the
hippocampus, PV+ interneurons lacking PNNs express less PV than those surrounded
by PNNSs, suggesting PV expression is directly affected by the presence or absence
of PNNs (Yamada and Jinno, 2014). Experiments by Carceller et al. (2020) support
this demonstrating that PFC PV+ cells surrounded by PNNs show higher PV
expression when compared with PV+ cells not surrounded by a PNN, as well as higher
density of perisomatic excitatory and inhibitory puncta, and longer axonal initial
segments. However, evidence sugests that PNNs are themselves susceptible to

oxidative stress when oxidative burden is high, causing both PV+ interneuron and PNN
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impairment (Steullet et al., 2017). Therefore, understanding dysfunctional oxidative
stress mechanisms in PV+ interneuron-PNN circuits could identiify a pathway through

which PNNs, and the subsequent neuronal circuit, could be protected.
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1.6 Neuroinflammation and oxidative stress

Neuroinflammation is the normal and innate immune response of cells in the
CNS, and functions to stop infection and eliminate pathogens, as well as clear cell
debris and misfolded proteins (Olajide and Sarker, 2020). Neuroinflammation relies on
the interaction between neurons and glial cells, particularly astrocytes and microglia.
Generally, the neuroinflammatory response is beneficial to the CNS, by restoring and
maintaining homeostasis through activation of glial cells, release of inflammatory
mediators, such as cytokines and chemokines, and generation of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) (Sochocka et al., 2017). However,
neuroinflammation can be detrimental to the CNS if it becomes severely acute or
chronic (Minogue, 2017), and schizophrenia pathology has been associated with
chronic neuroinflammation (Anderson et al., 2013). Astrocytes and microglia both
mediate neuroinflammation and changes in glial marker expression are associated
with cognitive deficits of schizophrenia (de Oliveira Figueiredo et al., 2022, Zhuo et al.,
2023).

Until recently, studies suggested that both astrocytes and microglia exist in
either a “resting” state or a “reactive” or “activated” state, and that the “reactive” or
“activated” state is either proinflammatory or anti-inflammatory. However, this simple
dichotomy of both astrocytic and microglial states has become controversial, and
experts in the field have called for a re-evaluation and expansion of how to define and
study the dynamic states of both astrocytes and microglia (Bennett and Viaene, 2021,
Gao et al.,, 2023, Paolicelli et al., 2022). It is therefore necessary to re-evaluate
outdated studies in the light of contemporary insights when considering the role of glia

in schizophrenia pathology.

1.6.1 Astrocytes

Like neurons, astrocytes are derived from neuroepithelium-derived radial glial
cells (Kriegstein and Alvarez-Buylla, 2009), and are very heterogeneous (Verkhratsky
and Nedergaard, 2018). As mentioned, astrocytes were previously characterised as
either “resting” or “reactive” and reactive astrocytes were characterised as either anti-
inflammatory or pro-inflammatory. A recent review by Sofroniew (2020) summarises

heterogeneity of astrocytes in a range of states, categorising astrocytes as “non-
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reactive”, rather than resting, or “reactive”. In healthy tissue, astrocytes show varying
gene expression and functions based on their regional context (Sofroniew, 2020).
Their responses to damage can be influenced by initial conditions and different
external signals. When tissue is damaged (e.g., from trauma, ischemia, or infection),
astrocytes proliferate to form barriers that isolate damaged areas from healthy tissue
(Sofroniew and Vinters, 2010). Astrocytes can also react without proliferating,
adjusting their interactions and gene expression depending on the specific context and
triggers (Burda and Sofroniew, 2014, Sofroniew, 2015). This reaction can resolve if
the initial triggers are removed, however persistent triggers can lead to chronic
reactivity, which may worsen tissue damage and disease pathology (Sofroniew, 2015).
Mutations or genetic variations can cause astrocyte dysfunction independently of
external triggers, leading to nonreactive states that contribute to ongoing tissue
dysfunction and further astrocyte reactivity (Sofroniew, 2020). Overall, astrocyte
responses are complex and can influence, or be influenced by, ongoing tissue damage
and disease. A summary of the heterogeneity of both healthy and pathological

astrocytes is summarised in Figure 1.13.
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Figure 1.13 Diversity of astrocyte response in CNS. (A) Astrocytes in healthy tissue
display regional and local heterogeneity in gene expression and function, influencing
their reactivity responses. (B) Diverse CNS insults trigger different forms of astrocyte
reactivity via non-cell-autonomous signals. (C) Proliferative astrocyte reactivity occurs
in response to tissue damage, forming borders around damaged areas to separate
them from viable neuronal tissue. (D) Nonproliferative astrocyte reactivity is context-
dependent, with varied gene expression and modified interactions within preserved
tissue architecture. (E) Nonproliferative reactivity may resolve if triggers recede. (F)
Persistent triggers can cause chronic astrocyte reactivity. (G) Chronic reactivity may
lead to dysfunctional states that exacerbate tissue pathology. (H) Genetic mutations
may cause nonreactive disease states, leading to further tissue dysfunction and

perpetuating a cycle of dysfunctional reactivity. Taken from Sofroniew (2020).
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Astrocytes are the most numerous glial cells in the brain (Pelvig et al., 2008)
and are integrated into neuronal networks, structurally aiding in homeostasis
maintenance through ion transportation (Lia et al., 2023), neurotransmitter uptake and
release of neurotransmitter precursors (Sofroniew, 2020) and ROS degradation (Chen
et al., 2020). Due to their close structural association with neuronal synapses,
astrocytes, as mentioned previously, also regulate GABA, playing an important role in
the glutamate/GABA-glutamine cycle (Figure 1.2) (Andersen et al., 2022, Fischer et
al., 2022). GABA released from astrocytes reduces neuronal excitability, in part
through activation of a tonic inhibitory conductance generated by extrasynaptic GABAa
receptors (Koh et al., 2023, Yoon and Lee, 2014), regulating synaptic plasticity and
brain function (Wang et al., 2024). Furthermore, astrocytes contribute to regulation of
synaptic transmission and play a role in learning and memory, particularly LTP,
through the release of glutamate, adenosine triphosphate (ATP) and cytokines (Ota et
al., 2013). Increases in pro-inflammatory cytokines lead to chronic neuroinflammation,
which is also linked to increased oxidative stress and results in the stimulation of

astrocyte activity.

Increased levels of ROS and oxidative stress damage are present in
schizophrenia and several post-mortem studies have identified significant changes in
the density and morphology of astrocytes in patients with schizophrenia (Tarasov et
al., 2020). However, evidence for changes in the levels of astrocytic marker expression
in patients with schizophrenia is conflicting. In a comprehensive review of glial fibrillary
protein (GFAP) expression, a common marker for reactive astrocytes, Trépanier et al.
(2016) found that GFAP expression was largely unchanged across brain regions of
patients with schizophrenia (studies finding no change = 21, increased = 6, decreased
= 6). Most importantly for this thesis, no change in GFAP expression was found in the
hippocampus (Arnold et al., 1996, Radewicz et al., 2000) or the ACC (Radewicz et al.,
2000), but GFAP mRNA levels are increased in the ACC (Webster et al., 2005) of
schizophrenia patients.

Animal studies, however, show an increase in GFAP in the hippocampus of rats
treated subchronically with the NMDA antagonist MK-801 (Yu et al., 2015), as well as
primary hippocampal astrocyte cultures incubated with MK-801 (Yu et al., 2015).
Alternatively, subchronic PCP treatment also increases GFAP expression in the CA1

and retrosplenial cortex (RSC; an interconnected brain region involved in cognitive
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tasks) of mice, a finding which also corresponded with poorer performance in short-
term memory tasks (Zhu et al., 2014).

1.6.2 Microglia

Microglia are a non-neuronal population of macrophage-like cells in the CNS.
Like astrocytes, microglia modulate neuroinflammation, homeostasis, synaptic
transmission, and synaptic plasticity. Additionally, microglia directly mediate synaptic
pruning during development, significantly shaping synaptic plasticity (Paolicelli et al.,
2011, Schafer et al., 2012). More recent data suggests that microglia act as dynamic
regulators of neuronal networks through bidirectional communication with neurons
(Whitelaw et al., 2023). Recent studies have uncovered a multitude of signalling
pathways that enable microglia to interact closely with synapses, neurons, glia and
other CNS components (Pésfai et al.,, 2019). Microglial processes exhibit both
spontaneous and directed motility (Izquierdo et al., 2019), allowing them to survey
their environment and dynamically interact with specific neuronal structures, such as
dendrites, neuronal cell bodies, and axons (Whitelaw et al., 2023). This motility is
modulated by neuronal activity, with reductions in activity enhancing microglial
surveillance and increased microglial process extension (Liu et al., 2019b).

Microglia are also sensitive to traditional brain signals, including
neurotransmitters and neuromodulators (Umpierre and Wu, 2021). Under conditions
of heightened neuronal activity, microglial motility increases, facilitating interactions
with active neurons, astrocytes, and the vasculature (Davalos et al., 2005, Nimmerjahn
et al., 2005, Umpierre and Wu, 2021). These interactions often serve to maintain
homeostasis by reducing neuronal firing (Badimon et al., 2020) and dampening
hyperactivity, such as during seizures (Eyo et al., 2014, Eyo et al., 2016). Notably,
microglia can respond to the activity of an individual neuron, as shown in acute brain
slices, where Kato et al. (2016) found microglial processes were specifically recruited
to the neuronal axon following trains of action potentials. These findings underscore
the role of microglia as active participants in neuronal network modulation, responding

to both hyperactivity and hypoactivity within the brain.
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Figure 1.14 Diversity of microglial morphologies. (A) Ramified microglia are highly

branched with multiple processes, often considered surveillant. (B) Amoeboid

microglia have a rounded morph

ology, associated with high phagocytic and migratory

capacity. (C) Ball-and-chain structures form at process tips to phagocytose small

materials like synapses or apoptotic bodies. (D) Hyper-ramified microglia have

increased branching. (E) Bulbou

s budding occurs at process ends, important for ATP

sensing. (F) Honeycomb network is formed by several microglia in response to blood-

brain barrier leakage. (G) Jel

lyfish morphology is seen after astrocytic death,

transitioning from honeycomb microglia in response to traumatic brain injury. (H) Rod

microglia have elongated, narrowed soma, often forming cell trains in response to

injury. Taken from Vidal-Itriago et al. (2022).
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Activated microglia mediate the neuroinflammatory response, responding to
neuronal damage, removing damaged cells and debris by phagocytosis (Gehrmann
et al., 1995, Neumann et al., 2009). When activated, microglia adapt their morphology
by increasing their soma size and retracting their processes (Figure 1.14) (Szalay et
al., 2016), whilst also releasing an array of cytokines, including interleukins (IL) and
tumour necrosis factor alpha (TNF-a). Activated microglia adopt pro-inflammatory and
anti-inflammatory inflammatory properties. Pro-inflammatory microglia release TNF-a,
IL-6, IL-1B, ROS and glutamate molecules, whereas anti-inflammatory express IL-4,
IL-13, IL-25, IL-1ra, insulin-like growth factor 1 (IGF1), BDNF and cyclooxygenase 1
(COX1) (Réus et al., 2015).

When exploring microglia in human post-mortem studies, increases in aberrant
microglial activation have been found in the hippocampus, midcingulate cortex and
PFC of patients with schizophrenia (Doorduin et al., 2009, Hill et al., 2021, Petrasch-
Parwez et al., 2020, Trépanier et al., 2016). Significantly higher cytokine levels have
also been measured in serum taken from schizophrenia patients with first-episode
psychosis, including increased IL-6, IL-1B and TNF-a, suggesting abnormal pro-

inflammatory microglial phenotype.

In the same PCP mouse study mentioned previously (Chapter 1.6.1), Zhu et al.
(2014) found that as well as increased GFAP expression, indicating an increase in
reactive astrocytes, there was also increased ionized calcium binding adaptor
molecule 1 (Ibal) expression, a common microglia marker, indicating increased
numbers of microglia in the mouse CA1 and RSC. Furthermore, the increase in Ibal
expression corresponded with an increase in the pro-inflammatory factor IL-1B (Zhu

et al., 2014), further highlighting a potential pro-inflammatory pathology.

In conclusion, microglial activation increases cytokine release, which can cause
increased ROS and oxidative stress, which in turn can lead to increased astrocyte
activation, high ATP production and further microglial activation. Pinpointing the
primary step in the neuroinflammatory cycle in schizophrenia, and intervening before
the cycle escalates, could help reduce chronic neuroinflammation and prevent long-

term neuronal damage, and cognitive impairment.
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1.7 Modelling acute NMDA receptor hypofunction with PCP

Classically, PCP is a non-competitive NMDA receptor antagonist, that binds at
the PCP- binding site in the NMDA receptor complex (Figure 1.3). As previously
mentioned, PCP can induce schizophrenia-like psychosis and cognitive deficits in
healthy individuals and exacerbate symptoms in schizophrenia patients (Javitt and
Zukin, 1991). Therefore, PCP is now widely used as a preclinical animal model of
schizophrenia as it induces behaviours associated with the disorder, including
hyperactivity, impaired sensorimotor-gating and cognitive deficits in rodents (Lee and
Zhou, 2019).

Previous rodent studies have shown that subchronic treatment with PCP
disrupted learning and memory (Kesner and Dakis, 1993), increased extracellular PFC
glutamate levels (Amitai et al., 2012), reduced PV and GADG67 expression (Amitai et
al.,, 2012, Kaalund et al., 2013), altered unit firing (Kargieman et al., 2007) and
increased gamma oscillatory activity in vivo (Hakami et al., 2009, Lee et al., 2017) and
in vitro (Lemercier et al., 2017, Rebollo et al., 2018) in the PFC. Subchronic PCP
administration also increased neuroinflammation, inducing astrocyte and microglia

activation in the mouse cortex and hippocampus (Zhu et al., 2014)

Given PCP’s ability to recapitulate multiple pathologies of NMDA receptor
hypofunction, this thesis aimed to use PCP to establish an acute rodent brain slice
model to explore the effect of NMDA receptor hypofunction in neuronal circuits in the
ACC, and CA3 of the hippocampus. To assess the model, this study will examine
PCPs effects on KA-induced beta and gamma frequency oscillations, and its
subsequent effects on PV+ and SST+ interneurons, as well as PNNs. Furthermore, to
understand any interneuron changes, PCP-induced neuroinflammation will also be

assessed by studying astrocyte and microglia responses.
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1.8 Potential therapeutic mechanisms for NMDA receptor hypofunction

As previously mentioned, there are currently no successful treatments for the
cognitive symptoms associated with NMDA receptor hypofunction in schizophrenia.
Using PCP as an acute model of NMDA receptor hypofunction, this thesis highlights
two receptor targets through which NMDA receptor hypofunction could be alleviated:
the group Il metabotropic glutamate receptors (mGlu2 and mGlu3) and the intracellular

sigma-1 (o1) receptor.

1.8.1 Group Il metabotropic glutamate (mGlu) receptors

The mGlu receptors represent a family of 8 receptors divided into 3 groups on
the basis of sequence homology, pharmacology and signal transduction mechanism:
Group | includes receptors mGlul and mGlu5; Group Il includes receptors mGlu2 and
mGlu3, and Group lll comprises mGlu4, mGlu6, mGlu7 and mGlu8. In general, mGlu
receptors have been identified as possible treatments for neurological and psychiatric
diseases (Niswender and Conn, 2010). More specifically, mGlu receptors have been
shown to modulate glutamatergic activity associated with schizophrenia pathology and
are popular receptor targets for schizophrenia treatment (Coyle, 2006).

Group Il mGlu receptors, mGlu2 and mGlu3, are expressed throughout the
CNS and higher mGlu2 and mGlu3 receptor expression has been found in regions of
the brain associated with schizophrenia pathology, including the ACC, PFC and
hippocampus (Ghose et al.,, 2008, Gonzalez-Maeso et al., 2008, Gu et al., 2008).
NMDA hypofunction involves both glutamatergic and GABAergic dysregulation in
limbic circuits (Coyle, 2006, Lisman et al., 2008, Marino and Conn, 2002).

mGIlu2/3 receptors are often expressed presynaptically, located on the
periphery of the synapse, acting as a negative feedback mechanism to reduce the
release of glutamate, and therefore inhibit excessive glutamate release (Cartmell and
Schoepp, 2000, Schoepp, 2001). mGlu2/3 receptor activation could be a potential
mechanism through which excess glutamatergic tone in schizophrenia patients could
be reduced (Marek et al., 2000, Schoepp et al., 1999). mGlu2/3 receptors are also
expressed on the postsynaptic terminal and are closely associated with pre-synaptic

neurotransmitter release sites, modulating signal transduction. Interestingly both
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mGlu2 and mGlu3 receptors are found on astrocytes, whilst mGlu3 receptors are also
found on microglia, where they interact with glutamate transporters. As well as
glutamate, mGlu2/3 receptors can also negatively modulate other neurotransmitters,
including GABA (Cartmell and Schoepp, 2000).

Human (Krystal et al., 1994) and animal (Engel et al., 2016, Tyszkiewicz et al.,
2004) studies show mGlu2/3 receptors modulate NMDA receptor activity, and
activating mGlu2/3 receptors reverses PCP-induced (Moghaddam and Adams, 1998)
and neurodevelopmental (Xing et al., 2018) working memory deficits in rodent models
of schizophrenia. More recently, specific mGlu2 receptor agonists, and mGlu2
receptor positive allosteric modulators (PAMs) have become available. Modulating the
mGlu2 receptor subtype specifically is effective in models of schizophrenia where
glutamatergic signalling is disrupted (Morrow et al., 2012, Vinson and Conn, 2012),
and suggests it is the mGlu2 receptor that modulates cognition. Phase Il clinical
studies with an oral prodrug of the orthosteric mGlu2/3 receptor agonist LY404039
suggested statistically significant improvements in positive and negative symptoms of
schizophrenia (Patil et al., 2007). By targeting metabotropic receptors, it is thought
that glutamatergic tone and phasic release may be modulated more subtly, than by
ionotropic glutamate signalling (Fell et al., 2012), and may normalise hyperactive
glutamate activity caused by NMDA receptor hypofunction. Therefore, restoration of
normal glutamatergic signalling via activation of mGlu receptors may be a possible
mechanism through which the symptoms of schizophrenia could be treated.

Preclinically, an mGlu2 receptor PAM, SAR218645, improved cognitive deficits
in an MK-801 model of schizophrenia, and reversed working memory impairments in
an NMDA - GluN1 knockout mouse model of the disease (Griebel et al., 2016).
LY395756, an mGlu2 receptor agonist and mGlu3 receptor antagonist (Dominguez et
al., 2005), also effectively reversed NMDA receptor impairments and cognitive deficits
in a rat MAM model of schizophrenia (Li et al., 2017). LY541850 is another orthosteric
selective mGlu2 receptor agonist and mGlu3 receptor antagonist, shown to be
effective in reducing PCP-induced locomotor activity (Hanna et al., 2013), a measure

of positive-like symptoms.

The mGlu2 receptor thus appears to be a promising target for modulating
glutamate, and clinical trials have provided some evidence that this approach may be
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of use in patients (Witkin et al., 2022). Therefore, this thesis aims to explore the effects
of a selective, novel mGlu2 receptor agonist / mGlu3 receptor antagonist, LY541850,
on KA-induced beta and gamma frequency oscillations in the ACC. Furthermore, |
wanted to explore whether selective activation of mGlu2 receptors modulated an acute

PCP slice model of NMDA receptor hypofunction.

1.8.2 Sigma-1 (o1) receptors

o1 receptors are 223-amino-acid-long, single-pass, intracellular membrane-
associated chaperone proteins (Hayashi, 2019, Ryskamp et al., 2019), that are highly
expressed in the CNS (Weissman et al., 1988). Initial identification of the o1 receptors
was via the psychomimetic effects produced by N-allylnormetazocine (SKF-10047), a
o1 receptor agonist (Freeman and Bunney, 1984). Following their discovery, o1
receptors were wrongly characterised as a type of opioid receptor (Su, 1982) however,
o receptors form an individual class of receptor, including o1 and o2 receptors
(Hellewell et al., 1994). Interestingly, the psychomimetic effects of SKF-10047
mimicked those induced by PCP (Ishikawa and Hashimoto, 2009), leading to the belief
that the o1 binding site and PCP binding site are the same (ltzhak et al., 1985,
Mendelsohn et al., 1985, Zukin and Zukin, 1981). However, further investigation
identified the o1 receptor to be distinct from the NMDA receptor PCP-binding site,
whilst also identifying both PCP and SKF-10047 as NMDA receptor antagonists and

also o1 receptor agonists (Stafford et al., 1983).

Since their initial discovery, genetic studies have found o1 receptors are
associated with schizophrenia risk. The o1 receptor gene (SIGMARL1) is located on
chromosome 9p13, a region associated with schizophrenia (Chodirker et al., 1987,
Prasad et al., 1998), and SIGMAR1 polymorphism increases the risk of schizophrenia
(Ohi et al., 2011, Ohmori et al., 2000). Initial post-mortem studies suggested that o1
receptor expression in schizophrenia patients is reduced in the temporal, frontal and
occipital cortices, and increased in the cingulate cortex (Weissman et al., 1991).
However, this assay used haloperidol, a D2 receptor antagonist, to assess o1 receptor
binding and not a selective o1 receptor compound. There have been no more recent
studies assessing changes in o1 receptor expression in schizophrenia patients,

therefore post-mortem findings remain uncertain.
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Located on the ER mitochondria-associated membranes of neurons and glial
cells, o1 receptors modulate Ca?* signalling via the inositol triphosphate (IP3) receptor,
a membrane glycoprotein which acts as a Ca?* release channel. Ca?* modulation
activates o1 receptors causing them to dissociate from binding immunoglobulin
protein (BiP) and translocate to the plasma membrane, where they interact with other
receptors. Due to their location and role in Ca?* modulation, o1 receptors regulate
many neurotransmitter systems including glutamatergic, dopaminergic, serotonergic,
noradrenergic and cholinergic systems, as well as modulating ion channels, including

NMDA receptors (Rousseaux and Greene, 2016).

By interacting with other proteins and receptors, 01 receptors modulate cellular
responses, including ER stress and calcium homeostasis (Mori et al., 2013). o1
receptors also play a role in cellular plasticity by directly modulating signalling
pathways, including NMDA-dependant mechanisms, and reportedly enhancing LTP
(Martina et al., 2007, Pabba et al., 2014). o1 receptors are also implicated in the
mechanisms involved in neuroinflammation and degeneration, and activation of o1
receptors can be neuroprotective (Maurice et al., 2019, Mavlyutov et al., 2013,
Mavlyutov et al., 2015). In addition to neurons, o1 receptors are also expressed in
microglia and astrocytes and can modulate anti-inflammatory responses in the CNS
(Gekker et al., 2006, Jia et al., 2018). Activating o1 receptors triggers neuroprotective
effects and promotes neuronal survival via multiple mechanisms, including decreasing

oxidative stress and regulating neuroinflammation (Jia et al., 2018).

Furthermore, o1 receptor agonists fluvoxamine and donepezil both rescue
cognitive impairments induced, in vivo, by subchronic PCP treatment in rodents
(Hashimoto et al., 2007, Kunitachi et al., 2009). o1 receptors, therefore, present an
interesting route of study, as they could represent a pathway through which PCP-
induced impaired learning and memory mechanisms could be rescued (Rothman and
Olney, 1987).

o1 receptors play a role in many of the identified pathological mechanisms of
schizophrenia, including cognitive impairment, NMDA receptor modulation,
neuroinflammation and oxidative stress. Considering the complex interplay between
NMDA receptors and o1 receptors, as well as the overlapping effects on other
neurotransmitter systems, it is unsurprising that the potentially significant role of o1
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receptors in cognition, schizophrenia, and PCP mechanism, is difficult to elucidate.
This project aimed to further characterise PCP effects and the role of o1 receptors by
investigating network oscillations, in the ACC and CA3. This thesis also aimed to
explore how activation of 61 receptors may alleviate the subsequent effects of NMDA
receptor hypofunction, including PV+ and PNN dysfunction, and whether activating o1
receptors has any neuroprotective effects by studying microglial and astrocytic

changes.
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1.9 Aims of thesis

The aim of this thesis is to advance our understanding of key neuronal

mechanisms and their potential therapeutic targets in models of NMDA receptor

hypofunction. Specifically, this thesis aims to:

Identify novel biomarkers of NMDA receptor hypofunction: Utilizing PCP to induce
acute NMDA receptor hypofunction in rodent ACC and hippocampus slices, this
study will explore the dynamics of KA-evoked beta and gamma frequency

oscillations as a biomarker for disrupted cognition.

Examine mGlu2 receptor's role in glutamate modulation: By assessing the
activation of mGlu2 receptors, this work aims to uncover the receptor's role in
modulating rodent ACC beta and gamma frequency oscillations and whether
mGlu2 receptors could be targeted to rescue oscillatory changes characterised

using an acute PCP model of schizophrenia.

Explore the potential of 01 receptor activation: This thesis will assess the acute
neuromodulatory and neuroprotective effects of activating o1 receptors, both
independently and within the PCP model. It will investigate their impact on key
neuronal processes, including beta and gamma oscillations, LTP, and the
expression of interneuron markers, PNNs, and glial cells, potentially revealing

innovative avenues for neuroprotection and therapeutic intervention.
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Chapter 2. General Materials and Methods
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2.1 Animals

All animals used were male Lister Hooded rats, aged between 6 and 10 weeks.
All animals were supplied by Charles River (Tranent, UK). Animals were housed in
the Comparative Biology Centre (CBC) facility at Newcastle University. Animals were
maintained on a 12-hour dark/light cycle with lights on at 7.00 am, with food and water
supplied ad libitum. The housing unit was maintained at 20 — 24°C and 45 — 65%
humidity.

This project has ethical approval from Newcastle University’s ethics committee.
All procedures were carried out in accordance with The United Kingdom Animals
Scientific Procedures Act (1986) and the European Union Directive 2010/63/EU, under

the provision of appropriate personal and project licenses.
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2.2 Acute rodent brain slice preparation

Animals used for high frequency oscillation recordings and
immunohistochemistry were anaesthetised with inhaled isoflurane (AErrane, Baxter
Healthcare Ltd, UK) followed by a terminal, intramuscular (i.m.) lethal injection with a
ketamine (100 mg/kg; Ketabel 100 mg/ml, Duggan Veterinary, IE) and xylazine (10
mg/kg; Xylacare2%, Animalcare, UK) solution. Once anaesthetised, and all pedal and
eye-blink reflexes had ceased, rats were intracardially perfused with 60 ml modified
sucrose artificial cerebrospinal fluid (ACSF) (Table 2.1 - 2.2). The brain was then
removed and submerged in ice-cold, oxygenated (95% Oz / 5% CO3) sucrose ACSF.
To prepare brain tissue slices, tissue was sliced in ice-cold, oxygenated sucrose ACSF
using an Integraslice 7550 MM vibrating microtome (Campden Instruments, UK).
Slices were cut at 450 pm using stainless steel microtome blades (Campden

Instruments).

Animals used for LTP recordings were anaesthetised with inhaled isoflurane
and quickly euthanised by cervical dislocation under Schedule 1. The head was
removed to confirm death of the animal. The brain was then removed and submerged
in ice-cold oxygenated hippocampal ACSF (Table 2.1 — 2.2). To prepare brain tissue
slices, tissue was sliced in ice-cold, oxygenated hippocampal ACSF using an
Integraslice 7550 MM vibrating microtome (Campden Instruments). Slices were cut at

400 um using stainless steel microtome blades (Campden Instruments).

The slices were trimmed by hand using a scalpel blade (Swann Morton, UK) to
isolate the region of interest. For oscillation recordings, the brain was sliced coronally
(Figure 2.1a) and the ACC isolated (Figure 2.1b) or the brain was sliced horizontally
(Figure 2.2a) and the hippocampus (HPC) isolated (Figure 2.2b), depending on the
region of interest. To avoid dorsal-ventral (DV) variation in CA3 recordings,
hippocampal sections were taken between DV Bregma -4.6 and -6.1 mm. For LTP
recordings, the brain was hemi-sected along the midline and sliced parasagittally

(Figure 2.3a), to elongate the CAL region in the hippocampal slice (Figure 2.3b).

Slices were transferred to a recovery holding chamber kept at room
temperature, containing oxygenated ACSF solution (Table 2.2). ACC and
hippocampus slices were maintained and perfused with region specific ACSF (Table
2.2). Both MgS0O4 and CaClz. were reduced in the ACC specific ACSF solution to
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increase cellular excitability, as networks in slices from the PFC have been found to
be more quiescent than hippocampal slices. Slices were allowed to recover from
slicing in the holding chamber for at least 1 hour, but could remain in the holding
chamber for up to 12 hours before slice viability was compromised (Buskila et al.,
2014). Slices were then transferred to an interface electrophysiology recording

chamber for subsequent experiments.
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Figure 20
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Figure 2.1 Rat brain atlas demonstrating whole and isolated coronal slices taken
for ACC sections. a) From Paxinos, George, and Charles Watson. The rat brain in
stereotaxic coordinates: hard cover edition. Access Online via Elsevier, 2006. b)
Schematics representing the isolated ACC slices, detailing the whole ACC region
divided into the superficial (light grey) and deep (dark grey) layers, and stereotaxic
coordinates of each section.
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Figure 2.2 Rat brain atlas demonstrating whole and isolated horizontal slices
taken for hippocampus sections. a) From Paxinos, George, and Charles Watson.
The rat brain in stereotaxic coordinates: hard cover edition. Access Online via Elsevier,
2006. b) Schematics representing the isolated hippocampus slices, detailing the CA3

region and stereotaxic coordinates of each section.
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Figure 2.3 Rat brain atlas demonstrating whole and isolated parasagital slices
taken for hippocampus sections. a) From Paxinos, George, and Charles Watson.
The rat brain in stereotaxic coordinates: hard cover edition. Access Online via Elsevier,
2006. b) Schematics representing the isolated hippocampus slices, detailing the CA1

region and stereotaxic coordinates of each section.
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Table 2.1 Chemicals used in ACSF solutions. Name, formula and vendor of
chemicals used for ACC, hippocampus, and sucrose ACSF solutions for acute rodent

brain slice experiments and preparation.

Chemical name Chemical Manufacturer (Product code)
formula
Sodium chloride NaCl Sigma-Aldrich (S7653)
Potassium chloride KCI Sigma-Aldrich (P9333)
Sodium phosphate monobasic NaH2PO4 Sigma-Aldrich (71496)
Magnesium sulphate MgSOa4 Sigma-Aldrich (M7506)
Calcium chloride CaClz Sigma (C7902)
Sodium hydrogen carbonate NaHCO3 VWR Chemicals BDH (102477B)
D(+)-Glucose anhydrous CeH1206 VWR Chemicals (10117HV)
Sucrose C12H22011 Sigma-Aldrich (16104)
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Table 2.2 The chemicals and concentrations (mM) used in ACSF solutions.
Subdivided into final volume concentrations for sucrose, ACC, and hippocampus

ACSF solutions.
Chemical Sucrose ACSF ACC ACSF HPC ACSF

Sodium chloride (NacCl) - 126 126
Potassium chloride (KCI) 3 3 3
Sodium phosphate monobasic
(NaH2POY) 1.25 1.25 1.25
Magnesium sulfate (MgSOa4) 2 1 2
Calcium chloride (CaClz) 2 1.2 2
Sodium hydrogen carbonate (NaHCO3) 24 24 24
D(+)-Glucose anhydrous (CeH120s) 10 10 10
Sucrose (C12H22011) 252 - -
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2.3 Human cortical tissue slice preparation

Human tissue slices were prepared from overlying cortical tissue obtained from
patients undergoing surgical resection for a deep brain tumour at Newcastle RVI.

Tissue from 1 patient has been included in this study.

Ethical approval (IRAS Project ID 173990) was given by Newcastle University’s
Ethics Committee and written informed consent was obtained from all patients prior to
undergoing resective surgery. Cortex was carefully dissected by the neurosurgeons
using a scalpel blade and directly transferred into ice-cold, oxygenated filter sterilised
sucrose ACSF, adjusted to 300 — 310 mOsM and pH 7.4, adapted for human tissue
(Table 2.3), for transportation from surgical theatres to the laboratory.

Prior to cutting, tissue was inspected for tissue quality, assessing factors
including presence or absence of tumour, and microdissection injury and removal of
any meninges. Tissue was mounted and cut in the orientation that included all cortical
grey and white matter layers. Tissue was sliced in ice-cold, oxygenated, filter sterilised
sucrose ACSF (Table 2.3) using a Campden Instruments 51000mZ vibrating
microtome (Campden Instruments). Slices were cut at 400 um using stainless steel
microtome blades (Campden Instruments) and trimmed by hand using a scalpel blade
(Swann Morton). Slices were transferred to a recovery holding chamber kept at room
temperature, containing oxygenated human ACSF solution (Table 2.3). Slices were
allowed to recover from slicing in the holding chamber for at least 1 hour, before being
transferred to an interface electrophysiology recording chamber for subsequent

electrophysiological recordings.
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Table 2.3 The chemicals and concentrations (mM) used in human tissue adapted

ACSF solutions. Components subdivided into concentrations for sucrose transport

and slicing ACSF and human recording ACSF solutions.

] Manufacturer Sucrose Human
Chemical
(Product code) ACSF ACSF
Sodium chloride (NacCl) Sigma-Aldrich (S7653) - 126
Potassium chloride (KCI) Sigma-Aldrich (P9333) 2.5 3
Sodium phosphate monobasic ) )
Sigma-Aldrich (71496) 1.25 1.25
(NaH2PO4)
Magnesium sulphate (MgSOa4) Sigma-Aldrich (M7506) 10 1
Calcium chloride (CaClz) Sigma (C7902) 0.5 1.2
) VWR Chemicals BDH
Sodium hydrogen carbonate (NaHCO3) 25 24
(102477B)
VWR Chemicals
D(+)-Glucose anhydrous (CsH1206) 10 10
(10117HV)
Sucrose (Ci12H22011) Sigma-Aldrich (16104) 180 -
N-acetylcysteine (NAC) Sigma-Aldrich (A7250) 2 -
Taurine Sigma-Aldrich (T0625) 1 -
. ) Sigma-Aldrich
Ascorbic acid 1 -
(A92902)
Amino guanidine hydrochloride Aldrich (396494) 0.1 -
_ Sigma Life Science
Indomethacin 0.044 -
(17378)
Sigma-Aldrich
Ethyl pyruvate 0.044 -
(E47808)
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2.4 Pharmacological compounds

All pharmacological compounds were prepared according to the manufacturer’s
instructions (Table 2.4). Water soluble compounds were dissolved in deionised water
and non-water-soluble compounds were dissolved in dimethyl sulfoxide (DMSO;
Sigma Life Science, UK). All pharmacological compounds were bath applied to the
slices via the circulating ACSF. Compound solutions were stored as stock solutions at
either +4°C or -20°C, according to manufacturer’s information, compound stability in

solution and frequency of use.

Where compounds were dissolved in DMSO, the final ACSF solution contained
<0.1% DMSO to avoid adverse effects on cell viability (Zhang et al., 2017). To control
for any effect of DMSO, DMSO was added to ACSF at the beginning of all experiments

and maintained at 0.1% throughout the experiment.

To evoke and maintain high frequency beta and gamma frequency oscillations,
KA, an agonist of the iGlu kainate receptor, was applied in electrophysiological
experiments. PCP, MK-801 and DAP5, are NMDA receptor antagonists, applied to
model NMDA receptor hypofunction. SKF-10047 and PRE-084 are o-1 receptor
agonists applied to activate o-1 receptors, and NE-100 is a selective 0-1 receptor
antagonist. LY341495, LY354740 and LY541850 are group 2 mGlu receptor
compounds, used in chapter 4 to explore the role of glutamatergic transmission in high

frequency oscillations.
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Table 2.4 The pharmacological compounds used in experiments throughout this

thesis. All names, formulas, biological targets, and manufacturers (and product code)

of compounds used in electrophysiology and immunohistochemistry experiments.

Compound name

Compound formula

Action

Manufacturer

(product code)

(+)-MK-801

maleate (MK-801)

(5S,10R)-(+)-5-Methyl-10,11-dihydro-
5H-dibenzo[a,d]cyclohepten-5,10-

imine maleate

Selective, non-
competitive
NMDA receptor

antagonist

Tocris (0924)

(+)-SKF-10047
(SKF-10047)

(2S,6S,115)-1,2,3,4,5,6-Hexahydro-
6,11-dimethyl-3-(2-propenyl)-2,6-

0-1 receptor
agonist; NMDA

Tocris (1079)

(kainate; KA)

methylethenyl)-3-pyrrolidineacetic acid

receptor agonist

methano-3-benzazocin-8-ol receptor
hydrochloride antagonist
DAP5 D-(-)-2-Amino-5-phosphonopentanoic Selective, Tocris (0106);
acid competitive Hello Bio
NMDA receptor | (HB0225)
antagonist
Kainic acid (2S,3S,4S)-Carboxy-4-(1- Kainate Tocris (0222)

dicarboxylic acid

mGlu2 agonist;
mGlu3

antagonist

LY341495 (2S)-2-Amino-2-[(1S,2S)-2- Selective group | Tocris (1209)
carboxycycloprop-1-yl]-3-(xanth-9-yl) I mGlu
propanoic acid antagonist

LY354740 (1S,2S,5R,6S)-2- Selective group | Tocris (3246)
Aminobicyclo[3.1.0]hexane-2,6- Il mGlu agonist
dicarboxylic acid

LY541850 (1S,2S,4R,5R,6S)-2-Amino-4- Selective Eli-Lilly (gifted)
methylbicyclo[3.1.0]hexane2,6- orthosteric
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NE-100 4-Methoxy-3-(2-phenylethoxy)-N,N- Selective 0-1 Tocris (3133)
hydrochloride (NE- | dipropylbenzeneethanamine receptor
100) hydrochloride antagonist
Phencyclidine 1-(1-Phenylcyclohexyl)piperidine Non- Tocris (2557)
hydrochloride hydrochloride competitive
(PCP) NMDA receptor

antagonist;

sigma-1

receptor agonist
PRE-084 2-(4-Morpholinethyl) 1- Selective Tocris (0589)
hydrochloride phenylcyclohexanecarboxylate o-1 receptor

hydrochloride

agonist
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2.5 Electrophysiological recordings
2.5.1 High frequency beta and gamma oscillation recordings

To record high frequency beta and gamma frequency oscillations, the same
electrophysiological recording rigs, equipment, and technique were used for both

animal and human tissue recordings.

Following at least 1 hour of recovery, individual slices were transferred to an
interface recording chamber where they were perfused with oxygenated ACSF
solution (Table 2.2), at a rate of 1.5 ml/min using a MINIPULS 3 peristaltic pump
(Gilson, WI, US). and maintained at 30 - 34°C, using an Optima TC120 heated
circulating bath (Grant Instruments, UK). Slices were allowed to equilibrate for 30
minutes in the recording chamber before inserting electrodes or applying

pharmacological compounds.

Extracellular field recordings were made with microelectrodes pulled from
borosilicate glass (1.2 OD x 0.94 ID x 100 L mm; Harvard Apparatus, UK), with a
resistance of 3 — 7 MQ, using a P97 Flaming/Brown micropipette puller (Sutter
Instrument Company, US) and filled with ACSF. The electrode was positioned in the

region of interest before applying any pharmacological compounds.

The signal was recorded and amplified using an Axoclamp-2B amplifier (Axon
Instruments, UK) and further amplified and filtered at 0.001 - 0.4 kHz using a NeuroLog
System (Cambridge Electronic Design Ltd, UK). Mains noise was removed from the
signal with a Humbug (Digitimer, Welwyn Garden City, Herts, UK). Data were digitised
at 10 kHz using a CED1401 interface (Cambridge Electronic Design Ltd, Cambridge,
UK) or an ITC-18 interface (Digitimer, UK). Data were collected online using the
electrophysiology acquisition and analysis computer software Spike2 (version 7.2;
Cambridge Electronic Design Ltd, UK) or Axograph (version 1.7.6; Axon Instruments
Inc., Union City, CA, US). Oscillation recording experiments were analysed offline

using Spike2 or Axograph software.

To analyse oscillation recording, power spectral density analysis was
performed on recorded data using Axograph and Spike2’s Fast Fourier Transform
algorithms. Using power spectra analysis of 60 second epochs, the peak frequency

(Hz) and the area under the curve, described in this thesis as area power, (UV?/Hz)
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were measured (Figure 2.4). To analyse ACC beta frequency oscillations, peak
frequency and area power were measured between 15 — 32.9. To analyse ACC
gamma frequency oscillations, peak frequency and area power were measured
between 33 — 80 Hz. KA-evoked network oscillations were considered stable when
peak frequency and area power measurements varied no more than +/-10% over a 20
minute ‘control’ period, where 60 second epochs were measured at 10 minute
intervals. Once oscillations were stable, other pharmacological compounds were

applied.
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Figure 2.4 Analysis of peak frequency and area power. An example power
spectrum showing a gamma frequency oscillation. Peak frequency (Hz) was measured
where power was greatest between 15 and 80 Hz, indicated by the red dashed line.
Area power (UV?/Hz) was measured as the area under the curve between 15 and 80
Hz, indicated by the greyed region.
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2.5.2 Long-term potentiation (LTP) recordings

Following at least 1 hour of recovery, individual hippocampus slices (Figure
2.3b) were transferred to an interface recording chamber where slices were perfused
with hippocampus ACSF solution, oxygenated and maintained at 32°C, at a rate of 1.5
ml/min (Table 2.2). Slices were allowed to equilibrate for 30 minutes in the recording
chamber before inserting electrodes, starting stimulation protocols, or applying
pharmacological compounds. Pharmacological compounds were bath applied 30
minutes after slices were placed in the recording chamber. Control experiments were
performed in circulating ACSF only. Compounds were applied alone at a single
concentration and once applied, were present throughout the experiment: DAP5 (100
uM), PCP (10 pM) and PRE-084 (10 puM).

The recording microelectrode and metal stimulating electrode were positioned
in the CA1 of the hippocampus, along the Schaffer-collateral pathway (Figure 2.5), 30
minutes after slices were placed in the recording chamber. Activity was recorded using
microelectrodes pulled from borosilicate glass (1.2 OD x 0.94 ID x 100 L mm; Harvard
Apparatus) using a Sutter P97 micropipette puller and filled with ACSF, with a
resistance of 3 — 7 MQ. Stimulating pulses were delivered using a metal stimulating
electrode (made in house), triggered by an 8-channel programmable pulse stimulator
(Master8, A.M.P.l., IL), in conjunction with a DS2A Isolated Stimulator (Digitimer Ltd.,
UK).

As outlined above for the oscillation recordings, the signals were recorded and
amplified using an Axoclamp-2B amplifier (Axon Instruments, UK) and further
amplified and filtered at 0.001 - 0.3 kHz using a NeuroLog System (Cambridge
Electronic Design Ltd., UK). Mains noise was removed from the signal with a Humbug
(Digitimer Ltd.). Data were digitised at 10 kHz using a CED1401 interface (Cambridge
Electronic Design Ltd, UK). Data were collected online using the electrophysiology
acquisition and analysis computer package Signal (version 6.05a; Cambridge
Electronic Design Ltd.). LTP recording experiments were analysed offline using Signal
software (CED).

The pathway was stimulated at approximately 20% maximal response. A single
0.02ms pulse was delivered every 20s and the amplitude of the fEPSP was measured

(Figure 2.6). Following a 20 minute stable baseline, tetanic HFS (100 Hz, 1 sec) was
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delivered to induce LTP and the peak amplitude (mV) of the response was measured
for a further 20 or 40 minutes (see Chapter 5 for specific experimental detail). Baseline
amplitude (mV) was calculated by averaging 20 ms of data in the region before the
stimulation response. The maximum amplitude (mV) was measured where the trough
of the response was lowest. Peak amplitude was calculated by subtracting the mean
baseline amplitude from the maximum amplitude. For statistical analysis, an epoch (5
minutes) of peak amplitude before HFS stimulation was averaged (baseline).
Following HFS stimulation, an epoch at the end of the recording was averaged and

normalised to baseline.
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Figure 2.5 Schematic of a rat parasagittal hippocampus brain slice. The

schematic indicates the position of the glass recording microelectrode and the metal

stimulating electrode in the CAL, along the Schaffer-collateral pathway, in relation to

the pyramidal cell layer, during LTP recordings.
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Figure 2.6 Analysis for peak amplidude analysis for LTP experiment analysis.

An example trace showing a fEPSP evoked by electrical stimulation. Baseline

amplitude (mV) was calculated by averaging the region between the two grey dashed

lines (20 ms). The maximum amplitude (mV) was measured where the trough of the

response was lowest, indicated by the red dashed line. Peak amplitude = maximum

amplitude — mean baseline amplitude.
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2.6 Free-floating immunohistochemistry —immunofluorescence
2.6.1 Slice preparation

Tissue for immunohistochemical experiments was prepared from animals as
described in sections 2.1 and 2.2. Slices used in this thesis for IHC were first used for
electrophysiological recordings. After slicing, ACC and hippocampus slices were
transferred to a recovery holding chamber kept at room temperature, containing
oxygenated ACC or hippocampus ACSF solution. Following 1 hour of recovery,
individual slices were transferred to an interface recording chamber where slices were
perfused with ACC or hippocampus ACSF solution at a rate of 1.5 ml/min, and
maintained at 32 - 34°C.

Slices prepared from each individual animal were divided between multiple
interface rigs and allowed to equilibrate for 30 minutes in the bath at 32 - 34°C,
followed by a four different 4-hour drug incubation periods. Condition 1: Slices
incubated in ACSF only were used as the control group. Condition 2: Slices were
incubated in ACSF containing KA, to generate ‘normal’ oscillatory conditions.
Condition 3: Slices were incubated in ACSF containing KA and PCP, to model
‘pathological’ oscillations. Condition 4: Finally, to explore the effects of activating o-
1Rs, slices were incubated in PRE-084 for an initial 30 minutes, whilst equilibrating in
the bath, and then a further 4 hours after application of KA and PCP.

Following the four different incubation periods, all slices were fixed in 4%
paraformaldehyde (PFA; Thermo Scientific, UK) phosphate buffered saline (PBS; PBS
tablets, Oxoid, UK) for at least 12 hours. Once fixed, slices were transferred to
cryoprotectant solution (Table 2.5) and stored at -20°C until required for
immunofluorescence staining. In preparation of staining, slices were transferred to a
sucrose (30%) PBS solution, 24 hours before re-sectioning. Sections (40 pum) were
cut at -20°C, using a Solid State Freezer freeze-stage microtome (Bright Instruments,
UK), and stored in PBS in 24-well plates (CytoOne, non-treated; StarLab, UK) until

staining.
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Table 2.5 Chemicals used in cryoprotectant solution. Name, final volume as a
percentage (%) and manufacturer (and product code) of chemicals used to prepare

cryoprotectant solution, used for preserving tissue slices and sections.

Chemical name Final(:)//;Iume Manufacturer (Product code)
Glycerol 30 Sigma-Aldrich (49781)
Ethylene glycol 30 Sigma-Aldrich (1.09621)
Phosphate buffered saline (0.3M) 20 Oxoid (BR0014G)
Deionised water (dH20) 20

2.6.2 Free-floating immunohistochemistry

For immunofluorescence staining, sections were stained using the free-floating
method, where solution was added and removed to the sections in the wells of 24-well
plates. In some experiments, an initial antigen retrieval step was performed using
citrate buffer solution (pH 6.0), heated to 80°C. Sections were washed using PBS and
incubated with primary antibodies (Table 2.6), diluted in a solution of PBS, Triton X-
100 (0.3%) and normal donkey serum (5%), overnight (18 — 20 hours) at 4°C. Sections
were incubated in secondary antibodies (Table 2.7), diluted in a solution of PBS and
Triton X-100 (0.3%), for 2 hours at room temperature. Sections were mounted on glass
Menzel-Glaser Superfrost Plus microscope slides (Thermo Scientific) and cover-
slipped (type 1.5; Fisherbrand™, Fisher Scientific, UK) using Fluoromount-G™
Mounting Medium, with DAPI (4',6-diamidino-2-phenylindole; Thermo Fisher
Scientific, UK). See figure 2.7 for an outline of the full staining protocol.

2.6.3 Confocal imaging and FIJI image analysis

Imaging was performed using an SP8 DLS (Leica, DE) confocal microscope.
Tile scans were taken at taken at 2x 20x (equal to 40x) magnification of the whole

region of interest (ACC or hippocampus) to get an overview image of the section. Z-
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stacks (20 um thickness) were taken at taken at 2x 20x (equal to 40x) magnification,
to sample across the region of interest (ACC), capturing images from the superficial

(layers II /111) and deep (layer V) layers (Figure 2.8).

All image analysis was performed using the image analysis software Fiji
(version 2.15.1; ImageJd). Initially, all tile scan images were stitched together and the
ACC region hand-drawn around and isolated. Z-stack images were collapsed into 2D
images. Images were then transformed into 8-bit. For all analysis, brightness and
contrast, and image threshold values were optimised and averaged across all images,
for each channel. Average brightness and contrast values for each channel were
applied across all images. Background noise was removed by subtracting background
noise and applying the ‘median’ (GFAP and Iba1) or ‘unsharp mask’ (PV, SST and
WEFA) filters were applied. Average threshold values were applied across all images
and further noise was cleaned using the ‘remove outliers’ (PV, SST) and ‘despeckle’
(GFAP, Ibal, PV, SST and WFA) function.

Particle analysis was performed by adjusting the size and circularity according
to the ‘particles’ (cells) of interest, for each channel. For statistical analysis, percentage
area (%Area) and integrated density (ID) of GFAP, Ibal, PV, SST and WFA were
calculated. At least two sections from each slice were imaged per condition, per
animal. Slices from at least 4 animals were included in each condition. Section %Area
and IDs were averaged for each animal and compared across the different conditions
(Table 5.1).
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Fixation
Fix tissue using PFA for = 12 hours.

¥

e ™
Storage
For immediate staining: store slices in sucrose PBS (30%) = 12 hours at 4°C.
For long-term storage: store slices in cryoprotectant at -20°C. )
\ 5
- ¥ \

Re-sectioning
Re-section slices at 40 ym using a freezing stage microtome.
Place sections into PBS and store in well plates for staining.

. .
( Day 1 I
Antigen retrieval )
(optional)
Replace PBS with citrate buffer
(pH 6.0) heated to 80°C and
incubate for 20 minutes.
i J
\
( Wash

Replace solution with PBS and
place on a rocker for 10 minutes
at room temperature.

¥

Blocking and permeabilisation
Replace PBS with blocking
solution containing PBS + 0.3%
Triton X-100 + 5% donkey
serum. Place on a rocker for 3

hours at room temperature. j

3x

—

)

/ Primary antibody staining \
Replace blocking solution with
primary antibody solution,
containing PBS + 0.3% Triton X-
100 + 5% donkey serum +
primary antibodies to final
dilution. Place on a rocker at 4°C

\ overnight. /

.;(

Day 2

(
Wash

Replace solution with PBS and
place on a rocker for 10 minutes
at room temperature.

|/ )

3x

—]

v

Replace PBS with secondary
antibody solution, containing
PBS + 0.3% Triton X-100 +
secondary antibodies to final
dilution. Place on a rocker at
room temperature, blocking light

/Secondary antibody staining\

&

place on a rocker for 10 minutes
at room temperature.

\ exposure, /
) ¥
Wash h
Replace solution with PBS and 3x

®

v

-

Mounting
Mount sections uniformly onto

microscope slides. Once the
sections have dried, using
mounting media containing

DAPI, coverslip the slides and

N\

\allow to dry in a cool dark placej

Store

Store at 4°C avoiding exposure to

light until imaging.

Figure 2.7 Schematic of immunofluorescence staining protocol. Outline of

fixation, storage, and primary and secondary antibody steps for free-floating

immunofluoresence staining used in this thesis. & symbol represents steps

performed avoiding exposure to light.

80



Table 2.6 List of primary antibodies and lectin used. Primary antibody target, host

species (if applicable), manufacturer, dilution, and serum (depending on secondary

antibody) used for immunofluorescence staining.

Primary antibody Host species | Manufacturer brand Dilution Serum
(RRID) used
Anti-GFAP (astrocytes) Chicken Abcam (ab4674) 1:1000 Donkey
Anti-lbal (microglia) Goat Abcam (ab5076) 1:500 Donkey
Anti-parvalbumin (PV) Rabbit Swant (PV-27) 1:1000 Donkey
Anti-somatostatin (SST) Mouse Santa Cruz (sc- 1:1000 Donkey
55565)
Biotinylated Wisteria - Vector Laboratories 1:500 Donkey
Floribunda Lectin (WFA; (B-1355-2)
PNNSs)

Table 2.7 List of secondary antibodies used. Secondary antibody target,

fluorophore (if applicable), manufacturer and dilution use for immunofluorescence

staining.
Secondary antibody Fluorophore Manufacturer brand (product Dilution
code)
Donkey anti-goat 1gG Alexafluor488 Abcam (ab150129) 1:500
Donkey anti-mouse 1gG Alexafluor568 Invitrogen (A10037) 1:500
Donkey anti-rabbit 1IgG Alexafluor647 Abcam (ab150075) 1:500
Donkey anti-chicken IgG Alexafluor647 Jackson ImmunoResearch 1:500
Laboratories Inc. (703-605-
155)
Streptavidin, fluorescein Vector Laboratories (SA-5001- 1:100

1)

81




20um

Bregma 0.74 mm
Interaural 4.54 mmr

Figure 2.8 Schematic of the locations of the 40x magnification, sampled Z-Stack
microscope images from ACC. Boxes 1 - 3 were positioned in the superficial layers
and boxes 4 - 5 positioned in the deep chapter s. Z-stacks were 20 um total thickness

and 2 pm between individual images.
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2.7 Statistical analysis

All statistical analysis were performed using Excel (Microsoft, USA) and Prism
10 (version 10.2.3; GraphPad Software, USA). Graphs were produced using Prism 8.
A significant result was defined as p < 0.05. Graphically, significance values (p) are
represented in figures as ‘ns’ not significant, * < 0.05, ** < 0.01 and *** < 0.001. All
sample sizes (n / N) are presented in figure legends, where n describes the number
of tissue slices and N describes the number of animals / human cases.

Data were tested for normality using Shapiro-Wilk (n < 50) and Kolmogorov—
Smirnov (n > 50) tests. If data were found to follow a normal (Gaussian) distribution,
parametric tests were used. Parametric data were presented as mean + standard error
of the mean (SEM) and represented as bar charts or line graphs, where the error bars
represent the SEM. If data were not normally distributed, non-parametric tests were
used. Non-parametric data were presented as median and interquartile ranges (IQR,
Q1 — Q3) and represented as box plots, where the whiskers represent the minimum
and maximum values. Within this thesis, if plots presented in the same figure included
both parametric and non-parametric data, all data were analysed using the non-

parametric test and presented as box plots.

To compare two independent samples, an unpaired t test was used if data were
parametric and a Mann-Whitney rank sum test was used if data were non-parametric.
To compare two dependent samples, a paired t test was used if data were parametric,
and a Wilcoxon matched-pairs test was used if data were non-parametric. A one-way
analysis of variance (ANOVA) was used to compare the means of more than two
groups when there was one independent variable and one dependent variable. A 2-
way ANOVA was used to compare the effect of two independent variables, in
combination, on a dependent variable. If comparisons were made over the same set
of slices, the test also incorporated repeated measures (RM), with Greenhouse-
Geisser correction if lack of sphericity was found. If an overall effect was found,

multiple comparisons were performed post-hoc using Dunnett’s or Tukey’s tests.
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Chapter 3. Modelling acute NMDA receptor hypofunction in
vitro using PCP in rat ACC and hippocampus
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3.1 Introduction

The cognitive deficits of schizophrenia (Liddle, 1987, Nuechterlein et al., 2004,
Tandon et al.,, 2013) are associated with dysfunction in specific brain regions,
particularly the ACC (Adams and David, 2007) and the hippocampus (Goto, 2022,
Weiss et al., 2003, Weiss et al., 2004). Both structures play crucial roles in cognitive
processes such as memory, attention, and executive function, which are often
impaired in individuals with schizophrenia (Bowie and Harvey, 2006). Understanding
the relationship between schizophrenia, cognitive symptoms, and the roles of the ACC

and hippocampus can provide insights into the underlying mechanisms of the disorder.

One proposed mechanism contributing to schizophrenia is the hypofunction of
NMDA receptors on GABAergic PV+ inhibitory interneurons (Gonzalez-Burgos and
Lewis, 2008, Lesh et al., 2011, Marin, 2024). This leads to the inactivation of these
interneurons and subsequent disinhibition of excitatory pyramidal cells, resulting in
increased cortical excitation (Homayoun and Moghaddam, 2007). This is supported
by studies using NMDA receptor antagonists, such as PCP and ketamine, which
induce schizophrenia-like symptoms in humans (Coyle, 1996, Javitt, 1987, Javitt and
Zukin, 1991) and animal models (Neill et al., 2010).

In the ACC, structural and functional abnormalities are consistently observed in
patients with schizophrenia. Reduced grey matter volume in the ACC (Fornito et al.,
2009), as well as decreased laminar thickness (Bouras et al., 2001), has been reported
in post-mortem studies. Functionally, neuroimaging studies have shown abnormal
ACC activity in schizophrenia, with hypofunction observed across various cognitive
tasks (Adams and David, 2007). The ACC's role in cognitive control (Rolls, 2019), and
its connections with the hippocampus and other brain regions (Anastasiades and
Carter, 2021), highlights its importance in the cognitive deficits seen in schizophrenia.
The hippocampus, a structure crucial for learning and memory (Biderman et al., 2020,
Scoville and Milner, 1957), also shows significant pathology in schizophrenia. Studies
have consistently found reduced hippocampal volume in schizophrenia patients
(McCarley et al.,, 1999, Nelson et al., 1998), often linked to interneuron loss,

particularly PV+ interneurons (Zhang and Reynolds, 2001). Abnormal hippocampal
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activation during memory tasks further supports hippocampal dysfunction in
schizophrenia (Guo et al., 2019, Weiss et al., 2003, Weiss et al., 2004).

PV+ and SST+ interneurons play critical roles in generating gamma (30-80 Hz)
and beta (15-30 Hz) frequency oscillations (Chen et al., 2017, Fuchs et al., 2007, Kuki
et al., 2015, Tamas et al., 2000, Whittington et al., 1995), respectively, which are
crucial for cognitive processes. In schizophrenia, NMDA receptor hypofunction
disrupts the excitatory-inhibitory balance mediated by these interneurons, contributing
to the cognitive deficits observed in the disorder. Gamma and beta oscillations are
associated with specific cognitive functions (Lundqvist et al., 2016, Miller et al., 2018).
Gamma oscillations, for example, are linked to working memory and executive
function, while beta oscillations are involved in sensorimotor processes and more

general cognitive control (Guan et al., 2022, Lundqvist et al., 2016, Miller et al., 2018).

PV+ interneurons are fast-spiking inhibitory neurons and the precise timing of
PV+ interneuron firing synchronises the activity of excitatory pyramidal cells,
generating gamma oscillations (Whittington et al., 1995, Womelsdorf et al., 2007).
Gamma oscillations are essential for synchronizing neuronal activity across brain
regions, particularly during cognitive tasks that require memory and attention (Howard
et al., 2003, Lisman, 2010). SST+ interneurons, on the other hand, are primarily
involved in generating beta oscillations. These interneurons orchestrate inhibitory
feedback mechanisms that produce beta rhythms, particularly in cortical regions
associated with sensorimotor function and cognitive control (Chen et al., 2017, Kuki et
al.,, 2015). Although beta and gamma oscillations are generated by different

interneuron populations, the mechanisms driving these rhythms are interconnected.

In schizophrenia, NMDA receptor hypofunction on PV+ interneurons disrupts
the generation of gamma oscillations, leading to impaired cognitive function. The
hypofunction of NMDA receptors reduces the excitatory input necessary for PV+
interneurons to maintain their fast-spiking activity, resulting in decreased
synchronization of pyramidal cells and abnormal gamma oscillations (Lesh et al.,
2011). This disruption in gamma rhythms is linked to cognitive deficits, such as
impaired working memory and executive function, which are hallmarks of

schizophrenia (Haenschel et al., 2009).
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Similarly, beta oscillations are also affected by NMDA hypofunction. Although
the relationship between beta rhythms and cognitive symptoms in schizophrenia is
less well understood, studies have shown that abnormal beta oscillations are
associated with sensorimotor and cognitive impairments in the disorder (Meconi et al.,
2016, Spencer et al., 2004). SST+ interneurons, which are responsible for generating
beta oscillations, may also be impacted by NMDA receptor dysfunction, further

contributing to the cognitive deficits observed in schizophrenia (Chen et al., 2017).

Animal models, particularly rodent models, have been instrumental in studying
the roles of the ACC and hippocampus in schizophrenia. These models have
demonstrated the involvement of the ACC in working memory (Teixeira et al., 2006)
and its connections with the hippocampus in cognitive tasks (Jobson et al., 2021). The
prenatal MAM model, a developmental rodent model of schizophrenia, has shown that
hippocampal dysfunction, including reduced volume (Featherstone et al., 2007) and
impaired neurotransmission (Hradetzky et al., 2012), leads to cognitive deficits akin to

those seen in schizophrenia patients (Moore et al., 2006).

Furthermore, beta and gamma oscillations can be generated in ACC and
hippocampus slices in vitro using the glutamate agonist KA (Adams et al., 2017,
Fisahn et al., 2004, Shinozaki et al., 2016, Steullet et al., 2014). This approach allows
for the study of oscillatory activity in a controlled environment, providing insights into
the underlying mechanisms of oscillation generation and maintenance. PCP, an
NMDA receptor antagonist, is widely used in preclinical animal models of
schizophrenia because it induces behaviours associated with the disorder, such as
hyperactivity, impaired sensorimotor gating, and cognitive deficits (Lee and Zhou,
2019). PCP disrupts PFC function, increasing glutamate efflux (Amitai et al., 2012,
Moghaddam et al., 1997), altering unit firing (Kargieman et al., 2007), and increasing
gamma oscillatory activity both in vivo (Hakami et al., 2009, Lee et al., 2017) and in
vitro (Lemercier et al., 2017, Rebollo et al., 2018).

Given PCP's ability to replicate multiple pathologies of NMDA receptor
hypofunction, this thesis aims to use PCP to establish an acute rodent brain slice
model to explore the effects of NMDA receptor hypofunction in neuronal circuits in the
ACC and CAS region of the hippocampus. By examining the effects of PCP on KA-
induced beta and gamma frequency oscillations, this study seeks to provide further

89



insights into the mechanisms underlying cognitive deficits in schizophrenia.
Understanding these mechanisms may contribute to the development of targeted

interventions to alleviate cognitive symptoms in schizophrenia.
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3.2 Aims

e Characterise KA-evoked high frequency oscillations in rat ACC and hippocampus,
in vitro.

e Explore the effect of PCP, and other NMDA receptor antagonists MK-801 and

DAP5, on KA-evoked oscillations in rat ACC and hippocampus, in vitro.

e Determine whether KA can evoke high frequency oscillations in human tissue and

compare PCP effects to findings in rat cortex.
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3.3 Methods
3.3.1 Animals

Acute rodent brain tissue slices were prepared from wild-type, male Lister
Hooded rats (7 — 10 weeks) as described in Chapter 2.2. Animals were anaesthetised
with inhaled isoflurane prior to injection (i.m.) of ketamine (100 mg/kg) and xylazine
(10 mg/kg). Animals were intracardially perfused with 60 ml of sucrose-modified
ACSF, and the brain was removed and placed in ice-cold sucrose-modified ACSF.

3.3.2 ACCslice recordings

Following removal of the brain, the whole brain was cut in half coronally to
isolate the front half of the brain and mounted on a vibrating microtome stage. Coronal
tissue slices (450 um) were cut, and ACC slices were trimmed and transferred to a
holding chamber at room temperature for approximately 60 minutes before being
placed in the recording interface chamber where they were perfused with oxygenated
ACC ACSF and maintained at 30 — 32°C. After 30 minutes, glass field electrodes were
inserted into the layer 5 of the ACC, and KA (800 nM) was bath applied via the
circulating ACSF-.

3.3.3 HPC slice recordings

Following removal of the brain, the whole brain was inverted and mounted on
a vibrating microtome stage. Horizontal tissue slices (450 pm) were cut, and
hippocampus slices were trimmed and transferred to a holding chamber at room
temperature for approximately 60 minutes before being placed in the recording
interface chamber where they were perfused with oxygenated hippocampus ACSF
and maintained at 32 — 34°C. After 30 minutes, glass field electrodes were inserted
into stratum radiatum of the CA3 of the hippocampus, and KA (100 nM) was bath
applied via the circulating ACSF.

3.3.4 Human cortical slice recordings
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Human tissue slices were prepared from overlying cortical tissue obtained from
patients undergoing surgical resection for a deep brain tumour. Details of the patient

tissue included in this study can be found in table 3.1.

Following microdissection, the tissue was mounted on a vibrating microtome
stage. Tissue slices (400 um) were cut, trimmed, and transferred to a holding chamber
at room temperature for approximately 60 minutes before being placed in the recording
interface chamber where they were perfused with oxygenated human ACSF and
maintained at 30 — 32°C. After 30 minutes, glass field electrodes were inserted into
superficial and/or deep layers across the slice, and KA (800 nM) was bath applied via
the circulating ACSF.

Table 3.1 Human tissue sample included in this study

Age at surgery Gender Resected brain area

56 M Temporal, right

3.3.5 Data analysis of beta and gamma frequency activity

Oscillations were evoked using the glutamatergic agonist KA and field
oscillations were recorded. Using Fast Fourier Transform algorithms, power spectral
density analysis was performed on recorded data using Axograph and Spike2. Using
power spectra analysis of 60 second epochs, the peak frequency (Hz) and the area
under the curve (area power; uV?/Hz) were measured between 15 and 80 Hz. To
analyse ACC beta frequency oscillations, peak frequency and area power were
measured between 15 — 32.9. To analyse ACC gamma frequency oscillations, peak
frequency and area power were measured between 33 — 80 Hz. KA-evoked network
oscillations were considered stable when peak frequency and area power
measurements varied no more than 10% over a 20 minute ‘control’ period, where 60
second epochs were measured at 10 minute intervals. Once oscillations were stable,
other pharmacological compounds were applied. As multiple tissue slices could be
obtained from each animal or patient, two values (n / N) are presented below to

represent slice (n) and animal / patient (N) numbers, respectively. For statistical
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analysis, 60 second epochs were analysed at 10 minute intervals. Due to large
variance in baseline area power measurements, percentage change from the control

mean (% control) was calculated and analysed.

3.3.6 Pharmacological compounds

All pharmacological compounds were bath-applied to circulating ACSF. KA was
applied 30 minutes after slices were placed in the recording chamber, to induce and
maintain oscillations, and was present throughout the experiment (3 — 5 hours). The
NMDA receptor antagonists, PCP (10 uM), DAP5 (100 pM), and MK-801 (10 uM),
were applied for 60 minutes once oscillations had stabilised.
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3.4 Results

3.4.1 KA application induced stable beta and gamma frequency oscillations in
rat ACC slices

The cognitive deficits associated with schizophrenia have been strongly linked
to changes in network oscillations (Senkowski and Gallinat, 2015). Beta and gamma
frequency oscillations can be evoked and recorded from rodent ACC brain slices, in
vitro (Adams and David, 2007, Adams et al., 2017). Firstly, to establish and
characterise the network activity that could be evoked in ACC slices, KA (800 nM) was
bath applied to generate high frequency oscillations. Extracellular field recordings
were made from layer V of the ACC and baseline activity was recorded before KA was
applied. After KA application, oscillations started to emerge after 15 — 20 minutes and
continued to increase in magnitude and stabilise in frequency, over 2 - 3 hours. Peak
frequency (Hz) and area power (UV?/Hz) measurements were taken throughout
recording and oscillations were considered stable when peak frequency and area
power stabilised (see Methods).

Previous studies have shown that ACC slices in vitro generate either beta or
gamma or a mixed beta/gamma oscillatory activity (Adams et al., 2017), and similar
findings were made here (Figure. 3.1 — 3.2). Example power spectra and local field
potential (LFP) traces demonstrate that KA induced ACC oscillations consisted of a
single beta frequency peak (Figure. 3.1a), or a single gamma frequency peak (Figure.
3.1Db), that builds up and stabilises over 2 — 3 hours. The frequency of KA-evoked
oscillations varied from 19 to 61 Hz (n/ N = 165 slices / 62 animals, Figure. 3.1c) and
resulted in a bimodal distribution which | used to determine the beta (18 — 32.9 Hz)
and gamma (33 - 80 Hz) frequency bands. Stable beta and gamma frequency
oscillations had a mean peak frequency of 26.3 + 0.26 Hz and 45.7 + 0.23 Hz,
respectively (Figure. 3.1d). Of 165 ACC slices, prepared from 62 animals, 65% had a
peak frequency within the beta frequency band (n = 107/165 slices) and 35% had a
peak frequency within the gamma frequency band (n = 58/165; Figure. 3.1e).

Once stable, other compounds were applied to beta and gamma frequency
oscillations to modulate and record changes in oscillatory activity. In this thesis, only
oscillations with a clear single beta or gamma frequency peak were used for

experiments, unless stated otherwise.
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Figure 3.1 KA-evoked (800 nM) beta (18 — 32 Hz; blue) and gamma (33 — 80 Hz;
green) frequency oscillations recorded from layer V of ACC slices prepared from
young, male adult rats. Representative power spectra (i) and LFP traces (ii) of ACC
(a) beta frequency and (b) gamma frequency oscillation baseline prior to KA
application (without KA; Baseline / top trace), after 1 hour KA application (1 hr / middle
trace) and stable oscillations, 2 — 3 hours after KA application (Stable / bottom trace).
(c) Distribution histogram of stable KA-induced oscillation frequency defining beta
frequency and gamma frequency. Oscillations were either single-peak beta (18 — 32
Hz) frequency or gamma (33 — 80 Hz) frequency oscillations. (d) Mean (£ SEM) peak
beta and gamma frequencies (Hz). (e) Proportion of KA-evoked, stable beta frquency
(n = 107) and gamma frequency (n = 58) oscillations recorded from ACC slices. Total
slices / animals (n/ N) = 165/ 62.
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As mentioned previously, KA can also generate mixed beta/gamma frequency
oscillations in ACC slices in vitro. In this thesis, mixed beta/gamma oscillations were
also recorded from layer V of the ACC. Examples of this can be seen in figure 3.2. In
all so-called mixed oscillations, a clear peak was visible in both the beta and the

gamma frequency bands (Figure 3.1).

Mixed beta/gamma oscillations were highly variable and dynamic throughout
recordings. Depending on the slice, either the beta or the gamma rhythm could be
dominant, with one peak noticeably larger than the second peak (Figure. 3.2).
Alternatively, the beta and gamma peaks could be of similar size, with neither being
the dominant rhythm. In some instances, these dynamics were maintained throughout
the recording and the dominant rhythm would be larger than the secondary rhythm
throughout. However, in some slices the dominant rhythm would gradually change
from beta to gamma, or vice versa. As the dynamics of these mixed beta/gamma
oscillations were highly variable, and they were a small proportion of the total number
of ACC oscillation recordings, the data from these recordings have not been quantified
in this thesis. Examples are shown in figure 3.2 to demonstrate the different types of
mixed oscillations that were observed throughout recordings and highlight that these

are two distinct rhythms.
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Figure 3.2 Examples of KA-evoked mixed beta/gamma frequency oscillations,
recorded from layer V of ACC slices prepared from young, male adult rats.
Representitive power spectra of a mixed beta dominant (left) and gamma dominant
(right) KA-evoked (800 nM) oscillation, showing peaks within the beta (20 — 32 Hz)
and gamma (33 — 80 Hz) frequency bands.
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3.4.2 Acute PCP application increased beta oscillatory power in ACC slices

PCP is a well-established NMDA receptor antagonist and has frequently been
used to model NMDA receptor hypofunction in vivo and in vitro. In vivo, PCP disrupts
cortical oscillations recorded from the PFC in the beta/gamma frequency range
(Hakami et al., 2009, Lee et al., 2017). Little is known about the effects of PCP in the
ACC specifically, as most studies to date have focused on other regions of the mPFC
such as prelimbic cortex (Kargieman et al., 2007), an area also associated with the
cognitive deficits of schizophrenia (Sakurai et al., 2015). Furthermore, the effect of
NMDA receptor hypofunction on beta frequency oscillations is also less well
understood than the effects in gamma frequency oscillations. Therefore, to establish
a model of NMDA receptor hypofunction that assessed changes in power and
frequency of distinct beta and gamma frequency oscillations, PCP was applied to
‘normal’, stable beta and gamma KA-evoked ACC oscillations.

Firstly, PCP was applied to slices exhibiting stable beta oscillations. PCP
application resulted in a rapid, large increase in the magnitude of beta oscillations over
60 minutes (Figure. 3.3a). Peak frequency analysis (Figure. 3.3b) comparing control
to PCP (60 minutes) application found PCP significantly decreased the peak frequency
of beta oscillations from 27.0 (IQR 24.7 — 28.6) Hz to 23.5 (IQR 22.3 — 25.8) Hz (p <
0.0001; Wilcoxon matched-pairs test), indicating a slowing of the oscillation. Area
power analysis (Figure. 3.3c) clearly demonstrated that PCP induced a significantly
large increase in beta power from control 101.6 (IQR 98.0 — 105.7)% to 311.8 (IQR
191.9 — 390.7)% (p < 0.0001; Wilcoxon matched-pairs test), indicating a very large

increase in the size of the oscillation.
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Figure 3.3 PCP induces a large increase in KA-evoked beta area power in rat
ACC slices. (a) Example (i) power spectra and (ii) LFP traces from one experiment:
control (blue solid line), after 30 minutes PCP (red dashed line) and 60 minutes PCP
(red solid line). (b) Effect of 60 minutes PCP application on beta oscillation peak
frequency (Hz), shown as (i) time-course plot medians (IQR) where PCP was applied
for duration of red bar and (ii) compared to control median (IQR). (c) Effect of 60
minutes PCP application on beta power (% control), shown as (i) time-course plot
medians (IQR) where PCP was applied for duration of red bar and (ii)) compared to
control median (IQR). Total slices / animals (n/ N) =43/ 22.
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3.4.3 Acute PCP application increased beta power but not gamma power in ACC
slices

The effect of PCP on gamma oscillations has been widely studied but not
specifically in the ACC. PCP was therefore applied to slices exhibiting a stable gamma
frequency oscillation for 60 minutes (Figure. 3.4). Interestingly, when PCP was applied
to gamma frequency oscillations, there was a clear change in the frequency and size
of the oscillation (Figure. 3.4a). Over the 60 minutes PCP application, the frequency
of the oscillation significantly decreased (Figure. 3.4b), showing a shift from a gamma
frequency oscillation of 40.5 (IQR 37.8 — 46.0) Hz to a beta frequency oscillation of
27.6 (IQR 23.2 — 32.0) Hz. This frequency band shift was observed in 12 of 14 slices
(85.7%; Figure. 3.4e). To understand the effect on the control gamma oscillation,
gamma band area power was measured between 33 and 80 Hz, but there was no
significant change in gamma power from control (Figure. 3.4c). As the peak frequency
shifted to the beta band, area power was also measured within the beta frequency
band (15 — 32.9 Hz). The area power of the oscillation increased greatly in the beta
band (Figure. 3.4d) from 103.2 (IQR 96.1 — 107.4)% in control to 321.0 (IQR 205.7 —
404.5)% in PCP (p < 0.0001; Wilcoxon matched-pairs test).
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Figure 3.4 Application of PCP to stable gamma oscillation caused the
emergence of a a large beta oscillation in rat ACC slices. (a) Example (i) power
spectra and (ii) traces from one experiment: control prior to PCP (green solid line), a
growing beta oscillation after 30 minutes (red dashed line) and 60 minutes PCP (red
solid line). (b) Effect of 60 minutes PCP application on gamma oscillation peak
frequency (Hz), shown as (i) time-course plot medians (IQR) where PCP was applied
for duration of red bar and (ii) compared to control median (IQR). (c) Effect of 60
minutes PCP application on gamma power (% control), shown as (i) time-course plot
medians (IQR) where PCP was applied for duration of red bar and (ii)) compared to
control median (IQR). (d) Effect of 60 minutes PCP application on beta power (%
control) of stable gamma frequency oscillations, shown as (i) time-course plot medians
(IQR) where PCP was applied for duration of red bar and (ii) compared to control
median (IQR). (e) Pie chart deomonstrating proportion of gamma frequency
oscillations to shift to a beta-dominant frequency following 60 minutes PCP

application. Total slices / animals (n/ N) =14/ 13.
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3.4.4 Acute MK801 and DAPS5 application does not alter beta oscillations in
ACC slices

Like PCP, MK-801 is a non-competitive NMDA receptor antagonist often used
to model NMDA receptor hypofunction. In contrast, DAP5 is an NMDA receptor
competitive antagonist that blocks the glutamate binding site. Both MK-801 and DAP5
are selective NMDA receptor antagonists, whereas PCP also interacts with other
pharmacological targets (Johnson and Jones, 1990). To explore whether the effects
of PCP on the beta oscillations is due to its blockade of NMDA receptors, MK-801 and

DAPS5 were also applied to KA-evoked ACC beta oscillations for 60 minutes.

When applying MK-801 (10 uM) for 60 minutes, there was no significant change
in beta power from control (p = 0.465; Wilcoxon matched-pairs test; Figure 3.5ai).
However, there was a significant slowing in the peak frequency from control 28.7 (+
0.79) Hz to 27.4 (x 0.65) Hz with MK-801 (p = 0.002; paired t test; Figure 3.5aii). When
applying DAP5 (100 uM) for 60 minutes, there was no significant change from control
in beta power (p = 0.313; Wilcoxon matched-pairs test; Figure 3.5bi), or in the peak
frequency (p = 0.224; paired t test; Figure 3.5bii). However, the effect of both NMDA
receptor antagonists is variable and a large effect of MK-801 and DAPS5 can be seen

in some slices, similar to the effect seen with PCP.
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Figure 3.5 Effects of NMDA receptor antagonists MK-801 and DAP5 on beta
oscillations in ACC slices. (a) Effect of 60 minutes MK-801 (10 uM) application on
(i) median (IQR) beta area power (% control) and mean (x SEM) peak frequency (Hz),
compared to control. (b) Effect of 60 minutes DAP5 (100 uM) application on (i) median
(IQR) beta area power (% control) and mean (x SEM) peak frequency (Hz), compared

to control. Total slices / animals (n/ N) = 7-12/ 3-4
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To assess the contribution of NMDA receptor antagonism to the beta power
effect, PCP application was compared against the effect of MK-801 and DAPS5 (Figure
3.6). There was a significant effect of NMDA receptor antagonist on beta power (p <
0.001; Kruskal-Wallis). When comparing changes in beta power (% control) between
PCP and MK-801, the effect of PCP 311.5 (IQR 192 — 391)% was significantly greater
than that of MK-801 99.0 (IQR 76.3 — 189)% (p < 0.001; Dunn’s multiple comparisons).
When comparing changes in beta power (% control) between PCP and DAP5, the
effect of PCP was significantly greater than that of DAP5 140.9 (IQR 77.9 — 218)% (p

= 0.020; Dunn’s multiple comparisons).

This data suggests that the significantly large beta power increase that PCP
induces is likely due to other pharmacological interactions of PCP, beyond the NMDA
receptor. Variability in the data suggests that there is an NMDA receptor component
involved in this effect, but that other receptor targets are likely involved.
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Figure 3.6 PCP has a greater effect on KA-evoked beta oscillations than other
NMDA antagonists, MK-801 and DAP5, in ACC slices. Effect of 60 minutes PCP
(10 puM), MK-801 (10 uM) or DAP5 (100 uM) application on beta oscillation power (%
control) from control. Total slices / animals (n/ N) = 7-43 / 3-22.
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3.4.5 Acute KA application induces stable gamma frequency oscillations in
CA3 of rat hippocampal slices.

The hippocampus is a key region involved learning and memory (Biderman et
al., 2020, Scoville and Milner, 1957). High frequency oscillations can also be evoked
and recorded from rodent hippocampal brain slices, in vitro. Numerous studies have
reported KA evoked oscillation in vitro in the CA3 region (Cunningham et al., 2003,
Fisahn et al., 2004). CA3 oscillations were evoked using KA (100 nM). Extracellular
field recordings were made from stratum radiatum of the CA3 and baseline activity
was recorded before KA was applied. After KA application, oscillations started to
emerge after 15 — 20 minutes and continued to increase in magnitude and stabilise in
frequency, over 2 - 3 hours. Peak frequency (Hz) and area power (UVZ/Hz)
measurements were taken throughout recording and oscillations were considered

stable when peak frequency and area power stabilised.

Example power spectra and LFP traces demonstrated that KA induced CA3
oscillations consisting of a single gamma frequency peak (Figure. 3.7a), that built up
and stabilised over 2 — 3 hours. Unlike oscillations recorded from the ACC, CA3
oscillations show a unimodal distribution where peak frequency of KA-evoked
oscillations varied from 24.2 to 39.2 Hz (n / N = 93 slices / 23 animals; Figure. 3.7b).
The mean peak frequency was 29.9 + 0.27 Hz (Figure. 3.7c).
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Figure 3.7 KA-evoked gamma frequency oscillations recorded from rat CA3 of
the hippocamus. (a) Example (i) power spectra and (ii) LFP traces of gamma
frequency oscillation recorded from stratum radiatum of CA3. (b) Frequency
distribution histogram of stable KA-evoked oscillation frequencies recorded from the
CA3. (c) Mean peak frequency of stable gamma oscillaions recorded from CA3. Total
slices / animals (n/ N) =93/ 23.
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PCP was then applied to stable gamma frequency oscillation for 60 minutes
(Figure. 3.8a). Peak frequency and area power were measured between 15 and 80
Hz. Over the 60 minutes PCP application, there was a small but significant decrease
in the peak frequency of the oscillation from a median of 30.5 (IQR 28.7 — 31.7) Hz in
control to 27.5 (IQR 25.5 - 30.1) Hz (p < 0.0001; Wilcoxon matched-pairs test; Figure
3.8b). However, gamma power was not significantly different following 60 minutes
PCP application 103.2 (IQR 84.6 — 122.7)% vs control 99.8 (IQR 97.9 — 103.1)% (p =
0.672; Wilcoxon matched-pairs test; Figure 3.8c).
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Figure 3.8 When applied to a stable gamma frequency oscillation, PCP did not
effect the power of gamma oscillations recorded from rat hippocampal slices.
(a) Example (i) power spectra and (ii) LFP traces from one experiment: control (green
solid line), after 30 minutes PCP (red dashed line) and 60 minutes PCP (red solid line).
(b) Effect of 60 minutes PCP application on gamma oscillation peak frequency (Hz),
shown as (i) time-course plot medians (IQR) where PCP was applied for duration of
red bar and (ii) compared to control median (IQR). (c) Effect of 60 minutes PCP
application on gamma power (% control), shown as (i) time-course plot medians (IQR)
where PCP was applied for duration of red bar and (ii) compared to control median
(IQR). Total slices / animals (n/ N) =27 / 18.
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3.4.6 Acute application of MK801 and DAPS5 had no effect on CA3 gamma power

Mouse studies have shown that the power of CA3 gamma oscillations evoked
with carbachol, a commonly used cholinergic agonist, increased with MK-801 (Wang
et al., 2020), but DAP5 had no effect (Mann and Mody, 2010). Here | applied MK-801
and DAP5 to KA-evoked CA3 gamma oscillations for 60 minutes and compared

against PCP application.

When applying MK-801 (10 uM) for 60 minutes, there was no significant change
in gamma power from control (p = 0.219; Wilcoxon matched-pairs test; Figure 3.9ai).
However, there was a significant slowing in the peak frequency from control 29.7 (x
0.81) Hz to 27.7 (£ 0.86) Hz with MK-801 (p = 0.037; paired t test; Figure 3.9aii). When
applying DAP5 (100 uM) for 60 minutes, there was no significant change from control
in gamma power (p = 0.297; Wilcoxon matched-pairs test; Figure 3.9bi), or in the peak

frequency (p = 0.587; paired t test; Figure 3.9bii).

Next, PCP application was compared against the effect of MK-801 and DAP5
(Figure 3.10). There was no effect of NMDA receptor antagonist on gamma power (p
= 0.141; Kruskal-Wallis), finding no significant differences on gamma power between

any NMDA receptor antagonists.

Overall, these data showed that neither PCP, MK-801 or DAP5 had any
significant effect on the power of the gamma oscillations in the hippocampus.
Although there is a small decrease in frequency with PCP and MK-801, this was not a
clear switch to beta activity as seen in the ACC.
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Figure 3.9 The NMDA receptor antagonists PCP, MK-801 and DAP5 do not affect
KA-evoked gamma power in CA3 of hippocampal slices. Effect of 60 minutes PCP
(10 uM), MK-801 (10 pM) or DAP5 (100 uM) application on gamma oscillation power

(% control) from control. Total slices / animals (n/ N) = 7-8 / 3-4.
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Figure 3.10 The NMDA receptor antagonists PCP, MK-801 and DAP5 do not
affect CA3 gamma power. Effect of 60 minutes PCP (10 pM), MK-801 (10 uM) or
DAP5 (100 uM) application on gamma oscillation power (% control) from control. Total
slices / animals (n/ N) = 7-19 / 3-12).
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3.4.7 Acute KA application induces stable beta/gamma frequency oscillations

in human tissue cortical slices

In vitro high frequency oscillations can also be evoked and recorded from re-
sectioned, human cortical tissue slices. Rodent tissue is used as a translational model
to explore the pathology of a human condition. Being able to use human cortical tissue
to model NMDA receptor hypofunction, and compare data to rodent tissue findings, is
an incredibly useful resource. Human cortical tissue was re-sectioned and, once

transferred to the laboratory, maintained in the same conditions as ACC rodent tissue.

Here, the aim was to evoke and characterise high frequency oscillations from
human cortical tissue, using KA. Baseline activity was recorded from the deep layer
(layer V) for 20 minutes before applying KA. Following previous work from the lab,
800nM KA was used to induce oscillations, and the build-up of oscillation power and
frequency was recorded. As n/ N = 1/ 1, the data presented in Chapter 3.4.7 and
3.4.8 has not been statistically analysed but does serve as an example of preliminary

data which could be expanded upon in future.

Figure 3.11 demonstrates an example recording from one human tissue slice,
re-sectioned from the right temporal cortex, following KA application. Although small,
a clear oscillation can be seen in the power spectra and representative LFP trace
(Figure 3.11a). Following baseline, where there was no oscillatory activity (Figure
3.11a; baseline), the oscillation began to build (Figure 3.11a; KA) into a synchronous,
single-peak oscillation. The oscillation peak frequency measured 23.2 (+ 0.40) Hz after
60 minutes KA application. Area power increased over the 60 minute KA application,
from 0.838 pV?/Hz at baseline, to 2.063 puV?/Hz (Figure 3.11b).

Collecting human tissue samples of good enough quality to induce oscillations
was difficult, hence the single example presented here in this thesis. To induce
oscillations, it seems a clear laminar structure and definition between the white and

grey matter correlated with the quality of oscillations.
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Figure 3.11 KA (800 nM) evokes a high frequency oscillation between 15 and 80
Hz oscillations in human cortical tissue. a) Example (i) power spectra and (ii) LFP
traces from first 80 minutes of experiment: baseline prior to KA (black solid line), and
a beta oscillation after 60 minutes KA (orange solid line). Time-course plot shows KA
(applied for duration of orange bar) modulated increased (b) area power over 60
minutes. Total slices/cases (n/N)=1/1.
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3.4.8 Acute application of PCP to human brain tissue slices mimics ACC
oscillation effects

Beta oscillations recorded from the rat ACC were a similar peak frequency to
the oscillation recorded from the human cortical tissue. Therefore, | applied PCP (10
MM) to the stable KA-evoked beta oscillation recorded from the human tissue to
compare to my rodent data. The following data is recorded from the same slice

presented in figure 3.11.

Remarkably, following KA application the oscillation stabilised after 60 minutes,
compared to 2 — 3 hours in rat ACC slices. Once stable, PCP was applied for 60
minutes (Figure 3.12). Example LFP traces (Figure 3.12a) and representative power
spectra (Figure 3.12b) show a clear dramatic increase in the oscillation power and a
minor slowing of oscillation frequency, following 60 minutes PCP application. Peak
frequency analysis shows the frequency decreased slightly from 23.7 (£ 0.40) Hz to
22.2 (x 0.22) Hz (Figure 3.12b). Oscillation power increased greatly following PCP
application, from 2.07 (* 0.012) uV?/Hz to 4.83 (+ 0.070) uV?/Hz (Figure 3.12c), an
increase of 233%. The increase in oscillation power and slight slowing of frequency
reproduces the effect seen in rat ACC beta oscillations. Although the data presented
in 3.4.7 and 3.4.8 is from one individual slice, it does suggest that human cortical beta
oscillations are greatly enhanced by PCP as seen in rat ACC.
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Figure 3.12 PCP effects on KA-evoked oscillations in human tissue cortex. When

applied to an acute human cortical tissue slice, PCP (10 puM) increases the power of

a high frequency (15 and 80 Hz) KA-evoked oscillation. (a) Example (i) LFP trace and

(ii) power spectra prior to PCP (orange solid line), and after 60 minutes PCP (red solid

line). Time-course plots show (b) peak frequency and (c) area power, over 60 minutes

PCP application (applied for duration of red bar). Total slices/ cases (n/N)=1/1.



3.5 Discussion
Summary of the main findings in Chapter 3:

e Inrat ACC, KA evoked beta frequency (20 — 33 Hz) and gamma frequency (33
— 80 Hz) oscillations as single-peak oscillations, or as mixed beta-gamma
oscillations.

e KA-evoked beta oscillations significantly increased in power when PCP was
applied, in the ACC. KA-evoked gamma oscillations shifted from gamma
frequency to a beta frequency oscillation when PCP was applied. The power of
the subsequent oscillation also significantly increased. Other NMDA receptor
antagonists, MK-801 and DAPS5, did not significantly increase oscillation power.

e In rat CA3 of the hippocampus, KA evoked gamma oscillations only, with a
mean frequency of 30 Hz. PCP did not significantly affect KA-evoked gamma
oscillation power in rat CA3, and neither MK-801 or DAP5 had any effect on
gamma oscillations.

e In human cortical tissue, KA evoked a high frequency oscillation that built up
and stabilised. PCP application significantly increased oscillation power, in a
manner similar to rat ACC beta oscillations.

This thesis found that distinct beta (20 — 32 Hz) and gamma (33 — 80 Hz)
frequency oscillations can be evoked by bath application of KA in the rat ACC in vitro,
as previously reported (Adams et al.,, 2017). | have also shown that KA-evoked
oscillations in ACC can consist of a mixed beta—gamma frequency oscillation, also
previously reported (Adams et al., 2017). However, the underlying mechanisms of beta
and gamma oscillations are still uncertain. By evoking beta and gamma oscillations
independently and simultaneously, my data supports the theory that the two rhythms

must be controlled by distinct mechanisms.

In contrast, | found that only oscillations of gamma (20 - 80 Hz) frequency were
evoked by bath application of KA in the CA3 of the hippocampus, as previously
reported (Cunningham et al., 2003, Fisahn et al., 2004). The differences in the types
of oscillatory activity evoked in ACC and hippocampus, therefore, suggest there must

be important differences in the underlying neuronal networks between the two regions.
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Gamma frequency oscillations have been evoked in numerous studies in both
the hippocampus (Fisahn et al., 2004) and neocortex using KA (Adams et al., 2017,
Middleton et al., 2008, Roopun et al., 2008). In addition, KA-evoked beta frequency
activity has been reported in different cortical regions, including the sensorimotor
cortex, and the basal ganglia (Adams et al., 2017, Roopun et al., 2008). In the current
study | defined beta frequency activity as 20 — 32.9 Hz based on the frequency
distribution histogram, however, in some studies this frequency range has been
referred to as low gamma activity. As shown previously in ACC (Adams et al., 2017),
| found that that either beta, gamma, or a mixture of both oscillations, can occur in vitro
following application of KA. In the current study, the majority of ACC slices exhibited
clear beta frequency activity (65%) compared to gamma (35%) upon KA application,

a higher gamma to beta ratio than previously reported (Adams et al., 2017).

Activity in different interneuron populations has been proposed to contribute to
the generation of these two different rhythms. Numerous studies have highlighted the
critical role for soma-targeting PV+ interneurons in the generation of gamma frequency
activity (Cardin et al., 2009, Sohal et al., 2009). More recently the activity of dendrite-
targeting SST+ interneurons has been suggested to contribute to the slower beta band
activity (Chen et al., 2017, Kuki et al., 2015, Ter Wal and Tiesinga, 2021). Both PV+
and SST+ interneurons show an area-specific distribution across the ACC (van
Heukelum et al., 2019). PV+ interneurons increase in density along the anterior-
posterior axis, whereas SST+ interneurons find the opposite; BA25 is densely
populated with SST+ interneurons whereas BA32 contains few SST+ interneurons
(van Heukelum et al., 2019). The varied distribution and proportion of interneurons
throughout ACC slices could underlie the heterogeneity of oscillations | observed. For
example, a slice taken from the posterior ACC, where PV+ interneuron density is
greater, may be more likely to generate a gamma frequency oscillation in vitro than a
more anterior slice. Details of the slices’ anterior-posterior location were not noted in

this study, but recording this in future studies would be very interesting to explore.

When studying oscillations in the CA3 of the hippocampus, gamma frequency
activity was defined as 20 — 80 Hz, and stable oscillation frequencies were recorded
between 24 and 40 Hz. Unlike in the ACC, only single-peak oscillations were recorded
in the CAS3, represented by a unimodal distribution of stable peak frequencies around

30 Hz suggested the CA3 generates a low-gamma oscillation, opposed to separate
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beta and gamma frequency oscillations (Fisahn et al., 2004). In vitro CA3 KA-evoked
beta oscillations have not been reported in the literature, and are notably absent when
gamma oscillations are present (Roopun et al., 2008). Gamma frequency oscillations
are dependent on GABAergic development (Luhmann and Khazipov, 2018), because
at postnatal day (P) 5 KA-evoked oscillations are of beta frequency, developing into
gamma frequency oscillations at around P15 (Tsintsadze et al., 2015). This correlates
with in vivo data that shows gamma oscillations do not emerge in rats until the end of
the second postnatal week (Doischer et al., 2008, Lahtinen et al., 2002, Mohns and
Blumberg, 2008). This is also consistent with immunohistochemical studies that find
PV-immunoreactive neurons appear in rat cingulate cortex between P8 and P13
(Frassoni et al., 1991).

The two major GABAergic inhibitory interneuron populations in the
hippocampus are also PV+ and SST+ interneurons (Jinno and Kosaka, 2002, Jinno
and Kosaka, 2003). In the CA3 specifically, gamma oscillations are formed by
precisely timed feedback loops between local pyramidal cells and inhibitory
interneurons (Atallah and Scanziani, 2009, Dugladze et al., 2012, Mann et al., 2005).
Studies have linked recruitment of fast-spiking PV+ interneurons to the generation and
synchrony of gamma frequency oscillations in the hippocampus (Fuchs et al., 2007,
Wulff et al., 2009). SST+ interneurons synchronise gamma oscillations in the visual
cortex (Veit et al., 2017, Veit et al., 2023), but they have only recently been implicated
in CA3 gamma oscillations (Aery Jones et al., 2021, Antonoudiou et al., 2020).
Interestingly, in optogenetic studies, the power of in vitro carbachol-evoked CA3
gamma oscillations is suppressed by inhibition of PV+ interneurons and inhibition of
SST+ interneurons (Antonoudiou et al., 2020). Optogenetic inhibition of SST+
interneurons also increased in vitro CA3 gamma frequency (Antonoudiou et al., 2020).
Conversely, photoexcitation of hippocampus SST+ interneurons evoked a high
gamma (> 60 Hz) frequency oscillation (Antonoudiou et al., 2020). The CA3 is strongly
coupled with the CA1 and suppression of PV+ and SST+ interneurons differentially
affect downstream CAL1 activity. In vivo, PV+ interneuron suppression increased power
of CA3-CA1 coupling, increased CA1 gamma power and decreased CA1l fast-gamma
power (> 60 Hz) (Aery Jones et al., 2021). Inversely, suppression of SST+
interneurons reduced CA3-CA1l coupling, increased EC-CALl coupling, decreased

CA1 gamma power, and increased CA1l fast-gamma power (Aery Jones et al., 2021).
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The rodent CA3 is a specially developed network of strong recurrent
connectivity (Ishizuka et al., 1990, Laurberg and Sgrensen, 1981, Sammons et al.,
2024, Swanson et al., 1978), highly specialised for encoding and recalling memories
(Kesner and Rolls, 2015, Le Duigou et al., 2014, Papp et al., 2007). The ACC forms
part of the wider mPFC, and forms connections with the cortex, amygdala, ventral
tegmental area and thalamus (Anastasiades and Carter, 2021). Compared to the CA3,
the ACC is involved in a more diverse range of cognitive functions (Bush et al., 2000)
such as attention, working memory, decision-making, emotional cognition and
sensorimotor function. Together, this suggests the ACC needs to be more dynamic
and flexible than the hippocampus, which may be reflected in the different oscillatory

rhythms recorded from both regions in this study.

PCP is an NMDA receptor antagonist commonly used to model schizophrenia
in rodents, in vivo and in vitro (Biator and Wasik, 2022). | used acute bath application
of PCP to on-going, stable ACC oscillations to explore the effects of acute NMDA
receptor blockade. In the ACC, PCP was applied to stable KA-evoked (800 nM) beta
and gamma frequency oscillations. In the ACC, | showed that NMDA receptor
hypofunction, induced by bath application of PCP, resulted in the emergence of a very
large beta frequency oscillation. If beta activity was present prior to PCP application
the power of this activity increased dramatically up to 312%. However, if gamma
oscillations were initially evoked with KA, then blockade of NMDA receptors with PCP

led to a clear shift in frequency from gamma to a large beta oscillation.

Numerous studies both in vitro and in vivo in different cortical regions have
shown that NMDA receptor blockade increases gamma oscillation power (Hakami et
al., 2009, Hiyoshi et al., 2014b, Lee et al., 2017, Lemercier et al., 2017, Rebollo et al.,
2018). The literature regarding frequency changes is less clear because, while several
studies show NMDA receptor blockade slows the gamma frequency activity, it
remained within the gamma band in most cases (Anver et al., 2011, McNally et al.,
2011). The gamma-to-beta frequency shift | have seen in ACC is, however, similar to
a study which showed ketamine in the EC in vitro exposed a second slow 25 - 35 Hz
oscillation (Middleton et al., 2008). In another study, discrete but co-existing beta and
gamma oscillations recorded in vitro from the somatosensory cortex showed NMDA
receptor antagonist DAP5 suppressed gamma power and significantly increased beta

power, driving a mixed frequency oscillation to a large beta oscillation (Roopun et al.,
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2006). Beta oscillations are associated with memory consolidation, whereas gamma
oscillations are associated with memory retrieval. Aberrant beta that is not modulated
appropriately by memory formation has been seen in patients with schizophrenia
(Meconi et al., 2016), thus the large beta oscillation that emerges in ACC in the
presence of PCP in this study could be a suitable model for pathological network

activity.

The NMDA receptor hypofunction hypothesis of schizophrenia (Dienel and
Lewis, 2019, Gonzalez-Burgos and Lewis, 2008) proposes that the function of NMDA
receptors on PV+ interneurons are preferentially reduced, resulting in a loss of PV+
cell-mediated inhibition and a subsequent disinhibition of pyramidal cell firing (Dienel
and Lewis, 2019, Gonzalez-Burgos and Lewis, 2008, Homayoun and Moghaddam,
2007). My data showing the PCP-mediated shift from single-peak gamma to beta-
dominant activity could suggest SST+ interneurons are more susceptible to NMDA
receptor antagonism, than PV+ interneurons. In cortical regions, SST+ interneurons
contribute to low-frequency beta oscillations, which are abnormal in schizophrenia
(Moran and Hong, 2011). In adult rodents, the contribution of NMDA receptor mediated
excitatory transmission onto PV+ interneurons is relatively weak compared to SST+
interneurons (McGarry and Carter, 2016, Rotaru et al., 2011). In vivo, acute ketamine
treatment reduced SST+ interneuron activity and increased pyramidal cell activity in
the mouse cingulate cortex (Ali et al., 2020). This may therefore suggest that PCP
application had little effect on PV+ interneuron activity, as gamma power was not
significantly changed, and instead caused hypofunction of NMDA receptors on SST+

interneurons.

Other NMDA receptor antagonists that are typically used in schizophrenia
models include MK-801, ketamine and DAP5. Given the considerable effect of PCP
on beta and gamma oscillations in the ACC, | then acutely applied MK-801 and DAP5
to KA-evoked ACC beta oscillations. When MK-801 and DAP5 were bath applied to
ACC beta oscillations, neither antagonist caused a significant change in power or
frequency. PCP’s effect on beta power was also significantly greater than that of MK-
801. MK-801 is a high affinity analogue of PCP that interacts with the same open
channel site on the NMDA ion channel as PCP, it is therefore surprising that MK-801
did not have a similar effect on beta oscillations as PCP. This differential effect of PCP

in the ACC may occur as PCP has lower NMDA receptor specificity than MK-801 and
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interacts with other receptors, including the serotonergic (5-HT2A), dopaminergic
(D2), cholinergic receptors and also intracellular o-1 receptors (Kapur and Seeman,
2002, Oswald et al., 1984).

In comparison to my findings in the ACC, there was no dramatic emergence of
a large beta frequency oscillation or any change in the power of CA3 gamma
oscillations when bath applying PCP. CA3 gamma power remained remarkably stable
in the presence of PCP. The frequency of the oscillation did slow significantly by 3 Hz,

but this was arguably still within my defined gamma frequency range.

The effect of acute PCP application on CA3 gamma oscillations in vitro has not
been previously reported. In this thesis, neither DAP5 nor MK-801 changed CA3
gamma power in vitro, reproducing my PCP result. An alternative and popular protocol
involves treating animals with NMDA receptor antagonists, acutely or subchronically,
in vivo. Slices are then prepared from the treated animals and spontaneous or evoked
oscillations are recorded in vitro. Lemercier et al. (2017) found no difference in
spontaneous CA3 gamma power in slices taken from rats treated acutely with MK-
801, compared to vehicle treated. Additionally, the same study found gamma
oscillations evoked using a combination of cholinergic agonists (acetylcholine (ACh;
10 uM) and physostigmine (Physo; 2 uM)) were dramatically reduced in slices taken
from the MK-801-treated animals, compared to control (Lemercier et al., 2017). A
similar study that treated rats subchronically with MK-801 found peak power of KA-
evoked and Ach + Physo-evoked hippocampal gamma oscillations increased, but only
in female rats (Neuhdusel and Gerevich, 2024). The latter study suggests that the
effects of NMDA antagonists may be sex dependent. A review by Gogos and van den
Buuse (2023) showed that an acute subcutaneous (s.c.) injection with MK-801 (0.05
mg/kg) increased locomotor activity in female rats, compared to males. However, there
was no difference between the locomotor activity of female and male rats when treated
with an acute PCP injection (2.5 and 5.0 mg/kg; s.c.) (Gogos et al., 2017). In this study,
| have used only male rats so it would be important in future to see if similar or different

results were seen with female animals.

In vivo, subchronic PCP treatment does not affect basal gamma frequency
oscillations recorded from rat vHPC (Aguilar et al., 2016), corresponding with my acute

PCP in vitro findings. This is in contrast with in vivo data that showed acute application
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of MK-801, and with ketamine (which was not studied in this thesis), increased

ongoing hippocampal gamma oscillations in rats (Hakami et al., 2009).

The data presented in this thesis, to my knowledge, is the first study to compare
the effects of several NMDA receptor antagonists on in vitro CA3 KA-evoked
oscillations. While this thesis consistently demonstrated a lack of effect of NMDA
receptor blockade on CA3 gamma oscillations, discrepancies in findings from other
studies complicate drawing conclusions about the relevance of CA3 gamma
oscillations as a pathological model for NMDA receptor hypofunction.

Schizophrenia is disorder specific to humans, and the higher cognitive functions
implicated in schizophrenia, such as delusions and disorganised thought, are also
specific to the human experience. Surgical treatment of brain tumours, and refractory
epilepsies, offers a unique opportunity to collect a sample of non-pathological tissue
and study the human brain in vitro. Therefore, to compare my rodent slice model, |
evoked oscillations in human cortical tissue using KA. Human tissue was of limited
availability and variable gquality therefore only one sample, resected from the temporal
cortex, is included in this thesis. Developmental dysfunction of inhibitory cortical
circuits is a key factor in the cognitive deficits seen in schizophrenia (Lewis, 2014). In
the human temporal cortex, PV+ and SST+ are the two main classes of inhibitory
interneurons, with PV+ cell counts exceeding SST+ by over 10-fold in control tissue
(Waller et al., 2020).

Various brain oscillations can be replicated in vitro by altering the composition
of ACSF and using different reagents (see de la Prida and Huberfeld (2019) for
review). Previously, beta frequency and theta-coupled gamma frequency bursts have
been evoked using KA and KA + carbachol, in human neocortical tissue (Florez et al.,
2015). In comparison, this thesis showed that KA alone evoked a stable persistent
beta frequency oscillation, with a peak frequency of 23.5 Hz. The peak frequency
recorded in the human cortical tissue was slower than the mean peak frequency of the
KA-evoked ACC beta oscillations of 26.3 Hz. The area power was also lower than the
average area power recorded from the rat ACC but, as this was just one slice from
one case, no solid conclusions can be drawn about the size and frequency of human

cortical oscillations compared to rat tissue. However, the oscillation was very stable,
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allowing the recording of a stable baseline period and subsequent pharmacological
manipulation.

Once stable, PCP induced a large increase in oscillation power, comparable to
the effect seen in the rat ACC. To my knowledge, this is a novel finding and NMDA
receptor antagonists have not been applied to human cortical tissue oscillations
previously. The similarity of the human cortical tissue to my findings in the rat ACC is

an interesting finding and needs to be explored further.
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3.5 Conclusions

This chapter demonstrated distinct differences in the oscillatory behaviour of
the ACC and CA3 regions of the rat brain, consistent with previous studies. In the
ACC, PCP application resulted in a dramatic increase in beta oscillation power,
accompanied by a shift from gamma frequency oscillations to beta, an effect not
observed with other NMDA receptor antagonists such as MK-801 and DAP5. These
findings highlight unique receptor target effects of PCP, opening potential avenues to
explore its underlying mechanisms of action. In contrast, the CA3 region displayed
robust KA-induced gamma oscillations that remained unaffected by PCP or NMDA
receptor blockade, further emphasising the functional distinctions between these
regions. Additionally, KA-evoked beta oscillations in human cortical tissue mirrored
findings in the rat ACC, suggesting it may serve as a promising acute model system,
though challenges with tissue availability and reproducibility need to be addressed in

future studies.
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Chapter 4. Alleviating the effects of phencyclidine-induced
NMDA-receptor hypofunction by metabotropic glutamate 2

receptor modulation
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4. 1Introduction

mGlu receptors, particularly of Group Il, have long been to the focus of potential
therapeutic targets for schizophrenia. Group Il mGlu receptors include mGlu2 and
mGlu3. In general, mGlu receptors have been identified as possible treatments for
neurological and psychiatric diseases (Niswender and Conn, 2010). More specifically,
Group Il mGlu receptors are heavily expressed in the PFC and levels are reported to
be altered in patients with schizophrenia (Ghose et al., 2008, Gonzalez-Maeso et al.,
2008). Additionally, a number of studies have provided evidence that activation of
mGlu2/3 receptors, and in particular the mGlu2 subtype, is effective in models of
schizophrenia where glutamatergic signalling is disrupted (Morrow et al., 2012, Vinson
and Conn, 2012). Phase Il clinical studies with an oral prodrug of the orthosteric
agonist LY404039 suggested statistically significant improvements in positive and
negative symptoms of schizophrenia (Patil et al., 2007). Therefore, restoration of
normal glutamatergic signalling via activation of mGlu receptors may be a possible

mechanism through which the symptoms of schizophrenia could be treated.

The group Il mGlu receptors, mGlu2 and mGlu3, are present throughout the
brain, and are highly expressed in the rat ACC and hippocampus (Gu et al., 2008).
Group Il mGlu receptors are often expressed presynaptically and mGlu2/3 receptor
activation can inhibit glutamate release, a potential mechanism through which excess
glutamatergic tone in schizophrenia patients could be reduced (Marek et al., 2000,
Schoepp et al., 1999). Human (Krystal et al., 2005) and animal (Engel et al., 2016,
Tyszkiewicz et al., 2004) studies demonstrate that mGlu2/3 receptor activation
modulates NMDA receptor activity. mGlu2/3 receptor agonists reduce working
memory deficits in PCP (Moghaddam and Adams, 1998) and neurodevelopmental
(Xing et al.,, 2018) rodent models of schizophrenia. Specifically, a novel mGlu2
receptor agonist / mGIlu3 receptor antagonist, LY395756, rescues NMDA receptor
expression and reverses working memory deficits in a neurodevelopmental rodent
model of schizophrenia (Li et al., 2017). This therefore makes Group Il mGlu receptors,
and specifically mGlu2 receptors, a promising target for new drug development.
Indeed, clinical trials have provided some evidence that this approach may be of use
(Witkin et al., 2022).
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In the last decade, several selective mGlu2 agonists and PAMs have become
available, and studies using these compounds suggest it is the mGlu2 receptor that
modulates cognition. Preclinically, an mGlu2 receptor PAM, SAR218645, improves
cognitive deficits in an MK-801 model of schizophrenia, as well as reversing working
memory impairments in an NMDA - GIuN1 knockout mouse model of the disease
(Griebel et al., 2016). LY395756, an mGlu2 receptor agonist and mGlu3 receptor
antagonist (Dominguez et al., 2005), also effectively reverses NMDA receptor
impairments and cognitive deficits in a MAM rat model of schizophrenia (Li et al.,
2017). LY541850 is another orthosteric selective mGlu2 receptor agonist and mGlu3
receptor antagonist, shown to be effective in reducing PCP-induced locomotor activity
(Hanna et al., 2013).

Given that mGlu2 receptors appear to modulate both cognitive, positive, and
negative symptoms in a range of models of schizophrenia, | used brain slice
electrophysiology to investigate the role of mGlu2/3 receptor modulation in rodent ACC
beta and gamma frequency oscillations. To understand the role of mGlu2/3 receptors,
the Group Il mGlu receptor ligands LY354740, an orthosteric agonist of receptors
mGlu2 and mGIlu3, and a novel mGlu2 receptor agonist / mGlu3 receptor antagonist,
LY541850 were used. This study also investigated whether mGlu2/3 receptors could
be used to rescue oscillatory changes evoked by acute PCP application, as outlined

above in chapter 3.

132



4.2 Aims

e Assess whether group Il mGlu receptors can modulate ACC beta and gamma
frequency oscillations.

e Target mGlu2 specifically to explore the differential effects of the group Il mGlu

receptor subtypes on NMDA receptor modulation.

e Evaluate the acute PCP slice model described in chapter 3 using a clinically
significant receptor target, mGlu2.

133



4.3 Methods
4.3.1 Animals

Acute rodent brain tissue slices were prepared from wild-type, male Lister
Hooded rats (7 — 10 weeks) as described in Chapter 2.2. Animals were anaesthetised
with inhaled isoflurane prior to injection (i.m.) of ketamine (100 mg/kg) and xylazine
(10 mg/kg). Animals were intracardially perfused with 60 ml of sucrose-modified
ACSF, and the brain was removed and placed in ice-cold sucrose-modified ACSF.

4.3.2 ACCslice recordings

Following removal of the brain, the whole brain was cut in half coronally to
isolate the anterior half of the brain and mounted on a vibrating microtome stage.
Coronal tissue slices (450 um) were cut, and ACC slices were trimmed and transferred
to a holding chamber at room temperature for approximately 1 hour before being
placed in the recording interface chamber where they were perfused with oxygenated
ACC ACSF and maintained at 30 — 32°C. After 30 minutes, glass field electrodes were
inserted into the layer 5 of the ACC, and KA (800 nM) was bath applied via the
circulating ACSF-.

4.3.3 Data analysis of beta and gamma frequency activity

Oscillations were evoked using the glutamatergic agonist KA and field
oscillations were recorded. Power spectral density analysis was performed on
recorded data using Axograph and Spike2’s Fast Fourier Transform algorithms. Using
power spectra analysis of 60 second epochs, the peak frequency (Hz) and the area
under the curve (area power; puV?/Hz) were measured. To analyse ACC beta
frequency oscillations, peak frequency and area power were measured between 15 —
32.9. To analyse ACC gamma frequency oscillations, peak frequency and area power

were measured between 33 — 80 Hz.

KA-evoked network oscillations were considered stable when peak frequency
and area power measurements varied no more than 10 % over a 20 minute ‘control’

period, where 60 second epochs were measured at 10 minute intervals. Once
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oscillations were stable, other pharmacological compounds were applied. As multiple
tissue slices could be obtained from each animal, two values (n / N) are presented
below to represent slice (n) and animal (N) numbers, respectively. For statistical
analysis, 60 second epochs were analysed at 10 minute intervals. Due to large
variance in baseline area power measurements, percentage change from the control

mean (% control) was calculated and analysed.

4.3.4 Pharmacological compounds

All pharmacological compounds were bath-applied to circulating ACSF. KA was
applied 30 minutes after slices were placed in the recording chamber, to induce and
maintain oscillations, and was present throughout the experiment (3 — 5 hours). Details
of group Il mGlu receptor compounds are below (Table 4.1), and compound
applications are described in the results. When applicable, PCP (10 uM) was applied
for 2 hours once oscillations had stabilised.

Table 4.1 The group Il mGlu receptor compounds used. All names, biological
actions, manufacturers (and product code), and final concentrations used, of

compounds used in electrophysiology experiments.

Compound Action Manufacturer Final
name (product code) | concentration
LY341495 Selective group Il mGlu Tocris (1209) 300 nM
antagonist
LY354740 Selective group Il mGlu Tocris (3246) 100 nM / 3 uM
agonist
LY541850 Selective orthosteric mGlu2 | Eli-Lilly (gifted) 1uM
agonist; mGlu3 antagonist
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4.4 Results

4.4.1 ACC betaand gamma frequency oscillations are modulated by the mGlu2/3

receptor agonist LY354740 in a concentration-dependant manner

The group Il mGlu receptor orthosteric agonist LY354740 has been used both
in vivo (Copeland et al., 2017, Copeland et al., 2022, Zheng et al., 2020) and in vitro
(Copeland et al., 2017, Copeland et al., 2022, Menezes et al., 2013) to study mGlu2/3
receptor function in the CNS. LY354740 was bath-applied to stable KA-evoked
oscillations for 1 hour at either low (100 nM) or high (3 uM) concentration, followed by

a 1 hour wash period (Figure 4.1).

Firstly, the effects of LY354740 on beta frequency (15 — 32.9 Hz) oscillations
were assessed. When applied at a low concentration for 1 hour, LY354740 (100 nM)
caused a small but non-significant decrease in mean beta area power in the first 20 -
30 minutes of application, beta area power then stabilised from 30 - 60 minutes (Figure
4.1ai). After 60 minutes of LY354740 (100 nM) application, there was no significant
change in beta area power from control (100.6 + 1.32 % to 83.5 + 8.33 %; paired t test
p = 0.055; Figure 4.1aii). Peak frequency of the beta oscillation also was not affected
(25.8 £+ 0.8 Hz t0 24.1 + 1.1 Hz; paired t test; p = 0.068; Figure 4.1c). When applied at
a high concentration, LY354740 (3 puM) rapidly reduced beta frequency oscillation
power after 10 minutes application (Figure 4.1bi). Mean beta area power significantly
decreased from 102.8 + 1.56 % to 50.6 +4.56 % after 60 minutes of LY354740 (3 uM)
(paired t test; p = 0.0001; Figure 4.1bii). However, mean peak beta frequency was not
affected by LY354740 (3 uM) application (paired t test; p = 0.403; Figure 4.1d).

136



al 450 I 450+ ns
2 LY354740 (100 nM) = .
: 5 :
O 100-{g ® { { © 1004 .
S TR S e
5 : . =
2 2
E 50 n? 504 .®
m 8
© ]
m o
T T T T 0- T
0 30 60 90 120 Control LY354740
Time (mins) (100 nM)
bi _ 1504 i 1s0-
= 3 *okok
2 LY354740 (3 M) £
: I :
[+} [=] »
© 100-{e . © 100-
= F
= ftity = .
s 3 $ s
o 507 RN 5 50+
7] o0
e . B S B B B 0-
0 30 60 920 120 Control LY354740
Time (mins) (3 um)
c 40- ns d 40, ns
) ¥
530- y .o ‘u;so- °
§ L= = ] S
2 20- 320
o * @
T L.
< 10 § 107
@ [«1]
o o
0- T 0-
Control LY354740 Control LY354740
(100 nM) (3 uM)

Figure 4.1 Effects of the Group Il agonist LY354740 on beta frequency
oscillations. (a) Effects of 60 minutes LY35740 (100 nM) on beta frequency
oscillations. (i) Time-course of mean (x SEM) beta power (% control); horizontal
orange bar represents duration of LY354740 application. (i) Mean (£ SEM) beta power
(% control) after 60 minutes LY354740 application compared to control. (b) Effects of
60 minutes LY35740 (3 puM) on beta frequency oscillations. (i) Time-course of mean

(x SEM) beta power (% control); horizontal orange bar represents duration of
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LY354740 application. (i) Mean (£ SEM) beta power (% control) after 60 minutes
LY354740 application compared to control. Mean £+ SEM peak beta frequency (18 -
33 Hz) after 60 minutes LY354740 application at (¢) 1200nM and (d) 3 uM, compared

to control. Total slices / animals (n/ N) = 6-10/ 4-7.

In contrast when low concentration LY354740 (100 nM) was applied to gamma
frequency (33 — 80 Hz) oscillations, the area power was significantly decreased in
magnitude and stabilised over 60 minutes (Figure 4.2ai), from 101.8 £ 0.86 % to 74.9
+ 5.32 % (paired t test; p = 0.009; Figure 4.2aii). Peak gamma frequency was not
affected (paired t test; p = 0.054; Figure 4.2c). When applied at a high concentration,
LY354740 (3 uM) rapidly reduced gamma frequency oscillation power after 10 minutes
application (Figure 4.2bi). Interestingly, mean gamma area power greatly decreased
from 100.8 £ 2.32 % at control to 36.0 £ 11.1% by the high concentration of LY354740
(3 uM) (paired t test; p = 0.001; Figure 4.2bii). As the oscillation was severely
disrupted, there was a large decrease in area power, so it was not possible to detect
a true frequency peak in the power spectra which was therefore not quantified (Figure
4.2d).

These data therefore show that activating mGlu2/3 receptors, using LY354740
reduces beta and gamma frequency power in a concentration-dependent manner.
Furthermore, there is a greater effect of LY354740 on ACC gamma power than beta

power.
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Figure 4.2 Effects of the Group Il agonist LY354740 on gamma frequency
oscillations. (a) Effects of 60 minutes LY35740 (100 nM) on gamma frequency
oscillations. (i) Time-course of mean (x SEM) gamma power (% control); horizontal
orange bar represents duration of LY354740 application. (ii) Mean (x SEM) gamma
power (% control) after 60 minutes LY354740 application compared to control. (b)
Effects of 60 minutes LY35740 (3 uM) on gamma frequency oscillations. (i) Time-
course of mean (£ SEM) gamma power (% control); horizontal orange bar represents
duration of LY354740 application. (ii)) Mean (x SEM) gamma power (% control) after
60 minutes LY354740 application compared to control. (c) Mean + SEM peak gamma
frequency (18 - 33 Hz) after 60 minutes LY354740 (100 nM) application compared to

control. (d) Representative power spectra from a single experiment showing gamma
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frequency oscillations before and following 60 minutes application of high
concentration LY354740 (3 pM): LY354740 disrupted oscillations so that no peak-

frequency could be measured. Total slices / animals (n/ N) = 5-6 / 4-5.
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4.4.2 The Group Il mGlu receptor antagonist LY341495 occludes mGlu2/3
receptor activation in the rat ACC

The group Il mGlu receptor orthosteric antagonist LY341495 is selective for
mGlu2/3 receptors, exerting its effects at nanomolar concentrations (Kingston et al.,
1998, Turner and Salt, 2003). To confirm that the effects of LY354740 outlined above
(section 4.4.1) were indeed mediated by mGlu2/3 receptors, LY341495 (300 nM) was
applied to slices exhibiting stable beta and gamma oscillations for 20 minutes, before
co-application of LY354740 (100 nM) for a further 60 minutes in the continued
presence of LY341495 (Figure 4.3a).

A RM One-way ANOVA test was performed to compare the effect of LY341495
on LY354740 application on beta power (% control) and peak frequency (Hz). There
was no significant effect of compound application on beta power (F (1.384, 13.84) =
0.1146, p = 0.819; Figure 4.3bi). There was also no significant effect of compound
application on beta oscillation peak frequency (F (1.401, 14.01) = 0.077, p = 0.863;
Figure 4.3bii).

A RM One-way ANOVA test was performed to compare the effect of LY341495
on LY354740 application on gamma power (% control) and peak frequency (Hz).
There was no significant effect of compound application on gamma power (F (1.198,
10.78) = 0.1219, p = 0.778; Figure 4.3ci). There was also no significant effect of
compound application on gamma oscillation peak frequency F (1.059, 9.530) = 2.136,
p = 0.176; Figure 4.3cii).

These data show that LY341495 robustly blocks the effect of LY354740 on both

beta and gamma oscillation power, and the effect LY354740 is via mGlu2/3 receptors.
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Figure 4.3 The mGlu2/3 receptor antagonist LY341495 blocks the mGlu2/3
receptor agonist LY354740-induced reduction in KA-evoked beta and gamma
oscillations in rat ACC slices. (a) Schematic of experimental protocol: LY341495
(300 nM) was applied to stable KA-evoked beta / gamma oscillations for 20 minutes,
and LY354740 (100 nM) was co-applied for a futher 60 minutes. (b) Effect of LY341495
and LY354740 application on ACC beta oscillation mean (xtSEM) (i) beta power (%
control) and (ii) peak frequency (Hz). (c) Effect of LY341495 and LY354740 application
on ACC gamma oscillation mean (xSEM) (i) gamma power (% control) and (ii) peak
frequency (Hz). Total slices / animals (n/ N) = 10-11 /5.
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4.4.3 Selectively activating the mGlu2 receptor modulates beta and gamma

oscillatory power without disrupting oscillation frequency

To explore mGlu2 receptor effects more specifically, LY541850 (1 uM), an
orthosteric selective mGlu2 receptor agonist and mGlu3 receptor antagonist, was bath
applied to slices exhibiting stable beta and gamma oscillations for 1 hour, followed by
a 1 hour wash. LY541850 significantly reduced median beta area power from 101.0
(IQR 95.7 —104.7) % to 58.1 (IQR 42.1 — 71.2) % (Wilcoxon matched-pairs; test p =
0.003; Figure 4.4ai) without significantly changing oscillation mean peak frequency
(paired t test; p = 0.463; Figure 4.4aii).

LY541850 had an even greater effect on gamma frequency oscillations,
reducing median area power from 97.5 (IQR 95.6 — 102.2) % at control to 33.2 (IQR
26.1 — 44.5) % (Wilcoxon matched-pairs test; p = 0.016; Figure 4.4bi), whilst still
having no significant impact on oscillatory frequency (paired t test; p = 0.742; Figure
4.4bii). These data showed that selectively activating mGlu2 receptors, using
LY541850, effectively reduced beta and gamma power, without affecting oscillation

frequency.
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Figure 4.4 The mGlu2 receptor agonist / mGlu3 receptor antagonist LY541850
reduces KA-evoked beta and gamma power in rat ACC slices. (a) Effect of
LY541850 (1 uM) on beta oscillation (i) beta power (% control) and (ii) peak frequency
(Hz), following 60 minutes application. (b) Effect of LY541850 (1 pM) on gamma
oscillation (i) gamma power (% control) and (ii) peak frequency (Hz), following 60

minutes application. Total slices / animals (n/ N) =7 /6.
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4.4.4 Selectively activating mGlu2 receptors reverses large beta oscillations
induced by PCP

As seen in chapter 3, PCP induced an aberrantly large increase in beta
frequency oscillations in ACC slices over a 60 minute application (Figure 3.3). To
characterise how PCP modulates beta oscillations over a longer application period,
PCP was continuously applied for 120 minutes to slices oscillating at a stable beta

frequency (Figure 4.5).

A Friedman test was performed to compare the effect of 60- and 120-minutes
PCP application on median beta power (% control). There was a significant effect of
PCP application on beta power (X?=14.0, p < 0.001; Figure 5.4aii). Median beta area
power significantly increased after 60 minutes application from 99.3 (IQR 97.4 — 103.7)
% to 353.2 (IQR 281.9 — 456.5) % (p = 0.0012; Dunn's multiple comparisons test).
Median beta area power stabilised from 60 to 120 minutes, at 346.8 (IQR 227.3 —
489.9) % and was not significantly different from 60 minutes PCP application (p >

0.999; Dunn's multiple comparisons test).

A RM One-way ANOVA test was performed to compare the effect of 60- and
120-minutes PCP application on peak frequency. There was a significant effect of PCP
application on peak frequency (F (1.274, 10.20) = 18.64, p <0.001; Figure 4.5b). Mean
beta frequency was significantly reduced from 26.3 (+ 0.957) Hz to 24.1 (+ 1.49) Hz
after 60 minutes PCP application (p = 0.036; Tukey's multiple comparisons test), and
further reduced to 23.0 (x 1.23) Hz after 120 minutes PCP application (p = 0.029;

Tukey's multiple comparisons test).
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Figure 4.5 KA-evoked beta oscillations stabilise following acute PCP
application, in rat ACC slices. (a) Effect of 120 minutes PCP application on beta
power (% control), shown as (i) time-course plot medians (IQR) where PCP was
applied for duration of red bar and (ii) compared to control median (IQR) at 60 and 120
minutes. (b) Effect of 60 and 120 minutes PCP application on beta oscillation peak

frequency (Hz), compared to control. Total slices / animals (n/ N) =9 /5.
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Using the PCP 120 minute application as an NMDA receptor hypofunction
model of the aberrant oscillations associated with schizophrenia, the mGlu2/3 agonist
LY354740 and mGlu2 agonist / mGlu3 antagonist LY541850 were applied after 60
minutes. Area power and peak frequency were measured to assess whether these

compounds were able to reverse the PCP-induced increase in beta oscillations.

A Friedman test was performed to compare the effect of low (100 nM)
concentration LY354740 on PCP application on median beta power (% control; Figure
4.6). There was a significant effect of compound application on beta power (X2=7.143,
p = 0.027; Figure 4.6aii). Bath-application of LY354740 at 100 nM did not have a
significant effect on the PCP-induced increase in median beta area power, as median
area power decreased slightly from 300.0 (IQR 178.4 — 349.8) % in PCP to 278.6 (IQR
93.6 — 341.4) % with the low concentration LY354740 application (p = 0.544; Dunn’s
multiple comparisons test).

A RM One-way ANOVA test was performed to compare the effect of LY354740
at 100 nM on PCP application on peak frequency. There was a significant effect of
compound application on peak frequency (F (1.143, 6.861) = 14.23, p = 0.006; Figure
4.6b). Peak frequency significantly decreased from control 26.5 (+ 1.3) Hz to PCP 23.9
(x 0.57) Hz (p = 0.023; Tukey's multiple comparisons test). Low concentration of
LY354740 had no significant effect on the mean beta frequency when applied with

PCP (p = 0.073; Tukey's multiple comparisons test).
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Figure 4.6 mGlu2/3 receptor agonist LY354740 at low concentration has no
effect on PCP-induced increase in KA-evoked beta oscillations, in rat ACC
slices. (a) Effect of PCP (10 uM) and LY354740 (100 nM) application on beta power
(% control), shown as (i) time-course plot medians (IQR) where PCP and LY354740
were applied for duration of red and yellow bar, respectively, and (ii) compared to
control median (IQR) at 60 and 120 minutes. (b) Effect of PCP (10 uM) and LY354740
(100 nM) application on beta oscillation peak frequency (Hz), compared to control.

Total slices / animals (n/ N) =7/ 3.
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A Friedman test was performed to compare the effect of high (3 uM)
concentration LY354740 on PCP application on median beta power (% control; Figure
4.7). There was a significant effect of compound application on beta power (X?=11.14,
p = 0.0012; Figure 4.7bii). Applying LY354740 at the higher concentration of 3 uM
significantly reduced median beta oscillation area power from 413.2 (IQR 221.8 —
531.9) % in PCP to 176.7 (IQR 77.8 — 267.7) % (p = 0.049; Dunn’s multiple

comparisons test).

A RM One-way ANOVA test was performed to compare the effect of LY354740
at 3 UM on PCP application on peak frequency. There was no significant effect of
compound application on peak frequency (F (1.062, 6.370) = 1.548, p = 0.260; Figure
4.7c).
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Figure 4.7 mGlu2/3 receptor agonist LY354740 reduces PCP-induced increase
in KA-evoked beta oscillations, at high concentrations, in rat ACC slices. (a)
Representative power spectra (i) and LFP traces (ii) of ACC beta frequency oscillation
in control (black), after 60 minutes PCP (10 uM) application (red), and further 60
minutes LY354740 (3 uM) co-application (orange). (b) Effect of PCP (10 uM) and
LY354740 (3 uM) application on beta power (% control), shown as (i) time-course plot
medians (IQR) where PCP and LY354740 were applied for duration of red and yellow
bar, respectively, and (ii) compared to control median (IQR) at 60 and 120 minutes.
(c) Effect of PCP (10 uM) and LY354740 (3 uM) application on beta oscillation peak

frequency (Hz), compared to control. Total slices / animals (n/ N) =7/ 3.
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LY541850 (1 uM), the mGlu2 receptor agonist and mGIlu3 receptor antagonist,
was also applied to slices exhibiting PCP-enhanced beta oscillations to investigate
whether activation of mGlu2 receptors alone is enough to counter the large increase

in beta power caused by PCP (Figure 4.8).

A Friedman test was performed to compare the effect of LY541850 on PCP
application on median beta power (% control; Figure 4.8b). There was a significant
effect of compound application on beta power (X?=22.17, p < 0.0001; Figure 4.8bii).
After 60 minutes of PCP application, there was a large increase in median beta area
power from 100.6 (IQR 95.1 — 107.1) % to 277.2 (IQR 225.0 — 395.7) % (Dunn’s
multiple comparisons test p < 0.0001). LY541850 application for 60 minutes resulted
in a significant decrease in median area power to 201.0 (IQR 151.1 — 235.7) % from

PCP at 60 minutes (Dunn’s multiple comparisons test; p = 0.024).

A RM One-way ANOVA test was performed to compare the effect of LY541850
on PCP application on peak frequency. There was a significant effect of compound
application on peak frequency (F (1.754, 19.29) = 33.89, p < 0.0001; Figure 4.8c).
Mean peak frequency significantly decreased from control 27.0 (+ 0.45) Hz following
PCP application to 24.3 (x 2.71) Hz (Tukey’s multiple comparisons test; p = 0.001).
Mean peak frequency significantly decreased further from PCP application after 60
minutes LY541850 application, to 22.6 (+ 0.68) Hz (Tukey’s multiple comparisons test;
p = 0.008).

These data suggest that the large increase in beta area power in ACC slices
induced by PCP can be modulated and reduced through activation of the mGlu2

receptor, independent of the mGlu3 receptor.
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Figure 4.8 mGlu2 receptor agonist, LY541850, reduces PCP-induced increase in
beta frequency oscillations. (a) Representative power spectra (i) and LFP traces (ii)
of ACC beta frequency oscillation in control (black), after 60 minutes PCP (10 pM)
application (red), and further 60 minutes LY541540 (1 puM) co-application (blue). (b)
Effect of PCP (10 uM) and LY541540 (1 puM) application on beta power (% control),
shown as (i) time-course plot medians (IQR) where PCP and LY541540 were applied
for duration of red and yellow bar, respectively, and (ii) compared to control median
(IQR) at 60 and 120 minutes. (c) Effect of PCP (10 uM) and LY541540 (1 uM)
application on beta oscillation peak frequency (Hz), compared to control. Total slices
[animals (n/N)=12/7.
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4.5 Discussion
Summary of the main findings in Chapter 4:

e ACC beta and gamma frequency oscillations can be modulated by activating
group Il mGlu receptors, specifically mGlu2.

e Aberrantly large beta oscillations, induced by PCP, can be normalised by
activating mGlu2 receptors.

e We can target clinically significant receptors and study their effects using the

acute PCP-NMDA receptor hypofunction model.

In chapter 3, we found that distinct beta (20 - 32Hz) and gamma (33 - 80 Hz)
frequency oscillations can be evoked by bath application of KA (800 nM) in the rat
ACC in vitro, as previously reported (Adams et al., 2017). In this chapter, we showed
that both beta and gamma frequency oscillations are reduced by activation of Group
Il mGlu receptors using the mGlu2/3 receptor agonist LY354740 in a concentration-
dependent manner. When investigating the effects of mGlu2 receptor activation
specifically, using the novel mGlu2 agonist / mGlu3 antagonist LY541850 (1 uM), we
found that both beta- and gamma frequency oscillations significantly reduced in power,
again without disrupting oscillation frequency. These data demonstrate that both beta
and gamma frequency oscillations in ACC can be modulated via mGlu2 activation

alone.

In additional experiments we used acute application of PCP to an on-going,
stable oscillation to model NMDA receptor hypofunction and assess the effects of
Group Il mGlu receptor modulation in this acute NMDA antagonist model. Subsequent
assessment of the effects of mGlu receptor modulation on this large beta oscillation
showed that the specific mGlu2 agonist / mGIlu3 antagonist LY541850, significantly
reduced the power of the beta frequency activity. Our data suggest that mGlu2
receptor activation could be a possible mechanism by which to modulate abnormal

oscillatory activity caused by NMDA receptor hypofunction.

Here we showed that mGlu receptor modulation with the specific mGlu2
receptor agonist LY541850 was able to significantly reduce the power of the aberrant

beta activity caused by PCP. LY354740 (10 mgkg? intraperitoneal; i.p.) has been
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shown to abolish PCP-induced efflux of glutamate in the prefrontal cortex and
attenuated the effects of PCP on working memory and locomotor activity (Moghaddam
and Adams, 1998), and a number of other studies have demonstrated efficacy of
Group Il mGlu receptor activation in models of schizophrenia (Morrow et al., 2012). In
addition, there is evidence that aberrant oscillatory activity could be related to
symptoms of schizophrenia, such as hallucinations, thought disorder and negative
symptoms. Several studies have found that positive symptoms of schizophrenia are
correlated with enhanced amplitude and phase-synchronization of evoked and
induced beta- and gamma-band activity in circumscribed brain regions (Uhlhaas and
Singer, 2010) and in vivo in rodents Group Il mGlu receptor activation modulates
NMDA receptor-induced changes in network activity (Hiyoshi et al., 2014a, Hiyoshi et
al., 2014c). The data presented here suggest that Group Il mGlu receptors may

alleviate symptoms of schizophrenia by stabilising abnormal network activity.
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4.6 Conclusions

Our results show that Group Il mGlu receptors modulate network oscillations
and point to a specific involvement of mGlu2 receptors. In addition, attenuation of the
effect of PCP points to a mechanism by which mGlu2 receptors may stabilise aberrant
network activity. These results underline the importance of Group Il mGlu receptors,
and particularly mGlu2, as targets for the treatment of neuropsychiatric and

neurodegenerative diseases.
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Chapter 5. The impact of o1 receptor activation on
interneuron dysfunction and neuroinflammation, in rat
ACC and CA3, in vitro

157



158



5.1 Introduction

Rodent models have provided significant insight into the effects of PCP (Neill
et al., 2010), particularly in relation to the ACC (Arime and Akiyama, 2017). The ACC
is involved in higher cognitive processes (Kaneda and Osaka, 2008, Rolls, 2019,
Teixeira et al., 2006) and is a key site of dysfunction in schizophrenia (Adams and
David, 2007). Previous studies have demonstrated that subchronic PCP treatment
disrupts learning and memory processes in rodents (Cadinu et al.,, 2018). One
significant effect of subchronic PCP treatment in rodents is a reduction of PV
expression (Abdul-Monim et al., 2007, McKibben et al., 2010, Reynolds and Neill,
2016). PV+ GABAergic interneurons are critical for regulating cortical network
excitability and generating synchronous gamma oscillatory activity (Whittington et al.,
1995, Womelsdorf et al., 2007). These interneurons are thought to be essential for
cognitive functions such as attention and working memory (Lesh et al., 2011),
processes that are often disrupted in schizophrenia (Ferguson and Gao, 2018, Hughes
et al., 2024, Nuechterlein et al., 2004).

PV+ interneuron dysfunction has been consistently reported across multiple
models of schizophrenia, including pharmacological and developmental models
(Santos-Silva et al., 2023). Subchronic PCP administration reduces PV and GAD67
expression in the PFC (Amitai et al., 2012, Kaalund et al., 2013), as well as altering
cortical oscillations and firing patterns (Kargieman et al., 2007). The reduction in PV+
expression suggests that NMDA receptor hypofunction induced by PCP disrupts the
inhibitory control exerted by these interneurons, contributing to the cognitive deficits

observed in animal models.

PCP has been shown to increase gamma oscillatory activity in both in vivo and
in vitro studies (Hakami et al., 2009, Lemercier et al., 2017, Rebollo et al., 2018), and
this thesis has shown that PCP disrupts both gamma and beta oscillations in the ACC,
in vitro (Chapter 3.4.2 and 3.4.3). Together, this further supports the idea that NMDA

receptor hypofunction impacts neuronal network dynamics.

While much research on schizophrenia focuses on PV+ interneurons, there is
also evidence of changes in SST+ interneurons. Human studies show a reduction in
hippocampal SST+ interneurons and decreased SST mRNA levels in the

hippocampus, ACC, and dIPFC in schizophrenia patients (Fung et al., 2010,
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Hashimoto et al., 2008, Konradi et al., 2011). Notably, SST reduction is more
pronounced than other biomarkers, including PV (Alherz et al., 2017). Given that SST
expression is activity-dependent (Hou and Yu, 2013), its reduction suggests potential
loss of SST, or dysfunction of SST+ interneurons, though the pathology remains
unclear. Rodent models using NMDA receptor antagonists replicate some
schizophrenia-like pathologies, with subchronic MK-801 treatment leading to a
decreased number of SST+ interneurons (Murueta-Goyena et al., 2020). SST
knockdown in the rat mPFC causes cognitive deficits, mirroring similar effects seen
with PV knockdown (Perez et al., 2019).

PNNs are extracellular matrix structures that surround specific neurons,
including PV+ interneurons, playing a key role in maintaining their excitability (Wingert
and Sorg, 2021) and supporting neuronal plasticity by regulating synaptic stability and
excitability (Sorg et al., 2016). In both the hippocampus and ACC, PNNs are essential
for memory consolidation and are involved in various forms of memory, including fear
conditioning and spatial memory (Li et al., 2024b). The degradation of PNNs in the
PFC and ACC impairs these memory processes (Shi et al., 2019), further contributing
to the cognitive deficits observed in schizophrenia and in PCP-treated animals.

Beyond its effects on interneurons, PCP treatment also induces
neuroinflammation in animal models (Li et al., 2024a), another key feature of
schizophrenia pathology (Anderson et al., 2013). Subchronic PCP treatment has been
shown to activate both astrocytes and microglia in the mouse cortex and hippocampus
(Zhu et al., 2014), as indicated by increased expression of GFAP and Ibal, markers
for reactive astrocytes and microglia, respectively. Glial activation is accompanied by
elevated levels of pro-inflammatory cytokines which contribute to oxidative stress and
neuronal damage. Oxidative stress can exacerbate the dysfunction of PV+

interneurons, specifically (Steullet et al., 2017).

o1 receptors, located on the mitochondria-associated membrane of the ER,
play a crucial role in modulating intracellular Ca?* signalling and are involved in various
neurotransmitter systems, including glutamatergic and dopaminergic pathways.
Activation of o1 receptors has been shown to have neuroprotective effects, particularly
in the context of neuroinflammation and oxidative stress (Maurice et al., 2019,
Mavlyutov et al., 2013, Mavlyutov et al., 2015).
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o1 receptors are expressed in both neurons and glial cells, and their activation
can reduce oxidative stress and modulate inflammatory responses (Gekker et al.,
2006, Jia et al., 2018). Agonists of 1 receptors, such as fluvoxamine and donepezil,
have been found to rescue cognitive impairments induced by subchronic PCP
treatment in rodents (Hashimoto et al., 2007, Kunitachi et al., 2009), suggesting a
potential therapeutic pathway for mitigating the cognitive deficits associated with
NMDA receptor hypofunction.

Additionally, o1 receptors have been implicated in the regulation of synaptic
plasticity and LTP, which are critical for learning and memory processes. By interacting
with NMDA receptors and other signalling pathways, o1 receptors may help restore
normal synaptic function and reduce the cognitive deficits caused by PCP (Martina et
al., 2007, Pabba et al., 2014).

The interplay between NMDA receptor hypofunction, interneuron dysfunction,
and neuroinflammation highlights the complex mechanisms underlying PCP-induced
cognitive deficits. PV+ interneurons, PNNs, and glial cells all play crucial roles in
maintaining neuronal circuit function and synaptic plasticity. The activation of o1
receptors presents a common mechanism and promising avenue for neuroprotection,
offering potential therapeutic strategies for mitigating the cognitive and
neuroinflammatory effects of NMDA receptor hypofunction.
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5.2 Aims

e Investigate the role of o1 receptor activation in modulating neuronal oscillations in
the ACC and CA3 to understand how o1 receptor activation influences KA-evoked

beta and gamma oscillations in the ACC and CA3.

e Assess the impact of o1 receptor activation on PV and SST expression following
PCP exposure to determine whether o1 receptor activation alters the PV to SST

expression ratio in ACC slices exposed to PCP.

e Explore the role of 01 receptors in modulating microglial and astrocyte reactivity
after NMDA antagonism to investigate the impact of o1 receptor activation on

microglial and astrocyte responses in ACC slices exposed to PCP.

e Elucidate how o1 receptors influence neuronal oscillations, interneuron marker

expression, and glial activity in the context of NMDA receptor antagonism.
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5.3 Methods
5.3.1 Animals

Acute rodent brain tissue slices were prepared from wild-type, male Lister
Hooded rats (7 — 10 weeks) as described in Chapter 2.2. Animals were anaesthetised
with inhaled isoflurane prior to injection (i.m.) of ketamine (100 mg/kg) and xylazine
(10 mg/kg). Animals were intracardially perfused with 60 ml of sucrose-modified ACSF
(Table 2.2), and the brain was removed and placed in ice-cold sucrose-modified
ACSF. Animals prepared for LTP recordings were anaesthetised with inhaled
isoflurane prior to cervical dislocation and decapitation. The brain was then removed

and submerged in ice-cold oxygenated hippocampal ACSF (Table 2.2).

5.3.2 Invitro electrophysiology — high frequency oscillations
5.3.2.1 ACC and hippocampus slice recordings

Following removal of the brain, ACC and hippocampus slices were prepared as
described in chapter 3.3.2 - 3.3.3.

5.3.2.2 Data analysis of beta and gamma frequency activity

Oscillations were evoked using KA. Field oscillations were recorded, and power
spectral density analysis was performed as described in chapter 3.3.5. As multiple
tissue slices could be obtained from each animal, two values (n / N) are presented
below to represent slice (n) and animal (N) numbers, respectively. For statistical
analysis, 60 second epochs were analysed at 10 minute intervals. Due to large
variance in baseline area power measurements, percentage change from the control

mean (% control) was calculated and analysed.
5.3.2.3 Pharmacological compounds

All drugs were bath applied to circulating ACSF. KA was applied 30 minutes
after slices were placed in the recording chamber, to induce and maintain oscillations,
and was present throughout the experiment (3 — 5 hours). The NMDA receptor
antagonist, PCP (10 uM), 01R agonists SKF-10047 (10 uM) and PRE-084 (10 and 20
MM), and 01R antagonist NE-100 (10 uM) were applied for 1 hour once oscillations
had stabilised.
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5.3.3 Invitro electrophysiology — long-term potentiation (LTP)
5.3.3.1 LTPrecordings

Following removal of the brain, the whole brain was hemi-sected along the
midline and sliced in ice-cold oxygenated hippocampal ACSF parasagittally (Figure
2.3a), to elongate the CA1 region in the hippocampal slice. The two halves were
mounted on a vibrating microtome stage. Horizontal tissue slices (400 um) were cut,
and slices were trimmed to isolate the hippocampus (Figure 2.3b) and transferred to
a holding chamber at room temperature for approximately 1 hour before being placed
in the recording interface chamber where slices were perfused with oxygenated
hippocampus ACSF maintained at 32°C. After 30 minutes, the recording
microelectrode and metal stimulating electrode were positioned in the CAL of the

hippocampus, along the Schaffer-collateral pathway (Figure 2.5).
5.3.3.2 Data analysis of evoked fEPSPs and high frequency stimulation

The Schaffer-collateral pathway was stimulated at approximately 20% maximal
response. A single 0.02ms pulse was delivered every 20s and the amplitude of the
fEPSP was measured. Following a 20 minute stable baseline, tetanic HFS (100 Hz, 1
sec) protocol was delivered to induce LTP and the peak amplitude (mV) of the

response was measured.

In initial experiments, to optimise LTP induction, 2 protocols were trialled.
Following a 20 minute baseline, a 2 burst HFS was delivered (100 Hz, 1 sec x 2),
followed by a 20 minute recording of the fEPSP response. A 4 burst (100 Hz, 1 sec X
4) HFS was then delivered, and the proceeding 20 minutes recorded. The peak
amplitude (mV) of the response was measured. For statistical analysis, the average
peak amplitude was calculated from 5 minute epochs; immediately before the first HFS
(baseline), 20 minutes after the 2 burst HFS protocol (2 burst) and 20 minutes after

the 4 burst HFS protocol. All data were normalised to baseline (% control).

Subsequent experiments were performed in control conditions (ACSF only)
and/or in the presence of bath applied pharmacological compound (DAP5, PCP or
PRE-084). Once stable, a 20 minute baseline was recorded, followed by a 2 burst
HFS, and a further 40 minute recording of the fEPSP response. The peak amplitude
(mV) of the response was measured. For statistical analysis, the average peak
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amplitude was calculated from 5 minute epochs; immediately before HFS (baseline)
and 40 minutes after the 2 burst HFS protocol. As multiple tissue slices could be
obtained from each animal, two values (n / N) are presented below to represent slice
(n) and animal (N) numbers, respectively. All data were normalised to baseline (%

control).
5.3.3.3 Pharmacological compounds

All drugs were bath applied to circulating ACSF, 30 minutes after slices were
placed in the recording chamber and were present throughout the experiment. The
pharmacological compounds include NMDA receptor antagonists DAP5 (10 uM) and
PCP (10 uM), and 01R agonist PRE-084 (10 puM).

5.3.4 Immunohistochemistry —immunofluorescence
5.3.4.1 Slice preparation

ACC tissue for immunohistochemical experiments was prepared from animals
as described in Chapter 2.1 and 2.2. Slices prepared from each individual animal were
divided between multiple interface chambers, perfused with oxygenated ACSF and
allowed to equilibrate for 30 minutes in the bath, followed by a 4 hour incubation period
in different incubation conditions (Table 5.1). Slices in the PRE-084 (KA + PCP)
condition were pre-incubated with ACSF containing PRE-084 (10 uM) for the initial 30
minutes, whilst slices were allowed to equilibrate, before additionally applying KA and
PCP. Slices used for immunohistochemistry were not used for electrophysiological

recordings.

Following the incubation period, slices were fixed in PFA buffered solution (4%)
for 12 hours, then transferred to cryoprotectant, where they were stored at -20°C until
required for immunofluorescence staining. In preparation of staining, slices were
transferred to a sucrose (30%) PBS solution, 24 hours before re-sectioning. Sections
(40 um) were cut at -20°C, using a freeze-stage microtome, and stored in PBS in 24-

well plates until staining.
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Table 5.1 The incubation conditions of slices used for immunohistochemical
experiments, including the compounds and concentrations applied to
circulating ACSF.

Incubation condition Compounds applied to ACSF (compound concentration; uM)
Control Normal recording ACSF only
KA Kainate (800 nM)
KA + PCP Kainate (800 nM) + PCP (10 uM)
(PRE-084) KA + PCP PRE-084 (10 uM; + 30 minutes pre-incubation) + Kainate (800 nM)
+ PCP (10 pM)

5.3.4.2 Free-floating immunohistochemistry

For immunofluorescence staining, sections were stained free-floating using a
combination of antibodies (Table 5.2). When staining for PNNs, SST and PV
(combination 1), an initial antigen retrieval step was performed in citrate buffer solution
(pH 6.0), heated to 80°C. Sections were then incubated in PBS, Triton X-100 (0.3%)
and normal donkey serum (3%) to prevent non-specific binding. Primary antibodies
and secondary antibodies (Table 5.2) were diluted in a solution of PBS, Triton X-100
(0.3%) and normal donkey serum (3%). Sections were incubated with primary
antibodies, and biotinylated Wisteria floribunda lectin for combination 1, overnight (18
— 20 hours) at 4°C. Sections were incubated in secondary antibodies for 2 hours, at
room temperature, whilst avoiding light exposure. Sections were mounted on glass
microscope slides and cover-slipped using Fluoromount-G™ Mounting Medium, with

DAPI. See figure 2.7 for an outline of the full staining protocol.

Table 5.2 List of primary and secondary antibody combinations used.
Combinations of biological targets, and their primary (host species, if applicable) and

secondary antibodies (wavelength), used for immunofluorescence experiments.
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Target

Primary antibody (Host)

/ other reagent

Secondary antibody /
avidin conjugate
(Wavelength)

Combination 1

Somatostatin-positive interneurons
(SST+)

Anti-somatostatin (Mouse)

Donkey anti-mouse 1gG
(568)

Parvalbumin-positive interneurons
(PV+)

Anti-parvalbumin (Rabbit)

Donkey anti-rabbit IgG (647)

Perineuronal nets (PNNSs)

Biotinylated Wisteria
Floribunda Lectin (WFA)

Streptavidin, fluorescein
(488)

Nuclear DNA

DAPI

(405)

Combination 2

Microglia (Ibal+)

Anti-Ibal (Goat)

Donkey anti-goat 1gG (488)

Reactive astrocytes (GFAP+)

Anti-GFAP (Chicken)

Donkey anti-chicken IgG
(647)

Nuclear DNA

DAPI

(405)

5.3.4.3 Confocal imaging and FIJI image analysis

Imaging was performed using and an SP8 DLS confocal microscope. To image

combination 1, tile scans were taken at 2x 20x (equal to 40x) magnification of the

whole region of interest (ACC) to get an overview image of the section. To image

combination 2, Z-stacks were taken at 40x magnification to sample across the ACC,

capturing images from the superficial (layers Il / 1ll) and deep (layer V) layers (Figure

2.7).

All image analysis was performed using the image analysis software Fiji, as

described in chapter 2.6.3. Briefly, average brightness and contrast values for each

channel were applied across all images, background noise was removed, and

appropriate filters were applied. GFAP stains astrocytic processes around blood
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vessels as well as reactive astrocytes, therefore all blood vessels were drawn around
in Fiji, by hand, and removed before performing any further analysis. Average
threshold values were applied across all images and further noise was cleaned using

the ‘remove outliers’ and the ‘despeckle’ function.

Particle analysis was performed for each channel. For statistical analysis,
percentage area (%Area) and integrated density (ID) of fluorescence for GFAP, Ibal,
PV, SST and WFA were calculated. At leasttwo sections from each slice were imaged
per condition, per animal. Slices from at least 4 animals were included in each
condition. Section %Area and IDs were averaged for each animal (N) and compared

across the different conditions (Table 5.1).
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5.4 Results

5.4.1 Sigma-1 receptor agonist SKF-10047 mimics effects of PCP on ACC

oscillations

Use of the o1 receptor agonist SKF-10047 led to the initial identification of the
o1 receptor, because of the psychomimetic effects it produced in humans (Freeman
and Bunney, 1984). These psychomimetic effects mimicked those induced by PCP
(Ishikawa and Hashimoto, 2009). Further investigation revealed that the o1 receptor
is distinct from the PCP-binding site on the NMDA receptor. However, the effects of
SKF-10047 initially sparked interest in the potential role of the o1 receptor in
psychosis. To explore the similarity between PCP and SKF-10047, SKF-10047 was
applied to beta and gamma KA-evoked ACC oscillations.

Firstly, SKF-10047 (10 uM) was applied to slices exhibiting stable beta
oscillations. SKF-10047 application resulted in a rapid, large increase in the magnitude
of beta oscillations over 60 minutes (Figure 5.1a). Peak frequency analysis (Figure
5.1b) comparing control to SKF-10047 (60 minutes) application found SKF-10047
significantly decreased the peak frequency of beta oscillations from 25.5 (IQR 21.8 —
29.9) Hz to 23.1 (IQR 20.3 — 25.9) Hz (p = 0.031; Wilcoxon matched-pairs test),
indicating a slowing of the oscillation. Area power analysis (Figure 5.1c) demonstrated
that SKF-10047 induced an increase in beta power to 246.9 (IQR 108.4 — 332.9)%
from control 100.8 (IQR 99.8 — 104.9)%, however the effect was not statistically
significant (p 0.094; Wilcoxon matched-pairs test) likely due to the large variability in
the response to SKF-1007. It was clear that in some slices o1 receptor activation
evoked a 200 - 300% increase, similar to the changes seen with PCP in Chapter 3.
However, because some slices showed little change overall the group was not

significantly different from control.

169



ai  12- i

—_ 100 - - Contl‘ol
N SKF-10047
h:‘l: 80
>
= 60
@
2 40
&
20
0 T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 50pv
Frequency 500mMs
bi g i g
— SKF-10047 (10 uM) —
N N
z L
> 07 > 601
c c *
g g
2 40- 3 40
dh, .................................................. e
L (18
e FLL L] T S| N =
a a
O—T—TT T T T T T 1 0 T T
20 10 0 10 20 30 40 50 60 Control SKF-10047
Time (mins)
ii
400~ SKF-10047 (10 uM) 400~ ns
2 g
S 3004 S 3004 .
o o
X R
= 200 = 2004 o
(7] ]
s i - S
[?) 3] _
%100—-—--—--=- %100- . o
D k7]
m m
O —T—T——T1T T T T T T 71 0 T T
20 10 0 10 20 30 40 50 60 Control SKF-10047

Time (mins)

Figure 5.1 SKF-10047 induces a large increase in KA-evoked beta area power in
rat ACC slices. (a) Example (i) power spectra and (ii) traces from one experiment:
control prior to SKF-10047 (blue solid line), and after 60 minutes SKF-10047 (lilac solid
line). (b) Time-course plot (medians with IQR) shows no effect of SKF-10047 (applied
for duration of lilac bar) on median beta peak frequency and c) a significant increase
in median (IQR) beta area power following SKF-10047 (applied for duration of lilac

bar) application Total slices / animals (n/ N) =6/ 4.
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Next, SKF-10047 was applied to slices exhibiting stable gamma oscillations.
Application of SKF-10047 also lead to a large increase in the magnitude of gamma
oscillations over 60 minutes (Figure 5.2a). Peak frequency analysis (Figure 5.2b)
comparing control to SKF-10047 (60 minutes) application found SKF-10047 had no
significant effect on the peak frequency of gamma oscillations in control 44.9 (IQR
38.3 — 46.7) Hz vs 60 minutes SKF-10047 application 43.1 (IQR 34.6 — 47.0) Hz (p >
0.078; Wilcoxon matched-pairs test). Area power analysis (Figure 5.2c) demonstrated
that SKF-10047 induced a significantly large increase in gamma power from control
99.6 (IQR 98.2 — 102.6)% to 183.9 (IQR 145.10 — 220.5)% (p = 0.008; Wilcoxon
matched-pairs test). Interestingly, SKF-10047 induced a large increase in gamma

power, similar to PCP, but without altering the oscillations frequency.
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Figure 5.2 SKF-10047 induces alarge increase in KA-evoked gamma area power
in rat ACC slices. (a) Example (i) power spectra and (ii) traces from one experiment:
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course plot (medians with IQR) shows no effect of SKF-10047 (applied for duration of
lilac bar) on median gamma peak frequency and c) a significant increase in median
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application Total slices / animals (n/ N) =8/ 4.
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5.4.2 PRE-084, a specific sigma-1 receptor agonist, increases ACC gamma

power

Since the discovery of the o1 receptor, more specific ligands have been
developed and made available. PRE-084 is a specific 01 receptor agonist. | therefore
explored the effect of applying PRE-084 to discern the specific 01 receptor impact

seen previously with SKF-10047, on beta and gamma oscillations (Figure 5.3).

Firstly, PRE-04 (10 uM) was applied to slices exhibiting stable beta oscillations.
PRE-084 had no significant effect on the peak frequency of beta oscillations, following
60 minutes application (p = 0.094; Wilcoxon matched-pairs test; Figure 5.3ai). There
was also no significant effect of PRE-084 on beta power (p = 0.469; Wilcoxon
matched-pairs test; Figure 5.3aii).

PRE-084 (10 pM) was also applied to slices exhibiting stable gamma
oscillations. PRE-084 had no significant effect on the peak frequency of gamma
oscillations, following 60 minutes application (p = 0.250; Wilcoxon matched-pairs test;
Figure 5.3bi). There was also no significant effect of PRE-084 on gamma power (p =
0.250; Wilcoxon matched-pairs test; Figure 5.3bii). Although not statistically
significant, there was a moderate increase in gamma power from 106.2 (IQR 103 —
109)% in control to 125.6 (IQR 109 — 138)% with PRE-084.
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Figure 5.3 The specific o1 receptor agonist PRE-084 moderately increases KA-
evoked gamma power in rat ACC slices. (a) Effect of PRE-084 (10 uM) on beta
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5.4.3 Sigma-1 receptor antagonist NE-100 blocks SKF-10047 effects on ACC

oscillations

Activating o1 receptors using SKF-10047 increased beta and gamma
oscillation power, however SKF-10047 is a non-specific 01 receptor agonist and is
also reported to act as a NMDA receptor antagonist. Interestingly, the o1 receptor
agonist PRE-084 had no significant effect on either beta or gamma power. Therefore,
to evaluate the o1 receptor action of SKF-10047, the effect of SKF-10047 on high
frequency oscillations was assessed in the presence of a specific o1 receptor
antagonist, NE-100. NE-100 (10 uM) was applied to stable beta and gamma frequency
oscillations to block o1 receptors for 40 minutes, prior to SKF-10047 (10 uM)
application (Figure 5.4a).

First, the effect of o-receptor blockade on SKF-10047 action was assessed in
stable beta oscillations. A RM One-way ANOVA test was performed to compare the
effect of NE-100 and SKF-10047 application on peak frequency (Hz) and beta power
(% control). There was no significant effect of either compound on the mean peak
frequency (F (1.104, 4.415) = 5.997, p = 0.065; Figure 5.4bi), suggesting that neither
NE-100, nor SKF-10047, effected oscillation frequency. There was also no significant
effect on mean beta power (F (1.291, 5.172) = 0.6654, p = 0.490; Figure 5.4bii),
demonstrating that NE-100 alone does not alter beta power, but that the increase in
beta power induced by SKF-10047 (Figure 5.1cii) was occluded by o1 receptor
blockade. Notably, the beta power decreased slightly when both NE-100 and SKF-

10047 were applied, an effect not seen in the absence of the antagonist.

The effect of o-receptor blockade on stable gamma frequency oscillations was
also assessed. A RM One-way ANOVA test was performed to compare the effect of
NE-100 and SKF-10047 application on peak frequency (Hz) and gamma power (%
control). There was a significant effect of compound application on mean peak
frequency (F (1.152, 4.609) = 8.284, p = 0.036; Figure 5.4ci). Multiple comparisons
analysis showed there was no significant change in mean peak frequency between
control (39.9 + 2.8 Hz) and NE-100 (37.7 + 2.3 Hz) (p = 0.595; Tukey’s multiple
comparisons). However, there was a significant reduction in frequency between NE-
100 and NE-100 + SKF-10047 (28.6 = 2.9 Hz) (p = 0.040; Tukey’s multiple

comparisons). When assessing changes in gamma power, the application of neither
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compound had any significant effect on mean gamma power (F (1.209, 4.835) =
0.1547, p = 0.756; Figure 5.4cii). This suggests that blocking o1 receptors prevents
the increase in oscillation power seen in Figure 5.2cii and reduces the oscillation to a

beta frequency, an effect not observed with SKF-10047 alone.
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Figure 5.4 The o1 receptor antagonist NE-100 blocks effects of SKF-10047 in
KA-evoked rat ACC oscillations. (a) Schematic of experimental protocol: NE-100
(10 uM) was applied to stable KA-evoked beta / gamma oscillations for 40 minutes,
and SKF-10047 (10 uM) was co-applied for a futher 60 minutes. (b) Effect of NE-100
and SKF-10047 application on ACC beta oscillation mean (+x SEM) (i) peak frequency
and (ii) area power. (c) Effect of NE-100 and SKF-10047 application on ACC gamma
oscillation mean (x SEM) (i) peak frequency and (ii) area power. Total slices / animals
(n/N)=5/3.
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5.4.4 Sigma-1 receptor antagonist NE-100 partially blocks PCP effects on ACC

oscillations

In Chapter 3, | showed that PCP caused a very large increase in beta power
when applied to KA-evoked ACC beta oscillations and gamma oscillations. Like SKF-
10047, PCP has also been reported to be a 1 receptor agonist as well as an NMDA
receptor antagonist. Therefore, to evaluate the o1 receptor action of PCP, the effect
of PCP on high frequency oscillations was assessed in the presence of the 01 receptor
antagonist, NE-100. NE-100 (10 uM) was applied to stable beta and gamma frequency
oscillations to block o1 receptors for 40 minutes, prior to PCP (10 yM) application
(Figure 5.5a).

First, the effect of o-receptor blockade on the action of PCP was assessed in
stable beta oscillations (Figure 5.5b). A RM One-way ANOVA test was performed to
compare the effect of NE-100 and PCP application on peak frequency (Hz) and beta
power (% control). There was a significant effect of compound application on mean
peak frequency (F (1.586, 14.28) = 7.338, p = 0.009; Figure 5.5bi). Multiple
comparisons analysis showed there was no significant change in mean peak
frequency between control (21.9 + 1.1 Hz) and NE-100 (22.2 £ 1.09 Hz) (p = 0.889;
Tukey’s multiple comparisons). However, there was a small but significant reduction
in frequency between NE-100 and NE-100 + PCP (19.1 £ 1.5 Hz) (p = 0.021; Tukey’s
multiple comparisons). When assessing changes in beta power, compound
application had no significant effect on mean beta power (F (1.098, 10.98) = 3.440, p
= 0.088; Figure 5.5hii), demonstrating that NE-100 alone does not affect beta power,
and that the increase in beta power induced by PCP (Figure 3.3c) was, at least

partially, occluded by o1 receptor blockade.

The effect of o-receptor blockade was also assessed in stable gamma
oscillations (Figure 5.5¢). A RM One-way ANOVA test was performed to compare the
effect of NE-100 and PCP application on peak frequency (Hz) and gamma power (%
control). There was a significant effect of compound application on median peak
frequency (F (1.717, 13.73) = 10.88, p = 0.002; Figure 5.5ci). Multiple comparisons
analysis showed there was no significant change in mean peak frequency between
control (39.9 + 2.2 Hz) and NE-100 (35.6 + 2.6 Hz) (p = 0.201; Tukey’s multiple

comparisons). However, there was a significant reduction in frequency between
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control and NE-100 + PCP (26.5 £ 2.4 Hz) (p = 0.008; Tukey’s multiple comparisons).
When assessing changes in gamma power, compound application had no significant
effect on median gamma power (F (1.069, 8.551) = 3.846, p = 0.082; Figure 5.5cii).
This result suggests that NE-100 alone does not affect gamma power or frequency,
but the addition of PCP shifts the oscillation to a beta frequency, as seen in chapter 3.
It does suggest the increase in gamma power induced by PCP alone (Figure 3.3c)
was, at least partially, occluded by o1 receptor blockade. However, there is still a
moderate increase in gamma power from NE-100 (111.2 £ 12.5%) to NE-100 + PCP
(213.3 £ 58.8%), and high variability in the data indicates that application of PCP under

o1 receptor blockade has a mixed, potentially disruptive, effect on gamma oscillations.
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Figure 5.5 The o1 receptor antagonist NE-100 blocks effects of PCP in KA-
evoked rat ACC oscillations. (a) Schematic of experimental protocol: NE-100 (10
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5.4.5 Sigma-1 receptor agonist PRE-084 blocks PCP effects on ACC gamma

oscillations

The effect of o-receptor agonist PRE-084 had no effect on beta and gamma
peak frequency or power when applied alone. However, in vivo behavioural rodent
studies have shown that o1 receptor agonists can significantly attenuate NMDA
receptor antagonist-induced cognitive deficits (Hashimoto et al., 2007, Kunitachi et al.,
2009, Maurice et al., 1994, Maurice and Privat, 1997). Therefore, to explore whether
acute o1 receptor activation had any effect on PCP action, | used the same protocol
as chapter 5.4.3 and 5.4.4 and bath-applied PRE-084 to stable beta and gamma

oscillations for 40 minutes, before co-applying PCP (10 uM) for a further 60 minutes.

First, the effect of o-receptor activation on PCP action was assessed in stable
beta oscillations. A Friedman test was performed to compare the effect of PRE-084
and PCP application on peak frequency (Hz) and beta power (% control) (Figure 5.6a).
There was not a significant effect of compound application on median peak frequency
(X2 = 3.43, p = 0.237; Figure 5.6ai), showing that neither PRE-084, nor subsequent
PCP, application significantly affected peak frequency. When assessing changes in
beta power, compound application did have a significant effect on median beta power
(X2=12.3, p =0.0003; Figure 5.6aii). Multiple comparisons analysis showed there was
no significant change in median beta power between control (98.7 [IQR 97.1 —
107.9]%) and PRE-084 (107.8 [IQR 94.7 — 114]%) (p = 0.544; Dunn’s multiple
comparisons). However, there was a significant increase in median beta power from
control to PRE-084 + PCP (165.5 [IQR 149 — 239]%) (p = 0.002; Dunn’s multiple
comparisons). Therefore, PRE-084 does not appear to attenuate the effect of PCP on
KA-evoked beta oscillations.

Next, the effect of ol receptor activation on PCP action was assessed in stable
gamma oscillations (Figure 5.6b). A Friedman test was performed to compare the
effect of PRE-084 and PCP application on peak frequency (Hz) and gamma power (%
control). There was not a significant effect of compound application on median peak
frequency (X? = 4.33, p = 0.142; Figure 5.6bi), showing that neither PRE-084, nor the
subsequent PCP application, significantly affected peak frequency. Interestingly, only
2 of 6 slices (33.3%) shifted from a gamma frequency oscillation to a beta frequency
oscillation, compared to 85% when PCP was applied alone (Figure 3.4). When
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assessing changes in gamma power, compound application did have a significant
effect on median gamma power (X?= 1.00, p = 0.740; Figure 5.6bii). Remarkably,
PRE-084 attenuated the effect of PCP on KA-evoked gamma oscillations, blocking the

shift to, and significant increase in, beta.
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Figure 5.6 The o1 receptor agonist PRE-084 blocks effects of PCP in KA-evoked
rat ACC gamma oscillations. (a) Effect of PRE-084 and PCP application on ACC
beta oscillation median (IQR) (i) peak frequency and (ii) beta power. (c) Effect of PRE-
084 and PCP application on ACC gamma oscillation median (IQR) (i) peak frequency
and (i) gamma power. Total slices / animals (n/N) =6 -7/ 4.
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5.4.6 o1 receptor agonists, SKF-10047 and PRE-084, have no effect on CA3

oscillations

The effect of SKF-10047 on ACC beta and gamma oscillations is similar to the
effect of PCP. Previously, | showed that PCP had no effect of CA3 hippocampal
gamma oscillations (Figure 3.7), in stark contrast to ACC findings. SKF-10047 was,
therefore, applied to hippocampus slices exhibiting a stable gamma frequency
oscillation for 60 minutes, to explore similarities in the hippocampus (Figure. 5.7). Peak
frequency and area power were measured between 15 and 80 Hz. Following 60
minutes SKF-10047 application there was no change in the peak frequency of gamma
oscillations (p = 0.695; paired t test; Figure 5.7b). Gamma power was also not
significantly different following 60 minutes SKF-10047 application (p = 0.697; paired t
test; Figure 5.7c). These findings are similar to the effects found with PCP on CA3
oscillations, further supporting similarities between the o1 receptor agonist SKF-10047
and NMDA receptor antagonist PCP as they exhibit similar regional differences in their

actions.
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Figure 5.7 SKF-10047 does not affect KA-evoked rat CA3 gamma oscillations.
(a) Example (i) power spectra and (ii) traces from one experiment: control prior to SKF-
10047 (green), and after 60 minutes SKF-10047 (lilac). Effect of 60 minutes application
of SKF-10047 (10 uM) on stable CA3 gamma oscillations on mean (x SEM) (b) peak

frequency (Hz) and (c) gamma power (% control). Total slices / animals (n/ N =6/ 4.
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PRE-084 is a selective 01 receptor agonist, unlike SKF-10047 which also acts
as an NMDA receptor antagonist. To assess the specific effect of o1 receptor
activation on KA-evoked CA3 hippocampal gamma oscillations, PRE-084 was applied
for 60 minutes to stable gamma frequency oscillations (Figure 5.8). Peak frequency
analysis showed PRE-084 had no effect on the peak frequency of gamma oscillations
(p=0.173; paired t test; Figure 5.8b). Gamma power was also not significantly different
following 60 minutes PRE-084 application (p = 0.849; paired t test; Figure 5.8c). This
data shows that o1 receptor agonists do not increase KA-evoked CA3 gamma

oscillations.
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Figure 5.8 PRE-084 does not affect KA-evoked rat CA3 gamma oscillations.
Effect of 60 minutes application of PRE-084 (10 uM) on stable CA3 gamma oscillations
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5.4.7 Activating o1 receptors using PRE-084 increases hippocampal LTP while
PCP attenuated LTP

Tetanic stimulation results in persistent changes in synaptic strength thought to
underlie learning and memory (Bliss and Lomo, 1973, Gardner-Medwin and Wilkie,
1976). LTP can be induced and measured in vitro from the CA1 of the hippocampus,
following stimulation of the Schaffer collateral pathway. LTP of the Schaffer collateral
pathway is highly NMDA receptor dependent and thus is likely to be affected by the
NMDA hypofunction in schizophrenia. As previously mentioned, PCP impairs

hippocampal LTP recorded from the CAL, in vitro (Stringer et al., 1984).

As PCP had no effect on hippocampal CA3 oscillations it would be interesting
to explore the effect on an alternative neuronal mechanism underlying learning and
memory. Studies suggest o1 receptor agonists can also modulate LTP, enhancing it
through NMDA-dependent mechanisms (Martina et al.,, 2007). Therefore, to
understand how these two different receptors may affect LTP in this slice model, LTP
was induced and recorded in vitro from rat hippocampal slices in the presence of PCP
and PRE-084.

It is well established that HFS of 100 Hz for 1 s can induce LTP in rodent slices
of the hippocampus, however, results and reliability are known to vary depending on
the protocol used. Therefore, a reliable, stable technique for inducing LTP in rodent
slices first needed to be establish. To optimise LTP induction, 2 protocols were trialled
in preliminary experiments (Figure 5.9). Firstly, following a 20 minute baseline, a HFS
was delivered twice (2 bursts; 100 Hz, 1 sec x 2), followed by a 20 minute recording
of the fEPSP response. This first stimulation was then followed by a 4 burst (100 Hz,
1 sec x 4) HFS and a further 20 minutes recorded (Figure 5.9a). The peak amplitude
(mV) of the response was measured and normalised to baseline (% control) to assess
LTP induction (Figure 5.9b).

A RM One-way ANOVA test was performed to compare the effect of stimulation
protocols on fEPSP amplitude (% control). There was a statistically significant
difference in fEPSP amplitude between at least two groups (F (1.137, 4.550) = 75.53,
p < 0.001; Figure 5.9c). The mean fEPSP amplitude was significantly increased from
102.6 (= 1.3)% pre-stimulation to 150.6 (£ 3.7)% 20 minutes post-2 burst HFS (p <

0.001; Tukey’s multiple comparisons). Also, 4 burst HFS significantly increased mean
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fEPSP amplitude further to 182 (x 8.50)%, compared to control (p = 0.002; Tukey’s

multiple comparisons) and 2 burst stimulation (p 0.012; Tukey’s multiple

comparisons).

LTP was reliably induced in all slices (n = 5), using both the 2 and 4 burst
protocol, suggesting that the chosen HFS protocol was robust and reliable. The aim
was to induce a response which could be either amplified or depressed by
pharmacological manipulation, therefore, the 2 burst protocol was used for further LTP

experiments.
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Figure 5.9 LTP induced in rat hippocampal slices, using HFS. (a) Mean fEPSP
responses before 100Hz, 1s HFS stimualtion (control; black), 20 minutes afer 2 burst
HFS stimualtion (blue) and 20 minutes after 4 burst HFS (red). (b) Time-course
showing mean (x SEM) fEPSP amplitude from control (O — 20 mins), 2 burst HFS (20
— 40 mins) and 4 burst HFS (40 - 60 mins), normalised to control. (c) Mean (£ SEM)
fEPSP amplitude following 2 burst and 4 burst HFS, normalised to control. Total slices
/animals (n/N)=5/3.
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Using the 2 burst HFS protocol, the fEPSP amplitude was recorded for 20
minutes of stable baseline, followed by the 2 burst HFS and then a further 40 minutes
post-stimulation was recorded (Figure 5.10). Control recordings were performed in
ACSF only (black data points). To confirm previous findings that LTP in the Schaffer
collateral pathway is NMDA-dependent (Collingridge et al., 1983), and further validate
the protocol, DAP5 (100 uM) was applied at the beginning of the recording to the
circulating bath solution (Figure 5.10a). To assess the effect of NMDA receptor
blockade and 01 receptor activation, the same protocol was performed in the presence
of PCP (10 uM; Figure 5.10b) and PRE-084 (10 uM; Figure 5.10c), respectively.

A two-way ANOVA was performed to analyse the effect of HFS and compound
application on mean fEPSP amplitude. A two-way ANOVA revealed that there was a
statistically significant interaction between the effects of HFS and compound
application (F (3, 64) = 66.74, p < 0.001). Simple main effects analysis showed that
HFS did have a statistically significant effect on mean fEPSP amplitude (p < 0.001). In
all conditions, the mean fEPSP amplitude increased significantly 40 minutes post 2
burst HFS: control (97.2 £ 2.27% to 155.4 + 2.24%; p < 0.001); DAP5 (93.2 + 0.93%
to 133.0 £ 1.43%; p < 0.001); PCP (98.9 + 1.08% to 121.6 + 0.95%; p < 0.001); PRE-
084 (104.1 £0.89%to 164.3 + 1.6)%; p <0.001) (Tukey’s multiple comparisons; Figure
5.10d), indicating successful induction of LTP regardless of NMDA receptor blockade

or o1 receptor activation.

Compound effects on ‘normal’ LTP was also assessed using simple main
effects analysis. Compound also had a significant effect on mean fEPSP amplitude (p
< 0.001). In control slices, the mean fEPSP amplitude increased to 155.4 (x 2.24)%
following HFS. In comparison, mean fEPSP amplitude was significantly smaller post-
HES in the presence of DAP5 (133.0 £ 1.43; p < 0.0001; Tukey’'s multiple
comparisons) and PCP (121.6 = 0.95%; p < 0.0001; Tukey’s multiple comparisons;
Figure 5.10d). These results repeat previous findings that DAP5 and PCP reduce LTP
(Stringer et al.,, 1984, Collingridge et al., 1983), confirming CA1 LTP is NMDA-
dependent. However, DAP5 did not attenuate LTP as entirely as expected. When the
o1 receptor agonist PRE-084 was applied, the mean fEPSP amplitude 40 minutes
post-HFS was significantly increased (164.3 = 1.61%), compared to control (p =
0.0026; Tukey’s multiple comparisons). This data demonstrated activating o1

receptors increases LTP in the CA1 of the rat hippocampus.
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Figure 5.10 LTP is attenuated by NMDA receptor antagonists DAP5 and PCP,
and increased by o1 receptor agonist PRE-084, in rat hippocampal slices. The
effect of compound application on fEPSP amplitude before (baseline; t = 0 — 20 mins)
and after (t = 20 - 40 mins) HFS (2 x 1s 100Hz), delivered at t = 20 minutes, compared
to control slices where no compound was present (black). (a) Mean fEPSP peak
amplitude (% control) in the presence of DAP5 (100 pM; green), showing (i) entire 60
minute time course, and (ii) expanded at point of HFS (t = 20 mins). (b) Mean fEPSP
peak amplitude (% control) in the presence of PCP (10 uM; red), showing (i) entire 60
minute time course, and (ii) expanded at point of HFS (t = 20 mins). (c) Mean fEPSP
peak amplitude (% control) in the presence of PRE-084 (10 puM; blue), showing (i)
entire 60 minute time course, and (ii) expanded at point of HFS (t = 20 mins). (d) Mean
fEPSP amplitude (% control) comparing baseline (pre-HFS; t = 15 — 20 mins) to 40
minutes post-HFS, in control slices (grey), DAP5, PCP, and PRE-04 conditions. All
data is normalised to baseline (% control). Total slices/animals (n/N)=5-6/4-5
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Here, | have shown that LTP can be induced and sustained for 40 minutes post
stimulation demonstrating so called early-LTP. Also, LTP is still induced in the
presence of NMDA receptor antagonists DAP5 and PCP, however the fEPSP
amplitude is reduced. As an aside, there is also a marked decrease in fEPSP
amplitude after the initial post-tetanic potentiation (PTP), O — 2 minutes post
stimulation, in the presence of DAP5 and PCP, however this has not been quantified
(Figure 5.10aii-bii). Interestingly, this data also shows that PRE-084 increases LTP

above control levels, suggesting o1 receptor activation enhances in vitro CA1 LTP.
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5.4.8 Modelling the acute impact of NMDA receptor hypofunction and
neuroprotective effects of o1 receptor activation on PV+ and SST+

interneurons, and PNNSs, in rat ACC

The mechanisms underlying learning and memory are thought to be
orchestrated by inhibitory interneurons, including PV+ and SST+ interneurons. PV+
interneurons are fast-spiking in nature, and are supported by PNNs, an extracellular
structure that regulates interneuron excitability and supports neuronal plasticity.
Human studies have found a loss of PV expression (Beasley and Reynolds, 1997,
Chung et al., 2016, Hashimoto et al., 2003, Lewis et al., 2005, Sakai et al., 2008) and
SST expression (Fung et al., 2010, Hashimoto et al., 2008) in the PFC of patients with
schizophrenia. Post-mortem studies also found decreased PNN density in the dIPFC
of patients with schizophrenia (Alcaide et al., 2019, Lisboa et al., 2024, Mauney et al.,
2013).

Therefore, | used an acute slice model to explore the effects of NMDA receptor
hypofunction, using PCP, on interneuron and PNN populations. In chapter 3, | showed
that PCP drives abberantly large beta oscillations in the ACC. In this chapter, | have
shown that ACC beta and gamma oscillations can be modulated by o1 receptor
activation. As KA-evoked CA3 gamma oscillations were not modulated by NMDA
receptor antagonist PCP or o1 receptor agonists, the rest of this thesis focuses on the
ACC slice model.

ACC slices were placed in an interface electrophysiology recording chamber
for 30 minutes and exposed to control or “pathological” conditions, via circulating bath
solution, for 4 hours. Control slices were bathed in ACSF only. PV is a small, mostly
cytosolic Ca?*-binding protein expressed in GABAergic cortical interneurons (Hof et
al., 1999, Jinno and Kosaka, 2004). Here, | found clear expression of PV in neuronal
somas and processes across the ACC (Figure 5.11). PV was expressed in cell bodies
that were and were not surrounded by PNNs. PV expression appeared in two bands,
one in the superficial ACC (L2) and one in deep ACC (L5/6). SST is a neuropeptide
also expressed by interneurons and acts as both a neurotransmitter and
neuromodulator (Pittaluga et al., 2021). SST+ cells are the second largest population
of GABAergic neurons in the cortex (Riedemann, 2019), however SST+ cells also

include some long range projection neurons, the axons of which extend across
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different cortical regions (Fisher et al., 2024). | also found clear SST immunoreactivity
in neuronal somas and processes across the ACC in a similar pattern to PV. SST
immunoreactivity was more punctated than PV, and the number of SST+ cells
appeared far fewer than PV+ cells (Figure 5.11). No PNNs were seen surrounding
SST+ cell bodies. WFA+ PNNs were present in the ACC with a clear net-like structure,
specifically in L4/5, with few PNNs seen in L2/3 (Figure 5.11).
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Figure 5.11 Expression of PV+and SST+ interneurons, and PNNs in control ACC

slices prepared from WT Lister hooded rat. Example (a) whole slice and (b)
magnified x40 images showing PV+ neuronal somas and processes stained in red,
SST+ neuronal somas and processes stained in yellow, and PNNs stained with WFA
in green. All nuclei were stained with DAPI in blue. The ACC region is outlined in white,
with L1-6 indicated with dashed lines. Scale bars = (a) 500 um and (b) 100 pum.
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To model ‘normal’ KA-evoked oscillations, slices were incubated in KA (800nM)
for 4 hours. To model NMDA receptor hypofunction and subsequent ‘pathological’
oscillations, slices were incubated in KA (800 nM) and PCP (10 uM) for 4 hours. To
assess the effect of 01 receptor activation, slices were pre-incubated with PRE-084
(10 pM) during the initial 30 minute period, before also being incubated with KA (800
nM) and PCP (10 puM) for 4 hours. Slices were then PFA-fixed, re-sectioned and
stained for WFA for PNNs (green), SST (yellow), and PV (red) (Figure 5.11). Sections
were imaged on a confocal microscope (described in 5.3.3.3) and the %Area and ID
of WFA, SST and PV immunofluorescence across the whole ACC region were
measured and analysed (Figures 5.11 & 5.12).

o1 receptors play a role in many of the identified pathological mechanisms of
schizophrenia, including cognitive impairment, NMDA receptor modulation and
oxidative stress, so | also explored whether activating o1 receptors prior to PCP
exposure alters the effect of PCP on interneuron or PNN density. PV functions as a
calcium buffer, and calcium modulation activates o1 receptors, which translocate to
the plasma membrane to interact with NMDA receptors, enhancing NMDA currents
(Martina et al., 2007, Rousseaux and Greene, 2016). Exposing slices to KA and PCP
was expected to reduce PV expression compared to KA-only slices. Therefore,
activating o1 receptors with PRE-084 pre-incubation was expected to protect PV

expression, compared to KA and PCP slices.
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Figure 5.12 Expression of PV+ and SST+ interneurons, and PNNs in WT Lister
hooded rat ACC slices exposed to NMDA receptor blockade and o1 receptor
activation. An example area taken across layers | — VI of the ACC showing expression
of PV+ interneurons stained with PV (red), SST+ interneurons stained with SST
(yellow), PNNs stained with WFA (green) and all nuclei stained with DAPI (blue), in
slices exposed to control conditions (ACSF only); KA (800 nM) only; KA + PCP (10
pKM), and pre-incubated with PRE-084 (10 uM) and then exposed to KA + PCP. Scale
bar = 200 pm.

200



To quantify the amount of immunoreactivity, %Area was used to measure the
amount of PV in cell bodies, axons, and dendrites. When comparing the PV+ %Area
of the different conditions, there was no significant differences between any slice
condition (Kruskal-Wallis X? = 1.78, p = 0.618; Figure 5.13a). Looking at the
distribution of the data, a trend could be observed: those slices exposed to KA (0.239
[IQR 0.10 — 0.66]%) and KA + PCP 0.283 (IQR [0.14 — 1.04]) had a lower median PV+
%Area than control (0.283 [IQR 0.14 — 1.04]%). When pre-incubated with PRE-084,
the median PV+ %Area of [PRE-084] KA + PCP slices (0.674 [IQR 0.25 — 0.88]%) was
larger than that of KA and KA + PCP and the distribution was similar to that of control
slices.

When comparing PV+ ID across conditions, again there were no significant
differences between any conditions (Kruskal-Wallis X? = 4.91, p = 0.178; Figure
5.13b), however a trend could be observed. In all conditions exposed to KA, the
median PV+ ID was less than the median PV+ ID of control slices (1030 [IQR 750 —
1293] AU) vs KA (602 [IQR 514 — 1005] AU); vs KA + PCP (671 [IQR 575 — 903] AU);
vs [PRE-084] KA + PCP (747 [IQR 683 — 865] AU), however the median PV+ ID of
slices pre-incubated with PRE-084 was slightly higher than KA and KA + PCP.
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Figure 5.13 PV+ interneuron expression in WT Lister hooded rat ACC slices
exposed to NMDA receptor blockade and o1 receptor activation. The median (a)
%Area and (b) ID (AU) of PV expression across the ACC in control (grey), KA (800
nM) only (light red), KA + PCP (10 uM; red), and pre-incubated with PRE-084 (10 uM)
and then exposed to KA + PCP (dark red) slices. Animals (N) = 4 — 7 (represented by
black data points).
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When comparing the SST+ %Area of the different conditions, there was no
significant differences between any slice condition (Kruskal-Wallis X? = 1.13, p =
0.770; Figure 5.14a). Looking at the distribution of the data, a trend could be observed:
in all conditions exposed to KA, the median SST+ %Area was higher than the median
SST+ %Area of control slices (control 0.1914 (IQR 0.08 — 0.30)% vs KA 0.403 (IQR
0.14 — 0.47)%; vs KA + PCP (0.202 (IQR 0.11 — 0.38)%; vs ([PRE-084] KA + PCP
0.259 (IQR 0.10 — 0.71)%).

However, interestingly, when comparing SST+ ID across conditions, there as a
significant difference between at least two slice conditions (Kruskal-Wallis X? = 9.32,
p = 0.025; Figure 5.14b). Post-hoc analysis showed the median SST+ ID of KA slices
(313.4 [IQR 288 — 346] AU) was significantly higher than control (230.2 [IQR 184 —
235] AU) (Dunn’s multiple comparisons; p = 0.037). Although not statistically
significant, the median SST+ ID of KA + PCP (671 [IQR 575 — 903] AU) and [PRE-
084] KA + PCP (747 [IQR 683 — 865] AU), were also higher than that of control (Figure
5.14b). Where the median SST+ ID of KA + PCP slices was similar to KA slices, slices
pre-incubated with PRE-084 were slightly decreased from the KA and KA + PCP
groups.
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Figure 5.14 SST interneuron expression in WT Lister hooded rat ACC slices
exposed to NMDA receptor blockade and o1 receptor activation. The median (a)
%Area and (b) ID (AU) SST expression across the ACC in control (grey), KA (800 nM)
only (light yellow), KA + PCP (10 uM; yellow), and pre-incubated with PRE-084 (10
UM) and then exposed to KA + PCP (dark yellow) slices. Animals (N) = 4 — 7
(represented by black data points).
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Although lacking statistical significance, the observed trends suggest that
exposure to the different conditions has opposing effects on PV+ and SST+
expression (Figures 5.13 & 5.14). Where PV+ ID decreased following exposure to KA
and KA + PCP, SST+ ID increased. Furthermore, where pre-incubation with PRE-084
slightly increased PV+ ID compared to KA + PCP, it reduced SST+ ID. Therefore, to
see if there was a relationship between the two interneuron markers, | calculated the
PV+ to SST+ ratio (PV+:SST+) of both %Area and ID across the 4 groups (Figure
5.15).

When comparing the ratio of PV+:SST+ %Area, there was no significant
differences between any slice condition (Kruskal-Wallis X? = 5.55, p = 0.136; Figure
5.15a). However, there was a small decrease in the median PV+:SST+ %Area of the
KA (1.40 [IQR 0.39 — 1.81]%) and KA + PCP (1.64 [IQR 1.45 — 2.02]%) slices,
compared to control (2.18 [IQR 0.99 — 5.19]1%). The median PV+:SST+ %Area of the
PRE-084 slices was more comparable to control ([PRE-084] KA + PCP 2.35 [IQR 1.89
— 3.60]%).

When comparing the ratio of PV+:SST+ ID, there as a significant difference
between at least two slice conditions (Kruskal-Wallis X? = 8.33, p = 0.040; Figure
5.15b). Post-hoc analysis showed the median SST+ ID of KA slices (1.92 [IQR 1.45 —
3.50] AU) was significantly less than control (4.95 [IQR 3.60 — 5.59] AU) (Dunn’s
multiple comparisons; p = 0.038). Although not statistically significant, the median
PV+:SST+ ID of KA + PCP (2.66 [IQR 1.48 — 3.38] AU) and [PRE-084] KA + PCP
(3.00 [IQR 2.48 — 3.19] AU), were also less than that of control (Figure 5.15b). Where
the median SST+ ID of KA + PCP slices was similar to KA slices, slices pre-incubated
with PRE-084 were slightly increased compared to the KA and KA + PCP groups.
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Figure 5.15 Ratio of PV to SST (PV+:SST+) expression in WT Lister hooded rat
ACC slices exposed to NMDA receptor blockade and o1 receptor activation. The
median (a) %Area and (b) ID (AU) ratio of PV to SST expression across the ACC in
control (grey), KA (800 nM) only (light orange), KA + PCP (10 uM; orange), and pre-
incubated with PRE-084 (10 uM) and then exposed to KA + PCP (dark orange) slices.
Following PCP exposure, the ratio of PV+:SST+ ID is significantly reduced compared
to control. Animals (N) = 4 — 7 (represented by black data points).
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The lectin Wisteria floribunda agglutinin (WFA) binds to the terminal N-
acetylgalactosamine residues of CSPGs of PNNs (Young and Williams, 1985). Like
PV, PNNs are also decreased in in post-mortem studies, specifically in the PFC
(Alcaide et al., 2019, Lisboa et al., 2024, Mauney et al., 2013), vHPC (Shah and Lodge,
2013), and amygdala (Lisboa et al., 2024, Pantazopoulos et al., 2015) of patients with
schizophrenia. PV expression is directly affected by the presence or absence of PNNs
(Yamada and Jinno, 2014), therefore | would expect that WFA+ expression would

follow a similar pattern to PV+ expression.

There was clear expression of WFA in the ACC in control slices (Figure 5.11),
where a high density of PNNs could be seen in the deep layers, and with lower
expression levels in the superficial layers. When comparing WFA %Area of the
different conditions, there was no significant differences between any slice condition
(Kruskal-Wallis X2 = 1.06, p = 0.788; Figure 5.16a). When comparing WFA ID of the
different conditions, there was also no significant differences between any slice
condition (Kruskal-Wallis X? = 1.06, p = 0.788; Figure 5.16b). Although not statistically
significant, a trend across the groups could be seen. The median ID of KA + PCP
slices (371.5 [IQR 265 — 470] AU) was decreased compared to control (493.4 [IQR
298 — 1650] AU) and KA (512.6 [IQR 382 — 774] AU) slices. Furthermore, when pre-
incubated with PRE-084, the median WFA ID was higher than KA+ PCP ID and more
comparable to control values ([PRE-084] KA + PCP 442 [IQR 404 — 535] AU).

This data shows that acute exposure to PCP may reduce WFA-PNN binding in
ACC slices, suggesting a decrease in PNNs. Due to high variability between sections
and animals this conclusion is tentative, however, it does suggest that NMDA receptor
hypofunction may reduce PNN size or integrity in rat ACC.

207



2.0+
2000+
3 1.5 2‘
< = 1500-
? 1.0 3
E E 1000+
2 054 =
0.5 500 % ;
0.0 i I:%: é 0 T T T T
& R N & ¥ & &
& x &> O & x & o
¢ R o & R
& £ & o
& &

Figure 5.16 PNN expression in WT Lister hooded rat ACC slices exposed to
NMDA receptor blockade and o1 receptor activation. The median (a) %Area and
(b) ID (AU) of WFA expression across the ACC in control (grey), KA (800 nM) only
(light green), KA + PCP (10 uM; green), and pre-incubated with PRE-084 (10 uM) and
then exposed to KA + PCP (dark green) slices. Animals (N) = 4 — 7 (represented by

black data points).
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5.4.9 Modelling the acute impact of NMDA receptor hypofunction and
neuroprotective effects of o1 receptor activation on astrocytes and

microglia, in rat ACC

Neuroinflammation is a feature of psychosis in patients with schizophrenia, and
not necessarily present in stable patients (Doorduin et al., 2009). Region specific
neuroinflammation may evolve into chronic neuroinflammation which has been linked
to schizophrenia pathology and reported in a number of post-mortem studies (Bayer
et al.,, 1999, Radewicz et al., 2000, Wierzba-Bobrowicz et al., 2005). Glial changes
have also been associated with the cognitive deficits (Anderson et al., 2013, de
Oliveira Figueiredo et al., 2022, Zhuo et al., 2023). Therefore, | wanted to explore
whether acute PCP exposure could drive early, acute neuroinflammation in my acute

slice model of NMDA receptor hypofunction.

To assess the impact of PCP on neuroinflammation, | used the same acute
slice model described in 5.4.7 to assess changes in reactive astrocytes (GFAP
immunoreactivy) and microglia (Ibal immunoreactivity). Activated o1 receptors play a
role in neuroprotection (Maurice et al., 2019, Mavlyutov et al., 2013, Mavlyutov et al.,
2015). Therefore, | also assessed whether activating o1 receptors using PRE-084

prior to PCP exposure may affect GFAP and Ibal expression.

Slices were exposed to control, KA, KA + PCP, and [PRE-084] KA + PCP
conditions, as described above (5.4.7), then PFA-fixed, re-sectioned and stained for
GFAP for reactive astrocytes (red), and Ibal for microglia (green) (Figure 5.17).
Sections were imaged on a confocal microscope, using a random sampling approach
(described in 5.3.3.3). The %Area and ID of GFAP and Ibal were measured within

each sample area and analysed (Figures 5.17 & 5.18).
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Figure 5.17 Microglia and reactive astrocytes in the ACC of control WT Lister

hooded rat slices. Example whole slice and magnified x40 images showing reactive
astrocytes stained with GFAP in red, microglia stained with Ibal in green, and all nuclei
stained with DAPI in blue. Z-stacks were taken from sample areas in the superficial

(boxes 1 — 3) and deep (4 — 5) layers. Scale bar = 50 pum.
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Figure 5.18 Microglia and reactive astrocytes in WT Lister hooded rat ACC slices
exposed to NMDA receptor blockade and o1 receptor activation. Expression of
reactive astrocytes stained with GFAP (red), microglia stained with Ibal (green), and
all nuclei stained with DAPI (blue), in slices exposed to control conditions (ACSF only);
KA (800 nM) only; KA + PCP (10 uM), and pre-incubated with PRE-084 (10 uM) and
then exposed to KA + PCP. Scale bar = 50 pum.
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| first compared GFAP+ expression across the whole ACC but found that when
comparing GFAP+ %Area immunofluorescence of the different conditions, there was
no significant differences between any slice condition (One-way ANOVA F (3, 21) =
0.4724, p = 0.705; Figure 5.19ai). When comparing the GFAP+ ID of the different
conditions, there was also no significant differences between any slice condition (One-
way ANOVA F (3, 21) = 0.09602, p = 0.961; Figure 5.19aii). This data suggests that
there are no changes in GFAP %Area or ID across the ACC in vitro, when acutely
exposed to PCP. There are also no further changes when activating o1 receptors,
using PRE-084.

Laminar distribution of reactive astrocytes can vary, as reported by Al-Musawi
et al. (2024) in the hippocampus. As there was no change in mean GFAP+ expression
across the whole ACC, | next divided my sample areas into superficial and deep layers
to assess whether there were any laminar changes (Figure 5.19b).

A two-way ANOVA was performed to analyse the effect of slice condition and
cortical layer on mean GFAP+ %Area (Figure 5.19bi). A two-way ANOVA revealed
that there was not a statistically significant interaction between the effects of slice
condition and layer (F (3, 21) = 0.1539, p = 0.926). Simple main effects analysis
showed that slice condition did not have a statistically significant effect on GFAP+
%Area (p = 0.686). However, simple main effects analysis showed that layer did have
a statistically significant effect on GFAP+ %Area (p = 0.001), where the mean GFAP+
%Area was higher in superficial layers (8.387 + 0.74%) compared to deep layers
(6.161 = 0.81%), of the ACC.

A two-way ANOVA was also performed to analyse the effect of slice condition
and cortical layer on mean GFAP+ ID (Figure 5.19bii). A two-way ANOVA revealed
that there was not a statistically significant interaction between the effects of slice
condition and layer (F (3, 21) = 0.1968, p = 0.897). Simple main effects analysis
showed that slice condition did not have a statistically significant effect on GFAP+ ID
(p = 0.695). Again, simple main effects analysis did show that layer had a statistically
significant effect on GFAP+ ID (p < 0.001), where the mean GFAP+ ID was higher in
superficial layers (1609 + 123 AU) compared to deep layers (1170 + 81.5 AU), of the
ACC.
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Figure 5.19 GFAP immunofluorescence in WT Lister hooded rat ACC slices
exposed to NMDA receptor blockade and o1 receptor activation. (a) The mean (i)
%Area and (aii) ID (AU) of GFAP expression across the ACC in control (grey), KA (800
nM) only (light red), KA + PCP (10 uM; red), and pre-incubated with PRE-084 (10 uM)
and then exposed to KA + PCP (dark red) slices. (b) The mean (i) %Area and (bii) ID
(AU) of GFAP expression seperated into superficial and deep layers of the ACC in
control (grey), KA (800 nM) only (light red); KA + PCP (10 puM; red), and pre-incubated
with PRE-084 (10 uM) and then exposed to KA + PCP (dark red). Animals (N) =4 -7

(represented by black data points).
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Next, | compared Ibal+ expression across the whole ACC, but found that when
comparing Ibal+ %Area of the different conditions, there was no significant
differences between any slice condition (One-way ANOVAF (3,21) =0.988, p =0.418;
Figure 5.20ai). When comparing the lIbal+ ID of the different conditions, there was no
significant differences between any slice condition (One-way ANOVA F (3, 21) =
1.732, p = 0.191; Figure 5.20aii). This data suggests that there are no changes in Ibal
%Area or ID across the ACC in vitro, when acutely exposed to PCP. There are also

no further changes when activating o1 receptors, using PRE-084.

However, when looking at the distribution of the data, a trend could be
observed: following incubation with KA, mean Ibal+ %Area was higher (2.029 *
0.59%) compared to control (1.90 = 0.50%). When incubated with KA + PCP, mean
Ibal+ %Area was 2.43 (= 0.69)%, higher compared to KA alone. When pre-incubated
with the o1 receptor agonist, mean Iba1+ %Area was lower (1.55 £ 0.33%), than KA
+ PCP and control slices. A similar trend was seen when looking at the distribution of
GFAP+ ID: control 982.2 + 123 AU; KA 1139 + 211 AU; KA + PCP 1154 + 186 AU;
[PRE-084] KA + PCP 709 + 53.7 AU.

As there were no significant differences in Ibal+ expression between groups
across the whole ACC, | again divided my sample areas into superficial and deep
layers to assess whether there were any significant laminar differences (Figure 5.20Db).

A two-way ANOVA was performed to analyse the effect of slice condition and
cortical layer on mean Ibal+ %Area (Figure 5.20bi). A two-way ANOVA revealed that
there was not a statistically significant interaction between the effects of slice condition
and layer F (3, 21) = 0.6338, p = 0.602). Simple main effects analysis showed that
slice condition did not have a statistically significant effect on Ibal+ %Area (p = 0.401).
Simple main effects analysis showed that layer also did not have a statistically
significant effect on Ibal+ %Area (p = 0.058).

A two-way ANOVA was also performed to analyse the effect of slice condition
and cortical layer on mean Ibal+ ID (Figure 5.20bii). A two-way ANOVA revealed that
there was not a statistically significant interaction between the effects of slice condition
and layer (F (3, 21) = 0.2613, p = 0.853). Simple main effects analysis showed that
slice condition did not have a statistically significant effect on Ibal+ ID (p = 0.326).

Simple main effects analysis showed that layer also did not have a statistically
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significant effect on Ibal+ ID (p = 0.060). Again, looking at the distribution, the laminar
data demonstrated the same trend described above, and was consistent across the
superficial and deep layers. This data also suggests that microglia cells are evenly
distributed across the layers of the ACC, similar to findings in the hippocampus (Al-
Musawi et al., 2024, Jinno et al., 2007).
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Figure 5.20 Ibal immunofluorescence in WT Lister hooded rat ACC slices
exposed to NMDA receptor blockade and o1 receptor activation. (a) The mean (i)
%Area and (ii) ID (AU) of Ibal expression across the ACC in control (grey), KA (800
nM) only (light green), KA + PCP (10 uM; green), and pre-incubated with PRE-084 (10
pUM) and then exposed to KA + PCP (dark green) slices. (b) The mean (i) %Area and
(ii) ID (AU) of Ibal expression seperated into superficial and deep layers of the ACC
in control (grey), KA (800 nM) only (light green); KA + PCP (10 uM; green), and pre-
incubated with PRE-084 (10 uM) and then exposed to KA + PCP (dark green). Animals
(N) =4 — 7 (represented by black data points).
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5.5 Discussion
Summary of the main findings in Chapter 5:

e SKF-10047, a mixed o1 receptor agonist and NMDA receptor antagonist,
increased KA-evoked ACC beta and gamma oscillation power, similar to PCP.
Unlike PCP, SKF-10047 did not cause gamma oscillations to shift to a beta

frequency.

e 01 receptor agonists SKF-10047 and PRE-084 had no effect on KA-evoked CA3

gamma oscillations.

e The 01 receptor antagonist NE-100 blocked the action of SKF-10047 action in
the ACC, and attenuated PCP effect, on beta and gamma oscillations. The o1
receptor agonist PRE-084 also partially blocked the effects of PCP KA-evoked
ACC gamma oscillations.

e When applied alone, PRE-084 induced a small increase in ACC gamma

oscillation power, but not beta.

e Acute exposure of ACC slices to KA decreased PV expression, whilst increasing
SST expression. Addition of PCP or PRE-084 had little effect on levels of

expression.

e Acute exposure of ACC slices to KA + PCP marginally increased expression of
the microglial marker Ibal and may be normalised by activating o1 receptors.

No effect of PCP or PRE-084 was found in reactive astrocytes.

Early behavioural observations found SKF-10047 caused a psychosis-like state
and a new sub-type of opioid receptor, the “sigma / opioid receptor”, was proposed
(Martin et al., 1976). It was later discovered through binding assays that the identified
SKF-10047 binding protein was not a type of opioid receptor (Su, 1982), and the
receptor was renamed the “sigma receptor”. SKF-10047 caused further confusion as
it reportedly had high affinity for the PCP-binding site on the NMDA receptor (Vaupel,
1983), as an NMDA receptor antagonist (Nishikawa et al., 2000). PCP is also non-
specific and has a considerable affinity for o receptors, where it also acts as a o1

receptor agonist (Vaupel, 1983). Later binding studies using specific ligands for both
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the PCP-binding site (tenocyclidine) and o receptors (pentazocine), clearly
distinguished the two receptors (Gundlach et al., 1986, Largent et al., 1986, Tam,
1985). The affinity of SKF-10047 for the PCP-binding site on NMDA receptors likely
accounts for its psychosis-like effects and the behavioural similarities observed with
PCP. In this chapter, | have demonstrated that when applied to KA-evoked ACC beta
and gamma oscillations, SKF-10047 has a very similar effect on oscillation power to
that seen with PCP, likely due to the NMDA receptor antagonist effect of SKF-10047.
Interestingly, when applied to KA-evoked ACC gamma oscillations, SKF-10047 did not
cause a shift to a beta frequency oscillation, as was seen with PCP. This could suggest
that SKF-10047 has a greater effect on PV+ interneuron NMDA receptors, than those
on SST+ interneurons, driving gamma oscillations and not beta oscillations, however

this needs further investigation.

The acute actions of 01 receptors include modulation of ion channels, namely
NMDA receptors, and K* channels and IP3 receptors. A number of current
antipsychotics are o1 receptor agonists, and may have pro-cognitive effects by
activating o1 receptors (Hayashi and Su, 2004). Using a selective 01 receptor agonist,
PRE-084, only a modest increase in KA-evoked ACC gamma power was induced,
whilst having no effect on beta oscillation power. A reduced effect on oscillations with
a specific 01 receptor agonist suggests that the PCP exerts its effects through NMDA
receptors. However, this increase in gamma does suggest that activating o1 receptors

modulates PV+ interneurons to some degree.

PCP blocks NMDA channels at sub-micromolar ranges, suggesting that the
remarkably large increases in KA-evoked beta and gamma power in the ACC are due
to modulation by NMDA receptor antagonism. Early in vivo experiments found that
both PCP and SKF-10047 increased cortical EEG spectral power between 20 and 50
Hz, in female rats, but was not changed by MK-801 (Marquis et al., 1989). Unlike PCP,
MK-801 is not considered a o1 receptor ligand (Rousseaux and Greene, 2016). This
would suggest that it is, in part, the 01 receptor agonist component of PCP, and not
NMDA receptor antagonism, that drives an increase in oscillatory power. This idea is
supported by my findings in chapter 3.4.4 where PCP increased KA-evoked beta
power, but other NMDA receptor antagonists MK-801 and DAP5 did not.
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The mechanisms underlying o1 receptor and NMDA receptor interactions are
not fully understood. Daily administration of PCP (10 mg/kg), over 10 days followed by
a three day washout period, reduces levels of 1 receptors in the frontal cortex and
hippocampus of mice, as determined by western blot (Ishima et al., 2009). These
associations between o1 receptors and NMDA receptors suggest o1 receptors could
play a significant role in modulating PCP effects on beta and gamma oscillations. Yet,
it has been reported that o1 receptor activation increases NMDA receptor subunit
GIuN2 expression at the plasma membrane of hippocampal cells of mice exposed to
PRE-084 in vivo, possibly by 01 receptors associating with newly synthesized NMDA
receptors and trafficking them to the membrane (Pabba et al., 2014). o1 receptor
agonists enhance the affinity of the o1 receptor for GIuN1 binding (Balasuriya et al.,
2013, Rodriguez-Mufioz et al., 2015), and potentiate NMDA currents (Martina et al.,
2007), thus enhancing NMDA receptor function. This appears to be supported by in
vivo behavioural data that found PRE-084 and SA4503, another selective o1 receptor
agonist, attenuated MK-801-induced behavioural cognitive deficits in mice (Maurice et
al., 1994, Maurice and Privat, 1997). Subchronic administration of the antidepressant
fluvoxamine, a selective serotonin reuptake inhibitor (SSRI) and o1 receptor agonist,
had a similar effect and significantly improved PCP-induced cognitive impairment in
mice (Hashimoto et al., 2007). The cognitive improvement was also reversed by
treatment with the o1 receptor antagonist NE-100 (Hashimoto et al., 2007). This effect
was also seen with the cognitive enhancer donepezil and was again reversed by NE-
100 (Kunitachi et al., 2009), suggesting 01 receptor activation has a therapeutic effect

on NMDA receptor hypofunction.

Here, | have modelled previous in vivo findings in my ACC slice model of NMDA
receptor hypofunction, using gamma oscillations as a biomarker for cognitive
dysfunction. Remarkably, PRE-084 blocked the effect of PCP on KA-evoked gamma
oscillations. Not only was the increase in oscillation power attenuated, the shift from
gamma to beta was also reduced. Interestingly, PRE-084 did not attenuate PCP’s
effect on beta power. Gamma oscillations are orchestrated by PV+ interneurons
whereas SST+ interneurons are proposed to orchestrate beta oscillations (Chen et al.,
2017, Fuchs et al., 2007, Kuki et al., 2015, Tamas et al., 2000, Whittington et al., 1995).
o1 receptors are widely expressed in principal neurons and interneurons, including

PV+ and SST+ interneurons (Liu et al., 2023). o1 receptors may have less modulatory
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interactions with  NMDA receptors on SST+ interneurons, compared to PV+

interneurons.

The pharmacology of 1 receptors is complex and reconciling all the different
reported NMDA-o receptor interactions with my data is not straightforward. o1 receptor
antagonists, such as NE-100, reduce the affinity of 01 receptors for GIuN1 binding,
reducing NMDA receptor function (Rodriguez-Mufioz et al., 2015). This is
contradictory to my findings where, in the presence of NE-100, a o1 receptor
antagonist, the PCP-induced increase in beta power was somewhat attenuated,
compared to PCP alone. However, literature regarding the direct effect of o1 receptor
antagonism on PCP oscillation action is lacking. It would be interesting in future
studies to look at the effect of NE-100 on oscillations in animals treated with PCP, in

Vivo.

The small reduction in PCP enhanced oscillatory power | observed with NE-
100 could be due to NE-100 blocking the o1 receptor component of PCPs action.
Confusingly, similar effects were seen with both the o1 receptor agonist PRE-084 and
antagonist NE-100. o1 receptor agonists show a bell-shaped dose-response curve
characterized by low-dose stimulation and high-dose inhibition (Cobos et al., 2008).
As PCP is also a o1 receptor agonist, it may be that when PRE-084 and PCP were
co-applied, the activation of 61 receptors tipped from stimulation to inhibition, impairing
the PCP effect, like seen with NE-100 + PCP.

There is convincing evidence that treatment with selective 01 receptor agonists,
such as PRE-084, is beneficial in attenuating the NMDA receptor hypofunction
induced by PCP. Whilst some of my findings support this, the intricacies of o1 receptor
pharmacology and its effects on NMDA receptor activity complicate the interpretation
of the interactions between o1 receptors and NMDA receptors. These findings imply
that the attenuation of PCP-induced effects by both NE-100 and PRE-084 could result
from different mechanisms converging on o1 receptor regulation, which in turn alters
NMDA receptor function. Further research is needed to clarify the dose-dependent
and receptor-specific factors that underlie these complex pharmacological

interactions.

In contrast to its effects in the ACC, PCP did not modulate KA-evoked gamma
oscillations in the CA3 region, nor did SKF-10047 or PRE-084. Surprisingly, given the
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interest in the role of 01 receptors and learning and memory, no studies have been
conducted assessing the effect of a 01 receptor agonist on hippocampal gamma
oscillations. This regional specificity may relate to differences in o1 receptor
expression. Notably, there is a higher level of 01 receptor mRNA in the frontal lobe of
the adult male rat compared to the hippocampus, as determined by northern blot and
in situ hybridization (Zamanillo et al., 2000). Despite this, o1 receptor expression is
frequently reported to be particularly high in the hippocampus (Sataciak and Pytka,
2022). Additionally, Mishina et al. (2008) have shown that o1 receptors exhibit a
greater binding potential in the hippocampus compared to the frontal lobe. Within the
hippocampus, o1 receptor expression is higher in the pyramidal cell layer of CA3
higher than CA1 and CA2 (Kitaichi et al., 2000), suggesting functional variability.
Interestingly, in vivo studies report that high doses of PCP and other NMDA receptor
antagonists enhance hippocampal gamma oscillations (Ehrlichman et al., 2009;
Saunders et al.,, 2012). This discrepancy between in vivo and in vitro findings
underscores the need for further investigation into compensatory mechanisms in
hippocampal networks. Regarding the PFC, specific 01 receptor distribution studies
are lacking, however it is known that there is higher o1 receptor expression in the
deeper laminae than superficial (Kitaichi et al., 2000). Better understanding of o1

receptor distribution could help understand specific regional differences.

Stable KA-evoked CA3 gamma oscillations are not modulated by NMDA
receptor antagonist PCP or o1 receptor agonists. Given the integral role of the
hippocampus in learning and memory (Eichenbaum, 1999, Kandel and Spencer,
1968), these findings are surprising. Leung (1985) showed that a high dose of PCP
increased hippocampal gamma oscillations, in vivo. A number of other in vivo studies
have found that NMDA receptor antagonists, ketamine and MK-801, also enhance
gamma power in vivo (Ehrlichman et al., 2009, Kittelberger et al., 2012, Lazarewicz et
al.,, 2010, Saunders et al., 2012). The hippocampus is a densely packed, highly
organised laminar structure of neurons, that may be able to compensate for acute
NMDA receptor blockade in vitro. In vivo, the hippocampus receives inputs from other
brain regions, including the ACC and amygdala, via the EC (Rolls, 2019). Slice
preparation and hippocampal isolation severs inputs to the EC, therefore in vitro
preparations may restrict the effect of PCP in the CA3 by reducing NMDA receptor-

mediated inputs. Further investigations should be performed to confirm this.
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Beyond oscillations, | found that o1 receptor activation enhanced LTP in the
CALl region. While beta and gamma oscillations are known to be critical for learning
and memory the cellular correlate of learning has been proposed to be LTP. LTP
induction requires postsynaptic activation of NMDA receptors and an increase in

postsynaptic Ca?* (Collingridge et al., 1983, Lynch et al., 1983).

LTP can be reliably induced using a 2 burst HFS along the Schaffer collateral
pathway of CAl in the rat hippocampus, as previously reported (Harris et al., 1984,
Mosleh et al., 2023). Although not entirely inhibited, LTP was significantly attenuated
in the presence of NMDA receptor antagonists DAP5 and PCP. Early LTP studies in
rat CA1 found that DAP5 (50 uM) (Harris et al., 1984) and PCP (10 uM) (Stringer et
al., 1984), completely blocked LTP, however, this could be due to slight variations in
stimulation protocols or slice preparation techniques.

While NMDA receptor antagonists attenuated LTP, | found PRE-084
significantly enhanced LTP following HFS. Martina et al. (2007) reported that
pentazocine, another high-affinity and high-specificity 01 receptor agonist, activates
o1 receptors and potentiates NMDA receptor responses and LTP, preventing a small
conductance Ca?*-activated K* current (SK channels). These results align with reports
of 01 receptor agonists potentiating NMDA receptor responses and improving
cognitive deficits in rodent models of NMDA receptor hypofunction (Hashimoto et al.,
2007). Whether 01 receptor activation can rescue PCP-induced impairments in LTP

remains an important area for future research.

KA exposure increased SST expression while reducing PV expression and
PNNs in the ACC, suggesting differential activation of interneuron subtypes. PV+ and
SST+ interneurons play distinct roles in neuronal oscillations, with PV+ interneurons
driving gamma oscillations and SST+ interneurons driving beta oscillations. PV acts
as a calcium buffer, protecting neurons from calcium overload (Heizmann, 1993, Lee
et al.,, 2000), while SST+ is a neuromodulator involved in synaptic transmission
(Pittaluga et al., 2021).

Both SST and PV expression are activity-dependent (Hou and Yu, 2013, Patz
et al., 2004), this suggests that SST+ interneurons were more active in KA-treated
slices, compared to control, leading to increased SST expression. SST+ interneurons

receive strong intracortical excitation and some inhibit PV+ interneurons (Tremblay et
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al., 2016). A subpopulation of non-Martinotti SST+ interneurons, named X94-neurons,
mediate inhibition on PV-interneurons in both layers 2/3 and 5 (Pfeffer et al., 2013)
and could establish a shift from somatic PV+ interneuron-driven inhibition to dendritic
SST+ interneuron-driven inhibition (Scheyltjens and Arckens, 2016). This implies that
PV expression was reduced by increased SST+ interneuron activity. The presumed
increase in SST interneuron activity may also explain the shift to lower beta frequency

activity | observed with PCP application.

Many studies to-date have investigated the subchronic effect of NMDA receptor
antagonist on the levels of PV expression, rather than assess the acute effects of PCP.
One subchronic study found that PV expression was unaffected by subchronic PCP
or ketamine treatment in adult mice and rats (Benneyworth et al., 2011). A subchronic
PCP study, looking specifically at the adult rat PFC, found reduced PV+ cell density
compared to control (McKibben et al.,, 2010). Particularly, there was a greater
reduction in the infralimbic and prelimbic PV+ cell density, compared to the ACC
(McKibben et al., 2010). More recently, PV protein was also found to be reduced in
mouse frontal cortex and hippocampus following subchronic PCP treatment,
compared to vehicle treated controls (Gigg et al.,, 2020). Romoén et al. (2011)
investigated acute effects of NMDA receptor antagonists, sacrificing rats 4- and 24
hours following injection (1 mg/kg; i.p.) with MK-801. They reported no change in PV
MRNA in the PFC after 4 hours, but a decrease 24 hours post-injection. Hervig et al.
(2016) conducted an acute study that sacrificed rats 1 hour after PCP injection (10
mg/kg; s.c.), and measured PV and c-Fos immunoreactivity. c-Fos is an immediate
early gene whose expression indicates increased neuronal activity in response to
stimuli (Bullitt, 1990). They found that there was no increase in ACC or PFC of PV
labelled cells co-labelled with c-Fos in the PCP treated group, compared to vehicle
treated controls. These results, paired with my own findings suggest that an acute 4

hour PCP exposure may not be sufficient to change PV expression in the ACC.

Most PV+ and SST+ interneurons express o1 receptors, with around 80-90%
of PV+ interneurons and ~90% of SST+ interneurons immunoreactive for the o1
receptor, in the mouse ACC (Liu et al., 2023), however, there is, to my knowledge no
other studies exploring the effect of 1 receptor activation on PV and SST expression.
PV functions as a calcium buffer, and calcium modulation activates o1 receptors,

which translocate to the plasma membrane to interact with NMDA receptors,
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enhancing NMDA currents (Martina et al., 2007, Rousseaux and Greene, 2016).
Therefore, PRE-084 was expected to buffer PCP-induced NMDA receptor
hypofunction, and cause less of a reduction in PV expression, compared to KA + PCP
slices. My electrophysiological data showed that PRE-084 attenuated PCP's effect on
KA-evoked gamma oscillations in the ACC but immunofluorescence staining found it
had little impact on PV expression.

When applied to KA-evoked beta oscillations, PCP caused a significant
increase in beta power, which PRE-084 did not attenuate. | anticipated PCP would
increase SST expression, with no change under PRE-084 pre-incubation. However,
no changes in SST expression were observed with either PCP or PRE+084 and PCP.
SST expression depends on BDNF signalling (Glorioso et al., 2006, Guilloux et al.,
2012, Martinowich et al., 2011), and NMDA receptor inhibition decreases BDNF
(Hansen et al., 2004), which likely reduces SST expression. 01 receptor activation
increases BDNF release, suggesting PRE-084 should enhance SST expression (Lin
and Sibille, 2015), yet my results showed no effect of either PCP or PRE-084 beyond
KA application. Like PV, 4 hours of PCP exposure may not be sufficient to change
SST expression in the ACC and a subchronic treatment regimen could be a better

method for assessing the effects of a1 receptor activation on interneuron changes.

The GIuN2A and GIuN2C NMDA receptor subunits are highly expressed in PV
interneurons, compared to neighbouring pyramidal cells (Picard et al., 2019). Specific
knockout of the GIUN2A subunit in mice (GIuN2A”) disrupts sensorimotor gating, and
impairs cognitive function and spatial working memory, compared to WT. These
GIuN2A’ mice also showed a significant increase in neuropeptide Y (NPY) and SST
expression (Lu et al.,, 2024). NPY alterations have also been associated with
schizophrenia (Stalberg et al., 2014) and NPY promotes dopamine release by
activating ol receptors (Ault and Werling, 1997). Furthermore, immunofluorescence
staining showed a significant increase in NPY-positive cell density in mPFC of
GIuN2A™" mice (Lu et al., 2024).

A trend similar to PV expression was observed when comparing WFA ID across
groups. This suggests that application of KA + PCP reduced PNNs, compared to KA
slices. Memory consolidation within the ACC is dependent on PNN formation (Shi et
al., 2019). A key role of PNNs is to protect neurons from oxidative stress. PNN density
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can decrease rapidly in response to specific stimuli (Fawcett et al., 2022). Acute stress
or neuronal activity can also trigger rapid PNN remodeling, partly through the release
of metalloproteinases, which alter the extracellular matrix structure (Fawcett et al.,
2022). Increased levels of oxidative stress are associated with schziophrenia (Murray
et al.,, 2021) and is a known pathological mechanism causing PV+ interneuron
impairment. Here we found that PNN density decreased with PV decrease. Evidence
sugests that PNNs are themselves susceptible to oxidative stress when oxidative
burden is high, causing both PV+ interneuron and PNN impairment (Steullet et al.,
2017). This would suggest that overactivation of SST+ interneurons imparied PV+
interneurons, and PNNs, by increasing oxidative stress.

Finally, acute PCP exposure in ACC slices increased neuroinflammatory
markers, with trends indicating elevated microglial activation. Neuroinflammation,
driven by interactions between neurons and glial cells like astrocytes and microglia,
can harm the CNS when it becomes acute or chronic (Minogue, 2017). Chronic
neuroinflammation is linked to schizophrenia pathology, with changes in microglia and
astrocytes contributing to cognitive deficits in the disorder (Anderson et al., 2013, de
Oliveira Figueiredo et al., 2022, Zhuo et al., 2023). Changes in expression of
interneuron markers have been linked with increased neuroinflammation and oxidative
stress, caused by NMDA receptor hypofunction. In this chapter, | aimed to link
decreased PV expression, caused by NMDA receptor hypofunction, and increased

neuroinflammation, in my ACC slices.

Increased levels of ROS and oxidative stress damage are reported in studies
of patients with schizophrenia, microglia produce ROS and microglial ROS likely
contributes to increased oxidative stress (Simpson and Oliver, 2020). In this chapter,
| found a trend that showed KA increased Ibal %Area and ID compared to control
slices, with further increases following KA + PCP treatment. These findings suggest
that acute PCP exposure may increase microglia expression in ACC slices in vitro. In
a review of schizophrenia animal models, Steullet et al. (2017) reported that PV+
interneuron deficits in the ACC were in all cases accompanied by oxidative stress.
Paired with my findings, this suggests that microglial activation occurs first, and PV
changes occur following a more prolonged period of NMDA receptor hypofunction. To
explore this further, more sensitive markers could be used in combination with Ibal,

such as inducible nitric oxide synthase (iNOS), a marker for oxidative stress.
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Activation of 01 receptors reportedly has neuroprotective effects, including the
reduction of oxidative stress and neuroinflammation (Jia et al.,, 2018). It is
hypothesised that activating o1 receptors has therapeutic potential in cognitive
disorders (Gekker et al., 2006, Hashimoto et al., 2007). Pre-incubation with PRE-084
prior to KA + PCP exposure reduced Ibal %Area and ID compared to untreated slices,
suggesting o1 receptor activation decreases microglial reactivity. Microglia express
high levels of o1 receptors, and in vitro studies show that o1 receptor activation
suppresses microglial migration, cytokine release, and actin cytoskeleton
rearrangement by modulating intracellular calcium (Hall et al., 2009). Similarly, in a
mouse model of ALS, PRE-084 reduced microglial reactivity by modulating NMDA
receptor calcium influx (Mancuso et al., 2012). These findings suggest that targeting
o1 receptors may mitigate cognitive deficits associated with microglial activation and

NMDA receptor hypofunction in schizophrenia.

Astrocytes contribute to maintaining homeostasis through ion transportation
(Lia et al., 2023), neurotransmitter uptake and release of neurotransmitter precursors
(Sofroniew, 2020) and ROS degradation (Chen et al., 2020). Evidence for astrocytic
changes in schizophrenia is conflicting; some studies report increased GFAP mRNA
and altered morphology (Tarasov et al., 2020, Webster et al., 2005) , while others find
no change in GFAP expression in the ACC of patients (Radewicz et al., 2000). In this
chapter, | found no changes in the %Area or ID of GFAP expression across any of my
ACC slice conditions. In a mouse model of epilepsy, Sano et al. (2021) showed that
there was microglial activation and proinflammatory cytokine release following status
epilepticus in the mouse hippocampus. Critically, activating microglia induced reactive
astrocyte activation (Sano et al., 2021). This may suggest that 4 hours of exposure to
PCP was sufficient to start inducing microglial changes but may have been insufficient
to evoke a change in GFAP expression. Alternatively, the morphology and pathological
responses of astrocytes to stimuli are highly heterogenous (Sofroniew, 2020).
Assessing changes in astrocyte morphology may give greater insights into the effects
of PCP application, and subsequent NMDA receptor hypofunction.

Although o1 receptors are expressed in astrocytes (Choi et al., 2022, Tagashira
et al., 2023), PRE-084 pre-treatment did not affect GFAP expression, compared to
any other condition. Studies exploring the effects of o1 receptor activation on

astrocytes are lacking. Regardless, one study did find that GFAP expression and
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astrogliosis was induced in primary neuron-glia cultures, prepared from a o1 receptor
KO mouse model (Weng et al.,, 2017), while chronic PRE-084 treatment reduced
reactive astrocytosis in an MND mouse model (Peviani et al., 2014). Although no
change in GFAP was observed here, there is mounting evidence that o1 receptors
may modulate reactive astrocytes. Greater understanding of astrocytic changes in
schizophrenia are needed, to understand whether o1 receptor activation may be a

beneficial target for future treatment.
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5.6 Conclusions

This chapter has highlighted the complex interactions between PCP, o1
receptors, and NMDA receptor function in a rat model of NMDA receptor hypofunction.
My findings suggest that while 01 receptor activation may attenuate some of the
cognitive deficits associated with NMDA receptor hypofunction, the pharmacological
effects are nuanced and context-dependent. The role of o1 receptors in modulating
ACC oscillations was apparent, as evidenced by the differential effects of 01 agonists
like PRE-084 and antagonists such as NE-100 on PCP-induced beta and gamma
oscillations. These findings support the hypothesis that 01 receptors play a modulatory
role, likely interacting with NMDA receptors in a manner that affects neuronal

oscillatory activity and interneuron dynamics.

Importantly, the selective activation of 01 receptors appeared to counteract
PCP-induced effects in specific neuronal populations, particularly PV+ interneurons.
However, the lack of significant changes in SST and PV expression following acute
treatment indicates that longer-term, or subchronic exposure, may be required to
observe the full impact of 01 receptor modulation on interneuron activity. Moreover,
o1 receptor activation also demonstrated potential neuroprotective effects, particularly
in reducing microglial activation, suggesting its relevance in mitigating
neuroinflammation and oxidative stress, which are implicated in schizophrenia

pathology.

Overall, this study emphasised the therapeutic potential of 61 receptor agonists
in addressing cognitive dysfunctions associated with NMDA receptor hypofunction, yet
also revealed the need for further exploration of dose- and time-dependent factors in
o1 receptor pharmacology. The differential effects on GABAergic interneuron marker
expression, oscillatory dynamics, and neuroinflammation point to the complexity of o1

receptor modulation and warrant deeper investigation into its mechanisms of action.
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Chapter 6. General discussion
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6.1 Discussion

High frequency oscillations, such as beta and gamma, are used as biomarkers
for cognitive function. Changes in gamma oscillations have been linked specifically
with deficits in working memory in patients with schizophrenia. Beta and gamma
oscillations can be evoked by different neurotransmitter agonists, such as the
glutamatergic agonist KA, and recorded in vitro from rodent and human brain tissue,
as shown in this thesis.

The development of gamma oscillations in the CA3 is closely linked to the
maturation of GABAergic interneurons, particularly PV+ and SST+ interneurons, which
play critical roles in modulating network activity (Jinno and Kosaka, 2002, Luhmann
and Khazipov, 2018). Notably, only single-peak oscillations were recorded, indicating
a tendency toward low-gamma activity in the CA3, in contrast to distinct beta and
gamma oscillations observed in other brain regions, such as the ACC (Roopun et al.,
2008). Studies suggest that gamma oscillations emerge in the hippocampus around
P15, correlating with behavioural observations that show gamma activity in vivo does
not manifest in rats until the second postnatal week (Lahtinen et al., 2002, Tsintsadze
et al., 2015). The oscillatory patterns of the CA3 are not only a function of intrinsic

neuronal properties but also modulate the development of mature inhibitory circuits.

Interestingly, when examining the impact of PCP, | found that it did not
significantly alter the power of CA3 gamma oscillations. This stability contrasts with
the findings in the ACC, where PCP application had notable effects on oscillatory
power. This disparity underscores the functional differences between these two
regions, with the ACC exhibiting more diverse and flexible excitatory-inhibitory network
necessary for its broader range of cognitive functions (Bush et al., 2000, Kilavik et al.,
2013). Previous in vivo studies have suggested that NMDA receptor blockade can
enhance gamma activity (Hakami et al., 2009, Kittelberger et al., 2012). A lack of PCP
effect is surprising given the established roles of NMDA receptors in modulating
hippocampal oscillatory dynamics (Eichenbaum, 1999, Kandel and Spencer, 1968).
However, isolating the hippocampus, and severing the inputs received from other brain
regions, necessary for dynamic oscillatory activity could cause this lack of effect. The
direct effects of 01 receptor activation in the CA3 has not been explored previously. In

this study, the application of the selective 01 receptor agonist PRE-084 also did not
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affect gamma oscillations, a novel and significant finding given the supposed role of
o1 receptors in learning and memory mechanisms. However, PRE-084 did increase
LTP in the CA1 suggesting there is still a role for a1 receptors in learning and memory.
A compelling future study could involve treating animals with PRE-084 in vivo, followed
by recording LTP responses from slices prepared from those animals in the presence
of PCP.

In the neocortex, gamma frequency oscillations have been repeatedly observed
following KA application (Adams et al., 2017, Middleton et al., 2008, Roopun et al.,
2008). Beta (20 — 32.9 Hz) and gamma (33 — 80 Hz) frequency oscillations were
defined based on the bimodal frequency distribution found in this study, revealing that
the ACC predominantly exhibited beta oscillations (65%) compared to gamma (35%)
after KA application, a higher gamma to beta ratio than previously reported (Adams et
al., 2017). Acute PCP exposure to stable KA-evoked oscillations in the ACC led to a
dramatic increase in beta power and a shift from gamma to beta oscillations when
gamma activity was initially present. While previous studies have shown NMDA
receptor blockade typically increases gamma power in both in vivo and in vitro models
(Hakami et al., 2009, Lemercier et al., 2017, Rebollo et al., 2018), this study's findings
suggest a distinct frequency shift in the ACC, aligning with other research showing
slower beta oscillations emerging in similar conditions (Middleton et al., 2008, Roopun
et al., 2006).

The shift from gamma to beta activity observed here may be explained by a
compensatory increase in SST+ interneuron activity, as these cells have slower
intrinsic properties and weaker inhibitory influence, driving beta oscillations while
suppressing gamma activity (Jang et al., 2020, Xu and Callaway, 2009). The density
and distribution of these interneurons in ACC slices may influence the predominance
of beta or gamma oscillations. The proportion of PV+ and SST+ interneurons in the
rat ACC is unreported, however in mouse PV+ interneurons make up between 40 and
50% of GABAergic interneurons in the neocortex, whilst SST+ constitute around 30%
(Riedemann, 2019). Although the proportions of GABAergic interneurons in the rat
ACC were not quantified in this thesis, the %Area of PV was higher than that of SST
indicating that the population of PV+ interneurons was higher than that of SST+
interneurons. In this study, 4 hour KA incubation revealed increased SST expression

and decreased PV expression, which are both activity-dependent (Hou and Yu, 2013;
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Patz et al., 2004). This suggests enhanced SST+ interneuron activity, which inhibits
PV+ interneurons, likely underlies the dominance of beta oscillations in the ACC.
Interestingly, while PRE-084 attenuated the increase in KA-evoked gamma oscillation
power caused by PCP, it had no effect on beta power. Since gamma oscillations are
primarily driven by PV+ interneurons, while beta oscillations are associated with SST+
interneurons, it appears that o1 receptor activation exerts differential effects on these
interneuron populations (Liu et al., 2023). The lack of effect on beta oscillations
suggests that o1 receptors may have more limited control over SST+ interneurons

compared to PV+ interneurons.

Loss of both PV+ and SST+ interneurons have been reported in post-mortem
studies of patients with schizophrenia (Fung et al., 2010, Hashimoto et al., 2008,
Konradi et al., 2011). While many animal studies focus on subchronic effects of NMDA
receptor antagonists on PV expression, this study provides insights into the acute
effects of both PV and SST. In vivo, PCP induces schizophrenia-like behaviours in
animals, including cognitive deficits and reduced PV expression in brain regions such
as the prelimbic cortex (McKibben et al., 2010), cingulate cortex, and hippocampus
(Abdul-Monim et al., 2007). Similarly, the MAM model shows decreased PV+ density
in the DG, mPFC, ACC, and ventral subiculum (Du and Grace, 2016, Lodge et al.,
2009). However, one study did find that subchronic PCP or ketamine treatment does
not affect PV expression in adult rodents (Benneyworth et al., 2011). In contrast, acute
studies suggest there is a delayed reduction in PV expression following NMDA
receptor antagonist administration (Hervig et al., 2016, Romén et al., 2011). These
findings, paired with the present study, suggest that a 4-hour exposure to PCP may
not be sufficient to cause sustained loss of PV or SST in the ACC, though longer
exposures may reveal changes. Longer exposures in vitro would need to be balanced
with maintaining the health of the tissue, which could become a confounding factor in
and of itself. Alternatively, future studies could assess changes in PV and SST
expression following an acute PCP injection in vivo, as well as quantifying other

markers such as c-Fos, a marker of cellular activity.

By activating Group Il mGlu receptors, the mGlu2/3 agonist LY354740 and the
specific mGlu2 agonist LY541850 reduced the power of the aberrant beta activity
induced by PCP. However, the frequency shift from gamma to beta was not reversed,

likely due to persistent network plasticity changes caused by PCP. This suggests that
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mGlu2 activation may help modulate abnormal oscillations linked to NMDA receptor
dysfunction, a key feature in schizophrenia models. Previous studies have shown that
mGlu2 receptor activation can mitigate PCP-induced glutamate efflux and symptoms
like cognitive and motor impairments (Moghaddam and Adams, 1998). It would be
interesting in a future study to explore the impact of mGlu2 activation on SST and PV
expression and assess whether suppressing oscillations via metabotropic glutamate

receptors has a significant impact on specific interneuron activity.

Increased oxidative stress and ROS are commonly reported in schizophrenia
studies, with microglia being a primary source of ROS (Simpson and Oliver, 2020). In
this study, lbal expression, a marker of microglial activation, increased following 4
hours of KA application and further increased with KA + PCP treatment. This supports
the hypothesis that even acute PCP exposure may activate microglia, potentially
contributing to the pathology of NMDA receptor hypofunction. Notably, microglial
activation has been linked to subsequent PV+ interneuron deficits in schizophrenia
(Steullet et al., 2017), suggesting a pathological cascade where microglial activation
precedes PV changes. The neuroprotective effects of o1 receptors, particularly in
reducing oxidative stress and neuroinflammation, are well-documented (Jia et al.,
2018). In this study, pre-incubation with PRE-084 reduced microglial activation in KA
+ PCP slices, as indicated by decreased Ibal expression. Microglia express high
levels of o1 receptors, and their activation can be suppressed by o1 receptor
activation, which inhibits calcium influx and cytokine release (Hall et al., 2009). This
suggests that o1 receptor activation could counteract the neuroinflammatory

processes that exacerbate cognitive dysfunction in schizophrenia models.

In contrast, no changes in GFAP expression were observed across any
conditions, suggesting that astrocyte activation may not be as responsive to o1
receptor modulation in this acute model. Previous studies have shown conflicting
results regarding o1 receptor effects on astrocytes, with some models demonstrating
reductions in astrogliosis following o1 receptor activation (Peviani et al., 2014), while
others show increased GFAP expression in o1 receptor knockout models (Weng et
al., 2017). These findings highlight the need for further investigation into 1 receptor
effects on astrocytes and their role in maintaining neuronal homeostasis. The role of
astrocytes in schizophrenia remains debated. While some studies report altered

astrocyte morphology and increased GFAP expression in schizophrenia patients
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(Tarasov et al., 2020, Webster et al., 2005), others find no changes in GFAP levels
(Radewicz et al., 2000). In this study, the absence of GFAP changes across conditions
suggests that astrocytes might not exhibit overt activation in this acute setting.
However, the heterogeneity of astrocyte responses to stimuli (Sofroniew, 2020)
suggests that further investigation into astrocyte morphology could provide deeper
insights into the effects of PCP and NMDA receptor hypofunction on glial function.

Microglia activation precedes and induces cytokine release, which can cause
increased ROS and oxidative stress, which in turn can lead to increased astrocyte
activation, high ATP production and further microglial activation reactive astrocyte
activation (Gehrmann et al., 1995, Neumann et al., 2009, Sano et al., 2021). This acute
slice model has found that NMDA receptor hypofunction drives SST activity, whilst
dampening PV, inducing an increase in microglia. If sustained, this may cause loss of
both PV+ and SST+ interneurons due to harmful levels of ROS and oxidative stress.
Future studies could quantify markers of ROS and oxidative stress in this slice model
following 4 hours of PCP exposure, to assess whether there are any early signs of
ROS or oxidative stress. Extending the duration of PCP incubation in the slices could
also provide valuable insights into whether more pronounced changes in glial activity

and neuroinflammatory markers emerge at later time points.

PCP is classically categorised as an NMDA receptor antagonist. In addition to
NMDA receptors, PCP also acts as an agonist on o1 receptors (Vaupel, 1983) which
may explain the differences found in this thesis between PCP and other NMDA
receptor antagonists on ACC oscillations. SKF-10047 is a prototypic o1 receptor
agonist that also acts on NMDA receptors as an antagonist (Nishikawa et al., 2000,
Vaupel, 1983). In this study, we demonstrated that SKF-10047 has a significant impact
on KA-evoked oscillations in the ACC, similar to PCP, likely due to its dual function as
a o1 receptor agonist and NMDA receptor antagonist. Interestingly, although SKF-
10047 increased oscillatory power, it did not induce the shift from gamma to beta
oscillations observed with PCP, suggesting that these frequency shifts are not solely

mediated by 01 receptor activation.

The binding profile of o1 receptors is very diverse and includes many
antipsychotics (Hayashi and Su, 2004), which makes o1 receptors particularly
interesting in the treatment of schizophrenia symptoms. The acute actions of o1
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receptor activation include modulation of ion channels, such as NMDA receptors and
K* channels. While selective 01 receptor agonists like PRE-084 had a modest effect
on gamma power, SKF-10047 greatly increased ACC oscillation power in both beta
and gamma ranges. This likely reflects the compound's NMDA receptor antagonist
properties, as PCP blocks NMDA receptors at sub-micromolar concentrations, driving
significant increases in oscillatory power (Marquis et al., 1989).

o1 receptors also play an important role in regulating NMDA receptor activity.
Repeated PCP administration has been shown to reduce o1 receptor expression in
the PFC (Ishima et al., 2009), indicating an intricate relationship between these
receptors. While o1 receptor activation enhances NMDA receptor trafficking to the
membrane and potentiates NMDA currents (Balasuriya et al.,, 2013, Pabba et al.,
2014), o1 receptor agonists like PRE-084 have been shown to attenuate cognitive
deficits induced by NMDA receptor hypofunction in mice (Hashimoto et al., 2007,
Maurice and Privat, 1997). This aligns with our findings, where PRE-084 blocked the

effects of PCP on gamma oscillations in the ACC.

o1 receptor agonists and antagonists also demonstrated complex interactions.
PRE-084 and the o1 receptor antagonist NE-100 both attenuated PCP's effect on
gamma oscillations, yet NE-100 slightly reduced the increase in beta power. This could
be due to the bell-shaped dose-response curve of 01 receptor agonists, where low
doses stimulate and high doses inhibit 1 receptor activity (Cobos et al., 2008).
Therefore, when PRE-084 and PCP were co-applied, a1 receptor activation may have

shifted from stimulation to inhibition, producing effects like those seen with NE-100.

In conclusion, the interactions between o1 and NMDA receptors are complex
and multifaceted, with o1 receptor activation offering potential therapeutic benefits in
addressing NMDA receptor hypofunction and related cognitive deficits. However, the
differential effects of o1 receptor agonists and antagonists, as well as their impact on
various interneuron populations, suggest that further research is needed to unravel
these intricate pharmacological interactions. Understanding the dose-dependent
effects of 01 receptor modulation could pave the way for new therapeutic approaches

for disorders such as schizophrenia.
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6.2 Limitations and future work

In this thesis, | found that the novel selective orthosteric mGlu2 agonist / mGIlu3
antagonist LY541850 modulates PCP-induced changes in beta oscillation. This
showed that activating mGlu2 receptors could be a useful future therapeutic target. To
validate my acute slice model, future studies could explore the effects of current
medications known to have positive effects on both the positive and cognitive
symptoms of schizophrenia, such as SGAs (eg. clozapine and risperidone) and TGAs
(eg. aripiprazole and brexpiprazole). Comparing the effects of current medications to
the effect of LY541850 could give a better understanding of the mechanisms of current

medications, as well as improved assessment of novel interventions.

The lack of effect on interneurons and glia following 4 hours of PCP incubation
indicated that 4 hours of exposure may not be sufficient to trigger the more permanent
and pathological hallmarks of NDMA receptor hypofunction. Initial experiments
suggested there were increases in both Ibal and GFAP expression, however
increasing the group data reduced the significance due to large inter-animal variability.
This is the limiting factor of the acute slice model presented in this thesis. Unpublished
data from our lab shows that oscillations can be evoked and recorded many hours
after slice preparation. However, we have also found that KA-evoked oscillations can
continually build in power for 6-8 hours and subsequently “crash”. This lack of stability
may be indicative of slice health, suggesting that the results of any longer applications
may be biologically confounded. Recording the oscillatory behaviour of the slices prior
to staining could allow us to account for such variability.

As previously highlighted, the distribution of PV+ and SST+ interneurons vary
throughout the rodent ACC. When analysing PV and SST expression throughout the
ACC, the caudal-rostral position of the ACC sections was not considered.
Furthermore, although all electrophysiology experiments were recorded from layer V
of the ACC, again the caudal-rostral position of the ACC sections was not considered.
If both factors had been accounted for and analysed, a greater examination of the
specific regions of the ACC could have been conducted. This would have allowed me
to explore the relationship between interneuron population and oscillation frequency

more explicitly.
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Furthermore, a lack of statistical significance was found throughout my
immunohistochemistry results. This is likely due to the high variability in my staining,
even though standard procedures were taken to minimise section to section staining
variability. With hindsight, a more rigours criteria for the ACC sections used for
incubation, staining and analysis could have minimised variability. Ideally, slices from
the same rostral-caudal position of the ACC would have been used across all
experimental conditions, however the number of conditions and too few slices from
one animal make this difficult. Slight variations in animal preparations and
electrophysiology rig conditions may have impacted tissue health, which would
particularly impact markers for glia, including GFAP and Ibal. Although measures are
taken, brain slice preparation is a traumatic process, which may have limited the ability
to modulate GFAP and/or Ibal expression. This highlights the limitations of using
prepared brain slices in vitro to model pathology known to affect glia. In future, more
control steps could be implemented to assess the level of glial activation caused solely
by 4 hours of rig incubation. This could include taking slices immediately post-slicing,
or following holding chamber recovery, as well as comparing to sections from PFA-

fixed whole brains.

Schizophrenia presents differently in male and female patients (Leger and Neill,
2016, Mendrek and Mancini-Marie, 2016) and sex differences in schizophrenia animal
models are becoming increasingly apparent (Gogos and van den Buuse, 2023). Males
show poorer performance in measures of executive function and verbal memory,
whereas females showed greater deficits in visual memory and attention (Mendrek
and Mancini-Marie, 2016). This study only used adolescent / young adult male rats
therefore it would also be important to look at the same NMDA receptor hypofunction
model in slices taken from female rats to identify any sex differences. The differences
in cognitive impairment may manifest in different regional changes, however this would

need to be properly explored.

In summary, the acute slice model presented in this thesis offers a valuable tool
for investigating the immediate effects of pharmacological interventions and their
impact on neuronal and glial cell markers. However, further research is required to
determine the full potential and limitations of this in vitro system for broader

applications.
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