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Abstract 

Schizophrenia is severe, long-term psychiatric disorder, with cognitive deficits emerging in the 

early, prodromal disease stages and determining the degree of functional recovery. Despite this, there 

is no licenced medication that sufficiently alleviates the cognitive impairment associated with 

schizophrenia (CIAS); existing dopamine-targeting antipsychotic drugs improve psychotic symptoms 

but elicit severe side effects. Amidst the urgent need to develop safe, effective therapeutic interventions 

for CIAS acting at novel targets beyond dopamine receptors, the glutamatergic system has emerged as 

a promising candidate. Impaired activity of parvalbumin (PV)-expressing GABAergic interneurons in 

the prefrontal cortex (PFC) is hypothesised to underpin CIAS neuropathology. The mGlu5 receptor, 

expressed on postsynaptic PV GABAergic interneurons, thus represents an attractive therapeutic target. 

Positive allosteric modulators (PAMs) of the mGlu5 receptor have been characterised as a novel, 

selective strategy to increase receptor sensitivity to glutamate without direct activation. There are, 

however, numerous questions surrounding the activity of mGlu5 receptor PAMs, including their 

propensity to stimulate certain intracellular signalling pathways at the expense of others – termed 

modulation ‘bias’. Successful clinical application of these compounds in CIAS requires extensive 

preclinical evaluation of their effects. 

The experiments in this thesis aimed to comprehensively investigate the effects of two mGlu5 

receptor PAMs, VU0409551 and VU0360172, in the subchronic phencyclidine (scPCP) rat model for 

schizophrenia. Chapter 2 conducts a full in vivo dose-response assessment of both mGlu5 receptor 

PAMs in the novel object recognition (NOR) paradigm, followed by a corresponding analysis of PFC 

intracellular signalling changes. This is followed by Chapter 3, which presents data characterising 

mGlu5 receptor, parvalbumin (PV), GABAergic (GAD67) and microglial alterations associated with 

scPCP-induced cognitive deficits. Changes in inflammatory markers (IL-6, IL-10 and phospho-GSK-

3β) and microglial activation following scPCP treatment and in vivo administration of mGlu5 receptor 

PAMs were also measured. Chapter 4 then explores the network-level disruption in the scPCP model 

and following ex vivo PAM application using PFC slice electrophysiology. This Chapter also evaluates 

the mechanism of modulation ‘bias’ in PAM activity.  

Overall, the scPCP model was associated with impaired NOR performance and reduced PV and 

GAD67 expression and gamma oscillations in the PFC. Increased PFC microglial activation was also 

observed, accompanied by elevated IL-6 and reduced IL-10 levels in multiple regions. Both PAMs 

successfully reversed the scPCP-induced NOR impairment, cytokine changes and the deficit in PFC 

gamma power. The two PAMs were shown to have divergent effects on p-AKT and p-ERK1/2 

expression, and blockade of the PKC pathway inhibited the network-level effects of VU0360172 but 

not VU0409551. The modulation bias of VU0409551 aligns with existing literature and could be 

leveraged to maximise therapeutic outcomes and avoid deleterious effects in the treatment of CIAS.  
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1.1 Schizophrenia  

1.1.1 Overview 

Schizophrenia is a chronic, heterogeneous, and debilitating psychiatric illness currently diagnosed 

in approximately 24 million individuals worldwide: 1 in 300 people (World Health Organisation, 2022). 

With symptoms typically emerging during early adulthood, the lifelong impairments in social and 

occupational function result in a severely diminished quality of life for patients; thus, schizophrenia 

accounted for the third largest proportion of mental disorder disability-adjusted life-years globally in 

2019. In the UK, although schizophrenia accounts for less than 2% of all mental health conditions, it 

contributes almost 9% of all disability-adjusted life years for mental health (GBD 2019 Mental 

Disorders Collaborators, 2022). These long-term consequences also create direct and indirect 

socioeconomic burdens. Indeed, schizophrenia is associated with the highest median societal cost per 

patient worldwide of all mental disorders and costs the UK economy at least £9.43 billion per year 

(Christensen et al., 2020; McDaid and Park, 2022). One such financial burden is hospitalisation and 

treatment: from 1998/99 to 2019/20, schizophrenia was associated with the second highest number of 

admissions and accounted for 42.7% of all bed days; the length of hospital stay was only exceeded by 

dementia and bipolar disorder (Degli Esposti et al., 2022). £629 million was spent on hospital 

admissions alone in 2016/17, a figure which does not encompass the additional costs associated with 

community, outpatient, and emergency care (Thomas et al., 2018). Beyond treatment-related expenses, 

a significant financial burden comes from unemployment rates, with only 10% of individuals with 

schizophrenia employed (Holm et al., 2021). Overall, the combined economic and social costs of 

schizophrenia place a significant burden on both the individual and society.  

Even more alarming than socioeconomic cost of schizophrenia is its effect on mortality: patients 

have a mean life expectancy 15 years shorter than the general population and a 5 to 10% lifetime risk 

of death by suicide (Hjorthøj et al., 2017; Saha et al., 2007).  The primary natural causes of death for 

schizophrenia patients have been recognised as deleterious effects of medication, poor lifestyle, somatic 

comorbidity, substandard treatment of somatic disorders and accelerated ageing/genetic factors 

(Laursen, 2019). Notably, the mortality gap between those with schizophrenia and the general 

population has widened in recent decades, despite enhanced diagnosis and treatment of the disorder 

(Saha et al., 2007). First‐generation antipsychotics (FGAs) have also been associated with increased 

mortality due to suicide and natural cause in schizophrenia. However, more recently developed second 

generation antipsychotics (SGAs) are evidenced to reduce mortality risk relative to no antipsychotic 

treatment (Correll et al., 2022). In particular, consistent, long-term clozapine use  is associated with 

significantly lower overall mortality compared with other antipsychotics, despite the elevated 

cardiometabolic adverse effects (Correll et al., 2022; Vermeulen et al., 2019). 



27 
 

 

The incidence of schizophrenia and other psychotic disorders varies according to numerous factors 

such as age, location, migration status, and sex (Kirkbride et al., 2012). In particular, sex differences 

are heavily associated with the incidence, age of onset, symptomology, premorbid, social and cognitive 

functioning, and progression of schizophrenia (Nawka et al., 2013). The presence of a schizophrenia 

diagnosis is more common among males, with Lewine et al. (1984) first noting the greater exclusion of 

females from the diagnosis when more restrictive criteria were used (Ayesa-Arriola et al., 2020). 

Typically manifesting symptoms between the ages of 18–25, males have a younger age of illness onset 

in comparison to females, who are on average 25–35 years old when signs emerge (Ochoa et al., 2006; 

Hilker et al., 2017). In females, the disorder is also characterised by a lower severity of negative 

symptoms but a higher prevalence of depressive symptoms relative to males (Ayesa-Arriola et al., 2020; 

Morgan et al., 2008; Shtasel et al., 1992; Riecher-Rössler and Häfner, 2000; Galderisi et al., 2012; 

Riecher-Rössler, 2016; Seeman, 2019). Whilst some studies suggest females to have a better premorbid 

functioning and marital adjustment in schizophrenia, deeper investigations show this to be the case in 

the academic domain but not in the social domain (Ayesa-Arriola et al., 2020; McGlashan and 

Bardenstein, 1990; Norman et al., 2005). However, the consensus in existing literature is that females 

show superior global functioning throughout the illness, with women scoring higher in social 

functioning, lower in disability and better in neuropsychological performance, particularly in verbal 

learning and memory (Chaves et al., 1993; Grossman et al., 2008; Vaskinn et al., 2011; Bozikas et al., 

2010). Finally, research has also concluded that males with schizophrenia are more likely to be 

institutionalised and suffer a clinical relapse, whereas remission rates are higher in females (Haro et al., 

2008; Uggerby et al., 2011). Whilst it appears that disease outcomes are overall better for females with 

schizophrenia than males, several studies have reported these better outcomes to decline over time until 

they approximate those of males, with the only difference observed after 10 years in one study being 

in negative symptoms course (Ayesa-Arriola et al., 2020; Seeman, 2019). Evidently, the sex differences 

in schizophrenia are complex and likely to depend on multiple other factors. 

1.1.2 Symptoms  

The symptoms of schizophrenia are evident in historical descriptions of the disorder; the name 

itself originates from the Greek words for “split” and “mind” to indicate detachment from reality, and 

its initial definition as ‘dementia praecox’ by Emil Kraeplin in 1887 implies cognitive disturbances 

(Kraepelin 1971). The presence of distinct symptom domains was adopted in psychiatry from neurology 

and is important in allowing schizophrenia to be clinically distinguished from other psychotic disorders 

(Correll and Schooler, 2020).  
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According to the American Psychiatric Association’s Diagnostic and Statistical Manual of 

Mental Disorders Fifth Edition (DSM-V), a schizophrenia diagnosis requires at least two of five primary 

symptoms. These diagnostic symptoms are divided into two major categories: positive and negative 

symptoms. Cognitive deficits are not included in the current diagnostic criteria of schizophrenia but are 

being progressively acknowledged as a key element of the disorder.  

1.1.2.1 Positive symptoms 

Simplest to identify in schizophrenia patients are positive symptoms, which are defined as 

“psychotic behaviours not seen in healthy people” (National Institute of Mental Health, 2022). Positive 

symptoms comprise four of the five main symptoms listed in the DSM-V (American Psychiatric 

Association, 2013), which states that a schizophrenia diagnosis requires “two (or more) of the 

following, each present for a significant portion of time during a 1-month period (or less if successfully 

treated). At least one of these must be (1), (2), or (3).” 

1. Delusions (persistent bizarre or irrational beliefs that are not a plausible product of an 

individual’s social or cultural background) 

2. Hallucinations (false perceptions that can be visual, auditory, olfactory, tactile or gustatory) 

3. Disorganised speech (frequent derailment or incoherence, due to disordered thoughts)   

4. Grossly disorganised or catatonic behaviour (abnormal body movements) 

5. Negative symptoms (discussed below) 

Positive symptoms are significant due to their detrimental impact on not only the patient’s daily 

functioning and relationships but also on their caregivers. Psychotic symptoms are also positively 

correlated with the degree of social stigma and rate of relapse and hospitalisation (Green, 1996; Holmén 

et al., 2012; Mueser and Jeste, 2011; DiPiro et al., 2017; Fletcher and Frith, 2009).  

Pharmacological treatment for positive symptoms has existed since the 1950s, when 

chlorpromazine and reserpine were recognised to have a “neuroleptic” effect on animals (Hardman et 

al., 2001). These “neuroleptics” were among the first-generation (typical) antipsychotics to be 

developed to target the positive symptoms of schizophrenia, with subsequently introduced second-

generation (atypical) antipsychotics (excluding clozapine) now the first-line treatment for schizophrenia 

(Lehman et al., 2004; Moore et al., 2007). Different antipsychotic drugs, with the exception of clozapine 

(which shows greater effectiveness in treatment-resistant schizophrenia), do not differ significantly in 

terms of efficacy but vary considerably in their risk of individual side effects (Leucht et al., 2013). 

These side effects will be discussed later in this Chapter but present a major challenge for the safe and 

effective alleviation of positive symptoms.  

1.1.2.2 Negative symptoms  
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In contrast to positive symptoms, negative symptoms refer to a reduction or absence of ‘ordinary’ 

behaviours present in the general population (Correll and Schooler, 2020). In schizophrenia, these have 

been identified as: affective flattening (inhibited emotional expression), alogia (reduced coherence and 

efficiency of thought and speech), avolition (lack of motivation or goal-directed behaviours), anhedonia 

(inability to experience pleasure) and asociality (social withdrawal) (American Psychiatric Association, 

DSM-V, 2013; Foussias et al., 2014; Kirkpatrick et al., 2006; Kirkpatrick et al., 2011). Factor analyses 

have divided these symptoms into two distinct but linked domains of diminished expression (affective 

flattening, alogia) and amotivation (avolition, anhedonia, asociality) (Foussias et al., 2015; Blanchard 

and Cohen, 2006; Kring et al., 2013). Avolition is suggested to be the clinical manifestation of an 

impaired physiological reward system, and as such is recognised as the core negative symptom domain 

(Foussias and Remington, 2010). Anhedonia is also indicated to precede this lack of goal-directed 

behaviour (Cohen and Minor, 2010). Evidence shows the most prevalent negative symptom in 

schizophrenia to be social withdrawal, followed by affective flattening and alogia (Selten et al., 2000; 

Peralta and Cuesta, 1999; Lyne et al., 2012).  

The incidence of negative symptoms in patients with schizophrenia is considerable. 40% of 

patients displayed substantial negative symptoms in the large-scale Clinical Antipsychotic Trials of 

Intervention Effectiveness (CATIE) study; 50% of this sub-group exhibited negative without positive 

symptoms and the other 50% showed both (Rabinowitz et al., 2013). Moreover, a full complement of 

all five negative symptoms were evident in 18% of subjects in the European Cardiovascular, Lipid, and 

Metabolic Outcomes Research in Schizophrenia (CLAMORS) (Bobes et al., 2010).  

Although extremely challenging to classify, researchers have divided negative symptoms into 

primary (deficit) and secondary symptoms (Carpenter et al., 1988). ‘Deficit syndrome’ is defined as the 

existence of two core primary symptoms – independent of other factors and intrinsic to the underlying 

pathophysiology of schizophrenia – for 12 months (Correll and Schooler, 2020; Kirkpatrick et al., 

1989). Several different studies estimate between 15 – 30% of schizophrenia patients demonstrate these 

primary, enduring deficit symptoms, which are evidenced to manifest prior to the first psychotic break 

and persist throughout the course of the illness (Kirkpatrick et al., 2001; Carpenter et al., 1988; Bora et 

al., 2014; Piskulic et al., 2012). Limited therapeutic strategies exist to target these primary negative 

symptoms, whereas secondary negative symptoms are generally amenable to treatment of the 

underlying cause. These symptoms are associated with or result from positive symptoms, cognitive 

deficits, medication side effects, environmental deprivation, anxiety, depression, or other treatment- or 

illness-related factors (Buchanan, 2007; Kirkpatrick et al., 1989). Whilst the distinction between 

primary and secondary negative symptoms is important in the context of research and clinical trial 

design, the National Institute of Mental Health (NIMH) Measurement and Treatment Research to 
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Improve Cognition in Schizophrenia (MATRICS) consensus statement indicates the classification to be 

nonessential from a treatment standpoint (Correll and Schooler, 2020; Kirkpatrick et al., 2006).  

Whether primary or secondary, clinical treatments demonstrated to substantially alleviate negative 

symptoms are limited. Whilst one meta-analysis offered support for the effectiveness of antidepressants 

in targeting the negative symptoms of schizophrenia, several others have failed to demonstrate clinically 

significant changes (Rummel et al., 2006; Fusar-Poli et al., 2015; Sepehry et al., 2007; Singh et al., 

2010). One of these meta-analyses also evaluated other therapeutic interventions including 

antipsychotics, glutamatergic agents, brain stimulation, and psychological interventions, with none of 

the treatment-induced differences reaching clinical significance (Fusar-Poli et al., 2015). More effective 

interventions for negative symptoms are evidently needed. 

1.1.2.3 Cognitive impairment associated with schizophrenia (CIAS) 

Cognition is a mental process comprised of intellectual abilities such as learning, perception, 

reasoning, and remembering, enabling the acquisition of knowledge used to make judgements 

(Shahrokh et al., 2011; Sarkhel, 2009). It has been widely demonstrated that schizophrenia is associated 

with impairment across a broad array of higher-order cognitive performance domains; a global deficit 

in neuropsychological measures is evident across the clinical states and lifespans of patients and almost 

no aspect of cognition is comparable to that of healthy controls (Hyde et al., 1994; Albus et al., 2002; 

Hughes et al., 2003; Hill et al., 2004a; Dias et al., 2011). Indeed, the average cognitive deficit in 

schizophrenia can reach two standard deviations below the mean of healthy controls, and 98% of 

patients show lower cognitive performance than their parents’ education level would predict (Harvey 

and Keefe 1997; Heinrichs and Zakzanis 1998; Saykin et al., 1991; Keefe et al., 2011; Keefe et al., 

2005). The robust nature of this observation implies that cognitive impairment associated with 

schizophrenia (CIAS) can be considered a core symptom of the disorder. 

The Measurement and Treatment Research to Improve Cognition in Schizophrenia (MATRICS) 

initiative (Marder and Fenton, 2004), by reviewing factor analytical studies and consensus, have 

identified seven domains of cognition most impaired in schizophrenia (Nuechterlein et al., 2008): 

working memory, attention/vigilance, verbal learning and memory, visual learning and memory, 

reasoning and problem solving, speed of processing, and social cognition (see Table 1 for further 

details).  
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Table 1. Brief description of the seven cognitive domains most impaired in schizophrenia. Concentration/attention, verbal 

learning and memory, visual learning and memory, reasoning and problem solving, speed of processing, working memory and 

social cognition have been identified as the seven cognitive domains most significantly impaired in schizophrenia. A wealth 

of evidence has associated each of these domains with the disease state. Adapted from Gebreegziabhere et al., 2022.  

Domain Definition Citations 

Concentration/attention Attention is the ability to identify and focus 

on important stimuli and disregard 

irrelevant stimuli. Concentration is the 

capacity to maintain attention. Deficits in 

this domain in schizophrenia patients are 

related to social deficits, community 

functioning, and skills acquisition. 

Green 1996; Green et al. 2000; 

Bowie and Harvey, 2005; Braff, 

1993; Nuechterlein et al., 2015 

Verbal learning & 

memory 

The ability to learn from and recall verbal 

stimuli. Evidence shows severe verbal 

memory impairments in schizophrenia to be 

associated with social competence. 

Aleman et al., 1999; Green 1996; 

McClure et al., 2007; Bowie and 

Harvey, 2005; Braff, 1993; 

Manglam and Das, 2013 

Visual learning & 

memory 

The ability to learn from and recall visual 

stimuli. Visual memory has been found to 

correlate with employment status and 

duration, social functioning, quality of life 

and functional capacity. 

Gold et al., 2003; Gold et al., 

2002; Dickerson et al., 1999; 

Buchanan et al., 1994; Twamley 

et al. 2003; Bowie and Harvey, 

2005; Braff, 1993; Zhang et al., 

2017 

Reasoning & problem 

solving 

The ability to solve problems by applying 

abstract thought and coordinating different 

cognitive domains. This was first measured 

using the Wisconsin Card Sorting Test 

(WCST), in which patients with 

schizophrenia performed poorly and showed 

reduced activity of the dorsolateral 

prefrontal cortex during the test. 

Goldberg et al., 1987; 

Weinberger 1987; Bowie and 

Harvey, 2005; Braff, 1993; 

Zhang et al., 2017 

Speed of processing The speed at which information is processed 

and translated to apply meaning. Coding 

tasks demonstrate severe deficits in this 

domain in schizophrenia, which correlate 

with daily life activities and job tenure. 

Dickinson et al., 2007; Gold et 

al., 2002; Evans et al., 2003; 

Bowie and Harvey, 2005; Braff, 

1993; Knowles et al., 2010 

Working memory The ability to store and process information 

for a short time period. This domain has 

been described as a key component of CIAS 

and is strongly associated with the 

impairment in other cognitive domains such 

as attention, planning, memory and 

intelligence. 

Silver et al., 2003; Keefe 2000; 

Bowie and Harvey, 2005; Braff, 

1993; Forbes et al., 2009 

Social cognition The ability to observe and interpret 

surroundings, which includes four 

interrelated sub-domains: theory of mind, 

emotional perception and processing, social 

perception and knowledge and attributional 

bias. Individuals with schizophrenia show 

deficits on tests of facial perception (with 

perception of negative emotions and fear 

particularly impaired) and social cue 

perception. 

Addington and Addington 2000; 

Pinkham et al. 2011; Edwards et 

al. 2001; Gaebel and Wölwer 

1992; Bell et al. 1997; Kayman 

and Goldstein, 2012; 

Charernboon and Patumanond, 

2017 

Much existing literature reports the existence of broad, multi-domain cognitive impairment in 

schizophrenia patients, not only in comparison to healthy controls but also to patients with bipolar 

disorder and other affective disorders (Gebreegziabhere et al., 2022). Studies differ in the domains 
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highlighted as most significantly impaired in schizophrenia, but verbal memory, working memory, and 

processing speed are commonly reported to be most disparate from control subjects (Schaefer et al., 

2013; Gebreegziabhere et al., 2022; Reichenberg and Harvey, 2007; Dhaka et al., 2020; Krishnadas et 

al., 2007; Aleman et al., 1999; Keefe and Harvey, 2012; Grover et al., 2011; Srinivasan et al., 2005).  

The notion that cognitive deficits represent the core of schizophrenia pathology is supported by 

evidence that the degree of cognitive impairment does not alter with the severity of psychotic symptoms, 

different illness subtypes, intellectual deterioration or exposure to antipsychotic medication (Keefe and 

Harvey 2008; Elvevåg and Goldberg, 2000; Braff, 1993; Mortimer, 1997; Green et al., 2000; Davies et 

al., 2017; Fatouros-Bergman et al., 2014). Moreover, all of the key cognitive domains are established 

as strong predictors of functional outcome in schizophrenia patients in cross-sectional and longitudinal 

follow-up studies (Green et al. 2000; Nuechterlein et al. 2004; Malla et al. 2002). The association of 

CIAS to functional capacity has been investigated by measuring a patient’s ability to perform everyday 

tasks in assessment settings (Evans et al., 2003; Patterson et al. 2001). The University of California, 

San Diego (UCSD) Performance-based Skills Assessment has revealed the ability of cognitive 

performance to predict real-world community functioning, highlighting the impaired ability of patients 

to establish social interactions, plan, adapt, or solve problems (Green 1996; Leifker et al., 2010; Bora 

et al., 2009). Indeed, cognitive performance-based measures can be used to accurately estimate a 

patient’s extent of residential independence (Mausbach et al., 2008) and improvement in work 

performance during a 6-month work rehabilitation programme (Bell and Bryson 2001). The impact of 

CIAS upon health-related outcomes is also significant. Cognitive functioning is a strong predictor of 

medication adherence and, in elderly patients with schizophrenia, the future occurrence of new-onset 

medical problems (Jeste et al., 2003; Friedman 2002). Moreover, the considerably higher cardiac 

morbidity and mortality in schizophrenia patients is attributed to memory and attentional deficits 

promoting damaging habits such as smoking (George et al., 2000). Most notably, CIAS has been 

strongly associated with the quality of life reported by patients. In particular, working memory is shown 

to mediate the relationship between subjective experience and social functioning (Brekke et al., 2001).  

Unlike positive symptoms, stable cognitive impairments and developmental lags are evident in the 

premorbid phases of schizophrenia, with epidemiological reports of patient deficits in early childhood 

and adolescence (Keefe 2014). Similar findings across the UK (Seidman et al., 2010), Sweden (Jones 

et al., 1994), the United States (David et al., 1997) and Israel (Fuller et al., 2002) strongly demonstrate 

that children and adolescents who go on to develop schizophrenia show impaired functioning in a range 

of cognitive domains. Indeed, recent research shows cognitive decline to precede psychosis by 14 years, 

providing further support for the argument that cognitive deficits represent a core pathophysiological 

feature of schizophrenia (Jonas et al., 2022). Not only do such deficits remain constant across time, 

enduring periods of remission, they have also been identified in asymptomatic parents, siblings and 
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even distant relatives of schizophrenia patients (Keefe, 2014; Heilbronner et al., 2016; Nuechterlein et 

al., 2014; Dickinson et al., 2007; Tuulio-Henriksson et al., 2003; Glahn et al., 2007; Toulopoulou et al., 

2007). These data have significant implications in using cognitive deficits to identify patients likely to 

fully manifest schizophrenia, thus allowing prompt diagnoses and preventative action. Indeed, such 

early intervention is critical if chronic disability is to be avoided (Nuechterlein et al., 2014). 

Various hypotheses have been proposed for the aetiology underlying CIAS. One of the most 

consistent associations drawn is between cognitive deficits and cortical thickness (Figure 1; Xie et al., 

2019; Planchuelo-Gómez et al., 2020; Haijma et al., 2013), with cortical thinning particularly evident 

in frontal and temporal regions where it is proposed to disrupt cortico-cortical connectivity (van Erp et 

al., 2018; Wannan et al., 2019). Although seemingly unrelated to illness duration, cortical thickness has 

been associated with sex differences and the degree of cognitive impairment (Assunção Leme et al., 

2013; Xiao et al., 2015). Whilst often unapparent in males, a reduction in cortical thickness is more 

evident in females (Gould et al., 2014). Less pronounced cortical thinning is also observed in a 

cognitively near-normal subgroup of schizophrenia patients, whilst patients with more severe CIAS can 

be identified by clustering cases according to cortical thickness patterns (Cobia et al., 2011; Yasuda et 

al., 2020; Pan et al., 2020; Czepielewski et al., 2017). Specifically, a wealth of evidence has highlighted 

a relationship between cortical thickness in temporal and frontal regions and performance in particular 

cognitive domains that are present in schizophrenia patients but not in controls (Hanford et al., 2019; 

Edgar et al., 2012; Hartberg et al., 2011). For instance, in schizophrenia patients, Alkan et al. (2021) 

demonstrated significant associations between processing speed and right transverse temporal 

thickness, visual learning and bilateral superior frontal thickness, and attention/vigilance and both 

regions. By contrast, no significant relationships were found in healthy controls. Analysis of cortical 

thickness, which specifically reflects the density and size of neuronal cells and neuropil (axons, 

dendrites, and glia), is suggested to be more valuable in CIAS research than surface area, which is less 

robustly linked to symptomology and shows less disparity relative to controls (Parent and Carpenter, 

1996; Rimol et al., 2012; Padmanabhan et al., 2015). Other structural changes associated with CIAS 

include increased ventricular volume, decreased cerebellar volume, dysfunction of the basal ganglia, 

and a reduction in pyramidal cell dendritic spines within the dorsolateral prefrontal cortex (DLPFC), 

attributed to the disrupted cortico-cerebellar-thalamic-cortical circuitry and diminished metabolic rate 

of the prefrontal cortex (PFC) in schizophrenia (Gould et al., 2014; Brugger and Howes, 2017; Alústiza 

et al., 2016; Elsworth et al., 2011; Ji et al., 2019; Huang et al., 2017). Hippocampal abnormalities are 

also implicated in CIAS; cognitive performance is correlated with the volume and spontaneous brain 

activity of the hippocampus and abnormal hippocampal activation is exhibited in patients during 

memory tasks (Sui et al., 2015; Meda et al., 2009). Working memory tasks have also been used to 

highlight disrupted functional connectivity between the hippocampus and PFC in schizophrenia patients 

in a multitude of studies (Heckers and Konradi, 2010; Meyer-Lindenberg et al., 2005; Rasetti et al., 



34 
 

2011; Henseler et al., 2010). Beyond structural changes, CIAS has also been related to increased 

inflammatory cytokines (Fillman et al., 2016; Ribeiro-Santos et al., 2020) and abnormalities in 

hormones (such cortisol and prolactin) (Mondelli et al., 2011; Mondelli et al., 2010; Montalvo et al., 

2014), neurotrophic factors (such as BDNF) (Hori et al., 2017; Yang et al., 2019) and neurotransmitters 

such as GABA and glutamate (Huang et al., 2014; Snyder and Gao, 2013). 

  

Several cognitive assessment batteries have been developed for use in clinical trials targeting CIAS, 

including the Cambridge Neuropsychological Test Automated Battery (CANTAB) (Sahakian and 

Owen, 1992) and the MATRICS Consensus Cognitive Battery (MCCB) (August et al., 2012). The latter 

was the major output of the MATRICS project, and has been extensively assessed, validated, and 

modified for ease of use (Nuechterlein et al., 2008; Kern et al., 2008). The MCCB is comprised of ten 

cognitive tests in seven domains (Table 2). These tests have shown sensitivity to cognitive deficits in 

all domains, test–retest reliability, minimal practice effects, and robust correlation with measures of 

functional capacity (Buchanan et al., 2011a, b; Keefe et al., 2011). However, they are limited by the 

significant cost and time required and by the fact that they are rarely utilised in clinical practice. As 

such, natural language processing (NLP) has been proposed as an alternative assessment for CIAS in 

clinical trials, employing the free-text narratives of Electronic Health Records (EHRs) to yield rich 

datasets. The unstructured portions of EHRs were used to identify cognitive impairments in patients 

with schizophrenia by Mascio et al., (2021), revealing prevalent cognitive deficits that were strongly 

Figure 1. Differences in cortical thickness observed in schizophrenia patients relative to healthy controls. First-episode 

schizophrenia patients have exhibited significantly reduced cortical thickness, primarily in the right dorsolateral prefrontal 

cortex, left precentral gyrus, left orbitofrontal cortex, left inferior frontal gyrus pars triangularis, and right precentral and 
postcentral gyri (areas highlighted and labelled in blue). Significant cortical thickening was also found in the bilateral anterior 

temporal lobes, the left medial orbitofrontal cortex and the left cuneus in patients compared with controls (areas highlighted 

and labelled in red). Figure adapted from Xiao et al., 2013.   
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correlated with several socio-demographic factors and adverse clinical outcomes. The development of 

novel tools such as NLP could be a valuable addition to traditional cognitive assessment batteries in 

extracting data related to CIAS in clinical trials.  

Table 2. MATRICS Consensus Cognitive Battery (MCCB). Ten cognitive tests spanning seven domains have been 

developed for use in clinical trials assessing CIAS. Key: BACS, Brief Assessment of Cognition in Schizophrenia; WMS, 

Wechsler Memory Scale; NAB; neuropsychological assessment battery; MSCEIT, Mayer-Salovey-Caruso Emotional 

Intelligence Test.  

Domain Tests 

Speed of processing • Category fluency 
• BACS symbol coding 
• Trail making A 

Attention/vigilance • Continuous performance test (identical pairs version) 

Working memory • Letter–number span 

• WMS-III spatial span 

Verbal learning • Hopkins verbal learning test-R 

Visual learning • Brief visuospatial memory test-R 

Reasoning and problem 
solving 

• NAB mazes 

Social cognition • MSCEIT managing emotions 

Given the vast amount of evidence for the significance of cognitive impairment in the development 

and outcomes of schizophrenia, CIAS is now viewed as a promising psychopharmacological target for 

treatment (Hyman and Fenton 2003). However, cognitive deficits are largely unresponsive to existing 

therapeutic interventions and there are currently no pharmacological or behavioural treatments for CIAS 

that have received regulatory approval (Tripathi et al., 2018). With mounting literature demonstrating 

that cognitive impairment is a core feature of schizophrenia and not merely a consequence of symptoms 

or antipsychotics, this unmet clinical need urgently requires effective therapeutic strategies to be 

developed. 

1.1.3 Aetiology 

1.1.3.1 Genetic risk factors 

It is well established that there is a significant genetic risk for schizophrenia, with heritability 

estimated to be between 66 and 85% (Cardno et al., 1999; Cardno and Gottesman, 2000). Twin studies 

have revealed that the monozygotic co-twins of individuals with schizophrenia are more likely to also 

present with schizophrenia than the dizygotic co-twins, demonstrating concordance in the range of 50% 

even when raised separately from birth (Cardno et al., 1999; Kendler et al., 1994; Tienari et al., 2004; 

Cardno and Gottesman, 2000; Stefansson et al., 2009). Adoption studies have also shown that 
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vulnerability to schizophrenia is transmitted by biological rather than adoptive parents (Tienari, 1991). 

Research has linked risk genes to heritable traits including neurocognitive functioning, structural MRI 

brain volume measures, neurophysiological information processing characteristics, and stress 

sensitivity traits (Myin-Germeys et al., 2001; Toulopoulou et al., 2007; Bramon et al., 2005; Boos et 

al., 2007). In particular, a heritable component of structural brain abnormalities is evidenced by the 

ventricular enlargement and reduced cortical volume identified in unaffected family members of 

schizophrenia patients, with the former correlating with the proximity of relatedness (McDonald et al., 

2002).   

Despite an evident heritable component, there are no confirmed causal mutations for 

schizophrenia. Rather, genetic risk arises from different forms of DNA sequence variation: the best 

established are those due to single nucleotide polymorphisms (SNPs) and copy number variants 

(CNVs). 

1.1.3.1.1 Single nucleotide polymorphisms (SNPs) 

Genetic linkage and association studies have identified numerous putative susceptibility genes for 

schizophrenia, with the Psychiatric Genetrics Consortium (PGC) pinpointing over 100 loci containing 

SNP(s) with genome-wide significance for schizophrenia risk (Ripke et al., 2014). Other estimates 

imply over 8000 SNPs independently contribute to schizophrenia (Ripke et al., 2013). It is evident that 

schizophrenia is a highly polygenic disorder, with genes likely conferring risk across the entire genome 

(Owen et al., 2010; Lee et al., 2012).   

Some of the identified loci containing significant SNPs are listed in Table 3, alongside the 

implicated genes and their associated roles. Among the most plausible candidates are dysbindin, 

neuregulin 1 and catechol O-methyltransferase. Dysbindin exhibits widespread expression, with 

reduced dorsal PFC protein and mRNA expression specifically associated with schizophrenia (Weickert 

et al., 2004). Neuregulin 1 is a growth factor with numerous functions implicated in neurodevelopment, 

plasticity and neurotransmitter activity and has been linked to schizophrenia in several populations 

(Harrison and Weinberger, 2005; Corfas et al., 2004).  Not only does catechol O-methyltransferase play 

a central role in dopamine metabolism, but it is also associated with velocardiofacial syndrome, which 

is strongly linked to increased risk of schizophrenia (Schosser and Aschauer, 2004; Keshavan, 1999). 

Other genes strongly implicated in schizophrenia are those involved in innate immunity. The major 

histocompatibility (MHC) locus is the most strongly associated locus to schizophrenia across the 

genome (Shi et al., 2009; Stefansson et al., 2009; Ripke et al., 2014). Complement component 4A (C4A) 

is located within the MHC and its expression is positively correlated with schizophrenia risk (Sekar et 

al., 2016). C4A is also directly implicated in schizophrenia neuropathology via its role in microglia-

mediated synaptic pruning (Stevens et al., 2007; Schafer et al., 2012; Hong et al., 2016). An important 
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mediator of the complement component 4 is CUB and sushi multiple domains 1 (CSMD1), 

dysregulation of which is noted in schizophrenia and demonstrated to induce cognitive deficits 

(Athanasiu et al., 2017; Håvik et al., 2011). Moreover, antipsychotic-induced elevations in CSMD1 

blood levels are associated with cognitive improvements (Liu et al., 2019). 

Table 3. Putative susceptibility loci and genes identified for schizophrenia. Numerous loci have been pinpointed as 

containing single nucleotide polymorphisms that contribute to the development of schizophrenia. Putative implicated genes 

are involved in a variety of physiological processes, from synaptic transmission and neuronal function to the immune response. 

Adapted from Harrison (2015). 

Locus 
Implicated 

gene 

Name of 

gene/product 
Role/evidence Citations 

22q11.2 COMT 
Catechol O-

methyltransferase 
Metabolises cerebral monoamines 

including dopamine. 

Schosser 
and 

Aschauer, 
2004 

12p13.33 CACNA1C 
L-type calcium 

channel α subunit, 
type 1c (Cav1.2) 

Important in neuronal function. 
Mutations cause Timothy 

syndrome and Brugada syndrome. 

Bhat et al., 

2012 

8p23 CSMD1 
CUB and sushi 

multiple domains 1 

An important regulator of C4 that 
is expressed during early postnatal 

development 

Kraus et al., 
2006 

6p21.3 C4A 
Complement 
component 4 

The complement cascade is part of 
the innate immune system that 

recognizes foreign pathogens and 
apoptotic cells, and tags them for 

destruction, such as through 
phagocytosis by macrophages. 

Veerhuis et 
al., 2011 

12q24.11 DAO 
D-amino acid 

oxidase 

Enzyme which degrades the 
NMDAR co-agonist D-serine. 

Expression and activity increased 
in schizophrenia. 

Verrall et 
al., 2010 

1q42.2 DISC1 
Disrupted in 

schizophrenia-1 

A multifunctional scaffold protein, 
involved in synaptogenesis and 

neurodevelopment. Identified in a 
large Scottish pedigree with a 

chromosome 1:11 translocation. 

Brandon and 

Sawa, 2011 

6p22.3 DTNBP1 Dysbindin 
Involved in synaptic glutamate 

release. 
Numakawa 
et al., 2004 

11q23.2 DRD2 
Dopamine D2 

receptor 

A key target of antipsychotic 
drugs, GWAS data now implicate 

the DRD2 in schizophrenia. 

Beaulieu 
and 

Gainetdinov, 
2011 

2q33-34 ERBB4 
Receptor tyrosine 

kinase erbB4 

Receptor for neuregulin 1 and 

some other ligands. Mutations can 
cause cancers. 

Mei and 
Xiong, 2008 
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1.1.3.1.2 Copy number variants (CNVs) 

CNVs are rare structural variations involving small duplications, deletions, or inversions of lengths 

of DNA. CNVs impacting specific genomic regions have been identified at a higher rate in 

schizophrenia relative to controls (Kirov et al., 2009; Rujescu et al., 2009; Stefansson et al., 2008; Stone 

et al., 2008; Walsh et al., 2008; Kirov et al., 2008). Eight of these genomic regions have been widely 

recognised, the majority of which comprise multiple genes but two affect a single gene: 2p16.3 deletion 

(NRXN1; neurexin 1), and 7q36.3 duplication (VIPR2; vasoactive intestinal peptide receptor 2) (Mowry 

and Gratten, 2013).  

CNVs are penetrant and have a larger effect size than common SNPs but are proposed to account 

for a smaller proportion of schizophrenia incidence; 5% or less of schizophrenia cases are causally 

Locus 
Implicated 

gene 

Name of 

gene/product 
Role/evidence Citations 

5q33.2 GRIA1 

AMPA receptor 

subunit 1 (GluA1; 
GluR1) 

Influences properties of the 

AMPAR and affects synaptic 
plasticity and behaviour. 

Barkus et 
al., 2014 

16p13.2 GRIN2A 
NMDA receptor 

subunit 2A 
(GluN2A; NR2A) 

Influences properties of the 
NMDAR, including synaptic 

localisation and channel 
conductance. 

Paoletti et 

al., 2013 

7q21.11-
12 

GRM3 
Metabotropic 

glutamate receptor 3 
(mGlu3) 

Acts primarily as an inhibitory 
autoreceptor, influencing 

presynaptic glutamate release 

thereby impacting the NMDAR. 

Harrison et 
al., 2008a 

1p21.3 MIR137 MicroRNA 137 

Non-protein-coding gene. A 
microRNA, which regulates other 

genes by binding to the 3’ 

untranslated region of their 
transcripts. 

Pasquinelli, 
2012 

8p12 NRG1 Neuregulin 1 
Growth factor, involved 

neurodevelopment, synaptic 

plasticity, and transmitter activity. 

Mei and 
Nave, 2014 

22q11.2 PRODH 
Proline 

dehydrogenase 
Modulates synaptic transmission. Picker, 2005 

17p13.3 SRR Serine racemase 
Enzyme which synthesises D-

serine from L-serine. 
Balu et al., 

2013 

18q21.2 TCF4 
Transcription factor 

4 

Basic helix-loop-helix 

transcription factor. 
Haploinsufficiency causes Pitt–

Hopkins syndrome. 

Forrest et 
al., 2014 

2q32.1 ZNF804A 
Zinc finger protein 

804A 
Putative transcription factor. 

Hess and 

Glatt, 2013 
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linked to a CNV (Stefansson et al., 2008; Feuk et al., 2006; Kirov et al., 2014; Costain et al., 2013; 

Rees et al., 2014). Interestingly, schizophrenia-associated CNVs are also significantly prevalent in 

autism and bipolar disorder, perhaps implying the existence of a common underlying 

neurodevelopmental pathway (Sebat et al., 2007; Malhotra and Sebat, 2012; O’Donovan et al., 2008a; 

O’Donovan et al., 2008b; Moskvina et al., 2009). Alongside SNPs, the association between CNVs and 

schizophrenia is not clear cut and likely reflects the heterogeneity of this condition.  

1.1.3.2 Environmental risk factors 

In addition to genetic components, there is considerable evidence that a range of environmental 

risk factors are associated with schizophrenia (Miller et al., 2001; Read and Ross, 2003). The main 

candidates can be divided into three categories as outlined below and summarised in Table 4.  

Table 4. Environmental risk factors that have been proposed for schizophrenia. A variety of environmental risk factors 

associated with all stages of development have been implicated in the manifestation of schizophrenia. It is plausible that 

environmental insults which occur in early life or childhood could confer vulnerability to disease onset, which is subsequently 

triggered by events later in life. Adapted from Dean and Murray (2005). 

Early life Childhood Later life 

Obstetric complications Adverse child rearing Drug abuse 

Season of birth Child abuse Migration 

Prenatal/postnatal infection Head injury Urbanisation 

Maternal malnutrition  Social adversity 

Maternal stress  Life events 

 

A. Obstetric complications: the neurodevelopmental impairments proposed to underly 

schizophrenia can be linked to various obstetric complications. Cannon et al. (2002a) found 

neonatal insults, small size for gestational age and hypoxia to increase the risk of developing 

psychosis. Other studies have shown structural brain abnormalities in schizophrenia patients to 

be associated with previous obstetric problems (McNeil et al., 2000; Cannon et al., 2002a; 

Stefanis et al., 1999). Interestingly, those with an early age of schizophrenia onset are more 

likely to have experienced obstetric difficulties (Rosso et al., 2000; Verdoux et al., 1997). 

B. Season of birth: in the northern hemisphere, the development of schizophrenia is more likely 

in those born during winter or early spring; a meta-analysis reported a population attributable 

risk of 3.3% (Bradbury and Miller, 1985; McGrath and Welham, 1999; Davies et al., 2003). 

The most likely explanation for this association is an increased exposure to infectious agents 

during pregnancy, but other mechanisms such as obstetric complications, seasonal genetic 

effects, and variations in light, temperature and nutrition also proposed (Torrey et al., 1997; 

Bagalkote et al., 2000). 
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C. Prenatal/postnatal infection: positive correlations have been demonstrated between maternal 

exposure to infectious agents such as rubella, polio, and influenza and the occurrence of 

schizophrenia in offspring (Brown et al., 2001; Suvisaari et al., 1999). Indeed, exposure to 

influenza during the first trimester of pregnancy was found to elevate schizophrenia risk 

sevenfold, with animal models implicating the maternal immune response in this association 

(Shi et al., 2003; Brown et al., 2004).  

D. Maternal malnutrition/stress: maternal exposure to non-infectious agents such as stress, 

malnutrition, diabetes, smoking and rhesus incompatibility have also been implicated in 

schizophrenia development in offspring (Kinney, 2000; Susser et al., 1998; Sacker et al., 1995; 

Hollister et al., 1996; Arseneault et al., 2002).   

E. Adverse child rearing: a longitudinal birth cohort study reported that individuals diagnosed 

with schizophrenia were more likely to have experienced atypical mother-infant interactions 

during childhood in comparison to healthy controls (Cannon et al., 2002b). Other associations 

have been drawn between schizophrenia and early parental loss and poor mothering (Agid et 

al., 1999; Jones et al., 1994).  

F. Child abuse: the relationship between child physical or sexual abuse and schizophrenia has 

been explained in terms of biological and psychological impacts. Such social stress has been 

biologically proposed to precipitate schizophrenia by promoting striatal dopamine release, an 

effect which is shown to occur in animals (Read et al., 2001; Bebbington et al., 1993). 

Alternatively, the psychological effects of such trauma may disrupt cognitive and affective 

functioning, predisposing individuals to the later development of psychosis (Garety et al., 

2001).  

G. Head injury: an association between major head injury in adulthood and schizophrenia-like 

symptoms has been well documented (Sachdev, 2001). Whilst some studies report a similar 

relationship between milder head injury in childhood and subsequent schizophrenia, findings 

are contradictory (Nielsen et al., 2002; Wilcox and Nasrallah, 1987).  

H. Drug abuse: the surge in psychoactive drug use in many countries has been theorised to 

underpin the declining age of schizophrenia onset (Di Maggio et al., 2001). Drugs such as 

cannabis, cocaine and amphetamines are known to increase the risk of psychosis and exacerbate 

existing psychotic symptoms, possibly by promoting dopamine release (Chen et al., 2003). 

Cannabis use in particular has been widely linked to psychotic disorders in numerous large-

scale longitudinal investigations (Weiser et al., 2002; Fergusson et al., 2003; van Os et al., 

2002; Hall and Degenhardt, 2000). Not only is cannabis suggested to trigger psychosis onset, 

with cannabis consumption at age 15 associated with a 4-fold increase in the risk of 

schizophrenia by age 26, but it is also the drug most popular among individuals with existing 
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psychoses to alleviate side effects from antipsychotic medications (Moffit et al., 2001; 

Arseneault et al., 2002; Hambrecht and Hafner, 1996). 

I. Migration/ethnicity: the risk of developing schizophrenia is significantly greater among 

immigrants in relation to native residents, with considerably high rates of psychosis among 

African-Caribbean immigrants to the UK and their first- and second-generation offspring 

(Selten and Cantor-Graae, 2004; Kiev, 1965; Harrison et al., 1988; Cochrane and Bal, 1989; 

Castle et al., 1991). Social isolation has been proposed to account for this association; Boydell 

et al. (2001) showed that the incidence of schizophrenia among people from non-white ethnic 

minorities was negatively correlated with the proportion of the local population comprised of 

minorities (Bhugra, 2000; Selten et al., 2001). Animal studies provide evidence for the 

biological impact of social isolation and social subordination, with these factors associated with 

increased basal dopamine levels and enhanced amphetamine-induced striatal dopamine release 

(Hall et al., 1998, 1999; Morgan et al., 2002). 

J. Urbanisation: numerous studies have demonstrated that urbanicity at birth or during childhood 

increases the risk of psychosis compared to a rural birth and upbringing (Mortensen et al., 1999; 

Lewis et al., 1992). Indeed, schizophrenia was twice as prevalent in the deprived inner-city area 

of South London than in the rural environment of Dumfries (Allardyce et al., 2000). Several 

intermediate risk factors have been proposed to account for this association, such as toxic 

exposures, infection, social class, and overcrowding (Mortensen, 2000). 

K. Social adversity: alongside the isolation and lack of social support associated with ethnic 

minority status, other social factors such as unemployment, low educational achievement, 

single relationship status, low wealth and income, and being childless are also positively 

associated with schizophrenia risk (Boydell et al., 2001; Mallett et al., 2002; van Os et al., 

2000).  

L. Life events: the onset of and relapses in psychotic disorders are likely to be preceded by 

significant life events (e.g., death of a child, marriage, pregnancy), with this association 

stronger for initial and early psychotic episodes than later ones (Leff and Vaughn, 1980; Malla 

and Norman, 1992; Norman and Malla, 1993; Castine et al., 1998). 

 Research over the past several decades has linked a range of environmental risk factors in early 

life, childhood, and later life to the onset of schizophrenia in adolescence or early adulthood. However, 

it is now widely understood that while an environmental factor may increase the risk of an individual 

developing a condition such as schizophrenia, biological components must also be considered. 
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1.1.3.3 Gene-Environment interactions  

Failure to link schizophrenia to a single genetic cause despite the disorder having an evident 

heritable component has generated the hypothesis that both underlying genetic vulnerability and 

environmental triggers are required for neuropathological characteristics to manifest, as illustrated in 

Figure 2 (van Os and Kapur, 2009; Sullivan et al., 2003). Indeed, the concordance of only 50% for 

schizophrenia in monozygotic twins, combined with adoption studies showing that environmental 

effects only become significant in those with a family history of the disorder, highlight the involvement 

of both genetic and environmental factors (van Os et al., 2003; Carter et al., 2002). The interplay of 

multiple factors in schizophrenia, with inherited genetic vulnerability compounded by the various 

environmental ‘insults’ discussed above, seems plausible considering the extreme heterogeneity of this 

disorder.  

 

Figure 2. The interaction of genetic and environmental factors in schizophrenia aetiology. The relationship between 

environmental and genetic factors in conferring schizophrenia risk works both ways. Not only can genetic mutations make 

an individual more vulnerable to environmental factors that then trigger disease onset, but environmental influences can also 

induce epigenetic modifications associated with schizophrenia. Adapted from Picker et al., 2005.  

One mechanism proposed for the interaction between genetic and environmental influences outlines 

that genetic factors confer vulnerability to environmental triggers, thus increasing the probability of 

schizophrenia manifesting. Several examples of this have been documented:  

A. Obstetric complications: evaluation of structural brain abnormalities associated with obstetric 

complications has provided evidence that genetic and environmental factors interact in the 

perinatal period. McDonald et al. (2002) noted that individuals inheriting genetic susceptibility 

to schizophrenia were more likely to develop ventricular enlargement in response to obstetric 

complications. Similarly, schizophrenia patients and their relatives who had experienced foetal 

hypoxia displayed decreased grey matter and increased cerebrospinal fluid, whereas the 
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obstetric complication did not induce brain abnormalities in genetically low-risk individuals 

(Cannon et al., 1993). Finally, many prenatal environmental triggers are suggested to elevate 

schizophrenia risk by reducing folate levels and thus increasing plasma homocysteine. 

However, this response only occurs in the presence of certain genetic polymorphisms 

implicated in homocysteine metabolism, including the 677C->T polymorphism, which is more 

common in patients with schizophrenia than in the general population (Arinami et al., 1997; 

Regland et al., 1997).  

B. Social adversity & drug use: the stresses of social adversity and drug use affect the function of 

glutamate in the ventral tegmental area (VTA), nucleus accumbens, and medial PFC (mPFC) 

and mesolimbic dopamine pathways, and certain individuals may be genetically susceptible to 

these effects (Sinha, 2008). Exposure to such factors in adolescence therefore may push a 

neurodevelopmentally vulnerable individual over a threshold to develop schizophrenia (Palomo 

et al., 2004; Howes et al., 2004).  

Whilst genes can evidently influence sensitivity to environmental triggers, several examples exist 

of an environmental factor inducing epigenetic modifications.  

A. Paternal age: paternal age, which is dependent upon sociocultural factors, is positively 

correlated with schizophrenia risk in offspring (Malaspina et al., 2001; Zammit et al., 2003; 

Byrne et al., 2003; Sipos et al., 2004; Weisfeld and Weisfeld, 2002). This may be due to de 

novo spontaneous mutations accumulating in sperm-producing cells, or genomic imprinting 

(Flint, 1992). This link provides convincing evidence of an environmental factor modifying the 

sequence or methylation of DNA.  

B. Urbanicity: epigenetic mechanisms have also been proposed to account for the connection 

between urban birth and upbringing and schizophrenia. One study found that the elevated 

disease risk associated with urban birth of an older sibling “carried over” to increase the risk of 

schizophrenia in the next sibling who was born in a rural area (Pedersen and Mortensen, 2006).  

Given that schizophrenia shows considerable heterogeneity in terms of onset, symptoms, 

progression, and response to treatments, it is unsurprising that the aetiology appears complex. Like 

any psychiatric condition, it seems probable that multiple environmental and genetic factors 

converge to give rise to the symptoms of schizophrenia, whether genetic predisposition is triggered 

by an environmental insult or an environmental mechanism induces genetic modifications. The 

multifactorial aetiology of schizophrenia is certainly important to consider when evaluating 

different treatment strategies, as it is likely that the same treatment will not be effective for all 

patients. Indeed, a tailored therapeutic approach combining multiple interventions holds the most 

promise in successfully alleviating the range of schizophrenia symptom clusters. 
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1.1.4 Current treatments 

1.1.4.1 Antipsychotics 

Antipsychotics are the only licenced pharmacological intervention available for schizophrenia, 

having been used to alleviate psychotic symptoms since the 1950s. Since then, antipsychotic drugs have 

undergone several rounds of development and there are currently numerous antipsychotic medications 

available, which vary in their receptor affinity, efficacy, and safety profiles (WHO Collaborating Centre 

for Drug Statistics Methodology, 2018). First-generation (also known as ‘typical’ or ‘conventional’) 

antipsychotics (FGAs) such as haloperidol, chlorpromazine and reserpine are based on the antagonism 

of D2 dopamine receptors, but their induction of severe extrapyramidal side effects (such as acute 

dystonia, akathisia, parkinsonism, and tardive dyskinesia) and prolactin elevation, led to the 

introduction of second-generation (also known as ‘atypical’) antipsychotics (SGAs) in the 1990s, such 

as clozapine, amisulpride, tandospirone, and cariprazine. These SGAs are characterised by D2 and 5-

HT2A receptor antagonism and produce fewer extrapyramidal side effects at moderate doses (Ginovart 

and Kapur, 2012). They do, however, have a propensity to cause cardiometabolic abnormalities 

including weight gain, hyperlipidaemia, and glucose dysregulation (Raedler, 2010). In the UK, there 

are several newer branded SGAs, including asenapine and lurasidone. These also combine potent D2 

receptor antagonism with agonism/antagonism at various 5-HT receptors (asenapine: 5-HT1A, 1B, 2A, 2B, 

2C, 5A, 6, and 7, lurasidone: 5-HT1A, 2A, and 7) but are less associated with metabolic disturbances relative 

to older SGAs (Taylor et al., 2021; Citrome, 2013).  

In addition to reduced extrapyramidal effects, SGAs were initially claimed to show superior 

efficacy for positive, negative, and cognitive symptoms relative to FGAs. However, comparison of 

FGAs and SGAs by the Clinical Antipsychotic Trials of Intervention Effectiveness (CATIE), the Cost 

Utility of the Latest Antipsychotic Drugs in Schizophrenia Study (CUtLASS) and other meta-analyses 

failed to demonstrate that SGAs induced greater improvements in any of these symptom clusters. The 

groups also showed no difference in rates of discontinuation or quality of life scores (Lieberman et al., 

2005; Jones et al., 2006; Leucht et al., 2013). It should also be considered that FGAs are less costly and 

therefore commonly used in low-income countries (Chisholm et al., 2008).  

Research has also questioned the long-term efficacy of these medications and their success in 

chronic schizophrenia patients. Antipsychotic drugs are most effective in acute and short-term treatment 

and in first-episode patients, 81% of which respond to treatment (Bola, Kao, & Soydan, 2012; Lally et 

al., 2017; Leucht et al., 2017; Mackin & Thomas, 2011; Zhu et al., 2017). However, this response rate 

is greatest during the first 1-2 weeks of treatment, after which improvements are minimal (Agid et al., 

2003). Alongside the reduced efficacy associated with long-term antipsychotic use are severe side 

effects such as reduced grey matter volume and increased lateral ventricular volume (Fusar-Poli 
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et al., 2013; Moncrieff & Leo, 2010), diabetes (Rajkumar et al., 2017), metabolic syndrome 

(Vancampfort et al., 2015), and diminished quality of life and functioning (Wunderink et al., 2013; 

Wykes et al., 2017). Moreover, only 23% of patients with chronic, multi-episode schizophrenia achieve 

a good response to antipsychotic treatment (Agid et al., 2003; Leucht et al., 2017).  

One particular antipsychotic deviates from this trend by showing a better response rate over longer 

treatment periods. Clozapine, viewed by some as a unique ‘third class’ of antipsychotic medication, is 

associated with a 30% response rate at 6 weeks of treatment and a 60–70% response rate at 1 year 

(Meltzer, 1992). Most notably, it is also the only medication with proven effectiveness in a subgroup 

of patients with treatment-resistant schizophrenia (TRS). Approximately 30% of schizophrenia patients 

fall into this category, which is defined by the failure to respond to two different antipsychotics at 

therapeutic doses for a sufficient duration (generally taken to be 6-8 weeks). Whilst clozapine does not 

show superior efficacy compared to other antipsychotics in first-episode psychosis, it is effective in 50-

60% of patients with TRS and is associated with lower mortality rates relative to other antipsychotics 

(Meltzer, 1992; Girgis et al., 2011; Tiihonen et al., 2009). The robust antipsychotic effect of clozapine 

is, however, accompanied by a considerable burden of adverse effects including haematological adverse 

reactions, sedation, weight gain, constipation, hypersalivation and rarely, myocarditis and 

cardiomyopathy, therefore it is not recommended as the first line of treatment (Crismon et al., 2017). 

A major barrier to the effective administration of antipsychotics is the lack of specific biomarkers 

or pharmacogenetic tests to guide clinicians in prescribing the most appropriate medication for each 

patient. If a patient does not respond to antipsychotic treatment at 4–6 weeks then they are switched to 

an antipsychotic medication with a different receptor-binding profile, but there is no specific rationale 

behind which drug should be selected (Taylor et al., 2021). A frequently used approach is to administer 

high drug dosage during the acute phase to provide maximum alleviation of positive symptoms, 

however research suggests that antipsychotic doses over the identified 95% effective dosage may not 

translate to additional efficacy, and may even reduce the efficacy of some drugs (Sabe et al., 2021). 

Another commonly used strategy is antipsychotic polypharmacy (treatment with two or more different 

antipsychotics), the reported prevalence of which is as high as 50% (Correll et al., 2009). This approach 

also lacks significant evidential support, and the combined high overall dose brings an increased burden 

of adverse effects, along with a greater risk for drug–drug interactions. The heterogeneity of 

schizophrenia extends beyond symptom manifestation to also include responses to medication, 

therefore there is a need to aid antipsychotic selection in order to improve treatment efficacy and 

tolerability for patients.  
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1.1.4.2 The unmet clinical need of CIAS   

Whilst positive symptoms are often reasonably well-treated by existing antipsychotic medications, 

milder and more heterogeneous improvements in cognition have been reported with these 

pharmacotherapies (Davidson et al., 2009; Keefe et al., 2007; Harvey and Keefe, 2001; Riedel et al., 

2010; Trampush et al., 2015; Scheggia et al., 2018; Amato et al., 2018). SGAs were initially claimed to 

alleviate negative and cognitive symptoms, however the CATIE trial not only revealed most 

antipsychotic medications to provide minimal cognitive benefits in 303 patients across 18 months, but 

patients treated with the FGA perphenazine demonstrated greater cognitive improvement than two of 

the SGAs (Keefe et al., 2007). 

Moreover, the major side effects induced by existing treatments as described above, ranging from 

cardiometabolic disturbances to motor dysfunction, mean that there is a 74% discontinuation rate for 

antipsychotics within 18 months (Lieberman et al., 2005). As such, the quality of life and daily 

functioning of patients with schizophrenia not only remain unaddressed but are even further diminished 

by the severe neurological and metabolic side effects of current treatments (Stepnicki, Kondei and 

Kaczor, 2018). The antipsychotics themselves, as well as anticholinergic drugs administered to alleviate 

adverse side effects, have been shown to impair cognition (O’Carroll, 2000). Monkeys exposed to 

haloperidol showed progressive cognitive decline over a six-month period and structural 

neuropathological changes, such as reduced brain volume most prominently in the frontal and parietal 

regions, after two years (Castner et al., 2000; Dorph-Petersen et al., 2005, Konopaske et al., 2007). 

Thus, there is an urgent pressure to develop safe, selective compounds acting at novel targets to 

effectively improve CIAS. 

Many different drug targets and strategies for drug development have been investigated to enhance 

cognition in schizophrenia. Receptor targets have been identified based on pharmacological models for 

schizophrenia, neurotransmitter disturbances found in schizophrenia patients, and drugs that are 

effective in other disorders of cognitive dysfunction. A meta-analysis by Sinkeviciute et al. (2018) 

investigated the efficacy of pharmacological agents acting on seven categories of different 

neurotransmitter systems in terms of overall cognition and seven cognitive subdomains. Beneficial 

effects in overall cognition and the working memory domain were provided by glutamatergic agents 

and cholinergic agents, whereas no significant cognitive enhancement was associated with modulation 

of the serotonergic or noradrenergic systems. The 29 study samples of glutamatergic compounds 

comprised memantine/amantadine agents, those targeting the glycine site (sarcosine, benzoate, 

glycine, D-serine, and D-cycloserine), and those acting at the AMPA receptor. Of the 43 study samples 

targeting the cholinergic system, neither nicotinergic agents nor galantamine showed significant effects, 

whereas cholinesterase inhibitors induced significant working memory improvements. This implies that 

different neurotransmitter systems may underpin the cognitive deficits of schizophrenia compared to 
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positive symptoms. Additional noteworthy compounds that have been assessed in preclinical studies 

and progressed to clinical trials include cholinergic drugs: whilst the general inhibition of 

acetylcholinesterase beneficial to cognition in Alzheimer’s disease has not shown success in 

schizophrenia (Dou et al., 2018; Santos et al., 2018; Singh et al., 2012), more selective approaches have 

shown some promise. For example, the M1/M4 muscarinic receptor agonist xanomeline induced a mild 

improvement in verbal learning and memory function in randomised controlled schizophrenia trials 

(Brannan et al., 2021; Shekhar et al., 2008). Modulation of serotoninergic signalling has also been 

assessed clinically, with the 5-HT1A receptor agonist tandospirone improving executive function and 

verbal memory and memory benefits also associated with 5-HT3 receptor antagonists ondansetron and 

tropisetron (Martínez et al., 2021; Xia et al., 2020; Zheng et al., 2019). Other pharmacological strategies 

being recognised as potentially effective treatments for CIAS include antioxidants such as N-

acetylcysteine and minocycline, and adjunctive treatment with cannabidiol, all of which improved 

processing speed in schizophrenia patients (McGuire et al., 2018; Conus et al., 2018; Liu et al., 2014; 

Zhang et al., 2019). 

The relative lack of success to-date in identifying a single approach to alleviate the cognitive 

symptoms of schizophrenia may be due to the heterogeneity of mechanisms underlying CIAS. As such, 

it may be necessary to match subgroups of patients to the most appropriate therapeutic strategy. 

Subgroups could be categorised according to hypothesised aetiologies of the cognitive deficit 

(neurodevelopmental, biochemical or neurodegenerative), or by genetic markers. These subgroups 

could then be used to identify the most effective treatment strategy: preventative methods for 

neurodevelopmental subtypes, pharmacological interventions for biochemical deficits, or 

neuroprotective approaches for neurodegenerative profiles (Goff, 2005).  

Another explanation for the failure of numerous drug compounds at clinical trial stages is the 

limited target range of these agents, manipulating a single neurotransmitter or receptor type (Goff, Hill 

and Barch, 2011). In reality, the aetiological underpinnings of CIAS likely extend beyond one specific 

disruption to fundamental ‘wiring’ defects on a greater scale, and this should be appreciated by 

therapeutic interventions. A patient receiving pharmacotherapy alone is unlikely to undergo the 

enduring, large-scale elevations in cognitive plasticity required for complete functional recovery, 

especially considering the financial deprivation and social exclusion which often accompany negative 

symptoms (Talpos, 2017). Cognitive remediation may be a valuable tool to provide the necessary 

neuroplasticity enhancement and cognitive enrichment to allow patients to experience the full cognitive 

benefits of pharmacological interventions. Several studies suggest that cognitive remediation produces 

medium effect size improvements in cognitive performance and, when combined with psychiatric 

rehabilitation, also improves functional outcomes (McGurk et al., 2007a, b). Such remediation 

interventions vary extensively in the proportion of therapist versus computerised support and cognitive 
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domain (or domains) targeted: for instance, techniques may aim to improve perceptual abilities, 

executive processes and/or general cognitive functioning. This thereby provides the opportunity for 

tailored, patient-specific treatment packages unattainable with pharmacological therapies alone (Best 

and Bowie, 2017). Whilst the optimal type of cognitive remediation programme may differ between 

patients, strategies evaluated by Lee and Lee (2017) all fostered significant therapeutic benefits in the 

visual processing, attention, and executive functions of Korean patients despite variation in their target 

domain and mode of delivery, implying successful generic modifications. Moreover, cognitive 

remediation methods are demonstrated to be feasible even at clinical trial sites without experience in 

the technique (Keefe et al., 2012).  

Overall, the multiple different symptom clusters of schizophrenia present a major challenge in the 

development of pharmacological treatments providing substantial improvements to quality of life and 

functional outcomes. Cognitive deficits are not significantly alleviated – and are often worsened – by 

current antipsychotic medications, which all also carry severe side effect burdens. It seems likely that 

positive and cognitive symptoms are underpinned by divergent neurochemical disturbances, in which 

case comprehensive therapeutic interventions would require a multi-faceted pharmacological approach.  

1.2 Neurochemical hypotheses 

1.2.1 Dopaminergic hypothesis 

Disrupted dopamine neurotransmission has long been central to models of schizophrenia and its 

treatment (Davis et al., 1991). Dominance of the dopaminergic theory has been maintained by the 

therapeutic efficacy of antipsychotic drugs, all of which block striatal D2 receptors (Frankle and 

Laruelle, 2002). However, some patients show marginal improvement despite high D2 receptor 

occupancy (Kapur et al., 2000; Nordström et al., 1993; Wolkin et al., 1989). The complex and often 

unsuccessful outcomes of dopaminergic intervention are attributed to the opposing, region-specific 

alterations in dopamine pathway activity exhibited in schizophrenia. Whilst robust evidence associates 

patient psychosis with excessive dopaminergic signalling in mesolimbic pathways, dampened 

dopamine activity in the PFC is shown to promote cognitive deficits and negative symptoms (Davis et 

al., 1991).   

1.2.1.1 Mesolimbic D2 receptor hyperactivity  

Early evidence that amphetamine-induced striatal dopamine release is elevated in schizophrenia 

subjects compared to controls and also correlates with psychotic symptoms in chronic patients provided 

the first proof for a role of excessive dopamine signalling in schizophrenia (Laruelle and Abi-Dargham, 

1999). A multitude of research has since contributed to the hypothesis of hyperactive mesolimbic 

dopamine projections and striatal D2 receptor overactivation. Advanced imaging techniques such as 
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positron emission tomography (PET) have enabled more selective identification of the striatal regions 

where increased dopamine is associated with psychosis. As summarised by Laruelle (2013), such 

discoveries have revealed dopamine function to be elevated in the associative striatum but not the 

ventral striatum in schizophrenia patients, with alterations in the former region positively correlated 

with the severity of psychosis.  Patients with schizophrenia and those with prodromal symptoms 

displayed elevated striatal presynaptic dopaminergic synthesis which correlated with symptom severity 

(Nikolaus et al., 2009; Howes et al., 2009). Moreover, meta-analyses have revealed increased D2 

receptor density in schizophrenia patients, regardless of the effects of antipsychotic treatment (Zakzanis 

and Hansen, 1998; Kestler et al., 2001). However, studies utilising the human dopamine transporter 

(DAT), a marker reflecting the structural integrity of presynaptic dopamine neurons, have reported an 

unaltered striatal DAT density in schizophrenia (Fusar-Poli and Meyer-Lindenberg, 2013; Pearce et al., 

1990; Knable et al., 1994). Moreover, clozapine, despite showing superior therapeutic efficacy relative 

to other antipsychotics, has a comparatively low affinity for D2 receptors (Meltzer, 1989). Thus, 

although long-established, the hypothesis of hyperactive D2 receptors may be more complex than 

initially thought. If altered dopaminergic signalling in the mesolimbic pathway is not a primary 

component of schizophrenia, sustained blockade of striatal D2 receptors may actually exacerbate 

cognitive and negative symptoms (Laruelle, 2013).  

1.2.1.2 Mesocortical D1 receptor hypoactivity  

Dopaminergic transmission in the PFC is primarily facilitated by D1 receptors; the negative and 

cognitive symptoms of schizophrenia have been linked to depletion of mesocortical dopamine 

projections and thus hypoactivation of PFC D1 receptors (Lau et al., 2013; Carlsson and Lindqvist, 

1963; Davis et al., 1991; Abi-Dargham and Moore, 2003). Working memory impairments were 

associated with downregulation of PFC D1 receptors following prolonged dopamine D2 receptor 

blockade (Castner et al., 2000). Moreover, PET studies have demonstrated reduced PFC D1 receptor 

activation in schizophrenia patients to be correlated with the severity of cognitive deficits and negative 

symptoms (Okubo et al., 1997; Kosaka et al., 2010).  PFC D1 receptor agonism has thus been proposed 

as a target to alleviate cognitive deficits in schizophrenia (Natesan et al., 2008). In animal studies, age 

and chronic antipsychotic administration were shown to reduce D1 receptor sensitivity and working 

memory, both of which were reversed by intermittent treatment with a D1 receptor agonist (Goldman-

Rakic et al., 2004; Castner and Goldman-Rakic, 2004; Castner et al., 2000). Importantly, various levels 

of D1 receptor stimulation appear to  have differential effects on PFC firing, with low and high degrees 

of D1 receptor activation causing excessive NMDAR trafficking and suppressed firing, respectively 

(Arnsten et al., 2012; Arnsten and Jin, 2014). Thus, optimal stimulation has been proposed as the most 

promising strategy for CIAS and has been clinically investigated using D1 receptor agonists. Notable 

compounds include DAR-0100A, shown to improve performance in working memory tasks (Girgis et 
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al., 2016), and DAR-0100, which increased PFC perfusion (George et al., 2007). More recently, partial 

agonists of the D1 receptor such as PF-06412562 have been developed; however, this compound failed 

to show benefits for schizophrenia patients relative to placebo on any cognitive assessments tested (Arce 

et al., 2019).  

1.2.1.3 Therapeutic challenge 

An evident issue surrounding pharmacological dopamine manipulation to treat schizophrenia is the 

further cognitive deterioration following psychosis-improving treatment with dopamine receptor 

antagonists, whilst dopamine receptor agonism alleviates cognitive deficits but not positive symptoms. 

Indeed, some authors have hypothesised that the alleviation of psychotic symptoms associated with 

antipsychotic drugs may not be mediated by reversal of the assumed hyperdopaminergic state, but rather 

by the drug-induced sedation and cognitive impairments (McClelland et al., 1990; Moncrieff, 2009). 

Evidence illustrating benzodiazepines to have comparative effects to antipsychotics in schizophrenia 

supports this hypothesis (Dold et al., 2012). Thus, research is exploring the possibility of administering 

dopamine-elevating compounds alongside antipsychotics to boost cognitive functioning without 

worsening psychosis. The addition of d-amphetamine to haloperidol treatment was found to improve 

processing speed and increase PFC activation during the Wisconsin Word Sort Test (Daniel et al., 

1991, Goldberg et al., 1991). Moreover, cognitive improvement in spatial memory reaction times, 

working memory accuracy, and language production was seen in schizophrenia patients when d-

amphetamine was combined with FGAs (Pietrzak et al., 2010; Barch and Carter, 2005). However, a 

significant concern with this co-administration strategy is that the effects of compounds elevating 

dopaminergic signalling may be negated by D2-antagonist-based antipsychotics. Investigations have 

thus turned to regionally specific targets that would enable selective elevation of dopamine levels in the 

frontal cortex, where there is a dopamine deficit, while striatal dopamine levels are unaffected (Gupta 

et al., 2011; Bitsios and Roussos, 2011; Apud and Weinberger, 2007). One such target is catechol-O-

methyltransferase (COMT), which is among the primary mechanisms for the degradation of dopamine 

and is preferentially expressed in the cortex rather than the limbic system (Tunbridge, 

2004). Tolcapone, a COMT inhibitor, has been shown to improve cognition in healthy subjects (Apud 

et al., 2007).  Overall, whilst dopaminergic activation has indicated some potential in CIAS treatment, 

there are multiple complications to consider before the opposing simultaneous modulation of the 

dopamine system becomes a feasible therapeutic strategy. 

 

 

 



51 
 

1.2.1.4 Glutamatergic regulation of dopaminergic signalling 

Another neurotransmitter system evidenced to collaborate with dopamine, and thus worth 

considering in investigating therapeutic dopamine modifications, is glutamate. As illustrated in Figure 

3, glutamatergic dysfunction is proposed to underlie striatal dopamine dysregulation in schizophrenia, 

implying that the dopaminergic changes observed could be secondary to altered glutamatergic function 

(McGuire et al., 2008; Howes et al., 2015). Mesostriatal dopamine neurons are regulated by 

glutamatergic projections to the midbrain, meaning they are sensitive to glutamatergic alterations (Carr 

and Sesack, 2000; Miller and Abercrombie, 1996). Glutamatergic dysfunction in the frontal cortex has 

been theorised to produce negative and cognitive symptoms, and, via midbrain projections, to disinhibit 

mesostriatal dopamine neurons resulting in positive psychotic symptoms (Howes et al., 2015). Several 

lines of evidence support this notion, most notably the effects of ketamine-induced NMDAR 

antagonism. Not only is ketamine application shown to modify dopaminergic neuronal activity and 

boost associated dopamine release, but positive correlations have also been drawn between human 

ketamine sensitivity and the expression of D2/D3 receptors (Tsukada, 2000; Balla et al., 

2003; Jackson et al., 2004; Vollenweider et al., 2000; Vernaleken et al., 2013). Moreover, multiple 

studies demonstrate that the elevated dopamine release following ketamine application intensifies when 

accompanied by an amphetamine challenge, implying a multifactorial interplay involving a 

vulnerability of the dopamine system which is potentiated by glutamatergic abnormalities (Kegeles et 

al., 2000; Aalto et al., 2002; Kegeles et al., 2002; Aalto et al., 2005). 

 

Figure 3. Hypothesised interaction between glutamatergic and dopaminergic pathways in schizophrenia . Mounting  

evidence implies that dopaminergic alterations and associated positive symptoms may not represent the primary 

neuropathology underlying schizophrenia. The negative and cognitive disease symptoms are strongly linked to increased 

activity of cortical glutamatergic neurons due to reduced inhibitory control by GABAergic interneurons. These glutamatergic 

cells project onto midbrain dopamine neurons, thus resulting in increased excitation and dopaminergic signalling in the 

striatum. Key: NMDAR, N-methyl D-aspartate receptor; GABA, gamma-aminobutyric acid. Adapted from Howes et al. 

(2015). 
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Whilst the dopamine hypothesis remains central to psychosis, it explains the pathophysiological 

manifestations of schizophrenia rather than its aetiological roots. It is also limited in accounting for 

cognitive and negative symptoms, thus cannot describe the entire picture of schizophrenia. Other 

neurotransmitter systems must therefore be investigated if novel, more effective therapeutic strategies 

than antipsychotics are to be developed.  

 

1.2.2 Glutamatergic hypothesis     

The minimal effect of dopaminergic antipsychotics on negative symptoms or cognitive deficits, 

important social and functional outcome predictors, has led to accumulating support of the 

glutamatergic system as a therapeutic target for schizophrenia (Javitt, 1999; Ventura et al., 2009). The 

theory of glutamatergic dysfunction can also account for the aetiological pathogenesis of schizophrenia 

whilst the dopaminergic hypothesis is based on symptoms (Egerton and Stone, 2012). Moreover, 

dopaminergic neurons are regionally localised whereas neurons signalling via glutamate, the major 

excitatory neurotransmitter in the mammalian brain, are extremely widespread (Moghaddam and Javitt, 

2012).  

Glutamatergic pathways linking to the cortex, limbic system, and thalamus are implicated in 

schizophrenia (Yang and Tsai, 2017; Goff and Coyle, 2001). Several studies using patient-derived 

induced pluripotent stem cells (iPSCs) have shown deficits in the signalling and maturation of 

glutamatergic neurons (Robicsek et al., 2013; Brennand et al., 2011; Wen et al., 2014). Glutamatergic 

dysfunction representing a fundamental component of schizophrenia pathophysiology is supported by 

SNP analyses, which have revealed a network of schizophrenia-related genes that are directly or 

indirectly implicated in glutamatergic signalling (Greenwood et al., 2011). Specifically, 88% of the 

glutamate-related genes studied were associated with at least one heritable endophenotype, whilst 63% 

were linked to two. Moreover, the efficacy of the antioxidant compound and glutamate precursor N-

acetylcysteine in improving cognitive speed in schizophrenia patients highlights the glutamatergic 

system as a promising therapeutic target (Yolland et al., 2020; Rapado-Castro et al., 2017). 

Glutamate signals via activation of G-protein-coupled metabotropic (mGlu) receptors and 

ionotropic receptors. The three subtypes of ionotropic receptors, NMDA, AMPA and kainate, are 

grouped according to their ligand sensitivity, with NMDA receptors (NMDARs) showing relatively 

slow and incomplete desensitisation compared to AMPA and kainate receptors. 

 

1.2.2.1 NMDAR hypofunction          

Disrupted NMDAR functioning is a central component of the glutamatergic hypothesis of 

schizophrenia pathophysiology. NMDARs are heavily involved in excitatory neurotransmission, 
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excitotoxicity, and plasticity (Cull-Candy et al., 2001; Paoletti and Neyton, 2007). NMDAR 

hypofunction was first implicated in schizophrenia based on the ability of NMDAR antagonists, 

including phencyclidine (PCP), ketamine and MK-801, to mimic schizophrenia-like symptoms such as 

sensorimotor gating impairments, increased locomotion, abnormal repetitive movements, and cognitive 

and social deficits in non-human primates and rodents (Farber, 2003; Goff and Coyle, 2001; Jones et 

al., 2011). These compounds have since been demonstrated to induce positive, negative, and cognitive 

symptoms in healthy controls (Krystal et al., 1994; Malhotra et al., 1996; Lieberman et al., 2008) and 

worsen symptoms in patients with schizophrenia (Malhotra et al., 1997; Lahti et al., 1995). Notably, 

negative symptoms and cognitive deficits specifically are more substantially elicited by ketamine than 

dopamine-stimulating drugs such as amphetamine (Krystal et al., 2005). Neuroimaging studies have 

revealed NMDAR antagonism by ketamine to alter activity in the frontal and cingulate cortices and 

thalamus (Holcomb et al., 2005; Deakin et al., 2008; De Simoni et al., 2013; Holcomb et al., 2001). 

NMDARs comprise a heterotetrameric complex of two compulsory GluN1 subunits alongside 

either two GluN2 subunits or a combination of GluN2 and GluN3 subunits. GluN2 has four variants 

(GluN2A-D) which are encoded by separate genes GRIN2A-D, whilst GluN3 has two variants 

(GluN3A-B) encoded by genes GRIN3A-B and GluN1 is encoded by a single gene, GRIN1. NMDAR 

activation requires three simultaneous processes, as depicted in Figure 4. AMPA receptor activation 

induces postsynaptic depolarisation and removal of the magnesium block on the GluN1 cation channel. 

This is accompanied by binding of co-agonists D-serine or glycine to the glycine modulatory site (GMS) 

on GluN1, along with occupancy of the glutamate binding site on GluN2 by glutamate to trigger calcium 

influx (Yao et  al., 2013; Uno and Coyle, 2019). The resultant intracellular signalling cascade triggered 

by activation of calcium-sensitive NMDAR-interacting proteins mediates synaptic plasticity and gene 

expression changes. Specifically, autophosphorylation of CaMKIII mediates long term potentiation and 

activation of Ras-GRF1 contributes to long term depression (Fan et al., 2014). Ion channel activation 

can also be regulated by the redox modulatory site on GluN1 and GluN2A, the spermine binding site 

on GluN2B and the binding of ketamine or PCP to the transmembrane domain (Yao et al., 2013; Paoletti 

et al., 2013; Sullivan et al., 1994). The intracellular effects of NMDAR activation in terms of neuronal 

plasticity mean these receptors are key in the organisation of cognitive processes (Wang et al., 2013). 

Genetic analyses have associated several NMDAR-related genes with schizophrenia, including 

GRIN2A (GluN2A), GRIAI (AMPA receptor 1) and GRIN1 (GluN1) (Sullivan et al., 2012; Ripke et al., 

2014; Horwitz et al., 2019; Gandal et al., 2018). Specifically, a study evaluating over 500 schizophrenia 

patients found increased exon skipping in GRIN1, which would significantly modify the extracellular 

ligand binding site (Gandal et al., 2018). Moreover, 11 rare CNVs encoding the NMDAR and 

postsynaptic density (PSD) proteins associated with the NMDAR were robustly linked to schizophrenia, 

with 2.5% of patients and 0.9% of controls carrying a CNV (Rees et al., 2014). 
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Neuroimaging studies have also been increasingly valuable in evaluating NMDAR functioning and 

associated glutamatergic transmission in schizophrenia. Significantly elevated glutamatergic signalling 

has been reported in the basal ganglia, thalamus and medial temporal lobe of schizophrenia patients 

alongside reduced hippocampal availability of the NMDAR (Merritt et al., 2016; Pilowsky et al., 2006). 

These changes were correlated with worse executive functioning and global clinical state, increased 

severity of negative symptoms, and reduced hippocampal volume (Poels et al., 2014a, b; Pilowsky et 

al., 2006). In the cortex, studies have documented elevated glutamine (the most prevalent glutamate 

precursor) function in the early stages of schizophrenia but not in chronic patients (Théberge et al., 

2002, 2003; Bustillo et al., 2010; Reid et al., 2010; Shirayama et al., 2010; Tayoshi et al., 2009; Wood 

et al., 2007).  

Post-mortem studies have provided additional evidence of aberrant NMDAR signalling in 

schizophrenia and linked these abnormalities to cognitive deficits (Ibrahim et al., 2000; Meador-

Woodruff and Healy, 2000). The PFC, thalamus and temporal lobe have not only shown altered 

NMDAR density and subunit composition in patients but also disrupted stimulation during cognitive 

tasks (Ibrahim et al., 2000; Meador-Woodruff and Healy, 2000; Gao et al., 2000; Heckers et al., 1999; 

Catts et al., 2016). Beyond the receptor itself, altered expression of several NMDAR-associated proteins 

have been reported in post-mortem schizophrenia brains. The protein expression of postsynaptic density 

proteins PSD-93 and PSD-95 was reduced in the anterior cingulate cortex of patients, despite elevated 

mRNA expression (Kristiansen et al., 2006; Kristiansen et al., 2007). Moreover, numerous studies have 

found levels of the endogenous NMDAR antagonist kynurenic acid to be raised in schizophrenia, 

Figure 4. NMDA receptor activation. AMPA receptor activation by glutamate (blue) induces the influx of Na+ ions (orange) 

and postsynaptic depolarisation. This triggers removal of the magnesium block (red) on the NMDAR cation channel. 
Simultaneously, glycine (green) and glutamate coupling to respective binding sites on the NMDAR triggers the influx of Ca2+

  

(turquoise) and Na+ ions and a resultant intracellular signalling cascade. Key: NMDA, N-methyl D-aspartate; AMPA, α-amino-

3-hydroxy-5-methyl-4-isoxazole propionic acid; Ca2+, calcium ions; Na+, sodium ions; Mg2+, magnesium ions. Figure created 
with BioRender.com.  
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translating to an increased blockade of NMDAR glycine sites in the PFC (Plitman et al., 2017; Erhardt 

et al., 2001; Schwarcz et al., 2001; Sathyasaikumar et al., 2011). Finally, reduced brain D-serine levels 

have not only been reported in schizophrenia patients, but also associated with schizophrenia-like 

neurobiological changes in animals, such as reduced dendritic spine density and hippocampal volume 

(Bendikov et al., 2007; Hashimoto et al., 2005a; Morita et al., 2007; Balu et al., 2013).  

Therapeutic strategies for schizophrenia based on the glutamatergic hypothesis can be divided into 

two categories: those enhancing NMDAR signalling and those aiming to reduce levels of abnormally 

high synaptic glutamate resulting from NMDAR hypofunction. Both of these approaches are discussed 

below. Since direct NMDAR agonists carry a risk of excitotoxicity and neuronal death, compounds 

exploiting alternative routes to the reversal of NMDAR hypofunction have been investigated. These 

include (A) agonists of the GMS, (B) glycine reuptake inhibitors, and (C) allosteric modulators of 

AMPARs (which stimulate NMDAR activity via depolarisation) (Lawlor and Davis, 1992). 

A. As outlined previously, activation of the NMDAR requires binding of glycine or D-serine to 

the GMS on GluN1. GMS agonists, including glycine, D‐serine and D‐cycloserine, have shown 

promising findings in attenuating the effects of NMDA antagonists and the cognitive deficits 

of schizophrenia (Moghaddam and Javitt, 2012; Tsai and Lin, 2010). However, patients treated 

with glycine alongside clozapine showed no significant differences relative to placebo, with no 

improvement in cognitive performance (Buchanan et al., 2007; Diaz et al., 2005; Evins et al., 

2000; Potkin et al., 1999).  In addition, the poor CNS penetrance of glycine requires high-dose 

administration which is associated with adverse effects such as nausea and sensorimotor gating 

deficits (Diaz et al., 2005; Heresco-Levy et al., 2004, 1999; O’Neill et al., 2011; Toth and 

Lajtha, 1981). D-serine has demonstrated mixed results in clinical studies, with some showing 

efficacy including improved cortical plasticity (Kantrowitz et al., 2018, 2016, 2015, 2010; Tsai 

et al., 1998), whilst others report negative outcomes (D’Souza et al., 2013; Lane et al., 2010, 

2005; Tsai et al., 1999; Weiser et al., 2012). Again, the high concentrations required to improve 

symptoms are limited by side effects such as oxidative damage, neurotoxicity, and renal toxicity 

(da Silva et al., 2009; Ganote et al., 1974; Kantrowitz et al., 2010; Katsuki et al., 2004). 

Recently, the D-amino acid oxidase inhibitor luvadaxistat has shown encouraging cognitive 

benefits by elevating serine levels (ACNP 60th Annual Meeting, 2021). 

B. Inhibitors of the glycine transporter 1 (GlyT1) are hypothesised to improve cognition by 

elevating synaptic glycine levels and thus increasing NMDAR activation via the GMS (Javitt, 

2009; Fleischhacker et al., 2021). A phase II study of the GlyT1 inhibitor BI425809 revealed 

efficacy in reducing cognitive deficits in schizophrenia patients (Fleischhacker et al., 2021). 

However, phase III clinical trials for the GlyT1 inhibitor biopertin did not show efficacy over 

placebo (Bugarski-Kirola et al., 2014; Umbricht et al., 2014; Pinard et al., 2018), with other 
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compounds such as org 25935 and AMG747 also failing to demonstrate significant benefits in 

phase II trials (Schoemaker et al., 2014; Dunayevich et al., 2017). Such findings have been 

attributed to the preferential action of glycine on extra-synaptic rather than synaptic NMDAR 

activity (Papouin et al., 2012).    

C. Since full agonists of the AMPA receptor induce desensitisation, allosteric potentiators of 

AMPA receptors (ampakines) have been shown to improve cognition in animal models of 

schizophrenia and boost memory and attention in patients treated with clozapine, but failed to 

demonstrate clinical benefit in monotherapy (Goff et al., 2001; Marenco et al., 2002; Zheng et 

al., 2011).   

Despite the promise of these targets in offering alternative mechanisms to boost NMDAR activity, the 

widespread expression of the NMDAR means that these pharmacological strategies lack selectivity. As 

a result, none of the investigated drugs acting at these targets have been licensed for CIAS.  

1.2.2.2 Metabotropic glutamate receptors  

Based on the hypothesis that NMDAR hypofunction and abnormally high glutamate levels play a 

role in the pathophysiology of schizophrenia, potentially mediating cognitive deficits, the second 

general approach has focused on modulation of metabotropic glutamate (mGlu) receptors to enable 

more subtle, precise regulation of glutamatergic transmission in the specific brain circuits implicated in 

schizophrenia (Moghaddam and Javitt, 2012; Anticevic et al., 2013). Alongside their distribution in 

these brain regions, mGlu receptors have also attracted considerable research interest due to their ability 

to modulate other schizophrenia-associated receptors such as NMDA, AMPA and GABA-A receptors.  

The mGlu receptor subtypes are G-protein-coupled receptors (GPCRs) divided into three groups 

differentiated by their amino acid sequence, pharmacological characteristics, and signalling cascades 

(Figure 5 and Table 5). Group I includes mGlu1 and mGlu5 receptors, which are coupled to Gq/11 

proteins and trigger phospholipase C-mediated  effects. Group II (mGlu2 and mGlu3) and Group III 

(mGlu4, 6, 7 and 8) receptors are coupled to Gi/o proteins and cAMP inhibition (Nicoletti et al., 2011). 

All mGlu receptors regulate neurotransmitter release, excitability, and synaptic plasticity and are 

implicated in the symptoms of schizophrenia and other disorders such as anxiety and depression 

(Ebrahimi-Ghiri et al., 2020; Chaki, 2019). 
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Table 5. mGluRs are subclassified into three groups based on sequence homology, synaptic localisation, and mechanism 

of action. Group I includes mGlu receptors 1 and 5, Group II includes mGlu receptors 2 and 3, and Group III includes mGlu 

receptors 4, 6, 7, and 8. Group I receptors are predominantly postsynaptic, whereas Group III are mainly presynaptic and 

Group II fall into both categories. Group I and II receptors are expressed in both neurons and glia, whilst Group III receptors 

are exclusively neuronal or (mGluR6) retinal. Finally, receptors in Groups II and III inhibit calcium channels whereas Group 

I receptors promote calcium release. Adapted from Kryszkowski and Boczek, 2021. Key: mGluR, metabotropic glutamate 

receptor; GRM, glutamate metabotropic receptor; PLC; phospholipase C; Ca2+, calcium ions; MAP, mitogen activated protein; 

PLD, phospholipase D; mTOR, mammalian target of rapamycin; K+, potassium ion; PI3K, phosphatidylinositol-3 kinase; 

CNS, central nervous system. 

 

Group Receptor Gene Synapse 

         Site 

Expression  

   in the CNS 

Mechanism of 

Action 

Group 

I 

mGluR1  GRM1 Mainly 

postsynaptic 

Abundant in 

neurons and taste 
buds 

PLC-dependent 

Ca2+ mobilization, 
activation of DAG, 

MAP kinases, mTOR 
(Abe et al., 1992) 

mGluR5  GRM5 Abundant in 
neurons and glia 

Group 
II 

mGluR2 GRM2 Presynaptic 
and 

postsynaptic 

Abundant in 
neurons 

Inhibition of 
adenylyl cyclase and 
voltage-dependent 

Ca2+ channels, 
activation of voltage-

dependent 
K+ channels 

(Mazzitelli et al., 
2018), MAPK and PI3 

kinase pathway 

(Iacovelli et al., 2002) 

mGluR3  GRM3 Abundant in 
neurons and glia 

Group 
III 

mGluR4 GRM4 Mainly 
presynaptic 
(mGluR6 is 

postsynaptic in 

bipolar retinal 
cells) 

Abundant in 
neurons (high in 
cerebellum) and 

taste buds 

Inhibition of 
adenylyl cyclase, 

inhibition of voltage-
dependent 

Ca2+ channels, 
activation of 
K+ channels 

(Mazzitelli et al., 
2018), activation of 

cGMP 
phosphodiesterase 

(Nawy, 1999) 
(mGlu6), MAPK and 
PI3 kinase pathway 

(Iacovelli et al., 2002) 

mGluR6  GRM6 Retina 

mGluR7  GRM7 Abundant in 
neurons 

mGluR8  GRM8 Abundant in 
neurons 

(expression lower 
than mGluR4/7) 

Figure 5. mGlu receptor families. mGlu receptors are classified into three families: Group I, Group II, and Group III. In the 

CNS, activation of mGlu receptors from group I induces phospholipase C (PLC) activation, resulting in the formation of of 

inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG), whereas activation of receptors from groups II and III induce a 

decrease in the intracellular levels of cyclic AMP (cAMP). Figure created with BioRender.com.  
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Findings from preclinical and clinical studies have so far been inconsistent in the efficacy of mGlu 

receptor manipulation on cognitive (as well as negative and positive) schizophrenia symptoms 

(Miyamoto et al., 2005; Lins and Howland, 2016; Sokolenko et al., 2019). 

A. Group I mGlu receptors: 

The therapeutic attractiveness of these receptors was initially based on their physical (via scaffold 

proteins such as Homer and Shank) and functional (via intracellular signalling pathways) coupling to 

the NMDAR and their resultant ability to potentiate NMDAR responses (Fitzjohna et al., 1996; 

Aniksztejn et al., 1991; Harvey and Collingridge, 1993; Yu et al., 1997). Twelve rare deleterious SNPs 

in the GRM1 gene encoding the mGlu1 receptor have been associated with schizophrenia and Grm1 

knockout mice display a schizophrenia-like phenotype, with deficits in prepulse inhibition and sensory 

gating (Frank et al., 2011; Ayoub et al., 2012; Javanbakht, 2006; Brody et al., 2003; Cho et al., 2014). 

mGlu1 positive allosteric modulators (PAMs) showed promise in restoring glutamate-mediated calcium 

signalling in vitro, but poor drug metabolism and pharmacokinetic profiles have limited the use of these 

drugs in preclinical studies (Cho et al., 2014; Knoflach et al., 2001; Vieira et al., 2005). mGlu1 receptor 

modulation has been primarily linked to correction of the striatal dopaminergic hyperactivity, and thus 

Group I mGlu receptors Group II mGlu receptors Group III mGlu receptors 
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positive symptoms, of schizophrenia. However, it may offer a more selective inhibition of dopamine 

release localised to the striatum, so could be a superior alternative to antipsychotics which induce 

widespread blockade of D2 receptors and worsen cognitive impairment.  

Unlike mGlu1, mGlu5 receptor activation is not evidenced to impact dopaminergic signalling and 

therefore may be a more specific strategy to rescue cognitive deficits in schizophrenia patients (Hu et 

al., 1999; Battaglia et al., 2002). There is considerable evidence linking mGlu5 receptor hypofunction 

to the pathophysiology of schizophrenia, with knock out of the mGlu5 receptor in mice leading to 

changes in schizophrenia-related genes (Luoni et al., 2018; Wang et al., 2020). An in-depth discussion 

of the mGlu5 receptor as a promising therapeutic target for CIAS will be performed in future sections.  

B. Group II mGlu receptors:  

mGlu2/3 receptor activation not only inhibits glutamate release, but also postsynaptically enhances 

NMDAR signalling via Src kinase, PKC or SNARE-dependent mechanisms (Nicoletti et al., 2011; 

Schoepp et al., 1999; Trepanier et al., 2013; Cheng et al., 2013; Tyszkiewicz et al., 2004).  Preclinical 

models of prenatal stress, a key environmental risk factor for schizophrenia, display down-regulation 

of mGlu2 receptors in the frontal cortex (Matrisciano et al., 2012; Holloway et al., 2013). Moreover, 

SNPs in the GRM3 gene encoding the mGlu3 receptor are strongly associated with schizophrenia, in 

particular deficits in working and episodic memory (Egan et al., 2004; Chen et al., 2005; Harrison et 

al., 2008b; Mössner et al., 2008). 

Interest in mGlu2/3 receptors as a therapeutic strategy for schizophrenia was sparked by the 

preclinical efficacy of group II agonists LY354740 and LY379268 in reversing the behavioural and 

neurochemical effects of NMDAR antagonism such as hyperlocomotion, working memory deficits and 

increased PFC neuronal firing and glutamate release in rodent models (Lorrain et al., 2003; Moghaddam 

and Adams, 1998; Homayoun et al., 2005). However, several preclinical studies have failed to 

demonstrate such therapeutic efficacy, with LY395756 unable to reverse MK801-induced working 

memory deficits and other group II agonists even impairing working and spatial memory (Li et al., 

2015; Higgins et al., 2004; Aultman and Moghaddam, 2001). Moreover, the tolerance resulting from 

chronic administration of such agonists meant PCP-induced behavioural effects could not be alleviated 

(Galici et al., 2005). Modulation of mGlu2/3 receptors has also been unsuccessful in clinical trials; the 

agonist LY40439 did not improve symptoms in phase II or III trials and the mGlu2 receptor PAM 

AZD8529 failed to demonstrate efficacy in a phase II trial (Litman et al., 2016; Kinon et al., 2011; 

Downing et al., 2014; Stauffer et al., 2013). 

C. Group III mGlu receptors  
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These receptors have been less extensively implicated in schizophrenia, however mGlu4 receptor 

knockout mice show deficits in cerebellar synaptic plasticity and an impaired ability to learn motor 

tasks, but few studies have focused on a potential role for these receptors in schizophrenia (Pekhletski 

et al., 1996). Negative allosteric modulators (NAMs) of the mGlu7 receptor have attracted growing 

research interest and are shown to inhibit DOI-induced head twitches and MK-801-induced 

hyperactivity, cognitive impairment, and social interaction deficits (Cieślik et al., 2018; Kaczorowska 

et al., 2023). Finally, much evidence has led to the mGlu8 receptor being discounted in the aetiology of 

schizophrenia due to the lack of significant pre-pulse inhibition deficits in mGlu8 receptor knockout 

mice and the inability of the potent, selective orthosteric agonist (S)-3,4-DCPG to reverse PCP- or 

amphetamine-induced hyperactivity in rodents (Robbins et al., 2007; Thomas et al., 2001). 

Overall, Group I and II mGlu receptors have been investigated as potential therapeutic targets to 

alleviate cognitive deficits in schizophrenia. The mGlu1 receptor is less relevant for CIAS due to its 

impact on dopaminergic signalling, whereas modulation of Group II receptors has been unsuccessful in 

clinical trials. The mGlu5 receptor, postsynaptically localised on neurons and glial cells, requires further 

investigation as a prospective target.  

1.2.3 Parvalbumin (PV)-expressing GABAergic interneurons 

Numerous complex cognitive and behavioural functions are controlled by the cortex and its 

regulation of signalling to other brain regions, implicating this area in the aetiology of the positive, 

negative, and cognitive symptoms of schizophrenia. In particular, the PFC, situated within the anterior 

frontal lobe, controls the processing of thoughts and their translation into actions (Guyton and Hall, 

2006). The PFC contains several classes of GABAergic interneurons, the activity of which is strongly 

implicated in the cognitive deficits of schizophrenia (Frankle et al., 2015; Gonzalez-Burgos et al., 2015; 

Heckers and Konradi 2015; Lewis et al., 2012; Stedehouder and Kushner 2016; Taylor and Tso 2015). 

A notable subtype of GABAergic interneurons are fast-spiking interneurons, which have a significant 

impact on cortical function. These interneurons can fire multiple action potentials within a short time 

frame due to their low input resistance and high-amplitude rapid after-hyperpolarisation, allowing them 

to control the temporal firing of adjacent excitatory neurons (Kim et al., 2016; Sparta et al., 2014; 

Gonzalez-Burgos and Lewis, 2012; Kim et al., 2015). The largest class of GABAergic interneurons in 

the cortex, accounting for around 40% of the population, express the activity-dependent calcium-

binding protein parvalbumin (PV) (Hafner et al., 2019). Fast-spiking PV GABAergic interneurons 

populate all cortical layers except layer I, all possessing the collective ability to regulate spike timing 

in excitatory glutamatergic pyramidal neurons (Hu et al., 2014). The functional relevance of these 

interneurons in the cortical control of cognition and behaviour means that their dysfunction has been 

robustly linked to the pathophysiology of schizophrenia (Chung et al., 2016; Enwright et al., 2018; 

Lisman et al., 2008; Lodge and Grace 2008; Perez and Lodge 2013; Cardin et al., 2009; Fries, 
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2009; Sohal et al., 2009; Murray et al., 2015; Ferguson and Gao, 2018; Beasley and Reynolds, 

1997; Hashimoto et al., 2003; Lewis et al., 2012). Indeed, PV interneurons have emerged as the most 

vulnerable interneurons across disorders involving cognitive impairment, including not only 

schizophrenia but also autism spectrum disorders, Alzheimer's disease, and drug addiction (Marín, 

2012; Ruden et al., 2021).  

As illustrated in Figure 6, PV interneurons are classified into basket cells and chandelier cells, 

which respectively innervate the perisomatic region and axon initial segments of pyramidal cells 

(Markram et al., 2004). PV basket interneurons receive direct thalamic input and are thought to 

represent 80–90% of parvalbumin interneurons (Jones 1993; Zaitsev et al., 2005). By delivering 

GABAergic inhibitory signals to pyramidal cells, which in turn mediate glutamatergic excitation, PV 

basket interneurons are central in establishing a stable excitatory/inhibitory balance in the PFC 

(Glausier and Lewis, 2017). Of note, the plasticity of this interplay between levels of inhibition and 

excitation in the PFC facilitates long-term potentiation (LTP) and the flexibility of PFC activity (Staff 

and Spruston, 2003; Marder and Buonomano, 2004). Impaired signalling of PV interneurons would 

result in disinhibition of the glutamatergic pyramidal neurons they innervate, potentially triggering 

excitotoxic neuronal damage or death (Coyle, 2006; Moghaddam and Javitt, 2012; Marsman et al., 

2014). The disrupted excitatory/inhibitory signalling balance mediated by PV interneuron dysfunction 

is posited to underly schizophrenia-associated abnormalities in cortical and hippocampal activity, 

although cognitive deficits are specifically associated with reduced signalling of PV interneurons in the 

PFC (Andrioli et al., 2007; Murray et al., 2015). As such, the impaired activity of PV interneurons and 

resultant PFC dysfunction is hypothesised to represent a common endpoint for various genetic and 

environmental factors leading to the manifestation of schizophrenia (Marín, 2012; Lisman et al., 2008). 

For example, a major gene implicated in schizophrenia susceptibility, DISC1, plays a crucial role in the 

function of PV interneurons; Disc1 knockout mice display reduced GABA release by PV interneurons 

and diminished inhibition onto layer II/III excitatory pyramidal neurons in the mPFC (Delevich et al., 

2020).  

Recruitment of PV basket interneurons by phasic, glutamatergic inputs from pyramidal neurons 

and the strong, fast feedback inhibition they provide to pyramidal cells is key in generating global and 

regional oscillations, particularly within the gamma range (25 – 100 Hz) (Hájos and Paulsen, 2009; 

Gonzalez-Burgos et al. 2015; Senkowski and Gallinat 2015). Briefly, as described in Gonzalez-Burgos 

and Lewis (2008), the release of GABA from a single PV interneuron results in the transient inhibition 

of many pyramidal cells. This is achieved by activation of the GABA-A receptor on pyramidal cells, 

generating an inhibitory postsynaptic current (IPSC) via chloride ion influx. Termination of the resultant 

inhibitory postsynaptic potential (IPSP) releases pyramidal cells from this inhibition, and they fire in 

synchrony. The repetition of this cycle, comprised of waves of inhibition and excitation, produces the 
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rhythmic oscillation of the neuronal network. Gamma-band oscillations were significantly reduced by 

stimulation of the presynaptic μ opioid receptors that selectively suppress GABA release from PV 

basket cells, but not from PV chandelier cells or other classes of interneurons (Gulyás et al., 2010). The 

Figure 6. Diagram illustrating the interaction between parvalbumin-expressing (PV) basket interneurons and 

pyramidal cells in the cortex, as well as key GABAergic alterations associated with schizophrenia neuropathology. In a 

reciprocal microcircuit critical for regulating gamma oscillations, PV basket cells fire inhibitory GABAergic signals to the 

perisomatic region of pyramidal cells (whilst chandelier interneurons target the axon initial segment). This regulates the 

glutamatergic output from pyramidal cells. In schizophrenia, the alteration of various glutamatergic and GABAergic markers 
in this microcircuit implies signalling abnormalities, desynchronised gamma oscillations and weakened cognitive functions. 

Key marker alterations on PV interneurons include a reduction in PV and GAD67 mRNA (and protein) levels, reduced PNN 

integrity, elevated levels of the µ opioid receptor and reduced expression of CCK. Together, this evidence points to deficient 

excitatory inputs to PV interneurons, potentially via mGlu5 or NMDA receptors (hypofunction of which is also associated 
with schizophrenia).  Reduced GABA-A receptor expression on pyramidal cells along with diminished levels of extracellular 

GABA also imply deficits in inhibitory inputs from PV interneurons. The disinhibition of pyramidal neurons increases 

glutamatergic excitation and disrupts the signalling balance required for network oscillations and key cognitive functions. Key: 

mGlu5, metabotropic glutamate receptor 5; NMDA, N-methyl D-aspartate; PV, parvalbumin; PNN, perineuronal net; GAD67, 

glutamate decarboxylase 67; CCK, cholecystokinin; GABA, gamma-aminobutyric acid. Figure created with BioRender.com.  
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weakened PV basket inhibition of pyramidal neurons and resultant signalling imbalance is likely to 

underly the alterations in oscillatory power and synchrony and thus cognitive dysfunction seen in 

schizophrenia (Cho et al., 2006). Indeed, the usual increase in the gamma oscillatory power of 

glutamatergic pyramidal neurons in response to working memory demands does not occur in patients 

with schizophrenia-related cognitive deficits (Cho et al., 2006; Chiu et al., 2018). Moreover, Basar-

Eroglu et al. (2007) showed that the extent of working memory impairment exhibited by schizophrenia 

patients positively correlated with the reduction in task-evoked gamma oscillations. Abnormal gamma 

oscillations are also observed in schizophrenia patients from their first psychotic episode, implying that 

such abnormalities are not a secondary effect of antipsychotic treatment or other disease symptoms 

(Curley et al., 2011; Minzenberg et al., 2010). Increasing GABAergic responses has even been 

demonstrated to correct schizophrenia-associated oscillatory deficits; using a benzodiazepine derivative 

to boost GABA-A receptor activity was found to increase frontal gamma power and reverse working 

memory deficits in patients (Lewis et al., 2008). 

This hypothesis is supported by the widely evidenced reduction in PV protein and mRNA 

expression in the PFC of schizophrenia subjects (Akbarian et al., 1995b; Volk et al., 2000; Hashimoto 

et al., 2003; Fung et al., 2010; Curley et al., 2011; Enwright et al., 2016). Specifically, an extensive 

micro-array analysis found significantly reduced PV mRNA per PV-positive neuron in layer III of the 

dorsolateral PFC in individuals with schizophrenia (Enwright et al., 2018), and Glausier et al. (2014) 

report lower PV expression levels within the boutons of PV basket cells localised to the PFC of 

schizophrenia patients. These findings are thought to reflect an impaired glutamatergic drive to PV 

interneurons rather than a complete loss of PV cells in schizophrenia (Woo et al., 1997; Enwright et al., 

2016; Hashimoto et al., 2003; Akbarian et al., 1995b). Indeed, data from Chung et al. (2016) showed 

that excitatory synapse density was selectively reduced on PV interneurons in schizophrenia and 

predicted the activity-dependent downregulation of PV. Moreover, agents that act on channels with high 

expression on fast-spiking PV interneurons (such as the AUT00206 modulator of Kv3.1/2 channels) 

have shown success in restoring PV expression in preclinical models, indicating that these interneurons 

are present but lack functional PV expression and circuit integration (Leger et al., 2015; Boddum et 

al., 2017; Brown et al., 2016; Rosato-Siri et al., 2015).    

Another line of evidence for this hypothesis implies reduced GABAergic activity of PV 

interneurons associated with schizophrenia. A broad array of studies have consistently reported a 

reduction in mRNA and protein expression of glutamate decarboxylase (GAD67) in the PFC of 

schizophrenia patients (Volk et al., 2000; Gonzalez-Burgos et al., 2010; Guidotti et al., 2000; Curley et 

al., 2011; Fung et al., 2010). This enzyme synthetizes GABA, and its downregulation suggests a 

reduction in GABAergic inhibitory control in the PFC. Comparable deficits in GAD67 mRNA have 

also been seen in other cortical areas, including sensory, motor, and limbic regions (Hashimoto et al., 
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2008a; Woo et al., 2004; Impagnatiello et al., 1998; Thompson et al., 2009). These GAD67 deficits 

have been specifically localised to PV interneurons. Indeed, only 55% of PV mRNA-positive neurons 

were found to have detectable levels of GAD67 mRNA in schizophrenia subjects (Hashimoto et al., 

2003; Curley et al., 2011). Moreover, experimentally reducing GAD67 in PV interneurons impairs 

inhibitory synaptic transmission to pyramidal cells and alters cortical network activity, with animals 

exhibiting schizophrenia-like behavioural abnormalities in sensorimotor gating, fear and novelty-

seeking (Brown et al., 2015; Lazarus et al., 2015; Georgiev et al., 2016). Other schizophrenia-associated 

alterations include elevated μ opioid receptor (μOR) levels and reduced cholecystokinin (CCK) mRNA 

expression in PV basket cells, changes that would both result in the diminished GABAergic activity of 

these interneurons (Földy et al., 2007; Karson et al., 2008; Karson et al., 2009; Hashimoto et al., 2008b; 

Fung et al., 2010; Volk et al., 2012). 

In addition, the existence of weaker inhibitory signalling from PV interneurons in schizophrenia is 

supported by postsynaptic findings in pyramidal cells. These inhibitory inputs are principally mediated 

by postsynaptic α1-containing GABA-A receptors in pyramidal cells (Nusser et al., 1996; Doischer et 

al., 2008). Numerous studies have reported lower levels of GABA-A α1 subunit mRNA in the PFC of 

schizophrenia subjects, with this deficit most extensive in layers III and IV (Beneyto et al., 2011; 

Hashimoto et al., 2008a; Hashimoto et al., 2008b; Akbarian et al., 1995a). Cellular-level analyses 

revealed that α1 subunit mRNA expression was diminished in pyramidal cells but unaltered in 

interneurons (Glausier and Lewis, 2011). Expression of the GABA-A receptor β2 subunit, which 

preferentially couples with α1 subunits (Olsen and Sieghart, 2009), was also selectively decreased in 

PFC layers III and IV (Beneyto et al., 2011). Further evidence for a weaker inhibitory input to pyramidal 

neurons comes from the reduced hyperpolarisation capacity of these cells in schizophrenia. Activation 

of GABA-A receptors on pyramidal cells triggers entry of chloride via NKCC1 and KCC2 transporters, 

which are in turn regulated by two kinases, oxidative stress response kinase (OXSR1) and with-no-

lysine kinase (WNK3). These kinases are significantly overexpressed in schizophrenia, adjusting the 

activity of the chloride transporters, and thereby reducing the gradient for chloride entry following 

GABA-A receptor activation (Arion and Lewis, 2011). As such, the strength of the postsynaptic 

response and hyperpolarisation of pyramidal cells upon GABAergic input by PV interneurons is 

diminished. Despite this raft of evidence, selective allosteric agonists at α1 subunit-containing GABA-

A receptors have not been convincingly demonstrated to improve cognition in schizophrenia, with 

triazolam and zolpidem even impairing cognitive performance in adult rhesus monkeys (Makaron et 

al., 2013). Clearly, novel targets within this disrupted microcircuit require investigation for the purposes 

of CIAS therapeutic targeting. 

 



65 
 

1.2.3.1 NMDAR hypofunction model of CIAS: scPCP rodent model 

The validity of any preclinical model employed to assess CIAS molecular targets and drug efficacy 

has an undeniable influence on the translational success of pharmacological interventions in clinical 

trials. Animal models can be evaluated in terms of how closely they replicate the disease clinical 

symptoms (face validity), theoretical neurobiological rationale and pathology (construct validity) and 

show the expected pharmacological response, or lack of it, to treatment by known antipsychotics and 

potential new therapies (predictive validity). The ambiguity around defining characteristics of 

psychiatric disorders presents a significant threat to preclinical validity: symptoms are challenging to 

reconstruct and accurately measure in animal models. A notable step toward achieving objectivity is 

the RDoC (Research Domain Criteria, supported by the National Institute of Mental Health, NIMH), 

which outline five distinct ‘domains’ of human behavioural symptoms. Using this framework, 

preclinical research can therapeutically target psychiatric conditions like schizophrenia by considering 

them as combinations of commonly defined behavioural components, rather than as complete disorders 

(Insel et al., 2010). 

Investigating novel therapeutic targets within the PV interneuron/pyramidal cell microcircuit 

requires a robust, clinically relevant animal model that replicates the behavioural and 

pathophysiological alterations observed in schizophrenia. As previously discussed, NMDAR 

hypofunction is a central hypothesis in the aetiology of schizophrenia, and non-competitive NMDAR 

antagonists such as phencyclidine (PCP), ketamine, and dizolcipine (MK-801) have been very effective 

in generating schizophrenia-like positive symptoms, negative symptoms, and cognitive deficits in 

rodents (Bondi et al., 2012; Frohlich and Van Horn 2014; Neill et al., 2010). In particular, chronic PCP 

abusers are commonly misdiagnosed with schizophrenia due to drug-induced hallucinations, and PCP 

administration also exacerbates symptoms in chronic schizophrenia patients (Luby et al., 1959; Allen 

and Young, 1978; Krystal et al., 1994; Itil et al., 1967). PCP is a ‘use-dependent’ antagonist, binding in 

a pore adjacent to the ion selectivity filter of the NMDAR which is only accessible when the channel is 

open (Ferrer-Montiel et al., 1998; Zheng et al., 1999). PCP also inhibits other ion channels, including 

voltage-dependent sodium and potassium channels and the nicotinic acetylcholine receptor, and 

membrane proteins, including the sigma-receptor and dopamine and noradrenaline transporters 

(Ffrench-Mullen and Rogawski, 1989; Vincent et al., 1983; Contreras et al., 1988; Pubill et al., 1998; 

Garey and Heath, 1976; Oswald et al., 1984). However, modulation of proteins beyond the NMDAR 

are not a major component of the effects of PCP, particularly at clinically relevant doses.  

Administration of PCP in rodents has shown face validity, generating a variety of schizophrenia-

associated behavioural phenotypes. Of particular relevance to the effective therapeutic targeting of 

CIAS is the ability of this model to mimic the chronic cognitive impairment and negative symptoms 

(Meltzer et al., 2013; Neill et al., 2014, 2016). Behavioural paradigms to assess negative symptoms 

such as social withdrawal and anhedonia use the social interaction, sucrose preference and forced swim 
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tests (Sams-Dodd, 1996). Cognitive deficits are assessed using a variety of assays designed to evaluate 

each of the cognitive domains impaired in schizophrenia (see Table 1). Acute, subchronic (2-14 days) 

and chronic (15 days or longer) administration of PCP have been widely shown to impair task 

performance in many of these cognitive domains, supporting the face validity of this model for CIAS.  

A) Working memory: The spontaneous alternation T maze, radial arm maze (RAM), Odor Span 

Task (OST), and Spatial Span Task (SST) require the storage, maintenance, and manipulation 

of information and thus measure working memory performance in animals. As assessed by the 

T maze, working memory impairment has been reported 2-10 days after withdrawal from 

subchronic PCP treatment (10 mg/kg/day intraperitoneal (i.p.) injections for 14 days) (Jentsch 

et al., 1997a). However, neither acute nor chronic doses of PCP were found to impair rat or 

mouse working memory performance in the RAM (Li et al., 2003, He et al., 2006).  

 

B) Attention: The 5-choice serial reaction (5-CSR) task measures sustained and divided attention. 

Acute (1.5 – 3 mg/kg via subcutaneous (s.c.) injections) and repeated (2 initial followed by 5 

consecutive doses at 2 mg/kg, s.c.) PCP dosing schedules were shown to impair performance 

in the 5-CSR task. Specifically, significant reductions in choice accuracy and correct 

responding indicated impaired attentional processing (Amitai et al., 2007). 

 

C) Visual learning and memory: subchronic PCP treatment (10 mg/kg/day i.p. injections for 5 – 

10 days) impaired spatial and non-spatial learning in object recognition tasks. Non-spatial 

learning deficits, as measured by the novel object recognition (NOR) task, persisted for at least 

6 weeks following PCP withdrawal (Mandillo et al., 2003; Hashimoto et al., 2005b). 

 

D) Problem solving: Reversal learning tasks and attentional set-shifting tasks (ASSTs) can be used 

to evaluate problem solving deficits. The attentional set-shifting task assesses the ability of 

animals to learn a rule and form a set within the same category (perform intra-dimensional 

shifts; ID e.g., within odour or texture) and shift attentional set between different categories 

(PFC-dependent extra-dimensional shift; ED e.g., from odour to texture; Birrell and Brown, 

2000). Selective disruption of ED shift has been found 24 hours after acute PCP treatment 

(2.58 mg/kg i.p injections) and 7 – 10 days following subchronic PCP treatment (2 – 5 mg/kg 

i.p. injections twice daily for 7 days), implying specific PFC dysfunction (Egerton et al., 2005; 

Rodefer et al., 2005; McLean et al., 2008). Operant reversal learning tests have also revealed 

impaired problem-solving following acute (1.0 and 1.5 mg/kg i.p. injections) and subchronic 

(2 mg/kg i.p. injections twice daily for 7 days) PCP treatment, with the latter regime inducing 

deficits selective for the reversal phase (not impacting initial phase performance) and persisting 
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1 week after PCP withdrawal (Abdul-Monim et al., 2006a, b).  

 

E) Processing speed: In addition to assessing attention, the 5-CSR task also measures speed of 

cognitive processing as the time taken from presentation of the stimulus to the animal making 

a correct response (correct latency). Acute (1.5 – 3 mg/kg via subcutaneous (s.c.) injections) 

and repeated (2 initial followed by 5 consecutive doses at 2 mg/kg, s.c.) PCP dosing regimes 

were shown to increase correct latency in the 5-CSR task (Amitai et al., 2007). 

 

F) Social cognition: The social interaction task measures social cognition as a variety of 

behaviours displayed by an animal in the presence of an unfamiliar conspecific. Social 

behaviour deficits have been reported following several subchronic PCP treatment regimes in 

rats (2 mg/kg i.p. injections twice daily for 7 days; 10 mg/kg once a day for 15 days) (Snigdha 

and Neill, 2008a, b; Audet et al., 2009) and during withdrawal from chronic PCP treatment (10 

mg/kg once a day for 14 days) in mice (Qiao et al., 2001).  

In addition to the cognitive deficits induced by PCP treatment, neurophysiological alterations are 

generated that closely resemble those of schizophrenia, demonstrating construct validity. Not only was 

basal or stress-induced PFC dopamine utilisation reduced following subchronic PCP administration in 

mice, rats and monkeys, but the key disease-associated neuronal population, PV GABAergic 

interneurons, have also shown PCP-induced alterations (Noda et al., 2000; Jentsch et al., 1997a, b; 

Cadinu et al., 2018). Long-lasting expression deficits of PV interneurons following PCP-induced 

NMDAR antagonism have been reported in the prefrontal, primary somatosensory, motor and 

retrosplenial cortices, as well as in the hippocampus (Abdul-Monim et al., 2007; Jenkins et al., 2010; 

McKibben et al., 2010; Cochran et al., 2003; Reynolds et al., 2004; Abdul-Monim et al., 2006; Wang 

et al., 2008). This is consistent with the loss of PV expression seen in these brain regions of 

schizophrenia patients (Beasley and Reynolds, 1997; Hashimoto et al., 2003; Reynolds et al., 2004). 

The PFC of PCP-treated mice also showed reduced levels of extracellular glutamate and, relatedly, 

increased expression of the glial glutamate transporter GLAST (Murai et al., 2007). 

Moreover, Cochran et al. (2003) reported chronic PCP treatment to result in reduced metabolic 

activity in the PFC, reticular nucleus of the thalamus and auditory system, parallel to the hypofrontality 

of schizophrenia (Wolkin et al., 1992). Notably, whilst antipsychotic treatment could reverse this 

hypometabolism in other regions, this was not apparent in the PFC. This supports the predictive validity 

of PCP treatment; the model reflects the efficacy of these drugs against the positive symptoms, but not 

PFC-associated cognitive deficits, seen in schizophrenia patients. Neurodegenerative changes have also 

been observed following preclinical PCP administration, with reduced cortical thickness and grey 

matter density and a 41.2% decline in the amount of PFC synapses (Hajszan et al., 2006; Barnes et al., 

2015a). This aligns with the consistently reported cortical thinning in schizophrenia patients, evidenced 
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to be associated with cognitive deficits (Figure 1; Xie et al., 2019; Planchuelo-Gómez et al., 2020; 

Haijma et al., 2013). Finally, other PFC-related changes induced by PCP treatment include reduced 

levels of the neuronal integrity marker N-acetylaspartate (NAA) and disrupted learning-associated 

phosphorylation of intracellular signalling molecules CaMK and ERK (Enomoto et al., 2005; Mouri et 

al., 2007a; Murai et al., 2007; Reynolds et al., 2005; Cadinu et al., 2018). 

Based on this existing literature, our group have developed a preclinical model for CIAS using a 

subchronic dosing regimen of PCP in rats. Female Lister-Hooded rats receive twice daily i.p. 

administration of 2 mg/kg PCP for 7 days, followed by a 6-week drug washout period (Neill et al., 

2010, 2014, 2016). The decision to employ subchronic PCP administration was informed by previous 

research illustrating that compared with acute treatment, subchronic dosing with PCP not only provides 

a broader time frame to assess long-lasting alterations, but also induces more overt and sustained 

neurochemical, neuroanatomical, and behavioural changes that more accurately mirror clinical 

pathologies (Jentsch and Roth, 1999). Indeed, subchronic but not acute PCP exposure evoked locomotor 

sensitisation and working memory deficits accompanied by chronic dopaminergic alterations and 

disruption of thalamocortical networks (Castañé et al., 2015; Jentsch et al., 1997a,b). Experiments in 

this thesis assessed the delayed phase of the PCP response after 6 weeks (rather than the initial phase) 

as acute preclinical PCP administration causes an initial increase in excitation, gene expression and 

metabolic activity in the PFC, which subsequently decline after a delay. Diminished, rather than 

elevated, PFC activity is observed in the clinical condition, implying that the initial response to PCP is 

less relevant to schizophrenia than the delayed response (Gao et al., 1998; Suzuki et al., 2002; 

Vollenweider et al., 1997; Gao et al., 1993). Furthermore, the relatively low dose of 2 mg/kg is used 

here considering the distinct neurodegenerative changes observed following high PCP doses in rodents 

relative to post-mortem schizophrenia brains, localised to pyramidal cells rather than interneuron-

specific degeneration, respectively (Olney et al., 1989). Lower doses of PCP therefore appear to be 

more relevant for modelling schizophrenia. This is supported by the reduced PFC PV expression and 

attention set-shifting deficits observed following low-dose PCP administration (Egerton et al., 2005; 

Birrell and Brown, 2000; Cochran et al., 2002). Finally, the exclusive use of female animals in this 

project is based on previous literature demonstrating that PCP sensitivity and performance in cognitive 

tasks are superior in female compared to male rats (Grayson et al., 2007; Sutcliffe et al., 

2007; Wessinger, 1995; Nabeshima et al., 1984).  

The subchronic PCP (scPCP) model does have limitations which must be acknowledged. Firstly, 

different NMDAR antagonists produce distinct, drug-specific disturbances, implicating mechanisms 

other than NMDAR blockade in the behavioural effects of PCP (Dix et al., 2010; Seillier and 

Giuffrida, 2009). Indeed, the working memory and social interaction deficits induced by scPCP 

treatment were not observed following MK-801 administration (Seillier and Giuffrida, 2009). The 

cognitive effects promoted by excitotoxin-induced medial PFC disruption were also vastly different 
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from those observed following scPCP treatment, as shown by disparate performance in NOR and 

object-location tasks (McAllister et al., 2015). Moreover, conflicting reports on PCP-induced 

dopaminergic alterations have prompted uncertainty on how well the scPCP model replicates the 

dopaminergic component of schizophrenia, although this may not be especially relevant to cognitive 

functioning (Balla et al., 2003; Cochran et al., 2003; Abdul-Monim et al., 2007; Jenkins et al., 

2008; McKibben et al., 2010; Jentsch et al., 1997a, b). Lastly, in exclusively treating adult rats the 

scPCP model neglects the undeniable genetic and developmental aspects of CIAS; aberrant 

neurodevelopment is considered a core aetiological mechanism of schizophrenia (Cadinu et al., 2018). 

Despite this, the scPCP model robustly replicates many of the behavioural and pathophysiological 

aspects implicated in CIAS and is therefore an appropriate model for investigations in this thesis.  

 

1.2.3.2 The role of the mGlu5 receptor 

Whilst CIAS treatment efforts directed at the NMDAR and other mGlu receptors have been so far 

unsuccessful for several reasons, the mGlu5 receptor emerges as an incredibly attractive therapeutic 

target. The mGlu5 receptor is primarily expressed postsynaptically in both GABAergic interneurons 

and pyramidal neurons in the cortex and hippocampus, meaning it is strategically located within the 

schizophrenia-implicated excitatory/inhibitory microcircuit (Abe et al., 1992; Swanson et al., 2005). It 

is also coupled to the NMDAR via intracellular signalling mechanisms and scaffold proteins such as 

Homer and Shank, meaning that mGlu5 receptor activation potentiates NMDAR-evoked responses in 

the cortex and other regions (Figure 7; Doherty et al., 1997; Pisani et al., 1997; Awad et al., 2000; 

Attucci et al., 2001; Mannaioni et al., 2001; Maksymetz et al., 2017). This physical and functional 

interaction between mGlu5 and NMDA receptors is even apparent at a behavioural level, with mGlu5 

receptor antagonists compounding the effects of NMDAR antagonists on hyperlocomotion, disruption 

of prepulse inhibition and working memory (Henry et al., 2002; Kinney et al., 2003; Homayoun et 

al., 2004).  

The involvement of the mGlu5 receptor in the learning and memory processes that are impaired in 

schizophrenia is due to its ability to induce long-term potentiation (LTP) and long-term depression 

(LTD) at key glutamatergic synapses, along with chronic changes in neuronal excitability (Kullmann 

and Lamsa, 2008; Barch and Ceaser, 2012; Mukherjee and Manahan-Vaughan, 2013). LTP and LTD 

refer to the activity-dependent strengthening and weakening, respectively, of synaptic transmission, 

thought to underlie learning and memory. Briefly, stimulation of the mGlu5 receptor induces LTD 

independently of the NMDAR via the dephosphorylation and endocytosis of synaptic AMPA receptors 

in a translation- and Arc-dependent manner (Lüscher and Huber, 2010). mGlu5 receptor activation can 

also induce LTP at excitatory synapses by inducing CAMKII and PKC-mediated AMPA receptor 
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phosphorylation, trafficking additional AMPA receptors to the postsynaptic membrane, and reducing 

the activity of potassium channels (Frenguelli et al., 1993; Tigaret et al., 2016). 

The importance of the mGlu5 receptor in these neurological and behavioural functions has been 

reinforced by preclinical studies employing pharmacological blockade and genetic deletion of the 

receptor. Administration of mGlu5 receptor selective NAMs such as MPEP or MTEP evoke behavioural 

deficits resembling those of schizophrenia, including impaired social interactions, working memory, 

instrumental learning, sensory processing, executive function, locomotor activity, and prepulse 

inhibition, whilst also potentiating behavioural deficits induced by NMDAR antagonists (Campbell 

et al., 2004; Henry et al., 2002; Pietraszek et al., 2005; Vales et al., 2010; Vollenweider et al., 1998, Zou 

et al., 2007; Koros et al., 2007; Swedberg et al., 2014; Homayoun et al., 2004; Kinney et al., 2003). 

These NAMs also impair synaptic plasticity by inhibiting LTP (Manahan-Vaughan and Braunewell, 

2005). Furthermore, knockout of the GRM5 gene encoding the mGlu5 receptor generates a 

schizophrenia-like behavioural phenotype with deficits in sensorimotor gating, short-term memory, and 

locomotion (Brody et al., 2003; Burrows et al., 2015; Chiamulera et al., 2001; Gray et al., 2009; Lu 

et al., 1997; Brody et al., 2004). Many authors have attributed these behavioural deficiencies to 

disruption of mGlu5 receptor-mediated NMDAR activity, with deficits in NMDAR-dependent memory 

tasks and LTP in grm5 knockout mice (Jia et al., 1998; Lu et al., 1997). Moreover, Luoni et al. (2018) 

reported GRM5 deletion to significantly reduce mRNA levels of the NMDAR subunits GluN1, 

GluN2A, and GluN2B in the PFC and hippocampus.  

Literature investigating expression of the mGlu5 receptor in schizophrenia patients presents 

opposing conclusions. The GRM5 gene has been proposed as one of the top candidate genes for 

Figure 7. The physical coupling of the mGlu5 receptor to the NMDAR via the scaffold proteins Preso1, Homer, Shank, 

PSD-95 and GKAP. In addition to physical coupling, the mGlu5 receptor is also functionally coupled to the NMDAR via 

intracellular signalling pathways, as described in section 3.1. Key: NMDA, N-methyl-D-aspartate; mGlu5, metabotropic 

glutamate receptor 5; PSD-95; postsynaptic density protein 95; GKAP, guanylate kinase-associated protein; Shank, SH3 And 
Multiple Ankyrin Repeat Domains 3 protein; Homer, Homer scaffold protein; Preso1, FERM and PDZ domain containing 4 
protein. Figure created with BioRender.com.  
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schizophrenia vulnerability; polymorphisms in this gene are associated with impaired cognition in 

schizophrenia patients (Timms et al., 2013; St Clair et al., 1990; Kordi-Tamandani et al., 2013; Devon 

et al., 2001; Matosin et al., 2017; Matosin et al., 2018). mGlu5 receptor-associated trafficking proteins 

such as Tamalin and Norbin, scaffold proteins, and pathways in postsynaptic density (PSD) such as 

PSD-95, Shank and Homer, all suffer alterations in schizophrenia (Iasevoli et al., 2014; Matosin et al., 

2015; O’Dushlaine et al., 2015; Purcell et al., 2014; Szatkiewicz et al., 2014). In relation to behavioural 

symptoms, assessment of mGlu5 receptor protein levels in individuals with schizophrenia have shown 

lower mGlu5 receptor binding potential in the left temporal cortex to be associated with an increased 

severity of negative symptoms and worse cognitive performance (Régio Brambilla et al., 2020). 

Moreover, Wang et al. (2020) reported explicit evidence for reduced mGlu5 receptor signalling in the 

post-mortem PFC of schizophrenia patients, as shown by increased receptor desensitisation via tyrosine 

hyperphosphorylation, reduced receptor coupling to Gαq/11, Homer, and PI3K, and reduced receptor 

association with adaptor and scaffold proteins, such as RGS4, Norbin, Preso 1, and Tamalin. By 

contrast, other studies have failed to identify significant changes in GRM5 expression in the PFC, 

hippocampus, thalamus, and striatum of schizophrenia subjects (Fatemi et al., 2013; Gupta et al., 

2005; Matosin et al., 2015; Ohnuma et al., 2000; Ohnuma et al., 1998; Richardson-Burns et al., 2000; 

Volk et al., 2010). mGlu5 receptor protein levels measured by immunoblot and distribution volume 

ratio assessed by PET were also unaltered in schizophrenia post-mortem tissue (Akkus et al., 2017; 

Corti et al., 2011; Gupta et al., 2005; Matosin et al., 2013). Finally, some authors have reported 

contrasting changes in mGlu5 receptor mRNA expression relative to protein levels in schizophrenia 

subjects. Several studies found levels of mGlu5 receptor mRNA in the PFC to be unchanged in 

schizophrenia, whilst protein levels in this region were significantly altered. This was accompanied by 

reduced expression of regulatory proteins Norbin, Tamalin and Preso1 and a loss of association between 

the mGlu5 receptor protein and its mRNA and endogenous regulators, implying a dysregulation of 

mGlu5 receptor synthesis, degradation, or regulation (Matosin et al., 2015; Fatemi et al., 2013). Overall, 

mRNA and protein changes in the mGlu5 receptor associated with schizophrenia appear complex and 

not well understood.  

One explanation for the ambiguous findings from these post-mortem studies is that many measured 

the overall expression of the mGlu5 receptor rather than examining the receptor in a cell-type specific 

manner, thus significant alterations could have been masked. Considering that the leading hypothesis 

for schizophrenia highlights dysfunction of fast-spiking PV GABAergic interneurons, it seems more 

valuable to investigate changes in the mGlu5 receptor localised to these interneurons. A growing body 

of evidence substantiates the hypothesis of mGlu5 receptor alterations in this microcircuit. Barnes et al. 

(2015b) demonstrated that mice subjected to knock-out of mGlu5 receptors specifically in PV 

GABAergic interneurons not only show impaired recognition memory (indicated by reduced NOR 

exploration), but also compromised development and functioning of this inhibitory circuit. There was 
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a significant reduction in the overall number of PV-expressing cells and in synaptic activity. Moreover, 

mGlu5 receptor knockout mice have shown significantly reduced mRNA and protein levels of PV, 

GAD65, GAD67, AMPA, and NMDA receptor subunits in the PFC, whilst ketamine-induced deficits 

of GAD67 in primary cultures of PV GABAergic interneurons were alleviated by an mGlu5 receptor 

PAM (Kinney et al., 2006; Luoni et al., 2018). These findings verify the importance of mGlu5 receptor 

signalling in cortical PV GABAergic interneurons at a cellular, network, and behavioural level. 

Numerous authors have noted that the mGlu5 receptor not only plays a critical role in the adult 

functioning of these interneurons, but also in their maturation. The expression of this receptor is 

relatively high during postnatal development and then progressively declines to reach adult levels 

(Catania et al., 1994). This mirrors the pattern of mGlu5 receptor-mediated polyphosphoinositide (PI) 

hydrolysis (leading to intracellular Ca2+ mobilization and protein kinase C activation), which peaks in 

the cortex during the first 7 – 9 days of postnatal development before declining thereafter (Nicoletti et 

al., 1986). The mGlu5 receptor also triggers the developmental NMDAR subunit switch from NR2B to 

NR2A, thus impacting the development and maturation of GABAergic circuits, and facilitates other 

aspects of brain development such as stem cell proliferation and migration (Gerevini et al., 2004; Matta 

et al., 2011; Paoletti et al., 2013). Given this evidence, it seems plausible that reduced expression and/or 

activity of the mGlu5 receptor during early development would have a detrimental impact on the 

maturation of cortical PV GABAergic interneurons and functional NMDAR and GABAergic circuitry, 

thus disrupting the establishment of an excitatory/inhibitory signalling balance in the cortex and 

hippocampus. This could also explain the lack of mGlu5 receptor alterations observed in post-mortem 

studies of the adult schizophrenia brain – permanent network disruption may have already occurred due 

to mGlu5 receptor abnormalities early in life. It is also important to note here that a lack of mGlu5 

receptor disturbance in adulthood arguably makes the receptor an even more attractive therapeutic target 

for CIAS, since GABAergic/glutamatergic signalling could be successfully corrected by an 

unobstructed interaction between modulatory compounds and the receptor.  

 

1.3 Pharmacological targeting of the mGlu5 receptor  

1.3.1 Features of the mGlu5 receptor 

As described earlier (Table 5), the mGlu5 receptor is a Group I mGlu receptor predominantly 

localised postsynaptically on pyramidal cells and interneurons of the cortex (Marek et al., 

2010; Niswender and Conn, 2010; Nyilas et al., 2009). The mGlu5 receptor is also expressed on 

hippocampal and striatal neurons, other populations associated with schizophrenia pathophysiology 

(Romano et al., 1995). Outside of these regions, the receptor can also be found in the nucleus 

accumbens, lateral septum, hypothalamus and amygdala, as well as on non-neuronal cells such as 

astrocytes, oligodendrocytes, microglia, and stem progenitor cells (Balázs et al., 1997; Melchiorri et al., 
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2007;  Pietraszek et al., 2005; Tasker et al., 1998; Van Den Pol et al., 1995). In addition to CNS 

expression, data imply the presence of the mGlu5 receptor in various peripheral regions. The receptor 

has a well-established role in nociceptive transmission in the periphery (Bhave et al., 2001; Walker et 

al., 2001) and has also been found in insulin-containing vesicles purified from clonal pancreatic beta-

cells, rat and human testis, murine thymocytes, and thymic stromal cells (Storto et al., 2000, 2001, and 

2006). Additionally, mGlu5 receptor expression is evidenced in the gastrointestinal tract as well as 

accessory digestive organs such as the liver and pancreas (reviewed by Ferrigno et al., 2017). 

Importantly, the mGlu5 receptor shows more selective CNS distribution relative to other glutamate 

receptors such as the NMDAR, allowing for more specific pharmacological modulation of 

glutamatergic dysfunction without widespread, potentially adverse effects (Newell, 2013). 

Structurally, the mGlu5 receptor protein consists of an N-terminal agonist binding site, the Venus-

fly-trap domain (VFTD), and is anchored to the cell membrane by a 7-transmembrane domain (7TMD), 

within which most allosteric modulators bind (Francesconi and Duvoisin, 1998; Rondard et al., 2006). 

The second loop of the 7TMD also plays a role in G-protein coupling and activating subsequent effector 

proteins (Francesconi and Duvoisin, 1998; Gomeza et al., 1996; Pin et al., 1994). The N-terminus and 

7TMD are connected by a highly conserved cysteine rich domain (Rondard et al., 2006). Finally, the 

C-terminal cytoplasmic carboxy tail of the mGlu5 receptor extends intracellularly and is comprised of 

binding motifs for regulatory scaffold proteins (Mary et al., 1998; Prézeau et al., 1996; Tu et al., 1999). 

Notably, this intracellular cytoplasmic tail differs between mGlu5 receptor splice variants. The mGlu5 

receptor is encoded by the gene GRM5 located on chromosome 11, which contains 8 exons and 7 introns 

that span over 49,000 base pairs (Corti et al., 2003). This gene can yield three potential splice variants: 

the mGlu5a receptor is highly expressed in the postnatal rat brain and thus posited to be significant in 

early developmental processes (Minakami et al., 1995). The mGlu5b receptor is more abundant in the 

adult brain than mGlu5a and contains a 32 amino-acid insertion in the C-terminal tail (Romano et al., 

1996a). A lesser investigated variant, the mGlu5d receptor, has a shorter C-terminus, lacking 267 amino 

acids relative to the mGlu5a receptor subtype (Malherbe et al., 2002). Whilst the pharmacological 

profiles of these splice variants do not seem to differ, the distinct C-terminal sequences suggests that 

each isoform interacts with different regulatory proteins and may even be differentially expressed 

according to cell type (Mion et al., 2001; Pin et al., 1992). Moreover, the balance between expression 

of mGlu5a and mGlu5b receptors appears to be particularly important during brain maturation, since 

the mGlu5a receptor suppresses neuronal development whilst the mGlu5b receptor promotes neurite 

expansion (Mion et al., 2001).  
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As a Group I mGlu receptor, the mGlu5 receptor is primarily coupled to Gαq/11 (although the receptor 

is also associated with Gαs and Gαi/o). Illustrated in Figure 8, canonical Gαq/11 signalling activates 

phospholipase C (PLC) which initiates conversion of PI to inositol 1,4,5-triphosphate (IP3) and 

subsequent mobilisation of intracellular calcium (Abe et al., 1992). Activated PLC also produces 

diacylglycerol (DAG), which combines with intracellular calcium to initiate phosphorylation of protein 

kinase C (PKC). The downstream PKC cascade stimulates activation of MAPK, ERK1/2 and BDNF 

pathways, and leads to downstream modulation of numerous ion channels, transcription factors 

(including Elk-1, cAMP response element binding-protein and c-Jun) and genes involved in LTD, such 

as Arc (Hermans and Challiss, 2001; Conn et al., 2009a; Ribeiro et al., 2010; Rush et al., 

2002; Gallagher et al., 2004; Wang et al., 2007). mGlu5 receptor activation can additionally trigger the 

phosphatidyl-inositol-3kinase (PI3K) pathway, which results in the activation of the mammalian target 

of raptamycin, mTOR, via the second messenger AKT and also mediates LTD (Chan et al., 1999; Hou 

and Klann, 2004). The relative contribution of each pathway upon mGlu5 receptor activation is not 

fixed, varying depending on cell-type, brain region, and ligand binding (Trinh et al., 2018). Moreover, 

a proportion of mGlu5 receptors are expressed on intracellular membranes of the endoplasmic reticulum 

and nucleus, where they are activated by intracellularly-transported glutamate and trigger PI hydrolysis, 

activation of IP3 receptors, and calcium release within the respective compartment (Jong et al., 2005; 

Kumar et al., 2008; Hubert et al., 2001; Jong et al., 2014; Lopez-Bendito et al., 2002; O’Malley et al., 

2003). 

Figure 8. Graphic illustrating the intracellular signalling pathways downstream of mGlu5 receptor activation. mGlu5 
receptor-Gαq/11 coupling stimulates phospholipase C (PLC) to generate inositol‐1,4,5‐triphosphate (IP3), resulting in 
intracellular calcium mobilisation. Activated PLC also produces DAG, which phosphorylates PKC, MAPK and ERK and 
impacts ion channel signalling. mGlu5 receptor stimulation can alternatively stimulate the phosphatidyl-inositol-3kinase 

(PI3K) pathway, phosphorylating AKT and activating the mammalian target of rapamycin (mTOR). Key: PLC, 
phospholipase C; DAG, diacylglycerol; PKC, protein kinase C; MAPK, mitogen-activated protein kinase; ERK, 
extracellular signal-regulated kinase; IP3, Inositol trisphosphate 3; PI3K, phosphatidylinositol-3 kinase; AKT, 
Ak strain transforming; mTOR, mammalian target of raptomycin; Homer1, Homer scaffold protein 1. Created 
with BioRender.com. 
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As previously described (and depicted in Figure 7), mGlu5 receptors are also distinctly coupled to 

the NMDAR both physically, via scaffold proteins including Homer (through Preso1), SHANK and 

GKAP-PSD95, and functionally, via intracellular signalling pathways (Yu et al., 1997; Harvey and 

Collingridge, 1993; Aniksztejn et al., 1991; Pietraszek et al., 2005). In addition to stimulating MAPK 

and ERK pathways, mGlu5 receptor-mediated PKC activation also stimulates the phosphorylation of 

the Src protein (via Pyk2/CAKβ), which in turn directly potentiates the NMDAR. The NMDAR also 

regulates activity of the mGlu5 receptor via extracellular calcium influx through the NMDAR ion 

channel. This not only triggers further release of calcium from intracellular stores and thus promotes 

mGlu5 receptor downstream signalling, but also provides negative feedback by activating calcium-

dependant protein phosphatase 2B/calcineurin (PP2B/CaN), which dephosphorylates the mGlu5 

receptor (Matosin and Newell, 2013).  

Finally, there are numerous mechanisms designed to modulate the signalling and function of mGlu5 

receptors. One form of regulation is enzymatic activity at the mGlu5 receptor phosphorylation sites by 

G-protein-coupled receptor kinase 2 and 3 (GRK2 and GRK3), protein phosphatases, and tyrosine 

kinases, which alter the desensitisation of the mGlu5 receptor (Mao et al., 2008a; Sorensen and Conn, 

2003). Another modulatory mechanism is the coupling of mGlu5 receptor intracellular domains to 

endogenous molecules that modulate receptor trafficking, cell-surface expression, protein-protein 

coupling, and internalisation (Ellis and Van der Vies, 1991; Hartl, 1996). For example, Norbin, Tamalin 

and calmodulin bind directly to the C-terminal tail of the mGlu5 receptor to regulate surface expression 

and trafficking (Wang et al., 2009; Kitano et al., 2002; Lee et al., 2008). Preso1 binds to the receptor 

and to kinases, modulating receptor phosphorylation, and RGS4 activates GTPase and inhibits G-

protein signalling (Saugstad et al., 1998; Hu et al., 2012).  

1.3.2 Modulation: mGlu5 receptor positive allosteric modulators (PAMs) 

Strategies to pharmacologically modulate the mGlu5 receptor have targeted either the orthosteric or 

allosteric regions. The orthosteric or glutamate-binding site of the mGlu5 receptor is located within the 

extracellular N-terminal domain and is highly conserved among mGlu receptor subtypes (Conn and Pin, 

1997). As such, efforts to develop highly selective, subtype-specific orthosteric agonists of the mGlu5 

receptor have been unsuccessful; administration of the selective Group I mGlu receptor agonist, 3,5-

DHPG induced seizures and neurotoxicity (Tizzano et al., 1995; Camon et al., 1998; Thomsen and 

Dalby, 1998). Other limitations of mGlu5 receptor agonists include poor brain penetrance and rapid 

receptor desensitisation, therefore they do not possess suitable pharmacokinetic properties for 

therapeutic application (Aronica et al., 1993; Gereau and Heinemann, 1998). These issues have been 

addressed by the development of small molecule allosteric modulators that do not couple with the 

orthosteric site, instead binding to a distinct and subtype-unique allosteric pocket within the 7TMD of 

the mGlu5 receptor (Wu et al., 2014). Unlike traditional agonists, mGlu5 receptor PAMs do not directly 
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activate the receptor but potentiate the response of the receptor to activation by glutamate (Chen and 

Conn, 2008; Conn et al., 2009b). As such, PAMs offer superior subtype selectivity for the mGlu5 

receptor relative to orthosteric agonists and also enable functional fine-tuning in that receptor activation 

is controlled by endogenous glutamate release. Thus, they are less likely to induce receptor 

internalisation and have a safer side-effect profile. This implies that mGlu5 receptor PAMs could offer 

an exciting therapeutic strategy for CIAS (Walker and Conn, 2015). Existing literature on a selection 

of mGlu5 receptor PAMs that have been characterised is summarised in Table 6 and discussed briefly 

below. The differing chemical structures of some key PAMs are illustrated in Figure 9.  

Table 6. Summary of existing literature on a selection of characterised mGlu5 receptor PAMs. Whilst most of these 

PAMs are evidenced to induce cognitive improvements, network-level effects and neuroprotection, the compounds differ in 

their allosteric binding sites, potency, solubility, oral availability and selective potentiation of the NMDA receptor and 

signalling pathways downstream of the mGlu5 receptor.  Key: MPEP, 2-Methyl-6-(phenylethynyl)pyridine; NMDA, N-

methyl-D-aspartate; Aβ, amyloid-beta; HD, Huntington’s disease; NOR, novel object recognition; AKT, Ak strain 

transforming; ERK, extracellular signal-regulated kinase; PAM, positive allosteric modulator; mGlu5, metabotropic glutamate 

receptor 5; NAM, negative allosteric modulator; AD, Alzheimer’s disease; IL, interleukin; PKC, protein kinase C; PLC, 

phospholipase C; DMSO, dimethyl sulfoxide; PFC, prefrontal cortex; PK, pharmacokinetic; LTD, long-term depression; LTP, 

long-term potentiation; PI3K, phosphatidylinositol-3 kinase; GABA-A, gamma-aminobutyric acid A receptor; GAT-1, GABA 

transporter 1; PI, polyphosphoinositide. 

mGlu5 

receptor 

PAM 

Evidenced effect Reference(s) 

CHHPA Acts at a non-MPEP binding site on the mGlu5 receptor  Chen et al., 2008; 
O’Brien et al., 
2004 

Potentiated NMDAR currents in hippocampal slices Ja et al., 2004; 
Zhao et al., 2007 

Not sufficiently potent or soluble in physiological buffers Niswender and 
Conn, 2010 

CDPPB Enhanced spatial memory in the Morris water maze; 

attenuated MK-801-induced spatial memory impairments in 

place preference and spatial-aversive learning 

Ayala et al., 2009; 
Fowler et al., 

2011; Vales et al., 
2010 

Reversed MK-801-induced deficit in cognitive flexibility in 

set-shifting tasks 

Darrah et al., 
2008; LaCrosse et 
al., 2015; Stefani 
and Moghaddam, 
2010 

Reversed MK-801-induced motor hyperactivity but not 

impaired set-shifting 

Miller-Rhodes et 
al., 2022 

Rescued amyloid beta (Aβ)-, MK-801- , methamphetamine-, 

HD mutation- and dysbindin-1 mutation-induced memory 

deficits in the NOR task and improved NOR in control rats 

Bellozi et al., 
2019; Bhardwaj et 
al., 2015; Doria et 
al., 2013; Uslaner 
et al., 2009 

Reversed PCP- and MK-801-induced impairment in social 

novelty discrimination  

Clifton et al., 2013 

Enhanced performance in a delayed-alternation T maze  Fowler et al., 2013 



77 
 

Partially prevented microgliosis and astrogliosis in a 

transgenic AD model and attenuated microglial activation in 

vitro 

Bellozi et al., 
2019; Xue et al., 
2014 

Increased levels of IL-2, IL-6 and IL-17A cytokines and 

reduced IL-10 levels following Aβ injection in an AD model  

Bellozi et al., 2019 

Inhibited sulphur-dioxide induced neurotoxicity in an AKT-

dependent manner: reduced protein radical and nitric oxide 

generation in neurons and microglia 

Guan et al., 2015 

Neuroprotective effects in an in vitro traumatic brain injury 

model were mediated by PKC-dependent activation of the 

ERK pathway 

Chen et al., 2012 

Protected neurons from glutamate- and NMDA-induced 

neuronal cell death in HD mouse model in an AKT-

dependent manner  

Doria et al., 2013 

Reduced fibrinogen-mediated neurotoxicity and ERK1/2 

phosphorylation in neuronal cultures and downregulated 

fibrinogen-mediated microglial activation 

Piers et al., 2011 

Binds at the MPEP (mGlu5 receptor NAM) binding site with 

weak affinity 

Zhao et al., 2007 

Indirectly decreased PFC glutamatergic tone: attenuated 

MK-801-induced neuronal activity and spontaneous burst 

firing in freely moving rats 

Lecourtier et al., 
2007 

Activated AKT and ERK1/2 without promoting intracellular 

calcium ion release  

Bradley et al., 
2009; Chen et al., 
2012; Doria et al., 

2013 

At higher concentrations, exhibited agonist-like activity and 

is ineffective in improving NOR memory due to excessive 

NMDAR activation 

Kinney et al., 
2005; Uslaner et 
al., 2009 

Repeated administration leads to mGlu5 receptor 

desensitisation and internalisation in the cortex 

Parmentier-
Batteur et al., 
2012 

Indirectly activates NMDARs via PKC-dependent pathway Chen et al., 2011; 
Zhao et al., 2007 

Lacks solubility in many vehicles and has a poor PK profile: 

requires dosing in DMSO which can affect in vivo data 

de Paulis et al., 
2006 

DFB Attenuated ketamine-induced NOR impairment in 

combination with an mGlu5 receptor agonist but had no effect 

on NOR alone  

Chan et al., 2008 

Improved spatial alternation retention Balschun et al., 
2006 

Binds at the MPEP (mGlu5 receptor NAM) binding site Zhao et al., 2007 

Protected neurons from glutamate- and NMDA-induced 

neuronal cell death in HD mouse model in an AKT-

dependent manner 

Doria et al., 2013 

Activated AKT and ERK1/2 without promoting intracellular 

calcium ion release  

Zhang et al., 2005; 
Doria et al., 2013 
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Not sufficiently potent or soluble in physiological buffers Niswender and 
Conn, 2010 

Indirectly activates NMDARs via PKC-dependent pathway Chen et al., 2011; 

Zhao et al., 2007 

ADX47273 Enhanced spatial memory in the Morris water maze Ayala et al., 2009; 
Xu et al., 2013 

Increased NOR performance by increasing ERK1/2 

phosphorylation  

Liu et al., 2008 

Reversed PCP- and MK-801-induced impairment in social 

novelty discrimination  

Clifton et al., 2013 

Attenuated MK-801-induced increase in impulsivity and 

attentional impairment in the five-choice serial reaction time 

task 

Isherwood et al., 
2015 

Potentiated threshold TBS-induced LTP in hippocampus 

(dependent on NMDAR activation) 

Ayala et al., 2009 

Increased extracellular glutamate efflux in the PFC Isherwood et al., 
2018 

Lacks solubility in many vehicles and has a poor PK profile: 

requires dosing in DMSO which can affect in vivo data 

de Paulis et al., 

2006 

BMS-

955829 

Improved NOR memory and reversed MK-801-induced 

deficits in set-shifting performance 

Yang et al., 2016 

Low glutamate fold shift (low glutamate receptor affinity in 

the presence of PAM); decreased risk of convulsions  

Yang et al., 2016 

Induced liver injury in toxicology studies  Degnan et al., 
2016 

BMS-

952048 
Lacks agonist activity and has a low glutamate fold shift (low 

glutamate receptor affinity in the presence of PAM); decreased 

risk of convulsions  

Huang et al., 2016 

Showed efficacy in rodent-based cognition model Huang et al., 2016 

BMT-

145027 
Does not bind at MPEP or CPPHA allosteric sites Hill et al., 2016 

Lacks agonist activity and has a low glutamate fold shift (low 

glutamate receptor affinity in the presence of PAM); decreased 

risk of convulsions 

Hill et al., 2016 

Improved NOR; first non-MPEP site PAM to show in vivo 

efficacy 

Hill et al., 2016 

VU-29 Enhanced spatial memory in the Morris water maze  Ayala et al., 2009 

Potentiated threshold TBS-induced LTP in hippocampus 

(dependent on NMDAR activation) 

Ayala et al., 2009 

Potentiated DHPG-induced LTD and stimulus-induced 

NMDAR-independent LTD  

Ayala et al., 2009 

Increased feedforward inhibition in the PFC: reduced 

carbachol-induced spiking activity and increased spontaneous 

inhibitory postsynaptic currents 

Pollard et al., 2014 

VU-1545 Protected neurons from glutamate- and NMDA-induced 

neuronal cell death in HD mouse model in an AKT-

dependent manner 

Doria et al., 2013 

Attenuated microglial activation in vitro Xue et al., 2014 
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VU0409551 Binds to the MPEP allosteric site, is highly selective and 

orally bioavailable  

Conde-Ceide et 
al., 2015 

No ago-PAM activity so avoids risk of epileptiform activity Conde-Ceide et 
al., 2015 

High efficacy and large fold-shift, but did not induce seizures 

in rodents at high or chronic doses 

Rook et al., 2015 

Rescued NOR impairment in a HD mouse model  Doria et al., 2018 

Restored contextual fear memory and NOR Balu et al., 2016; 
Conde-Ceide et 
al., 2015 

Reduced stress-induced deficits in PFC layer V pyramidal 

neuron mGlu3/mGlu5 receptor LTD and reversal learning via 

the PI3K/AKT signalling pathway 

Joffe et al., 2019 

Increased mGlu5 receptor expression and potentiated 

intracellular signalling pathways; upregulated synaptic 

plasticity-associated genes; increased density of mature 

spines and presynaptic terminals  

Doria et al., 2018 

Increased GABA-A-dependent inhibitory tone in PFC 

pyramidal neurons to potentiate an NMDAR-independent form 

of LTD  

Ghoshal et al., 
2017 

Did not potentiate NMDAR current nor NMDAR-dependent 

LTP in wild-type animals but did in the serine racemase 

knockout model  

Balu et al., 2016; 
Conde-Ceide et 
al., 2015; Rook et 
al., 2015 

Showed bias away from ERK1/2 phosphorylation relative to 

orthosteric agonist DHPG: mGlu5 receptor allosteric site 

mutations blocked VU0409551-induced intracellular calcium 

ion (iCa2+) mobilisation, but ERK phosphorylation was 

retained 

Sengmany et al., 
2020, 2017 

Stimulated ERK signalling in vitro but not in vivo Rook et al., 2015; 
Balu et al., 2016 

Dose-dependently increased the AKT/GS3Kβ signaling 

pathway in PFC and hippocampus 

Balu et al., 2016 

VU0360172 First orally bioavailable mGlu5 receptor PAM: exhibited 

efficacy in a hyperlocomotion model via i.p and oral dosing 

Rodriguez et al., 
2010 

Improved neurological function, inhibited neuronal apoptosis, 

reduced microglial activation, suppressed pro-inflammatory 

signalling pathways in microglia and reduced expression of IL-

1β, IL-6 and TNF-α in brain injury and seizure models 

Hanak et al., 2019; 

Loane et al., 2014; 
Zhang et al., 2015 

Shifted the balance between M1/M2 microglial activation 

states towards an M2 pro-repair phenotype 

Loane et al., 2014 

Enhanced thalamic GAT-1 protein expression and reduced the 

tonic GABA-A receptor current in vivo and in vitro via PLC 

activation 

Celli et al., 2020; 
D’Amore et al., 
2015 

Enhanced PI hydrolysis in vivo Zuena et al., 2018 

Enhanced mGlu5 receptor expression in the cortex and 

thalamus and maintained high activity and levels in a rat model 

of absence epilepsy 

D’Amore et al., 
2014 



80 
 

 

The first mGlu5 receptor PAM to be characterised was DFB, which improved rat performance in a 

spatial alternation task upon intracerebroventricular application, but exhibited poor potency, solubility, 

and brain penetrance (Balschun et al., 2006; O’Brien et al., 2003). Subsequently, CPPHA was 

developed and showed superior potency relative to DFB, but also lacked brain penetrance (O’Brien et 

al., 2004). The first mGlu5 receptor PAM with properties enabling in vivo administration was CDPPB, 

and since then numerous PAMs based on diverse chemical scaffolds have been developed and shown 

to not only alleviate positive symptoms but also negative symptoms and cognitive deficits in preclinical 

models of schizophrenia (Lindsley et al., 2004; Kinney et al., 2005; Parmentier-Batteur et al., 2014; 

Kinney et al., 2003; Ayala et al., 2009; Rodriguez et al., 2010; Gastambide et al., 2012; Noetzel et al., 

2012). For instance, CDPPB has been reported to attenuate MK-801-induced deficits in set-shifting 

ability and recognition memory, amphetamine-induced disruption of pre-pulse inhibition, and PCP-

induced impairment in NOR performance (Darrah et al., 2008; LaCrosse et al., 2015; Kinney et al., 

Figure 9. Chemical structures of a selection of characterised mGlu5 receptor PAMs. These compounds are chemically 

distinct and act at different allosteric sites, with the majority binding to the MPEP site. The PAMs have been structurally 
optimised to improve potency and solubility, producing VU0409551 and VU0360172: potent, selective, orally bioavailable 

PAMs.  
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2005; Horio et al., 2013; Uslaner et al., 2009). Another mGlu5 receptor PAM, ADX47273, was 

demonstrated to enhance spatial memory, recognition memory, fear extinction learning, and reversal 

learning (Xu et al., 2013; Balschun et al., 2006; Liu et al., 2008). Moreover, Clifton et al. (2013) showed 

both CDPPB and ADX47273 to reverse PCP- and MK-801-induced deficits in social novelty 

discrimination.  

Newer mGlu5 receptor PAMs include LSN2463359 and LSN2814617, which rescue deficits in 

instrumental responding and reversal learning induced by the NMDAR antagonist SDZ-220,581 

(Gastambide et al., 2012; Gilmour et al., 2013). VU0092273 is another PAM able to enhance trace fear 

conditioning and hippocampal LTP, an effect blocked by transgenic ablation of pyramidal cells (Xiang 

et al., 2019). VU0360172 was the first orally bioavailable mGlu5 receptor PAM to be characterised and 

has since been shown to alter thalamic GABA uptake in vivo and in vitro and reverse amphetamine-

induced hyperlocomotion (Rodriguez et al., 2010; Celli et al., 2020; Conde-Ceide et al., 2015; Rook et 

al., 2015; Balu et al., 2016). Finally, VU0409551 has been found to enhance acquisition of contextual 

fear conditioning in wild-type rats and rescue the cognitive impairment exhibited in a serine racemase 

knockout model of NMDAR hypofunction and in a transgenic Huntington’s disease model (Rook et al., 

2015; Balu et al., 2016; Doria et al., 2018). VU0409551 was shown to mediate these behavioural effects 

by reversing LTD deficits, increasing mGlu5 receptor plasma membrane expression, and potentiating 

downstream intracellular signalling pathways (Balu et al., 2016; Doria et al., 2018). There was a 

resultant increase in the expression of genes such as Arc and PSD-95 and in the density of dendritic 

spines and presynaptic terminals (Doria et al., 2018). Mounting evidence continues to demonstrate the 

in vitro and in vivo efficacy of mGlu5 receptor PAMs, making these compounds leading candidates for 

alleviating the cognitive deficits of schizophrenia. The following sections will discuss key aspects of 

these PAMs necessary to consider in their successful therapeutic targeting of CIAS.  

1.3.2.1 Monomeric vs. dimeric 

Evaluating the potential use of mGlu5 receptor PAMs in schizophrenia requires consideration of 

the structural properties of this receptor. Although initially assumed to be monomeric like other G-

protein-coupled receptors, mGlu5 receptors are now known to exist as covalently linked dimers, joined 

via a disulphide bond at the extracellular N-terminal VFTD of each monomer (Pin and Duvoisin, 1995; 

Nakanishi, 1992; Nakanishi, 1994; Romano et al., 1996b; El Moustaine et al., 2012; Kunishima et al., 

2000). The stabilisation of mGlu5 receptor dimers depends heavily on the coupling of these 

extracellular domains, as the 7TMDs form low-affinity, unstable dimers (El Moustaine et al., 2012). 

The specific orientation of the two VFTDs also dictates the relative position and hence activity of the 

two 7TMDs (Hlavackova et al., 2005; Hlavackova et al., 2012). 
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The distinction between monomeric and dimeric mGlu5 receptors, although overlooked by 

much previous research, is an important consideration in CIAS investigations. Some studies have 

reported altered dimerisation of the mGlu5 receptor in schizophrenia, with several explanations 

proposed for this observation (Matosin et al., 2015; Corti et al., 2011). Mutations in and/or altered 

splicing of the mGlu5 receptor could alter the formation, affinity, and activity of dimers (Rubio et al., 

2012a; Timms et al., 2013). Regulation of dimeric mGlu5 receptors at the cell-surface may also occur 

as a strategy to alter receptor function according to signalling requirements, for example to prevent 

overstimulation (Milligan, 2004). Moreover, several authors have suggested that states of oxidative 

stress, which are reported in schizophrenia, alter the formation or dissociation of disulphide-linked 

dimers (Anderson et al., 2013; Klatt and Lamas, 2000; Townsend et al., 2009). 

Dimerisation of mGlu5 receptors is also important to consider in the context of pharmacological 

modulation, as research suggests dimer formation is critical to mGlu5 receptor/G-protein coupling 

(Kniazeff et al., 2004; Tateyama and Kubo, 2007). In particular, El Moustaine et al. (2012) 

demonstrated that while dimerisation of the 7TMDs of mGlu receptors is not required for G-protein 

coupling (a 7TMD monomer could activate G-protein signalling), a dimeric structure is necessary for 

glutamate-induced activation, meaning monomeric mGlu5 receptors are inactive to agonists. Notably, 

the authors also reported dimerisation of mGlu receptors to be necessary to prevent PAMs acting as full 

agonists. This finding is significant as it means that whilst these compounds would not directly activate 

mGlu5 receptor dimers, instead potentiating receptor response to endogenous glutamate, they would 

induce G-protein activation in the monomeric form even in the absence of agonist binding. If this is the 

case, and monomeric mGlu receptors are capable of G-protein activity, similar to that of a full agonist 

response, in the presence of PAMs and the absence of glutamate, it would make dimeric mGlu5 

receptors a superior therapeutic target for PAMs, less likely to result in glutamate-induced neurotoxic 

effects and seizures. 

 Moreover, mGlu5 receptors are evidenced to have distinct dimeric and monomeric 

neurodevelopmental expression patterns, which may impact their pharmacological profiles at different 

ages. A study by Lum et al. (2016) examined protein expression of monomeric and dimeric mGlu5 

receptors in the rat PFC and hippocampus throughout development. Consistent levels of the mGlu5 

receptor dimer were reported across all time points, whereas monomeric mGlu5 receptors peaked in the 

juvenile period (PN12; postnatal day 12) before declining by 97-99% in adolescence (PN35) and 

remaining low in adulthood (PN96). These findings align with studies showing significant alterations 

in the dimeric form of the mGlu5 receptor in childhood but not adulthood in cases of schizophrenia, 

bipolar disorder, major depression, or autism (Corti et al., 2007; Fatemi and Folsom, 2011; Fatemi et 

al., 2011; Fatemi et al., 2013; Matosin et al., 2013). Taken alongside the divergent activation profiles 

of mGlu5 receptor monomers and dimers discussed above, this may call for careful consideration of the 
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age at which mGlu5 receptor PAMs are administered; such treatment in the juvenile period, when 

mGlu5 receptor monomers are highly expressed and PAMs are able to induce receptor activation in the 

absence of glutamate, would be likely to have adverse consequences. 

Evidently, the consideration of mGlu5 receptor dimerisation is important in schizophrenia research. 

Although some authors, such as Newell and Matosin (2014), have queried the presence of mGlu5 

receptor dimers under reducing electrophoresis conditions (the use of reducing agents such as 

dithiothreitol (DTT), β-mercaptoethanol (β-ME) or tris(2-carboxyethyl)phosphine (TCEP) to unfold 

denatured proteins in electrophoresis assays), Hermans and Challiss (2001) illustrated that formation of 

the mGlu5 receptor homodimer from covalent and non-covalent bonds means it exists in both reducing 

and non-reducing conditions. Subsequent research by Fatemi and Folsom (2014) verified this finding, 

demonstrating that both monomeric and dimeric forms of the receptor were present in human cerebellar 

tissue following the use of sample buffer including either 5% β-mercaptoethanol or 40 mM DTT. Thus, 

studies in this thesis measured both forms of the mGlu5 receptor to present a complete picture of any 

changes in expression associated with schizophrenia.  

1.3.2.2 Modulation ‘bias’ 

Whilst initially viewed as simple on/off switches, GPCRs are now understood to be complex 

signalling molecules (Liggett, 2002). As previously outlined and depicted in Figure 8, the mGlu5 

receptor is pleiotropically coupled, stimulating multiple independent signalling pathways (Sengmany 

and Gregory, 2015). Whilst mGlu5 receptor coupling to Gαq/11 induces PLC activation, this can result in 

downstream calcium mobilisation via IP3 or activation of DAG, triggering PKC phosphorylation and 

MAPK/ERK pathways (Hermans and Challiss, 2001; Abe et al., 1992; Conn et al., 2009a; Ribeiro et 

al., 2010). mGlu5 receptor stimulation can alternatively activate the PI3K pathway, resulting in AKT 

phosphorylation (Chan et al., 1999; Hou and Klann, 2004). As such, activation of the mGlu5 receptor 

promotes a variety of downstream effects including depolarisation, modulation of potassium currents 

and potentiation of NMDAR currents (Zhang et al., 2005). It is becoming increasingly evident that 

chemically diverse ligands acting at the mGlu5 receptor can stabilise distinct active receptor 

conformations, such that the receptor preferentially stimulates certain signalling pathways and 

downstream responses over others (Digby et al., 2010; Kenakin and Christopoulos, 2013). This 

phenomenon is referred to as ‘biased’ modulation and has significant implications for the activity of 

mGlu5 receptor PAMs. Whilst an unbiased PAM would induce comparable potentiation of all signalling 

pathways and responses triggered by orthosteric agonist-mGlu5 receptor binding, some PAMs show 

different affinities with the same orthosteric agonist depending upon the signalling response measured 

(Sengmany et al., 2017; Hellyer et al., 2019; Sengmany et al., 2019). Thus, there is potential to develop 

mGlu5 receptor PAMs that are not only selective to the mGlu5 receptor subtype, but also preferentially 

stimulate particular intracellular signalling pathways and downstream responses. 
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An issue that has emerged in the activation of the mGlu5 receptor is the association of certain PAMs 

with adverse effects such as seizure activity, forebrain neurotoxicity, increased anxiety, and pain 

sensitivity (Bridges et al., 2013; Rook et al., 2013; Parmentier-Batteur et al., 2014; Rook et al., 2015; 

Spooren et al., 2000; Tatarczynska et al., 2001; Salt and Binns, 2000; Bhave et al., 2001; Karim et al., 

2001; Zhao et al., 2004). Studies have attributed this drawback to the ability of some PAMs to activate 

the mGlu5 receptor in the absence of the endogenous ligand. The intrinsic efficacy of these ‘ago-PAMs’ 

means they cannot provide the temporal control of receptor activity like ‘pure’ PAMs, therefore 

inducing seizures and other adverse effects (Rook et al., 2013; Conn et al., 2009b). However, ago-PAM 

activity is not the only predictor of adverse effect liability, as some pure mGlu5 receptor PAMs can still 

produce neurotoxicity after chronic administration at high doses (Parmentier-Batteur et al., 2014; 

Conde-Ceide et al., 2016; Rook et al., 2013). Whilst the majority of mGlu5 receptor responses are 

facilitated by Gαq/11 activation, the receptor also interacts with NMDARs via adaptor proteins and can 

thus independently potentiate NMDAR currents (Gao et al., 2013; Hu et al., 2012; Park et al., 

2013; Shepherd and Huganir, 2007; Niswender and Conn, 2010). A vast array of research has 

demonstrated the ability of mGlu5 receptor PAMs or agonists to enhance NMDAR activity (Mannaioni 

et al., 2001; Francesconi et al., 2004; Shalin et al., 2006; Manahan-Vaugan and Braunewell, 2005). 

Given the established role of NMDAR activation in excitotoxicity throughout the CNS, mGlu5 

receptor-mediated potentiation of NMDAR currents is likely to underpin the neurotoxic effects of 

certain pure mGlu5 receptor PAMs (Stone and Burton, 1988). NMDAR-mediated excitotoxicity is 

therefore a potential limitation to the therapeutic application of mGlu5 receptor PAMs in CIAS.  

Biased modulation has emerged as a method to overcome such liabilities, offering the opportunity 

to design mGlu5 receptor PAMs tailored to facilitate desired receptor responses, such as enhanced 

synaptic plasticity and cognition, whilst avoiding those linked to adverse effects, such as NMDAR-

induced neurotoxicity. The mGlu5 receptor PAMs VU-29 and VU0409551 have been discovered to 

display such stimulus bias, inducing receptor coupling to Gαq/11-mediated signalling pathways without 

potentiating mGlu5 receptor modulation of NMDAR currents (Rook et al., 2015; Xiang et al., 2019). 

These biased mGlu5 receptor PAMs still have robust cognition-enhancing effects in rodents, with 

VU0409551 reversing recognition memory deficits induced by NMDAR blockade and PFC LTD 

induced by activation of the M1 muscarinic acetylcholine receptor (mAChR) (Harris et al., 1984; Franca 

et al., 2014; Maren and Holt, 2000). However, VU0409551 displays a superior safety profile relative to 

other mGlu5 receptor PAMs, with no toxicity observed in the preclinical effective dose range (Rook et 

al., 2015). This demonstrates that the cognition-enhancing effects of mGlu5 receptor activation can 

occur independently of NMDAR potentiation, thus inducing fewer adverse effects. 

Beyond bias away from NMDAR coupling, mGlu5 receptor PAMs can also preferentially stimulate 

independent Gαq/11 downstream signalling pathways. This is equally important in achieving desired 

therapeutic responses, as distinct signalling pathways are likely to be differentially involved in the 
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numerous effects of mGlu5 receptor activation. For instance, ERK1/2 phosphorylation is required for 

mGlu5 receptor-mediated effects on inflammatory pain (Karim et al., 2001). mGlu5 receptor PAMs 

with diverse chemical scaffolds have exhibited distinctive biased agonism profiles for different 

downstream effects relative to a reference agonist, such as DHPG. A study into early mGlu5 receptor 

PAMs DFB and CPPHA demonstrated that while DFB induced similar responses in intracellular 

calcium mobilisation and ERK1/2 phosphorylation, CPPHA promoted calcium mobilisation but 

attenuated ERK1/2 phosphorylation at high concentrations of DHPG (Zhang et al., 2005). Similarly, 

the PAM DPFE potentiated intracellular calcium release but showed neutral or negative cooperativity 

with DHPG for ERK1/2 phosphorylation (Sengmany et al., 2017). By contrast, VU29, CDPPB, 

VU0424465, and MPPA have shown pronounced bias toward p-ERK1/2 activation relative to calcium 

mobilisation (Gregory et al., 2012; Sengmany et al., 2017; Arsova et al., 2021). Additional examples of 

biased allosteric modulators for other GPCR subtypes have also emerged, including several mGlu 

receptors (Noetzel et al., 2013; Rook et al., 2015; Sheffler and Conn, 2008; Zhang et al., 2005), 

mAChRs (Leach et al., 2007; Leach et al., 2010; Marlo et al., 2009), cannabinoid receptors (Ahn et al., 

2012) and dopamine receptors (Free et al., 2014). 

Although biased modulation is an exciting novel avenue in the development of selective mGlu5 

receptor PAMs for CIAS, there are notable challenges in the clinical translation of this concept. There 

is currently a limited understanding of the specific receptor signalling pathway or pathways mediating 

beneficial or adverse effects, making it difficult to design biased PAMs targeting particular therapeutic 

outcomes (Wootten et al., 2013). Moreover, the context of investigations into PAM bias can heavily 

confound conclusions drawn. VU0409551, for instance, does not potentiate NMDAR activity in wild-

type animals but does in the serine racemase knockout model for schizophrenia (Rook et al., 2015; Balu 

et al., 2016). However, appreciating signalling bias is vital in synthesising preclinical observations and 

minimising failures in predicting clinical efficacy. For example, biased modulation is likely to explain 

preclinical findings that significantly disparate doses of the same mGlu5 receptor PAM, DPFE, were 

required to improve cognition and reverse hyperlocomotion (Gregory et al., 2013). Once mGlu5 

receptor research can definitively link a given pathway to a desired pharmacological response, the 

development of PAMs for schizophrenia and other CNS disorders will be transformed.  

1.3.3 mGlu5 receptor in other neurological disorders 

Schizophrenia is not the only disorder associated with the mGlu5 receptor, further verifying the 

significance of this receptor in regulating a variety of neurological functions. Indeed, the mGlu5 

receptor is implicated in the neuropathology of three distinct neurodegenerative diseases, Parkinson’s 

disease (PD), Huntington’s disease (HD), and Alzheimer’s disease (AD). The receptor has been 

associated with PD due to its evidenced relationship with α-synuclein (αS) aggregation, a hallmark of 

the disease. Upregulated mGlu5 receptor expression, correlated with elevated levels of αS aggregation, 
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have been observed in PD patients and animal models. αS-mGlu5 receptor binding and resultant 

microglial-mediated neuroinflammation is proposed to underpin this correlation (Zhang et al., 2021; 

Price et al., 2010). Accordingly, mGlu5 receptor negative allosteric modulators (NAMs) such as 

mavoglurant, dipraglurant, fenobam, MTEP, and MPEP have alleviated motor deficits in PD animal 

models, with the latter NAM preventing microglial activation and the loss of dopaminergic neurons 

(Ribeiro et al., 2017; Litim et al., 2017; Varnäs et al., 2020; Morin et al., 2013; Grégoire et al., 2011; 

Hsieh et al., 2012; Fieblinger et al., 2014). By contrast, the involvement of the mGlu5 receptor in HD 

is attributed to its importance in cognitive function and neuronal survival, with experimental removal 

of the receptor accelerating cortical neurodegeneration and neuroinflammation (Carvalho et al., 2019; 

Benn et al., 2007). This neuronal death is accompanied by memory impairment in mGlu5 receptor 

knockout mice, whilst mGlu5 receptor activation reverses memory deficits in HD animal models (Doria 

et al., 2015; Doria et al., 2018; Doria et al., 2013; de Souza et al., 2022). Finally, there is mounting 

evidence that the mGlu5 receptor plays a key role in mediating Aβo (amyloid-beta oligomer)-induced 

synaptic loss and cognitive deficits in AD. The receptor has been shown to link the cell surface complex 

between Aβo and the membrane-anchored glycoprotein cellular prion protein PrPC to intracellular 

signalling via Fyn kinase (Um et al., 2012, 2013; Larson et al., 2012; Laurén et al., 2009). This complex 

enhances the synaptic accumulation and localisation of the mGlu5 receptor, leading to excessive 

intracellular Ca2+ release and excitotoxic cell death (Renner et al., 2010). The hyperactivation of 

intracellular Fyn kinase would exacerbate this excitotoxicity via increased phosphorylation of 

NMDARs (Larson et al., 2012; Rushworth et al., 2013; Um et al., 2012). By this mechanism, the 

pathological disruption of mGlu5 receptor signalling and loss of synaptic transmission would worsen 

as Aβo levels increase with disease progression. Promisingly, several studies have shown mGlu5 

receptor antagonists to prevent Aβ42-induced synaptic toxicity, dendritic spine loss, and cognitive 

deficits (Um et al., 2013; Overk et al., 2014; Rammes et al., 2011). 

In addition to neurodegenerative diseases, aberrant regulation of the mGlu5 receptor is also 

implicated in neurodevelopmental disorders. This is plausible given the previously discussed 

importance of the mGlu5 receptor in the maturation of PV GABAergic interneurons. Indeed, mGlu5 

receptor blockade during early development inhibits GABAergic cell proliferation and disrupts 

inhibitory circuits (Barnes et al., 2015b; Gandhi et al., 2008). The resultant imbalance in glutamatergic-

GABAergic signalling has been proposed to underly the information processing and social interaction 

deficits displayed in autism spectrum disorder (ASD) (Coghlan et al., 2012). This hypothesis is 

corroborated by human and animal data associating ASD with increased mGlu5 receptor availability or 

radiotracer binding potential alongside a reduced density of PV GABAergic interneurons (Fatemi and 

Folsom, 2011; Cai et al., 2019; Fatemi et al., 2018; Brašić et al., 2021; Carey et al., 2022; Hashemi et 

al., 2017). Moreover, the fragile X mental retardation protein (FMRP) linked to Fragile X syndrome 

(FXS), the most common genetic form of autism, regulates the GRM5 gene (Muhle et al., 2004; 
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Schaefer and Mendelsohn, 2013; Dolen and Bear, 2008; Sokol et al., 2011). The lack of FMRP in FXS 

is therefore hypothesised to result in excessive mGlu5 receptor signalling via increased interaction 

between the mGlu5 receptor and the Homer 1a isoform (Bear et al., 2004; Ronesi et al., 2012). Evidence 

that mGlu5 receptor antagonism improves FXS symptoms implies that other disorders linked to PV 

interneuron mGlu5 receptor dysfunction could be treated using comparable approaches (Burket et al., 

2014). Indeed, such neuropathology has been linked to the repetitive behaviours of Tourette syndrome, 

Rett syndrome, and obsessive-compulsive disorder (OCD); OCD symptom severity positively 

correlated with mGlu5 receptor expression and mGlu5 receptor elimination inhibited compulsive-like 

behaviour (Katoaka et al., 2010; Shepherd, 2013; Burguire et al., 2013; Moy et al., 2008; Chao, 2010; 

Jew et al., 2013; Akkus et al., 2014).  

The opposing alterations in mGlu5 receptor activity observed in disorders showing considerable co-

morbidity, such as anxiety and depression, represents a significant therapeutic challenge. A wealth of 

preclinical research has illustrated the efficacy of mGlu5 receptor antagonism in anxiety, with 88.5% 

of animal studies reporting such intervention to induce anxiolytic effects including reduced fear 

conditioned freezing, elevated shock and punishment acceptance, and increased social interactions 

(Krystal et al., 2010; Swanson et al., 2005). By contrast, patients with depression showed reduced 

mGlu5 receptor binding in the PFC, cingulate cortex, insula, thalamus, and hippocampus which 

negatively correlated with symptom severity (Deschwanden et al., 2011). However, the reduced 

NMDAR expression also observed in these patients alongside the role of NMDAR inhibition in the 

antidepressant effects of mGlu5 receptor antagonists suggests that mGlu5 receptor dysfunction may not 

be the primary neuropathology in the case of depression (Feyissa et al., 2009; Legutko et al., 2006). 

Regardless, therapeutically targeting the mGlu5 receptor to alleviate symptoms is a promising strategy, 

and if opposing alterations were cell-type specific, biased modulation could be leveraged to 

differentially modulate the receptor to treat both disorders. 

Another neurological disorder characterised by cognitive deficits is addiction, with formative 

research demonstrating that mice lacking the mGlu5 receptor did not self-administer cocaine despite 

showing increased dopamine levels following injection (Chiamulera et al., 2001). Increased mGlu5 

receptor mRNA levels were also found following cocaine administration in rodents, and increased 

binding density in patients with alcohol disorders (Bisaga et al., 2008; Kupila et al., 2012). Since then, 

numerous studies have shown antagonism of mGlu5 receptors to reduce self-administration of cocaine, 

nicotine, and ethanol, and to modulate several types of drug-related behaviours including reward, 

reinforcement, and relapse (Olive, 2010; Olive, 2009; Kalivas, 2009; Olive, 2005; Hodge et al., 2006). 

Indeed, modulation of the mGlu5 receptor eliminated drug-seeking behaviour and reduced drug-

induced cognitive deficits, highlighting the various aspects of addiction potentially treated by mGlu5 

receptor targeting (Gass and Olive, 2009; Olive, 2010; Cleva et al., 2011). 
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Finally, its expression on glial cells means that the mGlu5 receptor has been implicated in pathological 

conditions including brain ischemia (Buscemi et al., 2017), Alzheimer’s disease (Grolla et al., 

2013; Iyer et al., 2014; Shrivastava et al., 2013), Down syndrome (Iyer et al., 2014) and amyotrophic 

lateral sclerosis (Anneser et al., 2004; Rossi et al., 2008). Indeed, astrocytic mGlu5 receptors are shown 

to play a central role in the synaptic reorganisation underlying neuropathic pain, with changes in mGlu5 

receptor expression observed in response to noxious stimuli proposed to reflect inflammatory processes 

(Dolan et al., 2003; Hudson et al., 2002; Kew, 2004; Mills et al., 2001; Danjo et al., 2022). Astrocytic 

mGlu5 receptors have also been associated with epilepsy; mGlu5 receptor blockade has successfully 

inhibited seizures in epilepsy rodent models (Chapman et al., 2000; Yan et al., 2005).  

Evidently, characterising effective pharmacological modulators of the mGlu5 receptor could be 

therapeutically beneficial in restoring cognitive deficits in neurodevelopmental and neurodegenerative 

disorders beyond schizophrenia. 

1.3.4 mGlu5 receptor and other factors  

The effective clinical translation of mGlu5 receptor PAMs requires thorough consideration of 

factors posited to interact with the mGlu5 receptor and thereby influence pharmacological interventions. 

One such factor is smoking; preclinical research has revealed acute administration of nicotine to 

downregulate expression of the mGlu5 receptor and chronic nicotine exposure to lower mGlu5 receptor 

radiotracer binding (Pistillo et al., 2015; Li et al., 2014; Müller Herde et al., 2019). Similar findings 

have been reported in human studies, with a robust global reduction in mGlu5 receptor density found 

in smokers; global distribution volume ratio (DVR) of the receptor was 20.6% lower in the grey matter 

of these individuals relative to non-smokers (Akkus et al., 2013; Akkus et al., 2016; Hulka et al., 2014). 

These effects seem specific to nicotine exposure, as mGlu5 receptor binding was unaltered by cocaine 

administration (Hulka et al., 2014). The nicotine-induced downregulation of mGlu5 receptor density is 

posited to reflect an adaptation to persistently elevated glutamatergic transmission; increased ERK 

phosphorylation following chronic nicotine exposure in rodents implies intracellular signalling changes 

downstream of the mGlu5 receptor in response to nicotine (Yang et al., 2021; Akkus et al., 2013; 

Chiamulera et al., 2017). This hypothesis of adaptive downregulation is corroborated by human and 

animal studies showing that mGlu5 receptor density was restored by sustained nicotine withdrawal 

(Müller Herde et al., 2019; Akkus et al., 2013). 

The relationship between smoking and mGlu5 receptor levels in schizophrenia is significant given 

the high prevalence of smoking (over 60%) in schizophrenia patients relative to the general population 

(de Leon & Diaz, 2005; Sagud et al., 2009; Chapman, Ragg, & McGeechan, 2009). Indeed, a smoking-

associated reduction in mGlu5 receptor binding has not only been illustrated in schizophrenia patients 

but also linked to an earlier age of disease onset, more pronounced negative symptoms, poorer school 

performance and, notably, a greater severity of cognitive deficits (Akkus et al., 2017; Schwartz et al., 
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2005; Riala et al., 2005; Régio Brambilla et al., 2020). Poorer cognitive performance in chronic smokers 

with schizophrenia have been reported by several authors, particularly in domains such as working 

memory, visual learning, and attention (Olincy, 2016; Hickling et al., 2018). Thus, whilst understanding 

effects of smoking on the mGlu5 receptor in the general population is important, in schizophrenia 

patients it may be crucial to consider in the effective implementation of mGlu5 receptor PAMs in CIAS. 

Another key factor to take into consideration is the impact of antipsychotic drug treatment on 

expression of the mGlu5 receptor. Firstly, the impact of such long-term drug exposure has irrefutable 

implications for post-mortem tissue analyses; a major concern regarding such analyses is the effects of 

pharmacotherapy pre-mortem (Hynd et al., 2003; Weickert et al., 2010). Moreover, determining if the 

mGlu5 receptor is already modified by current antipsychotic drugs is essential in deciphering if it is a 

viable target for future therapeutics. Studies in rodents, rhesus monkeys and schizophrenia patients have 

revealed no change in mGlu5 receptor binding in response to treatment with antipsychotics such as 

clozapine, olanzapine or haloperidol (Wang et al., 2020; Matosin et al., 2013; Matosin et al., 2015). 

Although some research has reported antipsychotics to increase mGlu5 receptor mRNA expression, it 

should be noted that altered mRNA levels do not necessarily reflect corresponding changes in protein 

translation and expression (Iasevoli et al., 2010; Greenbaum et al., 2003). The implication that mGlu5 

receptor expression is unlikely to be affected by antipsychotic treatment further warrants the 

development of novel therapeutic agents targeting this receptor.  

1.3.5 Summary and project focus                                 

It is evident that schizophrenia is a complex and heterogeneous disorder characterised by a diverse 

set of symptoms. Current antipsychotic medications are effective in alleviating positive symptoms; 

however, these drugs not only elicit severe side effects, but patients still show a diminished quality of 

life and incomplete recovery. Research suggests that this may be due to the failure of antipsychotics to 

effectively treat cognitive deficits, which not only manifest in the early, prodromal stages of the disease 

but are also strongly linked to patient functional outcomes. Whilst various aetiological mechanisms 

have been proposed to underly schizophrenia, it is likely that environmental risk factors in combination 

with genetic or epigenetic susceptibilities foster the neuropathological changes leading to the disorder. 

Historically, research has focused on the dopaminergic hypothesis of schizophrenia and used this to 

inform the development of antipsychotic drugs. However, this hypothesis falls short in explaining the 

aetiological pathophysiology of schizophrenia and symptoms other than psychosis. Thus, glutamatergic 

abnormalities – specifically NMDAR hypofunction on PV GABAergic interneurons – have become 

increasingly attractive in accounting for the development and complete symptomatology of 

schizophrenia. Whilst therapeutic modulation of the NMDAR and other glutamatergic targets has been 

hindered by excitotoxic effects, increasing mGlu5 receptor signalling has emerged as a promising 

strategy to alleviate the cognitive deficits of schizophrenia. The location of this receptor on PV 
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GABAergic interneurons as well as glial cells makes it the ideal target to combat both the excitatory-

inhibitory imbalance and neuroinflammation underlying CIAS. However, the high degree of homology 

in the glutamate-binding site of mGlu receptors means that orthosteric agonism of the mGlu5 receptor 

is limited by adverse effects resulting from non-specific binding. The characterisation of mGlu5 

receptor PAMs allows for more selective and fine-tuned modulation of receptor signalling, and recent 

investigations into biased allosteric modulation have raised the possibility of developing PAMs which 

avoid excitotoxic NMDAR potentiation and instead selectively stimulate independent mGlu5 receptor 

signalling pathways linked to desired therapeutic effects.  

 The general focus of this project is two structurally distinct mGlu5 receptor PAMs: VU0409551 

and VU0360172. These are both potent, orally bioavailable compounds that have shown preclinical 

efficacy in models of schizophrenia. VU0409551 was reported to alleviate psychosis and improve 

cognition whilst VU0360172 was found to alter thalamic GABA uptake and GAT-1 expression in vivo 

and in vitro and reverse amphetamine-induced hyperlocomotion (Rodriguez et al., 2010; Celli et al., 

2020; Conde-Ceide et al., 2015; Rook et al., 2015; Balu et al., 2016). These PAMs are of particular 

interest in the context of biased modulation since they appear to have disparate effects on mGlu5 

receptor intracellular signalling pathways. VU0409551 has been demonstrated to avoid NMDAR 

potentiation and also show a significant bias away from the PKC/p-ERK1/2 pathway, whereas 

VU0360172 exhibited unbiased activation of receptor downstream pathways (Balu et al., 2016; 

Sengmany et al., 2017; Trinh et al., 2018). Further investigation of the behavioural efficacy and 

intracellular effects of these two mGlu5 receptor PAMs is vital to determine the suitability of this 

receptor as a therapeutic target and the consequences of biased modulation.  

1.4 Aims and objectives 

The overall aim of this project is to examine the efficacy of selective mGlu5 receptor PAMs 

VU0409551 and VU0360172 in restoring cognitive deficits in the subchronic phencyclidine (scPCP) 

rodent model for schizophrenia. To achieve this aim, the project has the following objectives: 

• To characterise the scPCP model in terms of cognitive defects using the NOR paradigm and 

glutamatergic/GABAergic (mGlu5 receptor, PV, and GAD67 expression) and 

neuroinflammatory (PFC microglial density and morphology) alterations using Western blot 

and immunohistochemistry. 

• To determine the effects of acute in vivo i.p. injection of the mGlu5 receptor PAMs (0.05 – 20 

mg/kg) on cognitive performance in the scPCP model using the NOR paradigm.  

• To characterise the neuroinflammatory consequences of scPCP treatment and acute in vivo 

i.p. injection of the mGlu5 receptor PAMs (0.05 and 20 mg/kg) in terms of widespread 

interleukin-6 (IL-6), interleukin-10 (IL-10) and phospho-GSK-3β expression using the ELISA 

method.  
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• To investigate, at the network-level, glutamatergic/GABAergic signalling consequences of ex 

vivo application of mGlu5 receptor PAMs (2 – 5µM) in the scPCP model using slice 

electrophysiology to measure gamma oscillations in the PFC.  

• To determine the action of the mGlu5 receptor PAMs in terms of modulation bias using 

Western blot analysis of PFC p-AKT and p-ERK1/2 levels following acute in vivo PAM 

administration (1 and 10 mg/kg) and gamma oscillations following ex vivo PAM application 

(2 – 5µM).  

 

Since two manuscripts addressing these aims have been published, this thesis will be constructed 

in a journal format. The Results Chapters (2, 3 and 4) will each take the form of a journal article, as 

follows:  

• Chapter 2: The comparative effects of mGlu5 receptor positive allosteric modulators 

VU0409551 and VU0360172 on cognitive deficits and signalling in the subchronic PCP rat 

model for schizophrenia (Brown et al., 2022; published in Neuropharmacology) 

• Chapter 3: The role of PV GABAergic interneurons and neuroinflammation in the effects of 

mGlu5 receptor positive allosteric modulators VU0409551 and VU0360172 in the subchronic 

PCP rodent model for schizophrenia (unpublished) 

• Chapter 4: Oscillatory deficits in the subchronic PCP rat model for schizophrenia are reversed 

by mGlu5 receptor positive allosteric modulators VU0409551 and VU0360172 (Brown et al., 

2023; published in Cells) 

 The Cohorts presented in these Chapters are summarised in Table 7 below, alongside n values, in 

vivo drug treatment groups and corresponding behavioural and tissue analyses.  
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Table 7. Cohorts presented in Chapters 2, 3 and 4 of this thesis. Total n values for each Cohort are listed, along with n 

values for each treatment group within the Cohort (subchronic – acute treatment), acute doses of mGlu5 receptor PAMs where 

relevant and behavioural/ex vivo analyses. N values for behavioural and ex vivo analyses are the same unless otherwise stated 

(in Chapter 4: Cohorts 1 and 2). Chapter 3, Cohort 3 is comprised of selected animals from Chapter 2, Cohorts 1 and 2. Animals 

in Cohorts 1 and 2 (Chapter 2) were administered with PAMs and NOR tested twice at  two different doses (separated by a 

washout period). These animals were used to produce samples for IHC in Cohort 3 (Chapter 3), taken following the second 

round of dosing and behavioural testing. Key: NOR, novel object recognition; Wes, automated Western blot; IHC, 

immunohistochemistry; ELISA, enzyme-linked immunosorbent assay. 

Chapter Cohort Total  

n 

value 

scPCP - 

Vehicle 

n value 

scVehicle 

- Vehicle 

n value 

scPCP – 

VU0409

551  

n value 

& dose 

scPCP – 

VU0360

172  

n value 

& dose 

Behavio

-ural 

analysis 

Ex vivo 

analysis 

2 1 44 10 10 12  

(1 then 

0.05 

mg/kg) 

12  

(1 then 

0.05 

mg/kg) 

NOR (6-

week 

washout) 

In 

Chapter 3 

2 2 45 13 12 10  

(10 then 

20 mg/kg) 

10  

(10 then 

20 

mg/kg) 

NOR (6-

week 

washout) 

In 

Chapter 3 

2 3 36 6 6 12  

(6 per 

dose) 
 (1/10 

mg/kg) 

12  

(6 per 

dose) 
(1/10 

mg/kg) 

NOR (3-

week 

washout) 

Western 

blot 

3 1 20 10 10 N/A N/A NOR (6-

week 

washout) 

Wes 

3 2 17 8 9 N/A N/A NOR (6-

week 

washout) 

IHC 

3 3 65 13 12 20  

(10 per 

dose) 

(0.05 /20 

mg/kg) 

20  

(10 per 

dose) 

(0.05/20 

mg/kg) 

In 

Chapter 1 

ELISA 

4 1 25 13 

(10 ex 

vivo) 

12 

(10 ex 

vivo) 

10 (ex 

vivo) 

 

10 (ex 

vivo) 

NOR (6-

week 

washout) 

Electroph

-ysiology 

4 2 29 29 0 4-5 (ex 

vivo) 

4-5 (ex 

vivo) 

NOR (6-

week 

washout) 

Electroph

-ysiology 
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Chapter 2: The comparative effects of mGlu5 receptor positive 

allosteric modulators VU0409551 and VU0360172 on 

cognitive deficits and signalling in the subchronic PCP 

rat model for schizophrenia 
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2.1 Abstract  

 In schizophrenia, mGlu5 receptor hypofunction has been linked with neuropathology and 

cognitive deficits, making it an attractive therapeutic target. The cognitive impairment associated with 

schizophrenia remains an unmet clinical need, with existing antipsychotics primarily targeting positive 

symptoms, with weaker and more variable effects on cognitive deficits. Using the subchronic 

phencyclidine rat model, widely shown to mimic the cognitive impairment and neuropathology of 

schizophrenia, we have investigated two mGlu5 receptor positive allosteric modulators (PAMs), 

VU0409551 and VU0360172. We compared the efficacy of these compounds in restoring cognitive 

deficits and, since these two PAMs have reportedly distinct signalling mechanisms, changes in mGlu5 

receptor signalling molecules AKT and ERK1/2 in the PFC. Although not effective at 0.05 and 1 mg/kg, 

cognitive deficits were significantly alleviated by both PAMs at 10 and 20 mg/kg. The compounds 

appeared to have differential effects on the scPCP-induced increases in AKT and ERK1/2 

phosphorylation: VU0409551 induced a significant decrease in expression of p-AKT, whereas 

VU0360172 had this effect on p-ERK1/2 levels. Thus, the beneficial effects of PAMs on scPCP-induced 

cognitive impairment are accompanied by at least partial reversal of scPCP-induced elevated levels of 

p-ERK1/2 and p-AKT, whose dysfunction is strongly implicated in schizophrenia pathology. These 

promising data imply an important role for mGlu5 receptor signalling pathways in improving cognition 

in the scPCP model and provide support for mGlu5 receptor PAMs as a possible therapeutic intervention 

for schizophrenia. 

 

 

Key words 

 

mGlu5 receptor; Schizophrenia; Phencyclidine (PCP); Cognition; Rat; VU0409551; VU0360172; 

animal model 

 

 

2.2   Introduction  

Group I metabotropic glutamate receptors (mGlu1 and mGlu5 receptors) have diverse actions 

including the modulation of neuronal function, synaptic transmission, synaptic plasticity, cell 

differentiation and survival.  mGlu5 receptors are coupled to Gαq/11, and activate phospholipase C to 

produce inositol‐1,4,5‐triphosphate (IP3) and DAG, leading to the mobilization of intracellular calcium 

(Abe et al., 1992). This in turn activates PKC, PLA2, ERK1/2 and downstream modulation of a number 

of ion channels (Hermans and Challiss, 2001; Conn et al., 2009; Ribeiro et al., 2010). Agonist 

stimulation of mGlu5 receptors also leads to the phosphorylation and hence activation of different 
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MAPK pathways such as ERK1/2 MAPK (Thandi et al., 2002; Hu et al., 2007) and p38 MAPK (Peavy 

and Conn, 1998; Rush et al., 2002). This increases expression of specific transcription factors including 

Elk‐1, cAMP response element binding‐protein and c‐Jun.  These regulate the expression of several 

genes including those involved in long‐term depression (LTD) such as Arc (Rush et al., 2002; Gallagher 

et al., 2004; Wang et al., 2007). mGlu5 receptor stimulation also activates the phosphatidyl-inositol-

3kinase (PI3K) pathway, inducing phosphorylation and activation of AKT and activation of the 

mammalian target of rapamycin (mTOR) which have also been implicated in producing LTD (Chan et 

al., 1999; Hou and Klann, 2004). The relative contribution of each pathway upon mGlu5 receptor 

stimulation is highly context specific, depending on the cell or tissue that are the object of investigation. 

Furthermore, the identification of so called “biased agonists”, drugs that are able to stimulate selected 

signalling pathways, provide a promising tool to modulate receptor induced responses in a more 

selective way (Trinh et al., 2018). In disease states such as epilepsy and pain the balance between mGlu5 

receptor signalling transduction pathways can be perturbed and appear to contribute to the pathology. 

In schizophrenia, there is considerable evidence linking mGlu5 receptor hypofunction to the 

pathophysiology, with mGlu receptors (metabotropic glutamate receptors) a possible target for 

treatment (Wang et al., 2020).  

Schizophrenia is a chronic, heterogeneous and debilitating psychiatric illness characterised by a 

multitude of symptoms (Stepnicki et al., 2018). Whilst positive symptoms are often reasonably well-

treated by existing antipsychotic medications, milder and more heterogeneous improvements in 

cognition have been reported with these pharmacotherapies (Davidson et al., 2009; Keefe et al., 2007; 

Harvey and Keefe, 2001; Riedel et al., 2010; Trampush et al., 2015; Scheggia et al., 2018; Amato et al., 

2018). The lack of therapeutic interventions targeting cognitive dysfunction and negative symptoms 

may explain why patients often show incomplete functional recovery (Schulz and Murray, 2016). 

Specifically, cognitive deficits in attention, working memory, processing speed and verbal/visual 

learning (alongside negative symptoms such as lack of motivation and asociality) are closely associated 

with quality of life and long-term functional outcomes (Harvey et al., 2006; Savilla et al., 2008; 

Tsapakis et al., 2015; Green 1996; Tripathi et al., 2018; Neill et al., 2014). Despite a considerable 

amount of effort to develop therapeutic strategies for the cognitive impairment associated with 

schizophrenia (CIAS), no pharmacological agent has yet received a licence to treat this condition, 

making it an important unmet clinical need.  

One of the major hypotheses for the pathogenesis of schizophrenia is NMDA (N-methyl-D-

aspartate) receptor hypofunction, which is supported by many lines of evidence including the effects of 

NMDA receptor antagonists, such as phenyclidine (PCP) and ketamine, which produce cognitive 

dysfunction and psychosis in humans. Since there is a functional cross-talk between mGlu5 and NMDA 

receptors, with mGlu5 receptor facilitating NMDA receptor function, and evidence for mGlu5 receptor 
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hypofunction, there is considerable interest in the mGlu5 receptor as a therapeutic target in 

schizophrenia (Nicoletti et al., 2019; Su et al., 2021). Furthermore, knock out of the mGlu5 receptor in 

mice leads to changes in schizophrenia related genes (Luoni et al., 2018). One approach has been to use 

activity-dependent positive allosteric modulators (PAMs) that bind to an allosteric site on the mGlu5 

receptor. This enhances the effects of glutamate, but does not activate the receptors themselves 

(Sengmany et al., 2017). These mGlu5 receptor PAMs display different intracellular mechanisms in 

both cell lines and dissociated cortical neurons, which may account for the differences in their effects 

observed in vivo (Sengmany et al., 2017).  It has been shown that mGlu5 receptor PAMs correct the 

negative and cognitive symptoms exhibited by amphetamine- and PCP-treated animal models whilst 

avoiding sedative side effects (Gilmour et al., 2013; Parmentier-Batteur et al., 2012). Newer PAMs 

have been discovered which do not appear to modulate NMDA receptor function (Rook et al., 2015; D’ 

Amore et al., 2013) but are effective in psychosis. For example, the mGlu5 receptor PAMs VU0409551 

and VU0360172 exhibit in vivo efficacy in acute psychosis models (Rodriguez et al., 2010; Rook et al., 

2015). Moreover, application of VU0409551 in the serine racemase (SRR) knockout mouse model of 

NMDA receptor hypofunction induced cognitive improvements without NMDA receptor potentiation 

and excitotoxicity (Balu et al., 2016; Maksymetz et al., 2017; Rook et al., 2015). 

Based on the pioneering work of Jentsch and Roth (1999), we have developed a preclinical model 

for CIAS using a subchronic dosing regimen of phencyclidine (PCP) in female rats, followed by a 

minimum washout period of 7 days (Sams-Dodd, 1996; Neill et al., 2010; 2016; Cadinu et al., 2018). 

This clinically relevant, fully validated model is widely shown to mimic the chronic cognitive 

impairment and negative symptoms of schizophrenia (Meltzer et al., 2013; Neill et al., 2014, 2016). 

Cadinu et al. (2018) highlight the underlying neurobiological alterations in scPCP-treated rats, including 

reduced PFC expression of parvalbumin, the neuronal integrity marker N-Acetylaspartic acid (NAA) 

and dopamine release.  

Here we have used this subchronic PCP (scPCP) model to evaluate the actions of two mGlu5 

receptor PAMs, VU0360172 and VU0409551. In HEK293 cells stably transfected to express mGlu5 

receptors, VU0360172 has been reported to activate both Gαq- and Gβγ- mediated mGlu5 receptor 

signalling, whereas VU0409551 has been reported to be “biased” as it preferentially stimulates Gαq-

mGlu5 receptor signalling (Sengmany et al., 2017). Furthermore, in cortical neurons and cell lines, 

VU0409551 shows significant bias away from phospho-ERK1/2 (p-ERK1/2) (relative to IP1) and a lack 

of agonist efficacy for intracellular calcium mobilization compared to VU0360172 (Sengmany et al., 

2017) and there are differences in effects on DHPG ((S)-3,5-Dihydroxyphenylglycine) receptor 

activation (Hellyer et al., 2019).  Although these differences have been observed in vitro it is unclear 

what effects these compounds will have in vivo.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5217481/#R50
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We examined the efficacy of acute doses of these mGlu5 receptor PAMs in reversing cognitive 

deficits in the scPCP model. Western blot analysis of phospho-AKT (p-AKT) and p-ERK1/2 in the PFC 

was used to elucidate the mechanism of action of these PAMs on mGlu5 receptor intracellular signalling 

pathways. Visual recognition memory was evaluated using the novel object recognition (NOR) test, a 

robust, replicable, and versatile paradigm with high ethological relevance, assessing the natural 

preference of an animal for novel stimuli. There is also no requirement for stressful and potentially 

confounding elements such as food or water deprivation (Grayson et al., 2015). Support for the 

predictive validity of scPCP-impaired NOR performance comes from the failure of typical 

antipsychotics such as haloperidol and the cholinesterase inhibitor donepezil to reverse NOR deficits in 

the scPCP model, whilst also having no significant effect on cognition in schizophrenia patients 

(Grayson et al., 2007; Redrobe et al., 2010; Friedman 2004). Atypical antipsychotics have been 

associated with mild cognitive benefits in schizophrenia patients but are unable to induce substantial 

improvements (Keefe et al., 2007; Aleman et al., 2017). This is mirrored in the ability of some atypical 

antipsychotics (such as clozapine, sertindole, asenapine, olanzapine, melperone, lurasidone, and 

amisulpiride) to restore scPCP-induced NOR deficits, whereas sulpiride, ariprazole, and risperidone did 

not show significant effects (Grayson et al., 2007; Idris et al., 2010; Redrobe et al., 2010; Snigdha et 

al., 2010, 2011; Horiguchi et al., 2011a, b, 2012; Horiguchi and Meltzer 2012, 2013; Maeda et al. 2014; 

McKibben et al. 2010). Most notably, cariprazine, a third-generation antipsychotic now licensed for the 

treatment of schizophrenia, improved NOR deficits in the scPCP model in a dose-dependent manner 

(Neill et al., 2016). Beyond antipsychotics, agents such as the psychostimulant modafinil restored the 

scPCP-induced NOR deficit whilst also improving visual memory in schizophrenia patients (Redrobe 

et al., 2010; Turner et al., 2004). A variety of other compounds attracting research interest for improving 

CIAS symptoms have also demonstrated efficacy in the scPCP-impaired NOR test, including: the 5-

HT6 receptor antagonist, Lu AE58054 (Arnt et al., 2010); ampakines, CX546 and CX516 (Damgaard 

et al., 2010); the α7 nicotinic receptor agonist, PNU282987 (McLean et al., 2010); a negative modulator 

of GABAA α5 receptor (Redrobe et al., 2012); and a choline uptake enhancer (Shirayama et al., 2007). 

Any disparities in results obtained from preclinical and clinical assessments should be viewed in the 

context of factors such as acute administration of drug compounds, which often show success in a 

preclinical environment but may not translate to the clinic, and the lack of clinical trials directly 

assessing visual recognition memory as measured by the NOR paradigm.  

To our knowledge, this is not only the first study to evaluate both the behavioural and 

neurobiological effects of these compounds in the subchronic PCP rat model for schizophrenia but is 

also valuable in its pre-clinical comparison of two notable mGlu5 receptor PAMs with reportedly 

distinct mechanisms of action upon intracellular signalling pathways. 

 

 

https://www.sciencedirect.com/science/article/pii/S0163725810001476?via%3Dihub#bb0350
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2.3 Methods  

2.3.1 Animals 

A total of  125 Female Lister Hooded rats (Cohort 1, n = 44; Cohort 2, n =  45; Cohort 3, n  =36; 

Charles River Laboratories, UK) weighing 220.3g (± 23.8g) at the beginning of the studies were group 

housed (4-5 per cage) in GR1800 double-decker individually ventilated cages (38 cm × 59 cm × 24 cm, 

Techniplast, UK) at 21 ± 1°C, 55 ± 10% humidity on a 12-hour light/dark cycle (lights on at 0700h). 

Enrichment was provided through the addition of sizzlenest®, cardboard corner homes, and cardboard 

play tunnels (all Datesand Ltd, UK). Throughout studies, animals had ad libitum access to standard 

rodent diet pellets (Special Diet Services) and water. All procedures were performed at the University 

of Manchester, approved by the University of Manchester Animal Welfare and Ethical Review Board 

(AWERB) and were in compliance with the Home Office Animals (Scientific Procedures) Act 1986.  

2.3.2 Drugs 

Phencyclidine (PCP; Sigma, UK); VU0360172 (N-cyclobutyl-6-((3-fluorophenyl)ethynyl)picolin-

amide; Tocris/Bio-Techne); VU0409551(4-fluorophenyl)(2-(phenoxymethyl)-6,7-

dihydrooxazolo[5,4-c]pyridin-5(4H)-yl)methanone; Tocris/Bio-Techne) 

2.3.3 Drug treatments 

As summarised in Figure 1A, rats were pre-treated with either subchronic vehicle (scVehicle, 0.9% 

saline; Cohort 1, n = 10; Cohort 2, n = 12; Cohort 3, n = 6) or scPCP (2 mg/kg; Cohort 1, n = 34; Cohort 

2, n = 33; Cohort 3, n = 30) dissolved in 0.9% saline, via the intraperitoneal route (i.p.) twice daily 6 

hours apart for 7 days, followed by at least 7 days’ washout. scPCP rats were then tested following 

acute i.p administration (pre-treatment time = 90 mins; dose volume 1ml/kg) of VU0409551 or 

VU0360172 (dissolved in 10% Tween 80 and diluted with 0.9% saline). VU0409551 was administered 

at 0.05 mg/kg (Cohort 1, n = 12), 1mg/kg (Cohort 1, n = 12; Cohort 3, n = 6), 10mg/kg (Cohort 2, n = 

10; Cohort 3, n = 6) or 20mg/kg (Cohort 2, n = 10), and VU0360172 at 0.05mg/kg (Cohort 1, n = 12), 

1 mg/kg (Cohort 1, n = 12; Cohort 3, n = 6), 10 mg/kg (Cohort 2, n = 10; Cohort 3, n = 6) or 20 mg/kg 

(Cohort 2, n = 10). scVehicle-treated rats were tested following acute vehicle application (Cohort 1, n 

= 10; Cohort 2, n = 12, Cohort 3, n = 6). The minimum 1-week washout period after scPCP dosing is 

necessary to prevent behaviour of the rats being influenced either by direct drug effects or by drug 

withdrawal effects (Jentsch et al., 1998). In this study, a 6-week washout period of no behavioural 

testing was used in light of previous work in our laboratory showing that whilst NOR deficits exhibited 

by scPCP rats are evident in tests conducted both 1 and 6 weeks after treatment cessation, robust reduced 

parvalbumin expression is only apparent after a 6-week washout period (Abdul-Monim et al., 2007; 

Leger et al., 2015). The doses of mGlu5 receptor PAMs applied were selected based upon our 



99 
 

preliminary investigations implying effectiveness of these compounds in NOR at 10 mg/kg, along with 

previous literature indicating administration of VU0409551 (1-10 mg/kg) to result in a dose-dependent 

increase in recognition memory in the NOR task, with a MED of 3 mg/kg (Rook et al., 2015).  

 

2.3.4 Behaviour: Novel Object Recognition paradigm 

The NOR test was performed as previously described (Grayson et al., 2007; Neill et al., 2016). 

Briefly, rats were habituated in cage groups to the empty test box (52 × 52 × 31 cm) and the behavioural 

test room environment for 20 minutes the day prior to NOR testing. The test consisted of two 3-minute 

trials separated by a 1-minute inter-trial interval (ITI) in the home cage. In the first (acquisition) trial, 

the animals were introduced to the testing arena and explored two identical objects (A and B). This was 

followed by the second (retention trial), where animals explored a duplicate familiar object (F) from the 

acquisition phase (to avoid olfactory trails) and a novel object (N; Figure 1B). The position (left/right) 

and the nature (can/bottle) of the object were randomised among animals to reduce the effects of object 

and place preference. Post-behavioural testing, the video recordings were scored by an experimenter 

who was blinded to the treatment groups, using the ‘Jack R Auty Novel Object Recognition Task 

Timer’. The exploration times of each object (A and B, familiar and novel) in each trial were recorded, 

along with the total exploration time of both objects in each trial. Object exploration was defined as 

animals licking, sniffing or touching the object with the forepaws whilst sniffing, but not leaning 

against, turning around, standing or sitting on the object (Grayson et al., 2007). Locomotor activity 

(LMA) across both trials was also measured by the number of marked lines crossed by the base of the 

tail, along with discrimination index (DI): the difference in exploration time expressed as a proportion 

of the total time spent exploring both objects (calculated as outlined in Chapter 5). If an animal failed 

to explore one or both objects (for less than 1 second) in the acquisition or retention trial, it was excluded 

from the final data analysis. This resulted in 5 animals across all Cohorts being excluded (scVehicle + 

Vehicle, n = 1; scPCP + Vehicle, n = 2; scPCP + VU0409551 0.05mg/kg, n = 1; scPCP + VU0360172 

1mg/kg, n =1). 

2.3.5 Tissue preparation and immunoblotting  

To obtain protein expression data that directly corresponds to the behavioural results, animals were 

culled and brains immediately removed 90 minutes after acute administration of VU0409551, 

VU0360172 or vehicle (Cohort 3). This was the timepoint of NOR testing in Cohorts 1 and 2. The brain 

samples were stored at -80oC until dissection that was performed on dry ice. After a slight thawing 

period, the olfactory bulb was removed. The PFC (identified according to Bregma coordinates +3 to 

+1.7 mm) was removed, transferred into labelled Eppendorf® tubes and immediately placed on dry ice. 

The tissue was homogenized by sonication in 10 μl/mg of tissue of Triton X-lysis buffer (10 mM Tris–

HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 10% glycerol, 1 mM 
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phenylmethylsulfonyl fluoride, 10 μg/ml leupeptin, 10 μg/ml aprotinin, 1 mM sodium orthovanadate, 

50 mM sodium fluoride, and 10 mM β-glycerophosphate) as described previously (Nardecchia et al., 

2018). After protein determination, samples containing 40 μg of protein cell lysates were prepared for 

SDS-PAGE electrophoresis. Each set of samples was electrophoresed in duplicate onto 2 parallel gels 

and blotted onto nitrocellulose in order to have 2 identical membranes. The first membrane was cut at 

around 50 kDa; the upper part was probed with anti-phospho-AKT (Ser 473) (Cell Signalling 

Technology BK4060), 1:500; the lower part was probed with anti-phospho-ERK1/2 (Thr202/Tyr204), 

(Cell Signalling Technology BK4370), 1:500. Similarly, the second membrane was cut at 50 kDa; the 

upper part was probed with anti-AKT (Cell Signalling Technology BK4691) and the lower part was 

probed with anti-ERK1/2 (Cell Signalling Technology BK4348). We choose to probe on two identical 

but separate membranes the anti-phospho antibodies and their total counterpart respectively, as all 

antibodies were produced in rabbit and stripping procedures could not be used. The immunoreactive 

bands were visualized by enhanced chemiluminescence (Westar Nova 2011, Bologna, Italy) using 

horseradish peroxidase-conjugated secondary antibodies. Densitometric analysis of the immunoreactive 

bands was performed by Image J (NIH, Bethesda, MD, United States). 

 

2.3.6 Statistical Analysis 

All data are expressed as mean ± S.E.M (Cohort 1, n = 11-20; Cohort 2, n =8-25; Cohort 3 

behavioural data, n = 6-30; Cohort 3 signalling data, n = 6 per group). NOR test data were analysed by 

a two-way ANOVA (factors: drug treatment and object exploration) or one-way ANOVA (LMA, DI 

and total exploration time). Further analysis was conducted via a post-hoc Student’s t-test (time spent 

exploring the objects) or LSD test (LMA, DI and total exploration time). For Western blot data, a one-

way ANOVA was used to compare all groups, using the Tukey’s multiple comparison test. For all data, 

statistical significance was defined as P<0.05.  

 

 

2.4 Results  

2.4.1 Novel object recognition (NOR) is disrupted in the subchronic PCP (scPCP) model  

In this study, NOR was used to measure scPCP-induced cognitive deficits. NOR measures visual 

recognition memory and was performed after a 6-week washout period post-scPCP dosing in Cohorts 

1 and 2, and halfway through the 6-week washout period in Cohort 3 (to allow for tissue collection at 

the usual NOR timepoint). An overall 2-way ANOVA did not reveal a significant interaction between 

any of the treatments and object exploration during the acquisition phase. In addition, there were no 

significant differences in the exploration time of 2 identical objects for any group (Figure 1C). In the 

retention phase, the 2-way ANOVA revealed a significant interaction between treatment and object 
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Figure 1. Experimental protocol and confirmation that novel object recognition is disrupted in the subchronic PCP (scPCP) 

model. A. Experimental protocol. B. Schematic illustrating the Novel object recognition (NOR) test protocol. There is a 3-minute 

acquisition trial (with two identical objects) and then a 3-minute retention trial (with two non-identical objects) separated by a 1-minute 

inter-trial interval (ITI). C, D. The effect of scPCP treatment (2 mg/kg, i.p. twice daily for seven days, followed by a 3-week washout 

period) on the exploration time (s) of a familiar object and a novel object in the 3 min retention trial. ns = not significant. Data are 
expressed as mean ± S.E.M (n = 6-30 per group) and were analysed by a 2-way ANOVA and post-hoc Student’s t-test. ****P<0.0001; 

Significant increase in time spent exploring the novel object compared to the familiar object. E. The effect of scPCP treatment on the 

discrimination index (DI). Data are expressed as the mean ± S.E.M (n = 6-30 per group) and were analysed using ANOVA followed 

by post-hoc LSD t-test. ****P<0.0001; Significant reduction in DI compared to scVehicle. F. The effect of scPCP treatment on total 
number of line crossings in the acquisition and retention trials. ns = not significant. Data are expressed as the mean ± S.E.M (n = 6-30 

per group) and were analysed using ANOVA followed by post-hoc LSD t-test.  
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exploration (F(1,76)=23.10; P<0.0001). As expected, scVehicle-treated rats spent significantly more 

time exploring the novel object compared with the familiar object (t(76)=6.107; P<0.000001), whereas 

rats treated with scPCP showed the expected deficits in the ability to discriminate between novel and 

familiar objects (Figure 1D). There was also a significant reduction in the discrimination index in the 

scPCP rats compared with controls (t(34)=7.257; P<0.000001; Figure 1E). There was no significant 

difference in locomotor activity, as assessed by the total number of line crossings across both trials, 

between the scVehicle- and scPCP animals (Figure 1F). Therefore, as previously published (Grayson 

et al., 2015) there is selective disruption of NOR without changes in locomotion in the scPCP model.   

 

 

2.4.2 The effects of the mGlu5 receptor PAMs VU0409551 and VU0360172 on the scPCP-

induced NOR deficit 

2.4.2.1 Cohort 1 (0.05 and 1 mg/kg of PAMs) 

We investigated the actions of VU0409551 or VU0360172 on NOR deficits in the scPCP model. 

Behavioural testing was initially performed following acute administration of low doses (0.05 and 1 

mg/kg) of either VU0409551 or VU0360172. Although it has previously been reported that 10 mg/kg 

of VU0360172 is effective in a rodent model of epilepsy (D’Amore et al., 2014) without producing any 

behavioural side effects, we wanted to investigate if lower doses of the PAMs would reverse the NOR 

deficits in the scPCP model. There were no significant differences in the exploration time of 2 identical 

objects for any group (Figure 2A). In the retention phase, a 2-way ANOVA revealed no significant 

interaction between treatment with VU compounds and object exploration in scPCP rats: the scPCP-

induced impairment in NOR was not reversed by either VU0409551 or VU0360172 (0.05 and 1mg/kg; 

Figure 2B). The discrimination index in the scPCP rats was also not significantly increased by 

VU0409551 or VU0360172 (0.05 and 1mg/kg; Figure 2C). Locomotor activity, as assessed by the total 

number of line crossings in both trials, was not significantly affected by either of the VU compounds 

(Figure 2D), and there was also no significant effect of drug treatment on total exploration time in 

scPCP animals in either the acquisition or retention trials (Table 1, Supplementary material). Thus, 

these low doses of the mGlu5 receptor PAMs were ineffective in reversing the NOR deficits. 
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Figure 2. Low doses (0.05/1 mg/kg) of VU0409551 and VU0360172 do not reverse the effect of scPCP on NOR performance. A, 

B. Acute treatment with low doses of VU0409551 (0.05 and 1 mg/kg) and VU0360172 (0.05 and 1 mg/kg) were unable to reverse the 

effect of scPCP (2 mg/kg, i.p. twice daily for seven days, followed by a 6-week washout period) on the exploration time (s) of a familiar 
object and a novel object in the 3 min retention trial. Data are expressed as mean ± S.E.M (n = 11-20 per group) and were analysed by 

a 2-way ANOVA and post-hoc Student’s t-test. ****P<0.0001; Significant increase in time spent exploring the novel object compared 

to the familiar object. C. The effect of acute treatment with VU0409551 (0.05 and 1 mg/kg) and VU0360172 (0.05 and 1 mg/kg) in 

scPCP treated rats on the DI. Data are expressed as the mean ± S.E.M (n = 11-20 per group) and were analysed using ANOVA followed 
by post-hoc LSD t-test. ****P<0.0001; Significant reduction in DI compared to scVehicle. D The effect of acute treatment with 

VU0409551 (0.05 and 10 mg/kg) and VU0360172 (0.05 and 1 mg/kg) in scPCP treated on total number of line crossings in the 

acquisition and retention trials. Data are expressed as the mean ± S.E.M (n = 11-20 per group) and were analysed using ANOVA 

followed by post-hoc LSD t-test. It must be acknowledged that other post-hoc tests with a greater correction for multiple comparisons 
are more stringent, thus the significance levels reported may be greater with the LSD test relative to others.   
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2.4.2.2 Cohort 2 (10 and 20mg/kg of mGlu5 receptor PAMs) 

We next investigated the effects of the acute administration of 10 and 20mg/kg of VU0409551 and 

VU0360172. There was no significant effect of VU0409551 or VU0360172 on exploration time of two 

identical objects during the acquisition phase (Figure 3A).  In the retention phase, a 2-way ANOVA 

revealed a significant interaction between treatment with VU compounds and object exploration in 

scPCP rats (F(4,112) = 9.214; P<0.0001). The scPCP-induced impairment in NOR was reversed by 

VU0409551 at 10mg/kg (t(16)=6.575; P=0.000006) but not 20mg/kg, and VU0360172  at both 

10mg/kg (t(14)=4.088; P=0.001107) and 20mg/kg (t(16)=3.568; P=0.002568; Figure 3B). The 

reduction in discrimination index in the scPCP rats was significantly increased by administration of 

VU0409551 at 10mg/kg (t(32)=7.935; P<0.0001) and 20mg/kg (t(33)=3.792; P=0.0006), and 

VU0360172 at 10mg/kg (t(31)=6.397; P<0.0001) and 20mg/kg (t(32)=4.865; P<0.0001; Figure 3C). 

Locomotor activity, as assessed by the total number of line crossings in both trials, was significantly 

affected by drug treatment (F(5,79)=5.244; P=0.0003). Locomotor activity was significantly reduced in 

rats treated with 20mg/kg of VU0409551 (t(32)=3.761; P=0.0007) and VU0360172 (t(31)=3.617; 

P=0.001), and 10mg/kg of VU0360172 (t(30)=2.273; P=0.0303) relative to scVehicle-treated animals 

(Figure 3D). Analyses also revealed a significant difference in total exploration time in the acquisition 

trial following treatment with VU0409551 at 10mg/kg (t(32)=2.636; P=0.0128) and 20mg/kg 

(t=(33)3.547; P=0.0012) and VU0360172 at 10mg/kg (t=(31)2.709; P=0.0109) compared with scPCP 

(Table 2, Supplementary material). A significant difference in total exploration time in the retention 

trial was also found between scPCP- and VU0360172-treated rats at 10mg/kg (t(31)=2.743; P=0.01). 

Therefore, at these concentrations both PAMs reversed the deficits in the NOR but there was evidence 

for some sedation at 20mg/kg.  
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Figure 3. At 10/20 mg/kg VU04091551 and VU0360172 successfully reverse the effect of scPCP on NOR performance. A, B. The 

ability of acute treatment with VU0409551 (10 and 20 mg/kg) and VU0360172 (10 and 20 mg/kg) to reverse the effect of scPCP (2  

mg/kg, i.p. twice daily for seven days, followed by a 6-week washout period) on the exploration time (s) of a familiar object and a 
novel object in the 3 min retention trial. Data are expressed as mean ± S.E.M (n = 8-25 per group) and were analysed by ANOVA and 

post-hoc Student’s t-test. **P<0.01, ***P<0.001, ****P<0.0001; Significant increase in time spent exploring the novel object 

compared to the familiar object. C. The effect of acute treatment with VU0409551 (10 and 20 mg/kg) and VU0360172 (10 and 20 

mg/kg) in scPCP treated rats on the DI. Data are expressed as the mean ± S.E.M (n = 8-25 per group) and were analysed using ANOVA 
followed by post-hoc LSD t-test. ****P<0.0001; Significant reduction in DI compared to scVehicle. **** P<0.0001, *** P<0.001; 

Significant increase in DI compared to scPCP alone. D. The effect of acute treatment with VU0409551 (10 and 20 mg/kg) and 

VU0360172 (10 and 20 mg/kg) in scPCP treated rats on total number of line crossings in the acquisition and retention trials. Data are 

expressed as the mean ± S.E.M (n = 8-25 per group) and were analysed using ANOVA followed by post-hoc LSD t-test. It must be 
acknowledged that other post-hoc tests with a greater correction for multiple comparisons are more stringent, thus the significance 

levels reported may be greater with the LSD test relative to others. *P<0.05, **P<0.01, ***P<0.001; Significant decrease in the total 

number of line crossings compared to scVehicle. 
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2.4.3 mGlu5 receptor-mediated signalling in scPCP rats treated with mGlu5 receptor 

PAMs 

We used the PFC of rats that previously underwent the scPCP paradigm to investigate the signalling 

pathways activated by the two PAMs stimulation of mGlu5 receptor. We measured the mGlu5 receptor-

induced activation of PI3K and MAPK pathways by western blot analysis, using phospho-specific 

antibodies recognising the phosphorylated and hence activated forms of AKT and ERK1/2 

respectively.  

 

2.4.3.1 PI3K pathway 

We investigated the effect of VU0360172 and VU0409551 on the PI3K pathway by measuring the 

phosphorylated form of AKT, p-AKT by western blot. Activation of AKT affects numerous 

downstream targets of mGlu5 receptor activation, including proteins that regulate translation for 

example (mTOR). The PFC samples from the scPCP group showed significantly elevated p-AKT 

expression relative to samples from the scVehicle-treated groups (1 mg/kg: t(20)=5.584; P=0.0041; 10 

mg/kg (F(3,20)=11.67; P=0.0001; Figure 4C, D). At 1 mg/kg neither of the two PAMs had a significant 

effect on p-AKT expression compared to scPCP treatment alone (VU0409551: t(20)=2.348; P=0.3697; 

VU0360172: t(20)=3.294; P=0.1248; Figure 4C).  However at 10 mg/kg, VU0409551 significantly 

decreased p-AKT relative to the scPCP group (t(20)=4.092; P=0.0411; Figure 4D).  Although 

VU0360172 did not significantly reduce the p-AKT, the expression of p-AKT was not different to that 
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in VU0409551. Thus, although not reaching significance, VU0360172 had similar effects on p-AKT 

expression as VU0409551. 

 

 

2.4.3.2 ERK1/2 pathway 

In parallel to PI3K, we studied the effect of the two PAMs on the MAPK pathway by measuring 

p-ERK1/2 by western blot. Similar to p-AKT, the scPCP group showed significantly elevated p-ERK1/2 

expression relative to scVehicle-treated samples (1 mg/kg: t(20)=4.714; P=0.0161; 10 mg/kg: 

t(20)=4.990; P= 0.0105; Figure 5C, D). At 1 mg/kg neither of the two PAMs had a significant effect on 

Figure 4. The effect of VU0409551 and VU0360172 on the phosphorylation of AKT in scPCP rats. Acute treatment with 

VU0409551 and VU0360172 at A, C. 1mg/kg and B, D. 10mg/kg in scPCP treated rats (2 mg/kg, i.p. twice daily for seven 
days, followed by a 6-week washout period) on p-AKT optical density (OD) in PFC tissue. A-B. Western blot gel images 

show AKT and p-AKT bands of numbered samples corresponding to the following animal treatment groups: 1-6: scVeh; 7-

12: scPCP; 13-18: VU0409551 1mg/kg; 19-24: VU0409551 10mg/kg; 25-30: VU0360172 1mg/kg; 31-36: VU0360172 

10mg/kg. C-D. Data are expressed as the mean ± S.E.M (n = 6 per group) and were analysed using the Tukey’s multiple 
comparison test. **P<0.01, ****P<0.0001; Significant increase in OD levels compared to scVehicle group. *P<0.05; 

Significant decrease in OD levels compared to scPCP alone.  
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p-ERK1/2 expression compared to scPCP treatment alone (VU0409551: t(20)=3.281; P= 0.1268; 

VU0360172: t(20)=3.137; P= 0.1523; Figure 5C).  However, at 10 mg/kg, VU0360172 significantly 

decreased p-ERK1/2 relative to the scPCP group (t(20)=4.961; P=0.0109; Figure 5D).   

Thus, expression of both p-AKT and p-ERK1/2 was elevated in the PFC of scPCP model rats which 

may contribute to the deficits in NOR. These increases in expression were reduced by individual PAMs 

at higher doses (10 mg/kg) which may play a role in the effects on NOR deficits.   

  

 

Figure 5. The effect of VU0409551 and VU0360172 on the phosphorylation of ERK1/2 in scPCP rats. Acute treatment 

with VU0409551 and VU0360172 at A, C. 1mg/kg and B, D. 10 mg/kg in scPCP treated rats (2 mg/kg, i.p. twice daily for 
seven days, followed by a 6-week washout period) on p-ERK1/2 optical density (OD) levels in PFC tissue. A-B. Western blot 

gel images show ERK1/2 and p-ERK1/2 bands of numbered samples corresponding to the following animal treatment groups: 

1-6: scVeh; 7-12: scPCP; 13-18: VU0409551 1mg/kg; 19-24: VU0409551 10mg/kg; 25-30: VU0360172 1mg/kg; 31-36: 

VU0360172 10mg/kg. C-D. Data are expressed as the mean ± S.E.M (n = 6 per group) and were analysed using the Tukey’s 
multiple comparison test. *P<0.05; Significant increase in the OD levels compared to scVehicle group. *P<0.05; Significant 

decrease in OD levels compared to scPCP alone. 
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2.5 Discussion 

Here we have directly compared, for the first time, the efficacy of two mGlu5 receptor PAMs, 

VU0409551 and VU0360172 with potentially different signalling mechanisms, in restoring recognition 

memory deficits in the scPCP model of CIAS. We have also investigated changes in mGlu5 receptor 

signalling in the scPCP model and the effects of the two PAMs. Although both PAMs reversed scPCP-

induced impairments in NOR at 10 mg/kg, they appeared to have slightly different effects on the scPCP-

induced increases in AKT and ERK1/2 phosphorylation in the PFC. VU0409551 induced a significant 

decrease in AKT phosphorylation, whereas VU0360172 had this effect on p-ERK1/2 levels. These data 

support an important role for these signalling pathways in improving cognitive function in this model. 

As expected from previous studies, scPCP animals exhibited significant impairment in NOR 

relative to controls treated with scVehicle (Grayson et al., 2015). Female animals were exclusively used 

in this study because female rats demonstrate a greater sensitivity to the behavioural effects of PCP and 

superior performance in cognitive tasks and social behaviour testing compared to male rats (Grayson et 

al., 2007; Sutcliffe et al., 2007; Wessinger, 1995; Nabeshima et al., 1984). The short inter-trial interval 

(ITI) (1 min) was selected to specifically probe functioning of the PFC, which is evidenced to be 

responsible for recognition memory following an ITI of less than 5 minutes (Runyan and Dash, 2005). 

Conversely, NOR at relatively long ITIs (24 hours) is associated with hippocampal activity (Hammond 

et al., 2004; reviewed by Dere et al., 2007). Animals with functional cognitive abilities are expected to 

explore the novel object for significantly longer in the retention trial due to the storage, consolidation, 

and retrieval of recognition memory (Dere et al., 2007). Conversely, spending an equal amount of time 

exploring both the novel and familiar object is indicative of a memory impairment (Mathiasen and 

DiCamillo, 2010). The significant reduction in the discrimination index of scPCP vs. scVehicle-treated 

rats therefore supports the hypothesis that scPCP mimics CIAS. McLean et al. (2017) links these scPCP-

induced cognitive deficits to the absence of a PFC dopamine increase during the NOR retention trial 

that is exhibited by scVehicle controls.  

Although not significantly affected by the lower doses of the mGlu5 receptor PAMs, the scPCP-

induced impairment in NOR was successfully reversed by VU0409551 at 10 mg/kg (but not 20 mg/kg) 

and VU0360172 at both 10 and 20 mg/kg, along with a significant attenuation in discrimination index 

scores. This implies that these compounds are effective in restoring functional cognitive abilities, with 

the lack of effect at lower doses demonstrating a dose-response relationship. However, it should be 

noted that locomotor activity was significantly reduced in rats treated with the highest dose of both 

compounds relative to scVehicle-treated animals, suggesting that sedative effects may accompany the 

cognitive improvement at 20 mg/kg. Similar effects have been previously demonstrated by the 

application of cariprazine (D3/D2 receptor partial agonist) in the scPCP model, with the highest dose 
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tested inducing mild sedative effects in the NOR paradigm (Neill et al., 2016). There is considerable 

evidence to support the hypothesis that positive modulation of the mGlu5 receptor is a promising 

therapeutic strategy for treating CIAS. At a genetic level, two variants in GRM5 (encoding the mGlu5 

receptor) have been associated with cognitive impairments and right hippocampal volume reduction in 

schizophrenia patients (Matosin et al., 2018). In terms of receptor activity, recent data from Régio 

Brambilla et al. (2020) link lower mGlu5 receptor binding potential in male schizophrenic patients with 

greater negative symptoms and worse cognitive performance. Preclinically, the selective mGlu5 

receptor antagonist 2-methyl-6(phenylethyl)-pyridine (MPEP) potentiates impaired cognition in the 

PCP animal model (Campbell et al., 2004). 

In our experimental conditions, the beneficial effects of the PAMs on scPCP-induced cognitive 

impairment are accompanied by at least partial reversal of the abnormally elevated levels of p-ERK1/2 

and p-AKT in the PFC. Implication of this brain region in recognition memory deficits have been 

demonstrated by human fMRI studies showing disrupted PFC activation to impair selective attention 

and subsequent recognition memory (Rauss et al., 2011; Zanto et al., 2011). Schizophrenic patients also 

exhibit disruption in PFC GABA-driven neural synchrony, attention and working memory (Gonzalez-

Burgos et al., 2010). The PFC is a region of particular interest in the scPCP model, with PCP reported 

to activate discrete brain regions including the PFC, and excessive PFC glutamate activity resulting 

from NMDA receptor blockade (McClatchy et al., 2016). In addition, an in vivo microdialysis technique 

revealed NMDA receptor antagonism by PCP to increase extracellular dopamine levels in the PFC 

(Hondo et al., 1994).  

Post-mortem studies have strongly associated dysfunction of frontal cortical AKT and MAPK 

signalling pathways to the pathophysiology of schizophrenia. Kyosseva et al., (1999) showed MAPK-

associated proteins and phosphoproteins to be abnormally expressed in the anterior cingulate and 

dorsolateral PFC, whilst Kunii et al. (2021) reported elevated AKT expression in the PFC of 

schizophrenia patients relative to controls. ERK1/2 phosphorylation is also evidenced to be detrimental 

to neurons after oxidative injury (Chu et al., 2004). Data on the effect of PCP treatment on p-AKT and 

p-ERK/MAPK signalling seem somewhat controversial, as they strictly depend on experimental 

conditions. Enomoto et al., (2005) demonstrate that chronic PCP stimulation of mice induces an 

increase in p-MAPK. In hippocampal slices from these PCP-treated mice, p-MAPK stimulation by 

drugs as NMDA, glycine and spermidine is also impaired. Our data confirm and extend these findings 

by showing that in rat PFC, PCP-increased p-ERK1/2 and p-AKT are selectively modulated by two 

different mGlu5 receptors PAMs. The molecular mechanism underlying these effects remains to be 

elucidated, nevertheless, a link between these PFC intracellular signalling cascades and cognition is 

supported by previous investigations using animal models of schizophrenia. An alternative NMDA 

receptor antagonist, MK-801, has been shown to induce cognitive impairment by altering ERK1/2 

phosphorylation (Guo et al., 2023). Moreover, Koo et al. (2020) reported both MK-801-induced NOR 
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deficits and upregulated AKT phosphorylation to be restored by antipsychotic drugs. Indeed, the mild 

improvement in the cognitive deficits of schizophrenia in the domains of learning and processing speed 

observed with clozapine (Woodward et al., 2005), have been linked to the unique ability of this drug to 

modulate ERK activation with sustained treatment in vitro and in vivo (Pereira et al., 2009). Notably, 

the mGlu5 receptor PAM CDPPB was shown to reduce ERK1/2 phosphorylation and thus fibrinogen-

mediated neurotoxicity in neuronal cultures (Piers et al., 2011).  

In the context of such evidence, this study is not only significant in supporting a role for 

dysfunctional signalling cascades in the cognitive deficits of schizophrenia, but also in providing a 

possible mechanism underlying the efficacy of mGlu5 receptor PAMs in restoring cognition. Notably, 

the differential effects of VU0409551 and VU0360172 on expression of p-AKT and p-ERK1/2 

respectively implies a specificity of these compounds which, may enable them to modulate the mGlu5 

receptor whilst inducing fewer side effects. These results could be explained by the differential 

stimulation of mGlu5 receptor-associated signalling pathways by these compounds, with VU0360172 

reportedly activating both Gαq- and Gβγ- mediated receptor signalling, while VU0409551 preferentially 

stimulates the Gαq- mediated counterpart (Sengmany et al., 2017). 

This data supports the efficacy of mGlu5 receptor PAMs as a possible therapeutic intervention for 

CIAS and warrants further investigation into the role of mGlu5 receptor-associated signalling pathways 

in improving cognitive function. This study provides a strong basis for future work to further 

neurobiological understanding of CIAS. Specifically, we recommend follow-up work to assess the 

effects of these compounds upon inflammation and parvalbumin levels, which may underlie the 

beneficial impacts on cognition. Future investigations should also utilise chronic PAM administration 

to distinguish acute from long-term consequences, and alternative behavioural tests able to produce data 

with greater translational relevance to human cognition. Ultimately, deeper insight into the mechanisms 

underlying mGlu5 receptor PAM-induced alleviation of cognitive deficits associated with 

schizophrenia will enable the mGlu5 receptor to be modulated with enhanced specificity and fewer side 

effects. Considering the strong association of patient functional recovery with cognitive deficits, such 

effective pharmacological targeting is an imperative step toward improving quality of life for patients 

debilitated by this unmet clinical need. 
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2.10 Supplementary material 

 

Table 1. The effect of acute treatment with VU0409551 (0.05 and 1 mg/kg) and VU0360172 (0.05 and 1 mg/kg) in scPCP 

treated rats on total exploration time in the acquisition and retention trials. The effect of acute treatment with VU0409551 

(0.05 and 1 mg/kg) and VU0360172 (0.05 and 1 mg/kg) in scPCP treated rats (2 mg/kg, i.p. twice daily for seven days, followed 

by at least 7-day washout period) on the total exploration time (s) in the acquisition and retention trials. Data are expressed as 

the mean ± S.E.M (n = 11-20 per group) and were analysed using ANOVA followed by post-hoc LSD t-test.  

Treatment Acquisition trial total 

exploration time (s) 

Retention trial total 

exploration time (s) 

scVehicle + Vehicle 22.2 ± 1.62 19.4 ± 1.54 

scPCP + Vehicle 17.12 ± 1.86 15.85 ± 1.81 

VU0360551 0.05mg/kg 22.8 ± 1.92 32.3 ± 2.84 

VU0360172 0.05mg/kg 17.9 ± 1.4 16.6 ± 1.46 

VU0409551 1mg/kg 22.3 ± 1.97 23.2 ± 2.56 

VU0360172 1mg/kg 16.7 ± 1.95 17.8 ± 3.24 
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Table 2. The effect of acute treatment with VU0409551 (10 and 20 mg/kg) and VU0360172 (10 and 20 mg/kg) in scPCP 

treated rats on total exploration time in the acquisition and retention trials. The effect of acute treatment with VU0409551 

(10 and 20 mg/kg) and VU0360172 (10 and 20 mg/kg) in scPCP treated rats (2 mg/kg, i.p. twice daily for seven days, followed 

by a 6-week washout period) on the total exploration time (s) in the acquisition and retention trials. Data are expressed as the 

mean ± S.E.M (n = 8-25 per group) and were analysed using ANOVA followed by post-hoc LSD t-test.  

Treatment Acquisition trial total 

exploration time (s) 

Retention trial total 

exploration time (s) 

scVehicle + Vehicle 28.7 ± 1.99 24.5 ± 1.9 

scPCP + Vehicle 29.4 ± 1.88 24.5 ±2.12 

VU0409551 10mg/kg 38.9 ± 2.9 29.9 ± 2.33 

VU0360172 10mg/kg 39.03 ± 2.09 36.5 ± 4.13 

VU0409551 20mg/kg 17.6 ± 2.35 21.8 ± 3.51 

VU0360172 20mg/kg 26.1 ± 1.56 26.9 ± 2.39 

 

 

Supplementary Figure 4. Full p-AKT western blot images 
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Supplementary Figure 5. Full p-ERK1/2 western blot images. In the western blots below, please note that due to low 
avaliability of anti-p-AKT antibody during the pandemic, 2 membranes were cut as much as possible and probed together, to 

save antibody. 
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Chapter 3: The role of PV GABAergic interneurons and 

neuroinflammation in the effects of mGlu5 receptor positive 

allosteric modulators VU0409551 and VU0360172 in the 

subchronic PCP rodent model for schizophrenia 
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3.1 Abstract 

Mounting evidence suggests that cognitive deficits represent the core underlying pathophysiology 

of schizophrenia, yet there is currently no licenced pharmacological intervention for the cognitive 

impairment associated with schizophrenia (CIAS). Considering the heterogeneity of schizophrenia, 

various aetiological mechanisms have been proposed and even linked to distinct patient sub-groups. 

Two major hypotheses are that of an excitatory/inhibitory imbalance and neuroinflammatory 

abnormalities, which are likely to be interrelated. The metabotropic glutamate receptor 5 (mGlu5 

receptor) represents a promising therapeutic target for CIAS in terms of both glutamatergic and 

neuroinflammatory pathophysiology, given its expression on parvalbumin (PV) GABAergic 

interneurons and microglia. Here, we utilised the novel object recognition (NOR) behavioural paradigm 

alongside a capillary-based version of Western blot and immunohistochemistry (IHC) to assess changes 

in the mGlu5 receptor, PV, and glutamic acid decarboxylase 67 (GAD67) associated with cognitive 

impairment in the subchronic PCP (scPCP) rodent model for schizophrenia. We also evaluated 

neuroinflammatory changes in the scPCP model by measuring IHC-quantified microglia density (Iba1 

expression) and activation state. This was combined with assessment of the inflammatory markers IL-

6, IL-10, and phospho-GSK-3β following scPCP treatment and acute in vivo administration of the 

mGlu5 receptor PAMs VU0409551 and VU0360172. In addition to a cognitive deficit in NOR, scPCP 

administration was associated with lowered levels of PV and GAD67 in the prefrontal cortex (PFC) and 

ventral hippocampus (VH) alongside a reduced density of PV-positive cells and diminished mGlu5 

receptor-PV co-localisation in the PFC, corroborating the CIAS hypothesis of glutamatergic 

dysfunction. mGlu5 receptor cell density itself was unchanged in the scPCP model, making it an ideal 

therapeutic target for PAMs. In terms of inflammatory abnormalities, scPCP rats showed increased 

microglial reactivity, elevated levels of IL-6, and reduced levels of IL-10 and the upstream kinase 

phospho-GSK3β in the PFC. These scPCP-induced changes were reversed following in vivo 

administration of the mGlu5 receptor PAMs; IL-6 levels were lowered and levels of phospho-GSK-3β 

and IL-10 were elevated. Overall, the cognitive impairment illustrated in the scPCP model for 

schizophrenia showed changes consistent with both dysfunction of PV GABAergic interneurons and 

neuroinflammatory abnormalities; the latter alterations were also corrected by mGlu5 receptor PAMs 

VU0409551 and VU0360172. With the urgent need to develop more effective interventions for CIAS, 

the mGlu5 receptor, given its implications in both the glutamatergic and inflammatory changes 

associated with schizophrenia, should be considered as a therapeutic target. 

 

3.2 Introduction 

Schizophrenia is a debilitating and extremely heterogeneous disorder with respect to symptom 

manifestation, disease progression, and functional outcome. Numerous hypotheses have been proposed 
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to explain the aetiology of schizophrenia, from the consistently reported feature of GABAergic 

dysfunction to mounting interest in inflammatory abnormalities. However, the absence of a definitive 

core pathophysiological mechanism has hindered the development of effective therapies which 

significantly improve cognitive and negative symptoms as well as positive. Currently available 

antipsychotic medications primarily alleviate the positive, psychotic symptoms of schizophrenia by 

dopaminergic manipulation. Cognitive deficits emerge in the early, prodromal stages of the disorder 

and recent evidence shows cognitive decline to precede psychosis by 14 years; investigating the 

cognitive impairment associated with schizophrenia (CIAS) is thus essential in discovering the core 

pathophysiology of this disorder and effective therapeutic strategies (Jonas et al., 2022; Mintz and 

Kopelowicz, 2007; Birnbaum and Weinberger, 2017). 

GABAergic interneurons are key in coordinating cognitive processes and reduced activity of these 

neurons is a long-standing component of the CIAS hypothesis of glutamatergic dysfunction (Coyle, 

2006; Moghaddam and Javitt, 2012). Subsequent overexcitability of the glutamatergic pyramidal 

neurons they innervate may therefore result in excitotoxic neuronal damage or death (Marsman et al., 

2014). A subset of GABAergic interneurons express the calcium-binding protein parvalbumin (PV) and 

are classified into basket cells and chandelier cells, which respectively innervate the perisomatic region 

and axon initial segments of pyramidal cells (Markram et al., 2004). Both types of PV interneuron are 

extremely vulnerable to excitotoxicity and oxidative stress and have been evidenced to show impaired 

functioning in schizophrenia (Yang et al., 2014; Ferguson and Gao, 2018a; Lewis and González-

Burgos, 2008; Glausier et al., 2014; Kaar et al., 2019). Disruption of GABAergic signalling using the 

NMDAR antagonist phencyclidine (PCP) has also been shown to reduce expression of PV-positive 

interneurons and foster schizophrenia-like behaviours in animal models (Abdul-Monim et al., 2007; 

Jenkins et al., 2010; McKibben et al., 2010; Wang et al., 2008).  

Another key mechanism proposed for both the onset and progression of schizophrenia is that of 

neuroinflammation. A wealth of evidence from post-mortem and clinical studies has shown an increase 

in pro-inflammatory markers and blood cytokine levels in schizophrenia patients (Fillman et al., 2016; 

Sekar et al., 2016; Boerrigter et al., 2017; Lesh et al., 2018; Goldsmith and Rapaport, 2020; Pedraz-

Petrozzi et al., 2020; McKernan et al., 2011; De Picker et al., 2021; Mondelli et al., 2020; Steiner et al., 

2020). Moreover, microglial inhibition in schizophrenia patients by the tetracycline antibiotic 

minocycline reduced pro-inflammatory cytokine IL-6 levels in the blood and improved cognition in a 

clinical trial (Zhang et al., 2019). Brain-regional cytokine changes have also been consistently reported 

in schizophrenia: Pandey et al. (2018) found protein and mRNA levels of IL-6 to be significantly 

increased and those of IL-10 to be significantly decreased in the PFC of schizophrenia patients. 
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Microglia are suggested to facilitate the effects of risk factors on neuroinflammation in 

schizophrenia. An array of positron emission tomography (PET) imaging studies have assessed the 

extent of microglial activation in schizophrenia using the 18kDa translocator protein (TSPO), which is 

selectively overexpressed on the cell membrane of activated microglia. The expression of TSPO can be 

measured via specific binding of radiotracers and visualised with PET. Such data have revealed an 

increased binding potential of various radiotracers to TSPO in schizophrenia patients, in total grey 

matter and specific regions such as the hippocampus (Doorduin et al., 2009; van Berckel et al., 2008). 

Moreover, this schizophrenia-associated overexpression of TSPO correlated with greater grey matter 

loss (Selvaraj et al., 2018). However, investigations assessing TSPO availability in drug-free patients 

and those receiving antipsychotics demonstrated that an increased binding potential was only evident 

in medicated patients; the drug-free group showed no difference relative to healthy controls (Holmes et 

al., 2016). Whilst the influence of antipsychotics on TSPO expression remains unclear, it is important 

to note that a lack of TSPO overexpression does not necessarily indicate the absence of 

neuroinflammation; indeed, in an infection-mediated neurodevelopmental mouse model of 

schizophrenia, increased inflammatory cytokine expression was associated with reduced PFC TSPO 

levels (Notter et al., 2018). An overall consensus has emerged that TSPO levels and peripheral or CSF 

markers of inflammation do not correlate, calling for more sophisticated PET markers of microglial 

function to accurately assess their role in schizophrenia pathology. 

The metabotropic glutamate receptor 5 (mGlu5 receptor) represents a promising therapeutic target 

for CIAS. Not only does this receptor mediate the glutamatergic/GABAergic balance in the 

schizophrenia-associated inhibitory microcircuit, but the mGlu5 receptor is also substantially expressed 

in microglia, where it suppresses the release of microglial-associated inflammatory factors and related 

neurotoxicity (Wang et al., 2020; Byrnes et al., 2009; Nicoletti et al., 2019; Su et al., 2021). Selective 

mGlu5 receptor positive allosteric modulators (PAMs) present an encouraging novel strategy to treat 

CIAS, having shown robust efficacy in animal models of schizophrenia (Matosin and Newell et al., 

2013; Gilmour et al., 2013; Parmentier-Batteur et al., 2012). Such PAMs have been demonstrated to 

foster cognitive improvements in rodents, enhancing recognition memory, attenuating avoidance 

response, and reducing impulsivity in the five-choice serial reaction time test (Huang et al., 2016; Liu 

et al., 2008; Schlumberger et al., 2010; Yang et al., 2016; Uslaner et al., 2009). These PAMs bind to an 

allosteric site on the mGlu5 receptor, enhancing the effects of glutamate without activating the receptor 

itself (Conn et al., 2009; Sengmany et al., 2017). The mGlu5 receptor PAM VU0409551 is a potent, 

selective, and orally bioavailable compound shown to alleviate psychosis and improve cognition whilst 

avoiding the potentially excitotoxic direct potentiation of the NMDAR (Conde-Ceide et al., 2015; Rook 

et al., 2015; Ghoshal et al., 2017). Meanwhile, VU0360172, the first orally active mGlu5 receptor PAM, 

was found to reduce amphetamine-induced hyperlocomotion and alter thalamic GABA uptake and 

GAT-1 protein levels in vivo and in vitro (Rodriguez et al., 2010; Celli et al., 2020). We have previously 
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demonstrated mGlu5 receptor PAMs VU0409551 and VU0360172 to significantly reverse the cognitive 

deficit induced by subchronic phencyclidine (scPCP) treatment and differentially modulate expression 

of p-AKT and p-ERK1/2 intracellular signalling molecules downstream of mGlu5 receptor activation 

(Brown et al., 2022).  

Here, we use the preclinical scPCP rodent model for CIAS to investigate both the GABAergic and 

inflammatory changes associated with cognitive impairment in this model. As summarised in Figure 1, 

across three Cohorts we evaluated levels of the mGlu5 receptor, PV, and GAD67 using a capillary-

based version of Western blot and also measured the density of mGlu5 receptor-, PV-, and Iba1-positive 

cells alongside mGlu5 receptor-PV and mGlu5 receptor-Iba1 co-localisation using 

immunohistochemistry (IHC). Furthermore, neuroinflammation in the scPCP model was investigated 

by quantifying morphologically active microglia via IHC and assessing the expression of IL-6, IL-10, 

and phospho-GSK-3β using ELISAs. Finally, changes in the expression of these inflammatory markers 

following acute in vivo administration of mGlu5 receptor PAMs VU0409551 and VU0360172 at 0.05 

and 20 mg/kg were measured and correlated with cognitive improvements as assessed by NOR 

performance.  

 

3.3 Methods 

3.3.1 Animals 

A total of 102 female Lister Hooded rats (Cohort 1: n = 20, Cohort 2: n = 17, Cohort 3: n = 65; 

Charles River Laboratories, UK) weighing an average of 207.3 g at the beginning of the studies were 

group housed (4-5 per cage) in GR1800 individually ventilated cages (38 cm × 59 cm × 24 cm, 

Techniplast, UK) at 20-24°C, 55 ± 10% humidity on a 12-hour light/dark cycle (lights on at 0700h). 

Sizzlenest®, cardboard corner homes and cardboard play tunnels (all Datesand Ltd, UK) were added to 

provide environmental enrichment. Throughout the studies, animals were granted ad libitum access to 

standard rodent diet pellets (Special Diet Services) and water. Procedures were performed at the 

University of Manchester, approved by the University of Manchester Animal Welfare and Ethical 

Review Board (AWERB) and complied with the Home Office Animals (Scientific Procedures) Act 

1986.  

 

3.3.2 Drugs 

Phencyclidine (PCP; Sigma, UK; dissolved in 0.9% saline solution); VU0360172 (N-cyclobutyl-

6-((3-fluorophenyl)ethynyl)picolin-amide; Bio-Techne); VU0409551(4-fluorophenyl)(2-

(phenoxymethyl)-6,7-dihydrooxazolo[5,4-c]pyridin-5(4H)-yl)methanone; Bio-Techne) 
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3.3.3 Drug treatments 

As summarised in Figure 1, rats were pre-treated with either subchronic vehicle (scVehicle, 0.9% 

saline; Cohort 1: n = 10; Cohort 2: n = 9; Cohort 3: n = 12) or scPCP (2 mg/kg; Cohort 1: n = 10; Cohort 

2: n = 8; Cohort 3: n = 53) dissolved in 0.9% saline, via the intraperitoneal route (i.p.) twice daily 6 

hours apart for 7 days, followed by a 6-week washout. A minimum 1-week washout period after scPCP 

dosing is employed in all studies using this model to avoid the presence of the drug or drug withdrawal 

influencing rodent behaviour (Jentsch et al., 1998). A 6-week washout period was used in this study 

due to evidence that a 1-week period impairs NOR performance but not PV expression, whereas a 6-

week washout induces robust cognitive and PV deficits (Abdul-Monim et al., 2007; Leger et al., 2015). 

Animals in all Cohorts were then tested in the NOR paradigm: in Cohort 3, this was following acute i.p 

administration (pre-treatment time = 90 min; dose volume 1 ml/kg) of VU0409551 or VU0360172 

(dissolved in 10% Tween 80 and diluted with 0.9% saline). VU0409551 was administered at 0.05 mg/kg 

(n = 10), or 20 mg/kg (n = 10), and VU0360172 at 0.05 mg/kg (n = 10), or 20 mg/kg (n = 10). scVehicle-

treated rats were tested following acute vehicle application (n = 12). These doses were selected on the 

basis of our previous work demonstrating the efficacy of 20 mg/kg, but not 0.05 mg/kg, of both PAMs 

in restoring scPCP-induced NOR deficits (Brown et al., 2022).  
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3.3.4 Behaviour: Novel Object Recognition paradigm 

6 weeks post scVehicle/scPCP dosing, the NOR test was performed as previously outlined 

(Grayson et al., 2007; Neill et al., 2016) to verify the scPCP-induced establishment of a significant 

cognitive deficit. In brief, habituation was conducted by allowing cage groups to freely explore the 

               
             

                  
                  

       

          
             

          
         
                  

                         
             

                           
                       

 

 

 

 

            

 

                  
             
           

     

                  
                

                 
                         

             
                           
                       

               
             

                  
                  

 

        

        

 

 

 

 

            

          
             

              
               

   
             
        

        

Figure 1. Schematic illustrating the experimental protocol for A, Cohorts 1 and 2 and B, Cohort 3.  6 weeks after the 

subchronic PCP dosing regime, Cohorts 1 and 2 were assessed in the NOR paradigm before ex vivo tissue acquisition and 

processing for Wes (Cohort 1) or immunohistochemistry (Cohort 2) analysis. At the same timepoint, Cohort 3 received 

acute administration of mGlu5 receptor PAMs before NOR testing and tissue processing for ELISA analysis.  Key: NOR, 

novel object recognition; Wes, automated Western blot; IHC, immunohistochemistry; ELISA, enzyme-linked 

immunosorbent assay; FCx, frontal cortex; PFC, prefrontal cortex; VH, ventral hippocampus; DH, dorsal hippocampus; 

GAD67, glutamate decarboxylase 67; mGlu5, metabotropic glutamate receptor 5; PV, parvalbumin; Iba1, ionized calcium-

binding adaptor molecule 1; IL-6, interleukin-6; IL-10, interleukin-10; p-GSK-3β, phosphorylated glycogen synthase 

kinase 3 beta.  
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empty test box (52 × 52 × 31 cm) for 20 minutes the day prior to NOR testing. The behavioural paradigm 

consisted of two 3-minute trials separated by a 1-minute inter-trial interval (ITI). In the first 

(acquisition) trial, the animals were introduced to the testing arena and explored two identical objects 

(A and B). This was followed by the second (retention trial), where animals explored the familiar object 

(F) from the acquisition phase (a duplicate to avoid olfactory trails) and a novel object (N; Figure 2A). 

The object location (left/right) and type (can/bottle) were randomised among animals to minimise the 

confounding impact of object and place preference. Video recordings were scored by an experimenter 

who was blinded to the treatment groups, using the ‘Jack R Auty Novel Object Recognition Task 

Timer’. The exploration times of each object (A and B, familiar and novel) in each trial were assessed; 

object exploration was defined as animals licking, sniffing, or touching the object with the forepaws 

whilst sniffing, but behaviours such as leaning against, turning around, standing, or sitting on the object 

were excluded (Grayson et al., 2007). Locomotor activity (LMA) across both trials was also measured 

by the number of marked lines crossed by the base of the tail, along with discrimination index (DI): the 

difference in exploration time between the novel and familiar object expressed as a proportion of the 

total time spent exploring both objects (calculated as outlined in Chapter 5). If exploration time for 

either object in either trial was less than 1 second, the animal was not included in data analysis. 

Behavioural data from Cohort 3 is previously published in Brown et al. (2022) and NOR data shown in 

this manuscript is from Cohort 1 (an NOR deficit was also confirmed in Cohort 2 – data not shown). 

3.3.5  Cohort 2 

3.3.5.1 Perfusion and tissue processing  

Following NOR testing, rats (mean = 220.1 g ± 3.87 g) were anesthetised with isoflurane (5% in 

O2 2 l/min) and the left ventricle perfused with 1X ice-cold PBS. Perfusion was run for approximately 

6 minutes or until the flow from the heart was clear. Brains were removed and cut into two sections 

along the coronal plane before being post-fixed for 24-48 hours in 4% PFA at 4oC. After washing with 

PBS, brains were then cryoprotected through incubation in 30% sucrose for 24 hours (or until the sample 

sunk to the bottom of the vial), flash frozen in isopentane on dry ice and stored at -80oC until slicing. 

Crysostat-obtained 30µm sections of the PFC were transferred to a 12-well plate filled with 

cryoprotectant solution (30% ethylene glycol, 30% glycerol, 10% PBS & 30% distilled water). Free-

floating sections were then stored at -20oC until IHC analysis.  

 

3.3.5.2 Immunohistochemistry 

Briefly, the free-floating sections were washed three times by gentle agitation on a rocker for 5-

minute periods (30rpm) with 1X PBS. Samples were then incubated for 60 minutes in protein block 

solution (0.4% Triton x-100, 94.6% 0.1X PBS and 5% normal chicken serum). After washing twice as 

before, a 36-hour incubation period was performed at 4oC in protein block solution supplemented with 
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primary antibodies (rabbit anti-mGlu5 receptor, Alomone AGC-007, 1:200; mouse anti-PV, Swant 

PV235, 1:5000; goat anti-Iba1, Abcam ab5076, 1:500). The following steps were all performed in the 

dark. After two washes, samples were transferred to protein block solution containing secondary 

antibodies (chicken anti-mouse Alexa Fluor 488, ThermoFisher A-21200, 1:500; chicken anti-rabbit 

594, ThermoFisher A-21442 1:500; chicken anti-goat Alexa Fluor 647, ThermoFisher A-21469, 1:500) 

and incubated for 2 hours at room temperature (RT). Sections were again washed twice and then 

transferred to PBS before being mounted onto Superfrost Plus slides and air-dried. Finally, the slides 

were placed onto Fluoroshield-coated coverslips. 

  

3.3.6 Cohorts 2 and 3 

3.3.6.1 Sample preparation  

Each brain sample was removed from -80oC storage and kept on dry ice until dissected. The frontal 

cortex (FCx), prefrontal cortex (PFC), dorsal hippocampus (DH) and ventral hippocampus (VH) were 

identified according to the Bregma coordinates detailed in Paxinos and Watson (2006), removed, and 

immediately placed on dry ice. Samples were then stored at -80oC until homogenisation was performed. 

On ice, homogenisation buffer (HB) (activated by addition of 400µl cOmplete™ protease inhibitor 25X 

stock; 100µl PMSF 0.1M stock; 100µl sodium orthovanadate 0.1M stock) was added to each sample at 

volumes (µl) calculated according to the sample weight. A micro pestle was used to homogenise the 

tissue until no visible pieces were left. Homogenised samples were then centrifuged for 15 minutes at 

3200 rpm at 4oC. After being transferred to an Eppendorf® tube, the supernatant (S1) was centrifuged 

for 20 minutes at 12,200 rpm at 4oC. The supernatant (S2) was then transferred to an Eppendorf® tube 

and stored at -20oC.  

 

3.3.6.2 Bradford Protein Assay 

After being thawed and vortexed, samples (Supernatant S2) were diluted 1:5 and the BSA protein 

standard diluted to 2 mg/ml, both in HB. Standards were serial diluted (1 – 0.1 mg/ml), the dye reagent 

diluted 1:5 in dH2O, and the plate filled with standards and samples in triplicate. Dye reagent was then 

added to each well. After a 5-minute incubation period at RT, the plate was read at 595nm using a 

microplate reader. Gen2 software was then used to determine the total protein concentration of each 

sample from the standard curve. 

 

3.3.7 Cohort 1: ProteinSimple Capillary-Based Western Immunoassay (Wes) 

Samples were diluted with 0.1X sample buffer to 0.4 mg/ml. The Luminol-S and Peroxide mix 

(200l of each) and standard pack reagents (DTT, Fluorescent 5X Master Mix and Biotinylated ladder) 

were prepared as per the supplied ProteinSimple protocol. 1l of Fluorescent 5X Master Mix was then 
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added to 4l of each sample before samples were vortexed and centrifuged at 3000rpm for 1 minute. 

For assays measuring cell-surface proteins (mGlu5 receptor) samples were incubated at 37oC for 20 

minutes, whereas for cellular proteins (GAD67 and PV) samples were denatured at 95oC for 5 minutes. 

Primary antibodies used were rabbit anti-mGlu5 receptor (abcam; ab76316; EPR2425Y; 1:50), rabbit 

anti-PV (LSBio; LS-B14122; 1:50) and mouse anti-GAD67 (Merck Millipore; MAB5406; 1:50). The 

mGlu5 receptor negative control peptide was incubated with the primary antibody at room temperature 

for 30 minutes. The plate was then loaded in 25-well rows (A-F) and was centrifuged for 20 seconds at 

a time for 5 minutes before the wash buffer was added. For each sample, total protein levels were 

determined by a Total Protein Wes Assay, conducted using the Biotin Relabelling Agent and Total 

Protein Streptavidin-HRP according to ProteinSimple instructions. The protein of interest was then 

normalised to total protein levels. Plates were read using the Wes machine and associated ‘Compass for 

SW’ software.  

 

3.3.8 Cohort 3: Enzyme-Linked Immunosorbent Assays (ELISAs)  

The IL-6, phospho-GSK-3β and IL-10 proteins were detected using DuoSet ELISA kits (Rat IL-6 

DuoSet ELISA, DY506; Phospho-GSK-3 alpha/beta (S21/S9) DuoSet IC ELISA, DYC2630-2; Rat IL-

10 DuoSet ELISA, DY522, all Bio-Techne, UK) according to the manufacturer instructions. Briefly, 

96-well flat-bottom high-affinity ELISA plates were coated overnight at 4°C with the capture antibody. 

Plates were washed three times with wash buffer (0.05% Tween 20 PBS) before the addition of blocking 

buffer to each well with Reagent Diluent (1% BSA in PBS: supplied) for a minimum of 1 hour. After 

washing the plate three times as above, protein standards were prepared in 2-fold serial dilutions (IL-6: 

125 - 8000 pg/ml; IL-10: 62.5 – 4000 pg/ml; phospho-GSK-3β: 125 – 8000 pg/ml) and added alongside 

samples (diluted to 1.4 mg/ml). Following incubation for 2 hours at RT, the detection antibody was 

added and incubated for 1 hour after washing three times with wash buffer as above. Plates were further 

rewashed three times before incubation with Streptavidin-HRP for 20 minutes at RT in the dark. Plates 

were then incubated with substrate solution (1:1 mixture of H2O2 and tetramethylbenzidine) for another 

20 minutes at RT in the dark before stop solution (2N H2SO4) was added to each well. Optical density 

was measured immediately using a microplate reader set to 450 nm with wavelength correction 

(subtraction of readings at 540 nm to correct for optical imperfections). Gen2 software was then used 

to determine the concentration of the protein of interest each sample from the standard curve. 

 

3.3.9 Analysis  

3.3.9.1 Cohort 1 

3.3.9.1.1  NOR data 

 NOR test data were analysed using a two-way ANOVA (factors: drug treatment and object) or an 

unpaired t-test (LMA and DI). All statistical analysis was performed using GraphPad Prism 9.3.1. 
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Differences were considered to be significant at p < 0.05. Averaged values are expressed as mean ± 

SEM.  

 

3.3.9.1.2  Wes data 

For each brain region (FCx, PFC, DH and VH), levels of the protein of interest were calculated as 

a ratio of total protein levels and compared across scVehicle- and scPCP-treated samples. Data are 

expressed as mean ± S.E.M and analysed using an unpaired Welch’s t-test. For all data, statistical 

significance was defined as p < 0.05. All statistical analyses were conducted in GraphPad Prism 8.  

 

3.3.9.2 Cohort 2 

3.3.9.2.1 Image analysis 

PFC sections were imaged via Z-stack tile scan recordings using a Zeiss LSM 880 confocal 

microscope (x40 oil-immersion objective) coupled with Zeiss ZEN Microscopy Software. For each 

animal, 3 – 4 PFC sections were analysed and mean values calculated. The analysis was performed in 

a blind manner with regard to treatment groups (scVehicle /scPCP), which were only revealed following 

data collection. Samples incubated with only secondary antibodies without primary antibodies acted as 

negative controls to confirm the specificity of secondary antibodies to the target proteins. 

 

Cell density 

The surface area was determined for the region of interest (PFC). Quantification of fluorescently 

labelled cells within this region was then manually performed. Results were expressed by the density 

of PFC positively stained cells per mm2 (total number of labelled cells/surface area).  

 

Co-localisation 

The percentages of co-localisation of the mGlu5 receptor and PV, and the mGlu5 receptor and 

Iba1, were determined by analysing a minimum of 200 mGlu5 receptor-positive cells per rat and 

quantifying those also labelled for PV and then at least 200 PV-positive cells per rat and quantifying 

those also labelled for mGlu5. The same process was then carried out to quantify mGlu5 receptor and 

Iba1 co-localisation.  

 

Microglial activation  

The percentages of microglial activation were calculated by analysing at least 200 PFC Iba1-

positive cells per rat and quantifying those displaying an ‘active’ phenotype. Upon activation, microglia 



134 
 

are evidenced to undergo a morphological change involving retraction of the numerous, fine processes 

and gradual acquisition of an amoeboid shape (Anttila et al., 2016; see Figure 8).  

 

3.3.9.2.2 Statistical analysis 

 IHC data are expressed as mean ± SEM (n = 8-9 per group) and were analysed by a Mann-Whitney 

test (cell density and microglial activation data) or 2-way ANOVA (co-localisation data). All statistical 

analysis was performed using GraphPad Prism 9.3.1. Differences were considered to be significant at 

p < 0.05. 

 

3.3.9.3 Cohort 3 

3.3.9.3.1 ELISA data 

For each protein of interest within each brain region, normalised concentration data (pg/mg) were 

compared across the six treatment groups using Mann-Whitney tests. All statistical analysis was 

performed using GraphPad Prism 9.3.1, except partial correlation analyses conducted using SPSS 

Statistics 25. Differences were considered to be significant at p < 0.05. Averaged values reported in this 

manuscript are expressed as mean ± SEM. 

 

3.4 Results 

3.4.1 Cohort 1 

3.4.1.1 Novel Object Recognition (NOR) deficits in the scPCP model 

In this study, NOR was used to measure scPCP-induced visual recognition memory impairment 

after a 6-week washout period. An overall 2-way ANOVA did not reveal a significant interaction 

between the treatments and object exploration during the acquisition phase. Moreover, there were no 

significant differences in the exploration time of two identical objects for any group (Figure 2B). In the 

retention phase, a significant interaction between treatment and object exploration (F(1, 18) = 49.80; p 

< 0.0001) was demonstrated by a 2-way ANOVA. scVehicle-treated rats showed significantly greater 

exploration of the novel compared with the familiar object (t (18) = 9.39; p < 0.0001), whereas rats 

treated with scPCP exhibited comparable exploration times of novel and familiar objects (Figure 2C). 

scPCP rats also had a significantly lower discrimination index relative to controls (t (18) = 6.612; p < 

0.0001; Figure 2D) but there was no significant difference in locomotor activity between the groups, as 

assessed by the total number of line crossings across both trials (Figure 2E). Therefore, the scPCP model 

shows a significant disruption of NOR performance whilst locomotion is unchanged. 
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3.4.1.2 Wes data 

3.4.1.2.1 scPCP treatment does not affect levels of monomeric or dimeric mGlu5 receptor 

The mGlu5 receptor antibody used for this study recognised two bands: one at ~150kDa and 

another at ~270kDa. Based on existing literature (Romano et al., 1996; Matosin et al., 2015) and the 

Figure 2. Confirmation that novel object recognition is disrupted in the subchronic PCP (scPCP) model. A, Schematic 
illustrating the Novel object recognition (NOR) test protocol. There is a 3-minute acquisition trial (with two identical objects) 

and then a 3-minute retention trial (with two non-identical objects) separated by a 1-minute inter-trial interval (ITI). The effect 

of scPCP treatment (2 mg/kg, i.p. twice daily for seven days, followed by a 6-week washout period) on the exploration time 

(s) of. B, two identical objects in the acquisition trial and C, a familiar object and a novel object in the retention trial. Data are 
expressed as the mean ± S.E.M (n = 10 per group) and were analysed using a 2-way ANOVA. ns = not significant. ****p < 

0.0001; Significant increase in time spent exploring the novel object compared to the familiar object. D, The effect of scPCP 

treatment on the discrimination index (DI). Data are expressed as the mean ± S.E.M (n = 10 per group) and were analysed 

using a 2-way ANOVA. ****p < 0.0001; Significant reduction in DI compared to scVehicle. E, The effect of scPCP treatment 
on the total number of line crossings in the acquisition and retention trials. ns = not significant. Data are expressed as the mean 

± S.E.M (n = 10 per group) and were analysed using an unpaired t-test.  
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eradication of both bands upon antibody incubation with the control peptide in all samples (Figure 3I, 

J), the band at ~150kDa was defined as the monomeric form of the mGlu5 receptor and the second band 

was quantified separately as the mGlu5 receptor dimer. For each tissue sample, mGlu5 levels were 

calculated as a ratio of total protein levels by measuring chemiluminescence signal as peak area/total 

curve area. 

Analysis of the mGlu5 receptor/total protein ratio demonstrated no significant difference in 

chemiluminescence signal between scPCP and scVehicle rats in any of the brain regions tested (Figure 

3A-H). Therefore, these data suggest that levels of the mGlu5 receptor are not significantly altered in 

the scPCP model.  

 

Figure 3. The effect of scPCP treatment monomeric and dimeric mGlu5 levels. Wes capillary-based Western 

immunoassay was used to assess the ratio of the mGlu5 A, C, E, G, monomer or B, D, F, H, dimer to total protein levels 

in scVehicle- and scPCP-treated samples of the A,B, FCx, C,D, PFC, E,F, VH and G,H, DH. I, representative data 

illustrating monomeric and dimeric mGlu5 receptor levels detected by the anti-mGlu5 antibody compared to this antibody 
incubated with the mGlu5 receptor negative control peptide (CP). J, a lane image comparison of the biotinylated ladder, 

the sample (with mGlu5 antibody) and the sample with mGlu5 antibody incubated with the control peptide (monomeric 

mGlu5 receptor band quantified at 163kD and dimeric mGlu5 receptor band quantified at 271kDa). Data are expressed as 

the mean ± S.E.M (n = 6 – 10 per group) and analysed using a Welch’s t-test. Key: FCX, frontal cortex; PFC, prefrontal 
cortex; VH, ventral hippocampus; DH, dorsal hippocampus; mGlu5, metabotropic glutamate receptor 5.  
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3.4.1.2.2 scPCP treatment reduces levels of PV and GAD67  

Levels of PV and GAD67 in each brain region were also calculated as a ratio of protein of 

interest/total protein chemiluminescence signal. PV was defined as a band at ~14 kDa (Figure 4E, F), 

whilst a band at ~ 67 kDa was used to quantify GAD67 (Figure 5E,F).  

Analysis of the PV/total protein ratio demonstrated a significant reduction in chemiluminescence 

signal associated with scPCP treatment in the PFC (Figure 4B; t(10) = 3.627; p = 0.0044) and VH 

(Figure 4C; t(10) = 2.826; p = 0.0187). Similarly, scPCP rats showed a significantly lower GAD67/total 

protein ratio in the PFC (Figure 5B; t(9) = 4.452; p = 0.0014) and VH (Figure 5C; t(13) = 4.299; p = 

0.0009). These data suggest that PFC and VH levels of PV and GAD67 are diminished in the scPCP 

model.  

 

3.4.2 Cohort 2: Immunofluorescence data 

Figure 4. scPCP treatment is associated with reduced PV levels in the PFC and VH. Wes capillary-based Western 
immunoassay was used to assess the ratio of PV to total protein levels in scVehicle- and scPCP-treated samples of the A, FCx, 

B, PFC, C, VH and D, DH. E, representative data illustrating PV levels detected by the anti-PV antibody. F, a lane image 

comparison of the biotinylated ladder and the sample with PV antibody (PV band quantified at 14kD).  Data are expressed as 

the mean ± S.E.M (n = 9 – 10 per group) and analysed using a Welch’s t-test. *p < 0.05, **p < 0.01; significant difference in 
PV levels between scVehicle and scPCP groups. Key: FCX, frontal cortex; PFC, prefrontal cortex; VH, ventral hippocampus; 

DH, dorsal hippocampus; PV, parvalbumin.   
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3.4.2.1 The effect of scPCP treatment on mGlu5 receptor-, PV- and Iba1-positive cell densities 

The densities of cells labelled for the mGlu5 receptor, PV and Iba1 were quantified by manually 

counting all labelled cells in the PFC of each slice. The surface area (mm2) of the PFC was then 

calculated and cell densities expressed per mm2.  

Data, shown in Figure 6, revealed that scPCP treatment was associated with a significant deficit in 

PFC PV cell density relative to scVehicle samples (U = 0; p = 0.0002). However, there was no 

significant effect of scPCP treatment on the density of mGlu5 receptor- (Figure 7) or Iba1- (Figure 8A, 

B) positive cells in the PFC. This implies PV expression to be reduced by scPCP treatment, without 

impacting mGlu5 receptor expression or microglial density.  

 

Figure 5. scPCP treatment is associated with reduced GAD67 levels in the PFC and VH. Wes capillary-based Western 

immunoassay was used to assess the ratio of GAD67 to total protein levels in scVehicle- and scPCP-treated samples of the A, 

FCx, B, PFC, C, VH and D, DH. E, representative data illustrating GAD67 levels detected by the anti-GAD67 antibody. F, a 
lane image comparison of the biotinylated ladder and the sample with GAD67 antibody (GAD67 band quantified at 67kD). 

Data are expressed as the mean ± S.E.M (n = 9 – 10 per group) and analysed using a Welch’s t-test. **p < 0.01, ***p < 0.001; 

significant difference in GAD67 levels between scVehicle and scPCP groups.  Key: FCX, frontal cortex; PFC, prefrontal 

cortex; VH, ventral hippocampus; DH, dorsal hippocampus; GAD67, glutamate decarboxylase 67.  
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Figure 6. The scPCP model is associated with a reduced density of PV-positive cells in the PFC. A, Representative 
confocal microscope images showing the density of PV-positive cells (green) in the PFC of scVehicle and scPCP animals (2 

subjects shown per group). The bottom panel displays PV-labelled cells from both treatment groups at a higher magnification. 

B, Graph showing reduction in the density of PV-positive cells in scPCP relative to scVehicle rats. Data are expressed as the 

mean ± S.E.M (n = 8 per group) and analysed using Mann-Whitney tests. ***p < 0.001; significant difference in PV density 
between scPCP and scVehicle treatment groups. C, Negative control sample incubated with chicken anti-mouse Alexa Fluor 

488 ThermoFisher A-21200 without the PV primary antibody. No specific staining is visible. Key: PV, parvalbumin. 
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3.4.2.2 Microglial activation is significantly elevated in the scPCP model 

The percentage of microglia in the PFC displaying an ‘active’ phenotype was determined by 

manually counting at least 200 Iba1-positive cells per animal and categorising each cell as either 

‘resting’, displaying numerous fine processes, or ‘active’, with an ameboid morphology.  

There was a significant increase in the percentage of microglia displaying an ‘active’ phenotype 

associated with scPCP treatment relative to scVehicle samples (Figure 8A,C; U = 0; p = 0.0022). This 

suggests that while microglial density is not significantly altered in the scPCP model, activation state is 

shifted relative to scVehicle animals.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. The density of mGlu5-positive cells in the PFC of scPCP and scVehicle rats. A, Representative confocal 
microscope images showing the density of mGlu5 receptor-positive cells (red) in the PFC of scVehicle and scPCP animals (1 

subject shown per group). DAPI co-staining on the same slices is also shown in blue (bottom panel). B, Graph showing the 

density of mGlu5-positive cells in scPCP and scVehicle treatment groups. Data are expressed as the mean ± S.E.M (n = 8 per 

group) and analysed using Mann-Whitney tests. C, Negative control sample incubated with chicken anti-rabbit 594, 
ThermoFisher A-21442 without the mGlu5 primary antibody. No specific staining is visible, confirming the specificity of 

secondary antibodies to the target protein. Key: mGlu5, metabotropic glutamate receptor 5; Iba1, ionized calcium-binding 

adaptor molecule 1.  
 

Figure 8. The scPCP model is associated with increased PFC microglial activation without changes in cell density. A, 

Representative confocal microscope images showing the density and morphological state of Iba1-positive cells (white) in the 

PFC of scVehicle and scPCP animals (2 subjects shown per group). B, Graph showing the density of Iba1-positive cells in 
scPCP and scVehicle treatment groups. C, Graph showing the increased percentage of Iba1-positive cells displaying an active 

morphological state in scPCP relative to scVehicle rats. Data are expressed as the mean ± S.E.M (n = 8 per group) and analysed 

using Mann-Whitney tests. **p < 0.01; significant difference in microglial activation between scPCP and scVehicle treatment 

groups. D, Negative control sample incubated with chicken anti-goat Alexa Fluor 647, ThermoFisher A-21469 without the 
Iba1 primary antibody. No specific staining is visible, confirming the specificity of secondary antibodies to the target protein. 

Key: Iba1, ionized calcium-binding adapter molecule 1. 
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3.4.2.3 The percentage of co-localisation between the mGlu5 receptor and PV in the PFC of 

sPCP and scVehicle rats 

Co-localisation between the mGlu5 receptor and PV in the PFC was evaluated by manually 

counting at least 200 mGlu5-positive and 200 PV-positive cells per animal and quantifying those also 

labelled for PV and mGlu5, respectively.  

As shown in Figure 9, data from both treatment groups showed high levels of co-localisation 

between PV and the mGlu5 receptor, with x̅ = 90.04 (scVehicle) and x̅ = 88.39 (scPCP) percent of PV-

positive cells also labelled for the mGlu5 receptor. Whilst there was no significant effect of scPCP 

treatment on PV-mGlu5 receptor co-localisation, scPCP animals showed significantly reduced levels 

of mGlu5-PV co-localisation: the percentage of mGlu5 receptor-positive cells also labelled for PV 

(scVehicle: x̅ = 18.92; scPCP: x̅ = 10.71; t(14) = 5.397; p = 0002).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. The scPCP model is associated with a reduced levels of mGlu5-PV co-localisation in the PFC. A, 

Representative confocal microscope images showing co-localisation between mGlu5-labelled (red) and PV-labelled (green) 
cells the PFC of scVehicle and scPCP animals (1 subject shown per group). DAPI co-staining is also shown in blue. Green 

arrows on the top panel indicate mGlu5/DAPI-labelled cells also positive for PV (shown in the bottom panel). B, Graph 

showing the reduced percentage of mGlu5-PV co-localisation in scPCP relative to scVehicle rats, whilst there is no difference 

in the percentage of PV-mGlu5 co-localisation between treatment groups. Data are expressed as the mean ± S.E.M (n = 8 per 
group) and analysed using a 2-way ANOVA followed by multiple t tests. ***p < 0.001; significant difference in mGlu5-PV 

co-localisation between scPCP and scVehicle treatment groups. Key: mGlu5, metabotropic glutamate receptor 5; DAPI, 4',6-

diamidino-2-phenylindole.  
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3.4.2.4 The percentage of co-localisation between the mGlu5 receptor and Iba1 in the PFC of 

scPCP and scVehicle rats 

Co-localisation between the mGlu5 receptor and Iba1 in the PFC was evaluated by manually 

counting at least 200 mGlu5 receptor-positive and 200 Iba1-positive cells per animal and quantifying 

those also labelled for Iba1 and the mGlu5 receptor, respectively.  

As shown in Figure 10, data from both treatment groups showed high levels of co-localisation between 

Iba1 and the mGlu5 receptor, with x̅ = 85.84 (scVehicle) and x̅ = 86.48 (scPCP) percent of Iba1-positive 

cells also labelled for the mGlu5 receptor. However, there was no significant effect of scPCP treatment 

on Iba1-mGlu5 receptor co-localisation or on mGlu5 receptor-Iba1 co-localisation: the percentage of 

mGlu5 receptor-positive cells also labelled for Iba1 (scVehicle: x̅ = 14.48; scPCP: x̅ = 13.47). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Levels of mGlu5-Iba1 co-localisation in the PFC of scPCP and scVehicle rats. A, Representative confocal 

microscope images showing co-localisation between mGlu5-labelled (red) and Iba1-labelled (white) cells the PFC of scVehicle 

and scPCP animals (1 subject shown per group). DAPI co-staining is also shown in blue. White arrows on the top panel indicate 

mGlu5/DAPI-labelled cells also positive for Iba1 (shown in the bottom panel). B, Graph showing the percentages of mGlu5-
Iba1 and Iba1-mGlu5 co-localisation in scPCP relative to scVehicle rats. Data are expressed as the mean ± S.E.M (n = 8 per 

group) and analysed using a 2-way ANOVA followed by multiple t tests. Key: mGlu5, metabotropic glutamate receptor 5, 

DAPI, 4',6-diamidino-2-phenylindole; Iba1, ionized calcium-binding adapter molecule 1.  
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3.4.3 Cohort 3: ELISA data 

ELISAs were used to measure the concentration of proteins of interest in the FCx, PFC, DH and 

VH of scPCP rats and following in vivo administration of VU0409551 and VU0360172 at 0.05 and 20 

mg/kg. IL-6 is a pro-inflammatory cytokine, whereas phospho-GSK-3β is a kinase downstream of AKT 

phosphorylation and is associated with the inhibition of the pro-inflammatory state and upregulation of 

anti-inflammatory cytokines that include IL-10 (Bhat et al., 2021). 

 

3.4.3.1 The effect of scPCP treatment and in vivo PAM administration on levels of IL-6 
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Figure 11. The effect of scPCP treatment and in vivo PAM administration on IL-6 levels in the A, FCx, B, PFC and C, 
VH and on D, DH. Data are expressed as the mean ± S.E.M (n = 9 – 13 per group) and analysed using Mann-Whitney tests. 

**p < 0.01; significant difference in IL-6 levels between scVehicle-acute Vehicle and scPCP-acute Vehicle groups. *p < 0.05; 

significant difference in IL-6 between scPCP-acute Vehicle and scPCP-VU0360172 0.05 mg/kg groups. *p < 0.05, **p < 0.01, 

****p < 0.0001; significant difference in IL-6 levels between scPCP-acute vehicle and scPCP-VU0409551 20mg/kg groups. 
****p < 0.0001; significant difference in IL-6 levels between scPCP-acute vehicle and scPCP-VU0360172 20mg/kg groups. 

Key: FCx, frontal cortex; PFC, prefrontal cortex; VH, ventral hippocampus; DH, dorsal hippocampus; IL-6, interleukin-6; IL-

6.  
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IL-6 levels were significantly increased in scPCP rats relative to scVehicle rats in the PFC (Figure 

11B; U = 5; p = 0.0001), VH (Figure 11C; U = 29; p = 0.0066) and DH (Figure 11D; U=11; p = 0.0063). 

In the DH, IL-6 levels were significantly reduced in scPCP rats following treatment with VU0360172 

at 0.05 mg/kg (U = 17.5; p = 0.0425). A significant decrease in IL-6 levels was also revealed in scPCP 

rats treated with VU0409551 at 20 mg/kg in the FCx (Figure 11A; U = 26; p = 0.0491), PFC (U = 17; 

p = 0.0125), VH (U = 21.5; p = 0.0054) and DH (U = 0; p < 0.0001). Moreover, IL-6 levels were 

significantly reduced in scPCP rats following treatment with VU0360172 at 20 mg/kg in the DH (U = 

0; p < 0.0001), but in no other region. Also in this region, IL-6 levels were significantly lower in scPCP 

rats treated with VU0409551 at 20 mg/kg relative to those treated with VU0360172 at 20 mg/kg (U = 

15.5; p = 0.0142).  

These data suggest significantly elevated levels of the pro-inflammatory cytokine IL-6 are induced 

by scPCP treatment and are significantly diminished in all regions by application of VU0409551 at 20 

mg/kg and in the DH by VU0360172 at 20 mg/kg.  

   

3.4.3.2 The effect of scPCP treatment and in vivo PAM administration on levels of phospho-

GSK-3β  

By contrast, phospho-GSK-3β levels were significantly reduced in scPCP rats relative to scVehicle 

rats in the FCx (Figure 12A; U = 13; p = 0.0001), PFC (Figure 12B; U = 45; p = 0.2252), VH (Figure 

12C; U = 2; p < 0.0001) and DH (Figure 12D; U=30; p = 0.0078). In the VH, phospho-GSK-3β levels 

were significantly elevated in scPCP rats following treatment with VU0360172 at 0.05 mg/kg (U = 33; 

p = 0.0493). A significant increase in phospho-GSK-3β levels was also documented in scPCP rats 

treated with VU0409551 at 20 mg/kg in the FCx (U = 7; p < 0.0001), the PFC (U = 9.5; p = 0.0002), 

VH (U = 4; p < 0.0001) and DH (U = 3; p < 0.0001). Furthermore, phospho-GSK-3β levels were 

significantly increased in scPCP rats following treatment with VU0360172 at 20 mg/kg in the FCx (U 

= 15; p = 0.0011), PFC (U = 17; p = 0.0019), VH (U = 12; p = 0.0005) and DH (U = 26; p = 0.0146). 

Finally, in the PFC phospho-GSK-3β levels were significantly greater in scPCP rats treated with 

VU0409551 at 20 mg/kg relative to those treated with VU0360172 at 20 mg/kg (U = 11.5; p = 0.0021).  

These data suggest significantly reduced levels of phospho-GSK-3β are induced by scPCP 

treatment and are significantly elevated in all regions by application of VU0409551 or VU0360172 at 

20 mg/kg. The former compound induced the more significant increase in phospho-GSK-3β levels, 

particularly in the PFC. 
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Figure 12. The effect of scPCP treatment and in vivo PAM administration on phospho-GSK-3β levels in the A, FCx, B, 
PFC and C, VH and on D, DH. Data are expressed as the mean ± S.E.M (n = 9 – 13 per group) and analysed using Mann-

Whitney tests. **p < 0.01, ***p < 0.001, ****p < 0.0001; significant difference in phospho-GSK-3β levels between scVehicle-

acute Vehicle and scPCP-acute Vehicle groups. *p < 0.05; significant difference in phospho-GSK-3β levels between scPCP-

acute Vehicle and scPCP-VU0409551 0.05 mg/kg groups. ***p < 0.001, ****p<0.0001; significant difference in phospho-
GSK-3β levels between scPCP-acute vehicle and scPCP-VU0409551 20mg/kg groups. *p < 0.05, **p < 0.01, ***p < 0.001; 

significant difference in phospho-GSK-3β levels between scPCP-acute vehicle and scPCP-VU0360172 20mg/kg groups. Key: 

FCx, frontal cortex; PFC, prefrontal cortex; VH, ventral hippocampus; DH, dorsal hippocampus; GSK-3β. Glycogen synthase 

kinase 3 beta. 
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3.4.3.3 The effect of scPCP treatment and in vivo PAM administration on levels of IL-10 

Similarly, IL-10 levels were significantly reduced in scPCP rats relative to scVehicle rats in the 

FCx (Figure 13A; U = 27; p = 0.0045), PFC (Figure 13B; U = 11; p < 0.0001), VH (Figure 13C; U = 

26; p = 0.0037) and DH (Figure 13D; U=26; p = 0.0035). In the VH, IL-10 levels were significantly 

elevated in scPCP rats following treatment with VU0360172 at 0.05 mg/kg (U = 30; p = 0.0303). A 

significant increase in IL-10 levels was also evident in scPCP rats treated with VU0409551 at 20 mg/kg 

in the FCx (U = 31; p = 0.0358), PFC (U = 3; p < 0.0001), VH (U = 0; p < 0.0001) and DH (U = 4; p < 

0.0001). In addition, IL-10 levels were significantly increased in scPCP rats following treatment 

with VU0360172 at 20 mg/kg in the PFC (U = 26; p = 0.0147), VH (U = 4; p < 0.0001) and DH (U = 

Figure 13. The effect of scPCP treatment and in vivo PAM administration on IL-10 levels in the A, FCx, B, PFC and C, 

VH and on D, DH. Data are expressed as the mean ± S.E.M (n = 9 – 13 per group) and analysed using Mann-Whitney tests. 

**p < 0.01, ****p < 0.0001; significant difference in IL-10 levels between scVehicle-acute Vehicle and scPCP-acute Vehicle 
groups. *p < 0.05; significant difference in IL-10 levels between scPCP-acute Vehicle and scPCP-VU0409551 0.05 mg/kg 

groups. *p < 0.05, ****p<0.0001; significant difference in IL-10 levels between scPCP-acute vehicle and scPCP-VU0409551 

20mg/kg groups. *p < 0.05, **p < 0.01, ****p < 0.0001; significant difference in IL-10 levels between scPCP-acute vehicle 

and scPCP-VU0360172 20mg/kg groups. Key: FCx, frontal cortex; PFC, prefrontal cortex; VH, ventral hippocampus; DH, 

dorsal hippocampus; IL-10, interleukin 10. 
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24; p = 0.0094). Notably, in the PFC IL-10 levels were significantly greater in scPCP rats treated with 

VU0409551 at 20 mg/kg relative to those treated with VU0360172 at 20 mg/kg (U = 19; p = 0.035).  

These data suggest significantly reduced levels of the anti-inflammatory cytokine IL-10 to be 

induced by scPCP treatment and significantly elevated in all regions by application of VU0409551 at 

20 mg/kg and in the PFC, VH and DH by VU0360172 at 20 mg/kg. VU0409551 was associated with a 

more significant increase in IL-10 levels, especially in the PFC. 

 

3.4.3.4 The effect of scPCP treatment and in vivo PAM administration on the ratio of IL-6/IL-

10 

Notably, there was also a significant increase in the ratio of IL-6/IL-10 in scPCP rats relative to 

scVehicle in the PFC (Figure 14B; U = 3; p < 0.0001), VH (Figure 14C; U = 10; p < 0.0001) and DH 

(Figure 14D; U = 2; p = 0.0002). A significant decrease in the ratio of IL-6/IL-10 in scPCP rats treated 

with VU0409551 at 20 mg/kg was demonstrated in the PFC (U = 17; p = 0.022), VH (U = 4; p < 0.0001) 

and DH (U = 0; p < 0.0001).  The IL-6/IL-10 ratio was also significantly reduced in scPCP rats following 

treatment with VU0360172 at 20 mg/kg in the PFC (U = 15; p = 0.0068), VH (U = 12; p = 0.0005) and 

DH (U = 1; p < 0.0001). Furthermore, in the DH the IL-6/IL-10 ratio was significantly lower in scPCP 

rats treated with VU0409551 at 20 mg/kg relative to those treated with VU0360172 at 20 mg/kg (U = 

20; p = 0.0435). 

These data suggest the ratio of IL-6/IL-10 to be significantly increased by scPCP treatment and 

significantly lowered by application of VU0409551 or VU0360172 at 20 mg/kg in the PFC, VH and 

DH. VU0409551 also triggered the more significant reduction in the IL-6/IL-10 ratio, most notably in 

the DH. 
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3.4.3.5 Correlational analyses between discrimination index (DI) scores and protein levels  

Finally, Spearman’s rank correlation was used to assess the relationship between levels of these 

proteins in each sample and the DI score of each animal in the NOR paradigm. Results revealed a 

positive correlation between DI and levels of IL-10 (Figure 15A; r = 0.4193; p = 0.0006) in the PFC 
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Figure 14. The effect of scPCP treatment and in vivo PAM administration on the IL-6/IL-10 ratio in the A, FCx, B, PFC 

and C, VH and on D, DH. Data are expressed as the mean ± S.E.M (n = 9 – 13 per group) and analysed using Mann-Whitney 

tests. ***p < 0.001, ****p < 0.0001; significant difference in the IL-6/IL-10 ratio between scVehicle-acute Vehicle and scPCP-
acute Vehicle groups. *p < 0.05, ****p<0.0001; significant difference in the IL-6/IL-10 ratio between scPCP-acute vehicle 

and scPCP-VU0409551 20mg/kg groups. **p < 0.01, ***p < 0.001, ****p < 0.0001; significant difference in the IL-6/IL-10 

ratio between scPCP-acute vehicle and scPCP-VU0360172 20mg/kg groups. Key: FCx, frontal cortex; PFC, prefrontal cortex; 

VH, ventral hippocampus; DH, dorsal hippocampus; IL-6, interleukin-6; IL-10, interleukin 10.  
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and levels of phospho-GSK-3β in the PFC (Figure 15B; r = 0.3227; p = 0.0093) and the VH (Figure 

15C; r = 0.3364; p = 0.0066).  

However, partial correlation analyses revealed that the significant correlation between DI and IL-

10 levels was lost when controlling for either levels of IL-6 (r= 0.224; p = 0.091) or phospho-GSK-3β 

(r = 0.177; P= 0.65). The significance of the correlation between DI and phospho-GSK-3β levels was 

also reduced, but not eliminated, when controlling for levels of IL-6 (PFC: r= 0.292; p = 0.026; VH: r= 

0.298; p = 0.018) or IL-10 (PFC: r = 0.295; p= 0.019; VH: r = 0.323; p= 0.01). This implies that it is 

the relationship and balance between these inflammatory markers that is important in determining the 

nature of their association with cognitive function.  

 

 

 

3.5 Discussion 

 

Table 1. Summary of the region-specific protein alterations observed in the scPCP model and following mGlu5 receptor 

PAM administration. Overall, several experimental techniques and brain regions displayed unchanged mGlu5 receptor 

expression and reduced PV expression in the scPCP model. Analysis of the PFC also revealed scPCP-induced deficits in 

mGlu5-PV co-localisation and GAD67 expression. Immunostaining of microglia in the scPCP model showed Iba1 expression 

and co-localisation with the mGlu5 receptor to be unchanged, but morphological activation to be elevated. The increased 

neuroinflammation following scPCP treatment was reinforced by changes in IL-6, IL-10 and phospho-GSK-3β in the cortex 

and hippocampus, which were reversed by in vivo dosing with both mGlu5 receptor PAMs. Key: PFC, prefrontal cortex; 

mGlu5, metabotropic glutamate receptor 5; IHC, immunohistochemistry; Wes, automated Western blot; FCx, frontal cortex; 

DH, dorsal hippocampus; VH, ventral hippocampus; PV, parvalbumin; GAD67, glutamic acid decarboxylase 67; Iba1, ionized 

calcium-binding adapter molecule 1; IL-6, interleukin-6; IL-10, interleukin-10; GSK-3β, glycogen synthase kinase 3; ELISA, 

enzyme-linked immunosorbent assay; AKT.  

Alteration  Assessed 

by 

Region  scPCP 

model 

mGlu5 

PAMs 

PAM 

administration 

Dose/ 

concentration 

mGlu5 receptor+ 

cell density 

IHC PFC Unchanged    

mGlu5 receptor 

protein expression  

Wes FCx, 

PFC, DH 

and VH 

Unchanged    

PV+ cell density IHC PFC Reduced    

Figure 15. Positive correlations between DI NOR scores and levels of A, PFC IL-10, B, PFC phospho-GSK-3β and C, VH 

phospho-GSK-3β (n = 64, analysed using Spearman’s rank correlation and partial correlation analysis). Key: DI, discrimination 
index; PFC, prefrontal cortex; VH, ventral hippocampus, IL-10, interleukin-10, p-GSK-3β, phosphorylated glycogen synthase 

kinase 3 beta. 
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PV protein 

expression 

Wes PFC, VH Reduced    

mGlu5 receptor -

PV co-

localisation 

IHC PFC Reduced    

GAD67 protein 

expression 

Wes PFC Reduced    

Iba1+ cell density IHC PFC Unchanged    

mGlu5 receptor-

Iba1 co-

localisation  

IHC PFC Unchanged    

Microglial 

morphological 

activation 

IHC PFC Increased    

IL-6 protein 

expression 

ELISA PFC, DH 

and VH 

Increased Reduced  In vivo 20 mg/kg 

IL-10 protein 

expression 

ELISA FCx, 

PFC, DH 

and VH 

Reduced  Increased In vivo 20 mg/kg 

Phospho-GSK-3β 

protein expression 

ELISA FCx, 

PFC, DH 

and VH 

Reduced Increased In vivo 20 mg/kg 

Here, we have demonstrated the scPCP-induced cognitive deficit to be accompanied by alterations 

in various schizophrenia-relevant proteins in specific brain regions, as summarised in Table 1. Firstly, 

scPCP treatment was associated with lowered levels of PV and GAD67 in the PFC and DH alongside 

a reduced density of PV-positive cells and diminished mGlu5 receptor-PV co-localisation in the PFC. 

Decreased expression of GAD67 in PV-expressing GABAergic interneurons has been consistently 

reported in schizophrenia post-mortem tissue and animal models (Hashimoto et al., 2003; Behrens et 

al., 2007; Lee et al., 2013; Takao et al., 2013), including the scPCP rodent model (Gigg et al., 2020). 

Much evidence also points to GABAergic dysfunction in PV interneurons being a cause of 

schizophrenia-related symptoms rather than a consequence. Fujihara et al. (2015) found mice with 

genetic removal of GAD67 expression in PV neurons to exhibit diminished inhibitory signalling, altered 

NMDA receptor-mediated responses in pyramidal neurons, and behavioural deficits. Research has even 

highlighted the subtype of PV interneurons primarily affected by GABAergic alterations in 

schizophrenia; Rocco et al. (2016) demonstrated PFC GAD67 mRNA reductions in schizophrenia 

subjects to be localised to the boutons of PV basket cells. In contrast to the PV and GAD67 alterations, 

the current study did not reveal mGlu5 receptor levels to be modified by scPCP treatment. This finding 

aligns with previous analyses of human post-mortem brain tissue reporting minimal changes in mGlu5 

receptor mRNA expression (Ohnuma et al., 1998, 2000; Richardson-Burns et al., 2000; Volk et al., 

2010), protein levels (Gupta et al., 2005; Corti et al., 2011) and binding density (Matosin et al., 2013) 

in schizophrenia subjects. This presents a major advantage in targeting the mGlu5 receptor to correct 

the excitatory/inhibitory signalling balance underlying CIAS since it implies unaltered mGlu5 receptor 
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binding and protein levels in the pathological state, thus an unobstructed interaction between PAMs and 

allosteric sites. Co-localisation data from this study provides further support for targeting the mGlu5 

receptor, which showed high levels of co-localisation with both PV and Iba1. Whilst co-localisation 

between the receptor and Iba1 was unchanged in the scPCP model relative to scVehicle animals, there 

were significantly reduced levels of co-localisation between the mGlu5 receptor and PV following 

scPCP treatment. This receptor could therefore be strategically localised to correct schizophrenia-

associated deficits in PV interneurons.    

These data also show scPCP treatment to be associated with increased microglial activation, 

elevated levels of the pro-inflammatory cytokine IL-6, and reduced levels of the anti-inflammatory 

cytokine IL-10 and its upstream kinase phospho-GSK-3β in the PFC. This suggests an important role 

for neuroinflammation in the neuropathology of the scPCP model, which is corroborated by existing 

literature. Pandey et al. (2018) found protein and mRNA levels of IL-6 to be significantly increased and 

those of IL-10 to be significantly decreased in the PFC of schizophrenia patients. The current finding 

of significantly diminished phospho-GSK-3β levels in the scPCP model also aligns with preclinical and 

clinical schizophrenia literature. GSK-3β mRNA expression was found to be 40% lower in post-mortem 

dorsolateral PFC of schizophrenic patients relative to healthy controls. Rat cortical GSK-3β protein 

levels were also unaltered by ex vivo application of antipsychotics, implying diminished GSK-3β to be 

a primary feature of schizophrenia pathology rather than secondary to drug treatment (Kozlovsky et al., 

2005). Additionally, inflammatory changes have been shown to correlate with cognitive symptoms; the 

elevated IL-6 levels in psychosis patients were associated with diminished cognitive performance 

(Lizano et al., 2019).  

In the current study, IL-6, IL-10, and phospho-GSK-3β were investigated due to evidence that the 

mGlu5 receptor-mediated AKT pathway in microglia plays a critical role in neuroprotection. Following 

mGlu5 receptor activation, AKT-mediated phosphorylation (and thus inhibition) of GSK-3β induces 

downstream effects that not only inhibit the pro-inflammatory state but also actively promote anti-

inflammatory activity, including the release of anti-inflammatory cytokines such as IL-10 (Bhat et al., 

2021). Here, we show scPCP-induced changes to be significantly reversed following acute in vivo 

administration of the mGlu5 receptor PAMs VU0409551 and VU0360172; IL-6 levels were lowered 

and levels of phospho-GSK-3β and IL-10 elevated. The activation of mGlu5 receptor-mediated 

pathways in glia and subsequent effects on neuroinflammation may be implicated in our previous work 

demonstrating the ability of these PAMs to rescue the scPCP-induced deficit in NOR (Brown et al., 

2022). Support for the neuroprotective effects of mGlu5 receptor stimulation includes evidence from 

Loane et al. (2009) showing mGlu5 receptor activation to be associated with microglia-induced changes 

in the schizophrenia brain. VU0360172 also induced anti-inflammatory effects in microglia including 

reduced expression of CD68 and NOX2, suppressed pro-inflammatory signalling pathways and a shift 

towards an M2 pro-repair activation state (Loane et al., 2014). Moreover, Byrnes et al. (2009) showed 



152 
 

microglial activation and microglial-induced neurotoxicity to be suppressed by the mGlu5 receptor 

agonist CHPG. These anti-inflammatory effects were not only blocked by mGlu5 receptor antagonists, 

but also attenuated by PLC and PKC inhibitors and calcium chelators.  

We additionally show here that the ratio of IL-6/IL-10 in the PFC was significantly elevated 

following scPCP treatment and reduced by both PAMs at doses that showed positive effects in the 

cognitive studies (i.e., 20 mg/kg). Emerging evidence for the role of inflammation in neurological 

disorders highlights the ratio between pro-inflammatory IL-6 and anti-inflammatory IL-10 as a key 

factor in predicting symptom severity. The serum IL-6/IL-10 ratio was correlated with social behaviour 

in patients and striatal ratio reduced by the anti-depressant Venlafaxine in a mouse model of social 

instability stress (Labaka et al., 2021; Ross et al., 2013). Notably, the current study also found a positive 

correlation between PFC IL-10 and phosopho-GSK-3β levels, and performance in the NOR paradigm 

as measured by DI scores. However, when controlling for levels of IL-6 and phospho-GSK-3β, the 

correlation between IL-10 levels and DI scores became insignificant. Not only does this provide further 

support for the link between neuroinflammation and cognitive impairment, but it also confirms that the 

interplay between various components of mGlu5 receptor-mediated inflammatory pathways are crucial 

in mediating global behavioural outcomes. Overall, it appears likely that neuroinflammation contributes 

to many of the pathological changes associated with schizophrenia and as such should be considered 

when evaluating the efficacy of potential therapeutic strategies, particularly mGlu5 receptor 

modulation, given the role of this receptor in microglial activity. 

Alongside their cognitive and inflammatory effects, these mGlu5 receptor PAMs are of interest in 

the context of ‘biased modulation’: the capacity of a ligand to differentially activate and/or regulate 

independent signalling pathways downstream of a single receptor (Sengmany et al., 2017). As multiple 

signalling pathways arise from mGlu5 receptor activation, different PAMs may be able to preferentially 

stimulate specific intracellular components to achieve desirable therapeutic responses, while avoiding 

the stimulation of those linked to adverse effects (Noetzel et al., 2013). We have previously shown these 

PAMs to have distinct effects on scPCP-induced increases in PFC AKT and ERK phosphorylation 

(Brown et al., 2022). Other literature supports the hypothesis that these PAMs differ in their modulation 

of mGlu5 receptor-linked signalling pathways; chronic administration of VU0409551 did not impact 

ERK1/2 phosphorylation in the hippocampus or PFC, showing a bias away from the PKC/p-ERK1/2 

pathway compared to VU0360172 (Balu et al., 2016; Sengmany et al., 2017). Notably, in the current 

study VU0409551 induced the greatest changes in IL-6, phospho-GSK3β, and IL-10 levels in scPCP 

rats, further substantiating the hypothesis that this compound may preferentially stimulate the mGlu5 

receptor-mediated AKT pathway. It is conceivable that by increasing levels of phospho-GSK3β and 

anti-inflammatory cytokines in microglia, VU0409551 may more significantly suppress 

neuroinflammation. Whether this modulation ‘bias’ translates to more favourable therapeutic outcomes 

is unclear and deserves further investigation.  
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In conclusion, our data support the hypothesis of GABAergic dysfunction in PV interneurons in 

the pathophysiology of schizophrenia, whilst also suggesting an important role for neuroinflammation 

in the disorder and its treatment using mGlu5 receptor PAMs. Whilst it has been proposed that these 

two mechanisms could represent distinct subtypes of schizophrenia, there are numerous studies 

outlining neuroinflammation-induced dysfunctions that may alter glutamatergic transmission in 

schizophrenia, thereby linking the two hypotheses (Comer et al., 2020; Ma and Garred, 2018; Mei et 

al., 2018; Johansson et al., 2020; Ehrenreich, 2018). Moreover, PV interneurons are particularly 

sensitive to injury induced by oxidative stress and/or excitotoxicity due to their substantial energy 

demands; neuroinflammation is a key driver of these factors, and their detrimental impact on PV 

interneuron stability has been illustrated in rodent models (Steullet et al., 2017; Cabungcal et al., 2006; 

Behrens et al., 2007; Behrens et al., 2008; Holland et al., 2014). With current research efforts focused 

on determining the core pathophysiological mechanisms underlying CIAS, the relevance of the mGlu5 

receptor to both GABAergic and inflammatory abnormalities highlights the receptor as a favourable 

pharmacological target.  
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4.1 Abstract 

The cognitive deficits of schizophrenia are linked to imbalanced excitatory and inhibitory 

signalling in the prefrontal cortex (PFC), disrupting gamma oscillations. We previously demonstrated 

that two mGlu5 receptor positive allosteric modulators (PAMs), VU0409551 and VU0360172, restore 

cognitive deficits in the sub-chronic (scPCP) rodent model for schizophrenia via distinct changes in 

PFC intracellular signalling molecules. Here, we have assessed ex vivo gamma oscillatory activity in 

PFC slices from scPCP rats and investigated the effects of VU0409551 and VU0360172 upon 

oscillatory power. mGlu5 receptor, protein kinase C (PKC) and phospholipase C (PLC) inhibition was 

also used to examine ‘modulation bias’ in PAM activity. The amplitude and area power of gamma 

oscillations were significantly diminished in the scPCP model. Slice incubation with either VU0409551 

or VU0360172 rescued scPCP-induced oscillatory deficits in a concentration-dependent manner. MTEP 

blocked the PAM-induced restoration of oscillatory power, confirming the requirement of mGlu5 

receptor modulation. Whilst PLC inhibition prevented the power increase mediated by both PAMs, 

PKC inhibition diminished the effects of VU0360172 but not VU0409551. This aligns with previous 

reports that VU0409551 exhibits preferential activation of the phosphatidylinositol-3-kinase (PI3K) 

signalling pathway over the PKC cascade. Restoration of the excitatory/inhibitory signalling balance 

and gamma oscillations may therefore underlie the mGlu5 receptor PAM-mediated correction of 

scPCP-induced cognitive deficits. 

Key words:  

Metabotropic glutamate receptor; Allosteric modulators; Intracellular signalling; VU0409551; 

VU0360172; Oscillations; Schizophrenia; Phencyclidine (PCP); Cognition; Rat 

 

4.2 Introduction 

Schizophrenia is a severe psychotic condition characterised by positive (delusions, visual and 

auditory hallucinations) and negative (social withdrawal, flat affect) symptom clusters (Malaspina et 

al., 2014). In addition, impaired cognitive functions (including working memory and cognitive 

flexibility) are increasingly recognised as a core clinical aspect of the disorder. The cognitive 

impairment associated with schizophrenia (CIAS) is remarkably robust, associated with the initial, 

prodromal stages of schizophrenia and closely linked to functional outcomes and quality of life (Tripathi 

et al., 2018; Harvey et al., 2006; Savilla et al., 2008; Tsapakis et al., 2015; Green 1996; Neill et al., 

2014). A recent cohort study revealed that the start of cognitive decline precedes psychosis onset by 

over a decade, implying cognitive deficits to represent the underlying pathophysiology of schizophrenia, 

with psychosis being a secondary symptom (Jonas et al., 2022). Existing typical and atypical 

antipsychotic medications modifying monoamine receptors have shown value in mitigating the positive 
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but not negative nor cognitive symptoms (Li et al., 2016). Moreover, the major side effects elicited by 

currently available treatments, ranging from cardiometabolic disturbances to motor dysfunction, mean 

that the majority (74%) of patients discontinue their medication within 18 months (Lieberman et al., 

2005). Thus, there is an urgent pressure to develop safe, selective compounds acting at novel targets to 

effectively improve CIAS.  

Current research is moving away from the dopaminergic hypothesis of schizophrenia, and there is 

now mounting evidence that glutamatergic aberrations may contribute to those symptoms that are 

resistant to antipsychotic medications (Coyle 2006; Moghaddam and Javitt, 2012). Amongst the various 

brain regions and neuronal populations altered in schizophrenia patients, one circuit emerges as integral 

to the neurobiology of CIAS (see Figure 6, Chapter 1). A subset of interneurons in the prefrontal cortex 

(PFC) express parvalbumin (PV), an activity-dependent calcium-binding protein often showing reduced 

expression in pathological states (Filice et al., 2016). These PV basket interneurons play an integral role 

in cognition, delivering GABAergic inhibitory signals to pyramidal cell perisomas, which in turn 

mediate glutamatergic excitation (Glausier and Lewis, 2017). Notably, the equilibrium between levels 

of inhibition and excitation in the PFC is not static: by contrast, the plasticity of this excitatory/inhibitory 

interplay fosters long-term potentiation (LTP) and the flexibility of PFC activity (Staff and Spruston, 

2003; Marder and Buonomano, 2004). An abundance of research draws associations between CIAS and 

disruption of this PFC microcircuit (Sakurai et al., 2015). Specifically, cognitive deficits are attributed 

to the reduced GABAergic inhibition of pyramidal neurons by PV interneurons, which consequently 

disrupts the excitatory/inhibitory balance. Indeed, GAD67 mRNA could only be measured in 55% of 

PV mRNA-positive neurons in schizophrenia subjects, with patients also showing significantly reduced 

PV mRNA expression in the PFC (Hashimoto et al., 2003). In vivo data from rats also reveal 

bicuculline-mediated antagonism of PFC GABA-A receptors to instigate excitatory/inhibitory 

signalling disturbances and impair the key PFC-dependent cognitive abilities of working memory and 

cognitive flexibility (Enomoto et al., 2011; Auger and Floresco, 2014). Heavily reliant upon the precise 

balance between PFC pyramidal cells and inhibitory interneurons are gamma oscillations (Ulhaas et al., 

2008). Indeed, GABA-A receptor-mediated inhibitory currents partly determine the frequency of an 

oscillation (Brunel et al., 2001). By controlling the integration within cortical circuits, oscillations 

provide the temporal coordination of neuronal activity necessary for functions such as memory, 

attention, perception, and synaptic plasticity. Accordingly, mounting evidence from preclinical and 

clinical studies suggests that oscillatory power in the gamma band is significantly diminished in 

schizophrenia (McNally et al., 2013; Ferrarelli et al., 2008; Grove et al., 2021).  

In light of these data, selectively strengthening glutamatergic inputs to PFC PV interneurons is 

hypothesised to re-align the excitatory/inhibitory signalling balance, correct deficits in network 

oscillations and alleviate cognitive dysfunction. Metabotropic glutamate (mGlu) receptors are 
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promising candidate drug targets to achieve this, as reviewed by Nicoletti et al. (2019). These receptors 

impact glutamatergic transmission in major schizophrenia-associated brain regions, and thus represent 

a novel avenue to develop superior pharmacotherapies for schizophrenia (Dogra and Conn, 2022). 

These G-protein-coupled receptors are categorised into three groups, as described in Figure 5 and Table 

5 (Chapter 1): Group I mGlu receptors typically couple to Gq/11 proteins and include mGlu1 and mGlu5 

receptors; group II and group III couple to Gi/o proteins and include mGlu2 and mGlu3 receptors (group 

II) and mGlu4, mGlu6, mGlu7, and mGlu8 receptors (group III) (Niswender and Conn, 2010). In 

particular, the mGlu5 receptor is evidenced to play an integral role in the glutamatergic dysfunction of 

schizophrenia and is strategically positioned as a target to correct oscillatory deficits. Not only is this 

receptor present on GABAergic PV interneurons and functionally coupled to the NMDA receptor, but 

there is much evidence linking altered mGlu5 receptor functioning to the pathology of schizophrenia 

(Su et al., 2021; Wang et al., 2020). Positive allosteric modulators (PAMs) couple to an allosteric site 

on the mGlu5 receptor, enhancing the responsiveness of the receptor to glutamate without activating 

the receptor itself. The ability of PAMs to refine endogenous agonist activity confers advantages such 

as greater selectivity and reduced side effects (Sengmany et al., 2017). mGlu5 receptor PAMs have 

been demonstrated to enhance cognitive performance, improving recognition memory, attenuating 

avoidance response, and reducing impulsivity in the five-choice serial reaction time task in rodents 

(Huang et al., 2016; Liu et al., 2008; Schlumberger et al., 2010; Uslaner et al., 2009; Yang et al., 2016). 

We have shown that the selective, orally bioavailable mGlu5 receptor PAMs VU0409551 and 

VU0360172 significantly reverse cognitive deficits in the scPCP rat model for schizophrenia (Brown 

et al., 2022) and they are also efficacious in acute psychosis models (Rodriguez et al., 2010; Rook et 

al., 2015).  

mGlu5 receptor activation stimulates multiple independent signalling pathways. Briefly, mGlu5 

receptor-activated Gαq/11 stimulates phospholipase C (PLC) to generate inositol‐1,4,5‐triphosphate (IP3), 

leading to intracellular calcium mobilisation (Abe et al., 1992). Activated PLC also produces 

diacylglycerol (DAG), which in turn phosphorylates PKC, MAPK and ERK and leads to downstream 

modulation of several ion channels (Hermans and Challiss, 2001; Conn et al., 2009; Ribeiro et al., 2010). 

mGlu5 receptor stimulation can alternatively activate the phosphatidyl-inositol-3kinase (PI3K) pathway, 

resulting in the phosphorylation of AKT and activation of the mammalian target of rapamycin (mTOR) 

(Chan et al., 1999; Hou and Klann, 2004). mGlu5 receptor PAMs may be able to preferentially modulate 

certain signalling pathways to achieve desirable therapeutic responses while avoiding the stimulation 

of others, termed ‘biased’ modulation (Noetzel et al., 2013). An early study into this selectivity 

demonstrated that while both mGlu5 receptor PAMs DFB and CPPHA induced intracellular calcium 

release, they induced differential effects on ERK1/2 signalling (Zhang et al., 2005). We previously 

showed VU0409551 and VU0360172 to exhibit divergent effects on scPCP-induced increases in PFC 

AKT and ERK phosphorylation, with VU0409551 inducing a significant alteration in expression of p-
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AKT, and VU0360172 modifying p-ERK1/2 levels (Brown et al., 2022). Other publications support the 

hypothesis that these PAMs differ in their modulation of mGlu5 receptor-linked signalling pathways: 

VU0409551 did not modulate pERK1/2 levels in the hippocampus or PFC when dosed chronically and 

was biased away from the PKC/pERK1/2 pathway relative to VU0360172 (Yang et al., 2016; Balu et 

al., 2016). VU0409551 also does not potentiate the NMDA receptor, which may minimise excitotoxic 

side effects (Rook et al., 2015).   

Here we have employed the subchronic PCP (scPCP) preclinical rat model for CIAS to investigate 

the effect of scPCP treatment on ex vivo oscillations in the PFC and evaluated the impact of mGlu5 

receptor PAMs VU0360172 and VU0409551 on oscillatory activity. We also manipulated downstream 

signalling components to explore any ‘biased’ modulation in the activity of these compounds. Ex vivo 

electrophysiology enables several slices to be recorded per experimental animal and creates a controlled 

environment whereby the effects of scPCP and PAM administration on the PFC can be observed in 

isolation of other brain regions. However, we do acknowledge the limitations imposed by this method 

relative to in vivo EEG recordings, which would offer greater translational value and a more 

comprehensive insight into the multiple interacting pathways involved in network oscillatory activity. 

This is the first time these PAMs have been assessed in the scPCP model at a network level, which is a 

critical bridge in relating cellular mechanisms to complex behaviours. In this instance, the relationship 

between previously demonstrated improved novel object recognition (NOR) performance and changes 

in intracellular signalling molecules is investigated at a physiological level. 

 

4.3 Methods 
 

4.3.1 Animals 

Overall, we have used 54 female Lister Hooded rats (Cohort 1, n = 25; Cohort 2, n = 29; Charles 

River Laboratories, UK) weighing an average of 207.3 g prior to study commencement, which were 

group housed (4-5 per cage) in GR900 individually ventilated cages at 20-24°C, 55 ± 10% humidity on 

a 12-hour light/dark cycle (lights on at 0700h). Environment enrichment was supplied via paperwool 

and cardboard play tunnels (all IPS). Throughout the experiments, animals were allowed access to 

standard rodent diet pellets (Special Diet Services) and water ad libitum. Procedures were performed at 

the University of Warwick, approved by University of Warwick Animal Welfare and Ethical Review 

Board (AWERB) and were in compliance with the Home Office Animals (Scientific Procedures) Act 

1986. scPCP dosing and behavioural testing at the University of Warwick was covered by secondary 

availability of the University of Manchester project license P763B36B8. 

4.3.2 Drugs 
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Phencyclidine (PCP; Sigma-Aldrich, Gillingham, UK; dissolved in 0.9% saline solution); 

VU0360172 (N-cyclobutyl-6-((3-fluorophenyl)ethynyl)picolin-amide; Tocris (Bio-Techne), 

Pittsburgh, USA; stock 10mM in DMSO); VU0409551(4-fluorophenyl)(2-(phenoxymethyl)-6,7-

dihydrooxazolo[5,4-c]pyridin-5(4H)-yl)methanone; Tocris (Bio-Techne), Pittsburgh, USA; stock 

10mM in DMSO); Kainic acid (Hello Bio, Bristol, UK; stock 0.25mM, in dH2O); Carbachol 

(Carbamoylcholine chloride; Sigma-Aldrich, Gillingham, UK; stock 50mM in dH2O); MTEP (3-((2-

Methyl-4-thiazolyl)ethynyl)pyridine; Hello Bio, Bristol, UK; stock 200µM in DMSO); Go6983 (Hello 

Bio, Bristo, UK; stock 10µM in DMSO); U73122 (Abcam, Cambridge, UK; stock 10mM in DMSO). 

4.3.3 Drug treatments 

Animals were dosed with either subchronic vehicle (scVehicle, 0.9% saline; Cohort 1, n = 12) or 

scPCP (2 mg/kg; Cohort 1, n = 13; Cohort 2, n = 29) dissolved in 0.9% saline, via the intraperitoneal 

route (i.p.) twice daily 6 hours apart for 7 days, followed by a 6-week washout period. A washout period 

of at least 1 week following scPCP dosing is required to avoid direct drug or drug withdrawal effects 

impacting animal behaviour (Jentsch et al., 1998). The 6-week washout period used in the current study 

was informed by our previous findings that robust deficits in PV expression in the scPCP model are 

only established after a 6-week washout period (Abdul-Monim et al., 2007; Leger et al., 2015). In both 

Cohorts, animals were culled after NOR testing and PFC slices obtained for subsequent ex vivo 

electrophysiological experiments (methods outlined below).  

4.3.4 Behaviour: Novel Object Recognition paradigm 

The NOR test was conducted on both animal Cohorts as previously explained (Grayson et al., 2007; 

Neill et al., 2016). Briefly, habituation to the empty test box (52 × 52 × 31 cm) and test room 

environment for 20 minutes was performed in cage groups 24 hours before NOR testing. The paradigm 

comprised two 3-minute trials divided by a 1-minute inter-trial interval (ITI) in the home cage. In the 

first (acquisition) trial, each animal was presented with two identical objects in the test box. 

Subsequently, the second (retention trial) featured a duplicate (without olfactory trails) familiar object 

from the acquisition phase accompanied by a novel object (Figure 1A). Randomisation of the 

positioning (left/right) and type (can/bottle) of object was performed to avoid the confounding effects 

of object and place preference. Video recordings of animal exploration were scored by a blinded 

experimenter using the ‘Jack R Auty Novel Object Recognition Task Timer.’ Exploration of each object 

in each trial was specified as the rat licking, sniffing or touching the object with the forepaws whilst 

sniffing, but behaviours such as leaning against, turning around, standing or sitting on the object were 

not counted as exploration (Leger et al., 2015). Locomotor activity (LMA) across both trials was also 

assessed by the number of times the base of an animal’s tail crossed a marked line. The discrimination 

index (DI) was calculated as the difference in exploration time between objects expressed as a 

proportion of the total object exploration time (calculated as outlined in Chapter 5). If an animal showed 
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no exploration of one or both objects (for less than 1 second) in either trial, it was excluded from the 

data analysis. 

4.3.5 Slice preparation and incubation 

Coronal slices containing the infralimbic cortex (IL) were prepared as follows: rats (6 weeks post-

scPCP dosing, 18-22 weeks old) were culled using CO2 overdose and then quickly decapitated. The 

brain was removed and immediately submerged in ice-cold (2-4°C), high Mg2+, low Ca2+ artificial CSF 

(aCSF), comprised of the following (in mM): 127 NaCl, 1.9 KCl, 8 MgCl2, 0.5 CaCl2, 1.2 KH2PO4, 26 

NaHCO3, 10 D-glucose (pH 7.4 when bubbled with 95% O2/5% CO2). Slices (450 µm) of the PFC were 

cut between +1.7 mm and +3 mm with respect to Bregma coordinates (Paxinos and Watson, 2006) 

using the Microm HM 650V microslicer in aCSF. Slices were then moved to a holding chamber 

containing standard aCSF (1 mM MgCl2, 2 mM CaCl2, 127 NaCl, 1.9 KCl, 1.2 KH2PO4, 26 NaHCO3, 

10 D-glucose) and continuously bubbled with 95% O2/5% CO2. Slices were left to recover at 30oC for 

at least 1 hour before recordings. For the recording of oscillations, slices were transferred to an 

interface-style recording chamber (Digitimer BSC3) and constantly perfused with warm (30 oC) aCSF 

at 6.67ml/min. Slices from Cohort 1 were then incubated for 1 hour with a solution of aCSF containing 

either the vehicle DMSO (control, 1:2000), VU0409551 (2-5 µM) dissolved in DMSO (1:2000) or 

VU0360172 (2-5 µM) dissolved in DMSO (1:2000) via bath application. In Cohort 2, these treatments 

were compared to slices co-incubated with the mGlu5 receptor PAMs alongside the mGlu5 receptor 

inhibitor MTEP (1 µM), the PKC inhibitor Go6983 (10 nM) or the PLC inhibitor U73122 (10 µM), 

with the inhibitor applied 20 minutes prior to each mGlu5 receptor PAM. These mGlu5 receptor PAM 

concentrations were selected based on previous research by this lab demonstrating that incubation of 

thalamic slices with 5 μM VU0360172 for at least 1 hour to alter GABA uptake and GAT-1 expression 

(Celli et al., 2020).  Further data on the in vitro pharmacokinetics/pharmacodynamics relationships of 

these drug compounds would be needed to scale and predict the effects of different concentrations in 

vivo. 

4.3.6 Induction of oscillations ex vivo 

Following the 1-hour incubation with the PAMs (or vehicle), slices were washed with aCSF for at 

least 20 minutes before oscillatory activity was induced. Extracellular field potential activity was 

recorded using a microelectrode filled with aCSF (1 mM MgCl2, 2 mM CaCl2, 127 NaCl, 1.9 KCl, 1.2 

KH2PO4, 26 NaHCO3, 10 D-glucose) positioned in layer V of the infralimbic (IL) cortex, identified 

using a brain atlas (Paxinos and Watson, 2006). Layer V is not only a very important output and input 

layer in the PFC, it is also thought to be exclusively populated by PV basket cells rather than PV 

chandelier cells, the former subtype being the most relevant for generating high-frequency gamma 

oscillations (Tikhonova et al., 2018). Oscillatory activity was elicited by bath application of Kainic acid 

(KA; 500 nM) and carbachol (50 µM) and recorded for at least 30 minutes. Carbachol is a synthetic 
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derivative of acetylcholine and activates primary muscarinic receptors on pyramidal cells and 

interneurons, whereas KA is an agonist of kainate ionotropic glutamate receptors. These compounds 

were used in light of existing literature demonstrating their ability to elicit stable persistent fast gamma 

oscillations across layers III-VI in each subregion of the medial PFC (prelimbic, infralimbic and 

dorsopeduncular) in an interface-style chamber (Glykos et al., 2015). We chose this time period for 

recordings to maximise the number of recordings that could be made each day and reduce animal 

numbers required. Thus, our data reflect changes in the onset of oscillations rather than changes that 

may occur when they reach steady state after 2-3 hours. Gamma oscillations were recorded with a 

differential amplifier (Warner instrument DP-301) with filter settings: low pass 3KHz, high pass 1Hz, 

amplification x1000. Data were acquired at a sampling rate of 10 KHz with a Micro1401 (Cambridge 

Electronic Design) using Spike 2 software.  

4.3.7 Analysis  
 

4.3.7.1 NOR data  

A two-way ANOVA with multiple comparisons (factors: drug and exploration time of the two 

objects) or an unpaired t-test (LMA and DI) were used to analyse the NOR test data. All statistical 

analysis was performed using GraphPad Prism 9.3.1. Statistical significance was set at p < 0.05. 

Averaged values are expressed as mean ± SEM.  

4.3.7.2 Electrophysiological data  

KA and carbachol-elicited gamma oscillations were characterised using power spectral density 

(PSD) analysis. PSD profiles of the field potential recordings from the PFC were generated by Fourier 

transform analysis using Spike2 (CED) software (Hanning window, FFT size 2048, resolution 4.883 

Hz). PSD profiles were calculated from a 100 – 300 second epoch of the field potential trace displaying 

peak power amplitude, filtered for the gamma frequency band (25 – 100 Hz) and with the baseline 

power subtracted offline to remove the noise of the 50Hz mains (illustrated in Figure 1).  Area power 

was also calculated for each recording as the area under the peak in each power spectrum. Recordings 

were conducted on three slices from each animal in a random order (to prevent any time effects). An 

animal was only included in the analysis if robust oscillations were yielded from all three slices: thus, 

a total of five animals in Cohort 1 were excluded (scVehicle, n = 2; scPCP, n = 3). Recordings for 

Cohort 1 were performed on one control slice, one treated with VU0409551 and the other with 

VU0360172. Within each group of animals (scVehicle, n = 30 slices; scPCP, n = 30 slices), treatment 

effects (control, n = 10; VU0409551 5µM, n = 10; VU0360172 5µM, n = 10) in amplitude power were 

compared using a 2-way ANOVA, matched by animal and frequency (Hz), and differences in area 

power were compared using a Friedman’s analysis followed by a Dunn’s multiple comparisons test. 

The amplitude and area power of control slices (scVehicle, n = 10 slices; scPCP, n = 10 slices) was also 
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compared between scVehicle and scPCP animals, using, respectively, a 2-way ANOVA matched by 

frequency and a Mann-Whitney test. For experiments in Cohort 2 testing PAMs at the lower 

concentration of 2 µM (n = 5 per group) and those using mGlu5 receptor, PKC and PLC inhibitors (all 

n = 4 per group), differences in amplitude and area power between treatment groups were compared 

using a Friedman’s analysis followed by a Dunn’s multiple comparisons test. All statistical analysis 

was performed using GraphPad Prism 9.3.1. Differences were reported as statistically significant at P 

< 0.05. Averaged values are expressed as mean ± SEM. 

Figure 1. The analysis protocol used to acquire oscillatory power values from each slice recording. The raw trace 

recording from each PFC slice (illustrated by A, the example spectrogram) was processed as depicted in panel B. The 

waveform was filtered for the gamma (25-100 Hz) band. From the filtered trace, 100-300 second sections of the baseline and 

peak oscillatory amplitude were identified.  After a power spectrum analysis was performed on the baseline trace and 
oscillation trace, the baseline power values were subtracted from the oscillation values to remove any mains ‘noise’ present at 

50 Hz. The final power spectrum values were then produced from this slice and used to calculate amplitude and area power 

for each recording. 
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4.4 Results 
 

4.4.1 Novel Object Recognition (NOR) is impaired in the scPCP model 

The NOR paradigm (Figure 2A), performed following a 6-week washout period, was used to assess 

scPCP-induced visual recognition memory deficits in animals which were then subsequently used for 

the electrophysiological recording of oscillations. A 2-way ANOVA found no significant interaction 

between scPCP/scVehicle treatment and object exploration during the acquisition trial, with no 

significant difference in the exploration time of two identical objects (A and B) for either treatment 

group (Figure 2B). However, in the retention trial there was a significant interaction between 

scPCP/scVehicle treatment and object exploration as revealed by a 2-way ANOVA (F(1, 32) = 54.48; 

p < 0.0001). As anticipated, scVehicle rats showed a significant preference for exploring the novel (N) 

relative to the familiar (F) object (t (22) = 5.147; p = 0.000037), whilst similar exploration times in 

scPCP rats demonstrated an impaired ability to differentiate between novel and familiar objects (Figure 

2C). This was highlighted by the significantly lower discrimination index in the scPCP rats compared 

with scVehicle rats (t (32) = 6.798; p < 0.000001; Figure 2D). However, no significant difference in 

locomotor activity (the total number of line crossings across both trials) was found between the 
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scVehicle and scPCP treatment groups (Figure 2E). Thus, as previously reported, the scPCP model 

exhibits specific disruption of NOR performance without locomotor deficits (Brown et al., 2022).  

Figure 2 Verification that novel object recognition is disrupted in the subchronic PCP (scPCP) model. A, Graphic 

depicting the novel object recognition (NOR) task protocol. A 3-minute acquisition trial (with two identical objects, A and B 

in blue) is followed by a 1-minute inter-trial interval (ITI) before a 3-minute retention trial (with a familiar object, F blue and 
novel object, N red). B, C, The effect of scPCP treatment (2 mg/kg, i.p. twice daily for seven days, followed by a 6-week 

washout period) on the exploration time (s) of two identical objects in the acquisition phase and a familiar versus novel object 

in the retention phase. Data are expressed as mean ± S.E.M (n = 12 - 22 per group) and were analysed using a 2-way ANOVA. 

ns = not significant. **** p <0.0001; Significant increase in exploration time of the novel relative to the familiar object. D, 
The effect of scPCP treatment on the discrimination index (DI). Data are presented as the mean ± S.E.M (n = 12 - 22 per 

group) and were analysed using an unpaired t-test. **** p <0.0001; Significant reduction in DI relative to scVehicle. E, The 

effect of scPCP treatment on total number of line crossings in the acquisition and retention trials. ns = not significant. Data are 

presented as the mean ± S.E.M (n = 12 - 22 per group) and were analysed using an unpaired t-test. 
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4.4.2 scPCP treatment is associated with diminished gamma oscillations  

Oscillatory power was significantly diminished in PFC slices from scPCP rats relative to scVehicle 

rats (representative traces in Figure 3B). For amplitude power, a 2-way ANOVA test demonstrated a 

significant interaction between frequency and treatment (scVehicle vs. scPCP; Figure 3C; F(30, 540) = 

2.119; p = 0.0006). For area power, a Mann-Whitney test showed a significant reduction in scPCP 

relative to scVehicle slices (Figure 3D; U = 3; p < 0.0001). These results demonstrate that the effects 

of scPCP treatment on the PFC results in a significant reduction in oscillatory power.  

Figure 3. scPCP treatment significantly reduces gamma oscillatory power. A, Graphic illustrating the location of the 

recording electrode in prefrontal cortex (PFC) slices: layer V of the infralimbic cortex (IL). Other regions indicated are the 

anterior cingulate cortex (ACC) and prelimbic cortex (PrL). Image adapted from the rat brain atlas (Paxinos and Watson, 

2006). B, Representative traces showing oscillatory activity in PFC slices from scPCP-treated and scVehicle-treated rats. C, 
Power spectrum analysis displaying amplitude power for scPCP vs. scVehicle slices (n=10 per group, analysed using a 2-way 

ANOVA matched by frequency). D, Boxplot showing the median (whiskers max – min) area power in slices from scPCP and 

scVehicle rats (n=10 per group, analysed using Mann-Whitney test; **** p < 0.0001, significant decrease in area power 

compared to scVehicle group). 

 

4.4.3 scPCP-induced impairments in gamma oscillations are restored by VU0409551 and 
VU0360172 in a concentration-dependent manner  

As summarised in Figure 4A, additional slices from scVehicle and scPCP rats in Cohort 1 were 

incubated with the mGlu5 receptor PAMs either VU0409551 or VU0360172 (2 - 5µM) for 1 hour prior 

to the bath application of KA and carbachol. Oscillatory power was significantly increased in PFC slices 

from scPCP rats incubated with either of the PAMs compared to scPCP-control slices (representative 

traces in Figure 4B,C).  
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A Friedman’s analysis showed that there was a significant difference in amplitude power between 

scPCP slices in control, VU0409551 and VU0360172 treatment conditions at a concentration of 2 µM 

(Figure 4D; Fr = 55.03, p < 0.0001). Dunn’s multiple comparisons tests revealed scPCP slices to show 

a significant increase in amplitude power following incubation with 2µM VU0409551 or VU0360172 

relative to control slices (both p < 0.0001). Furthermore, Friedman’s analysis demonstrated a significant 

difference in area power between the three treatment conditions (Figure 4E; Fr = 7.6, p = 0.0239), with 

Dunn’s tests showing a significant increase in area power following incubation with 2µM VU0409551 

(p = 0.0114) or VU0360172 (p = 0.0269) relative to control slices.  

At a concentration of 5µM, 2-way ANOVA tests revealed a significant interaction between 

frequency and treatment (control, VU0409551, VU0360172) for amplitude power (Figure 4F; F(30, 

270) = 7.252; p < 0.0001). A significant increase in amplitude power relative to control slices was 

induced by 5µM VU0409551 incubation (F(30, 270) = 3.127, p < 0.0001) and 5µM VU0360172 

incubation (F(30, 270) = 5.745, p < 0.0001). Furthermore, Friedman’s analysis demonstrated a 

significant difference in area power between the 3 treatment conditions (Figure 4G; Fr = 18.27, p = 

0.0001), with Dunn’s tests showing a significant increase in area power following incubation with 5µM 

VU0409551 (p = 0.0026) or VU0360172 (p = 0.0002) relative to control slices.  

The smaller increase in power relative to control induced by the lower concentration (of 2µM) 

indicates a concentration-dependent relationship in the effects of the PAMs on oscillatory activity, and 

5µM was selected as the most effective concentration to employ in subsequent experiments. There was 

no significant increase in oscillatory power in PFC slices from scVehicle rats incubated with either 

PAM compared to scVehicle-control slices (Figure 10, Supplementary Material). To exclude the 

possibility that the PAMs themselves induced oscillations during the incubation period and this 

somehow affected the subsequent oscillations induced by KA and carbachol, we measured oscillatory 

activity during PAM incubation. No oscillations were induced during PAM incubation for any of the 

slices, with the baseline power not significantly different to what was measured in control slices 

(incubated in aCSF). These results imply that incubation with either VU0409551 or VU0360172 

reversed the scPCP-induced deficits in oscillatory power, in a concentration-dependent manner, with 

VU0409551 incubation inducing a greater increase in oscillations relative to control than VU0360172. 
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Figure 4. Incubation of scPCP slices with either VU0409551 or VU0360172 significantly increased gamma oscillatory 
power. A, Schematic illustrating the experimental protocol for Cohort 1. A, B, blue; identical objects. F, blue; familiar object. 
N, red; novel object.  B,C, Representative traces showing oscillatory activity in PFC slices from scPCP-treated rats without 
PAM application (scPCP-control), and scPCP slices treated with VU0409551 or VU0360172. Power spectrum analyses show 
the effect of VU0409551 or VU0360172 incubation at D, 2µM (n = 5 per group, analysed using a Friedman’s test followed by 
Dunn’s tests) and F, 5µM (n = 10 per group, analysed using a 2-way ANOVA) on amplitude power. Graph insets more clearly 
illustrate data in low power ranges. Boxplots show the median (whiskers max – min) area power in slices incubated in 
VU0409551 or VU0360172 at E, 2µM  (n = 5 per group) and G, 5µM (n = 10 per group; both analysed using Friedman’s tests 
followed by Dunn’s tests; * p < 0.05, ** p < 0.01, *** p < 0.001, significant increase in area power compared to scPCP-control 

group). 

 

4.4.4 The effect of mGlu5 antagonism on the PAM-mediated enhancement of scPCP gamma 
oscillations 

To verify that the mGlu5 receptor PAM-mediated restoration of functional oscillatory activity in 

scPCP animals was due to modulation of the mGlu5 receptor, in Cohort 2 we tested the effect of co-

incubating PFC slices with each PAM together with the mGlu5 receptor antagonist MTEP (applied 20 

minutes prior to the PAM incubation) in comparison to slices treated with the PAM alone and control 

slices (co-incubated with aCSF + MTEP), as summarised in Figure 5A. Oscillatory power was 

significantly increased in PFC slices from scPCP rats incubated with either PAM compared to those co-

incubated with MTEP and a PAM or scPCP-control slices (representative traces in Figure 5B,C).  

There was a significant difference between control, VU0409551 and MTEP + VU0409551 slices 

in amplitude power (Figure 5D; Fr = 50.13, p < 0.0001). Dunn’s multiple comparisons tests revealed 

that scPCP slices incubated with MTEP + VU0409551 showed no significant difference in amplitude 

power compared to control slices, and a significant decrease in amplitude power relative to incubation 

with VU0409551 alone (p < 0.0001). Moreover, there was a significant difference in area power 

between the three treatment conditions (Figure 5E; Fr = 6.5, p = 0.0417), with Dunn’s tests showing a 

significantly greater area power in slices incubated with VU0409551 relative to MTEP + VU0409551 

(p = 0.04).  

There was also a significant difference between control, VU0360172 and MTEP + VU0360172 

slices in amplitude power (Figure 5F; Fr = 62.0, p < 0.0001). Again, Dunn’s multiple comparisons tests 

revealed that scPCP slices incubated with MTEP + VU0360172 showed no significant difference in 

amplitude power compared to control slices, and a significant decrease in amplitude power relative to 

incubation with VU0360172 alone (p < 0.0001). Moreover, there was a significant difference in area 

power between the three treatment conditions (Figure 5G; Fr = 6.5, p = 0.0417), with Dunn’s tests 

showing a significantly greater area power in slices incubated with VU0409551 relative to MTEP + 

VU0409551 (p = 0.04). 
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Figure 5. The mGlu5 receptor antagonist, MTEP prevents the restorative effects of VU0409551 or VU0360172 on 

scPCP slices in terms of gamma power. A, Schematic illustrating the experimental protocol for Cohort 2, experiment 1. A, 

B, blue; identical objects. F, blue; familiar object. N, red; novel object. B-C, Representative traces showing oscillatory activity 

in PFC slices from scPCP-treated rats without PAM application with MTEP alone (scPCP-control + MTEP), and scPCP slices 

treated with MTEP followed by VU0409551 or VU0360172. The MTEP was present during PAM incubation but was washed 
off before oscillations were evoked. Power spectral analyses show the effect of MTEP alongside D, VU0409551 and F, 

VU0360172 on amplitude power (n = 4 per group, analysed using a Friedman’s test followed by Dunn’s tests). Graph insets 

more clearly illustrate data in low power ranges. Boxplots show the median (whiskers max – min) area power in slices 

incubated in E, VU0409551 (n = 4 per group) or G, VU0360172 (n = 4 per group; both analysed using Friedman’s tests 

followed by Dunn’s tests; * p < 0.05, significant decrease in area power compared to PAM incubation alone). 

Taken together, these data imply that the capacity of the PAMs to enhance gamma power in scPCP 

slices is due to their specific modulation of the mGlu5 receptor.   

 

4.4.5 The effect of PKC inhibition on the PAM-mediated enhancement of scPCP gamma 
oscillations 

To investigate the phenomenon of ‘modulation bias’ in the action of these mGlu5 receptor PAMs, 

we co-incubated scPCP slices from Cohort 2 with each PAM alongside the PKC inhibitor Go6983 

(10nM applied 20 minutes prior to the PAM), as summarised in Figure 6A. Oscillatory power was then 

compared with activity from control slices (co-incubated with aCSF + Go6983) and slices treated with 

the PAM alone (representative traces in Figure 6B,C).  

There was a significant difference between control, VU0409551 and Go6983 + VU0409551 slices 

in amplitude power (Figure 6D; Fr = 58.26, p < 0.0001). Dunn’s multiple comparisons tests revealed 

that PFC slices from scPCP rats incubated with Go6983 + VU0409551 showed significantly greater 

amplitude power compared to scPCP-control slices (p < 0.0001). Go6983 + VU0409551 slices showed 

a small reduction in power relative to incubation with VU0409551 alone, but this was not statistically 

significant. Moreover, there was a significant difference in area power between the three treatment 

conditions (Figure 6E; Fr = 6, p = 0.0394), with Dunn’s tests showing a significantly greater area power 

in slices incubated with VU0409551 or Go6983 + VU0409551 relative to scPCP-control slices (both p 

= 0.0339) but no significant difference between area power in VU0409551 or Go6983 + VU0409551 

slices.  

There was also a significant difference between control, VU0360172 and Go6983 + VU0360172 

slices in amplitude power (Figure 6F; Fr = 55.03, p < 0.0001). In contrast to VU0409551, scPCP slices 

incubated with Go6983 + VU0360172 showed a significant reduction in amplitude power compared to 

incubation in VU0360172 alone (p = 0.0105). Go6983 + VU0360172 treatment was, however, 

associated with greater amplitude power relative to control (p < 0.0001). There was a significant 

difference in area power between the 3 treatment conditions (Figure 6G; Fr = 6, p = 0.0394), with 

Dunn’s tests showing a significantly greater area power in slices incubated with VU0360172 relative to 

Go6983 + VU0360172 or control slices (both p = 0.0339). 
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Figure 6. Go6983 (10nM) had differential effects on the activity of VU0409551 or VU0360172 in scPCP slices in terms 

of gamma power. A, Schematic illustrating the experimental protocol for Cohort 2, experiment 2. A, B, blue; identical 

objects. F, blue; familiar object. N, red; novel object. B-C, Representative traces showing oscillatory activity in PFC slices 

from scPCP-treated rats without PAM application with Go6983 alone (scPCP-control + Go6983), and scPCP slices treated 

with Go6983 followed by VU0409551 or VU0360172. The Go6983 was present during PAM incubation but was washed off 
before oscillations were evoked. Power spectral analyses show the effect of Go6983 alongside D, VU0409551 and F, 

VU0360172 on amplitude power (n = 4 per group, analysed using a Friedman’s test followed by Dunn’s tests). Graph insets 

more clearly illustrate data in low power ranges. Boxplots show the median (whiskers max – min) area power in slices 

incubated in E, VU0409551 (n = 4 per group) or G, VU0360172 (n = 4 per group; both analysed using Friedman’s tests 
followed by Dunn’s tests; * p < 0.05, significant increase in area power in with PAM incubation or Go6983 + VU0409551 

incubation relative to control; * p < 0.05, significant decrease in area power following Go6983 + VU0360172 incubation 

relative to VU0360172 alone). 

Blocking the PKC pathway did not significantly affect the activity of VU0409551 but significantly 

reduced the activity of VU0360172, indicating a possible ‘bias’ in the activity of VU0409551 away 

from the PKC/MAPK signalling pathway and potentially toward the PI3K/AKT pathway. 

 

4.4.6 The effect of PLC inhibition on the PAM-mediated enhancement of scPCP gamma 

oscillations 

Since PLC is upstream of both PKC activation and intracellular calcium mobilisation and 

downstream of mGlu5 receptor-mediated Gαq/11 activation, PLC blockade was used in to further 

investigate the nature of PAM-induced intracellular signalling mechanisms. If intracellular calcium 

release is important for the activity of both PAMs, then blocking PLC should reduce their effect on 

oscillatory activity. As summarised in Figure 7A, we applied each PAM to scPCP slices from Cohort 2 

in combination with the PLC inhibitor U73122 (10µM administered 20 minutes prior to the PAM) and 

compared oscillations with activity from control slices (co-incubated with aCSF + U73122) and slices 

incubated with the PAM alone (representative traces in Figure 7B,C).  

There was a significant difference between control, VU0409551 and U73122 + VU0409551 slices 

in amplitude power (Figure 7D; Fr = 29.87, p < 0.0001). Dunn’s multiple comparisons tests revealed 

that scPCP slices incubated with U73122 + VU0409551 showed a significant decrease in amplitude 

power relative to incubation with VU0409551 alone (p = 0.0105). However, U73122 + VU0409551 

slices also showed significantly greater amplitude power relative to control slices (p < 0.0001). 

Additionally, was a significant difference area power between the three treatment conditions (Figure 

7E; Fr = 8.3, p = 0.0046); Dunn’s tests showed a significant increase in area power in slices incubated 

with VU0409551 relative to control slices (p = 0.0339) and there was a non-significant reduction in 

area power in U73122 + VU0409551 slices relative to VU0409551 alone. 

Similarly, there was a significant difference between control, VU0360172 and U73122 + 

VU0360172 slices amplitude power (Figure 7F; Fr = 58.06, p < 0.0001). Dunn’s multiple comparisons 

tests revealed that scPCP slices incubated with U73122 and VU0360172 showed a significant decrease 
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Figure 7. U73122 (10µM) reduced the activity of VU0409551 or VU0360172 in scPCP slices in terms of gamma power.  

A, Schematic illustrating the experimental protocol for Cohort 2, experiment 3. A, B, blue; identical objects. F, blue; familiar 

object. N, red; novel object. B-C, Representative traces showing oscillatory activity in PFC slices from scPCP-treated rats 

without PAM application with U73122 alone (scPCP-control + U73122), and scPCP slices treated with U73122 followed by 

VU0409551 or VU0360172. The U73122 was present during PAM incubation but was washed off before oscillations were 
evoked. Power spectral analyses show the effect of U73122 alongside D, VU0409551 and F, VU0360172 on amplitude power 

(n = 4 per group, analysed using a Friedman’s test followed by Dunn’s tests). Graph insets more clearly illustrate data in low 

power ranges. Boxplots show the median (whiskers max – min) area power in slices incubated in E, VU0409551 (n = 4 per 

group) or G, VU0360172 (n = 4 per group; both analysed using Friedman’s tests followed by Dunn’s tests; * p < 0.05, 
significant increase in area power in with PAM incubation relative to control; * p < 0.05, significant decrease in area power 

following U73122 + VU0360172 incubation relative to VU0360172 alone). 
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in amplitude power relative to incubation with VU0360172 alone (p = 0.0004). However, U73122 and 

VU0409551 incubated slices also showed significantly greater amplitude power relative to control 

slices (p = 0.0004). Finally, there was a significant difference in area power between the three treatment 

conditions (Figure 7G; Fr = 6, p = 0.0494), with Dunn’s tests showing a significantly greater area power 

in slices incubated with VU0360172 relative to U73122 + VU0360172 or control slices (both p = 

0.0339). 

This suggests that blocking intracellular calcium release in addition to downstream PKC signalling 

reduced (but did not eliminate) the effects of both VU0409551 and VU0360172, implying that 

intracellular calcium mobilisation is probably involved in the activity of both PAMs, but that other 

pathways are also activated. 

 

4.5 Discussion  

 In this study, we have shown for the first time, that two mGlu5 receptor PAMs, VU0409551 and 

VU0360172, are efficacious in restoring oscillatory activity in PFC slices from the scPCP rodent model 

of CIAS. We have also explored the mechanism of action of these PAMs, verifying the requirement of 

mGlu5 receptor activation and investigating the phenomenon of ‘modulation bias’. Both PAMs appear 

to induce PLC activation, with VU0409551 exhibiting a reduced preference for activating the PKC 

cascade and VU0360172 stimulating both PKC and PI3K intracellular signalling pathways. These data 

suggest that an increase in oscillatory activity could be one of the underlying mechanisms for how these 

PAMs improve cognitive function in this model. Further investigation is warranted into ‘modulation 

bias’ and its consequences particularly pertaining to VU0409551 and the possibility of developing new 

derivatives.  

 As anticipated from previous research, scPCP animals displayed significantly impaired NOR 

performance compared to scVehicle rats (Brown et al., 2022; Grayson et al., 2015). As reviewed in 

Neill et al. (2010), the NOR paradigm assesses visual recognition memory, one of the seven cognitive 

domains fundamentally impaired in schizophrenia as identified by the Measurement and Treatment 

Research to Improve Cognition in Schizophrenia (MATRICS) initiative. The exclusive use of female 

animals in the scPCP model is because, in comparison to males, female rats are evidenced to perform 

better in cognitive tasks and are more susceptible to the effects of PCP (Grayson et al., 2007; Sutcliffe 

et al., 2007; Wessinger 1995). It should be noted that the oestrous cycle was not assessed in this study, 

meaning NOR performance may have been influenced by female rats being in distinct phases of 

oestrous during the task. Whilst some literature suggests improved object recognition in Long-Evans 

rats during the oestrogen peak at pro-oestrous (Walf et al., 2006), the NOR performance of Lister 

Hooded rats was unaffected by oestrous cycle stage (Sutcliffe et al., 2007). In addition, the stress 
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induced by oestrous cycle monitoring has been shown to alter female rodent behaviour (Becegato et al., 

2021; Walker et al., 2002). Importantly, the twice daily i.p. 7-day scPCP dosing regime is also 

associated with robust impairments in NOR and attentional set-shifting (ASST) in male Lister hooded 

rats, as demonstrated across several research sites. However, the dose of PCP required to induce these 

behavioural deficits is higher: typically 5 mg/kg twice daily (Janhunen et al., 2015).  

Animals showing significantly greater exploration of the novel object in the retention phase reflects 

the functional recognition memory steps of storage, consolidation and retrieval (Dere et al., 2007). 

Conversely, animals with cognitive impairment are expected to show comparable exploration times of 

both the novel and familiar object (Mathiasen and DiCamillo, 2010). The significantly lower 

discrimination index of scPCP relative to scVehicle rats thereby validates scPCP treatment as a model 

for CIAS in the current study. 

Here, extracellular field potential activity was recorded in layer V of the infralimbic (IL) cortex 

(Figure 3A). This was to assess changes in the PFC microcircuit associated with schizophrenia, as 

illustrated in Figure 8. This network is comprised of PV basket interneurons which deliver GABAergic 

inhibitory signals to the perisomatic region of pyramidal cells, which in turn mediate glutamatergic 

excitation (Glausier and Lewis, 2017; Sakurai et al., 2015). PV GABAergic neurons constitute the 

largest sub-class of layer V interneurons, are heavily involved in producing synchronized oscillations 

and are evidenced to suffer alterations in schizophrenia (Hashimoto et al., 2003; Enomoto et al., 2011; 

Auger and Floresco, 2014; Gonchar et al., 2008; Lee et al., 2010; Xu et al., 2010; Bartos et al., 2007; 

Cunningham et al., 2006; Hajos et al., 2004; Klausberger et al., 2005; Soltesz and Deschenes, 1993). 

Carbachol and kainate were used in light of existing literature demonstrating the ability of these 

compounds to elicit stable persistent fast gamma oscillations across layers III-VI in each subregion of 

the medial PFC (prelimbic, infralimbic and dorsopeduncular) in an interface-style chamber (Glykos et 

al., 2015). Although we have observed significant effects on the onset of oscillations, we cannot exclude 

the possibility that with longer duration recordings of the oscillations (2-3 hours) the observed effects 

of the experimental conditions may be different. However, these 30-minute recordings allowed data 

acquisition from the maximal number of slices per animal and provided insight into the differences in 

gamma power shown in the initial oscillatory onset period. In these experimental conditions, scPCP 

treatment was not only associated with deficits in visual recognition memory, but also with reduced 

gamma oscillatory power recorded in the IL cortex of ex vivo PFC slices.   
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Figure 8. Diagram illustrating an overview of mGlu receptor subtypes and other relevant receptors involved in a 

mechanistic network in the pathophysiology of schizophrenia. A hypothetical role of the mGlu5 receptor (mGlu5) in this 

network involves connectivity between an excitatory pyramidal neuron (in red) and inhibitory interneurons expressing mGlu5 

(in green).  The inhibitory interneurons, including parvalbumin-expressing neurons, are dynamically positioned to produce 

synchronous oscillations, such as gamma-band oscillations, through recurrent feedback inhibition (GABAergic interneurons 
in green) and excitation by pyramidal neurons (collateral axon projection indicated in red). This connectivity is disturbed in 

schizophrenia, disrupting oscillations, and producing cognitive deficits. mGlu5 are expressed in interneurons (in green) and in 

pyramidal neurons (not shown here). In addition, functional interaction between mGlu3 and mGlu5 has been demonstrated in 

the CNS, with mGlu3 receptor activation enhancing mGlu5 signalling (Di Menna et al., 2018). Speculatively, group I mGluR 
(mGlu1/5) activation also induces the release of endocannabinoids, which in turn activate presynaptic CB1 receptors on 

mesostriatal dopaminergic neurons, thereby reducing dopamine release. Finally, mGlu5 are functionally coupled to N-methyl-

D-aspartate (NMDA) receptors. Biased pure mGlu5 receptor PAMs that do not induce NMDA receptor activation are devoid 

of toxic effects related to NMDA coupling. Derivatives of these PAMs such as VU0409551 and VU0360172 that do not induce 
coupling of mGlu5 receptors to NMDA receptors are under development for the unmet therapeutic need of CIAS. Key: 

NMDAR, N-methyl-D-aspartate receptor; mGlu5, metabotropic glutamate receptor 5; mPFC, medial prefrontal cortex; mGlu3, 

metabotropic glutamate receptor 3; mGlu4, metabotropic glutamate receptor 4; mGlu1, metabotropic glutamate receptor 1; GI, 

GABAergic interneuron; GABA, gamma-aminobutyric acid; 5-HT2A, 5-hydroxytryptamine 2A receptor; M4, muscarinic 

acetylcholine receptor M4; CB1, cannabinoid type 1 receptor. 

As the PFC intrinsically oscillates at high frequencies, during which GABAergic deficits also 

become functionally apparent, high-frequency gamma oscillations have been widely investigated in 

relation to schizophrenia (Ferrarelli et al., 2012). Preclinically, chronic ketamine treatment has been 

shown to reduce the peak oscillatory frequency of KA-induced oscillations in mouse PFC slices, with 

the power of 40-50 Hz gamma oscillations particularly diminished (McNally et al., 2013). The NMDAR 

antagonists ketamine and MK-801 have also been shown to produce sensory-evoked gamma deficits 

accompanied by disrupted prepulse inhibition (PPI). Interestingly, clozapine was the only antipsychotic 

drug tested that restored gamma oscillations and attenuated the disruption to PPI (Hudson et al., 2016). 

These findings are paralleled in clinical studies, with gamma-band EEG-evoked responses to direct 

frontal cortex stimulation decreased in schizophrenia patients (Ferrarelli et al., 2008) and reduced 

perceptual organization task performance by individuals with schizophrenia accompanied by 

diminished power of 60-120 Hz gamma oscillations (Gottesman and Gould, 2003). The rise in gamma 
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power with working memory load observed in healthy individuals is also absent in schizophrenia 

patients (Basar-Eroglu et al., 2007; Gruetzner et al., 2013).  

Here, we show that two distinct mGlu5 receptor PAMs significantly increase gamma power in 

slices from scPCP rats, in a concentration-dependent manner. Interestingly, the PAMs have no effect 

on gamma power in slices from scVehicle rats (Figure 10, Supplementary Material) and thus the effects 

are selective for when the cortical network is dysfunctional. mGlu5 receptor blockade using MTEP 

inhibited this increased amplitude, confirming that PAM-mediated restoration of functional oscillatory 

activity in scPCP animals is due to modulation of the mGlu5 receptor. Contribution of the mGlu5 

receptor to oscillatory activity is supported by many previous studies. Inhibition of the mGlu5 receptor 

in rats using MPEP has been shown to diminish gamma oscillations in the dentate gyrus whilst 

impairing spatial memory (Bikbaev et al., 2008). mGlu5 receptor knockout mice also display 

abnormalities in oscillatory activity associated with schizophrenia, and specific deletion of the mGlu5 

receptor from PV interneurons reduced PV density and inhibitory signals and modified oscillations 

(Aguilar et al., 2020; Barnes et al., 2015). Allosteric potentiation of mGlu5 by ADX47273 also induces 

a more significant elevation in gamma oscillatory power in rats than MPEP or control treatment 

(Bikbaev and Manahan-Vaughan, 2017). Taken alongside our previous work demonstrating the in vivo 

efficacy of VU0409551 and VU0360172 in reversing the scPCP-induced cognitive deficit, this evidence 

suggests mGlu5 receptor PAMs to be a promising strategy to correct the abnormalities in gamma 

oscillations and cognition seen in schizophrenia (Brown et al., 2022).  

The fact that incubation of PFC slices for 1 hour with the PAMs followed by PAM washout restores 

oscillatory activity suggests that firstly, the PAMs act directly in the PFC with no requirement for 

downstream or upstream structures. Secondly, there must be enough network activity in the PFC slices 

to induce mGlu5 receptor activation following PAM application and 1 hour is sufficient to induce 

lasting effects on oscillations which persist even in the absence of the PAMs. The presence of the PAMs 

alone did not induce oscillatory activity, suggesting that washout of the drugs would not have affected 

the recordings. These effects are hypothesised to represent changes in protein expression or location. A 

recent study (Celli et al., 2020) showed that incubation of thalamic slices in VU030172 (5 μM) for 1 

hour could change the tonic GABA-A receptor current, an effect that appeared to result from a change 

in GABA uptake and GAT-1 expression. These effects occurred without changes in GAT-1 mRNA and 

thus do not represent increased transcription but could result from GAT-1 trafficking or increased 

translation. Such alterations could underly the increased oscillatory activity observed in the current 

study. 

As illustrated in Figure 8 (Chapter 1), activation of mGlu5 receptor induces signalling via multiple 

independent intracellular pathways. The ability of G-protein-coupled receptors (GPCRs) to form 

distinct ligand-induced configurations means that agonists may not equally activate all such intracellular 
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signalling pathways downstream of the receptor (Kenakin and Christopoulos, 2013). Further 

complexity is introduced by the coupling of an allosteric modulator to an agonist-bound receptor, which 

can induce receptor activation states and functional outcomes that cannot be attained by the endogenous 

ligand alone (Sengmany and Gregory, 2016). Differential activation of these pathways by different 

ligands has been previously observed in group 1 mGlu receptors and the therapeutic consequences of 

this must be considered (Emery et al., 2012; Hathaway et al., 2015). mGlu5 receptor signalling bias has 

also been linked to particular cognitive effects, with spontaneous memory loss associated with PFC 

mGlu5 receptor signalling bias towards a PI-independent pathway (Teleuca et al., 2022). Here, we show 

that the effects of both VU0409551 and VU0360172 are at least partly mediated by PLC activation, 

which induces downstream calcium mobilisation. Through the coupling of calcium to calmodulin and 

activation of CaMKs, effects involved in the molecular mechanisms of memory and learning such as 

LTP are induced (Ribiero et al., 2010; Tabata and Kano, 2004). However, even with PLC inhibition, 

gamma power was still significantly elevated relative to control slices, suggesting that alternative 

pathways are also involved in the effects of both PAMs. VU0409551 appears to show reduced 

preference for activation of the PKC cascade and as such may be ‘biased’ toward the PI3K pathway 

which leads to the phosphorylation of AKT. If the mGlu5 receptor preferentially activates select 

signalling pathways to the exclusion of others upon binding VU0409551, this could translate to 

favourable induction of certain physiological responses and behavioural outcomes. This may explain 

the finding that VU0409551 incubation of scPCP slices in this study induced a greater increase in 

oscillatory power relative to control than VU0360172. Biased allosteric modulators such as VU0409551 

which activate only selective mGlu5 receptor pathways could thus be used to not only preclinically 

investigate the physiology of mGlu5 receptor-mediated beneficial versus adverse effects, but also to 

mediate improved clinical therapeutic outcomes (Sengmany and Gregory, 2016). 

To conclude, the reduced amplitude and area of gamma oscillatory power in schizophrenia could 

be the result of various neuronal abnormalities, including reduced neuronal numbers, synaptic 

connectivity and/or synchrony (Selemon and Goldman-Rakic, 1999; Glantz et al., 2006). The reversal 

of scPCP-induced oscillatory deficits by mGlu5 receptor PAMs in this study provides support for the 

latter hypothesis. Diminished neuronal synchrony is suggested to reflect abnormalities in networks of 

GABAergic interneurons and/or disrupted glutamatergic signalling (Lewis et al., 2005; Moghaddam, 

2003). We hypothesise mGlu5 receptor PAMs to restore the excitatory/inhibitory signalling balance in 

cortical networks, thereby correcting neuronal synchrony and increasing oscillatory power in scPCP 

rats, which thus show improved cognitive performance. With mounting evidence for the ability of 

certain PAMs to selectively activate intracellular signalling pathways, it is necessary to further assess 

the utility of this ‘modulation bias’ in targeting the mGlu5 receptor and consider how this could 

influence therapeutic outcomes. Only with such insight can effective pharmacological interventions for 

CIAS be developed and the functional recovery of patients significantly improved.  
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4.11 Supplementary Material 

 

Figure 9, Supplementary Material. The mGlu5 receptor PAMs have little effect on oscillatory power in slices from scVehicle 
rats Power spectral analyses for A, gamma-band (25 – 100 Hz) B, beta-band (12.3 – 30 Hz) and C, theta-band (4 – 7 Hz) 
oscillations show the effect of VU0409551 or VU0360172 incubation of PFC slices from scVehicle animals on power (mV2; 

n = 10 per group, analysed using a 2-way ANOVA matched by animal and frequency). 
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Due to the journal format of this thesis, the aim of this chapter is to give further methodological 

information than allowed for in a journal paper.  

 

5.1 Animals  

Animals in all Cohorts were given a 7-day acclimatisation period following delivery prior to 

handling and scPCP/scVehicle dosing. Weighing was carried out upon arrival, the day before 

scPCP/scVehicle dosing, during the 7-day dosing regime, at the end of the dosing period and fortnightly 

during the 6-week washout. An average minimum weight of 200g was required before scPCP dosing 

could commence: if this was not attained by the end of the 7-day acclimatisation, this period would be 

extended until an average 200g weight was reached. The appropriate dose volume of PCP (at 1ml/kg) 

was calculated based on the weight of each animal. Weight data prior to scPCP/scVehicle dosing, 

alongside cage numbers and treatment groups for each Cohort described in this thesis are shown in 

Tables 8-15.  

 

Table 8. Chapter 2, Cohort 1 (n = 44) subchronic and acute treatment groups and weight data. 

Animal 

ID 

Sub-

chronic 

treatment  Dose  

Acute 

treatment 

1  Dose 

Acute 

treatment 2 Dose 

Weight 

before 

dosing (g)  

C1R1 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 209.2  

C1R2 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 243.2  

C1R3 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 241.4  

C1R4 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 249.8  

C1R5 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 205.8  

C2R1 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 228.2  

C2R2 Vehicle 
0.9% 
saline Vehicle 

0.9% 
saline Vehicle 

0.9% 
saline 199.8  

C2R3 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 259.6  

C2R4 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 252.5  

C2R5 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 222.6  

C3R1 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 237.6  

C3R2 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 202.5  

C3R3 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 236.6  

C3R4 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 230.4  

C3R5 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 233.7  

C4R1 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 230.6  
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C4R2 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 217.1  

C4R3 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 250.3  

C4R4 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 215.6  

C4R5 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 230.2  

C5R1 PCP 2mg/kg 

VU03601

72 

1mg/

kg VU0360172 

0.05mg/

kg 230.5  

C5R2 PCP 2mg/kg 

VU03601

72 

1mg/

kg VU0360172 

0.05mg/

kg 235.5  

C5R3 PCP 2mg/kg 

VU03601

72 

1mg/

kg VU0360172 

0.05mg/

kg 255.3  

C5R4 PCP 2mg/kg 

VU03601

72 

1mg/

kg VU0360172 

0.05mg/

kg 239.2  

C5R5 PCP 2mg/kg 

VU03601

72 

1mg/

kg VU0360172 

0.05mg/

kg 242.7  

C7R1 PCP 2mg/kg 

VU03601

72 

1mg/

kg VU0360172 

0.05mg/

kg 240.6  

C7R2 PCP 2mg/kg 

VU03601

72 

1mg/

kg VU0360172 

0.05mg/

kg 242.4  

C7R3 PCP 2mg/kg 

VU03601

72 

1mg/

kg VU0360172 

0.05mg/

kg 252.8  

C7R4 PCP 2mg/kg 

VU03601

72 

1mg/

kg VU0360172 

0.05mg/

kg 255.1  

C7R5 PCP 2mg/kg 

VU03601

72 

1mg/

kg VU0360172 

0.05mg/

kg 262.8  

C8R1 PCP 2mg/kg 

VU03601

72 

1mg/

kg VU0360172 

0.05mg/

kg 222.9  

C8R2 PCP 2mg/kg 

VU03601

72 

1mg/

kg VU0360172 

0.05mg/

kg 243.1  

C8R4 PCP 2mg/kg 

VU04095

51 

1mg/

kg VU0409551 

0.05mg/

kg 238.6  

C8R5 PCP 2mg/kg 

VU04095

51 

1mg/

kg VU0409551 

0.05mg/

kg 198.2  

C9R2 PCP 2mg/kg 

VU04095

51 

1mg/

kg VU0409551 

0.05mg/

kg 233.7  

C9R3 PCP 2mg/kg 

VU04095

51 

1mg/

kg VU0409551 

0.05mg/

kg 228  

C9R4 PCP 2mg/kg 

VU04095

51 

1mg/

kg VU0409551 

0.05mg/

kg 236.8  

C9R5 PCP 2mg/kg 

VU04095

51 

1mg/

kg VU0409551 

0.05mg/

kg 236.7  

C10R1 PCP 2mg/kg 

VU04095

52 

1mg/

kg VU0409551 

0.05mg/

kg 225.4  

C10R3 PCP 2mg/kg 

VU04095

51 

1mg/

kg VU0409551 

0.05mg/

kg 241.5  

C10R5 PCP 2mg/kg 

VU04095

51 

1mg/

kg VU0409551 

0.05mg/

kg 209  

C11R1 PCP 2mg/kg 

VU04095

51 

1mg/

kg VU0409551 

0.05mg/

kg 224.7  

C11R2 PCP 2mg/kg 

VU04095

51 

1mg/

kg VU0409551 

0.05mg/

kg 210.8  

C11R5 PCP 2mg/kg 

VU04095

51 

1mg/

kg VU0409551 

0.05mg/

kg 214.5  

       
232.2 Mean 
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Table 9. Chapter 2, Cohort 2 (n = 45) subchronic and acute treatment groups and weight data.  

Animal 
ID 

Sub-

chronic 
treatment  Dose  

Acute 

treatment 
1  Dose 

Acute 
treatment 2 Dose 

Weight 

before 

dosing 
(g)  

C1R1 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 243.2  

C1R2 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 216.7  

C1R3 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 222.7  

C1R4 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 194.2  

C1R5 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 237.9  

C2R1 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 268.2  

C2R2 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 219.7  

C2R3 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 213.6  

C2R4 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 225.9  

C2R5 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 237.7  

C3R1 PCP 2mg/kg Vehicle 
0.9% 
saline Vehicle 

0.9% 
saline 220.2  

C3R2 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 214.5  

C3R3 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 265.4  

C3R4 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 238.8  

C3R5 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 240.2  

C4R1 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 215.7  

C4R2 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 243.7  

C4R3 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 247  

C4R4 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 248.6  

C4R5 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 239.6  

C11R1 PCP 2mg/kg 

VU04095

51 10mg/kg VU0409551 

20mg/k

g 205.2  

C11R2 PCP 2mg/kg 
VU04095

51 10mg/kg VU0409551 
20mg/k

g 250.9  

C11R3 PCP 2mg/kg 

VU04095

51 10mg/kg VU0409551 

20mg/k

g 210.6  

C11R4 PCP 2mg/kg 

VU04095

51 10mg/kg VU0409551 

20mg/k

g 240.1  

C11R5 PCP 2mg/kg 

VU04095

51 10mg/kg VU0409551 

20mg/k

g 212.2  

C12R1 PCP 2mg/kg 

VU04095

51 10mg/kg VU0409551 

20mg/k

g 261.2  
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Table 10. Chapter 2, Cohort 3 (n = 36) subchronic and acute treatment groups and weight data. 

Animal ID 

Subchronic 

treatment  Dose  

Acute 

treatment   Dose 

Weight 

before 

dosing (g)  

C5R1 Vehicle 0.9% saline Vehicle 0.9% saline 200.9  

C5R2 Vehicle 0.9% saline Vehicle 0.9% saline 196.8  

C5R3 Vehicle 0.9% saline Vehicle 0.9% saline 198  

C5R4 Vehicle 0.9% saline Vehicle 0.9% saline 203.6  

C5R5 Vehicle 0.9% saline Vehicle 0.9% saline 198.2  

C6R1 Vehicle 0.9% saline Vehicle 0.9% saline 202.3  

C6R2 PCP 2mg/kg Vehicle 0.9% saline 194.5  

C6R3 PCP 2mg/kg Vehicle 0.9% saline 196.8  

C6R4 PCP 2mg/kg Vehicle 0.9% saline 206.6  

C6R5 PCP 2mg/kg Vehicle 0.9% saline 192.7  

C7R1 PCP 2mg/kg Vehicle 0.9% saline 196.6  

C12R2 PCP 2mg/kg 

VU04095

51 10mg/kg VU0409551 

20mg/k

g 250.7  

C12R3 PCP 2mg/kg 

VU04095

51 10mg/kg VU0409551 

20mg/k

g 245.5  

C12R4 PCP 2mg/kg 

VU04095

51 10mg/kg VU0409551 

20mg/k

g 251.1  

C12R5 PCP 2mg/kg 

VU04095

51 10mg/kg VU0409551 

20mg/k

g 220.6  

C13R1 PCP 2mg/kg 

VU03601

72 10mg/kg VU0360172 

20mg/k

g 226.6  

C13R2 PCP 2mg/kg 

VU03601

72 10mg/kg VU0360172 

20mg/k

g 231.6  

C13R3 PCP 2mg/kg 

VU03601

72 10mg/kg VU0360172 

20mg/k

g 209.6  

C13R4 PCP 2mg/kg 

VU03601

72 10mg/kg VU0360172 

20mg/k

g 230.3  

C13R5 PCP 2mg/kg 

VU03601

72 10mg/kg VU0360172 

20mg/k

g 220.4  

C14R1 PCP 2mg/kg 

VU03601

72 10mg/kg VU0360172 

20mg/k

g 232  

C14R2 PCP 2mg/kg 

VU03601

72 10mg/kg VU0360172 

20mg/k

g 243.4  

C14R3 PCP 2mg/kg 

VU03601

72 10mg/kg VU0360172 

20mg/k

g 219.2  

C14R4 PCP 2mg/kg 

VU03601

72 10mg/kg VU0360172 

20mg/k

g 266.4  

C14R5 PCP 2mg/kg 

VU03601

72 10mg/kg VU0360172 

20mg/k

g 215.8  

C15R1 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 203.1  

C15R2 Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 221.6  

C15R3 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 242.6  

C15R4 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 240.4  

C15R5 PCP 2mg/kg Vehicle 

0.9% 

saline Vehicle 

0.9% 

saline 222.9  

       231.7 Mean 
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C7R2 PCP 2mg/kg Vehicle 0.9% saline 194.2  

C7R3 PCP 2mg/kg VU0409551 1mg/kg 191.2  

C7R4 PCP 2mg/kg VU0409551 1mg/kg 225.4  

C7R5 PCP 2mg/kg VU0409551 1mg/kg 206.8  

C8R1 PCP 2mg/kg VU0409551 1mg/kg 195.8  

C8R2 PCP 2mg/kg VU0409551 1mg/kg 196.9  

C8R3 PCP 2mg/kg VU0409551 1mg/kg 201.2  

C8R4 PCP 2mg/kg VU0409551 10mg/kg 196.4  

C8R5 PCP 2mg/kg VU0409551 10mg/kg 201.4  

C9R1 PCP 2mg/kg VU0409551 10mg/kg 175.8  

C9R2 PCP 2mg/kg VU0409551 10mg/kg 204.4  

C9R3 PCP 2mg/kg VU0409551 10mg/kg 194.1  

C9R4 PCP 2mg/kg VU0409551 10mg/kg 196.4  

C10R1 PCP 2mg/kg VU0360172 1mg/kg 217.8  

C10R2 PCP 2mg/kg VU0360172 1mg/kg 204.5  

C10R3 PCP 2mg/kg VU0360172 1mg/kg 218.9  

C10R4 PCP 2mg/kg VU0360172 1mg/kg 210.9  

C11R1 PCP 2mg/kg VU0360172 1mg/kg 228.7  

C11R2 PCP 2mg/kg VU0360172 1mg/kg 216.9  

C11R3 PCP 2mg/kg VU0360172 10mg/kg 197.8  

C11R4 PCP 2mg/kg VU0360172 10mg/kg 215.4  

C12R1 PCP 2mg/kg VU0360172 10mg/kg 228.6  

C12R2 PCP 2mg/kg VU0360172 10mg/kg 214.8  

C12R3 PCP 2mg/kg VU0360172 10mg/kg 196.2  

C12R4 PCP 2mg/kg VU0360172 10mg/kg 200.8  

     203.3 Mean 

 

 

Table 11. Chapter 3, Cohort 1 (n = 20) subchronic and acute treatment groups and weight data. 

Animal ID 

Subchronic 

treatment  Dose  

Acute 

treatment   Dose 

Weight 

before 

dosing (g)  

C1R1 Vehicle 0.9% saline Vehicle 0.9% saline 236.4  

C1R2 Vehicle 0.9% saline Vehicle 0.9% saline 238.1  

C1R3 Vehicle 0.9% saline Vehicle 0.9% saline 234  

C1R4 Vehicle 0.9% saline Vehicle 0.9% saline 235.3  

C1R5 Vehicle 0.9% saline Vehicle 0.9% saline 232.8  

C2R1 Vehicle 0.9% saline Vehicle 0.9% saline 248.9  

C2R2 Vehicle 0.9% saline Vehicle 0.9% saline 230  

C2R3 Vehicle 0.9% saline Vehicle 0.9% saline 238.4  

C2R4 Vehicle 0.9% saline Vehicle 0.9% saline 249.1  

C2R5 Vehicle 0.9% saline Vehicle 0.9% saline 229.9  

C3R1 PCP 2mg/kg Vehicle 0.9% saline 230.3  

C3R2 PCP 2mg/kg Vehicle 0.9% saline 238.5  

C3R3 PCP 2mg/kg Vehicle 0.9% saline 246.7  

C3R4 PCP 2mg/kg Vehicle 0.9% saline 232.1  

C3R5 PCP 2mg/kg Vehicle 0.9% saline 224.3  
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C4R1 PCP 2mg/kg Vehicle 0.9% saline 220.5  

C4R2 PCP 2mg/kg Vehicle 0.9% saline 226.8  

C4R3 PCP 2mg/kg Vehicle 0.9% saline 262.8  

C4R4 PCP 2mg/kg Vehicle 0.9% saline 242  

C4R5 PCP 2mg/kg Vehicle 0.9% saline 221.2  

     235.905 Mean 

 

Table 12. Chapter 3, Cohort 2 (n = 17) subchronic and acute treatment groups and weight data. 

Animal ID 

Subchronic 

treatment  Dose  

Acute 

treatment   Dose 

Weight 

before 

dosing (g)  

C1R1 Vehicle 0.9% saline Vehicle 0.9% saline 209.8  

C1R2 Vehicle 0.9% saline Vehicle 0.9% saline 214.2  

C1R3 Vehicle 0.9% saline Vehicle 0.9% saline 215.8  

C1R4 Vehicle 0.9% saline Vehicle 0.9% saline 204.8  

C1R5 Vehicle 0.9% saline Vehicle 0.9% saline 219.8  

C2R1 Vehicle 0.9% saline Vehicle 0.9% saline 194.2  

C2R2 Vehicle 0.9% saline Vehicle 0.9% saline 199.8  

C2R3 Vehicle 0.9% saline Vehicle 0.9% saline 203.7  

C2R4 Vehicle 0.9% saline Vehicle 0.9% saline 203.4  

C3R1 PCP 2mg/kg Vehicle 0.9% saline 195.8  

C3R2 PCP 2mg/kg Vehicle 0.9% saline 191.6  

C3R3 PCP 2mg/kg Vehicle 0.9% saline 203.4  

C3R4 PCP 2mg/kg Vehicle 0.9% saline 191.8  

C3R5 PCP 2mg/kg Vehicle 0.9% saline 214.8  

C4R1 PCP 2mg/kg Vehicle 0.9% saline 198.8  

C4R2 PCP 2mg/kg Vehicle 0.9% saline 190.3  

C4R3 PCP 2mg/kg Vehicle 0.9% saline 202.7  

     203.2176471 Mean 

 

Table 13. Chapter 3, Cohort 3 (n = 65) subchronic and acute treatment groups and weight data. 

Animal ID 

Subchronic 

treatment  Dose  

Acute 

treatment   Dose 

Weight 

before 

dosing (g)  

C1R1 Vehicle 0.9% saline Vehicle 0.9% saline 243.2  

C1R2 Vehicle 0.9% saline Vehicle 0.9% saline 216.7  

C1R3 Vehicle 0.9% saline Vehicle 0.9% saline 222.7  

C1R4 Vehicle 0.9% saline Vehicle 0.9% saline 194.2  

C1R5 Vehicle 0.9% saline Vehicle 0.9% saline 237.9  

C2R1 Vehicle 0.9% saline Vehicle 0.9% saline 268.2  

C2R2 Vehicle 0.9% saline Vehicle 0.9% saline 219.7  

C2R3 Vehicle 0.9% saline Vehicle 0.9% saline 213.6  

C2R4 Vehicle 0.9% saline Vehicle 0.9% saline 225.9  

C2R5 Vehicle 0.9% saline Vehicle 0.9% saline 237.7  

C3R1 PCP 2mg/kg Vehicle 0.9% saline 220.2  

C3R2 PCP 2mg/kg Vehicle 0.9% saline 214.5  

C3R3 PCP 2mg/kg Vehicle 0.9% saline 265.4  
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C3R4 PCP 2mg/kg Vehicle 0.9% saline 238.8  

C3R5 PCP 2mg/kg Vehicle 0.9% saline 240.2  

C4R1 PCP 2mg/kg Vehicle 0.9% saline 215.7  

C4R2 PCP 2mg/kg Vehicle 0.9% saline 243.7  

C4R3 PCP 2mg/kg Vehicle 0.9% saline 247  

C4R4 PCP 2mg/kg Vehicle 0.9% saline 248.6  

C4R5 PCP 2mg/kg Vehicle 0.9% saline 239.6  

C5R1 PCP 2mg/kg VU0360172 0.05mg/kg 230.5  

C5R2 PCP 2mg/kg VU0360172 0.05mg/kg 235.5  

C5R3 PCP 2mg/kg VU0360172 0.05mg/kg 255.3  

C5R4 PCP 2mg/kg VU0360172 0.05mg/kg 239.2  

C5R5 PCP 2mg/kg VU0360172 0.05mg/kg 242.7  

C7R1 PCP 2mg/kg VU0360172 0.05mg/kg 240.6  

C7R2 PCP 2mg/kg VU0360172 0.05mg/kg 242.4  

C7R3 PCP 2mg/kg VU0360172 0.05mg/kg 252.8  

C7R4 PCP 2mg/kg VU0360172 0.05mg/kg 255.1  

C7R5 PCP 2mg/kg VU0360172 0.05mg/kg 262.8  

C8R4 PCP 2mg/kg VU0409551 0.05mg/kg 238.6  

C8R5 PCP 2mg/kg VU0409551 0.05mg/kg 198.2  

C9R2 PCP 2mg/kg VU0409551 0.05mg/kg 233.7  

C9R3 PCP 2mg/kg VU0409551 0.05mg/kg 228  

C9R4 PCP 2mg/kg VU0409551 0.05mg/kg 236.8  

C9R5 PCP 2mg/kg VU0409551 0.05mg/kg 236.7  

C10R1 PCP 2mg/kg VU0409551 0.05mg/kg 225.4  

C10R3 PCP 2mg/kg VU0409551 0.05mg/kg 241.5  

C10R5 PCP 2mg/kg VU0409551 0.05mg/kg 209  

C11R1 PCP 2mg/kg VU0409551 0.05mg/kg 224.7  

C11R1 PCP 2mg/kg VU0409551 20mg/kg 205.2  

C11R2 PCP 2mg/kg VU0409551 20mg/kg 250.9  

C11R3 PCP 2mg/kg VU0409551 20mg/kg 210.6  

C11R4 PCP 2mg/kg VU0409551 20mg/kg 240.1  

C11R5 PCP 2mg/kg VU0409551 20mg/kg 212.2  

C12R1 PCP 2mg/kg VU0409551 20mg/kg 261.2  

C12R2 PCP 2mg/kg VU0409551 20mg/kg 250.7  

C12R3 PCP 2mg/kg VU0409551 20mg/kg 245.5  

C12R4 PCP 2mg/kg VU0409551 20mg/kg 251.1  

C12R5 PCP 2mg/kg VU0409551 20mg/kg 220.6  

C13R1 PCP 2mg/kg VU0360172 20mg/kg 226.6  

C13R2 PCP 2mg/kg VU0360172 20mg/kg 231.6  

C13R3 PCP 2mg/kg VU0360172 20mg/kg 209.6  

C13R4 PCP 2mg/kg VU0360172 20mg/kg 230.3  

C13R5 PCP 2mg/kg VU0360172 20mg/kg 220.4  

C14R1 PCP 2mg/kg VU0360172 20mg/kg 232  

C14R2 PCP 2mg/kg VU0360172 20mg/kg 243.4  

C14R3 PCP 2mg/kg VU0360172 20mg/kg 219.2  

C14R4 PCP 2mg/kg VU0360172 20mg/kg 266.4  

C14R5 PCP 2mg/kg VU0360172 20mg/kg 215.8  

C15R1 Vehicle 0.9% saline Vehicle 0.9% saline 203.1  
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C15R2 Vehicle 0.9% saline Vehicle 0.9% saline 221.6  

C15R3 PCP 2mg/kg Vehicle 0.9% saline 242.6  

C15R4 PCP 2mg/kg Vehicle 0.9% saline 240.4  

C15R5 PCP 2mg/kg Vehicle 0.9% saline 222.9  

     233.4111111 Mean 

 

Table 14. Chapter 4, Cohort 1 (n = 25) subchronic and acute treatment groups and weight data 

Animal ID 

Subchronic 

treatment  Dose  

Acute 

treatment   Dose 

Weight 

before 

dosing (g)  

C1R1 Vehicle 0.9% saline Vehicle 0.9% saline 203.1  

C1R2 Vehicle 0.9% saline Vehicle 0.9% saline 210.4  

C1R3 Vehicle 0.9% saline Vehicle 0.9% saline 196.2  

C1R4 Vehicle 0.9% saline Vehicle 0.9% saline 192.5  

C1R5 Vehicle 0.9% saline Vehicle 0.9% saline 208.6  

C2R1 Vehicle 0.9% saline Vehicle 0.9% saline 210  

C2R2 Vehicle 0.9% saline Vehicle 0.9% saline 200.5  

C2R3 Vehicle 0.9% saline Vehicle 0.9% saline 208.4  

C2R4 Vehicle 0.9% saline Vehicle 0.9% saline 201.2  

C2R5 Vehicle 0.9% saline Vehicle 0.9% saline 202.4  

C3R1 PCP 2mg/kg Vehicle 0.9% saline 193.1  

C3R2 PCP 2mg/kg Vehicle 0.9% saline 208.2  

C3R3 PCP 2mg/kg Vehicle 0.9% saline 211.8  

C3R4 PCP 2mg/kg Vehicle 0.9% saline 204.6  

C3R5 PCP 2mg/kg Vehicle 0.9% saline 201.1  

C4R1 PCP 2mg/kg Vehicle 0.9% saline 200.7  

C4R2 PCP 2mg/kg Vehicle 0.9% saline 209.4  

C4R3 PCP 2mg/kg Vehicle 0.9% saline 210.6  

C4R4 PCP 2mg/kg Vehicle 0.9% saline 196.4  

C4R5 PCP 2mg/kg Vehicle 0.9% saline 207  

C5R1 Vehicle 0.9% saline Vehicle 0.9% saline 198.4  

C5R2 Vehicle 0.9% saline Vehicle 0.9% saline 187.2  

C5R3 PCP 2mg/kg Vehicle 0.9% saline 205.1  

C5R4 PCP 2mg/kg Vehicle 0.9% saline 198.9  

C5R5 PCP 2mg/kg Vehicle 0.9% saline 207  

     202.912 Mean 

 

Table 15. Chapter 4, Cohort 2 (n = 29) subchronic and acute treatment groups and weight data 

Animal ID 

Subchronic 

treatment  Dose  

Acute 

treatment   Dose 

Weight 

before 

dosing (g)  

C2R1 PCP 2mg/kg Vehicle 0.9% saline 210  

C2R2 PCP 2mg/kg Vehicle 0.9% saline 201.7  

C2R3 PCP 2mg/kg Vehicle 0.9% saline 212.5  

C2R4 PCP 2mg/kg Vehicle 0.9% saline 208.3  

C2R5 PCP 2mg/kg Vehicle 0.9% saline 209.3  

C3R1 PCP 2mg/kg Vehicle 0.9% saline 215.8  
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C3R2 PCP 2mg/kg Vehicle 0.9% saline 207.1  

C3R3 PCP 2mg/kg Vehicle 0.9% saline 219  

C3R4 PCP 2mg/kg Vehicle 0.9% saline 203.6  

C3R5 PCP 2mg/kg Vehicle 0.9% saline 201.7  

C4R1 PCP 2mg/kg Vehicle 0.9% saline 228.1  

C4R2 PCP 2mg/kg Vehicle 0.9% saline 208.2  

C4R3 PCP 2mg/kg Vehicle 0.9% saline 212.9  

C4R4 PCP 2mg/kg Vehicle 0.9% saline 209.8  

C4R5 PCP 2mg/kg Vehicle 0.9% saline 204.3  

C5R1 PCP 2mg/kg Vehicle 0.9% saline 213.4  

C5R2 PCP 2mg/kg Vehicle 0.9% saline 210.9  

C5R3 PCP 2mg/kg Vehicle 0.9% saline 206.8  

C5R4 PCP 2mg/kg Vehicle 0.9% saline 211.3  

C5R5 PCP 2mg/kg Vehicle 0.9% saline 210.6  

C6R1 PCP 2mg/kg Vehicle 0.9% saline 202.3  

C6R2 PCP 2mg/kg Vehicle 0.9% saline 220.8  

C6R3 PCP 2mg/kg Vehicle 0.9% saline 217.9  

C6R4 PCP 2mg/kg Vehicle 0.9% saline 205.4  

C6R5 PCP 2mg/kg Vehicle 0.9% saline 213.4  

C7R1 PCP 2mg/kg Vehicle 0.9% saline 216.7  

C7R2 PCP 2mg/kg Vehicle 0.9% saline 203.3  

C7R3 PCP 2mg/kg Vehicle 0.9% saline 218.8  

C7R5 PCP 2mg/kg Vehicle 0.9% saline 203.1  

     210.5862069 Mean 

5.2 Behaviour: Novel Object Recognition paradigm 

5.2.1 Apparatus 

The NOR test box was an open field comprising a square Plexiglas box (L 52cm; W 52cm; H 31cm) 

placed 27cm above the floor on a moveable trolley. The floor of the box was white with black gridlines 

forming nine identical squares (measuring 17.3cm x 17.3 cm) and all other walls were black (Figure 

10A). A video camera connected to a video recorder was positioned directly above the box to record 

animal behaviour. The objects to be discriminated (in triplicate) were unopened Coca-Cola® cans and 

brown glass bottles filled with saline of approximately equal height (10cm ± 2cm) and heavy enough 

to minimise displacement by rats during the task (Figure 10C). These objects were selected based on 

previous research confirming that they did not have natural significance for the rats. Briefly, a study by 

Grayson (2012) investigating object preference revealed scPCP and scVehicle rats to exhibit an 

increased exploration time of one of the potential NOR test objects (a wooden cone) relative to other 

objects tested (the bottle and Coca-Cola® can). The wooden cone was suggested to have a greater 

absorbance of olfactory trails, and as such was not included in the current NOR tests. Object placement 

was in opposite corners, 6cm from the walls of the box, and object location and type were randomly 

assigned to reduce the effects of object and place preference (Figure 10B). Following each trial, 70% 
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ethanol and paper towels were used to thoroughly clean and dry the objects and box to eradicate any 

olfactory trails.  

5.2.2 Trials 

5.2.2.1 Habituation 

In cage groups of five, rats were handled and exposed to the empty NOR arena and testing room 

for 20 minutes on the day prior to NOR testing. Habituation aims to increase the focus of the animals 

on the objects during the task by reducing the level of novelty of the test environment (arena and room). 

5.2.2.2 Acquisition trial  

As shown in Figure 10, two identical objects (A and B) were positioned in opposite corners of the 

arena and the rat was removed from the home cage placed into the top right corner facing the walls. The 

rat was then left for 3 minutes of exploration before being removed from the arena.  

5.2.2.3 Inter-trial interval (ITI) 

After the acquisition trial, the rat was placed in a holding cage away from the test arena for 1 minute. 

The 1-minute ITI has been shown to be an adequate time period to disrupt recall of the familiar object 

in scPCP rats yet allow scVehicle rats to retain recall, based on previous work in our laboratory 

Figure 11. Schematic illustrating the NOR test protocol, consisting of the acquisition and retention trials and an inter-

trial interval (ITI). Two identical objects used in the acquisition trial are shown as A and B, and the objects used in the 

retention trial are labelled as F (familiar) and N (novel). The black dot denotes the position in which each rat is placed into the 

arena, facing the corner. 

Figure 10. The NOR test apparatus. A, Example of a retention trial set up in the NOR test box with B, randomised positioning 

of the two non-identical objects, C, a bottle, and a Coke© can. 
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(Grayson et al., 2007; Grayson 2012; reviewed in Neill et al., 2010). During this time, both objects were 

removed, and the entire box and objects were cleaned with 70% ethanol solution and dried with paper 

towels to remove any lingering olfactory trails. A novel object (N; Figure 11) and a triplicate copy of 

the familiar object (F; Figure 11) were then placed into the test box in the same positions used in the 

acquisition trial.  

 

5.2.2.4 Retention trial 

Following the 1-minute ITI, the rat was returned to the test arena and allowed to explore the familiar 

and novel objects (F and N) for 3 minutes. As discussed above, the position of the novel and familiar 

objects was randomly assigned (Figure 10B). The rat was then returned to the home cage.  

5.2.2.5 Scoring and analysis 

Post-behavioural testing, the video recordings were viewed using the ‘VLC Media Player’ software 

and scored using the ‘Jack Auty Novel Object Recognition Task Timer’. The experimenter, blind to the 

treatment groups, measured the time spent exploring each object during the acquisition and retention 

phases. Total exploration time in both trials was also compared across treatment groups. Locomotor 

activity was measured by the total number of line crossings across both trials (defined as the base of the 

tail crossing a marked line). Finally, discrimination index (DI) was calculated as: 

 

                                       DI =
novel object  exploration time −familiar object exploration time 

novel object exploration time +familiar object exploration time 
 .  

The DI represents the difference in exploration time expressed as a proportion of the total time spent 

exploring the two objects in the retention trial.  

5.3 Perfusion 

Transcardial perfusion is a technique widely used to remove the residual blood from the brain and 

thus preserve the brain for immunostaining techniques (Chang et al., 2021; Faresjo et al., 2021; 

Vugmeyster et al., 2010). As illustrated in Figure 12, perfusion was performed on anaesthetised rats 

before extraction of the brain for IHC in Cohort 2 (Chapter 3). Bottles of PBS were placed on ice and 

all equipment cleaned with 70% ethanol before the rat was anaesthetised via isoflurane overdose (5% 

in O2 2 l/min) in an induction chamber. Concentration of the inhalation anaesthetic agent remained 

constant during the entire procedure. Anaesthetic was maintained and the rat was transferred posterior-

side downward on a downflow table. Deep anaesthesia was confirmed by testing blinking and 

withdrawal reflexes before a skin incision was made below the xiphoid cartilage and extended laterally 

toward the left and right forepaws. Cuts were then made in the diaphragm from left to right, and the 

ribcage on both sides. Using Kelly forceps, the ribcage was reflected upward to expose the heart. A 

small incision was made in the left ventricle and a needle attached to the perfusion pump was inserted 
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through the left ventricle into the ascending aorta and its position secured with the Kelly forceps. An 

incision was made in the right atrium to create an outlet for the perfusion. The PBS pump was then set 

20 ml/min (6 rpm) and the perfusion run for approximately 6 minutes or until flow from the heart was 

clear and the liver became pale in colour. Confirmation of death was then performed before decapitation 

and removal of the brain (Figure 13), which was cut into two sections along the coronal plane before 

being post-fixed in 4% PFA at 4°C for 24 – 48 hours. The brain was then washed in PBS and transferred 

to a 30% sucrose solution at 4°C, where it was kept for 24 hours or until the brain sank to the bottom 

of the vial. The brain was then flash frozen in isopentane on dry ice and stored at -80oC before cryostat 

sectioning.  

 

Figure 13. Extracted whole rat brains. A, non-perfused and B, PBS-perfused brains, before being sectioned along the coronal 

plane. The pale colour of B reflects effective removal of residual blood from the brain during the perfusion technique.  

Figure 12. Brain perfusion through the heart on an anaesthetised rat. This was performed to remove residual blood from 

the brain samples used for immunostaining in Cohort 2 (Chapter 3).  
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In some literature, NaNO2 was utilised as a vasodilator during the perfusion procedure and has 

been evidenced to result in a better perfusion performance. However, research by Noh et al. (2022) 

demonstrated that while the presence of NaNO2 improved perfusion performance in mice, no significant 

difference was found between rat brains perfused with PBS and 2% NaNO2. Thus, this extensively 

optimised protocol for PBS perfusion was considered appropriate for use in Cohort 2 in this project.  

5.4 Immunofluorescence  

The IHC protocol employed in Cohort 2 was thoroughly optimised to attain high quality 

immunostaining. The anti-mGlu5 receptor antibody (AGC-007) was selected as a highly specific 

antibody directed against an N-terminal extracellular epitope (amino acids 367-380) of the rat mGlu5 

receptor. Previous literature using this antibody to assess mGlu5 receptor expression in the rodent 

hypothalamus, cerebellum, and hippocampus reported concentrations ranging from 1:50 – 1:250 (Fagan 

et al., 2020; Alomone Labs, 2022), therefore optimisation stages for rat PFC IHC tested the antibody at 

1:50, 1:100, 1:200, and 1:500. 1:200 was identified as the optimal concentration to achieve specific 

mGlu5 receptor visualisation via confocal microscopy with minimal background staining. The anti-PV 

antibody (PV235) is a monoclonal antibody which reacts specifically with the 45Ca-binding spot of 

PV, measuring PV with a sensitivity of 10 ng/assay and an affinity of 7.9 x 1012 L/M (Celio et al., 

1988). It was selected based on its extensively verified specificity and potency in immunofluorescent, 

immunoperoxidase, immunoenzymatic, and radioimmunoassay labelling (Celio et al., 1988). Given 

existing literature using this antibody for IHC in the rodent hippocampus, striatum and cortex reported 

concentrations from 1:1000 – 1:5000, the antibody was tested at 1:1000, 1:2000, and 1:5000 (Bhatti et 

al., 2022; Hermann et al., 2022; Monteiro et al., 2018; Ito-Ishida et al., 2015). 1:5000 was identified as 

the optimal concentration for specific, potent immunostaining of PV. Finally, the anti-Iba1 antibody 

(ab5076) is a synthetic peptide corresponding to the Iba1 C-terminal amino acids 135-147 and was 

selected due to its widespread use as a marker of microglia activation in IHC. This antibody has been 

previously employed to assess Iba1 expression in human tissue at concentrations from 1:500 – 1:2000 

(Kvisten et al., 2019; Swanson et al., 2020). Therefore, following comparison of IHC results at 1:500, 

1:1000 and 1:2000, a concentration of 1:500 was chosen as optimal in staining microglia in the rat PFC. 

The use of a plate rocker during twice overnight 4oC incubation of sections with the primary antibodies 

further improved the quality of immunostaining.  

Secondary antibodies (chicken anti-mouse Alexa Fluor 488, A-21200, 1:500; chicken anti-rabbit 

594, A-21442 1:500; chicken anti-goat Alexa Fluor 647, A-21469, 1:500) were selected from the same 

host species, which also corresponded with the blocking serum species, to avoid non-specific binding 

and reduce background staining. In this triple-staining protocol, it was also important to select dyes 

with minimal spectral overlap and high compatibility, meaning no crosstalk between fluorophores 

(whereby emission from one fluorophore can bleed through the detection channel intended for another). 
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All antibodies were tested at concentrations of 1:100, 1:200 and 1:500, and 1:500 was selected as the 

concentration giving the most specific, low background staining.  

Finally, the mounting of free-floating sections onto Superfrost Plus slides was carried out in the 

dark and thoroughly practiced before being performed on the current samples to avoid tissue damage. 

The time period for air-drying before subsequent placement onto Fluoroshield-coated coverslips was 

also optimised, and a 1-hour time frame was used in the current study.   

5.5 Dissection and homogenisation 

All equipment was cleaned with 70% ethanol before use. After a short thawing period, the olfactory 

bulb of each brain sample was removed if still present. Using forceps and a scalpel, the FCx and then 

the PFC were removed, transferred into labelled Eppendorf® tubes and placed on dry ice immediately. 

Curved forceps were then used to peel the dorsal and ventral hippocampus away from the rest of the 

tissue, which were then placed into an Eppendorf® tubes on dry ice. All brain regions were identified 

according to the Bregma coordinates detailed in Table 16 and illustrated in Figure 14. Samples were 

then stored at -80oC until homogenisation was performed. Homogenisation buffer (HB) was added to 

each sample at volumes (µl) calculated according to sample weight (mg) (Tables 17-18).  

Table 16.  Stereotaxic coordinates of areas of interest. These coordinates were used to identify and dissect the frontal 

cortex, prefrontal cortex, dorsal and ventral hippocampus in the rat brain (information from Paxinos and Watson, 1997) 

Region name Bregma (mm) 

Frontal cortex (FCx) +4.7 to +3.2 

Prefrontal cortex (PFC) +3 to +1.7 

Dorsal hippocampus (DH) -3.3 to -4.8 

Ventral hippocampus (VH) -4.8 to -6.3 
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Table 17. Cohort 1, n = 18 (Chapter 3). Volume of homogenisation buffer (HB) added to each sample according to 

sample weight. Key: HB, homogenisation buffer. 

Frontal cortex  

Sample No. Weight (mg) Volume of HB (µl) 

1 39 390 

2 34.2 342 

Figure 14. Schematic illustrating rat brain sections classified as the frontal cortex (FCx), prefrontal cortex (PFC), dorsal 

hippocampus (DH) and ventral hippocampus (VH) according to Bregma coordinates in Table 16. The brain was 

sectioned into slices as illustrated, and the region of each slice that was dissected is outlined or filled (DH) in yellow. 

Illustrations adapted from Paxinos and Watson (1997).  
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3 41.2 414 

4 69.9 699 

5 43.6 436 

6 30.9 309 

7 33.8 338 

8 100 1000 

9 56.7 567 

10 40.6 406 

11 18.9 189 

12 39.8 398 

13 14.9 149 

14 40.4 404 

15 20 200 

16 34.1 341 

17 40.4 404 

18 30.9 309 

Prefrontal cortex 

Sample No. Weight (mg) Volume of HB (µl) 

1 10.4 104 

2 26.1 261 

3 7.6 76 

4 11.2 112 

5 2.8 28 

6 14.3 143 

7 5.4 54 

8 12.8 128 

9 6.6 66 

10 12.1 121 

11 6 60 

12 9.4 94 

13 13.6 136 

14 17.6 176 

15 13.6 136 

16 11.7 117 

17 13.4 134 

18 11.1 111 

Dorsal hippocampus 

Sample No. Weight (mg) Volume of HB (µl) 

1 77.8 778 

2 27.9 279 

3 23.3 233 

4 30.7 307 

5 57.5 575 

6 24.5 245 
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7 2.9 29 

8 27 270 

9 47.4 474 

10 26.8 268 

11 27.5 275 

12 43.2 432 

13 42.4 424 

14 13.4 134 

15 13.9 139 

16 20.1 201 

17 48.2 482 

18 18.3 183 

Ventral hippocampus 

Sample No. Weight (mg) Volume of HB (µl) 

1 75.2 752 

2 156.1 1561 

3 43.3 433 

4 136.8 1368 

5 32.5 325 

6 177.4 1774 

7 58.1 581 

8 163.9 1639 

9 116.3 1163 

10 126.8 1268 

11 145.9 1459 

12 86.5 865 

13 61.3 613 

14 173.4 1734 

15 27 270 

16 170.1 1701 

17 64.9 649 

18 101.8 1018 

 

 

Table 18. Cohort 3, n = 75 (Chapter 3). Volume of homogenisation buffer (HB) added to each sample according to 

sample weight. Key: HB, homogenisation buffer. 

Frontal cortex  

Sample No. Weight (mg) Volume of HB (µl) 

1 107.6 1076 

2 86.5 865 

3 131.2 1312 

4 155.8 1558 

5 78.1 781 
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6 105 1050 

7 110.5 1105 

8 87.2 872 

9 115.3 1153 

10 121.6 1216 

11 95.7 957 

12 63.7 637 

13 91.2 912 

14 86.2 862 

15 94.9 949 

16 99.3 993 

17 90.6 906 

18 112.2 1122 

19 65.4 654 

20 112 1120 

21 116 1160 

22 62.2 622 

23 51.6 516 

24 72 720 

25 73.9 739 

26 70.1 701 

27 35.3 353 

28 68.5 685 

29 34.9 349 

30 58.8 588 

31 65.1 651 

32 59.8 598 

33 37.1 371 

34 47.6 476 

35 89.6 896 

36 82 820 

37 78.7 787 

38 63.6 636 

39 54.7 547 

40 84.7 847 

41 40 400 

42 87.6 876 

43 82.4 824 

44 69.8 698 

45 74.8 748 

46 61.5 615 

47 62 620 

48 85.8 858 

49 62.8 628 
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50 39.4 394 

51 57.9 579 

52 56.8 568 

53 60.2 602 

54 73.8 738 

55 51.6 516 

56 45.6 456 

57 65.4 654 

58 85.5 855 

59 49.7 497 

60 63 630 

61 69.7 697 

62 78.4 784 

63 75.8 758 

64 71.2 712 

65 45.8 458 

66 70.8 708 

67 62.2 622 

68 57 570 

69 55.1 551 

70 60.9 609 

71 47.6 476 

72 45.5 455 

73 59.2 592 

74 47 470 

75 86.6 866 

Prefrontal cortex 

Sample No. Weight (mg) Volume of HB (µl) 

1 59.3 593 

2 63.9 639 

3 52.2 522 

4 75.2 752 

5 57.7 577 

6 68.5 685 

7 75.1 751 

8 85.2 852 

9 71.8 718 

10 76 760 

11 84.1 841 

12 66.7 667 

13 64.7 647 

14 77.4 774 

15 67.6 676 

16 63.2 632 
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17 84.6 846 

18 80.4 804 

19 61.9 619 

20 56.3 563 

21 84.6 846 

22 38.7 387 

23 26 260 

24 30.3 303 

25 34.5 345 

26 41.4 414 

27 34.1 341 

28 46.8 468 

29 44 440 

30 27.7 277 

31 43.4 434 

32 47.5 475 

33 29 290 

34 28.4 284 

35 35.1 351 

36 29.3 293 

37 36.6 366 

38 61.5 615 

39 40 400 

40 33.5 335 

41 38.6 386 

42 39.9 399 

43 28.6 286 

44 55.4 554 

45 39 390 

46 51.8 518 

47 33.9 339 

48 49.6 496 

49 55.8 558 

50 37.5 375 

51 40.7 407 

52 52.2 522 

53 45.9 459 

54 38.2 382 

55 32.1 321 

56 46.9 469 

57 42.5 425 

58 22.7 227 

59 65.2 652 

60 44.6 446 
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61 38.8 388 

62 32.6 326 

63 52.8 528 

64 31.6 316 

65 24.6 246 

66 30.3 303 

67 41.8 418 

68 78.6 786 

69 33.4 334 

70 23.9 239 

71 51.2 512 

72 32.2 322 

73 31.1 311 

74 41.5 415 

75 35.5 355 

Dorsal hippocampus 

Sample No. Weight (mg) Volume of HB (µl) 

1 75.8 758 

2 63.8 638 

3 56 560 

4 85.1 851 

5 84.2 842 

6 84 840 

7 100.5 1005 

8 58 580 

9 85.6 856 

10 83.9 839 

11 55.7 557 

12 95.4 954 

13 91.3 913 

14 95.5 955 

15 82.1 821 

16 72.8 728 

17 77.2 772 

18 72.9 729 

19 123.9 1239 

20 83.4 834 

21 75.5 755 

22 38 380 

23 35.8 358 

24 41.8 418 

25 47 470 

26 39.6 396 
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27 59.5 595 

28 56.2 562 

29 49.8 498 

30 51.5 515 

31 60.9 609 

32 46.9 469 

33 50.8 508 

34 54.6 546 

35 36 360 

36 31.3 313 

37 55.5 555 

38 47.1 471 

39 76.4 764 

40 58.9 589 

41 36.2 362 

42 54.7 547 

43 80.1 801 

44 52.3 523 

45 41.3 413 

46 89.5 895 

47 56.6 566 

48 79.4 794 

49 49.2 492 

50 50.9 509 

51 80.9 809 

52 48.9 489 

53 31.3 313 

54 56.2 562 

55 55 550 

56 44.7 447 

57 81.2 812 

58 67.8 678 

59 49.2 492 

60 57.4 574 

61 70 700 

62 56.4 564 

63 44.1 441 

64 58.9 589 

65 75.3 753 

66 69.9 699 

67 52.6 526 

68 13.6 136 

69 43.2 432 

70 49.5 495 
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71 47.5 475 

72 57.8 578 

73 51.8 518 

74 37.4 374 

75 93.2 932 

Ventral hippocampus 

Sample No. Weight (mg) Volume of HB (µl) 

1 200.6 2006 

2 198.8 1988 

3 192.6 1926 

4 111.9 1119 

5 133.7 1337 

6 129.2 1292 

7 188.3 1883 

8 126.3 1263 

9 126 1260 

10 84.2 842 

11 134.9 1349 

12 117.3 1173 

13 99.2 992 

14 185.3 1853 

15 161.7 1617 

16 99.7 997 

17 119.5 1195 

18 222.1 2221 

19 146 1460 

20 121.8 1218 

21 99.5 995 

22 78.6 786 

23 89.6 896 

24 84.1 841 

25 109.8 1098 

26 88.7 887 

27 62.9 629 

28 136.2 1362 

29 131.9 1319 

30 99.7 997 

31 186.2 1862 

32 113.8 1138 

33 104.8 1048 

34 59.9 599 

35 77.2 772 

36 178.3 1783 

37 154.6 1546 
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38 189.3 1893 

39 62.8 628 

40 158.3 1583 

41 127.4 1274 

42 72 720 

43 113.1 1131 

44 159.4 1594 

45 131.3 1313 

46 156.4 1564 

47 121.4 1214 

48 126.2 1262 

49 202.2 2022 

50 226.6 2266 

51 89.1 891 

52 106.3 1063 

53 195.7 1957 

54 101.3 1013 

55 90 900 

56 134.6 1346 

57 117.1 1171 

58 144.4 1444 

59 182 1820 

60 122.1 1221 

61 138 1380 

62 146.2 1462 

63 146.4 1464 

64 157.5 1575 

65 145.8 1458 

66 187.3 1873 

67 96.4 964 

68 165.4 1654 

69 170.9 1709 

70 163 1630 

71 136.7 1367 

72 100.9 1009 

73 163.2 1632 

74 124.5 1245 

75 130 1300 
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5.6 Bradford Protein Assay 

Protein standards (A-F) were serial diluted according to Table 19 and the 96-well plate filled 

according to the layout in Figure 15. The position of standards was randomised from this order (A-F) 

to avoid plate layout effects. 

Table 19. Composition of protein standards employed in Bradford Assays in Cohorts 1 and 3 (Chapter 3). Serial 

dilution of protein standards (A-F) to concentrations ranging from 1 – 0.1 mg/mL. Key: BSA, bovine serum albumin. 

Standard Concentration 

BSA (mg/mL) 

Volume BSA Volume buffer 

(µL) 

Final volume 

(µL) 

A 1 150 µL of 2X 150 300 

B 0.75 75 µL of F 25 100 

C 0.5 50 µL of F 50 100 

D 0.2 20 µL of F 80 100 

E 0.1 10 µL of F 90 100 

F 0 0 100 100 

 

5.7 Wes (ProteinSimple Capillary-Based Western Immunoassay) 

To establish Wes analysis for mGlu5 receptor, PV, and GAD67 quantification, the following were 

optimised and validated: 1) the optimal antibody dilution to be used to achieve a maximum 

chemiluminescent signal at a fixed protein dilution and 2) the protein dilution to be used at the optimal 

antibody dilution to achieve maximum chemiluminescence whilst avoiding ‘burnout’. These 

optimisation trials were performed using samples with a median protein concentration as determined 

by the Bradford assay. Three sample concentrations were tested at three antibody concentrations as 

illustrated in Figure 16A.  

Figure 15. Bradford Assay 96-well plate layout used in Cohorts 1 and 3 (Chapter 3). Protein standards (shown as A-

F) and samples (S1 – S26) were pipetted in triplicate as illustrated.  
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The optimal antibody dilution was determined by testing the antibody at three dilutions, as per the 

ProteinSimple recommended protocol. Samples were probed with antibody dilutions of 1:50, 1:100 and 

1:250, and the chemiluminescent signal recorded (as peak area). For all antibodies, an optimal dilution 

of 1:50 was chosen as this yielded the greatest mean chemiluminescence at the saturating point of the 

standard curve but was low enough not to cause an elevated baseline, based on technical 

recommendations (Figure 16B).  The optimal protein concentration was then determined by testing 

samples at three concentrations with a five-fold difference. Samples were loaded at 2, 0.4 and 0.08 

mg/ml, and the chemiluminescent signal recorded (as peak area). 0.4 mg/ml was identified as the 

optimal concentration, giving the greatest mean chemiluminescence at the saturating 1:50 antibody 

dilution within the linear dynamic range of the assay whilst avoiding ‘burnout’ (Figure 16C). This refers 

to the decay of signal with increased exposure time, evident as a significant drop in peak heights within 

the first few exposures (Figure 16D). At a protein input concentration of 0.4 mg/ml, the longest 

exposures were tightly grouped, indicating that the signal was within the dynamic range.  

The recombinant rabbit monoclonal anti-mGlu5 receptor antibody (abcam ab76315) was selected 

due to its specificity for the mGlu5 receptor C-terminal peptide and its sensitivity and consistency as a 

recombinant antibody. A negative control peptide (abcam ab139974) was also used alongside the anti-

mGlu5 receptor antibody to confirm the target specificity of the antibody. Both bands (at ~150kDa and 

~270kDa) were eradicated upon antibody incubation with the control peptide in all samples, confirming 

Figure 16. Determination of optimal sample protein dilutions and antibody concentrations. A) Samples with a median 

protein concentration were used to identify the optimal protein concentration input, using 0.08 mg/ml, 0.4 mg/ml, and 2 mg/ml 
at the optimal antibody dilution, 1:50, 1:100 or 1:250. The optimal antibody dilution would achieve a chemiluminescence 

value at B) the saturating point of the standard curve based on technical recommendations (adapted from ProteinSimple). The 

optimal protein concentration would achieve a peak area (under curve) in C) the linear range of the standard curve whilst 

avoiding D, a ‘burned out’ signal, based on technical recommendations (adapted from ProteinSimple).  
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specificity of the antibody to the mGlu5 receptor monomer and dimer (Figure 17). As the mGlu5 

receptor is a multi-pass membrane protein, it was important not to boil samples to denature proteins in 

the mGlu5 receptor assays, as this can lead to aggregation of such proteins. The incubation temperature 

and time period were extensively optimised, and the current results were obtained by sample incubation 

at 37oC for 20 minutes; this treatment gave the most evident and consistent detection of the mGlu5 

receptor. Specific antibodies against PV and GAD67 (mouse anti-GAD67, MAB5406; rabbit anti-PV, 

LS-B14122) were selected based on previous validation studies within our laboratory using the Wes 

system (Gigg et al. 2020).  

Based on the optimisation trials described above, samples were diluted to 0.4 mg/ml to which 1:4 

parts reconstituted fluorescence master mix containing a fluorescent molecular weight ladder was 

added. The sample ladder mix was denatured at 95 °C for 5 minutes (for PV and GAD67 assays) and 

then stored on ice. 4 µl of denatured sample was then loaded onto a 384-well plate, which was preloaded 

with stacking and separation matrices, running buffer and matrix removal buffer (layout depicted in 

Figure 18). In subsequent rows below each sample, 10 µl antibody diluent, 10 µl primary antibody, 10 

µl secondary antibody conjugate, and 15 µl 1:1 luminol-peroxide mix were loaded. 5 µl biotinylated 

ladder was loaded in a separate column followed by 10 µl antibody diluent, a second volume of 10 µl 

antibody diluent (to replace the primary antibody), 10 µl streptavidin-HRP (to replace the secondary 

antibody conjugate), and 15 µl 1:1 luminol-peroxide mix in subsequent rows. After centrifuging the 

plate for 20 seconds at a time for 5 minutes at 500 xg in a benchtop mini plate spinner (Fisher Scientific, 

USA) to ensure all liquid reached was at bottom of the wells with no air bubbles, 7.5 ml wash buffer 

was loaded into 15 x 500 µl compartments. The plate was then loaded into the Wes system along with 

Figure 17. Validation of the mGlu5 receptor antibody to detect the mGlu5 receptor. A, Representative data illustrating 

monomeric and dimeric mGlu5 receptor levels detected by the anti-mGlu5 antibody (abcam ab139974) compared to this 

antibody incubated with the mGlu5 receptor negative control peptide (CP). B, Lane image comparison of the biotinylated 
ladder, the sample (with mGlu5 antibody) and the sample with mGlu5 antibody incubated with the control peptide (monomeric 

mGlu5 receptor band quantified at 163kD and dimeric mGlu5 receptor band quantified at 271kDa). Key: mGlu5, metabotropic 
glutamate receptor 5. 
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a 25-capillary cartridge. Samples were separated at RT using a fully-automated capillary electrophoresis 

system and visualised using a fluorescent immune-detection reaction between the secondary antibody 

conjugate and luminol-peroxide mix. Default settings for all parameters of the Wes protocol were used. 

Total protein levels were measured using the Total Protein Separation Module (Protein Simple, USA), 

whereby all proteins in the sample are biotinylated and detected by streptavidin; these data were then 

used for target protein normalisation. For total protein assays, 4 µl denatured sample was loaded 

followed by 10 µl antibody diluent, 10 µl biotin labelling reagent, 10 µl total protein streptavidin-HRP, 

and 15 µl 1:1 luminol-peroxide mix loaded in subsequent rows. 5 µL biotinylated ladder was loaded as 

described above (layout in Figure 19). The total protein assay was selected for data normalisation rather 

than using internal reference proteins based on technical recommendations, a lower risk of biological 

variability and susceptibility to experimental processes confounding results, and this assay being 

reliably used to normalise GAD67 and PV protein expression in the rat PFC in previous literature (Gigg 

et al. 2020). A 12 – 230 kDa plate size was used for PV and GAD67 assays along with corresponding 

total protein runs, whereas mGlu5 receptor and corresponding total protein assays were run on a 66-

440 kDa plate to detect both monomeric and dimeric receptor bands.  

 

 

 

Figure 18. Wes capillary immunoassay 384-well plate layout for mGlu5 receptor, PV and GAD67 assays. Substances were 

added in specific volumes in 25-well rows (A-F) according to the colour-coded legend.  
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5.8 Enzyme-Linked Immunosorbent Assays (ELISAs)  

Protein standards were diluted to a stock concentration of 230 ng/ml (IL-6), 120 ng/ml (IL-10) or 

660 ng/ml (phospho-GSK-3β) before being prepared in 2-fold serial dilutions (IL-6: 8,000 – 125 pg/ml; 

IL-10: 4000 – 62.5 pg/ml; phospho-GSK-3β: 8000 – 125 pg/ml) as detailed in Tables 20-22. Standards 

and samples were loaded into the 96-well plate according to the layout in Figure 20, with the position 

of standards randomised from this order (A-H) to avoid plate layout effects. The sample dilution for 

ELISA detection was optimised prior to performing the current experiments, with dilutions of 0.6, 1, 

1.4 and 1.8 mg/ml tested to assess the most appropriate protein concentration readouts produced. Whilst 

sample dilution at 0.6 and 1 mg/ml produced protein level readouts that fell below the range of the 

standard curve, and protein levels generated with 1.8 mg/ml were above the standard curve, 1.4 mg/ml 

was found to yield readouts of IL-6, IL-10 and phospho-GSK-3β levels that were within the standard 

range. Thus, samples measured in the ELISAs reported here were applied at a 1.4 mg/ml dilution.  

Table 20. Composition of protein standards employed in the IL-6 ELISA in Cohort 3 (Chapter 3). Serial dilution of 

protein standards (A-H) to concentrations ranging from 8000 – 125 pg/Ml. Key: IL-6, interleukin-6.  

IL-6 

Standard Concentration 

(pg/mL) 

Volume 

standard (µL) 

Reagent Diluent 

(µL) 

Final volume 

(µL) 

A 8000 15.3 439.8 440 

B 4000 220 µL of A 220 220 

C 2000 220 µL of B 220 220 

D 1000 220 µL of C 220 220 

E 500 220 µL of D 220 220 

Figure 19. Wes capillary immunoassay 384-well plate layout for total protein assays. Substances were added in specific 

volumes in 25-well rows (A-F) according to the colour-coded legend. 



226 
 

 

Table 21. Composition of protein standards employed in the IL-10 ELISA in Cohort 3 (Chapter 3). Serial dilution of 

protein standards (A-H) to concentrations ranging from 4000 – 62.5 pg/mL. Key: IL-10, interleukin-10.  

 

Table 22. Composition of protein standards employed in the phosphor-GSK-3β ELISA in Cohort 3 (Chapter 3). Serial 
dilution of protein standards (A-H) to concentrations ranging from 10,000 – 156.25 pg/mL. Key: GSK-3β, glycogen 

synthase kinase 3. 

 

F 250 220 µL of E 220 220 

G 125 220 µL of F 220 440 

H 0 0 220 220 

IL-10 

Standard Concentration 

(pg/mL) 

Volume 

standard (µL) 

Reagent Diluent 

(µL) 

Final volume 

(µL) 

A 4000 14.7 425.3 440 

B 2000 220 µL of A 220 220 

C 1000 220 µL of B 220 220 

D 500 220 µL of C 220 220 

E 250 220 µL of D 220 220 

F 125 220 µL of E 220 220 

G 62.5 220 µL of F 220 440 

H 0 0 220 220 

Phospho-GSK-3β 

Standard Concentration 

(pg/mL) 

Volume 

standard (µL) 

Reagent Diluent 

(µL) 

Final volume 

(µL) 

A 8000 5.3 434.7 440 

B 4000 220 µL of A 220 220 

C 2000 220 µL of B 220 220 

D 1000 220 µL of C 220 220 

E 500 220 µL of D 220 220 

F 250 220 µL of E 220 220 

G 125 220 µL of F 220 440 

H 0 0 220 220 
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5.9 Electrophysiology: recording oscillations  

An interface-style chamber (Digitimer BSC3) was selected to record gamma oscillations in this 

thesis as it allowed the amplification of signals which would be reduced by surrounding solution and 

thus difficult to detect using a submerged-style chamber. Optimisation experiments were conducted to 

identify the most effective protocol for inducing robust oscillatory activity: specifically, the time period 

slices were left in the interface chamber before kainate and carbachol were applied, the concentration 

of kainate and carbachol and the perfusion rate were all optimised prior to conducting the studies 

described in this thesis. It was identified that slices that ‘rested’ in the chamber for 1 hour prior to the 

induction of oscillations had more robust PSD profiles than slices left for 45, 30 or 15 minutes. Kainate 

was tested at 100, 300, 500 and 700 nM and carbachol at 10, 30, 50 and 70 µM, with 500 nM and 50 

µM respectively identified as the optimal concentrations for inducing significant but stable oscillations. 

Finally, 6.67 ml/minute was the most effective flow rate identified to induce oscillations in optimisation 

experiments, and the outflow pump was adequately set to match the rate of inflow to the chamber so 

that the slice sat at the interface of rather than submerged in the fluid.  

For the recording of gamma oscillations, slices were placed in the interface-style chamber 

(illustrated in Figure 21) and constantly perfused with warm (30 oC) aCSF at 6.67ml/minute. The slice 

sat in a netted holder within a small holding bath at the interface of fluid passing from the inflow to the 

outflow, alongside an earth wire submerged in fluid. The water bath below the slice holding bath was 

continuously bubbled with 95% O2/5% CO2 and was set at 30 oC using the temperature controller, thus 

regulating the temperature of the fluid above. A spotlight and microscope were used to view the slice 

and place the recording electrode in the appropriate position. Each of the 50 ml inflow tubes was filled 

with a solution of aCSF containing either the vehicle DMSO (control, 1:2000), VU0409551 dissolved 

in DMSO (2-5 µM) or VU0360172 dissolved in DMSO (2-5 µM), with the prior addition of other 

compounds (MTEP (1 µM), Go6983 (10 nM) or U73122 (10 µM)) alongside the PAMs in some 

experiments. Flow from each tube could be switched on/off independently and each was also bubbled 

with 95% O2/5% CO2. Fluid inflow was controlled by a dripper and the outflow by a pump, with outflow 

fluid either dispensed into a waste flask or recycled into the origin inflow tube. The recycling of small 

Figure 20. ELISA  96-well plate layout used in Cohort 3 (Chapter 3). Protein standards are shown as A-H and samples as S1- 

S75.    

 

 

Figure 21. ELISA  96-well plate layout used in Cohort 3 (Chapter 3). Protein standards are shown as A-H and samples as S1- 

S75.    

 

 

Figure 21. ELISA  96-well plate layout used in Cohort 3 (Chapter 3). Protein standards are shown as A-H and samples as S1- 

S75.    

 

 

Figure 21. ELISA  96-well plate layout used in Cohort 3 (Chapter 3). Protein standards are shown as A-H and samples as S1- 

S75.    

 

1 2 3 4 5 6 7 8 9 10 11 12

A A S1 S9 S17 S25 S33 S41 S49 S57 S65 S73

B B S2 S10 S18 S26 S34 S42 S50 S58 S66 S74

C C S3 S11 S19 S27 S35 S43 S51 S59 S67 S75

D D S4 S12 S20 S28 S36 S44 S52 S60 S68

E E S5 S13 S21 S29 S37 S45 S53 S61 S69

F F S6 S14 S22 S30 S38 S46 S54 S62 S70

G G S7 S15 S23 S31 S39 S47 S55 S63 S71

H H S8 S16 S24 S32 S40 S48 S56 S64 S72

96-well - All wells
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amounts of fluid (below 20 ml in the inflow tube) was avoided. A foil shield was placed in front of the 

chamber apparatus during experimentation to minimise noise, and the system was washed through with 

dH2O twice a day. The slice holding bath and water bath were cleaned and tubing and inflow dripper 

replaced regularly to avoid blockage with debris. 

Once a recording was made for each slice, the raw trace was first filtered for the gamma (25-100 

Hz) band. This filtered trace was then used to identify a 100 – 300 second section of the baseline (prior 

to the addition of kainate and carbachol) and of the peak oscillatory amplitude. A power spectrum 

analysis was performed on both the baseline and oscillation segment, and the baseline power values 

subtracted from the oscillation values to remove any 50 Hz mains ‘noise’ and give the final oscillatory 

power spectrum data for the slice. This was then used to calculate amplitude and area power (area under 

the curve) for each recording.  

 

Figure 21. The interface-style chamber and associated apparatus used to record oscillations from PFC slices in Chapter 

4, Cohorts 1 and 2. The chamber is shown here from three different perspectives to illustrate various aspects of the equipment. 

Each slice was placed in the slice holder of the central chamber (above the water bath), the recording electrode positioned, and 

solutions applied via inflow tubes. A shield (pictured not in position) was placed across the front of the chamber to minimise 

signal noise.  

 

Figure 22. The interface-style chamber and associated apparatus used to record oscillations from PFC slices in Chapter 

4, Cohorts 1 and 2. The chamber is shown here from three different perspectives to illustrate various aspects of the equipment. 

Each slice was placed in the slice holder of the central chamber (above the water bath), the recording electrode positioned, and 

solutions applied via inflow tubes. A shield (pictured not in position) was placed across the front of the chamber to minimise 

signal noise.  

 

Figure 22. The interface-style chamber and associated apparatus used to record oscillations from PFC slices in Chapter 
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5.10 Statistical analyses 

Statistical analysis was performed with GraphPad Prism. Each dataset reported in this thesis was 

assessed to determine whether the assumptions of normality and equal variance were appropriate. The 

presence of a normal (Gaussian) distribution was evaluated using the D'Agostino-Pearson and Shapiro-

Wilk normality tests. If data were normally distributed, statistical analysis was performed using 

parametric methods. An F test was then used to determine whether groups had equal variances. If this 

was not the case, the unequal variance (Welch) test was used. In the absence of a normal distribution, 

non-parametric methods were employed. Any observations that were more than 1.5*interquartile range 

below the lower quartile (Q1) or more than 1.5*interquartile range above the upper quartile (Q3) were 

considered outliers. This resulted in four datapoints being removed from Cohort 1, Chapter 3, and three 

from Cohort 3, Chapter 3. Significant results from statistical tests comparing more than two treatment 

groups were followed by post-hoc multiple comparisons tests to identify significant group pair(s), 

selected based on sample sizes and results from normality tests – for example, a post-hoc Dunn’s 

multiple comparisons test was used for all data lacking a normal distribution. 

For all studies, the required sample size was calculated using power analyses based on typical NOR 

behavioural data from female Lister-Hooded exposed to the twice daily i.p. 2 mg/kg scPCP dosing 

regime for 7 days followed by a 6 week washout. Based on the estimated pooled standard deviation of 

DI measurements (0.165) and differences in DI means, the effect size was calculated which predicted 

the number of animals per group required to give the study sufficient (0.8) power with a type 1 error 

rate of 0.05.  A full outline of how power analyses calculated from sample data is provided in Appendix 

1.  
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6.1  General discussion 

The pathogenesis of CIAS is currently poorly understood and existing antipsychotic medications 

targeting the dopaminergic system do not substantially alleviate cognitive symptoms. The emerging 

role of glutamatergic alterations in schizophrenia neuropathology may enable the development of novel 

therapeutic targets better positioned to mediate cognitive improvements. One such target is the mGlu5 

receptor, the expression of which on PV GABAergic interneurons and glial cells makes it a promising 

candidate to not only correct the glutamatergic/GABAergic signalling imbalance in schizophrenia but 

also the inflammatory abnormalities. Using a reproducible and clinically relevant animal model of 

schizophrenia, this thesis explored the neurobiology of CIAS and assessed the efficacy of novel, 

selective PAMs of the mGlu5 receptor. The key findings reported within this thesis are summarised 

below in Table 23 and discussed in further detail in the following sections.  

Table 23. Main findings reported within this thesis in relation to the scPCP model and the effects of mGlu5 receptor 

PAMs. A battery of experimental techniques was used to assess the effects of subchronic PCP treatment and in vivo/ex vivo 

PAM application at a behavioural, network, cellular, protein and intracellular level. Key: NOR, novel object recognition; PFC, 

prefrontal cortex; mGlu5, metabotropic glutamate receptor 5; IHC, immunohistochemistry; Wes, automated Western blot; 

FCx, frontal cortex; DH, dorsal hippocampus; VH, ventral hippocampus; PV, parvalbumin; GAD67, glutamic acid 

decarboxylase 67; Iba1, ionized calcium-binding adapter molecule 1; IL-6, interleukin-6; IL-10, interleukin-10; GSK-3β, 

glycogen synthase kinase 3; ELISA, enzyme-linked immunosorbent assay; AKT, Ak strain transforming; ERK, extracellular 

signal-related kinase 

Alteration  Assessed 

by 

Region  scPCP 

model 

mGlu5 PAMs PAM 

application 

Dose/ 

concentration 

Cognitive 

performance 

NOR task Various Reduced  Increased In vivo 10 and 20 

mg/kg 

Oscillatory 

power 

Slice 

electroph-

ysiology 

PFC Reduced Increased Ex vivo 2 and 5µM 

mGlu5 

receptor+ 

cell density 

IHC PFC Unchanged    

mGlu5 

receptor 

protein 

expression  

Wes FCx, PFC, 

DH and VH 

Unchanged    

PV+ cell 

density 

IHC PFC Reduced    

PV protein 

expression 

Wes PFC, VH Reduced    

mGlu5 

receptor -PV 

co-

localisation 

IHC PFC Reduced    

GAD67 
protein 

expression 

Wes PFC Reduced    

Iba1+ cell 

density 

IHC PFC Unchanged    

mGlu5 

receptor-

Iba1 co-

localisation  

IHC PFC Unchanged    
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Microglial 

morphologic

al activation 

IHC PFC Increased    

IL-6 protein 

expression 

ELISA PFC, DH 

and VH 

Increased Reduced  In vivo 20 mg/kg 

IL-10 

protein 

expression 

ELISA FCx, PFC, 

DH and VH 

Reduced  Increased In vivo 20 mg/kg 

Phospho-

GSK-3β 

protein 

expression 

ELISA FCx, PFC, 

DH and VH 

Reduced Increased In vivo 20 mg/kg 

Phospho-

AKT  

Western 

blot 

PFC Increased Reduced 

(VU0409551) 

In vivo 10 mg/kg 

Phospho-

ERK1/2 

Western 

blot 

PFC Increased Reduced 

(VU0360172) 

In vivo 10 mg/kg 

 

6.1.1 Alterations in the scPCP rodent model for schizophrenia  

The scPCP rat model was investigated at a behavioural, network, cellular, and intracellular 

signalling level throughout this thesis. The finding that scPCP treatment induced a robust cognitive 

deficit in NOR performance provided the basis for subsequent neurophysiological observations. The 

NOR paradigm is recognised by the MATRICS as the primary test to measure visual recognition 

memory and is among the most frequently performed behavioural paradigms in schizophrenia research 

(Young et al., 2009; Lyon et al., 2012). Several components of visual recognition memory can be 

studied within this task, including encoding, consolidation, and retrieval (Winters and Bussey, 2005; 

Winters et al., 2008; Bussey et al., 2013). Since recognition memory is one of the principal cognitive 

domains impaired in schizophrenia patients, the NOR task was selected to assess scPCP-induced 

cognitive deficits in this project (Calkins et al., 2005). In addition, visual/object recognition memory is 

heavily dependent upon cortical functioning, a region of significant interest in relation to schizophrenia 

neuropathology; lesioning of the PFC impaired recognition memory non-human primates (Browning et 

al., 2013). The long-lasting alterations in GABAergic networks induced by scPCP-mediated NMDAR 

antagonism seemingly manifest as cognitive deficits which persist for months after PCP is administered. 

Similar effects have been observed with other NMDAR antagonists; Rajagopal et al. (2014) reported 

chronic NOR impairment to be induced by MK-801 and ketamine. 

In Chapter 3, scPCP treatment was linked to the altered expression of several GABAergic protein 

markers. Lowered levels of PV and GAD67 were observed in the PFC, the former of which was also 

reflected in reduced PFC co-localisation between the mGlu5 receptor and PV. Combined, these changes 

imply a reduced inhibitory control of cortical and subcortical circuits by PV GABAergic interneurons 

in the scPCP model, which is a principal aspect of schizophrenia neuropathology. The existence of 

reduced GABAergic signalling in schizophrenia has been demonstrated by a decrease in GAD67 

mRNA and protein expression observed in the PFC in post-mortem schizophrenia tissue (Akbarian et 
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al., 1995b; Volk et al., 2000; Hashimoto et al., 2003; Straub et al., 2007). These GABAergic deficits are 

largely restricted to PV interneurons, with 50% of these cells showing reduced or absent GAD67 mRNA 

and protein expression in schizophrenia (Hashimoto et al., 2003; Gonzalez-Burgos et al., 2010; Curley 

et al., 2011). A variety of preclinical and post-mortem studies have also documented a disease-

associated decrease in PFC PV immunoreactivity and mRNA levels; notably, this is thought to signify 

reduced PV expression rather than elimination of PV interneurons (Penschuck et al., 2006; Abdul-

Monim et al., 2007; Harte et al., 2007; Berretta et al., 2004; Enwright et al., 2018; Glausier et al., 2015; 

Fung et al., 2010; Lewis et al., 2012; Curley et al., 2011; Hashimoto et al., 2003; Woo et al., 

1998; Beasley et al., 2002). Further changes which imply reduced stability of PV interneurons in a 

schizophrenia pathological state include a lower density of excitatory inputs to these cells and reduced 

integrity of the perineuronal net (PNN) (Chung et al., 2016; Spijker et al., 2020). Moreover, enrichment 

of genetic schizophrenia risk was found among interneuron-related genes and this risk correlated with 

signalling in PV-expressing cortical areas (Anderson et al., 2020). The intracellular underpinnings of 

these behavioural and protein-level changes were also investigated in Chapter 2, whereby elevated PFC 

expression of p-AKT and p-ERK1/2 was revealed following scPCP treatment. Such intracellular 

signalling alterations became more relevant when investigating the effects of mGlu5 receptor 

compounds in the scPCP model, however the induction of these changes by scPCP administration 

implies long-term receptor-associated disruption to be established in this model, further verifying its 

suitability for evaluating glutamatergic treatment strategies in CIAS.  

The network-level consequences of these PV and GAD67 deficits were then demonstrated in 

Chapter 4, with ex vivo electrophysiological recordings of PFC slices from scPCP rats showing 

significantly diminished gamma oscillations. The impaired functionality of PV GABAergic 

interneurons therefore represents a bridge between the cellular and network manifestations of 

schizophrenia. Other authors have posited the reduced glutamatergic input and GABAergic output of 

fast-spiking PV interneurons and resultant disinhibition of pyramidal cell activity to impair the 

coordination of network activity, thus reducing cortical oscillatory power. Several animal studies have 

demonstrated PV interneuron dysfunction to alter gamma-band activity, which is a hallmark of 

schizophrenia-associated oscillatory pathology (Fuchs et al., 2007; Lodge et al., 2009). Given the 

crucial role gamma oscillations play in cognition, it would follow that these network-level disturbances 

may underly the scPCP-induced NOR deficits (Cho et al., 2006; Gonzalez-Burgos et al., 2015). Indeed, 

PFC oscillatory impairments have been preclinically shown to disrupt spatial working memory, 

exploratory behaviour, and the behavioural expression of latent inhibition (Fuchs et al., 2007; Lodge et 

al., 2009). In this thesis, recognition memory deficits were associated with reduced gamma power in 

the infralimbic (IL) cortex following scPCP-mediated NMDAR antagonism. Not only have altered 

oscillations and working memory performance been induced by other NMDAR antagonists such as 

ketamine and MK-801 in healthy subjects and animal models, but selective inhibition of PV interneuron 
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signalling in the IL cortex via adenovirus-mediated expression of tetanus toxin light chain (TeLc) 

impaired gamma-band oscillations and working memory (Woloszynowska-Fraser et al., 2017; 

Anticevic et al., 2015; Anderson et al., 2014; Flores et al., 2015; Gilmour et al., 2012; Jones et al., 2014; 

Bygrave et al., 2016; Billingslea et al., 2014; Carlén et al., 2012; Schuelert et al., 2018; Sullivan et al., 

2015). Moreover, stimulation of PV interneurons via a gamma oscillation-enhancing light flicker 

rescued behavioural abnormalities, further highlighting the relevance of this cellular, network, and 

behavioural-level relationship in exploring potential therapeutic options for CIAS (Shen et al., 2021). 

Such findings are particularly significant considering the presence of gamma power deficits in 

schizophrenia patients as early as their first psychotic episode, pinpointing these changes as a core 

(rather than secondary) feature of disease neuropathology (Minzenberg et al., 2010). 

Finally, the data in Chapter 3 show substantial neuroinflammatory changes to be generated 

following scPCP treatment. Elevated levels of the pro-inflammatory cytokine IL-6 and reduced levels 

of the anti-inflammatory cytokine IL-10 and its upstream kinase phospho-GSK-3β were found in the 

FCx, PFC, DH, and VH of scPCP-treated rodents. These findings align with existing research 

documenting cytokine abnormalities in the CSF and serum of schizophrenia patients: specifically, 

higher levels of pro-inflammatory cytokines and lower levels of anti-inflammatory cytokines relative 

to healthy controls (Wang and Miller, 2018; de Witte et al., 2014; Pandey et al., 2018). The nature of 

the cytokine disturbance may also be influenced by disease progression; first-episode psychosis patients 

showed elevated levels of IL-6 and IL-10, whilst increased IL-6 and decreased IL-10 were reported in 

chronic schizophrenia patients (Goldsmith et al., 2016). IL-6, widely demonstrated to be raised in the 

schizophrenia CSF, emerges as a particularly relevant marker given its ability to not only cross but also 

increase the permeability of the blood-brain barrier (BBB) (Wang and Miller, 2018). The ensuing 

passage of additional inflammatory mediators across the BBB means that high IL-6 levels have been 

linked to treatment resistance and poor functional outcomes in schizophrenia (Upthegrove and 

Khandaker, 2020; Nikkheslat et al., 2020; Goldsmith et al., 2019). Notably, the currently reported 

findings of elevated pro-inflammatory and reduced anti-inflammatory cytokines in the scPCP model 

should be considered alongside the caveat that the pro- or anti-inflammatory nature of a cytokine is not 

fixed, but rather depends upon multiple factors such as dose; an individual cytokine can exhibit both 

pro- and anti-inflammatory properties under different circumstances (Cavaillon, 2001).  Despite this, 

the presence of inflammatory changes in the scPCP model does align with observations in schizophrenia 

patients and emphasises neuroinflammation as a notable factor to consider in the context of other 

scPCP-related neuropathological and behavioural alterations. Indeed, the portion (approximately 40%) 

of schizophrenia patients presenting with a high inflammatory profile also exhibited more pronounced 

reductions in PFC grey matter volume, inhibitory interneuron mRNA expression, and PFC-dependent 

cognition including verbal fluency (Fillman et al., 2016; Boerrigter et al., 2017; Cai et al., 2018; Fillman 

et al., 2013; Hashimoto et al., 2003; Zhang et al., 2016).  
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The finding of altered cytokine levels in Chapter 3 was compounded by IHC data showing 

increased microglial activation in scPCP PFC slices. Neuroimaging studies and other animal models 

have also reported altered microglial morphology and activation in schizophrenia, which is significant 

considering the crucial role of microglia in mediating brain development and activity (Müller, 2018; 

Hui et al., 2019). Indeed, microglia contribute to synapse formation, maintenance, elimination, and 

plasticity; consequently, aberrant microglial activity has been linked to neuronal desynchronisation, 

increased PFC synaptic pruning, and behavioural deficits in schizophrenia (Hammond et al., 

2018; Bohlen et al., 2019; Akiyoshi et al., 2018; Hui et al., 2019). The process of microglial 

‘sensitisation’ or ‘priming’ is also of interest in relation to schizophrenia; stimuli such as stress have 

been posited to ‘prime’ microglia such that an additional low-level stimulus triggers an excessive 

production of pro-inflammatory cytokines and shift in behaviour (Frank et al., 2007; Zhou et al., 1993; 

Bilbo et al., 2012). In the context of schizophrenia, it is plausible that this mechanism could confer 

vulnerability to environmental stressors during adolescence, leaving stress-sensitive regions such as the 

PFC susceptible to neurological damage (Howes and McCutcheon, 2017). Notably, IL-6 administration 

was shown to leave rodents more sensitive to the glutamatergic impact of ketamine-induced NMDAR 

antagonism, indicating a possible interplay between neuroinflammatory and GABAergic/glutamatergic 

systems in the development of schizophrenia (Behrens et al., 2008). Further support for the presence of 

neuroinflammatory changes in the scPCP model was also presented in Chapter 2, with the significantly 

increased Western blot expression of p-AKT and p-ERK1/2 in the PFC from scPCP-treated animals. 

Hippocampal slices from scPCP-treated mice have previously shown elevated p-MAPK expression 

(Enomoto et al., 2005), whilst Kyosseva et al. (2001) demonstrated chronic infusion of PCP in rats to 

activate MAP kinases in a region-specific manner. Such increased phosphorylation in MAPK/ERK 

pathways has been widely linked to inflammation in several disease models; MAPK inhibitors are 

evidenced as promising anti-inflammatory drugs (Kaminska et al., 2009). In this study, it is likely that 

the increased phosphorylation in MAPK/ERK pathways measured in scPCP-treated rats is a marker of 

increased inflammation. Whilst an in-depth investigation into scPCP-induced neuroinflammatory 

changes is beyond the scope of this thesis, this interaction is certainly worth considering in the context 

of the mGlu5 receptor as a therapeutic target for CIAS, given its expression on glial cells.  

A final important finding reported in Chapter 3 was the unaltered expression of the mGlu5 receptor 

following scPCP treatment, confirmed by Wes and IHC analyses. This suggests that, despite significant 

PV and GAD67 modifications in this animal model and the signalling disruption this implies, levels of 

the mGlu5 receptor remain unchanged. Instead, an impaired glutamatergic input to PV interneurons and 

subsequent excitatory/inhibitory signalling imbalance could be induced solely by NMDAR 

hypofunction, thus reducing PV and GAD67 expression, gamma power, and cognitive performance. 

Importantly, even without mGlu5 receptor dysfunction, PAM-induced elevations in mGlu5 receptor 

signalling would boost excitatory input to PV interneurons, thus elevating GABAergic inhibition of 
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pyramidal cells to ultimately alleviate cognitive deficits. Indeed, should modified mGlu5 receptor 

binding not feature in CIAS neuropathology, the implied unobstructed interaction between PAMs and 

allosteric sites makes the mGlu5 receptor an even more attractive therapeutic target.  

6.1.2 The effects of mGlu5 receptor PAMs VU0409551 and VU0360172  

In addition to a thorough examination of scPCP-induced changes relevant to CIAS, efficacy of the 

mGlu5 receptor PAMs VU0409551 and VU0360172 in reversing the scPCP-induced NOR deficit was 

also assessed and linked to underlying signalling, protein, and network-level alterations. In Chapter 2, 

it was demonstrated that acute administration of 10 and 20 mg/kg of both PAMs was successful in 

restoring the scPCP-induced impairment in NOR performance when administered acutely in vivo. Both 

NMDARs and mGlu5 receptors have been implicated in NOR, and PFC infusion of the mGlu5 receptor 

antagonist MPEP inhibited recognition memory at short (< 5 minute) ITIs (Barker et al., 2006a, 

b; Christoffersen et al., 2008). Other studies have demonstrated the ability of the mGlu5 receptor PAM 

CDPPB in enhancing NOR in healthy rats and restoring NOR deficits in rat models of 

methamphetamine administration and MK-801-mediated NMDAR antagonism (Uslaner et al., 2009 

Reichel et al., 2011). Moreover, subchronic (8 days) i.p. administration of VU0409551 at 3 mg/kg was 

previously shown to enhance NOR performance in a mouse model of Huntington’s disease without 

promoting locomotor changes or anxiety-associated behaviour (Doria et al., 2018). It was important to 

conduct a full dose-response assessment of the effects of the mGlu5 receptor PAMs on NOR as the 

minimum effective dose (MED) of a given compound varies across animal models and cognitive 

paradigms: for instance, the mGlu5 receptor PAM ADX47273 showed a MED of 1 mg/kg (i.p.) in the 

NOR task but 10 mg/kg (i.p.) in the five-choice serial reaction time test (Liu et al., 2008). Moreover, 

the dose-response relationship between mGlu5 receptor PAM administration and recognition memory 

is often not straightforward. Uslaner et al. (2009) reported CDPPB administration in control and MK-

801-treated rats at 0 – 30 mg/kg to produce an inverted U-shaped dose-response curve in terms of NOR 

performance, with lower doses improving memory but higher doses having no effect. These findings 

confirm that the consequences of mGlu5 receptor activation are strongly dictated by compound dose, 

as another cognition study investigating CDPPB only assessed doses up to 10 mg/kg and did not report 

an inverted U-shaped dose response (Darrah et al., 2008). Thus, the examination of the NOR effects of 

VU0409551 and VU0360172 presented here evaluated doses of 0.05 – 20 mg/kg and found a dose-

proportional increase in recognition memory, with a MED of 10 mg/kg and a modest reduction in 

locomotor activity at 20 mg/kg. 10 mg/kg would thus be recommended for further investigation into 

the cognitive effects of these mGlu5 receptor PAMs.  

Acute in vivo administration of VU0409551 and VU0360172 was also found to reverse scPCP-

induced neuroinflammatory changes, as presented in Chapter 3. The cognitive improvement induced 

by 20 mg/kg of both PAMs was accompanied by a significant reduction in IL-6 protein levels and 
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elevation in phospho-GSK-3β and IL-10 protein levels in cortical and hippocampal regions. Cytokines 

such as IL-6 and IL-10 have been shown to regulate responses in the CNS and thus control 

neurodevelopment and behaviour (Enstrom et al., 2009). Unlike the mGlu1 receptor, activation of 

which is neurotoxic, the mGlu5 receptor is substantially expressed in microglia where it inhibits the 

release of pro-inflammatory cytokines and associated neuronal apoptosis (Allen et al., 2000; Movsesyan 

et al., 2004). Indeed, the increase in IL-6 mRNA and protein levels and reactive oxygen species 

following mGlu5 receptor antagonism had detrimental effects on PNN integrity, neurodevelopment and 

behaviour (Dahl et al., 2022; Chantong et al., 2014). Thus, positive modulation of the mGlu5 receptor 

is emerging as a promising strategy to suppress potentially neurotoxic inflammatory changes. In vitro 

and in vivo administration of the mGlu5 receptor orthosteric agonist CHPG has been found to inhibit 

microglial activation, as shown by reduced production of pro-inflammatory cytokines, nitric oxide and 

reactive oxygen species, and lower microglial-induced neurotoxicity, demonstrated by increased 

neuronal survival (Zhang et al., 2021; Byrnes et al., 2009; Loane et al., 2009). This also translated to 

improved sensorimotor and cognitive function in an animal model of traumatic brain injury (Byrnes et 

al., 2012). Moreover, VU0360172 has been shown to inhibit the expression of pro-inflammatory 

cytokines IL-6, IL-1β, and TNF-α at both the protein and mRNA level whilst also promoting protein 

expression of the anti-inflammatory cytokine IL-10 (Zhang et al., 2015; Bhat et al., 2021). VU0360172 

was demonstrated to induce these effects via mGlu5 receptor-associated activation of AKT and resultant 

phosphorylation (and thus inhibition) of GSK-3β, which in turn regulates phosphorylation of the 

transcription factor CREB and the expression of inflammation-related genes. A lack of GSK-3β 

inhibition is implicated in pro-inflammatory and neurotoxic neuroinflammation, suggesting that the 

elevation of phospho-GSK-3β reported in this thesis reflects the suppression of these processes by the 

mGlu5 receptor PAMs (Maixner and Weng 2013; Eldar-Finkelman and Martinez 2011).  

In Chapter 4, ex vivo incubation of PFC slices with either VU0409551 or VU0360172 was shown 

to restore scPCP-induced power deficits in gamma oscillations recorded in layer V. Incubation with the 

mGlu5 receptor inhibitor MTEP prior to application of the PAMs blocked this increase in gamma 

power, confirming that these effects were due to specific modulation of the mGlu5 receptor. Other 

authors have confirmed the importance of mGlu5 receptor activation (specifically on PV interneurons) 

in regulating the excitatory/inhibitory balance required for gamma oscillations in the PFC, 

hippocampus, and striatum (Barnes et al., 2015b). Layer V mGlu5 receptor activation has been shown 

to improve pyramidal cell input-output function and the temporal accuracy of signalling (Sourdet et al., 

2003). It therefore follows that the excitation of interneurons via mGlu5 receptor activation has been 

identified as a driving force behind oscillations in inhibitory networks and even dictates oscillatory 

frequency (Whittington et al., 1995; Boddeke et al., 1997). Agonism and allosteric potentiation of the 

mGlu5 receptor in slices and freely behaving rats, respectively, has been evidenced in existing literature 

to increase the power of gamma oscillations (Cobb et al., 2000; Bikbaev and Manahan-Vaughan, 2017). 
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In vivo, this effect was inhibited by MPEP-mediated mGlu5 receptor antagonism (Bikbaev and 

Manahan-Vaughan, 2017). Correspondingly, mGlu5 receptor antagonism and negative allosteric 

modulation in vitro and in vivo, respectively, was associated with impaired gamma oscillatory activity 

(Matulewicz et al., 2022; Bikbaev et al., 2008; Ahnaou et al., 2015; Harvey et al., 2013). mGlu5 receptor 

knockout mice also displayed deficits in visual task-evoked gamma power (Aguilar et al., 2020). Taken 

alongside such existing literature, the findings presented in this thesis imply that stimulation of the 

mGlu5 receptor increases the synchronisation of activity within the neuronal network, which is reflected 

in the increased gamma power. The involvement of other schizophrenia-associated targets in regulating 

oscillatory power further corroborates this hypothesis. For instance, preclinical knockout of PLC-β1, 

which is downstream of mGlu5 receptor activation and reduced in schizophrenia patients, diminished 

the power and synchrony of gamma oscillatory responses to auditory stimuli in several studies (Lin et 

al., 1999; Shirakawa et al., 2001; Lo Vasco et al., 2012; Shahriari et al., 2016; Hudson et al., 2019). 

Moreover, the GABA-A receptor PAM MK-0777 was associated with greater PFC gamma power 

during a working memory task as well as improved task performance in schizophrenia subjects (Lewis 

et al., 2008). Given the role of GABA-A receptors in regulating inhibitory input to pyramidal cells, the 

beneficial oscillatory and cognitive effects of MK-0777 further supports promoting the inhibitory 

control of pyramidal neurons by PV interneurons as a plausible strategy to correct oscillatory deficits 

in CIAS.  

It is likely that the impact of mGlu5 receptor PAMs on cognition shown here is the result of a 

combination of mechanisms, with the compounds both reducing microglial activation and stabilising 

PV interneurons. Indeed, PV interneurons have been highlighted as particularly susceptible to the 

damaging effects of neuroinflammation (Steullet et al., 2017). Moreover, Parellada and Gassó (2021) 

have recently described a mechanism by which the excitatory/inhibitory imbalance between pyramidal 

neurons and interneurons combined with microglial activation could together result in the over-pruning 

of dendritic spines and synaptic dysregulation underlying CIAS.  

Throughout this thesis, the hypothesis of biased modulation in relation to the mGlu5 receptor 

PAMs, and the consequences of this phenomenon, have been explored through various approaches; a 

hypothetical mechanism based on current findings is summarised in Figure 22. Previous research has 

demonstrated that the stimulus bias induced by VU0409551 avoids direct potentiation of NMDAR 

signalling (Conde-Ceide et al., 2015). The mGlu5 receptor is physically linked to the NMDAR via 

scaffold proteins and functionally linked via PKC-mediated phosphorylation of the NMDAR subunits, 

impacting the signalling, trafficking, and activity of the receptor (Chen and Roche, 2007; Fagni et al., 

2004). The superiority of VU0409551 over other PAMs that potentiate NMDAR currents in terms of 

cognitive efficacy was implied by Uslaner (2009), who demonstrated that high doses of CDPPB induced 

excessive levels of PFC NMDAR activation and were therefore ineffective in improving recognition 

memory in the NOR paradigm. The hypothesised signalling bias of VU0409551 away  
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from the PKC pathway was reinforced by data in Chapter 4 showing that the PKC inhibitor Go6983 did 

not significantly inhibit the ex vivo effects of this PAM on oscillatory power, and by the 

neuroinflammatory changes induced by in vivo VU0409551 administration in Chapter 3. Whilst both 

mGlu5 receptor PAMs induced significant alterations in the inflammatory markers investigated, 

VU0409551 was associated with a greater reduction in IL-6 levels and more significant increase in 

expression of phospho-GSK-3β and IL-10 relative to VU0360172. This aligns with the theory that this 

PAM may preferentially stimulate the PI3K/AKT pathway over PKC phosphorylation, which, in 

microglia, not only inhibits the pro-inflammatory state, but also promotes anti-inflammatory activity 

(Bhat et al., 2021).  

 

 In addition to avoiding the excitotoxic effects of NMDAR stimulation, these results suggest 

that the modulation bias exhibited by VU0409551 translates to superior inhibition of neuroinflammation 

and more effective promotion of network synchronisation and oscillatory power in the scPCP model. 

This compound is therefore highlighted as a particularly promising candidate to alleviate the 

inflammatory and glutamatergic dysfunction associated with CIAS. These data also emphasise the 

Figure 22. Schematic illustrating the hypothesised mGlu5 receptor-linked signalling pathways induced by binding of 

VU0409551 (yellow) or VU0360172 (green) to the 7 transmembrane domain (7TMD) allosteric site. The findings from 

this thesis alongside existing literature imply that VU0409551 preferentially stimulates certain signalling cascades (PLC-
induced Ca2+ mobilisation and the PI3K/Akt pathway) over others (PKC phosphorylation), a selectivity which may confer 

therapeutic advantages. VU0360172 on the other hand, has shown no evidence of modulation bias in this project, and appears 

to stimulate all mGlu5 receptor-linked signalling pathways equally. However, this concept certainly warrants further 

investigation. Key: PLC, phospholipase C; DAG, diacylglycerol; PKC, protein kinase C; MAPK, mitogen-activated protein 
kinase; ERK, extracellular signal-regulated kinase; IP3, Inositol trisphosphate 3; PI3K, phosphatidylinositol-3 kinase; AKT, 

Ak strain transforming; mTOR, mammalian target of raptomycin; Homer1, Homer scaffold protein 1. Created with 

BioRender.com.  

 

 

Figure 23. Schematic illustrating the hypothesised mGlu5 receptor-linked signalling pathways induced by binding of 

VU0409551 (yellow) or VU0360172 (green) to the 7TMD allosteric site. The findings from this thesis alongside existing 

literature imply that VU0409551 preferentially stimulates certain signalling cascades (PLC-induced Ca2+ mobilisation and 

the PI3K/Akt pathway) over others (PKC phosphorylation), a selectivity which may confer therapeutic advantages. 

VU0360172 on the other hand, has shown no evidence of modulation bias in this project, and appears to stimulate all mGlu5 
receptor-linked signalling pathways equally. However, this concept certainly warrants further investigation. Key: PLC, 

phospholipase C; DAG, diacylglycerol; PKC, protein kinase C; MAPK, mitogen-activated protein kinase; ERK, extracellular 

signal-regulated kinase; IP3, Inositol trisphosphate 3; PI3K, phosphatidylinositol-3 kinase; AKT, Ak strain transforming; 
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importance of thoroughly investigating the full scope of drug activity, especially considering that most 

allosteric ligand-based investigations only assess the pharmacology of a compound in terms of 

iCa2+ mobilisation, which can occur independently of mGlu5 receptor-mediated AKT and PKC 

pathways (Sengmany and Gregory, 2016; Thandi et al., 2002). The growing appreciation of G-protein-

coupled receptor (GPCR) modulation bias and its therapeutic consequences has yielded encouraging 

results in other fields, with angiotensin AT1 and μ opioid receptor biased ligands reaching clinical trials 

for the respective therapeutic targeting of heart failure and pain (Felker et al., 2015; Soergel et 

al., 2014). Thus, the potential to selectively mediate desirable therapeutic outcomes whilst avoiding 

adverse effects means that this phenomenon should be a key focus of future research into mGlu5 

receptor modulation by VU0409551 and its application in CIAS.  

 

6.2 Critical evaluation 

 

6.2.1 The scPCP model for schizophrenia 

The scPCP model offers several advantages over others in reproducing the symptoms and 

neuropathology of schizophrenia. PCP administration induces instantaneous positive symptoms such as 

psychomotor hyperactivity and psychosis-like behaviour, but also replicates the negative and cognitive 

symptoms of schizophrenia, including deficits in social interaction, working memory, recognition 

memory, and attention (reviewed in Mouri et al., 2007b; Neill et al., 2010; Meltzer et al., 2011; Neill et 

al., 2013). The subchronic dosing regime in particular offers significant advantages over acute 

administration. Not only does it enable the cognitive effects of PCP to be assessed without presence of 

the drug in the system, thereby avoiding the confounding effects of impaired locomotion and 

motivation, but chronic or subchronic treatment is evidenced to induce more pronounced and persistent 

schizophrenia-like molecular changes (Cox et al., 2016; Jentsch and Roth, 1999). The scPCP model in 

rodents is also translatable to non-human primates; several studies have documented deficits in 

cognition, PFC PV interneurons and negative symptoms following scPCP treatment in monkeys 

(Jentsch et al., 1997; Morrow et al., 2007; Mao et al., 2008b). Finally, the GABAergic 

abnormalities observed in the scPCP model, such as reduced PV mRNA levels, have been localised to 

the PFC, dysfunction of which is strongly implicated in the pathophysiology of CIAS (Cochran et al., 

2003; Amitai et al., 2012; Young et al., 2015; Glahn et al., 2005; Hill et al., 2004b). 

Despite the considerable attractiveness of this model for preclinically investigating CIAS, a major 

criticism is the exposure to NMDAR antagonism in adulthood. Considering the wealth of evidence 

demonstrating neurodevelopmental origins of schizophrenia, the scPCP model employed in this thesis 

has limited construct validity, as it is unable to reflect the hypothesised pathological changes during 

early brain development. Moreover, female rats were exclusively used in this model due to sex 
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differences in the response to PCP and cognitive ability, whereas schizophrenia affects both males and 

females (Sutcliffe et al., 2007). The scPCP model has also been questioned in terms of its predictive 

validity; drugs such as atypical antipsychotics have been shown to reverse PCP-induced cognitive 

impairments whilst being unable to provide substantial cognitive benefits in humans (Keefe et al., 

2007). Other caveats can be applied to the use of NMDAR antagonism to model NMDAR hypofunction 

in general. Animal models such as the scPCP model exhibit widespread NMDAR dysfunction 

throughout the brain, whereas the NMDAR hypofunction in schizophrenia pathophysiology may be 

more precise, restricted to specific regions such as the PFC and even neuronal populations like PV 

interneurons (Olney et al., 1999). Finally, caution must be taken extrapolating preclinical findings to 

the clinical condition. The confounding factors of genetic variation, co-morbid drug abuse, and 

antipsychotic medication impacting schizophrenia patients cannot be encompassed by any 

pharmacological preclinical disease model. There are also stark molecular, neuronal, and network-level 

dissimilarities between rodent and human neurobiology which limit the validity of preclinical data. 

Maintaining a clear appreciation of the limitation of animal models is therefore important, particularly 

in the context of neuropsychiatric disorders (Tricklebank and Garner, 2012).  

Despite these limitations, it should be noted that no preclinical model can reproduce the entire 

clinical description of a complex disorder such as schizophrenia in humans. The scPCP model was an 

appropriate tool to use in this project to replicate the symptoms and neuropathological disturbances 

most relevant to the application of mGlu5 receptor PAMs in CIAS.   

6.2.2 The NOR paradigm 

There are numerous advantages to the NOR task which made it an attractive paradigm to use in 

this project. A robust, replicable, and versatile test, it is quick to perform, does not require pre-training, 

complies with the 3Rs and is able to be repeated in the same animals, unlike many other paradigms. 

The NOR task also has high ethological validity, exploiting the innate preference of an animal to explore 

novel stimuli rather than depending on external reinforcement to facilitate task performance (Ennaceur 

and Delacour, 1988; Dere et al., 2007; Winters et al., 2008; Antunes and Biala, 2012; Lyon et al., 2012; 

Ameen-Ali et al., 2015). The paradigm also avoids the stressful and potentially confounding elements 

of food or water restriction (Grayson et al., 2015).  

A major concern regarding the construct validity of the NOR test with relevance to schizophrenia 

is the uncertainty regarding its ability to measure all components of recognition memory. Recognition 

memory uses familiarity or recollection processes to assess previously encountered events or objects. 

The former simply involves recognition that the event or object is familiar, whereas the latter requires 

conscious recollection of the event or object and the integration of contextual, spatial and temporal 

information (Barker et al., 2007; Suzuki and Naya, 2014). Recollection is a key feature of episodic 

memory; whilst some authors have argued that by encoding object information in the acquisition trial 
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and using this to differentiate between objects in the retention trial, animals display episodic memory 

in NOR paradigm (Ennaceur, 2010; Bussey et al., 2013), this a matter of debate. Others have argued 

that the NOR task, particularly involving short ITIs, simply relies on the familiarity of objects (Morici 

et al., 2015). The elimination of the scPCP-induced cognitive deficit when rats were left undisturbed in 

the test arena (rather than removed) during the ITI suggests that it is familiarity-based strategies that 

are disrupted by distraction during the usual ITI (Grayson et al., 2014; Cellard et al., 2007; Anticevic et 

al., 2011). However, evidence from schizophrenia patients suggests that it is recollection rather than 

familiarity-based aspects of recognition memory that are impaired in the disease state (Libby et al., 

2013; Wang et al., 2014), questioning the validity of NOR deficits in accurately reflecting CIAS. 

Another drawback of the NOR paradigm is the questionable degree of predictive validity offered by 

this task; acute administration of several antipsychotic compounds has been demonstrated to 

successfully reverse scPCP-induced NOR deficits, whereas these drugs failed to significantly improve 

cognitive impairment in schizophrenia  patients when given chronically (Neill et al., 2010; Lyon et al., 

2012; Cadinu et al., 2018).  

Overall, the NOR paradigm provided an ideal foundation for assessing the mechanisms of 

VU0409551 and VU0360172 in the scPCP model in this project, but its limitations must be 

acknowledged.  

6.2.3 Slice electrophysiology  

The slice electrophysiology studies described in Chapter 4 demonstrate that the scPCP model 

shows a reduction in gamma oscillatory power, and that these deficits were significantly restored by ex 

vivo incubation with both mGlu5 receptor PAMs. The application of carbachol and kainate to induce 

oscillatory activity, as was used in this thesis, has been primarily evidenced to generate oscillations in 

the gamma frequency range. Whilst gamma oscillations are the most relevant in the context of PFC PV 

interneuron functioning and cognition in schizophrenia, future study protocols tailored to induce 

oscillatory activity in other bands, such as theta and beta, would be valuable to investigate the full 

spectrum of oscillatory deficits in the scPCP model. For example, pilocarpine has been shown to 

activate theta oscillations in rodent hippocampal slices and carbachol alone to induce theta activity in 

the rodent hippocampus and cortex (Norimoto et al., 2012; Cappaert et al., 2009; Kilb and Luhmann, 

2003; Lévesque et al., 2017). Moreover, the experiments using Cohort 2 in this Chapter had relatively 

low n values (n = 4 – 5) compared to Cohort 1 (n = 10). Particularly considering the high degree of 

variability that exists in oscillations experiments, a larger sample size per group would increase the 

power of the analysis and aid in the detection of subtle or small-scale changes. Finally, the recording 

duration for each slice was relatively short (30 minutes), allowing for the maximum number of 

recordings to be taken from each experimental animal. Whilst this provided valuable insight into 

differences in the initial onset period of gamma oscillations mediated by scPCP and mGlu5 receptor 



243 
 

PAM treatment, a longer recording duration of several hours would have offered further confirmation 

of these changes. 

6.2.4 Action of VU0409551 and VU0360172 

Data presented in Chapters 2 and 3 demonstrate the in vivo impact of VU0409551 and VU0360172 

on NOR performance and PFC p-AKT and p-ERK1/2 expression, and brain cytokine levels, 

respectively; Chapter 4 shows ex vivo PAM incubation to alter oscillatory activity in the PFC. Whilst 

this provides an overview of the potential mechanisms by which these mGlu5 receptor PAMs could 

improve cognition in schizophrenia, there are some limitations to the conclusions that can be drawn 

from these studies. Firstly, these findings cannot illustrate cell-specific alterations induced by these 

PAMs. Whilst the Western blot and electrophysiological data provide some insight into the intracellular 

signalling mechanisms that could underly the reversal of the scPCP-induced NOR deficit, and ELISAs 

highlighted neuroinflammatory alterations, these techniques were not able to definitively demonstrate 

that VU0409551 and VU0360172 increase glutamatergic input to PV GABAergic interneurons via the 

mGlu5 receptor and thus promote inhibition of pyramidal cells. The PFC PV and GAD67 deficits 

observed in the scPCP model provide some support for this hypothesis, but techniques such as IHC and 

patch clamping would be necessary to demonstrate cell-specific protein and signalling changes and 

confirm the localised effects of the mGlu5 receptor PAMs in the scPCP model. Moreover, the studies 

presented in this thesis evaluated the effects of acute mGlu5 receptor PAM administration. Although 

this is valuable in demonstrating the cognitive and network-level changes that can be induced by acute 

PAM application – and that these effects persist even after drug washout in the oscillations experiments 

of Chapter 4 – it would be important to assess whether these alterations are similar following chronic 

administration. It would be particularly significant to evaluate whether the neuroinflammatory changes 

mediated by acute administration of VU0409551 and VU0360172 are still present following chronic 

treatment.  

 

6.3 Future directions  

6.3.1 Analysis of the hippocampus 

Whilst this thesis provided an overview of scPCP-related changes in cortical and hippocampal 

regions, the behavioural and electrophysiological studies primarily focused on the effects of scPCP and 

mGlu5 receptor PAM treatment on the PFC. This region was selected a key area implicated in the 

neuropathology and behavioural manifestations of CIAS; however, the hippocampus also warrants 

further investigation.  

Hippocampal activity is essential for a variety of cognitive processes, including episodic, 

relational, spatial, and working memory, alongside flexible decision making (Buzsáki and Moser, 

2013; Colgin, 2016; Drieu and Zugaro, 2019). These various forms of hippocampus-dependent memory 
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rely heavily on mGlu5 receptors and dysfunction of these processes has been associated with all stages 

of the schizophrenia disease course (Mukherjee and Manahan-Vaughan, 2012; Heckers, 2001; Heckers 

and Konradi, 2002; Harrison, 2004). The duration of the NOR ITI can be manipulated to assess different 

forms of recognition memory, with shorter ITIs (< 15 minutes) assessing short-term memory and longer 

ITIs (> 15 minutes) assessing long-term memory processes. Several studies have indicated that the PFC 

is involved in NOR performance upon shorter ITI delays, with the retention trial associated with 

increased firing rate of PFC neurons in in vivo electrophysiological recordings and increased PFC 

dopamine levels assessed via microdialysis, thereby implicating the PFC in short-term recognition 

memory (Asif-Malik et al., 2017; McLean et al., 2017). Thus, the 1-minute ITI used in the NOR 

paradigm presented in this thesis was designed to assess PFC-dependent recognition memory. By 

contrast, hippocampal function is implicated in NOR performance at longer ITIs, as demonstrated by 

the impaired recognition shown by hippocampally-lesioned rats in tasks with longer ITIs (> 15 minutes) 

but not shorter ITIs (< 15 minutes) (Clark et al., 2000). Investigation into scPCP-induced hippocampal-

dependent long-term memory deficits in the NOR task would therefore be a valuable focus of 

prospective research.  

The involvement of the hippocampus in network oscillations also deserves further investigation 

regarding the therapeutic targeting of CIAS. Gamma, theta, and beta oscillations have all been 

implicated in hippocampal synaptic plasticity; neuronal stimulation in the hippocampus during the 

depolarising peak of the oscillatory cycle induced LTP, whilst stimulation in the trough promoted LTD 

(Huerta and Lisman, 1993; Wespatat et al., 2004). Moreover, memory processing and encoding in the 

hippocampus has been suggested to rely on mGlu5 receptor-mediated regulation of network oscillations 

(Bikbaev and Manahan-Vaughan, 2017). Other animal models of NMDAR hypofunction have been 

associated with reduced hippocampal oscillatory power. Ketamine administration not only decreased 

hippocampal gamma power but also numbers of PV interneurons, and both NMDAR antagonism and 

knockout models have displayed reduced hippocampal theta power alongside spatial memory deficits 

(Lazarewicz et al., 2010; Kittelberger et al., 2012; Korotkova et al., 2010; Kalweit et al., 

2017). Furthermore, the physical and functional interaction between the PFC and the hippocampus has 

been implicated in many of the cognitive deficits present in schizophrenia (Bähner et al., 2015; Cardno 

et al., 1999; Colgin, 2011; Godsil et al., 2013; Hoover and Vertes, 2012; Jones and Wilson, 2005; 

Pantelis et al., 2003; Preston and Eichenbaum, 2013; Sigurdsson and Duvarci, 2016; Squire et al., 2015; 

Ziermans et al., 2012). Indeed, brain imaging studies of schizophrenia patients consistently demonstrate 

aberrant hippocampal-PFC functional connectivity (Bahner and Meyer-Lindenberg, 2017; Benetti et 

al., 2009; Godsil et al., 2013; Meyer-Lindenberg et al., 2001, 2005; Zhou et al., 2008). In the rodent 

brain, this pathway primarily comprises CA1 projections of the ventral hippocampus that innervate both 

pyramidal cells and interneurons of the medial PFC (Hoover and Vertes, 2007; Onos et al., 

2014; Gabbott et al., 2002; Thierry et al., 2000; Rajasethupathy et al., 2015). Theta and gamma 
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oscillations have been shown to synchronise the activity of these regions, and deficits in PFC-

hippocampal theta coupling correlated with spatial working memory deficits (Dzirasa et al., 

2009; Sigurdsson et al., 2010; Del Pino et al., 2013). Since ex vivo slice electrophysiology experiments 

would not be able to capture the regulation of hippocampal oscillations by external network activity, in 

vivo electrophysiological assessments would be most valuable to investigate the role of PFC-

hippocampal connectivity in effects of mGlu5 receptor PAMs in the scPCP model (Cunningham et al., 

2006). 

6.3.2 Assessing CIAS with behavioural paradigms    

The NOR paradigm in this thesis has provided robust evidence of scPCP-induced deficits in visual 

recognition memory. However, as described above, conflicting literature exists regarding the specific 

aspects of recognition memory assessed in the NOR task. Elucidation of the particular processes 

(familiarity or recollection-based strategies) evaluated using the NOR paradigm would provide further 

insight to the validity of this task in assessing cognitive deficits in the scPCP model. Moreover, it would 

be valuable for future research into the effects of mGlu5 receptor PAMs to utilise alternative 

behavioural paradigms that more specifically assess PFC activity. Numerous rodent studies have 

demonstrated lesions in the medial PFC to induce deficits in the sequential arrangement of behaviours 

assessed in the eight-arm radial maze and five-choice task (Epstein and Morrison, 2016; Fuster, 1985; 

Kesner and Holbrook, 1987; Kolb, 1990; Passetti et al., 2002). Moreover, the attentional set shifting 

task (ASST) measures the ability to learn to modify a response when rules shift; this paradigm has not 

only revealed performance deficits in rodents and humans with PFC lesions but also in schizophrenia 

patients (Birrell and Brown, 2000; Bissonette et al., 2008; Chase et al., 2012; McAlonan and Brown, 

2003; Stuss et al., 2000). Indeed, impaired performance in the Wisconsin Card Sorting Test (WCST), a 

widely used set shifting task in humans, has been reliably documented in schizophrenia patients and 

associated with reduced activation of the PFC during the task (Braff et al., 1991; Riehemann et al., 

2001; Volz et al., 1997; Weickert et al., 2000). Thus, use of the ASST to specifically assess PFC-

dependent cognition would be beneficial to further investigate the behavioural effects of mGlu5 

receptor PAMs in the scPCP model.  

6.3.3 The neurodevelopmental aspect of CIAS 

As previously discussed, a major limitation of the scPCP rodent model for CIAS employed in this 

thesis is its inability to model the neurodevelopmental aspect of schizophrenia, as PCP is administered 

in adult animals. Indeed, a growing body of evidence suggests that during the early postnatal period in 

rats, analogous to the second trimester of human pregnancy, exposure to adverse stressors significantly 

increases the risk of developing schizophrenia later in life (Clancy et al., 2001; Fatemi and Folsom 

2009; Rapoport et al., 2012). Prospective research should therefore aim to assess mGlu5 receptor PAMs 

in rodents exposed to NMDAR antagonism during early postnatal development, to evaluate the impact 
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of mGlu5 receptor modulation on the behavioural and neuropathological deficits established during 

brain maturation. Neonatal administration of PCP, whilst failing to produce behavioural deficits 

following a single dose, has been shown to induce persistent neurodevelopmental changes in a repeated 

subchronic dosing regimen at PND 7, 9 and 11: a period of considerable neuronal maturation and 

synaptogenesis (Anastasio and Johnson, 2008; Grayson et al., 2016; Jones et al., 2011; Mouri et al., 

2007a). Indeed, upon reaching adulthood, neonatal PCP animals not only exhibit deficits in PPI, but 

also cognitive impairment in spatial working memory, reversal learning, and attentional set-shifting 

(Anastasio and Johnson, 2008; Andersen and Pouzet, 2004; Boctor and Ferguson, 2010; Broberg et al., 

2008; Harich et al., 2007; Secher et al., 2009). They also show significantly reduced numbers of PV 

interneurons and glial cells, suggesting that both the glutamatergic and inflammatory aspects of CIAS 

are captured in this model (Kaalund et al., 2013). Such PV deficits have been observed in other rodent 

models incorporating neurodevelopmental insults, such as social isolation models (Harte et al., 2007), 

which also induce dopaminergic abnormalities and associated positive symptoms such as hyperactivity 

(Cilia et al., 2001; Fabricius et al., 2011; Kaalund et al., 2013).  

Whilst the neonatal scPCP model is a valuable focus for future research into the role of the mGlu5 

receptor in CIAS, some authors have queried whether this insult alone is sufficient to induce deficits in 

the wide variety of cognitive domains observed in schizophrenia. Indeed, several studies have failed to 

observe NOR impairments following neonatal scPCP administration, questioning the ability of this 

model to reflect the cortical abnormalities of CIAS (Gaskin et al., 2014; Moghadam et al., 2021; 

Warburton and Brown, 2015). Moreover, early-life adversity, whilst conferring vulnerability to the 

development of schizophrenia, is hypothesised to require an additional stressor during adolescence to 

induce disease onset; this would explain the initial onset of schizophrenia symptoms at this stage 

(Gomes et al., 2016; Keshavan et al., 1994; Murray et al., 2017; Selemon and Zecevic, 2015; van Os et 

al., 2010; Weinberger, 1987). This hypothesis has led to the characterisation of numerous ‘dual-hit’ 

animal models for schizophrenia, which combine an early-life challenge such as neonatal PCP exposure 

(the first ‘hit’) with a subsequent stressor during adolescence (the second ‘hit’). The addition of this 

second insult is considered to enhance the translational value of a neurodevelopmental schizophrenia 

model and induce a more comprehensive profile of cognitive deficits (Gaskin et al., 2014, 2016; 

Marcotte et al., 2001). The combination of neonatal scPCP with post-weaning social isolation evoked 

behavioural alterations in positive (locomotor hyperactivity), negative (impaired social recognition) and 

cognitive (reversal learning deficits) symptom domains (Hamieh et al., 2021). Notably, cognitive 

deficits in this model were not reversed by antipsychotic treatment, corresponding to the effects 

observed in schizophrenia patients (Jones et al., 2011; Keefe et al., 2007). Another dual-hit model 

employed neonatal scPCP followed by a second ‘hit’ comprised of two stressors – restraint and forced 

swimming – during early adolescence. Animals not only exhibited cognitive impairment in the NOR 

paradigm, but also reduced LTP and increased anxiety (Moghadam et al., 2021). These studies suggest 
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that a variety of behavioural and neuropathological alterations observed in CIAS can be reliably 

modelled using neonatal PCP administration within a dual-hit approach. Investigating the efficacy of 

VU0409551 and VU0360172 within such a model would therefore produce findings with even greater 

translational value to the clinical targeting of CIAS.  

6.3.4 PV GABAergic interneurons 

Beyond the implication of PV interneuron dysfunction in schizophrenia, the critical role of these 

cells in regulating inhibitory circuits tied with their vulnerability to injury throughout life means that 

they are strongly associated with other conditions including depression, bipolar disorders, and 

neurodevelopmental disorders such as ASD and epilepsy (de la Torre-Ubieta et al., 2016; Geschwind 

and Flint, 2015; Marín, 2012; Schubert et al., 2015; Vissers et al., 2016). This is significant given the 

extent of genetic overlap and comorbidity between these conditions.  

Not only are most ASD-linked genes predominantly expressed in interneurons, but the FCx of 

autistic patients displays reduced levels of GABA and the GABA-A receptor alongside diminished 

gamma oscillations (Harada et al., 2011; Mori et al., 2012; Sun et al., 2012; Xu et al., 2014). Mouse 

models with mutations in ASD-linked genes such as MECP2, Scn1a, and CNTNAP-2 also exhibit 

deficits in PV number or expression and inhibitory signalling alongside behavioural impairments 

(Peñagarikano et al., 2011; Han et al., 2012; Filice et al., 2016). The core behavioural phenotypes of 

ASD such as repetitive behaviours and stereotypies can also be replicated in PV knockout mice and by 

knockout of MECP2, even if the latter gene is only deleted from interneurons (Chao et al., 2010; Wöhr 

et al., 2015).  

The vulnerability of PV interneurons to stress means that their disruption is also implicated in 

mood disorders (Page et al., 2019; Zaletel et al., 2016). Individuals experiencing MDD (major 

depressive disorder), or chronic life stress have shown elevated levels of oxidative stress in the brain, 

which is associated with reduced integrity of PV interneurons and their surrounding PNNs (Black et al., 

2015; Michel et al., 2012; Salim, 2017; Schiavone et al., 2013; Steullet et al., 2017). As such, 

postmortem tissue from the PFC and hippocampus of patients with MDD and bipolar disorder have 

revealed PV interneuron deficits (Knable et al., 2004; Konradi et al., 2011; Rajkowska et al., 2007; 

Toker et al., 2018).  

Beyond this, reduced PV interneuron GABAergic activity has been linked to the excessive 

glutamatergic signalling seen in alcohol withdrawal, whilst a wealth of evidence also supports a role 

for PV interneuron dysfunction in Alzheimer’s disease (AD) (Nahar et al., 2021). Preclinical AD 

models and AD patients have demonstrated increased numbers of cortical and hippocampal PV 

interneurons; similar to inadequate GABAergic signalling, excessive inhibition would also interrupt the 

excitatory/inhibitory balance and, accordingly, disrupted power and activity of gamma oscillations have 
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been observed in AD animal models (Ahnaou et al., 2017.; Iaccarino et al., 2016; Rubio et al., 2012b; 

Saiz-Sanchez et al., 2015; Verdaguer et al., 2015; Verret et al., 2012).  

The diverse involvement of PV interneurons in neurodevelopmental to neurodegenerative diseases 

highlights the importance of future research to better understand the vulnerability of these cells 

throughout life and develop protective therapeutic strategies. There are several gaps in the knowledge 

of PV interneurons which require further investigation to achieve these goals. Firstly, it remains unclear 

whether the PV interneuron population provides set inhibitory control or if separate subsets of PV 

interneurons have distinct GABAergic activity and regulate different processes. The role of PV 

chandelier cells in the PFC microcircuit is also uncertain; some emerging research indicates that this 

subtype may preferentially inhibit amygdala-projecting pyramidal neurons in the PFC and thus have 

distinct behavioural consequences relative to PV basket cells (Lu et al., 2017). Moreover, the vast array 

of psychiatric disorders associated with PV interneuron dysfunction means that more work is needed to 

associate specific molecular mechanisms of PV interneuron abnormalities in certain brain regions with 

particular behavioural deficits in distinct diseases. Since many of the conditions linked to PV 

interneuron dysfunction are neurodevelopmental, research should also further explore mechanisms that 

could disrupt the migration of PV interneurons and alter the resultant neuronal location or proportion 

of subtypes. These questions should be answered by employing novel techniques in both animal and 

human studies. For instance, PV interneurons in rodent models could be fluorescently labelled with 

tdTomato or manipulated using DREADDs to disrupt signalling in a cell- and region-specific manner 

(Kaiser et al., 2016).  The latter technique is particularly attractive in that the neurochemical or 

neurophysiological consequences of such manipulation could be assessed using microdialysis or EEG 

whilst the animal undergoes cognitive paradigms (Nahar et al., 2021). Moreover, the response of human 

PV interneurons to stressors and in disease states could be observed both individually in vitro, using 

iPSCs, and within circuits in vivo, using fMRI techniques.  

6.3.5 The role of neuroinflammation in CIAS  

The evidence presented in this thesis strongly implies a role for neuroinflammation in the cognitive 

effects of scPCP treatment and mGlu5 receptor PAM activity. It would be valuable for future research 

to evaluate the effects of these PAMs in other preclinical models that assess the role of immune 

activation in schizophrenia, such as the maternal immune activation (mIA) rodent model. This model 

has provided evidence that stimulation of the maternal immune system during pregnancy by viral or 

bacterial agents increases the offspring’s risk of developing schizophrenia-like symptoms, including 

PPI deficits (Boksa, 2010; Meyer, 2013; Meyer et al., 2011; Meyer and Feldon, 2009; Romero et al., 

2010, 2007; Shi et al., 2003; Zuckerman and Weiner, 2005). As supported by the scPCP-induced 

cytokine abnormalities reported in this thesis, the detrimental effects of mIA on foetal neurobehavioural 

development has been linked to elevated levels of the pro-inflammatory cytokine IL-6 in the postnatal 
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brain of mIA offspring (Cai et al., 2000; Gayle et al., 2004; Gilmore et al., 2005; Urakubo et al., 2001). 

Indeed, the schizophrenia-like symptoms evident in offspring can be reversed by anti-IL-6 antibodies 

(Smith et al., 2007). Such neuroinflammatory alterations are hypothesised to trigger morphological and 

neurochemical abnormalities that may contribute to the dysfunction of PV GABAergic interneurons in 

schizophrenia. The neuronal miswiring demonstrated in response to prenatal mIA results in a reduced 

inhibitory control and altered glutamatergic signalling (Thion et al., 2019). Moreover, 

neuroinflammation induced by rodent expression of human endogenous retrovirus was shown to alter 

the structure and plasticity of glutamatergic synapses and induce schizophrenia-like behaviour 

(Johansson et al., 2020). Taken together, these studies imply that neuroinflammation may represent a 

common route leading to the altered glutamatergic transmission observed in multiple animal models for 

schizophrenia. Thus, evaluating the efficacy of VU0409551 and VU0360172 in reducing 

neuroinflammatory abnormalities in other preclinical models would be a valuable step toward 

developing therapeutic strategies that target the glutamatergic and inflammatory aspects of 

schizophrenia. Indeed, preclinical and clinical research has reported non-steroidal anti-inflammatory 

drugs (NSAIDs) and minocycline, an antibiotic and inhibitor of microglial activation, to improve a 

multitude of schizophrenia symptoms, including cognitive and negative (Ahuja and Carroll, 2007; 

Chaudhry et al., 2012; Levkovitz et al., 2010; Mizoguchi et al., 2008; Nitta et al., 2013; Sommer et al., 

2014). Thus, an anti-inflammatory therapeutic approach in combination with the correction of 

excitatory/inhibitory circuits would be a promising intervention for CIAS, with additional research 

required to elucidate the best pathways, glial cells, and patient subsets to target. For example, IL-6 is 

the most reliably disrupted cytokine in schizophrenia, whilst particular subtypes of microglia (such as 

‘dark’ microglia) have been associated with schizophrenia neuropathology (Uranova et al., 2018). 

Certain groups of patients may also be the most likely to respond to anti-inflammatory treatment, with 

those exhibiting chronic low-grade peripheral inflammation defined by an elevated high-sensitivity C-

reactive protein (hs-CRP) blood level suggested to be the most promising candidates (Fond et al., 2020). 

Neuroinflammation itself may also be greater in discrete subpopulations of schizophrenia patients, such 

as those displaying the most extensive grey matter loss and those resistant to antipsychotic treatment 

(Mondelli et al., 2015; Selvaraj et al., 2018). 

6.3.6 The kynurenine pathway and CIAS 

The kynurenine pathway (KP) of tryptophan metabolism generates several neuroactive compounds 

which bind to glutamate receptors in the CNS and are thus implicated in various neuropathological 

conditions (Schwarcz et al., 2012). One such product is the only known endogenous NMDAR 

antagonist, kynurenic acid (KYNA), which can cross the BBB and bind at the glycine sit of the GluN1 

receptor subunit (Lim et al., 2017; Parsons et al., 1997; Stone, 1993). By modulating glutamatergic 

neurotransmission, KYNA is thought to protect against excitotoxicity and apoptosis; KYNA 

dysfunction is therefore linked to the cognitive deficits of several neurological disorders (Flores-Barrera 
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et al., 2017; Perkins and Stone, 1982; Schwarcz et al., 2012; Stone, 2021; Timofeeva and Levin, 2011; 

Yang et al., 2013). Numerous studies have provided evidence that KYNA concentrations are 

significantly elevated in the cortical brain regions and CSF of schizophrenia patients (Amori et al., 

2009; Aoyama et al., 2006; Erhardt et al., 2001; Linderholm et al., 2012; Miller et al., 2006; Moroni et 

al., 2012; Nilsson et al., 2005; Plitman et al., 2017; Sathyasaikumar et al., 2011; Schwarcz et al., 2001; 

Schwieler et al., 2015; Wang and Miller, 2018; Wonodi et al., 2011). This is thought to result from 

elevated and preferential conversion of tryptophan to the KP metabolites, including KYNA, in the 

disease state (Sathyasaikumar et al., 2022; Badawy and Dougherty, 2016). Such findings have been 

replicated in preclinical models of schizophrenia, where elevated brain KYNA levels were shown to 

induce schizophrenia-like disturbances in glutamatergic transmission and cognitive functions, such as 

contextual learning and memory and visuospatial working memory (Muneer, 2020; Olsson et al., 2009; 

Wonodi and Schwarcz, 2010; Schwarcz et al., 2012). These studies have given rise to the KYNA 

hypothesis of schizophrenia, which proposes that increased KYNA levels and thus excessive NMDAR 

blockade in cortical GABAergic interneurons results in CIAS (Wonodi et al., 2011; DiNatale et al., 

2010; Erhardt et al., 2017; Javitt et al., 2012). Indeed, NMDAR antibodies have been identified in 10% 

of unmedicated schizophrenia patients, whilst the stress-induced salivary KYNA response was 

negatively correlated with glutamate levels in schizophrenia (Chiappelli et al., 2014, 2018; Steiner et 

al., 2013; Vincent and Bien, 2008). The implication that reducing brain KYNA levels could be 

therapeutically beneficial in CIAS is corroborated by the preclinical cognitive improvements produced 

by pharmacological inhibition of KYNA production (Wonodi and Schwarcz, 2010; Imbeault et al., 

2021; Kozak et al., 2014; Pocivavsek et al., 2019, 2011). 

Interestingly, the ability of the immune system to regulate the KP may mean that KYNA represents 

a potential link between the inflammatory and glutamatergic disturbances in CIAS. The increased 

activation of glial cells associated with CIAS, as demonstrated in this thesis, has been posited to elevate 

the production of KYNA in the CSF via the KP (Erhardt et al., 2017; Müller and Schwarz, 2007). This 

is hypothesised to be due to the production of pro-inflammatory cytokines, with an association between 

the schizophrenia-associated elevation in IL-6, also reported in this thesis, and increased metabolism of 

tryptophan to KYNA (Alberati-Giani et al., 1996; Barry et al., 2009; Chiappelli et al., 2016; Okusaga 

et al., 2016; Pedraz-Petrozzi et al., 2020; Prendergast et al., 2011; Schwieler et al., 2015; Zunszain et 

al., 2012). Indeed, the elevated KYNA/tryptophan ratio in a ‘high cytokine’ subgroup of schizophrenia 

patients was associated with attentional deficits and reduced dorsolateral PFC volume (Kindler et al., 

2020). Given that the mGlu5 receptor is also relevant to both the neuroinflammatory and glutamatergic 

mechanisms of CIAS, the effective targeting of this receptor would benefit from further investigation 

into schizophrenia-associated KP disturbances and how this may link increased inflammation with 

reduced activity of PV GABAergic interneurons and subsequent cognitive deficits. The ability of 
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KYNA to cross the BBB may also provide a link between the peripheral and central changes observed 

in schizophrenia.  

6.4 Summary 

In summary, this thesis has characterised the effects of scPCP treatment on cognitive performance, 

glutamatergic and inflammatory markers and gamma oscillations in the PFC. The ability of the mGlu5 

receptor PAMs VU0409551 and VU0360172 to reverse these changes was also assessed, alongside the 

extent and consequences of modulation ‘bias’.  

Taken alongside existing literature, the findings presented in this thesis provide support for a 

hypothesised mechanism for CIAS etiopathogenesis summarised in Figure 23. Disturbance to the 

maturation of PV GABAergic interneurons in early development would lead to the abnormal formation 

of cortical circuits, disrupting the balance between inhibitory control and glutamatergic signalling. Such 

‘miswiring’ would have significant consequences on the generation of functional gamma oscillations 

and thus the ability to perform cognitive processes. Neuroinflammation has the potential to mediate 

aberrant development and/or adult functioning of PV interneurons, whilst the resultant glutamate-

mediated excitotoxicity can also exacerbate processes such as microglial activation and oxidative stress. 

Alterations to the mGlu5 receptor could not only elevate microglial activation but also directly induce 

PV GABAergic interneuron dysfunction and network signalling disturbances, particularly in the early 

postnatal period when levels of this receptor peak and are especially important for functional circuit 

maturation. This hypothesised mechanism also accounts for the ability of mIA and scPCP animal 

models to replicate CIAS pathophysiology, with the former utilising a neuroinflammatory insult and 

the latter interfering with PV interneuron activity and GABAergic/glutamatergic interplay.  
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Accordingly, findings reported here illustrate that the scPCP model exhibits deficits in NOR, 

reduced PFC PV, GAD67 and oscillatory power in addition to evidence of neuroinflammation, 

including increased PFC microglial activation and widespread elevation and reduction in IL-6 and IL-

10, respectively. Following this hypothesis, increasing signalling through the mGlu5 receptor would 

correct both the signalling and inflammatory disturbances associated with CIAS, thus explaining the 

ability of both mGlu5 receptor PAMs to reverse scPCP-induced deficits in NOR, gamma oscillations 

and changes in inflammatory markers. Relative to VU0360172, VU0409551 induced more significant 

alterations in oscillatory power and cytokine levels and displayed a distinct profile of intracellular 

signalling changes. The increased gamma power induced by VU0409551 was also unaltered by 

blockade of the mGlu5 receptor-linked PKC pathway, whereas such modulation inhibited the effects of 

VU0360172 application. The implication that VU0409551 may induce a receptor signalling profile 

biased away from PKC activation could feasibly enable this PAM to exert more selective, 

therapeutically beneficial effects. Taken alongside previous literature demonstrating that VU0409551 

does not potentiate excitotoxic NMDAR signalling as a result of mGlu5 receptor activation, this PAM 

is a promising candidate in the characterisation of novel, selective glutamatergic compounds to 

successfully alleviate the debilitating cognitive deficits of schizophrenia.   

 

 

Figure 23. A hypothesised mechanism for CIAS etiopathogenesis, highlighting the role of mGlu5 receptor 

expression/activity and the impact of maternal immune activation (mIA) and scPCP experimental insults. The 

functioning of PV GABAergic interneurons and thus the balance of GABAergic- glutamatergic signalling influences the power 

of gamma oscillations and thus, the performance of cognitive processes. Neuroinflammation can impact the maturation and/or 

adult activity of PV interneurons and the resultant excitotoxicity produced by glutamatergic dysregulation can also influence 

inflammatory processes. Particularly during early development, when levels peak, disruption to the expression/activity of the 

mGlu5 receptor can induce neuroinflammation and also independently have a detrimental impact on PV interneuron 

functioning and signalling. Therefore, modulation of the mGlu5 receptor could correct multiple aspects of the 

neuropathological mechanism leading to CIAS. Key: PV, parvalbumin; GABA, gamma-aminobutyric acid; mIA, maternal 

immune activation; scPCP, subchronic phencyclidine; mGlu5, metabotropic glutamate receptor 5.  
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Appendix 1 
 

Analysis was performed on typical data from a novel object recognition study from an experiment 

with 5 groups. The groups consisted of a scVehicle group, and 4 groups that had received scPCP to 

reduce cognitive performance. 3 of these cognitively impaired groups received ascending doses of a 

potential therapeutic drug at 3, 10 and 30 mg/kg.  

The performance of the animals in the novel object recognition task is usually summarised by 

calculating a discriminant index (DI) which is the difference between the times investigating the 

familiar and novel objects divided by the total time spent investigating both objects. 

The DI data was analysed using 1 way ANOVA followed by some pairwise comparisons. The 

scPCP group was compared to the scVehicle to ensure that the model was working effectively and then 

each of the Drug A groups was compared to scPCP to determine the significance of the increase in time 

spent investigating the novel object following drug administration.  

Based on this analysis, the estimated pooled standard deviation of the DI measurements was 0.165.  

Using this information, and assuming that a therapy-induced improvement back to the scVehicle 

level of 0.3 is the best that can be expected, sample size estimation was performed.  

Assuming a SD of 0.165 and the requirement for 80% power, Table A1 contains the estimated 

group sizes required to be at least 80% certain (the power) that a true treatment effect of the specified 

size will be detected.   

Table A1. Estimated group sizes (N) required for >80% power (Actual Power). 

scPCP 

Mean 

Drug 

Mean 

Difference Actual 

Power 

N per 

Group 

0.05 0.1 0.05 0.802 136 

0.05 0.15 0.1 0.807 35 

0.05 0.2 0.15 0.807 16 

0.05 0.25 0.2 0.832 10 

0.05 0.3 0.3 0.847 7 

 

As an example of the interpretation of the results in Table A1, if it was important to be confident 

in identifying a reversal in DI reduction from 0.05 in scPCP to 0.25 with drug therapy, then 10 animals 

per group should be selected to provide an 80% chance that a real effect of this size would be detected 

using a 1-sided 5% test.  If smaller drug differences are important then more animals are required.  

 

 


