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Abstract 
 
 
 

Schizophrenia is a severe neuropsychiatric disorder, arising in adolescence and early adulthood 

and characterised by hallucinations, delusions, blunted affect and disorganised thought 

patterns. One of the most enduring features of schizophrenia and psychosis are structural brain 

deficits, whose pathophysiological mechanism is unknown. Accumulating evidence indicates 

that inflammation both peripherally and centrally in the form of increased activation of the 

brain’s immune cells, microglia, may be a potential cause of structural deficits in psychosis. 

The evidence is multi-faceted ranging from mouse models that demonstrate increased numbers 

of microglia, to clinical studies of patients with schizophrenia showing increased pro- 

inflammatory molecules within peripheral blood. However, there are still many questions that 

remain unanswered, including whether inflammation varies across stages of psychosis, whether 

it is related to structural brain deficits and symptomatology and how inflammation identified 

in schizophrenia relates to other candidate pathways implicated in psychosis. 

 

In this thesis a multi-disciplinary approach was adopted, considered appropriate to tackling the 

complexity of these questions. Firstly, to determine whether inflammation was associated with 

other candidate pathways implicated in psychosis, we conducted an animal study, utilising an 

mGluR5 KO mouse model of psychosis. Glutamate has been shown to influence 

neuroinflammation, with cellular studies demonstrating that mGluR5 can regulate microglial 

numbers and activation. At the time of conducting the study, there were no satisfactory 

mGluR5 PET ligands that enabled in vivo monitoring within the clinical population. The 

mGluR5 KO mouse had been shown to display neuropsychiatric endophenotypes related to 

schizophrenia and thereby offered an alternative approach to gaining further insight into the 

role of mGluR5 in neuroinflammation and how this may impact symptoms associated with 

psychosis. Our aim was to determine whether neuroinflammation, in the form of increased 
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microglial numbers and activation was present in the mGluR5 KO mouse model thereby giving 

further insight as to the potential interaction of the glutamatergic system and in particular, 

mGluR5, with microglial homeostasis. 

 

Secondly, we aimed to determine whether peripheral inflammation was related to brain 

structure and clinical symptomatology. This was executed by conducting two clinical studies, 

that examined peripheral pro- and anti-inflammatory cytokines and complement proteins in 

relation to brain regional thickness and volume measurements. We used a multiplex enzyme 

linked immune-absorbent assays (ELISA) in serum to quantify peripheral cytokines and 

complement proteins across various stages of psychosis ranging from those at ultra-high risk 

of psychosis (UHR), to individuals experiencing their first episode (FEP) and subjects with 

chronic schizophrenia. We sought to determine whether circulating cytokine and complement 

protein levels were associated with clinical symptomatology and measurements of thickness 

and brain volume detected using structural magnetic resonance imaging (MRI). 

 

This thesis aimed to investigate: 1) whether mGluR5 KO mice, which demonstrate phenotypic 

features of schizophrenia displayed neuroinflammation in the form of increased microglial 

numbers when compared to their wildtype littermates 2) whether there was a relationship 

between cytokine or complement proteins and structural brain measurements across UHR, FEP 

and chronic schizophrenia 3) whether peripheral inflammatory markers (cytokine or 

complement proteins) were increased or decreased across stages of psychosis and examine 

their relationship with clinical symptoms. 

 

We found that mGluR5 KO mice have increased microglial numbers compared to WT. This 

agreed with our hypothesis that animals lacking mGluR5, would show higher rates of 

inflammation in the brain, in accordance with an anti-inflammatory effect of increased mGluR5 

signalling and the psychotic endophenotype of these mice. Our findings indicate that mGluR5 
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may affect microglial homeostasis in the context of neurodevelopment and may impact on 

psychosis related behaviours exhibited by mGluR5 KO mice. Secondly, our clinical studies 

showed that cytokines and complement proteins were related to several brain structures 

implicated in psychosis, including the frontal cortex and ventricles. We revealed a positive 

correlation between several anti-inflammatory cytokines such as IL4 and IL13 and increases 

in frontal cortical thickness, which was absent in patients with psychosis. Conversely, increases 

in pro-inflammatory cytokine IL5 were associated with decreases in whole brain volume in 

FEP individuals. Thirdly, we found that while peripheral cytokines did not differ significantly 

between patients and controls, complement proteins were elevated in UHR and chronic 

schizophrenia patients. While there were no associations between cytokine proteins and clinical 

symptoms, we identified a molecular pattern of increased C4 and decreased C3 protein, which 

was associated with increases in positive and negative symptoms. 

 

Taken together, the work of this thesis suggests that inflammation is present in psychosis both 

in the brain and peripherally but that this depends on the proteins and stage of illness examined. 

Moreover, we revealed that complement proteins C3 and C4 were associated with alterations 

in brain structure across the combined cohort; in the case of cytokines however, the positive 

association between elevated anti-inflammatory cytokines and increased frontal thickness was 

not preserved or reversed in patient groups, indicating a potential imbalance of pro- and anti- 

inflammatory cytokines may influence brain structure in psychosis. Finally, we have shown 

that peripheral inflammation in the form of cytokine and complement proteins, may influence 

both brain structure and clinical symptomatology, which provides fertile ground for future 

longitudinal exploration of neuroinflammation in schizophrenia and psychosis. 
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Preface 
 

 
Parts of section 1.2.1 (Microglial dysregulation in schizophrenia page 12-18) and section 

1.4.1(Inflammation and brain structure in animal studies page 37-45) represent excerpts of a 

published review, written by the author of this thesis first joint author (refer to Appendix A). 

 
 
 

Parts of section 1.2.2 (Complement proteins in psychosis page 25-30) contain excerpts of a 

published paper, written by the author of this thesis (refer to Chapter 4). 

 
 
 
 
A modified version of the work in presented in Chapter 3 was published in Brain Behavior 

Immunity in October 2015, as part of a larger research study investigating mGluR5 in Autism 

Spectrum Disorder (see Appendix for published work). Liliana Laskaris was responsible for 

all immunohistochemistry processes and statistical analyses relating to the animal component 

of this study and prepared the manuscript as joint first author with Dr Gursharan Chana. 

Gursharan Chana was joint first author of the paper in the Appendix and involved in all 

statistical analyses pertaining to the clinical component of the paper. Author Christos 

Pantelis, author Renee Testa, author Daniela Zantomio and author Ian Everall contributed 

significantly to the design and execution of the study.  Author Emma Burrows and author 

Anthony Hannan were responsible for the provision and sectioning of the mGluR5 KO and 

WT tissue and sacrifice of those animals. Author Stan Skafidas contributed significantly to 

the statistical methodology and design of the study, as well as the interpretation of results. 

This work was presented at the Biological Psychiatry Australia Conference in Melbourne, 

Australia, October, 2014. 

 
The work in Chapter 4 used data collected for the Collaborative Research Centre (CRC) for 

Mental Health research programme and the Microglial Study headed by Vanessa Cropley and 
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Christos Pantelis who provided valuable guidance and insight into the interpretation of 

results. Author Andrew Zalesky and Sam Manusco provided valuable statistical guidance, 

while author Cyndi Shannon Weickert provided guidance and facilities to conduct the protein 

assays. I gratefully acknowledge the work of Steven Tahtalian and research students Maria Di 

Biase, Cassandra Wannan and Eleni Ganella who were involved in participant screening, 

scanning and assessments. I also was involved in participant assessments and conducted all 

protein assays, pre-processing and analyses of the data and interpretation of the results, and 

wrote the original manuscript. This work is currently under review at the journal Brain 

Behavior and Immunity. 

 
The work presented in Chapter 5 was published in Schizophrenia Research in February 2019. 

Liliana Laskaris was responsible for all complement protein assays, processing and analysing 

of data and wrote the original manuscript. Author Andrew Zalesky provided statistical advice 

and guidance while author Cyndi Shannon Weickert provided guidance on and the facilities 

to conduct the protein assays. Author Maria Di Biase conducted participant assessments and 

processing of some data. Authors Gursharan Chana, Bernhard Baune, Chad Bousman, 

Barnaby Nelson, Patrick McGorry and Ian Everall assisted in the design and execution of the 

study and provided advice on the draft manuscript. Authors Vanessa Cropley and Christos 

Pantelis were imperative in the design, analysis and execution of the study and their insights 

help guide the lead author. This work was also presented at the the Society for Biological 

Psychiatry (SOBP) in San Diego, United States of America, May, 2017. 
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CHAPTER 1 General Introduction 
 
1.1 Introduction to Schizophrenia 

 
 
 
 

Schizophrenia is a severe neuropsychiatric disorder with a worldwide lifetime prevalence of 

approximately 1% (Doherty and Owen, 2014). It arises in adolescence and early adulthood and 

is often characterised by a chronic course with frequent relapses that disrupt the social and 

emotional functioning of an individual. Schizophrenia displays the following core clinical 

manifestations: positive symptoms characterised by hallucinations, delusions and disorganised 

thought patterns and negative symptoms involving blunted affect and social anhedonia in 

addition to cognitive deficits that persist for more than 6 months (Tomasik et al., 2012). 

Current medications, although moderately effective in treating the positive features of the 

disorder, have proven ineffective at reversing some of the additional features of schizophrenia, 

including negative symptoms (George et al., 2013). It is therefore necessary to continue 

researching the biological edifice of this complex disorder to elucidate the mechanisms 

underlying the pathophysiology of schizophrenia and how the illness progresses throughout 

the lifespan. 

 

 
 
 
 

1.1.1 Clinical staging model of Schizophrenia 
 

 
 
 

Schizophrenia is a highly heterogeneous disorder, affecting individuals differently, depending 

on genetic load and environmental factors. This has led to the clinical staging model of 

schizophrenia proposed by McGorry et al (2007), which characterises the position of the 

individual in relation to the psychosis continuum (McGorry et al., 2007). The psychosis 

continuum ranges from a putative prodromal period identified retrospectively and termed ultra- 
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high risk of psychosis (UHR), through to the first episode of psychosis (FEP) and then to more 

established or chronic schizophrenia (McGorry et al., 2007) (see below for more details). 

 
 
 

UHR 
 

 

The UHR period is characterised as a putative prodromal period, with 20% transition rate over 

the first 2 years and a transition rate of >30% over a period of over 10 years (Nelson et al., 

2013). It is characterised by the presence of one of the following: a) attenuated or subthreshold 

psychotic symptoms b) brief limited intermittent psychotic symptoms or c) presence of trait or 

state factors. The last category would include individuals with a high genetic risk of developing 

psychosis (i.e. first degree relative with psychosis) as well as individuals experiencing 

symptoms not specific to psychosis (e.g. anxiety or depression) that affect their daily 

functioning (Yung, 2003; Yung et al., 2005). Studying this population aids in the identification 

of genetic or environmental phenotypes of psychosis as well as potential protective factors 

within the individuals that do not transition to psychosis. 

 
 
 
FEP 

 

 

For a diagnosis of first episode psychosis (FEP), two of the following symptoms must be 

present for a minimum of one month: hallucinations, delusions, disorganised or catatonic 

behaviour  and  negative  symptoms,  with  enduring  signs  of  functional  deterioration  (i.e. 

occupational, social or cognitive dysfunction) present for at least six months (Battle, 2013). 

Approximately 15% of FEP patients may never experience a subsequent psychotic episode and 

as such are considered distinct from individuals with a diagnosis of schizophrenia (McGorry 

et al., 2008). However, the majority of FEP subjects experience a prolonged illness course 

involving recurring psychotic episodes, often evolving into a diagnosis of schizophrenia. 

Nonetheless, individuals experiencing their first episode of psychosis have been shown to be 
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more responsive to psychological and pharmacological interventions compared to those with 

entrenched psychosis, making clinical intervention during this period highly efficacious 

(McGorry et al., 2008). It is therefore necessary to study this period of psychosis in order to 

identify elements that may be both shared and distinct from chronic schizophrenia, and serve 

as future early intervention targets (Pantelis et al., 2009). 

 
 

 
1.1.2 Pathophysiology of Schizophrenia 

 

 

One of the most consistent findings in schizophrenia is ventricular enlargement accompanied 

by grey matter loss in prefrontal, temporal and subcortical structures (Ellison-Wright et al., 

2008; Fornito et al., 2009). These brain changes may be present prior to symptom onset and 

generally follow a progressive course throughout the disorder (Haukvik et al., 2013; Steen et 

al., 2006; Vita et al., 2006). Longitudinal studies have shown that grey matter loss is 

particularly accelerated in the early stages of schizophrenia and psychosis, which has led to 

suggestions that the initial phase of illness may be characterised by a disturbance of 

neurodevelopmental processes (Pantelis et al., 2007). However, although such structural 

studies are informative, they are also inherently limited, as the mechanisms that underlie 

such changes remain unknown. 

While post-mortem brains of patients with schizophrenia do not demonstrate 

widespread neuronal loss that might account for these MRI findings (Cullen et al., 2006; Danos 

et al., 2005; Garey, 2010; Schmitt et al., 2009; Smiley et al., 2012), they do show reductions in 

neuropil (e.g. dendritic arbors) (Garey, 2010; Konopaske et al., 2014; Sweet et al., 2009). 

Structural brain changes in schizophrenia may in part be explained by such neuropil reductions 

(Glausier and Lewis, 2013; Selemon and Goldman-Rakic, 1999). This theory is supported by 

findings of decreased dendritic arbors and increased neuronal density in areas implicated in 

schizophrenia such as the dorsolateral prefrontal cortex (DLPFC) (Selemon et al., 2003, 1995). 
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These reductions in neuropil, together with mutations in genes coding for proteins necessary 

for the maturation of synapses such as neuregulin1 (NRG1) and brain derived neurotrophic 

factor (BDNF) (Davis et al., 2014) may lead to the aberrant functioning of synapses and neural 

circuits (DeFelipe, 2010; Faludi and Mirnics, 2011; Sweet et al., 2010). Synapses that show 

weak signaling are tagged for elimination by the brain’s immune system, which could 

contribute to the structural loss observed in MRI studies (Presumey et al., 2017; Stephan et al., 

2012) (see section 1.4. The effect of inflammation on the brain for detailed discussion). 

Concurrently, there is evidence that the brain’s immune system may be malfunctioning 

in schizophrenia, which may lead to unnecessary synaptic elimination and structural brain 

deficits (Laskaris et al., 2016; Miller and Goldsmith, 2016a; Weickert and Weickert, 2016) (see 

section 1.2 The inflammatory hypothesis of schizophrenia). Inflammation may not be acting 

alone but rather in concert with neurotransmitters such as glutamate. Indeed, magnetic 

resonance neuroimaging (MRI) and magnetic resonance spectroscopy (MRS) studies have 

found that glutamate related excitotoxicity may contribute to the structural deficits identified 

in schizophrenia (Aoyama et al., 2011; Hansen et al., 2013; Kraguljac et al., 2013; Théberge et 

al., 2007). Furthermore, glutamate receptors, in particular the N-methyl-D-aspartate receptor 

(NMDAR) and related scaffolding molecules such as post-synaptic density 95 (PSD-95) and 

metabotropic glutamate receptor 5 (mGluR5) have been linked to synaptic dysfunction in 

schizophrenia (Clinton et al., 2006; Coyle, 2012; Matta et al., 2011; Webster et al., 2011)(see 

section 1.3.1 Glutamate dysregulation in psychosis). Finally, there is evidence of interaction 

between the glutamatergic and inflammatory systems, with stimulation of mGluR5 receptors 

shown to reduce microglial activation (see section 1.3.3 Evidence for cellular interaction 

between mGluR5 and inflammation). 

 
1.2 The inflammatory hypothesis of Schizophrenia 
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Multiple lines of evidence implicate inflammation in schizophrenia (Kirkpatrick and Miller, 

2013). Epidemiological evidence has accumulated linking maternal infection with increased 

risk of developing schizophrenia (Brown, 2014; Brown and Derkits, 2010). Animal models 

have demonstrated that pre-natal immune assaults are capable of producing endophenotypes 

of psychosis, while also allowing for the investigation of the structural brain correlates of the 

exposure to infection (Laskaris et al., 2016; Meyer and Feldon, 2009a) (see section 1.4.1 

Inflammation and brain structure in animal models of psychosis). Finally, there are also 

genetic links between inflammation and schizophrenia. The greatest genetic risk hit in a 

comprehensive schizophrenia genome wide associated study was the major  

histocompatibility complex (MHC) whose main functions revolve around infection and 

immunity (Ripke et al., 2014). 

 

The “neuroinflammatory hypothesis” states that the cytotoxic effects of the persistent 

activation of the brain’s immune cells, the microglia, might cause secondary neuronal 

degeneration, decreased neurogenesis and synaptic dysfunction, and thus disease progression 

(Banati, 2002; Monji et al., 2009) (see section 1.2.1 Microglial dysregulation in 

schizophrenia). In addition, pro-inflammatory cytokines and complement proteins, key 

activators of microglial cells, have also been detected in the peripheral brain and blood of 

schizophrenia patients (Fillman et al., 2013; Miller et al., 2011b). Furthermore, recent genetic 

and molecular research (Ripke et al., 2014; Sekar et al., 2016) implicate another arm of the 

brain’s immune system, the complement cascade, which when dysregulated has been shown 

to upregulate microglial activity and phagocytosis of synapses (Stephan et al., 2012; Stevens 

et al., 2007)(see section 1.2.3 Evidence for peripheral inflammation in schizophrenia) . This 

biomolecular and clinical evidence coupled with epidemiological studies linking prenatal 

inflammation to increased risk of developing schizophrenia (Brown, 2014; Brown and 
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Derkits, 2010) indicate that neuroinflammation may be a key player in the brain structure 

pathophysiology of psychosis. 

 

Questions remain however around the clinical impact of neuroinflammation in terms of 

current symptomatology and disease progression. Furthermore, while the effect of 

neuroinflammatory processes on synaptic pruning has been documented in animal studies 

(Meyer, 2013), there is limited clinical research examining the association between 

inflammatory processes and structural brain deficits (Laskaris et al., 2016). Finally, the 

research indicates that there is a relationship between peripheral inflammation and isolated 

brain regions such as the hippocampus (Bossu et al., 2015) and Broca’s area (Fillman et al., 

2015) however to date there is only one study examining this association across the whole 

brain  confined to chronic schizophrenia patients (Dieset. et al., 2015). (see section 1.4.2 

Inflammation and brain structure in clinical studies of psychosis). There is therefore a need 

for a detailed examination of the relationship (if any) between peripheral pro-inflammatory 

markers and brain structure and how this may impact symptomatology across different stages 

of psychosis. 

 

1.2.1 Microglial dysregulation in schizophrenia 
 

 

Microglia, discovered by Pio Del Rio-Hortega (1919), represent the first line of immune 

defense against a central nervous system (CNS) insult and foreign invaders (Kettenmann et al., 

2011). Under healthy physiological conditions, microglia are in a ramified state with a small 

soma and long branched processes actively surveying the brain for pathogens or debris every 

few hours (Nimmerjahn et al., 2005). Upon detecting a threat, microglia rapidly shift 

phenotype, morphology and function, traditionally defined as “microglial activation”. 

Activated microglia acquire amoeboid morphology, with swollen cell bodies and short, less 

branched processes to enable migration to the pathogenic site (Kettenmann et al., 2011). 

Microglial cells are activated under most pathological conditions and are the drivers of repair, 
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but can also exacerbate a disease process depending on their activation profile (Napoli and 

Neumann, 2010). In accordance with their neurotoxic and neuroprotective capacities, microglia 

have commonly been referred to as “double-edged swords”. 

 

While microglia are key players in acute and chronic pro-inflammatory conditions, their 

definition has broadened in recent years to include roles in neurodevelopment through synaptic 

pruning, regulating numbers of neural progenitors and hence impacting on modelling of neural 

circuits (Benarroch, 2013; Pont-Lezica et al., 2011). Microglia do not act in isolation, rather in 

concert with a variety of pro and anti-inflammatory molecules like cytokines and complement 

proteins. These molecules bind to receptors on microglial cells initiating a host of responses 

including activation of neurons and astrocytes, as well as axonal and synaptic pruning (Schafer 

et al., 2013; Stephan et al., 2012; Stevens et al., 2007). Synaptic pruning may occur in response 

to acute or chronic infection but also at crucial neurodevelopmental time-points such as 

adolescence (Paolicelli et al., 2011). In the context of schizophrenia, proposed by some to be a 

disorder of excessive synaptic pruning (Faludi and Mirnics, 2011; Feinberg, 1982), a potential 

association between over-activation of microglia leading to increased synaptic pruning and the 

development of psychosis have been postulated (see section 1.4 The effect of inflammation on 

the brain). 

 

Microglia have receptors not only for inflammatory molecules but also neurotransmitter 

receptors such as glutamate and are therefore capable of a nuanced response to the brain’s 

internal environment (Eyo and Wu, 2013). Evidence shows that binding of glutamate to 

mGluR5 receptors on microglial cells reduces their inflammatory response (Loane et al., 2009), 

indicating that microglia are susceptible to the neurochemical environment of the brain above 

and beyond their relationship with inflammatory molecules (Benarroch, 2013). This is 

interesting when one considers schizophrenia, which has been linked to the dysregulation of 

glutamate, however few  studies  to  date  have  considered  the  interaction  between  the 
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glutamatergic system  and  microglia  (see  section  1.3  Inflammation  and  mGluR5  in 

schizophrenia). 

 

Pro-inflammatory conditions are associated with a proliferation of microglia, as the brain’s 

immune system strives to protect it from accumulating debris or invading pathogens (Nayak et 

al., 2014). In keeping with the “neuro-inflammatory hypothesis” of schizophrenia, studies have 

revealed microglial proliferation in post-mortem brains (Radewicz et al., 2000; Rao et al., 2013; 

Wierzba-Bobrowicz et al., 2005) of patients with schizophrenia (see Neuropathological 

studies). Similarly, microglial activation has been observed in clinical positron emission 

tomography (PET) studies of schizophrenia and psychosis (Doorduin et al., 2009; van Berckel 

et al., 2008) (see Neuro-imaging studies). The evidence however, remains mixed and 

dependent on many factors such as the age and metabolic status of participants, as well as their 

history of medication, drug and alcohol use and the duration of their illness (Laskaris et al., 

2016). This heterogeneity is mirrored in animal studies of psychosis, in which the 

pharmacological agent used to activate the immune response resulted in subtle changes in 

animal endophenotypes (Meyer and Feldon, 2012). The inherent heterogeneity of 

schizophrenia and its susceptibility to individual environmental factors needs to be kept in mind 

when reviewing the evidence regarding inflammation in schizophrenia. 

 

 
 
 

Neuro-imaging studies 

 
Positron emission tomography (PET) studies using specific radioligands for the 18-kDa 

translocator protein (TSPO) have aimed to quantify activated microglia. TSPO is expressed 

on the mitochondrial membrane of microglia and there have been approximately 40 second 

generation tracers developed to assay TSPO (Kreisl et al., 2012). While all microglia express 

TSPO, the receptor is upregulated upon microglial activation, therefore increased TSPO 
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signaling, as observed by PET studies, is considered an index of microglial activation  

(Cagnin et al., 2002; Laskaris et al., 2016). 

Neuroimaging studies in psychosis show great variation, with some finding microglial 

activation is increased (Beumer et al., 2012; Bloomfield et al., 2016; Selvaraj et al., 2018; van 

Berckel et al., 2008), others decreased (Collste et al., 2017), while others find no difference 

between patients and controls (Di Biase et al., 2017; Doef et al., 2016; Hafizi et al., 2017a; 

Kenk et al., 2015) . These differences are not stage of illness dependent, as FEP, UHR and 

chronic schizophrenia patients display variation across studies. 

An early hypothesis was that microglial activation would be particularly prominent in the 

early stages of illness, such as those experiencing their first episode of psychosis (Doorduin  

et al. 2008; Laskaris et al. 2016). However, subsequent studies in FEP patients have not borne 

this out. One study showed decreased neuroinflammation in whole grey matter in drug naïve 

FEP (Collste et al., 2017) while another showed a trend towards decreased activation in the 

middle frontal gyrus (Notter et al. 2017). Other studies demonstrated no difference in 

microglial activation between FEP and healthy controls (Hafizi et al. 2017; Di Biase et al. 

2017), therefore the findings regarding FEP are still unclear. While many of these studies 

have used different microglial ligands, the findings are more likely attributable to the innate 

heterogeneity of psychosis participants. Studies using the same tracer, PK11195, have 

produced conflicting results with both increases (Van Berkel et al. 2005) and no difference in 

microglial activation between early illness patients and controls (Di Biase et al. 2017). 

With the exception of one study (Bloomfield et al., 2016), the majority of studies involving 

UHR patients show that neuroinflammation is not significantly increased in this population 

(Di Biase et al., 2017; Hafizi et al., 2017b; Selvaraj et al., 2018). These results may indicate 

that microglial activation is a feature of chronic schizophrenia, however, the studies involving 

patients with extended illness duration are equally mixed, with some studies finding 
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increased neuroinflammation (Holmes et al., 2016; Selvaraj et al., 2018; van Berckel et al., 

2008), while others do not (Di Biase et al., 2017; Doef et al., 2016; Takano et al., 2010). 

It has been proposed that neuroinflammation, may be a feature of an acute psychotic episode 

or present in patients recovering from such an event (Doorduin et al. 2008; Laskaris et al. 

2016), however, the findings regarding this are also mixed. While increased microglial 

activation was seen in the hippocampus of patients recovering from a psychotic episode 

(Doorduin et al. 2008), a study in whole grey and white matter of patients experiencing 

current psychosis (Kenk et al. 2015) showed no difference between patients and controls. 

These mixed findings combined with the lack of consensus regarding the association between 

microglial activation and clinical symptomatology discussed below, indicate that the 

relationship between neuroinflammation and current psychosis is a tenuous one, requiring 

replication in studies with larger sample sizes. 

As mentioned, the relationship between current clinical symptomatology and microglial 

activation is unclear and worthy of further investigation. Increased total (Bloomfield et al., 

2016), general (Hafizi et al., 2017b) negative (Holmes et al., 2016) and positive psychotic 

symptoms (Takano et al., 2010), have been associated with increased microglial activation in 

UHR, FEP and chronic schizophrenia patients, however there are other studies where no 

associations have been found (Bloomfield et al., 2016;  Di Biase et al., 2017; van Berckel et 

al., 2008). The relationship between neuroinflammation and clinical symptomatology is 

unlikely to be dependent on differences in TSPO ligand, as there are studies using the same 

tracer e.g.  [11C]PBR28 that show both no association (Collste et al., 2017) and positive 

associations with symptoms (Bloomfield et al., 2016).  Given that the relationship between 

clinical symptoms and microglial activation appears to be stage of illness and tracer 

independent, the variation across studies is most likely due to the innate heterogeneity of 

psychosis patients. There is therefore a need for further studies with 
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larger sample sizes of well-characterised patients, to elucidate a potential association between 

symptomatology and neuroinflammation. 

 
 
 

Finally, the impact of medication on microglial activation is currently unknown. In vitro 

studies examining the effect of antipsychotics on cultured cells, show that they have an anti- 

inflammatory effect (Bian et al., 2008; Kato et al., 2007; Takahiro a Kato et al., 2011). 

However, one PET study found neuroinflammation was significantly increased only in 

medicated patients compared to healthy controls and absent in anti-psychotic naïve patients 

(Holmes et al., 2016). In addition, a recent study found decreased microglial activation in 

anti-psychotic naïve FEP patients (Collste et al., 2017). Taken together, these studies suggest 

that contrary to in vitro studies, the introduction of anti-psychotics may have a pro- 

inflammatory effect. These results are worthy of further investigation, given the recent 

success of clinical trials involving the concurrent use of anti-inflammatory drugs in addition 

to anti-psychotics (Chaudhry et al., 2012; Zhang and Zhao, 2014). 

Another question that deserves examination is the relationship (if any) between microglial 

activation identified in these neuroimaging studies and peripheral inflammation in the blood 

of schizophrenia patients. While there is no doubting the utility of peripheral biomarkers in 

schizophrenia and psychosis (Guest et al., 2014; Sokolowska et al., 2013), the extent to 

which peripheral assays of cytokines and acute phase proteins reflect neuroinflammation in 

the brain is currently unclear. A recent study found no relationship between three pro- 

inflammatory cytokines and microglial activation in the brain in UHR, FEP and chronic 

schizophrenia patients (Di Biase et al., 2017). However, a subsequent study in chronic 

schizophrenia revealed that increased levels of pro-inflammatory peripheral cytokines were 

associated with decreased neuroinflammation in the brain (Notter et al., 2018). 

Consequently, the authors of that study caution against the easy assumption that the 
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peripheral nervous system mirrors the brain and question the ability of current neuro-imaging 

techniques to reveal subtle neuroinflammatory effects, as opposed to wide-spread gliosis seen 

in dementia and acute brain damage (Notter et al., 2018). The development of a new 

generation of highly sensitive microglial tracers used in conjunction with peripheral assays is 

required to shed light on the elusive nature of microglial activation in the context of 

schizophrenia. 

 
 
 

Taken together the findings regarding neuroinflammation in psychosis are mixed. They are 

most likely not dependent on stage of illness though they may be influenced by medication 

with anti-psychotic naïve patients showing decreased microglial activation in some cases 

(Collste et al., 2017). Other reasons for these discrepancies may include differences in age, 

body mass index (BMI) medication and drug and alcohol consumption among patients but 

studies vary in the degree to which they control for these factors. Larger sample sizes with 

well characterised patients and ligands with improved accuracy are required to fully 

characterise neuroinflammation across stages of schizophrenia. 

 
 
 
Neuropathological studies 

 
Post-mortem studies in schizophrenia have primarily focused on assessing microglial cell 

number or density, rather than microglial activation. The assessment of microglial number in 

post-mortem samples is performed using immunohistochemical staining methods, which 

involve immunolabelling microglial cells and counting these cells utilising stereological 

sampling techniques. The density of microglial cells is then obtained as counts per unit 

volume. Overall, these studies have produced mixed results. While some studies have found  

increased  microglial  cell  number  in  several  brains  regions  in  schizophrenia 
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(Fillman et al., 2013; Radewicz et al., 2000; Rao et al., 2013; Wierzba-Bobrowicz et al., 2005), 

others found no difference (Busse et al., 2012; Steiner et al., 2008; Steiner et al., 2006). 

 

These differences could be attributed to methodological variation including staining 

quality and different methods of visually identifying and counting microglial cells, as well as 

the use of different immunohistochemical markers. Most studies examining microglial density 

use either HLA-DR or Iba-1 to label microglial cells. Both these markers, however, have a 

similar immunohistochemical staining profile, in that they label both activated and quiescent 

microglia (Steiner et al., 2008; Steiner et al., 2006) in addition to lymphocytes and peripheral 

monocytes (Kelemen & Autieri, 2005). 

 

Two studies examining microglial density in white matter in the dorsolateral prefrontal 

cortex (DLPFC), yielded conflicting results (Fillman et al., 2013; Hercher, Chopra & Beasley, 

2014). The main methodological difference between these studies was the 

immunohistochemical marker used to label microglia, with Fillman et al. (2013) using HLA- 

DR and finding increased microglial density, while Hercher et al. (2014) used Iba-1 and found 

no increase. An alternative explanation for this discrepancy is that the studies differed in the 

visual selection process of microglial cells during the counting stage: Hercher et al. counted 

only immunostained cells that were not encircling blood vessels, as cells encircling blood 

vessels are more likely to be peripheral monocytes rather than brain-resident microglial cells. 

Although the marker used by Fillman et al. (2013) similarly labels both monocytes and 

microglia, they did not follow Hercher et al.’s (2014) strategy of eliminating potential 

monocytes from their cell counts, thereby potentially overestimating microglia numbers. Taken 

together these studies suggest that schizophrenia patients have increased peripheral monocytes 

compared to controls, an intriguing possibility that has yet to be assessed due to a lack of 

suitably specific immunohistochemical markers. Evidence suggests that activation of 

endothelial cells of the BBB has been associated with transmigration of inflammatory cells into 
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the brain tissue (D’Mello and Swain 2014). Selectins and integrins play important roles in the 

transmigration of circulating monocytes; interestingly increased selectins and integrins have 

been found in schizophrenia patients as reviewed in (Khandaker and Dantzer, 2016). There is 

therefore some evidence of BBB disruption in schizophrenia, which may facilitate the entry of 

peripheral monocytes. 

 

Other technical difficulties that may account for the discrepancies between 

neuropathological studies of microglia in schizophrenia, are differences in post-mortem 

interval, brain pH (correlated in Hercher et al. (2014) with microglial density), as well as 

differences in age, clinical variables, illness duration and medication history in the post-mortem 

samples provided. Owing to the paucity of detailed ante-mortem clinical information 

(Sundqvist, Garrick, Bishop & Harper, 2008), only two studies examined a potential correlation 

between clinical variables and microglial density, with one study finding no correlation (Arnold 

et al. 1998), while another found that increased microglial density was confined to the paranoid 

schizophrenia subgroup (Busse et al., 2012). Antipsychotic medication is another variable that 

may impact on microglial quantification, however, the results of the studies examining this 

association are mixed. Two studies found no correlation between lifetime antipsychotic dosage 

and microglial density (Rao, Kim, Harry, Rapoport & Reese, 2013; Steiner et al., 2006), while 

another study found a negative correlation (Arnold, Trojanowski, Gur, Blackwell, Han & Choi, 

1998). Moreover, estimates for lifetime antipsychotic dosage can be highly variable and likely 

contribute to the inconsistency of the findings. Finally, while the majority of post-mortem 

studies include secondary analyses controlling for demographic variables, sample sizes may be 

insufficient for such analyses and thus, caution should be exercised when interpreting these 

results (Fornito et al., 2008). 
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Another problem for neuropathological studies is that the immunohistochemical 

markers (HLA-DR and Iba-1) label both quiescent and amoeboid microglia, therefore it is 

difficult to assess microglial activation. Attempts have been made to assess microglial 

activation through morphological characterisation of these cells, although this is limited by the 

subjective nature of such classification that is limited by the expertise of the individual 

performing the characterisation. In their qualitative study, while no group differences were 

found in microglial density, Hercher, Chopra and Beasley (2014) found that 15% of 

schizophrenia brains showed an increased number of activated microglia, identified by their 

amoeboid morphology. Rao et al. (2013) performed similar morphological characterization of 

microglial cells and found that the cell body of microglial cells in the frontal cortex of 

schizophrenia patients was more defined and their processes were less fine, indicating that 

microglia in schizophrenia patients were potentially showing some degree of activation, though 

not fully amoeboid. This morphological difference indicates that microglia from schizophrenia 

patients may be in a different state of activation when compared to controls, which may 

constitute a normal response to neuronal pathology or hint at an underlying, potentially genetic 

or epigenetic microglial dysfunction. 

 

To overcome the subjective nature of these studies, alternative methods to quantify 

microglial activation include the use of markers such as [3H]PK11195, [3H]PBR28 and CD11b, 

which (unlike HLA-DR and Iba-1) are upregulated exclusively on the surface of activated 

microglial cells (Banati et al., 2000; Frick, Williams & Pittenger, 2013; Kreisl et al., 2013). 

The earliest post-mortem study using the [3H]PK11195 ligand found decreased binding on 

microglial cells in patients (Kurumaji et al., 1997), while subsequent studies reported increased 

binding (Kreisl et al., 2013; Rao, Kim, Harry, Rapoport & Reese, 2013). A notable factor in 

the Kurumanji study is that it included an unusually high proportion of patients (7/13) that had 

abstained from  antipsychotics  for  40  days  or  more  prior  to  death.  Kreisl  et  al.  (2013)  

found 
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significantly increased binding of [3H]PBR28 in the DLPFC of schizophrenia patients, while 

Rao et al. (2013) also found increased microglial activation in the frontal cortex using CD11b. 

Rao et al. found increased expression of pro-inflammatory cytokines IL6, TNF-a and NF-κB 

in these patients, which may also be indicative of increased microglial activation, given that 

pro-inflammatory cytokines are released by activated microglia (Kettenman et al., 2011). 

Interestingly, Fillman et al. (2013) also found increased levels of IL-6, IL-8 and IL-1b in the 

white matter of patients with schizophrenia, which provides further evidence that pro- 

inflammatory cytokine gene-expression is increased in post-mortem brains of patients with 

schizophrenia. Therefore, evidence from post-mortem studies suggests that there is increased 

microglial activation in the frontal cortex of schizophrenia patients as assessed by protein 

quantification (Kreisl et al., 2013; Rao, Kim, Harry, Rapoport & Reese, 2013), which is 

accompanied by increased expression of pro-inflammatory cytokines in the same region (Rao 

et al., 2013), as well as in white matter of schizophrenia patients (Fillman et al., 2013). 

 

Given the absence of immunohistochemical ligands specific to activated microglia, 

assaying for complementary immune factors such as cytokines, chemokines and other 

inflammatory proteins is an alternative approach. A recent meta-analysis of post-mortem 

neuro-inflammation in schizophrenia concluded that the findings regarding widespread gliosis 

are generally negative. The microglial findings are mixed with a trend towards increases in 

schizophrenia but wide variability across studies (Trépanier et al., 2016). The meta-analysis 

revealed 11 out of 22 studies examined showed microglial number increases in schizophrenia, 

3 showed decreases and 8 showed no difference between patients and controls. However, other 

immunological markers such as serpin family A member 3 (SERPINA3) and interferon 

induced transmembrane protein (IFITM) were consistently increased in four and five studies, 

respectively (Trépanier et al., 2016). SERPINA3 an acute-phase protein, increased both during 

current  inflammatory  episodes  and  elevated  in  chronic  inflammatory  diseases  such  as 
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Alzheimer’s (Licastro et al., 1998) and multiple sclerosis (Ottervald et al., 2010). It is generally 

expressed in reactive astrocytes (Gopalan, 2005), which is interesting, given the lack of 

convincing gliosis in schizophrenia (Harrison, 1995; Trépanier et al., 2016). IFITM is an 

immune protein involved in combating viral infections such as influenza (Feeley et al., 2011). 

Both IFITM and SERPINA3 are therefore implicated in cases of acute inflammation, and the 

finding that they are consistently increased in neuropathological studies of schizophrenia 

(Trépanier et al., 2016) lends credence to the neuro-inflammatory hypothesis. 

 

However, there are discrepancies in both neuro-imaging and neuro-pathological studies of 

schizophrenia, which may indicate that inflammation occurs in a subgroup of patients. There 

is support for this hypothesis from a recent study by Fillman et al. (2013) who found that 

schizophrenia patients could be divided into a high and low inflammatory group based on gene 

expression levels of pro-inflammatory cytokines. Further evidence for the existence of a patient 

subgroup with a high inflammatory profile stems from the study by Busse et al. (2012), which 

showed that there was a significant difference in microglial number between patients with 

paranoid versus residual schizophrenia. This may indicate that patients experiencing active 

psychosis (paranoid schizophrenia group) may show greater microglial proliferation than the 

patients in a non-acute or quiescent state (residual schizophrenia group). It is also instructive 

to note that in the study by Busse et al. (2012) five out of the 17 patients with paranoid 

schizophrenia committed suicide, whereas none of the patients with residual schizophrenia 

took their own life, which again indicates that the paranoid schizophrenia group demonstrated 

both increased level of illness acuity and increased microglial number (Busse et al., 2012). 

Furthermore, when suicide was examined as a factor within the paranoid group it was found to 

be non-significant, suggesting that suicide was not the driving factor behind the increased 

microglial number. Rather, a possible driver for the increase in microglial number, may have 

been illness acuity, medication cessation or symptom severity, although this hypothesis was 
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not examined in their study (Busse et al., 2012). Suicide has been associated with increased 

microglial number in patients diagnosed with depression and schizophrenia, independent of 

their respective diagnosis (Steiner et al., 2008), suggesting that factors associated with suicide 

such as illness acuity or stress may have driven the microglial changes. Indeed, it has been 

proposed that microglial activation may be most apparent during acute illness relapses, which 

would also be consistent with the timing of brain structural changes (Cropley, Wood & 

Pantelis, 2013; Cropley & Pantelis, 2014). 

 

In summary, the investigation of microglia in post-mortem brains in schizophrenia is at a 

relatively early stage. The post-mortem determination of microglial density suffers from 

potential confounds such as sampling bias towards violent death and variation in 

methodological techniques across laboratories, which may explain the mixed findings. 

Encouraging steps have been taken recently towards assessing microglial activation rather than 

density, which include the use of immunohistochemical markers specific to microglial 

activation (Kreisl et al., 2013; Rao, Kim, Harry, Rapoport & Reese, 2013) as well as cytokine 

quantification in the brain as a corollary of microglial activation (Fillman et al., 2013, Rao et 

al., 2013). These studies have all shown an increase in microglial activation in post-mortem 

brains of patients with schizophrenia, which complement the positive findings seen in 

neuroimaging studies of microglial activation in this disorder discussed below (van Berckel et 

al., 2008, Doorduin et al., 2009). 

 

1.2.2 Evidence for peripheral inflammation in schizophrenia 
 

 

1.2.2.1 Cytokine proteins in psychosis 

 
Cytokines are signalling proteins of the immune system that bind to receptors on immune and 

non-immune cells and take part in key signalling cascades such as the TNF and Toll-like 

receptor pathways (Fineberg and Ellman, 2013). They exert their effects in the periphery and 

the CNS and may in the context of a permeable BBB cross the barrier into the brain (McCusker 
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and Kelley, 2013; Stock et al., 2013). Cytokines are regulators of acute and chronic 

inflammation and have many roles, including facilitating the immune response, and other 

physiological processes such as neurogenesis and coordinating innate and adaptive immunity. 

Cytokines can be broadly classified as pro-inflammatory (e.g. IL6, TNF , IL1, IFN)  serving 

to initiate and perpetuate the immune reaction, and others that are anti-inflammatory (IL10, 
 
IL13, IL4), responsible for reducing the inflammatory response and restoring the body to 

homeostasis (Fineberg and Ellman, 2013; Miller and Goldsmith, 2016b). Moreover, cytokines 

participate in complex feedback loops and can indirectly influence each other, for example IL4 

blocks the action of IFN.   However, many cytokines (e.g. IL5 and IL2) play both pro and 

anti-inflammatory roles, depending on the intracellular environment, therefore, the distinction 
 
between pro and anti-inflammatory cytokines can be subtle and context dependent (Wouter 

Beumer et al., 2012). 

 
 
 

 
Elevated peripheral cytokines are seen in schizophrenia, though there is no evidence of a 

biological gradient and cytokine dysregulation is not specific to the disorder (Manu et al., 

2014). Broadly speaking there is strong evidence for cytokine dysregulation in the form of 

increased pro-inflammatory and/or decreased anti-inflammatory cytokines at various stages of 

psychosis. Two major meta-analyses show very few negative studies (Goldsmith et al., 2016; 

Miller et al., 2011a), while a recent systematic review claimed that 92.7% of the 99 studies 

examined showed associations between primarily pro-inflammatory cytokine levels and 

psychosis (Rodrigues-Amorim et al., 2018). 

 

The results are most robust in the FEP cohort with significant elevations in IL1 IL6, IL12, 

TGF , TNFα and soluble interleukin 2 receptor (sIL-2R) identified across three meta-analyses 

(Goldsmith et al., 2016; Miller et al., 2011a; Upthegrove et al., 2014a). In addition, a recent 
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meta-analysis also found significant elevations in IL8 and IL10 but no differences in IL2, IL17 

and IL18 between FEP and healthy controls (Goldsmith et al., 2016). The only points of 

difference are that while IFN was elevated in two meta-analyses (Goldsmith et al.,  2016; 

Miller et al., 2011a), this was not replicated (Upthegrove et al., 2014a) . Similarly, the same 
 
study identified no difference in IL4 levels between FEP and controls (Upthegrove et al., 

2014a), however, a subsequent meta-analysis showed that IL4 was significantly decreased in 

FEP (Goldsmith et al., 2016). These discrepancies may be due to the introduction of 

medication, which has been shown to impact cytokine levels (Miller et al., 2011a), as the study 

featuring  null  results  for  IFN  and  IL4  consisted  solely  of  medication  naïve  patients 

(Upthegrove  et  al.,  2014a).  Overall,  there  is  strong  evidence  for  the  elevation  of  pro- 
 
inflammatory cytokines in FEP patients (IL1 , IL6, IL12, TGF, TNFa and soluble interleukin 

2 receptor sIL-2R) (Goldsmith et al., 2016; Miller et al., 2011a; Upthegrove et al., 2014a), with 

one study showing decreases in anti-inflammatory cytokine IL4 (Goldsmith et al., 2016), 

though this has not been replicated (Upthegrove et al., 2014a). 

 
 
 

 
Individuals undergoing acute relapse (AR) in psychotic symptoms, also feature pro- 

inflammatory cytokine elevations across various meta-analyses. The AR patients show 

elevations in pro-inflammatory cytokines IL6, TNFa, IFN, IL1, IL1Ra, IL12, IL8 and TGF , 

decreases in anti-inflammatory cytokine IL4 and no difference in IL2 levels across two meta- 
 
analyses (Goldsmith et al., 2016; Miller et al., 2011a). The only difference between the two 

studies is that while siL-2R was increased in the most recent study (Goldsmith et al., 2016), 

there was no difference between AR and controls in the first meta-analysis (Miller et al., 

2011a).  Therefore,  there  is  strong  cross-study  agreement  about  the  elevations  of  pro- 
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inflammatory cytokines in AR patients, whose pro-inflammatory profile resembles that of FEP 

patients. 

 

Indeed, this has led to the identification of some cytokines (IL1, IL6, TGF,) as state markers 

as opposed to trait markers of the disorder, on the grounds that they are elevated in FEP and 

AR individuals, but show no difference in stable chronic patients (Miller et al., 2011a). While 

this remains true for TGF , the more recent meta-analysis also showed elevations in IL1  and 

IL6 in chronic stabilised schizophrenia patients (Goldsmith et al. 2016), which calls  into 

question the concrete nature of these state/trait categorisations. 
 
 
However, evidence suggests that only certain cytokines respond to anti-psychotic treatment. 

The introduction of medication has been shown to decrease IL1  L4, IL6 levels, while 

siL2R and IL12 are increased and there is no difference in the levels of TGF , TNF   

and IL2 (Goldsmith et al., 2016; Miller et al., 2011a). While for the most part anti-psychotic 

medication 

is having a beneficial effect i.e. decreasing pro-inflammatory cytokine levels such as IL6 and 

IL1 it remains unknown why pro-inflammatory IL12 is elevated and anti-inflammatory IL4 

is reduced upon treatment. These  results  indicate  that  antipsychotic  medication  though 

primarily beneficial, may in some cases be contributing to the pro-inflammatory environment. 
 
 
Possibly due to the diverse impact of medication, there is less cross-study agreement in chronic 

schizophrenia patients, as opposed to FEP and AR individuals. Only TNF  levels have been 

demonstrated to be consistently elevated in chronic patients across all 3 studies, two meta- 

analyses (Goldsmith et al., 2016; Miller et al., 2011a) and a systematic review (Rodrigues- 

Amorim et al., 2018). IL1 and sil_2R were increased in two out of the three reviews cited. 

IL8 (Rodrigues-Amorim et al., 2018) and IL12 (Miller et al., 2011a) were found to be elevated 

in chronic schizophrenia, though this result has yet to be replicated. Moreover, IL6 levels which 

did not differ from healthy controls in the first meta-analysis (Miller et al. 2011), were 
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subsequently found to be elevated across two studies (Goldsmith et al., 2016; Rodrigues- 

Amorim et al., 2018) Similarly, while pro-inflammatory IFN was elevated in some studies 

(Miller et al., 2011a; Rodrigues-Amorim et al., 2018), it has also been found to be decreased 

in chronic patients (Goldsmith et al. 2016). Finally, IL10 shows both no difference (Goldsmith 

et al. 2016), and increases in chronic schizophrenia patients (Rodrigues-Amorim et al., 2018). 

In summary, there is strong evidence that TNF  is elevated, while IL2 is not elevated in chronic 

schizophrenia patients (Goldsmith et al., 2016; Miller et al., 2011a; Rodrigues-Amorim et al., 

2018). There is evidence that IL8 (Rodrigues-Amorim et al., 2018) and IL12 (Miller et al., 

2011a) are also elevated, however the results regarding IL6, IFN and IL10 are mixed. There 

are therefore cross study discrepancies regarding chronic stabilised schizophrenia  patients, 

potentially due to the long term and varying impact of medication on cytokine levels. 
 
 
The research cited above indicates that FEP and AR patients share a strong pro-inflammatory 

profile consisting of elevations in pro-inflammatory cytokines IL1 IL6, IL12, TGF  and for 

the most part siL-2R and IFN (Goldsmith et al., 2016; Miller et al., 2011a;  Rodrigues- 

Amorim et al., 2018) . There is also some evidence that anti-inflammatory IL4 may be 

decreased in these patient populations (Goldsmith et al., 2016). Chronic schizophrenia patients 

display a more varied profile with evidence that TNFa and possibly IL12, IL8 are elevated, 

with  some  increases  detected  in  IL6,  IFN  and  IL10,  though  those  results  are  

mixed. 

Interestingly, across all studies examined, there were no differences between patients and 
 
controls in IL2 levels at any stage of illness, indicating that it is likely not implicated in 

schizophrenia. In keeping with this its soluble receptor siL-2R, which acts in a counter- 

regulatory manner (Miller and Goldsmith, 2016b), has found to be elevated in FEP and AR 

(Goldsmith et al., 2016; Miller et al., 2011a; Upthegrove et al., 2014a). 
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Given the significant cytokine dysregulation identified in FEP and AR populations, it is 

interesting that very few studies have examined the clinical significance of this dysregulation. 

Most meta-analyses (Goldsmith et al., 2016; Upthegrove et al., 2014a), have not examined the 

relationship between clinical symptoms and cytokines, probably due to the paucity of studies 

examining this phenomenon. Indeed, the most recent systematic review cites only 12 out of 99 

studies (12.1%) examining associations between cytokine levels and clinical symptoms 

(Rodrigues-Amorim et al., 2018). Generally, with one exception (Hope et al., 2013), these 

studies found no associations between positive symptoms and cytokine levels, indicating that 

florid psychotic symptoms are unlikely to be associated with cytokine proteins. Most 

associations were identified between isolated cytokines such as IL6, IL17, TNFα and TNFR1 

and negative (Garcia-Rizo et al., 2013; Xiu et al., 2014) or total (e.g. total PANSS) symptoms 

scores (Debnath and Berk, 2014; Dimitrov et al., 2013; Zhang et al., 2016). Finally, the only 

meta-analysis to examine the relationship between cytokines and clinical symptoms found that 

only IL6 was significantly associated with duration of illness (3/4 studies) and total 

psychopathology (2/5 studies). TNFα, IL1-RA and IL2 were not associated with clinical 

symptoms, however, as there were only seven studies investigating this question, definitive 

conclusions cannot be drawn (Miller et al., 2011a). It seems therefore, that despite the 

indications that cytokine dysregulation is a feature particularly of FEP and AR individuals, 

more research is required to illuminate the clinical significance of these elevations. 

 

Generally, the study of peripheral cytokines in psychosis and schizophrenia is at a relatively 

early stage. There are significant variations in methodology across blood type used (plasma or 

serum), assay method (ELISA or multiplex) and variations in individuals’ age, lifestyle and 

medication regimes. While stage of illness has generally been examined separately e.g. FEP 

vs. AR vs. chronic schizophrenia, the small sample sizes and methodological variations render 

it  difficult  to  draw  definitive  conclusions.  Moreover,  the  methods  used  for  cytokine 
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quantification have also been questioned; the current method involves assaying for absolute 

cytokine levels in blood. However, given that some cytokines work in opposition to each other, 

it has been suggested recently that cytokine ratios such as IFN/IL4 and TNF/IL10 may be 

more informative (Miller and Goldsmith 2016). Finally, studies vary widely in the degree to 

which they control for confounding variables such as current medication, fasting, smoking, 

drug use and BMI. Given the prevalence of medication and drug use, as well as metabolic 

disturbances in psychosis (Rojo et al., 2015; Sharma et al., 2014), it is important to develop a 

consensus on how to treat this data in order to discern subtle differences in cytokine levels 

across patient populations. 

 

In conclusion, there is convincing evidence of cytokine dysregulation particularly in FEP and 

AR populations, while the picture in chronic schizophrenia remains opaque. Certain 

cytokines such as IL6, IFN and TNFα are more likely to be dysregulated across stages of 

illness and could be considered trait markers. However, pro-inflammatory cytokines such as 
 
TGF IL1b and siL-2R are elevated, while anti-inflammatory IL4 is decreased exclusively 

in FEP and AR, indicating that they could be state markers, though this distinction is by no 

means concrete (Goldsmith et al., 2016; Miller et al., 2011a; Rodrigues-Amorim et al., 2018) 

 
. Moreover, limited studies have examined the clinical significance of these cytokine 

deviations, with a tentative relationship emerging between increases in pro-inflammatory 

cytokines and negative (Garcia-Rizo et al., 2013; Xiu et al., 2014) or total symptom scores 

(Debnath and Berk, 2014; Dimitrov et al., 2013; Zhang et al., 2016).  Furthermore, the 

methodology used to assay cytokines and statistically treat the data, in addition to controlling 

for important confounding variables such as BMI and medication varies widely, making it 

difficult to compare across studies. Generally, a unified rigorous approach is required where a 

common methodology is used and stage of illness is correctly identified in larger sample 
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sizes, in order to determine the clinical significance of these cytokine deviations across stages 

of psychosis. 

 
 
 

 
1.2.2.2 Complement proteins in psychosis 

 
The complement system consists of approximately 50 plasma proteins forming molecular 

cascades that activate each other in a sequential manner. Protease molecules perform a series 

of sequential cleavages that divide complement molecules into two components. One of these 

components acts as an anaphylatoxin that mediates the inflammatory response, while the 

second combines with other complement components to continue the complement cascade 

(Carroll and Sim, 2011). 

 

The complement cascade has many functions ranging from facilitating phagocytosis to 

synaptic pruning and operates via three pathways (classical, alternative and lectin pathways), 

dependent on the method of activation (Carroll and Sim, 2011; Veerhuis et al., 2011). In 

addition to functions such as opsonising invading pathogens and attracting phagocytic cells to 

the site of inflammation, all three pathways converge on the formation of the membrane 

attack (MAC) complex that leads to cell lysis (Carroll and Sim, 2011; Tichaczek-Goska, 

2012). 

 

Classical complement cascade 
 
 
In recent years our understanding of complement proteins has moved from simply supporting 

the immune system to playing a decisive role in neurodevelopment through various functions 

such as the pruning of synapses (Orsini et al., 2014; Stephan et al., 2012; Stevens et al., 

2007). Synaptic pruning is primarily associated with the classical complement pathway 

(Stephan et al., 2012). The classical pathway is activated by the binding of a wide range of 

stimuli such as antigen antibody complexes and cellular debris to C1q (Carroll and Sim, 
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2011).  C1q is bound to proteases C1r and C1s forming the C1 complex that is initially inert. 

Upon binding of a stimulus, C1q undergoes a conformational change that activates the 

protease C1r, which cleaves and therefore activates C1s. The C1s protease cleaves C2 and C4 

thus generating another molecule C4b2b termed the C3 convertase, as it is responsible for the 

activation of the C3 molecule that plays a central role in the complement cascade. C3 

convertase activates the C3 molecule by cleaving it into C3a and C3b. C3a is an 

anaphylatoxin that mediates the inflammatory response through vasodilation and chemotaxis, 

while C3b ensures the continuation of the classical complement cascade by binding to C3 

convertase to generate C5 convertase (C4b2b3b). C5 convertase cleaves the C5 protein into 

C5a, which like C3a is an anaphylatoxin and C5b. C5b interacts with C6, C7, C8 and C9 to 

form the end product of the classical complement cascade, the membrane attack complex 

(MAC). 

 

The MAC creates pores on the target cell membranes leading to cell lysis. It is in this manner 

that the classical complement cascade ensures the extermination of cells, whether they are 

invading bacterial cells or neurons and synapses targeted for destruction during periods of 

synaptic pruning.  Indeed, complement proteins have been localised to developing synapses, 

targeting synapses for opsonisation and subsequent elimination by macrophages (Stevens et 

al., 2007). The complement proteins C1q and its downstream target C3 are critical 

components in synaptic elimination, without which animal models exhibit deficits in synaptic 

connectivity (Stephan et al., 2012; Stevens et al., 2007). 

 

Connectivity deficits are observed in schizophrenia (Di Biase et al., 2017; Su et al., 2013; 

Voineskos, 2014) , proposed to arise from over-pruning of synapses during adolescence 

(Feinberg, 1982). In a series of studies, Sekar and colleagues (2016) demonstrated that copy 

number variants of the C4 gene were associated with both increased C4A mRNA levels in 

brain and increased risk of schizophrenia. In this same report, the authors demonstrated a role 
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for C4 in synaptic pruning in developing mice (Sekar et al., 2016), supporting previous 

studies showing that developmentally timed synaptic pruning in the brain required both C1q 

and C3 (Bilimoria and Stevens, 2014; Stevens et al., 2007). Complement proteins are 

therefore understood to not only support the immune system but also play a critical role in 

neurodevelopment (e.g. synaptic elimination) (Stephan et al., 2012; Stevens et al., 2007). 

This suggests that abnormal activation of the complement cascade might contribute to the 

pathogenesis of schizophrenia, and in particular the loss of cortical grey matter observed in 

the illness (Olabi et al., 2011; Sekar et al., 2016). 

 

Despite the interpretation that an over-active complement system may predispose individuals 

to develop schizophrenia, findings implementing complement dysregulation have been 

mixed. While a number of studies have found increased levels of C1q (Arakelyan et al., 2011; 

Hakobyan et al., 2005; Severance et al., 2012), C3 (Boyajyan et al., 2008, 2010; Hakobyan et 

al., 2005; Maes et al., 1997; Santos Soria et al., 2012) and C4 in peripheral blood in 

schizophrenia (Hakobyan et al., 2005; Mayilyan et al., 2006); decreased C1q (Idonije et al., 

2012), C3 (Idonije et al., 2012; Li et al., 2016a) and C4 (Li et al., 2012; Karine R Mayilyan et 

al., 2008) levels have also been observed. Several studies have also found no difference in C3 

(Arakelyan et al., 2011; Kopczynska et al., 2017) or C4 (Idonije et al., 2012; Kopczynska et 

al., 2017; Santos Soria et al., 2012) levels between psychosis patients and healthy controls. 

Indeed, C1q is most consistently elevated in schizophrenia (Arakelyan et al., 2011; Hakobyan 

et al., 2005; Severance et al., 2012), while C3 and C4 are characterised by more mixed 

results. 

Recent studies suggest decreased complement proteins in individuals with first episode 

psychosis (FEP) (Idonije et al., 2012; Li et al., 2012), but increased levels at later stages of 

the illness (Boyajyan et al., 2010; Kopczynska et al., 2017; Santos Soria et al., 2012). To 

date, only one study has examined complement proteins across different stages of 
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schizophrenia in the same study (Idonije et al., 2012). Contrary to evidence for increased 

activation of the complement cascade in the development of schizophrenia (Sekar et al., 

2016), this study found evidence for decreased levels of C1q at both early and established 

stages of illness, whereas C3c levels were decreased in only recently diagnosed patients 

(Idonije et al., 2012). Nevertheless, another study found no difference in complement protein 

levels, including C1q and C3, between FEP patients and healthy controls (Kopczynska et al., 

2017).  Therefore, it remains unclear whether peripheral complement levels differ in cases 

compared to controls and change over the course of illness. It is likewise unclear whether 

peripheral complement levels are related to CNS levels and how this relates to changes in 

synaptic pruning. 

Similarly, it is difficult to determine whether complement protein levels are related to current 

symptomatology or clinical presentation. Generally, the findings are mixed, with studies of 

remitted patients showing both increased (Mayilyan et al., 2006)  and decreased C4 

(Mayilyan et al., 2008). Moreover, increased C4 (Mayilyan et al., 2006) and C3 (Boyajyan et 

al., 2010) have been identified in both remitted and acutely ill participants, indicating that 

complement protein may not be associated with current clinical presentation. To date, only 

two studies have explicitly examined the association between complement proteins and 

current symptomatology; these studies reported associations between increases in C3 and C4 

(Morera et al., 2007) and decreases in C3 (Li et al., 2016a) and symptom severity. However, 

examination of relationships between single proteins and symptom domains are typically 

inconsistent. Rather, a multivariate approach assessing the relationship between the profile or 

pattern of complement proteins and symptoms might be more informative, as demonstrated 

with other sets of variables (Moser et al., 2017). While the studies examined above indicate 

that complement protein is not associated with symptom remission, given their small sample 
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sizes future studies are required to investigate the relationship between complement proteins 

and current clinical symptomatology. 

 
 
 

The impact (if any) of medication on complement protein is likewise unclear. Unmedicated 

psychosis patients show both increases in C4 and C3 (Boyajyan et al., 2008; Maes et al., 

1997) and decreases in C3 (Hakobyan et al., 2005; Idonije et al., 2012). The findings are less 

ambiguous in medicated participants. Medicated participants show increases in C3 (Boyajyan 

et al., 2008; Hakobyan et al., 2005), with one study showing C3 was elevated in medicated 

compared to drug naïve patients (Boyajyan et al., 2010). In conclusion, there is some 

evidence for increased complement protein in medicated schizophrenia patients however both 

drug free and medicated psychosis patients show increased complement protein (Maes et al. 

1997; Boyajyan et al. 2008; 2010), which indicates that increases in complement protein 

detected in schizophrenia, cannot be attributed solely to medication. Finally, only C3 and C4 

have been assayed across medicated and drug free populations and given the small sample 

sizes, a potential impact of anti-psychotic medication on complement proteins cannot be 

ruled out. 

 

Aside from medication, factors such as age, BMI, smoking and drug use that may influence 

peripheral complement levels, are often inadequately controlled for in these studies. 

Furthermore, the assays used in these studies also show variation, ranging from protein 

assays (e.g. ELISA and nephelometry) (Idonije et al., 2012; Maes et al., 1997) as well as 

more direct methods of assaying complement activity such as haemolytic activity and 

antibody binding assays (Boyajyan et al., 2010; Mayilyan et al., 2006; Severance et al., 

2012). 

 

Generally, the findings reviewed above are mixed with both increases (Arakelyan et al., 

2011; Boyajyan et al., 2008, 2010; Hakobyan et al., 2005; Maes et al., 1997; Mayilyan et al., 
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2006; Santos Soria et al., 2012; Severance et al., 2012)and decreases (Idonije et al., 2012; Li 

et al., 2016b; Mayilyan et al., 2008; Li et al., 2012) in complement identified at various stages 

of schizophrenia. Moreover, the clinical significance of complement protein is unclear with 

only two studies investigating the relationship between these proteins and clinical symptoms, 

with conflicting results (Li et al., 2016b; Morera et al., 2007). Given the diversity of 

molecular techniques, medication regimes, sample size and clinical status across studies, as 

well as the degree to which lifestyle factors (e.g. BMI, smoking) have been statistically 

handled, it remains difficult to draw definitive conclusions about the state of peripheral 

complement protein in schizophrenia. There is a need therefore to investigate a variety of 

complement proteins across different stages of psychosis in relation to clinical symptoms, 

within one study that employs the same molecular and statistical techniques. This method 

would help distinguish the respective contributions of molecular technique, medication and 

illness stage to complement protein levels and the clinical presentation of each patient. 

 

 
 
 

1.3 Inflammation and mGluR5 in schizophrenia 
 

1.3.1 Glutamate dysregulation in psychosis 
 

 

The “neuroinflammatory hypothesis “of schizophrenia, though compelling, is likely not the 

sole contributor to structural brain deficits in psychosis (Ellison-Wright et al., 2008; Fornito 

et al., 2009; Haukvik et al., 2013). Volumetric deficits have also been associated with 

aberrant glutamatergic activity in the brains of schizophrenia patients (Aoyama et al., 2011; 

Hansen et al., 2013; Kraguljac et al., 2013; Théberge et al., 2007). 

 

Glutamate is the primary excitatory neurotransmitter (de la Fuente-Sandoval et al., 2011) and 

glutamate-mediated excitotoxicity has been linked to cellular dysfunction and synaptic 

degeneration in schizophrenia (Lau and Tymianski, 2010). In addition, there is evidence that 

alterations in glutamate receptors such as N-methyl-D-aspartate receptor (NDMAR) and 
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related structural molecules e.g. metabotropic glutamate receptor 5 (mGlur5) produce 

psychosis phenotypes in animal studies (Burrows et al., 2015) (see section 1.3.4 The mGluR5 

mouse model of psychosis). 

 

Furthermore, research suggests that glutamatergic and neuroinflammatory processes may 

work in concert with each other to mediate the symptoms of schizophrenia and associated 

structural brain changes. Bidirectional influences between microglia and glutamate exist. For 

example microglia are known to produce high amounts of glutamate (Piani et al., 1991), 

whereas glutamate can act as a chemotactic agent for microglia through glutamate receptors 

(such as mGlur5) expressed on microglia cells (Liu et al., 2009). Together, these studies 

suggest that glutamate may influence neuroinflammatory processes to mediate the 

neurostructural changes seen over the course of the illness. 

 

Given the potential contribution of glutamate to the volumetric deficits identified in 

schizophrenia, the following chapter provides a brief overview of the glutamatergic NMDAR 

hypofunctioning hypothesis of schizophrenia. The mGluR5 molecule is identified as a crucial 

player in the functioning of the NMDAR synapse and the mGluR5 Knock out (KO) mouse 

model of psychosis is introduced that displays endophenotypes of schizophrenia. Finally, 

evidence is provided for an interaction between mGluR5 and inflammation at the cellular 

level, that may have important implications for schizophrenia. 

 
 
 

1.3.2 The NMDAR hypo-functioning theory of schizophrenia 
 
 
 
 

The NMDAR hypo-functioning theory of schizophrenia stems from observations that clinical 

administration of NMDAR antagonists produced both positive, negative and cognitive 

symptoms of SCZ in healthy volunteers (Javitt and Zukin, 1991; Kantrowitz and Javitt, 2012), 

while exacerbating the symptomatology of schizophrenia patients (Lahti et al., 1995).  The 
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most recent formulation of the NMDAR hypo-functioning theory proposes that NMDAR 

receptors on gamma-aminobutyric acid (GABA)-ergic interneurons are particularly reduced in 

their capacity to signal, which leads to the disinhibition of the pyramidal neurons they normally 

inhibit and an overall increase in glutamatergic activity (Moghaddam and Krystal, 2012; Stone 

et al., 2007). The theory that NMDAR antagonism can lead paradoxically to increased 

glutamatergic activity is supported by studies that have shown administration of an NMDAR 

antagonist leads to increased levels of glutamate in healthy volunteers, as measured by proton 

magnetic resonance spectroscopy (1H-MRS) (Rowland et al., 2013; Stone et al., 2012). 

 
 
 
1.3.3 The NMDAR synapse 

 

 
 
 

Considering the NMDAR hypo-functioning hypothesis, it is noteworthy that NMDAR subunit 

expression is decreased in post-mortem schizophrenia brains (Beneyto et al., 2007; Vrajová et 

al., 2010; Weickert et al., 2012). These post-mortem differences are not limited to the NMDAR 

but extend to other proteins such as post-synaptic density 95 (PSD-95) and SH3 and multiple 

ankyrin repeat domains 3 (Shank3) that stabilise the NMDAR synapse and ensure its smooth 

functioning (Clinton and Meador-Woodruff, 2004; Kristiansen et al., 2010; Toro and Deakin, 

2005). Furthermore, mutations in proteins that form the NMDAR complex such as PSD-95 

(Hall et al., 2014; Kirov et al., 2012) Homer (Gilks et al., 2010; Norton et al., 2003; Spellmann 

et al., 2011) and Shank (Gauthier et al., 2010; Lennertz et al., 2012) have been associated with 

increased risk of schizophrenia in several genetic association studies, a finding that further 

implicates the NMDAR synapse in the pathogenesis of this disorder. 

Another molecule that forms part of the NMDAR synapse and is proposed to modulate 

NMDAR functioning is the post-synaptic mGluR5. Unlike many of the synaptic scaffolding 

proteins mentioned here, mGluR5 expression has been extensively investigated in the post- 
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mortem schizophrenia brain. With the exception of one study (Fatemi et al., 2013), the post- 

mortem findings in cortical (PFC) or subcortical (thalamus, striatum and HPC) areas have 

found no difference in either mRNA (Ohnuma et al., 2000; Ohnuma and Arai, 2011; 

Richardson-burns et al., 1999) or protein expression (Corti et al., 2011; Gupta et al., 2005) of 

mGluR5 in schizophrenia. These negative post-mortem findings regarding mGluR5 in 

schizophrenia have raised the possibility that it is not expression of mGluR5 which is altered 

in schizophrenia but rather mGluR5 signalling (Matosin and Newell, 2013). This is particularly 

pertinent considering that mGluR5 is coupled to the NMDA receptor and helps potentiate its 

function (Benquet et al., 2002). Furthermore, as we have seen, several scaffolding proteins that 

serve to traffic and anchor mGluR5 to the post-synaptic membrane such as Homer, Shank and 

PSD-95 have all been implicated in schizophrenia (Gilks et al., 2010; Hall et al., 2014; Lennertz 

et al., 2012; Norton et al., 2003; Spellmann et al., 2011) . 

In addition, there is strong genetic and post-mortem evidence for the involvement of 

molecules such as neuregulin 1 (NRG1) and its receptor Erb4 in the pathophysiology of 

schizophrenia (Hashimoto et al., 2004; Munafò et al., 2006). NRG1 is involved in the 

regulation of glutamatergic signalling and has recently been shown to engage in reciprocal 

signalling with the NR2 subunit of the NMDAR (Geddes et al., 2011). Interestingly, mGluR5 

has been shown to drive the developmentally important switch from the NR2B subunit to 

NR2A, with mGluR5 KO mice displaying deficiencies in this switch (Matta et al., 2011). This 

neurodevelopmental switch is considered critical to the development of parvalbumin 

containing interneurons, which are heavily implicated in the NMDAR hypo-functioning theory 

of schizophrenia (Kinney et al., 2006; Zhang and Sun, 2011). Therefore, mGluR5 occupies an 

important position within the NMDAR complex, with the ability to influence both its 

developmental trajectory (Matta et al., 2011) and its functioning (Benquet et al., 2002) and may 

be one of the main drivers of the NMDAR hypo-functioning theory of schizophrenia. 
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1.3.4 mGluR5 KO mouse model of psychosis 

 
The mGluR5 KO mouse line (Grm5tm1Rod) displays absence of mGluR5 receptors from all 

cellular types (Burrows et al., 2015). It is therefore a useful tool for studying the effects of 

mGluR5 deletion or impairment on brain and behaviour. 

 

The mGluR5 KO mouse is linked to the NMDAR hypo-functioning theory of schizophrenia 

(see section 1.3.2), given that mice lacking the mGluR5 receptor show decreased expression 

of NMDAR subunits (Luoni et al., 2018). Moreover, the decrease in NMDAR subunits was 

localised to the hippocampus and PFC, both regions implicated in psychosis (Ellison-Wright 

et al., 2008; Velakoulis et al., 2006) and accompanied by decreases in reelin (Fatemi et al., 

1999; Harvey and Boksa, 2012) also seen in schizophrenia. Taken together these findings 

suggest that the mGluR5 KO mouse displays a molecular phenotype suggestive of 

schizophrenia, which could be probed to reveal the underlying biomolecular causes of the 

disorder. 

 

In addition to these molecular features, the mGluR5 KO mouse demonstrates behavioural 

phenotypes of relevance to schizophrenia. Firstly, in keeping with the NMDAR hypo- 

functioning hypothesis of schizophrenia, mGluR5 KO mice have an enhanced response to 

treatment with the NMDAR antagonist MK801, as assessed by measurements of activity and 

locomotion (Burrows et al., 2015; Gray et al., 2009; Lipina et al., 2007). Evidence of 

NMDAR dysfunction is also seen in the absence of NMDAR-mediated long-term 

potentiation in hippocampal neurons of mGluR5 KO mice (Jia et al., 1998; Lu et al., 1997). 

Accordingly, these mice show memory and cognitive deficits akin to those seen in 

schizophrenia patients (Burrows et al., 2015; Gray et al., 2009; Lu et al., 1997).  Further 

evidence of a schizophrenia phenotype is suggested by the observation that mGluR5 KO 

mice show reduced pre-pulse inhibition (PPI)(Brody and Geyer, 2004; Burrows et al., 2015; 
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Kinney, 2003; Lipina et al., 2007). The PPI behavioural test involves the administration of a 

weak pre-pulse acoustic stimulus, which under normal circumstances, inhibits the animal’s 

response to a subsequent stronger stimulus. Reduced PPI indicates an inability to inhibit the 

response to the second startling stimulus. It is therefore thought to represent an incapacity to 

filter out irrelevant stimuli and is considered a neurological correlate of the positive 

symptoms of schizophrenia (van den Buuse, 2010). The mGluR5 KO mouse therefore 

demonstrates some of the symptoms of psychosis as evidenced by sensorimotor processing 

deficits (Brody and Geyer, 2004; Burrows et al., 2015; Kinney, 2003; Lipina et al., 

2007)cognitive impairments (Burrows et al., 2015; Gray et al., 2009; Lu et al., 1997) and 

sensitivity to NMDAR antagonists (Gray et al., 2009; Lipina et al., 2007). Importantly, some 

of these deficits were reversed by therapeutic interventions such as environmental enrichment 

(Burrows et al., 2015) or upon treatment with atypical antipsychotics such as clozapine (Gray 

et al., 2009), which further strengthens the association with schizophrenia. 

 

The evidence reviewed here suggests that the mGluR5 KO mouse displays both behavioural 

and biomolecular phenotypes of schizophrenia. These phenotypes are not exclusive to 

psychosis but share features with other neuropsychiatric disorders such as autism. This 

overlap mirrors the behavioural and molecular similarities seen in human populations and 

presents an opportunity for investigations that cross disorder boundaries. 

 

1.3.3 Evidence for cellular interaction between mGluR5 and inflammation 
 

 

It has been proposed that microglial activation and NMDA hypo-functioning may interact 

contributing to certain aspects of the underlying pathogensis of schizophrenia (Müller, 2008; 

Steiner et al., 2012). In addition, the interaction between mGluR5 and microglial activation has 

been investigated by several in vitro studies. 

Three studies found that stimulation of the mGluR5 receptor on microglial cells had an anti- 

inflammatory effect, decreasing the amount of TNF-α, nitric oxide (NO) and NF-kB released 
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from microglial cells in response to inflammatory assault (Byrnes et al., 2009a; Loane et al., 

2009; Qiu et al., 2015). Moreover, stimulation of the mGluR5 receptor not only reduced 

microglial activation but also increased neuronal viability as assessed by numbers of surviving 

neurons in neuronal/microglial co-cultures (Byrnes et al., 2009a; Loane et al., 2009; Qiu et al., 

2015) . These studies therefore constitute strong in vitro evidence for an interaction between 

mGluR5 and microglial activation, which has the potential to positively affect neuronal 

survival. 

Other in vitro studies found that mGluR5 expression is increased in response to microglial 

activation, which in light of the findings cited above, may represent an attempt to counteract 

the inflammatory response (Berger et al., 2012; Liu et al., 2014). Interestingly, Berger et al. 

(2012) found decreased baseline levels of mGluR5 expression in amyotrophic lateral sclerosis 

(ALS) cells, which indicates that mGluR5 may be under-expressed in inflammatory disorders 

such as ALS or even schizophrenia. In keeping with this hypothesis, decreased mGluR5 

activation was observed in mice that had undergone prenatal immune challenge (Arsenault et 

al., 2014b). These animals displayed anxiety and decreased mGluR5 activation following PET 

scans in adolescence, indicating that neuroinflammation during crucial developmental periods 

may modulate the pathophysiology of the mGluR5 receptor. Decreased mGluR5 gene and 

protein expression have also been found in the cerebellum and prefrontal cortex (PFC) of 

schizophrenia patients (Fatemi et al., 2013). 

In accordance with the in vitro finding that mGluR5 gene expression increases in 

response to microglial activation (Berger et al., 2012; Liu et al., 2014), upregulation of 

mGluR5 was also seen in mouse pups whose mothers had been infected with poly (I:C) )], the 

bacterial endotoxin lipopolysaccharide (LPS) in the late stages of pregnancy (Arsenault et al., 

2014a). Prenatal infection, as we have seen, is an epidemiological risk factor for schizophrenia 

(Brown and Derkits,  2010;  Pearce, 2001)  and animal  models of prenatal infection have 
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demonstrated neuropsychiatric symptoms, such as sensorimotor and cognitive deficits that 

characterise schizophrenia (Macêdo et al., 2012; Meyer, 2013; Patterson, 2009). The finding 

that mGluR5 expression is upregulated in pups exposed to prenatal inflammation (Arsenault et 

al., 2014a), highlights a potential role for mGluR5 in modulating inflammation at a systems 

level, which is complimentary to the in vitro findings at the beginning of this section (Berger 

et al., 2012; Byrnes et al., 2009b; Liu et al., 2014; Loane et al., 2009). In addition to the study 

by Arsenault et al. (2014), another study found that neonatal inflammation in the form of a 

hippocampal lesion also increased mGluR5 expression as well as microglial activation. 

(Drouin-Ouillete et al. 2011). Moreover, a study using in vivo imaging found both increased 

microglial and mGluR5 activation in the PFC and hippocampus in a mouse model of 

schizophrenia (Choi et al., 2015). Finally, administration of an mGluR5 agonist significantly 

decreased microglial activation and neuronal degeneration following traumatic brain injury in 

rate (Wang et al., 2013). Taken together, these studies indicate an association between 

microglial activation and an increase in mGluR5 expression, possibly in an attempt to 

counteract the inflammatory process, a hypothesis that is in keeping with the anti-inflammatory 

role mGluR5 has been shown to play in vitro (Berger et al., 2012; Byrnes et al., 2009b; Loane 

et al., 2009). 

However, while animal and in vitro studies indicate that the mGluR5 receptor exerts an anti- 

inflammatory effect, it remains to be seen whether inflammation is increased due to the 

absence of the mGluR5 receptor. The mGluR5 KO mouse as we have seen (section 1.3.2.3 

The mGlur5 mouse model of psychosis), is an animal model that displays endophenotypes of 

psychosis and related neuropsychiatric disorders such as autism. Despite the links between 

mGluR5 and inflammation highlighted in the current section, the state of neuroinflammation 

in the mGluR5 KO mouse has yet to be examined. We therefore undertook a microglial cell 

count in the mGluR5KO mouse (see Chapter 2 Decreased expression of mGluR5 within the 
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dorsolateral prefrontal cortex in autism and increased microglial number in mGluR5 

knockout mice: pathophysiological and neurobehavioral implications). 

 
 
 
 
 

1.4 The effect of inflammation on the brain 
 

 
1.4.1 Inflammation and brain structure in animal models of psychosis 

 
 
 
 

Following the epidemiological evidence linking prenatal infection to the development of 

psychosis, several translational animal models have been developed. These involve the 

induction of infection in the pregnant dam followed by the behavioural and biomolecular 

assessment of the offspring. A variety of infectious agents have been employed; primarily 

injection with the viral mimic porpolyriboinosinic-polyribocytidilic acid [Poly(I:C)], the 

bacterial endotoxin LPS and influenza (Meyer, 2014).  In some cases, infection has been 

induced in the mouse pups themselves at a subsequent neurodevelopmental stage such as 

adolescence (Eßlinger et al., 2016). In addition to the prenatal period, adolescence is of 

crucial neurodevelopmental importance, as it is the stage at which psychotic symptoms first 

appear (Brown, 2011). 

 

It should be noted at this point, that animal models can never encompass the complexity of a 

neuropsychiatric disorder such as schizophrenia, as it manifests in a human. Rather, their 

purpose is to model certain endophenotypes of each disorder. An endophenotype represents a 

narrower component of the disorder (e.g. it may involve only the positive or cognitive 

symptoms of schizophrenia), but is nonetheless a heritable feature that can be seen to vary in 

severity across families (Gould and Gottesman, 2006). 

 

As the neuropathological mouse models reviewed below display only certain symptoms or 

endophenotypes of schizophrenia, there are times when they apply equally to related 
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neuropsychiatric disorders such as autism. The relevance of animal models across disorders is 

further highlighted in Chapter 5 Increased microglial numbers in mGluR5 KO mice, where it 

is noted that the mGluR5 mouse displays endophenotypes of both schizophrenia and autism. 

Importantly, human studies also indicate significant overlap between the symptom profiles of 

neuropsychiatric disorders, as for example the shared genetics (Doherty and Owen, 2014), 

neuroimaging (Baribeau and Anagnostou, 2013) and cognitive symptom profiles (Cheung et 

al., 2010) across autism and schizophrenia. Similarly, prenatal inflammation has been 

associated not only with psychosis but also with other neuropsychiatric disorders such as 

autism and bipolar (Patterson, 2009). 

 

The mouse models reviewed below therefore, while not always specific to schizophrenia can 

nonetheless shed light on the potentially causative nature of inflammation. These studies also 

allow for the investigation of the interaction between prenatal infection and a variety of 

environmental factors such as stress, adolescence, drugs and subsequent infection (Eßlinger 

et al., 2016; Meyer and Feldon, 2009b). This is in keeping with the ‘two hit hypothesis’ of 

schizophrenia, where a subsequent stressor stimulates the emergence of clinical symptoms in 

addition to the pre-existing genetic and/or inflammatory load (Deslauriers et al., 2013a; van 

den Buuse, 2010). 

 
 
 

 
Most animal models of psychosis utilise the pre-natal infection protocol, wherein an immune 

reaction is provoked in the pregnant dam and the pups are behaviourally assessed. As the pre- 

natal environment is particularly susceptible to infection, an infectious assault may have 

long-lasting neurodevelopmental consequences, stemming from impairments in neuronal 

differentiation and migration occurring during this period (Bilimoria and Stevens, 2014; 

Gumusoglu and Stevens, 2018; Meyer, 2014). This also explains the overlap between the 
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symptom profiles of various neuropsychiatric disorders referred to above such as autism, 

bipolar and schizophrenia, proposed to have neurodevelopmental origins and linked to 

prenatal infection (Patterson, 2009). 

 

All infectious agents used to induce prenatal inflammation in mice produced alterations in 

sensorimotor gating (Meyer, 2014; Meyer and Feldon, 2009b). Sensorimotor gating refers to 

a series of behavioural assessments such as the PPI test. Reduced PPI represents an 

incapacity to filter out irrelevant stimuli and is considered a neurological correlate of the 

positive symptoms of schizophrenia (van den Buuse, 2010). Prenatal infection is therefore 

linked to the development of positive psychotic symptoms in mouse models of 

schizophrenia, regardless of the infectious agent used  (Meyer, 2014; Meyer and Feldon, 

2009b). 

 

Similarly, many infectious agents produce decreases in social and exploratory behaviour in 

murine offspring, which can be seen as representing the affective or negative symptoms of 

schizophrenia (Bilimoria and Stevens, 2015; Meyer, 2014; Meyer and Feldon, 2009b). 

Finally, the administration of poly(I:C) in pregnant mothers, produces working memory, 

cognitive flexibility and selective attention deficits  (Bilimoria and Stevens, 2015; Meyer, 

2014; Meyer and Feldon, 2009b), which correspond to the cognitive impairments in 

schizophrenia. 

 

Therefore, prenatal infection can result in positive, negative and cognitive endophenotypes of 

schizophrenia. Interestingly, the severity of these behavioural changes appears to depend on 

the intensity of the immune reaction as measured by the release of pro-inflammatory 

cytokines, indicating a dose-response and highlighting the importance of cytokines in the 

immune response (Shi et al., 2003).  Furthermore, the administration of IL6 alone to pregnant 
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dams, produces similar brain and behavioural changes to the administration of infectious 

agents such as poly(I:C) (Samuelsson, 2005; Smith et al., 2007). Moreover, when the action 

of IL6 is blocked, the behavioural impairments are reversed, indicating that cytokines may be 

mediating the relationship between prenatal infection and altered brain changes in 

schizophrenia (Samuelsson, 2005). There is evidence that this ability may be unique to IL6 as 

TNFα and IL1b do not produce these effects (Smith et al., 2007); in all likelihood because 

IL6 crosses the placental barrier, whereas TNF does not (Zaretsky et al., 2004) . 

Furthermore, increased IL6 was found both in maternal blood and in the brain of mouse pups 
 
that had undergone prenatal infection, accompanied by decreased reelin in the hippocampus 

(Meyer et al., 2006). These results indicate that maternal and foetal cytokine levels may play 

a causative role in neurodevelopmental brain changes occurring in response to maternal 

infection.  The role of circulating pro-inflammatory cytokines such as those released by the 

pregnant mother’s immune system is therefore worthy of further investigation, as they may 

constitute the missing link between prenatal infection and brain/behavioural changes in 

schizophrenia. 

 

Many of the behavioural symptoms only emerge in the rodent adolescent period, mirroring 

the emergence of psychosis symptoms (Vuillermot et al., 2010). The precise mechanism by 

which prenatal infection leads to delayed development of symptomatology is currently 

unclear. One theory is that the prenatal immune assault, primes the immune system making it 

more sensitive to subsequent attacks that may occur in adolescence (Anderson et al., 2013). It 

has been proposed that the primed immune system releases more cytokines which interact 

with the hormonal changes and associated stress arising in the pubertal period interact to alter 

the hypothalamic pituitary adrenal axis (HPA), producing psychotic symptoms (Howes and 

McCutcheon, 2017; Perry, 2007). 



CHAPTER 1 

43 

 

 

 
 

The mechanism by which prenatal infection exerts its effect on the brain to produce the 

behavioural deficits described above, is likewise unclear. Furthermore, the results are 

sometimes contradictory. For example, while prenatal infection with poly(I:C) increases 

midbrain dopaminergic neurons (Vuillermot et al., 2010)  in keeping with the dopaminergic 

theory of schizophrenia (Bonoldi and Howes, 2013), infection with LPS (Carvey et al., 2003) 

has been shown to decrease those neurons. These results indicate that brain changes may vary 

according to the type of pathogen producing prenatal infection. However, these animal 

studies were modelling different diseases, schizophrenia (Vuillermot et al., 2010) and 

Parkinson’s (Carvey et al., 2003) respectively and found the expected hyper and 

hypodopaminergic profiles. This highlights the importance of investigating mouse models of 

schizophrenia specifically, as symptomatology induced by prenatal infection may vary 

according to the different brain changes induced. 

 

There have been many investigations into the molecular and structural changes induced 

by prenatal immune activation, however, few have specifically focused on mouse models of 

psychosis. Below, we focus on a range of schizophrenia animal models that: a) investigate the 

association between microglial activation and behavioural impairments of schizophrenia and 

b) explore the impact of microglial dysfunction on the brain. 
 
 
Notably, the rodents in all these studies exhibited at least one behavioural correlate of 

schizophrenia specifically impaired PPI (Liaury et al., 2014; Paris, Singh, Carey & 

McLaughlin, 2015; Ribeiro et al., 2013; Zhu, Liu, Zhao & Zheng, 2014) and cognitive deficits 

(Liaury et al., 2014; Ribeiro et al., 2013; Van den Eynde et al., 2014), in conjunction with 

increased microglial density or activation. Both the behavioural impairments and microglial 

activation were then reversed upon treatment with atypical antipsychotics (Ribeiro et al., 2013) 

or treatments targeting microglia and inflammation (e.g. minocycline; Zhu et al. 2014). In one 

study the rodent strain itself demonstrated symptoms associated with schizophrenia that were 
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then alleviated by antipsychotic treatment (Liaury et al., 2014). Taken together, these 

pre- clinical studies: a) support the epidemiological evidence for an association between 

pre- natal/peri-natal infection and an increased risk of schizophrenia and b) imply a causative 

role for microglia in mediating this process, as treatments targeting microglia (e.g. 

minocycline) are successful in alleviating both microglial activation and behavioural 

impairments. 

 

It is noteworthy that some of these animal studies show that microglial activation does 

not arise instantaneously in response to the infectious agent, but rather grows steadily 

throughout the lifespan, reaching a peak in late adolescence and early adulthood, which 

coincides with the emergence of behavioural impairments (Ribeiro et al. 2013; Van den Eydek 

2014). These studies indicate that a pre or peri-natal infection may serve to prime rather than 

explosively activate microglia, which then interact with cells in the developing nervous system 

leading to a subtle re-arrangement of synaptic circuitry that may over time result in behavioural 

impairments in adolescence. These studies point to a subtle role for microglia and provide a 

compelling argument for schizophrenia emerging within an overarching neurodevelopmental 

context. Future studies are required to elucidate whether schizophrenia symptoms arise from 

an acute inflammatory reaction, a chronic low-grade microglial response, or an interplay 

between the two states played out against the background of the developing nervous system. 

 

While the studies above address a potential interaction between microglial activation 

and behavioural impairment, they do not address the mechanism by which microglial activation 

may mediate brain pathology. This question is addressed by the following set of pre-clinical 

studies that illustrate a wide variety of potential mechanisms by which microglial dysfunction 

may contribute to brain changes and behavioural deficits in schizophrenia. Three main findings 

emerge from animal studies investigating the effect of microglial activation on grey matter. 

The most replicated finding is decreased neurogenesis in response to microglial activation 
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(Furuya et al., 2013; Mattei et al., 2014). Pro-inflammatory cytokines (TNF-α and IL1-β) were 

shown to mediate the relationship between microglial activation and hippocampal neurogenesis 

(Mattei et al., 2014), which implicates disruption of this inflammatory cascade in 

schizophrenia. Moreover, prenatal infection with poly (I:C) has also been linked to decreased 

neurogenesis in the olfactory bulb (Liu et al., 2013). Importantly, all in all the studies linking 

microglial activation to decreased neurogenesis, resulted in behavioural impairments 

analogous to schizophrenia, including pre-pulse inhibition (Mattei et al., 2014), working- 

memory deficits (Furuya et al., 2013) and olfactory impairment, which is considered a potential 

biomarker of schizophrenia (Liu et al., 2013). 

 

 
In addition to neurogenesis, microglial activation has been shown to decrease reelin 

expression in the hippocampus (Fatemi et al., 1999; Meyer et al., 2006; Ratnayake et al., 2012), 

which was accompanied by working-memory and affective deficits (Ratnayake, Quinn, 

Castillo-Melendez, Dickinson & Walker, 2012; Meyer et al. 2006). Interestingly, decreased 

reelin expression has been reported in post-mortem studies of schizophrenia (Eastwood & 

Harrison, 2003) and may underlie impaired neuronal migration and connectivity during 

development (Folsom & Fatemi, 2013). Indeed, an early study showed that prenatal infection 

caused decreased reelin, leading to decreased hippocampal thickness (Fatemi et al., 1999). 

Furthermore, impaired neuronal migration may lead to smaller hippocampal volumes, which 

are also present in patients with schizophrenia (Velakoulis et al., 2006). Indeed, prenatal 

infection has been linked to behavioural impairment that became apparent only after decreases 

in hippocampal volume were identified in rats (Piontkewitz et al., 2011). Taken together these 

studies suggest that hippocampal reduction (possibly due to decreases in reelin) may be one of 

the mechanisms by which prenatal infection exerts its effect on brain and behaviour. 
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Finally, and in support of impaired connectivity in schizophrenia, aberrant 

synapse formation was found in response to microglial activation (Sargin, Hassouna, 

Sperling, Sirén & Ehrenreich, 2009). Regarding white matter, several studies report that 

elevated microglial cells are accompanied by myelin and oligodendrocyte loss particularly in 

the frontal cortex (Morita, Tatsumi, Makinodan, Okuda, Kishimoto & Wanaka, 2014; 

Zhang et al., 2014; Zhang et al., 2008b), which were reversed by the administration of 

antipsychotics quetiapine (Zhang et al., 2008a) and olanzapine (Zhang et al., 2014). The 

association between microglial activation, myelin and oligodendrocyte loss in these animal 

models may underlie macro-scale connectivity impairments observed in schizophrenia 

(Zalesky et al, 2011). These white matter findings are in contrast to post-mortem studies 

predominantly showing morphological deficits rather than reduced oligodendrocyte number 

(Uranova, Vikhreva, Rachmanova & Orlovskaya, 2011). However, such studies did not 

examine oligodendrocyte number in conjunction with microglial activation. Nonetheless, 

these rodent models demonstrate a wide variety of mechanisms by which microglial 

activation may induce grey and white matter deficits in schizophrenia. 

 

Overall, the relationship between microglial activation and brain abnormalities 

in schizophrenia remains unclear, as there are limited clinical studies addressing this link. 

Nonetheless, animal models of schizophrenia have addressed potential mechanisms that 

may underlie this relationship and implicate decreased neurogenesis and increased synaptic 

pruning along with accompanying reductions in reelin expression, as well as reduced 

oligodendrocyte number and myelination in response to microglial activation. 

 
 
 

 
1.4.2 Inflammation and brain structure in clinical studies of psychosis 

 

 
 

The relationship between microglial activation and structural brain changes has been 
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investigated by two clinical studies with conflicting results. In accordance with the 

neuroinflammatory hypothesis, one study reported increased microglial activation associated 

with decreased total cortical grey matter volume in schizophrenia patients (Selvaraj et al., 

2018). However, when this relationship was interrogated in white matter in another study, no 

relationship between white matter volume and microglial activation was detected in 

schizophrenia (Kenk et al., 2015). While it is possible that microglia may differentially 

activated grey matter, this is unlikely given their role in the phagocytosis of synapses and 

axons (Kettenmann et al., 2013a). Given the small sample sizes of these studies and the fact 

that they used different microglial tracers, future more extensive studies are required to 

elucidate the nature of the relationship between microglia and brain structure. 

 

A larger number of studies have addressed the association between structural brain changes 

and peripheral inflammatory markers. In chronic schizophrenia patients, decreased IL18 was 

associated with reductions in hippocampal volume (Bossu et al. 2014), indicating a protective 

effect for IL18. In contrast, increased vascular endothelial growth factor (VEGF) was 

associated with decreased frontal pole volume (Pillai et al. 2015). Elevated VEGF in the 

periphery has been associated with increased BBB permeability, indicating a potential 

mechanism by which peripheral cytokines may affect the brain (Pillai et al., 2015). In 

keeping with the hypothesis that BBB integrity may be affected by peripheral inflammation 

in schizophrenia, a marker of endothelial cell activation von Willebrand factor (vWf) was 

negatively associated with basal ganglia (Dieset et al. 2015) though not hippocampal volume 

(Hoseth et al. 2016). Increases in IL1 however, were associated with decreases in language 
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areas of the brain such as Broca’s and supramarginal gyrus (Fillman et al. 2015). Finally, 

elevated CRP and IL6 were associated with decreases in a measure of structural 

connectivity, fractional anisotropy, in chronic schizophrenia patients (Prasad et al., 2014). 

 

In FEP patients, elevated IL12 and IFN were associated with decreased whole-brain 

grey matter, with a trend relationship emerging between IL12 and IFN and decreased 

prefrontal cortical thickness (Lesh et al. 2018). Moreover, in UHR patients the rate of 

cortical thinning 

in the PFC was associated with increased peripheral cytokines as measured by a 

composite score consisting of IL2, IFN and TNFα (Cannon et al., 2015). 

 

Taken together these results suggest that certain cytokines are more likely to be 

implicated in regulating brain structure. In particular IFN has been associated with 

decreases in PFC and whole brain grey matter, particularly at the early stages of illness. 

(Cannon et al., 2014; Lesh et al., 2018).  Studies in chronic schizophrenia have primarily 

shown associations between markers of endothelial cell activation and reductions in brain 

volume (Dieset. et al., 2015; Pillai et al., 2015), while key regions such as the 

hippocampus have also been implicated (Bossu et al., 2015) though the small number of 

studies preclude any definitive conclusions. 

 
 

Across all studies reviewed, with one exception (Bossu et al., 2015), increased circulating 

cytokines are associated with decreases rather than increases in brain structure. This is in 

accordance with the neuroinflammatory/neurodegenerative hypothesis, whereby peripheral 

cytokine increases may reflect a primed immune system (possibly due to prenatal 

inflammation), which has been shown to lead to changes in neuronal migration in the 

developing brain (Anderson et al., 2013; Fineberg and Ellman, 2013). In addition, elevated 

peripheral cytokines may reflect a higher genetic load, as several cytokine alleles have 

been associated with increased risk of schizophrenia (Rogus et al., 2008; Tan et al., 2003) 

that may affect brain development and function, though the association between periphery 
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and brain is still unclear. 

 

Alternatively, inflammatory molecules circulating in blood may enter the brain 

via receptors on the vagus nerve or through increases in the permeability of the blood brain 

barrier (BBB), given that the epithelial cells of the BBB express inflammatory protein 

receptors (Jacob and Alexander, 2014; Veerhuis et al., 2011) and schizophrenia patients 

are proposed to have a particularly permeable BBB (Stolp and Dziegielewska, 2009; 

Vasic et al., 2012). In light of this, it is particularly interesting that elevated VEGF 

which is associated with higher BBB permeability, was found to be both elevated in 

schizophrenia patients and associated with decreases in frontal pole volume (Pillai et al., 

2015). Similarly, the marker of endothelial cell activation vWbf has been linked to a more 

vulnerable BBB and was likewise associated with decreased basal ganglia volume 

(Dieset et al. 2015). Evidence suggests that activation of endothelial cells as described 

above has been associated with transmigration of inflammatory cells into the brain tissue 

(D’Mello and Swain 2014). Therefore, while the BBB in schizophrenia does not 

resemble that of an acutely inflammatory disorder such as multiple sclerosis, these 

increases in markers of endothelial cell activation (Pillai et al. 2015; Dieset et al. 2015) 

indicate that the BBB may be compromised, which may lead to infiltration of 

peripheral inflammatory markers to the brain. The potential infiltration of these 

peripheral markers may explain the associations revealed between peripheral endothelial 

molecules and decreases in brain structures such as the frontal pole (Pillai et al., 2015) 

and basal ganglia (Dieset et al. 2015), though direct evidence cannot be obtained 

clinically. 

 
 

Interestingly, a significant proportion of the studies discussed above, indicate that the 

relationships between peripheral molecules and brain structure is confined to psychosis 

patients and not evident in healthy controls. Two studies found associations between 

peripheral cytokines and brain volume confined to chronic schizophrenia patients and 
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absent in healthy controls (Bossu et al., 2015; Fillman et al., 2015). Moreover, a study 

examining a measure of connectivity in the brain called fractional anisotropy (FA) found 

increases in IL6 and CRP were associated with decreases in structural connectivity, only 

in chronic schizophrenia patients (Prasad et al., 2014). 

 
 

It has been proposed that the source of this differential relationship between peripheral 

cytokines and brain volume may have its origins in early neurodevelopment. Support for 

this comes from the innovative study by Ellman et al. (2010) who found that increased IL-

8 in maternal serum was associated with decreased volume in the regions of the basal 

ganglia and the left entorhinal cortex (EC), as well as the right posterior cingulate. 

Maternal IL-8 was also associated with increased ventricular CSF, which is related to 

enlarged ventricles that constitute an anatomical hallmark of schizophrenia (Ellman et al., 

2010). Importantly, these associations were only seen in the cohort of participants that 

developed schizophrenia and not in healthy controls. This study established for the first 

time a potential neurobiological mechanism by which prenatal infection, a known 

epidemiological risk factor may be impacting the brain in schizophrenia (Brown & 

Derkits, 2010). Taken together these studies suggest that in utero exposure to maternal 

cytokines may affect the development of certain subcortical and cortical areas (Ellman et 

al. 2010). Furthermore, given the large number of studies showing relationships between 

brain structure and peripheral cytokines confined to psychosis patients (Ellman et al., 

2010; Fillman et al., 2015; Kalmady et al., 2014), a potential conclusion is that the impact 

of peripheral cytokines on the brain may be limited or particularly prevalent (Cannon et 

al., 2015) in schizophrenia patients. Figure 1 is a schematic representation of the elements 

outlined in this thesis. 
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Fig 1. A) Circulating complement and  cytokine proteins may bind to receptors on the vagus 

nerve and affect brain activity (C3 shown as an example here). B) Additionally, the 

endothelial cells of the blood brain barrier have particular affinity for complement proteins, 

which may mean that circulating complement protein can enter the brain especially via a 

highly permeable BBB, as has been observed in psychosis. C) Once in the brain complement 

and cytokine proteins may activate microglial cells D) Larger numbers of activated 

microglia may lead to increased synaptic pruning. E) Acting as a counterpoint to microglial 

activation, stimulation of the mGluR5 receptor on microglial cells decreases their activation 

and has been shown in vitro to increase neuronal survival. 
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In conclusion, the studies examining peripheral inflammation in relation to brain structure 

are limited and have methodological variations in molecules and brain areas examined, 

cohort demographics and statistical treatment.  There is however, some evidence linking 

peripheral cytokines to alterations in brain volume, thickness and structural connectivity 

across various stages of illness. An emerging point of interest is that many studies show 

that the relationship between brain structure and inflammatory molecules is specific to 

psychosis and absent in healthy controls (Bossu et al., 2015; Cannon et al., 2015; Fillman 

et al., 2013; Lesh et al., 2018; Prasad et al., 2014), hinting at a potential 

neurodevelopmental origin (Ellman et al., 2010). Further research is required, featuring 

larger sample sizes and more inflammatory molecules and brain regions in patients at 

different stages of illness in order to elucidate this complicated relationship. 

 
 
 
 

1.5 Rationale and Aims 
 

 
 
 

The findings reviewed above indicate that inflammation, both peripherally and in the form 

of microglial activation have been associated with psychosis. The evidence is multi-faceted 

ranging from mouse models demonstrating increased microglial number, to clinical studies 

of patients with schizophrenia showing increased inflammation within the brain and 

peripheral blood. It is also evident that inflammation both centrally and peripherally may 

affect brain structure, with consequences for both the developing and adult brain. However, 

there are still many questions that remain unanswered, including how inflammation 

identified in schizophrenia relates to other candidate pathways implicated in psychosis. 

 

A strong candidate in this regard is glutamate, with glutamate shown to interact with 

neuroinflammation, in particular, mGluR5 has been demonstrated to regulate microglial 
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numbers and activation. The mGluR5 KO mouse has been shown to display 

neuropsychiatric endophenotypes related to schizophrenia and thereby offer an alternative 

approach to gaining further insight as to the role of mGluR5 in neuroinflammation and 

how this may impact symptoms associated with psychosis. By firstly determining whether 

inflammation is present in the mGluR5 mouse model, we are building on cellular studies 

and providing a potential bridge between in vitro and in vivo worlds. 

 

Aim 1: To examine whether mGluR5 KO mice, which demonstrate phenotypic features 

of schizophrenia display neuroinflammation in the form of increased microglial numbers 

when compared to their wildtype littermates. 

While inflammation may be associated with psychosis, the pathophysiological mechanism 

driving this association is unknown. It is unclear whether inflammation identified 

peripherally is related to cortical reductions that are widespread in neuroimaging studies of 

schizophrenia. This is primarily due to the limited number of studies examining the 

relationship between peripheral inflammation and brain structure. While the importance and 

utility of blood biomarkers has been highlighted, the potential relationship between these 

inflammatory markers such as cytokines and brain structure reductions in psychosis has yet 

to be thoroughly explored. Moreover, another class of peripheral inflammatory molecules 

the complement proteins have been linked to both genetic risk of schizophrenia and 

synaptic 

pruning (Ripke et al., 2014; Sekar et al., 2016; Stevens et al., 2007), and yet no 

investigation has been conducted to date regarding their association with brain structure. 

There is therefore a need for further investigation of the relationship between cytokines and 

complement proteins across multiple stages of psychosis. 

 

Aim 2: To determine whether there is a relationship between peripheral cytokines and 

complement proteins and brain structure at various stages of schizophrenia. 

 

In addition, while the relationships between inflammation, glutamate and brain structure 
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may become clearer, the effect of these interactions on clinical symptomatology is unclear. 

The evidence reviewed above indicates that studies examining associations between 

cytokines/complement proteins and clinical symptoms often have small sample sizes or 

concentrated on one stage of illness e.g. chronic schizophrenia. It is therefore timely to 

explore the impact (if any) of peripheral inflammatory cytokines on clinical 

symptomatology across a range of psychosis stages from those at ultra-high risk of 

psychosis to chronic schizophrenia patients. 

 

Aim 3: To investigate peripheral inflammatory markers (cytokines and complement 

proteins) across various stages of psychosis and examine their relationship with clinical 

symptomatology. 

Aims 2 and 3 will be examined across two empirical papers (i.e. Chapter 4 and 5). 
 
 
While the need for research that crosses modalities and unites animal and clinical 

investigations is evident and has been highlighted many times, few studies have applied 

this approach to the interrogation of psychosis. By addressing my outlined Aims, this PhD 

thesis is focused on incorporating clinical populations and mouse models to examine both 

peripheral and central inflammation. The overarching goal of these studies has been to 

bridge the gap between animal and human work in psychosis where traditionally these 

fields have progressed in isolation. 
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CHAPTER 2 General Methodology 
 

 
 

2.1. Immunohistochemistry methods 
 
 
2.1.1 Iba-1 immunofluorescence 

 

 

Iba-1 staining was conducted to quantify microglial cells in mGluR5 vs. KO mice. mGluR5 

KO and wild-type (WT) mice were sacrificed by cardiac perfusion, the brains extracted and 

post-fixed 4% PFA and cryoprotected in 20% sucrose solution followed by embedding in 

optimal cutting temperature compound (OCT) and sectioning at 40 µm. Three sections at the 

level of the striatum were randomly selected and immunostained with an antibody against 

Iba-1 (1:2000) to label microglia using a standard immunoperoxidase protocol. Briefly, the 

tissue was blocked in 3% hydrogen peroxide (H2O2) solution in PBS and then permeabilised 

in 5% normal goat serum (NGS) in 0.1% Triton X-100 in PBS for 2 hours. Sections were 

then incubated in a rabbit polyclonal antibody against Iba-1 (Wako) at 1:2000 in 0.1% Triton 

X-100 in PBS overnight at 4°C. Following this, tissue was incubated for 2 hours in 

biotinylated goat anti-rabbit secondary antibody at room temperature. Tissue was then 

incubated in ABC (avidin-biotin-horseradish peroxidase complex) for 1 hour at RT. The 

sections were visualized using (3, 3’-diaminobenzidine) DAB substrate and counterstained 

with haemotoxylin,coverslipped and mounted permanently in DPX. 

 

2.1.2 Stereology methods 
 

 

Cell counts were assessed on a Nikon 80i and a 100x objective (n.a. 1.4) utilising the 

fractionator in StereoInvestigator 10 (MBF Bioscience, USA), with a disector depth of 6µM 

and upper and lower guard zones of 2µM. Microglial numbers for both wildtype and KO 

were estimated using based on estimated mean section thicknesses measured during 

implementation of the fractionator. Prior to this, a preliminary study was conducted in order 
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to determine the number of disectors required to achieve a Gundersen co-efficient of error of 

between 0.05-0.07. 

 
2.3 Multiplex ELISA 

 

2.3.1 Cytokine protein assay 
 

 

All subjects were fasting and blood samples were obtained between 8:00-11:00am. Peripheral 

blood was collected from participants in serum separating tubes (SSTII), inverted 5 times and 

left in the tube for 60 minutes. The sample was then centrifuged at 2500g for 20 min at room 

temperature and then aliquoted into cryotubes, which were then stored at -80C pending 

analysis. 

 

Thirteen cytokines (GM-CSF, IFN, IL1, IL2, IL4, IL5, IL6, IL7, IL8, IL10, IL12, IL13, 
 
TNF) from the Human High-sensitivity T cell assay (HST-CMAG28SPMX13 , Merck 

Millipore, Billerica, MA, USA) were quantified in duplicate using the Luminex Magpix 

assay in 181 participants [n=30 young Healthy Controls (HC young aged 15.30-24.8 years), 

n=51 older Healthy Controls (HC older aged >24.8 years), n=10 Ultra high risk (UHR), n=40 

First Episode Psychosis (FEP), n=50 Chronic]. Standards (HSTC-8028) and quality controls 

(HSTC-6028) supplied in the assay were reconstituted and (in the case of the standards) 

serially diluted according to assay instructions. Serum samples were thawed at 4C and 

centrifuged at 1400g for 5min in order to remove any aggregate protein. The supernatant was 

then transferred to a new tube and diluted 1:2 in assay buffer supplied in the kit. All reagents 

including samples were then loaded into the 96-well plate, following which the magnetic 

beads capable of detecting multiple cytokines simultaneously were added to all wells. The 

96-well plate was then incubated at room temperature with gentle agitation at 600RPM 

overnight. Following the 12 hour incubation, the assay plate was washed x3 in reconstituted 

assay buffer (L-ABIR) and the primary antibodies (HSTC-1028, 50ul) added to each of the 

wells and allowed to incubate for 60min with agitation at 600 RPM. The Streptavidin- 



90 

CHAPTER 2  

 

 
 

Phycoerythrin (MC-SAPE7, 50ul) supplied in the kit was then added to each of the wells and 

then incubated for 30 min at 600 RPM. The assay plate was then washed x 3 and Magpix 

drive fluid (150ul) was added to each of the wells). The assay plate was then read on the 

specialised Luminex Magpix plate reader following assay instructions. A 7 point standard 

curve was generated using the standards supplied in the assay. The data was generated by 

applying a 5 parameter logistic standard curve fit corrected for sample dilutions in the 

Millipore Analyst Software (Merck Millipore, USA). 

 

2.3.2 Complement protein assay 
 

 

All subjects were fasting and blood samples were obtained between 8:00-11:00am. Peripheral 

blood was collected from participants in serum separating tubes (SSTII) and aliquoted into 

cryotubes, which were stored at -80C pending analysis. 

 

Three complement proteins (C1q, C3 and C4) from the MILLIPLEX MAP Human 

Complement Panel 2 - Immunology Multiplex Assay (HCMP2MAG-19K, Merck Millipore, 

Billerica, MA, USA) were quantified in duplicate using the Luminex Magpix assay. Inter- 

assay co-efficients were below 15% for all analytes assayed (CV<15%) and intra-assay CVs 

were below 5 % (CV<5%). Any samples not meeting these criteria were excluded from 

further analysis. These included one chronic, one older HC and one FEP sample. 

 

Standards (HCMP2-8019-2) and quality controls (HCMP2-6019-2) supplied in the assay 

were reconstituted and (in the case of the standards) serially diluted according to assay 

instructions. Serum samples were thawed at 4C and centrifuged at 1400g for 5min in order to 

remove any aggregate protein. The supernatant was transferred to a new tube and diluted 

1:40000 in assay buffer supplied in the kit. All reagents including samples were then loaded 

into the 96-well plate and the magnetic detecting beads were added to all wells. The 96-well 

plate was incubated at room temperature with gentle agitation at 600RPM overnight. 
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Following the incubation, the assay plate was washed x3 in reconstituted assay buffer (L-AB) 

and the detection antibodies (HCMP2-1019-2 , 50ul) added to each of the wells and 

incubated for 60min with agitation at 600 RPM. The Streptavidin-Phycoerythrin (MC- 

SAPE7, 50ul) was added to each of the wells and then incubated for 30 min at 600 RPM. The 

assay plate was then washed x 3 and Magpix drive fluid (150ul) was added to each of the 

wells). The assay plate was read on the specialised Luminex Magpix plate reader following 

assay instructions. A 7 point standard curve was generated using the standards supplied in the 

assay. The data was generated by applying a 5 parameter logistic standard curve fit corrected 

for sample dilutions in the Millipore Analyst Software (Merck Millipore, USA). 

 
2.4 Imaging methods 

 

2.4.1 Image acquisition 
 

 

Magnetic Resonance Imaging (MRI) scans were acquired on the same day as the blood test 

on a 3-T Siemens Trio at the Murdoch Children’s Research Institute, Royal Children’s 

Hospital, Parkville, VIC, Australia. High resolution structural T1 scans were obtained as 

follows: A spoiled gradient recall echo (SPGR) sequence was used to produce a 3D structural 

image with a 1.0 mm3 voxel size constructed from 256 contiguous coronal slices (slice 

thickness =1.0mm) [time repetition (TR)=14 ms, time echo (TE)=3ms, matrix size = 

250x250, 256]. 

 
 
 

2.4.2 Image pre-processing and analysis 
 

 

The FreeSurfer software (version 5.3) (http://surfer.nmr.mgh.harvard.edu) was used to obtain 

subcortical volumetric measures and estimates of cortical thickness. The cortex was 

segmented into 68 regions (34 in each hemisphere) based on the Desikan Killiany Atlas 

(Desikan et al., 2006) and the volume of each region calculated using the automated 

Freesurfer pipeline (Dale et al., 1999). Images were then visually inspected and manually 
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edited where necessary to conform to grey and white matter boundaries. Volumetric 

measures of the following subcortical regions were obtained: amygdala, basal ganglia, 

cerebellum, hippocampus, insula, ventricles in addition to total grey matter volume. The 

ventricular volume comprised lateral and inferior lateral, third and fourth ventricles. Cortical 

thickness was measured as the distance between the gray/white matter boundary and the pial 

surface at each vertex (Fischl and Dale, 2000). Estimates of total frontal, temporal, occipital, 

and parietal lobe cortical thickness and ventricular volume were calculated for the statistical 

analyses (Agartz et al., 2011). . 
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CHAPTER 3 Increased microglial numbers in mGluR5 KO mice 

 

Abstract 

Background 

Recent studies point to a potential neuroinflammatory component to schizophrenia with 

increased microglial numbers and activation reported in PET neuroimaging studies post-

mortem neuropathological studies. Notably, glutamatergic disturbances are also present in 

schizophrenia but to data no single study has examined whether there is an interaction between 

glutamate and inflammation and whether this contributes to the psychotic endophenotype. 

Therefore, the aim of this study was to examine whether microglial numbers are increased in 

mGluR5 Knockout (KO) mice, which display phenotypic features of schizophrenia. 

 

Methods 

Brains from mGluR5 KO and wild-type (WT) mice were post-fixed 4% PFA and cryoprotected 

in 20% sucrose solution followed by embedding in OCT and sectioning at 40 µm. Three 

sections at the level of the striatum were randomly selected and immunostained with an 

antibody against ionized calcium binding adapter molecule 1 (Iba1)(1:1000) to label microglia 

using a standard immunoperoxidase protocol and counterstained with haemotoxylin. Cell 

counts were assessed on a Nikon 80i and a 100x objective (n.a. 1.4) utilising the fractionator in 

StereoInvestigator 10, with a disector depth of 6µM and an upper and lower guard zones of 

2µM.  

 

Results 

Statistical analysis was performed in SPSS. Counts from individual cases ranged from 278-511 

with a Gundersen coefficient of error ranging from 0.04-0.07 and with microglial numbers 

estimated based on estimated mean section thickness given by StereoInvestigator 10. Using a 

two-tailed Mann-Whitney U Test we assessed if cell counts from KO animals were 
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significantly different from WT counts at p = 0.05. We found that mGluR5 KO mice displayed 

significantly higher microglial numbers (16374, [14372, 17758])(median [25th, 75th 

Percentiles]) when compared to WT mice (11696, [9393, 12300]) (p=0.006).  

 

Discussion 

This study is the first to demonstrate that mGluR5 KO mice have increased microglial numbers. 

These results are of relevance in the context of increased microglial numbers and activation in 

schizophrenia, as well as neurobehavioural changes in mGluR5 KO mice including 

hyperlocomotion and decreased pre-pulse inhibition. mGluR5 involvement in the underlying 

pathophysiology of schizophrenia warrants further investigation, especially in light of recently 

elucidated roles for microglial in synaptic pruning. Future studies could investigate whether the 

absence of mGluR5 results in neuroinflammation from birth or whether the psychotic 

phenotype emerges out of an interaction between the absence of mGluR5 and the adolescent 

period of synaptic pruning in which microglia are key players. 
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3.1 Introduction 

 

 
 
 

The “neuroinflammatory hypothesis “of schizophrenia, though compelling, may be one of 

many contributors to the structural brain deficits in psychosis (Haukvik et al., 2013; Olabi et 

al., 2011; Pantelis et al., 2009). Decreased brain volume has also been associated with 

aberrant glutamatergic activity in the brains of schizophrenia patients (Aoyama et al., 2011; 

Hansen et al., 2013; Kraguljac et al., 2012; Théberge et al., 2007). 

 

Glutamate is the primary excitatory neurotransmitter (de la Fuente-Sandoval et al., 2013) 

and glutamate-mediated excitotoxicity has been linked to cellular dysfunction and synaptic 

degeneration in schizophrenia (Lau and Tymianski, 2010).  In addition, there is evidence that 

alterations in glutamate receptors such as N-methyl-D-aspartate receptor (NDMAR) and 

related structural molecules e.g. metabotropic glutamate receptor 5 (mGlur5) produce 

psychosis phenotypes in animal studies (Burrows et al., 2015). 

 

Indeed, mGluR5 knockout (KO) mice demonstrate a variety of schizophrenia 

endophenotypes. An endophenotype as mentioned in the introduction, represents a narrower 

genetic or phenotypic component of the disorder, that can be replicated and studied in animal 

models (Gould and Gottesman, 2006) .The same endophenotype may be present in numerous 

neuropsychiatric disorders, therefore a mouse model such as the mGluR5KO mouse may be 

used to investigate multiple disorders. Cognitive and sensorimotor deficits for example, are 

endophenotypes that feature in both autism and schizophrenia, in addition to other disorders. 

Therefore, the published article (authored by myself and Dr Gursharan Chana as equal 

contributing first authors): Decreased expression of mGluR5 within the dorsolateral prefrontal 

cortex in autism and increased microglial number in mGluR5 knockout mice: Pathophysiological and 
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neurobehavioral implications that details the results (see Appendix ) is centred on autism but could 

apply equally to psychosis (Chana et al., 2015). 

 

The mGluR5 KO mouse model displays many phenotypes of schizophrenia such as 

hyperlocomotion and deficits in spatial working memory (Burrows et al., 2015; Gray et al., 

2009; Jew et al., 2013), together with decreased pre-pulse inhibition (Brody and Geyer, 

2004). These findings are of interest given that sensorimotor deficits are seen in individuals 

with schizophrenia, such as neurological soft signs ( T u  e t  a l . ,  2 0 1 3 ) and an 

inability to filter out irrelevant sensory information together with spatial working memory 

deficits (Cummings et al., 2013). 

 In keeping with the hypothesis that decreased mGluR5 may be associated with psychiatric 

phenotypes, decreased mGluR5 gene and protein expression were have been found in the 

cerebellum and prefrontal cortex (PFC) of schizophrenia patients (Fatemi et al., 2013). 

However, the majority of postmortem studies in cortical (PFC) or subcortical  (thalamus, 

striatum and hippocampal) areas have found no difference in either mRNA (Ohnuma et al., 

2000; Ohnuma and Arai, 2011; Richardson-burns et al., 1999) or protein expression (Corti et 

al., 2011; Gupta et al., 2005)of mGluR5 in schizophrenia. These results have raised the 

possibility that it is not expression of mGluR5 which is altered in schizophrenia but rather 

mGluR5 function (Matosin and Newell, 2013). This is particularly pertinent considering that 

mGluR5 is coupled to the NMDA receptor and helps potentiate its function (Benquet et al., 

2002). One of the primary theories surrounding the pathophysiology of schizophrenia is the 

NMDAR hypo-functioning theory (Kinney et al., 2006; Yang et al., 2012), which has been 

linked to widespread glutamate dysregulation characterising this disorder. Interestingly, 

mGluR5 has been shown to drive the developmentally important switch from the NR2B 

subunit to NR2A, with mGluR5 KO mice displaying deficiencies in this switch (Matta et al., 

2011). This neurodevelopmental switch is considered very important for the development of 
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parvalbumin containing interneurons, which are heavily implicated in the NMDAR hypo-

functioning theory of schizophrenia (Kinney et al., 2006; Zhang and Sun, 2011). We can see 

therefore that mGluR5 occupies an important position within the NMDAR complex, with the 

ability to influence both its developmental trajectory (Matta et al., 2011) and its functioning 

(Benquet et al., 2002) and may be one of the main drivers of the NMDAR hypo-functioning 

theory of schizophrenia. Finally, in keeping with the theory that it is mGluR5 functioning is 

perturbed in schizophrenia, a recent neuropathological study found that mGluR5 signaling is 

indeed reduced in schizophrenia, which results in altered protein-protein interaction and 

constitutes the first direct evidence of mGluR5 hypofunctioning in schizophrenia (Wang et 

al., 2018). 

We have seen therefore, that both inflammation and glutamate in the form of the mGlur5 

molecule have been implicated in the pathophysiology of psychosis. It has been proposed that 

these two elements need not be examined in isolation but may interact resulting in the 

schizophrenia phenotype (Müller, 2008; Steiner et al., 2012) . The interaction between 

mGluR5 and microglial activation has been investigated by several in vitro studies. 

Stimulation of the mGluR5 receptor on microglial cells has been shown to have an anti-

inflammatory effect. In particular it decreased the amount of TNF-α, nitric oxide (NO) 

and NF-kB released from microglial cells in response to inflammatory assault (Byrnes et al., 

2009; Loane et al., 2009; Qiu et al., 2015). Moreover, stimulation of the mGluR5 receptor 

not only reduced microglial activation but also increased neuronal viability as assessed 

using neuronal/microglial co- cultures (Byrnes et al., 2009a; Loane et al., 2009; Qiu et al., 

2015) . These studies therefore constitute strong in vitro evidence for an interaction between 

mGlur5 and microglial activation, which has the potential to positively affect neuronal 

survival. 
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Other in vitro studies found that mGluR5 expression is increased in response to microglial 

activation, which in light of the findings cited above, may represent an attempt to counteract 

the inflammatory response (Berger et al., 2012; Liu et al., 2013).  Interestingly, Berger et al. 

(2012) found decreased baseline levels of mGluR5 expression in amyotrophic lateral sclerosis 

(ALS) cells, which indicates that mGluR5 may be under-expressed in inflammatory disorders 

such as ALS or even schizophrenia. In keeping with this hypothesis, decreased mGluR5 

activation was observed in mice that had undergone prenatal immune challenge(Arsenault et 

al., 2014). These animals displayed decreased mGluR5 activation following PET scans in 

adolescence accompanied by behavioural deficits, indicating that neuroinflammation during 

crucial developmental periods may modulate the pathophysiology of the mGluR5 receptor. In 

keeping with this hypothesis, an additional mouse study showed that neonatal inflammation in 

the form of a hippocampal lesion also increased mGluR5 expression as well as microglial 

activation (Drouin-Ouellet et al., 2011). Moreover, a study using in vivo imaging found 

both increased microglial and mGluR5 activation in the PFC and hippocampus in a mouse 

model of schizophrenia (Choi et al., 2015). Finally, administration of an mGluR5 agonist 

significantly decreased microglial activation and neuronal degeneration following traumatic 

brain injury in rats (Wang et al., 2013). These animal studies suggest that there is evidence 

that mGluR5 and microglia may work together in response to an inflammatory assault. In 

particular, mGluR5 is upregulated under inflammatory conditions, possibly in an attempt to 

counteract the microglial activation, which would be in keeping with the anti-inflammatory 

role mGluR5 has been shown to play in vitro (Berger et al., 2012; Byrnes et al., 2009b; Loane 

et al., 2009). However, results in the clinical population are mixed with some studies finding 

decreased mGluR5 functioning (Wang et al. 2018) and expression (Fatemi et al. 2013), while 

other studies find no difference in mGluR5 expression between schizophrenia patients and 

controls  (Ohnuma et al., 2000; Ohnuma and Arai, 2011; Richardson-burns et al., 1999). 

Given that mGlur5 is more likely to be hypo- rather than hyper-functioning in the clinical 
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population, it is more likely that mGluR5 hypo-functioning leads to increased microglial 

activation, rather than that mGluR5 is upregulated in response to pre-existing microglial 

activation. However, the extent to which mGluR5 and microglia interact especially during 

crucial neurodevelopmental periods such as adolescent synaptic pruning, has yet to be 

investigated. 

However, while animal and in vitro studies indicate that the mGluR5 receptor exerts an anti- 

inflammatory effect, it remains to be seen whether inflammation is upregulated in the absence 

mGluR5 receptor. The mGluR5 KO mouse as we have seen (section 1.3.2.3 The mGlur5 

mouse model of psychosis), is an animal model that displays endophenotypes of psychosis 

and related neuropsychiatric disorders such as autism. Despite the links between mGluR5 and 

inflammation highlighted in the current section, the state of neuroinflammation in the mGluR5 

KO mouse has yet to be examined.  In order to assess the role of mGluR5 in microglial 

homeostasis we undertook further stereological quantitation of microglial numbers and somal 

size in mGluR5 KO mice. Our aims were: 

 

1. To conduct a stereological quantitation of microglial numbers in the striatum of mGluR5 

KO mice 

 

2. To assess microglial somal size as an indicator of microglial activation in mGlur5 KO 

mice. 
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3.2 Methods 

 

Animals 

 

We utilised brains from six mGluR5 KO (n=3 male, n=3 female) and six wildtype (WT) 

littermate mice (n=3 male, n=3 female) for this study. All mice were from the same litter and 

aged 12 weeks. Mice were anaesthetised using an intraperitoneal injection of Lethabarb (325 

mg/ml Pentobarbitone Sodium, Virbac, NSW). Anaesthetised mice were transcardially perfused 

at 12 weeks of age first with 0.9% saline followed by ice-cold 4% paraformaldehyde (PFA) in 

100 mM phosphate buffered saline (PBS). After perfusion, brains were removed and post-fixed 

in fresh 4% PFA for 24 h at 4 C. After saturation in 20% sucrose at 4 C, tissue was embedded 

in OCT compound (Sakura-Finetek, Toreance, California), frozen in liquid nitrogen-cooled 

isopentane and stored at 80 C. Serial coronal sections of brain (40 lm) were cut on a cryostat. 

Sections were stored at 20 C in cryopreserve until used for immunohistochemical analysis. Six 

sections at the level of the striatum spanning from Bregma 0.86/Interaural: 4.66 to 

Bregma:1.78/Interaural: 5.58 were randomly selected and immunostained with an antibody 

against ionised calcium binding adapter molecule 1 (Iba1; 1:1000; Wako, Japan) to label 

microglia using a standard avidin biotin horseradish peroxidase (ABC, Vectorlabs, USA) 

protocol as described below. 

 
 
 
Iba-1 immunofluorescence 

 
 
 
Iba-1 staining was conducted to quantify microglial cells in mGluR5 vs. KO mice. mGluR5 

KO and wild-type (WT) mice were sacrificed by cardiac perfusion, the brains extracted and 

post-fixed 4% PFA and cryoprotected in 20% sucrose solution followed by embedding in 

optimal cutting temperature compound (OCT) and sectioning at 40 µm. Briefly, the tissue 

was blocked in 3% hydrogen peroxide (H2O2) solution in PBS and then permeabilised in 5% 
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normal goat serum (NGS) in 0.1% Triton X-100 in PBS for 2 hours. Sections were then 

incubated in a rabbit polyclonal antibody against Iba-1 (Wako) at 1:2000 in 0.1% Triton X-

100 in PBS overnight at 4°C. Following this, tissue was incubated for 2 hours in biotinylated 

goat anti-rabbit secondary antibody at room temperature. Tissue was then incubated in ABC 

(avidin-biotin-horseradish peroxidase complex) for 1 hour at RT. The sctions were 

visualized using (3, 3’-diaminobenzidine) DAB substrate and counterstained with 

haemotoxylin,coverslipped and mounted permanently in DPX. 

 

Stereology methods 
 
 

Cell counts were assessed on a Nikon 80i and a 100x objective (n.a. 1.4) utilising the 

fractionator in StereoInvestigator 10 (MBF Bioscience, USA), with a disector depth of 6µM 

and upper and lower guard zones of 2µM. Microglial numbers for both wildtype and KO 

were estimated using based on estimated mean section thicknesses measured during 

implementation of the fractionator. Prior to this, a preliminary study was conducted in order 

to determine the number of disectors required to achieve a Gundersen 

 

co-efficient of error of between 0.05-0.07. 
 
 

We used microglial soma size and process length as a surrogate measure of activation, 

as microglia have a larger soma and shorter processes when activated, the so called-amoeboid 

morphology. The amoeboid form of activation refers to the retraction of processes 

accompanied by concurrent increase in cell body size (Frick et al. 2013). An estimate of the 

average length of processes per microglial cell was obtained using the Spaceballs probe 

(SteroInvestigator, MBF Biosciences). The probe in Spaceballs is a sphere virtually embedded 

in the tissue, and the counted parameter is the number of processes that cross the edge of the 

sphere. The retraction of cell processes could be easily estimated using the Spaceballs probe 

above, while the increased cell body size could be estimated using the Nucleator probe also 

available in StereoInvestigator. The Nucleator probe consists of 2 or 4 random isotropic lines 

that extend outwards from the centre of each cell. The number of times the edge of cell body 
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intersects these rays is taken as an estimate of cell body size. 

 

 
 

Statistical analysis 
 

 

Upon obtaining the data, two tests were performed to eliminate the presence of outliers and 

the potential effect of sex on our results. A scatter plot was initially produced to determine the 

presence of any outliers that may have skewed the results. The microglial counts of a 

particular subject were found to be skewing the data as evidenced by the scatter plot (Fig.1) 

and this subject was removed from all subsequent analyses.  

 

The main analysis employed a non-parametric test due to the small sample size (6 in each 

group) in order to avoid type I errors. A two-tailed Mann-Whitney U Test was used to assess 

if microglial counts from KO animals were significantly different from WT counts at p=0.05. 
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3.3 Results 

 

 

 

 
 

 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Microglial counts for WT and KO mice respectively, indicating the existence of an outlier in WT mice. 
(n=6 WT, n=6 KO, WT: Wild type , KO: Knock-out) 
 
 

 

MGluR5 mice displayed significantly higher microglial cell counts than their WT counterparts 

(Fig. 1). Counts from individual cases were between 278-511 with a Gundersen coefficient of 

error ranging from 0.04-0.07 (Gundersen et al., 1999) and with microglial numbers estimated 

based on estimated mean section thickness given by StereoInvestigator 10. For detailed data 

see Table 1. 

  

 

 

M
ic

ro
g

li
a

l 
c

e
ll
 c

o
u

n
ts

 

 



CHAPTER 3 

106 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Fig 2 mGluR5 KO mice had significantly more microglia when compared to WT mice 

(*p=0.006 KO mean, SD= 513.70, 83.05; WT mean, SD= 428.17, 24.64; n=6 ,WT, n=6 KO, 

WT: Wild type , KO: Knock-out, SD: Standard Deviation). 

 

 
 
 

Table 1 Detailed data demonstrating the increased microglial numbers observed in mGluR5 mice. 
 

 
 

 
Using a two-tailed Mann-Whitney U Test we established that microglial counts from KO 

animals were significantly different from WT, U(9)=0.00, p=0.006. In particular, mGluR5 KO 

mice displayed significantly higher microglial numbers (16374, [14372, 17758]) (median 

[25th, 75th Percentiles]) when compared to WT mice (11696, [9393, 12300]) (p=0.006). . 

* 

* 
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mGluR5 KO mice had a larger soma size when compared to WT, with the difference in soma 

size approaching statistical significance (p=0.052; see Fig. 3). 

 

 

 

 

 

 

 

 

 

 

Fig 3 A) Representative Iba-1 stain. Image taken at 1000 magnification. B) mGluR5 KO mice had 

larger soma size when compared to WT mice, though this only approached statistical significance 

(p=0.052 Values for microglial density and somal size represent mean ± standard error, .n=6 WT, n=6 

KO, WT: Wild type , KO: Knock-out) 

  

A B 
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3.4 Discussion 

 
This study was the first to demonstrate that mGluR5 KO mice have increased microglial 

numbers. W e  a l s o  f o u n d  t h a t  m G l u R 5  K O  m i c e  h a d  o n  a v e r a g e  l a r g e r  

c e l l  b o d i e s  t h a n  K O  m i c e  ( r e s u l t s  a p p r o a c h i n g  s t a t i s t i c a l  

s i g n i f i c a n c e ) ,  w h i c h  m a y  i n d i c a t e  a n  i n c r e a s e d  s t a t e  o f  a c t i v a t i o n .  

These results are of relevance in the context of increased microglial numbers and activation 

that is seen in the brains of individuals with psychosis (Doorduin. et al., 2008; van 

Berckel et al., 2008; Wierzba-Bobrowicz et al., 2005). In addition, neurobehavioural 

changes in mGluR5 KO mice analogous to psychosis, have also been observed and 

include hyperlocomotion, cognitive deficits and decreased pre-pulse inhibition (Gray et al., 

2009; Jew et al., 2013). Our finding of increased microglial numbers in mGluR5 KO 

mice therefore indicates that the mGluR5 receptor may be important for the regulation of 

microglial density. In addition, this disruption to microglia might play a role in behavioural 

symptoms associated with mGluR5 KO mice, although this direct link warrants confirmation. 

The finding that mGluR5 may contribute to the regulation of microglial activation is 

consistent with previous in vitro studies demonstrating that stimulation of the mGluR5 receptor 

on microglial cells can attenuate microglial activation (Byrnes et al., 2009a; Loane et al., 2009). 

It is therefore plausible that the global absence of the mGluR5 receptor may result in increased 

microglial numbers, as demonstrated in our study. Given that the in vitro studies focus solely 

on the mGluR5 receptor present on microglial cells (Byrnes et al., 2009a; Loane et al., 2009), 

future studies utilising conditional mGluR5 KO could help determine whether mGluR5 

ablation on microglial cells, is sufficient to cause increased microglial numbers. 

In addition to finding that mGluR5 KO mice have increased microglial numbers, we 

also found that mGluR5 mice had larger soma sizes when compared to WT (p=0.052), using 

a surrogate measure of activation, namely microglial size. This was predicated on 

observations that resting microglial are ramified with long processes and relatively small cell 
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bodies, while activated microglia display increased soma size (Kettenmann et al., 2013b, 

2011). O u r  f i n d i n g  t h a t  m G l u R 5  K O  m i c e  h a v e  i n c r e a s e d  s o m a  s i z e  

c o m p a r e d  t o  W T ,  i n d i c a t e s  t h a t  t h e s e  m i c e  m a y  d i s p l a y  m a y  

i n c r e a s e d  m i c r o g l i a l  a c t i v a t i o n ,  i n  a d d i t i o n  t o   e n d o p h e n o t y p e s  o f  

p s y c h o s i s .  Interestingly, two post-mortem human studies have found increased 

microglial activation by examining microglial morphology (Hercher et al., 2014; Rao et al., 

2013). These studies conducted qualitative assessments of microglial morphology and found 

an increased number of amoeboid, therefore activated, microglia in schizophrenia versus 

controls (Hercher et al., 2014; Rao et al., 2013).  

Similarly to these studies, we found increased soma size in mGluR5 KO mice 

approaching statistical significance. This is important as our sample size is small, therefore 

the result may have been underpowered and likely to be significant given a larger sample 

size. Alternatively, the fact that the increased soma size in mGluR5 KO mice only verges  on 

statistical significance, may be due to the observation that laboratory mouse brains have a 

much higher proportion of ramified microglia when compared to human brains (Torres-

Platas et al., 2014), therefore the lack of amoeboid microglia may be due to the innate 

physiology of the mouse brain. To address this, future studies could use more sensitive 

immunohistochemical markers as they become available, to label activated microglia instead 

of morphological characterisation. 

Furthermore, as discussed in the introduction, microglia express mGluR5 receptors, 

therefore the microglia present in the mGluR5 KO mouse may be abnormal. Indeed,  in vitro 

studies have shown that stimulation of the mGluR5 receptor has an anti-inflammatory effect 

(Loane et al. 2009), therefore the absence  of the mGluR5 receptor on microglial cells may  

lead to increased inflammation. This was the case in our study which found increased 

microglial numbers and a trend towards activated morphology. It is possible therefore, that 

psychosis patients may display increased microglial activation in response to dysregulation of 

mGluR5 or general glutamate dysregulation. Future studies could perform conditional knock 
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out of mGluR5 on different cell types to determine whether the mGluR5 dysfunction leading 

to the psychosis endophenotype noted in these mice, is  specific to microglia or whether it 

extends to other cell types such as neurons. Such an investigation would help determine the 

extent to which the inflammation noted in mGluR5KO  mice is attributable to glutamate 

dysregulation in microglia or whether it is simply a response to widespread glutamate 

dysregulation.  

 

Given the prevalence of the ‘neuroinflammatory hypothesis’ of schizophrenia, it is 

interesting that mice that underwent the prenatal immune challenge displayed decreased 

mGluR5 activation following PET scans in adolescence (Arsenault et al., 2015). This 

indicates that prenatal inflammation may modulate the development of mGluR5 homeostasis, 

which is particularly interesting given that both glutamatergic(Krivoy et al., 2008; Newell 

and Matosin, 2014) and inflammatory (Laskaris et al., 2015; Miller et al., 2013) processes 

have been implicated in schizophrenia. Our findings, therefore, of increased microglia in the 

mGluR5KO mouse complement the study by Arsenault et al (2014), in that they show that 

global loss of the mGluR5 receptor may affect the development of neuroinflammatory 

processes. In particular, we have shown that the global absence of the mGluR5 receptor 

results in increased inflammation in the form of increased microglial numbers and a tendency 

towards increased microglial activation Taken together, the studies suggest that mGluR5 and 

inflammation may influence each other against the background of the developing nervous 

system. As the mice were aged 12 weeks which is considered early adulthood, it 

is unfortunately not possible to determine whether or not the mGluR5 mutation 

resulted in microglial changes from birth. An intriguing possibility is that the 

lack of mGluR5 interacted with the developmental pruning processes that take 

place in adolescence and that we observed increased microglia only as a result 

of this interaction. Microglia may have become activated during the adolescent 

synaptic pruning period, however due to the lack of the mGluR5 receptor, they 
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would have had limited access to anti -inflammatory signals compared to WT. 

These microglia would therefore remain activated (as was indeed observed in 

our trending result) and would also be more likely to proliferate given th eir 

pro-inflammatory state (Kettenmann et al., 2011) This may in turn have 

resulted in the increased numbers of microglia observed in the mGluR5 KO 

mouse. Further longitudinal animal studies conducting microglial assessments from birth 

through adolescence and into adulthood could assess whether the loss of mGluR5 results in 

increased neuroinflammation from birth or whether there is an interaction with the synaptic 

pruning processes taking place in adolescence.  

While previous studies show that increased microglial activation is accompanied by 

decreased or absent mGluR5 expression, some studies have shown that upregulation of 

mGluR5 expression is a potential compensatory response to inflammation (Arsenault et al., 

2014a; Drouin-Ouellet et al., 2011). Neonatal inflammation was shown to increase both 

microglial activation and mGluR5 expression (Drouin-Ouellet et al., 2011), while in vivo 

imaging revealed increased microglial and mGluR5 activation in a mouse model of psychosis 

(Choi et al., 2015). Moreover, activation of the mGluR5 receptor significantly reduced 

microglial activation and neuronal degradation following traumatic brain injury in rats, 

indicating that concurrent increases in inflammation and mGluR5 may be an attempt to reduce 

inflammation  via mGluR5 activation  (Wang et al.,  2013).  Our  study  showing increased 

microglial numbers in mGluR5 KO mice may indicate that in the absence of the mGluR5 

receptor, this feedback loop, no longer functions, leading to increased microglia in the brain. 

There were several limitations to our study. Firstly, the sample size was small, therefore 

the findings need replication. Secondly, while mGluR5 has been dysregulated in schizophrenia, 

the findings are mixed, indicating that mGluR5 dysregulation is only one component of 

schizophrenia pathophysiology. Finally, while microglial number is an estimate of microglial 

proliferation in the brain, which coincides with microglial activation, a direct measure of 

microglial activation, would further extend our findings. 
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Our study constitutes the first time that the global absence of the mGluR5 receptor has 

been shown to influence the development of the immune system resulting in increased 

microglial numbers, which indicates that glutamatergic functioning may influence microglial 

homeostasis. We have demonstrated that the mGluR5KO mouse though not exclusive to 

psychosis, is a good model to examine the interplay of glutamate and inflammation against the 

background of a developing nervous system. Future studies focusing on conditional animal KO 

of mGluR5 may be in a position to address whether mGluR5 ablation at particular stages of 

development or in particular cell types such as microglia for example, is sufficient to cause 

both increased microglial activation and neuropsychiatric phenotypes. 

  



CHAPTER 3 

113 

 

 

References 

 

Aoyama, N., Théberge, J., Drost, D.J., Manchanda, R., Northcott, S., Neufeld, R.W.J., Menon, 

R.S., Rajakumar, N., Pavlosky, W.F., Densmore, M., Schaefer, B., Williamson, P.C., 

2011. Grey matter and social functioning correlates of glutamatergic metabolite loss in 

schizophrenia. Br. J. Psychiatry 198, 448–56. https://doi.org/10.1192/bjp.bp.110.079608 

Arsenault, D., Coulombe, K., Zhu, A., Gong, C., Kil, K.E., Choi, J.K., Poutiainen, P., Brownell, 

A.L., 2015. Loss of metabotropic glutamate receptor 5 function on peripheral 

benzodiazepine receptor in mice prenatally exposed to LPS. PLoS One 10, 1–20. 

https://doi.org/10.1371/journal.pone.0142093 

Arsenault, D., Zhu, A., Gong, C., Kil, K.-E., Kura, S., Choi, J.-K., Brownell, A.-L., 2014. 

Hypo-Anxious Phenotype of Adolescent Offspring Prenatally Exposed to LPS Is 

Associated with Reduced mGluR5 Expression in Hippocampus. Open J. Med. Psychol. 03, 

202–211. https://doi.org/10.4236/ojmp.2014.33022 

Benquet, P., Gee, C.E., Gerber, U., 2002. Two Distinct Signaling Pathways Upregulate NMDA 

Receptor Responses via Two Distinct Metabotropic Glutamate Receptor Subtypes. J. 

Neurosci. 22, 9679–9686. 

Berger, J. V, Dumont,  a O., Focant, M.C., Vergouts, M., Sternotte,  a, Calas,  a-G., Goursaud, 

S., Hermans, E., 2012. Opposite regulation of metabotropic glutamate receptor 3 and 

metabotropic glutamate receptor 5 by inflammatory stimuli in cultured microglia and 

astrocytes. Neuroscience 205, 29–38. https://doi.org/10.1016/j.neuroscience.2011.12.044 

Brody, S.A., Geyer, M.A., 2004. Interactions of the mGluR5 gene with breeding and maternal 

factors on startle and prepulse inhibition in mice. Neurotox. Res. 6, 79–90. 

https://doi.org/10.1007/BF03033300 

Burrows, E.L., McOmish, C.E., Buret, L.S., Van Den Buuse, M., Hannan, A.J., 2015. 

Environmental enrichment ameliorates behavioral impairments modeling schizophrenia in 

mice lacking metabotropic glutamate receptor 5. Neuropsychopharmacology 40, 1947–

1956. https://doi.org/10.1038/npp.2015.44 

Byrnes, K.R., Stoica, B., Loane, D.J., Riccio, A., Davis, M.I., Faden, A.I., 2009. Metabotropic 

glutamate receptor 5 activation inhibits microglial associated inflammation and 

neurotoxicity. Glia 57, 550–60. https://doi.org/10.1002/glia.20783 

Chana, G., Laskaris, L., Pantelis, C., Gillett, P., Testa, R., Zantomio, D., Burrows, E.L., 

Hannan, A.J., Everall, I.P., Skafidas, E., 2015. Decreased expression of mGluR5 within 

the dorsolateral prefrontal cortex in autism and increased microglial number in mGluR5 

knockout mice : Pathophysiological and neurobehavioral implications. Brain , Behav. , 

Immun. 

Choi, J.K., Zhu, A., Jenkins, B.G., Hattori, S., Kil, K.E., Takagi, T., Ishii, S., Miyakawa, T., 

Brownell, A.L., 2015. Combined behavioral studies and in vivo imaging of inflammatory 

response and expression of mGlu5 receptors in schnurri-2 knockout mice. Neurosci. Lett. 

609, 159–164. https://doi.org/10.1016/j.neulet.2015.10.037 

Corti, C., Xuereb, J.H., Crepaldi, L., Corsi, M., Michielin, F., Ferraguti, F., 2011. Altered levels 

of glutamatergic receptors and Na+/K+ ATPase-α1 in the prefrontal cortex of subjects 

with schizophrenia. Schizophr. Res. 128, 7–14. 

https://doi.org/10.1016/j.schres.2011.01.021 

Cummings, E., Donohoe, G., Hargreaves,  a, Moore, S., Fahey, C., Dinan, T.G., McDonald, C., 

O’Callaghan, E., O’Neill, F. a, Waddington, J.L., Murphy, K.C., Morris, D.W., Gill, M., 

Corvin,  a, 2013. Mood congruent psychotic symptoms and specific cognitive deficits in 

carriers of the novel schizophrenia risk variant at MIR-137. Neurosci. Lett. 532, 33–8. 

https://doi.org/10.1016/j.neulet.2012.08.065 

de la Fuente-Sandoval, C., León-Ortiz, P., Azcárraga, M., Favila, R., Stephano, S., Graff-

Guerrero, A., 2013. Striatal glutamate and the conversion to psychosis: a prospective 1H-

MRS imaging study. Int. J. Neuropsychopharmacol. 16, 471–5. 

https://doi.org/10.1017/S1461145712000314 



CHAPTER 3 

114 

 

 

Drouin-Ouellet, J., Brownell, A.-L., Saint-Pierre, M., Fasano, C., Emond, V., Trudeau, L.-E., 

Lévesque, D., Cicchetti, F., 2011. Neuroinflammation is associated with changes in glial 

mGluR5 expression and the development of neonatal excitotoxic lesions. Glia 59, 188–99. 

https://doi.org/10.1002/glia.21086 

Gould, T.D., Gottesman, I.I., 2006. Psychiatric endophenotypes and the development of valid 

animal models. Genes. Brain. Behav. 5, 113–9. https://doi.org/10.1111/j.1601-

183X.2005.00186.x 

Gray, L., van den Buuse, M., Scarr, E., Dean, B., Hannan, A.J., 2009. Clozapine reverses 

schizophrenia-related behaviours in the metabotropic glutamate receptor 5 knockout 

mouse: association with N-methyl-D-aspartic acid receptor up-regulation. Int. J. 

Neuropsychopharmacol. 12, 45–60. https://doi.org/10.1017/S1461145708009085 

Gupta, D.S., McCullumsmith, R.E., Beneyto, M., Haroutunian, V., Davis, K.L., Meador-

Woodruff, J.H., 2005. Metabotropic glutamate receptor protein expression in the prefrontal 

cortex and striatum in schizophrenia. Synapse 57, 123–31. 

https://doi.org/10.1002/syn.20164 

Hansen, K.F., Karelina, K., Sakamoto, K., Wayman, G. a, Impey, S., Obrietan, K., 2013. 

miRNA-132: a dynamic regulator of cognitive capacity. Brain Struct. Funct. 218, 817–31. 

https://doi.org/10.1007/s00429-012-0431-4 

Haukvik, U.K., Hartberg, C.B., Agartz, I., 2013. Schizophrenia--what does structural MRI 

show? Tidsskr. den Nor. lægeforening  Tidsskr. Prakt. Med. ny række 133, 850–3. 

https://doi.org/10.4045/tidsskr.12.1084 

Hercher, C., Chopra, V., Beasley, C.L., 2014. Evidence for morphological alterations in 

prefrontal white matter glia in schizophrenia and bipolar disorder 1–10. 

https://doi.org/10.1503/jpn.130277 

J., D., E.F.J.,  de V., R.A., D., H.C., K., 2008. PET imaging of the peripheral benzodiazepine 

receptor: Monitoring disease progression and therapy response in neurodegenerative 

disorders. Curr. Pharm. Des. 14, 3297–3315. 

Jew, C.P., Wu, C.-S., Sun, H., Zhu, J., Huang, J.-Y., Yu, D., Justice, N.J., Lu, H.-C., 2013. 

mGluR5 ablation in cortical glutamatergic neurons increases novelty-induced locomotion. 

PLoS One 8, e70415. https://doi.org/10.1371/journal.pone.0070415 

Kettenmann, H., Hanisch, U.-K., Noda, M., Verkhratsky, A., 2011. Physiology of microglia. 

Physiol. Rev. 91, 461–553. https://doi.org/10.1152/physrev.00011.2010 

Kinney, J.W., Davis, C.N., Tabarean, I., Conti, B., Bartfai, T., Behrens, M.M., 2006. A specific 

role for NR2A-containing NMDA receptors in the maintenance of parvalbumin and 

GAD67 immunoreactivity in cultured interneurons. J. Neurosci. 26, 1604–15. 

https://doi.org/10.1523/JNEUROSCI.4722-05.2006 

Kraguljac, N. V., Reid, M. a, White, D.M., den Hollander, J., Lahti, A.C., 2012. Regional 

Decoupling of N-acetyl-aspartate and Glutamate in Schizophrenia. 

Neuropsychopharmacology 37, 2635–2642. https://doi.org/10.1038/npp.2012.126 

Krivoy, A., Fischel, T., Weizman, A., 2008. The possible involvement of metabotropic 

glutamate receptors in schizophrenia. Eur. Neuropsychopharmacol. 18, 395–405. 

https://doi.org/10.1016/j.euroneuro.2007.11.001 

Lau, A., Tymianski, M., 2010. Glutamate receptors, neurotoxicity and neurodegeneration. 

Pflugers Arch. 460, 525–42. https://doi.org/10.1007/s00424-010-0809-1 

Liu, X., Su, H., Chu, T.-H., Guo, A., Wu, W., 2013. Minocycline inhibited the pro-apoptotic 

effect of microglia on neural progenitor cells and protected their neuronal differentiation in 

vitro. Neurosci. Lett. 542, 30–6. https://doi.org/10.1016/j.neulet.2013.03.011 

Loane, D.J., Stoica, B. a, Pajoohesh-Ganji, A., Byrnes, K.R., Faden, A.I., 2009. Activation of 

metabotropic glutamate receptor 5 modulates microglial reactivity and neurotoxicity by 

inhibiting NADPH oxidase. J. Biol. Chem. 284, 15629–39. 

https://doi.org/10.1074/jbc.M806139200 

Matosin, N., Newell, K. a, 2013. Metabotropic glutamate receptor 5 in the pathology and 

treatment of schizophrenia. Neurosci. Biobehav. Rev. 37, 256–68. 



CHAPTER 3 

115 

 

 

https://doi.org/10.1016/j.neubiorev.2012.12.005 

Matta, J. a, Ashby, M.C., Sanz-Clemente, A., Roche, K.W., Isaac, J.T.R., 2011. mGluR5 and 

NMDA receptors drive the experience- and activity-dependent NMDA receptor NR2B to 

NR2A subunit switch. Neuron 70, 339–51. https://doi.org/10.1016/j.neuron.2011.02.045 

Müller, N., 2008. Infl ammation and the glutamate system in schizophrenia : implications for 

therapeutic targets and drug development 1497–1507. 

Newell, K. a, Matosin, N., 2014. Rethinking metabotropic glutamate receptor 5 pathological 

findings in psychiatric disorders: implications for the future of novel therapeutics. BMC 

Psychiatry 14, 23. https://doi.org/10.1186/1471-244X-14-23 

Ohnuma, T., Arai, H., 2011. Significance of NMDA receptor-related glutamatergic amino acid 

levels in peripheral blood of patients with schizophrenia. Prog. Neuropsychopharmacol. 

Biol. Psychiatry 35, 29–39. https://doi.org/10.1016/j.pnpbp.2010.08.027 

Ohnuma, T., Tessler, S., Arai, H., Faull, R.L.., McKenna, P.J., Emson, P.C., 2000. Gene 

expression of metabotropic glutamate receptor 5 and excitatory amino acid transporter 2 in 

the schizophrenic hippocampus. Mol. Brain Res. 85, 24–31. 

https://doi.org/10.1016/S0169-328X(00)00222-9 

Olabi, B., Ellison-Wright, I., McIntosh,  a M., Wood, S.J., Bullmore, E., Lawrie, S.M., 2011. 

Are there progressive brain changes in schizophrenia? A meta-analysis of structural 

magnetic resonance imaging studies. Biol Psychiatry 70, 88–96. 

https://doi.org/10.1016/j.biopsych.2011.01.032 

Pantelis, C., Yücel, M., Bora, E., Fornito, A., Testa, R., Brewer, W.J., Velakoulis, D., Wood, 

S.J., 2009. Neurobiological markers of illness onset in psychosis and schizophrenia: The 

search for a moving target. Neuropsychol. Rev. 19, 385–398. 

https://doi.org/10.1007/s11065-009-9114-1 

Qiu, J.L., Zhu, W.L., Lu, Y.J., Bai, Z.F., Liu, Z.G., Zhao, P., Sun, C., Zhang, Y. Bin, Li, H., 

Liu, W., 2015. The selective mGluR5 agonist CHPG attenuates SO2-induced oxidative 

stress and inflammation through TSG-6/NF-κB pathway in BV2 microglial cells. 

Neurochem. Int. 85–86, 46–52. https://doi.org/10.1016/j.neuint.2015.04.007 

Rao, J.S., Kim, H.-W., Harry, G.J., Rapoport, S.I., Reese, E.A., 2013. Increased 

neuroinflammatory and arachidonic acid cascade markers, and reduced synaptic proteins, 

in the postmortem frontal cortex from schizophrenia patients. Schizophr. Res. 147, 24–31. 

https://doi.org/10.1016/j.schres.2013.02.017 

Richardson-burns, S.M., Haroutunian, V., Davis, K.L., Watson, S.J., Meador-woodruff, J.H., 

1999. Metabotropic Glutamate Receptor mRNA Expression in the Schizophrenic 

Thalamus 3223. 

Steiner, J., Bogerts, B., Sarnyai, Z., Walter, M., Gos, T., Bernstein, H.-G., Myint, A.-M., 2012. 

Bridging the gap between the immune and glutamate hypotheses of schizophrenia and 

major depression: Potential role of glial NMDA receptor modulators and impaired blood-

brain barrier integrity. World J. Biol. Psychiatry 13, 482–92. 

https://doi.org/10.3109/15622975.2011.583941 

Théberge, J., Williamson, K.E., Aoyama, N., Drost, D.J., Manchanda, R., Malla, A.K., 

Northcott, S., Menon, R.S., Neufeld, R.W.J., Rajakumar, N., Pavlosky, W., Densmore, M., 

Schaefer, B., Williamson, P.C., 2007. Longitudinal grey-matter and glutamatergic losses in 

first-episode schizophrenia. Br. J. Psychiatry 191, 325–34. 

https://doi.org/10.1192/bjp.bp.106.033670 

Torres-Platas, S.G., Comeau, S., Rachalski, A., Bo, G.D., Cruceanu, C., Turecki, G., Giros, B., 

Mechawar, N., 2014. Morphometric characterization of microglial phenotypes in human 

cerebral cortex. J. Neuroinflammation 11, 12. https://doi.org/10.1186/1742-2094-11-12 

Tu, P.-C., Lee, Y.-C., Chen, Y.-S., Li, C.-T., Su, T.-P., 2013. Schizophrenia and the brain’s 

control network: aberrant within- and between-network connectivity of the frontoparietal 

network in schizophrenia. Schizophr. Res. 147, 339–47. 

https://doi.org/10.1016/j.schres.2013.04.011 

van Berckel, B.N., Bossong, M.G., Boellaard, R., Kloet, R., Schuitemaker, A., Caspers, E., 



CHAPTER 3 

116 

 

 

Luurtsema, G., Windhorst, A.D., Cahn, W., Lammertsma, A. a, Kahn, R.S., 2008. 

Microglia activation in recent-onset schizophrenia: a quantitative (R)-[11C]PK11195 

positron emission tomography study. Biol. Psychiatry 64, 820–2. 

https://doi.org/10.1016/j.biopsych.2008.04.025 

Wang, H.Y., MacDonald, M.L., Borgmann-Winter, K.E., Banerjee, A., Sleiman, P., Tom, A., 

Khan, A., Lee, K.C., Roussos, P., Siegel, S.J., Hemby, S.E., Bilker, W.B., Gur, R.E., 

Hahn, C.G., 2018. mGluR5 hypofunction is integral to glutamatergic dysregulation in 

schizophrenia. Mol. Psychiatry. https://doi.org/10.1038/s41380-018-0234-y 

Wang, J.-W., Wang, H.-D., Cong, Z.-X., Zhang, X.-S., Zhou, X.-M., Zhang, D.-D., 2013. 

Activation of metabotropic glutamate receptor 5 reduces the secondary brain injury after 

traumatic brain injury in rats. Biochem. Biophys. Res. Commun. 430, 1016–21. 

https://doi.org/10.1016/j.bbrc.2012.12.046 

Wierzba-Bobrowicz, T., Lewandowska, E., Lechowicz, W., Stepień, T., Pasennik, E., 2005. 

Quantitative analysis of activated microglia, ramified and damage of processes in the 

frontal and temporal lobes of chronic schizophrenics. Folia Neuropathol. 43, 81–9. 

Yang, Li, Zhou, K., Zhang, Z., Sun, L., Yang, J., Zhang, M., Ji, B., Tang, K., Wei, Z., He, G., 

Gao, L., Yang, Lun, Wang, P., Yang, P., Feng, G., He, L., Wan, C., 2012. Label-free 

quantitative proteomic analysis reveals dysfunction of complement pathway in peripheral 

blood of schizophrenia patients: evidence for the immune hypothesis of schizophrenia. 

Mol. Biosyst. 8, 2664. https://doi.org/10.1039/c2mb25158b 

 



117 

CHAPTER 4  

 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 4: 
 

 
 
 
 

The frontal lobe is differentially 

affected in psychosis: the potential 

relationship with peripheral 

cytokines 



118 

CHAPTER 4  

 

 
 

Brain regions are differentially affected in psychosis: the potential 

relationship with peripheral cytokines 

 

Liliana Laskaris1,2, Sam Mancuso2, Cynthia Shannon Weickert 4,5,6, Andrew Zalesky1, 

Gursharan Chana 2,3, 12 ,Cassandra Wannan1,2, Chad Bousman7, Bernhard Baune8, Patrick 

McGorry9, Ian Paul Everall10, Christos Pantelis 1,2,11,12 & Vanessa Cropley1,2,13
 

 
 
 

1Melbourne Neuropsychiatry Centre, Department of Psychiatry, The University of Melbourne 

and Melbourne Health. 
 

2Department of Psychiatry, The University of Melbourne 
 

3Department of Medicine, Royal Melbourne Hospital, The University of Melbourne 
 

4 Schizophrenia Research Laboratory, Neuroscience Research Australia, Randwick NSW 

2031, Australia. 

 

5 School of Psychiatry, Faculty of Medicine, University of New South Wales, Sydney NSW 

2052, Australia 

 

6 Department of Neuroscience & Physiology, Upstate Medical University, Syracuse, New 

York 13210, USA 

 
7 Departments of Medical Genetics, Psychiatry, Physiology & Pharmacology, University of 

Calgary, Calgary, AB, Canada 

 
8 Department of Psychiatry, University of Adelaide 

 

9 Orygen, National Centre of Excellence in Youth Mental Health, Melbourne, Australia 

 

10 Institute of Psychiatry, Psychology & Neuroscience, King’s College London, UK 

11 North Western Mental Health, Melbourne Health, Parkville, VIC Australia 

12Florey Institute for Neurosciences and Mental Health, Parkville, VIC Australia 

13 Centre for Mental Health, Faculty of Health, Arts and Design, School of Health Sciences, 

Swinburne University, Melbourne, Australia 



119 

CHAPTER 4  

 

 
 

Abstract 
 
 
 

One of the most widely replicated features of schizophrenia are brain volume deficits 

although their pathogenesis remains unclear. Despite evidence that peripheral inflammation 

may impact on brain structure, few studies have examined the relationship between 

peripheral inflammation and the brain in psychosis. The aim of this study was to investigate 

the relationship between brain structure and peripheral cytokine levels and to identify 

whether the cytokine-brain relationship may differ across healthy controls, first episode 

psychosis (FEP) and chronic schizophrenia (SCZ) patients. 

 

A panel of cytokines (GM-CSF, IFN IL1 IL2, IL4, IL5, IL6, IL7, IL8, IL10, IL12, IL13, 

TNF) were quantified from serum samples in 175 participants [n=84 Healthy Controls 

(HC), n=40 FEP, n=51 Chronic SCZ]. A T1-weighted magnetic resonance imaging scan was 

performed on participants to generate regional estimates of grey matter thickness and volume 

across the whole brain. We performed a series of permutation tests to identify the cytokines 

 
most consistently associated with the selected brain regions and linear regressions to assess 

whether these associations were different in psychosis patients versus healthy controls. 

 

Frontal thickness was positively associated with cytokines in healthy controls, while cytokine 

IL5 was negatively associated with total cortical volume in FEP. Our findings therefore 

indicate that the relationship between peripheral inflammation and brain regions appears 

differentially impacted in FEP and that there may be a potential neuroprotective mechanism 

operating in controls that is absent in psychosis patients. Longitudinal investigations are 

required to determine whether the relationship between brain structure and peripheral 

inflammation leads to psychotic symptoms. 



120 

CHAPTER 4  

 

 
 
 
 
 
 

Introduction 

The pathophysiological mechanism behind widely replicated structural brain changes in 

psychosis remains unknown.  These changes include ventricular enlargement (Olabi et al., 

2011), and grey matter loss within prefrontal, temporal and subcortical structures (Fornito et 

al., 2009; Olabi et al., 2011). One of the mechanisms likely contributing to these structural 

brain changes found in schizophrenia is neuroinflammation, including activation of microglia, 

and dysregulation of peripheral cytokines (Howes and McCutcheon, 2016; Jacomb et al., 

2018; Laskaris et al., 2016; Miller and Goldsmith, 2016). 

 

The ‘neuroinflammatory’ hypothesis states that the cytotoxic effects of persistent activation 

of the brain’s immune cells, namely microglia and astrocytes, in addition to dysregulation of 

the peripheral inflammatory system, might cause neuronal degeneration and synaptic 

dysfunction (Garcia-Rizo et al., 2013; Hickie et al., 2009; Howes and McCutcheon, 2016; 

Laskaris et al., 2016; Monji et al., 2009), thus potentially contributing to the thickness and 

volume loss seen in imaging studies of schizophrenia (Borgwardt et al., 2007; Olabi et al., 

2011; Pantelis et al., 2005). Some studies have shown increased microglial activation at 

various stages of psychotic illness (Bloomfield et al., 2016; Selvaraj et al., 2018; van Berckel 

et al., 2008), while several meta-analyses and systematic reviews (Miller and Goldsmith, 

2016; Rodrigues-Amorim et al., 2018)  have concluded that there is dysregulation of 

peripheral inflammatory molecules across all stages of schizophrenia. 

 

Although the brain was once considered to be immune privileged, over the last decade, this 

has been reconceptualised. Evidence suggests that peripheral cytokines may influence the 

brain via direct binding to the vagus nerve or the epithelial endothelial cells of the blood brain 

barrier (BBB) (McCusker and Kelley, 2013). Indeed, a recent study revealed evidence of 



121 

CHAPTER 4  

 

 
 

more chemo-attractants for and transmigration of macrophages in the brain of patients with a 

“high inflammatory” subtype of schizophrenia (Cai et al., 2018) . Given evidence for a bi- 

directional relationship between the immune and nervous systems, meta-analytic findings for 

altered cytokines in individuals with psychosis (Goldsmith et al., 2016; Miller et al., 2011), 

and elevations in cytokines within the frontal cortex (Fillman et al., 2015, 2013; Volk et 

al., 2015) peripheral and central inflammatory processes may be related, with both 

potentially contributing to widespread brain structural changes seen in psychosis. 

 

A growing number of studies have examined the relationship between peripheral cytokines 

and grey matter structure in psychosis. Although most studies have identified associations 

between cytokines and brain structure, the nature, and interpretation, of the relationships 

remains unclear, in part due to considerable heterogeneity across studies in the cytokines and 

regions examined, stage of illness of the patients, statistical approaches employed and the 

degree to which potential confounds were considered. 

 

To date, five studies have investigated inflammatory molecules within the blood of 

individuals with established, chronic schizophrenia in relation to brain structure. The first 

study demonstrated that lower circulating levels of the anti-inflammatory cytokine, IL18, 

were associated with smaller hippocampal volumes, indicating a neuroprotective role for this 

molecule (Bossu et al., 2015).  A subsequent study that examined the relationship between 

hippocampal volume and seven pro-inflammatory molecules, found no association between 

any pro-inflammatory molecule and hippocampal volume in either patients or healthy 

controls (Hoseth et al., 2016). This may indicate that while hippocampal volume may be 

susceptible to anti-inflammatory cytokines, it may not be vulnerable to the effects of pro- 

inflammatory molecules, although more studies are required to confirm this. 
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Of the studies to date, only two have examined the relationship between inflammatory 

molecules and grey matter structure in patients in the early stages of psychotic illness 

(Cannon et al., 2015; Lesh et al., 2018). In keeping with the neuroinflammatory hypothesis 

of schizophrenia (Howes and McCutcheon, 2016; Weickert and Weickert, 2016) a faster rate 

of thinning in the prefrontal cortex (PFC) in a combined sample of individuals at ultra-high 

risk (UHR) of psychosis and controls, was associated with an elevated pro-inflammatory 

composite score calculated from IL2, IFN and TNF In another study in first-episode 

psychosis (FEP), increases in the pro-inflammatory cytokines, IFN and IL12 (from a panel 

of 9 cytokines), were associated with decreases in whole brain grey matter, but not whole 

brain white matter or the thickness of the middle and frontal gyrus (Lesh et al., 2018). Taken 

together these studies suggest that inflammatory molecules may exert varying influences on 

grey matter across different stages of illness, which is why studies examining the brain 

cytokine relationship across stages of illness within the same study are urgently required. 

 

To our knowledge, there are no studies to date that have examined the relationship between 

circulating levels of cytokines and grey matter structure across both early and late stages of a 

psychotic illness. This is important as it is currently not possible to determine whether the 

relationship between brain structure and cytokine profile changes throughout illness 

progression or whether differences in this relationship identified between chronic and FEP 

patients are due to cross-study variation. Given that most previous studies have selected 

specific cytokines and brain regions based on a priori hypotheses (Bossu et al., 2015; Fillman 

et al., 2013; Hoseth et al., 2016; Lesh et al., 2018; Pillai et al., 2015), certain relationships 

that do not feature in the existing literature might have been overlooked. This makes it 

difficult to determine whether specific brain regions are more vulnerable to circulating levels 

of inflammatory molecules and whether cytokines act in a uniform manner across the whole 
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brain.  Finally, while the investigation of the relationship between pro-inflammatory 

molecules and brain structure is crucial, associations between anti-inflammatory molecules 

and the brain may be equally important within the context of the neuro-inflammatory 

hypothesis of schizophrenia. However to date, most studies have been limited to investigating 

one anti-inflammatory molecule (Hoseth et al., 2016; Lesh et al. 2018; Dieset. et al., 2015). A 

thorough investigation of anti-inflammatory as well as pro-inflammatory molecules in 

relation to brain structure across stages of psychosis is warranted. 

 

Here, we aimed to characterise the relationship between grey matter thickness and volume 

and peripheral cytokine protein levels in individuals at different stages of a psychotic illness; 

specifically, chronic schizophrenia and individuals experiencing their FEP, in comparison to 

a healthy control group. In a data driven approach examining a wider range of cytokines and 

brain structures than previously examined, we aimed to investigate the association between 

grey matter structure and peripheral cytokine levels across the whole cohort and elucidate the 

effect of diagnosis on the association between brain structure and peripheral cytokines. 

 
Methods 

 

 

Subjects and Methods 

A total of 175 subjects participated in this study: 40 FEP patients, 51 chronic schizophrenia 

patients (illness duration > 7 years), and 84 healthy controls. All groups were matched on 

gender. Demographic data is shown in Table 1. 

Healthy controls were assessed by trained researchers to confirm that they had no 

diagnosable psychopathology using the Structured Clinical Interview for DSM-IV Axis I 

Disorders (SCID) (Spitzer et al., 1992a). FEP and chronic schizophrenia subjects were 

diagnosed using the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition 

(DSM-IV) and diagnoses confirmed using the Mini-International Neuropsychiatric Interview 
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(MINI; Sheehan et al. 1998) or the Structured Clinical Interview for DSM-IV (SCID) (Spitzer 

et al., 1992a). 

Exclusion criteria for the study included pregnancy, history of an auto-immune disorder 

(Hashimoto’s thyroiditis or Graves disease, lupus, arthritis), neurological or endocrine 

disorder (diabetes), as well as a history of head injury and seizures. Current inflammatory 

conditions (e.g. influenza) requiring treatment with immunosuppressive, 

corticoid/glucocorticoid, steroidal or non-steroidal anti-inflammatory medication within two 

weeks of blood draw also constituted exclusionary criteria. 

 
 
 

The study was approved by the Melbourne Health and Austin Health Human Research Ethics 

Committees and all participants provided written consent prior to participation. 

 
 
 

Clinical measures 

 
Clinical symptoms were assessed on the day of the blood draw and included the following 

symptom measures: the SCID, the Expanded Brief Psychiatric Rating Scale (BPRS) (Overall 

and Gorham, 1962) or the Positive and Negative Syndrome Scale (PANSS) to provide 

assessments of positive and general psychopathology (Kay SR, Fiszbein A, 1987) and the 

Scale for the Assessment of Negative Symptoms (SANS) (Blanchard and Cohen, 2006) for 

the assessment of negative symptoms. PANSS scores were converted to BPRS scores as 

previously described (Leucht et al., 2013) to allow for the assessment of total and domain 

psychopathology scores. Chlorpromazine (CPZ) equivalents were calculated using current 

medication dose as outlined in Woods et al. (2003). 
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Laboratory procedures 

 
All subjects were fasting and blood samples were obtained between 8:00-11:00am on the 

same day as the MRI scan. Blood was collected in SSTII tubes and allowed to clot for 60 

minutes then centrifuged at 2500g for 20 minutes and subsequently stored in cryotubes at -80 

degrees Celsius.  Thirteen cytokines from the MILLIPLEX MAP Human High Sensitivity T 

Cell Magnetic Bead Panel - Immunology Multiplex Assay (HSTCMAG-28SK, Merck 

Millipore, Billerica, MA, USA) were quantified in duplicate using the Luminex Magpix 

assay. Intra-assay CVs were below 5% (CV<5%). 

 
 
 

Serum samples were thawed according to assay instructions and centrifuged at 1400g for 5 

minutes in order to remove any aggregate protein. All reagents including samples in duplicate 

were assayed according to manufacturer instructions. A 10-point standard curve with serial 

dilutions of 1:4 was generated using reconstituted stock standards supplied by the assay 

manufacturer. The data was generated by applying a 5-parameter logistic standard curve fit 

corrected for sample dilutions in the Millipore Analyst Software (Merck Millipore, USA). 

 
 

MRI imaging 
 

 

Magnetic Resonance Imaging (MRI) scans were acquired on the same day as the blood test 

on a 3-T Siemens Trio at the Murdoch Children’s Research Institute, Royal Children’s 

Hospital, Parkville, Australia. High resolution structural T1 scans were obtained as follows: 

A spoiled gradient recall echo (SPGR) sequence was used to produce a 3D structural image 

with a 1.0 mm3 voxel size constructed from 256 contiguous coronal slices (slice thickness 

=1.0mm) [time repetition (TR)=14 ms, time echo (TE)=3ms, matrix size = 250x250, 256]. 
 
 
Image pre-processing 



126 

CHAPTER 4  

 

 
 

The FreeSurfer software (version 5.3) (http://surfer.nmr.mgh.harvard.edu) was used to obtain 

subcortical volumetric measures and estimates of cortical thickness. We selected the brain 

regions based on previous literature reporting perturbations in some regions in psychosis 

(Cannon et al., 2015; Dieset. et al., 2015) and because collectively they constitute the main 

regions of the cortex and subcortex. The automated volume-based stream assigns a 

neuroanatomical label to each voxel in a MRI volume using a probabilistic atlas and a 

Bayesian classification rule (Fischl et al., 2002). The automated volume-based stream was 

used to extract mean volume estimates for intracranial volume (ICV) with the estimate based 

on the talairach transform and the following subcortical regions: amygdala, basal ganglia, 

cerebellum, hippocampus, ventricles and total cortex volume. The ventricular volume 

comprised lateral and inferior lateral, third and fourth ventricles, while total cortex volume 

encompassed the volume inside the pial surface excluding the volume inside the white 

surface and the tissue inside the ribbon that was not part of cortex (e.g. subcortical areas) 

(Fischl et al., 2002). 

 

The surface-based pipeline was used to extract cortical thickness and surface area 

measurements through the reconstruction of a three-dimensional cortical surface model. This 

includes segmentation of the pial surface and the grey/white matter boundaries for each 

hemisphere, using image intensity and continuity information from the MRI volume (Fischl 

and Dale, 2000). Estimates of total cortical and total frontal cortical thickness were obtained 

comprising the following regions: caudal anterior cingulate, caudal middle frontal gyrus, 

medial orbitofrontal gyrus, pars opercularis, pars triangularis, pars orbitalis, rostral anterior 

cingulate, rostral middle frontal gyrus, superior frontal gyrus and frontal pole. Temporal lobe 

cortical thickness was obtained as a summation of banks of the superior temporal sulcus, 

entorhinal, fusiform, inferior temporal gyrus, medial temporal gyrus, parahippocampus, 

superior temporal gyrus and transverse temporal regions. Occipital lobe (cuneus, lateral 
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occipital, lingual and pericalcarine) and parietal lobe (inferior parietal, isthmus cingulate, 

posterior cingulate, precuneus, superior parietal and supramarginal) cortical thickness were 

also calculated for the statistical analyses (Agartz et al., 2011). 

 
 
 

 
Surfaces were initially inspected for skull stripping and surface boundary defects. 

Inaccuracies in outlining cortical surfaces and brain structures were manually corrected with 

Freesurfer’s editing tools in accordance with an internal, standardized quality control and 

editing protocol. Edited images were then reprocessed through the Freesurfer pipeline and the 

output visually inspected again. This process was repeated until all surface errors were 

corrected. 

 
 
 
Statistical analyses 

 
 

Demographic variables 
 
 
Statistical analyses of demographic variables were performed using the Statistical Package 

for the Social Sciences (SPSS) version 22 (IBM). Differences in these variables between 

groups were analysed with independent t-test or Pearson’s 2 statistic for continuous and 

categorical variables, respectively. The Mann Whitney U test and Spearman’s r statistic were 
 
used for variables that were not normally distributed. Normality was assessed using Shapiro- 

Wilk and visual inspection of QQ plots.  Correlations between age, body mass index (BMI) 

and current chlorpromazine (CPZ) equivalents with cytokine levels were analysed with 

Spearman’s rank correlation coefficient. The difference in each cytokine between current 

smokers and cannabis users was analysed with the Mann Whitney U test. 
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Between-group differences 

 
A series of general linear models were used to test the null hypothesis of equality in group- 

averaged cytokine proteins and brain structural estimates across the healthy control, FEP and 

chronic schizophrenia groups, adjusting for age and BMI. The following 13 cytokines were 

examined: GM-CSF, IFN IL1, IL2, IL4, IL5, IL6, IL7, IL8, IL10, IL12, IL13 and TNF 

The Bonferroni procedure was used to adjust for multiple comparisons for the 13 cytokines 
 
(significance threshold set at p=0.004). 

 
 
Brain structural measures consisted of total cortical thickness, total brain volume, frontal, 

temporal, parietal and occipital cortical thickness estimates, and amygdala, hippocampus, 

ventricle, cerebellum and basal ganglia volume. Covariates included age and BMI and ICV as 

pertaining to the brain volume variables. The Bonferroni procedure was used to adjust for 

multiple comparisons for the 11 brain regions (significance threshold set at p=0.004) and 

Bonferroni post hoc tests were applied in the event of a main effect of diagnosis. 

 

Correlation between cytokine levels and brain structure 
 
 

Permutation tests 

In order to protect against Type I errors, a parameter reduction approach running 

permutations using the null distribution was taken at a multivariate level on the whole cohort 

to identify cytokines and brain regions that were most consistently associated with each other 

across 1000 permutations (Anderson, 2001). Firstly, a covariate only model consisting of 

BMI (thickness variables) and age and BMI, age and ICV (volume variables) was fitted for 

each of the 11 brain regions. The predicted and residual values from each of these models 

were saved. Subsequently, the residuals were sampled without replacement and added to the 

predicted values, forming the y* variable, which models the null distribution. The full model 

was then fitted consisting of covariates and each of the 13 cytokines using y* as the outcome 

variable. Finally, the beta (unstandardized) co-efficients for each cytokine term were saved 
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and this process was repeated 1000 times (Anderson, 2001). This series of analyses were 

conducted in R version 3.5.1. 

 

Main effect of cytokines and diagnosis 
 
 
We sought to determine the main effect of cytokines and diagnosis in predicting the brain 

structures identified in pre-screening, over and above a covariate only model. The influence 

of diagnostic status (FEP, chronic schizophrenia, healthy control) was assessed by 

determining the significance of the interaction term between each cytokine and diagnostic 

status predicting the relevant brain structures. Only the cytokines and brain structures 

identified in the pre-screening permutation phase were included in the analyses. 

 

Specifically, the following covariates were included in Step 1 of the model: age, BMI and 

ICV (ICV entered only when outcome variable was brain volume), the cytokine proteins 

identified in prescreening were simultaneously entered  into Step 2 and the 

cytokine*diagnosis interaction term was entered into Step 3 of the linear regression model 

predicting the associated brain region. Model performance was compared to a covariate only 

model by assessing whether the change in R2 between each step of the linear regression 

model and the covariate only models was statistically significant. In total, 4 models were run 

with Bonferroni adjustment (significance threshold set at p<0.001). Analyses were conducted 

using the Statistical Package for the Social Sciences (SPSS) version 22 (IBM). 

 

 
 

Moderation models 
 
 

Moderation analyses were performed when linear regression models revealed a significant 

interaction between a cytokine level and diagnosis for one or more brain structures. 

 

In order to determine whether diagnosis was a significant moderator of the relationship 

between each cytokine and each brain structure identified in the multiple regression (previous 
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section), we consulted the tests of highest order unconditional interaction (Bonferroni- 

adjusted significance threshold over 7 models set at p<0.007). The conditional effects of each 

cytokine predictor were also examined at each level of diagnosis to determine if the 

relationship between cytokines and frontal thickness was different in patients vs. controls. 

Analyses were conducted using the PROCESS module in Statistical Package for the Social 

Sciences (SPSS) version 22 (IBM). 

 

Correlations with symptoms 

 
Canonical correlation analysis (CCA) was performed to identify any potential latent relations 

between the set of cytokine proteins (GM-CSF, IFN, IL1, IL2, IL4, IL5, IL6, IL7, IL8, 

IL10, IL12, IL13 and TNF) and the set of clinical symptom scores (BPRS positive symptom 

subscore, BPRS negative symptom subscore and BPRS general symptom 

 subscore). CCA was performed using data from the pooled patient group (FEP and chronic). CCA identified a set of weights to maximize the correlation between (�𝑖, �𝑖),  𝑖= 1,2, … , 𝑁, 

where 𝑁is the total number of patients. Permutation was used to compute a p-value for this 

correlation. This involved randomly permuting the complement proteins among individuals 
 
on 5000 separate occasions, each time performing CCA on the permuted data to generate a 

null distribution for the sample canonical correlation coefficient; p-values less than 0.05 were 

deemed significant. While permutation does not mandate data normality, ensuring normality 

can potentially improve the sensitivity of CCA. Canonical correlations were performed in 

Matlab (Mathworks) 2014 based on the canoncor function. 

 
Results 

 
 

Demographics 
 
 

Demographic and clinical characteristics of subjects are shown in Table 1. There was a 

significant main effect of diagnosis on age (F= 50.499, p<0.0005) and BMI (F=13.620, 
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p<0.0005) with post-hoc comparisons revealing that chronic SCZ patients had significantly 

higher age compared to FEP (p<0.0005) and HC (p=0.003), while HC had significantly 

higher age compared to FEP (p<0.0005). BMI was significantly increased in chronic 

schizophrenia compared to HC (p<0.0005). We therefore controlled for age and BMI in all 

group analyses. 

 
Table 1. Clinical cohort characteristics 

 
 

Characteristic HC FEP Chronic 

 n = 84 n=40 n= 51 

Age, mean (sd) years 34.3 (11.9) 21.1 (2.5) 40.4 (8.7) 

Sex, % (n) female 32.1 (27) 35 (14) 37 (19) 

Ethnicity, % (n) Caucasian 80 (67) 58 (23) 78 (40) 

BMI, mean (sd) 24.7 (4.5) 27.2 (5.4) 29.7 (6.0) 

Current Smoker, % (n) 24 (20) 53 (21) 51 (26) 

Current cannabis user, % (n) 18 (15) 45 (18) 20 (10) 

CPZ equivalents, mean (sd) dose _ 343.3 (389.4) 991.4 (560.9) 

Duration of illness, mean (sd) years _ 1.3 (1.3) 18.5 (7.7) 

SANS Total, mean (sd) – 19.4 (12.0) 40.1 (17.0) 

Total psychopathology (BPRS Total), mean(sd) – 38.5 (9.6) 39.1 (12.6) 

Positive symptom subscore (BPRS), mean (sd) – 14.1 (5.5) 17.3 (6.7) 

Negative symptom subscore (BPRS), mean (sd) – 5.2 (2.4) 7.5 (3.1) 

General symptom subscore (BPRS), mean (sd) – 14.1 (4.4) 13.0 (3.9) 

HC, Healthy controls; FEP, First episode psychosis; BMI, Body mass index; SANS, scale for the assessment of negative symptoms; 

BPRS, Brief psychiatric rating scale; CPZ, chlorpromazine equivalents 

 
 
 
 
 

In the entire sample, age was negatively correlated with GM-CSF (rs= -0.364, p<0.0005) and 

IL1 (rs= 0.238, p=0.002); no associations were detected between BMI and cytokine level. 

Age and BMI were treated as nuisance variables and included as covariates in all subsequent 

analyses. There was no effect of sex on diagnosis ( 2= 0.380, p=0.827) or any cytokine 

protein level (all p>0.05). Cytokine protein did not significantly differ between current 

smokers and non-smokers (p>0.05) or between current cannabis users and non-users (p>0.05) 

and were not associated with current CPZ equivalents in combined patient group or when 

examined in FEP and chronic patient group separately (p>0.05 for all cytokines). 
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Between group comparisons 
 

 
 

There were no significant differences in cytokine protein levels between HC, FEP or chronic 

schizophrenia patients (p>0.05; see Table 2). 

 
Table 2 Cytokine group differences 

 

 
 

Cytokine 
 

Omnibus Analysis 
 

 
F P value 

 

Partial 

 effect 

 

HC 

Cytokine mean 

 

FEP 

Cytokine mean 

 

Chronic 

Cytokine mean 

   size (sd) (sd) (sd) 

GM-CSF 0.708 0.494 0.009 309.2 (604.9) 732.6 (2096.5) 493.0 (1902.5) 

IFN 0.396 0.674 0.005 11.7 (11.3) 12.6 (10.9) 8.4 (7.8) 

IL10 0.100 0.905 0.001 8.7 (6.8) 8.9 (8.2) 14.1 (38.0) 

IL12 0.631 0.534 0.008 3.1 (1.9) 3.5 (2.0) 2.6 (2.2) 

IL13 0.261 0.771 0.003 16.1 (29.1) 12.9 (24.0) 15.4 (23.4) 

IL1 0.076 0.927 0.001 1.6 (1.4) 1.8 (1.1) 1.4 (1.2) 

IL2 1.041 0.356 0.013 2.8 (2.3) 4.2 (6.4) 2.6 (2.7) 

IL4 0.572 0.565 0.007 72.9 (153.0) 52.1 (111.1) 58.1 (95.8) 

IL5 0.066 0.936 0.001 3.9 (7.1) 3.4 (6.0) 3.5 (5.6) 

IL6 0.729 0.484 0.009 1.3 (0.9) 1.7 (1.1) 1.6 (1.8) 

IL7 0.723 0.487 0.009 6.5 (3.1) 6.5 (3.0) 6.1 (6.2) 

IL8 0.250 0.779 0.003 6.4 (6.3) 5.6 (6.4) 7.0 (4.8) 

TNF 2.436 0.091 0.031 5.4 (2.7) 5.3 (2.3) 7.0 (3.6) 

 
 

There was a significant main effect of diagnosis on the hippocampus, amygdala, ventricles, 

frontal, temporal, parietal and total thickness and total brain volume. Post-hoc pairwise 

comparisons revealed that temporal lobe thickness, amygdala, hippocampus and ventricular 

volume were significantly lower in FEP and chronic schizophrenia patients compared to 

healthy controls (see Table 3). Frontal, parietal and total thickness were significantly 

decreased in chronic schizophrenia compared to controls, while total volume was 

significantly decreased in chronic schizophrenia compared to controls and FEP patients (see 

Table 3). 
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Table 3. Group differences in brain regions 

 

 
 

Brain region F P value Partial 


2 

effect 

size 

HC vs. FEP 

 

Mdiff 

(p value) 

HC vs. SCZ 

 

Mdiff 

  (p value) 

 

FEP vs SCZ 

 

Mdiff  

(p value) 

 
Cerebellum 2.771 0.066 0.036 NS NS NS 

Hippocampus 22.409 <0.0001* 0.230 224.702 924.905 NS 

(0.001)* (<00005)* 

Basal ganglia 0.246 0.782 0.003 NS NS NS 

Ventricles 6.062 0.003* 0.075 -4104.333 -3943.858 NS 

(0.031)* (0.016)* 

Amygdala 7.539 0.001* 0.091 181.573 218.534 NS 

(0.038)* (0.002)* 

Insula 12.450 <0.0001* 0.142 NS 1184.080 975.808 

(<0.0005)* (0.008)* 

Total volume 20.286 <0.0001* 0.213 NS 34435.934 29.007.740 

(<0.0005)* (<0.0005)* 

Frontal 6.429 0.002* 0.078 0.475 1.480 1.006 

thickness (0.937) (0.001)* (0.213) 

Temporal 12.344 <0.0001* 0.141 1.307 1.811 0.503 (1) 

thickness (0.012)* (<0.0005)* 

Parietal 8.730 <0.0001* 0.104 0.487 0.942 0.455 

thickness (0.197) (<0.0005)* (0.433) 

Occipital 

thickness 

2.519 0.084 0.032 NS NS NS 

Total 10.485 <0.0001* 0.122 0.075 0.164 0.090 

thickness (0.220) (<0.0005)* (0.203) 
 

 
HC, Healthy controls; FEP, First episode psychosis; SCZ, Schizophrenia; Mdiff, mean difference; NS, not 

significant, 

*p<0.05 Survived Bonferroni adjustment for multiple comparisons (uncorrected p values shown) 
 
 
 

 
Correlation between cytokine level and brain structure 

 

Permutation tests 
 
 
We found that, across the whole cohort, certain cytokines were more likely to be associated 

with brain structures, below the threshold of p=0.05 across 1000 permutations. Figure 1 
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shows the specific combination of cytokines and brain structures that were significantly 

associated with each other above the p threshold of p<0.05 across 1000 permutations.  

 

 

 
 
 
Figure 1. Cytokines most consistently associated with brain structures over 1000 permutations across 

the whole cohort; p<0.05. Relationships demonstrated in graphical followed by table form. For 

example the amygdala brain region was associated with IL6, while total cortex volume was associated 

with IFN and IL5 across the whole cohort. 
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Therefore, the following cytokines and brain structure combinations were selected for further 

examination: cytokines IFN, IL4, IL5, IL13 and frontal thickness, cytokine IL1 and 

cerebellar volume, cytokine IL6 and amygdala volume and cytokines IL5 and IFN and total 

cortical volume. These combinations were entered into a linear regression model, as outlined 

below. 

 

Main effect of cytokines and diagnosis 
 
 
We assessed the effect of cytokines (Step 2) and diagnostic status (Step 3) on predicting the 

four brain structures identified in the pre-screening phase. In accordance with the principles 

of multiple regression, we assessed the effect of (Step 3) diagnostic status first in predicting 

the relevant brain structures. We found that model performance was significantly improved 

above a covariate only model by the inclusion of the cytokine -diagnosis interaction term in 

the prediction of total cortical (p<0.0005) and amygdala volume (p=0.009), in addition to 

frontal thickness (p=0.005) (Table 4). 

 

The prediction of the cerebellum was not significantly improved by the interaction term 

between cytokine and diagnosis (p=0.361), or the addition of the cytokine (p=0.042). The 

predictive effect of the covariates and cytokine terms entered into step 1 and step 2 of the 

linear regression respectively, are recorded in Supplementary material. 
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Table 4 Linear regression model investigating the predictive power of the diagnosis*cytokine 

interaction term in each brain region separately. 
 
 

Brain structure Cytokine*diagnosis interaction effect 
 

R2 R2 (adjusted) SE F change P value 

Amygdala 0.488 0.471 310.809 7.077 0.009 

Cerebellum 0.454 0.436 11687.547 0.841 0.361 

Total cortex volume 0.804 0.795 27073.126 13.607 <0.0005 

Frontal thickness 0.392 0.349 1.974 3.745 0.006 

 

 

#Cytokines comprising the cytokine*diagnosis interaction term are listed as follows in relation to each 

brain region they were associated with in the permutation based pre-screening process: Amygdala: 

IL6, Cerebellum: IL1, Total cortex volume: IL5. IFN Frontal thickness: IFN, IL4, IL5, IL13. 
 
 
 

 
Moderation models 

 
 
 

Given that the interaction term between cytokines and diagnostic status was a significant 

predictor of several brain regions (total cortical volume, amygdala volume and frontal 

thickness), we further interrogated this relationship by running a series of moderation models. 

Specifically, we examined whether diagnosis moderated the relationship between the 

cytokines identified as significantly associated with frontal thickness in the pre-screening 

phase (i.e. IFN IL4, IL5, and IL13) and frontal thickness. Similarly, we examined whether 

diagnosis moderated the relationship between the cytokines IL5, IL13 and total cortical 
 
volume and IL6 and amygdala volume. Here, we were primarily interested in determining 

whether the relationship between cytokine protein level and frontal thickness, amygdala and 

total cortical volume was the same, or different, across diagnostic groups. Seven moderation 

models, corresponding to each of the 7 cytokines associated with these brain regions, were 

performed, with results corrected for multiple comparisons using a Bonferroni correction 

(significance threshold set at p<0.007 for the 7 tests).  We found that diagnostic status was a 
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significant moderator of the relationship between cytokines IL4, IL5 and IL13 and frontal 

thickness, in addition to cytokine IL5 and total cortical volume (Figure 2 and Table 5). 
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Figure 2. Results of moderation models investigating the relationship between cytokines and 

brain regions with diagnosis as moderator. P values for highest order unconditional 

interactions (cytokine * diagnosis) shown (see also Table 5); *p values survive Bonferroni 

correction (uncorrected p values shown). 

 

 
 
 

Conditional effects analysis revealed significant positive associations between the cytokine 

predictors IL4 (p=0.007), IL5 (p=0.002) and IL13 (p=0.006) and frontal thickness in healthy 

controls, but not in either of the patient groups (p>0.700) (Table 5). Specifically, increases in 

the cytokines IL4, IL5 and IL13 were associated with increases in frontal thickness, 

exclusively in healthy controls. In contrast, increases conditional effects analysis revealed 

negative relationships in FEP, but not in chronic patients or healthy controls. Specifically, 

increases in cytokine IL5 were associated with decreases in total cortical volume, exclusively 

in FEP patients (Table 5). 



139 

CHAPTER 4  

 

 
 
 
 
 

Table 5 Moderating effect of diagnosis on the relationship between cytokines and brain 

structures 
 

 
 
 

 
Cytokine 

     
Frontal thickness moderated by diagnosis 

 

Highest order unconditional interactions 

(cytokine*diagnosis) 

Conditional effects of each cytokine at values of 

diagnosis 
 

 
IFN 

R2 

change 

F   P value HC 

T 

  (p value)   

FEP 

T 

(p value)   

Chronic 

T 

(p value)   

 0.035 4.209 0.017  N/A  N/A N/A 

IL4 0.007 5.131 0.007 3.719 

(p=0.0003) 
-1.542 

(p=0.125) 
0.109 

(p=0.914) 

IL5 0.052 6.415 0.002 3.708 

(p=0.0003) 

-1.911 

(p=0.060) 

0.356 

(p=0.722) 

IL13 0.043 5.323 0.006 3.717 
  (p=0.0003)   

-1.506 
(p=0.134)   

0.350 
(p=0.727)   

 

Cytokine 
    

 

Total cortical volume moderated by diagnosis 
 

Highest order unconditional interactions 

(cytokine*diagnosis) 

Conditional effects of each cytokine at values of 

diagnosis 
 

 
IFN 

R2 

change 

 F  P value HC 

T 

  (p value)   

FEP 

T 

(p value)   

Chronic 

T 

(p value)   

 0.011 4.360 0.015 1.367 

(p=0.174) 

-2.497 

(p=0.014) 

-0.956 

(p=0.341) 

IL5 0.017 7.246 0.001 1.632 
  (p=0.105)   

-3.400 

(p=0.0009)   
-0.883 

(p=0.379)   

 

Cytokine 
    

Amygdala volume moderated by diagnosis 
  

Highest order unconditional interactions 

(cytokine*diagnosis) 

Conditional effects of each   cytokine 

at values of diagnosis 

 

 

 
 

IL6 

R2 

change 

 F  P value HC 

T 

  (p value)   

FEP 

T 

(p value)   

Chronic 

T 

(p value)   

 

   0.003   0.469   0.626   N/A     N/A   N/A    
 

Moderation models with age and BMI (in addition to ICV for volume variables) as covariates examining 

diagnostic status as a moderator of the relationship between each cytokine and each brain structure (highest 

order unconditional interactions). The conditional effects of each cytokine predictor were also examined at 

different levels of diagnosis, to determine if the relationship between cytokines and brain variable was different 

in patients (FEP or Chronic) vs. controls. Significant values in bold, adjusted for the 7 models with Bonferroni 

correction (uncorrected p values reported). N/A where there was no unconditional interaction, the conditional 

effects of the cytokine predictor at values of diagnosis were not performed. 
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Correlations with symptoms 

CCA was undertaken to identify any latent relations between clinical symptoms (BRPS 

positive, BPRS negative, BPRS general) and cytokine proteins (GM-CSF, IFN, IL1, 

IL2, IL4, IL5, IL6, IL7, IL8, IL10, IL12, IL13 and TNF) in the pooled patient group 

(FEP and chronic). There were no significant CCA modes identified ( p>0.05). 

 

 

Discussion 

We investigated the relationship between multiple cytokines and cortical and subcortical 

brain structure across the whole brain in healthy controls, FEP and chronic schizophrenia 

patients to interrogate the relationship of inflammatory molecules to regional grey matter. We 

report that, while there were no group differences in cytokine levels in our sample, cytokine 

IL5 was negatively associated with total cortical volume in FEP patients only, whereas 

cytokines IL4, IL5 and IL13 were positively associated with frontal cortical thickness in 

healthy controls only. There were no associations detected in chronic schizophrenia patients 

and no associations with clinical symptomatology. To our knowledge, this is the first time the 

relationship between brain structure and peripheral inflammatory molecules has been 

investigated across early and late stages of psychosis and a healthy comparison group in the 

same study. 

 

In individuals with FEP we found that decreased whole brain volume was associated with 

elevations in pro-inflammatory cytokine IL5, which is in agreement with the only previous 

FEP study, which found that increases in peripheral pro-inflammatory cytokines (IFN and 

IL12) were likewise associated with decreases in whole brain cortical volume in FEP (Lesh et 
 
al., 2018). In chronic schizophrenia patients, in contrast to previous studies in this cohort 

(Bossu et al., 2015; Fillman et al., 2015; Dieset. et al., 2015), we found no associations 

between cytokines and any brain structures examined. This may be due to the fact that many 
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of the studies cited also found group differences in cytokines between chronic patients and 

controls, whereas our study did not. 

 

While we found no associations in chronic schizophrenia patients and negative associations 

in FEP, a positive relationship between cytokines IL5, IL4 and IL13 and increased frontal 

cortical thickness was revealed in healthy controls. In contrast, several of the studies 

discussed have found that the relationships between cytokines and brain structure were either 

weaker (Cannon et al., 2015) or non-existent in the healthy control group (Bossu et al., 2015; 

Fillman et al., 2015; Dieset. et al., 2015; Lesh et al., 2018; Pillai et al., 2015). Indeed, no 

studies to date have found positive relationships between peripheral inflammatory molecules 

and brain structure in healthy controls. These findings could be attributed to the fact that 

many (Bossu et al., 2015; Fillman et al., 2015; Lesh et al., 2018), though not all (Dieset. et 

al., 2015; Pillai et al., 2015) of the studies cited found that cytokines were elevated in the 

patient groups. Alternatively, it could be attributed to the greater variance in patient groups, 

rendering correlations more likely (Hayes, 2013; Maddock, 2014), which highlights the 

importance of a methodological approach which seeks to determine the existence of a 

cytokine diagnosis interaction effect, prior to performing correlations in each group. 

 

Interestingly, while we revealed a significant positive relationship between cytokines IL4, 

IL13 and IL5 and frontal thickness in healthy controls, there was a trend of a negative finding 

in FEP with increases in pro-inflammatory IL5 associated with decreased frontal thickness 

(p=0.06), as well as significantly associated with decreases in whole  brain volume. This 

indicates that peripheral cytokines may act differently in patient versus control groups and 

potentially contribute to the structural brain changes detected in schizophrenia. There is some 

evidence from an innovative study showing that elevations in maternal IL8 were associated 

with decreases in brain structure, only in the individuals who subsequently developed 

schizophrenia (Ellman et al., 2010). These findings indicate that there may be a genetic or 
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environmental factor associated with schizophrenia, which is necessary for cytokines to exert 

damaging influences on the fetal brain. Similarly, our findings show that there may be a 

factor common to healthy controls, which protects the brain from the effects of pro- 

inflammatory cytokines such as IL5, though more studies are required to confirm this. 

 

In addition to finding elevated IL5 associated with increased frontal thickness, we revealed that 

increases in anti-inflammatory cytokines IL4 and IL13 were likewise associated with increased 

frontal cortical thickness in healthy controls. One explanation of the concurrent increase of pro- 

inflammatory and anti-inflammatory cytokines may be that it is evidence of a well-functioning 

immune system, which responds by raising pro-inflammatory cytokines in the presence of 

metabolic or oxidative stress, while concurrently increasing anti-inflammatory cytokines to 

ensure that the system does not become over-reactive (Prendergast and Anderton, 2009). If this 

is the case, our results indicate that there is a balance between pro- and anti-inflammatory 

cytokines in relation to the frontal cortex in healthy controls, whereas this balance is absent in 

individuals with psychosis. 

 

Indeed, findings from pro-inflammatory disorders demonstrate that peripheral pro- and anti- 

inflammatory cytokines are capable of physiologically influencing the brain even after the 

period of neonatal development. Increases in peripheral anti-inflammatory cytokines IL13 and 

IL10 were associated with decreased Alzheimer’s disease markers such as Aβ1-42 and p-Tau 

(Magalhães et al., 2018) and reduced lesions in multiple sclerosis (Petereit et al., 2003), 

while increases in pro-inflammatory cytokines such as IL12 were associated with adverse 

outcomes in AD (Magalhães et al., 2018). These studies indicate the balance between 

anti and pro- inflammatory cytokines in the periphery have been associated with the 

structural integrity of the brain across various neurological disorders. 
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The origins of this balance between pro- and anti-inflammatory cytokines are currently 

unknown and therefore speculative, but it is possible it stems from the genetic or in utero 

environment. A variety of cytokine alleles have been associated with increased risk of 

schizophrenia (Boin et al., 2001; Tan et al., 2003) while the theory has been espoused that 

the in utero environment sets the tenor of the immune system making it more or less likely to 

over- respond to subsequent inflammatory assaults (Muller and Schwarz, 2006; Patterson, 

2009). It is possible that the differential influence of cytokine IL5 on brain structure in FEP 

(negative association) and healthy controls (positive association), is an indicator of this 

mechanism. Given that IL5 in addition to IL4 and IL13 are expressed on the same 

chromosome and associated with increases in frontal thickness only in healthy controls, 

this suggests that chromosome 5 may be a potential site for neuroprotective cytokine alleles 

and conversely risk alleles for psychosis and schizophrenia. 

 

Anti-inflammatory IL4 was decreased in a meta-analysis of cytokine proteins in psychosis 

(Goldsmith et al., 2016), indicating that anti-inflammatory cytokines may be increased in 

healthy controls and conferring a positive effect on brain structure as indicated in our study. 

The only previous study to examine IL4 however, found no associations between this cytokine 

and brain structure in FEP or healthy control participants (Lesh et al., 2018). To our knowledge 

IL5 and IL13 are not dysregulated in individuals with psychosis, although given they are rarely 

assayed in peripheral studies it remains unclear whether such abnormalities do exist. Moreover, 

the effect of IL13 and IL5 on brain structure has never been investigated in psychosis. This 

highlights the importance of investigating a larger number of cytokines in future studies. 

 

Indeed, our data driven approach and avoidance of a priori brain region selection uncovered 

relationships not previously examined, such as those between IL5, IL13 and IL4 and frontal 

thickness. By broadening both our anatomical brain region (11 regions versus an average of 

three in most studies) and cytokine selection to 13 (average of 5 in previous studies), we were 
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able to provide a thorough examination of the relationships between peripheral molecules and 

brain structure and cast light on the potential neuroprotective role certain cytokines may play 

in healthy controls, which is absent in patient groups. Indeed, ours is the first study to probe 

these relationships across multiple stages of illness, healthy controls, FEP and chronic 

schizophrenia, which has revealed negative associations in FEP in accordance with a previous 

study (Lesh et al., 2018) in addition to positive relationships in healthy controls and null 

findings in chronic schizophrenia, which casts the spotlight on early illness. 

Given that many studies have found elevations in cytokine levels particularly across FEP 

patients (Goldsmith et al., 2016; Miller et al., 2011a; Pillinger et al., 2019; Upthegrove et al., 

2014) it is intriguing that we did not replicate those results A recent study by Noto et al. 

(2019) found that while several pro-inflammatory cytokines were elevated in anti-psychotic 

naïve FEP patients, following anti-psychotic treatment these elevations were suppressed 

(Noto et al., 2019). In support of this a recent meta-analysis of 35 studies featuring anti-

psychotic naïve FEP, also found significant elevations of pro-inflammatory cytokines in this 

group (Pillinger et al., 2019). Taken together these studies suggest that certain cytokines (e.g. 

IL6 across both studies) are elevated in anti-psychotic naïve FEP patients. Importantly, the 

study by Noto et al found that cytokine levels decline with the commencement of anti-

psychotic treatment. This raises the possibility that the reason we found no difference in 

cytokine levels between FEP and controls, is that our FEP patients were medicated, which 

may lead to a decline in previously elevated cytokine levels. This is supported by the meta-

analysis which found that pro-inflammatory cytokines are elevated across 35 anti-psychotic 

naïve FEP studies.  Similarly, the chronic patients were medicated, which may explain our 

finding of no differences in cytokine levels in this group, as well as the general variability in 

the chronic schizophrenia cytokine literature (Miller et al. 2009; Miller et al. 2011). While we 

found no association between cytokines and CPZ equivalents in FEP patients, the possibility 

of an association cannot be entirely ruled out given that we did not obtain cytokine levels 
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prior to medication commencement. Future studies are required measuring our extensive 

panel of cytokines pre and post treatment to determine the contribution of medication to 

cytokine levels, as there are very few studies currently examining the causal relationship 

between anti-psychotic medication and cytokine levels.  

 

 

However, there are several limitations to our study that should be noted. Firstly, our sample 

size is relatively small, although comparable with previous studies. Second, while there are a 

number of ways peripheral cytokines may influence the brain either directly through the BBB 

or indirectly via the vagus nerve, the relationship between the identified peripheral cytokines 

and brain structure are yet to be thoroughly established. (McCusker and Kelley, 2013). Thirdly, 

while the associations with brain structure are interesting, we found no association with clinical 

symptoms, which indicates that the associations between brain structure and cytokines may not 

directly influence clinical symptomatology. 

 

Overall our findings indicate that many of the cytokines elevated in meta-analyses of psychosis 
 
(e.g. IL6, TNF, IL1)(Goldsmith et al., 2016; Miller et al., 2011a; Upthegrove et al., 2014a) 

show no associations with brain regions, while cytokines overlooked in the literature (IL4, IL4, 

IL13) may be driving these associations. However, it is too early to label particular cytokines 

as related to brain structure, due to the selective and discrepant nature of the literature and the 

small number of current studies. The variation across studies is not surprising, given the wide 

number of confounds potentially influencing peripheral cytokines. These include the variation 

in medication regime as well as lifestyle and metabolic factors such as smoking and obesity 

(Rojo et al., 2015; Schwerk et al., 2014). Generally, studies in early illness such as UHR 

(Cannon et al., 2015) and FEP (including our own study) (Lesh et al., 2018) have unanimously 
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shown negative relationships between peripheral cytokines and brain structure, while the 

studies in chronic patients are mixed (Fillman et al., 2015; Hoseth et al., 2016). This indicates 

that early illness may be a potential target for anti-inflammatory intervention. Future studies 

could focus on the early phases of psychosis and broaden their region and cytokine selection 

in addition to increasing sample size, which would enable proper control of potential 

confounds. 

 

In summary, this is the first study to examine the relationship between cytokines and brain 

structure in healthy controls, chronic and FEP cohorts under the same conditions, using the 

largest panel of cytokines to date. We found positive associations between peripheral 

cytokines and frontal cortex existing solely in healthy controls. In contrast, we found that 

increased pro-inflammatory cytokine IL5 was associated with decreased whole brain cortical 

volume in FEP, indicating a potential disruption between pro- and anti-inflammatory 

cytokines in FEP, though not chronic schizophrenia, which in casts the spotlight on early 

illness. Longitudinal investigations are required to determine whether the relationship 

between brain structure and peripheral inflammation leads to psychotic symptoms and 

whether early illness is a potential target for anti-inflammatory intervention. 
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Supplementary Material 
 

 
Supplementary Table 1 Linear regression model investigating the predictive power of the 

covariates and cytokine terms in each brain region separately. 
 

 
Brain 

structure 

  
Covariates (age, BMI & ICV)# 

    
Cytokines 

  

 
Amygdala 

R2 R2 

  (adjusted)   

SE F 

change   

P value R2 R2 

(adjusted)   

SE F 

change   

P 

value   

 0.448 0.437 320.529 40.073 <0.0005 0.463 0.449 317.169 4.152 0.043 

Cerebellum 0.435 0.424 11806.528 38.051 <0.0005 0.451 0.436 11681.232 4.192 0.042 

Total 

cortex 

volume 

0.766 0.761 29209.312 161.588 <0.0005 0.768 0.760 29317.784 0.453 0.636 

Frontal 

thickness 

0.300 0.291 2.060 31.954 <0.0005 0.327 0.299 2.047 1.460 0.218 

 

 

#Covariates (age, BMI in addition to ICV for volume variables) and cytokines are listed as follows in 

relation to each brain region they were associated with in the permutation based pre-screening 

process: Amygdala: IL6, Cerebellum: IL1b, Total cortex volume: IL5. IFN  Frontal thickness: IFN , 

IL4, IL5, IL13. 
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CHAPTER 5 Investigation of peripheral complement proteins across different stages of 

psychosis: relationship to clinical symptomatology and brain structure. 
 
 Introduction 

In this chapter we investigate complement proteins C1q, C3 and C4 at various stages of 

psychosis, in relation to both clinical symptomatology and brain structure. There is renewed 

interest in the complement system in schizophrenia following the publication by paper Sekar 

et al (2015). This article demonstrated a link between C4 alleles and increased genetic risk of 

schizophrenia, while also showing through the use of animal models that C4 plays an 

important role in synaptic pruning. Moreover, this phenomenon is not confined to  C4; rather 

complement proteins along the classical complement cascade such as C1q and C3 ( see 

section 1.2.2 Complement proteins have been linked to synaptic pruning previously (Stephan 

et al., 2012; Stevens et al., 2007). This provides an important link between inflammatory 

molecules and synaptic remodelling that is crucial in the context of schizophrenia as both a 

disorder of inflammation (Howes and McCutcheon, 2016; Weickert and Weickert, 2016) and 

the synapse (Boksa, 2012; Faludi and Mirnics, 2011; Feinberg, 1982). To date no study has 

examined a potential relationship between peripheral complement proteins that can be easily 

assayed in blood and brain structure. The first part of this chapter therefore addresses this 

question, in order to determine whether elevations in complement proteins can in part explain 

the widespread neuroimaging deficits observed in schizophrenia and psychosis (Fornito et al., 

2009; Sun et al., 2009).  Due to the small sample size of the UHR group it was not deemed 

appropriate to perform the same regression models including the UHR group, therefore the 

UHR group has been excluded from brain structure analyses. 

 
Equally important is the potential effect of complement proteins on clinical symptomatology, 

which has also been scantly investigated. To address the question whether peripheral 

complement proteins are elevated across stages of psychosis compared to healthy controls 
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and whether these elevations are related to clinical symptoms, we refer the reader to the second part of 

this chapter, which contains the published article Investigation of peripheral complement factors 

across stages of psychosis, Schizophrenia Research, 2018. 

5.1 Relationship of complement proteins to brain structure 

 

Given the significant associations established between brain structure and cytokines in the same cohort 

of FEP and UHR participants, we sought to further examine a potential relationship between brain 

structure and complement proteins.  

The complement system consists of approximately 50 plasma proteins forming molecular cascades 

that activate each other in a sequential manner and that literally complement the activity of the 

immune system. In accordance with their role in inflammation complement proteins perform 

functions such as opsonising invading pathogens, attracting phagocytic cells to the site of 

inflammation and participating in cell lysisn(Carroll and Sim, 2011; Tichaczek-Goska, 2012). 

 In recent years our understanding of complement proteins has moved from simply supporting the 

immune system to playing a decisive role in neurodevelopment through various functions such as the 

pruning of synapses (Orsini et al., 2014; Stephan et al., 2012; Stevens et al., 2007) . Synaptic pruning 

is primarily associated with the classical complement pathway (Stephan et al., 2012), which informed 

our selection of complement proteins. 

Given our findings that cytokine proteins are significantly associated with certain brain structures in 

psychosis outlined in Chapter 4, it is particularly instructive to note that complement proteins have also 

been associated with synaptic pruning in the context of psychosis.  In a series of studies, Sekar and 

colleagues (2016) demonstrated that copy number variants of the C4 gene were associated with both 

increased C4A mRNA levels in brain and increased risk of schizophrenia. In this same report, the 

authors demonstrated a role for C4 in synaptic pruning in developing mice (Sekar et al., 2016), 

supporting previous studies showing that developmentally timed synaptic pruning in the brain required 

both C1q and C3 (Bilimoria and Stevens, 2014; Stevens et al., 2007). Complement proteins are 
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therefore understood to not only support the immune system but also play a critical role in 

neurodevelopment (e.g. synaptic elimination) (Stephan et al., 2012; Stevens et al., 2007). This suggests 

that abnormal activation of the complement cascade might contribute to the pathogenesis of 

schizophrenia, and in particular the loss of cortical grey matter observed in the illness (Olabi et al., 

2011; Sekar et al., 2016). However, despite the finding that complement proteins are implicated in 

synaptic pruning (Stephan et al., 2012; Stevens et al., 2007) and the findings that peripheral cytokines 

are associated with decreases in brain volume and thickness in psychosis (see Chapter 4) the 

relationship between complement proteins and brain structure has not been investigated. In this section 

therefore we aimed to explore the relationship between circulating complement protein and brain 

structure using the same sample of participants (with the exception of UHR) and methods outlined in 

Chapter 4. This would not only be the first time complement proteins have been investigated in relation 

to brain structure but would also provide an interesting point of comparison between peripheral 

cytokines (explored in Chapter 4) and complement proteins in relation to brain structure in psychosis. 

Finally, to expand on the relationship between circulating complement proteins and diagnosis, 

examination of complement protein levels between patient groups was also performed, in order to 

determine whether complement proteins differ between UHR vs. FEP vs. chronic schizophrenia 

patients.  

 

 

5.2 Methods 

Due to the very small sample size of the UHR group it was not deemed appropriate to perform the 

same regression models including the UHR group, therefore they were excluded from all analyses 

relating to brain structure. 

 

Permutation tests 

In order to protect against Type I errors, a parameter reduction approach running permutations using 

the null distribution was taken at a multivariate level on the whole cohort to identify complement 

proteins and brain regions that were most consistently associated with each other across 1000 

permutations (Anderson, 2001). Firstly, a covariate only model consisting of BMI (thickness 
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variables) and age and BMI, age and ICV (volume variables) was fitted for each of the 11 brain 

regions. The predicted and residual values from each of these models were saved. Subsequently, the 

residuals were sampled without replacement and added to the predicted values, forming the y* 

variable, which models the null distribution. The full model was then fitted consisting of covariates 

and each of the 3 complement proteins using y* as the outcome variable. Finally, the beta 

(unstandardized) co-efficients for each complement protein term saved and this process was repeated 

1000 times (Anderson, 2001). This series of analyses were conducted in R version 3.5.1. 

 

Main effect of complement proteins and diagnosis 

 
We sought to determine the main effect of complement proteins and diagnosis in predicting the 

brain structures identified in pre-screening, over and above a covariate only model. The influence of 

diagnostic status (FEP, chronic schizophrenia, healthy control) was assessed by determining the 

significance of the interaction term between each complement protein and diagnostic status 

predicting the relevant brain structures. Only the complement proteins and brain structures 

identified in the pre-screening permutation phase were included in the analyses. 

 

Specifically, the following covariates were included in Step 1 of the model: age, BMI and ICV (ICV 

entered only when outcome variable was brain volume), the complement proteins identified in 

prescreening were simultaneously entered  into Step 2 and the complement protein*diagnosis 

interaction term was entered into Step 3 of the linear regression model predicting the associated 

brain region. Model performance was compared to a covariate only model by assessing whether the 

change in R2 between each step of the linear regression model and the covariate only models was 

statistically significant. In total, 2 models were run with Bonferroni adjustment (significance 

threshold set at p<0.03). Analyses were conducted using the Statistical Package for the Social 

Sciences (SPSS) version 22 (IBM). 

Complement protein levels across diagnostic groups 

Permutation-based two-sample t-tests (two tailed, 4000 iterations) were used to test the null hypothesis 

of equality in group-averaged complement proteins between the following pairs of groups: i) UHR and 
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the FEP ii) UHR and Chronic iii)FEP and Chronic schizophrenia patients.  This is the same method 

used to compare complement proteins to matched healthy controls in the published journal article in the 

second section of this Chapter. More  information  on the method can be found in published journal 

article Investigation of complement factors in psychosis, Schizophrenia Research (2019).  

 

 
5.3 Results 

Permutation tests 
 

 

We found that, across the whole cohort, certain complement proteins were more likely to be 

associated with brain structures, below the threshold of p=0.05 across 1000 permutations. 

Specifically, the basal ganglia was more likely to be associated with C4 while C3 and C4 were more 

likely to be associated with ventricular volume, above the p threshold of p<0.05 across 1000 

permutations. 

 

 Main effect of complement protein and diagnosis 
 

 

We assessed the effect of diagnostic status on the observed associations between complement 

proteins and brain structure identified in the prescreening phase by including an interaction term 

between diagnosis and each complement protein predicting the relevant brain regions. 

All complement proteins identified in the prescreening phase were entered simultaneously into the 

model; for  example in the case of ventricular volume, covariates were entered in the first step of the 

model, followed by C3 and C4 the second step, followed by the interaction terms between 

diagnosis*C3 and diagnosis*C4 in the third step. The predictive effect of the covariates (Step 1), 

complement proteins (Step 2) and complement* diagnosis interaction terms (Step 3) entered into step 

1, step 2 and step 3 of the linear regression respectively, are recorded in Table 3. We found that 

model performance was significantly above a covariate only model by the inclusion of the 

complement proteins in step 2 (Table 3). 

 

 



CHAPTER 5 

173 

 

 

 

Table 1A Linear regression model investigating the predictive power of the covariates (Step 1), 

complement protein terms (Step 2) and the complement*diagnosis interaction term in each brain 

region separately. 
 

 
Brain 

structure 

 
Covariates (age, BMI & ICV)# (Step 1) 

 
Complement proteins ( Step 2) 

 
Basal 

ganglia 

R2 R2 

(adjusted) 

SE F 

change 

P value R2 R2 

(adjusted) 

SE F 

change 

P value 

0.490 0.480 1811.683 48.131 <0.0005 0.506 0.493 1789.130 4.805 0.030 

Ventricles 0.311 0.297 6934.451 22.313 <0.0005 0.349 0.327 6789.196 4.200 0.017 

 
Brain 

structure 

 
Complement*diagnosis interaction term (Step 3) 

 

 
Basal 

ganglia 

R2 R2 

(adjusted) 

SE F 

change 

P value 

0.506 0.490 1795.094 0.012 0.915 

Ventricles 0.375 0.345 6697.140 3.021 0.052 

 

 

#Covariates (age, BMI and ICV) and complement proteins are listed as follows in relation to each 

brain region they were associated with in the permutation based pre-screening process: Basal ganglia 

volume: C4, Ventricular volume: C4, C3. 
 
 
 

 
Conversely, we found that model performance above a covariate only model by the inclusion 

of any of the complement*diagnosis interaction terms was not improved. The interaction 

between complement and diagnosis was therefore not investigated further. 

 

Complement protein levels across diagnostic groups 

Overall there were no group differences when patient groups were directly compared against each 

other: I) UHR and the FEP II) UHR and Chronic III) FEP and Chronic schizophrenia patients, after 

correcting for age and BMI. 

I) UHR participants compared to FEP did not demonstrate significantly different levels of any 

complement protein: i) C1q:  t(48) = 1.769, p = 0.083, ii) C3: t(48) = 0.129, p = 0.898, iii) C4: t(48) 

= -0.113, p = 0.911. 

II) UHR participants compared to chronic schizophrenia patients did not demonstrate significantly 

different levels of any complement protein: i) C1q:  t(58) = 1.519, p = 0.134, ii) C3: t(58) = 
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0.589, p = 0.446, iii) C4: t(58) = 0.286, p = 0.776. 

III) FEP participants compared to chronic schizophrenia patients did not demonstrate significantly 

different levels of any complement protein: i) C1q:  t(87) = 0.22, p = 0.983, ii) C3: t(87) = 1.917, p = 

0.170, iii) C4: t(58) = -0.632, p = 0.529. 
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5.4 Discussion 

We are the first study to examine the association between complement proteins and brain 

structure. We found that elevations in C3 and C4 were associated with increased ventricular 

volume, while increased C4 was associated with decreased basal ganglia volume. While no 

other studies have previously investigated this association, our findings are consistent with 

previous studies exploring the relationship between cytokines and brain structure. Increases 

in pro-inflammatory cytokines have been associated with increased ventricular volume in 

individuals at high risk of psychosis (Cannon et al., 2015) and decreases in basal ganglia 

volume (Dieset. et al., 2015) in chronic schizophrenia. Therefore, our finding of 

relationships between complement proteins and the same regions of the brain, expands on 

earlier literature. In particular, we demonstrate that brain regions such as the basal ganglia 

and ventricles may be particularly vulnerable to a variety of pro-inflammatory forces, 

including not only cytokines (Cannon et al., 2015; Fillman et al., 2015; Dieset. et al., 2015) 

but as in our study, complement proteins. 

Our finding that peripheral complement proteins C3 and C4 were associated with increased 

ventricular volume is particularly interesting given that increased ventricles are an 

anatomical hallmark of psychosis (Haukvik et al., 2013). Ventricular volume has been 

associated with the inflammatory system previously, as demonstrated by a study that found 

an association between increased ventricular volume and the genetic polymorphism at the 

interleukin-1 receptor antagonist gene in psychosis patients (Papiol et al., 2005). 

Ventricular volume was also associated with increased pro-inflammatory cytokines in 

individuals at ultra-high risk of the disorder (Cannon et al., 2015). Our recent findings 

therefore concur with findings in the cytokine literature and indicate that the ventricular 

increase observed in psychosis may in part be attributable to increased peripheral 

complement proteins. This opens up a new avenue of investigation, whereby complement 

proteins could be monitored peripherally in relation to brain volume measurements 
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longitudinally in order to illuminate the nature of this relationship.  

Importantly, the relationship we found between peripheral complement proteins and brain 

structure is evident across the whole cohort and not confined to psychosis patients. This is 

in keeping with the finding by Cannon et al. (2014) who found that the association between 

cytokines and brain was representative of the whole cohort but particularly strong in 

individuals at ultra-high risk of psychosis. However, it is at odds with the majority of 

published findings. Most studies investigating this question have found that the relationship 

between cytokines and brain is confined to individuals with schizophrenia or psychosis 

(Bossu et al., 2015; Fillman et al., 2015; Dieset. et al., 2015; Pillai et al., 2015). Other 

studies such as the Papiol et al. (2005) study were performed on schizophrenia patients in 

the absence of controls and therefore it is not possible to determine the exclusivity of this 

association. 

 Our findings indicate that increases in complement proteins are associated with brain 

structure irrespective of diagnosis. This would contrast with the relationship between 

cytokines and brain, which appears to be a feature exclusive to schizophrenia and may 

therefore imply the existence of another factor (e.g. stress)(Howes and McCutcheon, 2017) 

that establishes this relationship in schizophrenia and not in healthy controls. This would 

imply that circulating complement protein has a greater strength of association with brain 

volume than cytokines, which renders complement protein worthy of examination in the 

context of brain structure. Such a possibility is intriguing, but caution is warranted as ours 

is the only study to examine circulating complement proteins in schizophrenia. It is hoped 

our study will lead to many more, expanding on the relationship between various 

inflammatory molecules both cytokines and complement proteins and the brain, in healthy 

controls versus those suffering a psychotic illness. 

It is intriguing that C3 and C4 showed associations with brain structure while C1q did not. 

These findings concur with the finding in our published study that it is the ratio of (Papiol 

et al. 2005) C1q that is associated with increases in clinical symptoms. Taken together our 
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findings suggest that C3 and C4 are not only associated with brain volume in basal ganglia 

and ventricles but also with clinical symptomatology. Our findings are also in agreement 

with a recent study that showed both a genetic association between C4 and schizophrenia 

but also that C4 was linked to synaptic pruning (Sekar et al. 2016). The role complement 

proteins play in synaptic pruning provides a potential mechanism by which complement 

proteins may impact on the development of brain structure. C1q has nonetheless also been 

associated with synaptic pruning (Stephan et al., 2012; Stevens et al., 2007) therefore it is 

unclear why C3 and C4 are primarily implicated in our study. It is possible there is an  

increased genetic link to schizophrenia such as the C4 allele identified in the study by Sekar 

et al. (2016), however more studies are required to interrogate this association.  By 

identifying a link for the first time between C3 and C4 complement proteins, decreases in 

brain volume and corresponding ventricular increases we have shone the spotlight on 

peripheral complement protein as a potential biomarker for brain changes in psychosis.  

The mechanism by which peripheral complement protein may be affecting the brain still 

needs to be addressed. Despite the immune privileged notion of the brain there are a 

number of mechanisms through which this may occur. For example, complement protein 

circulating in peripheral blood can enter the brain via receptors on the vagus nerve or 

through increases in the permeability of the blood brain barrier (BBB), given that the 

epithelial cells of the BBB express complement protein receptors (Jacob and Alexander, 

2014; Veerhuis et al., 2011) and schizophrenia patients are proposed to have a particularly 

permeable BBB (Stolp and Dziegielewska, 2009; Vasic et al., 2012). Although speculative, 

peripheral increases in complement protein may reflect a primed immune system (possibly 

due to intrauterine inflammation), which has been shown to lead to changes in neuronal 

migration in the developing brain (Mayilyan et al., 2008). 

Alternatively, complement increases peripherally may reflect a higher C4 genetic load e.g. 

(Sekar et al., 2016; Yang et al., 2012) that may affect brain development and function, 

though the association between C4 gene copy number and peripheral levels of complement 
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is yet to be established in psychosis and in relation to specific C4 isoforms. To date it 

remains unclear whether endogenous and peripheral proteins levels are related. Our study 

provides impetus for future work to directly examine complement levels in the brain (and 

periphery) as well as their relationship, with longitudinal imaging and biological measures 

of neuronal-glia function in psychosis. 
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a  b  s  t  r  a  c  t   

 
The complement cascade has been proposed to contribute to the pathogenesis of schizophrenia. However, it re- 

mains unclear whether peripheral complement levels differ in cases compared to controls, change over the 

course of illness and whether they are associated with current symptomatology. This study aimed to: 

i) investigate whether peripheral complement protein levels are altered at different stages of illness, and ii) iden- 

tify patterns among complement protein levels that predict clinical symptoms. 

Complement factors C1q, C3 and C4 were quantified in 183 participants [n = 83 Healthy Controls (HC), n = 10 

Ultra-High Risk (UHR) for psychosis, n = 40 First Episode Psychosis (FEP), n = 50 Chronic schizophrenia] using 

Multiplex ELISA. Permutation-based t-tests were used to assess between-group differences in complement pro- 

tein levels at each of the three illness stages, relative to age- and gender-matched healthy controls. Canonical cor- 

relation analysis was used to identify patterns of complement protein levels that correlated with clinical 

symptoms. 

C4 was significantly increased in chronic schizophrenia patients, while C3 and C4 were significantly increased in 

UHR patients. There were no differences in C1q, C3 and C4 in FEP patients when adjusting for BMI. A molecular 

pattern of increased C4 and decreased C3 was associated with positive and negative symptom severity in the 

pooled  patient  sample. 

Our findings indicate that peripheral complement concentration is increased across specific stages of psychosis 

and its imbalance may be associated with symptom severity. Given the small sample size of the UHR group, 

these findings should be regarded as exploratory, requiring replication. 

© 2018 Elsevier B.V. All rights reserved. 

 
 
 

1. Introduction 
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Epidemiological, molecular and genetic research converge on in- 

flammatory pathways as one of the primary lines of investigation in 

schizophrenia (Dickerson et al., 2015). Prenatal inflammation  has 

been linked to increased risk of developing schizophrenia (Brown and 

Derkits, 2010; Ellman et al., 2010), while  molecular architects of 
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inflammation such as peripheral cytokines, chemokines and acute 

phase molecules are increased in patients and unaffected first degree 

relatives (Miller et al., 2011; Upthegrove et al., 2014) and increased pro- 

inflammatory cytokines are found in the brain of people with schizo- 

phrenia (Fillman et al., 2015; Volk et al., 2015). In addition, some of 

the strongest genetic markers of schizophrenia are located in the im- 

mune system related major histocompatibility complex (MHC) region 

(Ripke et al., 2014). Recently, attention has focused on the complement 

cascade, a key component of the immune system, in schizophrenia. In a 

series of studies, Sekar et al. (2016) demonstrated that copy number 

variants of the C4 gene were associated with both increased C4A 

mRNA levels in brain and increased risk of schizophrenia. In this same 

report, the authors demonstrated a role for C4 in synaptic pruning in de- 

veloping mice (Sekar et al., 2016), supporting previous studies showing 

that developmentally timed synaptic pruning in the brain required both 

C1q and C3 (Bilimoria and Stevens, 2014; Stevens et al., 2007). Comple- 

ment proteins are therefore understood to not only support the im- 

mune system but also play a critical role in neurodevelopment (e.g. 

synaptic elimination) (Stephan et al., 2012; Stevens et al., 2007). This 

suggests that abnormal activation of the complement cascade might 

contribute to the pathogenesis of schizophrenia, and in particular the 

loss of cortical grey matter observed in the illness (Olabi et al., 2011; 

Sekar et al., 2016). 

Despite the interpretation that an over-active complement system 

may predispose individuals to develop schizophrenia, findings 

concerning complement levels in the disease are mixed. While a num- 

ber of studies have found increased levels of C1q (Arakelyan et al., 

2011; Hakobyan et al., 2005; Severance et al., 2012), C3 (Boyajyan 

et al., 2010, 2008; Hakobyan et al., 2005; Maes et al., 1997; Santos 

Soria et al., 2012) and C4 in peripheral blood in schizophrenia 

(Hakobyan et al., 2005; Mayilyan et al., 2006); decreased C1q 

(Idonije et al., 2012), C3 (Idonije et al., 2012; Li et al., 2016) and C4 

(Li et al., 2012; Mayilyan et al., 2008) levels have also been observed. 

Several studies have also found no difference in C3 (Arakelyan et al., 

2011; Kopczynska et al., 2017) or C4 (Idonije et al., 2012; 

Kopczynska et al., 2017; Santos Soria et al., 2012) levels between psy- 

chosis patients and healthy controls. Furthermore, recent studies sug- 

gest decreased complement proteins in individuals with first episode 

psychosis (FEP) (Idonije et al., 2012; Li et al., 2012), but increased 

levels at later stages of the illness (Boyajyan et al., 2010; Kopczynska 

et al., 2017; Santos Soria et al., 2012). To date, only one study has ex- 

amined complement proteins across different stages of schizophrenia 

in the same study (Idonije et al., 2012). Contrary to evidence for in- 

creased activation of the complement cascade in the development of 

schizophrenia (Sekar et al., 2016), this study found evidence for de- 

creased levels in the illness, with deficient C1q present at both early 

and established stages of illness, whereas C3c levels were deficient in 

only recently diagnosed patients (Idonije et al., 2012). Nevertheless, 

another study found no difference in complement protein levels, in- 

cluding C1q and C3, between FEP patients and healthy controls 

(Kopczynska et al., 2017). Therefore, it remains unclear whether pe- 

ripheral complement levels differ in cases compared to controls, and 

change over the course of illness. 

Despite reports of altered complement proteins in schizophrenia, 

the direction of change and the clinical relevance of such abnormalities 

remain unclear. To date, only two studies have explicitly examined the 

association between complement proteins and current symptomatol- 

ogy; these studies reported associations between increases in C3 and 

C4 (Morera et al., 2007) and decreases in C3 (Li et al., 2016) and symp- 

tom severity. However, examination of relationships between single 

proteins and symptom domains are typically inconsistent. Rather, a 

multivariate approach assessing the relationship between the profile 

or pattern of complement proteins and symptoms might be more infor- 

mative, as demonstrated with other sets of variables (Moser et al., 

2017). Patterns involving multiple proteins are likely to yield more po- 

tent  predictors  than  any  single  protein  considered  in  isolation. 

 
Molecular patterns among complement proteins have not been evalu- 

ated to date in schizophrenia. 

Here, we aimed to characterise peripheral complement protein 

levels in individuals at different stages of a psychotic illness; specifically, 

chronic schizophrenia, individuals experiencing their FEP and individ- 

uals at ultra-high risk of developing psychosis (UHR). We aimed to 

i) compare C1q, C3 and C4 protein levels in schizophrenia across various 

stages of illness relative to age and gender matched healthy controls 

(HCs); and ii) examine the relationship between complement protein 

levels and clinical symptom profiles using an integrated multivariate 

analysis. The significance of this study is the identification of increased 

complement protein levels in patients with psychosis and schizophre- 

nia at different stages of illness and identification of a molecular pattern 

of complement proteins that predict symptom severity in one of the 

largest samples to date. 

 
2. Materials and methods 

 
2.1. Subjects and methods 

 
A total of 183 subjects (all genetically unrelated) participated in this 

study: 10 individuals at UHR for psychosis, 40 FEP patients, 50 chronic 

schizophrenia patients (illness duration N 7 years), and 83 healthy con- 

trols. Due to the small sample size, findings relating to the UHR group 

should be regarded as exploratory. Healthy controls were divided into 

mutually exclusive younger (n = 29; age 18.1–24.8 years) and older 

(n = 54; 25.2–61.6 years) groups that were matched on age and gender 

to their respective patient group. That is, the older control group was 

matched in mean age to chronic patients, whereas the younger control 

group was matched to both UHR and FEP participants. Demographic 

data for these subjects are shown in Table 1. 

Healthy controls were assessed by trained researchers to confirm 

that they had no diagnosable psychopathology using the Structured 

Clinical Interview for DSM-IV Axis I Disorders (SCID;48). The status of 

UHR subjects was confirmed using the Comprehensive Assessment of 

At Risk Mental State (CAARMS), a clinical instrument for assessing 

sub-threshold psychotic symptoms (Yung et al., 2005). FEP and chronic 

schizophrenia subjects were diagnosed using the Diagnostic and Statis- 

tical Manual of Mental Disorders, Fourth Edition (DSM-IV) and diagno- 

ses confirmed using the Mini-International Neuropsychiatric Interview 

(MINI; Sheehan et al., 1998) or the Structured Clinical Interview for 

DSM-IV (SCID) (Spitzer et al., 1992). 

Exclusion criteria for the study included pregnancy, history of an 

auto-immune disorder (Hashimoto's thyroiditis or Graves disease, 

lupus, arthritis), neurological or endocrine disorder (diabetes), as well 

as a history of head injury and seizures. Current inflammatory condi- 

tions (e.g. influenza) requiring treatment with immunosuppressive, 

corticoid/glucocorticoid, steroidal or non-steroidal anti-inflammatory 

medication within two weeks of blood draw also constituted exclusion- 

ary criteria. 

The study was approved by the Melbourne Health and Austin Health 

Human Research Ethics Committees and all participants provided writ- 

ten consent prior to participation. 

 
2.2. Clinical measures 

 
Clinical symptoms were assessed on the day of the blood draw and 

included the following symptom measures: the SCID, the Expanded 

Brief Psychiatric Rating Scale (BPRS) (Overall and Gorham, 1962) or 

the Positive and Negative Syndrome Scale (PANSS) to provide assess- 

ments of positive and general psychopathology (Kay et al., 1987) and 

the Scale for the Assessment of Negative Symptoms (SANS) 

(Blanchard and Cohen, 2006) for the assessment of negative symptoms. 

PANSS scores were converted to BPRS scores as previously described 

(Leucht et al., 2013) to allow for the assessment of total and domain 

psychopathology scores. 
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Table 1 

Clinical cohort characteristics. 
 

Characteristic Young HC  Older HC  UHR  FEP  Chronic 

 n = 29  n = 54  n = 10  n = 40  n = 50 

Age, mean (sd) years 22.2 (1.9)  41.1 (9.5)  20.9 (2.2)  20.9 (2.2)  40.6 (8.7) 

Sex, % (n) female 31 (9)  33 (18)  40 (4)  35 (14)  37 (19) 

Ethnicity, % (n) Caucasian 72 (21)  87 (47)  70 (7)  55 (22)  78 (39) 

BMI, median (IQR) 22.9 (5.6)  24.3 (5.1)  22.7 (5.2)  26.2 (6.8)  27.8 (8.4) 

Current smoker, % (n) 35 (10)  19 (10)  50 (5)  53 (21)  52 (26) 

Current cannabis user, % (n) 28 (8)  11 (6)  30 (3)  45 (18)  20 (10) 

Age at diagnosis, mean (sd) years –  –  19.3 (2.2)  19.5 (1.7)  22.2 (6.0) 

Duration of illness, mean (sd) years –  –  –  1.3 (0.5)  18.7 (7.7) 

SANS Total, mean (sd) –  –  21.4 (9.5)  19.4 (12.0)  40.1 (17.0) 

Total psychopathology (BPRS Total), mean (sd) –  –  44.7 (9.6)  38.5 (9.6)  39.1 (12.6) 

Positive symptom subscore (BPRS), mean (sd) –  –  14 (3.9)  14.1 (5.5)  17.3 (6.7) 

Negative symptom subscore (BPRS), mean (sd) –  –  4.3 (2.0)  5.2 (2.4)  7.5 (3.1) 

General symptom subscore (BPRS), mean (sd) –  –  15.4 (3.9)  14.1 (4.4)  13.0 (3.9) 

CPZ equivalents, median (IQR) dose –  –  –  229.5 (265.6)  900.0 (506.8) 

HC, healthy controls; UHR, ultra-high risk of psychosis; FEP, first episode psychosis; BMI, body mass index; IQR, interquartile range; SANS, scale for the assessment of negative symptoms; 

BPRS, Brief Psychiatric Rating Scale; CPZ, chlorpromazine. 

 
2.3. Laboratory procedures 

 
All subjects were fasting and blood samples were obtained between 

8:00 and 11:00 am. Three complement proteins (C1q, C3 and C4) from 

the MILLIPLEX MAP Human Complement Panel 2 - Immunology Multi- 

plex Assay (HCMP2MAG-19K, Merck Millipore, Billerica, MA, USA) were 

quantified in duplicate using the Luminex Magpix assay. Inter-assay co- 

efficients were below 15% (CV b 15%) and intra-assay CVs were below 

5% (CV b 5%). 

Serum samples were thawed at 4 °C and centrifuged at 1400g for 

5 min in order to remove any aggregate protein. All reagents including 

samples were assayed according to manufacturer instructions. A 

7-point standard curve was generated using the standards supplied in 

the assay. The data was generated by applying a 5 parameter logistic 

standard curve fit corrected for sample dilutions in the Millipore Analyst 

Software (Merck Millipore, USA). 
 

 
2.4. Statistical analyses 

 
2.4.1. Demographic variables 

Statistical analyses of demographic variables were performed using 

the Statistical Package for the Social Sciences (SPSS) version 22 (IBM). 

Differences in these variables between groups were analysed with inde- 

pendent t-tests or Pearson's χ2 statistics for continuous and categorical 

variables, respectively. The Mann-Whitney U test was performed for 

non-parametric variables. Differences in sex, ethnicity, tobacco and can- 

nabis consumption between groups was analysed with Pearson's χ2 sta- 

tistics. Correlations between age, body mass index (BMI) and current 

chlorpromazine (CPZ) equivalents with serum complement levels 

were analysed with Spearman's rank correlation coefficient. The associ- 

ation of each complement protein with ethnicity, and tobacco/cannabis 

consumption were analysed with the Kruskal Wallis H and the Mann 

Whitney U test respectively. 
 

 
2.4.2. Between-group differences 

Permutation-based two-sample t-tests (two tailed, 4000 iterations) 

were used to test the null hypothesis of equality in group-averaged 

complement proteins between the following pairs of groups: i) UHR 

and the younger control group ii) FEP and the younger control group 

and iii) Chronic patients and the older control group. A general linear 

model (GLM) comprising two regressors was formulated: main effect 

of group and the confound of BMI. Permutation testing was used to es- 

timate a p-value for the main effect of group. Specifically, for each per- 

mutation, the data were fit to the BMI confound and the confound- 

only residuals were permuted. The estimated confound signal was 

then added back to the permuted residuals, yielding a sample of the 

data from the null distribution. The full GLM was fitted to this sample 

and the t-statistic for the main effect stored. A p-value was estimated 

as the proportion of permutations with a t-statistic that exceeded or 

equalled the observed t-statistic. The Benjamini-Hochberg procedure 

was used to control the false discovery rate (FDR) across the nine com- 

parisons. A false discovery rate threshold of 5% was deemed significant. 

Statistical inference was performed in Matlab (Mathworks 2014). Re- 

ported p-values are FDR-corrected. 

 
2.4.3. Correlations with symptoms 

Canonical correlation analysis (CCA) was performed to identify any 

potential latent relations between the set of complement  proteins 

(C1q, C3, C4) and the set of clinical symptom scores (BPRS positive 

symptom subscore, BPRS negative symptom subscore and BPRS general 

symptom subscore). CCA was performed using data from the pooled pa- 

tient group (UHR, FEP and chronic). CCA sought to identify a set of com- 

plement protein weights, denoted u1, u2 and u3, as well as a set of 

symptom weights, denoted v1, v2 and v3, such that the weighted combi- 

nation of complement proteins Ui = u1C1qi + u2C3i + u3C4i was max- 

imally correlated with the weighted combination of symptoms Vi = 

v1BPRSposi + v2BPRSnegi + v3BRPSgeni, where the index i is used to de- 

note a particular patient (41). In other words, CCA identified a set of 

weights to maximize the correlation between (Ui, Vi), i = 1, 2, …, N, 

where N is the total number of patients. Permutation was used to com- 

pute a p-value for this correlation. This involved randomly permuting 

the complement proteins among individuals on 5000 separate occa- 

sions, each time performing CCA on the permuted data to generate a 

null distribution for the sample canonical correlation coefficient; p- 

values b 0.05 were deemed significant. While permutation does not 

mandate data normality, ensuring normality can potentially improve 

the sensitivity of CCA. Normality assumptions were rejected for the fol- 

lowing variables: BPRS positive and negative subscore, C1q and C3. 

These variables were transformed with a logarithm function (BPRS pos- 

itive and negative, C1q) or a square-root function (C3). Transformation 

resulted in acceptable normality based on skewness and visual inspec- 

tion. Canonical correlations were performed in Matlab (Mathworks) 

2014 based on the canoncor function. Associations between the C4/C3 

ratio and clinical symptoms were assessed using Pearson's correlations. 

 
3. Results 

 
3.1. Demographics 

 
Age and gender between patients and their respective control group 

did  not  significantly  differ.  In  the  entire  sample,  age  was  not 
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significantly associated with C1q or C4, but was negatively correlated 

with C3 (rs = −0.276, p b 0.001). Similarly, in the pooled patient sam- 

ple, age showed no correlation with C1q or C4, but was negatively cor- 

related with C3 (rs = −0.293, p b 0.001). Complement proteins did not 

significantly differ between current smokers and non-smokers (C1q: U 

= 3616, p = 0.797; C3: U = 3607, p = 0.851; C4: U = 3660, p = 

0.776) or between current cannabis users and non-users (C1: U = 

3041, p = 0.191; C3: U = 2184, p = 0.417; C4: U = 2847, p = 0.370) 

and were not associated with current CPZ equivalents in patients (C1 

rs = 0.069, p = 0.507; C3 rs = −0.184, p = 0.075; C4 rs = 0.137, p =  

0.185). There were no associations between ethnicity and diagnosis 

(χ2 = 20.767, p = 0.188) or ethnicity and any of the complement pro- 

teins (C1: Η(4) = 2.894, p = 0.576; C3(4): Η(4) = 2.613, p = 0.625; 

C4: Η(4) = 2.564, p = 0.633). Body mass index was positively corre- 

lated with C1q (rs = 0.178, p = 0.020), C3 (rs = 0.266, p b 0.0005) 

and C4 (rs = 0.326, p b 0.0005) in the entire sample and C4 only in 

the pooled patient sample (C4: rs = 0.237, p = 0.023; C1q: rs = 

0.153, p = 0.148; C3: rs = 0.130, p = 0.218). BMI was therefore treated 

as a nuisance variable and included as a covariate in the between-group 

comparisons of complement proteins. 

 
3.2. Between-group comparisons of complement protein levels 

 
3.2.1. C1q 

C1q did not significantly differ between UHR and younger HCs (p = 

0.82), FEP and younger HCs (p = 0.15), and chronic and older HCs (p = 

0.26; see Table 2 and Fig. 1A). 

 
3.2.2. C3 

C3 was significantly higher in UHR (t (38) = 2.59, p = 0.041), 

Cohen's d = 0.770) but not in FEP (t (68) = 1.71, p = 0.19) or chronic 

schizophrenia patients (t (103) = 1.12, p = 0.262), with FDR adjust- 

ment for the nine comparisons (see Table 2 and Fig. 1B). 

 
3.2.3. C4 

C4 protein was significantly greater in UHR (t (38) = 2.58, p = 

0.041, Cohen's d = 0.849) and chronic schizophrenia (t (103) = 2.79, 

p = 0.041, d = 0.635) but not in FEP (t (68) = 1.32, p = 0.29, d = 

0.577) with FDR adjustment for the nine comparisons. 

 
3.3. Relationship between complement protein levels and symptoms 

 
CCA was undertaken to identify any latent relations between clinical 

symptoms (BRPS positive, BPRS negative, BPRS general) and comple- 

ment proteins (C1q, C3 and C4). A single significant CCA mode was 
 

 
Table 2 

Peripheral complement proteins examined by cohort. 

 
Cohort C1q C3 C4 

 

HC
a 

young, mean (sd) 44.3 (12.1) 17.6 (4.1) 244.5 (49.5) 

HC older, mean (sd) 45.8 (12.5) 17.1 (6.5) 252.0 (52.9) 

UHR, mean (sd) 42.8 (7.8) 21.2 (5.4) 287.3 (51.3) 

FEP, mean (sd) 48.2 (9.4) 21.4 (7.7) 279.3 (69.5) 

Chronic, mean (sd) 48.9 (12.1) 16.9 (5.5) 292.2 (72.3) 

 
Group differences 

 
Cohen's d effect size (sig) C1q C3 C4 

 
identified (r = 0.37, p = 0.0358). CCA weights (canonical coefficients) 

with 95% confidence intervals residing outside zero were considered 

significant contributors to the correlation between symptoms and com- 

plement proteins. Of the three symptoms, the CCA weights correspond- 

ing to  positive and negative subscores (positive  association) were 

significant contributors, while of the three complement proteins, the 

CCA weights corresponding to C4 (positive association) and C3 (nega- 

tive association) were significant. The general symptom subscore and 

C1q did not significantly contribute. This CCA mode therefore demon- 

strated that increased C4 together with decreased C3 levels were asso- 

ciated with increased positive and negative symptoms but not general 

psychopathology (see Fig. 2). This relationship remained after control- 

ling for age (C3) (r = 0.385, p = 0.0462) and BMI (all proteins; p = 

0.0358). 

The CCA analysis led us to formulate the hypothesis that an imbal- 

ance between C4 and C3 may be related to symptom severity. We there- 

fore calculated the ratio of C4 to C3 (C4/C3) and assessed whether this 

ratio correlated with the symptom measures examined in the pooled 

patient sample. A partial correlation controlling for age detected a sig- 

nificant association between the C4/C3 ratio and the BPRS positive 

subscore (r = 0.211, p = 0.038) (see Fig. 3). This relationship remained 

after outlier removal (r = 0.206, p = 0.045). 

 
4. Discussion 

 
We found a specific increase in some complement protein levels, 

particularly C4, in individuals with psychosis and psychosis risk com- 

pared to age and gender matched controls. This was particularly prom- 

inent in the putative prodromal period, with significant elevations of 

both C3 and C4 found in those at ultra-high risk for psychosis. Individ- 

uals with chronic schizophrenia also showed increased C4 compared 

to healthy controls. Finally, we identified a molecular pattern of de- 

creased C3 and increased C4 that was associated with increases in pos- 

itive and negative symptom severity in the pooled patient group. 

A number of previous studies have examined peripheral comple- 

ment proteins in schizophrenia, producing mixed results. Our finding 

of increased C4 level in established schizophrenia is in agreement 

with some previous findings (Hakobyan et al., 2005; Maes et al., 1997; 

Mayilyan et al., 2006), but is in contrast to other studies reporting in- 

creased C3 (Boyajyan et al., 2008, 2010; Hakobyan et al., 2005; Maes 

et al., 1997; Santos Soria et al., 2012) and C1q (Arakelyan et al., 2011; 

Hakobyan et al., 2005) proteins in these patients. Likewise, our finding 

of no difference in complement protein concentration in first-episode 

psychosis concurs with some (Kopczynska et al., 2017) but not all 

(Idonije et al., 2012) studies. The reason for these discrepancies is un- 

clear but may be related to a number of factors including variation in 

molecular technique, medication status, methodological considerations, 

and clinical heterogeneity of patients including stage of illness. For ex- 

ample, some studies in established schizophrenia measured the activity 

of C3 (Hakobyan et al., 2005) and C1q (Arakelyan et al., 2011; Hakobyan 

et al., 2005), whereas our study assayed for total C3 and C1q levels, 

which may account for some of the differences between our, and previ- 

ous studies. Likewise, studies varied in the extent that they considered 

potential confounds, such as BMI, smoking and other demographic var- 

iables, on complement levels (see discussion below). Given the majority 

of studies have not considered such confounds, it remains difficult to 

reconcile across studies. These discrepancies highlight the need for con- 

UHR vs. young HC d = 0.147 

(p = 0.82) 

FEP vs. young HC d = 0.369 

(p = 0.15) 

Chronic vs. older HC d = 0.249 

(p = 0.26) 

d = 0.770 

(p = 0.04)⁎ 

d = 0.616 

(p = 0.19) 

d = 0.035 

(p = 0.26) 

d = 0.849 

(p = 0.04)⁎ 

d = 0.577 

(p = 0.29) 

d = 0.635 

(p = 0.04)⁎ 

sistency in molecular techniques and methodology across studies in 

order to elucidate the nature of the complement cascade in 

schizophrenia. 

In addition to the above factors, differences in stage of psychotic ill- 

ness may also contribute to the inconsistent results across studies. To 

our knowledge, we are the first to examine peripheral complement pro- 
HC, healthy controls; UHR, ultra-high risk for psychosis; FEP, first episode psychosis; sd, 

standard deviation. 
a  

All values adjusted for BMI. 

⁎  p b 0.05 adjusted for BMI and multiple comparisons. 

tein levels in individuals at high risk for developing psychosis. Our find- 

ing of increased C3 and C4 factors in these individuals suggests that the 

complement cascade may be elevated prior to illness onset or in 
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Fig. 1. Comparison of C1q (panel A), C3 (panel B) and C4 (panel C) complement protein levels in individuals at ultra-high risk for psychosis, first-episode psychosis and chronic 

schizophrenia compared to age and gender matched comparison subjects. Data points denote individuals and bars the mean value of each complement protein. HC – healthy controls. 

UHR – ultra-high risk for psychosis. FEP – first-episode psychosis. Chronic – chronic schizophrenia. *p ≤ 0.05; corrected for BMI and nine comparisons with the Benjamini-Hochberg 

false discovery rate. 

 
 

individuals vulnerable to the development of a psychotic disorder, irre- 

spective of later transition. This is in line with theories of immune dysreg- 

ulation in the prodrome of psychosis (Cannon, 2015) and is supported by 

recent studies reporting an association between certain complement 

components (serum C1q and C4A gene copy number) and increased 

risk of developing schizophrenia (Severance et al., 2014; Sekar et al., 

2016). In addition, our study is only the second to examine the same pro- 

teins across stages in the course of schizophrenia. Indeed, a motivation of 

this study was to elucidate whether alterations (if any) in peripheral com- 

plement are seen in very early illness and are maintained in later disease 

stages, or whether they fluctuate across stages of illness. Our findings may 

suggest the latter, whereby elevations in complement proteins are evi- 

denced in a putative prodromal, or attenuated psychotic period, followed 

by decreases at the onset of frank psychosis, and elevations with illness 

chronicity. However, given the cross-sectional design and comparatively 

small sample of the UHR cohort, most who will not develop a psychotic 

illness, this interpretation should be regarded preliminary, requiring 

large, prospectively planned longitudinal studies to confirm and extend 

these findings. Alternatively, interactions between stage of illness and un- 

related demographic or illness-related factors (e.g. BMI) may also explain 

our differential findings with illness stage. 

Over recent years, a growing body of evidence has demonstrated im- 

portant roles for the complement system in normal brain development 

(Stephan et al., 2012). In mice, activation of the classical complement 

cascade, including C1q-C3 (Stephan et al., 2012; Stevens et al., 2007) 

and, most recently, C4 (Sekar et al., 2016), has been found to promote 

synapse elimination or ‘pruning’ at critical neurodevelopmental time 

points by tagging weaker synapses for elimination (Sekar et al., 2016; 

Stephan et al., 2012). In humans, elimination of synapses is proposed 

to take place in young adulthood, thus forming part of the normal mat- 

urational process of the brain (Andreasen et al., 2011; Faludi and 

Mirnics, 2011). Given the typical onset of schizophrenia occurs in ado- 

lescence and early adulthood, which corresponds to this putative ‘late 

stage’ synaptic maturation, it has been proposed that an exaggeration 

of normal synaptic pruning may underlie the increased rate of cortical 

thinning observed prior to, and at the earliest stages of psychotic illness 

(Cannon et al., 2015), contributing to the manifestation of the disorder 

(Feinberg, 1982). Our finding (although preliminary), of increased com- 

plement proteins (especially C3) in the younger UHR cohort, whose 

brains may be undergoing late stage synaptic pruning and refinement 

(though see Catts et al., 2013), provides preliminary support to this hy- 

pothesis. Nevertheless, given our measure of complement in peripheral 

blood rather than the brain, this proposition remains speculative. 

There are a variety of mechanisms through which elevated periph- 

eral complement proteins may be exerting their effects, including on 

brain development and function. For instance, complement compo- 

nents are acute phase proteins, increasing vascular permeability, vaso- 

dilation, and leukocyte extravasation (Markiewski and Lambris, 2007), 

and thus may represent an acute response to inflammation or infection. 

Nevertheless, this remains unlikely given that all participants in the cur- 

rent study reported to be well at the time of assessment and a subsam- 

ple of the current cohort showed no evidence of classical inflammation 

 
 

 
 
 

Fig. 2. Multivariate relation between complement protein levels and clinical symptoms identified with canonical correlation analysis (CCA). Canonical coefficients (CCA weights) are 

shown for each clinical symptom (panel A) and complement protein (panel B). Bars denote 95% confidence intervals, computed with bootstrapping (5000 bootstraps). Weights with 

confidence intervals excluding zero were deemed significant contributors. Canonical correlation (r = 0.37, p = 0.03) between protein and symptoms scores (panel C). Protein score 

computed for each individual by summing the product of complement protein level and corresponding CCA weight across all three proteins. Data points denote individuals (crosses). 

Solid line denotes line of best fit and dashed lines denote 95% confidence intervals. Neg. – BPRS negative symptoms. Pos. – BPRS positive symptoms. Gen. – BPRS general symptoms. 
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Fig. 3. Partial correlation controlling for age of the ratio of complement C4 to C3 (C4/C3) 

with positive and negative symptoms in the pooled patient sample. The ratio was 

significantly positively correlated with BPRS positive scores. BPRS – Brief Psychiatric 

Rating Scale. SANS – Scale for the Assessment of Negative Symptom. 

 

 
such as increased pro-inflammatory cytokines or microglial activation 

(Di Biase et al., 2017). Secondly, given the increasingly recognised func- 

tions of the complement system in the central nervous system 

(Presumey et al., 2017), our findings also raise the possibility that in- 

creased peripheral complement activity may influence the brain. De- 

spite the immune privileged notion of the brain there are a number of 

mechanisms through which this may occur. For example, complement 

protein circulating in peripheral blood can enter the brain via receptors 

on the vagus nerve or through increases in the permeability of the blood 

brain barrier (BBB), given that the epithelial cells of the BBB express 

complement protein receptors (Jacob and Alexander, 2014; Veerhuis 

et al., 2011) and schizophrenia patients are proposed to have a particu- 

larly permeable BBB (Stolp and Dziegielewska, 2009; Vasic et al., 2012). 

Furthermore, increases in some complement proteins could lead to de- 

creases in other components of the complement pathway, which may 

impair the ability of this pathway to clear apoptotic cells and debris, 

leading to further accentuation of inflammation and the development 

of autoimmunity(Markiewski and Lambris, 2007), which has  also 

been linked to psychosis (Benros et al., 2014). Although speculative, pe- 

ripheral increases in complement protein may reflect a primed immune 

system (possibly due to intrauterine inflammation), which has been 

shown to lead to changes in neuronal migration in the developing 

brain (Mayilyan et al., 2008). Alternatively, complement increases pe- 

ripherally may reflect a higher C4 genetic load (e.g. Sekar et al., 2016; 

Yang et al., 2012) that may affect brain development and function, 

though the association between C4 gene copy number and peripheral 

levels of complement is yet to be established in psychosis and in relation 

to specific C4 isoforms. Finally, the effects of complement in the brain 

may occur  primarily  through  endogenous  mechanisms  (Veerhuis 

et al., 2011); however to date it remains unclear whether endogenous 

and peripheral proteins levels are related. Our study provides impetus 

for future work to directly examine complement levels in the brain 

(and periphery) as well as their relationship, with longitudinal imaging 

and biological measures of neuronal-glia function in psychosis. 

In order to explore the clinical relevance of altered complement pro- 

teins in schizophrenia, we examined the interplay between comple- 

ment proteins and symptom severity. We found that increases in 

positive and negative symptom subscores were associated with in- 

creases in C4 and decreases in C3 protein levels. The association be- 

tween complement protein was confined to positive and negative but 

not general symptoms, indicating that this relationship may be specific 

to schizophrenia-like symptoms. Interestingly, there was no association 

when symptom subscores were examined in relation to each comple- 

ment protein individually. This indicates that the imbalance between 

C4 and C3, rather than C4 and C3 levels per se, is associated with symp- 

tom severity. Indeed, when we examined the ratio of C4 to C3 across pa- 

tients (adjusted for age), we found a significant association with 

 
positive symptoms. Thus far, only two studies have explored the rela- 

tionship between complement proteins and symptom severity and 

have produced contradictory results. While one study found that in- 

creases in C3 and C4 were associated with reductions in total PANSS 

psychopathology scores (Li et al., 2016), the second study reported an 

association between increases in C3 and C4 and the severity of certain 

negative and general (though not positive) PANSS symptom items 

(Morera et al., 2007). Nevertheless, this latter study was hindered by 

the small sample size and the inherent difficulty in inferring global pat- 

terns from isolated correlations between single symptom items and 

complement proteins (Mayilyan et al., 2008). To this end, our finding 

that a specific molecular pattern was associated with increases in posi- 

tive and negative symptom severity extends the research beyond single 

molecular associations and provides a potential avenue of exploration. 

Should future studies confirm the validity of this molecular pattern, 

the levels of C4 and C3 could be examined in relation to each other 

and clinical indicators. 

Our finding of increased C3 or C4 protein level in UHR and chronic 

schizophrenia appears independent of age, gender, medication, 

smoking and cannabis use, and BMI. It is noteworthy, however, that 

BMI, which was positively associated with each of the complement pro- 

teins in the entire sample, showed a differential effect on complement 

level in each of the three groups. Whereas complement was elevated 

in the UHR in exploratory findings in addition to chronic schizophrenia 

groups when controlling for BMI, this adjustment completely negated 

the elevations seen in FEP when BMI was not considered. This effect is 

illustrated in Fig. 1, which shows higher levels of C3 and C4 in FEP com- 

pared to younger controls (as the data points reflect raw values), de- 

spite the absence of statistically significant group differences. Indeed, 

whereas complement proteins were positively associated with BMI in 

FEP, there was no evidence for this relationship in UHR or chronic 

schizophrenia (data not shown). It is unclear why BMI was strongly as- 

sociated with complement levels in only the FEP group. It is possible 

that the effect of BMI in FEP may be a by-product of medication com- 

mencement (leading to rapidly increasing BMI), which has yet to take 

effect in UHR but has stabilised in chronic patients. Co-varying for BMI 

may therefore mask increases in complement levels in FEP that may 

have been present prior to medication commencement and become ap- 

parent once weight gain has stabilised. Nevertheless, this proposition 

remains speculative and requires longitudinal studies that measure 

complement protein levels and BMI both prior to, and after, the initia- 

tion of antipsychotic treatment. In addition, given that the majority of 

studies examining peripheral complement in psychosis have not con- 

trolled for BMI (Arakelyan et al., 2011; Boyajyan et al., 2010; Idonije 

et al., 2012; Kopczynska et al., 2017; Mayilyan et al., 2006) our study 

highlights the need to consider this confound in future studies. 

There are several limitations of our study that should be noted. 

First, our UHR sample size was limited. Therefore, these findings 

should be regarded as preliminary, with longitudinal analyses in larger 

sample sizes required to draw more definitive conclusions. Second, we 

examined only three proteins within the complement cascade (C1q, 

C3, C4) and assayed for total complement protein, rather than comple- 

ment isotypes (e.g. C4A and C4B and their long and short forms). It is 

possible that other proteins, or specific isoforms, within this cascade 

may be altered at various stages of a psychotic illness. Finally, comple- 

ment proteins were measured in peripheral blood and it is as yet un- 

clear how peripheral complement is related to complement activity in 

the brain. 

In conclusion, this is the first study to examine chronic, FEP and UHR 

cohorts under the same conditions. We found elevated C4 protein in 

chronic and those at ultra high risk of psychosis and elevated C3 protein 

in the UHR or putative prodromal period. Finally, we identified a molecu- 

lar pattern of increased C4 and decreased C3 associated with positive and 

negative symptom severity, thus suggesting that the imbalance in these 

protein levels might contribute to the symptomatic manifestation of the 

illness. 
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CHAPTER 6 General Discussion 
 

 
 

6.1 Thesis overview and summary of results 
 
 
In this thesis we have focused on incorporating clinical studies and mouse models to examine 

both peripheral and central neuroinflammation in psychosis. We have investigated the 

association between inflammation, brain structure and psychotic symptoms utilising a variety 

of different angles and techniques.  An attempt to unite different methodologies from clinical 

imaging to protein assays and mouse models in the same body of work, though by no means 

complete, is timely, given the complexity of schizophrenia and the call for cross-modular 

investigations. The overarching goal of these studies has been to bridge the gap between 

animal and human work in psychosis where traditionally these fields have progressed in 

isolation. 

 

Firstly, to determine how inflammation identified in schizophrenia relates to other candidate 

pathways implicated in psychosis, we focused on glutamate and in particular, mGluR5 as a 

receptor signaling pathway demonstrated to regulate microglial activation. We examined 

whether mGluR5 KO mice, which demonstrate phenotypic features of schizophrenia display 

neuroinflammation in the form of increased microglial numbers. Secondly, as it is currently 

unclear how inflammation is related to the cortical reductions widespread in neuroimaging 

studies of schizophrenia, we conducted a clinical study across various stages of psychosis. 

While the importance and utility of blood-based biomarkers has been highlighted, the 

potential relationship between these inflammatory markers and brain structure reductions in 

psychosis has yet to be thoroughly explored. We therefore examined peripheral biomarkers of 

inflammation (cytokines and complement proteins) in relation to structural brain measures 

obtained by structural MRI in a cohort ranging from healthy controls to UHR, FEP and 

chronic schizophrenia patients. Finally, while many studies have examined inflammation in 
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schizophrenia, only a few have examined the impact (if any) on clinical symptomatology. We 

therefore investigated peripheral inflammatory markers (cytokines and complement proteins) 

across various stages of psychosis in relation to clinical symptoms. 

 

In Chapter 3, we reported that mGluR5 KO mice have increased microglial numbers 

compared to WT. This agreed with our hypothesis that animals lacking mGluR5, would show 

higher rates of inflammation in the brain, in accordance with the anti-inflammatory effect of 

mGluR5 signalling and the psychotic endophenotype of these mice. This study demonstrated 

that glutamate, in particular mGluR5 may affect microglial homeostasis in the context of 

psychosis and autism, as our published study indicates (see Appendix). 

 

Extending these findings to the clinical population, in Chapter 4, we showed that peripheral 

pro-inflammatory cytokine IL5 was associated with decreased whole brain volume in FEP, 

while increases in anti-inflammatory cytokines such as IL4 and IL13 were associated with 

increased frontal thickness exclusive to healthy controls. These findings indicate that the 

relationship between cytokines and brain structure may take a neuroprotective form in 

healthy controls, which is absent in patient groups and particularly negative in FEP. It is 

possible therefore, that dysregulation of peripheral cytokines may be driving the structural 

brain losses in schizophrenia not only via pro-inflammatory mechanisms but through the 

absence of a protective anti-inflammatory effect, though longitudinal studies are required to 

confirm this.  

Finally, in Chapter 5 we reported that peripheral complement proteins predict brain 

structures such as the ventricles and basal ganglia, across the whole cohort (patients and 

controls combined). In our published paper we showed that complement proteins within the 

blood were elevated across UHR and chronic schizophrenia patients, providing evidence of 

our hypothesis that peripheral inflammation is associated with some stages of psychosis. We 

also sought to determine the clinical significance of these elevations and identified a pattern 
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of increased C4 and decreased C3 protein, which was associated with increases in positive 

and negative symptoms. In contrast, in Chapter 4 we found no associations between clinical 

symptoms and any of the cytokines examined. Similarly, while in Chapter 4 we report that 

the relationship between peripheral cytokines and brain regions such as the frontal cortex 

differed in patients and HC, in Chapter 5 we found that the relationship between 

complement proteins and brain structure remained the same across HC and patient groups. 

This indicates that the relationship between peripheral inflammatory molecules, clinical 

symptoms and brain structure is likely to be complex and molecule dependent. 

 

Overall our findings provide support for inflammation being implicated in schizophrenia, 

whether in the form of elevated peripheral complement proteins or increased microglia in a 

mouse model displaying phenotypes of psychosis. We also show that peripheral complement 

elevations are associated with increased severity of clinical symptoms while pro- 

inflammatory cytokine and complement elevations are related to decreases in ventricular 

volume and decreases in brain structures such as the hippocampus and temporal thickness 

indicating that inflammation may impact both the structure and functioning of the brain. 

Finally, we show for the first time to date, that increases in anti-inflammatory cytokines are 

associated with increases in frontal thickness in HCs, this relationship is absent in healthy 

controls indicating a potential neuroprotective effect for anti-inflammatory cytokines. 



CHAPTER 6 

193 

 

 

 
 

6.2 Inflammation and mGluR5 

We report that mGluR5 KO mice have increased microglia numbers in the striatum. These 

findings are important in the context of psychosis, as increased microglia are seen in post-

mortem studies of patients with schizophrenia and the mGluR5 KO model displays psychotic 

endophenotypes (Burrows et al., 2015; Gray et al., 2009). This is the first time a study has 

examined the potential impact of glutamatergic disruption on microglial homeostasis in the 

mGluR5 KO mouse model. It indicates that the congenital absence of mGluR5 may lead to 

increased inflammation in the brain and that this may contribute to the psychotic phenotypes 

observed. This has interesting implications for clinical schizophrenia research, where 

glutamatergic and inflammatory processes are routinely examined separately. Future clinical 

studies could focus on investigating the interplay between immune and glutamatergic systems 

in the context of schizophrenia and psychosis. 

 
 

In addition, the mGluR5 KO mouse could also be examined in relation to other 

immunological markers such as SERPINA3 and IFITM, which were increased in four out of 

five studies in a recent meta-analysis of post-mortem psychosis studies (Trépanier et al., 2016). 

This review found that the evidence for inflammation in the post-mortem brain is mixed, and 

that individual and methodological differences in brain pH, post-mortem interval and 

immunohistochemical treatment, rendered it difficult to compare across studies. While our 

mouse study cannot encapsulate the complexity of the human disorder, it avoids the innate 

variability of human studies as all animals receive the same treatment. The mouse study 

detailed in Chapter 3, therefore introduces the mGluR5 KO mouse as a useful model for 

examining inflammation and the interplay between inflammation mGluR5 and psychotic 

symptoms, being relatively free from individual and methodological variation. 

 

What is therefore the evidence for mGluR5 dysregulation in schizophrenia? As with 

many elements in schizophrenia, the evidence is mixed. Some post-mortem studies have found 
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decreased mGluR5 within the brains of psychosis patients (Fatemi et al., 2013), which validates 

our choice of mouse model, wherein the absence of mGluR5 results in psychotic symptoms in 

this mouse. Other studies have however found no difference in mGluR5 protein levels across 

various brain regions including the striatum and hippocampus between healthy controls and 

individuals with schizophrenia (Gupta et al., 2005; Matosin et al., 2014). It has been proposed 

that mGluR5 reductions in schizophrenia may be region specific (Matosin and Newell, 2013). 

 

While human studies have yet to investigate the relationship between mGluR5 and 

inflammation, a small number of animal studies, report mixed results that hint at a potentially 

more complicated story involving mGluR5 and inflammation. One study found that WT mice 

exposed to a prenatal immune challenge showed higher levels of mGluR5 in the brain 

(Arsenault et al., 2014a) . This indicated that inflammation may increase mGluR5 levels, which 

given its in vitro anti-inflammatory effect (Byrnes et al., 2009a; Loane et al., 2009; Qiu et al., 

2015), might be an attempt to counter the prenatal immune challenge. Given that these were 

WT mice, it may indicate a potential feedback system whereby increased inflammation is 

followed by commensurate increases in mGluR5 to restore the system to homeostasis and 

normal functionality (Arsenault et al., 2014a). Our study lends further support to the concept 

that mGluR5 stimulation may be necessary to counter inflammation, as we have shown that 

the congenital absence of mGluR5 leads to increased microglial in the brain, even in the 

absence of a prenatal immune challenge. 

 

In keeping with the hypothesis that mGluR5 may regulate inflammation, pharmacological 

activation of mGluR5 resulted in an anti-inflammatory effect, reducing microglial activation 

in the brain (Arsenault et al., 2015). However, this effect was not present in mice that underwent 

a prenatal immune challenge. This indicates that a complex feedback loop may be operating 

between mGluR5 and inflammatory processes in the brain. Our study showed that genetic 

ablation of the mGluR5 receptor resulted in increased inflammation (Chana et al, 2015), while 
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this study showed prenatal inflammation impaired the functioning of mGluR5 (Arsenault et al., 

2015). Taken together, these studies suggest that mGluR5 signaling and inflammatory 

processes may influence each other against the background of the developing nervous system. 

Future studies could administer prenatal challenges and investigate the brain changes in WT 

and mGluR5 KO mice at various stages of neurodevelopment. Such animal studies may 

illuminate the developmental mechanism governing the relationship between mGluR5 and 

inflammatory processes, which have both been shown to be impaired in schizophrenia (Fatemi 

et al., 2013; Matosin and Newell, 2013; Miller et al., 2013). 

 

Finally, the impact of both inflammatory and glutamatergic dysregulation on neuronal 

functioning has been documented in animal studies (Kettenmann et al., 2013b; Laskaris et 

al., 2016; Lau and Tymianski, 2010). In particular, increased microglial activation has been 

shown to affect hippocampal neurogenesis (Furuya et al., 2013; Mattei et al., 2014), as 

well as decreased myelination (Morita et al., 2014; Zhang et al., 2008) and aberrant synapse 

formation (Sargin et al., 2009). What remains unclear however, is the extent to which 

inflammatory and glutamatergic processes may interact to influence such processes. Future 

studies could focus on examining the interplay between inflammatory processes (such as 

a prenatal or other immune challenges) and glutamatergic dysregulation (e.g. congenital 

ablation of mGluR5) on the development of the nervous system with particular emphasis 

on synaptic formation and functioning. Future studies could administer prenatal challenges 

and investigate the brain changes in WT and mGluR5 KO mice at various stages of 

neurodevelopment, with particular reference to synaptic formation and functioning. Such 

animal studies may illuminate the mechanisms by which the interplay between inflammatory 

and glutamatergic processes may influence synapses leading to the grey and white matter 

deficits observed across all stages of psychosis (Kenk et al., 2015; Ota et al., 2009; Sun et al., 

2009b). 

The conclusions of our animal study cannot be applied to clinical populations, given their 
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inherent complexity. In this context, it is unfortunate that we were not able to obtain MRI 

imaging or peripheral inflammatory markers from the mGluR5 KO cohort. This was because 

the mice were kindly donated by Emma Burrows and had been culled prior to the design of 

the current study. If we had been able to obtain circulating cytokine and complement proteins 

from the mGluR5 KO mouse, this would have provided a strong correlate to our clinical 

studies. We could have assessed whether the central inflammation we discovered is 

accompanied by peripheral inflammation in this glutamate-compromised mouse displaying 

endophenotypes of psychosis. The results we were able to obtain indicate that we would 

expect to find the following: 

i) Increased peripheral complement (C3 and C4) and cytokine proteins in the mGluR5 KO 

mouse in addition to the increased microglia we discovered in Chapter 3. 

ii) Increased microglia in regions additional to the striatum such as the frontal cortex and 

basal ganglia, which featured in our clinical studies (Chapter 4 and 5). 

iii) Associations between increased peripheral complement and cytokine proteins and 

decreases in brain regions such as the striatum (where we saw increased microglia in Chapter 

3), the basal ganglia, frontal and total cortices, which were associated with complement  (C4) 

and cytokine (IL5) proteins and in our clinical studies (Chapter 4 and 5).  

Indeed, it is particularly interesting that we found increased microglia in the striatum of the 

mGluR5 KO mouse displaying psychotic symptoms as well as associations in our patients 

between complement protein C4 and the basal ganglia. Our findings, taken in conjunction 

with a previous study that found an association between inflammatory molecules and basal 

ganglia in schizophrenia (Dieset et al. 2015) indicate that peripheral inflammation may affect 

the striatum more than previously supposed. Note that most studies investigating peripheral 

inflammation in relation to brain structure in psychosis involve a priori selected brain regions 

particularly frontal cortex and hippocampus. Our animal study has helped identify the 

striatum as an area displaying increased inflammation centrally and future studies could also 

investigate peripheral inflammation to determine whether the candidate proteins identified in 
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our clinical studies are also seen in the mGluR5KO mouse.   

6.3 Peripheral inflammation in psychosis 

 

 
We found increased circulating complement proteins C3 and C4 in chronic schizophrenia 

patients and in individuals at ultra-high risk of psychosis (see publication Chapter 5). In 

contrast to these elevations, we did not find a significant difference between patients and 

controls across 13 peripheral cytokines examined in the same cohort (see submitted article 

Chapter 4). This is the first time to our knowledge that complement and cytokine proteins have 

been investigated in the same cohort, across FEP and individuals with chronic schizophrenia. 

The fact that we found a significant increase in circulating complement but not cytokine 

proteins is noteworthy, as unlike previous studies, these differences cannot be attributed to 

methodological variation. 

The reasons underlying increased complement levels in the absence of increased cytokine s, 

remain elusive. It is possible that anti-psychotics may preferentially affect cytokine but not 

complement protein levels, in accordance with their in vitro anti-inflammatory effect (Kato et 

al., 2011). Alternatively, the observed increase in complement proteins in our patients may 

be due to genetic factors, in accordance with the recent association of complement risk alleles 

with schizophrenia (Ripke et al., 2014; Sekar et al., 2016). H o w e v e r ,  t h i s  i s  

u n l i k e l y  a s  t h e r e  a r e  a l s o  s t u d i e s  s h o w i n g  g e n e t i c  l i n k s  b e t w e e n  

c y t o k i n e  a l l e l e s  a n d  s c h i z o p h r e n i a  ( P a p i o l  e t  a l .  2 0 0 5 ;  Roiz-

Santiáñez et al. 2008). Future studies are required to probe the effect of anti-psychotics on 

cytokine versus complement proteins and the complex relationship operating between the 

genetics of inflammatory factors and their peripheral levels. 

In addition to peripheral cytokine elevations we were also interested in investigating the 

relationship between cytokine levels and central glutamatergic activity. To this end I recruited 

11 participants from the same cohort and conducted MRS scans to assess glutamatergic 

activity in the brain of psychosis patients versus healthy controls. The primary aim was to 
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investigate the manner in which glutamatergic activity informs microglial activation (as had 

PET scans of these subjects also) as well as peripheral inflammation. In accordance with the 

mGluR5KO mouse findings (see Chapter 3) we hypothesized that decreased glutamate 

activity would be associated with increased microglial activation as seen in the mouse that 

lacks mGluR5 and increased complement and cytokine proteins in the periphery. 

Unfortunately, the MRS arm of the study was commenced too late for the specific timeline of 

this Phd, however future results are pending,  

 

6.4 Peripheral inflammation and brain structure 
 
 
We investigated multiple cytokines across the whole brain in healthy controls, FEP and chronic 

schizophrenia patients. We report that increases in cytokine IL5 are associated with decreases 

in whole brain volume in FEP, while increases in IL5 and the anti-inflammatory cytokines IL4 

and IL13 are associated with increased frontal thickness (Laskaris et al, in submission). There 

were no significant associations between cytokines and brain structure in chronic schizophrenia 

patients. To our knowledge, this is the first time the relationship between brain structure and 

peripheral inflammatory molecules has been investigated in healthy controls, FEP and chronic 

schizophrenia patients in the same study. 

 

We also investigated the relationship between three complement proteins (C1q, C3 and C4) 

and brain structure, examining the same regions we investigated in relation to cytokines: 

amygdala, basal ganglia, cerebellum, hippocampus, total ventricular and cortical volume, 

frontal, temporal, parietal, occipital and total cortical thickness. We found that increased C4 

was associated with decreased basal ganglia volume, while increases in C3 and C4 were 

associated with increases in ventricular volume. While to our knowledge, there are no 

published studies examining the relationship between peripheral complement proteins and 

brain structure, our findings broadly agree with those in cytokine studies. Increases in pro- 

inflammatory cytokines have been associated with increased ventricular volume in individuals 
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at high risk of psychosis (Cannon et al., 2014) and decreases in basal ganglia volume (Dieset. 

et al., 2015) in chronic schizophrenia. Therefore, our finding of relationships between 

complement proteins and the same regions of the brain, indicate that brain regions such as the 

basal ganglia and ventricles may be particularily vulnerable to a variety of pro-inflammatory 

elements, including both cytokine (Cannon et al., 2014; Fillman et al., 2015; Dieset. et al., 

2015) and complement proteins. 

 

We are the first study to date demonstrating that increases in largely anti-inflammatory 

cytokines are associated with positive outcomes i.e. increased frontal thickness in healthy 

controls. This finding is in keeping with studies in pro-inflammatory disorders such as 

Alzheimer’s disease and multiple sclerosis (Magalhães et al., 2018; Petereit et al., 2003), which 

show that increased peripheral anti-inflammatory cytokines are associated with improved 

physiological outcomes in the brain such as decreased lesions. The finding that healthy 

controls show a positive relationship between cytokines and brain structure, whereas for FEP 

it is negative, indicates that a therapeutic neuroprotective mechanism may be operating in 

healthy controls, which is absent or negative in patients. However, in contrast to other studies 

(Bossu et al., 2015; Fillman et al., 2015; Dieset. et al., 2015) we found no associations between 

circulating cytokines and brain structure in chronic schizophrenia. Our findings indicate that 

associations between pro-inflammatory cytokines and brain structure may be more prevalent 

in the early stages of psychosis. Moreover, while we found no association between 

antipsychotic dose and peripheral cytokines, the long-term impact of antipsychotic medication, 

may need to be considered. Longitudinal studies comparing the relationship between cytokines 

and brain structure, before and after the introduction of medication are required to elucidate the 

nature of this relationship. 

 

In contrast, when investigating the relationship between the same brain regions and circulating 

complement proteins, we found no effect of diagnosis. The associations between C3 and C4 

and basal ganglia and ventricular volume, were present in the whole cohort and were not 
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different in patient and control groups. This indicates that relationships between complement 

proteins and brain structure while present, are not dependent on diagnosis, unlike the 

associations revealed between frontal thickness and peripheral cytokines (Laskaris et al. 2018, 

in submission). Having said this, future studies assaying for a wide range of complement and 

cytokines proteins across different stages of illness are needed to confirm this. Moreover, while 

the immune privileged notion of the brain has been challenged (McCusker and Kelley, 2013), 

the direct impact of peripheral molecules on brain structure has yet to be conclusively 

demonstrated in clinical studies. Studies in normal aging show that increases in peripheral pro- 

inflammatory molecules such as IL6 and CRP have been associated with decreases in brain 

matter volume (Gu et al., 2017), while studies in AD and MS show that the balance of pro and 

anti-inflammatory cytokines in the periphery is important for the maintenance of brain integrity 

(Magalhães et al., 2018; Petereit et al., 2003). 

 

In summary, the work presented in the empirical chapters of this thesis and in our paper 

currently in submission, indicates that there are significant relationships between peripheral 

cytokines and complement proteins and certain brain regions.  While where complement 

proteins are concerned the relationships are the same across patient groups, increases I pro- 

inflammatory cytokines are associated with increases and decreases in brain structure in 

healthy controls and FEP respectively. 

 
6.5 Inflammation and phenotypes/symptoms of psychosis 

 
 
Our three studies suggest that inflammation may be related to psychotic symptoms under 

certain circumstances. Firstly, we showed that the mGluR5 KO mouse has increased microglia, 

thus ascribing an inflammatory profile to this animal model for the first time (Chana, Laskaris 

et al., 2015). The mGluR5 KO mouse therefore displays several symptoms of schizophrenia 

(Burrows et al., 2015; Gray et al., 2009; Lipina et al., 2007) and by demonstrating that it has 

increased microglial number, we have shown an association between inflammation and 
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psychotic symptoms (Chana, Laskaris et al. 2015). 

 

However, there are reasons other than inflammation that might be responsible for the symptom 

profile of the mGluR5 KO mouse. Chief among these is that this mouse model shows an 

enhanced response to the NMDAR antagonist MK801, as assessed by measurements of activity 

and locomotion (Burrows et al., 2015; Gray et al., 2009; Lipina et al., 2007). Moreover, 

evidence of NMDAR dysfunction has been demonstrated in hippocampal neurons of mGluR5 

KO mice (Jia et al., 1998; Lu et al., 1997), which may alone account for the cognitive and 

working memory impairments seen in these mice, without the additive effect of inflammation 

(Burrows et al., 2015; Gray et al., 2009; Lu et al., 1997). These findings are important in the 

context of clinical studies, where treatment with NMDAR antagonists has been shown to 

produce positive, negative and cognitive symptoms of schizophrenia in healthy volunteers 

(Javitt and Zukin, 1991; Kantrowitz and Javitt, 2012), while exacerbating the symptomatology 

of schizophrenia patients (Lahti et al., 1995). Finally, mice lacking the mGluR5 receptor show 

decreased expression of NMDAR subunits (Luoni et al., 2018), indicating that it may be the 

decreased expression of NMDAR, rather than inflammation that is causing psychotic 

symptoms in these mice. 

 

While our finding of increased microglia in the mGluR5 KO mouse (Chana, Laskaris et al. 

2015) provides a link for the first time between inflammation and this mouse model, we cannot 

be certain that it is inflammation, rather than suppression of NMDAR receptors (Luoni et al., 

2018) that is causing the observed psychotic phenotypes (Burrows et al., 2015; Gray et al., 

2009; Lu et al., 1997). Future studies could address this by administering either an NMDAR 

agonist or an anti-inflammatory agent, to assess the effect of each on reversing the psychotic 

endophenotypes in the mGluR5 KO mouse. 

 

We revealed more robust evidence for an association between inflammation and clinical 

symptoms in our clinical study of peripheral complement proteins in UHR, FEP and chronic 

schizophrenia patients. We found that in the pooled patient sample, increases in C4 and 
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decreases in C3 were associated with positive and negative symptom severity (Laskaris et al., 

2018). To date, only two studies have explicitly examined the association between complement 

proteins and current symptomatology; these studies reported associations between increases in 

C3 and C4 (Morera et al., 2007) and decreases in C3 (Li et al., 2016a) and symptom severity. 

This is intriguing as these findings agree in part with our own study. Taken together they 

suggest that increases in C4 (Morera et al., 2007) and decreases in C3 (Li et al., 2016a) have 

been associated with clinical symptomatology in psychosis. 

 

However, these studies differ from our own on a crucial point. While they examined the 

relationships between single proteins and symptom domains individually using single 

correlations, we applied a multivariate approach. We assessed the relationship between the 

profile or pattern of complement proteins and symptoms (Laskaris et al. 2018), which has been 

demonstrated with other sets of variables to be more informative than single correlations, which 

are typically inconsistent (Moser et al., 2017). This multivariate approach has revealed a 

molecular profile characterised by decreased C3 and increased C4, that could be examined in 

relation to each other and clinical symptoms in future studies. 

 

However, it must be emphasised that we have not demonstrated a causal relationship between 

peripheral complement proteins and clinical symptoms. There are a variety of mechanisms by 

which peripheral complement may affect the brain and influence clinical symptomatology such 

as vagal nerve and BBB epithelial cell stimulation (McCusker and Kelley, 2013). However, it 

is not possible to examine whether these mechanisms are operating in a clinical cohort, 

therefore they remain speculative. We have nonetheless enriched the field by expanding on the 

few investigations probing the relationship between circulating complement factors and 

clinical symptomatology (Li et al., 2016a; Morera et al., 2007). Indeed, future studies could 

take a longitudinal approach examining peripheral complement proteins at various stages along 

the illness trajectory from the prodromal stage to through to chronic schizophrenia. In addition, 

a  measure  of  central  complement  could  also  be  applied  such  as  complement  factor  in 
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cerebrospinal fluid, to determine the relationship between peripheral and central complement 

proteins and how they may affect clinical symptoms, throughout the evolution of psychosis. 

 

In contrast, we found no association between clinical symptoms and any of the 13 cytokines 

examined in the same cohort (Laskaris et al. in submission). Studies examining the relationship 

between cytokine proteins and clinical symptomatology are scarce. Indeed, the most recent 

systematic review cites only 12 out of 99 studies (12.1%) examining associations between 

cytokine levels and clinical symptoms (Rodrigues-Amorim et al., 2018). Generally, with one 

exception (Hope et al., 2013), these studies agree with our own, in that they found no 

association between positive symptoms and cytokine levels. However, unlike our study, 

associations were identified between negative (Garcia-Rizo et al., 2013; Xiu et al., 2014) or 

total (e.g. total PANSS) symptoms scores (Debnath and Berk, 2014; Dimitrov et al., 2013; 

Zhang et al., 2016) and pro-inflammatory cytokines such as IL6, IL17, TNF and TNFR1. 

 
Finally, the only meta-analysis to examine the relationship between cytokines and clinical 

symptoms found that IL6 was the sole cytokine significantly associated with duration of illness 

(3/4 studies) and total psychopathology (2/5 studies). In contrast, our study found no 

associations between IL6 and any symptom domain (Laskaris et al, in submission). One of the 

reasons for this may have been that whereas the cited reviews and meta-analyses found group 

differences, we did not find differences in cytokine levels. It is possible that relationships 

between symptoms and cytokines such as those observed in previous literature only emerge 

once there is an established pathology (i.e. increased cytokine levels) or once a certain 

inflammatory threshold has been reached. In support of this notion, we identified increased 

complement proteins in patient groups, accompanied by increases in symptom severity 

(Laskaris et. al. 2018). Future studies are required to further probe the contribution (if any) of 

peripheral cytokines to clinical symptoms, potentially utilising a multivariate approach, which 

has been shown to be more powerful than single symptom associations (Gao et al., 2017; 
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Laskaris et al., 2018). 

 

It remains unknown why we found no relationship between peripheral cytokines and clinical 

symptoms (Laskaris et al., in submission) and yet revealed associations between increases in 

C4 and decreases in C3 complement protein and positive and negative symptom severity 

(Laskaris et al., 2018). A plausible reason is that we found dysregulation in peripheral 

complement, which was absent for cytokine proteins. While C3 and C4 were upregulated in 

UHR individuals and C4 was increased in chronic schizophrenia (Laskaris et al. 2018), there 

were no differences in any of the 13 cytokines between the same patients and controls (Laskaris 

et al., in submission). As there were no cytokine differences between patients and controls, it 

makes sense that their clinical symptoms were unaffected by cytokines. 

 

Alternatively, the impact of complement proteins on symptomatology, could be attributed to 

its potentially greater access to the brain. Complement proteins can influence the brain via the 

vagus nerve, while the epithelial cells of the BBB have numerous complement receptors, which 

may under certain circumstances permit access of peripheral complement to the brain (Jacob 

et al., 2010; Jacob and Alexander, 2014; McCusker and Kelley, 2013; Veerhuis et al., 2011). 

Peripheral cytokines are of course also capable of accessing the brain (Nishioku et al., 2010) 

through a leaky BBB . There is some evidence that individuals with schizophrenia may have 

an increasingly permeable BBB (McCusker and Kelley, 2013; Prendergast and Anderton, 

2009), though this is difficult to ascertain clinically. Future animal studies could investigate 

the relative contribution of peripheral complement versus cytokine proteins to the brain micro- 

environment, particularly as they relate to the BBB. 
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6.6 Is psychosis a disorder of inflammation? 
 
 
The answer to this question, like many in a disorder as heterogeneous as schizophrenia, is 

complex and unlikely to arise from a single investigation. The evidence presented in this thesis 

indicates that psychosis is indeed a disorder of inflammation but that this is dependent on how 

inflammation is defined, the molecules and stage of illness examined. 

 

We found for example, increased complement proteins in UHR and chronic schizophrenia 

patients but not individuals experiencing their first episode of psychosis (Laskaris et al., 2018). 

These findings indicate that while elevated complement proteins may characterise the putative 

prodromal and established periods of psychosis, they are not elevated upon the first appearance 

of psychosis. Our results agree with previous studies in peripheral complement, suggesting 

increased protein occurs at later stages of the illness (Boyajyan et al., 2010; Kopczynska et al., 

2017; Santos Soria et al., 2012). However, they are at odds with studies finding decreased 

complement proteins in individuals with first episode psychosis (FEP) (Idonije et al., 2012; Li 

et al., 2012), though the scarcity of previous studies precludes definitive conclusions. 

Moreover, it should be noted at this point that we accounted for the effect of BMI throughout 

our analyses, and that without this confounding variable, FEP displayed elevated complement 

proteins. This highlights the complexity of investigating inflammation in psychosis, which 

stands at the intersection of many other sources of inflammation including metabolic syndrome, 

stress, lifestyle and the introduction of anti-psychotic medication (He et al., 2012; Nousen et 

al., 2014; Rojo et al., 2015; Sharma et al., 2014). The innate complexity of schizophrenia 

combined with cross study variability in the control of these confounding variables, results in 

multiple conflicting studies. While we have shown that inflammation may characterise some 

stages of illness (Laskaris et al. 2018), at least with regard to peripheral complement protein, 

future studies, particularly in UHR are required to replicate these results. 
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In contrast to our finding of increased complement protein in psychosis, we did not find 

increases in cytokine proteins in the same cohort. This finding is at odds with major meta- 

analyses and systematic reviews that generally point to elevations of pro-inflammatory 

cytokines in both first episode and established psychosis (Miller et al., 2011b; Miller and 

Goldsmith, 2016a; Upthegrove et al., 2014b). However, previous literature though supportive 

of the notion of increased peripheral inflammation in schizophrenia is not unanimous, and there 

have been several studies like our own, showing no increases in cytokines in this disorder 

(Miller et al., 2011b; Miller and Goldsmith, 2016a; Upthegrove et al., 2014b). These 

discrepancies could be due to a variety of factors including the cytokines that were examined, 

as well as methodological and statistical differences inthe control of confounding variables. 

The establishment of a streamlined approach to analysing peripheral cytokines, which would 

increase cross-study comparability would be beneficial at this point. 

 

The quest to determine why C3 and C4 were elevated but a series of 13 cytokines were not, 

demands more research into understanding the nuanced differences between different aspects 

of inflammation. One of the reasons may be that complement proteins are more closely aligned 

with microglia and synaptic pruning than peripheral cytokines (Bilimoria and Stevens, 2014; 

Sekar et al., 2016) and therefore might be more dysregulated in schizophrenia, proposed in part 

to be a disorder of excessive synaptic pruning during neurodevelopment (Feinberg, 1982). 

However, though the immune privileged notion of the brain has been questioned (McCusker 

and Kelley, 2013) the relationship between peripheral dysregulation of complement and impact 

on brain structure and function has yet to be determined. 

 

Moreover, contradictory studies may also be due to the innate heterogeneity of the disorder. It 

is possible that our cohort was characterised by elevated complement proteins, without 

concurrent elevation in peripheral cytokines, whereas other cohorts may be different. Indeed, 

it has been suggested that schizophrenia may not be exclusively inflammatory, but that a 
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subgroup of individuals may exhibit inflammatory features (Weickert and Weickert, 2016). 

Support for this notion comes from several studies showing that the whole cohort (patients and 

controls) can be clustered on the basis of cytokine mRNA into high and low inflammatory 

groups (Fillman et al., 2013). The same group has gone on to further characterise the high 

inflammatory group, revealing that it has increased gliosis (Catts et al., 2014; Fung et al., 2014) 

as well as an increased number of patients with schizophrenia (Fillman et al., 2015). This work 

indicates that while not all individuals with psychosis exhibit inflammation, a high proportion 

of them have a strong inflammatory component, especially compared to healthy controls. 

Applied to our own studies this may mean that our cohort of individuals with psychosis are 

characterised by increased complement proteins (Laskaris et al. 2018), in the absence of 

increased cytokines (Laskaris et al., in submission). 

 

Broadly speaking, we have provided further evidence for inflammation contributing to the 

aetiology of schizophrenia. Both independently in peripheral blood (Laskaris et al., 2018) and 

through its interaction with the glutamateergic system as in the case of the mGluR5 KO mouse 

(Chana et al., 2015), there are lines of evidence linking psychosis to inflammatory processes. 

However, while we found increased complement proteins in UHR and chronic schizophrenia, 

we did not replicate this in FEP (Laskaris et al. 2018). Moreover, contrary to current meta- 

analytic reviews (Goldsmith et al., 2016; Miller et al., 2011b; Upthegrove et al., 2014b) we did 

not find increases in peripheral cytokine proteins across any stage of illness (Laskaris et al, in 

submission). Therefore, while inflammation is a component of schizophrenia, it is not the 

whole story and seems to depend upon the molecules and stage of illness examined, as well as 

lifestyle factors such as drug use and BMI. Future studies with larger sample sizes employing 

a longitudinal approach may shed some light on the interplay between lifestyle factors and 

inflammatory proteins across the various stages of psychosis. 
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6.7 Limitations and future directions 
 
 

 
The studies outlined in this thesis had several limitations, which should be noted when 

discussing the wider implications of the results. The first limitation concerns sample size. Our 

sample size in the preclinical mGluR5 KO mouse study was small, as was the UHR sample 

size in the complement protein study, therefore, the findings should be regarded as preliminary. 

The FEP and chronic schizophrenia sample sizes are however comparable to previous positive 

studies (Goldsmith et al., 2016; K.R. Mayilyan et al., 2008; Miller et al., 2011b) therefore, our 

inability to find significant differences in complement protein in FEP and cytokine proteins 

across both these groups, cannot be attributed to a lack of power. 

 

A second limitation regards the molecules that we assayed in these studies. Firstly, while we 

included a thorough suite of both pro and anti-inflammatory cytokines, we assayed for total 

complement proteins rather than complement isotypes (e.g. C4A and C4B and their long and 

short forms). It is possible that other proteins, or specific isoforms, within this cascade may be 

altered at various stages of a psychotic illness. Future studies should focus on assaying for 

specific complement isoforms and their genetic counterparts (Sekar et al. 2015), thus piecing 

together the relationship between peripheral molecules, genes and individual functioning. 

Secondly, our use of the mGluR5 KO mouse model, should not imply that mGluR5 

dysregulation is an exclusive feature of psychosis. While mGluR5 has been dysregulated in 

schizophrenia, the findings are mixed, indicating that mGluR5 dysregulation is only one 

component of schizophrenia pathophysiology. We have demonstrated that the mGluR5KO 

mouse though not exclusive to psychosis, is a good model to examine the interplay of glutamate 

and inflammation against the background of a developing nervous system. Future studies 

focusing on conditional animal KO of mGluR5 may be able to address whether mGluR5 

ablation at particular stages of development or in particular cell types such as microglia for 
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example, is sufficient to cause both increased microglial activation and neuropsychiatric 

phenotypes. 

 

A third limitation is that two studies in this thesis measured complement and cytokines in 

peripheral blood, yet it remains unclear how peripheral inflammatory molecules are related to 

inflammatory activity in the brain. There are a number of ways peripheral proteins may 

influence the brain either directly through crossing the BBB and impacting brain structures 

directly or indirectly via the vagus nerve and their effect on neurotransmission (McCusker and 

Kelley, 2013). However, these relationships cannot be biologically demonstrated in our cohort, 

therefore, any commentary on the effect of peripheral pro- or anti-inflammatory cytokines in 

the brain, remains speculative. Future longitudinal studies measuring inflammation both 

peripherally and, in the brain, from the earliest signs of illness to established schizophrenia are 

required to shed light on the relationship between the central nervous system and the periphery, 

and the causal effect (if any) on the brain. 

Finally, one of the greatest regrets during this thesis has been that the mGluR5 mouse study 

(Chapter 3) could not be further integrated with the clinical studies (Chapter 4 and 5). In 

this section, I will therefore provide an account of why this is the case, as well as an 

account of proposed studies, which were commenced with the aim of integration during my 

Phd, but which due to time constraints could not be included in the main body of the thesis. 

Subsequently, I have included a range of hypotheses corresponding to these future studies, 

which are derived from the current data as presented in this thesis.  

Firstly, we were not able to obtain MRI imaging or peripheral inflammatory markers from 

the mGluR5 KO cohort. This was because the mice were a donation and had been culled prior 

to the design of the current study. If we had been able to obtain circulating cytokine and 

complement proteins from the mGluR5 KO mouse, this would have provided a strong 

correlate with our clinical studies and allowed us to assess for whether the central 
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inflammation is accompanied by peripheral inflammation in this glutamate-compromised 

mouse. 

 Secondly, with the aim of assessing both inflammation and central glutamate activity which 

would provide a correlate to the mGluR5 KO mouse study, participants were recruited from 

the clinical studies outlined in Chapters 4 and 5 to undergo an additional Magnetic Resonance 

Spectroscopy (MRS) scan. The goal of this sub-study was to determine the relationship if any 

between central glutamatergic activity, peripheral inflammation (see Chapters 4 and 5) and 

central microglial activation, as PET scans of microglial activation were also obtained from 

these participants. Unfortunately, recruitment was started too late for the thorough 

examination of this data and publication of this thesis. The examination of the data is 

however underway and will provide a useful correlate to the animal study. Indeed, the results 

of our study indicate that the mGlur5 receptor plays an anti-inflammatory role and its absence 

leads to increased microglia in the striatum. In the interests of integration with the clinical 

studies outlined in this thesis future studies could investigate the following: 

i) Whether there are increased number of microglia in additional brain regions, especially 

those that the clinical studies outlined in Chapters 4 and 5 have found to be associated with 

increased peripheral pro and anti-inflammatory biomarkers, such as the basal ganglia and 

frontal cortices. 

ii) Whether the patients featured in our clinical studies also display different glutamate levels 

in these brain regions compared to healthy controls using data from our MRS study, and 

whether these levels are associated with peripheral cytokines and decreases in the brain 

regions previously identified.   

Building on the studies outlined in Chapters 3-5 of this thesis, we would expect decreased 

glutamate in regions such as the basal ganglia and total cortex associated with increased pro-

inflammatory cytokines in our patient groups and increased complement proteins in the 

whole cohort. We would also expect to see increased microglial activation in these regions, in 

patients but not in controls in keeping with the increased microglia we found in the mGluR5 
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KO mouse.  

Following on from this, the original plan of this thesis was not to confine myself to glutamate 

imaging and peripheral biomarkers but also to obtain microglial cells derived from the 

patients themselves using induced pluripotent stem cell techniques (IPSC). This would have 

provided a world-first correlate of microglial PET activity in addition to microglial activity in 

the patients and controls. We would then also obtain glutamate levels from the IPSC derived 

microglial cells and determine the levels of glutamatergic activity and cytokine/complement 

release from cells derived from patients versus healthy controls.  Following this section, I 

have outlined the process to date as I devoted about one year of my thesis to the process. 

While it did not come to fruition, the studies outlined in Chapters 3-5 collectively indicate 

that we would expect the following: 

i) We hypothesise decreased glutamate levels from the microglial cells derived from the 

patients versus healthy controls, in keeping with the psychotic endophenotypes displayed by 

the mGluR5 KO mouse (Chapter 3). 

ii) We would also expect patient-derived microglia to release increased complement proteins 

C3 and C4, as well as increased IL5 and decreased IL13 in keeping with the increased pro-

inflammatory and decreased anti-inflammatory profile revealed in Chapters 4 and 5.  

iii) Finally, the results of this thesis indicate that in addition to decreased glutamatergic 

activity and increased release of pro-inflammatory proteins, we would expect the microglia 

derived from patients to have a detrimental effect on neuronal synapses.  

This conclusion was going to be investigated using IPSC-derived microglial and neuronal co-

culture, as our lab head Mirella Dottori already had extensive experience in deriving neurons 

from IPSCs. However, the lab lacked the experience in deriving microglia and at the start of 

this thesis there was only one protocol in existence, therefore I embarked on a journey to 

derive such a protocol. Obviously as this is a time-consuming process the derivation of IPSCs 

from blood cells and the subsequent derivation of both microglia and neurons from adequate 

numbers of patients and controls was not possible due to time constraints of the thesis. 
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However, my preliminary attempts are outlined in the next section.  

6.8 Derivation of microglia from IPSCs 
 

The protocol described below constituted a unique attempt to derive microglia through a 

process that is more closely aligned with the ontogeny of microglia and their origins in the 

developing embryo. The long-standing dispute around whether microglia are derived from a 

mesoderm/myeloid lineage or an ectodermal lineage such as that of neurons and glia, has now 

been settled in favour of the former (Casano & Peri, 2015; Ginhoux et al., 2013).  Nonetheless, 

all microglial protocols currently in existence involve a neuronal differentiation step that is not 

aligned with the ontogeny of microglia as it is currently understood (Almeida et al., 2012; 

Beutner, Roy, Linnartz, Napoli, & Neumann, 2010). The protocol outlined below seeks to 

address this ontological mismatch, by attempting to derive microglia through a  mesoderm stage 

(expressing Brachyury) , which then differentiates into an erythromyeloid precursor (expressing 

transcription factor Pu1 (Kierdorf et al., 2013) and then a macrophage precursor cell. 

Subsequently, the media is changed to NBM to mimic the microenvironment of the brain that is 

known to prompt the migrating macrophage precursor of microglia to differentiate into a 

resident microglial cell (Casano & Peri, 2015; Lavin et al., 2014; Ginhoux et al., 2013). 

Protocol 

Human embryonic stem cells (ESC) H9 were cultured on 6 well plates (5-10 x 10^4 cells) in 

mTeSR media.  Once ESCs reached 70-80% confluency, cells were washed twice with PBS and 

then cultured in suspension in stem cell monolayers in 6-well plates coated with laminin (1:100) 

in APEL differentiation medium for one day(day 0). The following day (day 1), the 

differentiation medium was supplemented with CHIR (5uM). On day 3, BMP4 (50ng/ml) was 

added to the differentiation medium and cells were cultured for one additional day.  On day 4 

CHIR was removed and cells were cultured in APEL medium and BMP4 (50ng/ml) for 2 days.  

On day 6 media was supplemented with IL-6 (20ng/ml) and M-CSF (50ng/ml), in addition to 

BMP4 (50ng/ml). On day 8 immunocytochemistry for mesoderm marker Brachyury was 

performed to determine if mesoderm lineage has been achieved (see immunocytochemistry 
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protocol below for details). Also on day 8 BMP4 was removed and continued to culture in 

APEL medium supplemented with IL-6 (20ng/ml) and M-CSF (50ng/ml) for an additional 2 

days to encourage eryhtromyeloid precursor (EMP) differentiation. On day 10 media was 

further supplemented IL-3 (10ng/ml) in addition to  IL-6 (20ng/ml) and M-CSF (50ng/ml) and 

cells were cultured in this media until day 15. On day 15, immunocytochemistry for somitic 

mesoderm marker TBX6 and myeloid marker Pu1 was performed to determine whether EMPs 

had been achieved.  From day 15 until day 31, cells were cultured in neural basal medium 

(NBM) supplemented with MCSF (50ng/ml) and IL-34 (20ng/ml). On day 31 

immunocytochemistry was performed for microglial marker Iba-1. 

 

Results 

I was indeed successful in deriving microglia from IPSCs, as indicated by the morphology in 

Fig 1A and the positive Iba1 staining in Fig 1B. 

 

 

However, as the refining process of this protocol took over 2 years, subsequent studies using 

this unique mesoderm protocol were published in the interim. Furthermore, the length of time 

required to derive the minimum requisite number of 4 patient and 4 healthy control microglial 
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cell lines far exceeded that of the Phd timeline. In the future, this would be an invaluable 

exercise as in addition to the original aims outline in the previous section, it would help to 

determine for the first time whether there is an in vivo/in vitro correlation in microglial activity, 

due to the fact that we have PET scans from the same participants.  

 

6.8 General conclusions 
 
 
Through a combination of mouse and human clinical work this thesis has contributed 

significantly to the aetiology and pathophysiology of schizophrenia and psychosis by assessing 

the association and contribution of inflammation across various stages of illness. Our 

preclinical investigations showed that the mGluR5 KO mouse, known to displays 

endophenotypes of psychosis has increased microglia in the brain, which is in support of the 

inflammatory hypothesis of schizophrenia. Our clinical work has revealed that while 

peripheral complement proteins were elevated across UHR and individuals with chronic 

schizophrenia, cytokines were not. Similarly, we demonstrated that symptom severity was 

associated with a molecular pattern of increased C4 and decreased C3 proteins, while there 
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were no associations between cytokines and clinical symptomatology. Despite these 

observations, this thesis revealed that some anti-inflammatory cytokines were associated with 

positive alterations in brain structure in healthy controls while pro-inflammatory cytokine IL5 

was associated with negative outcomes in FEP indicating a potential imbalance of pro and anti- 

inflammatory cytokines may influence brain structure in psychosis. Generally, the work of this 

thesis suggests that inflammation is present in psychosis both in the brain and peripherally but 

that this depends on the proteins and stage of illness examined. Finally, we have shown that 

peripheral inflammation in the form of both cytokine and complement proteins, may influence 

both brain structure and clinical symptomatology, which provides fertile ground for future 

longitudinal explorations of inflammation in schizophrenia and psychosis. 
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Metabotropic glutamate receptor 5 (mGluR5) and microglial abnormalities have been implicated in aut- 

ism spectrum disorder (ASD). However, controversy exists as to whether the receptor is down or upreg- 

ulated in functioning in ASD. In addition, whilst activation of mGluR5 has been shown to attenuate 

microglial activation, its role in maintaining microglial homeostasis during development has not been 

investigated. We utilised published microarray data from the dorsolateral prefrontal cortex (DLPFC) of 

control (n = 30) and ASD (n = 27) individuals to carry out regression analysis to assess gene expression 

of mGluR5 downstream signalling elements. We then conducted a post-mortem brain stereological 

investigation of the DLPFC, to estimate the proportion of mGluR5-positive neurons and glia. Finally, we 

carried out stereological investigation into numbers of microglia in mGluR5 knockout mice, relative to 

wildtype littermates, together with assessment of changes in microglial somal size, as an indicator of 

activation status. We found that gene expression of mGluR5 was significantly decreased in ASD versus 

controls (p = 0.018) as well as downstream elements SHANK3 (p = 0.005) and PLCB1 (p = 0.009) but that 

the pro-inflammatory marker NOS2 was increased (p = 0.047). Intensity of staining of mGluR5-positive 

neurons was also significantly decreased in ASD versus controls (p = 0.016). Microglial density was signif- 

icantly increased in mGluR5 knockout animals versus wildtype controls (p = 0.011). Our findings provide 

evidence for decreased expression of mGluR5 and its signalling components representing a key patho- 

physiological hallmark in ASD with implications for the regulation of microglial number and activation 

during development. This is important in the context of microglia being considered to play key roles 

in synaptic pruning during development, with preservation of appropriate connectivity relevant for nor- 

mal brain functioning. 

© 2015 Elsevier Inc. All rights reserved. 
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1. Introduction 

 
To date, the aetiology of autism spectrum disorder (ASD) 

remains poorly understood with diagnosis relying solely on clinical 

interview. Evidence linking the metabotropic glutamate receptor 

(mGluR5) to ASD pathogenesis has come from studies demonstrat- 

ing that mGluR5 is strongly linked to fragile X syndrome (FXS) and 

tuberous sclerosis (Tsc); two genetically defined disorders with 

significantly   increased   prevalence   of   ASD   and   similar   core 
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symptomatology (Krueger and Bear, 2011). Recently, we have 

found that single nucleotide polymorphisms (SNPs) in GRM5 (the 

gene encoding mGluR5) had a strong weighting in our predictive 

genetic classifier for ASD (Skafidas et al., 2014). MGluR5 plays a 

role in many critical neuronal processes, including synapse forma- 

tion (Piers et al., 2012), long term depression (LTD) (Luscher and 

Huber, 2010), as well as regulation of astrocyte-mediated increase 

in excitatory post-synaptic currents (EPSCs) following activation of 

microglia, ATP  release, and subsequent activation  of the  P2Y1 

receptor on astrocytes (Pascual et al., 2012). In addition, it has been 

demonstrated that activation of mGluR5 in vitro can attenuate 

microglial activation as well as associated neurotoxicity following 

exposure to lipopolysaccharide (LPS) (Loane et al., 2009). This is of 

relevance to the aetiological investigation of ASD as increased 

microglial numbers and/or activation has been demonstrated in 

post-mortem investigations of the DLPFC, white matter and cere- 

bellum in individuals  with  ASD  (Morgan  et  al.,  2010;  Vargas 

et al., 2005). In addition, microglial activation in ASD has been 

demonstrated in vivo via positron emission tomography (PET) in 

the cerebellum, midbrain, pons, fusiform gyri, and the anterior cin- 

gulate and orbitofrontal cortices (Suzuki et al., 2013). These 

findings are interesting in light of the fact that microglia have been 

shown to play an important role in synaptic development and 

pruning, including postnatal circuits (Paolicelli et al., 2011; 

Schafer et al., 2012), and with a recent RNA sequencing study of 

post-mortem ASD brains demonstrating that a gene expression 

module associated with microglial activation is negatively corre- 

lated with a neuronal functioning module (Gupta et al., 2014). 

Whilst mGluR5 has been implicated in ASD pathogenesis, con- 

troversy exists as to whether mGluR5 signalling is increased or 

decreased in the brains of individuals with ASD, with evidence 

for the use of drugs to potentiate or inhibit this receptor having 

therapeutic potential (Carlson, 2012). With respect to potentiation 

of mGluR5 signalling being beneficial to symptoms associated with 

ASD, it has been demonstrated that a positive allosteric modulator 

(PAM) of mGluR5, 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl) ben- 

zamide (CDPPB) corrected synaptic and biochemical defects in the 

hippocampus of tuberous sclerosis 2 (Tsc2+/-) mutant mice, as well 

as restoring cognitive  deficits  present  in  these  mice  (Auerbach 

et al., 2011). MGluR5 also has a strong interaction with N-methyl-

D-aspartate (NMDA) receptors causing enhancement of NMDAR 

signalling (Benquet et al., 2002). This is of interest given that 

NMDAR hypofunction is thought to play a role in ASD, with 

autoantibodies to NMDA being shown to cause autistic like regres- 

sion in a case study of a toddler meeting criteria for ASD diagnosis 

(Scott et al., 2013). ASD-like behaviours have also been exhibited in 

SH3 and multiple ankyrin repeat domains 3 (SHANK3) mouse mod- 

els (Peca et al., 2011) with mutations and copy number variations 

in SHANK3 being strongly associated with ASD (Durand et al., 2007; 

Sykes et al., 2009) and with SHANK3 interacting directly with 

mGluR5 through binding of Homer and phospholipase C (PLC) to 

regulate signalling (Hwang et al., 2005; Tu et al., 1999). In addition, 

a recent meta-analysis has demonstrated that mutations in 

SHANK3 are present in 0.69% of patients with ASD, with SHANK1 

and 2 mutations to a lesser extent present in 0.04% and 0.17% 

respectively (Leblond et al., 2014) with SNPs and CNVs in PLCB1 

also recently been identified and linked to ASD (Girirajan et al., 

2013; St Pourcain et al., 2014). Furthermore, dysregulation in the 

methylation status of SHANK3 in post-mortem brains of individuals 

with ASD versus controls has also been demonstrated (Zhu et al., 

2013) as well as inhibition of SHANK3 being shown to cause a 

reduction in synaptic expression of mGluR5 in hippocampal and 

cortical neuronal cultures, leading to reduced spine density and 

mini EPSCs (Verpelli et al., 2011). 

Activation of PLCB1 by mGluR5 has also been shown to be crit- 

ical for the co-ordinated development of pre- and post-synaptic 

elements in mice (Hannan et al., 2001; Hannan et al., 1998; 

Spires et al., 2005). In addition, mGluR5 knockout (KO) mice also 

demonstrate hyperlocomotion and deficits in spatial working 

memory (Burrows et al., 2015; Gray et al., 2009; Jew et al., 

2013), together with a lack of novelty-seeking behaviour 

(Parkitna et al., 2013) and decreased pre-pulse inhibition (Brody 

et al., 2004; Chen et al., 2010). These findings are of interest given 

that sensorimotor deficits are seen in individuals with ASD, includ- 

ing excessive movement (De Jong et al., 2011) together with spatial 

working memory deficits (Steele et al., 2007) and low novelty-

seeking behaviours and reward dependence also seen in 

individuals with ASD (Anckarsater et al., 2006). 

As GRM5 was the strongest candidate gene in our predictive 

genetic classifier as well as strong evidence implicating mGluR5 

in ASD pathophysiology, we firstly decided to investigate whether 

gene expression of mGluR5 and molecules downstream of its acti- 

vation are dysregulated within DLPFC of individuals with ASD ver- 

sus controls together with gene expression changes in pro-

inflammatory markers associated with microglial activation.. We 

chose to investigate the DLPFC as dysfunction or lack of normal 

maturation of  the  DLPFC  is  heavily implicated  in ASD and  is 

thought to underpin many ASD symptoms, including behavioural 

deficits (Bachevalier and Loveland, 2006), with neuroimaging stud- 

ies also supporting this hypothesis (Schmitz et al., 2007; Sun et al., 

2012). This part of our investigation was carried out utilising 

recently published microarray gene expression data patients with 

ASD and controls (Chow et al., 2012). We then investigated 

whether mGluR5 protein levels were altered in the DLPFC of indi- 

viduals with ASD utilising post-mortem stereological quantitation 

and investigating the number of mGluR5-positive neurons and glia 

within the DLPFC of individuals with ASD versus normal controls. 

Finally, to assess the role of mGluR5 in microglial homeostasis 

we undertook further stereological quantitation of microglial num- 

bers and somal size in mGluR5 KO mice. 
 

 
2. Materials and methods 

 
2.1. Microarray gene expression analysis 

 
2.1.1. Gene expression data 

Microarray gene expression data were obtained from the 

National Centre for Biotechnology Information (NCBI) Gene 

Expression Omnibus (GEO) as dataset GSE28475. The authors of 

the original data set submitted 74 microarray files, generated from 

RNA extracted from DLPFC brain tissue from 57 individuals (30 

ASD and 27 Controls), followed by cDNA synthesis, DASL based 

labelling and hybridisation to Illumina HumanRef8 v3 microarray. 

Full details of RNA extraction and processing can be found in the 

Materials and Methods by Chow et al. (2012). 

 
2.1.2. Interrogation of gene expression candidates 

We compared gene expression differences in the DLPFC from 

individuals with ASD versus controls for mGluR5 and related down- 

stream, signalling elements, including PLCB1, Phosphatidylinositol 

4,5-bisphosphate (PIP2), protein kinase C (PKC), Inositol trisphos- 

phate (IP3), mitogen activated protein kinase (MAPK) and 

SHANK3. In addition, we assessed pro-inflammatory markers 

interleukin-6 (IL-6), interleukin 1b (IL1b), Interleukin 1 receptor, 

type I (IL1R1), Allograft inflammatory factor 1 (AIF-1) (also known 

as  ionised  calcium-binding  adapter  molecule  1  (IBA1),  tumour 

necrosis-a  (TNF-a),   cluster   of   differentiation   molecule   11B 

(CD11B), Chemokine (C–C motif) ligand 2 (CCL2) and CCL3, nitric 

oxide synthase-2 (NOS2), Interferon regulatory factor 7 (IRF7) and 

IRF8 PU.1 that have been shown to be associated with changes in 

microglial  activation. 
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2.1.3. Statistical analysis 

In our analysis the data was initially normalised via log2 trans- 

formation. Boxplots of microarray intensities were plotted and 

samples GSM703647 (64B), GSM 703649 (69A), GSM703685 

(20A), GSM703717 (70B) were removed as their median intensity 

was greater than 2 standard deviations away from the  sample 

mean. We then quantile normalised the data, together with gua- 

nine–cytosine (GC) robust multichip averaging (GCRMA) (Matlab 

2013a, USA) and performed batch analysis using the ComBat algo- 

rithm (Johnson et al., 2007). We performed a principal component 

analysis on the remaining 70 samples of data set. The first three 

principal components accounted for 53.13% of the total variance 

(30.87, 14.43 and 7.82). We then tested whether the controls var- 

ied from cases on any of the three major principal components. A 

two tail t-test was performed. At p = 0.2 the null hypothesis could 

not be rejected. We tested whether there was a statistical differ- 

ence between ages and controls. A Mann–Whitney U test was per- 

formed. At p > 0.3 the null hypothesis could not be rejected, 

indicating that the age difference was  not  statistically  different 

and could be used as a covariate in our analysis. In order to ascer- 

tain whether the genes of interest were differentially expressed 

between cases and controls, taking into account for age, we firstly 

determined the expression of the gene/transcript of interest versus 

age in months. Once age effects were corrected for we performed a 

Mann–Whitney U test to determine whether the genes of interest 

were statistically different between the cases and controls. 

 
2.2. Post-mortem quantitation of mGluR5 in the DLPFC 

 
2.2.1. Brain tissue acquisition 

Formalin fixed DLPFC brain tissue was obtained from the 

Autism Tissue Program (ATP) from individuals with ASD (n = 4) 

and controls (n = 5) (see Table 1 for case demographics). Consent 

for use of brain tissue samples was obtained through families by 

the ATP with ethics committee approval by the Human Research 

Ethics Committee (HREC) at the University of Melbourne, Ethics 

I.D. 1339835. Tissue was processed at the University of California 

San Diego (UCSD) as previously described (Morgan et al., 2010). 

Briefly, tissue was cryoprotected in 10% sucrose and 0.1% DMSO 

for 2 days, followed by 20% sucrose and 0.1% DMSO for 2 days, 

and then sectioned at 50 lm on a freezing microtome. Prior to 

immunohistochemistry sections were washed in phosphate buf- 

fered saline (PBS) [0.1 M], slide mounted and air dried for 48 h. 

 
2.2.2. Immunohistochemistry for 

mGluR5 

Three sections per case were processed for immunohistochem- 

istry. Sections were initially incubated in 3% hydrogen peroxide in 

methanol for 30 min in order to quench endogenous peroxidase 

activity and then rinsed thoroughly in milliQ water. Sections were 

then microwaved and simmered for a total of 6 min in citrate buf- 

fer, pH 6.0 (Sigma, AUS), followed by being rinsed in an excess of 

milliQ water to PBS [0.1 M] and blocking and permeabilisation in 

3% normal goat serum and 0.1% Triton-X 100 in PBS [0.1 M] for 

2 h. Sections were then incubated with a rabbit  polyclonal  anti- 

body to mGluR5 (Abcam, Sapphire Biosciences)   (ab53090) 

(1:100) for 24 h at 4 oC, with a previous study in the DLPFC demon- 

strating a detection of a signal on a Western blot for this antibody 

consistent with the molecular weight of mGluR5 (Fatemi et al., 

2013). Sections were then washed three times in PBS [0.1 M] fol- 

lowed by  incubation  in  biotinylated  secondary  rabbit-IgG  for  2 h 

at room temperature on a rocking platform. Sections were washed 

three times in PBS [0.1] followed by incubation with avidin-biotin-

horseradish peroxidase  (ABC)  (Vectorlabs,  US)  for 1 h at room 

temperature. They were then  washed  three  times  in PBS [0.1] 

followed by exposure to the chromagen diaminoben- zidine  and  

counterstained  in  Gill’s  haematoxylin.  Finally,  sections 

 
were rinsed in milliQ water followed by dehydration in graded 

ethanol’s (50%, 75%, 95%, 100%, 100%) for 3 min each, cleared in his- 

tolene for 20 min, coverslipped and permanently mounted in DPX. 

 
2.2.3. Stereological quantitation and measurement of integrated 

optical density (IOD) 

The optical fractionator within StereoInvestigator 10 (MBF 

Bioscience, USA), including were used to estimate counts together 

with a Nikon Eclipse 80i (Nikon Instruments, Japan) and 100x 

objective (numerical aperture of 1.4). Employment of 100x objec- 

tive with a high numerical aperture was carried out in order to 

improve the ability to resolve two cells which are in close proxim- 

ity in the x, y or z axes. The optical fractionator combines system- 

atic random sampling of an area of interest (AOI) with the 

implementation of the optical disector at  each  sampling  point. 

The optical disector utilises upper and lower guard zones to elim- 

inate bias from undulations in the cortex due to the plane of cut of 

the section. The investigator (G.C.) focused at the top of the section 

of the sampling point chosen and set the top once a tissue feature 

i.e. a cell or interstitia is in focus. Using the fine focus the upper 

guard zone of 2 lm is then defined. Our optical disector dimen- 

sions for cell counts were 70 lm x 70 lm x 12 lm, corresponding 

to x, y and z-axes, respectively (Fig. 1). Our area of interest was 

defined as cortex spanning from the grey matter to the white mat- 

ter border, with grid size kept constant between all sections and 

cases in StereoInvestigator in order to allow counts from individual 

sections to be summed. Calculation of the coefficient of error (CE), 

as a measure of accuracy of our estimates of cell density was car- 

ried out within StereoInvestigator using the most recent formula 

by Gundersen et al. (1999). Immunopositive and negative neurons 

and glia were counted. For neurons the presence of a single nucle- 

olus was used as a point source to assess whether a cell fell within 

the x, y and z planes of the optical disector. The nucleolus was cho- 

sen over the soma or nucleus for neurons as it is smaller in size and 

located within the centre of a neuron, thus allowing us to reduce 

bias in all axes from cells that may protrude from adjacent planes 

and giving us a more robust estimate of cell density. For glia the 

nucleus was used to exclude and include cells. Glia were distin- 

guished from neurons by their smaller, more rounded appearance, 

lack of visible cytoplasm as well as presence of heterochromatin. 

 
2.2.4. Cell counts and IOD 

measures 

45 positively stained neurons were randomly imaged and man- 

ually traced using Image Pro-Plus 7.0 (MediaCybernetics, US) from 

each case (15/section) in order to calculate IOD scores. IOD for pos- 

itively stained neurons was calculated from the area in lM2 multi- 

plied by the intensity (based on a black and white scale where 

0 = black and 255 = white). IOD was transformed using log10 and 

inverted to reflect increased or decrease in intensity. 

 
2.2.5. Identification of covariates 

Using Pearson correlation within SPSS 19 (IBM, US) we firstly 

assessed whether age, post-mortem interval or hemisphere was 

significantly correlated with our cell counts or IOD. At a significant 

threshold of p = 0.05 we found no evidence for age or PMI affecting 

cell counts or IOD and therefore did not include them as covariates 

in our final analysis. Due to all cases coming from male individuals 

we did not control for gender. Due to incomplete data for brain 

weight and fixation time we did not correlate these variables with 

cells counts or IOD measures. 

 
2.2.6. Statistical analysis 

We utilised a Mann–Whitney U test within SPSS to assess 

whether differences in mean cell counts/mm3 for positive and neg- 

ative neurons as well as positive and negative glia were signifi- 

cantly   different   between   ASD   individuals   versus   controls. 

Please cite this article in press as: Chana, G., et al. Decreased expression of mGluR5 within the dorsolateral prefrontal cortex in autism and increased 

microglial number in mGluR5 knockout mice: Pathophysiological and neurobehavioral implications. Brain Behav. Immun. (2015), http://dx.doi.org/ 

http://dx.doi.org/


 

 

10.1016/j.bbi.2015.05.009 



 

 

4 G. Chana et al. / Brain, Behavior, and Immunity xxx (2015) xxx–xxx 

 

Table 1 

Descriptive information for all post-mortem cases. 
 

Subject number Diagnosis Age Gender Hemisphere Brain mass (g) PMI (h) Fixation time (months) Cause of death 

UMB4231
a

 Autism 8 Male Right 1570 12 41 Drowning 

BTB3878
b

 Autism 12 Male Right 1630 23 60 Drowning 

BTB2004
c
 Autism 10 Male Left U 23 126 Drowning 

B5173
d

 Autism 30 Male Right 1230 20 81 Gastrointestinal bleeding 

B5813 Control 41 Male Right 1815 27 U U 

UMB4784 Control 0 Male Right U U U U 

UMB818 Control 27 Male Right U 10 121 Multiple injuries 

UMB4670 Control 4 Male Right U 17 30 Commotio cordis 

B5873 Control 28 Male Right 1580 23 U U 

PMI, post-mortem interval. 

U, unknown. 
a 

Medication history: Zyprexa, Reminyl, Adderall. 
b 

Medication history: Ritalin, Clonidine. 
c 

Medication history: Clonidine. 
d 

Medication history: Phenobarbital, Mysoline, Dilantin, Diamox, Zarotin, Tegretol, Diazepam, Clonazepam, Depokene, Tranxene, Cisapride, valproic acid. 

 
 

 
 

Fig. 1. Use of the optical fractionator. Diagram illustrating the dimensions of the 

optical disector used for cell counts within the optical fractionator in 

StereoInvestigator 10 (MBF Bioscience, US). Image is of mGluR5 staining from 

control DLPFC taken at 100x magnification. 

 
 

Similarly, we carried out Mann–Whitney U test in order to test the 

differences between mean positive neuronal IOD between. 

Threshold for significance for analysis of both  cell  counts  and 

IOD was set at p = 0.05. 

 
2.3. Estimation of microglial numbers and somal size in mGluR5 KO 

 
 

colony, maintained on a C57/BL6 strain background, were obtained 

from Jackson Laboratories (Bar Harbor, Maine, USA) and generated 

as previously described (Jia et al., 1998), with ethics approval from 

the animal ethics committee (AEC) at the University of Melbourne, 

Ethics I.D. 08-102. immediately rinsed in PBS then placed into a 

cryoprotection solution (cryopreserve) of 100 mM phosphate buf- 

fer (PB) containing 25% (v/v) ethylene glycol (Chem-Supply Pty 

Ltd., Gillman, South Australia) and 25% (v/v) glycerol (Chem-

Supply). Sections were stored at -20 oC in cryopreserve until 

used for immunohistochemical analysis. Six sections at the level 

of the striatum spanning from Bregma 0.86/Interaural: 4.66 to 

Bregma:1.78/Interaural: 5.58 were randomly selected and 

immunostained with an antibody against ionised calcium binding 

adapter molecule 1 (Iba1; 1:1000; Wako, Japan) to label microglia 

using a standard avidin biotin horseradish peroxidase (ABC, 

Vectorlabs, USA) protocol as described above for mGluR5. 

Sections were counterstained with haematoxylin, coverslipped, 

and permanently mounted in DPX. 
 

 
 

2.3.2. Stereological quantitation of microglial density and somal size 

As for our stereological investigation in post-mortem human 

brain samples we utilised the optical fractionator within 

StereoInvestigator 10 to estimate microglial density. Our optical 

disector       dimensions       for       microglial       counts       were 

70 lm x 70 lm x 6 lm, corresponding to x, y and z-axes, respec- 

tively. In addition, we employed a 2 lm upper and lower guard 

zones for our counts. In order to estimate microglial somal size 

we utilised the nucleator in a subset of 3 of the 6 sections immunos- 

tained. Briefly, the nucleator utilises a series of random isotropic 

lines thrown out from the user defined centre of the soma followed 

by the user defining the cell boundaries where the lines intersect. 
2 

mice versus WT The average radius of the cell in lm is then converted to volume 
 

 
2.3.1. Brain tissue acquisition 

For this study we utilised brains from mGluR5 KO (n = 6) and 

in lm3 using the formula, 4/3pr3, assuming sphericity. Initial cell 

counts were counted to ensure CE values were between 0.05 and 

0.10 again utilising the most recent formula by Gundersen et al. 
3 

wildtype (WT) littermate mice (n = 6). Mice were anaesthetised within StereoInvestigator 10. Estimated cell counts/mm were cal- 

using an intraperitoneal injection of Lethabarb (325 mg/ml 

Pentobarbitone Sodium, Virbac, NSW). Anaesthetised mice were 

transcardially perfused at 12 weeks of age first with 0.9% saline fol- 

lowed by ice-cold 4% paraformaldehyde (PFA) in 100 mM phos- 

phate buffered saline (PBS). After perfusion, brains were removed 

and post-fixed in fresh 4% PFA for 24 h at 4 oC. After saturation in 

20% sucrose at 4 oC, tissue was embedded in OCT compound 

(Sakura-Finetek, Toreance, California), frozen in liquid 

nitrogen-cooled  isopentane  and  stored  at  -80 oC.  Serial  coronal 

sections of brain (40 lm) were cut on a cryostat, The mGluR5 KO 

culated per case within StereoInvestigator 10 by summing counts 

over the number of disectors counted for individual sections. 
 

 
 

2.3.3. Identification of covariates 

For analysis of microglial density gender was found not to be 

statistically significant between males and females using a 

Mann–Whitney U test. However, case 162 was removed from anal- 

ysis due to its cell density lying more than two standard deviations 

away from the median of the mGluR5 KO group. 
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2.3.4. Statistical analysis 

We utilised a Mann–Whitney U test within SPSS to assess 

whether differences in mean cell counts/mm3 for microglia were 

significantly different between mGluR5 KO and WT animals. 

Similarly, we carried out Mann–Whitney U test in order to test 

the differences between microglial somal sizes between groups. 

Threshold for significance for all analysis was set at p = 0.05. 

 
 

3. Results 

 
3.1. Post-mortem DLPFC gene expression changes 

 
Overall the age of the control group (21 ± 16 years) (mean ± SD) 

and ASD group (17 ± 14 years) did not differ (Mann Whitney U, 

p > 0.05). We log transformed the data and assessed gene expres- 

sion changes for mGluR5 gene expression between groups whilst 

co-varying for age-related gene expression changes. MGluR5 gene 

expression was significantly reduced in individuals in ASD compar- 

ing levels over  an  age  range  of  2–56 years  versus  controls 

(p = 0.018) (Fig. 2A). In addition, PLCB1 (p = 0.009) (Fig. 2B) and 

 
SHANK3 (p = 0.005) (Fig. 2C) gene expression were also signifi- 

cantly decreased overall in individuals with ASD versus controls. 

In addition to changes in gene expression for the mGLuR5 sig- 

nalling cascade we found that NOS2 was significantly increased 

in expression in individuals with ASD versus controls (p = 0.047). 

No other differences in gene expression of interrogated pro-

inflammatory markers associated with microglial activation 

was seen within the data. 

 
 

3.2. Post-mortem DLPFC stereological findings 

 
CE estimates, as a precision of our counts to estimate the true 

population mean ranged between 0.06 and 0.11 for all cases 

counted. Total neuronal counts for all cases ranged between 163 

and 428 (87–152 positive neurons, 68–278 negative neurons). 

Total glial counts ranged from 451 to 1278 (34–181 positive glia, 

413–1124 negative glia). We observed a significant reduction in 

IOD for mGluR5-positive neurons in the DLPFC in ASD when com- 

pared to controls (t = 2.314, p = 0.016) (Fig. 3D). Whilst we also 

observed a reduction in the density of mGluR5-positive neurons 
 

 
 

 
 

Fig. 2. Gene expression changes in GRM5 signalling in ASD. Diagram illustrating gene expression changes in the mGluR5 signalling cascade in ASD versus controls within the 

DLPFC. Gene expression data were obtained following analysis of previously generated microarray data from the DLPFC of individuals with ASD (n = 30) versus controls 

(n = 27) and utilising the Illumina HumanRef8 v3 whole genome microarray chips. Changes in gene expression intensity for all components in the mGluR5 pathway was 

assessed using a Mann–Whitney U test (p = 0.05) and plotted versus Log2 age [years]. We found that GRM5 expression was significantly reduced over age versus controls 

(p = 0.018) (A), as well as PLCB1 (p = 0.009) (B) and SHANK3 (p = 0.005) (C). 
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Fig. 3.  Post-mortem stereological counts and IOD analysis for mGluR5. Demonstration of qualitative decrease in neuronal mGluR5 immunostaining going from Control DLPFC 

(A) to Autism DLPFC (B) and negative control with no primary antibody (C) taken at 1000x magnification. Significant decrease in mGluR5 neuronal integrated optical density 

(IOD) in ASD (n = 4) vs controls (n = 5) (p = 0.016) plotted as 1/log10 IOD. (D). Estimates of mGluR5 positive neurons (E) and glia (F) in cells/mm
3 

in the same cases showing 

reduced counts, but not reaching statistical significance (p > 0.05). Data for figures represent means ± standard error of the mean (SEM). Significance testing was carried out 

using an independent samples t-test with a threshold for significance of p < 0.05. Black arrows indicate positive cytoplasmic staining, dashed arrows indicating negative/low 

level staining. 

 
(Fig. 3E) and glia (Fig. 3F), this did not reach statistical significance. 

No difference in the total density of neurons or glia was observed 

between ASD and controls (p > 0.3). In addition, no difference in 

the percentage of mGluR5 positive neurons and glia in relation to 

total neuronal and glial cell density was observed (p > 0.4). 

 
3.3. Microglial density and somal size in mGluR5 KO and wildtype mice 

 
Counts from individual cases ranged from 278 to 511 with a CE 

ranging from 0.04 to 0.077 and with microglial density estimated 

based on estimated mean section thickness given by 

StereoInvestigator 10. Using a two-tailed Mann–Whitney U test 

we assessed whether microglial density from KO animals were sig- 

nificantly different from WT littermates. We found that mGluR5 

KO mice displayed significantly higher microglial density when 

compared to WT littermates (p = 0.015) (Fig. 4C). Whilst we 

observed an increase in somal size in KO versus WT mice, this 

did not attain statistical significance (p = 0.052) (Fig. 4D). 

 
4. Discussion 

 
Our findings present the first combined analysis of mGluR5 

gene and protein expression in the DLPFC in ASD versus controls. 

We demonstrate within our analysis of microarray data that gene 

expression of mGluR5 and specific downstream signalling proteins 

PLCB1 and SHANK3 were significantly reduced over all age ranges 

in ASD and that intensity of mGluR5-positive neurons is decreased 

in the DLPFC following post-mortem stereological analysis. Our 

gene expression and protein expression findings for the mGluR5 

signalling cascade are important in helping to address controversy 

within the literature as to whether mGluR5 signalling is potenti- 

ated or impaired in individuals with ASD. In addition we also 

demonstrate that there was a significant increase in gene expres- 

sion of NOS2 in the DLPFC in ASD versus controls. This finding is 

of interest given that NOS2 is rarely expressed in microglia but that 

transient expression is triggered under neuroinflammatory condi- 

tions, an effect not seen in neurons (Bechade et al., 2014). 

However, given we did not find an increase in other characteristic 

markers of microglial activation such as IL-6, further interpretation 

of this finding warrant more mechanistic studies. 

Finally, we demonstrate for the first time that in mGluR5 KO 

mice there is a significant increase in microglial density. This result 

may be of relevance to ASD as increased microglial numbers and 

activation has also been observed in the brains of individuals with 

ASD (Morgan et al., 2010; Suzuki et al., 2013; Vargas et al., 2005) 

and with cases utilised for our post-mortem study of mGluR5 being 

a subset of a cohort used in the study by Morgan et al. (2010). 

Neurobehavioral changes in mGluR5 KO mice have also been 

observed and include hyperlocomotion and a lack of novelty seek- 

ing behaviour (Parkitna et al., 2013; Gray et al., 2009; Jew et al., 

2013), behaviours that can be considered to be correlates of ASD 

symptomatology. 

Whilst a number of studies have postulated that mGluR5 activ- 

ity maybe  increased  in  ASD with mGluR5 antagonists such  as 

2-methyl-6-phenylethyl-pyridine (MPEP) capable of reversing ele- 

vated stereotyped, repetitive behaviours in a valproic acid (VPA) 

mouse model of ASD (Mehta et al., 2011), we offer the first quan- 

titative evidence indicating that mGluR5 gene expression is 

reduced within the DLPFC of individuals with ASD at both the 

mRNA and protein levels. In doing so, our study extends upon ani- 

mal studies demonstrating mGluR5-mediated restoration of 

synaptic and behavioural deficits in Tsc2+/- mutant mice as well 

as restoring social interaction deficits in a Shank2-/- mutant mouse 

model of ASD (Won et al., 2012). The study by Won et al., is of 

interest as social interaction deficits were corrected through an 

NMDA partial agonist but also via an mGluR5 PAM, thus demon- 

strating a possible compensatory link between these two receptor 

systems. This link has also been demonstrated more indirectly via 

amelioration of hyperlocomotion and rescue of PPI deficit seen in 

mGluR5 KO mice via clozapine that corresponded increased 

NMDA receptor binding. (Gray et al., 2009). Our findings of a 

reduced gene expression of Shank3 and PLCB1 in the DLPFC are 

also in keeping with reduced mGluR5 signalling in ASD as the 

Shank family of proteins interact directly with mGluR5 through 

binding of Homer and PLC to positively regulate signalling. It is 

noteworthy   however,   that   a   recent   study  by   Chung   et   al., 
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Fig. 4. Microglial numbers and somal size in mGluR5 KO and WT mice. IBA-1 staining for microglia in mGluR5 KO (A) and WT (B) animals. Microglia were visualised with an 

antibody against ionised calcium binding adapter molecule 1 (Iba1; 1:1000) using a standard immunoperoxidase protocol and counterstained with haematoxylin. Microglial 

density was estimated from 6 sections at the level of the striatum in each animal via the optical fractionator and statistical analysis performed in SPSS. Counts from individual 

cases ranged from 278 to 511 with coefficient of error ranging from 0.04 to 0.07. Using a Mann–Whitney U test we found that KO mice (n = 5) displayed significantly higher 

microglial numbers when compared to WT mice (n = 6; p = 0.015; C). Whilst microglial somal size was increased in KO versus WT mice, this did not reach statistical 

significance (p = 0.052). Values for microglial density and somal size represent mean ± standard error. Images taken at 1000x magnification. 

 
 

demonstrated that social interaction deficits seen in an insulin 

receptor substrate protein, 53 kDA (IRSp53-/-) knockout mouse 

could be corrected by the NMDAR antagonist memantine or via 

the mGluR5 antagonist MPEP (Chung et al., 2015). This opposing 

finding to that described by Won et al., in their SHANK2 mutant 

mouse is of interest given the proximity of IRSp53 to the SHANK 

family of proteins. These results suggest that normal glutamatergic 

functioning within a normal range is important for normal social 

function however, could also be related to a number of factors, 

including the effect of mutations in IRSp53 on different SHANK 

subtypes or via differential effects of mGluR5 signalling in neu- 

ronal or glial populations and warrants further investigation. 

In a recent study of a chemokine receptor Cx3cr1 KO mouse, 

Zhan and colleagues demonstrated that within KO mice versus 

WT there was a reduction in microglia numbers during develop- 

ment that consequently led to a reduction in synaptic pruning 

and resulted in weak excitatory synapses due to the failure in elim- 

ination of immature synapses (Zhan et al., 2014). This study high- 

lights the potential new role for microglia in correct wiring and 

connectivity of the brain during development, however, and per- 

haps importantly, the authors did not look at activation states of 

the microglia in relation to the observed reduction in pruning 

events. Given that we have demonstrated that microglia are 

increased in activation state and number as well as alterations in 

microglia-neuronal relationships in the DLPFC in individuals with 

ASD (Morgan et al., 2012, 2010), increased activation of microglia 

may contribute to abnormal pruning of synapses either pre- or 

postnatal that in turn contribute to miswiring and connectivity 

deficits that have also been observed in ASD (Rodriguez  and 

Kern, 2011). 

Finally, our findings of increased microglial density in the 

mGluR5 KO mouse point to mGluR5 potentially playing an impor- 

tant role in the regulation of microglia and their functions during 

development. However, further work is needed to establish  the 

exact mechanisms involved. Given that microglia participate sig- 

nificantly in synaptic pruning during development, aberrant activ- 

ity of their pruning may be linked to glutamatergic dysregulation 

with these events culminating in observed behavioural changes. 

However, microglial activation and  resulting  deleterious  effects 

on synaptic plasticity may also come about through an 

NMDA/mGluR5 independent mechanism as a recent study by 

Zhang and colleagues demonstrated that activation of microglia 

via LPS and hypoxia is mediated through microglial complement 

3 leading to long term depression (LTD). This affect was indepen- 

dent of  NMDAR or mGluR activity (Zhang et  al., 2014). 

Interestingly, however, LTD was also dependent on GluA2-

mediated A-amino-3-hydroxy-5-methyl-4-isoxazolepropio nic acid 

receptor (AMPAR) internalisation, thus potentially impli- cating 

another glutamatergic receptor system in regulation of microglial 

activity. Whether in the mGluR5 KO mouse there are 
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also altered levels of AMPARs or other glutamatergic markers war- 

rants further investigation. 
 

 
5. Conclusion 

 
Findings from our post-mortem and animal model investiga- 

tions point to an aetiological link existing between downregulation 

of mGluR5 and increased microglial density, with behaviours in the 

mGluR5 KO mice reflecting characteristics seen in individuals with 

ASD. Whilst our reported reductions in mGluR5 expression in the 

DLPFC in ASD may be a primary aetiological process, it may also 

represent a secondary alteration to NMDA dysregulation, with 

known functional interactions existing between these two recep- 

tors (Luccini et al., 2007). Alternatively, the source of glutamatergic 

deficits in ASD may stem from dysregulation of pivotal molecules 

such as the Shank family of proteins, that also play a key role in 

NMDA signalling (Naisbitt et al., 1999). Post-mortem protein stud- 

ies of downstream elements in NMDA and mGluR5 signalling as 

well as in vitro mechanistic studies aimed at increasing or decreas- 

ing expression and/or amplitude signalling of these receptor sys- 

tems and other glutamatergic receptors will likely help us to 

better understand their neurodevelopmental and pathophysiolog- 

ical contribution to the causes of ASD. 
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Schizophrenia is a debilitating disorder that typically begins in adolescence and is characterized by perceptual abnormalities, 

delusions, cognitive and behavioural disturbances and functional impairments. While current treatments can be effective, they are 

often insufficient to alleviate the full range of symptoms. Schizophrenia is associated with structural brain abnormalities including 

grey and white matter volume loss and impaired connectivity. Recent findings suggest these abnormalities follow a 

neuroprogressive course in the earliest stages of the illness, which may be associated with episodes of acute relapse. 

Neuroinflammation has been proposed as a potential mechanism underlying these brain changes, with evidence of increased 

density and activation of microglia, immune cells resident in the brain, at various stages of the illness. We review evidence for 

microglial dysfunction in schizophrenia from both neuroimaging and neuropathological data, with a specific focus on studies 

examining microglial activation in relation to the pathology of grey and white matter. The studies available indicate that the link 

between microglial dysfunction and brain change in schizophrenia remains an intriguing hypothesis worthy of further 

examination. Future studies in schizophrenia should: (i) use multimodal imaging to clarify this association by mapping brain 

changes longitudinally across illness stages in relation to microglial activation; (ii) clarify the nature of microglial dysfunction with 

markers specific to activation states and phenotypes; (iii) examine the role of microglia and neurons with reference to their 

overlapping roles in neuroinflammatory pathways; and (iv) examine the impact of novel immunomodulatory treatments on brain 

structure in schizophrenia. 
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Introduction 
 

Brain structural abnormalities are widely reported in schizo- 

phrenia across all stages of the illness. Although such abnor- 

malities are widespread, the most consistent findings have 

been ventricular enlargement (Olabi et al., 2011), grey matter 

(GM) loss in prefrontal, temporal and subcortical structures 

(Ellison-Wright and Bullmore, 2009; Fornito et al., 2009), as 

well as white matter (WM) tracts connecting these regions 

(Bora et al., 2011; Zalesky et al., 2011). Longitudinal studies 

have shown that grey matter loss is particularly accelerated 

in the early stages of schizophrenia and psychosis, which 

has led to suggestions that the initial phase of illness may 

be characterized by neuroprogression or a disturbance of 

neurodevelopmental processes (Pantelis et al., 2003a,b; 

2005; 2007). However, although such structural brain studies 

are informative, they are also inherently limited, as the mech- 

anisms that might underlie such changes remain unknown. A 

number of factors might affect the brain changes seen in 

schizophrenia, including medication, substance use, life- 

style, genetic and pathophysiological processes. Although 

the relative contributions of these factors remain controver- 

sial (see commentary by Zipursky et al., 2013), evidence for 

structural brain abnormalities in medication-naïve patients 

(e.g. Fusar-Poli et al., 2013) and cohorts characterized by low 

substance use (e.g. Jung et al., 2011) points to a role for these 

considerations in the primary disease processes. One such 

candidate pathophysiological mechanism that has received 

increasing attention is microglial-mediated neuroinflamma- 

tion. However, despite theoretical proposals linking neuroin- 

flammation or microglial pathology with brain structure and 

function in schizophrenia, there are few reviews that have 

comprehensively examined evidence for this relationship. 

Understanding the neurobiological mechanisms for the 

structural brain changes in schizophrenia would open a new 

paradigm for treatment of psychosis and schizophrenia and 

would pave the way towards more targeted treatments for 

the disorder. 

This review focuses on inflammation in schizophrenia 

and its relationship to structural brain changes. A compre- 

hensive  description  of  the  structural  brain  changes  in 

schizophrenia was beyond the scope of this review and has 

been extensively covered elsewhere (Ellison-Wright and 

Bullmore, 2009; Fornito et al., 2009; Olabi et al., 2011). We 

provide a case for inflammation in schizophrenia, followed 

by a comprehensive review of studies examining the role of 

microglial dysfunction. Both imaging and neuropathological 

studies will be reviewed due to the complimentary nature of 

the information they provide. Subsequently, we address the 

link between microglial dysfunction and brain changes 

through a review of recent, primarily rodent, studies investi- 

gating a potential interaction between microglial activation 

and neuronal/white matter dysfunction. We discuss potential 

mechanisms involved in this interaction and propose direc- 

tions for future research. 

 
 

A case for inflammation in schizophrenia 
There are multiple lines of evidence supporting the notion of 

inflammation in schizophrenia, including epidemiological, bio- 

molecular and genetic studies, and clinical trials of adjunctive 

anti-inflammatory treatments. Substantial epidemiological data 

implicates prenatal inflammatory disturbances in the develop- 

ment of schizophrenia (Yolken et al., 2009; Brown, 2011). These 

data are derived from population studies linking influenza epi- 

demics to schizophrenia in adult offspring and birth cohort 

studies that have identified various immune-related genetic var- 

iants and infectious agents (e.g. herpes, toxoplasmosis and 

rubella) that confer an elevated risk for the disorder (Yolken 

et al., 2009; Brown, 2011). Studies identifying an association 

between maternal levels of cytokines (e.g. TNF-α and IL-8) and 

risk for schizophrenia (Buka et al., 2001; Brown et al., 2004) sug- 

gest that pro-inflammatory cytokines may also represent poten- 

tial mediators between prenatal exposure and risk. Biomolecular 

studies have consistently reported elevated levels of pro- 

inflammatory factors such as IL-6, IL-1β, TNF-α, calprotectin 

and C-reactive protein, and altered immune cell function, in 

plasma and  serum of schizophrenia  patients (Foster et al., 

2006; Miller et al., 2011; Fineberg and Ellman, 2013). In addi- 

tion, immune system-related genes such as the major histocom- 

patibility complex (MHC) have been associated with 

schizophrenia and are among the most robust hits in genome- 
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wide association studies in the disorder (Consortium SPG-WAS, 

2011; Consortium SWGotPG, 2014). Taken together, there is 

converging evidence implicating a potentially exaggerated 

and/or chronic immune response in the aetiology of schizo- 

phrenia. Furthermore, adjunctive treatments with anti- 

inflammatory agents, such as aspirin, oestrogens, fatty acids 

and N-acetyl cysteine, have been efficacious in some individuals 

(Amminger and McGorry, 2012; Sommer et al., 2014). 

While inflammatory processes are implicated in the path- 

ophysiology of schizophrenia, the effect of immune-related 

gene mutations and peripheral cytokines on the CNS is still 

elusive. While it is possible for peripheral cytokines to cross 

the blood–brain barrier and invade the CNS (Banks, 2009), 

the brain itself may be subjected to an inflammatory assault 

via the activation of microglia, the brain’s innate immune 

cells (Munn, 2000; Monji et al., 2009). Indeed, as microglial 

cells have been shown to participate in pro-inflammatory cas- 

cades and modification of neuronal synapses (Moran and 

Graeber, 2004; Tremblay et al., 2010), synaptic pruning (Zhan 

et al., 2014) and white matter connections (Ignarro et al., 

1993; Chew et al., 2013), microglial-mediated inflammatory 

processes have been proposed as a potential mechanism for 

the structural brain changes identified in schizophrenia 

(Munn, 2000; Monji et al., 2009). Furthermore, treatments 

that modulate their activity may improve symptoms of 

schizophrenia. For example, oral minocycline, an antibiotic 

that reduces microglial activation (Kobayashi et al., 2013), 

has efficacy in ameliorating symptoms of schizophrenia 

(Miyaoka et al., 2008; Levkovitz et al., 2010; Miyaoka et al., 

2012). Findings from animal studies showing that 

minocycline can cross the blood–brain barrier suggests that 

it acts directly on microglia to ameliorate symptoms (Dean 

et al., 2012). Antipsychotics have also been shown to inhibit 

microglial activation by suppressing inflammatory and oxi- 

dative reactions (Kato et al., 2011). In particular, in vitro and 

in vivo evidence has demonstrated that pretreatment with 

typical and atypical antipsychotics reduces LPS- and 

interferon-induced secretion of cytokines such as TNF-α, 

SOD and NO from activated microglia (for review, see Kato 

et al. (2011)). 

Despite these proposals, the nature of the microglial 

abnormalities in schizophrenia is far from established, and 

few studies have directly examined the relationship between 

microglial pathology and brain structure in this disorder. 

Characterizing microglial pathology and its relationship with 

brain structure at various stages of schizophrenia is a neces- 

sary step in developing a framework that unites microglial 

dysfunction, a proposed aetiological theory of schizophrenia 

(Monji et al., 2013) and the well-documented disturbances in 

the grey matter (Byne et al., 2007; Fornito et al., 2009; Bora 

et al., 2011; Mileaf and Byne, 2012) and white matter 

(Uranova et al., 2011; Zalesky et al., 2011; Kubicki and 

Shenton, 2014; Uranova et al., 2014) underlying this disorder. 

 
 

Microglial cells – a brief introduction 
Microglial cells, discovered by Pio Del Rio-Hortega, represent 

the first line of immune defence in the CNS against insults 

and foreign invaders (Kettenmann et al., 2011). Microglia 

derive from progenitors of myeloid lineage and invade the 

brain from the embryonic yolk sac via the circulatory system 

(Ginhoux et al., 2010; Schulz et al., 2012; Nayak et al., 2014). 

After infiltrating the CNS parenchyma, microglial cells transi- 

tion into a ramified state, which possess a small soma with 

long motile processes. 

Under healthy physiological conditions, ramified microg- 

lia actively survey the entire brain for pathogens or debris 

(Nimmerjahn et al., 2005). Upon detecting a threat, microglia 

rapidly shift phenotype, morphology and function, tradi- 

tionally defined as ‘microglia activation’. Activated microglia 

acquire an amoeboid morphology, with swollen cell bodies 

and short processes to enable migration to the pathogen site 

(Kettenmann et al., 2011) (Figure 1). It has been suggested 

that microglial activation may correspond to the binary acti- 

vation profile of peripheral monocytes, characterized by 

M1/M2 phenotypes (Mantovani et al., 2005). The M1 pheno- 

type arises in response to inflammation and is accompanied 

by the release of TNF-α, IL-6, IL-1β, ROS and glutamate, 

whereas the M2-type microglia serve to resolve the inflamma- 

tory response and express IL-4, IL-13, IL-25, IL-1ra, insulin- 

like growth factor 1 (IGF1), BDNF and COX1 (Réus et al., 

2015). However, caution is warranted when applying this bi- 

nary profile to microglia, as studies have shown that the gene 

expression profile of microglia differs from the M1/M2 profile 

of peripheral monocytes (Chiu et al., 2013; Yamasaki et al., 

2014). In particular, microglia are highly plastic and may 

operate on a spectrum ranging from pro-inflammatory to 

neurotrophic phenotypes depending on the local microenvi- 

ronment (Biber et al., 2014). 

The dynamic functions of microglial cells have emerged 

mostly through rodent studies of immune challenge  and 

CNS damage. These dynamic cells help maintain a range of 

homeostatic   functions   in   the   healthy   brain,   including 

 

 
 

 
Figure 1 
Microglial cell transitioning from ramified to amoeboid (activated 

state). The TSPO receptor is up-regulated from the intermediate 

(‘activating’) stage of microglial activation, while CD11b, HLA-DR and 

Iba-1 reach peak up-regulation in the amoeboid state. Activated mi- 

croglia release a variety of pro-inflammatory and neurotrophic factors 

that are used to identify microglia in the M1 and M2 states respectively. 
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neuronal cell death, neuronal survival, synaptogenesis and 

synaptic pruning (Nayak et al., 2014). During activation, 

microglia up-regulate a variety of molecules involved in anti- 

gen presentation, phagocytosis of cellular debris  and  cyto- 

kine production (Meda et al., 1995; Nakamura et al., 1999; 

Mack et al., 2003; Lauterbach et al., 2006; Neher et al., 2011; 

Brown and Neher, 2014). Microglial cells are not only acti- 

vated under most pathological conditions and the drivers of 

repair but can also exacerbate a disease process depending 

on their activation profile (Napoli and Neumann, 2010). 

Furthermore, mutant microglia can cause behavioural symp- 

toms of both obsessive–compulsive disorder and autism spec- 

trum disorder in genetic mouse models, which resolved upon 

correction of the microglial genetic mutation (Chen et al., 

2010; Derecki et al., 2012). Their neurotoxic and neuroprotec- 

tive capacities suggest microglia are ‘double-edged swords’, 

which has prompted interest in their potential role in neuro- 

psychiatric disorders such as schizophrenia (Frick et al., 2013). 
 

 

Microglial activation in schizophrenia – 
evidence from neuropathological studies 
Post-mortem studies in schizophrenia have primarily focused on 

assessing microglial cell number or density rather than 

microglial activation. The assessment of microglial number in 

post-mortem samples is performed using immunohistochemical 

staining methods, which involve labelling microglial cells and 

counting these cells blinded to diagnosis utilizing stereological 

sampling techniques. The density of microglial cells is then 

obtained as counts per unit area. Overall, these studies have pro- 

duced mixed results. While some studies have found increased 

microglial cell number in several brain regions in schizophrenia 

(Radewicz et al., 2000; Wierzba-Bobrowicz et al., 2005; Fillman 

et al., 2013; Rao et al., 2013), others found no difference (Table 1; 

Steiner et al., 2006; Steiner et al., 2008; Busse et al., 2012). 

These differences could be attributed to methodological 

variations including different methods of visually identifying 

and counting microglial cells and the use of different immu- 

nohistochemical markers. The majority of studies examining 

microglial density use either HLA-DR or ionized calcium- 

binding adaptor molecule 1 (Iba-1) to label microglial cells. 

Both these markers, however, have a similar immunohisto- 

chemical staining profile, in that they label both activated 

and quiescent microglia (Steiner et al., 2006; Steiner et al., 

2008) in addition to lymphocytes and peripheral monocytes 

(Kelemen and Autieri, 2005). It is instructive nonetheless to 

note that two studies examining the microglial density in 

white matter and conducted in the same brain region, the 

dorsal lateral prefrontal cortex (DLPFC), yielded conflicting 

results (Fillman et al., 2013; Hercher et al., 2014). The main 

methodological difference between these studies was the 

immunohistochemical marker used to label microglia, with 

Fillman et al. (2013) using HLA-DR and finding increased 

microglial density, while Hercher et al. (2014) used Iba-1 

and found no increase. An alternative explanation for this 

discrepancy is that the studies differed in the visual selection 

process of microglial cells during the counting stage. In par- 

ticular, Hercher counted only immunostained cells that were 

not encircling blood vessels, due to the fact that the cells 

encircling blood vessels are more likely to be peripheral 

monocytes   rather   than   brain-resident   microglial   cells. 

Although the marker used by Fillman et al. (2013) similarly 

labels both monocytes and microglia, they did not follow 

the strategy by Hercher et al. (2014) of eliminating potential 

monocytes from their cell counts, thereby, potentially 

overestimating microglia numbers. Of course, this would 

not change the results unless schizophrenia patients have 

increased peripheral monocytes compared with controls, an 

intriguing possibility that has yet to be assessed due to the 

lack of a suitably sensitive immunohistochemical marker. 

Other technical difficulties that may account for the dis- 

crepancies between neuropathological studies of microglia 

in schizophrenia are differences in post-mortem interval, brain 

pH (correlated in Hercher et al., 2014, with microglial den- 

sity), as well as differences in age, clinical variables, illness 

duration and medication history in the post-mortem samples 

used. Owing to the paucity of detailed ante-mortem clinical 

information (Sundqvist et al., 2008), only two studies 

examined a potential correlation between clinical variables 

and microglial density, with one study finding no correlation 

(Arnold et al., 1998), while another found that increased 

microglial density was confined to the paranoid schizophre- 

nia subgroup (Busse et al., 2012). Antipsychotic medication 

is another variable that may affect microglial numbers; how- 

ever, the results of the studies examining this association are 

mixed. Two studies found no correlation between lifetime 

antipsychotic dosage and microglial density (Steiner et al., 

2006; Rao et al., 2013), while another study found a negative 

correlation (Arnold et al., 1998). Finally, while the majority of 

post-mortem studies include secondary analyses controlling 

for demographic variables, sample sizes may be insufficient 

for such analyses, and thus, caution should be exercised 

when interpreting these results (Fornito et al., 2008). 

Another problem for neuropathological studies is that the 

immunohistochemical markers (HLA-DR and Iba-1) label both 

quiescent and amoeboid microglia; therefore, it is difficult to as- 

sess microglial activation. Attempts have been made to assess 

microglial activation through morphological characterization 

of these cells; although this is limited by the subjective nature 

of this classification. In their qualitative study, while no group 

differences were found in microglial density, Hercher et al. 

(2014) found that 15% of brains with schizophrenia showed 

an increased number of activated microglia, identified by their 

amoeboid morphology. Rao et al. (2013) performed a similar 

morphological characterization of microglial cells and found 

that the cell body of these cells in the frontal cortex (FC) of 

schizophrenia patients was more defined and their processes 

were less fine, indicating that microglia were potentially show- 

ing some degree of activation in patients, although not fully 

amoeboid. This morphological difference indicates that mi- 

croglia from schizophrenia patients may be in a different state 

of activation when compared with controls, which may con- 

stitute a normal response to neuronal pathology or hint at an 

underlying, potentially genetic or epigenetic microglial 

dysfunction. 

To overcome the subjective nature of these studies, alterna- 

tive methods to quantify microglial activation include the use 

of markers such as [
3
H]-PK11195, [

3
H]-PBR28 and CD11b, which 

(unlike HLA-DR and Iba-1) are up-regulated exclusively on the 

surface of activated microglial cells (Banati et al., 2000; Frick 

et al., 2013; Kreisl et al., 2013). The earliest post-mortem study 

using the [
3
H]-PK11195 ligand found decreased binding on 
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Table 1 

Microglial density/number in schizophrenia from post-mortem studies 
 
 

 
 

Study 

 
 
Sample 

 
 
Marker 

 
Brain 

region 

 
 
Density/no. 

 
Cytokine 

levels 

Age mean 

(SCZ/HC) 

(years) 

Illness  duration 

mean ± SD 

(range) (years) 
 

Kurumaji et al. 
 

13 patients 
 

PK11195 
 

Putamen; VA1, 
↓ 

activation 
 

N/A 
 

77/63 
 

N/A 
(1997) 10 controls  superior parietal     

   cortex     
Arnold et al. 23 patients CD-68 TC; FC; OC 

≈ 
N/A 80/75 55 ± 9 

(1998) 10 controls       
Bayer et al. 14 patients HLA-DR FC; HPC 4/14 SCZ N/A 64/58 (7–43) 

(1999) 13 controls   positive for    
HLA-DR 

Radewicz et al.   12 patients   HLA-DR DLPFC; STG 
↑ 

N/A 80/70 N/A 

        (2000) 11 controls       
Wierzba- 9 patients HLA-DR FC; TC 

↑ 
N/A 56/56 24 (N/A SD) (10–35) 

Bobrowicz 6 controls       
et al. (2005)        
Steiner et al. 16 patients HLA-DR DLPFC; HPC; 

≈ 
N/A 55/58 23 ± 10 (3–39) 

(2006) 16 controls  ACC; MDT     
Steiner et al. 16 patients HLA-DR DLPFC; HPC 

≈ 
N/A 53/54 21 ± 12 (1–41) 

(2008) 10 controls  ACC; MDT     
Busse et al. 17 patients HLA-DR HPC 

≈ 
except between N/A 52/56 19 ± 10 (2–34) 

(2012) 11 controls   paranoid versus 

residual SCZ 
   

 
Kreisl et al. 

 
45 patients 

 
[
3
H]PBR28 

 
DLPFC 

(↑ in paranoid) 

↑ 
BP in SCZ 

 
N/A 

 
55/42 

 
N/A 

(2013) 47 controls   (after controlling 

for binding 
   

 
Fillman et al. 

 
37 patients 

 
HLA-DR 

 
DLPFC 

affinity) 

↑ 
density in 

 
↑ 

IL-6 and 

 
51/51 

 
28 ± 14 

(2013) 37 controls   WM IL-8 ≈ in   
    ≈ in GM Cox2 or IL-1   

Rao et al. 10 patients CD11b and FC 
↑ 

Cd11b mRNA and   
↑ 

IL-1b, TNF-α, 50/59 N/A 

(2013) 10 controls HLA-DR  protein NF-κB (but   
     not IL-1r) gene   
     and protein   
     expression   

Hercher et al. 20 patients Iba-1 DLPFC 
≈ 

in WM N/A 45/45 24 ± 10.9 

(2014) 20 controls       
≈
No between-group difference. 

↑
Increased in schizophrenia. 

↓
Decreased in schizophrenia. 

VA1, visual area 1; CD-68, cluster of differentiation 68; TC, temporal cortex; OC, occipital cortex; ACC, anterior cingulate cortex; MDT, mediodorsal 

thalamus; HPC, hippocampus; SCZ, schizophrenia. 
 

 

microglial cells in patients (Kurumaji et al., 1997), while subse- 

quent studies reported increased binding (Kreisl et al., 2013; 

Rao et al., 2013). A notable factor in the Kurumanji study is that 

it included an unusually high proportion of patients (7/13) that 

had been off antipsychotics for 40 days or more prior to their 

death. Kreisl et al. (2013) found significantly increased binding 

of [
3
H]-PBR28 in the DLPFC of schizophrenia patients, after con- 

trolling for genetically determined binding affinity. This study 

illustrates the difficulty in devising immunohistochemical 

markers  that  are  both  specific  to  microglia  and  equally 

applicable across populations. However, in keeping with this 

study, Rao et al. (2013) found increased microglial activation in 

the frontal cortex using CD11b. They also found increased 

expression of pro-inflammatory cytokines IL-6, TNF-a and NF- 

κB in these patients, which may also be indicative of increased 

microglial activation, given that pro-inflammatory cytokines 

are released by activated microglia (Kettenmann et al., 2011). 

Interestingly, Fillman et al. (2013) also found increased levels 

of IL-6, IL-8 and IL-1β in the white matter of patients with 

schizophrenia,    which    provides    further    evidence    that 
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pro-inflammatory cytokine gene expression is increased in post- 

mortem brains of patients with schizophrenia. Therefore, evi- 

dence from post-mortem studies suggests that there is increased 

microglial activation in the frontal cortex of schizophrenia 

patients as assessed by protein quantification (Kreisl et al., 2013; 

Rao et al., 2013), which is accompanied by increased expression 

of pro-inflammatory cytokines in the same region (Rao et al., 

2013), as well as in white matter (Fillman et al., 2013). 

As we have seen however, there are conflicting results 

regarding the measurement of microglial density and number 

in schizophrenia, which may be because increased inflamma- 

tion and microglial number occur only in a subgroup of 

patients with schizophrenia and that given the small sample 

sizes of earlier post-mortem studies, it was difficult to discern 

the existence of such a subgroup. There is support for this 

hypothesis from a recent study by Fillman et al. (2013), who 

found that schizophrenia patients could be divided into a 

high and low inflammatory group on the basis of their gene 

expression levels of pro-inflammatory cytokines. A subgroup 

of patients with a higher inflammatory profile (potentially 

consisting of patients in a particular stage or state of the 

illness) may exhibit increased microglial cell number and 

activation. Further evidence for the existence of a patient sub- 

group with a high inflammatory profile stems from the study 

by Busse et al. (2012), which showed that there was a signifi- 

cant difference in microglial number between patients with 

paranoid versus residual schizophrenia. This may indicate 

that patients experiencing active psychosis (paranoid schizo- 

phrenia group) may show a greater microglial proliferation 

than the patients in a non-acute or quiescent state (residual 

schizophrenia group). It is also instructive to note that in 

the study by Busse et al. (2012) five out of the 17 patients with 

paranoid schizophrenia committed suicide, whereas none of 

the patients with residual schizophrenia took their own life, 

which again indicates that the paranoid schizophrenia group 

demonstrated both increased level of illness acuity and 

increased microglial number (Busse et al., 2012). Further- 

more, when suicide was examined as a factor within the para- 

noid group, it was found to be non-significant, suggesting 

that suicide was not the driving factor behind the increased 

microglial number. Rather, a possible driver for the increase 

in microglial number may have been illness acuity, medica- 

tion cessation or symptom severity; although this hypothesis 

was not examined in their study (Busse et al., 2012). Suicide 

has been associated with increased microglial number in 

patients diagnosed with depression and schizophrenia, inde- 

pendently of their respective diagnosis (Steiner et al., 2008), 

suggesting that factors associated with suicide such as illness 

acuity or stress may have driven the microglial changes. 

Indeed, it has been proposed that microglial activation may 

be most apparent during acute illness relapses, which would 

also be consistent with the timing of structural brain changes 

(Cropley et al., 2013; Cropley and Pantelis, 2014). 

In summary, the investigation of microglia in post-mortem 

brains in schizophrenia is at a relatively early stage. The post- 

mortem determination of microglial density suffers from 

potential confounds such as sampling bias towards violent 

death and variation in methodological techniques across lab- 

oratories, which may explain the mixed findings. Encourag- 

ing steps have been taken recently towards assessing 

microglial activation rather than density, which include the 

use of immunohistochemical markers specific to microglial 

activation (Kreisl et al., 2013; Rao et al., 2013) as well as cyto- 

kine quantification in the brain as a corollary of microglial 

activation (Fillman et al., 2013; Rao et al., 2013). These studies 

have all shown an increase in microglial activation in post- 

mortem brains of patients with schizophrenia, which com- 

plement the positive findings seen in neuroimaging studies 

of microglial activation in this disorder discussed below 

(van Berckel et al., 2008; Doorduin et al., 2009). 
 

 

Microglial activation in schizophrenia – 
evidence from PET studies 
PET using specific radioligands for the 18-kDa translocator 

protein (TSPO) allows quantification of activated microglia 

in vivo (Banati et al., 2000). TSPO is expressed primarily on 

the mitochondrial membrane of microglia and to a lesser 

extent on reactive astrocytes in the CNS (Chen and Guilarte, 

2008; Lavisse et al., 2012). The relative contribution of 

microglia and astrocytes to the TSPO signal remains unclear 

but may depend on the timing and nature of the neuronal 

insult (Cosenza-Nashat et al., 2009). Importantly, TSPO 

expression is negligible in the healthy brain but is increased 

in activated microglia (Ching et al., 2012) and, therefore, 

has been used as an indicator of microglial activation and 

neuroinflammation (Banati et al., 2000). However, TSPO 

up-regulation does not exclusively indicate classically acti- 

vated microglial cells, which are amoeboid, phagocytic and 

release pro-inflammatory cytokines (Banati, 2002). Rather, 

its expression has also been associated with partially acti- 

vated microglia, which appear less ramified with thicker and 

shorter processes (Marshall et al., 2013). 

A number of radioligands have been developed to exam- 

ine TSPO. The most commonly used is isoquinoline 

carboxamide, [
11

C]-(R)-PK11195, which has shown increased 

binding in multiple sclerosis and autoimmune encephalomy- 

elitis (Shah et al., 1994; Vowinckel et al., 1997; Banati et al., 

2000). However, this tracer has been reported to produce 

low penetration into the target tissue and low specificity, in 

part due to its lipophilic nature, which promotes binding 

within fatty structures of the brain (Petit-Taboué et al., 1991; 

Shah et al., 1994; Chauveau et al., 2009). To overcome these 

limitations, over 40 second-generation tracers for TSPO have 

been developed, with some yielding higher binding affinity 

and lower liphophilicity compared with [
11

C]-(R)-PK11195, 

such as [
18

F]-FEPPA and [
11

C]-PBR28 (Imaizumi et al., 2008; 

Wilson et al., 2008; Fujimura et al., 2009). Despite improved 

signal, inter-subject variability in the rs6971 polymorphism 

can alter the binding affinity of second-generation tracers. 

Therefore, PET studies using these ligands require plasma 

assays or genetic testing to control for differences in TSPO 

polymorphisms (Kreisl et al., 2010; Owen et al., 2012). 

Five studies have applied PET imaging with TSPO li- 

gands to assess microglial activation in schizophrenia 

(Table 2). The earliest report was by van Berckel et al. 

(2008), who  examined  [
11

C]-(R)-PK11195  ligand binding 

to TSPO in recent-onset patients. They found increased li- 

gand  retention  in  the  whole-brain  grey  matter  of  recent- 

onset patients compared with healthy controls. This suggests 

that an active immune pathology, characterized by increased 

TSPO expression, exists at the early stage of the illness. A 
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Table 2 

PET studies examining microglial activation in schizophrenia 

 
 

 Mean age Mean DOI  
Study Sample (years) (years) Radioligand BP results Correlations 

 

van Berckel et al. 
 

10 patients 
 

24 
 

3.1 

 

[
11

C]-(R)- 
↑ 

BP in whole  
(2008) 10 controls 23  PK11195 brain in patients  
Banati and Hickie 16 patients 39.4 3 months–30 [

11
C]-(R)- 

↑ 
BP 15 of 28  

(2009) 
8 controls  37.6 

years (range) PK11195 regions. More 

marked on the 

right side. 

Doorduin et al. 

(2009) 

7 recovering 

from psychosis 

31.3 5.3 [
11

C]-(R)- 

PK11195 

↑ 
BP in the HPC 

of patients. 

7 controls 26.8 30% 
↑ 

BP in 

whole-brain 

GM and WM. 

Takano et al. 14 patients 43.9 18.8 [
11

C]- 
≈ 

in BP Relationship  between 

(2010) 
14 controls  42.5 

DAA1106 BP and age, DOI, 

duration of drug 

treatment and 

positive symptom 

scores in patients. 

Kenk et al. 16 patients 42.5 14.8 [
18

F]-FEPPA 
≈ 

in BP Positive correlation 

(2015) 
27 controls  43.5 

between BP and 

number of acute 

crises in the striatum. 
 

≈
No between-group difference. 

↑
Increased in schizophrenia. 

↓
Decreased in schizophrenia. 

DOI, duration of illness. 

 
 

later study by Banati and Hickie (2009) applied regions of in- 

terest to examine the spatial distribution of [
11

C]-(R)-PK11195 

binding in patients with schizophrenia. This approach iden- 

tified increased binding in a subset of patients within 15 of 

28 regions investigated, suggesting widespread pathology. In 

contrast, Doorduin et al. (2009) reported a focal increase in 

[
11

C]-(R)-PK11195 binding potential (BP) in the hippocampus 

(HPC) of patients recovering from an acute psychotic epi- 

sode. Regional discrepancies between studies may indicate a 

marked variation in TSPO expression in people with schizo- 

phrenia, possibly related to patient characteristics, such as 

symptom acuity. 

More recently, Takano et al. (2010) used a second- 

generation ligand for TSPO and did not detect a difference 

in [
11

C]-DAA1106 BP between chronic patients and healthy 

controls but found a positive correlation between BP and pos- 

itive symptom severity. Kenk et al. (2015) recently replicated 

these results in a larger sample (16 schizophrenia and 27 

healthy controls). Notably, the mean illness duration was 

18.8 years in Takano et al. (2010) and 14.8 years in Kenk 

et al. (2015), in contrast to former studies (3.1 years in van 

Berckel et al., 2008, and 5.3 years in Doorduin et al., 2009). 

These findings suggest that TSPO expression may differ as a 

function of illness duration or illness stage. This notion is 

supported by trajectories of brain loss observed in schizo- 

phrenia,  which  progresses  faster  around  illness  inception 

and plateaus  later  after 4–5 years  (Takahashi et al., 

2009a,2009b; Cropley and Pantelis, 2014). 

These studies implicate microglial activation in some 

individuals with  schizophrenia;  in   particular,   those   in 

the early stages of schizophrenia and with increased 

symptom acuity. However, positive findings were pro- 

duced by studies using [
11

C]-(R)-PK11195 and tended to 

target individuals with shorter illness durations. Therefore, 

it  is  difficult  to  determine  whether  discrepant  findings 

across studies were due to illness duration or the specific 

radioligand utilized. This could be addressed in a future 

study that directly compared microglial activation between 

recent-onset and chronic  patients  with  schizophrenia, 

using the same radioligand. Furthermore, differences in 

signal detection across studies may be due to a variation 

in the region-of-interest selection during image processing. 

In particular, four of the five studies either examined 

whole-brain BP or applied coarse regions of interest to 

detect patterns of activation, which may lack specificity. 

Voxel-based methods may be more suited to capturing the 

spatial distribution of microglial activation. Lastly, TSPO 

expression may be attributed to microglial or astrocytic cell 

expression, as well as microglia across various activation states 

and phenotypes; therefore, in vivo PET studies would benefit 

from markers specific to microglia phenotype and activation 

state to identify precise therapeutic targets. 
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Linking microglia to brain changes: the search 
for mechanisms 

 

Microglia dysfunction may involve both M1/inflammatory and 

M2/neuroprotective profiles, which would have wide-ranging 

implications in the protection of the CNS and its development 

and maintenance. In particular, a balance between these two pro- 

files has been shown to be crucial for the recovery of the brain 

from acute injury (Bodhankar et al., 2015; Han et al., 2015). How- 

ever, little is known regarding impaired M2 polarization and its 

effect on the CNS, particularly with respect to schizophrenia. 

Microglia in a pro-inflammatory state are recognized to contrib- 

ute to neuronal and axonal degeneration in human neurodegen- 

erative diseases (Schmitz and Chew, 2008; Bernstein et al., 2009; 

Ilieva et al., 2009). The ‘neuroinflammatory hypothesis’ states 

that the cytotoxic effects of persistent microglial activation 

might cause  secondary neuronal degeneration, decreased 

neurogenesis and synaptic dysfunction, and thus, disease pro- 

gression (Munn, 2000). This hypothesis has been used to explain 

the progression of not only schizophrenia (Munn, 2000; Monji 

et al., 2009), but other neuropsychiatric syndromes including 

bipolar disorder (Stertz et al., 2013), delirium (Cerejeira et al., 

2010), Alzheimer’s disease (Rojo et al., 2008) and normal ageing 

(Bilbo et al., 2012). However, there are few empirical studies that 

address this issue. In vivo, increased [
11

C]-(R)-PK11195 binding in 

dementia was reported to overlap with regions showing progres- 

sive atrophy on MRI scans (Cagnin et al., 2001) and, further, tis- 

sue loss indexed by volumetric brain changes in relapsing 

multiple sclerosis was associated with periods of active inflamma- 

tion preceded by an initial volume increase (Cheriyan et al., 

2012). Together, these findings implicate microglial activation 

and inflammatory processes in structural brain changes. 

In schizophrenia, both neuropathological and MRI studies 

suggest that grey matter alterations are most pronounced in fron- 

tal and temporal regions (Glantz and Lewis, 2000; Fornito et al., 

2009; Olabi et al., 2011; Konopaske et al., 2014). This overlap 

extends to studies of microglial dysfunction, with increases 

reported in the DLPFC and superior temporal gyrus (STG) 

(Radewicz et al., 2000; Wierzba-Bobrowicz et al., 2005; Banati 

and Hickie, 2009; Rao et al., 2013). Similarly, grey matter alter- 

ations have been detected in frontal and subcortical structures, 

such as the HPC (Uranova et al., 2007; Whitford et al., 2007; 

Andreasen et al., 2011; Uranova et al., 2011; Fung et al., 2014), 

which also show microglial activation (Doorduin et al., 2009; 

Fillman et al., 2013). These studies support the notion that struc- 

tural brain changes co-occur with microglial dysfunction in both 

white and grey matter. However, findings from studies examin- 

ing microglial cells (Arnold et al., 1998; Steiner et al., 2008; 

Takano et al., 2010; Busse et al., 2012; Hercher et al., 2014; Kenk 

et al., 2015) and structural brain change (Ikeda et al., 2004; 

Eastwood and Harrison, 2005; Connor et al., 2009; Mitelman 

et al., 2009) are mixed, involve multiple brain regions and have 

not been examined in the same sample; therefore, the spatial 

overlap remains tentative. Crucially, anatomical co-occurrence 

of microglial alterations and brain pathology does not imply 

that the two are necessarily functionally related. This assess- 

ment is critical and should be examined in future studies in or- 

der to elucidate whether microglial dysfunction contributes to 

the morphological changes seen in schizophrenia. 

Very few studies in schizophrenia have addressed a possi- 

ble   association   between   inflammatory   processes   and 

 

structural brain changes in the same sample. Most of these 

studies examined a potential interaction between peripheral 

cytokine levels and the changes in white and/or grey matter 

in schizophrenia. Specifically, decreased anti-inflammatory 

cytokine levels have been associated with smaller hippocampal 

volume (Bossu et al., 2015), while increased pro-inflammatory 

cytokines were associated with decreased prefrontal cortical 

thickness (Cannon et al., 2015), reduced grey matter volume 

(Fillman et al., 2015), as well as decreased white matter integrity 

(Prasad et al., 2014). The finding that decreased anti- 

inflammatory cytokines are associated with reduced brain vol- 

ume may indicate a deficiency in the M2/neurotrophic role of 

microglia in schizophrenia. Conversely, the finding that in- 

creased pro-inflammatory cytokines are associated with reduced 

cortical thickness and white matter integrity implicates the M1 

pro-inflammatory phenotype. These findings are supported by 

associations between genetic polymorphisms of these cytokines 

and alterations in the structure (Meisenzahl et al., 2001; Papiol 

et al., 2005; Kalmady et al., 2014) and function (Papiol et al., 2007; 

Fatjo-Vilas et al., 2012) of the brain in schizophrenia. While these 

studies are informative, they did not examine microglial function. 

To our knowledge, the only study that examined microglial activa- 

tion (TSPO) and regional grey matter volume (MRI) did not find 

any association between the two (Kenk et al., 2015). However, the 

association between microglial activation and brain changes 

may exist in an ‘inflammatory’ subset of patients (e.g. Fillman 

et al., 2013) and vary as a function of illness severity or duration. 

Therefore, further clinical studies are required to clarify the exis- 

tence of a link between various functions of microglia and struc- 

tural brain changes in subgroups of schizophrenia patients. 

Despite the paucity of clinical studies directly examining 

microglial activation in association with structural brain 

changes, recent animal models have addressed this link. Below, 

we focus on a range of animal models of schizophrenia that: 

(i) investigate the association between microglial activation 

and behavioural impairments of schizophrenia and (ii) explore 

the impact of microglial dysfunction on the brain. While rodent 

models cannot capture the full scope of the disorder, they can be 

used to model certain features or endophenotypes and, unlike 

clinical studies, allow for the investigation of mechanisms. 

A number of animal studies indicate an association 

between microglial activation and a range of schizophrenia 

endophenotypes such as sensorimotor gating measured by 

pre-pulse inhibition (PPI) and working memory deficits. 

These studies employ a pre- or postnatal infection paradigm 

that involves the exposure of rodents to pro-inflammatory 

agents such as human immunodeficiency virus (HIV; Paris 

et al., 2015), polyinosinic-polycytidylic acid (poly I:C; 

Ribeiro et al., 2013; Van den Eynde et al., 2014) and GM-CSF 

(Zhu et al., 2014). Notably, the rodents in all these studies ex- 

hibited at least one behavioural correlate of schizophrenia, 

specifically impaired PPI (Ribeiro et al., 2013; Liaury et al., 

2014; Zhu et al., 2014; Paris et al., 2015) and cognitive deficits 

(Ribeiro et al., 2013; Liaury et al., 2014; Van den Eynde et al., 

2014), in conjunction  with increased microglial density or 

activation. Both the behavioural impairments and microglial 

activation were then reversed upon treatment with atypical 

antipsychotics (Ribeiro et al., 2013) or treatments targeting mi- 

croglia and inflammation (e.g. minocycline (Zhu et al., 2014). 

In one study, the rodent strain itself demonstrated spontane- 

ous symptoms of schizophrenia that were then alleviated by 
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similar treatments (Liaury et al., 2014). Taken together, these pre- 

clinical studies: (i) support the epidemiological evidence for an 

association between prenatal/perinatal infection and an in- 

creased risk of schizophrenia and (ii) imply a causative role 

for microglia in mediating this process, as treatments targeting 

microglia (e.g. minocycline) are successful in alleviating both 

microglial activation and behavioural impairments. 

It is noteworthy that some of these animal studies show that 

microglial activation does not arise instantaneously in response 

to the infectious agent but rather grows steadily throughout the 

lifespan, reaching a peak in late adolescence and early adult- 

hood, which coincides with the emergence of behavioural im- 

pairments (Ribeiro et al., 2013; Van den Eynde et al., 2014). 

These studies indicate that a pre- or perinatal infection may 

serve to prime rather than explosively activate microglia, which 

then interact with cells in the developing nervous system lead- 

ing to a subtle rearrangement of synaptic circuitry that may over 

time result in behavioural impairments in adolescence. These 

studies point to a subtle role for microglia and provide a compel- 

ling argument for schizophrenia emerging within an overarch- 

ing neurodevelopmental context. Future studies are required 

to elucidate whether the symptoms of schizophrenia arise from 

an acute inflammatory reaction, a chronic low-grade microglial 

response or an interplay between the two states played out 

against the background of the developing nervous system. 

While the above studies address a potential interaction 

between microglial activation and behavioural impairment, 

they do not address the mechanism by which microglial acti- 

vation can mediate brain pathology. This question is 

addressed by the following set of preclinical studies that illus- 

trate a wide variety of potential mechanisms by which 

microglial dysfunction may contribute to brain changes and 

behavioural deficits in schizophrenia. Three main findings 

emerge from animal studies investigating the effect of 

microglial activation on grey matter. The most replicated 

finding is decreased hippocampal neurogenesis in response 

to microglial activation (Furuya et al., 2013; Mattei et al., 

2014). Pro-inflammatory cytokines (TNF-α and IL-1β) were 

shown to mediate the relationship between microglial activa- 

tion (M1 phenotype) and hippocampal neurogenesis (Mattei 

et al., 2014), which implicates a disruption of this inflammatory 

cascade in schizophrenia. Importantly, both studies linking 

microglial activation to neurogenesis, resulted in behavioural 

impairments analogous to schizophrenia, including PPI (Mattei 

et al., 2014) and working-memory deficits (Furuya et al., 2013). 

In addition to neurogenesis, microglial activation has been 

shown to decrease reelin expression in the HPC, which was 

accompanied by impairments in working-memory and motor 

skills (Ratnayake et al., 2012). Interestingly, decreased reelin 

expression has been reported in post-mortem studies of schizo- 

phrenia (Eastwood and Harrison, 2003) and may underlie 

impaired neuronal migration and connectivity during develop- 

ment (Folsom and Fatemi, 2013). Finally, and in support of 

impaired connectivity in schizophrenia, aberrant synapse forma- 

tion was found in response to microglial activation (Sargin et al., 

2009). With regard to white matter, several studies report that el- 

evated microglial cells are accompanied by myelin and oligoden- 

drocyte loss particularly in the frontal cortex (Zhang et al., 2008; 

Morita et al., 2014; Zhang et al., 2014), which were reversed by 

the administration  of  the  antipsychotics  quetiapine  (Zhang 

et al., 2008) and olanzapine (Zhang et al., 2014). The association 

between microglial activation, myelin and oligodendrocyte loss 

in these animal models may underlie connectivity impairments 

observed in schizophrenia (Zalesky et al., 2011). These findings 

are in contrast to results from post-mortem studies predominantly 

showing morphological deficits rather than reduced oligoden- 

drocyte number (Uranova et al., 2011). However, such studies 

did not examine oligodendrocyte number in conjunction with 

microglial activation. Nonetheless, these rodent models demon- 

strate a wide variety of mechanisms by which microglial activa- 

tion may induce grey and white matter deficits in schizophrenia. 

Given the diverse mechanisms through which microglial 

activation affects the brain, it is plausible that the changes in 

the brain in response to microglial dysfunction will be similarly 

complex. The role of synaptic pruning in neuronal circuitry is of 

particular interest in a neurodevelopmental context (Carr, 2015; 

Riccomagno and Kolodkin, 2015). However, few studies have 

addressed the link between microglial dysfunction, synaptic 

impairment and whole-brain connectivity. One notable 

exception is Zhan et al. (2014), who examined synaptic plastic- 

ity in CX3CR1 (fractalkine receptor)-knockout mice. These mice 

exhibited a transient reduction in microglial number, which 

resulted in impaired synaptic pruning and concomitant func- 

tional dysconnectivity as shown through MRI in the adult 

knockout mice. This indicates that microglia abnormalities are 

sufficient to cause circuit-level functional dysconnectivity, 

mediated through abnormal synaptic maturation.  Although 

this study does make significant inroads in associating 

microglial dysfunction with synaptic plasticity, it is noteworthy 

that this rodent model produced social  interaction deficits, 

which are seen in a variety of psychiatric disorders including 

schizophrenia, suggesting that the process may be relevant to a 

number of psychiatric and neurological conditions and depend 

on specific circuits that are disrupted (Ratnayake et al., 2012). 

Furthermore, it is possible that microglial cells are them- 

selves responding to a pre-existing brain pathology and, there- 

fore, the direction of this relationship remains unclear. For 

example, myelin damage in a mouse was shown to induce 

microglial activation, while both myelin damage and microglial 

activation were alleviated by administration of the antipsy- 

chotic quetiapine (Zhang et al., 2008b). This indicates that 

the pathology of white matter may be the primary factor trig- 

gering an inflammatory-degenerative process. This ‘chicken 

or egg’ question is further complicated by studies demonstrat- 

ing neuronal damage in the absence of microglial activation. 

For example, Hou et al. (2013) demonstrated that chronic keta- 

mine exposure in mice was associated with increased oxidative 

stress, decreased hippocampal neurogenesis and cognitive and 

sensorimotor symptoms analogous to schizophrenia, notably 

without microglial increase. As ketamine is an NMDA receptor 

antagonist and the hypofunctioning of the NMDA receptor is a 

key aetiological theory of schizophrenia (Moghaddam and 

Javitt, 2012), this study indicates that microglial activation 

may represent one of many pathogenetic mechanisms 

underlying neuronal damage. 

 
 
 

Summary and road map 
 

Neuroimaging and neuropathological studies have revealed 

microglial activation or dysfunction in some schizophrenia 
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patients. The existence of a neuroinflammatory subset could 

contribute to the mixed findings across studies, as sample 

sizes may have been insufficient to expose such a subset. 

The ‘neuroinflammatory’ hypothesis proposes that  this 

group of patients would undergo progressive brain changes 

as a result of microglial dysfunction. However, the relation- 

ship between microglial activation and brain abnormalities 

remains unclear, as there are limited clinical studies address- 

ing this link. Nonetheless, animal models of schizophrenia 

have addressed potential mechanisms that may underlie this 

relationship and implicate decreased neurogenesis and reelin 

expression, as well as reduced oligodendrocyte number and 

myelination in response to microglial activation. 

What emerges from these preliminary investigations is that 

microglia are highly diverse cells, serving both pro-inflammatory 

and neuroprotective functions. Therefore, disrupted microglia in 

schizophrenia would likewise have diverse and wide-ranging 

consequences for brain function. In light of this complexity, fu- 

ture studies should focus on elucidating the functions of 

microglia during healthy neurodevelopment, which would pro- 

vide a foundation for understanding microglial dysfunction in 

relation to key developmental windows of relevance to schizo- 

phrenia and other neurodevelopmental disorders. Furthermore, 

microglial markers could be developed that identify microglia 

across different activation states and phenotypes. This could 

determine the relative contribution of the M1/pro-inflammatory 

and M2/neurotrophic phenotypes to the pathophysiology of 

schizophrenia. In particular, the effect of the M1 and M2 

microglial activation states on neurons could be examined in 

relation to microglial functions such as synaptic pruning and 

strengthening. Such molecular investigations may shed light 

on the manner in which microglial activation is associated with 

the macroscopic structural brain changes in schizophrenia. Fur- 

thermore, given that MHC class proteins are expressed on neu- 

rons, as well as microglia (Boulanger and Shatz, 2004), immune 

system markers capable of identifying neurons could determine 

potentially shared mechanisms between CNS and immune sys- 

tem pathways, which may have implications for the proposed 

inflammatory hypothesis of schizophrenia. In particular, schizo- 

phrenia may not be primarily a disorder of inflammation but 

arise from disturbances of overlapping downstream molecular 

pathways, common to both the immune system and CNS. 

Future PET and post-mortem studies could address unre- 

solved questions pertaining to microglia in schizophrenia. 

Firstly, increased sample sizes in patients with carefully docu- 

mented clinical characteristics could clarify whether a subset 

of patients exhibit microglial dysfunction. These studies 

could address the characteristics of a ‘neuroinflammatory’ 

subset; in particular, the relative contribution of genotype, 

illness severity and duration, medication history and age. 

Secondly, more work is required to establish a link between 

microglial dysfunction and brain changes in schizophrenia. 

This could be achieved through longitudinal and multimodal 

imaging studies concurrently measuring microglial activa- 

tion and structural brain changes. In doing so, these studies 

can determine whether microglial activation precedes or 

follows structural brain change, which may point to potential 

novel therapeutic targets. Furthermore, given microglia modify 

neuronal synapses; diffusion imaging could be used to identify 

connectivity impairments in conjunction with PET in order to 

elucidate a potential association between microglial activation 

and connectivity. Finally, treatment intervention studies could 

address whether microglia play a casual role in brain changes 

by utilizing a variety of novel drugs targeting microglial cells 

and assessing their effect on microglia-specific markers and 

brain structure in schizophrenia. 
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