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NR2B  NMDAr subunit 2B 

OPC Oligodendrocyte precursor 
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OS  Oxidative stress  
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washout 
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PCP  Phencyclidine  

PFC  Prefrontal cortex  

PIC Polyinosinic:polycytidylic 

acid 

PNN  Perineuronal nets 

Poly(I:C) Polyinosinic:polycytidylic 
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PrL  Prelimbic cortex 

PSD95  Postsynaptic density 95 

PVI  Parvalbumin interneuron 

qPCR Quantitative polymerase 

chain reaction  

raDI Rolling average 

discrimination index 

RFU  Relative fluorescent units 
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scPCP  Subchronic phencyclidine 
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TRIF TIR domain-containing 

adaptor-inducing IFNβ  

TrkB Tropomyosin-related 

kinase B 

Ubc  Ubiquitin C  
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transporter 1 

VH  Ventral hippocampus  

WES  Simple western analysis 

WFA  Wisteria floribunda  

WST Water-soluble tetrazolium  

ZT  Zeitgeber time 
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ABSTRACT  

Cognitive impairment associated with schizophrenia (CIAS) remains an unmet clinical 

need. A considerable challenge in studying schizophrenia is its heterogeneous nature 

with many causes and symptoms. However, there is increasing evidence that cognitive 

symptoms result from prefrontal cortex hypofunction, although the precise mechanisms 

remain elusive. In this thesis, we investigated markers related to synaptic, glutamatergic 

and GABAergic signalling in the prefrontal cortex (PFC) and dorsal hippocampus (DH) in 

two different in vivo models relevant to CIAS, the subchronic phencyclidine (scPCP) and 

maternal immune activation (MIA) with the viral mimetic polyinosinic:polycytidylic acid 

(poly(I:C)). Although both these models induce cognitive impairment, their construct 

and presentation of these deficits are distinct. We aimed to identify common pathways 

that might be susceptible to damage. In addition, we tested pharmacological and non-

pharmacological interventions in the scPCP model. 

The scPCP experiments dosed female Lister Hooded rats with PCP bidaily for seven days. 

In the characterisation chapter, we collected tissue for gene expression, protein and 

immunohistochemistry (IHC) analysis. In these tissues, we measured markers related to 

synaptic, glutamatergic and GABAergic signalling in the prefrontal cortex (PFC) and 

dorsal hippocampus (DH), as well as oxidative stress and inflammation. In the 

apocynin/minocycline study, we studied the effect of an antioxidant and anti-

inflammatory on scPCP behaviour and pathology. In the exercise study, we studied the 

effect of acute and chronic exercise on behaviour and pathology. The poly(I:C) studies 

examined the adolescent and adult offspring of Wistar dams who underwent MIA on 

gestational day 15. We measured the same markers in the offspring as in the scPCP 

characterisation study.  

scPCP induced a profound and sustained disruption to synaptic, glutamatergic and 

GABAergic signalling. In addition, markers related to oxidative stress and inflammation 

were elevated. Treatment with apocynin and minocycline showed transient attenuation 

of scPCP-induced novel object recognition (NOR) deficits. However, this was not 

sustained. Moreover, both had little effect on pathology. Acute and chronic exercise 

reversed scPCP pathology, although different mechanisms were explored. Finally, the 

offspring of the poly(I:C)-treated dams developed synaptic, glutamatergic and 

GABAergic impairments in adulthood. Despite different model constructs, this thesis 

discusses points of conversion between the two models.   
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1.1 Clinical overview of schizophrenia 
Schizophrenia is a debilitating psychiatric disorder that affects around 1% of the global 

population (McGrath et al., 2008, Saha et al., 2005). Despite a relatively low prevalence 

rate, the disease burden, duration, and impact are high (Charlson et al., 2018). 

Schizophrenia is associated with an increased risk of developing chronic physical 

diseases (Launders et al., 2022), other mental health disorders (Tsai et al., 2013), high 

rates of unemployment (Dixon, 2017), reduced life expectancy (Hjorthøj et al., 2017) 

and devastatingly high suicide rates (Docherty et al., 2022).  

1.1.1 Symptoms 
Schizophrenia is characterised by positive, negative and cognitive symptoms. Positive 

symptoms refer to an excess of standard functions, such as delusions, hallucinations, 

disorganised thoughts, speech and behaviour. In contrast, negative symptoms refer to 

reduced normal behaviour, such as alogia, affective flattening, avolition or anhedonia 

(Correll et al., 2020). According to the Diagnostic and Statistical Manual of Mental 

Disorders, Fifth Edition (DSM-5), schizophrenia is diagnosed when an individual suffers 

from two recognised symptoms for over a month. The diagnostic symptoms are 

delusions, hallucinations, catatonia, disorganised speech, thoughts or behaviour, or one 

of the negative symptoms. One of the two symptoms must be delusions, hallucinations 

or disorganised speech. Alongside these active symptoms, there must also be a reduced 

function of work, relationships, or self-care (American Psychiatric, 2013). It is possible, 

therefore, to have two patients with a schizophrenia diagnosis but entirely different 

clinical presentations. As an added complication, the clinical presentation is rarely stable 

throughout the disease course (Tandon et al., 2013). 

1.1.2 Incidence 
In general, the clinical presentation follows a conserved timeline; after a prodromal 

phase, patients have their first psychotic episode, where an individual may hallucinate 

or enter a delusional state (an der Heiden et al., 2000). An estimated 30-40% of these 

individuals will develop schizophrenia (McGorry et al., 2008). A meta-analysis of 

schizophrenia diagnoses in England from 1950 to 2009 revealed an increased incidence 

rate in men in their early twenties, which steadily declined. Women's incidence is 

steadier and less prevalent, diagnosed less frequently than males until the mid-forties, 

where females marginally lead diagnoses (Figure 1.1) (Kirkbride et al., 2012).  
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Figure 1.1: Incidence rates for schizophrenia in England from 1950-2009. (Adapted from 

Kirkbride et al., 2012). 

1.1.3 Aetiology 
The aetiology of schizophrenia is complex and heterogeneous. Early researchers of 

schizophrenia concluded there must be a genetic element to the disease due to the 

relatively high concordance rates of twins (Meehl, 1962), estimated at 44% in 

monozygotic twins (Avramopoulos, 2018). However, researchers also knew that 

compounding environmental stressors increased schizophrenia risk (Nuechterlein et al., 

1984). More recently, the proposed causes of schizophrenia have been refined. The 

consensus is that genetic and early-life adversities alter how an individual’s brain 

develops, resulting in a brain less resilient to stress in later life (Pruessner et al., 2017). 

The advent of genomics allowed for the analysis of the whole genome in tens of 

thousands of patients. These studies revealed many genes that could be associated with 

schizophrenia risk (Schizophrenia Working Group of the Psychiatric Genomics 

Consortium, 2014). In addition, epidemiological data identified stressors that occurred 

throughout development associated with increased schizophrenia risk (Stilo et al., 

2019). These environmental stressors can occur throughout neuronal development. Risk 

factors during pregnancy include in-utero malnutrition (Brown et al., 2008, St Clair et al., 

2005), maternal infection (Estes et al., 2016, Khandaker et al., 2013) and birthing trauma 

(Cannon et al., 2002, Kotlicka-Antczak et al., 2014). During childhood, suffering from 

abuse, neglect, or adversity (Varese et al., 2012), migrating or being the child of a parent 

who migrated (Bourque et al., 2011), or living in a city away from green spaces 
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(Engemann et al., 2018) can increase risk. This genetic and environmental variation in 

the potential causes of schizophrenia and resulting symptom heterogeneity proves an 

ongoing complication in developing treatments. 

1.1.4 Treatments 
The goal of schizophrenia patient care is to alleviate the symptoms, prevent psychotic 

relapse and improve functional outcomes to encourage societal integration (Emsley et 

al., 2013, Patel et al., 2014). Clinicians tackle these issues with a bespoke combination 

of psychotherapies and antipsychotic therapies (Patel et al., 2014). Antipsychotics are a 

class of drugs first developed in the 1950s. In retrospect, their discovery appears 

serendipitous, rooted in the two World Wars, antimalarials and antihistamine drugs 

(Gensini et al., 2007, Krafts et al., 2012, Shen, 1999). However, since their inception, 

antipsychotics transformed the livelihood of patients, moving treatments from 

indiscriminate electroconvulsive therapy, insulin comas and lobotomies to medications 

that could be taken at home rather than in an institution (Remington et al., 2021, 

Robison et al., 2013). 

1.2 Mechanisms 

1.2.1 Dopamine hypothesis 
The antipsychotic drugs revolutionised patient care and reframed the thinking on the 

underlying mechanisms of schizophrenia. The retroactive preclinical testing of the 

antipsychotics and studies in stimulants suggested that excessive dopamine caused 

positive symptoms (Bramness et al., 2016, Lieberman et al., 1987, Seeman et al., 1975), 

forming the basis of the dopamine hypothesis. 

These ideas were refined in the early 1990s after further studies revealed dopamine 

levels varied in brain regions, indicating a more nuanced pathology. In addition, 

clozapine, which had a low affinity for the dopamine receptor, proved a highly effective 

drug in mitigating the positive symptoms. Building on the initial dopamine hypothesis, 

Davis et al. suggested that there were regional hyper- and hypo-dopaminergia. 

Moreover, hypo-dopaminergia in the prefrontal cortex predicted negative and cognitive 

symptomology (Davis et al., 1991). 

The advancement of imaging studies has narrowed the dysfunction to an increased 

likelihood of schizophrenia patients having impaired presynaptic striatal dysfunction 
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resulting in increased dopamine release. This impaired signalling is thought to be a 

downstream consequence of many risk factors associated with schizophrenia (Howes et 

al., 2009).  

1.2.2 Serotonin hypothesis 
The antipsychotic clozapine has a low affinity for the dopamine receptor and yet has 

strong efficacy on symptoms. In two recent meta-analyses, clozapine was praised for 

alleviating positive and negative symptoms (Fabrazzo et al., 2022, Wagner et al., 2021). 

It transpired that clozapine had more efficacy for the serotonin 5-HT2A receptor (Meltzer 

et al., 1989), suggesting a role of serotonin in schizophrenia pathology. Furthermore, 

lysergic acid diethylamide (LSD) stimulates serotonin release and can result in psychosis 

with a similar presentation to schizophrenia (Meltzer et al., 1989). However, the clinical 

data for serotonin is incredibly variable and, akin to dopamine, is considered a 

downstream consequence of other risk factors (Quednow et al., 2020).  

1.2.3 Glutamate hypothesis 
Dissociative anaesthetics that antagonise the glutamatergic N-methyl-D-aspartate 

receptor (NMDAr) can induce positive, negative and cognitive symptoms in healthy 

people, implicating the NMDAr and glutamate in schizophrenia pathophysiology 

(Greifenstein et al., 1958, Luby et al., 1959). These dissociative anaesthetics will be 

discussed in more detail in chapter three. 

More broadly, the glutamate hypothesis suggests schizophrenia is due to a hypofunction 

of the glutamate N-methyl-D-aspartate receptor (NMDAr) (Balu, 2016). In addition to 

NMDAr antagonists inducing schizophrenia-like symptoms, mice that have been 

genetically modified to produce reduced NMDAr subunits are used to model aspects of 

schizophrenia behaviour and pathology (Duncan et al., 2004, Nakao et al., 2020) 

Researchers have attempted to develop drugs that counteract this hypofunction with 

direct stimulation of NMDAr. However, this led to excitotoxicity and seizures (Witkin et 

al., 2021, Zeron et al., 2002). As a result, positive allosteric modulators of NMDAr and 

functionally linked metabotropic glutamate receptors are being developed (Dogra et al., 

2022, Doreulee et al., 2009), with some showing efficacy in preclinical and early clinical 

trials (Geoffroy et al., 2022, Maksymetz et al., 2017, Niswender et al., 2010). 
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1.2.4 Neurodevelopmental hypothesis 
The aetiology of schizophrenia is a combination of genetic and environmental stressors. 

Although schizophrenia peaks in incidence in the early twenties (Kirkbride et al., 2012), 

some believe that the adult onset of the disease is due to the maturation of circuitry 

disfigured during neurodevelopment (Pearce, 2001). Indeed, the human brain is far from 

its finished form at birth. Synaptogenesis, synaptic pruning, myelination and apoptosis 

continue throughout early life (Kolb et al., 2017, Tau et al., 2010). The prefrontal cortex 

is the final brain region to reach maturity at age twenty-five (Arain et al., 2013, Teffer et 

al., 2012). 

The developmental hypothesis requires a period before symptom onset where the brain 

is developing atypically (Rapoport et al., 2012). Therefore, identifying individuals prior 

to symptom onset has been of great interest as early interventions could halt or 

remediate atypical development (Yung et al., 1996, Yung et al., 2011). Longitudinal 

studies reveal that individuals with schizophrenia showed impaired cognition thirteen 

or fourteen years before schizophrenia onset. Additionally, cognition continued to 

decline through the teenage years (Dickson et al., 2012, Jonas et al., 2022) and during 

the first episode of psychosis (Aas et al., 2014). After initial diagnosis, cognition declines 

at an expedited rate compared to healthy controls (Jonas et al., 2022).  

1.3 A focus on the cognitive symptoms 
Although not a prerequisite for schizophrenia diagnosis, the cognitive symptoms are 

highly consequential. As discussed, cognitive symptoms often predate the first episode 

of psychosis (Dickson et al., 2012, Jonas et al., 2022), and where other symptoms may 

fluctuate throughout life, cognitive symptoms remain comparatively stable (Gold, 2004). 

Although not every schizophrenia patient displays an impairment, it is still highly 

prevalent, with some 75-80% of patients suffering from cognitive symptoms (Allen et 

al., 2003, Leung et al., 2008).  

Seven domains of cognition have been identified as affected in schizophrenia, (1) 

processing speed, (2) attention and concentration, (3) working memory, (4) verbal 

learning and memory, (5) visual learning and memory, (6) reasoning and problem-

solving and, (7) social cognition (Gebreegziabhere et al., 2022). Notably, the deficits have 

been associated with reduced quality of life and increased need for care from relatives 

and professional carers (Kitchen et al., 2012, Millier et al., 2014). However, current 
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treatments for schizophrenia lack or have a limited impact on alleviating cognitive 

burdens (Stępnicki et al., 2018). Moreover, around 20% of patients report concentration 

and memory issues as perceived side effects of anti-psychotic treatments (McIntyre, 

2009).  

1.4 Pathology 

Imaging is a valuable tool in understanding the brain changes in schizophrenia. Many 

structural irregularities, including cortical thinning, reduced hippocampal volume, and 

increased ventricular size, have been identified in the chronic stages of schizophrenia 

(van Erp et al., 2016, van Erp et al., 2018). In a longitudinal study, Ho et al. split subjects 

into preserved, deteriorated and compromised cognitive phenotypes and studied 

cortical thickness over five years. Those with preserved cognition began with scores in 

the tenth percentile of healthy controls and remained stable after diagnosis. 

Deteriorated individuals had average cognition, which then dropped below the tenth 

percentile post-diagnosis. Finally, the compromised group began and remained below 

the tenth percentile of controls. Interestingly, Ho et al. found the most pronounced 

change in cortical thickness in the deteriorated subtype, which correlated to the change 

in cognitive score (Ho et al., 2020).  

The hippocampus is essential for consolidating memories from short-term storage in the 

hippocampus to long-term storage in the cortex (Sakaguchi et al., 2012). Hippocampal-

dependent cognition includes episodic-like memory recall, spatial learning and 

contextual fear, as ablation of the hippocampus eradicates these abilities in rodent 

studies (Fanselow et al., 2010). Schizophrenia can alter hippocampal morphology. In 

addition to volume reductions, the hemispheres can become asymmetrical or 

deformed. The functionality of the hippocampus is also impaired, with increased 

glutamate levels, basal activity, cerebral blood flow, and hypoconnectivity of the 

hippocampal-prefrontal pathway (Wegrzyn et al., 2022). 

The hippocampus signals directly and indirectly with the prefrontal cortex (PFC), 

facilitating memory acquisition, consolidation and retention (Ferraris et al., 2021, Qin et 

al., 2021). Beyond memory storage, the PFC is essential for working memory, response 

inhibition, interference control, set-shifting, planning and decision-making (Friedman et 

al., 2022), many of which are implicated in schizophrenia (see section 1.3). Beyond 
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cognitive function, outputs from the PFC to the striatum have been associated with 

impaired reward integration, a negative symptom (Morris et al., 2015) and in reality 

monitoring, associated with positive symptoms (Zmigrod et al., 2016). 

Researchers can measure superficial electrical changes with electroencephalography 

(EEG) recordings. Gamma oscillations are the highest brain wave frequency possible and 

are associated with high perception and cognition  (Adaikkan et al., 2020, Müller-Putz, 

2020). Furthermore, in healthy individuals, gamma oscillations increase proportionately 

with task complexity (Basar-Eroglu et al., 2007, Cho et al., 2006, Howard et al., 2003). 

Alterations to gamma oscillations were detectable in first-episode patients, with 

regional high gamma activity at rest in patients (Andreou et al., 2015), which was present 

in chronic schizophrenia patients (Venables et al., 2009), suggesting impaired regulation 

of appropriate neuronal activity. When patients are challenged with a cognitive task, 

gamma frequency firing does not adapt to the task (Basar-Eroglu et al., 2007, Cho et al., 

2006, Mainy et al., 2007). Indeed, evoked entrainment of neurons to a gamma frequency 

revealed an inability to induce or maintain gamma frequency oscillations (Kwon et al., 

1999, Light et al., 2006). A key contributor to gamma frequency oscillation induction and 

maintenance are the parvalbumin interneurons (PVI) (Atallah et al., 2009, Buzsáki et al., 

2012, Cardin et al., 2009, Le Roux et al., 2013, Malik et al., 2017).   

1.5 Parvalbumin interneurons 

1.5.1 Structure  
PVIs are fast-spiking GABAergic neurons that express the calcium-binding protein 

parvalbumin (Kretsinger et al., 1989). The eponymous parvalbumin acts as a slow-

calcium buffer which binds free calcium altering synaptic plasticity and dynamics 

(Caillard et al., 2000, Vreugdenhil et al., 2003). The presence of a slow-calcium buffer 

does not equate to a slow-firing neuron. On the contrary, the PVI is highly specialised to 

generate rapid, potent and precise signals. The dendrites of a PVI are long, often 

spanning several cortical layers. The surface of the dendrites and PVI cell body are 

littered with predominantly excitatory synapses, allowing for broad surveillance of 

cortical activity. Inhibitory synapses allow regulation from other PVI (Hu et al., 2014). 

The PVI have a unique combination of voltage-gated channels and glutamate receptors 

that allow for the generation of fast and uniform signals characterised by rapid 
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depolarisation and repolarisation of the membrane (Geiger et al., 1997, Goldberg et al., 

2003, Kondo et al., 1997, Martina et al., 2000, Rudy et al., 2001).  

The axon of the PVI is sparingly myelinated (Micheva et al., 2016). The axonal initial 

segment is unmyelinated, with the first myelin internode a distance down the axon. 

From here, the myelin sheathes the axon at its thickest points, leaving the thin distal 

axon terminals unmyelinated (Stedehouder et al., 2019, Stedehouder et al., 2017). The 

myelin surrounding PVI axons is more dispersed and has a different protein composition 

than the myelin found around excitatory neurons (Micheva et al., 2016). Typically, 

myelin is associated with long-distance signalling. In PVI, myelin is found in local relay 

systems and assists in maintaining fast-firing signals (Benamer et al., 2020). In addition, 

the myelin surrounding PVI axons contains a protein associated with the delivery of 

trophic support from oligodendrocytes to the mitochondria-rich PVI axon (Micheva et 

al., 2018, Snaidero et al., 2017).  

The peripheral axon arborises to an impressive degree, resulting in thousands, even tens 

of thousands of axon terminals (Karube et al., 2004, Sik et al., 1995). In the prefrontal 

cortex, PVIs indiscriminately project onto virtually all its local pyramidal neurons (Packer 

et al., 2011). Along the axon's length, sodium channel distribution becomes more 

frequent, allowing the action potential to continue at high speeds down this now 

unmyelinated, thin and frequently dividing axon  (Hu et al., 2015). 

At the axon terminals, GABA is synthesised by glutamic acid decarboxylases (GAD) and 

packed into a vesicle by vesicular GABA transporter (VGAT) (Lee et al., 2019). The 

descending action potential triggers the opening of the P- and Q-type calcium channels 

that reside proximally to the GABA release sites. On activation, they rapidly and precisely 

facilitate the influx of calcium ions (Zaitsev et al., 2007). The calcium ions, in turn, trigger 

the exocytosis of GABA from the PVI axon (Lonchamp et al., 2009).  

PVI project a powerful, fast inhibitory signal onto principal excitatory neurons. The 

precise location depends on their morphology. The more prevalent basket cells project 

onto target cells' soma and proximal dendrites, whereas the chandelier cells innovate 

the axonal initial segment (Kawaguchi et al., 1997). Due to the location of their 

projections, it has been proposed that basket cells modulate target cell inputs, and 

chandelier cells target cell outputs (Povysheva et al., 2013).  
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1.5.2 Function 

The structure of PVIs suggests that they can produce a powerful, rapid inhibitory signal. 

This structure is utilised to produce and maintain gamma-frequency brain waves. 

Gamma waves are the highest frequency brain oscillations operating at 30 - 100Hz. They 

are detected typically during cognition, learning and memory (Malik et al., 2017). The 

PVI utilise their high connectivity  (Packer et al., 2011) to orchestrate widespread 

inhibition (Buzsáki et al., 2012). The evidence for the involvement of PVIs in gamma 

wave oscillations is as follows: (1) the direct modulation of gamma activity by 

optogenetic silencing and stimulation of PVI (Cardin et al., 2009). (2) Fractional changes 

to PVI activity proceeding changes in gamma wave oscillations (Atallah et al., 2009). (3) 

PVIs synchronicity during gamma oscillations (Le Roux et al., 2013).   

PVIs are also involved in feedback and feedforward inhibition (Campanac et al., 2013, 

Klausberger et al., 2008). Beyond simple inhibition, PVI can regulate the window for 

temporal summation of neuronal inputs (Pouille et al., 2001), detect marginal 

differences in excitatory input and inhibit all but the strongest signals (de Almeida et al., 

2009) and proportionately inhibit excitatory neurons dependent on their excitatory 

input (Xue et al., 2014). Indeed, PVIs are critical regulators of balancing excitatory and 

inhibitory systems (Campanac et al., 2013). 

Given PVI's ubiquitous connections, fast-firing nature and persistent monitoring, they 

are uniquely susceptible to damage. Most pressingly, PVIs require significant energy 

supplies. Oxygen consumption can increase by 30% during gamma oscillations and 

glucose metabolism by around 50%, reaching levels comparable to those seen in 

seizures. The greater the gamma frequency change or duration, the more glucose is 

required (Kann et al., 2014). Impaired mitochondria will impair PVI function (Inan et al., 

2016, Whittaker et al., 2011). Furthermore, dysfunction in mitochondrial signalling can 

lead to oxidative stress and inflammation (Cuenod et al., 2022). PVI are sensitive to 

oxidative stress (Cabungcal et al., 2013a, Steullet et al., 2017) and inflammation 

(Behrens et al., 2007, Behrens et al., 2008). High levels of both can reduce PVI function 

and inhibitory output, ultimately leading to cognitive impairments. Unfortunately, 

oxidative stress and inflammation can worsen mitochondrial function (Cuenod et al., 

2022), indicating the potential for a vicious cycle. 
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1.5.3 PVI in schizophrenia 

There have been several reports of reduced PVI density in the PFC (Chung et al., 2016, 

Enwright et al., 2016, Fung et al., 2010, Hashimoto et al., 2003, Hoftman et al., 2015, 

Lewis et al., 2001) and hippocampus (Zhang et al., 2002) of schizophrenia patients. 

Interestingly, these differences are thought to be due to reductions in the parvalbumin 

protein rather than loss of the neuron itself (Filice et al., 2016, Thune et al., 2001). 

Considering the function of the parvalbumin protein for moderating calcium dynamics, 

changes in protein levels may alter PVI output.  

Alterations to the channels that permit the rapid signalling of the PVI would affect its 

functionality. Many channels associated with the fast-firing phenotype are reduced in 

schizophrenia (Georgiev et al., 2014, Yanagi et al., 2014). Alternatively, mutations that 

alter channel functions are associated with increased schizophrenia risk (Chen et al., 

2022, Guardiola-Ripoll et al., 2022, Harrison et al., 2022, Schizophrenia Working Group 

of the Psychiatric Genomics Consortium, 2014, Xie et al., 2018).  

Efficient GABAergic output from a PVI also depends on effective GABA production and 

release at the synapse. However, in schizophrenia, GAD67 is reduced, suggesting 

impaired GABA synthesis (Hashimoto et al., 2003, Hoftman et al., 2015, Sibille et al., 

2011, Volk et al., 2000, Volk et al., 2016). Mutations to the GAD67 gene have been 

associated with early-onset schizophrenia, reduced grey matter volume and impaired 

frontal lobe function (Addington et al., 2005). Parvalbumin and GAD67 expression 

appears functionally linked (Hashimoto et al., 2003). Indeed, it is theorised that GAD67 

reductions are a maladaptive response to perceived reduced glutamatergic innervation 

on PVI due to NMDAr hypofunction (Gonzalez-Burgos et al., 2008). 

Regarding GABA transport, GAT-1 is a transporter protein proximal to PVIs' synapses 

(Woo et al., 1998). GAT-1 activity determines the rate of GABA removal from the 

synaptic cleft. Blocking GAT-1 increases the duration of evoked inhibitory postsynaptic 

currents in target cells (Overstreet et al., 2003). These findings are relevant to 

schizophrenia as unmedicated patients have a 40% reduction in reactivity to GAT-1 

antibody in the PFC (Woo et al., 1998).  
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1.6 Perineuronal nets 

Perineuronal nets (PNN) describes the extracellular matrix, which preferentially forms 

around PVI in the cortex and hippocampus (Härtig et al., 1992, Yamada et al., 2015a, 

Yamada et al., 2015b) and excitatory synapses in the CA2 region of the hippocampus 

(Carstens et al., 2016). The PNN can modulate the maturation, function and survivability 

of the PVI. As such, PNNs have been implicated in schizophrenia pathology (Brückner et 

al., 2003, Carulli et al., 2010, Wen et al., 2018b). 

1.6.1 Components 

Beginning from the membrane surface, all PNNs begin with a hyaluronic acid synthase 

(HAS). These enzymes are exclusively expressed in neurons. PVI express two versions, 

HAS2 and HAS3 (Carulli et al., 2006). The HAS synthesises a long, unbranching chain of 

hyaluronic acid (HA), which projects into the extracellular space. In addition to anchoring 

the remaining PNN to the PVI surface,  these large chains form tightly intertwined loops 

which alter the intracellular space and the diffusion capabilities of extracellular 

molecules (Hascall et al., 1997). Indeed, in HAS knockout, the cell bodies of CA1 become 

densely packed with little extracellular space increasing seizure risk (Arranz et al., 2014).   

The next components of the PNN are the link proteins, Ctrl1 and Bral2. Both proteins 

are exclusively expressed by PNN-positive neurons (Bekku et al., 2003, Carulli et al., 

2006). Link proteins bind the HA to the N-terminal region of the chondroitin sulphate 

proteoglycans (CSPGs) (Carulli et al., 2006). The CSPGs are the most dynamic and diverse 

element of the PNN. The four CSPGs, aggrecan, brevican, versican and neurocan, have 

similar structures, differing in length and, therefore, the number of chondroitin sulphate 

chains. Versican has four isoforms, which vary in length. The longest three, V0, V1 and 

V2, are included in the PNN (Avram et al., 2014, Zimmermann et al., 2008). The final 

component of the PNN is tenascin, of which there are two variants, C and R. The 

tenascins ensure a dense and regular net formation (Brückner et al., 2000, Galtrey et al., 

2008, Lundell et al., 2004, Suttkus et al., 2014, Weber et al., 1999) (Complete structure 

in Figure 1.2). 
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Figure 1.2: Schematic diagram of mature PNN. Hyaluronic acid synthases on the surface of the 

PVI produce a hyaluronic acid backbone which extends into the extracellular space. The four 

CSPGs, aggrecan, brevican, versican and neurocan, bind to hyaluronic acid via link proteins. 

Finally, tenascins attach to the terminal ends of the CSPGs.  

1.6.2 Development 
The PNN structure is developmentally regulated. In a seminal paper, Milev et al. 

measured the expression of the PNN components in the developing rat brain from 

gestational day (GD) 14 to eight months of age. The foetal brain expresses high levels of 

neurocan and V1 versican. However, these expressions rapidly decline three-fold in the 

first week of postnatal life. Meanwhile, the expression of aggrecan, brevican and V2 

versican increase during postnatal life, then plateau in adulthood (postnatal day 

(PD)100+) (Milev et al., 1998).  

Despite the expression of PNN components, the PNN is first detected with 

immunohistochemistry between the second and third postnatal week (Carulli et al., 

2010, Paylor et al., 2016). In a fascinating study, Kwok et al. recreated PNN on the 

surface of a kidney cell. Transfecting the kidney cells with HAS3 resulted in a diffuse PNN. 

Adding Ctrl1- and aggrecan-expressing cells resulted in a dense PNN in cells that typically 

do not produce an extracellular matrix. Ctrl1- and aggrecan-expressing cells alone 

produced no matrix (Kwok et al., 2010). This study suggests that HAS is critical for the 
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initial anchoring of the PNN to the cell surface, and Crtl1 and aggrecan are necessary for 

dense formation.  

Indeed, in the neonatal visual cortex, the PNN components, including HAS3 and 

aggrecan, are detectable on PD3. However, when Ctrl1 expression surges on PD14, the 

PNN begins to form (Carulli et al., 2010). Interestingly, dark-rearing animals reduced 

PNN density in the visual cortex, indicating impaired maturation (Ye et al., 2013). 

1.6.3 Critical period closure 

The visual cortex and dark rearing illustrate one of the functions of PNN excellently. 

From PD14, PNN levels in the visual cortex increase rapidly, doubling in density in the 

first two weeks. This growth is short-lived. By PD42, density has peaked (Ye et al., 2013). 

This early-life period coincides with the critical period of the visual cortex. During this 

time, visual inputs shape the connections and projections of the primary visual cortex 

and the period is associated with high plasticity, adaptability and learning (Hensch, 

2005). 

Monocular deprivation from birth will result in an ocular dominance shift. As the 

developing visual cortex receives signals from only the unaffected eye, the visual cortex 

adapts and only caters to the eye from which it receives signals. If the same protocol 

were repeated in an adult cat (monocular deprivation for three months), there would 

be no alteration to the visual cortex as the adult cortex was wired to receive input from 

both eyes and would remain that way despite intervention. The remarkable finding was 

that if a kitten who used both eyes for the first five weeks of life underwent monocular 

deprivation, there was an ocular dominance shift. In other words, the number of cells in 

the visual cortex responding to the unaffected eye increased, suggesting plasticity 

(Wiesel et al., 1963).  

The juvenile visual cortex is highly plastic and adaptable to changing inputs. However, 

after the closure of a critical period, this plasticity ceases. At the same time, PNN density 

is increasing in the visual cortex. The connection between PNN maturation and critical 

period closure was found to be more than a correlation by Pizzorusso et al. Pizzorusso 

and colleagues injected chondroitinase ABC (ChABC) into the visual cortex of adult rats 

every two days for seven days. ChABC is a bacterially derived enzyme which breaks down 

the chondroitin sulphate branches of CSPGs (Suzuki et al., 2017). After the breakdown 



Chapter 1: Introduction 

34 
 

of the PNN, monocular deprivation in adult rats resulted in an ocular dominance shift 

(Pizzorusso et al., 2002). This finding was replicated when aggrecan was knocked out 

from the visual cortex (Rowlands et al., 2018). 

This ability to revert the brain to a juvenile state of plasticity was not exclusive to the 

visual cortex. In the basolateral amygdala, PNN density increases during early life. In 

adult rodents, fear conditioning produces a permanent fear response. Gogolla et al. 

compared fear responses in animals who started fear conditioning on PD16 and PD23. 

Although both showed freezing behaviour on the first and second day after training, 

exposure to the conditioned stimulus seven days later resulted in a fear response in the 

PD23 animals only. PNNs were again degraded in three-month-old rats, and re-exposure 

revealed the erasure of fear memories. In this case, the timing of PNN degradation was 

critical as fear memories were not erased if the PNN was depleted after fear 

conditioning (Gogolla et al., 2009a). 

1.6.4 Modulation of plasticity 
Given the evidence from critical period closure, PNN appears to limit the plasticity and 

activity of the neuron it surrounds. Further evidence comes from studies where PNN 

depletion improves cognition in adult rodents. For example, Romberg et al. saw 

improved recognition memory by deleting Ctrl1 or with ChABC administration to the 

perirhinal cortex (Romberg et al., 2013). In addition, working memory was enhanced 

when ChABC was administered to the PFC (Anderson et al., 2020) and in tenascin-R 

knockout mice (Morellini et al., 2010).  

There are many theories as to how PNN can limit plasticity. Perhaps it is simple; the PNN 

forms a physical barrier that reduces the available surfaces for synapses to form. Indeed, 

the neuronal surface under the PNN is devoid of synaptic connections. Thus, a dense 

PNN would have fewer synapses (Brückner et al., 1993). Perhaps it is the polar nature of 

the PNN, chemically impeding the diffusion of secreted molecules (Gruskin et al., 2003). 

Finally, a study by Frischknect et al. suggested that the size of pores within a PNN can 

affect AMPAr receptor mobility and cycling. Removing the PNN removes those limits on 

movement, resulting in greater plasticity and paired-pulse ratios, suggesting facilitation 

(Frischknecht et al., 2009).  
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Knockout studies can give insight into the function of the individual components of the 

PNN. Table 1.1 summarises the outcomes of these studies. Many molecular outcomes 

measured in the knockout studies would typically be associated with poor cognitive 

outcomes, namely reduced PVI density (Favuzzi et al., 2017, Romberg et al., 2013, 

Rowlands et al., 2018), altered LTP dynamics (Brakebusch et al., 2002, Evers et al., 2002, 

Saghatelyan et al., 2001, Zhou et al., 2001) and impaired neurotransmission (Arranz et 

al., 2014, Favuzzi et al., 2017, Schmidt et al., 2020, Weber et al., 1999). Despite this, 

most demonstrated improved cognition, though limited in scope.  

The work by Carulli and Kwok (discussed in section 1.6.2)  suggested that Ctrl1 is 

imperative for PNN formation (Carulli et al., 2010, Kwok et al., 2010). In addition,  the 

PNN of the aggrecan knockout mouse was severely reduced (see Figure 1.3), indicating 

that aggrecan acts as a scaffold for the remaining PNN (Rowlands et al., 2018). Perhaps 

the PNN will never form or mature in the Ctrl1 and aggrecan knockouts. Considering 

then the plasticity observed in the knockout models, these animals may maintain a 

prolonged state of juvenile plasticity. Given the requirement of PNN, and likely the PVI, 

to preserve fear memories, the cognitive enhancements seen in the knockout models 

may not withstand a withdrawal and retrieval period. 

 

Figure 1.3: PNN staining in aggrecan knockout mouse. The left-hand image shows the layers of 

the barrel cortex in wildtype (WT), controls and the aggrecan knockout (Acan-loxP+/+ Cre). The 

PNN stain wisteria floribunda (WFA) is absent in the knockout. The right-hand image shows 

representative images of each PNN component: aggrecan, brevican, neurocan, versican, 

tenascin-R (Tn-R), Crtl1, and brain link protein 2 (Bral2). (Taken from: Rowlands et al., 2018). 



 

 
 

Table 1.1: Cellular origins of PNN components and knockout studies. HA(S): hyaluronic acid (synthases), Acan: aggrecan, Bcan: brevican, V2: mature versican, Ncan: 

neurocan, Tn: tenascin. N: neuronal, A: astrocytes, O: oligodendrocytes, NG2: oligodendrocyte progenitor cell. CA1: hippocampal region, DG: dentate gyrus, LTP: 

long-term potentiation, ECM: extracellular matrix, GAD: glutamic acid decarboxylase. (Cellular origins from: Carulli et al., 2006, Song et al., 2018) 

Target 
Cellular origin 

Molecular Behaviour Reference 
N A O NG2 

HAS2 +    ↔ CA1, ↓ DG HA - 

(Arranz et al., 2014) 
HAS3 +    

↓ HA 

↓ intracellular space, ↑ neuronal density 
↑ seizure risk 

Ctrl1 ++    

↓ paired-pulse facilitation ↑ recognition memory (Romberg et al., 2013) 

Diffuse/low-intensity PNN 

↑ ocular plasticity (Carulli et al., 2010) ↓ PNN around dendrites 

↓ PVI density 

Bral2 ++    Colocalises with brevican  (Bekku et al., 2003) 

Acan ++ ++   
↓ PNN 

↓ PVI intensity 

↑ ocular plasticity 
(Rowlands et al., 2018) 

↑ recognition memory 

Bcan + +++   

↑ neurocan 

Reduced LTP maintenance in adult 
↔ active avoidance (Brakebusch et al., 2002) 

↓ PVI density and activity 

↓ glutamatergic synapses 

↓ spatial working memory 

↓ recognition memory 
(Favuzzi et al., 2017) 

V2 + + +++ ++ ↓ECM around nodes of Ranvier - (Dours-Zimmermann et al., 2009) 

Ncan +++ +   

Reduced LTP maintenance in adult - (Zhou et al., 2001) 

↓ Aggrecan, ↑ brevican and ↑ ctrl1 protein 
- (Schmidt et al., 2020) 

↓ GAD65/67 in PVI synapses 

Tn-C + +++   
↓ LTP 

↓ L-type calcium channel signalling 
- (Evers et al., 2002) 

Tn-R ++ + +++ ++ 

↑ PVI ↑ working memory (Morellini et al., 2010) 

Diffuse PNN reduced stain for HA, Bcan and Ncan - (Brückner et al., 2000) 

↓ LTP, ↑ basal excitatory synapse activity - (Saghatelyan et al., 2001) 

↓ conduction velocity - (Weber et al., 1999) 
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A lack of PNN is consequential for PVI, as without it, they cannot mature. During 

development, a homeoprotein called orthodenticle homeobox 2 (Otx2) binds to the 

chondroitin-6-sulphates on PNN. The PNN assists the transfer of Otx2 into the PVI 

(Beurdeley et al., 2012), resulting in PVI maturation likely through altering gene 

transcription. Initially, these PNN-Otx2-PVI interactions cascade, with the maturing PVI 

producing more PNN that can capture more Otx2. The more Otx2, the quicker the PVI 

matures. Eventually, a criticality is reached where Otx2 no longer enters the PVI. This 

plateau could be due to the PNN becoming too dense (Beurdeley et al., 2012; Spatazza 

et al., 2013) or a developmental switch from chondroitin-6-sulphates to chondroitin-4-

sulphates, which prevents Otx2 binding. Regardless of the precise mechanisms, the 

result is a stable mature PNN and PVI (Miyata et al., 2017).  

Now consider the brevican (Bcan) knockout. Here the PNN appears similar to the wild 

type (Blosa et al., 2015, Brakebusch et al., 2002). However, the brevican knockout has 

impaired working and recognition memory. To understand the underlying mechanism, 

the function of brevican must be understood. Brevican is specifically enriched around 

synaptic sites (Blosa et al., 2015, Favuzzi et al., 2017). Interestingly, PVI that contain 

brevican in their PNN (Bcan+/+ PVI) have two-fold the number of excitatory synapses 

(vesicular glutamate transporter (VGlut1) and postsynaptic density (PSD95)) compared 

to PVI without brevican (Bcan-/- PVI). Due to this, PVI associated with Bcan have different 

firing capabilities. Although less excitable, Bcan+/+ PVI can fire faster and stronger than 

a Bcan-/- PVI (Favuzzi et al., 2017). 

In the Bcan knockout, the PVI has reduced excitatory synapses (VGlut/PSD95) and 

altered firing dynamics, suggesting that Bcan is essential for synaptic development or 

maturation. Furthermore, isolation of the neuronal membranes and the synaptosomes 

showed that the AMPAr subunit GluA1 was predominately found in the membrane 

region rather than the synaptosome, suggesting altered GluA1 trafficking in the Bcan 

knockout. Indeed, analysis of the synapses revealed a 50% reduction in GluA1-

VGlut/PSD95 clusters. Finally, the clusters of potassium channels integral to the fast-

firing PVI phenotype were also reduced. The Bcan knockout causes profound 

impairment of PVI synaptic dynamics resulting in the cognitive impairments detected 

(Favuzzi et al., 2017).  
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1.6.5 Protection 
Another speculated role of the PNN is to protect the neuron it surrounds. PVIs are more 

susceptible to oxidative stress (OS) than other interneurons (Cabungcal et al., 2013a), 

likely due to the high PVI energy demand required for PVI function (Kann et al., 2011). 

Both schizophrenia patients (Flatow et al., 2013, Kim et al., 2017b) and animal models 

relevant to schizophrenia suggest ongoing and prolonged OS. In a comprehensive 

review, Steullet et al. combined data from several diverse models and found a 

correlation between high oxidative stress levels and low PNN (Steullet et al., 2017).  

Suttkus et al. studied the effects of oxidative stress in genetically modified mice. Wild-

type mice were compared to knockout mice of brevican, Crtl1 or tenascin-R and 

aggrecan knockdown mice. All were treated with iron (III) chloride (FeCl3). FeCl3 causes 

the spreading of neurodegeneration and propagation of oxidative stress. In wild-type 

and brevican knockout mice, there was less neurodegeneration in neurons surrounded 

by perineuronal nets. However, in the remaining cohorts, there was no difference 

between those with a net and those without, indicating that the protective effect of the 

PNN was abolished (Suttkus et al., 2014).  

1.6.6 PNN remodelling 
The PNN is a dynamic structure that adapts to neuronal and system-wide changes. 

Selectively inhibiting a PVI can result in PNN downregulation in that PVI alone (Devienne 

et al., 2021). Equally, subjecting organotypic slices to non-physiological levels of 

potassium increases PNN expression. Subsequent blockade of calcium channels reduces 

PNN development (Brückner et al., 2001, Dityatev et al., 2007).  

PVI and PNN are also intrinsically linked. Yamada et al. noted that parvalbumin staining 

intensity was increased in PVI surrounded by PNN, which they speculated was due to 

PNN moderating PVI maturation. Notably, the degradation of PNN with ChABC reduced 

PVI intensity without a loss of PVI cell number (Yamada et al., 2015b).  

PNNs are broken down by two classes of enzymes. First, A disintegrin and 

metalloproteinase with thrombospondin motifs (ADAMTS) is a large family of enzymes. 

In the PNN, they cleave the proteoglycan proximal to the link protein prior to the 

chondroitin sulphate-rich region (Gottschall et al., 2015). Howell et al. phenotyped 

ADAMTS1 deficient mice. They expected that PNNs would increase in the mice; instead, 

they found no change to brevican or versican in the infant or juvenile mice. Infant (PD8) 



Chapter 1: Introduction 

39 
 

female, not male, mice had increased neurocan relative to controls. This dichotomy 

suggests a sex-dependent difference in ADAMTS activity or flexibility to ADAMTS1 

deficiency. Interestingly, adult (PD90) female mice had reduced expression of synaptic 

markers in the PFC compared to WT and males, but no groups saw learning or memory 

deficits. (Howell et al., 2012). 

The matrix metalloproteinases (MMP) are a second family of enzymes that modulate 

PNN formation by digesting CSPGs (Ethell et al., 2007). MMP9 is the most widely studied 

regarding PNN. Oxidative stress-susceptible mice have upregulated MMP9. Predictably, 

these mice had reduced PNN expression and delayed PVI maturation. By suppressing 

MMP9 activity, normal PVI and PNN maturation took place despite congenital or 

spontaneous oxidative insult. Thus, this enzyme has intriguing prospects as a 

therapeutic target (Dwir et al., 2019). Fragile X is a genetic, developmental condition 

modelled in mice by Fmr1 gene knockout. Fmr1 null mice show altered PVI and PNN 

maturation, increased MMP9 expression and increased response to auditory stimuli. 

Wen et al. introduced an MMP9 knockdown to Fmr1 null mice and found that PVIs 

surrounded by PNN did not reduce in number. Moreover, MMP9 knockdown mice had 

a functional recovery of the auditory cortex (Wen et al., 2018a). 

1.6.7 PNN in schizophrenia 
There have been a handful of studies looking at PNN expression in schizophrenia. Post-

mortem analyses have found reductions in PNN intensity in the PFC (Enwright et al., 

2016, Mauney et al., 2013), lateral amygdala and lateral entorhinal cortex 

(Pantazopoulos et al., 2010). Crucially, these reductions are not global, with the visual 

cortex having insignificant increases in PNN (Mauney et al., 2013) and adjacent parts of 

the amygdala and entorhinal cortex showing no significant alterations (Pantazopoulos 

et al., 2010).  

Reduced PNN may be due to an increased breakdown. Indeed, schizophrenia patients 

have increased serum MMP9 (Ali et al., 2017, Devanarayanan et al., 2016, Domenici et 

al., 2010, Yamamori et al., 2013). Increased MMP9 was correlated to increased markers 

of oxidative stress (Devanarayanan et al., 2016) and Positive and Negative Syndrome 

Scale (PANSS) scores (Ali et al., 2017). Whether these multi-system peripheral markers 

give a true insight into brain pathology remains a contention.   
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1.7 Chapter aims 

Chapter 3: Characterisation of the subchronic phencyclidine model 

1. Determine whether scPCP administration induces biomarker alterations relevant 

to the proposed mechanism (Figure 3.4). 

2. Update the mechanism accordingly, with a focus on finding self-perpetuating 

interactions to speculate on how the cognitive deficits observed in the scPCP 

model are maintained. 

Chapter 4: Effects of apocynin and minocycline in the scPCP model 

1. Establish if subchronic dosing of apocynin or minocycline could attenuate the 

scPCP-induced NOR deficit. 

2. Use central and peripheral markers of oxidative stress and inflammation to 

evaluate the mechanisms of drug action. 

3. Measure protein targets used in the characterisation study to understand 

whether subchronic dosing reverses pathology. 

Chapter 5: Effects of exercise in the scPCP model 

1. Establish if there is evidence of altered BDNF or TrkB in scPCP-treated animals. 

2. Determine the cognitive and molecular outcomes after acute and chronic 

exercise to understand how and when changes occur. 

3. Investigate whether exercise is having any effects on the proposed scPCP 

mechanisms. 

Chapter 6: Characterisation of the Poly (I: C) model 

1. Measure markers studied in the scPCP model in the PIC model to establish if 

there are points of convergence and divergence.  

2. Evaluate the proteins in adolescent and adult time points to understand the 

developmental timeline of pathology.
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2.1 Rat husbandry 

For all studies, rats were housed in double-decker cages (38×59×24 cm, GR1800, 

Techniplast, Italy). Each cage contained sawdust, sizzle nest bedding and a cardboard 

play tunnel (Datesand Group, UK). Standard rodent chow (Special Diets Services, UK) 

and water were available ad libitum unless otherwise stated. Temperature and humidity 

were controlled at 21oC ± 2oC and 55% ± 5%, respectively. Rat health was monitored 

through observation and weekly weighing. Unless otherwise stated, the lights were on 

a 12-hour light cycle with lights on at 7:00 am. All procedures carried out were under 

the UK Animals (Scientific Procedures) Act of 1986 and had been accepted by the 

University of Manchester's Animal Welfare and Ethical Review Body.   

2.2 scPCP induction  

Female Lister Hooded rats (239.5 ± 18.8g (mean ± standard deviation)) from Charles 

River were dosed using phencyclidine (2 mg/Kg, i.p.) or vehicle (0.9% saline, i.p.) bi-daily 

(10:00 and 16:00) for seven days. Animals then underwent a minimum of a 7-day 

washout, during which minimal handling occurred (Grayson et al., 2007, Neill et al., 

2010).  

2.3 Novel object recognition 

2.3.1 Rationale 
Novel object recognition (NOR) is a simple task to test recognition memory. It benefits 

from being a quick test with no training or adverse stimuli. The standard NOR test 

comprises two trials, acquisition and retention. In the first trial, animals can freely 

explore two identical objects. Then, animals are removed from the testing arena for an 

intertrial interval of variable length. In the retention phase, objects are replaced with 

two new objects, one familiar (i.e., the object from the acquisition trial) and a novel 

object. A naïve rat with intact recognition memory would spend more time exploring 

the novel object due to their innate preference for novelty (Grayson et al., 2015). 

2.3.2 Apparatus 
The NOR box is 50x50x50 cm. The walls are black plexiglass, and the white plexiglass 

floor is divided into nine equal squares by black lines.  The objects, a drink can or a brown 

glass drug bottle, were placed in opposing crosshairs of the central lines (Figure 2.1). The 
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testing room was lit with standard lighting (8 lux), and overhead cameras recorded the 

animals.  

 

Figure 2.1: NOR apparatus. 

2.3.3 Habituation 
Prior to behavioural testing, rats were habituated to the NOR testing arena. First, rats 

were allowed to explore the empty testing arena with cage mates for 15 minutes. Then, 

24 hours later, rats were habituated individually in an empty arena for 15 minutes.  If a 

rat jumped out of the testing arena during habituation, a Perspex sheet was placed over 

the box during testing.  

2.3.4 Testing  
Testing consisted of an acquisition and retention trial. Initially, the rat was placed in the 

corner of the arena facing the wall equidistant from both objects. The objects in the 

acquisition trial are identical. The rat was allowed 3 minutes to explore the objects 

freely. The animals were then removed and held in a holding arena adjacent to the 

testing arena for one minute. In the intertrial interval, the arena was wiped clean 

without using chemicals and the objects were replaced. Finally, in the retention phase, 

the rat was returned to the holding arena in the same corner. Rats were again allowed 

3 minutes to explore the familiar and novel object freely. The rat was then returned to 

the home cage. Between rats, the arena and objects were cleaned with fragrance-free 

disinfectant (Phoenix, Anistel). The order and the types of objects used in each trial were 
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pseudorandomised to ensure the placement was not repeated for each animal across 

multiple NOR tests.  

2.3.5 Scoring 
Tapes were allocated randomised numerical codes and scored in ascending order. An 

animal would be considered exploring if they were actively licking, sniffing, or biting 

objects. Exploration time was calculated using the NOR timer (accessed: 

jackrrivers.com/program/). The discrimination index was calculated by finding the 

difference between time spent at the novel and familiar object and dividing this by total 

exploration time.  

Discrimination index (DI)=
Timenovel – Timefamiliar

Timenovel + Timefamiliar
 

2.3.6 Line crosses 
The number of times the animal crossed the lines on the floor of the NOR chamber 

(Figure 2.1) was measured for both trials as a measure of locomotor activity. 

2.4 Brain region classification 

 

Figure 2.2: Regions of the brain used for post-mortem analysis. Bregma measurements are in 

millimetres (Adapted from Paxinos et al., 2007). 

The definition of the ventral hippocampus used in this thesis is a misnomer. The region 

dissected here includes the intermediate hippocampus, which is functionally distinct 

from the ventral hippocampus. The ventral hippocampus would occupy the bottom third 

of the marked area in Figure 2.2 (Avramopoulos, 2018, Bast et al., 2009). The results 

using this region should be interpreted with caution. 
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2.5 mRNA quantification 

2.5.1 Tissue collection 
Rats were culled by increasing concentration of carbon dioxide, and death was 

confirmed by cervical dislocation. Brains were stored in RNAlater (Sigma), frozen on dry 

ice, and stored at -80°C. 

2.5.2 Frozen brain dissection 
The brains were thawed sufficiently to remove RNAlater. Dissections were completed 

on a plastic box covered in foil filled with dry ice to keep brains frozen to preserve RNA. 

The prefrontal cortex (PFC) and dorsal hippocampus (DH) were dissected and stored in 

RNAlater at -80°C. The following markers were used as the PFC was more difficult to 

isolate in tissue slices. The anterior PFC was identified in coronal sections using the 

earliest detection of the forceps minor of the corpus callosum. Posteriorly, the corpus 

callosum formation marked the PFC's termination. The PFC was isolated from these 

sections by cutting alongside the white matter landmarks on the lateral edges of the 

PFC. The rhinal fissure was used to estimate the ventral edge of the PFC. Finally, the 

highest point of the forceps minor of the corpus callosum was used to mark the dorsal 

edge of the PFC (see Figure 2.3). 

 

Figure 2.3: Landmarks used to dissect the prefrontal cortex in frozen sections. (Adapted from 

Paxinos et al., 2007). 

2.5.3 RNA extraction 
RNA was extracted using the innuPREP DNA/RNA Minikit (Analytik Jena). Dissected 

samples were sufficiently thawed on ice to remove the RNAlater solution and were 
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transferred into a clean 1.5 mL Eppendorf tube. Samples were manually homogenised 

with 450µL of the provided lysis solution RL. Tissue that had not been lysed was removed 

by centrifuging the samples at 14,400 rpm for one minute. Next, the supernatant was 

transferred into spin filter D, which was placed in a receiver tube. Spin filter D binds 

genomic DNA. The tube and filter were centrifuged at 12,200 rpm for 2 minutes. Next, 

filters were checked to ensure the solution passed through the filter. If there was still 

some solution above the filter, the filters and tubes were centrifuged again at 14,400 

rpm for 2 minutes until all the solution had passed through. As the genomic DNA was 

not going to be used in this study, this filter was discarded. 

The filtrate was mixed with 400µL of 70% ethanol to encourage the RNA to precipitate 

out of the solution. The filtrate and ethanol were mixed with a pipette and transferred 

into spin filter R in a clean receiver tube. This tube was centrifuged at 12,000 rpm for 2 

minutes. Again, samples would be centrifuged a second time if the solution had not 

wholly passed through the filter. The RNA was bound to spin filter R. To remove the RNA 

from the filter, 500µL of washing solution HS was added to each filter and centrifuged 

at 12,000 rpm for 1 minute. This was repeated with 700µL of washing solution HS. The 

filters were span at 12,000 rpm to remove all remaining ethanol for 2 minutes. Finally, 

the spin filter was placed over an elution tube, and 80µL of RNase-free water was added. 

After a 1-minute incubation at room temperature, tubes were centrifuged at 8,000 rpm 

for 1 minute.  

2.5.4 RNA quantification 
RNA was quantified using a NanoDrop (Thermo Scientific, UK). First, 1µL of RNase-free 

water was applied to calibrate the NanoDrop. After calibration, 1µL of each solution was 

applied individually to the NanoDrop. The quantity of RNA in ng/µL, the A260/280 ratio 

and the A260/230 ratio were recorded for each sample. The 260/280 ratio assesses the 

RNA quality, a ratio that was not between 1.8 and 2.1 would be rejected and RNA 

extracted again. The 260/230 assesses nucleic acid purity and should be 2.0 or above. 

Contamination at this wavelength tends to be due to guanidine thiocyanate, commonly 

found in lysis buffers. Evidence suggests that high concentrations of this salt do not 

compromise PCR experiments (von Ahlfen et al., 2010). As such, no upper limit of 

260/230 ratio was applied to samples.  
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2.5.5 Reverse transcription of RNA into cDNA 
RNA was reverse transcribed into complementary DNA (cDNA) using the QuantiTect 

Reverse Transcription kit (Qiagen, UK). The kit can convert RNA quantities of up to 1µg 

of RNA. This value was standardised across all models and time points, with the highest 

possible value of 850ng being selected. Samples were diluted to 850ng of RNA with 

RNase-free water to produce 12µL of template RNA. Negative controls were also 

prepared. A no reverse transcriptase (RT) control contained RNA pooled from all 

samples diluted to 850ng RNA, and a no template (NT) control contained only RNase-

free water. These were treated the same as samples unless otherwise stated. All 

samples and controls were mixed with 2µL of 7x gDNA Wipeout Buffer and incubated 

for 2 minutes at 42°C (Stratagene Mx3000P thermal cycler, Agilent, USA). The RT control 

was treated with 1µL Quantiscript Reverse Transcriptase, 4µL Quantiscript RT Buffer and 

1µL RNase-free water. The remaining samples and NT control were mixed with master 

mix stock containing the equivalent of 1µL Quantiscript Reverse Transcriptase, 4µL 

Quantiscript RT Buffer and 1µL RT Primer Mix. With the addition of the template RNA, 

each reaction had a total volume of 20µL. Samples were mixed and incubated for 15 

minutes at 42°C, then 3 minutes at 95°C in the AriaMx qPCR machine (Agilent, USA). 

Samples were stored at -20°C until use.  

2.5.6 Reference gene selection 
Three samples from each treatment, sex, strain and region were diluted to 1:50 and 

1:100 for reference gene selection. The housekeeping gene panel included β-actin, β-2-

microglobulin (B2m), glyceraldehyde-3-phosphate dehydrogenase (Gapdh), malate 

dehydrogenase 1 (Mdh1), ubiquitin C (UBC), tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein zeta (Ywhaz). The volumes for each reaction were 

7.2μL sample, 2.8μL housekeeping primer (Thermofisher) and 10μL 2x SYBR Green PCR 

Master Mix (Qiagen, UK). Samples were loaded and mixed into 0.2mL microtube strips 

(Sarstedt, Germany). Samples underwent a thermal cycling program. After an initial PCR 

heat activation step, 2 minutes at 95°C, samples were amplified by cycling between 

denaturation steps at 95°C for 5 seconds and combined annealing and extension steps 

at 60°C for 10 seconds. In the final step for melting curve analysis, samples were heated 

to 95°C for 1 minute, cooled to 55°C for 30 seconds and finally heated to 95°C for 30 

seconds. qPCR was performed on the AriaMx qPCR machine (Agilent, USA).  
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The quantified cycle threshold was interpreted using the GoodGeNorm workflow 

facilitated by KNIME software. The GoodGeNorm workflow is a prewritten piece of R 

code that finds the most stable housekeeping group between treatment groups using 

pairwise comparisons.  

2.5.7 Quantitative polymerase chain reaction (qPCR) 

2.5.7.a Optimisation of dilutions 
A pool of cDNA from each strain, age and region was created to find the appropriate 

dilution of the cDNA samples. The pools were diluted to 1:50 and 1:100. These were 

then run, in duplicate, for each primer. For the optimisation and final qPCR plates, 8µL 

of diluted sample was combined with a master mix comprising 2µL of primer and 10µL 

of 2x SYBR Green PCR Master Mix (Qiagen, UK). Samples were loaded into 0.2mL 

microtube strips (Sarstedt, Germany) and mixed. Samples underwent the same thermal 

cycling program described in 2.5.6.  

Dilutions were considered optimal if the cycle threshold (Ct) value was between 18 and 

26. For Ct values of less than 18, we considered diluting the samples. For Ct values higher 

than 26, more concentrated samples were used.  

2.5.7.b Quantification of mRNA 
A 2-fold serial dilution of pooled 850ng cDNA created a standard curve, assuming 

complete conversion. The resulting eight standards ranged in concentration from 34-

0.266ng/mL. All the standards were then further diluted with 90µL of RNase-free water. 

Finally, the standards, samples, RT and NT controls were combined with a master mix 

containing SYBR Green PCR Master Mix and the primer of interest in the same ratio 

described in 2.5.7.a and run in duplicate on the same thermal cycle as previously 

explained (section 2.5.6). 

For a qPCR plate to pass, the negative controls needed no Ct value or have values ten 

cycles higher than the lowest Ct value of a sample. In addition, the product's melting 

temperature for the samples and standards needed to be within 1.5°C. Finally, the 

efficiency of the primer needed to be between 75-110% (details found in 8.1.1). 

Individual samples were excluded if Ct values were not on the standard curve or when 

the coefficient of variation for the duplicate was above 10%. 

Coefficient of variation (CV)%= 
Standard deviation of replicate

Average of replicate
 ×100 
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2.5.8 Confirmation of qPCR amplicon size 
To confirm that the products produced during qPCR amplification were the correct 

targets of the predicted amplicon size, PCR products were loaded into an agarose gel 

(2% in 1x TAE buffer with 0.01% gel red stain). 18μL of the qPCR product was mixed with 

2μL loading buffer (1.25% (w/v) xylene cyanol FF and 30% (v/v) glycerol in water 

solution). 17μL of the mix was added into each well alongside 5μL a hyperladder 25bp 

(Bioline, UK) in the peripheral wells. The gel was separated using electrophoresis (120V) 

for one hour. The gel was visualised using a UV transilluminator (Gel Doc, 2000, BioRad). 

Representative images are provided in the supplementary materials (8.1.1). 

2.5.9 RNA integrity 
We checked for RNA integrity to ensure the samples were not contaminated. The RNA 

samples were diluted to 100ng/μL, and 2μL of 5x loading buffer (Bioline, UK) was added. 

The samples were added to an agarose gel (1.5% agarose and 0.01% gel red stain in 1x 

TAE buffer). Once loaded, the samples were separated by electrophoresis (120V). When 

the ribosomal RNA bands separated, gels were visualised on a UV transilluminator (Gel 

Doc, 2000, BioRad). Representative gels are provided in the supplementary materials 

(8.1.1). 

2.6 Protein quantification 

2.6.1 Tissue collection 
Rats were culled by increasing concentration of carbon dioxide, and death was 

confirmed by cervical dislocation. Brains were frozen on dry ice and stored at -80°C. PFC 

and DH were dissected from the frozen brain and homogenised on ice in a 10-fold 

volume (mg:μL) of buffer (10mM Trizma base, Sigma-Aldrich; 320μM sucrose, Sigma-

Aldrich; 2mM EDTA, Sigma-Aldrich; and protease- and phosphatase- inhibitor cocktails, 

Sigma-Aldrich) buffered to a pH of 7.4. Phenylmethylsulfonyl fluoride (PMSF) and 

sodium orthovanadate were added to the solution at a 1% (v/v) concentration. Samples 

were centrifuged at 800xg for 15 minutes at 4°C. The supernatant was collected and 

centrifuged at 11,700xg for 20 minutes. The resulting supernatant (S2) and pellet (P2) 

were collected and stored at -20°C.  

2.6.2 Bradford Assay 
Protein concentrations were calculated using the Bradford Assay. Samples were diluted 

into protein assay dye reagent concentrate (BioRad) and compared to bovine serum 
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albumin (Sigma) of known concentration (1.0-0.1 mg/ml protein). A standard curve was 

created using simple linear regression. A plate where the standard had an R2 < 0.9 was 

rerun. Standards and samples were run in triplicate. An outlying value from a triplicate 

was removed if the CV value was greater than 10%. 

2.6.3 Simple Western Analysis (WES) 
WES is a capillary-based method of protein separation and immunodetection. It works 

through the same principles of a traditional western blot: sample separation, blocking, 

primary and secondary incubations, and visualisation. Unlike traditional western blot, 

these steps are automated (Harris, 2015, Lück et al., 2021). 

A WES plate was prepared following the manufacturer's instructions (SM-W004, 

ProteinSimple). Diluted samples were mixed with dithiothreitol and fluorescent master 

mix in an 8:1:1 ratio. Most proteins were denatured at 95°C for five minutes, though 

some were denatured at 40°C for thirty minutes due to differences in subcellular 

location. A biotinylated ladder, the samples, antibody diluent, primary antibody, 

secondary antibody and luminol-peroxide mix were loaded into appropriate wells. After 

brief centrifugation of the plate, wash buffer was added. 

The plate was placed into the WES machine. The WES machine completed the following 

steps. First, the load separation matrix was aspirated, and the stacking matrix was drawn 

up into each capillary. The ladder and samples were then loaded and lowered into the 

running buffer. An electrical current was applied to the samples, which were separated 

based on molecular weight. At the end of the separation, samples were immobilised by 

UV light, and the lysis buffer and non-protein components were washed out of the 

capillary. Then, the capillaries drew up the blocking solution, primary and secondary 

antibodies, flanked by wash steps. Finally, the chemiluminescent substrate was added 

to the capillaries, and the camera detected the chemiluminescence levels at nine 

different time points (1-512 seconds). The software would then calculate the peak's high 

dynamic range (HDR), providing the strongest signal with the lowest background. The 

HDR peak would be used to calculate the area under the curve, which is analogous to 

the quantity of protein in the sample (Figure 2.4). 



Chapter 2: Methods 

51 
 

 

Figure 2.4: Schematic of size-based protein separation and detection on the WES machine. 

Taken from Protein Simple technical guide. 

2.6.3.a Optimisation of novel antibodies 
The ideal antibody and protein concentration was found for each study and brain region 

tested. The optimal antibody concentration was defined as the concentration where all 

the protein of interest in the sample was bound to an antibody. In addition, the optimal 

protein concentration was ascertained to find the most robust effect sizes between 

groups, if present. We tested different protein concentrations and antibody dilutions on 

the pooled sample to achieve this. The pooled sample was created by combining 

homogenate from each sample, ensuring that all treatments are equally represented.  

We have found that the protein concentrations of 0.8, 0.4 and 0.2 mg/mL and antibody 

dilutions 1:20, 1:50, 1:100 and 1:200 work well in tissue homogenates. Twelve wells of 

a plate would be used to accommodate these concentrations in all iterations. 

Upon completion of the assay, we would first take the peak height, or the 

chemiluminescence, and compare the different antibody dilutions from each protein 

concentration (Figure 2.5A). In theory, increasing antibody dilution in a sample with the 

same protein input will result in a sigmoidal relationship (Figure 2.5B). With low 

antibody binding at low protein concentrations (red zone), an increase in antibody 
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binding as concentrations increase (orange zone), then saturation of the signal (green 

and pink zones). Once saturated, regardless of additional antibody concentration, the 

peak height would not alter, as all the protein in the sample is occupied. Of the two 

zones in the saturation zone, we aim for the green zone, as excessive antibody 

concentration can result in non-specific binding or background signals. The example 

data in Figure 2.5BA shows saturation at 1:100 for 0.2 and 0.4mg/mL at 1:200 for 

0.8mg/mL. On selecting the optimal antibody dilution (1:100 or 1:200 in our example), 

we next find the optimal protein concentration. Here we look at the area under the 

curve. Again, we expect the relationship between protein concentrations and the area 

under the curve to be somewhat sigmoidal, reaching a saturation when all the antibody 

in the reaction is utilised. Here, we aim for our samples to be in the linear portion of the 

theoretical graph (Figure 2.5D). In the linear portion, differences in protein levels in the 

treatment groups would be the most detectable. Our example data (Figure 2.4C) shows 

a linear relationship in the 1:100 graphs. The optimal combination here would be 

0.4mg/mL protein at 1:100. 
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Figure 2.5: Optimisation of a novel antibody with WES. 

The final step is to check the quality of the selected peak. Ideally, there should be a single 

peak at the approximate molecular weight. The background should be minimal, with the 

peak still discernible at the conclusion of the visualisation (512s). The peak height should 

be below 300,000 to ensure sufficient supplies of chemiluminescent substrate for the 
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entire detection period. The peak height should remain consistent in the first seconds 

after introducing the chemiluminescent substrate, with levels dropping from 8s (Figure 

2.6). 

 

Figure 2.6: Example peak from WES.  

2.6.3.b Normalisation with total protein 
To normalise the protein, we used the total protein assay provided by protein simple 

(DM-TP01). This kit uses the same principles as a Coomassie stain, indicating the protein 

concentration loaded into the assay. We validated that total protein is stable across 

treatments and measured total protein output at different protein concentrations to 

ensure we were in the linear part of the graph (Figure 2.5D). Further details on the 

validation of total protein can be found in the supplementary material (8.1.2). 

For the brain homogenate supernatant S2 samples, we ran the total protein assay at 

0.2mg/mL. For the pellet (P2) samples, we used 0.1mg/mL. Once we had the total 

protein data for the whole cohort, we would compare the average total protein levels 

for each treatment to ensure that total protein was stable between treatments. The 

area under the curve of the protein of interest was divided by the area under the curve 

for the total protein to find the normalised relative protein levels.  

2.6.4 ELISA optimisation 
Four outcomes needed to be ascertained from the ELISA optimisation. The first was to 

ensure the standards produced a good curve. From this, we could conclude that the kit 
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and protocol worked correctly. The second was to estimate the protein concentration 

of samples required for the assay. Ideally, protein samples should sit in the middle of 

the standard curve to ensure all samples will be interpolated. The third goal was to run 

the experimental samples at different concentrations to ascertain the linearity of the 

assay. Theoretically, halving the protein input should halve the output of the protein of 

interest. However, this is rarely the case. Finally, we run a homogenisation buffer-only 

control well to ensure that none of the buffer components interact with the kit contents. 

2.7 Plasma collection 

Rats were culled by increasing concentration of carbon dioxide, and death was 

confirmed by cervical dislocation. Trunk blood was collected in EDTA tubes, then 

inverted ten times and stored on ice. Blood was centrifuged at 7000rpm for 5 minutes. 

Plasma was collected and frozen at -80°C. 

2.8  Immunohistochemistry (IHC) 

2.8.1 Perfusion and fixation 
Rats were anaesthetised with isoflurane and perfused transcardially with 1x phosphate-

buffered saline (PBS). The brains were collected and post-fixed in 4% formaldehyde for 

72 hours at 4°C. Once fixed, brains were immersed in 30% sucrose for 72 hours, then 

flash-frozen in isopentane and stored at -80°C. 

2.8.2 Sectioning 

Sections were cut at 30µm using a cryostat (CM1950, Leica Biosystems). One in eight 

serial sections of the PFC and DH were suspended in cryoprotectant (30% ethylene 

glycol, 30% glycerol, 10% PBS, 30% dH2O) for long-term storage (-20°C). 

2.8.3 Staining 

Sections were washed in 1x PBS three times for five minutes each. For parvalbumin and 

allograft inflammatory factor 1 (IBA-1) sections, sections underwent heat-induced 

antigen retrieval in sodium citrate buffer (0.294% (w/v) sodium citrate, 0.07% (v/v) 

tween-20, 500ml distilled water, pH adjusted to 6.0) for 30 minutes at 80°C. Tris-EDTA 

buffer was used for PNN sections (0.121% (w/v) tris-base, 0.037% (w/v) EDTA in distilled 

water, pH adjusted to 9.0, add 5.0x10-4% (v/v) tween-20), sections were incubated in 
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the buffer for 10 minutes at 80°C. Unless otherwise stated, samples were washed twice 

in 1x PBS between each step. 

PV, PNN and IBA-1 sections were processed for light microscopy. Samples were 

incubated in hydrogen peroxide solution (1.5% H2O2, Sigma; 0.4% Triton x-100, Sigma; 

10% methanol, 88.1% 1x PBS) for 30 minutes at room temperature (RT). Samples were 

incubated in protein block (5% normal horse serum, Vector Laboratories; 0.6% triton x-

100, Sigma; 94.4% 1x PBS) for one hour. Then, without washing, incubated in 

biotinylated wisteria floribunda (WFA) (1:1000; 16 hours; B-1355-2, Vector 

Laboratories), anti-parvalbumin (1:5000; 24 hours; 235, Swant), or anti-IBA-1 (1:2000; 

24 hours; ab5076, Abcam) at 4°C. On day 2, PV and IBA-1 samples were incubated with 

secondary antibodies (PV: horse anti-mouse; 1:200; BA-2000-15, Vector Laboratories, 

and IBA-1: horse anti-goat; 1:200; BA-9500-15, Vector Laboratories) for 2 hours. PV, PNN 

and IBA-1 sections were incubated with the VECTASTAIN Elite ABC-HRP kit (PK-4000, 

Vector Laboratories) for 45 minutes and visualised with a DAB substrate kit (SK-4100, 

Vector Laboratories). When a sufficient colour change had been observed, samples were 

moved into distilled water to stop the peroxidase reaction. For parvalbumin and IBA-1 

sections, nickel was added to the DAB solution to produce a purple/black stain. For PNN 

sections, nickel was not added to produce an orange stain (see Figure 2.7). Sections were 

mounted onto SuperFrost slides and assigned randomised codes. Slides were then 

dehydrated in increasing ethanol concentrations (70%, 90% and 100%, 5 minutes each) 

and washed in Histoclear (National Diagnostics) for 5 minutes. Coverslips were applied 

with DPX mounting media (Sigma). 

It should be noted that there is some contention as to the optimal methodology for 

identifying PNN. The most common staining method is WFA, which reportedly stains all 

CSPGs (Härtig et al., 1992). However, some groups recount issues with WFA staining in 

post-mortem samples. For example, incomplete or inconsistent staining has been 

described in light and confocal microscopy studies (Brückner et al., 2008, Rogers et al., 

2018). The present study observed consistent PNN morphology using the stated 

preparation. 
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Figure 2.7: Example staining of parvalbumin, perineuronal nets and microglia in the PFC. The 

scale bar on the left for the x1 PFC sections. The scale bar on the right for the x20 panels. Arrows 

point to an example of positive cell detection. 
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2.8.4 Slide analysis 

2.8.4.a ImagePro Plus 
Images were viewed on an Olympus BX51 microscope. Sections were analysed using 

ImagePro Plus (version 6.3.0.512, MediaCybernetics, United States). The software 

captures the slide at 4x magnification, and the user delineates a region of interest from 

the digital version. The software then randomly selects 35 counting frames within this 

region. The user can define the counting frame size and magnification; in all cases, a 

counting frame of 120x120 µm was used at 20x magnification. The motorised stage then 

moves to the counting frame, and the user counts the number of neurons or nets in the 

region. The neuron or net number was divided by 0.0144 to give cell or net density per 

mm2. 

2.8.4.b Slide scanner 
Images were acquired on a 3D-Histech Pannoramic-250 microscope slide-scanner using 

a 20x objective lens (Zeiss). Snapshots of the slide scans were taken using the Case 

Viewer software (3D-Histech). For PVI and PNN analysis, regions of interest were 

delineated, and PVI or PNNs were counted within these regions. For a PNN to be 

counted, the PNN needed to have formed a complete circle around a neuron. Cell or net 

count was divided by the area of interest to give density.  

Microglia density was measured using QuPath software (0.4.2, available at 

https://qupath.github.io/). The prefrontal cortex was delineated, and the program 

automatically counted the microglia cell bodies. For each section, the threshold was 

modified depending on the background levels. A higher threshold would be used for 

sections with low backgrounds and vice versa. Density was analysed by dividing 

microglia cell number by the area of the region of interest. 

2.9  Statistics 
Statistical testing was carried out in SPSS 28.0.1.0, except for the D’Agostino and 

Pearson normality tests, which were done in GraphPad Prism 9.5.0. Graphs were made 

in GraphPad Prism 9.5.0. 

2.9.1 Normality tests  
The D’Agostino and Pearson (n>7) or Shapiro-Wilk (n≤7) test was used to test for 

normality. Data were considered normally distributed when p>0.05.  
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2.9.2 One sample t-test  
A one-sample t-test was used on normally distributed data to compare individual groups 

to a hypothetical mean. Data were considered significant when p<0.05. 

2.9.3 Comparing the means of two groups 

2.9.3.a Unpaired t-test 
When comparing subchronic vehicle (scVeh) to subchronic PCP (scPCP) in normally 

distributed data, an unpaired t-test was used. In the case of unequal variance, Welch’s 

correction was applied. The difference between groups was considered significant when 

p<0.05.  

2.9.3.b Mann-Whitney U test 
A Mann-Whitney U test compared scVeh and scPCP groups of not normally distributed 

data. The difference between groups was considered significant when p<0.05.  

2.9.4 Comparing the mean of three or more groups 

2.9.4.a One-way ANOVA 
For normally distributed data, a one-way ANOVA would be used. The Brown-Forsythe 

test was used to assess the equality of variances. In the event of a significant ANOVA 

and equal variances, Tukey’s post hoc test would assess the differences between groups. 

However, if the Brown-Forsythe test was significant (p<0.05), indicating unequal 

variances, Dunnett’s T3 post hoc test would be used. 

2.9.4.b Kruskal-Wallis H test 
The Kruskal-Wallis H test was used in the event of not-normally distributed data. If 

significant, post hoc pairwise comparisons would compare the differences between 

each group. 

2.9.5 Correlations 
Pearson’s correlation coefficient for normally distributed data and Spearman’s 

correlation coefficient for not-normally distributed data were used to assess the 

relationship between two dependent variables. The correlation would be two-tailed for 

both, and a significant correlation was considered when p<0.05. 

2.9.6 Simple linear regression 
We used a simple linear regression to assess the relationship between two independent 

variables. In the event of a significant model, the residuals would be plotted, and the 
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distribution of the residuals assessed. Not normally distributed residuals will be 

reported. 

2.9.7 General linear models 

2.9.7.a Univariate general linear model 
A univariate general linear model was used when we had one dependent variable and 

two or more independent variables. This was used on normally distributed data. A full 

factorial model was run, and the effects of the fixed factors and relevant interactions 

were used to direct post hoc testing. In the event of a significant model, we would 

investigate the differences between groups using pairwise comparisons of the estimated 

marginal means with Šidák correction. 

2.9.7.b Repeated measures general linear model 
A repeated measure general linear model was used for data where we had multiple 

outputs for a single rat, for example, the NOR object exploration times or when an 

animal was tested repeatedly across multiple time points. The repeated factor was 

classified as the within-subjects factor, and treatments, age or sex as the between-

subjects factors. Mauchly’s test of sphericity was conducted to determine whether a 

correction needed to be applied. If the test was significant and the calculated epsilon 

was >0.75, the Greenhouse Geisser correction would be applied. If epsilon was <0.75, 

the Huynh-Feldt correction would be used. If a significant within-subject effect existed, 

the estimated marginal means would be compared pairwise, with Šidák correction. 

2.9.7.c Minimal general linear mixed model 
For the maternal immune activation studies, we had to consider the dam of each 

offspring to establish if sibling cohorts had similar outcomes. To do this, we used a 

general linear mixed model (GLMM), which is generally robust to data that is not 

normally distributed, has unequal variances or is skewed (Schielzeth et al., 2020). To 

deal with data that may violate these assumptions, we applied the Satterthwaite 

approximation to every GLMM, which adjusted the degrees of freedom depending on 

the extent of the violation.  

In our GLMM, the dam was used as a random subject variable. In most instances, the 

dam membership is a redundant parameter and will only be reported if significant. 

When reported, it will be reported as the parameter estimate ± the standard error.  
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The GLMM was run as a minimal model, which simplifies a complex multi-factorial 

model into a parsimonious one. A full factorial model was run initially (see Table 2.1), 

and then the least significant outcome was removed until no or only significant factors 

were left. The significant outcomes are then reported. In the case of a significant 

interaction, for example, age*sex, the cohort would be split into age groups, and sex ran 

as a main effect in the GLMM. This would be repeated in the individual sexes using age 

as the main effect. Analysing in this way allows the random effect of the dam to be 

continually assessed.    

As there is evidence that the extent of the maternal immune response in the acute phase 

after infection can predict the extent of the offspring pathology (Potter et al., 2023), we 

reran the GLMM, including the maternal cytokines levels collected for each dam. In this 

GLMM, the maternal cytokine response would be included as a covariate, and its main 

effect and interactions would be assessed for each dependent variable (see Table 2.1). 

In the event of a significant main effect of the maternal cytokine, the relationship 

between the maternal immune response and the offspring-dependent variable was 

explored using a simple linear regression (2.9.6). In the event of a significant interaction, 

the data were split into the relevant cohorts (age, sex, treatment or combinations of 

these factors), and the main effect of the maternal cytokine was assessed. 

The residuals of significant models were plotted, and the distribution was tested to 

ensure a GLMM was an appropriate model. In the event of non-normally distributed 

residuals, the data were log10 transformed, and the GLMM and residuals were 

reanalysed.  

Table 2.1: Overview of parameters used in the GLMM. 

GLMM GLMM with maternal cytokine  

Age 
Sex 

Treatment 
Age*Sex 

Age*Treatment 
Sex*Treatment  

Age*Sex*Treatment 

Maternal cytokine 
Age*maternal cytokine 
Sex*maternal cytokine 

Treatment*maternal cytokine 
Age*Sex*maternal cytokine 

Age*Treatment*maternal cytokine 
Sex*Treatment*maternal cytokine  

Age*Sex*Treatment*maternal cytokine 
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3.1 Introduction 

3.1.1 A brief history of NMDA receptor antagonists 
Phencyclidine (PCP) was developed as an anaesthetic under the trade name Sernyl by 

Parke-Davis in 1957. The first documented use of Serynl in human subjects was 

published the following year. Although the drug proved a potent anaesthetic, 5 of the 

64 patients developed a manic state during the surgery. After the surgery, ten patients 

displayed similar side effects on emergence from anaesthesia (Greifenstein et al., 1958). 

Only one year after this publication, Luby et al. used the term schizophrenomimetic to 

describe the effects of Sernyl, stating that the observed side effects had an “impressive 

similarity” to schizophrenia symptoms. The side effects included delusions, disorganised 

thoughts, negativism, apathy and cognitive deviations (Luby et al., 1959). Inevitably, in 

1967, Sernyl was withdrawn from the market (Morris et al., 2014). 

Despite the clinical failure of PCP, chemists at Parke-Davis continued to search for 

derivatives with fewer side effects for use as an anaesthetic. In 1964, they formulated 

ketamine. Like PCP, ketamine is an N-methyl-D-aspartate (NMDA) receptor antagonist; 

however, it is less potent and has a shorter duration of action. Although the ketamine-

induced schizophrenomimetic side effects remained, they quickly subsided. For 

example, in a study of 20 prisoners, the side effects lasted for 30 minutes for those who 

experienced them. Due to patients retaining consciousness during continuous 

administration of ketamine, Domino et al. suggested calling this class of drugs 

“dissociative anaesthetics” (Domino et al., 1965). Unlike PCP, ketamine is still used in 

the clinic as an anaesthetic (Barrett et al., 2020) and, more recently, investigated as a 

potential treatment for several psychiatric disorders (Peyrovian et al., 2020). 

Finally, MK-801, marketed as an anti-convulsant (Clineschmidt, 1982, Hucker et al., 

1983), was also found to act as an NMDA receptor (NMDAr) antagonist (Wong et al., 

1986). In 1989, Olney et al. noted that MK-801, PCP and ketamine resulted in the dose-

dependent development of neuronal lesions in rats. Although only an acute effect, 

electron microscopy revealed numerous vacuoles in layer 3 and 4 neurons. These 

vacuoles appeared to incorporate and break down the mitochondria, increasing in 

severity from 2 to 18 hours post-acute injection. After 24 hours, the neurons had 

normalised. MK-801 had the most detrimental effect, followed by PCP and ketamine 

(Olney et al., 1989). Notably, this order reflects the relative affinity of these drugs at the 
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NMDA receptor (Wong et al., 1986). Although there are unpublished studies that MK-

801 and ketamine do not cause vacuoles in monkeys (Jansen, 2004), the neurotoxicity 

observed in rats by Olney et al., combined with the inconsistent efficacy and side effects 

observed in open-label clinical trials, halted any further clinical studies of MK-801 

(Morris et al., 2014).  

3.1.2 The NMDA receptor 
It is evident that the NMDAr is relevant to schizophrenia symptomology, given the ability 

of antagonists to replicate aspects of the disease. Therefore, before discussing the 

antagonists further, it is essential to establish the function of the NMDAr in healthy 

brains. NMDA is a voltage-dependent ionotropic glutamate receptor comprising four 

subunits, two glycine-binding NR1 and two glutamate-binding NR2. At the resting 

membrane potential, the open NMDAr is blocked by a magnesium ion (Mg2+), preventing 

the flow of other ions. However, when the ionotropic glutamate receptor α-amino-3-

hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) is activated, the membrane 

depolarises, and the Mg2+ block is removed, allowing sodium (Na+) and calcium (Ca2+) 

ions to flow into the post-synaptic neuron. Ca2+ then activates intracellular kinases, 

which potentiate the synapse by upregulating new AMPA receptors or increasing the 

efficacy of existing AMPA receptors. This process is called long-term potentiation (LTP) 

and is a fundamental means of learning and memory (Hayashi, 2022, Lüscher et al., 

2012, Vyklicky et al., 2014). 

3.1.3 Effects of acute NMDA receptor antagonism 
Given that the NMDAr is critical in glutamate signalling, it would be reasonable to 

assume that NMDAr antagonism would lead to reduced levels of glutamate. 

Counterintuitively, acute exposure to NMDAr antagonists increases PFC glutamate 

levels in rodents (Amitai et al., 2012, Moghaddam et al., 1997, Zuo et al., 2006). Specific 

investigation of different neuronal subtypes revealed that acute MK-801 administration 

initially reduces the activity of GABAergic interneurons, which, in turn, increases 

glutamate neurons' activity due to reduced inhibition (Homayoun et al., 2007). It 

appears, therefore, that GABAergic interneurons are more susceptible to NMDAr 

antagonism. The composition of the NMDAr on the different neuronal subtypes may 

explain this difference. As stated in the previous section (3.1.2), the NMDAr comprises 

two NR1 and two NR2 subunits. The NR2 subunits can either be NR2A, 2B, 2C or 2D 
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subtypes; each has different functional properties and sensitivities. For example, 2A and 

2B are less sensitive to ketamine and strongly blocked by Mg2+. 2C and 2D subtypes are 

the opposite, with increased ketamine sensitivity and reduced potency of the Mg2+ block 

(Kotermanski et al., 2009). Glutamatergic neurons predominately express the NR2A and 

2B subtypes, whereas parvalbumin and somatostatin neurons express the ketamine-

sensitive NR2C and 2D  (Bygrave et al., 2019). Although studies suggest that NMDAr 

antagonism in PVI depends on the presence of NR2A receptors (Kinney et al., 2006), the 

2C and 2D are most readily blocked by NMDAr antagonists  (see Figure 3.1). This 

selective sensitivity explains the increase in glutamate after acute treatment with PCP, 

MK-801 and ketamine, as it will cause disinhibition of this network (Amitai et al., 2012, 

Moghaddam et al., 1997, Zuo et al., 2006).  

 

Figure 3.1: Neuronal NMDA receptor subunit distribution. Pyramidal cells (PC) express NR2A 

and NR2B subunits, which are less sensitive to antagonism by the dissociative anaesthetics PCP, 

MK-801 and ketamine. The inhibitory interneurons conversely express predominantly NR2C and 

NR2D, which are sensitive to antagonism. Without NMDAr antagonism, parvalbumin (PV) and 

somatostatin (SST) interneurons inhibit PC (1), diminishing the excitatory output (2). However, 

administering an NMDAr antagonist (3) reduces the inhibitory output of interneurons (4), which 

results in an increased excitatory drive from PC (5) and increased glutamate levels. Adapted from 

Bygrave et al., 2019. Image created in BioRender.com. 

In keeping with increased glutamate, acute PCP increases c-fos (Castañé et al., 2015) and 

glucose metabolism (Gao et al., 1993) 1-3 hours after injection, which then normalises 
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after 48-96 hours. This activity alteration coincides with impaired social interaction 

behaviour (Savolainen et al., 2018) and working memory deficits (Mathews et al., 2018). 

It should be noted that behaviour in acute dosing models is often measured while the 

drug is on board. Acutely, PCP causes sedation and motor deficits (Jurado, 2013), which 

might interfere with behavioural measurements.  

3.1.4 Subchronic dosing regimes 
Many studies choose to use a subchronic dosing regimen followed by a washout due to 

its long-lasting effects and ability to test animals in a drug-free state (Cadinu et al., 2018). 

Indeed, when comparing outcomes from acute and chronic dosing regimens in both 

preclinical studies and recreational users of PCP, Jentsch et al. concluded that chronic 

exposure to PCP resulted in a more robust symptom induction, particularly those 

classified as negative and cognitive, compared to acute exposure (Jentsch et al., 1999).  

Let us now consider the effects of repeated NMDAr blockade on GABAergic 

interneurons. Comparable to acute exposure, glutamate remains elevated after 

subchronic dosing, though reduced in magnitude (Amitai et al., 2012), indicating the 

persistence of reduced inhibition. In a typical brain, reduced activity of the NMDAr 

receptor would indicate a reduction in glutamatergic input to GABAergic interneurons. 

To maintain the excitatory/inhibitory (E/I) balance, the PVI would respond to reduced 

excitatory input with a reduced inhibitory output. A way of modulating inhibitory power 

is by changing the expression of parvalbumin (Collin et al., 2005) and GAD67 (Lau et al., 

2012). Lisman et al. proposed that a reduction in GABAergic markers in NMDAr 

antagonist models is an inevitable consequence of PVI incorrectly detecting reduced 

glutamatergic neurotransmission due to the NMDAr dysfunction (Lisman et al., 2008).  

As anticipated, there are reductions in parvalbumin (Amitai et al., 2012, Behrens et al., 

2008, Braun et al., 2007, Gigg et al., 2020, Jenkins et al., 2010, Landreth et al., 2020, 

McKibben et al., 2010) and GAD67 (Amitai et al., 2012, Behrens et al., 2008, Boczek et 

al., 2015, Gigg et al., 2020, Woźniak et al., 2018) after subchronic NMDAr antagonism. 
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Figure 3.2: NMDAr signalling between pyramidal neurons and PVI. The left-hand panel shows 

normal NMDAr signalling in pyramidal cells (PC) and parvalbumin interneurons (PVI). In typical 

signalling, reduced glutamatergic output from PC would decrease NMDAr signalling onto the PVI 

(steps 1-2). It is proposed that PVI respond to reduced NMDAr activity with reduced parvalbumin 

and GAD67 expression to reduce the PVI inhibitory output (steps 3-4). Reduced inhibition would 

increase glutamatergic activity, resulting in reciprocal outcomes (steps 5-8). The right-hand 

panel shows the proposed outcomes when an NMDAr antagonist is administered. Blockade of 

NMDAr on PVI would result in reduced parvalbumin and GAD67 expression (a-c) due to reduced 

NMDAr activity (akin to steps 2-3). This would result in reduced inhibitory output and 

subsequent increased glutamatergic activity. However, as an antagonist blocks the NMDAr, the 

reciprocal pathway is not enacted. 

3.1.5 Mechanisms 
Although the data for GABAergic, particularly parvalbumin, dysfunction is convincing. It 

is unclear how the drug maintains its effects after washout. Thus far, the data produced 

a linear mechanism for parvalbumin and GAD deficits (Figure 3.3). In this model, the 

removal of NMDAr antagonism should recover the system, as without the 

pharmacological disinhibition, the inhibitory interneurons should detect the increased 

excitation and work to recuperate the E/I balance. Indeed, recovery is seen in acute 

treatment models (Castañé et al., 2015, Gao et al., 1993). It is clear there are more 

factors at play in the subchronic dosing regimes that explain the post-washout deficits. 

The final section will discuss proposed theories for sustained cognitive and pathological 

deficits in the absence of ongoing NMDAr antagonism. 

 

Figure 3.3: Consequences of NMDAr antagonism for parvalbumin interneurons. 

PCP
GABAergic 

NMDAr 
antagonism

E/I 
imbalance

↓PV/GAD
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3.1.5.a Perineuronal nets 
Building on the idea that changes in the PVI are corrective responses to misperceived 

reductions in excitatory input, what changes would be expected in PNN? A valuable 

study by Devienne et al. conclusively showed that inhibiting PVI using designer receptors 

exclusively activated by designer drugs (DREADDs) reduces PNN density (Devienne et al., 

2021), showing that PNN density can reduce when PVI are less active. Furthermore, a 

meta-analysis of 14 papers studying PVI and PNN in genetic and environmental models 

relevant to schizophrenia found a strong correlation between change in PVI density and 

change in PVI cells surrounded by PNN (R2 = 0.800, p<0.001, linear regression analysis). 

A consequence of shifting to a low PNN state, however, is that it makes the PVI more 

susceptible to oxidative damage, with the same studies showing a negative relationship 

between PV+/PNN cells and oxidative stress (R2 = -0.036, p = 0.020) (Steullet et al., 

2017).  

3.1.5.b Oxidative stress 
Reactive oxygen species (ROS) form when an oxygen molecule reacts with a free 

electron. ROS can be produced by internal processes such as cellular metabolism or 

respiration or in response to external stimuli such as radiation, UV or heat. Many 

biological processes depend on ROS, including regulating transcription proteins, 

hormone production, and maintaining the extracellular matrix (ECM). Critically, 

unmanaged ROS can damage proteins, lipids and nucleic acids. Therefore, it is crucial to 

moderate ROS levels in tissues. This is the function of antioxidants, which either 

enzymatically break down or scavenge ROS (Hunyadi, 2019). 

In a comprehensive review, Yao et al. summarised several studies looking at levels of 

antioxidants, free radical scavenging enzymes, nitric oxide signalling, lipid peroxidation 

and protein modifications in the blood, urine, cerebral spinal fluid and post-mortem 

tissue of schizophrenia patients. Overwhelmingly, the data suggested that schizophrenia 

patients have decreased antioxidant levels and increased markers of ROS. Moreover, 

these changes were present regardless of medication status (Yao et al., 2011). The 

authors also highlighted research that showed a correlation between oxidative stress 

markers and positive, negative and cognitive symptoms (Buckman et al., 1990, Mukerjee 

et al., 1996, Zhang et al., 2003). More recently, studies of first-episode psychosis, 

treatment-responsive, and treatment-resistant patients have shown a shift from 
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antioxidant to oxidative stress markers in peripheral blood samples (Buosi et al., 2021, 

Fraguas et al., 2019). In post-mortem samples, there is also evidence of reduced 

glutathione, an antioxidant, in the prefrontal cortex of schizophrenia patients (Gawryluk 

et al., 2011, Zhang et al., 2018b), suggesting a life-long and sustained imbalance in ROS 

production or removal. 

3.1.5.c Inflammation 
Recently, a hypothetical mechanism linking oxidative stress and inflammation has been 

proposed to contribute to schizophrenia pathology (Bitanihirwe et al., 2020). There is 

some compelling evidence that chronic inflammation is involved in schizophrenia 

pathology. A genome-wide association study comprising of near 37,000 schizophrenia 

patients found a high degree of mutations were present in cells involved with the 

immune system (Schizophrenia Working Group of the Psychiatric Genomics Consortium, 

2014). More recently, studies have shown the upregulation of inflammatory pathways 

in the dorsolateral prefrontal cortex (DLPFC), hippocampus and striatum of 

schizophrenia patients, highlighting interleukin-6 (IL6) as a significant contributor (Lanz 

et al., 2019, Pandey et al., 2018).  

IL6 can be measured in the periphery, meaning clinicians and researchers have 

considered it a useful biomarker, though this work still needs validation. For example, 

there is evidence of increased levels of IL6 in the serum (Kristóf et al., 2022, van Kammen 

DP et al., 1999) and cerebral spinal fluid (Garver et al., 2003, Sasayama et al., 2013, 

Schwieler et al., 2015, van Kammen DP et al., 1999) of schizophrenia patients. 

Interestingly, increased serum IL6 is also seen in chronic ketamine users (Fan et al., 

2015), further validating the link between schizophrenia pathology and altered 

glutamate signalling.  Notably, inflated serum IL6 is detectable before disease onset and 

strongly predicts risk and age of onset (Upthegrove et al., 2020), again suggesting a life-

long and sustained state of inflammation. 
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3.1.5.d An updated mechanism 
Given the additional factors discussed, the revised mechanism below includes the PNN, 

oxidative stress and inflammation.  

 

Figure 3.4: An updated mechanism for the effects of PCP dosing on PVI. Grey squares show 

acute effects of PCP, and green squares show potential sustained impairments after subchronic 

dosing. 

3.1.6 Aims 
This chapter aims to evaluate the following: 

1. Determine whether scPCP administration induces biomarker alterations relevant 

to the proposed mechanism (Figure 3.4). 

2. Update the mechanism accordingly, with a focus on finding self-perpetuating 

interactions to speculate on how the cognitive deficits observed in the scPCP 

model are maintained.  
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3.2 Methods 

3.2.1 Sample collection 
The samples used for the characterisation chapter were from several different cohorts 

of female Lister hooded rats that were housed at the University of Manchester. These 

animals were housed and dosed as described in 2.1 and 2.2. Rats were dosed at 

approximately 8-10 weeks old at the time of dosing. For all studies, the initial group size 

was 10. This was based on a previously conducted power analysis for the novel object 

recognition task using an alpha of 0.05 and a power of 0.8 (Grayson, personal 

communication). These studies have been summarised in the table below:  

Table 3.1: Summary of different tissues used for the characterisation study. PFC: prefrontal 

cortex, DH: dorsal hippocampus, qPCR: quantitative polymerase chain reaction, WES: simple 

western analysis, PCC: protein carbonyl content, IL6: interleukin 6, ELISA: enzyme-linked 

immunosorbent assay, MMP: matrix metalloproteinase, IHC: immunohistochemistry. 

Source 
Weeks since 

dosing  
Region Study 

b-neuro studies 

22 
PFC 

qPCR 
DH 

12 
PFC WES 

DH PCC 

10 

DH IL6 ELISA 

DH 
MMP9 ELISA 

Plasma 

DH 
MMP2/MMP9 activity 

assay 

(Landreth et al., 

2020) 
14 PFC IHC 

 

In all cases, the vehicle-treated animals will be referred to as scVeh and the PCP animals 

scPCP.  

3.2.2 qPCR 
Brains for this study were collected from rats culled at the end of a b-neuro study. They 

had a behavioural deficit in the NOR task one week after scPCP administration. Animals 

were dosed with vehicle or PCP 22 weeks previously. Brain tissue was collected and 

processed as described in section 2.4, and the resulting complementary 

deoxyribonucleic acid (cDNA) from the PFC and DH was used for analysis. cDNA was 

diluted, as detailed in Table 3.2. As all PCR samples were run on a single plate, the sample 
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size for this study was limited to n=7 per group per region. The rats used were randomly 

selected.  

3.2.3 Simple western analysis 
Brains were from a second b-neuro study where an NOR deficit was present. Animals 

were dosed with vehicle or PCP 12 weeks previously. The PFC was isolated and 

processed as described in sections 2.6.1 – 2.6.3.  

Table 3.2: Dilutions used in the qPCR study. 

Target PFC DH Target PFC DH 

Acan 1:20 1:10 IL6 1:10 1:10 

Actin - 1:100 MMP9 1:20 1:10 

Bcan 1:20 1:10 Ncan 1:20 1:50 

Cat1 1:200 1:200 NFκB 1:20 1:10 

GAD1 1:100 1:100 PSD95 1:50 1:100 

GAD2 1:100 1:100 PV 1:50 1:100 

GAPDH 1:50 1:100 SNAP25 1:200 1:200 

Gpx1 1:200 1:200 SOD1 1:200 1:200 

Gpx4 1:200 1:200 Ubiquitin 1:50 - 

Grin2A 1:100 1:100 Vcan 1:20 1:10 

IL1β 1:10 1:10 VGlut1 1:50 1:200 

 

Table 3.3: Antibody details for simple western analysis. *Samples were denatured at 40°C for 

30 minutes (see 2.6.3). 

Target Product code Supplier 
Protein concentration 

(mg/mL) 
Antibody dilution 

Parvalbumin LS-B14122 LSBio 0.8 1:50 

GAD67 MAB5406 Millipore 0.8 1:100 

SNAP25 Ab5666 Abcam 0.4 1:50 

PSD95 Ab2723 Abcam 0.4 1:50 

NR2A* PPS012 R&D systems 0.1 1:200 

NR2B* PPS013 R&D systems 0.24 1:50 

 

3.2.4 IL6 and MMP9 ELISAs 
Brains and plasma were collected per sections 2.6.1 – 2.6.2, 2.6.4 and 2.7. These brains 

were from a b-neuro study where dosing had been completed 10 weeks earlier. The 

dorsal hippocampal regions were used for IL6 and MMP9 ELISA analysis, which were 

optimised using the protocol in section 2.6.4. 
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3.2.4.a IL6  
IL6 in DH and plasma was measured using the kit HEA079Ra from Cloud-Clone Corp. No 

signal was detected in the plasma in the optimisations, so only tissue homogenates were 

used for testing. A 7-point, 2-fold serial dilution standard curve was made from a stock 

solution of IL6 standard (200 – 3.12 pg/mL). Wells of standard diluent and 

homogenisation buffer (described in section 2.6.1) were used as negative controls. 

100μL of standards and samples, diluted to 2.2mg/mL protein) were pipetted into the 

pre-coated ELISA plate and incubated at 37°C for 1 hour. Samples were removed, and 

detection reagent A was added to the unwashed plate and incubated at 37°C for 1 hour. 

Then, the plate was washed with buffer 8 times and blotted using absorbent paper 

towels. This wash step is repeated between proceeding steps unless otherwise stated. 

Next, 100μL of detection reagent B was added and incubated for 30 minutes at 37°C. 

After washing, 90μL of substrate solution was added and incubated at 37°C in the dark. 

When the standard had fully developed, indicated by the bottom two standard points 

being discernible, 50μL of stop solution was added. 

The plate was read at 450nm and 630nm. First, the optical density (OD) was calculated 

by subtracting the background reading (630) from the detection wavelength (450). Then, 

using the known concentrations of the standard and the calculated OD, a four-

parameter logistic (4-PL) curve was created (R2 = 0.999). 

3.2.4.b MMP9 
To measure the total MMP9 in the rat brain and plasma, we used the kit KE20006 from 

Proteintech. A 7-point, 2-fold serial dilution standard curve was created from a stock 

solution of MMP9 standard (4000 – 62.5 pg/mL). Additionally, wells of the standard 

diluent and the homogenisation buffer (described in section 2.6.1) were run as negative 

controls. Samples were prepared to a working dilution of 2.2 mg/mL protein. The plasma 

was at a 1:2 dilution. Then, 100μL of the standard or sample was dispensed into the 96-

well precoated ELISA plate and incubated at 37°C for 2 hours.  

The plates were washed with diluted wash buffer 8 times, and the remaining liquid was 

blotted from the wells using absorbent paper towels. This washing was repeated after 

the remaining steps unless otherwise stated. Next, 100μL of detection antibody was 

added to the wells, followed by 100μL of horse radish peroxidase (HRP)-conjugated 

antibody; both were incubated at 37°C for 1 hour or 40 minutes, respectively. After a 
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final wash, 100μL 3,3',5,5'-Tetramethylbenzidine (TMB) substrate solution was added 

and incubated at 37°C in the dark. When the standard curve had fully developed, 

indicated by a colour difference between the blank and the most dilute standard, 100μL 

of stop solution was added. 

The plate was read at 450nm and 630nm to analyse the data. After subtracting the 

background (630nm) from the detection (450nm) wavelength, the OD values were used 

to create a 4-PL curve (R2 = 0.998). Finally, the unknown MMP9 concentrations of the 

samples were interpolated from the 4-PL model.  

3.2.5 MMP2/MMP9 activity assay 
To measure the activity of the MMP2/MMP9 enzyme, we used theInnoZyme™ 

Gelatinase (MMP-2/MMP-9) Activity Assay kit (CBA003) from Merck. An 8-point, 2-fold 

serial dilution standard was created from stock solution (2000 – 15.6 ng/mL). Samples 

were diluted to 2.2 mg/mL protein. 90μL of standard or sample was added to a black 96-

well plate. 10μL of MMP2/MMP9 gelatinase working solution was added to each well. 

The plate was incubated at 37°C for 8 hours. Fluorescence was measured at 320nm 

excitation and 405nm emission. The known standard concentrations and their relative 

fluorescent unit (RFU) were used to create a 4-PL standard curve, from which sample 

data was interpolated (R2 = 0.997).  

3.2.6 PCC assay 
The DH from the brains used for the WES characterisation (3.2.3) study were used for 

the PCC assay (ab126287, Abcam). The DH was homogenised in 100μL of water. To 

remove the nucleic acids, we added 10μL of streptozocin and left the mix at room 

temperature for 15 minutes. The samples were centrifuged at 14,000xg for 5 minutes. 

The supernatant was removed, and the 280/260nm ratio was measured on a nanodrop 

to ensure no nucleic acid contamination. A further aliquot was removed for protein 

quantification using the Bradford assay (section 2.6.2). 100μL of 2,4-

dinitrophenylhydrazine was added to each sample, which was vortexed and incubated 

at room temperature for 10 minutes. Then, 30μL of trichloroacetic acid was added, 

samples vortexed, and stored on ice for 5 minutes. Samples were centrifuged at 

14,000xg for 2 minutes, and the supernatant was discarded. The pellet was washed with 

acetone twice, 500μL of cold acetone was added to the pellet, and the tube was 

sonicated for 2 minutes, stored at -20°C for 5 minutes, centrifuged for 2 minutes at 
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14,000xg, and finally, the acetone was removed. 200μL of guanidine solution was added 

and incubated for 30 minutes at 60°C. After incubation, samples were briefly 

centrifuged, and 100μL of the final supernatant was pipetted into a 96-well plate and 

read at 375 nm. The protocol recommends a dilution of 2.5 – 10 mg/mL protein. 

Although many samples used were at the bottom end of this range, we did not detect 

any samples above a water-only negative control. As samples had been homogenised in 

water, they could not be used for any other purpose. 

3.2.7 Immunohistochemistry  
The immunohistochemistry (IHC) brains were taken from a study to assess the effects of 

distraction and proactive interference on memory in the scPCP model (Landreth et al., 

2020). Brains were collected 14 weeks after subchronic dosing. Brains were perfused, 

fixed and sectioned, then stained for parvalbumin and perineuronal nets (PNN) as 

described in section 2.8. To calculate the density of parvalbumin interneurons (PVI) and 

PNN, we used ImagePro Plus software (described in section 2.8.4.a). 

3.2.8 Statistics  
The statistical tests used in this chapter are summarised below:  

Table 3.4: Summary of statistical tests used in chapter three. 

Purpose Distribution Test Section 

Check for normality N/A 
D’Agostino and Pearson (n>7) 

or Shapiro-Wilk (n≤7) 
2.9.1 

Check for correlations 
Normal Pearson’s 

2.9.5 
Not normal Spearman’s 

Compare scVeh to 

scPCP 

Normal Unpaired t-test 2.9.3.a 

Not normal Mann-Whitney U 2.9.3.b 
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3.3 Results 

3.3.1 E/I imbalance 

3.3.1.a Presynaptic changes 
The balance of excitation and inhibition (E/I) depends on the careful management of 

GABA and glutamate. Therefore, their synthesis, release, signalling, and recycling must 

be precisely regulated. In a glutamatergic synapse, the activated pre-synaptic neuron 

releases glutamate, which binds to the available receptors on the post-synaptic neuron. 

Then, astrocytes take up the excess glutamate, converting it into glutamine. Once 

converted, the astrocytes release the glutamine into the synapse, and the presynaptic 

neuron takes it up, ready for converting back into glutamate. Once reconstituted, the 

vesicle glutamate transporter (VGlut) transports glutamate into vesicles in the 

presynaptic terminals (Du et al., 2020). Although several proteins are involved in this 

system, here we will focus on VGlut1 to isolate changes to the pre-synaptic 

glutamatergic output. 

Relative gene expression was determined using quantitative PCR. No change to the 

dorsal hippocampus (DH) VGlut1 gene expression was detected (scVehicle (V): 0.99 ± 

0.07, scPCP (P): 0.86 ± 0.07; t12 = 1.379, p = 0.193) (Figure 3.5A). However, there was a 

significant decrease in VGlut1 expression in the PFC of scPCP-treated rats (V: 0.22 ± 0.04, 

P: 0.11 ± 0.02; t9 = 2.465, p = 0.036) (Figure 3.5B). We attempted to measure protein 

changes in VGlut1 but could not find an antibody that produced bands at the predicted 

molecular weight. 

In addition, E/I balance requires efficient communication between different neuronal 

populations. As such, we selected synaptosomal-associated protein 25kDa (SNAP25) as 

a general marker of synaptic function, as pre- and post-synaptic neurons terminals 

express SNAP25 (Antonucci et al., 2016, Tafoya et al., 2006). SNAP25 can bind to voltage-

gated calcium channels in the pre-synaptic neuron, reducing the calcium (Ca)2+ influx 

rate. In addition, SNAP25 moderates Ca2+-mediated and slow vesicle release. Post-

synaptically, SNAP25 forms a complex with postsynaptic density (PSD)95 (discussed in 

3.3.1.b), allowing PSD95 to anchor to the post-synaptic space. Finally, phosphorylated 

SNAP25 allows the insertion of NMDAr into the post-synaptic membrane (Antonucci et 

al., 2016). To review, alterations to SNAP25 would change pre-synaptic Ca2+ 

concentration and vesicle release and post-synaptic NMDAr presence. 
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Regarding SNAP25, there was no alteration in DH (V: 1.131 ± 0.141, P: 1.084 ± 0.187; 

Mann-Whitney U = 22, p = 0.805) (Figure 3.5C), or PFC gene expression (V: 0.60 ±  0.09, 

P: 0.63  ±  0.28, t9 = 0.200, p = 0.846) (Figure 3.5D). However, there was a notable 

reduction in SNAP25 protein levels in scPCP-treated rats (V: 0.69 ± 0.08, P: 0.18 ± 0.03; 

t9.96 = 9.960, p<0.001 [Welch’s correction applied]) (Figure 3.5E), measured using Simple 

Western analysis.  
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Figure 3.5: The effect of scPCP on VGlut1 and SNAP25 in the DH and PFC. Relative gene 

expression of VGlut1 in the A) DH (n=7) and B) PFC (n=5-6). Relative gene expression of SNAP25 

in the C) DH (n=7) and D) PFC (n=6-7). E) Relative protein levels of SNAP25 in the PFC (n=9-10). 

Graphs show mean ± SEM. D) A Mann-Whitney test was used for gene expression of SNAP25 in 

the DH. Here median ± interquartile range (IQR) is shown. The remaining data were analysed 

with an unpaired t-test, *p<0.05, ***p<0.001. 
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3.3.1.b Postsynaptic changes 
Once released from the presynaptic neuron, glutamate binds to glutamate receptors, 

including the NMDAr. As discussed in section 3.1.3, the differences in these subunits 

predict the differential susceptibility to PCP and its analogues. The NMDAr NR2 subunits 

(NR2A-D) are functionally and developmentally distinct. For example, during 

development, the predominant subunit is NR2B. Through experience-driven 

maturation, expression switches to NR2A (Yashiro et al., 2008). The NR2C and NR2D 

subunits are lowly expressed in the mature brain, making them difficult to measure 

(Vieira et al., 2020); as such, here we focused on the NR2A and NR2B subunits. 

The DH showed a numerical decrease in NR2A gene expression (V: 0.30 ± 0.04, P: 0.21 ± 

0.10; t8 = 1.547, p = 0.160) (Figure 3.6A). In the PFC, there was no change to NR2A gene 

expression (V: 0.44 ± 0.12, P: 0.48 ± 0.14, t9 = 0.207, p = 0.841) (Figure 3.6B) 

There was no alteration to the levels of NR2A in the PFC (V: 1.86 ± 0.17, P: 1.69 ± 0.26; 

t12 = 0.552, p = 0.591) (Figure 3.6C), whereas NR2B levels had decreased in the PFC of 

scPCP-treated rats (V: 1.13 ± 0.16, P: 0.43 ± 0.08; t12 = 3.295, p = 0.006) (Figure 3.6D). 
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Figure 3.6: The effect of scPCP on NMDAr subunits in the DH and PFC. Relative expression of 

NR2A mRNA in the A) DH (n=5-6) and B) PFC (n= 5-6). Relative levels of PFC C) NR2A and D) NR2B 

(n=7). Graphs show mean ± SEM. Group differences were analysed with an unpaired t-test, 

**p<0.01. 
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PSD95 is a scaffolding protein found in excitatory glutamatergic synapses, which links 

with NMDAr directly and AMPAr indirectly. There is compelling evidence that PSD95 

plays a pivotal role in AMPA/NMDA signalling. For example, increased PSD95 density 

provides more anchor points for AMPAr, resulting in a more rapid synapse potentiation 

with NMDA after long-term potentiation (LTP). Conversely, long-term depression (LTD) 

stimulation decreases PSD95, reducing the available scaffolding for the AMPAr. PSD95 

can also directly influence the surface expression of the NMDAr and alter its response 

sensitivity to synaptic signalling (Keith et al., 2008). We next sought to see if there were 

any changes to PSD95. 

Although there was no change to PSD95 gene expression in the DH (V: 0.93 ± 0.37, P: 

0.86 ± 0.44; t9 = 0.292, p = 0.777) (Figure 3.7A) or PFC (V: 0.87 ± 0.20, P: 0.80 ± 0.18; t10 

= 0.257, p = 0.803 (Figure 3.7B), we found a significant reduction in the relative protein 

levels of PSD95 in the PFC (V: 0.70 ± 0.06, P: 0.56 ± 0.02; t11.92 = 2.262, p = 0.043 [Welch’s 

correction applied]) (Figure 3.7C). 
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Figure 3.7: The effect of scPCP on PSD95 in the DH and PFC. A) Relative gene expression of 

PSD95 in the DH (n=5-6). Relative levels of PSD95 B) mRNA (n=6) and C) protein (n=10) in the 

PFC. Graphs show mean ± SEM. Group differences were analysed with an unpaired t-test, 

*p<0.05. 
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3.3.2 Parvalbumin 
Histological evidence suggests that PVI deficits in schizophrenia are due to the lack of 

parvalbumin protein expression rather than the loss of neurons (Filice et al., 2016, Thune 

et al., 2001). Therefore, to better understand what happens to PVI after scPCP, we used 

qPCR, WES and IHC to measure parvalbumin.  

There was no change to DH PV gene expression (V: 1.23 ± 0.10, P: 1.04 ± 0.16; t12 = 0.997, 

p = 0.339) (Figure 3.8A). However, the results in the PFC showed an increase in 

parvalbumin gene expression (V: 0.88 ± 0.07, P: 1.07 ± 0.05; t12 = 2.329, p = 0.038) (Figure 

3.8B) and protein levels (V: 0.36 ± 0.03, P: 0.61 ± 0.09; t10.76 = 2.652, p = 0.023 [Welch’s 

correction applied]) (Figure 3.8C). Despite this, the PVI cell density in the PFC decreased 

after scPCP dosing (V: 137.8 ± 5.36, P: 105.4 ± 3.93; t17 = 4.773, p<0.001) (Figure 3.8D). 
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Figure 3.8: The effect of scPCP on PV in the DH and PFC. Relative gene expression of PV in the 

A) DH (n=7) and B) PFC (n=7). C) Relative PV levels in the PFC (n=9-10). D) PVI interneuron density 

in the PFC (n=9-10). Graphs show mean ± SEM. Group differences were analysed with an 

unpaired t-test, *p<0.05, ***p<0.001. 
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3.3.3 Glutamate decarboxylase 
Glutamate is enzymatically converted into GABA by glutamate decarboxylase (GAD) 65 

and 67. The two variants of GAD are expressed in the nerve terminals and the cell body, 

respectively. These spatial differences reflect functional diversity. For example, GAD65 

produces GABA for neurotransmission, whereas GAD67 produces GABA used for 

metabolic functions, synaptogenesis and, notably, oxidation-reduction regulation (Sears 

et al., 2021). Here we investigated GAD1 and GAD2, the gene names for GAD67 and 65, 

respectively and protein levels for GAD67. 

Here we saw a trend towards a decrease in GAD1 (GAD67) gene expression (V: 1.21 ± 

0.08, P: 0.96 ± 0.09; t12 = 2.054, p = 0.063) (Figure 3.9A) and no change to GAD2 (GAD65) 

in the DH (V: 1.29 ± 0.20, P: 1.13 ± 0.19; t12 = 0.578, p = 0.574) (Figure 3.9B).  

There was no change to PFC GAD1 (V: 0.55 ± 0.09, P: 0.46 ± 0.12; t9 = 0.625, p = 0.547) 

(Figure 3.9C) or GAD2 expression (V: 0.79 ± 0.09, P: 0.73 ± 0.08; t9 = 0.504, p = 0.626) 

(Figure 3.9D).  

Finally, there was a significant reduction in the protein levels of GAD67 in the PFC of 

scPCP rats (V: 0.84 ± 0.04, P: 0.69 ± 0.02; t18 = 3.128, p = 0.006) (Figure 3.9E). 
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Figure 3.9: The effect of scPCP on GAD in the DH and PFC. Relative gene expression of DH A) 

GAD1 (n=7) and B) GAD2 (n=7). Relative gene expression of PFC C) GAD1 (n=5-6) and D) GAD2 

(n=5-6). E) Relative protein levels of GAD67 in the PFC (n=10). Graphs show mean ± SEM. Group 

differences were analysed with an unpaired t-test, **p<0.01. 
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3.3.4 Perineuronal nets 
As discussed in section 1.6, the individual components predict the function of the PNN. 

As such, we investigated the gene expression of each CGSP in the PFC and DH. In the 

PFC, WFA was used as a general stain for PNN.  

In the DH, there was no change to any component gene expression, Acan (V: 9.77 ± 0.68, 

P: 11.30 ± 0.90; t10 = 1.391, p = 0.195) (Figure 3.10A), Bcan (V: 10.55 ± 1.12, P: 12.18 ± 

1.28; t10 = 0.951, p = 0.364) (Figure 3.10B), Ncan (V: 1.86 ± 0.46, P: 1.65 ±  0.68, t11 = 

0.665, p = 0.520) (Figure 3.10C), Vcan (V: 12.38 ± 1.62, P: 12.05 ± 2.56; t10 = 0.463, p = 

0.654) (Figure 3.10D) 
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Figure 3.10: The effect of scPCP on PNN components in the DH. Relative gene expression of A) 

Acan, B) Bcan, C) Ncan and D) Vcan (n=5-6). Graphs show mean ± SEM. Group differences were 

analysed with an unpaired t-test. 
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In the PFC, we again saw no change to PNN component gene expression, Acan (V: 1.42 

± 0.27, P: 1.19 ± 0.19; t12 = 0.710, p = 0.491) (Figure 3.11A), Bcan (V: 0.17 ± 0.03, P: 0.19 

± 0.06; t10 = 0.224, p = 0.828) (Figure 3.11B), Ncan (V: 1.71 ± 0.21, P: 1.82 ± 0.29; t12 = 

0.315, p = 0.758) (Figure 3.11C), Vcan (V: 3.21 ± 0.29, P: 2.85 ± 0.37; t12 = 0.770, p = 

0.456) (Figure 3.11D). Despite this, there was a significant decrease in WFA-detected 

PNN in the scPCP rats (V: 106.30 ± 7.88, P: 79.36 ± 4.84; t18 = 2.913, p = 0.009) (Figure 

3.11E). 
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Figure 3.11: The effect of scPCP on the PNN in the PFC. Relative gene expression of A) Acan, B) 

Bcan, C) Ncan and D) Vcan (n=6-7). E) PNN density in the PFC (n=10). Graphs show mean ± SEM. 

Group differences were analysed with an unpaired t-test, **p<0.01. 

3.3.5 MMP9 
As we saw a reduction in PNN density in the absence of component mRNA changes, we 

next sought to determine whether this was due to increased enzymatic breakdown. 

There are two families of enzymes associated with PNN breakdown, a disintegrin and 

metalloproteinase with thrombospondin motifs (ADAMTS) (Gottschall et al., 2015) and 

matrix metalloproteinases (MMP) (Dwir et al., 2020). Given that MMP9 is the most 

widely studied in schizophrenia, we chose to investigate its prevalence and activity 

(Chang et al., 2011, Domenici et al., 2010, Dwir et al., 2020, Kumarasinghe et al., 2013, 

Yamamori et al., 2013). 
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There was no alteration to MMP9 expression in the DH (V: 43.74 ± 13.15, P: 42.14 ± 

15.27; t12 = 0.0795, p = 0.938) (Figure 3.12A) or the PFC (V: 2.75 ± 0.30, P: 2.77 ± 0.21; 

t10 = 0.060, p = 0.954) (Figure 3.12B). In the dorsal hippocampus, we looked at total 

levels of MMP9 and the activity of the enzyme; again, we found no difference between 

groups (levels; V: 2081 ± 284.5, P: 2307 ± 179.3; t16 = 0.702, p = 0.493 (Figure 3.12C). 

Activity; V: 24.99 ± 3.79, P: 25.92 ± 4.86; t12 = 0.142, p = 0.890 (Figure 3.12D) 
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Figure 3.12: The effect of scPCP on MMP9 in the DH, PFC and plasma. Relative gene expression 

of MMP9 in the A) DH (n=7) and B) PFC (n=6). DH MMP9 C) concentration (n=8-10) and D) 

activity levels (n=6-8). Plasma MMP9 E) concentration (n=10) and F) activity levels (n=7). Graphs 

show mean ± SEM. Differences between groups were analysed with an unpaired t-test. 

Due to the use of MMP9 as a peripheral biomarker (Yamamori et al., 2013), we were 

interested in measuring the levels and activity of MMP9 in the periphery and whether it 

correlated to brain findings. There was no difference in MMP9 levels in plasma (V: 642.4 

± 72.83, P: 634.1 ± 45.58; t19 = 0.096, p = 0.925) (Figure 3.12E). However, there was a 
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trend towards increased activity in the plasma of scPCP-treated rats (V: 607.9 ± 141.4, P 

= 1106.0 ± 197.1; t12 = 2.056, p = 0.062) (Figure 3.12F). Using Pearson’s correlation 

coefficient, we found a negative correlation between brain and plasma activity in the 

cohort (r = -0.658, n= 10, p = 0.038), which did not reach significance in the individual 

cohorts (V: r = -0.324, n = 4, p = 0.676; P: r = -0.690, n = 6, p = 0.129).   

3.3.6 Oxidative stress 
Accurately measuring damaging reactive oxygen species (ROS) can be challenging due 

to their inherent reactivity. Consequently, it can be beneficial to measure the by-

products of ROS reacting with proteins, carbohydrates and nucleic acids (Murphy et al., 

2022). For example, protein carbonyls form when amino acid residues oxidise to form 

carbonyl groups (Hawkins et al., 2019). Here, we used a commercial kit to measure 

protein carbonyl content in the DH, unfortunately, the kit was not sensitive enough to 

detect samples above the negative control. Instead, we focused on genes relevant to 

the neuronal antioxidant function. For example, superoxide dismutase (SOD1) is an 

intracellular enzyme that facilitates the oxidation of oxygen free radicals into hydrogen 

peroxide (Wang et al., 2018b). Likewise, Glutathione peroxidase (GPx) and catalase (Cat) 

catalyse the conversion of hydrogen peroxide into oxygen and water. Here we measured 

the expression of SOD1, Cat and two subtypes of GPx, GPx1 and GPx4. The former is 

essential for protection from oxidative stress, whereas the latter is vital for preventing 

lipid peroxidation and cellular apoptosis (Brigelius-Flohé et al., 2013).  

 

Figure 3.13: A schematic showing the subcellular action of antioxidants. ROS (red) formation 

in the mitochondria and cytosol and its conversion into inert compounds by antioxidants (green). 

Red dashed lines indicate enzymatic processes. NOX: NADPH oxidase (transmembrane protein), 

SOD: superoxide dismutase, Cat: catalase, GPx: glutathione peroxidase. (Adapted from: Sepasi 

Tehrani et al., 2018, Wang et al., 2018b). Image created in BioRender.com. 
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We found no change to the dorsal hippocampal expression of GPx1 (V: 1.586 ± 0.105, P: 

1.732 ± 0.603; t6.363 = 0.238, p = 0.819 [Welch’s correction applied]; Figure 3.14A), GPx4 

(V: 1.057 ± 0.176, P: 0.948 ± 0.268; Mann-Whitney U = 20, p = 0.620; Figure 3.14B), SOD1 

(V: 0.698 ± 0.116, P: 1.035 ± 0.270; t11 = 1.082, p = 0.303; Figure 3.14C) and Cat1 (V: 

0.670 ± 0.084, P: 0.984 ± 0.279; t7.075 = 1.078, p = 0.317 [Welch’s correction applied]; 

Figure 3.14D).  
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Figure 3.14: The effect of scPCP on markers related to reactive oxygen species in the DH. 

Relative gene expression of A) GPx1, B) GPx4, C) SOD1 and D) Cat1 in the DH (n=6-7). Graphs A 

– C and D) data were analysed with an unpaired t-test, and graphs show mean ± SEM. For B) 

group differences were analysed with a Mann-Whitney U, and graphs show median ± IQR.   
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We measured the same markers in the PFC. Here we found no difference in Gpx1 (V: 

0.446 ± 0.034, P: 0.552 ± 0.065; Mann-Whitney U = 8, p = 0.421; Figure 3.15A), GPx4 (V: 

0.463 ± 0.098, P: 0.608 ± 0.134; Mann-Whitney U = 11, p = 0.290; Figure 3.15B) or Cat1 

(V: 0.708 ± 0.126, P: 0.822 ± 0.133; Mann-Whitney U = 14, p = 0.589; Figure 3.15D). 

However, we did find a significant increase in the gene expression of SOD1 (V: 0.266 ± 

0.121, P: 0.965 ± 0.200; t9 = 2.831, p = 0.020; Figure 3.15C). 
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Figure 3.15: The effect of scPCP on markers related to reactive oxygen species in the PFC. 

Relative gene expression of A) GPx1 (n=5), B) GPx4 (n=6), C) SOD1 (n=5-6) and D) Cat1 (n=6) in 

the PFC. For graphs A – C) differences between groups were analysed with a Mann-Whitney U, 

and graphs show median ± IQR. For D) data were analysed with an unpaired t-test, and graphs 

show mean ± SEM. *p<0.05. 

3.3.7 Inflammation 
Acute and chronic inflammation is different in nature as well as duration. Acute 

inflammation involves rapid pathogen neutralisation and subsequent repair to 

collaterally damaged neighbouring tissue. Conversely, chronic inflammation is the 

persistence of low-level inflammation, often in the absence of inflamed tissue and 

systemic (Del Giudice et al., 2018). 

Nuclear factor κB (NFκB) is a transcription factor pivotal to the induction of many pro-

inflammatory cytokines, chemokines and adhesion molecules. Additionally, NFκB can 

regulate cell survival, proliferation and maturation. NFκB can lead to the upregulation 
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of interleukin 1β (IL1β) (Zhang et al., 2018a). The activation of IL1β and tumour necrosis 

factor α (TNFα) is also triggered by invading pathogens (Del Giudice et al., 2018). 

However, we could only measure NFκB and IL1β because TNFα was too lowly expressed 

in both scVeh and scPCP samples. In addition, there was an insufficient sample to run 

NFκB in the DH samples,  

There was no change to NFκB in the PFC (V: 2.60 ± 0.43, P: 3.23 ± 0.45; t9 = 1.01, p = 

0.339) (Figure 3.16A). The expression of IL1β was also unchanged in the DH (V: 13.00 ± 

0.67, P: 19.53 ± 5.24; t4.13 = 1.237, p = 0.282 [Welch’s correction applied]) (Figure 3.16B) 

and PFC (V: 2.46 ± 0.41, P: 2.07 ± 0.54; t10 = 0.578, p = 0.576) (Figure 3.16C).  

scVeh scPCP

0

2

4

6

A. PFC NFκB gene expression

R
e
la

ti
v
e
 g

e
n

e
 e

x
p

re
s
s
io

n

scVeh scPCP

0

10

20

30

40

B. DH IL1β gene expression

R
e
la

ti
v
e
 g

e
n

e
 e

x
p

re
s
s
io

n

scVeh scPCP

0

1

2

3

4

C. PFC IL1β gene expression

R
e
la

ti
v
e
 g

e
n

e
 e

x
p

re
s
s
io

n

 

Figure 3.16: The effect of scPCP on NFκB and IL1β gene expression in the DH and PFC. Relative 

NFκB expression in the A) PFC (n=7). IL1β gene expression in the B) DH (n=5-7) and C) PFC (n=6). 

Graphs show mean ± SEM. Differences between groups were analysed with an unpaired t-test. 

IL6 is thought to be a key mediator in the switch from acute to chronic inflammation.  

IL6 signals through two pathways, classic signalling and trans-signalling. Briefly, classical 

signalling is the binding of IL6 to receptors found on microglia, leukocytes, hepatocytes, 

and some epithelial cells. IL6 binding triggers intracellular signalling pathways that 

increase the acute immune response. The dose-response curve for classical signalling is 

bell-shaped; consequently, as IL6 levels continue to rise, the effectiveness of the classical 

signalling pathway will eventually decrease (Del Giudice et al., 2018). 

The pro-inflammatory environment created by acute inflammation and classical 

signalling will ultimately encourage the trans-signalling pathway. Here, the IL6 receptor 

is cleaved from the membrane of microglia, leukocytes, hepatocytes, or epithelial cells 

and enters the blood circulation. As a result, the soluble IL6 receptor binds to gp130, a 

near-ubiquitous cell surface marker (Del Giudice et al., 2018). The binding of the soluble 

IL6 receptor to a neuron can cause its degeneration, whereas classical signalling 
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encourages neuronal regeneration, highlighting the importance of constant IL6 

regulation (Rothaug et al., 2016).  

Although there was no alteration to the IL6 gene expression in the DH (V: 14.24 ± 2.69, 

P: 16.09 ± 4.88; t11 = 0.345, p = 0.736) (Figure 3.17A), the protein levels were increased 

(V: 30.99 ± 7.66, P: 58.17 ± 7.34; t14 = 2.505, p = 0.025) (Figure 3.17B). Finally, scPCP 

increased IL6 gene expression in the PFC (V: 4.62 ± 0.42, P: 6.72 ± 0.32; t11 = 3.845, p = 

0.003) (Figure 3.17C). Unfortunately, because of the volume and protein input required 

for the IL6, we could not investigate whether there was any alteration in PFC IL6 protein 

levels.  
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Figure 3.17: The effect of scPCP on IL6 gene expression and protein levels. DH IL6 A) gene 

expression (n=6-7) and B) protein levels (n=7-9). C) PFC IL6 gene expression (n=6-7). Graphs 

show mean ± SEM. Differences between groups were analysed with an unpaired t-test. *p<0.05, 

**p<0.01. 
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3.4 Discussion 

3.4.1 Overview of main findings 
This characterisation chapter aimed to shed light on the potential mechanisms 

underlying the sustained behavioural and pathological deficits observed in the scPCP 

model. A mechanism was proposed based on previously published data, and targets 

were measured from various cohorts using varied methods. The main pathological 

findings of scPCP dosing are summarised in Figure 3.18. 

 

Figure 3.18: Summary of pathological consequences of scPCP dosing. Arrows show significant 

change from scVeh group. NMDAr: NMDA receptor, E/I: excitatory/inhibitory balance, PV: 

parvalbumin, GAD: glutamate decarboxylase, PNN: perineuronal nets, ROS: reactive oxygen 

species, NI: neuroinflammation, NR2B: NMDAr subunit 2B, PSD95: postsynaptic density 95, 

VGlut1: vesicle glutamate transporter, SNAP25: synaptosomal-associated protein 25kDa, PVI: 

parvalbumin interneuron, MMP9: matrix metalloproteinase 9, IL6: interleukin 6. 

E/I (pre)

•↓ VGlut1 mRNA in PFC

•↓ SNAP25 protein in PFC

E/I (post)

•↓ NR2B protein in PFC

•↓ PSD95 protein in PFC

PV

•↑ PV mRNA and protein in PFC

•↓ PVI cell density in PFC

GAD

•↘ GAD1 trend towards decrease in DH

•↓ GAD67 protein in PFC

PNN

•↓ PNN density in PFC

•↗MMP9 activity trend towards an increase in plasma

ROS
•↑ SOD1 mRNA in PFC

NI

•↑ IL6 mRNA in PFC

•↑ IL6 protein in DH
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The balance between excitation and inhibition requires careful regulation for neuron-

to-neuron communication and network coordination. This process is dynamically 

regulated through responsive changes to GABA or glutamate synthesis, release and 

reuptake. An imbalance between these two opposing neurotransmitters can lead to 

impaired cognition, motor disorder and cell death (Sears et al., 2021). In addition, 

mutations to genes throughout the synthesis, release and reuptake process for GABA 

and glutamate have been associated with increased schizophrenia risk (reviewed in: 

Sears et al., 2021) and all symptom domains, including cognitive deficits (Jardri et al., 

2016, Liu et al., 2021b, Nakahara et al., 2022, Selten et al., 2018). Here we will review 

the changes we have seen after scPCP dosing and reflect on how these changes may 

induce E/I imbalance.  

3.4.2 VGlut1 
As described in 3.3.1, VGlut is a transporter of glutamate into vesicles. There are three 

variants of VGlut. VGlut1 is present in virtually all pyramidal and granule cells (Eastwood 

et al., 2005). VGlut2 is predominantly found in the thalamus, midbrain and brainstem 

(Moechars et al., 2006). Finally, VGlut3 is found in non-glutamatergic neurons (Seal et 

al., 2006). There is limited evidence of VGlut1 mutations in schizophrenia patients (Shen 

et al., 2009). However, several studies have found reduced VGlut1 protein or mRNA in 

the anterior cingulate cortex, hippocampus and dorsolateral prefrontal cortex, with no 

change to VGlut2 (Eastwood et al., 2005, Oni-Orisan et al., 2008, Sawada et al., 2005).  

In animal studies, complete genetic knockouts of VGlut1 and VGlut2 are lethal to the 

developing foetus. However, heterozygous knockdowns of VGlut2 do not affect learning 

(Callaerts-Vegh et al., 2013), whereas VGlut1 knockdowns show impaired long-term 

memory, with minimal effects on short-term memory (Balschun et al., 2010, Callaerts-

Vegh et al., 2013, King et al., 2014, Tordera et al., 2007). Given that VGlut1 is involved in 

the later stages of glutamate transmission (see section 3.3.1), it follows that early stages 

of glutamate signalling are not impaired. Instead, we see impairments when the pre-

synaptic neuron has depleted its glutamate, the replacements of which are not being 

efficiently transported by VGlut1. 

In the present study, we saw decreases in VGlut1 PFC mRNA (Figure 3.5B). This is in 

keeping with previous scPCP studies looking at VGlut1 in the PFC and hippocampus 

(Piyabhan et al., 2013, Piyabhan et al., 2016). A third study found that 24 hours after the 
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conclusion of subchronic (sc) MK-801 dosing, there was an increase in VGlut1, 

potentially in response to the glutamate increase seen in the acute stage of NMDAr 

antagonism (see 3.1.3). However, levels of VGlut1 normalised after seven days and 

remained comparable to vehicle animals until day 28 (Ma et al., 2020). 

3.4.3 SNAP25 
SNAP25 is a pre- and post-synaptic protein required for evoked synaptic signalling 

(Washbourne et al., 2002). Evidence shows that mutations in the SNAP25 gene increase 

schizophrenia risk (Fanous et al., 2010, Guan et al., 2020, Houenou et al., 2017, Wang et 

al., 2015). 

Here, we observed a reduction of SNAP25 protein in the PFC of scPCP-treated rats 

(Figure 3.5E). In periods of high activity, SNAP25 becomes phosphorylated, inhibiting 

voltage-gated calcium channels (VGCC) (Pozzi et al., 2008). If SNAP25 is not facilitating 

the inhibition of VGCCs, an uncontrolled increase in presynaptic Ca2+ could cause 

mitochondrial damage, disruptions to neuronal and synaptic function, impaired learning 

and memory, and cell death (Calvo-Rodriguez et al., 2020, Huang et al., 2022, McDaid et 

al., 2020, Uryash et al., 2020). 

Another presynaptic function of SNAP25 is permitting the fusion of vesicles to the pre-

synaptic membrane; therefore, reduced levels of SNAP25 may alter presynaptic 

signalling.  Post-synaptically, SNAP25 couples with PSD95 and facilitates the insertion of 

NMDAr into the post-synaptic membrane (Antonucci et al., 2016). These postsynaptic 

alterations result in decreased spine density and postsynaptic excitatory potentials 

(Fossati et al., 2015). SNAP25 reductions would reduce pre- and post-synaptic signalling, 

with post-synaptic effects predominantly impacting LTP.  

3.4.4 NMDAr 
PCP is an NMDAr antagonist that acutely causes NMDAr hypofunction on inhibitory 

interneurons (Homayoun et al., 2007). There is evidence of NMDAr dysfunction in 

schizophrenia patients. Mutations to the NR1 gene have been associated with 

schizophrenia risk and cognitive symptom severity (Qin et al., 2005, Weickert et al., 

2013), and post-mortem analysis shows decreased NR1 protein and mRNA in the PFC, 

hippocampus and left superior frontal gyrus (Catts et al., 2015, Catts et al., 2016, Gao et 

al., 2000, Law et al., 2001, Sokolov, 1998). Given that the NR1 subunit is required for 

receptor structure and function (Traynelis et al., 2010), the reduction in NR1 would 
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indicate impaired NMDAr signalling in schizophrenia. Indeed, imaging studies show that 

patients have reduced NMDAr binding (Pilowsky et al., 2006). Although not measured 

here, other studies show that replicating NR1 hypofunction in mice induces working 

memory and social interaction deficits. Post-mortem analysis reveals PVI cell density 

reductions analogous to schizophrenia observations (Belforte et al., 2010, Gandal et al., 

2012, Korotkova et al., 2010). Isolating the NR1 knockout to PVI results in working and 

recognition memory deficits and altered theta and gamma frequency oscillations (Carlén 

et al., 2012, Korotkova et al., 2010). 

In the present study, we saw decreases in NR2B protein in the PFC and no change to 

NR2A mRNA or protein in the DH and the PFC (Figure 3.6). Both subunits have 

documented mutations that can increase schizophrenia risk (Hu et al., 2016, Iwayama-

Shigeno et al., 2005, Li et al., 2007, Myers et al., 2019, Qin et al., 2005, Tarabeux et al., 

2011). Although NR2A is required for the initial response to NMDAr antagonists (Picard 

et al., 2019), the long-term effects on NR2B observed here are in keeping with previous 

studies, which found reductions to NR2B density or gene methylation changes after 

scPCP dosing, but no change to NR2A (Lindahl et al., 2004, Loureiro et al., 2022). 

In the healthy adult brain, the ratio of the NR2A and NR2B receptors can indicate the 

levels of LTP activity. In periods of low cortical activity, the NR2B subunit dominates; 

however, after high cortical activity, NR2A expression increases, and NR2B decreases 

(Bear et al., 2020). This activity-dependent switch is essential for the NR2B-dependent 

detection of early LTP and the NR2A-dependent stability of the potentiated synapse. 

Furthermore, the NR2B subunit is more permissible to Ca2+ ions and is required for initial 

memory acquisition (Bear et al., 2020, Rodrigues et al., 2001). 

During LTP, NR2B migrates away from the potentiating dendritic spine. If this diffusion 

is blocked, hippocampal LTP is blocked (Dupuis et al., 2014). Indeed, the NR2B subunit 

is 250-fold more mobile than NR2A (Groc et al., 2006). When a small region of the 

dendritic surface is blocked with MK-801, NMDAr rapidly mobilises, allowing for a swift 

recovery of function (Tovar et al., 2002). 

Finally, a dendritic spine is considered mature when it has a higher relative density of 

NR2A to NR2B subunits. In this state, LTP induction requires a more substantial stimulus, 

stabilising the synapse (Yashiro et al., 2008). 
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In transgenic mice that overexpress NR2B, NMDAr signalling is increased. Consequently, 

learning and memory are significantly improved compared to wildtype (Tang et al., 

1999). In scPCP-treated mice, there is evidence of reduced NR2B in the cerebellum 

(Bullock et al., 2009). In addition, LTP in the hippocampus (Nomura et al., 2016) and PFC 

(Tanqueiro et al., 2021) is diminished, suggesting NR2B pathology. As a reminder, the 

present study found reduced NR2B levels in the PFC. However, we did not measure 

NR2B in the hippocampus.  

It is noteworthy that NR2B-specific antagonists have neuroprotective effects in diseases 

associated with excessive glutamate, such as pain, Parkinson's disease, stroke and brain 

injury (Chazot, 2004, Nikam et al., 2002, Wang et al., 2005). Perhaps the downregulation 

of NR2B observed in scPCP animals may be a neuroprotective attempt to address E/I 

imbalance.  

3.4.5 PSD95 
The scaffolding proteins in the postsynaptic density anchor the postsynaptic proteins 

and organise signalling molecules. Therefore, they are vital moderators of synaptic 

strength (Frank et al., 2016).  

Of the proteins in the postsynaptic density, PSD95 is the most abundant (Cheng et al., 

2006). Abnormalities in PSD95 protein have been associated with increased 

schizophrenia risk (Funk et al., 2017, Hu et al., 2022, Ohnuma et al., 2000). PSD95 

anchors NR2B (Frank et al., 2016) and traffics AMPAr to the postsynaptic density (Elias 

et al., 2007). Given that PSD95 does not directly interact with NR2A, it is somewhat 

counterintuitive that overexpression of PSD95 results in increased NR2A and reduced 

NR2B expression (Losi et al., 2003), as is seen in synapse maturation (Bear et al., 2020). 

However, the increased AMPAr trafficking likely results in efficient LTP generation (Elias 

et al., 2007). 

On the other hand, the acute knockdown of scaffolding proteins PSD95, PSD93, and 

synapse-associated protein (SAP) 102 increased the number of silent synapses. A silent 

synapse has NMDAr without AMPAr (Chen et al., 2015). In comparison, silencing only 

PSD95 produces a synapse that can still induce LTP. However, the long-term 

maintenance and stability of the potentiated synapse are affected in the hippocampus 

(Ehrlich et al., 2007). PSD95 is important for glutamatergic postsynaptic signalling. In our 
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study, we found reduced levels of PSD95 in the PFC alongside NR2B deficits, indicating 

impaired LTP.  

3.4.6 Parvalbumin 
As discussed, parvalbumin interneurons (PVI) are indispensable regulators of E/I 

balance, which are impaired in schizophrenia. Here, we found conflicting data in the PFC. 

Parvalbumin mRNA (brains taken 22 weeks post-scPCP) and protein (12 weeks post-

scPCP) increased. Whereas PVI density decreased (14 weeks post-scPCP) (Figure 3.8). 

However, reviewing published studies that have measured parvalbumin after scPCP 

reveals a robust reduction in PVI cell density DH and PFC that is both rapid and sustained 

(Table 3.5).  Given these published findings and the data presented in this thesis, scPCP-

treatment likely reduces PVI cell density in Lister Hooded rats. 

Limiting the conclusion to Lister Hooded rats is intentional. Studies comparing 

behavioural and post-mortem outcomes after NMDAr antagonism in different rat strains 

find differing results. For example, MK-801 dosing in male Long Evans rats can produce 

anxiogenic behaviour and cognitive impairments, whereas Wistars in the same paradigm 

have no measured deficits (Uttl et al., 2018). A second study compared behavioural and 

pharmacokinetics after acute PCP dosing. Although the PCP concentration in the blood 

and the brain was comparable, Lister Hooded rats consistently performed worse in a 

visual discrimination task than Long Evans rats (Mohler et al., 2015). 

Despite the homogeneity in the IHC analysis, there are opposing outcomes in the WES 

data. Gigg et al. measured parvalbumin protein from tissue homogenate in mouse DH 

and found a reduction, contradicting our results (Gigg et al., 2020). The different species 

and brain regions may explain these differences; however, other researchers in the lab 

have measured parvalbumin protein in Lister hooded rats, and the same inconsistencies 

have been noted. Indeed, parvalbumin levels after scPCP treatment can increase, 

decrease and remain unchanged, with no apparent effect of time since scPCP treatment, 

region, sex, or experimental site (Rimmer and Taylor, unpublished findings).    



 

 

Table 3.5: Summary of scPCP studies that measured parvalbumin in post-mortem tissue. Time since scPCP, d: days, w: week, ♂: male, ♀: female, LH: Lister hooded, 

SD: Sprague Dawley, IHC: immunohistochemistry, ISH: in situ hybridisation, PFC: prefrontal cortex, DH: dorsal hippocampus, CA1: CA1 area of the hippocampus, 

CA2/3: CA2/3 area of the hippocampus, DG: dentate gyrus, PrL: prelimbic region of the PFC, Arrows show the direction of significant changes. 

Time since 

scPCP 

Dose 

(mg/Kg) 

Number of 

dosing days 
Animal Technique Region Findings Reference 

1d 2 2 ♂ Wistar IHC PFC ↓ (Amitai et al., 2012) 

1d 10 10 ♂ C57Bl6 ISH PFC ↔ (Thomsen et al., 2010) 

1d 10 10 ♂ ICR IHC 
PFC ↓ 

(Shirai et al., 2015) 
DH ↓ CA1 

1d 2 7 on, 10 off ♂ Wistar IHC PFC ↓ (Amitai et al., 2012) 

9d 5 bidaily, 7 ♂ LH IHC PFC ↓ (Redrobe et al., 2012) 

10d 2 2 ♂ Wistar IHC PFC ↓ (Amitai et al., 2012) 

2w 2 bidaily, 7 ♀ SD IHC 
PFC ↔ 

(Riordan et al., 2018) 
DH ↔ 

6w 2 bidaily, 7 ♂ LH IHC PFC ↓ PrL (McKibben et al., 2010) 

6w 2 bidaily, 7 ♀ LH IHC DH 
↓ CA2/3 

↓ DG 
(Abdul-Monim et al., 2007) 

6w 2 or 5 bidaily, 7 ♂ LH IHC DH 
↓ CA1 

↓ CA2/3 
(Jenkins et al., 2010) 

6w 2 bidaily, 7 ♂ LH IHC DH 
↓ CA1 

↓ DG 
(Jenkins et al., 2008) 

7w 2 bidaily, 7 ♂ Wistar IHC PFC ↓ (Piyabhan et al., 2019) 

14w 2 bidaily, 7 ♀ LH IHC PFC ↓ (Landreth et al., 2020) 

15w 10 10 ♀ C57Bl6 WES DH ↓ (Gigg et al., 2020) 
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Although the inconsistent findings may be due to sampling error rather than an actual 

treatment effect, endogenous parvalbumin levels can change transiently, perhaps 

contributing to the observed irregularities. 

Evidence of circadian modulation of parvalbumin interneurons in the visual cortex 

suggests that evoked experience can influence parvalbumin interneuron activity (Zong 

et al., 2022). In the PFC, both PVI and PNN density alters throughout the day (Table 3.6). 

Harkness et al. suggested that the increase in PNN+/PV+ compensated for the increased 

activity levels during the rodent active dark phase. To validate this, Harkness compared 

markers involved in glutamatergic and GABAergic signalling across the circadian cycle. 

They found a significant increase in VGlut1 and GAD65/67 puncta and AMPA signalling 

in the active phase. Given that the scPCP animals have impaired E/I signalling, could the 

inconsistent data measured within the lab reflect a failure to adapt in the scPCP animals? 

There is a 20% reduction in PVI density in the six hours after the start of the inactive 

period; whether this fluctuation in the density is sufficient to cause the differences 

recorded in our lab is unclear (Harkness et al., 2021).  

Table 3.6: Intensity of PVI and PNN staining in the PFC across the diurnal cycle. Arrows show 

significant changes from the baseline (ZT0). ZT: zeitgeber time. Light cells: ZT0 = lights on, ZT6 = 

mid-inactive stage. Grey cells: ZT12: lights off, ZT18 = mid-active phase. WFA: wisteria floribunda 

stain for PNN, PV: parvalbumin. Adapted from Harkness et al., 2021. 

Marker ZT0 ZT6 ZT12 ZT18 

WFA + 0 ↔ ↑ ↑ 

WFA + / PV + 0 ↔ ↑ ↑ 

PV + 0 ↓ ↓ ↔ 

PV + / WFA + 0 ↓ ↔ ↔ 

   

In addition, a study by Donato et al. showed that behavioural testing or environmental 

interventions alter parvalbumin expression. For example, three days of Morris Water 

Maze training can shift PVI into a low parvalbumin expression state when measured the 

following day. Conversely, a single contextual fear conditioning (cFC) session can shift 

PVI into a high-parvalbumin expression state, detectable twenty-two hours later. 

Fascinatingly, the low-parvalbumin expression state achieved after three weeks of 

exposure to environmental enrichment (EE) was maintained for eight weeks after return 

to standard housing and was resilient to cFC. The mechanisms of these switches are 

unclear, though GAD67 and synaptic puncta change alongside parvalbumin expression 

(Donato et al., 2015). Given the GAD67 and synaptic deficits detected in scPCP-treated 
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rats, perhaps their PVI failed to adapt to task-dependent changes to parvalbumin 

expression. 

On a practical note, if parvalbumin expression changes throughout the day and in 

response to behaviour, it is critical to ensure homogeneity in the study design. Protocols 

must be designed carefully considering the behavioural testing order and proximity to 

culling. 

As with many biological processes, any deviation from the normal can cause 

impairments. With parvalbumin protein, there is a window where altering the 

concentration will not alter synaptic dynamics (Eggermann et al., 2011). Typically, 

calcium will enter the PVI when stimulated with rapid firing. Parvalbumin will buffer and 

release calcium accordingly, allowing sustained neurotransmitter release (Celio, 1990, 

Collin et al., 2005). Depleting parvalbumin increases inhibitory postsynaptic currents, 

paired-pulse facilitation and gamma frequency oscillations compared to wildtype 

(Caillard et al., 2000, Vreugdenhil et al., 2003). Conversely, excessive parvalbumin leads 

to a high concentration of free parvalbumin, not bound to calcium or magnesium, which 

increases paired-pulse facilitation (Eggermann et al., 2011). In both conditions, 

facilitation is altered. 

To summarise, changes to parvalbumin that dysregulate the buffer dynamics may lead 

to altered PVI activity and ultimately impaired E/I balance. These findings are 

noteworthy considering the proposal that PVI neurons are still present but lacking 

parvalbumin protein expression (Filice et al., 2016, Thune et al., 2001). Furthermore, if 

there is a reduction in PVI density, any changes to protein and mRNA would be in a 

reduced number of cells, potentially magnifying the alterations.  

3.4.7 GAD67 
Decreases in PFC and DH GAD67 are robust, with this finding observed in multiple 

studies and varied patient cohorts (Guidotti et al., 2000, Rocco et al., 2016, Thompson 

Ray et al., 2011, Volk et al., 2000), even in the absence of neuronal loss (Akbarian et al., 

1995). Therefore, it is proposed that GAD67 reductions in schizophrenia result in 

compensatory reductions in parvalbumin protein (Gonzalez-Burgos et al., 2008).  

We found no change to GAD2 (GAD65). The clinical literature for GAD65 is limited, with 

only a few recognised schizophrenia risk mutations (Zhao et al., 2007). 
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Fujihara et al. created a GAD67 knockdown and a knockout model. Both displayed 

behavioural deficits akin to those observed in recognised models relevant to 

schizophrenia. Unfortunately, their molecular work was mismatched, only looking at 

some measures in one genetic variant, making it challenging to form coherent 

conclusions. However, the highlights include increased PVI stain intensity in the 

knockout model and a reduced cell number in the heterozygous animals. It is 

disappointing not to have a cell count for the knockout, as confirmation of a reduced 

cell count in the presence of increased activity would have given further credence to our 

proposal of a reduced number of dysfunctional PVI (Fujihara et al., 2015).  

In the current study, we found reductions to GAD67 protein in the PFC and a trend 

towards a decrease in GAD1 mRNA in the DH (Figure 3.9). A reduction in GAD67 in 

NMDAr antagonist models is, like the human studies, a robust finding (Behrens et al., 

2007, Behrens et al., 2008, Bullock et al., 2009, Pollard et al., 2012, Riordan et al., 2018), 

with only one study showing no change in the frontal cortex, dorsal or ventral 

hippocampus in a mouse scPCP model (Gigg et al., 2020).  

3.4.8 Perineuronal nets 
Perineuronal nets describe the extracellular matrix which preferentially enwraps the 

parvalbumin interneurons (Wen et al., 2018b). Given the different functional roles of 

the components, we were interested to see if any were differentially expressed after 

scPCP dosing. We observed no changes to PNN components (Acan, Bcan, Ncan or Vcan) 

in the DH (Figure 3.10) or PFC (Figure 3.11). However, IHC analysis showed that PNN 

density was decreased in the PFC (Figure 3.11).  

ChABC is a bacterially derived enzyme that can digest the chondroitin sulphate 

proteoglycans (CSPG), degrading the PNN (Bertolotto et al., 1995). It is a valuable tool 

for assessing the effect of PNN loss in isolation. Researchers have found that ChABC can 

lead to cognitive impairments and alterations to fast-firing frequencies indicating a PVI 

deficit (Paylor et al., 2018, Sultana et al., 2021). In addition, Paylor et al. also found a 

marginal increase in cFOS expression in PVI, indicating altered activity levels in the PVI 

when PNN is removed (Paylor et al., 2018). 

Previous studies looking at NMDAr antagonists find reduced PNN levels in the PFC and 

the CA1 region of the hippocampus, although the latter was seen with an aggrecan-
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specific stain (Fujikawa et al., 2021, Kaushik et al., 2021, Matuszko et al., 2017). The 

study by Kaushik et al. was of particular interest as they used high-magnification 

microscopy to look at the architecture of a single PNN. After scKetamine dosing, the net 

intensity, pore shape and area changed. The net was diffuse, and the pores were smaller 

and irregular in shape (Kaushik et al., 2021). Considering that the PNN pore can act as a 

barrier to moderate lateral diffusion of AMPA receptors (Frischknecht et al., 2009), 

alteration of the architecture may impair AMPA signalling. Indeed, after NMDAr 

antagonism, Yamada et al. found reduced colocalization of PVI with VGlut1 and GAD, 

suggesting that PNN decreases when there is reduced synaptic input (Yamada et al., 

2017). To further validate this idea that PNN levels are driven by PVI activity, Devienne 

found that PNN would reduce after PVI or local excitatory inputs were inhibited. 

Interestingly, this reduction could be isolated to a single PNN if the inhibition was 

isolated to a single PVI. The data also suggested that inhibiting a single PVI reduced the 

PNN intensity around that PNN alone, indicating that PVI can regulate their extracellular 

matrix. Moreover, transcriptomic data analysis reveals that PVI can uniquely express all 

PNN components and several proteases that break down PNN (Devienne et al., 2021).  

Interestingly, Devienne found that excitation of the local network or the PVI did not 

change PNN levels, suggesting that PNN is only regulated by inhibition (Devienne et al., 

2021). This finding is particularly noteworthy when considering the work of Donato et 

al., who suggested there are two classes of PVI, early-born and late-born. The early-born 

PVI develop in rodents between gestational day (GD)9.5 and 11.5 and late-born between 

GD13.5 and 15.5. These two classes of PVI are functionally distinct. The highlights of 

these differences are summarised in Table 3.7. 

Table 3.7: Differences between early- and late-born PVI. cFC = contextual fear conditioning, EE 

= environmental enrichment, MWM = Morris water maze, E = excitatory, I = inhibitory. Adapted 

from Donato et al., 2015. 

Measure Early-born Late-born 

PV/GAD67 intensity ↑ ↓ 

Excitatory puncta ↑ ↓ 

Inhibitory puncta ↓ ↑ 

Effect of cFC / late MWM ↑ PV, ↑ E synapses ↔ 

Effect of EE / early MWM ↔ ↓PV, ↑ I synapses 

Plasticity regulated by Excitation Inhibition 

Sensitive to ChABC No Yes 
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When the early-born PVI receive an excitatory input, parvalbumin expression and 

excitatory synapses increase. Conversely, the late-born PVIs reduce parvalbumin and 

increase inhibitory synapse density when inhibited. These alterations will further 

increase the inhibitory tone in early-born neurons or reduce the tone in late-born 

(Donato et al., 2015).  

Note that the late-born PVI are sensitive to ChABC digestion (Table 3.7). Reflecting on 

the finding that PNN was decreased only on inhibition to the PVI (Devienne et al., 2021), 

this fits in with the late-born, Chondroitinase ABC (ChABC)-sensitive PVI. Could this 

mean that only the late-born PVI use PNN to moderate plasticity? Moreover, when 

early- and late-born neurons are treated with an NMDAr antagonist, Donato et al. 

recorded a shift towards the increased distribution of low PV-intensity, late-born PVI. 

Future studies could investigate this by co-staining PVI with markers for excitatory 

(Bassoon) and inhibitory (Gephyrin) puncta. 

3.4.9 MMP9 
We were specifically interested in MMP9 due to its multifaceted involvement in many 

cellular processes thought to be dysregulated in schizophrenia, including cognition and 

neuroinflammation (Vafadari et al., 2016). Presently, evidence for altered MMP9 is 

limited to mutations affecting MMP9 function or expression being associated with 

schizophrenia risk (Gao et al., 2019, Gao et al., 2018, Lepeta et al., 2017, Pan et al., 2022) 

and upregulation to the levels or activity of MMP9 in the plasma of schizophrenia 

patients (Chang et al., 2011, Domenici et al., 2010, Kumarasinghe et al., 2013, Yamamori 

et al., 2013). 

Working with MMP enzymes raises two challenges. First, the 20 members of the MMP 

have a similar structure, making it challenging to design specific antibodies or assays for 

individual members of the MMP family. Second, the MMP enzyme family have many 

enzymatic targets. In situ, this promiscuity is managed through local and short-lived 

expression. However, measuring whole regions at a snap-shot in time may not show 

specific pathology. (Vafadari et al., 2016). MMP9, for example, regulates NMDAr-

dependent late-stage LTP (Nagy et al., 2006, Wiera et al., 2017), increases NR1-NMDAr 

surface trafficking (Michaluk et al., 2009) and moderates PNN degradation (Wen et al., 

2018b). Therefore, MMP9 can be pro- or anti-cognition, depending on its target.  
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With this in mind, we saw no change to MMP9 levels in the plasma. Instead, we saw a 

trend towards increasing MMP9 activity in the scPCP animals (Figure 3.12). As we had 

collected matched brain data for these animals, we were able to investigate whether 

there was any correlation between plasma and brain measures. Here we found a 

negative correlation between brain and plasma activity, although there were no 

differences in brain activity between treatments.  

Recently, a model has been suggested by Bitanihirwe and Woo that links MMP9 to 

schizophrenia. The authors propose that schizophrenia pathology is characterised by 

elevated inflammation, oxidative stress and MMP9, where each can potentiate the 

other. Of relevance to this model, Bitanihirwe notes that MMP9 can reduce 

orthodenticle homeobox2 (Otx2) expression, reducing Otx2-mediated, PNN-directed 

maturation of PVI into cortical networks (Bitanihirwe et al., 2020). Indeed, in a model 

with reduced MMP9, mice have a novel object location deficit (Vafadari et al., 2019), 

although the effect on PVI was not measured. 

3.4.10 Oxidative stress 
Low levels of ROS are required for normal plasticity. In the healthy brain, NMDAr 

activation results in Ca2+ influx into the post-synaptic neuron. The intracellular calcium 

activates membrane-bound NADPH-oxidase (NOX) enzymes (Figure 3.13), which 

produce superoxide required to activate intracellular signalling cascades that facilitate 

LTP. However, in the event of excessive intracellular calcium, the concentration of 

synthesised superoxide will surpass a threshold, resulting in the downregulation of the 

LTP-facilitating signalling cascades, reducing NMDAr signalling (Girouard et al., 2009, 

Wang et al., 2013b). The NMDAr-NOX relationship is not the only mechanism to regulate 

ROS levels. The NMDAr in isolation can reduce the flow of Ca2+ as it contains cysteine 

residues that form a disulphide bond in the presence of high ROS (Lipton et al., 2002). 

Finally, there is an NMDAr-antioxidant relationship. During periods of high activity, the 

NMDAr can facilitate the synthesis of antioxidants (Papadia et al., 2008). Equally, 

antioxidants can affect NMDAr activity; depleting the antioxidant glutathione from ex 

vivo slices reduced NMDA-dependent LTP (Steullet et al., 2006). Taken together, typical 

ROS-mediated LTP depends on a precariously balanced reciprocal relationship. 

There is evidence that NMDAr antagonism can disrupt the production of antioxidants 

(Cartágenes et al., 2022, da Silva Araújo et al., 2017, de Araújo et al., 2021, Wesseling et 
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al., 2015) and increase the levels of ROS by-products  (da Silva Araújo et al., 2017, He et 

al., 2018, Shirai et al., 2015). In our model, we saw a significant increase in the expression 

of SOD1 and no change to Gpx1, Gpx4 or Cat1. Previous studies looking at the effect of 

subchronic NMDAr antagonism models find a robust reduction in SOD activity in both 

the brain and plasma (Ben-Azu et al., 2018a, Ben-Azu et al., 2018b, de Oliveira et al., 

2009, Eneni et al., 2023, Hou et al., 2013, Liang et al., 2022, Omeiza et al., 2023, Tadmor 

et al., 2018, Zugno et al., 2016). Moreover, this deficit appears to be immediate and 

long-term, with reduced activity present one day (Ben-Azu et al., 2016) and one month 

after the end of dosing (Liang et al., 2022).  

In addition to SOD, NMDAr antagonism also reduced the activity of Cat1 and GPx (no 

isotype specified), suggesting a profound reduction in global antioxidant activity (Ben-

Azu et al., 2018a, Ben-Azu et al., 2016, Ben-Azu et al., 2018b, Eneni et al., 2023, Tadmor 

et al., 2018, Valvassori et al., 2021, Zugno et al., 2016).  

A research group has extensively used a mouse model that lacks the antioxidant 

glutathione (gclm) and given a good insight into the relationship between PVI, PNN and 

ROS. Using this model, they found that immature animals have normal levels of PVI but 

increased ROS (Cabungcal et al., 2013b). To investigate why immature animals were 

more susceptible to ROS, they measured PNN in both the gclm and wild type. In the wild-

type mice, PNN density was consistent at postnatal day (PD)20, 40 and 90. However, in 

the gclm mice, PNN density was reduced at PD20 and 40, indicating delayed maturation. 

Furthermore, when an additional oxidative insult was given to mice in the ten days 

preceding tissue collection on PD20, 40 or 90, only the PD20 gclm mice (with immature 

PNN) showed a reduction in PVI density. Despite all ages and genotypes showing 

increased ROS markers, it was evident that immature PNN is less competent at 

protecting the PVI from ROS  (Cabungcal et al., 2013a).   

Cabungcal et al. also used ChABC elegantly to highlight the complexity of PNN 

modulation. In adult gclm mice, they observed increased PNN, with no change to PVI. 

Electrophysiological recordings showed beta and gamma power reductions compared 

to the wild type. They used ChABC to reduce the PNN and saw the beta and gamma 

power increase. Finally, they ran the same experiment in gclm mice pre-treated with an 

oxidative insult before ChABC; in this cohort, the beta and gamma powers were reduced 

(Cabungcal et al., 2013b). These findings stress the consequential effects of the broader 



Chapter 3: Characterisation of the subchronic phencyclidine model 

103 
 

environment. A high-ROS environment and reduced PNN are unlikely to produce 

optimal PVI function. 

Morishita et al. isolated gclm deficiencies to PVI to understand the mechanisms at play. 

ROS inevitably increased in PVI. In addition, they found reduced PVI and PNN density 

and increased CD68, a marker for active microglia, suggesting increased inflammation 

(Morishita et al., 2015). Finally, Dwir et al. showed that alterations to PNN in gclm-

deficient mice depend on MMP9. Impairing the activity of MMP9 prevented PNN 

depletions, which allowed normal maturation in the gclm mice, even after adult 

spontaneous ROS insult (Dwir et al., 2019). 

3.4.11 Inflammation 
Finally, we looked to see if there was evidence of chronic inflammation after scPCP 

dosing. We found no alteration to IL1β or NFκB mRNA (Figure 3.16) and an increase in 

IL6 protein levels in the DH and gene expression in the PFC (Figure 3.17). We chose to 

look at these inflammatory factors due to the evidence of upregulation in acute and 

chronic schizophrenia patients (Upthegrove et al., 2020, Volk et al., 2019). NFκB is a 

transcription factor with many targets, including innate response immune cells like 

microglia, proinflammatory cytokines like IL6 and IL1β, and adhesion molecules like 

MMP (Liu et al., 2017). IL6 and IL1β are both involved with the pro-inflammatory 

response and have a role in general somatic maintenance and function (Del Giudice et 

al., 2018, Mendiola et al., 2018). 

Here, we only saw an increase in IL6, a pro- and anti-inflammatory cytokine (Hunter et 

al., 2015). During the early, innate immune response, IL6 is produced by macrophages, 

like microglia, in response to an active infection. Its expression triggers the migration of 

immune cells to the point of infection. However, IL6 can also limit the inflammatory 

response by regulating NFκB, immune cell migration and macrophage activation, among 

other functions (Borovcanin et al., 2017).  

Other studies in NMDAr antagonist models have found increased IL6 in treated animals' 

brains (Behrens et al., 2008, da Silva Araújo et al., 2017, de Araújo et al., 2021, Xiao et 

al., 2019, Yu et al., 2023). Behrens et al. found that IL6 was critical for the induction of 

scKetamine pathology as IL6 gene knockout ameliorated superoxide increases and 

reductions of PVI and GAD67 seen in the scKetamine animals (Behrens et al., 2008). 
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Returning to the chronically elevated IL6, in isolation, it is impossible to assess whether 

the IL6 is pro- or anti-inflammatory. Even considering the marked increase in 

neurotoxicity, microglia activation and other pro-inflammatory cytokines observed in 

NMDAr antagonist models  (Milosević et al., 2000, Xiao et al., 2019, Yu et al., 2023), the 

IL6 response could be potentiating or alleviating these changes.  

In a healthy brain, IL6 is required for neuronal development, synaptic signalling, and 

numerous hypothalamic functions, including temperature, food intake, sleep-wake 

behaviour, learning and memory (Erta et al., 2012). Indeed, there is an increase in IL6 

during LTP, which inhibits NMDAr Ca2+ influx (Liu et al., 2013). Blocking IL6 expression, 

allowing unmoderated NMDAr activation, increases the strength and duration of LTP 

(Balschun et al., 2004). Therefore, in a system with increased IL6, there could be 

sustained NMDAr hypofunction. Indeed, LPS-stimulated immune activation results in 

reduced PVI and PNN density (Crapser et al., 2020). It is clear that IL6 is another 

important mediator of LTP and, more broadly, E/I balance. 

3.4.12 An updated mechanism 
Throughout the discussion, evidence of a more complicated mechanism than first 

proposed has been provided. Rather than a straight line, the effects of E/I imbalance, 

PVI dysregulation, oxidative stress and inflammation appear interconnected and 

bidirectional. 

Section 3.4.10 described the relationship between NMDAr signalling, oxidative stress 

and antioxidants. NMDAr signalling increases antioxidant production (Papadia et al., 

2008), whereas NMDAr antagonism can reduce antioxidant activity (Cartágenes et al., 

2022, da Silva Araújo et al., 2017, de Araújo et al., 2021, Wesseling et al., 2015). A similar 

relationship was described in section 3.4.11, where NMDAr antagonism increased IL6 

levels (Behrens et al., 2008), and increased IL6 can lead to NMDAr hypofunction (Liu et 

al., 2013). The evidence suggests oxidative stress, inflammation and NMDAr 

hypofunction may potentiate one another. This relationship was discussed in a seminal 

review by Steullet et al., who suggested that dysregulation of these systems in 

development due to gene and environmental risk factors associated with schizophrenia 

may culminate in PVI impairments in the disease state (Steullet et al., 2016).  
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In section 3.4.8, the inextricable link between PVI and PNN was described, with reduced 

PVI activity resulting in the downregulation of PNN components (Devienne et al., 2021). 

Destruction of the PNN using ChABC, on the other hand, can lead to reduced 

parvalbumin density (Yamada et al., 2015b). 

Finally, the research by Suttkus and Steullet shows how PNN density and oxidative stress 

are positively correlated, with increased PNN protecting the neuron it surrounds from 

oxidative damage (Steullet et al., 2017, Suttkus et al., 2014). In addition, PNN density 

predicted the rate of AMPAr cycling (Frischknecht et al., 2009), which is critical for 

NMDAr signalling (Bear et al., 2020). 

Figure 3.19 attempts to connect these proposed mechanisms while providing 

hypothetical routes for potentiation and propagation of pathology.  

 
 

Figure 3.19: An updated mechanism based on pathology observed in the scPCP model. 

3.4.13 Limitations 
The primary outcome for the animal cohorts used was not molecular work. As such, 

there are discrepancies between the time since scPCP-dosing and the behavioural tests 

undertaken. In addition, some received vehicle drug treatments. Given the importance 

of consistency in protocol design, the studies should be interpreted in isolation and 

cautiously.  

In our studies, the time since scPCP dosing ranged from 10 to 22 weeks. Although we 

saw preserved pathology, it is essential to comment on the duration of preserved 

deficits as it varies. For example, some observe deficits eight months after scPCP dosing 

(Cadinu et al., 2018), while others see deficits in scPCP-treated animals four weeks after 

dosing but not seven (Pyndt Jørgensen et al., 2015). Although this is an undeniable 
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discrepancy, the four-week defects are still in a drug-free rat (Glaxo Smith Klein, 

unpublished data), indicating long-term, though not permanent, pathology. 

Our data for the regions is limited due to practical constraints on tissue. Ideally, we 

would have matched PFC and DH samples for each study. In addition, the work for the 

DH is limited to mRNA work, which gives limited insight into the levels in the tissue.  
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3.5 Chapter summary 

We aimed to characterise scPCP pathology, focusing on the mechanism proposed below: 

 

We report changes in many proteins involved in E/I balance. These findings suggest an 

impairment in both glutamatergic and GABAergic signalling. 

 

Figure 3.20: Consequences of scPCP on glutamatergic and GABAergic synapses. A summary of 

the significant changes detected in the scPCP model and potential consequences. All changes 

were detected in the PFC. As the reported data is from tissue homogenates, we cannot be sure 

of the cellular locations of these changes. Image created in BioRender.com. 

In addition, we found reductions in PVI and PNN density and an increase in markers 

relevant to oxidative stress and inflammation. 

 

Figure 3.21: Regional consequences of scPCP administration. Image created in BioRender.com. 

Given that we can moderate inflammation and oxidative stress with drugs, what would 

their consequence be on the scPCP model?
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4.1 Introduction 
The previous chapter discussed evidence of chronic oxidative stress and inflammation 

in schizophrenia and the scPCP model. This chapter will examine the behavioural and 

molecular consequences of subchronic dosing with apocynin or minocycline. 

4.1.1 Oxidative stress 

4.1.1.a Clinical basis 
There is considerable interest in the role of reactive oxygen species (ROS) in 

schizophrenia pathology. ROS levels are elevated in the serum, cerebral spinal fluid and 

post-mortem tissue of schizophrenia patients (Bilecki et al., 2023, Do, 2023, Ermakov et 

al., 2021, Więdłocha et al., 2023). Alterations to antioxidant capacity, activity or markers 

of ROS are observed in young people who are at ultra-high risk for psychosis (Zeni-Graiff 

et al., 2019), first-episode patients (MacKinley et al., 2022, Micó et al., 2011, Sarandol 

et al., 2015), and in chronic schizophrenia patients (Das et al., 2019, Mitra et al., 2017). 

Moreover, high ROS has been linked to poorer patient outcomes (Fraguas et al., 2017). 

The natural adversary of ROS is antioxidants. These compounds, often derived from 

plants, regulate ROS. Antioxidants prevent dangerous quantities of ROS by inhibiting 

their creation or scavenging the excess electrons. Without effective antioxidants, the 

ROS will damage tissue indiscriminately, affecting lipids, proteins and DNA. Given the 

toxic status of ROS, it is understandable to question their presence in a healthy cell. 

However, biological processes, particularly metabolism, produce and require ROS 

(Mucha et al., 2021).    

Several antioxidant compounds have been used in clinical trials to assess their effect on 

symptoms of schizophrenia. Table 4.1 summarises clinical trials that assessed cognitive 

outcomes. These studies suggest that antioxidants can benefit some cognitive domains, 

mainly working memory, executive function and processing speed.   



 

 
 

Table 4.1: Efficacy of antioxidants on cognitive symptoms in schizophrenia patients. Arrows show direction of change; yellow cells/*: significant change also 

observed in the placebo group; green cells: cognitive improvement in the treatment group only. BACS: Brief Assessment of Cognition in Schizophrenia; CSoP: 

cognitive subscale of the positive and negative syndrome scale; MATRICS: Measurement and Treatment Research to Improve Cognition in Schizophrenia; ScCORS: 

schizophrenia cognitive rating scale; SCIP: screen for cognitive impairments in schizophrenia; SD: standard deviation; T-R: treatment-resistant. 

Treatment Allopurinol Alpha lipoic Ginkgo biloba L-carnosine N-acetyl cysteine 

Study 
(Weiser et 
al., 2012) 

(Mishra et 
al., 2022) 

(Zhang et al., 
2011) 

(Chengappa et 
al., 2012) 

(Breier et al., 
2018) 

(Neill et al., 
2022) 

(Banazadeh 
et al., 2022) 

(Conus et al., 
2018) 

(Rapado-Castro 
et al., 2017) 

(Sepehrmanesh 
et al., 2018) 

(Yang et 
al., 2019) 

Sample size 
(treatment / placebo) 

123/125 10/10 78/79 33/37 14/18 42/43 27/27 32/31 27/31 42/42 13/13 

Age, mean (SD) 
(treatment / placebo) 

43.5(10.4)/ 
41.8(9.6) 

37.4(12.8)/ 
334.6(7.9) 

45.2(6.7)/ 
45.4(7.3) 

46.6(8.5)/ 
46.5(9.0) 

22.2(4.2)/ 
25.0(5.2) 

39.8(9.2)/ 
39.7(9.4) 

44.7(9.2)/ 
45.4(11.4) 

26.1(6.1)/ 
24.7(5.9) 

38.6(12.2)/ 
41.0(12.4) 

39.4(14.0)/ 
38.8(12.5) 

47.7(8.3)/ 
50.4(12.5) 

Daily dose 600 300 240 
500 start, 2000 

end 
600 start, 3600 

end 
2000 3000 2700 2000 1200 2400 

Duration of dosing 
(weeks) 

8 8 12 4 52 16 4 26 24 12 8 

Illness stage Chronic Chronic, T-R Chronic Stable chronic Early <3 years Chronic, T-R Chronic Early <1 year Chronic Chronic Chronic 

Attention/ vigilance ↔  ↔ ↔  ↔  ↔ ↔ ↑ ↔ 

CSoP      ↑      

Executive function ↑*   ↑     ↔ ↑  

Problem-solving     ↔  ↔    ↔ 

Processing speed   ↔   ↔  ↑  ↑ ↔ 

Psychomotor speed ↑*   ↔        

Social cognition      ↔      

Verbal fluency ↑*       ↑ ↔  ↔ 

Verbal learning ↑*     ↔  ↔   ↔ 

Visual learning      ↔  ↔   ↔ 

Working memory ↑   ↔  ↔  ↔ ↑ ↑ ↔ 

BACS composite ↑*    ↔       

MATRICS composite      ↔      

ScCoRS composite  ↔          

SCIP composite       ↑     
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4.1.1.b Apocynin 
Although not studied in clinical trials, here we used the compound apocynin. Apocynin 

is an NADPH oxidase (NOX)2 inhibitor. It prevents the formation of NOX2 on cellular 

membranes and inhibits a significant source of cellular ROS (Savla et al., 2021). In 

addition, inhibiting NOX2 formation has several indirect effects. For example, it may 

result in the upregulation of anti-inflammatory microglia. Activated microglia are 

categorised into pro-inflammatory (M1) or anti-inflammatory (M2) subtypes. In M1 

microglia, the NOX2 is upregulated compared to resting and M2 microglia. Notably, 

some postulate that the presence or absence of NOX2 determines the inflammatory 

status of microglia (Ansari et al., 2011, Liao et al., 2012, Nayernia et al., 2014). Indeed, 

blocking NOX2 during a neuroinflammatory insult switched microglia to an anti-

inflammatory state (Choi et al., 2012). 

 

Figure 4.1: A schematic showing the effects of NOX2. Apocynin blocks the formation of NOX2. 

Inhibiting several functions, including the formation of ROS and the differentiation of activated 

microglia into pro-inflammatory subtypes NOX2: NADPH oxidase (transmembrane protein), 

SOD: superoxide dismutase, Cat: catalase, GPx: glutathione peroxidase. Adapted from (Savla et 

al., 2021, Sepasi Tehrani et al., 2018, Wang et al., 2018b). Image created in BioRender.com. 

The effects of apocynin in the subchronic phencyclidine (scPCP) model were of particular 

interest due to the work of Behrens et al., who showed that the adverse effects of 

subchronic (sc) Ketamine dosing were prevented when animals were pre-treated with 

apocynin, demonstrating its involvement in the induction of NMDAr-antagonist 

pathology (Behrens et al., 2008). Although Behrens did not investigate whether the 

NOX2 pathway is involved in the maintenance of deficits, we measured the increased 

expression of SOD1 in the PFC (3.3.6).  
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4.1.2 Inflammation 
As many anti-inflammatory drugs are available on the market, several studies have 

examined their effects in clinical settings. For example, a meta-analysis of 56 studies 

found that aspirin, oestrogens, minocycline and N-acetyl cysteine improved 

schizophrenia symptoms. Minocycline was the most prolifically used compound and, 

although limited, showed efficacy in improving some cognitive domains (Çakici et al., 

2019). The data suggest that minocycline is most beneficial to patients in the early stage 

of schizophrenia and benefits executive function, fine locomotor speed, processing 

speed, visuospatial memory and working memory (Table 4.2).   

Minocycline is a broad-spectrum antibiotic with numerous non-antibiotic properties, 

including anti-apoptosis, anti-oxidant, anti-inflammation, enzyme activity moderation 

(including MMPs), immunomodulation and neuroprotection (Garrido-Mesa et al., 2013). 

In addition, there is extensive literature testing the neuroprotective effects of 

minocycline in several disease models of the brain and the periphery, including 

Parkinson’s disease (Cankaya et al., 2019), traumatic brain injury (Meythaler et al., 2019) 

and chronic pain (Zhou et al., 2018).  



 

 
 

Table 4.2: The effect of minocycline on cognitive symptoms of schizophrenia patients. Arrows show significant change from baseline; yellow cells/*: significant 

change also observed in the placebo group; green cells highlight a cognitive improvement in minocycline-treated patients. SD: standard deviation. Zhang et al. used 

two doses of minocycline that had the same outcomes. Adapted from Çakici et al, 2019. 

Study 
(Chaudhry et al., 

2012) 
(Deakin et al., 

2019) 
(Kelly et al., 

2015) 
(Levkovitz et al., 

2010) 
(Liu et al., 2014) 

(Weiser et al., 
2019) 

(Zhang et al., 
2019) 

Sample size 
(treatment / placebo) 

69/71 64/65 29/23 36/18 39/40 100/100 25/25 

Age, mean (SD) 
(treatment / placebo) 

25.9(7.1)/  
26.6(8.3) 

25.5(5.2)/  
25.7(5.1) 

42.9(14.2)/  
42.3(11.0) 

24.8(4.0)/  
25.5(4.06) 

27.1(5.8)/  
27.7(7.3) 

43.4(10.5)/  
43.5(9.7) 

33.0(7.8)/  
33.7(6.2) 

Daily dose (mg) 
50 start, 200 

end 
200 start, 100 

end 
100 200 200 200 100 + 200 

Duration of dosing (weeks) 8 52 10 22 16 16 13 

Illness stage 
Early 

(<5 years) 
Early 

(<5 years) 
Chronic 

Early 
(<5 years) 

Early 
(<2 years) 

Chronic Chronic 

Attention / vigilance ↔  ↔ ↑* ↑* ↔ ↑* 

Executive functions ↔   ↑ ↑ ↔  

Fine locomotor speed     ↑   

IQ  ↔      

Motor speed      ↔  

Problem-solving   ↔  ↑*  ↑* 

Processing speed  ↔ ↔  ↓  ↓* 

Psychomotor speed ↔   ↔    

Social cognition   ↔     

Verbal fluency     ↑ ↔ ↑* 

Verbal learning   ↔  ↑*  ↑* 

Verbal memory      ↔ ↑* 

Visual learning   ↔  ↑*  ↑* 

Visuospatial memory ↔   ↑   ↑* 

Working memory   ↑  ↑ ↔ ↑* 
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4.1.3 Aims 
4. Establish if subchronic dosing of apocynin or minocycline could attenuate the 

scPCP-induced NOR deficit. 

5. Use central and peripheral markers of oxidative stress and inflammation to 

evaluate the mechanisms of drug action. 

6. Measure protein targets used in the characterisation study to understand 

whether subchronic dosing reverses pathology. 
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4.2 Methods 

4.2.1 Study design 

 

Figure 4.2: Study design of apocynin/minocycline study. 

4.2.2 Dosing 
Sixty female Lister hooded rats (259.7g ± 17.7, mean ± standard deviation) were 

acclimatised and dosed as described in sections 2.1 and 2.2. Briefly, cages of rats were 

randomly assigned to receive subchronic vehicle (n=10) or subchronic PCP (n=50). After 

a six-week washout, the ten scVeh were assigned to receive vehicle (0.9% saline, i.p., 

n=10). The remaining ten cages of scPCP animals (n=50) were subdivided into vehicle 

(0.9% saline, i.p., n=10), apocynin (10mg/Kg, 1mL/Kg, i.p., n=20), and minocycline 

(40mg/kg, 2ml/Kg, p.o., n=20) groups. The five rats in each cage were assigned to a 

different treatment group (see Table 4.3), and the order was altered sequentially for 

each cage. This secondary treatment was given daily for seven days. Details on dose 

selection for this study are provided in the supplemental material (8.2.1). During the 

study, two minocycline and one apocynin-treated rats were culled prematurely due to 

health issues. 

Table 4.3: Group identifiers for apocynin and minocycline study.  

Treatment Shorthand 

scVeh + scVeh V/V7 

scPCP + scVeh P/V7 

scPCP + scApocynin [10 mg/Kg, p.o.] P/A7 

scPCP + scApocynin [10 mg/Kg, p.o.] + 7-day washout P/A14 

scPCP + scMinocycline [40mg/Kg, p.o.] P/M7 

scPCP + scMinocycline [40mg/Kg, p.o.] + 7-day washout P/M14 
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4.2.3 NOR 
Animals were habituated to the NOR arena as described in 2.3. Habituation occurred 

during the intervention week. One day after the end of the second dosing week, 40 rats 

were tested in the NOR paradigm (section 2.3). Immediately after completion of the 

NOR, brains and blood were taken. The remaining 20 rats, ten treated with apocynin 

and ten treated with minocycline, underwent a week washout. Seven days after dosing, 

these animals completed the NOR test, and immediately after, plasma and brains were 

taken, as described in sections 2.7 and 2.6.1, respectively. NOR data was scored and 

analysed as described in 2.3. Two scPCP vehicle animals were excluded from the analysis 

because an object fell during the retention trial. 

4.2.4 Tissue processing 
Tissue was prepared as described in section 2.6. The resulting PFC homogenate was used 

for simple western analysis, whereas the DH was used for the MDA assay, SOD activity 

assay, IL6 ELISA and simple western analysis. Due to the high protein requirements for 

these assays, dilute samples were not used for all assays. Homogenates were used to 

achieve the greatest sample size across all four analyses. 

4.2.5 MDA assay 
We used an MDA assay kit from Abcam (ab118970) to measure lipid peroxidation. A 7-

point, 2-fold dilution standard curve was created from the provided stock of MDA 

standard (0.5 – 10 μM). Distilled water and homogenisation buffer (described in section 

2.6.1) were negative controls. TBA was added to standards, negative controls and 

samples at a 3:1 ratio. Samples were diluted to a concentration of 4mg/mL. The largest 

sample size of an equal number that could be achieved for this assay was 7 per group. 

Samples were incubated at 95°C for 60 minutes, then cooled to room temperature in an 

ice bath for 10 minutes. 200μL of the standard, negatives and samples were loaded into 

a black 96-well plate, and fluorescence was read at 532 nm excitation and 553 nm 

emission. A standard curve was produced using the standard RFU, and a 4-PL model was 

used (R2 = 1.000). Sample MDA concentration was interpolated from the standard curve.  
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4.2.6 SOD activity assay 
SOD activity in DH and plasma was measured using ab65354 from Abcam. The samples 

were diluted to 1.6 mg/mL, then prepared alongside three blanks as summarised in the 

below table: 

Table 4.4: Composition and purpose of each component in the SOD activity assay. Quantities 

are given in μL. WST = water-soluble tetrazolium salt, WS = working solution. 

Component Sample ddH2O 
WST 

WS 

Enzyme 

WS 

Dilution 

buffer 
Purpose 

Sample (μL) 20 0 200 20 0 
Measure SOD activity in the 

sample 

Blank 1 (μL) 0 20 200 20 0 
Upper limit of the assay, all 

SOD in WS will be converted 

Blank 2 (μL) 20 0 200 0 20 
Check sample cannot react 

without enzyme present 

Blank 3 (μL) 0 20 200 0 20 
The buffers and working 

solution are not reactive 

 

Prepared samples and blanks were incubated at 37°C for 20 minutes. Then 200μL of 

each sample and blank was pipetted into a 96-well plate and read at 450nm. As the kit 

contained sufficient reagent for 100 reactions, the largest sample size achievable after 

optimisations was 7 per group. Brain and blood samples were matched. To calculate the 

activity, the following equation was used: 

SOD activity (inhibition rate %)= 
(Ablank1-Ablank3)-(Asample-Ablank2)

(Ablank1- Ablank3)
 x 100 

4.2.7 IL6 ELISA 
The IL6 ELISA from R&D systems (R6000B) was used to quantify DH and plasma IL6 levels. 

DH samples were diluted to 3.2 mg/mL protein. Three samples were too dilute to be 

included in the experiment (P/A7, P/M7, P/M14). A 7-point, 2-fold dilution standard was 

created from provided IL6 stock solution (31.25 - 2000 pg/mL). Plasma samples were 

diluted 2-fold in calibrator diluent. 50μL assay diluent was added to each well of the 

precoated ELISA plate alongside 50μL of standards, samples and negatives, then 

incubated for 2 hours at room temperature. The liquid was removed, and the plate was 

washed 8 times with diluted wash buffer. The plate was blotted with absorbent paper 

towels. IL6 conjugate was added and incubated for 2 hours at room temperature. Then, 

the plate was washed as described above again. The substrate solution was added, and 

the plate was incubated in the dark until the standard developed. The stop solution was 
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added to each well when there was a colour difference between the bottom and 

negative standards.  

The plate was read at 450 nm and 570 nm. The readings of the corrective wavelength 

(570 nm) were subtracted from the reading at 450 nm. The optical density of the 

standards was used to produce a standard curve using a 4-PL fit (R2 = 1.000). 

4.2.8 Simple western analysis 
PFC and DH were prepared, and protein targets were measured using simple western 

analysis as described in 2.6.3. 

Table 4.5: Experimental details for WES studies in the apocynin/minocycline chapter. 

Target 
Product 

code 
Supplier 

Region Protein 

concentration 

(mg/mL) 

Antibody 

concentration 

Parvalbumin AF5058 
R&D 

Systems 

PFC 0.2 1:50 

DH 0.2 1:50 

GAD67 Ab26116 Abcam 
PFC 0.2 1:50 

DH 0.4 1:50 

SNAP25 Ab5666 Abcam 
PFC 0.4 1:50 

DH 0.4 1:50 

PSD95 Ab2723 Abcam 
PFC 0.4 1:50 

DH 0.2 1:100 

 

4.2.9 Statistics  
Table 4.6: Summary of statistical tests used in the apocynin/minocycline chapter. 

Purpose Distribution Test Section 

Check for normality N/A 
D’Agostino and Pearson (n>7) or 

Shapiro-Wilk (n≤7) 
2.9.1 

Check for correlations 
Normal Pearson’s 

2.9.5 
Not normal Spearman’s 

Compare exploration 

times 
Normal 

Repeated measures general linear 

model 
2.9.7.b 

Compare DI to a 

hypothetical mean of 0 
Normal One sample t-test 2.9.2 

Compare all groups 
Normal One way ANOVA 2.9.4.a 

Not normal Kruskal-Wallis H 2.9.4.b 

 

In chapter five, we use repeated measure general linear models to include region as a 

within-subjects factor. However, due to the high protein and volume input, inconsistent 

animals were used throughout the postmortem analysis, limiting the power of within-

subject analysis.  
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4.3 Results 

4.3.1 Behavioural outcomes 
Given that there is evidence of sustained oxidative stress and inflammation in the brains 

of rats treated with scPCP up to 22 weeks after dosing (Figure 3.17B and Figure 3.17C), 

we were interested in the effects of anti-inflammatory and antioxidant drugs on 

behaviour and selected pathology. For the antioxidant, we chose apocynin. Although it 

has not been used in a clinical trial for schizophrenia (Table 4.1), there is evidence of 

apocynin improving parvalbumin interneuron dysfunctions in pre-clinical studies 

(Behrens et al., 2007, Ji et al., 2015, Liang et al., 2016, Liu et al., 2016, Schiavone et al., 

2009, Yuan et al., 2015, Zhang et al., 2016b). For an anti-inflammatory, we chose 

minocycline because there is clinical evidence of it having a cognitive effect in 

schizophrenia patients (Table 4.2). In addition, pro-cognitive doses were known in 

female Lister hooded rats, as acute minocycline was used to reverse scPCP-induced 

reversal learning deficits (Grayson, unpublished data). 

4.3.1.a Acquisition trial 
After the washout from scVeh or scPCP dosing, animals were dosed subchronically with 

vehicle, apocynin or minocycline. Twenty-four hours after the last dose of the vehicle or 

intervention compound, forty animals were tested with the novel object recognition 

(NOR) test. The remaining animals were tested one week later to assess whether the 

drug had lasting effects. In the acquisition trial, there was no significant within-subject 

effect of the item (F1, 46 = 0.019, p = 0.891) nor the object*group interaction (F5, 46 = 

0.457, p = 0.806) (Figure 4.3A).  

4.3.1.b Retention trial 
There was a significant within-subject effect of the object (F1, 46 = 33.502, p<0.001) and 

treatment*object (F1, 46 = 2.819, p = 0.027). These findings indicate a difference between 

the time spent with familiar and novel objects in some treatment groups. We used the 

estimated marginal means to perform pairwise comparisons with Šidák’s correction to 

find individual group differences. There was a significant difference between objects for 

V/V7 (familiar (F): 10.00 ± 1.67, novel (N): 17.80 ± 2.22, p = 0.004), P/A7 (F: 7.53 ± 1.77, 

N: 18.89 ± 2.36, p<0.001), and P/M7 (F: 9.62 ± 1.69, N: 19.37 ± 2.08, p <0.001). There 

was no difference in the scPCP-treated animals nor the animals that had undergone a 

further washout (P/V, P/A14, P/M14, p>0.05), indicating a cognitive deficit (Figure 4.3B).  
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4.3.1.c Discrimination index 
We used a one-sample t-test comparing the discrimination index (DI) to a hypothetical 

mean of 0 or random chance, reflecting that a naïve animal in a retention trial would, 

due to no familiarity with either object, spend, in theory, equal times at both objects. 

Like the exploration times, the DI data indicated that V/V7 (t8 = 3.718, p = 0.006), P/A7 

(t6 = 6.425, p = 0.001), and PM/7 (t8 = 3.508, p = 0.008) were performing better than 

random chance. Additionally, the P/M14 group's average DI differed significantly from 

0 (t8 = 2.396, p = 0.043). Finally, there was no difference in P/V7 and P/A14 and the 

hypothetical mean. 

In addition, we used a one-way ANOVA to assess whether there was a significant 

difference between treatment groups. The initial ANOVA revealed a significant effect of 

the treatment group on DI (F5, 46 = 3.972, p = 0.005). Post hoc testing showed that by this 

metric, there was no scPCP-induced deficit (V/V7 and P/V7, p = 0.467). However, 

treatment with apocynin (P/A7) was able to significantly increase the DI compared to 

scPCP (P/V7) (p = 0.036). Despite the initial improvements after apocynin, a seven-day 

washout (P/A14) resulted in a significant reduction in DI compared to P/A7 (p = 0.013). 

However, minocycline treatment (P/M7) was not different to scPCP DI (p = 0.150). 

Notably, P/M7 and P/A14 were trending towards being significantly different (p = 0.069)  

(Figure 4.3C). 

4.3.1.d Locomotion 
As both apocynin and minocycline were novel compounds for testing in NOR, it is 

essential to assess whether these compounds alter locomotor activity. The number of 

line crosses on the arena floor was measured as a crude measure of locomotion. A one-

way ANOVA of total line crosses found no difference between the groups (F5, 46 = 0.399, 

p = 0.847). We also looked at the total exploration across acquisition and retention trials 

and found no difference in exploration for any treatment group (F5, 47 = 0.417, p = 0.835) 

(Figure 4.3D). 
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Figure 4.3: The effects of apocynin/minocycline on the scPCP-induced NOR deficit. A) Time 

spent exploring two identical objects in the acquisition trial of the NOR task following treatment 

with scVeh + scVeh (V/V7), scPCP + scVeh (P/V7), scPCP + scApocynin [10 mg/Kg, p.o.] (P/A7), 

P/A7 + 7-day washout (P/A14), scPCP + scMinocycline [40mg/Kg, p.o.] (P/M7), P/M7 + 7-day 

washout (P/M14). B) Time spent exploring the familiar and novel object in the retention trial of 

the NOR task. C) The discrimination index for each of the treatment groups. D) Number of line 

crossings during the acquisition and retention trial. For A) and B), differences between objects 

were assessed with a repeated measures general linear model (GLM). The difference between 

the estimated marginal means for each object was analysed using a pairwise comparison with 

Šidák’s correction. C) a one-sample t-test was used to compare the mean DI for each group to a 

hypothetical mean of 0, and a one-way ANOVA with Tukey’s post hoc test was used to compare 

the mean DI. Finally, for D), a one-way ANOVA was used to compare the differences between 

groups. (n=7-10). Graphs show mean ± SEM. *=difference between objects or treatment group, 

*p<0.05, **p<0.01, ***p<0.001. #=difference from a hypothetical mean of 0, #p<0.05, ##p<0.01, 

###p<0.001. 
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4.3.2 Oxidative stress 
Directly measuring ROS can be challenging. As such, the downstream by-products are 

often quantified instead. For example, polyunsaturated fats are oxidised for benign 

cellular processes or in radical quantities. Malondialdehyde (MDA) is a minor product of 

lipid peroxidation, which reacts with thiobarbituric acid (TBA) to form a detectible 

product (Murphy et al., 2022). 

In addition to measuring the consequences of ROS, we also investigated the activity of 

superoxide dismutase (SOD), an enzyme that converts superoxide to hydrogen peroxide 

and water. When active, SOD decreases the levels of ROS (Wang et al., 2018b). We were 

interested in the activity of this enzyme due to it being downstream of NADPH oxidase 

(NOX) (Figure 3.13), which is blocked by apocynin (Bedard et al., 2007, Stolk et al., 1994). 

There was a trend towards a difference between group dorsal hippocampal (DH) MDA 

concentration (F5, 36 = 2.150, p = 0.082). Exploratory post hoc tests revealed a trend 

towards an increase in MDA concentration in the scPCP-treated animals compared to 

scVeh controls (P/V7 and V/V7, p = 0.086). Moreover, one week of apocynin treatment 

reduced these levels (P/A7 and P/V7, p = 0.016) (Figure 4.4A).  

We measured the activity of SOD in DH and plasma samples. This assay adds the same 

quantity of superoxide to each sample. The SOD in each reacts with the superoxide to 

produce non-reactive products. Without SOD, the superoxide will react with the water-

soluble tetrazolium salt (WST), producing a yellow formazan dye. A sample with a lot of 

SOD activity will inhibit this reaction, lowering the dye formation and resulting in a high 

inhibition rate (%). We did not find a significant effect of the treatment group on DH 

SOD activity (F5, 42 = 1.704, p = 0.158) (Figure 4.4B). We analysed the SOD plasma data 

using a Kruskal-Wallis test, which neared statistical significance (Χ2
(5) = 10.955, p = 

0.052). Exploratory post hoc testing revealed this was predominately due to increased 

inhibition in the P/A7 cohort (Figure 4.4C). We investigated whether levels of inhibition 

in the brain reflected levels in the plasma, and we found that levels were positively 

correlated (Spearman’s rho = 0.354, p = 0.020, n = 43) (Figure 4.4D). 



 

123 
 

V/V7 P/V7 P/A7 P/A14 P/M7 P/M14

0.0

0.5

1.0

1.5

A. DH MDA concentration

M
D

A
 c

o
n

c
e

n
tr

a
ti

o
n

 (
n

m
o

l/
m

g
)

p=0.086 #

V/V7 P/V7 P/A7 P/A14 P/M7 P/M14

0

20

40

60

80

100

B. DH SOD activity

S
O

D
 i

n
h

ib
it

io
n

 r
a

te
  

(%
)

V/V7 P/V7 P/A7 P/A14 P/M7 P/M14

0

10

20

30

40

50

C. Plasma SOD activity

S
O

D
 i

n
h

ib
it

io
n

 (
%

)

ΔΔΔ ΔΔ

60 70 80 90 100

0

10

20

30

40

50

D. Correlation between DH and plasma SOD activity

DH SOD inhibition (%)
P

la
s

m
a

 S
O

D
 i

n
h

ib
it

io
n

 (
%

)

 

Figure 4.4: The effects of apocynin/minocycline on redox markers. A) Concentration of MDA in 

the DH of scVeh + scVeh (V/V7), scPCP + scVeh (P/V7), scPCP + scApocynin [10 mg/Kg, p.o.] 

(P/A7), P/A7 + 7-day washout (P/A14), scPCP + scMinocycline [40mg/Kg, p.o.] (P/M7) or P/M7 + 

7-day washout (P/M14)-treated rats (n=7). SOD activity in the B) DH and C) plasma (n = 7). D) 

The relationship between DH and plasma SOD inhibition rate (%) (n=7). A and B) were analysed 

with a one-way ANOVA, and graphs show mean ± SEM. For A) Dunnett’s T3 post hoc test was 

used. C) was analysed with a Kruskal-Wallis test, and the graphs show median ± IQR. For D), the 

graph shows data points for individual rats, and the line shows the simple linear regression with 

95% confidence intervals. The colours of the data points are consistent with A–C). *=significantly 

different from V/V7, *p<0.05, **p<0.01, p<0.001. #= significantly different from P/V7, #p<0.05. 
Δ= significantly different from P/A7, Δp<0.05, ΔΔp<0.01. Blue text indicates comparisons 

generated from a non-significant ANOVA or Kruskal-Wallis test.  
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4.3.3 Inflammation 
There is evidence that minocycline downregulates proteins required for IL6 signalling 

(Ataie-Kachoie et al., 2013). Given that we have shown that scPCP can chronically 

increase IL6 (Figure 3.17), we tested what effect minocycline would have on its levels in 

plasma and DH.  

There was a significant effect of the treatment group on DH IL6 levels (F5, 56 = 2.872, p = 

0.023), although further analysis revealed this was due to an increase in IL6 levels in the 

P/V7 group compared to the control (p = 0.021) confirming ongoing inflammation in the 

scPCP animals. Only treatment with minocycline reversed this change (p = 0.036), 

though this was not sustained after washout (Figure 4.5A). Next, we looked at the 

plasma IL6 concentration. Although there was no significant treatment effect in the 

initial Kruskal-Wallis test (Χ2
(5) = 9.250, p = 0.100), there were significant post hoc 

comparisons when comparing groups to P/V7 (V/V7: p = 0.090, P/A7: p = 0.003, P/A14: 

p = 0.040, P/M7: p = 0.053, P/M14: p = 0.083) (Figure 4.5B). We were interested in 

whether the concentrations of IL6 in the brain and plasma were correlated, particularly 

given that many clinical studies are being stratified based on plasma biomarkers 

(Boerrigter et al., 2017, Fillman et al., 2016, Sæther et al., 2023, Wu et al., 2019). 

However, a comparison of the whole cohort found no correlation (Pearson correlation 

= 0.107, p = 0.428, n = 57). 
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Figure 4.5: The effects of apocynin/minocycline on IL6 levels in the DH and plasma. 

Concentration of IL6 in the A) DH or the B) plasma of scVeh + scVeh (V/V7), scPCP + scVeh (P/V7), 

scPCP + scApocynin [10 mg/Kg, p.o.] (P/A7), P/A7 + 7-day washout (P/A14), scPCP + 

scMinocycline [40mg/Kg, p.o.] (P/M7) or P/M7 + 7-day washout (P/M14)-treated rats (n=9-10). 

A) was analysed with a one-way ANOVA with the Tukey post hoc test. The graph shows mean ± 

SEM. B) was analysed with a Kruskal-Wallis test. The graph shows median ± IQR. *=significantly 

different from V/V7, *p<0.05, **p<0.01, p<0.001. #= significantly different from P/V7, #p<0.05. 

Blue text indicates comparisons generated from a non-significant ANOVA or Kruskal-Wallis test.  
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4.3.4 Protein data 
We chose to look at protein data in the DH and PFC, measuring a selection of the 

proteins studied in the characterisation chapter.  

4.3.4.a Dorsal hippocampus 
The group significantly affected DH PV levels (F5, 47 = 4.206, p = 0.003). Using Tukey’s 

post hoc test, we found there was a trend towards a decrease between V/V7 and P/V7 

(p = 0.089), whereas there was a significant decrease in P/A7 (p = 0.045), and P/M14 (p 

= 0.001) compared to V/V7 (Figure 4.6A). 

The group significantly affected DH GAD67 levels (F5, 47 = 7.059, p<0.001). Using Tukey’s 

post hoc, we found there was a significant reduction in all scPCP-treated rats compared 

to vehicle (P/V7: p = 0.020, P/A7: p<0.001, PA/17: p = 0.021, P/M7: p = 0.001, P/M14: 

p<0.001) (Figure 4.6B).  
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Figure 4.6: The effects of subchronic apocynin/minocycline on selected proteins in the DH. 

Levels of A) PV, B) GAD67, C) SNAP25, and D) PSD95 in the DH of scVeh + scVeh (V/V7), scPCP + 

scVeh (P/V7), scPCP + scApocynin [10 mg/Kg, p.o.] (P/A7), P/A7 + 7-day washout (P/A14), scPCP 

+ scMinocycline [40mg/Kg, p.o.] (P/M7) or P/M7 + 7-day washout (P/M14)-treated rats (n=8). 

For A–C), data were analysed with a one-way ANOVA with Tukey’s post hoc, and graphs show 

mean ± SEM. D) data were analysed with a Kruskal-Wallis H test, and the graph shows median ± 

IQR. *= significant difference from V/V7, *p<0.05, **p<0.01, ***p<0.001. 
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Treatment group significantly affected DH SNAP25 levels (F5, 47 = 7.447, p<0.001). Like 

GAD67, there was a profound decrease in SNAP25 in scPCP-treated animals that was not 

rescued after intervention  (P/V7: p = 0.018, P/A7: p<0.001, P/A14: p = 0.002, P/M7: p = 

0.003, P/M14: p<0.001) (Figure 4.6C). 

Finally, PSD95 was analysed with a Kruskal-Wallis H test, which found that there was no 

difference between the groups (Χ2
(5) = 7.557, p = 0.185) (Figure 4.6D). 

4.3.4.b Prefrontal cortex 
Parvalbumin levels were assessed with a Kruskal-Wallis H test, which found a significant 

difference between treatment groups (Χ2
(5) = 14.457, p = 0.013). Here we found a 

significant reduction in the level of PV after scPCP administration relative to V/V7 (p = 

0.002). Interestingly, P/A7 (p = 0.006) and P/M7 (p = 0.046) could rescue parvalbumin 

levels compared to P/V7. However, in the apocynin washout group, parvalbumin levels 

significantly decrease after the further 7-day washout, with levels significantly different 

from V/V7 (p = 0.012) and P/A7 (p = 0.028). The remaining comparisons were 

insignificant (p>0.05) (Figure 4.7A). 

We noted the similarity in the PFC parvalbumin data and the NOR discrimination index 

graph. To investigate this further, we used Spearman’s rho to assess the correlation 

between these two parameters and found a trend towards a significant model fit where 

increased parvalbumin predicted good NOR performance (rho = 0.294, p = 0.052, n = 

44). We explored whether this correlation remained intact when split into treatment 

and found it only did so in the P/M14 cohort performance (rho = 0.762, p = 0.037, n = 

8). 

The group significantly affected PFC GAD67 levels (F5, 42 = 5.708, p<0.001). Post hoc 

analysis showed that P/V7 (p = 0.001), P/A7 (p = 0.027), P/A14 (p = 0.001), and P/M14 

(p<0.001) had significantly reduced GAD67 compared to control. Although there was a 

strong trend to a decrease in P/M7, it was not significant (p = 0.057) (Figure 4.7B).  

One-way ANOVA showed a significant effect of the treatment group on SNAP25 levels 

(F5, 42 = 5.002, p = 0.001). Post hoc testing revealed that all scPCP-treated groups had 

decreased SNAP25 levels compared to vehicle control (P/V7: p = 0.003, P/A7: p = 0.004, 

P/A14: p = 0.001, P/M7: p = 0.035, P/M14: p = 0.042). The remaining comparisons were 

insignificant (p>0.05) (Figure 4.7C). 
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PSD95 levels were assessed with a Kruskal-Wallis H test, which found a significant 

difference between treatment groups (Χ2
(5) = 13.274, p = 0.021). In addition, pairwise 

comparison testing revealed that P/V7 (p = 0.009), P/A7 (p = 0.004), and P/A14 (p = 

0.003) were significantly different from the V/V7 control group. There were no 

significant differences between the remaining groups (p>0.05) (Figure 4.7D).  
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Figure 4.7: The effects of subchronic apocynin/minocycline on selected proteins in the PFC. 

Levels of A) PV, B) GAD67, C) SNAP25, and D) PSD95 in the PFC of scVeh + scVeh (V/V7), scPCP 

+ scVeh (P/V7), scPCP + scApocynin [10 mg/Kg, p.o.] (P/A7), P/A7 + 7-day washout (P/A14), 

scPCP + scMinocycline [40mg/Kg, p.o.] (P/M7) or P/M7 + 7-day washout (P/M14)-treated rats 

(n=8). A and D) data were analysed with a Kruskal-Wallis H test and graphs showing median ± 

IQR. For B and C) data were analysed with a one-way ANOVA with Tukey’s post hoc, and graphs 

show mean ± SEM. *= significant difference from V/V7, *p<0.05, **p<0.01, ***p<0.001; #= 

significant difference from P/V7, #p<0.05, ##p<0.01; δ= significant difference between washout 

times within treatments, δp<0.05. 
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4.4 Discussion 

4.4.1 Overview of main findings 
We investigated the effects of apocynin, an antioxidant, and minocycline, an anti-

inflammatory, on behaviour and pathology to understand further what drives the scPCP 

deficits. In this cohort, we saw scPCP induced a cognitive deficit in the NOR test that was 

reversed by subchronic dosing of apocynin and minocycline. Additionally, ten animals 

from each intervention group were left for a further 1-week, revealing a resurfacing of 

the scPCP cognitive deficit. Only PFC parvalbumin significantly increased in treated 

animals from scPCP-only levels, mirroring the behavioural improvements. However, the 

lack of long-term brain changes may explain the transient behavioural improvements. 

For a summary, see Table 4.7. 

Table 4.7: Consequences of apocynin and minocycline treatment after scPCP dosing. 

Behavioural data: FvN: familiar compared to novel, ticks show where the group spent more time 

at the novel object than the familiar. DI: discrimination index, ticks show where there was a 

significant difference between the group DI and 0. Green highlighted squares show groups 

performing the same as scVeh (V/V7). Pathology data: DH, PFC and plasma levels of markers of 

interest. Arrows show the direction of a significant difference from scVeh group (V/V7). Diagonal 

arrows show trends. Green highlighted cells show a difference from scPCP treated group (P/V7), 

# denotes the significance of this difference #p<0.05, ##p<0.01. Yellow cells highlight data that 

is not significantly different from scVeh (V/V7), nor scPCP (P/V7). Blue text indicates data from 

exploratory post hoc testing. δ= significant difference between washout times within 

treatments, δp<0.05. 

Treatment scPCP ----- Apocynin ----- ----- Minocycline ----- 

Cull day 7 7 14 7 14 

                                          Behaviour 

FvN  ✓  ✓  

DI  ✓  ✓ ✓ 

                                          Pathology 

DH 

MDA ↗ ↔ ↔ ↔ ↔ 

SOD ↔ ↔ ↔ ↔ ↔ 

IL6 ↑ ↔ ↔ ↓# ↔ 

PV ↘ ↓ ↔ ↔ ↓ 

GAD67 ↓ ↓ ↓ ↓ ↓ 

SNAP25 ↓ ↓ ↓ ↓ ↓ 

PSD95 ↔ ↔ ↔ ↔ ↔ 

PFC 

PV ↓ ↔## ↓δ ↔# ↔ 

GAD67 ↓ ↓ ↓ ↘ ↓ 

SNAP25 ↓ ↓ ↓ ↓ ↓ 

PSD95 ↓ ↓ ↓ ↔ ↔ 

Plasma 
SOD ↔ ↑ ↔ ↔ ↔ 

IL6 ↗ ↔ ↔ ↔ ↔ 
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4.4.2 Behaviour 
The NOR test confirmed that scPCP induces a robust cognitive deficit, with animals 

unable to discriminate novel from the familiar object, as previously described (Gigg et 

al., 2020, Landreth et al., 2020, Loureiro et al., 2022, Neugebauer et al., 2018). The 

cognitive deficits are attenuated in the initial intervention groups (P/A7 and P/M7) 

twenty-four hours after the last dose. Previous studies in rodents suggest that levels of 

both drugs in the brain should be minimal (Colovic et al., 2003, Okamura et al., 2018, 

Tarazi et al., 2019, Wang et al., 2013a), although none of this data is in female Lister 

Hooded rats. It would be relevant to know whether the drug is washed out of the 

system, as this could indicate reversals of pathology. Indeed, we included the delayed 

washout groups to understand if the treatments had a long-term beneficial effect 

(P/A14 and P/M14). However, we found neither group spent more time with the novel 

object, indicating that the scPCP deficits had returned. Although, when comparing DI to 

a hypothetical mean of zero or random chance, we found that P/M14 were significantly 

different, a slight group effect that suggests minocycline could have marginal effects 

after a one-week washout (Figure 4.3). 

4.4.2.a Apocynin  
Regarding NMDAr antagonist models, the literature for behaviour is limited to a study 

using a Ppp1r2-positive interneuron-specific NMDAr knockout model. These 

interneurons are predominantly cortical and hippocampal PVI. Therefore, this 

somewhat PVI-specific NMDAr dysfunction could reflect the hypofunction we see after 

scPCP dosing. The knockout was induced from the second week of age. Concurrently, 

apocynin was added to the drinking water of the intervention group. Of note, from three 

weeks of age, the mice were singly housed. Regarding behaviour, the loss of NMDAr in 

PVI predictably reduced performance in the y-maze task, which was exacerbated by 

social isolation stress. However, apocynin rescued behavioural deficits of the mutation 

and the social isolation stress (Jiang et al., 2013).  

Due to the lack of literature on this topic, the effect of apocynin in other cognitively 

impaired models was investigated. The literature showed that apocynin is effective 

when dosed before (Hui-guo et al., 2010, Jiang et al., 2013, Schiavone et al., 2009) or 

after (Ji et al., 2015, Kumar et al., 2022, Qiu et al., 2016, Xianchu et al., 2021) the 

experimental insult. Like our study, most dosing protocols were seven days long (Kumar 
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et al., 2022, Liu et al., 2016, Qiu et al., 2016) and were equally beneficial as prolonged 

dosing. 

Of these studies, two gave interesting insights into the timing of recovery. First, a single 

prolonged stress (SPS) model found that the delay after insult strongly predicted 

cognitive outcomes. Rats were isolated post-weaning. Schiavone et al. administered 

apocynin from week four to week seven after SPS in the early-intervention group. In the 

late-intervention group, rats were treated with apocynin from weeks seven to ten. 

Intriguingly, only the early intervention group showed cognitive improvement 

(Schiavone et al., 2012). In the second study modelling post-operative decline in aged 

mice, researchers gave apocynin in the first or second week after acute stress. All 

animals were killed at the end of the second week. Again, only the early intervention 

group showed cognitive improvement (Liu et al., 2016).  

The literature suggests that apocynin has efficacy in prevention and early intervention 

studies. In addition, due to the broad model types reviewed here, it has efficacy in 

systemic inflammation, stress, diabetes, hypoxia and models relevant to NMDAr 

hypofunction. 

4.4.2.b Minocycline 
scMinocycline dosing has been used with NMDAr antagonists previously, showing an 

excellent ability to reverse cognitive deficits caused by the model. As in our study, 

minocycline was administered post-NMDAr antagonism dosing and behaviour was 

assessed twenty-four hours after the last drug treatment. Levkovitz et al. were the first 

to show efficacy in acute MK-801-treated rats in the Morris water maze test. Here only 

three days of pre-treatment with minocycline were sufficient to reverse the acute MK-

801-induced cognitive deficit (Levkovitz et al., 2007). In the study by Fujita et al., they 

gave minocycline for fourteen days after scPCP dosing and tested cognition using a NOR 

test (Fujita et al., 2008). Whereas in the Monte study, they used a prevention (seven 

days minocycline followed by seven days minocycline and ketamine) and a reversal 

(seven days ketamine, seven days ketamine and minocycline) paradigm and a y-maze 

test (Monte et al., 2013). In all iterations, minocycline could alleviate cognitive 

symptoms.  

Animal models that induce cognitive impairments reveal that scMinocycline is equally 

capable of rescuing cognitive impairments after the insult (Liu et al., 2007, Sharifi et al., 
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2021, Zhu et al., 2014a), as it is preventing (Gholami Mahmoudian et al., 2022, Hiskens 

et al., 2021, Ji et al., 2020, Liu et al., 2021a, Yau et al., 2018). 

In our study, we tested for cognition twenty-four hours and seven days after the last 

treatment dose. Initially, minocycline showed a robust attenuation of the NOR deficits. 

However, after one week, this effect was less pronounced. Therefore, studies that had 

seen an improvement after a washout period were investigated to ascertain whether 

minocycline had the potential to cause long-term benefits. Most published data tested 

their animals immediately after dosing ended, with only one study recording cognitive 

improvements after a substantial delay. In that study, mice were given minocycline for 

fourteen days before and during a recurrent, mild traumatic brain injury (rmTBI) model. 

Over twenty-three days, treated animals endured rmTBI on a schedule of three days of 

treatment and two days rest. Animals were tested using the Morris water maze 90 days 

later. Here, there was a significant reduction in the latency to find the platform on the 

final day of testing in mice treated with minocycline (Hiskens et al., 2021). 

Others do not observe this long-term benefit. For example, Sharifi et al. found that 

scMinocycline on days 0-3 post-carotid artery occlusion (CAO) did not improve cognitive 

outcomes on day 32. However, scMinocycline dosing on days 21-32 after CAO improved 

performance in the radial arm maze (Sharifi et al., 2021). Taking these results together, 

we suggest the pro-cognitive effects and duration may depend on the nature of the 

insult, duration of minocycline and proximity to the insult. Indeed, most protocols have 

prolonged minocycline interventions, with studies ranging from three days to three 

months, and these occur at many time points relative to the insult. More beneficial 

effects may be seen with an altered experimental design.  

4.4.3 Oxidative stress 
Apocynin inhibits the formation of NOX2, a significant contributor to somatic ROS. Due 

to this mechanism of action, we looked at SOD activity as this is the first enzyme 

downstream of NOX2 (Figure 4.1). Then we chose to look at MDA as a marker of lipid 

peroxidation, which is a downstream effect of excessive ROS.  

These markers were also tested in the minocycline-treated cohort. Minocycline targets 

a broad spectrum of systems despite its classification as an antibiotic. In typical 

conditions, nitric oxide (NO) regulates retrograde neurotransmission, cerebral blood 
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flow, intracellular signalling, metabolic status and dendritic spine development. 

However, in the ageing and the diseased brain, NO can interact with superoxides to 

create peroxynitrite, which damages proteins, lipids and nucleic acids (Picón-Pagès et 

al., 2019). The neutralisation of peroxynitrite is catalysed by the SOD enzymes (Wang et 

al., 2018b). Relevant to our current study, minocycline can block NO-induced cell death 

in neuronal cultures (Wilkins et al., 2004). 

4.4.3.a SOD 
Here we measured SOD activity in the brain and plasma. As a reminder, we found 

increased expression of the SOD gene in the PFC, but not the DH, in the characterisation 

chapter. Exploratory post hoc testing revealed increased SOD activity in the apocynin 

cohort plasma. Although we found no alteration to SOD activity in the DH, the inhibition 

in the DH and plasma were correlated. This is noteworthy as the SOD1 enzymes are 

ubiquitous in the body, suggesting systemic effects (Wang et al., 2018b). 

Although there is no evidence in the literature on the effect of apocynin and minocycline 

on SOD in NMDAr antagonist models, it has been used in various others. In general, the 

insult causes a reduction in SOD activity, which is partially rescued with scApocynin or 

scMinocycline (Amirahmadi et al., 2022, Depciuch et al., 2022, Hui-guo et al., 2010, 

Motaghinejad et al., 2021, Qaid et al., 2022, Xianchu et al., 2021). 

Noteworthy studies include Parvardeh et al., who treated rats with minocycline in the 

seven days prior to transient occlusion of the common carotid arteries and treated 

another cohort in the seven days after the surgery. Here they found that the recovery 

to regular SOD activity was only present in the rescue group and not in the prevention 

(Parvardeh et al., 2022). Given that prevention treatments can improve cognition 

(4.4.2.b), perhaps this suggests that it does so despite the persistence of reduced 

antioxidant activity. There was only one study that measured an increase in SOD activity. 

This observation was in a zinc-injection model used to generate neurodegeneration. 

However, minocycline reduced SOD activity to control levels, suggesting that 

minocycline can normalise activity regardless of direction (Kumar et al., 2016).  

When looking at other antioxidants activity, namely CAT and GPx, the ability of apocynin 

or minocycline to increase activity is robust (Cruz-Álvarez et al., 2017, Kumar et al., 2016, 

Motaghinejad et al., 2021, Motaghinejad et al., 2022, Sun et al., 2014).  
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In this section, many animal models have been discussed, including traumatic brain 

injury, ischaemia, infections and drugs of abuse like PCP, ketamine, and 

methamphetamine. Although diverse in construct and duration, all caused increased 

oxidative damage and reduced antioxidant activity. Given that high NMDAr signalling 

leads to increased antioxidant activity (3.4.10), literature investigating NMDAr 

hypofunction in these models was evaluated. Like the PCP model, the models were also 

subject to acute increases in glutamate (Guerriero et al., 2015, Huang et al., 2008, 

Nishizawa, 2001, Parsegian et al., 2014) and impaired PVI (Crapser et al., 2020, Nichols 

et al., 2018, Park et al., 2021, Veerasakul et al., 2016), suggesting a potential common 

pathway. 

Here we measured SOD activity. It is essential to consider what altered enzymatic 

activity means. A less active enzyme cannot catalyse its respective reaction at the 

expected rate (Prenzler et al., 2021). The regulation of catalytic kinetics is complex and 

multifactorial. Physical factors like temperature, pH and substrate concentrations can 

limit activity. It can also be limited by feedback loops, competitive inhibition, allosteric 

regulation, phosphorylation, or the presence or absence of co-factors  (Dominiczak et 

al., 2019). One or many of these may be altered in the insulted brain. Investigations into 

the nature of these changes are beyond the scope of the data we have collected here. 

However, it can be assumed that if the antioxidant systems have reduced activity, there 

would likely be increased ROS-related damage, such as lipid peroxidation. 

4.4.3.b MDA 
The present study did not see a significant ANOVA model when examining the MDA 

concentration. However, exploratory post hoc testing revealed a trend towards an 

increase in MDA concentration in the P/V7 group compared to V/V7. This non-significant 

increase in the scPCP-treated animals was significantly reduced in the P/A7 group. Many 

previous studies looking at NMDAr antagonist models found an increase in MDA in the 

PFC, hippocampus or whole brain. Where the culling date was specified, most brains 

were taken at the end of the dosing week, or the latest was taken two weeks later (Ben-

Azu et al., 2016, de Oliveira et al., 2009, Eneni et al., 2023, Okubo Eneni et al., 2020, 

Omeiza et al., 2023, Tadmor et al., 2018, Zugno et al., 2016). 

There was only one study where they found no change in MDA levels after one week of 

dosing. In said study, they dosed mice with 100mg/Kg of ketamine for seven days and 
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then took the brains 30 minutes after the last injection (Hou et al., 2013). This lack of 

increase may be due to the dose being too high, as Oliveria et al. found a dose-

dependent effect of ketamine in their rat model. Their study found that 4mg/Kg and 

10mg/Kg of scKetamine would increase MDA in the PFC. However, MDA only increased 

in the hippocampus after 4mg/Kg, not 10mg/Kg (de Oliveira et al., 2009). Perhaps 

NMDAr antagonism must be in a Goldilocks zone for oxidative damage, producing 

sufficient NMDAr antagonism on PVI to produce glutamatergic excitotoxicity. On the 

other hand, an excessive dose may block all NR2 subtypes and, therefore, not cause the 

same increases in glutamate. Indeed, high-dose infusions of ketamine can be used to 

alleviate seizures in some epileptic patients (Golub et al., 2018). 

One study compared the use of minocycline in prevention (seven days minocycline 

followed by seven days minocycline and ketamine) and reversal (seven days ketamine, 

seven days ketamine and minocycline) dosing schedules. In both cases, they found a 

significant increase of MDA in the hippocampus of scKetamine-treated mice compared 

to the control (132% in the prevention study and 127% in the reversal study). Our study 

found a more substantial increase in MDA levels (160%). However, our studies have 

acutely different levels of variation. Monte et al. used specific homogenisation methods 

for each marker they measured, which might have preserved MDA. Indeed, they had 

sufficient concentration to use a colourimetric detection method, whereas we used the 

more sensitive fluorometric approach. The high variation in our MDA concentrations 

may also explain why Monte saw a significant decrease where we did not. In the high-

dose minocycline group, there was a 38% reduction in the prevention study and a 30% 

reduction in the reversal treatment. We saw a 28% reduction in P/M7 and a 34% 

reduction in P/M14. Therefore, our protocol has a comparable group effect. However, 

our tissues produce a comparatively low MDA concentration and high variation (Monte 

et al., 2013). A common complaint about using MDA assays is that the TBA chromogen 

can produce products with many other compounds. Future studies should consider 

bespoke tissue collection (Murphy et al., 2022). 

Summarising the data from other models, apocynin and minocycline can reverse 

increases in MDA concentration. These reductions in MDA concentration occurred in 

prevention (Abdo Qaid et al., 2022, Monte et al., 2013, Qaid et al., 2022), 

coadministration (Abdo Qaid et al., 2022, Amirahmadi et al., 2022, Hui-guo et al., 2010, 
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Monte et al., 2013, Motaghinejad et al., 2022, Qaid et al., 2022) and reversal studies 

(Abdo Qaid et al., 2022, Depciuch et al., 2022, Ghavimi et al., 2022, Ji et al., 2015, Lu et 

al., 2014, Monte et al., 2013, Naderi et al., 2017, Qaid et al., 2022, Xianchu et al., 2021). 

4.4.4 Inflammation 
Regarding inflammation, IL6 levels were of interest due to the robust increase of brain 

IL6 after scNMDAr antagonist dosing (Bae et al., 2023, Ben-Azu et al., 2022, da Silva 

Araújo et al., 2017, de Araújo et al., 2021, Eneni et al., 2023, Tadmor et al., 2018, Wei et 

al., 2022, Xiao et al., 2019). A secondary reason is the effect of minocycline on IL6, which 

we will discuss in full later in this section.   

4.4.4.a Apocynin 
Although apocynin does not directly act on inflammatory cytokines, it reduces ROS and 

inflammation. In addition, apocynin favours activated microglia developing into the anti-

inflammatory M2 phenotype (discussed in 4.1.1.b). In our study, we saw an increase in 

the levels of IL6 in the DH after scPCP-dosing compared to vehicle control. Apocynin did 

not significantly reduce IL6 levels, though it was not significantly higher than controls. 

The protein levels used in the assay may not have been sufficient to see the group 

differences effectively. Collating studies that measured changes in TNFα, IL1β and IL6, 

cytokines secreted by M1 microglia (Tang et al., 2016), revealed that apocynin can 

attenuate prolonged inflammation. The data for acute attenuation (<24 hours) is limited 

to a single paper; however, in this case, apocynin was not able to reduce sepsis-induced 

increases to IL6 (Table 4.8).  

In the plasma, apocynin reduced IL6 levels in both washout conditions. This was 

confirmed in other studies. The first showed that three days of apocynin treatment was 

sufficient to subdue the increase in IL6 plasma after acute exercise (Henríquez-Olguín et 

al., 2016). The same result was seen in a rat model of hypertension. Simplicio et al. 

added apocynin to ethanol-laced drinking water for six weeks in this study. In isolation, 

ethanol increased IL6; however, apocynin reversed the increase (Simplicio et al., 2017). 
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Table 4.8: Summary of studies on the effect of apocynin on proinflammatory cytokines. Each 

insult described was administered acutely, and apocynin was given after the insult. Protein levels 

of cytokines were measured using western blot. Insult delay describes when the animal has been 

culled post-acute insult (~ = animals were culled post-behavioural testing, so time has been 

estimated). Arrows show the change in cytokine levels from insult-only control. The downward 

arrow indicates cytokine has returned to vehicle-control levels, and the diagonal arrow shows a 

significant reduction without a complete reversal. TBI: traumatic brain injury, SPS: single 

prolonged stress, STZ: streptozotocin-induced diabetic model, ♂: male, ♀: female, SD: Sprague 

Dawley rats, i.p.: intraperitoneal, sc.: sub cutaneous, p.o.: oral, D: day after insult, Hippo: 

hippocampus, PFC: prefrontal cortex, a = all time points, 1 = day 1 only. 

 
(Feng et al., 

2017) 
(Ji et al., 2015) (Liu et al., 2016) (Xianchu et al., 2021) 

Model TBI Sepsis SPS STZ 

Strain ♂ SD ♂ C57BL6 ♂ SD ♂ SD 

Apocynin 50mg/mL i.p. 5mg/kg i.p. 5mg/Kg sc. 16mg/Kg p.o. 

Schedule immediately D: 0-11 D: 0-7 D: 1-112 

Insult 

delay 

12, 24 or 48 

hours 
1, 3, 14 and 30 days ~15 days ~118 days 

Region Hippo PFC Hippo Hippo Hippo 

IL6  ↔ ↘1 ↓ ↓ 

TNFα ↘a ↔ ↔ ↔ ↘ 

IL1β ↘a ↘1 ↘1 ↔ ↓ 

 

4.4.4.b Minocycline 
Minocycline inhibits proinflammatory microglia (M1) (Kobayashi et al., 2013), IL6 

transcription (Scholz et al., 2015), nitric oxide synthesis (see 4.1.2) (Zhu et al., 2002), 

metalloproteinases (Popovic et al., 2002), and protects from NMDA-mediated 

excitotoxicity (Tikka et al., 2001). As such, it has many functions that would alleviate 

pathology, which may be sustaining scPCP-induced deficits. Initially, minocycline was 

able to reduce IL6 levels in the DH; however, this was not sustained after the washout. 

Published studies show that minocycline can be used before, during and after the insult, 

with high doses (30-50 mg/Kg), showing a consistent relief to increased inflammatory 

markers (Table 4.9). Moreover, the studies by Zhu et al. and Hiskens et al. show a 

prolonged anti-inflammatory effect of minocycline, which cannot be concluded from the 

current data set (Hiskens et al., 2021, Zhu et al., 2014b). 



 

 
 

Table 4.9: Summary of minocycline studies in different disease models. Duration describes the number of days the insult was applied over. Route of administration 

is given for minocycline. The schedule describes the time relative to the insult minocycline that was given, with negative numbers indicating pre-treatment. In the 

poly(I:C) study, gestational day (GD) and postnatal day (PD) are used instead. Cull day describes the day since the insult started the animal was culled (~ = animals 

were culled post-behavioural testing, so time has been estimated). Data includes protein and mRNA data. Arrows show the change in measurement from insult-only 

control. The downward arrow indicates cytokine has returned to vehicle-control levels, and the diagonal arrow shows a significant reduction without a complete 

reversal. scoAD: scopolamine Alzheimer’s disease, rmTBI: repeated mild traumatic brain injury, LPS: lipopolysaccharide infection model, MPH: methylphenidate 

neurodegeneration model, I/R: ischemia/reperfusion injury, PIC: poly(I:C), ♂: male, ♀: female, SD: Sprague Dawley rats, i.p.: intraperitoneal, sc.: sub cutaneous, p.o.: 

oral, D: day after insult, Hippo: hippocampus, Ctx: cortex, VH: ventral hippo. 

 
(Amirahmadi et 

al., 2022) 

(Hiskens et al., 

2021) 

(Ji et al., 

2020) 

(Motaghinejad et al., 

2021) 

(Motaghinejad et al., 

2022) 

(Naderi et 

al., 2017) 

(Zhu et al., 

2014a) 

(Zhu et al., 

2014b) 

Model scoAD rmTBI LPS Alcoholism MPH I/R LPS PIC (GD9) 

Duration 21 days 23 days 3 days 21 days 21 days Acute Acute Acute 

Strain ♂ Wistar ♂ C57Bl/6J ♂ SD ♂ Wistar ♂ Wistar ♂ Wistar ♂ SD ♂ ♀ C57Bl/6 

Route p.o. sc. i.p. p.o. i.p. i.p. p.o. i.p. 

Schedule D: 0-20 D: -14 - 23 D: 0-2 D: 0-20 D: 0-20 D: 0-6 D: 35-49 PD 10-24 

Cull day ~28 90 6 21 26 12 days 58 PD62 

Region Hippo Hippo Ctx PFC Hippo Hippo Hippo Ctx VH Ctx VH 

Dose 

(mg/Kg) 
10 15 30 50 50 40 10 20 30 40 10 20 30 40 40 40 40 40 40 

IL6 ↔ ↘ ↓  ↓            

TNFα ↔ ↘ ↓ ↓ ↓ ↔ ↔ ↔ ↘ ↘ ↘ ↘ ↘ ↘ ↘   

IL1β ↔ ↔ ↘   ↔ ↔ ↓ ↓ ↘ ↘ ↘ ↘ ↓   

IBA1 density     ↓         ↓ ↘ ↘ ↓ ↓ 
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4.4.5 Brain markers 
The present study showed significant prefrontal reductions in parvalbumin, GAD67, 

SNAP25 and PSD95 after scPCP treatment. In the dorsal hippocampus, the changes were 

less significant, with a trend towards decreased parvalbumin and reductions in GAD67 

and SNAP25. In terms of reversal after apocynin or minocycline, the improvements were 

predominantly found in the PFC. There was a significant increase in parvalbumin levels 

in the PFC in early intervention groups (P/A7 and P/M7), and P/M14 were neither 

different from V/V7 nor P/V7, mirroring the behavioural data. This data pattern was also 

seen in GAD67 levels, though only P/M7 was not significantly different from V/V7. The 

early and delayed culled minocycline-treated animals did not significantly differ from 

V/V7 in the PSD95 data. Although limited, minocycline appears to be the more potent 

treatment in this respect.  

4.4.5.a Parvalbumin 
Several studies have looked at the effect of apocynin on PVI in various models, likely 

stemming from the seminal work of Behrens et al., who showed that ketamine-induced 

PVI loss depends on NOX2. Mice genetically modified not to express NOX2 or wild-type 

mice treated with apocynin prevented PVI and GAD67 loss (Behrens et al., 2007). From 

then, this relationship between NOX2 and PVI was validated using apocynin in a host of 

other models, including social stress (Jiang et al., 2013, Schiavone et al., 2009), hypoxia 

(Liang et al., 2016, Yuan et al., 2015, Zhang et al., 2016b), sepsis-induced cognitive 

impairments (Ji et al., 2015), post-traumatic stress disorder (Liu et al., 2016), 

postoperative cognitive decline (Qiu et al., 2016), epilepsy (Kim et al., 2017a) and 

replicated in ketamine studies (Zhang et al., 2016a, Zhou et al., 2015). Consistently, 

these studies showed a significant increase in parvalbumin after apocynin. 

In our study, we initially saw an improvement in PFC parvalbumin. Notably, parvalbumin 

levels predicted NOR performance, potentially indicating increased signalling in these 

animals compared to scPCP control. However, after a week of washout, levels had 

returned to P/V7 levels. Other studies delayed tissue collection after apocynin 

treatment for seven (Liu et al., 2016), thirty-five (Liang et al., 2016), or fifty-eight days 

(Zhang et al., 2016a). Despite apocynin washout, parvalbumin levels were recovered in 

all three compared to the insult-only control. A final study had a sixteen-day delay. 

However, the insult was no longer causing a behavioural or pathological deficit, so it 
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cannot be compared (Ji et al., 2015). Therefore, it appears apocynin can have a long-

lasting effect. 

Next, studies that reflected our insult washout (a delay between the insult and the 

apocynin intervention) were examined. After all, timings were highly consequential in 

the study by Schiavone et al., which noted that early intervention with apocynin could 

recover cognitive impairments, but delaying treatment three weeks renders apocynin 

obsolete (Schiavone et al., 2012). However, all studies administered the insult and 

intervention in proximity. Perhaps replicating this study without delay would result in a 

more substantial parvalbumin recovery. However, if this is the case, it suggests that 

apocynin would not be a good treatment for established schizophrenia, as the window 

for treatment is narrow. This contrasts clinical trials for other antioxidants, which had 

some efficacy in chronic patients (Table 4.1). 

Studies involving parvalbumin and the anti-inflammatory minocycline are limited to 

infection models. The majority are short-term studies with proximity between the 

infection and treatment. In each case, parvalbumin was interpreted with 

immunofluorescent intensity. Pre-treatment (Gao et al., 2017), coadministration (Ji et 

al., 2020), and post-treatment (Mao et al., 2021) all recovered reduced parvalbumin 

intensity in the PFC or the CA1 and CA3 field of the hippocampus back to control levels. 

The final study was in a maternal infection model, where polyinosinic:polycytidylic acid 

(poly(I:C)) was given on gestational day (GD)12, minocycline was given to juvenile mice 

from postnatal day (PD)21-35, and brains were taken approximately three weeks later. 

Although these timings more closely reflect our study, the results did not. Poly(I:C) 

induced reductions in parvalbumin protein measured with western blot, and 

immunohistochemistry revealed a reduced cell count in the DG; both were rescued with 

minocycline (Xia et al., 2020). Critically, these brains were undergoing development; 

therefore, it is difficult to compare these studies.  

4.4.5.b GAD67 
For both apocynin and minocycline, there was no effect of dosing on the scPCP-induced 

deficits, with all groups in both regions being significantly different from scVehicle, save 

PFC GAD67 for P/M7 where there was a strong trend towards a difference (p=0.057).  

GAD67 was also characterised in the Behrens study, concluding that reductions 

depended on ketamine activation of NOX2. Blocking NOX2 formation with apocynin 
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prevents ketamine-induced GAD67 deficits, with Zhou and Zhang replicating these 

findings (Behrens et al., 2007, Zhang et al., 2016a, Zhou et al., 2015). To further 

understand the mechanisms, we looked at the effect of other antioxidants in NMDAr 

antagonist models. Many of these compounds also have anti-inflammatory properties, 

hence the joint discussion. In several experiments from the same research group, a 

preventative (antioxidant for seven days prior to, then co-administered with one week 

of ketamine dosing) and a reversal (antioxidant administered for the second week of a 

14-day scKetamine dosing regimen) protocol was compared using two antioxidants, 

morin and rutin. Morin could reverse GAD67 deficits in both protocols. However, rutin 

only improved in the preventative (Ben-Azu et al., 2018a, Ben-Azu et al., 2020, Oshodi 

et al., 2021). This study highlights a frequent roadblock in antioxidant drug 

development, poor absorption and low bioavailability (Ayvaz et al., 2022, Owczarek-

Januszkiewicz et al., 2022), simply some antioxidants can have more rapid or more 

sustained effects. Indeed, apocynin has a bioavailability of 2.8% (Wang et al., 2013a), 

despite rapid absorption after oral administration (Zahiruddin et al., 2017). Reflecting 

on the characterisation chapter, which hypothesised that the reduction in GAD67 was a 

response to reduced NMDAr function, perhaps the lack of GAD67 recovery suggests 

ongoing pathology.  

4.4.5.c SNAP25 
We observed a significant reduction in SNAP in all scPCP-treated groups with no 

recovery after apocynin or minocycline. Beginning with minocycline, one study injected 

rats with an insecticide that induced dopaminergic neurodegeneration. They studied 

SNAP25 protein in the substantia nigra, where they saw progressive and sustained 

SNAP25 loss after four, eight and twelve weeks of dosing. However, when minocycline 

was co-administered, SNAP25 levels did not reduce across all 12 weeks (Singh et al., 

2011). This is an interesting finding as it suggests that minocycline can quell ongoing and 

increasing damage. There were two further studies from the same lab studying the 

effect of botulinum toxin on SNAP25, though it should be noted that botulinum toxin 

cleaves SNAP25, so the effect of minocycline may be due to neutralisation of the toxin 

rather than network alterations. Here they found a significant reduction in astroglial 

SNAP25, which was reversed by adding minocycline to the culture (Piotrowska et al., 

2017). 
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To our knowledge, no studies have looked at apocynin and SNAP25; however, there was 

a study looking at the effect of the antioxidant melatonin on middle cerebral artery 

occlusion (MCAO). This study was interested in the effect on AMPAr and NMDAr 

signalling, focusing on NR2A-PSD95 coupling. The study design was simple, a single dose 

of melatonin or vehicle before MCAO surgery. Brains were collected 24 hours later. 

MCAO resulted in reduced NR2A, SNAP25 and PSD95 protein, and using 

immunohistochemistry, they showed a reduction in NR2A and PSD95 co-localisation. All 

deficits were reversed by melatonin (Shah et al., 2019). In the visual cortex, De Pasquale 

showed that LTP required NOX2 activation. Indeed, blocking in vitro slices with apocynin 

inhibits LTP. They found that young NOX2 deficient mice (PD9-12) had comparable LTP 

to WT, indicating that neonatal mice may induce LTP in a NOX2-independent manner. 

However, by PD20-24, the time of much neuronal maturation, there was a significant 

drop in LTP in NOX2 deficient slices (De Pasquale et al., 2014). Unfortunately, we did not 

have time to look at NR2A and NR2B in these animals. However, perhaps our 

intervention did not recover this fundamental mechanism of LTP due to a sustained 

decrease in SNAP25 and PSD95. As discussed, both are fundamental for AMPAr and 

NMDAr trafficking (3.3.1). 

4.4.5.d PSD95 
Studies in minocycline using immunohistochemistry adds a fascinating layer to the 

NR2A-PSD95 story. In these studies, minocycline reduced PSD95 and microglia co-

staining (Campos et al., 2022, Lan et al., 2022). An elegant study by Han et al. showed 

that after chronic social defeat stress, active microglia increase in density in the dentate 

gyrus (DG) of the hippocampus and then engulf rather than digest PSD95. Treatment 

with minocycline attenuated microglia activation and reduced aberrant synaptic 

confiscation (Han et al., 2022a). Indeed, western blot and qPCR lack the spatial 

information obtained from immunohistochemistry, and often this information is crucial 

for function. Although a final study used western blot to study the effects of apocynin 

and another antioxidant thought to inhibit NOX2 called ginsenoside Rg1. They found 

flanking cerebral ischemia/reperfusion injury with antioxidant treatment rescued PSD95 

levels (Han et al., 2022b). 
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4.4.6 Limitations  
Besides the limitations mentioned in the discussion, this study was limited by the lack of 

vehicle-treatment groups. This meant that we could not assess the effects of these 

compounds in vehicle animals, and it restricted the statistical models we could use. 

However, we sought to test scPCP-treatment initially as a proof of concept.  

In addition, some of the plasma lysates were haemolysed, which can affect cytokine 

analysis (Karsten et al., 2018), though we did not find any effect of haemolysis when this 

was added into a univariate general linear model as a factor alongside treatment groups.  
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4.5 Chapter summary  
Although apocynin and minocycline temporarily improved performance in the NOR test, 

there were no long-lasting effects. Nevertheless, focusing on the genuinely significant 

changes produced in this study reveals a limited yet insightful outcome.  

Table 4.10: Consequences of subchronic apocynin and minocycline on the scPCP model. 

Arrows show the direction of change from the P/V7 cohort. 1significantly different from P/V7, 
2different from neither V/V7 nor P/V7. PFC: prefrontal cortex, PV: parvalbumin, SOD: superoxide 

dismutase. 

Treatment ----- Apocynin ----- ----- Minocycline ----- 

Delay 7 14 7 14 

PFC ↑ PV1  ↑ PV1 ↗ PV2 

DH   ↓ IL61  

Plasma ↓ SOD1    

 

PFC parvalbumin is the only protein marker to change in response to apocynin and 

minocycline treatment. Moreover, we find correlations between NOR performance and 

parvalbumin levels in the PFC. 
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Figure 4.8: Correlation between PFC parvalbumin and NOR performance 

We know that parvalbumin expression can change in the short term due to behavioural 

testing (Donato et al., 2015). Does the relationship between parvalbumin and the 

discrimination index detect in this study suggest the drugs have permitted PVI to adapt 

expression in response to the NOR task? Or is NOR habituation and testing insufficient 

to induce this change? Notably, neither treatment improved the synaptic pathology 

suggesting superficial improvements. 
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CHAPTER 5: EFFECTS OF EXERCISE IN THE 

SCPCP MODEL
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5.1 Introduction 
In the previous chapters, we have suggested ongoing excitatory/inhibitory imbalance, 

low-grade inflammation and changes to antioxidant activity in the subchronic 

phencyclidine model (scPCP). We have shown that one week of dosing with a general 

anti-inflammatory and antioxidant can temporarily alleviate cognitive symptoms in the 

scPCP-treated animal. However, there are few immediate and sustained brain changes. 

Indeed, the scPCP-induced cognitive deficits return after a week without dosing. This 

chapter focuses on exercise as a pro-cognitive intervention for cognitive impairment 

associated with schizophrenia (CIAS).  

5.1.1 Exercise and schizophrenia 
The effects of exercise on cognition for CIAS have been studied extensively in clinical 

trials, meta-analyses and review articles. Despite differences in patient profiles, data 

collection and exercise protocols, exercise appears to affect cognition positively. The 

specific domains that improve vary between meta-analyses; however, attention, 

vigilance and working memory are regularly among the significant findings (Firth et al., 

2017, Girdler et al., 2019, Shimada et al., 2022, Smith et al., 2010). 

Alongside the pro-cognitive effects, exercise can alleviate positive and negative 

symptoms (Falkai et al., 2017), as well as broader comorbidities associated with 

schizophrenia, such as obesity, hypertension, poor cardiovascular health and metabolic 

syndrome (Bueno-Antequera et al., 2020, Schmitt et al., 2018). Moreover, low physical 

activity strongly predicts schizophrenia risk (Bueno-Antequera et al., 2020), suggesting 

a bidirectional link between physical and mental well-being. 

The exercise interventions which generated the most substantial improvements were 

protocols that offered prolonged, frequent exercise sessions (Bueno-Antequera et al., 

2020, Firth et al., 2017, Shimada et al., 2022). In addition, Firth et al. identified that 

instructor-led training sessions led to lower attrition rates and more significant 

improvements (Firth et al., 2017). 

A caveat to exercise interventions is that participants must comply and complete most 

of the program to see benefits. However, attrition rates are, on average, 22% in group 

interventions and 43% in solitary interventions, despite financial incentives (Firth et al., 

2015). Reflecting on the motivational issues interwoven with the negative symptoms of 
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schizophrenia (Galderisi et al., 2018) and the increased likelihood of developing 

metabolic syndrome while taking second-generation antipsychotics (Muench et al., 

2010), it is understandable why committing to an active lifestyle will be more challenging 

in schizophrenia patients than it is for the general population. Nevertheless, considering 

exercise's benefits and practical challenges, insight into the underlying mechanisms may 

highlight targets for future therapies.  

5.1.2 Exercise in rodents 
Rodent models are valuable tools when trying to understand the mechanisms of 

exercise. Broadly, there are two ways to establish an exercise model: voluntary or 

forced; both have merits and drawbacks. In a forced exercise paradigm, the quantity of 

exercise can be precisely controlled and standardised across the cohort. However, it can 

induce inflammation and endocrine responses associated with chronic stress (Moraska 

et al., 2000). On the other hand, voluntary exercise allows rodents to exercise within 

their means. However, it will inherently introduce a high degree of variation into the 

model.  

Table 5.1 summarises a selection of studies examining voluntary exercise's effect on 

behavioural outcomes. Exercise can rapidly improve cognitive outcomes after only ten 

days of running wheel access (Hajisoltani et al., 2011). Notably, Hopkins et al. showed 

that adolescent rats retain behavioural improvements longer than adults, with 

adolescent animals able to discriminate between novel and familiar objects in the NOR 

task after four weeks of inactivity (Hopkins et al., 2011). On the other hand, in adult 

animals, the positive effects of exercise fade after two to three weeks of inactivity 

(Berchtold et al., 2010, Hopkins et al., 2011).  

Table 5.2 summarises forced exercise studies. Here, we see similar improvements in 

cognition after exercise. As in the voluntary protocols, a period of inactivity will 

irradicate the enhanced cognition (Acevedo-Triana et al., 2017, Kim et al., 2013), and 

adolescent animals are more liable to improvements (Jin et al., 2017).  

Different mechanisms have been proposed to contribute to cognitive improvement 

after exercise. One area of interest involves brain-derived neurotrophic factor (BDNF) 

and neurogenesis, which can be measured in the brain after exercise (Table 5.1 and 

Table 5.2). 



 

 
 

Table 5.1: Summary of voluntary exercise study outcomes in healthy rodents. Free access: running wheel in the home cage. ♂: male, ♀: female, SD: Sprague Dawley, 

LE: Long Evans, RLC: reverse light cycle, MWM: Morris water maze, (PR-)NOR: (pattern recognition)-novel object recognition, ITI: intertrial interval, ASST: attentional 

set-shifting test, RAWM: radial arm water maze, PSD95: postsynaptic density 95, PFC: prefrontal cortex, HIPP: hippocampus, BDNF: brain derived neurotrophic 

factor. ↑ = improvement compared to control animals, ↑↑ = improvement compared to a different exercise cohort, ↔ = no change compared to control. 

Duration Access 
Wheel 

resistance 
Model Housing Behaviour Delay? Effect Brain changes Effect Reference 

10 days Free 100g ♂ Wistar Individual MWM - ↑ - - (Hajisoltani et al., 2011) 

12 days Free - ♂ SD RLC 

Object in place - ↑ Synaptophysin 
and PSD95 in 
PFC and HIPP 

↑ (Brockett et al., 2015) NOR 5 min ITI - ↔ 

ASST - ↑ 

3 weeks Free - ♂ C57BL/6 Individual RAWM 

- ↑↑ 

BDNF in HIPP 

↑ 

(Berchtold et al., 2010) 
1 week ↑↑ ↑ 

2 weeks ↑ ↑ 

3 weeks - ↔ 

3 weeks  Free  -  ♀ C57BL/6  - 
PR-NOR 1.5 hour ITI - ↔ Neurogenesis 

in DG 
↑  (Bolz et al., 2015) 

PR-NOR 24 hour ITI - ↑ 

4 weeks 
Every 

other day 
- ♂ LE - NOR 24 hour ITI 

- ↑ 
- - (Hopkins et al., 2010) 

2 weeks ↔ 

4 weeks 
Every 

other day 
- 

Adult ♂ LE - NOR 24 hour ITI 
- ↑ 

- - (Hopkins et al., 2011) 

2 weeks ↔ 

Adolescent 

♂ LE 
- NOR 24 hour ITI 

- ↑ 

2 weeks ↑ 

4 weeks ↑ 

6 weeks Free 100g ♂ Wistar - RAWM - ↑ BDNF in HIPP ↑ (Alomari et al., 2013) 

6 weeks Free - 
♂ and ♀ 
Wistar 

Individual MWM - ↑ BDNF in HIPP ↑ (Uysal et al., 2015) 



 

 

Table 5.2: Summary of forced exercise study outcomes in healthy rodents. m/min: meters/minute, ♂: male, ♀: female, SD: Sprague Dawley, RLC: reverse light cycle, 

RAWM: radial arm water maze, MWM: Morris water maze, BrdU: Bromodeoxyuridine, HIPP: hippocampus, BDNF: brain derived neurotrophic factor, TrkB: 

Tropomyosin receptor kinase B. ↑ = improvement compared to control animals, ↔ = no change compared to control. 

Type Duration Frequency Intensity Model Housing Behaviour Delay? Effect Brain changes Effect Ref 

Automated 

running wheel 
5 days 30 min/day 7m/min ♂ Wistar - T-maze 6 weeks ↔ 

BrdU on run 

days 
↔ 

(Acevedo-Triana et al., 

2017) 

Swimming 4 weeks 6 days/week 60 minutes ♂ ICR - RAWM 4 weeks ↔ 

BrdU for 8 

weeks 
↔ 

(Kim et al., 2013) 

BDNF in HIPP ↔ 

Treadmill 6 weeks Daily 
30 minutes 

8m/min 

Adolescent 

♂ SD 
- RAWM - ↑ 

BrdU on run 

days 
↑ 

(Jin et al., 2017) 

BDNF and 

TrkB in HIPP  
↑ 

Adult ♂ SD - RAWM - ↔ 

BrdU on run 

days 
↑ 

BDNF and 

TrkB in HIPP 
↑ 

Treadmill 6 weeks 5 days/week 
30 minutes 

8m/min 
♂ and ♀ 

Wistar 
Individual MWM - ↑ BDNF in HIPP ↑ (Uysal et al., 2015) 

Swimming 6 weeks 5 days/week 
60 minutes 

(5 swim/5 rest) 
♂ Wistar - RAWM - ↑ BDNF in HIPP ↑ (Alomari et al., 2013) 

Swimming 8 weeks 6 days/week 60 minutes ♂ ICR - RAWM - ↑ 

BrdU for 8 

weeks 
↑ 

(Kim et al., 2013) 

BDNF in HIPP ↑ 

Group 

treadmill 
24 weeks 3 days/week 

60 minutes 

4m/min 
♂ Wistar RLC RAWM - ↑ - - (Pietrelli et al., 2012) 
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5.1.3 A focus on adult neurogenesis and BDNF 
Given the finding that forced and voluntary exercise can increase BDNF and markers of 

neurogenesis (predominantly bromodeoxyuridine (BrdU)) in the hippocampus, the 

consequences of neurogenesis will be discussed in more detail.  

Neurogenesis in the adult rodent hippocampus occurs in the subgranular zone of the 

dentate gyrus (Seri et al., 2001). Once generated, the neurons migrate and differentiate 

into granule cells of the hippocampal granule cell layer, which incorporate into existing 

networks (Gonçalves et al., 2016). Initially, these neurons are synaptically silent, 

expressing N-methyl-D-aspartate receptor (NMDAr) without α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid receptor (AMPAr). Then, slow γ-Aminobutyric acid 

(GABA) synapses form in the second week after neurogenesis. In the fourth week, 

glutamatergic synapses facilitate the maturation of the newly formed granule cell 

excitatory signals. Finally, the month-old neuron responds to fast GABAergic input 

(Espósito et al., 2005). Slice recordings show that PVIs are recruited by mature granule 

cells, which signal onto immature granule cells, integrating the neuron into the network 

(Alvarez et al., 2016) (see Figure 5.1). 

 

Figure 5.1: Diagram showing adult neurogenesis in the hippocampal subventricular zone. A 

neural stem cell proliferates in the subventricular zone and then migrates from the dentate 

gyrus (DG) to the CA3. During this time, the neuroblast matures in response to GABAergic and 

glutamatergic input. Diagram derived from a biorender.com template (Adapted from Chancey 

et al., 2013, Espósito et al., 2005, Ge et al., 2007). 

In the first four to six weeks of life, the newly formed adult cells have unique 

electrophysiological properties, with enhanced long-term potentiation (LTP) facilitated 

by a reduced induction threshold, which is predominantly mediated by NMDAr subunit 

2B (NR2B) (Ge et al., 2007). Interestingly, environmental enrichment independent of 
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wheel running increases the number of newly born neurons and the speed of silent 

synapses becoming active (Chancey et al., 2013). 

The regulation of adult neurogenesis is multifaceted. Neurotransmitters, cytokines, 

growth factors, and epigenetic regulators can all alter neurogenesis rates (Fares et al., 

2019). One such mediator is the neurotrophin BDNF. BDNF is synthesised as proBDNF, 

which can regulate long-term depression (LTD) by facilitating the NMDAr-induced 

endocytosis of AMPAr (Mizui et al., 2015). Once mature, BDNF binds to soluble 

tropomyosin-related kinase B (TrkB) receptors, which triggers homodimerization and 

phosphorylation of the complex. This complex binds to the cellular membrane, initiating 

a host of intracellular mechanisms that regulate neuronal and glial cell development, 

protection and survival. BDNF can also moderate synaptic plasticity, protein synthesis, 

dendritic growth, NMDAr-dependent synaptic modulation and LTP (Di Carlo et al., 2019, 

Kowiański et al., 2018, Leal et al., 2014). It has been speculated that a lack of proBDNF 

to mature BDNF conversion may contribute to schizophrenia pathology (Wang et al., 

2021). 

There is evidence of BDNF impairment in schizophrenia. The Val66Met mutation, which 

reduces BDNF secretion (Rogaeva et al., 2016), is associated with increased 

schizophrenia risk. Individuals with this mutation can have poor disease presentation, 

reduced age of onset, altered drug response and more significant cognitive 

impairments. Indeed, the mutation can cause cognitive impairment in healthy 

individuals (Beste et al., 2011, Richter-Schmidinger et al., 2011). However, the exact 

effect of schizophrenia on BDNF levels is controversial. For example, some studies show 

decreases in BDNF messenger ribose nucleic acid (mRNA) and protein (Issa et al., 2010, 

Thompson Ray et al., 2011, Weickert et al., 2003), whereas others find increases in BDNF 

mRNA in the hippocampus (Takahashi et al., 2000) or BDNF staining intensity in the CA2-

4 regions of the hippocampus (Iritani et al., 2003).  

Tables 5.1 and 5.2 show that exercise can increase BDNF levels in the hippocampus in 

animal studies. Interestingly, a comparative study by Uysal et al. found increased levels 

of BDNF in the hippocampus of voluntarily exercised rats compared to forced animals 

(Uysal et al., 2015). Perhaps the increased stress response during forced exercise 

(Moraska et al., 2000) downregulated BDNF expression (Notaras et al., 2020), suggesting 

a delicate balance is required. Finally, although limited to plasma data, clinical studies 
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indicate that BDNF is very responsive to changes in activity level, with immediate 

increases in BDNF after high-intensity exercise (Azevedo et al., 2022, Tsai et al., 2021, 

Walsh, 2018), which rapidly normalises 30 minutes after exercise conclusion (Reycraft 

et al., 2020).  

5.1.4 Aims 
4. Establish if there is evidence of altered BDNF or TrkB in scPCP-treated animals. 

5. Determine the cognitive and molecular outcomes after acute and chronic 

exercise to understand how and when changes occur. 

6. Investigate whether exercise is having any effects on the proposed scPCP 

mechanisms. 
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5.2 Methods  

5.2.1 qPCR 
The animals used for the study were the same animals used for qPCR analysis in the 

characterisation chapter. See section 3.2.2 for information on tissue processing. In brief, 

animals were taken twenty-two weeks after scPCP dosing in behaviourally assessed 

animals. In addition to previously discussed targets, we measured BDNF and its receptor 

TrkB in the prefrontal cortex (PFC) and dorsal hippocampus (DH) samples. Samples were 

diluted to 1:50 in the PFC and 1:100 in the DH. 

5.2.2 Animal cohorts for the exercise study 
Eighty female Lister hooded rats were housed and dosed as described in section 2.1. 

After one week of acclimatisation, cages were randomly assigned to receive sub-chronic 

vehicle dosing or phencyclidine for one week, as described in section 2.2. Rats then 

underwent a one-week washout, during which minimal handling occurred.  

5.2.3 Novel object recognition 
After the washout week, rats were habituated and tested in the novel object recognition 

(NOR) test described in section 2.3. The novel object and its location were randomised 

across groups in NOR tests.  

5.2.4 Wheel running 

5.2.4.a Apparatus 
The interior floor of the double-decker cages was removed to accommodate 

the 30cm plastic running wheel (Pets at Home, UK). The distance travelled was 

measured using an odometer (Decathlon, UK). During the wheel running, rats had access 

to food and water.  

5.2.4.b Wheel running and habituation 
The protocol for the exercise has been previously published (Gonzalez et al., 2017, 

Mitsadali et al., 2020). Cages of animals were randomly assigned to either exercise or 

sedentary groups. The exercise group were allowed free access to the running wheel for 

one hour daily. The sedentary group were placed in the same cages, although the wheels 

were locked. As there is evidence that the time of day can affect the effects exercise has 

(Holmes et al., 2004), we ran the habituation and wheel running protocol at the same 

time for habituation and testing. Due to the number of wheels, cages were split into 

three cohorts, and these cohorts were rotated.  



 

 

 

Figure 5.2: Study design for acute and chronic exercise protocols. Animals were dosed with scVehicle or scPCP twice daily for seven days, then underwent a one-

week washout. Animals were habituated and tested using the novel object recognition (NOR) test. Exercised animals were habituated to the running wheels. For 

acute exercise animals, animals were allowed free access to a running wheel for one hour and tested in the NOR test immediately after exercise exposure, and then 

brains were taken. In the chronic exercise study, exercised animals were allowed access to the running wheels one hour/day, five days/week for six weeks. The 

sedentary animals were placed in the same cages with locked wheels. At the midpoint of exercise and the conclusion, rats were tested for cognition using the NOR 

test. This was done 24 hours after the final exercise bout.  Animals were then habituated to the continuous NOR test (conNOR). The brains were perfused for 

immunohistochemistry. ae = acute exercise, ce = chronic exercise, ELISA = enzyme-linked immunosorbent assay, NOR = novel object recognition, TBARS = 

Thiobarbituric acid reactive substances, IHC = immunohistochemistry.  
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In both acute and chronic exercise studies, the experimental cohorts are identified by 

the following acronyms: scVeh + exercise cohort (V/E), scVeh + sedentary cohort (V/S), 

scPCP + exercise cohort (P/E) and scPCP + sedentary cohort (V/S). 

5.2.5 Acute exercise study design 
Forty female Lister hooded rats (222.4  23.4 g, mean  SD at the start of dosing) were 

used for this study (weight changes are detailed in the supplementary material 8.3.1). 

The rats underwent testing after the initial NOR test and wheel running habituation. 

Testing for sedentary and running animals was held on two consecutive days, with the 

sedentary cohort tested and culled first (day six after washout week) and the running 

cohort tested and culled on the subsequent day (day seven post washout week). 

Splitting the days into sedentary and running was a practical choice, as switching 

between locked and unlocked wheels would introduce varied delays. 

On the day of testing, rats were moved into cages with either a locked or unlocked 

running wheel for one hour. After this hour, rats were transferred into the NOR testing 

room. Rats were culled fifteen minutes after removal from the wheel cage by carbon 

dioxide asphyxiation. Brains were harvested and stored on dry ice until long-term 

storage at -80°C. For a full experimental timeline, see Figure 5.2. 

5.2.5.a Molecular analysis 
Brains were collected, and the prefrontal cortex (PFC), dorsal hippocampus (DH) and 

ventral hippocampus (VH) were dissected. The regions were homogenised and prepared 

(2.6.1 and 2.6.2). 

a. i) BDNF ELISA 

The ELISA was optimised as described in 2.6.4 using EKU02787 from Biomatik. Samples 

were diluted to 2.5 mg/mL protein. Due to constrained well numbers, only nine samples 

from the ventral hippocampus were selected from each group. An 8-point, 2-fold 

standard curve was created (31.25 – 1000 pg/mL), including a diluent-only control. The 

standards and samples were pipetted into the pre-coated 96-well plate and incubated 

for 1 hour at 37°C. The samples were removed from each well without washing. Next, 

detection reagent A was pipetted into the plate and incubated for one hour at 37°C. The 

samples were washed eight times with wash buffer, and the remaining wash solution 

was removed from the plate by inverting the plate onto absorbent paper. Then, 

detection reagent B was added and incubated for 30 minutes at 37°C. The wash step 
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was repeated. Finally, the substrate solution was added and developed in the dark. Once 

the stop solution was added, the plate was read on a microplate reader at 450 nm. The 

standard curve was calculated using a 4-PL model (p = 0.997). One sample from the V/S 

group could not be interpolated from the standard curve as the absorbance was greater 

than the top standard.   

a. ii) TBARS assay 

We used the thiobarbituric acid reactive substances (TBARS) assay (DTBA-100, 

BioAssaySystems, USA) to measure lipid peroxidation. A 6-point standard curve was 

created (1.5, 0.9, 0.45, 0.2, 0.1, 0μM malondialdehyde (MDA)). Given the required input 

volume and protein concentration, we could only test the VH. Samples were diluted to 

4 mg/mL. Thiobarbituric acid (TBA) reagent was added to samples at a 1:1 dilution, 

briefly vortexed, and then incubated at 100°C for 60 minutes. Samples were cooled on 

ice for 10 minutes, vortexed and briefly centrifuged. Samples were loaded into a black 

flat-bottom 96-well plate. The plate was read at 530nm excitation and 550nm emission. 

A standard curve was calculated using linear regression (R2 = 0.998, y = 158966𝑥 + 424.7) 

The concentration of MDA was calculated using the following equation where F is the 

fluorescent readout for the sample or the blank (0μM): 

TBARS= 
Fsample- Fblank

the slope of the standard curve
 

5.2.6 Chronic exercise study design 
Forty female Lister hooded rats (236.4 ± 20.5g (mean ± standard deviation)) were 

housed and dosed as described in sections 2.1 and 2.2 (weight changes are detailed in 

the supplementary material 8.4.1). During the middle third of the active or dark cycle, 

rats are the most active, and exercise-induced adult neurogenesis peaks (Boakes et al., 

2021, Burghardt et al., 2004, Holmes et al., 2004). As such, we chose to reverse the 

animals' light cycle, with lights off at 07:00 (12:12 light cycle). 

After initial NOR testing and wheel habituation (habituation distance ran provided in the 

supplementary material 8.4.2), exercised animals were given free access to the running 

wheel for one hour per day, five days per week, for six weeks. Sedentary animals were 

placed in the same cages but with locked wheels. For the complete experimental 

timeline, see Figure 5.2. 
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Cognition in the animals was reassessed at the midpoint and conclusion of the exercise 

protocol. The NOR test was carried out twenty-four hours after the last exercise bout. 

We tested the animals in the middle third of the dark cycle. Animals were transported 

to the testing arena on trolleys covered by a light-safe blanket and remained covered 

until the testing time to minimise time spent in the erroneous light stage. 

5.2.6.a Continuous NOR 

a. i) Rationale  

The working memory capacity is limited by inhibitory control, which is the ability to 

ignore irrelevant stimuli (Tiego et al., 2018). During the standard NOR, the animal is 

removed from the testing arena. However, when the animal is left undisturbed, and the 

objects are swapped while the animal is in the box, scPCP-treated rats can differentiate 

between familiar and novel objects (Grayson et al., 2014). This finding indicates that 

scPCP does not impair memory formation but may limit inhibitory control. In this case, 

removal from the box is sufficiently distracting to overload the working memory 

capacity. To test this, we used a continuous NOR paradigm. Here the rats are trained to 

shuttle between the testing and holding arena, minimising and standardising the 

distraction levels between multiple NOR trials. 

a. ii) Apparatus 

The dimensions and walls of the conNOR testing arena are identical to the standard NOR 

arena (50x50x50cm). However, in the conNOR arena, the floor is a metal grate. 

Additionally, a clear Perspex lid is fixed to the box. An automated door connects the 

holding arena (23x36x50cm) to the testing arena. The objects were placed in the back 

corners of the testing arena, 10 cm away from each wall. Both arenas contained a pellet 

dispenser (see Figure 5.3). ABET II software controlled the gate, dispensers and 

overhead camera (Campden Instruments Ltd, UK). 

a. iii) Study design 

Due to the observation that the pro-cognitive effects of exercise decline as early as two 

weeks after exercise cessation (Acevedo-Triana et al., 2017, Berchtold et al., 2010, 

Hopkins et al., 2010, Hopkins et al., 2011, Kim et al., 2013), we habituated and tested all 

animals for the continuous NOR in the 15 days after exercise cessation. We were limited 

to one conNOR box, so we could not test all animals in the middle third of the light cycle. 

conNOR testing was held from 9:00 – 14:30, and animals were culled from 14:30 – 17:00, 

in the same running order as the conNOR testing. Due to practical limitations, one cage 
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of sedentary scPCP-treated animals was culled the day after conNOR testing. Details on 

the testing and cull days since exercise are found in the supplementary material (8.4.3). 

a. iv) Habituation 

For 72 hours before training and during habituation and testing, rats were food-

restricted (12g/rat/day) and maintained >90% free-feeding weight. For habituation and 

testing, care was taken to only move the rat in or out of the holding arena cage. 

Habituation comprised four stages; each was 20 minutes in duration. Rats were 

habituated to the arena in groups, then individually in the first and second stages. The 

connecting gate was raised during both habituation stages allowing free movement 

between the holding and testing arena. Additionally, the dispensers released pellets 

every 60 seconds. Animals proceeded to the next habituation stage when they actively 

explored the testing and holding chambers.  

Animals were then trained to shuttle between the arenas. Rats were placed in the 

holding arena, and on taking a food pellet, the gate would open, and a food pellet would 

be dispensed in the testing arena. The gate would close when the rat travelled through 

and only reopen when the food pellet was taken from the experimental arena. After a 

delay, the gate would reopen, and a pellet would dispense in the holding arena. This 

would continue until the termination of the timer. Rats would proceed to the final 

habituation stage when they shuttled quickly between the chambers at least eighteen 

times during the 20-minute habituation.  

In the final habituation stage, rats were placed in the holding arena, and the gate opened 

once they had taken a pellet. They were then allowed to explore two identical objects 

for five minutes in the experimental arena. At the conclusion, the gate reopened, and a 

pellet was dispensed in the holding chamber. Next, the rat entered the holding chamber, 

triggering the gate to close for a 1-minute intertrial interval (ITI). During this time, the 

objects were replaced with identical novel objects, and the gate opened at the ITI. Rats 

would then explore these objects for 5 minutes. If the rat failed to enter the testing 

chamber within 3 minutes at the start or after the ITI or did not explore the objects for 

more than 20 seconds, they returned to the third habituation phase.  

a. v) Testing  

Animals were placed into the holding arena; on taking the food pellet, a 1-minute ITI 

commenced. Only the consumption of this first pellet was required for advancement to 
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the next stage; subsequent timings depended on the rat shuttling between the 

arenas. The gate opened at the end of the ITI and would close as the rat shuttled through 

the gate, starting the 3-minute exploration timer. The experimental chamber contained 

two identical objects. Rats were allowed to explore these objects freely. At the end of 

the 3 minutes, the gate would reopen, and on shuttling through, the gate closed, and 

the 1-minute ITI timer commenced. The objects would be exchanged for a novel and 

familiar object. This process continued for twelve retention trials. Two running orders of 

the object were selected; the objects were of similar size but varied in shape, material, 

and colour; the running orders aimed to distribute these differences throughout the 

test.   

 

Figure 5.3: conNOR testing arena and experimental design. The trial 0 box shows the testing 

arena with two identical objects. An automated door connects the holding (H) arena to the 

testing arena. The remaining trials (T) show the progression of the novel objects.  

a. vi) Scoring 

Each trial was saved as a separate file. Files were given randomised numerical codes and 

scored in ascending order. Exploration time was calculated using the NOR timer 

(accessed: jackrrivers.com/program/). Finally, a rolling average of DI was calculated by 

averaging the DI for the trial and the four previous trials.   

Rolling average(Tn) = 
DI(Tn-4) + DI(Tn-3) + DI(Tn-2) + DI(Tn-1) + DI(Tn)

5
 

Due to the novelty of this test, we found that some objects or object pairings were not 

optimal and resulted in minimal or excessive exploration. Therefore, together with other 

users, we developed an exclusion criterion for object pairings that was retroactively 

applied to our data set. These included trials where the exploration of both objects was 
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less than 5 seconds combined. In addition, objects were excluded when the DI in all 

treatment groups for a particular object pairing was less than zero, indicating a 

treatment- and intervention-independent object preference.  

5.2.6.b Immunohistochemistry 
Brains were processed and stained for parvalbumin, perineuronal nets and microglia, as 

described in section 2.8. 

For the parvalbumin staining of the DH, we counted parvalbumin in sections taken from 

bregma -2.64 to -4.68mm. The DH was split into regions, CA1, CA2/3 and the dentate 

gyrus (DG) (Figure 5.4). Due to poor tissue quality, n=7 was the largest sample size of an 

equal number that could be achieved with the DH samples.  

 

Figure 5.4: Regions of the dorsal hippocampus. CA1, CA2/3 and the hippocampus's dentate 

gyrus (DG) regions (Adapted from Paxinos et al., 2007). 

In addition to calculating density, microglia were classified into different activation 

states based on their morphology. We based our classification on the work by Cotel et 

al. (Figure 5.5). Here, we characterised microglia as resting when they had processes 

originating from several locations around the cell body, and the processes were more 

than three times the length of the cell body. In periods of inflammation, microglia 

become activated, and their morphology changes in addition to their secreted factors 

and membrane-bound proteins (Kierdorf et al., 2013). Figure 5.5B shows the 

intermediate microglia, characterised by processes originating from a single peninsular. 

The processes are shorter and thicker, around one to three times the length of the cell 

body. Finally, there are ameboid microglia, with a distinct, enlarged cell body and 

minimal processes that were generally shorter than one length of the cell body.   



Chapter 5: Effects of exercise in the subchronic phencyclidine model 

160 
 

 

Figure 5.5: Representative image of microglia morphologies. A) resting, B) intermediate and C) 

ameboid microglia (taken from Cotel et al., 2015) 

We attempted to stain for BDNF (28205-1-AP, Proteintech) and TrkB (Ab187041, Abcam, 

sc-377218, Santa Cruz, 13129-1-AP, Proteintech) in these tissues. However, we did not 

achieve a stain that could be analysed confidently. 

5.2.7 Statistics 
Purpose Distribution Test Section 

Check for normality N/A 
D’Agostino and Pearson (n>7) or 

Shapiro-Wilk (n≤7) 
2.9.1 

Check for correlations 
Normal Pearson’s 

2.9.5 
Not normal Spearman’s 

Compare several 

measures from one 

individual 

Normal 
Repeated-measures general linear 

model 
2.9.7.b 

Compare DI to a 

hypothetical mean of 0 
Normal One sample t-test 2.9.2 

Compare two groups 
Normal Unpaired t-test 2.9.3.a 

Not normal Mann-Whitney U 2.9.3.b 

Compare all groups 
Normal One way ANOVA 2.9.4.a 

Not normal Kruskal-Wallis H 2.9.4.b 
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5.3 Results 

5.3.1 BDNF 
We first wanted to establish if there was a change in BDNF in the scPCP-treated animals. 

Therefore, we measured BDNF and its receptor TrkB mRNA in the PFC and DH in the 

same brains used in the characterisation chapter. As a reminder, these animals were 

dosed with vehicle or scPCP 22 weeks before testing. 

Here we found that there was a reduction in the BDNF mRNA in the PFC (Mann-Whitney 

U = 4.000, scVeh (V) = 7.520, scPCP (P) = 2.860, p = 0.007) (Figure 5.6A) and no change 

to PFC TrkB (t12 = 0.617, p = 0.549) (Figure 5.6B), DH BDNF (t12 = 1.472, p = 0.167) (Figure 

5.6C) and DH TrkB (t12 = 1.190, p = 0.257) (Figure 5.6D). 
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Figure 5.6: The effect of scPCP on BDNF and TrkB in the PFC and DH. Relative expression of PFC 

A) BDNF and B) TrkB and DH C) BDNF and D) TrkB, (n=7). Differences between groups in A) were 

analysed with a Mann-Whitney U test. The graph shows mean ± IQR. B-D) were analysed with 

an unpaired t-test, and graphs show mean ± SEM. **p<0.01. 
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5.3.2 Acute exercise study 

5.3.2.a Baseline NOR 
Before acute exercise intervention, we wished to confirm that scPCP dosing induced a 

cognitive deficit. 

a. i) Acquisition trial 

After the washout week from scVeh or scPCP dosing, animals were habituated and 

tested using the NOR task. In the acquisition trial, there were no significant within-

subject effects of the object (F1, 38 = 0.451, p = 0.504) nor object*group interaction (F1, 38 

= 0.154, p = 0.696), indicating that regardless of treatment group, there was no 

difference between time spent at left and right object (Figure 5.7A).  

a. ii) Retention trial 

In the retention trial, there was a significant within-subject effect of the object (F1, 38 = 

12.532, p = 0.001). However, the treatment*object interaction was not significant (F1, 38 

= 1.242, p = 0.272). These findings indicate that both scVeh- and scPCP-treated rats were 

spending more time at the novel object (Figure 5.7A). 

a. iii) Discrimination index 

We used the one-sample t-test to compare discrimination index (DI) values to a 

hypothetical value of 0. This analysis confirmed that scVeh animals were able to 

discriminate the novel from the familiar object (t19 = 5.069, p<0.001), whereas the scPCP 

groups were impaired in the NOR task (t19 = 1.742, p = 0.098).  

In addition, we used an unpaired t-test to estimate the difference between groups. This 

analysis showed that scVeh animals had a significantly higher DI than scPCP-treated 

animals (t38 = 2.121, p = 0.041) (Figure 5.7B).  

5.3.2.b Acute exercise 
After running wheel habituation, exercise animals were given free access to a running 

wheel for one hour. There was considerable variation in the running distance on the 

habituation and testing days. To ensure the treatment did not significantly affect 

running distance, we performed a repeated-measures general linear model (GLM), 

where time was the within-subjects factor and treatment was the between-subjects 

factor. Mauchly’s test indicated sphericity (ꭓ2(5) = 19.224, p = 0.002. As the estimated 

epsilon value was less than 0.75 (ε = 0.589), we used the Greenhouse-Geisser correction 

to mitigate the effect of unequal variances.  
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The experimental day had a significant within-subjects effect on the distance travelled 

(F3, 1.766 = 4.269, p = 0.027), whereas the day*treatment interaction was insignificant (F3, 

1.215 = 1.215, p = 0.306). There was no effect of the between-subjects effect of treatment 

(F1, 18 = 0.612, p = 0.444). These results show that although there was a significant 

difference between the distance run across the habituation and testing days, there was 

no difference between scVeh and scPCP running distance (Figure 5.7C). 

5.3.2.c Effects of acute exercise on NOR 
Immediately after the conclusion of exercise or sedentary protocols, rats were tested 

again using the NOR test to assess if acute exercise had improved cognition in the scVeh 

or scPCP groups.  

c. i) Acquisition trial 

For the acquisition trial, there were no within-subject effects of the object (F1, 36 = 0.103, 

p = 0.750), object*treatment (F1, 36 = 0.010, p = 0.921), object*exercise (F1, 36 = 0.365, p 

= 0.549), and object*treatment*exercises (F1, 36 = 0.000, p = 0.993) interactions. 

However, treatment significantly affected exploration time in the acquisition trial (F1, 36 

= 4.337, p = 0.044). This was due to a significant increase in the time scPCP animals spent 

exploring the identical objects (scVeh (V): 12.69 ± 0.88, scPCP (P): 15.28 ± 0.88, p = 0.044) 

(Figure 5.7D).  

c. ii) Retention trial 

There was a significant effect of the object in the retention trial (F1, 36 = 54.870, p<0.001) 

and the object*treatment interaction (F1, 36 = 6.832, p = 0.013). The remaining object 

interactions, object*exercise (F1, 36 = 1.874, p = 0.180) and object*treatment*exercise 

(F1, 36 = 1.291, p = 0.264) were insignificant. These data suggest a significant difference 

between the time spent between the objects in the scVeh or the scPCP group, but no 

effect of exercise. Regarding the significant object*treatment interaction, we used post 

hoc comparisons to explore the simple main effect of treatment. This analysis showed 

that both treatments were able to discriminate between familiar and novel objects 

(V/familiar (F): 7.93 ± 2.99, V/novel (N): 15.68 ± 5.70, p<0.001; P/F: 10.62 ± 4.56, P/N: 

14.23 ± 5.40, p = 0.002) (Figure 5.7D). 
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Figure 5.7: Acute exercise behavioural data. Time spent exploring two identical objects in the 

acquisition trial and familiar and novel objects in the retention trial of the NOR task following A)  

treatment with scVeh or scPCP or D) acute exercise (V/E: scVeh + exercise, V/S: scVeh + 

sedentary, P/E: scPCP + exercise, P/S: scPCP + sedentary). Object differences were analysed with 

a repeated-measures general linear model (GLM). The difference between the estimated 

marginal means for each object was analysed using a pairwise comparison with Šidák’s 

correction. θ=difference between objects, θθp<0.01, θθθp<0.001. The discrimination index for 

scVeh- and scPCP-treated animals B) before and E) after acute exercise. A one-sample t-test was 

used to compare the mean DI for each group to a hypothetical mean of 0. #=difference from a 

hypothetical mean of 0, #p<0.05, ###p<0.001. For B), an unpaired t-test was used to compare 

treatment groups. *=difference between groups, *p<0.05. Finally, C) Average running distance 

in the acute exercise study. H: habituation days (1 – 3). T: testing day. Data were analysed with 

a repeated-measures GLM. All graphs show mean ± SEM. A + B) n = 20, C - E) n = 10. 

c. iii) Discrimination index 

Using a one-sample t-test revealed there was a significant difference between V/E 

(p<0.001), V/S (p<0.001), P/E (p = 0.047) and a hypothetical mean of zero, indicating that 
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all these groups performed significantly better than random chance. However, in the 

P/S group, there was no difference, indicating a cognitive deficit (p = 0.108). 

Comparing the DI means for each group using a univariate GLM revealed a significant 

effect of treatment (F1, 38 = 5.630, p = 0.023) and a near-significant effect of exercise (F1, 

38 = 3.700, p = 0.063). A greater DI drove the treatment effect in the scVeh cohort (V: 

0.323 ± 0.173, P: 0.160 ± 0.251, p = 0.023). Although insignificant, the trend towards an 

effect of exercise was driven by a greater DI of the exercise cohort (E: 0.312 ± 0.252, S: 

0.180 ± 0.185). (Figure 5.7E).  

5.3.2.d Post-mortem analysis 

d. i) BDNF ELISA 

To investigate the concentration of BDNF in the brain homogenates, we used an ELISA. 

We measured changes in the PFC, DH and VH regions. We used a repeated-measures 

GLM, where the region was used as the repeated measure and treatment and exercise 

were between-measures factors. Mauchly’s test indicated there was a difference in 

variation (ꭓ2(2) = 16.044, p<0.001, as the estimated epsilon value was greater than 0.75 

(ε = 0.815), we used the Huynh-Feldt correction. 

There was a significant difference between the BDNF concentrations in each region 

(F1.63, 57.05 = 62.529, p<0.001). Interestingly, a significant region*treatment interaction 

(F1.63, 57.05 = 14.339, p<0.001) indicated a significant treatment effect in select 

regions. Simple main effect analysis revealed this difference was in the DH (V: 320.8 ± 

32.6, P: 140.1 ± 31.7; p<0.001) and VH (V: 63.6 ± 11.7, P: 97.4 ± 11.4; p = 0.045), with no 

change in the PFC (p = 0.756). 

Finally, there was a trend towards a significant region*treatment*exercise interaction 

(F1.63, 57.05 = 3.161, p = 0.060). Exploratory post hoc testing revealed significant 

differences in BDNF levels in the DH, with exercise increasing BDNF concentration in the 

scPCP-treated animals between V/S and P/S (p<0.001) and P/E and P/S (p = 0.041). There 

were significant increases in BDNF concentration in the VH in the P/E group compared 

to the V/E group (p = 0.015). 

For the between-subject effects, there was a significant effect of treatment (F1, 35 = 

5.781, p = 0.022) and treatment*exercise (F1, 35 = 5.858, p = 0.021), whereas there was 

no effect of exercise alone (F1, 35 = 0.259, p = 0.614). Indeed, looking at the mean BDNF 
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levels across all three regions measured revealed a significant reduction in scPCP-

treated animals (V: 234.2 ± 13.8, P: 188.0 ± 13.4; p = 0.022). Regarding the significant 

interaction between treatment and exercise, there was only a significant treatment 

effect when analysing the sedentary animals (V/S: 252.6 ± 20.0, P/S: 159.8 ± 19.0; p = 

0.002). Additionally, exercise increased the average BDNF concentration across the 

three regions in the scPCP-treated animals only (P/E: 216.2 ± 19.0, P/S: 159.8 ± 19.0; p 

= 0.043) (Figure 5.8A). 

We were interested if there was any correlation between our behavioural and 

pathological outcomes. We found a correlation between post-exercise (aeNOR2) DI and 

BDNF in the DH (Spearman’s correlation coefficient: 0.386, p = 0.014). We performed a 

linear regression on the complete data cohort and plotted the line to view the visual 

trend (R2 = 0.118, p = 0.032) (Figure 5.8B).  

d. ii) TBARS assay 

Next, we looked if exercise altered oxidative stress markers in these animals. We chose 

to look at the TBARS assay. Unfortunately, we could only test the VH due to the high 

protein and volume input.  

The results were promising; however, the data was highly variable, as in the MDA assay 

used in chapter 4. Indeed, we found that Levene’s test of variances was significant (L3, 36 

= 4.211, p = 0.012). However, univariate GLMs are relatively robust to alterations in 

variance, particularly when group sizes are equal (Ananda et al., 1997). Exercise 

significantly affected MDA concentration (F3, 36 = 5.390, p = 0.026), reducing 

concentration compared to sedentary controls (Ex: 1.018 ± 0.214, Sed: 1.906 ± 0.674). 

The remaining between-subject effects of treatment (F1, 39 = 0.912, p = 0.346) and the 

treatment*exercise interaction (F1, 39 = 1.450, p = 0.236) were insignificant (Figure 5.8C). 
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Figure 5.8: BDNF and MDA concentration in acute study rats. A) BDDF concentration of V/E, 

V/S, P/E and P/S groups in the PFC, DH and VH. Dashed comparison lines indicate pairwise 

testing from a trending interaction of a repeated-measures GLM. The difference between the 

estimated marginal means for each object was analysed using a pairwise comparison with 

Šidák’s correction. Τ=effect of treatment, Τp<0.05, ΤΤΤp<0.001. *=difference between groups, 

*p<0.05, ***p<0.001 (n=9-10). B) Correlation analysis of DH BDNF concentration and the NOR 

data from aeNOR2. The line is the linear regression of all DH data combined (y = 284.0𝑥 + 205.1) 

(n=8-10). C) MDA concentration was calculated with the TBARS assay (n=10). Differences 

between groups were assessed with a univariate GLM. The difference between the estimated 

marginal means for each object was analysed using a pairwise comparison with Šidák’s 

correction. ε=effect of exercise, εp<0.05. Graphs show mean ± SEM. 
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5.3.3 Chronic exercise study 

5.3.3.a Standard NOR 

a. i) ceNOR1  

Before the exercise intervention, the chronic exercise cohort underwent NOR testing to 

assess cognition in the scVeh and the scPCP-treated animals. Although the animals are 

naïve to exercise, we will include exercise in our analysis to ensure there was no 

difference in the cohorts used. 

In the initial NOR, there was no effect of the object in the acquisition task (F1, 36 = 0.583, 

p = 0.450) or any interactions with treatment (F1, 36 = 0.803, p = 0.376), exercise (F1, 36 = 

0.819, p = 0.372), or the object*treatment*exercise interaction (F1, 36 = 0.59, p = 0.810). 

The lack of object effect indicates no difference between the time spent at the left or 

right object (Figure 5.9A).  

In the retention trial, however, there was a significant effect of the object (F1, 36 = 21.688, 

p<0.001), which was maintained in the object by treatment interaction (F1, 36 = 20.644, 

p<0.001). To understand which treatment led to this object effect, we ran post hoc 

comparisons on the mean times spent at each object. Looking at the differences 

between scVeh- and scPCP-treated animals, we found a significant difference between 

the time spent at the familiar and novel objects in the scVeh-treated animals (p<0.001). 

In the scPCP-treated animals, there was no difference (p = 0.937), indicating impaired 

cognition in the scPCP group only. 

Returning to the main within-subject effects, we found no significant effect of the object 

in its interaction with exercise (F1, 36 = 0.123, p = 0.728) or the object*treatment*exercise 

interaction (F1, 36 = 0.261, p = 0.612) (Figure 5.9A).  

a. ii) ceNOR2 

The second NOR task was held twenty-four hours after the 15th exercise bout, which 

was the midpoint of exercise. In the acquisition trial, there was no significant overall 

effect of the object (F1, 36 = 1.480, p = 0.232), object*exercise (F1, 36 = 0.969, p = 0.331) or 

object*treatment*exercise interactions (F1, 36 = 0.154, p = 0.697). However, there was a 

significant object*treatment interaction (F1, 36 = 6.543, p = 0.015). Post hoc testing 

revealed this was due to a difference in time spent at the left object in the scPCP-treated 

animals (p = 0.011), specifically in the P/S cohort (p = 0.036), which could indicate a place 

preference. The novel object was on the left-hand side for half of the retention trials, so 
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the data were split accordingly. We assessed whether the object preference in the P/S 

group was stronger when the novel object was on the left. Here we found no significant 

difference in the object preference for the retention trial (F1, 8 = 0.005, p = 0.946) or the 

object*novel object location interaction (F1, 8 = 1.849, p = 0.211), indicating no difference 

in the time spent at the novel object when it was on the left or the right hand side (Figure 

5.9B). 

In the retention trial, there was a significant effect of the object (F1, 36 = 13.280, p<0.001) 

and the object*treatment interaction (F1, 36 = 5.021, p = 0.031). There was no significant 

interaction for exercise (F1, 36 = 0.563, p = 0.458) or the object*treatment*exercise 

interaction (F1, 36 = 0.623, p = 0.435). These findings suggest a difference in the time 

spent at the objects in one of the treatment groups; however, exercise is not having an 

effect. Post hoc testing revealed that the scVeh-treated animals spent more time at the 

novel object (p = 0.025). The object had no effect in the scPCP-treated animals (p = 

0.740) (Figure 5.9B). 

a. iii) ceNOR3 

After completing the six weeks of exercise, a final NOR test was held. In the acquisition 

trial of the third NOR, we found that there was a significant effect of the object (F1, 36 = 

4.760, p = 0.036), with none of the remaining object interactions being significant: 

treatment (F1, 36 = 0.777, p = 0.384), exercise (F1, 36 = 2.270, p = 0.141) and 

treatment*exercise (F1, 36 = 0.871, p = 0.357). As the rats explored the left object more 

than the right (L: 14.0 ± 0.77, R: 12.5 ± 0.71), we studied the retention trials to ensure 

that this place preference was not affecting the outcomes. There were no significant 

interactions between the object and the side of the novel object (LvR) (F1, 32 = 1.802, p = 

0.189). In addition, the object*LvR*treatment (F1, 32 = 0.352, p = 0.002), 

object*LvR*exercise (F1, 32 = 1.238, p = 0.274) and the object*LvR*treatment*exercise 

(F1, 32 = 3.649, p = 0.065) interactions were not significant, indicating the place 

preference did not affect the retention trial (Figure 5.9C).  

In the retention trial, there was a significant effect of the object (F1, 36 = 32.740, p<0.001) 

and the object*exercise interaction (F1, 36 = 9.758, p = 0.004). Here the exercised animals 

were spending significantly more time at the novel object (F: 9.392 ± 0.890, N: 16.394 ± 

1.192; p<0.001), whereas there was a trend in the sedentary animals (F: 10.242 ± 0.819, 

N: 12.299 ± 1.902; p = 0.061). There was no effect of the treatment (F1, 36 = 1.144, p = 
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0.292) and a trend for the object*treatment*exercise interaction (F1, 36 = 3.270, p = 

0.079). Further investigations of the trend revealed there was a significant difference 

between time spent at the familiar and novel object in the V/E (p<0.001), V/S (p = 0.010), 

and P/E (p<0.001) cohorts. However, there was no difference in the P/S group (p = 

0.890), suggesting that chronic exercise had attenuated the scPCP-induced behavioural 

deficits (Figure 5.9C). 

a. iv) Discrimination index 

The discrimination index can be helpful when investigating the longitudinal changes in 

NOR performance in the same cohort, as it scales all performances into the same range, 

allowing us to see if there were changes over time. There were no significant within-

subjects effects of the trial (F2, 72 = 0.305, p = 0.738), suggesting a high degree of 

variability in an individual’s NOR performance across repeated measures. This was true 

in all the interactions:  trial*treatment (F2, 72 = 2.088, p = 0.131), trial*exercise (F2, 72 = 

2.436, p = 0.095) and trial*treatment*exercise interactions (F2, 72 = 0.650, p = 0.525) 

(Figure 5.9D).  

We also used a one-sample t-test to assess whether there was a significant difference 

between the DI and a hypothetical value of zero. The findings are summarised in Table 

5.3. 

Table 5.3: Summary of one sample t-tests for the chronic exercise NOR tests. t: t-test value, df: 

degrees of freedom, p: p-value 

 ceNOR1 ceNOR2 ceNOR3 

 t df p t df p t df p 

V/E 4.138 9 0.003 3.600 9 0.006 7.084 9 <0.001 

V/S 5.427 9 <0.001 4.805 9 <0.001 3.248 9 0.010 

P/E -0.316 9 0.759 1.849 9 0.097 5.575 9 <0.001 

P/S 0.527 9 0.611 -0.140 9 0.892 0.066 9 0.949 

a. v) Chronic exercise 

We collected the distance each rat had travelled at the end of each exercise session. 

First, we wanted to ensure there were no differences between the treatment groups. 

We found no effect of treatment (F1, 19 = 0.328, p = 0.574) (Figure 5.9E). As there was a 

cognitive improvement in the last NOR test, we wanted to confirm that this was due to 

prolonged exercise exposure and not increased running activity in the latter half of the 

running protocol. A repeated-measures GLM found no difference between the first and 
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last half of the exercise averages (F1, 18 = 0.377, p = 0.547), nor was there an interaction 

between the study half and the treatment group (F1, 18 = 1.798, p = 0.197) (Figure 5.9F).  
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Figure 5.9: NOR data from the chronic exercise study. Exploration times in the acquisition and 

retention trials for A) ceNOR1 (n=20), B) ceNOR2 (n=10) and C) NOR3 (n=10). Differences 

between objects were calculated using a repeated-measures GLM. D) The discrimination index 

from the 3 NOR trials from the chronic NOR study. Differences from a hypothetical mean of 0 

were calculated with a one-sample t-test (n=10). E) Average running distance of both treatments 

in the thirty exercise sessions that were one hour in duration and held for six weeks. Differences 

between groups were measured with a repeated-measures GLM (n=10). F) Average time each 

animal spent running in the first and last half of the exercise training. Differences were 

calculated using a repeated-measures GLM (n=10). Graphs show average ± SEM. θ= effect of 

object, θp<0.05, θθp<0.01, θθθp<0.001. #= different from a hypothetical mean of zero, ##p<0.01, 

###p<0.001. Dashed lines indicated post hoc analysis originating from a non-significant effect. 
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5.3.3.b Continuous NOR 
After completing the final NOR task, animals were habituated and trained for the 

continuous NOR task. Unfortunately, some trials were missing videos due to initial issues 

with the software workflow.  

b. i) First NOR trials 

We were interested in the first acquisition and retention trial as we have shown in the 

standard NOR tasks that P/S rats cannot discriminate between familiar and novel objects 

(Figure 5.9). However, studies have shown that scPCP-treated animals can complete 

NOR when distraction is minimised (Grayson et al., 2014, Landreth et al., 2020).   

In the acquisition trial, there was no effect of the object (F1, 36 = 0.180, p = 0.674), nor its 

interactions with treatment (F1, 36 = 0.361, p = 0.552), exercise (F1, 36 = 0.452, p = 0.506) 

or the object*treatment*exercise interaction (F1, 36 = 0.156, p = 0.695). Interestingly, 

exercise had a significant between-subject effect on the average exploration time (F1, 36 

= 9.391, p = 0.004), with exercised animals exploring for less time (Ex: 11.65 ± 10.03, 

Sed:  17.92 ± 6.63) (Figure 5.10A).  

In the retention trial, there was a significant effect of the object (F1, 36 = 55.809, p<0.001) 

and no effect of the interactions: treatment (F1, 36 = 0.377, p = 0.543), exercise (F1, 36 = 

0.264, p = 0.611) and treatment*run (F1, 36 = 0.374, p = 0.545). In addition, there was no 

longer a between-subjects effect of exercise (F1, 36 = 1.586, p = 0.216). These results 

suggest a difference between the time spent at familiar and novel objects in all groups 

(Figure 5.10A).  

b. ii) Discrimination index 

Plotting the raw DI data for all assessed trials revealed that initially, all groups 

successfully discriminated between objects. However, from the fourth trial, there was a 

reduction in the non-exercised cohorts. We wished to assess whether there was a 

reduction in the DI from the initial trial to quantify the visual reduction. To do this, we 

used a repeated measures GLM. There were no significant within-subject effects, 

although the trial was nearing significance (F9, 99 = 1.873, p = 0.065), suggesting a trend 

towards DI changing across trials. Interestingly there was a significant between-subjects 

effect of treatment (F1, 11 = 5.064, p = 0.046) and exercise (F1, 11 = 29.312, p<0.001), 

though there was no significant interaction (F1, 11 = 0.024, p = 0.880). These between-
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subject factors are the overall average for the ten trials, indicating a significant effect of 

both exercise and treatment on the overall average performance. 

As we were interested in the long-term changes in performance from the initial trial, 

where every group could discriminate, we looked at post hoc comparisons for each 

group compared to their first trial. Here we found minimal significant data. Only P/S 

groups showed a significant difference from the first trial on trial nine (p = 0.012) and a 

trend on trial eight (p = 0.068) (Figure 5.10B). 

These changes were not as profound as we expected and were likely due to the high 

degree of variation, partly due to the two different running orders we selected. We 

chose, therefore, to do a rolling average of the DI to try and reduce the data noise and 

give a better idea of the overall trends. We used the same repeated-measures GLM, 

which found there was a significant difference in the variance of the groups (ꭓ2(44) = 

271.983, p<0.001), as the estimated epsilon value was less than 0.75 (ε = 0.400), we 

used the Greenhouse-Geisser correction to mitigate the effect of unequal variances. We 

found a significant effect of the trial (F3.60, 115.30 = 9.425, p<0.001). There was also a 

significant interaction between trial*exercise (F3.60, 115.30 = 6.935, p<0.001). There was 

no effect of the trial*treatment (F3.60, 115.30 = 0.336, p = 0.834) and the 

trial*treatment*exercise interactions (F3.60, 115.30 = 0.891, p = 0.464).  

We sought to compare the later trials with the first to assess the maintenance or loss of 

discrimination ability as time went on. As a significant trial*exercise interaction existed, 

we grouped the data into exercise and sedentary cohorts. In the exercise cohort, there 

were no differences between the first and the later trials (p>0.900). However, in the 

sedentary cohorts, despite early trials indicating maintained ability (trial (T) 2-4: 

p=1.000, T5: p = 0.604, T6: p = 0.307), performance rapidly declined after trial 6 (T7: p = 

0.001, T8-10: p<0.001) (Figure 5.10C).  

b. iii) Trial bins 

We wanted to dissect the differences between the groups further, so we split the rolling 

average (ra)DI data set into three bins (T1-4, T5-7 and T8-10).  Using a repeated 

measures GLM, we found a significant within-subjects interaction of the bin (F2, 66 = 

11.162, p<0.001) and the bin*exercise interaction (F2, 66 = 7.787, p<0.001). There was no 

significant effect of bin*treatment (F2, 66 = 0.127, p = 0.887), nor bin*treatment*exercise 

interactions (F2, 66 = 1.153, 0.322). Pairwise comparisons revealed no significant 
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differences in the first bin of trials 1-4. In the second bin, P/E and P/S were significantly 

different (p = 0.001), and V/S and P/S were trending towards a difference (p = 0.082). 

Finally, in the last bin, there was a significant difference between the V/E and V/S groups 

(p<0.001) and P/E and P/S groups (p<0.001) (Figure 5.10D).  
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Figure 5.10: Continuous NOR data for chronic exercise study. A) Exploration times in the 

acquisition and first retention trial of the conNOR task, θ=effect of the object, θθθp<0.001, (n=8-

10). B) DI (n=6-10) for the conNOR task, b=difference between V/S T1 DI, d=difference between 

P/S T1 DI. C) Rolling average DI (n=8-10) for the continuous NOR task, ε=effect of exercise, 
εεp<0.01, εεεp<0.001. D) conNOR task split into three trial bins, *=difference between groups, 

n=8-10. Data were analysed with a repeated-measures GLM. Data expressed as mean ± SEM. 
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5.3.3.c Immunohistochemistry 

c. i) Dorsal hippocampal parvalbumin density 

We measured PVI density in each hippocampus region (CA1, CA2/3, DG) and analysed 

the data using a repeated-measures GLM. Here we found no significant within-subjects 

effects, suggesting that the relative distribution of PVI density across the three regions 

was consistent. Between subjects, there was a significant effect of treatment, with 

scPCP treatment reducing PVI density in the DH (scVeh: 23.00 ± 8.86, scPCP: 18.39 ± 

7.89; F1, 24 = 9.344, p = 0.005) and exercise increasing density (Ex: 23.48 ± 8.32, Sed: 

17.91 ± 8.10; F1, 24 = 13.663, p = 0.001), with no effect of the interaction (F1, 24 = 0.000, p 

= 0.995) (Figure 5.11A). 

c. ii) Prefrontal cortex parvalbumin density 

We looked at the density of parvalbumin interneurons in the PFC. Using a univariate 

GLM, we found there was a significant effect of treatment, with scPCP reducing 

parvalbumin (scVeh: 96.99 ± 14.64, scPCP: 77.65 ± 18.72; F1, 39 = 20.529, p<0.001). In 

addition, exercise increased PVI density (Ex: 97.69 ± 19.62, Sed: 76.95 ± 12.28; F1, 39 = 

23.632, p<0.001). However, the interaction had no effect (F1, 39 = 0.094, p = 0.761) 

(Figure 5.11B).  

c. iii) Perineuronal nets 

As with the PVI, treatment had a significant effect (scVeh: 68.20 ± 17.68, scPCP: 58.00 ± 

9.90; F1, 39 = 6.532, p = 0.015). In addition, there was an effect of exercise; however, 

exercise reduced PNN density (Ex: 53.35 ± 3.32, Sed: 72.85 ± 11.10; F1, 39 = 23.873, 

p<0.001). Finally, there was no effect of the interaction (F1, 39 = 1.899, p = 0.177) (Figure 

5.11C). 

c. iv) PNN/PVI ratio 

We looked at the ratio of the PNN compared to the PVI. We used a Kruskal-Wallis test 

because the resulting data were not normally distributed and were robust to 

transformation. This analysis found a significant model ꭓ(3) = 21.645, p<0.001. 

Specifically, there was a significant effect of exercise both in the scVeh treated animals 

(p<0.001) and the scPCP-treated animals (p = 0.004) (Figure 5.11D).  

c. v) Microglia 

One animal was excluded due to poor tissue quality, and by identification of the poor-

quality slide, the treatment group of the animal was revealed. 
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We stained for microglia using ionized calcium-binding adapter molecule 1 (IBA1), which 

is a protein found in macrophages, including microglia (Ohsawa et al., 2000). We first 

looked at the microglia density. The data were log10 transformed to produce a normally 

distributed data set and were analysed with a univariate GLM. Here we found no 

significant difference in the microglia density on treatment (F1, 38 = 1.318, p = 0.259), 

exercise (F1, 38 = 0.121, p = 0.730) nor the interaction (F1, 38 = 2.487, p = 0.124) (Figure 

5.11E). 

We next chose to look at the activation states, where we found that scPCP treatment 

significantly reduced the number of resting microglia (F1, 38 = 8.086, p = 0.007). With no 

effect of exercise (F1, 38 = 2.270, p = 0141) or the interaction (F1, 38 = 0.239, p = 0.628) on 

the proportion of resting microglia (Figure 5.11F).  

There was also a significant effect of treatment on the intermediate population; here, 

scPCP-treatment increased the percentage of intermediate microglia (F1, 38 = 7.265, p = 

0.011). There was no effect of exercise (F1, 38 = 0.736, p = 0.397), nor its interaction (F1, 

38 = 0.138, p = 0.712) (Figure 5.11F). 

Finally, the activated microglia were not normally distributed, which was robust to 

transformation. We used a Kruskal-Wallis test, ꭓ(3) = 8.194, p = 0.042. Specifically, there 

was a significant effect of exercise both in the scVeh treated animals (p<0.001) and the 

scPCP-treated animals (p = 0.004) (Figure 5.11F).  
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Figure 5.11: Immunohistochemistry outcomes for chronic exercise study. The density of A) PVI 

in the DH. Differences between groups tested with a repeated-measures GLM (n=7). The density 

of B) PVI and C) PNN in the PFC in the scPCP model after exercise intervention (n=10), differences 

analysed using a univariate GLM. D) the ratio of PNN compared to PVI in the chronic exercise 

study (n=10). Differences were measured using a Kruskal-Wallis test. Here, the graph shows 

median ± IQR. E) Microglia density and F) its activation states. Differences were analysed using 

a univariate GLM except for the active microglia data, which used a Kruskal Wallis (n=9-10). 
ε=significant effect of exercise, εp<0.05 εεp<0.01, and εεεp<0.001. T=significant effect of 

treatment, Tp<0.05, TTp<0.01, TTTp<0.001. Graphs show mean ± SEM.  
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5.3.3.d Correlation analysis 
Finally, we assessed whether there was a correlation between behavioural and 

molecular outcomes. We found that the later trials of the conNOR test were highly 

correlated to the PNN/PVI ratio of the rats (Table 5.4). Graphing the PNN/PVI ratio 

against the average of the five significant trials revealed a negative correlation between 

the ratio and conNOR (Figure 5.12). Specifically, low PNN/PVI ratios were associated 

with superior conNOR performance.  

Table 5.4: Spearman’s correlation outcomes for PNN/PVI ratio and conNOR trials 

conNOR trial T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 

Correlation 
coefficient 

-0.049 -0.097 -0.145 0.204 -0.334 -0.483 0.024 -0.418 -0.408 -0.499 

Significance 0.774 0.561 0.372 0.206 0.038 0.002 0.884 0.009 0.011 0.002 

N 37 38 40 40 39 40 38 38 38 36 
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Figure 5.12: Correlation between PNN and PVI ratio continuous NOR performance. The 

discrimination index for the five significant trials (T5, T6 and T8 – 10) compared to the PNN/PV 

ratio. The graph shows the average DI ± SEM for each animal. The linear regression of these 

points is included (R2 = 0.1786, p<0.001) with 95% confidence intervals.  
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5.4 Discussion 

5.4.1 Overview of main findings 
In the present chapter, we investigated the effects of acute and chronic exercise in the 

scPCP model. The novel findings included a long-term reduction in BDNF expression in 

the PFC, exercise reversing scPCP-induced cognitive deficits in a manner dependent on 

exercise proximity and exercise duration, and finally, exercise reversing many model-

induced molecular deficits, including BDNF, PVI, PNN and activated microglia (see Table 

5.5). 

Table 5.5: The consequences of acute and chronic exercise in the scPCP model. In the qPCR 

studies, arrows show the direction of change compared to scVeh-treated animals. In exercise 

studies, arrows show changes from scVeh/sedentary controls (V/S). E=overall effect of exercise, 
T=overall effect of treatment. Green boxes highlight the positive effects of exercise. Red boxes 

show the adverse effects of the model. Yellow boxes show trends. PFC: prefrontal cortex, DH: 

dorsal hippocampus, VH: ventral hippocampus, BDNF: brain-derived neurotrophic factor, TrkB: 

tropomyosin receptor kinase B, TBARS: thiobarbituric acid reactive substances, (ra)DI: (rolling 

average) discrimination index, aeNOR: acute exercise novel object recognition, ceNOR: chronic 

exercise NOR, conNOR: continuous NOR, CA1-3: fields of the DH, DG: dentate gyrus, PVI: 

parvalbumin interneurons, PNN: perineuronal nets, V/E: scVeh/exercise, P/E: scPCP/exercise, 

P/S: scPCP/sedentary.  

qPCR 

 scPCP 

PFC BDNF ↓ 

DH BDNF ↔ 

PFC TrkB ↔ 

DH TrkB ↔ 

Acute exercise 

 P/S P/E V/E 

aeNOR1 DI ↓ N/A 

aeNOR2 DI ↓T ↗E ↔ 

BDNF 

PFC ↔ ↔ ↔ 

DH ↓ ↔ ↔ 

VH ↑ ↑ ↔ 

TBARS ↑ ↔ ↔ 

Chronic exercise 

 P/S P/E V/E 

ceNOR1 DI ↓ N/A 

ceNOR2 DI ↓ ↓ ↔ 

ceNOR3 DI ↓ ↔ ↔ 

T7-T10 of conNOR raDI ↔ ↑ ↑ 

DH PVI ↓T ↑E ↑E 

PFC PVI ↓T ↑E ↑E 

PFC PNN ↓T ↓E ↓E 

PFC microglia 

Density ↔ ↔ ↔ 

Resting ↓T ↓T ↔ 

Intermediate ↓T ↓T ↔ 

Active ↑T ↔E ↔ 

 



Chapter 5: Effects of exercise in the subchronic phencyclidine model 

180 
 

5.4.2 BDNF 
BDNF is considered a key mediator of the positive effects of exercise (Adlard et al., 

2004a, Boehme et al., 2011, Gómez-Pinilla et al., 2002, Lee et al., 2012). As such, one of 

our primary aims was to establish whether there was any evidence of dysregulation of 

BDNF or its receptor TrkB in the scPCP-treated rats. We found reduced BDNF mRNA in 

the PFC twenty-two weeks after scPCP-dosing, suggesting a chronic reduction in BDNF 

expression in the PFC (Figure 5.6A).  

5.4.2.a Role of BDNF and TrkB 
Although we have not measured BDNF protein in the scPCP-treated animals, the 

reduction in mRNA could indicate reduced protein levels. Indeed, there is evidence of 

reduced BDNF protein immediately (Semba et al., 2006) and twenty-five days after 

scPCP dosing (Tan et al., 2020). We were interested in the role of BDNF and, by 

extension, TrkB in the PFC to understand the consequences of chronically reduced BDNF 

expression in this region. Developmentally, BDNF expression peaks during young 

adulthood and remains stable throughout life. Meanwhile, TrkB expression spikes 

before the synaptic pruning occurs in early development and stabilises (Notaras et al., 

2019). 

BDNF is only expressed in prefrontal excitatory neurons, while its receptor TrkB is 

expressed in excitatory neurons and inhibitory interneurons. Further investigations into 

the TrkB receptors on inhibitory interneurons found that they were predominantly 

expressed on PVI. When BDNF binds to PVI-TrkB, the expression of parvalbumin and 

GAD67 increases (Lewis et al., 2005). This relationship has, more recently, been 

confirmed by a TrkB knockout (Lau et al., 2022). When measuring BDNF, TrkB, 

parvalbumin and GAD67 in the brains of schizophrenia patients, Hashimoto et al. found 

reductions of all four targets in the PFC. Moreover, they found that TrkB was a stronger 

predictor of PV and GAD67 loss than BDNF (Hashimoto et al., 2005). Lewis et al. 

speculated that the early reduction of BDNF mRNA in schizophrenia patients could result 

in a loss of parvalbumin and GAD67, kickstarting the loss of E/I balance (Lewis et al., 

2005).  

We did not see any change to TrkB in our study. However, further investigations into the 

primer we selected revealed a limitation of our analysis. We used primers that bind to 

exons seven and eight, which code for the extracellular TrkB receptor. However, in the 



Chapter 5: Effects of exercise in the subchronic phencyclidine model 

181 
 

study by Hashimoto et al., they used a primer specific for the tyrosine kinase domain 

(Hashimoto et al., 2005). The TrkB gene can be spliced in two locations in the 

intracellular coding exons, which leads to two functionally distinct isoforms. In Figure 

5.13, we have illustrated the intracellular pathways involved in the truncated (left-hand 

side) and true (right-hand side) TrkB. 

 

Figure 5.13: Intercellular pathways of truncated and true TrkB. A) Shows the TrkB gene with its 

extracellular domain exons (1-14), transmembrane domain (TMD, 15) and intracellular domain 

exons (16-24). Between exon 16 and 17, an alternative splicing site forms two proteins, 

truncated and true TrkB. B) shows the intracellular pathways from the truncated TrkB, and C) 

shows the pathways from true TrkB. Note the tyrosine kinase domain (TKD) in green, present 

only in the true TrkB isoform (adapted from Fenner, 2012). 

The tyrosine kinase domain (TKD) targeted by Hashimoto is only found in the true TrkB, 

which results in many cellular functions associated with BDNF, including cell survival, 

differentiation and synaptic plasticity (Fenner, 2012). Interestingly, a study by Wong et 

al. found an increase in the expression of truncated TrkB in schizophrenia patients 

(Wong et al., 2013), which affects astrocyte morphology, the cytoskeleton and calcium 

release from the endoplasmic reticulum. Notably, the truncated TrkB acts as an inhibitor 

of true TrkB signalling (Fenner, 2012), so its overexpression in schizophrenia could 

indicate dysregulation of true TrkB expression and reductions of its downstream outputs 

(Figure 5.13). To understand the effects of scPCP on TrkB isoforms, primers specific for 

the distinct intracellular domains should be used. 
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5.4.2.b What are the consequences of chronically reduced BDNF? 
Knockout or knockdown studies were explored to explore what effect this might have. 

Overexpressing BDNF improves cognitive performance in the Y-maze task (Modarresi et 

al., 2021). In knockout studies, the nature and the severity of the cognitive deficits 

induced depended on the location and the developmental stage of induction. Knockouts 

specific to the CA3 and partially the DG of the hippocampus resulted in NOR deficits, 

with no changes to spatial or fear memories (Ito et al., 2011); however, when Gorski et 

al. broadened the knockout to the forebrain, which includes the hippocampus and PFC, 

spatial and fear memory deficits were induced. Moreover, the most severe phenotype 

was produced in the early onset conditional knockout (Gorski et al., 2003). Knockdown 

models, which reduced BDNF levels by 60%, were insufficient to produce a discernible 

difference in fear learning performance compared to the wild-type control (Chourbaji et 

al., 2004). However, an independent study in a BDNF knockdown model found an 

attentional set-shifting deficit (Harb et al., 2021). Therefore, depending on the 

magnitude of protein level reduction the reduced PFC expression detected in this study 

enacts, the behaviour and GABAergic function outcomes could be consequential.  

5.4.2.c Neurogenesis  
BDNF functions are closely linked with neurogenesis in the hippocampus (Camuso et al., 

2022). There is evidence of reduced proliferation and impaired maturation of neuronal 

progenitors in schizophrenia patients (Allen et al., 2016, Reif et al., 2006, Walton et al., 

2012), suggesting impaired adult neurogenesis. In the current study, we did not measure 

hippocampal neurogenesis directly. However, the findings of other researchers will be 

discussed. 

Subchronic NMDAr antagonist models reduce cell proliferation, indicated by reduced 

bromodeoxyuridine (BrdU) staining. This deficit is present regardless of the proximity of 

scNMDAr dosing and BrdU injection, suggesting a chronic impairment (Ding et al., 2019, 

Liu et al., 2006, Maeda et al., 2007, Song et al., 2016, Yu et al., 2023). Prolonging the 

time between BrdU injections and tissue collection allows cell survivability to be 

assessed. Here, the data is controversial, with some finding increased cell survival after 

a 2-3 week delay (Keilhoff et al., 2004), others finding no change after one week (Liu et 

al., 2006), and finally, reduced cell survivability was detected after a 28-day delay 

(Maeda et al., 2007). Though the timings of when the BrdU fluctuated, Keilhoff and Liu 
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co-administered BrdU and PCP, whereas Maeda administered the BrdU after PCP 

dosing.  

In a 2014 review, Schoenfeld and Cameron speculated that reductions to adult 

neurogenesis would reduce tolerance to stress and may lead to mental illness. 

Conversely, certain medications, exercise and environmental enrichment were listed as 

examples that improve adult neurogenesis, which acts as a stress buffer, leading to 

resilience (Schoenfeld et al., 2015). Perhaps this is why exercise can prevent scPCP-

induced deficits when given as a pre-treatment (Koseki et al., 2012, Mitsadali et al., 

2020). 

5.4.3 Acute exercise study 
In the acute study, we saw an induction of a scPCP NOR deficit when analysing the 

discrimination index. However, the exploration time revealed that the scPCP-animals 

could discriminate between novel and familiar objects, suggesting a weak treatment 

effect. In the second NOR test, the effect of treatment was stronger, with a trend 

towards an effect of exercise, though the discrimination index suggested that acute 

exercise could reverse the scPCP-induced deficits. Despite a weak effect, this finding 

conflicted with the acute exercise study, where three weeks of wheel running was 

insufficient to reverse the NOR deficit. This indicates that different mechanisms may be 

at play in acute and chronic exercise protocols. As in our study, clinical data suggests 

that acute exercise (<60 minutes in duration) can improve cognition transiently, lasting 

no more than twenty-four hours (Basso et al., 2015, Etnier et al., 2014, Etnier et al., 

2020, Johnson et al., 2019, Loprinzi et al., 2020, Mou et al., 2023, Sng et al., 2018).  

5.4.3.a BDNF 
The present study showed an increase in dorsal hippocampal BDNF in the exercised 

scPCP-treated animals that was noticeably absent in the exercised vehicles. In naïve 

animals, this lack of DH BDNF protein increase was present after short exposure to 

running wheels (one day with running wheel: Adlard et al., 2004b, two days with running 

wheel: Berchtold et al., 2005). Both studies investigated BDNF at different time points 

during the experiment and found that BDNF was first elevated from sedentary controls 

after twenty-one days of continuous access to a running wheel. Interestingly Adlard and 

Rasmussen looked at BDNF mRNA and found mRNA levels increased acutely after two 

hours of exercise (Adlard et al., 2004b, Rasmussen et al., 2009). In addition to BDNF, 
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acute exercise results in the upregulation of phosphorylated TrkB and CREB, which is 

involved in BDNF-TrkB intracellular signalling in the PFC (Baranowski et al., 2018). The 

rapid upregulation of BDNF and upregulation of TrkB signalling molecules could indicate 

a swift utilisation of translated BDNF. 

This observation of increased BDNF protein in impaired animals but no change in wild 

type is reminiscent of cognition data in clinical studies. Yamazaki et al. found no working 

memory improvement after fifteen minutes of cycling. However, when they looked at 

individual performances, they noted the most significant improvements in those with 

the worst initial baseline (Yamazaki et al., 2018). A second study split the participants 

into high- and low-fitness cohorts. Low-fitness individuals saw benefits after moderate-

intensity continuous exercise and after ten minutes of high intensity; meanwhile, the 

high-fitness individuals did not improve from baseline after the same exercises. 

Extending the high-intensity workout to twenty minutes reduced the low-fitness 

performance and improved the high-fitness group's performance (Mou et al., 2023). 

Equally, in a study of healthy young men, moderate cycling for 20 minutes increased 

cognitive performance,  whereas cycling for 10 or 45 minutes had negligible benefits 

(Chang et al., 2015). It appears that exercise must occur at an appropriate intensity to 

see positive effects, and the nature of this is based on the individual. Indeed, with BDNF, 

low or moderate-intensity exercise can increase BDNF levels in rodents, whereas high 

intensity does not alter levels (Lou et al., 2008, Wu et al., 2020). This model is visualised 

in Figure 5.14.  

 

Figure 5.14: Hypothetical relationship between exercise intensity and cognition. (Adapted 

from the model developed by Yerkes et al., 1908, which suggests a relationship between stress 

and performance). 
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In sub- and chronic exercise studies, increased BDNF is a robust finding (Abel et al., 2013, 

Adlard et al., 2004b, Molteni et al., 2002). Once elevated by twenty-eight days of wheel 

access, BDNF protein can remain elevated in the hippocampus for seven days after 

exercise cessation. Interestingly, exercise appears to prime BDNF expression. Rats 

exercised for two weeks saw a 50% increase in BDNF protein levels. After two weeks of 

inactivity, BDNF levels return to baseline. After those two weeks of rest, just two days 

of wheel access can increase BDNF levels to 40% greater than the control, suggesting 

that exposure to running can create a molecular memory, increasing expression 

(Berchtold et al., 2005). 

The BDNF response appears critical to many pro-cognitive effects of exercise. For 

example, when a BDNF antagonist or blocker was administered alongside exercise, the 

pro-cognitive behaviours induced by exercise were attenuated (Griesbach et al., 2009, 

Vaynman et al., 2004). On the other hand, giving BDNF to MK-801-treated mice 

improved performance in the fear conditioning tests and reversed some molecular 

alterations, notably reducing IL6 expression in the PFC (Shi et al., 2022). 

5.4.3.b TBARs assay 
The relationship described in Figure 5.14 parallels the effect of exercise on reactive 

oxygen species. In a 2015 review, Pingitore et al. commented on how short- or low-

intensity exercise slightly improves performance, moderate exercise intensity or 

duration shows benefit to an optimal point, and finally, prolonged or strenuous exercise 

can have a detrimental effect. They suggested that this may be due to changes in the 

redox balance. Exercise causes increases in reactive oxygen species, switching the redox 

system towards oxidation. However, exercise will eventually lead to the upregulation of 

antioxidants, addressing the redox imbalance and potentially pushing the system to a 

reducing or net-antioxidant state. Pingitore et al. describe how this relationship 

between exercise nature and benefit depends on the individual's age, sex and fitness 

levels in addition to the intensity and duration of exercise, akin to what was described 

in Figure 5.14B (Pingitore et al., 2015). 

A confounding factor in the literature is that many acute exercise studies are exhaustion 

studies, where rodents are forced to run until it is determined that they are no longer 

able. In these protocols, MDA concentration increases in the brains in the brains of 

exercised animals (Nogueira et al., 2020, Somani et al., 1996), with Liu et al. isolating the 
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MDA increase to the mitochondria (Liu et al., 2000). This increase in MDA is also seen in 

the plasma of healthy, untrained males subject to high-intensity exercise (Cho et al., 

2022). Following the model of Pingitore et al., perhaps the individuals in these studies 

have pushed passed the positive redox effects and are in a net-ROS state, resulting in 

MDA increases. This is despite increased antioxidant activity after exercise (Cho et al., 

2022, Somani et al., 1996).  

Our study showed a decrease in MDA concentrations in the VH in the P/E group 

compared to the P/S. This decrease after acute exercise may be due to our moderate-

intensity voluntary exercise protocol and the rats not entering a net-ROS state.   

The effect of chronic exercise on redox balance is a more consistent finding, with 

reductions in ROS markers and increased activity of antioxidants (Cheng et al., 2014, 

Fazelzadeh et al., 2021). In a 2006 study, Radak et al. found that eight weeks of 

swimming training could improve cognition and reduce cortical ROS. Leaving these 

animals for eight weeks attenuated the cognitive enhancement; however, the reduction 

in ROS remained after eight weeks of inactivity (Radak et al., 2006). 

5.4.4 Chronic exercise study 

5.4.4.a Behaviour 
In the current study, we saw that six weeks, not three weeks, of wheel access, was 

required for the scPCP-induced NOR deficit to reverse. The studies on the behavioural 

outcomes of exercise in NMDAr models are summarised in Table 5.6. These studies 

suggest that exercise, whether pre-, during or post-NMDAr antagonism, positively 

affects behaviour. An interesting finding is the duration of the effect of exercise. In Table 

5.1 and Table 5.2, some studies documented that as early as two weeks after exercise 

cessation, there was no longer a pro-cognitive effect of exercise (Acevedo-Triana et al., 

2017, Berchtold et al., 2010, Hopkins et al., 2010, Hopkins et al., 2011, Kim et al., 2013). 

However, the effect appears to be more stable in the NMDAr models, particularly in the 

prevention study, where the positive effects of exercise remain for three months after 

exercise (Mitsadali et al., 2020). In rescue studies, the scPCP-induced deficit returns after 

four weeks of inactivity (Heaney, 2020). Unfortunately, pathology was not completed in 

the study by Mitsadali or Heaney, so it cannot be ascertained whether the reason for 

the longevity of effects in prevention studies is due to prevention or rescue of the 

pathology we have described in the model in this thesis. 



 

 
 

Table 5.6: Summary of behavioural outcomes after exercise in NMDAr models. The table is split into prevention, coadministration and rescue studies depending 

on whether the exercise intervention was before, alongside, or after NMDAr dosing. EE: enriched environment – these studies were only included if the EE included 

a running wheel. m/min: metre/minute. RLC: reverse light condition, IH: individually housed. ASST: attention set shifting, NOR: novel object, ITI: intertrial interval, 

MWM: Morris water maze, CFDL: contextual fear discrimination learning. Weeks post-I: number of weeks since exercise or EE ended. The NMDAr column notes the 

effect of NMDAr antagonism on the behaviour compared to scVeh/no-intervention control. NMDAr + intervention: effect of the intervention on NMDAr antagonist-

treated group. Vehicle + intervention: the effect of the intervention on vehicle groups.  

Study 

type 
Type Duration Frequency Intensity Model Duration Housing Behaviour 

Weeks 

post-I 
NMDAr 

NMDAr + 

intervention 

vehicle + 

intervention 
Ref 

P
re

ve
n

ti
o

n
 

Running 

wheel 
1 hour 

5 

days/week, 

6 weeks 

Free 

access 
PCP 

Bidaily, 7 

days 
RLC 

ASST 8–12 ↓ ↑ ↔ 

(Mitsadali et 

al., 2020) 
NOR 1 min 

ITI 

2 ↓ ↑ ↔ 

4 ↓ ↑ ↔ 

11 ↓ ↑ ↔ 

EE 

w/wheel 
12 h/d 4 weeks 

Free 

access 
PCP 14 days - 

NOR 24-

hour ITI 
2–3 ↓ ↑ ↔ 

(Koseki et al., 

2012) 

C
o

ad
m

in
is

tr

at
io

n
  

Running 

wheel 

Free 

access 
2 weeks 

Free 

access 

MK-

801 

Before 

each run 
IH MWM < 2  ↓ ↑ ↔ 

(Kim et al., 

2014) 

Treadmill 
45 – 50 

minutes 

5 

days/week, 

5 weeks 

5 – 8 

m/min 

MK-

801 

Before 

each run 
- 

T-maze 1–2 ↓ ↑ ↑ 
(Yi et al., 

2020) CFDL 1–2 ↓ ↑ ↑ 

R
e

sc
u

e
 

Treadmill 30 min 
5 days/4 

weeks 
10m/min PCP 12 days - 

NOR 24-

hour ITI 
- ↓ ↑ ↔ 

(Koizumi et al., 

2021) 

Running 

wheel 
1 hour 

5 

days/week, 

6 weeks 

Free 

access 
PCP 

Bidaily, 7 

days 
RLC 

NOR 1 min 

ITI 

0 ↓ ↑ ↔ 
(Heaney, 

2020) 
2 ↓ ↑ ↔ 

4 ↓ ↓ ↔ 

EE 

w/wheel 

Free 

access 
7 days - 

MK-

801 
7 EE 

NOR 24-

hour ITI 
< 2 ↓ ↑ ↔ 

(Huang et al., 

2021a) 
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Noticeably, we saw no alteration to cognition in the scVeh-treated animals, which 

starkly contrasts the overwhelmingly positive effect of exercise described in healthy 

controls in previous studies (Table 5.1 and Table 5.2). However, the collated data from 

NMDAr antagonist models (Table 5.6) showed that many studies did not see 

improvements in the control groups. Reflecting on the tasks selected, we suspect this is 

due to a ceiling effect in the NOR task. We do not see improvements as the vehicle 

animals already perform near-optimally in this task. Indeed Brockett et al. did not see 

any effect of exercise in a study of naïve animals tested with the NOR task with a five-

minute ITI. However, exercise significantly improved performance in more complex 

tasks, namely object-in-place and attentional set-shifting (Brockett et al., 2015). 

5.4.4.b Continuous NOR 
As we had not confirmed a pro-cognitive effect in the V/E group, we chose to look at a 

second behavioural task. The continuous NOR task modifies the traditional one by 

relaying multiple retention trials. It also removes the requirement for the experimenter 

to remove the animal from the box. Landreth et al. compared the outcomes of animals 

in the standard and continuous NOR tests. They found that scPCP-treated rats had the 

expected standard NOR deficits. However, they showed no impairment in the initial 

continuous NOR trials. In the continuous NOR, as the test continued, the performance 

of the scPCP-treated animals declined at an expedited rate compared to scVehicle-

treated controls. Landreth et al. suggested that the difference in outcomes between the 

standard NOR and the initial trial of the continuous NOR was due to the increased 

sensitivity of scPCP-treated rats to distraction (Landreth et al., 2020). This sensitivity to 

distraction has been observed previously, with Grayson et al. showing attenuation of 

the scPCP-induced NOR deficit when the rat is not removed from the testing arena 

(Grayson et al., 2014).  

On the other hand, the expedited decline in performance was thought to be due to 

proactive interference (Landreth et al., 2020). First, interference should be defined. 

Interference is one method of forgetting information (Medina, 2018). It specifically 

occurs when a previous memory conflicts with current memory formation. It can happen 

proactively, where an old memory prevents a new one, or retroactively, where a new 

memory interferes with an old one (Bennett, 1975). 
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Like the conNOR task, clinical tests for memory interference involve memorising pairs of 

words or symbols for later recall. This process can be repeated several times with new 

words and combinations (Crawford et al., 2020). In schizophrenia patients, the extent of 

memory interference is controversial, with some finding strong effects and others 

finding none (Girard et al., 2018, Hill et al., 2004, Kaller et al., 2014, Mayer et al., 2016, 

O'Carroll et al., 1993, Torres et al., 2001). These studies selected patients based on 

schizophrenia diagnosis rather than specific cognitive symptoms. Differences may, 

therefore, be due to the diversity of the tested population.  

The effects of exercise on memory interference are convincing. Acute exercise reduces 

the effect of both retroactive memory interference (Etnier et al., 2014, Etnier et al., 

2020, Loprinzi et al., 2020, Wingate et al., 2018) and proactive interference (Johnson et 

al., 2019, Wingate et al., 2018) in healthy controls.  

5.4.4.c Parvalbumin interneurons 
We measured PVI density in the PFC and DH in the exercise study. However, as the 

causes and potential consequences of reduced PVI density have been discussed in 

chapter 3, the focus here will be on the effects of chronic exercise only. 

Likely due to the relationship between exercise and neurogenesis, studies looking at the 

effect of exercise on the parvalbumin interneurons tend to focus on the hippocampus. 

Table 5.7 summarises studies in naïve and NMDAr antagonist-treated animals. Three 

studies warrant further discussion. First, Arida et al. compared the effects of voluntary 

and forced exercise. Although the intervention was brief, they found increased PVI 

density in the hilus of the DG in both protocols. In addition to PVI density, they studied 

the density of the dendritic fibres, where they saw increases in the density of 

parvalbumin-stained fibres in the voluntary exercise group compared to the forced 

exercise group. Arida et al. interpreted this increase in fibre density as increased synaptic 

connections (Arida et al., 2004). Second, Kim (2014) and Yi (2020) investigated PVI 

density after exercise in the scMK-801 model. They found that exercise could reverse 

the hippocampus's drug-induced cognitive deficits and PVI pathology. Kim (2014) 

measured increases in hippocampal BDNF, and Yi (2020) suggested that the reversal 

depended on hippocampal neurogenesis, as ablating PVI in the DG prevented exercise-

induced neurogenesis and behaviour rescue (Kim et al., 2014, Yi et al., 2020).  



 

 
 

Table 5.7: Summary of parvalbumin changes in NMDAr antagonist models after exercise. The table is split into studies in naïve animals and NMDAr models. m/min: 

metre/minute. WT: wild-type animals, IH: individually housed, days post-I: number of days since exercise ended. IHC: immunohistochemistry, PV in NMDAr column 

notes the effect of NMDAr antagonism on PV compared to scVeh/no-intervention control. NMDAr + intervention: effect of the intervention on NMDAr antagonist-

treated group. Vehicle + intervention: the effect of the intervention on vehicle groups. CA1-3: fields of the hippocampus. DG: dentate gyrus. For the Arida et al. 

study, they split the DG into the molecular (M), granular (G) and hilus (H) of the DG. They also looked at the fibre (F) thickness in the hilus.  

Type Duration Frequency Intensity Model Duration Housing 
days 

post-I 
Method 

PV in 

NMDAr 

NMDAr + 

intervention 

vehicle + 

intervention 
Ref 

Wheel 

running 

45 

minutes 

Daily, 10 

days 

Free 

access 
--- WT --- - 0 IHC - - 

↔ M+G DG 

(Arida et al., 

2004) 

↑ H DG 

↑ F DG 

Treadmill 
45 

minutes 

Daily, 10 

days 

12 -22 

m/min 
--- WT --- - 0 IHC - - 

↔ M+G DG 

↑ H DG 

↔ F DG 

Treadmill 
35 

minutes 

5 days/ 4 

weeks 

8 – 12 

m/min 
--- WT --- - 0 IHC - - 

↑ CA1 
(Placencia et 

al., 2019) 
↑ CA2/3 

↗ DG 

Treadmill 
30 

minutes 

5 days/ 5 

weeks 

5 – 10 

m/min 
--- WT --- - > 3 IHC - - 

↑ CA1 
(Nguyen et al., 

2013) 
↑ CA2/3 

↗ DG 

Treadmill 
5 – 60 

minutes 

Daily, 39 

days 

5 – 18 

m/min 
--- WT --- - 0 

WB - - ↑ 

(Gomes da Silva 

et al., 2010) IHC - - 

↑ CA1 

↑ CA2/3 

↔ DG 

Running 

wheel 

Free 

access 
2 weeks 

Free 

access 
MK-801 

Before 

each run 
IH < 2 IHC ↓ CA2/3 ↑ CA2/3 ↔ CA2/3 

(Kim et al., 

2014) 

Treadmill 
45 – 50 

minutes 

5 days/ 5 

weeks 

5 – 8 

m/min 
MK-801 

Before 

each run 
- 7–14 IHC ↓ DG ↑ DG ↑ DG (Yi et al., 2020) 
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As discussed in 5.1.3, adult neurogenesis depends on GABAergic input for newly born 

neurons to mature (Figure 5.1). Our study shows a significant increase in PVI density in 

the DG of the DH after exercise in scVeh and scPCP-treated animals. Given that our study 

and others have shown an increase in BDNF in the DH after exercise (5.4.2) and BDNF 

increases GABAergic maturation in hippocampal cultures (Berghuis et al., 2004), these 

increases may be due to increased numbers of newly-born GABAergic cells. Indeed, 

environmental enrichment increases the number of newly born neurons and the speed 

of silent synapses becoming active (Chancey et al., 2013), suggesting increased 

GABAergic input. Another mechanism may be that as mature granule cells increase in 

number due to exercise-induced neurogenesis, they recruit proportionately more PVIs 

to signal onto the newly born immature granule cells (Alvarez et al., 2016). Alternatively, 

the increase in PVI density could be due to PVI neurons not expressing parvalbumin 

protein now returning to typical levels (Enwright et al., 2016, Hashimoto et al., 2003).  

We also measured an increase in PFC PVI density after exercise. Examples in the 

literature are more limited in the PFC. Many studies use prolonged exposure to an 

enriched environment (EE), which includes running wheel alongside other novel 

housing. These studies find that EE could reverse model-induced PVI reductions in the 

PFC (Dwir et al., 2021, Murueta-Goyena et al., 2018, Sun et al., 2016, Zhang et al., 

2016b). These studies also explored the effects of EE on mechanisms relevant to scPCP. 

For example, EE reduced model-induced oxidative stress (Sun et al., 2016, Zhang et al., 

2016b) and GAD67 reductions (Murueta-Goyena et al., 2018, Sun et al., 2016). 

5.4.4.d Perineuronal nets 
As in the chapter 3, we saw a reduction in the density of PNN in response to scPCP-

dosing. After exercise, PNN density counterintuitively decreases rather than rescuing 

the deficit. This reduction was present in both scVeh and scPCP-treated rats. This finding 

is replicated in the cingulate cortex and regions of the hippocampus after six weeks of 

free access to a running wheel in naïve animals (Smith et al., 2015) and in the prelimbic 

region after only one day of exposure to an enriched environment (Slaker et al., 2016). 

In this case, reducing PNN density may promote plasticity (1.6.4). A handful of studies 

evidence increased synaptic proteins, including PSD95, and synapse number after acute 

and chronic exercise interventions (Belaya et al., 2020, Fahimi et al., 2017, Molteni et 

al., 2002, Stamenkovic et al., 2017, Tong et al., 2001, Wang et al., 2018a, Yau et al., 
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2014). Moreover, exercise can increase NMDAr-dependent LTP in the DG (Dahlin et al., 

2019, Farmer et al., 2004, O'Callaghan et al., 2007, van Praag et al., 1999), which may be 

mediated by exercise-induced changes to NMDAr subunits. NR2B upregulates in the 

hippocampus after 3 days of exercise and remains elevated at six weeks (Farmer et al., 

2004, Molteni et al., 2002). NR2A initially increases at the three and seven-day 

timepoint, then normalises at the four and six-week timepoint  (Farmer et al., 2004, 

Molteni et al., 2002). These studies indicate a robust and rapid recovery of synaptic 

function, which was not seen in the drug intervention study.  

5.4.4.e Microglia 
As discussed in chapters 3 and 4, schizophrenia is associated with low-grade 

inflammation, which IL6 may mediate. In addition, IL6 is a crucial cytokine when 

considering the physiological response to exercise, as it can be released from muscle 

during regular contraction (Steensberg et al., 2000). It was Pederson et al. who 

pioneered the early work surrounding IL6 release after exercise, naming the cytokines 

released from muscle myokines. Pederson noted that at rest, the muscle IL6 gene is 

silent. However, IL6 is transcribed and translated rapidly on sustained muscle 

contraction, exponentially increasing IL6 levels in plasma (Pedersen et al., 2003). Later 

studies confirmed that the IL6 increase after exercise is independent of other pro-

inflammatory cytokines, suggesting that the increase is due to a mechanism other than 

a classic acute immune response (Figure 5.15). Furthermore, IL6 has a robust anti-

inflammatory effect in the periphery, inhibiting tumour necrosis factor α (TNFα) and 

upregulating an anti-inflammatory IL10 (Petersen et al., 2005).  

 

Figure 5.15: Cytokine response in exercise compared to acute immune response. Response in 

A) exercise and B) acute infection. Exercise results in the release of IL6 independent of pro-

inflammatory TNFα and IL1β release (Adapted from Petersen et al., 2005). 
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Centrally, regular exercise can reduce the concentration of cytokines in disease models 

(Kim et al., 2021, Ko et al., 2020, Parachikova et al., 2008, Robison et al., 2019, Wang et 

al., 2018a). In the chronic exercise study, we had a tissue for immunohistochemistry; 

therefore, we chose to stain for IBA1, which stains for a protein involved in the 

phagocytic properties of microglia (Ohsawa et al., 2000). 

We saw no change to IBA1 density in the PFC after scPCP dosing or exercise. The 

outcomes after NMDAr antagonism vary in the literature; some observe no change in 

the PFC and hippocampus (Hou et al., 2013, Wei et al., 2022). Others find increased 

density in the hippocampus (Xiao et al., 2019, Yu et al., 2023). 

Analysing microglial density in isolation does not indicate a brain in a net pro- or anti-

inflammatory state. Microglia are a dynamic cell type that can alter into different 

subtypes, characterised by distinct gene and protein expression, metabolites and 

morphology (Paolicelli et al., 2022). Here we looked at the morphology of microglia, 

which we broadly categorised into resting, intermediate and active. Although we 

classified microglia as resting, this is a misnomer as these microglia are active, surveying 

the environment and actively neutralising potential threats (Nimmerjahn et al., 2005). 

We saw an increase in the active microglia in the scPCP-treated animals that was 

ameliorated in the exercised animals. Active microglia change morphology in response 

to inflammation and cytokines. When active, these microglia secrete proinflammatory 

factors (Kettenmann et al., 2013, Subramaniam et al., 2017) or anti-inflammatory factors 

depending on the environment (Subramaniam et al., 2017) (Figure 5.16). Here we have 

only looked at the morphology, so we cannot make confident assumptions about the 

state of the microglia. Although, we have shown evidence of ongoing, low-grade IL6 in 

the previous chapters, which could indicate a brain in a pro-inflammatory state. Despite 

the circumstantial evidence, the limitations of interpreting three-dimensional 

morphology from a two-dimensional plane are blatant. Recently, a multidisciplinary 

consortium stressed the need to use a combination of ultrastructure, morphology, 

metabolomics, proteomics, transcriptomics and epigenomics to confidently conclude 

the nature of the microglia (Paolicelli et al., 2022). 
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Despite the primitive nature of our morphology analysis, the increase in active microglia 

is corroborated by a study looking at the effect of twenty-eight days of MK-801 dosing 

in mice, with Gomes et al. finding a significant increase in the percentage of active 

microglia in the mPFC and hippocampus (Gomes et al., 2015).  

 

Figure 5.16: Schematic of microglia morphology and function. In low inflammatory states, 

“resting” microglia survey the CNS. When the resting microglia are triggered by an inflammatory 

mediator (MAMPs, LPS, IFN-γ, GM-CSF), microglia morphology transforms into an active 

ameboid shape, which secretes proinflammatory, neurotoxic cytokines and components. On the 

other hand, anti-inflammatory mediators (IL4, IL10, IgG) result in anti-inflammatory microglia, 

which secrete neuroprotective substances (adapted from a biorender.com template based on 

Subramaniam et al., 2017). 

5.4.5 Limitations 

5.4.5.a Running data 
In both the acute and chronic exercise studies, we wanted to look at the running levels 

and see if these relate to any behavioural or pathological outcomes. Pre-clinical and 

clinical studies have shown correlations between exercise intensity and behavioural 

improvements (Firth et al., 2015, Firth et al., 2017, Mitsadali et al., 2020). We did not 

see any correlation between distances ran and any measured outcomes. However, we 

are not confident that the data collected is reliable. The detector was wired and would 

often become dislodged by the rat or the wheel's movement, resulting in incomplete 

data collection for a running session.  

5.4.5.b Differences in the time of day 
The acute and chronic exercise studies were conducted in the light and dark phases of 

the light cycle, respectively. The timing of the day can profoundly affect behavioural and 
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molecular outcomes. In circadian studies, the term zeitgeber time (ZT) is used, where 

ZT0 is the time when lights are switched on, indicating the start of the rodent rest period. 

ZT12 is when lights are switched off, commencing the active period.  In a comparative 

study, Hwang et al. compared the effects of exercise at ZT0, ZT6 and ZT12. They found 

the most significant improvements in behaviour and DG neurogenesis when the animals 

ran at ZT6 and ZT12 (Hwang et al., 2016). Holmes et al. ran a similar study, exercising 

animals for 0, 1 or 3 hours at ZT6, ZT12 and ZT18. They saw a time-dependent increase 

in neurogenesis in animals exercised at ZT12 and ZT18, with the most significant 

increases in the 3-hour ZT18 cohort (Holmes et al., 2004). Many biological processes 

may be responsible for the increased adult neurogenesis during the active cycle, 

including body temperature, locomotor activity, feeding, and hormones regulated by 

the circadian cycle (Ali et al., 2022). 

5.4.5.c NMDAr antagonist models 
As the chapters using the scPCP model conclude, the general limitations of the model 

should be discussed. The model is based on the observation that PCP dosing in humans 

results in side effects similar to schizophrenia symptoms (Luby et al., 1959). However, 

the original paper reported individuals suffering out-of-body experiences (Greifenstein 

et al., 1958), which do not reflect schizophrenia symptoms (Blackmore, 1986). This could 

be due to limitations on the questions asked in the postoperative period by Greifenstein 

et al. More recently, Carhart-Harris et al. documented the effects of ketamine in healthy 

controls and found that they more closely aligned to depression rather than 

schizophrenia. However, the authors did stress that ketamine produced very variable 

and unreliable outcomes in their study (Carhart-Harris et al., 2013). Further acute 

studies in humans frequently report delirium, cognitive impairment, affective change 

and behaviour differences like aggression, repetitive movements or mutism, however, 

these effects are temporary (Pearlson, 1981, Pradhan, 1984). Notably, haloperidol is 

able to alleviate the symptoms of acute phencyclidine-induced psychosis (Giannini et al., 

1987).  

The effects of repeated doses of phencyclidine in humans are limited to case reports of 

drug users. This inherently introduces variation that makes conclusions tentative, 

including the frequency and dose of administration, whether PCP is taken exclusively or 

with other drugs and mental health background. Despite these confounds, some 
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noteworthy patterns emerge. First, the psychosis induced by repeated PCP use can 

persist longer than acute administration, generally lasting one month, though one 

patient had psychosis lasting 90 days (Allen et al., 1978, Fauman et al., 1976, Rainey et 

al., 1975). Second, antipsychotics have mixed efficacy on PCP-induced psychosis, with 

some patients responding gradually to haloperidol, chlorpromazine or thiothixene. 

However, some patients did not improve (Allen et al., 1978, Giannini et al., 1984). Finally, 

PCP appears to only induce psychosis in select individuals relative to the prevalence of 

PCP abuse, and there are limited accounts of PCP-induced psychosis (Fauman et al., 

1976). The reason why these individuals are susceptible is unknown. 

A further limitation of the scPCP model is its inability to replicate the genetic and 

developmental aspects of schizophrenia, which is a fundamental component of 

schizophrenia aetiology. Moreover, given the fluctuating nature of schizophrenia 

symptoms (Novak et al., 2022), the persistence of the positive symptoms may reflect 

acute psychosis rather than entrenched disease.  However, construct and face validity is 

difficult to achieve in animal models relevant to schizophrenia. Schizophrenia has a 

complex aetiology, with hundreds of risk genes combined with various environmental 

stressors. As stated, the symptoms can fluctuate throughout the disease course. 

Therefore, a truly clinically relevant model would be impossible to design.  
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5.5 Chapter summary 
Exercise proved a potent therapy in alleviating scPCP-induced cognitive deficits and pathology. 

 

Figure 5.17: Consequences of acute and chronic exercise on scPCP pathology. *Evidence 

compiled from the literature. 

Notably, exercise increased PVI density in the dentate gyrus of the dorsal hippocampus. 

We propose three explanations for these increases. 

 

Figure 5.18: Dorsal hippocampal section stained for parvalbumin and PFC stain of PNN. 5x and 

20x magnification. 

Finally, we reported decreased PNN density in the PFC. We hypothesise that the 

reduction in PNN is to facilitate increased plasticity. Although we see improvements in 

cognition and PNN, deciphering the structure of the PNN in disease and rescue would 

add a dimension to the understanding of PNN changes.  



 

 

CHAPTER 6: CHARACTERISATION OF THE 

POLY (I:C) MODEL



Chapter 6: Characterisation of the poly(I:C) model 

199 
 

6.1 Introduction 

6.1.1 Clinical rationale 
The rationale for associating maternal infection with increased schizophrenia risk comes 

from observing heightened incidence after disease outbreaks (Byrne et al., 2007, Penner 

et al., 2007). Interestingly, the risk is not associated with a single pathogen, with 

increased schizophrenia risk attributed to bacterial (Sørensen et al., 2009), viral 

(influenza: Brown et al., 2004a, rubella: Brown et al., 2001, herpes simplex type 2: Buka 

et al., 2008, polio: Suvisaari et al., 1999) and parasitic infection (Toxoplasma gondii: 

Brown et al., 2005, Mortensen et al., 2007). 

6.1.2 Maternal immune activation 
Given the heterogeneity of pathogens, it has been speculated that maternal immune 

activation (MIA) increases the offspring's risk of schizophrenia diagnosis rather than a 

specific effect of a particular disease (Brown et al., 2004b, Buka et al., 2001). Several 

proinflammatory cytokines have been detected in the placenta (IL1β, TNFα and IL6), 

amniotic fluid (TNFα and IL6), and foetal brain (IL1β, TNFα, IL6, IL10, MCP1, VEGF, iNOS) 

after MIA in rodent models (reviewed in Patterson, 2009). 

The relationship between MIA and offspring impairments has been further validated by 

studies where researchers can attenuate offspring phenotype by knocking out IL6, a 

cytokine essential for acute immune response, or co-administering anti-IL6 antibody 

alongside MIA (Choi et al., 2016, Smith et al., 2007). Equally, blocking the cytokine IL17a 

downstream of IL6 can also ameliorate the effects of MIA (Choi et al., 2016).  

6.1.3 Animal models of MIA 
The most common methods of inducing MIA in rodents are lipopolysaccharide (LPS) and 

polyinosinic:polycytidylic acid (often referred to as poly(I:C), however, here, we will use 

PIC). LPS and PIC mimic bacterial and viral infections, respectively (Chamera et al., 2020, 

Mueller et al., 2019, Murray et al., 2017, Wischhof et al., 2015). Both mimetics bind to 

toll-like receptors (TLR). LPS binds to TLR4, which triggers the MyD88 pathway (Kawai et 

al., 1999), resulting in the transcription of NFκB and proinflammatory cytokines. In 

addition, TLR4 activation triggers a second pathway, the TIR domain-containing adaptor-

inducing IFNβ (TRIF) pathway, which ultimately causes the upregulation of interferon 

type one and NFκB (Lu et al., 2008). PIC binds to endosome-bound TLR3, which triggers 
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the TRIF pathway only (Komal et al., 2021). Interferons can regulate the expression of 

vast numbers of genes. In general, the function of interferon-stimulated genes is to 

increase the adaptive immune response and bolster anti-viral defences (Schoggins, 

2019). 

 

Figure 6.1: Overview of the PIC/TLR3 and LPS/TRL4 signalling pathways. PIC binding to TLR3 

results in TRIF-dependent upregulation of type one interferons (IRFs) and NFκB. LPS binding to 

TRL4 triggers the TRIF and MyD88 pathways, upregulating NFκB and proinflammatory cytokines 

(Komal et al., 2021, Lu et al., 2008). 

6.1.4 Timings of MIA 
Several studies have investigated the effects of maternal immune activation on levels of 

peripheral inflammatory cytokines in the maternal plasma. In general, an acute 

inflammatory response is indicated by a marked increase in pro- and anti-inflammatory 

cytokines. After twenty-four hours, cytokine levels tend to decrease back to control 

levels (summarised in Table 6.1). The treated cohorts tend to have noticeably higher 

variation in the measured maternal cytokine response. Interestingly a recent study 

found that maternal cytokine levels could predict some maternal and adult behaviours 

(Potter et al., 2023), suggesting that the intensity of the immune response could predict 

pathology.  
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Table 6.1: Changes to maternal cytokines after maternal immune activation with PIC. Maternal 

cytokines were measured in serum at different time points post maternal immune activation 

with PIC compared to control. The gestational day indicates the day when PIC was administered. 

IL: interleukin, TNFα: tumour necrosis factor, INF: interferon.  

Gestational 

day 

Early 

(2-4 hours) 

Mid 

(6-8 hours) 

Delayed 

(24 hours +) 
Reference 

9 

↑TNFα 

↑IL10 

↑TNFα 

↑IL10 
 (Meyer et al., 2006a) 

↑IL6 

↑TNFα 

↑IL1β 

↑IL10 

↑IL6 

↑IL10 
 (Meyer et al., 2006b) 

↔TNFα 

↔IL1β 

↑IL6 

↑TNFα 

↑IL10 

 

↔IL6 

↔TNFα 

↔IL10 

(Giovanoli et al., 2013) 

12 

↑IL6 

 

↔IL6 

↔TNFα 

↔IL17a 

↔IL10 

(Garcia-Valtanen et al., 

2020) 

↔TNFα 

↔IL17a 

↔IL10 

  
↑IL6 (24 hours) 

(Goeden et al., 2016) 
↔IL6 (48 hours) 

12.5 
↑IL6 

↑IL1β 
  (Smith et al., 2007) 

15 

↑TNFα 

↑IL1β 
  (Ballendine et al., 2015) 

↔IL6 

↔IL10 

↑IL6 
  (Lins et al., 2018) 

↔TNFα 

↑IL6   (Murray et al., 2019) 

↑IL6   (Kowash et al., 2019) 

↑TNFα 
  (Potter et al., 2023) 

↔IL6 

↑IL6 

↑TNFα 
  (Dalton et al., 2012) 

↑IL6 

↑TNFα 
 

↔IL6 

↔TNFα 

↔IL1β 

(Kowash et al., 2022) 

↔IL1β  

 
↑TNFα 

↑IL1β 
 (Missault et al., 2014) 

16 ↑TNFα ↔TNFα ↔TNFα (Gilmore et al., 2005) 

17 

↑IL6 

↑TNFα 

↑IL10 

  (Vuillermot et al., 2012) 

↑IL6 

↑TNFα 

↑IL1β 

  (Giovanoli et al., 2015) 

↑TNFα 

↑IL10 

↑TNFα 

↑IL10 
 (Meyer et al., 2006a) 

↑IL6 

↑TNFα 

↑IL1β 

↑IL10 

↑IL6 

↑IL10 
 (Meyer et al., 2006b) 

↔TNFα  

↔IL1β 
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6.1.5 Neurodevelopment  
Although the cytokine data suggest that an inflammatory insult at any point during 

gestation can induce an immune response in the pregnant dam, consider the state of 

the developing brain when the insult occurs. The neural tube closes on gestational day 

(GD)9.5 in mice and 10.5 in rats, marking the beginning of brain development (Semple 

et al., 2013). On neural tube closure, the newly formed neuroepithelium begins to divide 

symmetrically, with some cells differentiating into radial glial cells that form the cortical 

plate. From GD11 onwards, immature neurons migrate along well-defined pathways 

radially. Numerous transcription factors tightly regulate this process of migration and 

maturation. By the end of gestation, the cortical layers have formed in an “inside-out” 

fashion, with the later-born, superficial neurons migrating over the earlier-born, deep 

neurons (Cadwell et al., 2019, Kepecs et al., 2014, Molyneaux et al., 2007).  

The cortical layers transform throughout development before the final conformation 

seen in adulthood (Molyneaux et al., 2007). Therefore, the layer-specific and neuronal 

progenitor markers are valuable tools in monitoring the correct migration and 

maturation. During the early stages of neurodevelopment (GD9.5-12.5), the preplate 

develops, forming the superficial marginal zone, cortical plate and subplate. The cortical 

plate will develop into the layered cortex from GD12.5 onwards (Molyneaux et al., 

2007). Therefore, insults during this time could have the most global effects. Indeed, 

PIC-induced MIA during this early stage of neurodevelopment results in dysregulated 

expression of superficial (Shin Yim et al., 2017, Soumiya et al., 2011) and deep cortical 

layer markers in foetal and neonatal offspring (<PD10) (Choi et al., 2016). Notably, Choi 

et al. prevented these alterations with a pre-treatment of IL-17a blocking antibody, 

directly implicating the maternal immune response (Choi et al., 2016). 

Later in gestation (GD13.5-16.5), the subventricular zone sequentially creates the 

neurons destined for layers 5, 4, and the upper layers (Molyneaux et al., 2007). LPS-

induced MIA on GD13.5 increased layer 4 and 5 neurons on PD8 (Stolp et al., 2011). 

While studies looking at superficial layer markers found that they were less affected at 

this gestational stage, with MIA at GD14.5 causing dysregulated superficial proteins in 

only a small percentage of offspring (13%) (Shin Yim et al., 2017). Using whole genome 

microarray analysis following LPS-induced MIA on GD15.5, Oskvig et al. reported the 

downregulation of pathways crucial for neurogenesis, neurotransmission, neuronal 



Chapter 6: Characterisation of the poly(I:C) model 

203 
 

migration, and neurite outgrowth. In contrast, upregulated pathways included genes for 

cellular stress and death (Oskvig et al., 2012). Ghiani et al. found that immature neuronal 

markers were reduced and differentially expressed in cortical layers two days after LPS 

treatment on GD15 and GD16, indicating issues with neurogenesis and migration (Ghiani 

et al., 2011). On GD17.5, the production and migration of neuronal progenitors cease 

(Molyneaux et al., 2007); fittingly, induction of MIA on GD18.5 no longer produces 

dysregulation in cortical layers (Shin Yim et al., 2017).  

 

Figure 6.2: Cortical neuronal development. Neuronal cells originate from the ventricular and 

subventricular zones (VZ and SVZ). The circles within these zones show the earliest birth date of 

each neuronal cell layer. On GD12.5, the preplate (PP) splits into the marginal zone (MZ) and 

subplate (SP). The cortical plate (CP) forms the basis of the multi-layered cortex (I-VI) found in 

the adult brain. In the adult brain, white matter (WM) has formed (Adapted from Molnár et al., 

2012, Molyneaux et al., 2007, Penisson et al., 2019) 

6.1.6 Inhibitory neuronal development 
The inhibitory neurons originate from the medial ganglionic eminence (MGE) and the 

caudal ganglionic eminence (CGE) of the telencephalon, which proliferate from GD9.5 

and GD12.5, respectively (Miyoshi et al., 2010). MIA on GD9.5 reduced inhibitory MGE-

derived precursors transiently, normalising by GD14.5. Despite the recovery, inhibitory 

neurons were reduced in superficial layers from GD14.5 to PD9, predominantly in the 

somatosensory (S1) cortex. At PD15, when the mature cortical layers have developed, 

the GABAergic progenitors are reduced in both superficial and deep cell layers (Vasistha 

et al., 2020). As the caudal ganglionic eminence (CGE) does not produce neurons until 

GD12.5 (Miyoshi et al., 2010), Vasistha et al. looked to see what effect MIA-induction on 
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GD12.5 would have on MGE- and CGE-specific markers. Predictably, they found a 

significant decrease in CGE-specific markers at GD14.5 and no change in MGE-specific 

markers (Vasistha et al., 2020). Squarzoni et al. found dysregulated expression of a 

GABAergic interneuron transcription factor after LPS treatment on GD13.5 in a separate 

study. By PD7, the deeper layers had fewer progenitors, suggesting altered migration 

rather than proliferation (Squarzoni et al., 2014). IL6 injections from GD12 until tissue 

collection on GD14 also caused altered GABAergic progenitor migration (Gumusoglu et 

al., 2017). LPS treatment on GD15 resulted in a transient reduction of factors related to 

interneuron migration, which normalised in foetal brains 24 hours after injection (Oskvig 

et al., 2012). Finally, Vasistha et al. found MIA-induction on GD16.5 counterintuitively 

increased in both MGE- and CGE-specific markers, solidifying the consequential impact 

of MIA-timing on neurodevelopment (Vasistha et al., 2020).  

Neurodevelopment is evidently a highly regulated process with precise spatial and 

temporal benchmarks. Analysis of gene expression after maternal exposure to flu, PIC 

or IL6 in early neurodevelopment indicated a switch from genes relevant to 

neurogenesis to genes for neuroprotection in the acute phase of infection (Garbett et 

al., 2012). Indeed, there are many MIA studies with evidence of decreased neurogenesis 

or cell survival in foetal (Cui et al., 2009, De Miranda et al., 2010, Oskvig et al., 2012, 

Stolp et al., 2011), juvenile (Cui et al., 2009, Lin et al., 2014, Meyer et al., 2006b, 

Piontkewitz et al., 2012, Zhao et al., 2019) and adult (Cui et al., 2009, Graciarena et al., 

2010, Hao et al., 2010, Lin et al., 2014, Samuelsson et al., 2006, Vallières et al., 2002, 

Wolf et al., 2011, Zhang et al., 2015) brains, see Table 6.2 for a summary. Markers of cell 

death are, interestingly, absent in animals exposed to MIA in early development (GD8-

13.5) (Meyer et al., 2006b, Samuelsson et al., 2006, Stolp et al., 2011, Vasistha et al., 

2020) and present in offspring exposed in late gestation (GD15-20) in both pre and 

postnatal tissue (De Miranda et al., 2010, Meyer et al., 2006b, Oskvig et al., 2012, 

Rousset et al., 2006, Samuelsson et al., 2006) (summarised in Table 6.3). 

 



 

 
 

Table 6.2: Studies investigating the effect of MIA on neurogenesis and cell survival. Arrows show the change in direction, and multiple arrows show significant 

differences from other cohorts in the same study. LPS = Lipopolysaccharide, IL6 = interleukin 6, PIC = poly(I:C), CA1 = CA1 area of the hippocampus, CA2 = CA2 area 

of the hippocampus, CA3 = CA3 area of the hippocampus, DG = dentate gyrus, VZ = ventricular zone, PD = postnatal day, GD = gestational day, DCX = doublecortin, 

pH3 = phospho-histone H3, BrdU = Bromodeoxyuridine, GCL: granule cell layer. 

Gestational 
day 

Method 
of MIA 

Region 
Age of offspring 
measurement 

Measure 
Neurogenesis 

and proliferation 
Cell number or 

survival 
Reference 

Transgenic 
overexpression 

of IL6 
IL6 DG 

PD84-112 24 hours after BrdU ↓ GCL  
(Vallières et al., 2002) 

PD115-143 
31 days after BrdU 

NeuN 
↓ GCL ↓ BrdU/NeuN in GCL 

8, 10 + 12 LPS CA1 

PD84 

Cell number 

 ↓ 

(Hao et al., 2010) PD280  ↓↓ 

PD560  ↓↓↓ 

9 PIC DG PD24 DCX 
↓ in subGCL and 

outer GCL 
 (Meyer et al., 2006b) 

10.5 LPS DG 
PD22 

BrdU on PD21 ↓  

(Lin et al., 2014) 
DCX ↓  

PD91 
BrdU on PD90 ↓  

DCX ↓  

13.5 LPS VZ 
GD14 pH3 

BrdU to dam 2 hours post 
LPS 

↓ BrdU 
↓ pH3 

 
(Stolp et al., 2011) 

GD15.5 
↔ BrdU 
↔ pH3 

 

14, 16, 18 + 20 LPS 
DG PD67 

BrdU on PDs 60-67 
NeuN 
DCX 

↓BrdU 
↓DCX 

↓BrdU/DCX 
↓BrdU/NeuN 

(Graciarena et al., 2010) 

 PD97 ↓BrdU ↓BrdU/NeuN 

15 + 16 LPS DG 
PD23 

BrdU 4 hours after last 
LPS injection 

↔  
(Cui et al., 2009) 

PD42 BrdU on PD14  ↓ 



 

 
 

PD60 BrdU 2 hours before cull ↔  

PD88 
BrdU 

on PD60 
 ↔ 

15 

LPS Cortex 
GD15 (+4 hours 

after LPS) 
mRNA /pathway analysis 

↓ neurogenesis 
genes 

 (Oskvig et al., 2012) 

PIC DG PD196 BrdU on PD30-35  ↓ (Zhang et al., 2015) 

PIC DG 

PD37 BrdU on PD 14–16  ↓ 

(Piontkewitz et al., 2012) 
PD57 BrdU on PD 34–36  ↓ 

PD72 BrdU on PD 49–51  ↔ 

PD100 BrdU on PD 77–79  ↔ 

PIC DG PD90 

BrdU (PD57-59) 
Ki67 
DCX 

NeuN 

↓ Ki67/DCX 
↓ BrdU/DCX 

↓ Ki67 

↓ BrdU 
↓BrdU/NeuN 

(Wolf et al., 2011) 

16 PIC Cortex GD18 BrdU on GD16 ↓  (De Miranda et al., 2010) 

17 PIC DG PD24 DCX ↓ outer GCL  (Meyer et al., 2006b) 

18 PIC DG PD28 
BrdU on PD 27-28 

DCX 

↓ BrdU 
↓BrdU/DCX 

↓DCX 
 (Zhao et al., 2019) 

18 + 19 LPS DG 

PD26 
BrdU 4 hours after last 

LPS injection 
 ↓ 

(Cui et al., 2009) 

PD14 BrdU 2 hours before cull ↔  

PD42 BrdU on PD14  ↓ 

PD60 BrdU 2 hours before cull ↔  

PD88 
BrdU 

on PD60 
 ↔ 

Table 6.3: Summary of studies investigating the effect of MIA on cell death. PIC = Poly(I:C), LPS = Lipopolysaccharide, S1 = somatosensory cortex, DG = dentate 

gyrus, M1 = motor cortex, PD = postnatal day, GD = gestational day, TUNEL = Terminal deoxynucleotidyl transferase dUTP nick end labelling, ♂: male, ♀: female.

Gestational 
day 

Method of 
MIA 

Region investigated 
Age of offspring 
measurement 

Measure Change Reference 



 

 
 

8, 10 + 12 IL6 
Hippocampus 

 

PD28 

Caspase-3 
↔ ♂ 

↔ ♀ 

(Samuelsson et al., 2006) Procaspase-3 
↔ ♂ 

↔ ♀ 

PD168 Caspase-3 
↔ ♂ 

↔ ♀ 

9 PIC DG PD24 Caspase-3 ↔ (Meyer et al., 2006b) 

9.5 PIC S1 / M1 GD17.5, PD3, PD6 Caspase-3 ↔ (Vasistha et al., 2020) 

13.5 LPS Cortex 8 hours after LPS 
TUNEL assay / 

Caspase -3 
↔ (Stolp et al., 2011) 

15 LPS Cortex 
GD15 (+4 hours 

after LPS) 
mRNA /pathway 

analysis 
↑ cellular stress and cell 

death pathways 
(Oskvig et al., 2012) 

16 PIC Cortex GD18 Caspase-3 ↑ (De Miranda et al., 2010) 

16, 18 + 20 IL6 
Hippocampus 

 

PD28 

Caspase-3 
↔ ♂ 

(Samuelsson et al., 2006) 

↑ ♀ 

Procaspase-3 
↔ ♂ 

↑ ♀ 

PD168 Caspase-3 
↑ ♂ 

↑ ♀ 

17 PIC DG PD24 Caspase-3 ↑ (Meyer et al., 2006b) 

19 + 20 LPS 

Subventricular striatal zone PD1 

Caspase-3 

↑ 

(Rousset et al., 2006) 
Periventricular striatum and 
germinative ventricular zone PD7 

↑ 

Periventricular striatum TUNEL assay ↑ 
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6.1.7 Poly (I:C) maternal immune activation in mid-gestation  
As MIA can induce acute maternal inflammation, which may lead to profound and long-

lasting consequences for neuronal health, the next section will consider the effects that 

MIA may have on offspring cognition. Given the dynamic nature of neurodevelopment, 

the studies in Table 6.4 have focused on studies in rats where PIC was administered on 

GD15 to match the present study (Table 6.4a and b). 

Table 6.4: Studies investigating the effect of GD15 MIA with PIC on offspring cognition. Part A: 

Green boxes: positive effect of model, red box: negative effect of model. Strain – SD: Sprague 

Dawley, LH: Lister hooded, LE: Long Evans. Dose in mg/Kg dam bodyweight on GD15. i.p.: 

intraperitoneal route, i.v.: intravenous. ♂: male, ♀: female. Offspring – sex of offspring tested ♂: 

male, ♀: female. Age – in postnatal days when cognition was assessed. ITI – intertrial interval 

between acquisition and retention trials, min: minute. DI: discrimination index, CM: cross-

modal. 

Strain Dose/route Offspring Age ITI Outcome Reference 

Novel object recognition 

Wistar 10, i.p. ♂ and ♀ 35 30 min ↔ (Potter et al., 2023) 

SD 5, i.p. ♀ only 42-46 24 hours ↑ DI (Su et al., 2022) 

LH 10, i.p. ♂ and ♀ 52-58 1 hour ↔ (Goh et al., 2020) 

Wistar 4, i.v. ♂ only 58-60 2 hours ↔ (Guerrin et al., 2022) 

SD 4, i.v. ♀ only 70-77 1 hour ↓ DI (Osborne et al., 2019) 

SD 4, i.v. ♂ and ♀ 72 1 hour ↓ DI (Osborne et al., 2017) 

SD 5, i.p. ♂ only 84-88 24 hours ↓ DI (Lian et al., 2022) 

Wistar 4, i.v. ♂ only 88-90 2 hours ↓ DI (Guerrin et al., 2022) 

Wistar 10, i.p. ♂ and ♀ 121 30 min ↔ (Potter et al., 2023) 

Cross-modal object recognition 

SD 4, i.v. ♂ only 
56 

-112 
1 hour ↔ (Lins et al., 2018) 

LE 4, i.v. ♂ only 60-80 1 hour ↓ DI for CM (Ballendine et al., 2015) 

Associative object-in-place 

LE 4, i.v. ♂ only 60-80 1 hour ↓ DI (Ballendine et al., 2015) 

Novel location discrimination 

LH 10, i.p. ♂ and ♀ 59-65 1 minute ↔ (Goh et al., 2020) 
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Table 6.4: Summary of studies investigating the effect of GD15 MIA with PIC on offspring 
cognition. Part B: Strain – SD: Sprague Dawley, LH: Lister hooded, LE: Long Evans. Dose in mg/Kg 

dam bodyweight on GD15. i.p.: intraperitoneal route, i.v.: intravenous. Offspring – sex of 

offspring tested ♂: male, ♀: female. Age – in postnatal days when cognition was assessed. ITI – 

intertrial interval between acquisition and retention trials, min: minute. ED: extra-dimensional 

shift, R3: reversal 3. 

 

Strain 

 

Dose and 

route 
Offspring Age Outcome Ref 

Odd object exploration 

SD 4, i.v. ♂ only 56 - 112 
↓ time interacting with 

odd object 
(Lins et al., 2018) 

T-maze 

SD 4, i.v. ♀ only 70-77 ↔ (Osborne et al., 2019) 

SD 4, i.v. ♂ and ♀ 78 ↓ correct entries % (Osborne et al., 2017) 

Radial arm maze 

Wistar 10, i.p. ♂ and ♀ 128-137 ↑ day 3 errors (Potter et al., 2023) 

Trial-unique nonmatching-to-location 

LE 4, i.v. ♂ and ♀ Adult ↓ %correct for males (Gogos et al., 2020) 

Odour span task 

LE 4, i.v. ♂ and ♀ 60-90 
↓ completed trials on 

testing days 8, 9 and 12 
(Murray et al., 2017) 

Fear conditioned learning 

SD 4, i.v. ♂ and ♀ 71 + ↔ (Yee et al., 2012) 

LH 10, i.p. ♂ and ♀ 79-83 ↔ (Goh et al., 2020) 

Attentional set-shifting 

SD 4, i.v. ♂ only 56 - 112 
↓ trials to complete 

↓ number of errors 
(Lins et al., 2018) 

LH 10, i.p. ♂ and ♀ 79-125 ↔ (Goh et al., 2020) 

Wistar 10, i.p. ♂ and ♀ 126-134 

↑ trials to complete 

(EDS, R3) 

↑ number of errors 

(Potter et al., 2023) 

Strategy set shifting 

LE 4, i.v. ♂ and ♀ 60 + 
↑ number of trials and 

errors in ♂ only 
(Zhang et al., 2012) 

LE 4, i.v. ♂ only 80-100 
↑ number of regressive 

errors 
(Ballendine et al., 2015) 

Reversal learning 

SD 4, i.v. ♂ only 56 - 112 ↑ days to complete (Lins et al., 2018) 

LE 4, i.v. ♂ and ♀ 60 + 
↓ ♂ number of errors 

in regressive 
(Zhang et al., 2012) 

LE 4, i.v. ♂ only 80-100 ↔ (Ballendine et al., 2015) 

LE 4, i.v. ♂ and ♀ Adult ↔ (Gogos et al., 2020) 

Visual cue discrimination 

LE 4, i.v. ♂ and ♀ 60 + ↔ (Zhang et al., 2012) 

LE 4, i.v. ♂ only 80-100 ↑ number of errors (Ballendine et al., 2015) 

 

The novel object recognition task is helpful because animals can complete the test at 

young ages, likely due to it being a task that relies on innate, untrained preferences 

(Grayson et al., 2015). Here, the animals develop a NOR deficit from the age of PD70, 
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equivalent to approximately eighteen years old in humans (Ghasemi et al., 2021). Other 

tests can detect deficits earlier, though the reported testing window is often too broad 

to make significant conclusions. Alongside object recognition tasks showing deficits in 

recognition memory, PIC-treated rats also demonstrate impairments in working 

memory (Gogos et al., 2020, Murray et al., 2017, Osborne et al., 2017, Osborne et al., 

2019, Potter et al., 2023), reasoning and problem-solving (Potter et al., 2023) and 

cognitive flexibility (Ballendine et al., 2015, Lins et al., 2018, Zhang et al., 2012). 

6.1.8 Aims 
1. Measure markers studied in the scPCP model in the PIC model to establish if 

there are points of convergence and divergence.  

2. Evaluate the proteins in adolescent and adult time points to understand the 

developmental timeline of pathology.  



Chapter 6: Characterisation of the poly(I:C) model 

211 
 

6.2 Methods  

6.2.1 Animal work 
Other researchers completed the animal work (see contributions). Therefore, the animal 

work methods shall be discussed in brief here. Animals were housed throughout the 

study as described in 2.1. To induce maternal immune activation (MIA), male and female 

Wistar rats, sourced from Charles River, were mated in-house. Female mating weight 

262 ± 1.97 (mean ± SEM). Mating pairs were housed in pairs in cages where bedding was 

removed, and a metal grate was placed on the floor. GD1 was assigned when a vaginal 

plug was observed. Females were then pair-housed until GD15. Dams were 

pseudorandomised to receive vehicle or PIC, and experimenters were blinded to the 

treatment group. On GD15, pregnant dams were injected with low molecular weight PIC 

(10mg/Kg bodyweight, i.p. InvivoGen) or vehicle (saline, 0.9%) (GD15 weight 313 ± 

5.30g) between the hours of 9:00 and 10:00. Three hours after injection, tail vein blood 

was collected. Plasma was isolated by centrifuging the blood at 10,000xg for five 

minutes, then flash frozen on dry ice and stored at -80°C until use. Body weight was 

monitored throughout pregnancy to monitor dam health.  

The collected plasma was used to measure IL6 and TNFα as these tend to be increased 

after PIC induction on PD15 (Ballendine et al., 2015, Dalton et al., 2012, Kowash et al., 

2019, Kowash et al., 2022, Lins et al., 2018, Missault et al., 2014, Murray et al., 2019, 

Potter et al., 2023). These were measured using the commercial ELISA kits ab100784 for 

TNFα and ab100772 for IL6. In some cases, there was insufficient plasma to run the 

ELISAs.   

Table 6.5: Origin of tissues used for post-mortem analysis. PIC: poly (I:C), WES: simple western 

analysis, qPCR: quantitative PCR, IHC: immunohistochemistry, ASST: attentional set-shifting. 

Cohort 
Number 

of dams 
Study 

Age of 

animals 

Behaviourally 

assessed? 
Deficit 

Maternal 

cytokine 

HP 
Veh: 13 

PIC: 16 
WES 

21, 35, 

100 
(Potter et al., 2023) 

ASST at 

PD100 
TNFα 

RW 
Veh: 6 

PIC: 7 

qPCR, 

IHC 
35, 100 No - 

TNFα 

IL6 
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6.2.2 Tissue preparation 
For both cohorts, each study (qPCR, WES, IHC) was populated with male and female 

offspring from each dam at each time point where possible. Offspring were assigned a 

code, and researchers were blinded to treatment groups. 

6.2.3 qPCR 
Brains were collected and dissected as described in section 2.5. The cDNA from the PFC 

was diluted for each target (Table 6.6). 

Table 6.6: Dilutions used in the qPCR study.  

Target PFC Target PFC Target PFC 

Acan 1:20 MMP9 1:20 PV 1:50 

Bcan 1:20 Ncan 1:20 Ubiquitin 1:50 

GAPDH 1:50 NFκB 1:20 
Vcan 1:20 

IL6 1:10 PSD95 1:50 

 

6.2.4 Simple western analysis 
Brains for the simple western analysis were dissected, and protein was extracted from 

the PFC (section 2.6.3). For the PD35 cohort, only five brains were available for the male 

vehicle group. We added an additional female vehicle to balance the cohort size.  

Table 6.7: Antibody details for simple western analysis. *samples were denatured at 40°C for 

30 minutes (see 2.6.3). 

Target Product code Supplier Age 
Protein concentration 

(mg/mL) 

Antibody 

dilution 

Parvalbumin LS-B14122 LSBio 

PD21 0.8 1:50 

PD35 0.8 1:50 

PD100 0.2 1:20 

GAD67 MAB5406 Millipore 
PD35 0.8 1:100 

PD100 0.2 1:50 

SNAP25 Ab5666 Abcam 
PD35 0.2 1:50 

PD100 0.1 1:50 

PSD95 Ab2723 Abcam 
PD35 0.2 1:50 

PD100 0.8 1:50 

NR2A* PPS012 
R&D 

systems 

PD21 0.035 1:100 

PD35 0.01 1:100 

PD100 0.035 1:100 

NR2B* PPS013 
R&D 

systems 

PD21 0.1 1:100 

PD35 0.07 1:100 

PD100 0.07 1:100 

 



Chapter 6: Characterisation of the poly(I:C) model 

213 
 

6.2.5 Immunohistochemistry 
Brains were perfused, fixed and sectioned as described in section 2.8. Sections were 

stained for PVI and PNN, and the numbers of cells were counted as described. 

6.2.6 Statistics 
Table 6.8: Summary of statistical tests used in chapter six.  

Purpose Distribution Test Section 

Check for normality N/A Shapiro-Wilk (n≤7) 2.9.1 

Check for correlations 
Normal Pearson’s 

2.9.5 
Not normal Spearman’s 

Compare maternal 

cytokines 

Normal Unpaired t-test 2.9.3.a 

Not normal Mann-Whitney U 2.9.3.b 

Effects of age, sex and 

treatment 
N/A General linear mixed model 2.9.6.c 
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6.3 Results  

6.3.1 Maternal immune response 
We first wanted to establish that a maternal immune activation had occurred in the PIC-

treated dams. Blood was taken from the tail vein three hours after PIC injection, and 

cytokine levels were measured in the resulting plasma. In the HP cohort, there was a 

significant increase in the levels of TNFα in the maternal plasma after PIC (t9.327 = 6.263, 

p<0.001 [unequal variances]), the same TNFα increase was seen in the RW cohort (t6.010 

= 2.933, p = 0.026 [unequal variances]). In the RW cohort, IL6 levels were also increased 

(t6.189 = 3.027, p = 0.022 [unequal variances]). We assessed whether maternal IL6 and 

TNFα response were linked in the RW cohort and found a cohort-wide positive 

correlation (Spearman’s rho = 0.848, p<0.001, n=13). However, separating the dams into 

treatment groups revealed no significant correlation (V: rho = 0.493, p = 0.333, n=6; PIC: 

rho = 0.321, p = 0.498, n=7).  

We were interested in the high variation in the PIC maternal cytokine response, with 

some dams having minimal TNFα response in both the HP and RW cohorts. Due to this 

variation, and previous studies showing that maternal cytokine response can predict 

maternal and offspring behaviour (Potter et al., 2023), we chose to include maternal 

cytokines as a covariate in a separate general linear mixed model (GLMM) to establish 

whether it significantly predicted offspring pathology.  
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Figure 6.3: Maternal plasma cytokine levels three hours after treatment. Levels of TNFα from 

A) HP (n=13-16) and B) RW (n=6-7) cohort. C) IL6 levels in maternal plasma in the RW cohort 

(n=6-7). D) Scatter plot comparing maternal IL6 and TNFα concentrations in the RW cohort (n=6-

7). Data for A) were analysed with Mann-Whitney U, and the graph shows median ± IQR. For 

graphs B and C) data were analysed with an unpaired t-test, and the graphs show mean ± SEM. 

D) was analysed with Spearman’s correlation, and the graph shows the individual data points 

for each dam.  

6.3.2 Offspring outcomes 
Given the apparent induction of a maternal immune response in the PIC-exposed dams, 

we next investigated what outcomes this would have on the exposed offspring. We 

chose to investigate PD21, PD35 and PD100, though the PD21 tissue was limited to the 

HP cohort only. PD21, 35 and 100 are approximately equal to two, eleven and twenty-

one years old in humans (Ghasemi et al., 2021). Typically, schizophrenia onset peaks in 

the mid-to-late twenties (Kirkbride et al., 2012), though cognitive impairments can be 

detected from thirteen years old (Dickson et al., 2012, Jonas et al., 2022), equivalent to  

PD55 in rats (Ghasemi et al., 2021). Reflecting on the cognitive behaviour data collected 

from rats exposed to PIC on GD15, the earliest detection of impairments was fittingly 

from PD56 rats (summarised in Table 6.4). Given the developmental nature of 
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schizophrenia and behavioural onset in the MIA model, we wished to assess markers 

relevant to cognition at these clinically relevant time points. 

6.3.2.a VGlut1 
We measured VGlut1 expression at PD35 and PD100 in the vehicle- and PIC-exposed offspring. 
We found that VGlut1 expression significantly decreased with age (postnatal day (PD)35: 
2.708 ± 3.024, PD100: 0.619 ± 0.662; F1, 30.916 = 10.955, p = 0.002) ( 

Figure 6.4A). Sex and treatment were removed from the model before it reached 

significance, suggesting these factors did not alter offspring VGlut1 expression in the 

PFC. 

Next, we included the maternal cytokines in the model to understand whether the 

prenatal environment would predict the postnatal outcomes. We investigated the 

cytokines independently as they were correlated (Figure 6.3). In general linear models, 

including highly related variables leads to multicollinearity, which can artificially inflate 

model estimates (Kim, 2019).  

 Maternal IL6 
There was an age*maternal IL6 interaction (F2, 37 = 7.975, p = 0.001), indicating maternal IL6 
predicted offspring VGlut1 expression in a single age group. Indeed, analysis of the age groups 
in isolation revealed a near-significant effect of maternal IL6 in the PD35 cohort only (F1, 14.159 
= 4.177, p = 0.060). To explore the relationship between maternal IL6 and offspring VGlut1, 
we performed a linear regression and found a positive relationship between the two measures 
(R2 = 0.311, p = 0.011) ( 

Figure 6.4B). 

 Maternal TNFα 

Returning to the full cohort, we tested whether maternal TNFα predicted VGlut1 

expression. Here, we found an age*maternal TNFα interaction (F2, 37 = 4.717, p = 0.015). 

However, analysis of the age groups did not result in any main effect of maternal TNFα.  

6.3.2.b SNAP25 
SNAP25 levels increased over development (PD35: 0.089 ± 0.082; PD100: 0.436 ± 0.238; F1, 45 = 
49.155, p<0.001). In addition, there was a near significant effect of sex, with females having 
higher SNAP25 levels compared to males (males (M): 0.220 ± 0.224, females (F): 0.301 ± 0.267; 
F1, 45 = 3.668, p = 0.062) ( 

Figure 6.4C).  

 Maternal TNFα 
When considering the maternal cytokines, there was a significant age*treatment*maternal 
TNFα interaction (F4, 34 = 5.339, p = 0.002), likely driven by a trend towards a significant effect 
of maternal TNFα in the PD100 PIC-exposed offspring (F1, 8 = 4.573, p = 0.065). In this cohort, 
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increased maternal TNFα predicted a trend towards increased SNAP25 in the offspring (R2 = 
0.364, p = 0.065) ( 

Figure 6.4D).  
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Figure 6.4: Effects of PIC on VGlut1 and SNAP25. A) Relative gene expression of VGlut1 in PD35 

and PD100 offspring (n=5-6). B) Relationship between maternal IL6 plasma concentration and 

VGlut1 expression in PD35 offspring. C) Protein levels of SNAP25 in PD35 and PD100 offspring 

(n=5-7). D) Relationship between maternal TNFα plasma concentration and SNAP25 levels in the 

PIC-exposed PD100 offspring. For A and C) data were analysed with a GLMM. Black lines showed 

effects from a significant GLMM. Dashed lines show effects from a trending GLMM. Λ=significant 

effect of age: Λp<0.05, ΛΛp<0.01, ΛΛΛp<0.001. $=significant effect of sex: $p<0.05, $$p<0.01, 
$$$p<0.001. Ψ=significant effect of treatment: Ψp<0.05, ΨΨp<0.01, ΨΨΨp<0.001. Graphs show 

mean ± SEM. For B and D) graphs show data points for individual offspring, and the line shows 

the simple linear regression with 95% confidence intervals. A dashed line denotes a regression 

resulting from a trending (p<0.080) GLMM. 
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6.3.2.c NMDAr receptor 

c. i) NR2A 

Age significantly affected NR2A levels (F2, 62.087 = 3.947, p = 0.024), with levels increasing 

across the developmental timeline (PD21: 4.787 ± 1.699, PD35: 6.968 ± 4.505, PD100: 

7.869 ± 4.732) (Figure 6.5A). The remaining variables and inclusion of the maternal 

cytokines did not produce significant models. 

c. ii) NR2B 

There was a significant effect of age (F2, 69 = 13.846, p<0.001) on NR2B levels due to 

levels peaking at PD35 (PD21: 1.076 ± 0.474, PD35 1.511 ± 0.722, PD100: 0.707 ± 0.307) 

(Figure 6.5B). 

 Maternal TNFα 

When we included maternal TNFα in the model, there was a significant interaction of 

age*sex*treatment*maternal TNFα (F12, 18.631 = 2.574, p = 0.033), indicating a single 

cohort where maternal TNFα may affect NR2B levels. However, exploring the unique 

groups did not reveal any that had a significant or trending main effect of maternal 

TNFα. 

c. iii) NMDAr subunit ratio  

We were interested in the ratio of the subunits as this fluctuates during development 

(Liu et al., 2004, Riva et al., 1994, Snell et al., 2001). As expected, there was a significant 

effect of age (F2, 54.088 = 24.738, p<0.001), with the ratio increasing in adulthood (PD21: 

5.273 ± 2.765, PD35: 4.791 ± 3.060, PD100: 13.432 ± 9.547). In addition, males had an 

increased ratio compared to females (males (M): 9.124 ± 8.764, females (F): 6.493 ± 

4.828; F1, 50.048 = 5.307, p = 0.025), and prenatal exposure to PIC reduced the subunit 

ratio (V: 9.278 ± 8.101, P: 6.271 ± 5.605; F1, 17.116 = 5.348, p = 0.033).  

In addition to the main effects, there were interactions between age*sex (F2, 56.120 = 

5.610, p = 0.006) and age*treatment (F2, 54.266 = 3.381, p = 0.041). Further investigations 

revealed that the effects of sex and treatment were limited to the PD100 cohort, with 

increased levels in the male (M: 17.730 ± 10.786, F: 9.491 ± 6.413; F1, 14.927 = 6.988, p = 

0.018) and vehicle-exposed offspring (vehicle (V): 17.235 ± 9.678, PIC (P): 9.945 ± 8.333; 

F1, 12.158 = 5.255, p = 0.040) (Figure 6.5C). 
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Figure 6.5: Effects of PIC on NMDAr subunit levels. Relative protein levels of A) NR2A and B) 

NR2B in PD21, PD35 and PD100 offspring. C) The ratio of NR2A and NR2B in PD21, PD35 and 

PD100 offspring (n=5-7). The relationship between maternal TNFα and NMDAr subunit ratio in 

the D) PD35 vehicles and E) PD100 offspring. For A–C), data were analysed with a GLMM. Black 

lines showed effects from a significant GLMM. Dashed lines show effects from a trending GLMM. 
Λ=significant effect of age: Λp<0.05, ΛΛp<0.01, ΛΛΛp<0.001. $=significant effect of sex: $p<0.05, 
$$p<0.01, $$$p<0.001. Ψ=significant effect of treatment: Ψp<0.05, ΨΨp<0.01, ΨΨΨp<0.001. Graphs 

show mean ± SEM. For D and E) graphs show data points for individual offspring, and the line 

shows the simple linear regression with 95% confidence intervals. A dashed line denotes a 

regression resulting from a trending (p<0.080) GLMM. 

 Maternal TNFα 

When maternal TNFα was included in the model, there was a significant interaction 

between age*maternal TNFα (F3, 30.511 = 12.927, p<0.001) and age*treatment*maternal 

TNFα (F3, 31.446 = 11.958, p<0.001). Regarding the latter interaction, we found a near 
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significant effect of maternal TNFα in the PD35 vehicle offspring (F1, 9 = 4.708, p = 0.058), 

which resulted in a negative linear relationship (R2 = 0.343, p = 0.058) (Figure 6.5D). 

Regarding the significant age*maternal TNFα interaction, we found a significant main 

effect of maternal TNFα in the PD100 cohort (F1, 15 = 6.094, p = 0.026), revealing a 

negative relationship between maternal TNFα and offspring NMDAr subunit ratio (R2 = 

0.289, p = 0.026) (Figure 6.5E). 

6.3.2.d PSD95 

d. i) Gene expression 

Age was a significant predictor of offspring PSD95 expression with expression decreasing 

over development (PD35: 0.190 ± 0.110, PD100:  0.125 ± 0.071; F1, 45 = 5.745, p = 0.021). 

There were no further models (Figure 6.6A).  

d. ii) Protein levels 

Unlike the mRNA expression, the protein levels increased over development (PD21: 

0.810 ± 0.900, PD35: 1.897 ± 1.868, PD100: 1.645 ± 1.441; F2, 49.903 = 11.293, p<0.001). 

In addition to the main effect of age, there were significant age*treatment (F3, 39.332 = 

4.966, p = 0.005) and age*sex*treatment interactions (F7, 50.187 = 2.899, p = 0.013). 

We first investigated the age*treatment interaction. We found a significant effect of 

treatment in the PD100 cohort only, with PIC exposure reducing PSD95 levels (V: 2.793 

± 0.926, F: 1.596 ± 0.667; F2, 21 = 6.236, p = 0.007). Exploration of the age*sex*treatment 

interaction revealed that the treatment effect was isolated to the PD100 male offspring, 

where PIC exposure reduced PSD95 levels (V: 2.882 ± 1.048, P: 1.277 ± 0.534; F1, 10 = 

11.160, p = 0.007) (Figure 6.6B).  

 Maternal TNFα 

There were several significant interactions which included maternal TNFα, namely age 

(F2, 37.252 = 8.859, p<0.001), treatment (F2, 26.856 = 3.568, p = 0.042) age*sex (F3, 36.436 = 

3.028, p = 0.042) age*treatment (F2, 37.299 = 8.657, p<0.001) and age*sex*treatment (F3, 

36.437 = 3.377, p = 0.029).  

Beginning with the simplest interactions, we first identified PD100 as the age where 

there was a main effect of maternal TNFα (F1, 15 = 4.736, p = 0.046), with increased 

maternal TNFα levels predicting reduced PSD95 levels in the offspring (R2 = 0.240, p = 

0.046) (Figure 6.6C). 
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Investigations of the remaining interactions did not produce any models with a 

significant main effect of maternal TNFα. 
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Figure 6.6: Effects of PIC on PSD95 protein expression and levels. Relative A) gene expression 

and B) protein levels in PD21, PD35 and PD100 offspring (n=5-7). C) Relationship between 

maternal TNFα plasma concentration and PD100 offspring PSD95 levels. For A and B), data were 

analysed with a GLMM. Black lines showed effects from a significant GLMM. Dashed lines show 

effects from a trending GLMM. Λ=significant effect of age: Λp<0.05, ΛΛp<0.01, ΛΛΛp<0.001. 
$=significant effect of sex: $p<0.05, $$p<0.01, $$$p<0.001. Ψ=significant effect of treatment: 
Ψp<0.05, ΨΨp<0.01, ΨΨΨp<0.001. Graphs show mean ± SEM. For C), the graph shows data points 

for individual offspring, and the line shows the simple linear regression with 95% confidence 

intervals. A dashed line denotes a regression resulting from a trending (p<0.080) GLMM. 
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6.3.2.e GAD67 
GAD67 levels increased over the developmental ages measured (PD35: 0.427 ± 0.251, 

PD100: 0.725 ± 0.412; F1, 41.288 = 9.004, p = 0.005). Moreover, PIC reduced GAD67 levels 

across all age groups (V: 0.696 ± 0.439, P: 0.456 ± 0.238; F1, 17.642 = 5.606, p = 0.030) 

(Figure 6.7A). 

 Maternal TNFα 

When maternal TNFα was included in the model, there was a significant main effect of 

maternal TNFα (F1, 34 = 5.553, p = 0.024). However, plotting this data did not result in a 

significant linear regression (R2 = 0.022, p = 0.842).  

In addition to its main effects, maternal TNFα interacted with treatment (F1, 34 = 6.292, 

p = 0.017) and sex*treatment (F2, 34 = 5.121, p = 0.011).  Only the sex*treatment 

interaction resulted in a significant main effect of maternal TNFα. This was due to the 

male vehicles where increased maternal TNFα predicted increased GAD67 levels (F1, 7 = 

8.378, p = 0.023; R2 = 0.545, p = 0.023) (Figure 6.7B). 
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Figure 6.7: Effect of PIC on GAD67 levels. A) GAD67 protein levels in PD35 and PD100 offspring 

(n=5–7). B) Relationship between maternal TNFα plasma concentration and GAD67 levels in 

male vehicle offspring. For A), data were analysed with a GLMM. Black lines showed effects from 

a significant GLMM. Dashed lines show effects from a trending GLMM. Λsignificant effect of age: 
Λp<0.05, ΛΛp<0.01, ΛΛΛp<0.001. $significant effect of sex: $p<0.05, $$p<0.01, $$$p<0.001. 
Ψsignificant effect of treatment: Ψp<0.05, ΨΨ p<0.01, ΨΨΨ p<0.001. Graphs show mean ± SEM. 

For B), the graph shows data points for individual offspring, and the line shows the simple linear 

regression with 95% confidence intervals. A dashed line denotes a regression resulting from a 

trending (p<0.080) GLMM. 
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6.3.2.f Parvalbumin 

f. i) Gene expression 

Parvalbumin expression significantly increased with age (PD35: 0.665 ± 0.667, PD100: 

1.353 ± 1.123; F1, 45 = 7.622, p = 0.008). We also observed a significantly higher 

expression in females (M: 0.663 ± 0.510, F: 1.355 ± 1.201; F1, 45 = 7.734, p = 0.008) (Figure 

6.8A).   

 Maternal IL6 

There were no models including maternal IL6.  

 Maternal TNFα 

By including maternal TNFα in the model, it revealed significant interactions of the 

cytokine with age (F1, 33 = 6.103, p = 0.019), sex (F1, 33 = 5.502, p = 0.025), age*treatment 

(F1, 33 = 5.991, p = 0.020) and sex*treatment (F1, 33 = 4.846, p = 0.035).  

We first investigated the age*maternal TNFα interaction, here we found a significant 

main effect of maternal TNFα in the PD35 cohort only (F1, 11.78 = 19.434, p<0.001), with 

increased maternal TNFα predicting increased parvalbumin expression (R2 = 0.542, 

p<0.001) (Figure 6.8B). 

Next, we looked at the sex*maternal TNFα interaction, which was likely driven by the 

males, who had a near significant main effect of maternal TNFα (F1, 10.298 = 4.723, p = 

0.054), producing a positive correlation (R2 = 0.310, p = 0.011; Figure 6.8C). 

The age*treatment interaction was due to a trend towards a significant main effect of 

maternal TNFα in the PD35 PIC-exposed offspring (F1, 4.806 = 5.790, p = 0.063). This 

resulted in a positive linear relationship (R2 = 0.518, p = 0.019), the data for which is 

contained in Figure 6.8B. Investigations of the sex*treatment*maternal TNFα did not 

result in any significant models. 

f. ii) Protein levels 

Age significantly affected parvalbumin protein levels, with levels peaking in PD35 (PD21: 

0.22 ± 0.111, PD35: 0.775 ± 0.438, PD100: 0.579 ± 0.278; F2, 67 = 21.624, p<0.001) (Figure 

6.8D).  

 Maternal TNFα 

Several interactions included maternal TNFα, namely age (F2, 42.483 = 7.891, p = 0.001), 

sex (F1, 35.119 = 4.241, p = 0.047), age*treatment (F2, 42.519 = 4.633, p = 0.015) and 
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sex*treatment (F1, 35.145 = 5.070, p = 0.031). Despite these findings, further exploration 

of all interactions did not result in any significant main effects of maternal TNFα.  

f. iii) Immunohistochemistry 

There was a significant effect of sex in the PVI density, with females having increased 

density compared to males (M: 127.483 ± 18.734, F: 141.378 ± 26.731; F1, 44 = 4.168, p = 

0.047) (Figure 6.8C). Including the maternal cytokines in the model did not result in 

significant models.  
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Figure 6.8: Effect of PIC on parvalbumin gene expression, protein levels and cell density. 

Parvalbumin A) gene expression, D) protein levels and E) cell density in PD21, PD35 and PD100 

offspring (n=5–7). Relationship between maternal TNFα and parvalbumin expression in B) PD35 

and C) male offspring. For A, D and E) data were analysed with a GLMM. Black lines showed 

effects from a significant GLMM. Dashed lines show effects from a trending GLMM. Λsignificant 

effect of age: Λp<0.05, ΛΛp<0.01, ΛΛΛp<0.001. $significant effect of sex: $p<0.05, $$p<0.01, 
$$$p<0.001. Ψsignificant effect of treatment: Ψp<0.05, ΨΨ p<0.01, ΨΨΨ p<0.001. Graphs show 

mean ± SEM. For B and C) graphs show data points for individual offspring, and the line shows 

the simple linear regression with 95% confidence intervals. A dashed line denotes a regression 

resulting from a trending (p<0.080) GLMM. 
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6.3.2.g Perineuronal nets 

g. i) Aggrecan 

There were many significant effects when analysing aggrecan (Acan). First, Acan 

expression increases across development (PD35: 1.451 ± 1.665, PD100: 2.707 ± 2.188; 

F1, 42 = 6.515, p = 0.014) in females (M: 1.234 ± 1.294, F: 2.805 ± 2.467; F1, 42 = 9.444, p = 

0.004), and in PIC treated offspring (V: 1.460 ± 1.482, P: 2.697 ± 2.327; F1, 45 = 6.413, p = 

0.015).  

There was also an age*sex interaction (F1, 42 = 4.180, p = 0.047). Further analysis of the age*sex 
interaction revealed it was either driven by an effect of sex in the PD100 offspring (M: 1.393 ± 
0.810, F: 3.911 ± 2.382; F1, 13.612 = 12.177, p = 0.004) or by an effect of age in the females (PD35: 
1.698 ± 0.647; PD100: 3.911 ± 0.647; F1, 22 = 5.844, p = 0.024) (
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Figure 6.9A).  

 Maternal IL6 

Including maternal IL6 in the model revealed a significant age*maternal IL6 interaction 

(F2, 36 = 6.570, p = 0.004). Investigations of the individual ages revealed that this was 

driven by the PD35 cohort (F1, 10.975 = 13.906, p = 0.003). Moreover, plotting these data 

revealed a positive relationship between maternal IL6 and Acan expression (R2 = 0.492, 
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p<0.001) (
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Figure 6.9B). 

 Maternal TNFα 

There was a significant age*treatment*TNFα interaction (F4, 34 = 3.781, p = 0.012). 

However, further explorations of this interaction did not result in any significant main 

effects of maternal TNFα.  

g. ii) Brevican 

There were no significant brevican (Bcan) models when running a standard GLMM 

(Figure 6.10A).  

 Maternal IL6  

The inclusion of maternal IL6 in the model revealed a significant effect of IL6 on offspring 

Bcan expression (F1, 35 = 4.215, p = 0.048). However, this did not result in a significant 

linear regression (R2 = 0.023, p = 0.388). 

 Maternal TNFα 

There were no significant models including maternal TNFα.   
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Figure 6.9: Effect of PIC on Acan expression. A) Acan expression in PD35 and PD100 offspring 

(n=5–6). B) Relationship between maternal IL6 and PD35 Acan expression. Regression of 

maternal IL6 plasma concentration and Acan levels in PD35 offspring. For A), data were analysed 

with a GLMM. Black lines showed effects from a significant GLMM. Dashed lines show effects 

from a trending GLMM. Λsignificant effect of age: Λp<0.05, ΛΛp<0.01, ΛΛΛp<0.001. $significant 

effect of sex: $p<0.05, $$p<0.01, $$$p<0.001. Ψsignificant effect of treatment: Ψp<0.05, ΨΨ p<0.01, 

ΨΨΨ p<0.001. Graphs show mean ± SEM. For B), the graph shows data points for individual 

offspring, and the line shows the simple linear regression with 95% confidence intervals. A 

dashed line denotes a regression resulting from a trending (p<0.080) GLMM. 

g. iii) Versican 

Versican (Vcan) expression increased throughout the developmental stages we 

measured (PD35: 4.615 ± 4.916, PD100: 13.086 ± 9.577; F1, 43 = 17.859, p<0.001) and was 

increased in females (M: 5.632 ± 4.531, F: 11.758 ± 10.475; F1, 43 = 9.609, p = 0.003). 

In addition, the age*sex interaction was significant (F1, 43 = 5.370, p = 0.025). This 

interaction was due to females having increased Vcan expression in the PD100 cohort 

(M: 7.574 ± 2.442; F: 18.138 ± 2.338; F1, 21 = 9.767, p = 0.005) (Figure 6.10B). 

 Maternal IL6 

Maternal IL6 significantly interacted with age (F1, 30 = 16.561, p<0.001), sex (F1, 30 = 7.953, 

p = 0.008), age*sex (F1, 30 = 4.880, p = 0.035) and age*sex*treatment (F4, 30 = 3.780, p = 

0.013).  

We first investigated the most straightforward interactions. In the PD35 cohort, there 

was a significant main effect of maternal IL6 (F1, 10.808 = 6.954, p = 0.023). Notably, the 

dam neared statistical significance in this model (17.904 ± 9.697 (estimate ± standard 

error), p = 0.064), meaning that the sibling membership predicts offspring Vcan 
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expression. Plotting the relationship between maternal IL6 and PD35 Vcan expression 

revealed a positive correlation (R2 = 0.336, p = 0.007) (Figure 6.10C). 

Next, we investigated the sex*maternal IL6 interaction, we found maternal IL6 predicted 

male offspring Vcan expression (F1, 17 = 4.760, p = 0.043; R2 = 0.219, p = 0.043) (Figure 

6.10D). 

The age*sex*maternal IL6 interaction further narrowed down the source of the positive 

relationship, with a significant effect of maternal IL6 in the PD35 males (F1, 8 = 8.630, p = 

0.019; R2 = 0.519, p = 0.019). These data are found in Figure 6.10C and D. 

Finally, although there was an age*sex*treatment*maternal IL6 interaction, individual 

investigations of the groups did not reveal any significant models.  

 Maternal TNFα 

There were several significant interactions including maternal TNFα, namely age (F1, 30 = 

15.107, p<0.001), sex (F1, 30 = 8.236, p = 0.007), age*sex (F1, 30 = 5.528, p = 0.025), 

age*treatment (F1, 30 = 12.040, p = 0.002), sex*treatment (F1, 30 = 7.442, p = 0.011) and 

age*sex*treatment (F1, 30 = 7.192, p = 0.012).  

We first sought to identify which age was predicted by maternal TNFα. There was a 

significant main effect of maternal TNFα in the PD35 cohort (F1, 10.653 = 12.485, p = 0.005), 

resulting in a positive relationship (R2 = 0.483, p<0.001) (Figure 6.10E). 

The remaining interactions did not have a significant main effect of maternal TNFα.  

Despite the significant model in the PD35 cohort, we also found significant models in 

the PD100 group. There was a significant sex*maternal TNFα (F2, 10.029 = 4.891, p = 0.033) 

and sex*treatment*maternal TNFα interaction (F2, 9.316 = 4.347, p = 0.046). However, 

there were no further significant models when exploring these interactions. 
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Figure 6.10: Effect of PIC on Bcan and Vcan expression. A) Bcan and B) Vcan expression in PD35 

and PD100 offspring (n=5-6). Relationship between maternal IL6 and Vcan expression in C) PD35 

and D) male offspring. E) Relationship between maternal TNFα and PD35 offspring Vcan 

expression. For A and B), data were analysed with a GLMM. Black lines showed effects from a 

significant GLMM. Dashed lines show effects from a trending GLMM. Λsignificant effect of age: 
Λp<0.05, ΛΛp<0.01, ΛΛΛp<0.001. $significant effect of sex: $p<0.05, $$p<0.01, $$$p<0.001. 
Ψsignificant effect of treatment: Ψp<0.05, ΨΨ p<0.01, ΨΨΨ p<0.001. Graphs show mean ± SEM. 

For C - E), graphs show data points for individual offspring, and the line shows the simple linear 

regression with 95% confidence intervals. A dashed line denotes a regression resulting from a 

trending (p<0.080) GLMM. 
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g. iv) Neurocan 

There was a significant effect of age (PD35: 2.482 ± 2.427, PD100: 5.026 ± 3.468; F1, 42 = 

10.500, p = 0.002), treatment (V: 2.843 ± 2.973, P: 4.680 ± 3.115; F1, 42 = 5.634, p = 0.022) 

and the age*sex interaction (F2, 42 = 3.376, p = 0.044) in the neurocan (Ncan) GLMM. 

To find the source of the age*sex interaction, we split the cohort into PD35 and PD100. 

Here we found a significant effect of sex in the PD100 cohort only (M: 3.577 ± 3.170, F: 

6.476 ± 3.243; F1, 9.465 = 5.321, p = 0.045) (Figure 6.11A).  

 Maternal IL6 

Including maternal IL6 in the model revealed a significant effect of the age*maternal IL6 

interaction (F2, 37 = 3.860, p = 0.030), which was driven by the PD35 cohort (F1, 10.731 = 

5.772, p = 0.038). The resulting linear regression was significant (R2 = 0.301, p = 0.012) 

(Figure 6.11B). 

 Maternal TNFα 

There were several interactions including maternal TNFα that predicted offspring 

neurocan expression. There were interactions including age (F1, 31 = 11.946, p = 0.002), 

sex (F1, 31 = 6.392, p = 0.017), age*sex (F1, 31 = 5.028, p = 0.032), age*treatment (F1, 31 = 

9.051, p = 0.005), sex*treatment (F1, 31 = 5.028, p = 0.032) and age*sex*treatment (F1, 31 

= 7.851, p = 0.009).  

Beginning with the age*maternal TNFα interaction, the maternal cytokine predicted 

offspring Ncan expression in the PD35 cohort only (F1, 11.389 = 16.043, p = 0.002; R2 = 

0.513, p<0.001) (Figure 6.11C).  

Investigating the sex*maternal TNFα interaction revealed a significant main effect of 

maternal TNFα in the males (F1, 18 = 15.879, p<0.001; R2 = 0.469, p<0.001) (Figure 6.11D). 

Indeed, combining the PD35 and male cohorts revealed the source of the age*sex 

interaction (F1, 8 = 7.100, p = 0.029; R2 = 0.470, p = 0.029), this data are found in Figure 

6.11C. 

Investigations of the remaining interactions did not result in any main effects of 

maternal TNFα.  
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Figure 6.11: Effect of PIC on Ncan expression. A) Ncan expression in PD35 and PD100 offspring 

(n=5-6). B) Relationship between maternal IL6 and PD35 Ncan expression. Relationship between 

maternal TNFα and Ncan expression of C) PD35 and D) male offspring. For A), data were 

analysed with a GLMM. Black lines showed effects from a significant GLMM. Dashed lines show 

effects from a trending GLMM. Λsignificant effect of age: Λp<0.05, ΛΛp<0.01, ΛΛΛp<0.001. 
$significant effect of sex: $p<0.05, $$p<0.01, $$$p<0.001. Ψsignificant effect of treatment: Ψp<0.05, 
ΨΨ p<0.01, ΨΨΨ p<0.001. Graphs show mean ± SEM. For B - D), graphs show data points for 

individual offspring, and the line shows the simple linear regression with 95% confidence 

intervals. A dashed line denotes a regression resulting from a trending (p<0.080) GLMM. 
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g. v) PNN density  

We analysed the PNN density using immunohistochemistry. We found a significant 

increase in density in the PD100 offspring compared to PD35 (PD35: 64.700 ± 10.434, 

PD100: 104.322 ± 13.874; F1, 38.038 = 215.331, p<0.001) and a significant increase in the 

PIC-treated cohort (V: 76.561 ± 20.121, P: 91.304 ± 24.421; F1, 13.943 = 15.591, p = 0.001) 

(Figure 6.12A). 

 Maternal IL6 

There were significant interactions including maternal IL6 and age (F1, 33.096 = 100.472, 

p<0.001), treatment (F1, 10.984 = 7.037, p = 0.023) and age*treatment (F1, 33.110 = 4.771). 

Investigation of the individual ages resulted in a trend for the treatment*maternal IL6 

interaction in PD100 animals (F2, 8.933 = 3.203, p = 0.089). Further investigations of the 

treatment and age*treatment interactions with maternal IL6 did not result in significant 

models.  

 Maternal TNFα 

Including maternal TNFα in the model resulted in a significant age*maternal TNFα (F2, 34 

= 27.083, p<0.001) and age*treatment*maternal TNFα (F2, 35 = 15.871, p<0.001) 

interactions. Investigations of the former interaction revealed a significant main effect 

of maternal TNFα in the PD100 cohort (F1, 13.748 = 14.752, p = 0.002; R2 = 0.470, p = 0.001) 

(Figure 6.12B). Meanwhile, analysis of the age*treatment*maternal TNFα did not result 

in any GLMM model. 

g. vi) Relationship between PNN and PVI 

Analysing the PNN/PV ratio showed a significant effect of age on the ratio, with relative 

PNN levels increasing in adulthood (PD35: 0.483 ± 0.945, PD100: 0.845 ± 0.114, F1, 39.586 

= 88.856, p<0.001) (Figure 6.12C).  

 Maternal IL6 

Including maternal IL6 resulted in its significant interaction with age (F2, 31 = 32.046, 

p<0.001) and age*treatment (F2, 31 = 11.485, p<0.001). Although explorations of the 

interactions did not result in any main effects of maternal IL6.   

 Maternal TNFα 

Like maternal IL6, TNFα produced similar outcomes. There were significant interactions 

of maternal TNFα with age (F2, 31 = 23.066, p<0.001) and age*treatment (F2, 31 = 19.056, 

p<0.001). Again, there were no models produced when analysing the interactions in 

isolation. 
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6.3.2.h MMP9 
There was a significant effect of age (PD35: 7.506 ± 8.472, PD100: 2.628 ± 3.431; F1, 33.959 

= 9.140, p = 0.005), treatment (V: 7.283 ± 8.761, P: 2.850 ± 2.992; F1, 12.101 = 6.167, p = 

0.029) and the age*treatment interaction (F1, 33.959 = 8.075, p = 0.008). 

To investigate the age*treatment interaction, we first split the offspring into age 

cohorts. Here we found a significant effect of treatment in the PD35 offspring only (V: 

12.017 ± 8.76, P: 2.628 ± 2.992; F1, 12.849 = 4.994, p = 0.044). Dam neared statistical 

significance (33.084 ± 19.922, p = 0.097). There were no significant models when 

focusing on PD100s only.  

Analysis of the opposing interpretation of the interaction resulted in a significant effect 

of age in the vehicle-exposed offspring (F1, 17.970 = 9.884, p = 0.006), whereas there was 

no effect of age in the PIC-exposed offspring (F1, 13.759 = 0.091, 0.767) (Figure 6.12D). 

 Maternal IL6 

There were significant interactions including maternal IL6 and age (F2, 35 = 3.715, p = 

0.034) and age*treatment (F2, 35 = 3.603, p = 0.038). Splitting the cohort into ages and 

treatments did not result in significant models. 

 Maternal TNFα 

Significant interactions included maternal TNFα with age (F2, 35 = 4.859, p = 0.014) and 

age*treatment (F2, 35 = 4.742, p = 0.015), though dividing the cohort did not result in 

further models.   
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Figure 6.12: Effect of PIC on PNN, ratios of PNN and PVI and MMP9 gene expression. A) PNN 

density (n=5-6). B) Relationship between maternal TNFα and PD100 PNN density. C) Ratio 

between PNN and PVI (n=5-6). D) MMP9 gene expression (n=6) in PD35 and PD100 offspring. 

For A, C and D) data were analysed with a GLMM. Black lines showed effects from a significant 

GLMM. Dashed lines show effects from a trending GLMM. Λsignificant effect of age: Λp<0.05, 
ΛΛp<0.01, ΛΛΛp<0.001. $significant effect of sex: $p<0.05, $$p<0.01, $$$p<0.001. Ψsignificant effect 

of treatment: Ψp<0.05, ΨΨ p<0.01, ΨΨΨ p<0.001. Graphs show mean ± SEM. For B), the graph 

shows data points for individual offspring, and the line shows the simple linear regression with 

95% confidence intervals. A dashed line denotes a regression resulting from a trending (p<0.080) 

GLMM. 
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6.3.2.i Inflammation 

i. i) IL1β 

There was a significant effect of age with expression increasing in adulthood (PD35: 

2.199 ± 2.202, PD100: 6.343 ± 4.702; F1, 30.910 = 18.267, p<0.001), sex (M: 3.108 ± 2.668, 

F: 5.375 ± 5.027; F1, 35.180 = 5.514, p = 0.025) and the age*sex interaction (F1, 32.421 = 9.609, 

p = 0.004).  

Sex was a significant predictor of IL1β in the PD100 cohort (F1, 21 = 9.436, p = 0.006). 

Removing sex from the model revealed a significant effect of age in females only (PD35: 

1.956 ± 2.030, PD100: 8.794 ± 4.818; F1, 10.517 = 39.139, p<0.001) that was not present in 

males (Figure 6.13A). 

 Maternal IL6 

Maternal IL6 interacted with age (F2, 33 = 6.202, p = 0.005) and age*sex (F2, 33 = 3.561, p 

= 0.040). Further analysis of these interactions revealed no main effects of maternal IL6.  

 Maternal TNFα 

Maternal TNFα interacted with age (F2, 33 = 6.368, p = 0.005) and age*treatment (F2, 33 = 

3.838, p = 0.032). Further analysis of these interactions did not result in any significant 

main effects of maternal TNFα. 

i. ii) NFκB 

There was a significant effect of age with NFκB increasing in expression in adulthood 

(PD35: 5.050 ± 3.547, PD100: 7.922 ± 5.753; F1, 31.622 = 5.350, p = 0.027) and the age*sex 

interaction (F2, 34.526 = 3.950, p = 0.029).  

The age*sex interaction may be due to the significant effect of sex found only in the 

PD100 cohort (F1, 7.6923 = 5.627, p = 0.047) or the effect of age found only in females (F1, 

10.449 = 27.023, p<0.001). The dam neared statistical significance (16.188 ± 8.901, p = 

0.069) (Figure 6.13B).  

 Maternal IL6 

Including maternal IL6 in the model resulted in a trend towards a significant effect of the 

age*maternal IL6 interaction (F2, 36 = 3.048, p = 0.060).  

 Maternal TNFα 

Including maternal TNFα in the model revealed it was involved in several significant 

interactions, including those with age (F1, 33 = 5.771, p = 0.022), sex (F1, 33 = 6.793, p = 

0.014) and sex*treatment (F2, 33 = 4.631, p = 0.017).  
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We first explored at which age maternal TNFα predicted offspring NFκB expression. 

However, independent investigations revealed that segregation of the ages did not 

result in significant models. 

Next, we analysed the sexes separately. In the males, there was a trend towards a 

significant effect of the treatment*TNFα interaction (F2, 16 = 3.078, p = 0.074). There 

were no further models.  

i. iii) IL6 

IL6 expression increased with age (PD35: 1.502 ± 1.694, PD100: 13.085 ± 12.679; F1, 39 = 

33.441, p<0.001), and in females (M: 3.630 ± 3.848, F: 11.045 ± 13.776; F1, 39 = 14.074, p 

<0.001). The age*sex (F1, 39 = 12.431, p = 0.001) and age*sex*treatment interactions (F4, 

39 = 3.371, p = 0.018) were also significant.  

The age*sex interaction was driven by the significant effect of sex in the PD100 cohort 

only (M: 3.630 ± 3.848, F: 11.045 ± 13.776; F1, 20 = 14.355, p = 0.001). Finally, the 

age*sex*treatment interaction was the result of a significant effect of sex found only in 

the PD100 vehicles (M: 3.058 ± 0.688, F: 27.110 ± 16.741; F1, 5.520 = 12.445, p = 0.014)  

and a significant treatment effect exclusive to the PD100 males (V: 3.058 ± 0.688, P: 

8.467 ± 4.580; F1, 9.997 = 8.270, p = 0.017) (Figure 6.13D).  

 Maternal IL6 

There were many interactions including maternal IL6, namely age (F1, 30 = 33.211, 

p<0.001), sex (F1, 30 = 16.430, p<0.001), age*sex (F1, 30 = 13.740, p<0.001), age*treatment 

(F1, 30 = 10.950, p = 0.002), sex*treatment (F1, 30 = 13.201, p = 0.001) and 

age*sex*treatment (F1, 30 = 15.065, p<0.001).  

Reflecting on the age*maternal IL6 interaction, we found a significant main effect of 

maternal IL6 in the PD35 cohort (F1, 11.081 = 12.060, p = 0.005), which resulted in a 

significant regression (R2 = 0.464, p = 0.001) (Figure 6.13D). 

Investigating the sex*maternal IL6 interaction did not result in any significant models. 

However, there was a significant main effect of maternal IL6 when analysing the PD35 

male cohort in isolation (F1, 7 = 6.637, p = 0.037; R2 = 0.487, p = 0.037). Whereas in the 

PD35 females, there was a trend towards a significant effect of maternal IL6 on the 

offspring IL6 expression (F1, 6.966 = 5.416, p = 0.053; R2 = 0.451, p = 0.034). Data for both 

are found in Figure 6.13D. 



Chapter 6: Characterisation of the poly(I:C) model 

237 
 

Analysis of the remaining interactions did not result in any further models. 

 Maternal TNFα 

Maternal TNFα interacted with age (F1, 30 = 28.873, p<0.001), sex (F1, 30 = 18.015, 

p<0.001), age*sex (F1, 30 = 16.260, p<0.001), age*treatment (F1, 30 = 21.446, p<0.001), 

sex*treatment (F1, 30 = 18.602, p<0.001) and the age*sex*treatment (F1, 30 = 18.652, 

p<0.001).  

Analysis of the PD35 cohort revealed a significant main effect of maternal TNFα (F1, 11.554 

= 17.322, p = 0.001), although this did not result in a significant linear regression (R2 = 

0.014, p = 0.631).  

Analysis of the male cohort revealed maternal TNFα positively predicted offspring IL6 

expression (F1, 17 = 5.068, p = 0.038; R2 = 0.230, p = 0.038) (Figure 6.13E). Moreover, 

exploration of the age*sex and age*sex*treatment interactions revealed it was PD100, 

male PIC-exposed offspring driving this relationship (age*sex: F1, 8 = 50.231, p<0.001; R2 

= 0.438, p = 0.037. Age*sex*treatment: F1, 3 = 11.94, p = 0.043; R2 = 0.156, p = 0.439). 

Note that the latter regression is not significant (data shown in Figure 6.13E). 
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Figure 6.13: Effect of PIC on inflammatory gene expression. Gene expression of A) IL1β, B) NFκB 

and C) IL6 in PD35 and PD100 offspring (n=5-6). Relationship between D) maternal IL6 and PD35 

IL6 expression and E) maternal TNFα and male offspring IL6 expression. For A-C), data were 

analysed with a GLMM. Black lines showed effects from a significant GLMM. Dashed lines show 

effects from a trending GLMM. Λsignificant effect of age: Λp<0.05, ΛΛp<0.01, ΛΛΛp<0.001. 
$significant effect of sex: $p<0.05, $$p<0.01, $$$p<0.001. Ψsignificant effect of treatment: Ψp<0.05, 
ΨΨ p<0.01, ΨΨΨ p<0.001. Graphs show mean ± SEM. For D and E), the graphs show data points 

for individual offspring, and the line shows the simple linear regression with 95% confidence 

intervals. A dashed line denotes a regression resulting from a trending (p<0.080) GLMM. 
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6.3.2.j BDNF and TrkB 

j. i) BDNF 

There was a significant interaction between age*sex (F3, 43 = 3.794, p = 0.017). Removing 

age from the model revealed a significant effect of sex in the PD100 cohort (M: 6.948 ± 

4.411, F: 2.543 ± 2.301; F1, 22 = 9.412, p = 0.006). Splitting by sex revealed a significant 

effect of age in the males (PD35: 2.209 ± 2.171, PD100: 6.948 ± 4.411; F1, 21 = 10.368, p 

= 0.004) (Figure 6.14A).  

 Maternal IL6 

There were several maternal IL6 interactions: age (F1, 22.560 = 8.112, p = 0.009), sex (F1, 

25.019 = 10.205, p = 0.004), age*sex (F1, 22.825 = 12.476, p = 0.002), age*treatment (F1, 22.561 

= 13.312, p = 0.001), sex*treatment (F1, 25.554 = 12.734, p = 0.001) and age*sex*treatment 

(F1, 22.834= 10.045, p = 0.004). Despite the number of interactions including maternal IL6, 

only the age*sex*treatment interaction resulted in a significant main effect of maternal 

IL6. In the PD100 male vehicles (F1, 30 = 12.038, p = 0.040; R2 = 0.800, p = 0.041) (Figure 

6.14B).  

 Maternal TNFα 

Like IL6, many significant interactions included maternal TNFα: age (F1, 22.036 = 15.583, 

p<0.001), sex (F1, 23.723 = 17.205, p<0.001), age*sex (F1, 22.094 = 19.257, p<0.001) 

age*treatment (F1, 22.002= 21.107, p<0.001), sex*treatment (F1, 23.862 = 22.510, p<0.001) 

and age*sex*treatment (F1, 22.066= 19.510, p<0.001). There were limited combinations 

with a noteworthy main effect of maternal TNFα. Namely, there was a trend in the 

PD100 males, with increased maternal TNFα leading to reduced BDNF expression (F1, 8 = 

4.648, p = 0.063, R2 = 0.368, p = 0.063) (Figure 6.14C). In addition, there was a significant 

effect on the PD100 male vehicles. Notably, the measures had a positive relationship (F1, 

3 = 15.858, p = 0.028; R2 = 0.841, p = 0.028) (Figure 6.14D). 

j. ii) TrkB 

TrkB expression decreased with age (PD35: 3.695 ± 4.223, PD100: 1.351 ± 1.400; F1, 45 = 

6.37, p = 0.013) (Figure 6.13B). 

 Maternal IL6 

Including maternal IL6 resulted in an age*maternal IL6 interaction (F2, 37 = 5.137, p = 

0.011), though exploration of the individual ages did not result in significant models. 
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 Maternal TNFα 

Including maternal TNFα in the model resulted in a near significant 

age*sex*treatment*maternal TNFα interaction (F8, 31 = 2.245, p = 0.051). Given this 

near-significant trend, we chose to do further exploratory analysis. There was a trend 

towards a significant effect of maternal TNFα in the PIC-exposed, male PD100 cohort (F1, 

3 = 6.276, p = 0.087).  
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Figure 6.14: Effect of PIC on BDNF and TrkB expression. A) BDNF and E) TrkB expression in PD35 

and PD100 offspring (n=5-6). B) The relationship between maternal IL6 and BDNF expression in 

the PD100 male vehicle offspring. The relationship between maternal TNFα and BDNF 

expression in the C) PD100 vehicle and D) PD100 male vehicle offspring. For A and E) data were 

analysed with a GLMM. Black lines showed effects from a significant GLMM. Dashed lines show 

effects from a trending GLMM. Λsignificant effect of age: Λp<0.05, ΛΛp<0.01, ΛΛΛp<0.001. 
$significant effect of sex: $p<0.05, $$p<0.01, $$$p<0.001. Ψsignificant effect of treatment: Ψp<0.05, 
ΨΨ p<0.01, ΨΨΨ p<0.001. Graphs show mean ± SEM. For B–D), the graphs show data points for 

individual offspring, and the line shows the simple linear regression with 95% confidence 

intervals. A dashed line denotes a regression resulting from a trending (p<0.080) GLMM. 
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6.4 Discussion 

6.4.1 Overview of main findings 

 

Figure 6.15: Summary of changes in PIC offspring compared to age-matched controls. Lines 

show an increase or decrease from age- and sex-matched controls. Only trending or significant 

changes are shown. nsp<0.1, *p<0.05, **p<0.01. Dashed lines show mRNA data, and full lines 

show protein changes. #GAD67 only measured at PD35 and PD100. 

6.4.2 The developmental onset of pathology 
In this chapter, we measured markers relevant to cognition throughout development in 

a model of maternal immune activation. We found no alterations in the PD21 brains, 

though the markers we studied at this time were minimal. However, at PD35, there were 

alterations to GAD67 levels (Figure 6.7), Acan (Figure 6.9), Ncan (Figure 6.11A) and 

MMP9 expression (Figure 6.12C) and PNN density (Figure 6.12). Then at PD100, there 

were deficits in both sexes in NR2A:NR2B ratio (Figure 6.5). In the males, there were 

reductions in PSD95 (Figure 6.6) and increases in IL6 (Figure 6.13). Before discussing the 

implications of these changes, we will first comment on the timings of these changes. 

We selected the clinically-relevant ages of PD21, 35 and 100, equating to approximately 

two, eleven and twenty-one years old in humans (Ghasemi et al., 2021). These ages 

reflect the period before peak schizophrenia diagnosis (Kirkbride et al., 2012), where 

cognitive impairments can be detected (Dickson et al., 2012, Jonas et al., 2022). In 

rodent models of MIA, cognitive impairments tend to develop from PD56 (summarised 

in Table 6.4). The animals we used for the WES studies were behaviourally tested. This 
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study found no NOR deficit at PD35; however, the animals displayed impaired 

attentional set-shifting when tested on PD126-134 and radial arm maze on PD128-137 

(Potter et al., 2023). Therefore, these results indicate that MIA on GD15 results in 

behavioural impairment and pathology at clinically relevant developmental points.  

6.4.3 Sex differences 
A second clear pattern was the number of sex differences. There are sex differences in 

schizophrenia, with men often diagnosed earlier (Kirkbride et al., 2012) and more 

frequently (McGrath et al., 2008). 

Many of the differences between our male and female cohorts were in the expression 

of genes, with sex differences reported in parvalbumin, Acan, Vcan, Ncan, IL1β, NFκB, 

IL6 and BDNF gene expression. It is recognised that there are differences in male and 

female gene expression throughout life and particularly during development (Berchtold 

et al., 2008, Shi et al., 2016). Indeed, the male and female genomes are remarkably 

similar, with the sex-dependent phenotypic differences achieved by differential 

expression of shared genes. The highly expressed genes in one sex are called sex-biased 

genes (Ellegren et al., 2007). In a fascinating study by Shi et al., RNA sequencing data 

were analysed throughout human development. They found an increased expression of 

male-biased genes prenatally (8-24 weeks post-conception), which then switched to 

female-biased genes in childhood (4 months-4 years). With levels equating during 

puberty (8-19 years) and adulthood (21-40 years). After establishing differing gene 

expression levels in development, Shi et al. assessed whether there was an overlap 

between the enriched genes and different brain disorders. Of the twelve disorders 

studied, they found the most significant enrichment of male-biased genes related to 

schizophrenia, with enrichment scores of around nineteen in the prenatal period, 

compared to a maximum score of around three in pubescent females (Shi et al., 2016).  

We also saw a difference in PVI density, with females having increased density compared 

to males. This difference could be due to females having increased levels of oestrogen. 

Oestrogen has many supporting roles in the brain, including reducing oxidative stress 

and inflammation, increasing mitochondrial function, upregulating anti-apoptotic 

genes, regulating the stress response and altering dopamine activity (Brand et al., 2021). 

Oestrogen receptors have been identified on the presynaptic surface of PVI. Studying 

PVIs across the menstrual cycle shows fluctuation in PVI number and gamma frequency 
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oscillations that coincide with oestrogen changes (Gilfarb et al., 2022). We also see 

changes as oestrogen levels increase during development. Indeed, studies in rodents 

reveal a strong correlation between oestrogen and PVI density in the first twelve weeks 

of life (Wu et al., 2014). Despite the evidence of oestrogen as being neuroprotective and 

seemingly able to facilitate PVI maturation, an extensive review by Woodward et al. 

highlighted that the PVIs of females are not always more resilient to environmental 

stressors. The authors hypothesised that oestrogen binding to PVI increases neuronal 

plasticity, making them more adaptable to environmental stressors. However, 

adaptability does not equate to resilience (Woodward et al., 2021). 

6.4.4 Dam effects 

6.4.4.a Dam as a covariate 
A core component of our GLMM was the inclusion of the dam as a random factor. The 

inclusion of a dam allows us to assess whether offspring outcomes were predicted by 

litter membership. If there is a dam effect, including the dam as a random variable can 

improve the model's fit due to some of the variation in the model being assigned to the 

dam (Kanters, 2022, Wang et al., 2019). Interestingly, the dam was significant, or neared 

significance, in many biomarkers relevant to PNN (see Table 6.9). However, this effect 

was only present in the PD35 brains. For Acan and Vcan, the dam was only significant 

when maternal cytokines were included in the model.  

Table 6.9: Summary of significant and trending dam effects. All reported data are from PD35 

cohorts, including both sexes and treatments. The maternal cytokines (/) column shows 

whether the GLMM included maternal cytokines. 

Measure 
Maternal 

cytokines 

Dam estimate 

estimate ± standard error 
P value 

Acan  1.030 ± 0.535 p = 0.054 

Vcan  23.245 ± 10.714 p = 0.030 

Ncan 
 4.332 ± 2.235 p = 0.053 

 3.185 ± 1.645 p = 0.053 

PNN density  84.095 ± 40.573 p = 0.038 

MMP9  11.783 ± 6.654 p = 0.077 
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We must provide some seemingly tangential information to explain why this interests 

us. The radial glial cells from which neuronal progenitors originate switch to producing 

oligodendrocyte precursor cells (OPC) in the last few days of rat gestation (Chen et al., 

2017, Hill, 2023). Notably, these precursors are generated during GD15 in rats, aligning 

with PIC administration in this study. One of the mediators of the switch between OPCs 

and mature glial cells is IL6 (Valerio et al., 2002, Zhang et al., 2006). As PIC injection of 

the same dose on GD14 can lead to increased IL6 expression in the foetal brain (McColl 

et al., 2019), we hypothesise that this exogenous and early increase in IL6 could lead to 

a premature switch to gliogenesis in PIC offspring. 

The tissues we used to measure PVI and PNN were also analysed for glial cells. There 

were reductions in oligodendrocyte precursors in adolescent and adult PIC-treated 

offspring brains. Later, in PD100 offspring, mature oligodendrocytes were increased 

while white matter astrocytes were decreased (Woods, unpublished findings), 

confirming altered glial cell function in the PIC-treated rats.  

This glial cell dysfunction is significant due to the PNN components and MMP9 being 

produced partly by the glial cells. As a reminder, Acan, Bcan, Vcan, Ncan and MMP9 are 

all expressed by astrocytes. Oligodendrocytes produce Vcan only (Song et al., 2018). 

Despite the reasonably robust clinical evidence of reduced PNN in schizophrenia, our 

suggestion that the glial cells may be responsible for excessive PNN components is not 

unfounded. Glial cells stained by WFA were increased in the basolateral amygdala of 

schizophrenia patients by orders of magnitude (Pantazopoulos et al., 2010). In the 

present study, we cannot decipher the cellular origins of the PNN components. Future 

investigations could target single cell types to understand whether the general PNN 

pathology observed originates from glia.  

Although the within-litter grouping for the PNN data is convincing, with sibling groups 

having remarkably similar density, plotting the same graph for Vcan introduces a 

limitation to the qPCR data analysis and the remaining significant dam effects (8.52). We 

only have one offspring from each dam for many PIC offspring. Reflecting on the variable 

often sex-dependent nature of the qPCR, perhaps the dam effect for the qPCR data is 

artificially inflated.  
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Indeed, the lack of conformity within MIA-treated litters is a recognised phenomenon. 

Each foetus is housed in individual amniotic sacs with independent placentas. The extent 

of MIA is thought to be regulated by placement in the uterine horn, placental 

transporters, or some other factor. Equally, the postnatal social hierarchies enacted by 

sibling cohorts may lead to differing postnatal stress levels, nutrient acquirement and 

social interaction within home cages. These natural occurrences introduce variability 

beyond the experimenter's control (Meyer, 2023). The study design employed in the 

present study inherently limits our investigation into within-litter effects. To 

comprehensively study this, we must study age- and sex-matched siblings.  

6.4.4.b Maternal cytokines 
As part of our analysis, we looked at the effect of maternal cytokines on offspring 

pathology. The rationale for exploring this was due to the variation observed in the PIC-

treated dam cytokine response. We were interested in whether a low-responding PIC 

dam would result in offspring with limited pathology and vice versa. Maternal TNFα and 

IL6 predicted several offspring outcomes, summarised in Table 6.10. We plotted this 

data to understand the relationship between these two variables and found most fit a 

linear regression, suggesting that increased maternal cytokine response did worsen PIC-

related pathology. 

Table 6.10: Summary of mGLMMs with a significant effect on maternal cytokines. Arrows show 

the direction of the linear relationship. qPCR data is highlighted in grey, WES in blue, and IHC in 

green.  

 PD35 PD100 

NR2A:NR2B  ↗ TNFα 

PSD95  ↘ TNFα 

GAD67 Male veh: ↗ TNFα 

Acan ↗ IL6   

Vcan ↗ IL6 ↗ TNFα 

Ncan ↗ IL6 ↗ TNFα   

PNN density   ↗ TNFα 

IL6 ↗ IL6   

 

Notably, IL6 appears to dominate the adolescent markers, with TNFα predicting adult 

outcomes. As maternal IL6 and TNFα are not correlated in the PIC-treated offspring 

(Figure 6.3), we could speculate that offspring subject to a high IL6 led to early 

maturation of glial cells and perineuronal nets. The offspring exposed to high TNFα have 
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more substantial deficits when the brain circuitry matures. Indeed, maternal TNFα 

predicted offspring cognitive impairment in the radial arm maze and social interaction 

changes in adult female offspring. Note that males were not tested (Potter et al., 2023). 

However, this analysis and conclusion are limited by the same design issues as the dam 

analysis. We are asking the model to assess the effect of maternal cytokines on one 

offspring of one sex and at one time point in a model plagued by inter-litter variation. In 

addition, maternal cytokines were measured from a plasma sample taken approximately 

three hours after MIA. However, slight deviations in this timing may affect cytokine 

levels (Arango Duque et al., 2014). Moreover, the plasma samples were assessed in a 

single replicate of an ELISA. Some plasma samples showed varying evidence of 

haemolysis, which can artificially inflate cytokine concentration (Karsten et al., 2018).  

Despite these limitations, it is noteworthy that maternal cytokine analysis resulted in 

many significant models irrespective of dam effects. Indeed, the dam was redundant in 

all the GLMM models listed in Table 6.10. This finding could indicate that the variation 

is better predicted by a continuous variable rather than a discrete classification. This 

reflects the movement in clinical research to classify patients based on peripheral, 

mainly inflammatory, biomarkers, which may stratify patients into groups with similar 

pathology for targeted therapy (Boerrigter et al., 2017, Fillman et al., 2016, Sæther et 

al., 2023, Wu et al., 2019). Perhaps this data provides provisional backing to this.  

6.4.5 Similarities to the scPCP model 
Some markers were altered in the adult offspring that matched the scPCP-treated 

animals. Given that we have discussed the function and clinical relevance of these 

markers, we will discuss these markers here in brief.  

6.4.5.a Synaptic dysfunction 
As in the scPCP-treated animals, we saw significant reductions in adult male PSD95 

protein. The data for SNAP25 was not as conclusive, with no change detected at the ages 

tested. The literature for synaptic changes in offspring after MIA proved equally variable. 

When researchers induced MIA in early gestation (GD9), synaptic signalling proteins, 

including synaptophysin, synaptoporin and SNARE proteins, reduced. These changes 

were first detected at PD52; studies looking at earlier time points (PD40) did not detect 

changes to these proteins (Cieślik et al., 2020, Giovanoli et al., 2016, Ibi et al., 2020). 

Cieślik et al. measured SNAP25 at PD52 in the cerebral cortex and did not see any 
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changes despite changes to other synaptic proteins (Cieślik et al., 2020). Meanwhile, 

Giovanoli et al. found reductions in PSD95 at PD40 and PD90 in male offspring. The 

authors speculated that due to the role of PSD95 in anchoring NMDAr to the 

postsynaptic membrane, the PSD95 deficit might contribute to the development of 

presynaptic deficits due to impaired glutamatergic signalling in the network (Giovanoli 

et al., 2016). 

Although the evidence is limited, synapses in offspring exposed to MIA after GD9 appear 

to have delayed synaptic pathology. Where changes were detectable in GD9 offspring 

from GD56, later MIA-induction displayed no synaptic pathology on PD21 (Forrest et al., 

2012), PD60 (Chen et al., 2020) and PD150. Synaptophysin deficits are only present in 

PD660 offspring (Giovanoli et al., 2015). It is essential to consider the plethora of 

confounding variables. Each study uses a different rodent strain, biomarker, and method 

of measuring said biomarkers. However, it is noteworthy that GD9.5 is the point at which 

microglia enter the brain. Perhaps there is a connection between this event and the 

earlier induction of synaptic deficits observed in GD9 MIA models, given the role of 

microglia in synaptic pruning (Tay et al., 2017). The IHC sections used for this study were 

also stained for microglia. Morphological analysis of the microglia showed an increase 

in ameboid microglia at PD35 (Woods, unpublished findings). Ameboid microglia are 

characterised by large soma size, which is observed in PFC microglia pruning synapses 

(Mallya et al., 2019). Although circumstantial, this theory is bolstered by the observation 

by Giovanoli, who measured neuronal numbers in their offspring. They found that the 

loss was isolated to synapses, and PIC did not affect neuronal numbers on GD9 

(Giovanoli et al., 2016). 

6.4.5.b GAD67 
The offspring in our study had reduced GAD67 levels across both time points tested 

(PD35 and 100). Several studies confirm this finding with reduced levels in foetal 

(Nakamura et al., 2022, Oskvig et al., 2012) and adult tissue (Cassella et al., 2016, 

Deslauriers et al., 2013, Dickerson et al., 2014, Labouesse et al., 2015, Luoni et al., 2017, 

Nouel et al., 2012, Richetto et al., 2013, Richetto et al., 2014). However, some studies in 

younger offspring (<PD60) showed increases (Cassella et al., 2016, Fatemi et al., 2004, 

Harvey et al., 2012, Richetto et al., 2013). Consistent with this conflicting data for GAD, 

there is evidence of MIA causing increased excitation and reduced inhibition 
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(Bitanihirwe et al., 2010, Canetta et al., 2016, Richetto et al., 2014, Roenker et al., 2011, 

Soumiya et al., 2011, Thion et al., 2019, Wei et al., 2012, Zhang et al., 2015) and reduced 

excitation, increased inhibition (Bitanihirwe et al., 2010, Roenker et al., 2011, Thion et 

al., 2019). It is essential to comment on the diversity of regions used to measure these 

outcomes and to appreciate that excessive inhibition in one brain region may lead to 

increased excitation in another. The primary finding is the disruption to the E/I balance. 

Indeed, optogenetic manipulation of the E/I balance in the somatosensory in naïve 

animals can recapitulate MIA-induced behaviours. Stimulation of excitatory neurons or 

inhibition of the PVI induces anxiety and social deficits that reverse when light 

stimulation ceases (Shin Yim et al., 2017). 

6.4.5.c Inflammation 
Our study found increased IL6 expression in PD100 males, suggesting an ongoing 

inflammatory response. In an extensive review of cytokine changes in PIC-treated 

offspring, Hameete et al. noted that PIC exposure, particularly in mid-gestation, was 

associated with increased IL6. The increase was first detectible hours after PIC induction 

(Meyer et al., 2006b) and was maintained into adulthood (Garay et al., 2013, Tang et al., 

2013, Zhao et al., 2019). Critically, for every study that shows an increase, an equal 

number shows no change (Giovanoli et al., 2015, Giovanoli et al., 2016, Hameete et al., 

2021, Ratnayake et al., 2014, Tang et al., 2013) (for the review, see: Hameete et al., 

2021). Given the cytokine levels fluctuate with stress (Petrowski et al., 2018), hormones 

(Piccinni et al., 2021), ageing (Huang et al., 2021b) and the circadian cycle (Lange et al., 

2010), perhaps other indicators of chronic inflammation should be adopted to assess 

levels in the offspring.  

We saw no change to NFκB and IL1β in any PIC-exposed offspring. The data regarding 

NFκB is limited. It is involved in the initial immune response (Figure 6.1) and is 

upregulated in the foetal brain four hours after LPS treatment (Ginsberg et al., 2018). 

However, a second study showed no change in protein levels five hours after PIC and on 

PD21. Although for both ages, they analysed the entire brain rather than specific 

regions. In addition, it is unclear whether they accounted for sex in their statistics (Khalil 

et al., 2013). Finally, a study which induced MIA on GD15 with PIC found an increase in 

an NFκB subunit (Rela) in both the hippocampus and PFC alongside IL1β, indicating 

ongoing inflammation in PD60 female offspring (Su et al., 2022). 
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Although we could not measure oxidative stress markers in these brains due to practical 

limitations, it is noteworthy that the data for oxidative stress is relatively consistent. MIA 

with LPS increases MDA and PCC in the foetal brain 24 hours after induction in 

conjunction with elevated SOD and CAT activity (Simões et al., 2018). Evidence of 

oxidative stress persists in adolescent brains, with increased MDA and reduced 

antioxidant capability (Cieślik et al., 2020, Romero-Miguel et al., 2021, Talukdar et al., 

2020). 

6.4.6 Differences to the scPCP model 
It is expected that there should be differences between the scPCP model and the PIC 

model, given the difference in model induction method, time since the insult and the 

age brains were taken. It is hoped that comparing these differences can give insight into 

the underlying mechanisms and points of convergence.  

6.4.6.a NMDAr subunits 
We first want to discuss the divergent outcome for the NMDAr subunits. In the scPCP 

model, we saw a reduction in the NR2B subunit and discussed the potential effect this 

would have on the induction and maintenance of LTP. In the PIC PFC, we found a 

contradictory outcome. Here, the ratio of the two proteins in each animal revealed a 

treatment effect, with a low 2A:2B ratio across all age groups, particularly in the PD100 

cohort.  

The NMDAr are developmentally regulated proteins. In the developing brain, synapses 

are functionally silent, containing only NR2B NMDAr (Barria et al., 2002). Upon 

stimulation of the NMDAr, there is an activity-dependent upregulation of NR2A, and 

concurrently, the translation of the NR2B subunit is reduced (Yashiro et al., 2008). In the 

period when both NR2A and NR2B occupy the developing synapse, LTP and LTD are 

enhanced (Dumas, 2005). 

Therefore, we expect the 2A:2B ratio to increase across development in a healthy 

animal. Indeed, in our vehicle animals, we see a four-fold increase in the 2A:2B ratio 

from PD35 to PD100. In the PIC-treated males, this increase is comparable to vehicles. 

However, in the PIC females, the ratio remains comparable to that seen in PD21 and 

PD35. Does this mean that females have not undergone the process of switching NMDAr 

subunit dominance?  
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The NMDAr switch occurs in several brain regions, including the cortex and 

hippocampus (Dumas, 2005). The ability to manipulate input into the visual cortex gives 

unparalleled insight into how this switch is moderated. Rodents that are visually 

deprived from birth maintain high levels of NR2B, suggesting experience-dependent 

maturation of NMDAr in the visual cortex. Fascinatingly, just two hours of light exposure 

is sufficient for the NMDAr switch and NR2A dominance. Returning animals to dark 

conditions for three days resulted in NR2B upregulation. Furthermore, dark rearing 

significantly affected NMDAr subunit composition in the visual cortex only, suggesting 

maturation is region-specific (Philpot et al., 2001).  

The switch in the hippocampus and PFC appears to be regulated by synaptic activity, 

with LTP in neonatal hippocampal slices resulting in the rapid increase in NR2A (Bellone 

et al., 2007). Conversely, neonatal rats (PD6, 7 and 8) subjected to repeated general 

anaesthesia, although the precise mechanisms are unclear, have reduced NR2A when 

brains are studied at PD21 (Zhang et al., 2016c). Perhaps the reduced levels of NR2A in 

PIC-treated animals indicate reduced synaptic activity. Indeed, we have already shown 

reduced synaptic markers in the same tissues. Unfortunately, we do not have NR2A gene 

expression data, as this may have proven helpful in deciphering when gene expression 

changes should occur and if the PIC animals are impaired.  

As a reminder, the NMDAr and PSD95 are functionally linked, anchoring and allowing 

the movement of NMDA subunits in the post-synaptic synapse (3.4.5). PSD95 knockout 

results in many functionally silent (no AMPAr) synapses and NR2B dominance. 

Unexpectedly, despite the complete knockout of PSD95, some synapses still had AMPAr 

receptors. Analysing the spine morphology, Béïque et al. found that silent synapses were 

located on mature spines. Moreover, there was no change to the number of spines on 

the CA1 neurons (Béïque et al., 2006). Could this mean that PSD95 is required to 

maintain mature synapses only? This was confirmed to be the case by Elias et al. During 

synaptogenesis, AMPAr and NMDAr are managed by synapse-associated protein 102 

(SAP102), with PSD95 taking over after synaptogenesis completes. PSD95 then regulates 

AMPAr cycling and the NR2B to NR2A switch (Elias et al., 2008). Given this intricate 

relationship and the functional consequence of NMDAr location and colocalization, IHC 

studies should investigate whether PIC offspring, particularly females, have altered 

developing or matured NMDAr synapses.  
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The data for NMDAr subunits in MIA models are conflicting. We will give the studies in 

order of development. The earliest measure of NR2A and NR2B was by Hao et al., who 

induced MIA on GD9 with PIC. They studied mRNA and protein in the hippocampus and 

PFC in male offspring. They found a reduction in the mRNA and protein of both subunits 

at PD21. By PD35, the expression had normalised to control levels, save elevated NR2A 

levels in the PFC. By PD65, the overexpression had returned with NR2A and NR2B gene 

expression, and protein levels increased in both regions (Hao et al., 2019). Rahman also 

found upregulation to NR2A expression in the cortex and hippocampus (CA1 and DG) in 

male rats aged PD63-91. In addition, they measured binding to the NMDAr receptor, 

where they found increased binding NR2A specific binding, suggesting an increased 

2A:2B ratio (Rahman et al., 2020). Finally, brains from PD95 found no change in mRNA 

expression of NR2B in the hippocampus of male offspring (Rahman et al., 2020). Notably, 

all the data collected are in males; our study shows the most substantial effects in 

females.  

Refining the search for those that included female offspring revealed one study that saw 

increases in NR2A expression in the PFC of PD60 rats (Su et al., 2022) and another that 

saw reduced NMDAr binding the PFC of PD77 females, perhaps indicating a sexually 

dimorphic response (Osborne et al., 2019). 

Indeed, future studies would need to establish whether these observed changes in 

NMDAr lead to electrophysiological changes. In addition, studies isolating which cells 

these changes are occurring on would be of great use. For example, if the NR2A 

reduction is on PVI, this may affect parvalbumin protein and GAD67 levels (Kinney et al., 

2006) or impair PNN maturation, increasing susceptibility to oxidative insults in later life 

(Cardis et al., 2018). 

6.4.6.b VGlut1 
In this study, we saw no change to VGlut1 expression in the PFC of PIC-treated rats, 

though there was a slight trend to an increase. In the scPCP model, VGlut1 expression 

was decreased. 

VGlut was investigated in two in vitro studies. The first exposed hippocampal cultures 

to PIC for 24 hours, then extracted and fixed the cells for staining. This direct exposure 

of neurons to PIC did not alter VGlut levels. However, its association with PSD95 was 

reduced, indicating reduced glutamatergic synapses (Sanchez-Mendoza et al., 2020). 
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The second study derived hippocampal neurons from embryonic mice exposed to MIA 

during gestation. After 14 days in vitro (DIV), PSD95 and VGlut/PSD95 co-expression 

increased. At 21 DIV, VGlut expression increased (Wegrzyn et al., 2021). These studies 

further highlight the limitation of purely looking at protein levels. 

The in vivo studies found age- and region-dependent changes to VGlut. In the cortex, 

VGlut was downregulated in male PD24 and PD90 mice. However, VGlut was 

upregulated in the hippocampus at PD24 and then unchanged in PD90 (Tang et al., 

2013). Kenter also saw no changes to VGlut expression in the hippocampus of PD92 male 

offspring (Kentner et al., 2016). 

6.4.6.c Parvalbumin 
Several neurodevelopmental disorders have been linked to impaired PVI function, 

including schizophrenia, autism and Fragile X syndrome (Cea-Del Rio et al., 2014, Dienel 

et al., 2019, Gao et al., 2015, Gogolla et al., 2009b, Krawczyk et al., 2016, Lewis, 2009, 

Nomura, 2021, Selten et al., 2018). As discussed, PVIs are critical regulators of 

excitatory/inhibitory (E/I) balance (see 1.5.2), which has been associated with MIA (Gao 

et al., 2015, Gogolla et al., 2009b, Krawczyk et al., 2016, Lewis, 2009, Nomura, 2021). 

PVI may be uniquely sensitive to E/I input changes due to the two types of PVI that form 

during development. Donato et al. identified early- (GD9.5 or 11.5) and late- (GD13.5 or 

15.5) born PVI, whose plasticity is regulated by excitatory and inhibitory inputs, 

respectively. Thus, in disorders with reduced excitatory input to early-born PVI, like 

schizophrenia, there will be reduced gamma band activity and impaired memory. In 

disorders with reduced inhibitory input to late-born PVI, like autism and intellectual 

disability, there will be impaired plasticity (Donato et al., 2015). Therefore, PVIs are 

potentially sensitive to MIA from GD9.5 and are affected by excitatory/inhibitory shifts 

in both directions.  

Several studies have examined MIA's effect on PVI number or parvalbumin gene 

expression (summarised in Table 6.11). Looking at the outcomes of these studies, we 

see that early gestation MIA (PD9-12.5) can reduce PVIs in juveniles (Ducharme et al., 

2012, Matsuura et al., 2018) and adult offspring (Han et al., 2016, Matsuura et al., 2018, 

Mueller et al., 2021, Rahman et al., 2020, Shin Yim et al., 2017). Although, two studies 

showed no difference in PVI density during this period (Giovanoli et al., 2014) or mRNA 

expression (Nakamura et al., 2022). 
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The data from the next developmental window (GD13-15) are more varied, with some 

studies showing that MIA decreases parvalbumin mRNA (Nakamura et al., 2021), others 

showing no effect (Nakamura et al., 2021, Thion et al., 2019), and a final study seeing an 

increase in PVI density in the barrel cortex of PD20 offspring (Thion et al., 2019). The 

variability in this period may be due to MGE-derived not actively proliferating during this 

period, instead altering migration (Gumusoglu et al., 2017, Oskvig et al., 2012, Squarzoni 

et al., 2014, Vasistha et al., 2020). Finally, several studies showed that late gestation 

exposure to MIA (PD15-19) resulted in decreased PVI cell density, parvalbumin protein 

and mRNA (Luoni et al., 2017, Piontkewitz et al., 2012, Rahman et al., 2020, Wischhof et 

al., 2015, Zhang et al., 2015), others saw trends towards decreases (Luoni et al., 2017, 

Paylor et al., 2016), or no change (Dickerson et al., 2014). The brain region and age 

studied throughout are inconsistent, so although a firm conclusion cannot be drawn, it 

is valuable to draw attention to the parallels between the apparent biphasic 

vulnerability and the biphasic genesis of PVI (Donato et al., 2015). Indeed, Nakamura et 

al. administered PIC on GD13-15, explicitly targeting the second window of PVI 

development. As a reminder, the PVIs born during this time express low PV/GAD67 and 

develop extensive inhibitory synaptic puncta in the adult brain (Donato et al., 2015). 

Although they found no alteration to PVI density nor intensity in the hippocampus, they 

did find a shift in the intensity distribution, with more PVI in a low-PV state. In addition, 

they measured reduced parvalbumin and GAD67 mRNA. It is unclear why MIA coinciding 

with the late-born PVI would result in increased late-born PVI, though the authors 

suggest the elevated plus maze prior to tissue collection may have resulted in transient 

shifts from low- to high-PV populations (Nakamura et al., 2021). In the characterisation 

chapter (3.4.8), we speculated whether this mechanism is impaired in scPCP animals. To 

confirm this, behaviourally naïve animals would need to be compared. 

Our study showed no parvalbumin expression, protein levels or density change in the 

PFC of PIC-exposed offspring. Despite no changes, a cohort of these animals had a PFC-

dependent cognitive impairment (Potter et al., 2023). This highlights the need for 

comprehensive and multimodal analysis of tissue. In addition, the tissue used for the 

mRNA, protein and IHC are not matched; it would be of great interest to know if there 

was a relationship between the mRNA expression and protein levels.  



 

 
 

Table 6.11: Studies investigating the effect of MIA on postnatal parvalbumin levels. PIC = poly (I:C), LPS = Lipopolysaccharide, CA1 = CA1 area of the hippocampus, 

Hipp = hippocampus, mPFC = medial prefrontal cortex, S1 = sensory cortex, PrL = prelimbic cortex, NAc = nucleus accumbens EC = entorhinal cortex, DH = dorsal 

hippocampus, DG = dentate gyrus, FAC = frontal association cortex, PD = postnatal day, IHC = immunohistochemistry, qPCR = quantitative polymerase chain reaction, 

mRNA = messenger ribonucleic acid, RNAseq = next-generation RNA sequencing, ♂: males, ♀: females. *significant when combined with offspring exposed to PIC on 

GD10 or 19. 

GD MIA Region investigated Age of offspring measurement Method of measurement Change Reference 

9 PIC 

CA1 PD21 IHC ↓ (Ducharme et al., 2012) 

Hippo PD70 IHC ↔ (Giovanoli et al., 2014) 

Hippo PD80 IHC ↔ (Ibi et al., 2020) 

9-11 PIC DH PD168 qPCR ↔ (Nakamura et al., 2022) 

10 
PIC Cortex, striatum and hippo Adult In situ hybridisation (mRNA) ↓* (Rahman et al., 2020) 

PIC Cingulate cortex PD70-84 qPCR ↔ (Duchatel et al., 2019) 

12 PIC mPFC and amygdala PD84+ RNAseq ↓ amygdala in behaviourally impaired (Mueller et al., 2021) 

12.5 PIC S1 PD70+ IHC ↓ in layers 2+3 only (Shin Yim et al., 2017) 

12-17 PIC 

mPFC, Hippo, NAc PD78 IHC ↓ PrL and CA1 regions only (Han et al., 2016) 

mPFC 
PD36 

IHC 
↓ 

(Matsuura et al., 2018) 
PD79 ↓ PrL 

13-15 PIC 
Hippo PD190 

IHC 
↔ cell number 

(Nakamura et al., 2021) ↓ intensity 

qPCR ↓ 

DH PD168 mRNA ↔ (Nakamura et al., 2022) 

15 PIC 

PrL 
PD100 IHC 

↔ 
(Casquero-Veiga et al., 2022) 

Basolateral amygdala ↓ 

PrL, amygdala, FAC PD21, 35 and 90 IHC ↔ (Paylor et al., 2016) 

DH PD84 IHC ↔ (Dickerson et al., 2014) 

DG PD112 IHC ↓ (Zhang et al., 2015) 

Hippo PD72 and 100 IHC ↓ (Piontkewitz et al., 2012) 

15-16 LPS mPFC, hippo, EC PD90+ IHC 
↓mPFC, CA1, lateral EC (♂) 

↓mPFC (♀) 
(Wischhof et al., 2015) 

17 PIC Hippo PD133 

qPCR ↔ 

(Luoni et al., 2017) 
WB 

↓DH 

↔ VH 

19 
PIC Cortex, striatum and hippo Adult mRNA ↓* (Rahman et al., 2020) 

PIC Cingulate cortex PD70-84 qPCR ↔ (Duchatel et al., 2019) 
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6.4.6.d Perineuronal nets 
To our knowledge, the first study of PNN in the PIC model was in 2016. In this study, 

Long-Evans rats were dosed on GD15 with high molecular weight (HMW) InvivoGen PIC 

at 4mg/Kg. Brains were collected on PD7, 21, 35 and 90. The authors assessed the frontal 

association cortex (FAc), medial prelimbic cortex (PLc: PrL and IL), amygdala (AMY) and 

primary auditory cortex (Pac). We were particularly interested in the PLc data as it 

overlaps with our PFC. Here, they found a reduction in PNN density, and co-staining 

confirmed that this was due to a reduction in PVI expressing PNN. PVI density did not 

change in this region. In the AMY, they found a reduction in PNN in the PD35 PIC animals. 

However, this was due to a doubling of PNN density in the vehicles, which then halved 

again in the PD100s. This study was done in males only (Paylor et al., 2016). 

The subsequent study investigated the outcomes of GD12.5 injection of 20mg/Kg Sigma 

PIC in C57BL/6J mice. Here, they found a significant increase in the levels of PNN 

surrounding PVI in the hippocampus on PD17. Adding a second-hit stressor 

(hypoxia/ischemia (HI) on PD10) dramatically increased PVI and PNN density. 

Interestingly, in the PIC+HI condition, the authors found an invasion of Otx2-expressing 

monocytes in the hippocampus, which is necessary for PVI maturation (Spatazza et al., 

2013). The monocytes expressed Otx2 from 4 to 14 days after HI induction. Moreover, 

blocking monocyte invasion through genetic knockout of a monocytic receptor that 

induces chemoattractant behaviour attenuates the PNN increases and reduces some 

anxiety-related deficits (Chen et al., 2020). 

Two more recent studies have shown no change to PNN in the adult hippocampus 

(Nakamura et al., 2021) and prelimbic cortex (Casquero-Veiga et al., 2022). However, 

the final in vivo study found reductions in PNN density in the prelimbic cortex on PD85 

(Zhao et al., 2021). Interestingly Zhao et al. also ran an environmental enrichment 

intervention including tubes and toys, but no running wheel. The dams were assigned 

to either enriched or standard housing. The dams stayed in their respective condition 

for breeding, gestation and weaning. The offspring were maintained in these housing 

conditions until the brains were taken on PD85. Exposure to an enriched environment 

reversed the PIC-induced PNN reductions (Zhao et al., 2021). 

 



Chapter 6: Characterisation of the poly(I:C) model 

256 
 

Table 6.12: Summary of in vivo studies looking at the effect of PIC on PNN levels. LE: Long 

Evans, C57: C57Bl/6J, W: Wistar. GD: gestational day of PIC induction. IVG: InvivoGen, HMW: 

high molecular weight, LMW: low molecular weight. ♂: male, ♀: female. PLc: prelimbic cortex, 

CA1/CA3: field of the hippocampus, DG: dentate gyrus, PrL: prelimbic region, IL: infralimbic 

region. 

Strain GD PIC source 
Dose 

(mg/Kg) 
Sex Age Region Change Reference 

LE 15 IVG HMW 4 ♂ 

7 

PLc 

↔ 

(Paylor et al., 2016) 
21 ↔ 

35 ↔ 

90 ↓ 

C57 12.5 Sigma 20 ♂♀ 17 CA3 ↑ (Chen et al., 2020) 

C57 13-15 Sigma 5 ♂♀ 190 

CA1 ↔ 

(Nakamura et al., 2021) CA3 ↔ 

DG ↔ 

C57 12 
IVG 

LMW 
20 ♂♀ 85 

PrL ↓ 
(Zhao et al., 2021) 

IL ↔ 

W 15 Sigma 4 ♂♀ 100 PrL ↔ (Casquero-Veiga et al., 2022) 

 

The summary table shows that most studies show no alteration to PNN density in the 

PFC. When there is a change in the adult tissue, PNN decreases. However, this summary 

highlights the animal strains, PIC suppliers and subtypes.  

The rat strain affects the maternal immune response. Murray et al. assessed the acute 

effects of PIC administration in non-pregnant females of three different rat strains. They 

observed strain- and dose-dependent effects on body temperature and cytokine 

response three hours after injection. In this study, Wistar rats saw the most pronounced 

immune response (Murray et al., 2019). 

The supplier of PIC can have consequential effects on the study outcome. In a 

comparative study, Kowash et al. characterised the differences between the two leading 

suppliers of PIC. Kowash et al. found that Sigma PIC induced a far greater IL6 response. 

However, a significant level of endotoxin contamination was detected in the Sigma PIC, 

which likely contributed to the immune response. In addition, the molecular weight was 

highly inconsistent. InvivoGen, on the other hand, had minimal contamination and 

highly replicable molecular weight. Although they only looked at the pregnancy 

outcomes, litter size and male GD21 brain weight were significantly reduced in the 

Sigma-treated animals compared to InvivoGen (Kowash et al., 2019). A second research 

group confirmed this inconsistency in Sigma PIC. Comparing multiple batches, low and 

high molecular weight PIC from InvivoGen resulted in a unique profile of cytokine 

changes in the maternal plasma, placenta and foetal brain. They found that the low 
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molecular weight PIC consistently had the least potent response (Mueller et al., 2019). 

This is likely due to high molecular weight PIC triggering cytoplasmic RNA sensors 

retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5 

(MDA5) receptors as well as TLR3 (Zhou et al., 2013).  

In this study, we observed increased PNN density at PD35 and PD100. In addition, we 

saw increased expression of Acan and Vcan at both ages in the males. Finally, levels of 

Ncan were also upregulated in both sexes at PD35. 

Increased PNN density may impair synaptic transmission. As a reminder, the 

degradation of PNN with Chondroitinase ABC (ChABC) can improve cognition (Anderson 

et al., 2020, Romberg et al., 2013). Evidence from spinal cord injury models suggests that 

ChABC treatment increases the density of dendritic spines, improving synaptic plasticity 

(Barritt et al., 2006, Massey et al., 2006), suggesting that PNN prevents spine 

development. There are several theories as to why the PNN limits plasticity. First, the 

PNN may form a physical barrier (Wang et al., 2012) or act as a buffer for the ions 

involved in neurotransmission (Bitanihirwe et al., 2014). Finally, if the PNN is dense with 

diminished pores, diffusion and cycling of AMPAr will be limited. Indeed, the removal of 

the PNN increases the diffusion and cycling of AMPAr receptors resulting in improved 

synaptic plasticity as measured by paired-pulse facilitation (Frischknecht et al., 2009). 

The increased levels of PNN density, above that of control, may mean the PVI cannot 

form synaptic connections.  

We measured increased levels of Acan and Ncan. This was one of the earliest neuronal 

changes we detected. Although we cannot be sure that increased expression equates to 

the increased protein of the individual components, we saw a trend towards increasing 

PNN density at PD35 in males and females. This suggests that the PNN is forming at an 

expedited rate compared to controls. We have discussed that PIC induction on GD15 

may have pushed forward gliogenesis and differentiation in section 6.4.4. Perhaps the 

early development of glial cells resulted in the precocious expression and development 

of PNN. In normal development, PNN levels around PVI increase over time, coinciding 

with a reduction in juvenile plasticity (Reichelt et al., 2019). Perhaps, our PVI-treated 

offspring did not experience a complete period of juvenile plasticity if this was the case. 

It would be of value to explore PNN component expression earlier in development to 

assess when PNN component upregulation occurs in vehicle and PIC animals.  
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6.4.6.e MMP9 
MMP9 levels were increased in the foetal brains the day after LPS (Simões et al., 2018) 

and neonates (Chen et al., 2020), likely due to its role in both the pro- and anti-

inflammatory immune response (Manicone et al., 2008).  

Our study showed a marked reduction of PIC MMP9 at PD35 in both sexes. These 

reductions coincided with the increased density of the PNN. MMP9 is involved in PNN 

degradation, suggesting this function may be impaired in adolescent animals (Wen et 

al., 2018b). However, mRNA gives limited scope on the enzyme's function. A more 

accurate method of measuring enzymes is activity assays.  

Finally, Ulbrich et al. review the consequences of central nervous system (CNS) insults 

on extracellular matrixes. They noted that inflammatory events could lead to the initial 

degradation of PNN by proteases such as MMP9. They speculate that this aims to 

increase network plasticity to counteract cell death. After the acute injury, MMP9 

inhibitors, tissue inhibitors of metalloproteinases (TIMP), are upregulated by reactive 

astrocytes. In addition to releasing TIMPs, the astrocytes increase the expression and 

release of PNN components (Ulbrich et al., 2021). Excessive PNN components can affect 

OPC maturation and oligodendrocyte myelination (Yamada et al., 2022). Ulbrich et al. 

note that disruption of extracellular matrix synthesis and proteolysis is present in many 

CNS disorders (Ulbrich et al., 2021).  

6.4.6.f BDNF and TrkB 
In our study, we saw no change to BDNF or TrkB expression. The outcomes for BDNF in 

the literature were mixed. In the acute phase after MIA in the foetal brains (Gilmore et 

al., 2005) and in the neonatal brain (PD1-14) (Gilmore et al., 2005, Hemmerle et al., 

2015), there were no changes to BDNF mRNA or protein. However, at PD60, in the whole 

brain, Hemmerle et al. found an increase in BDNF levels without mRNA change 

(Hemmerle et al., 2015). When focusing on the hippocampus only, Talukdar et al. found 

a reduction in BDNF mRNA in offspring aged PD60-70, indicating potential region-

specificity (Talukdar et al., 2020). Finally, in adult offspring, BDNF expression was 

reduced in the hippocampus of 22-month-old male offspring (Giovanoli et al., 2015). 

Evidence of changes in TrkB was limited. Hemmerle found a reduction in BDNF protein 

at PD60 but did not see any changes to TrkB at PD14, 30 and 60 in the PFC or any region 

of the hippocampus (Hemmerle et al., 2015). Kentner et al. found reduced TrkB 
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expression in the PFC of PD92 offspring, though there were no changes in the 

hippocampus (Kentner et al., 2016). We discussed in the exercise chapter the limitations 

of the primer we selected. 

6.4.7 Limitations 
We have mentioned several limitations throughout our discussion. The most pressing is 

the variability of the model. An inordinate number of alterations can be made to the 

MIA protocol. Different species and respective strains can be injected with different 

pathogens at different doses through different routes on different gestational days. The 

offspring are housed in various conditions, foods, cages and circadian cycles. Some 

remain with their litter, and others are cross-fostered. Behaviour tests are then carried 

out in some studies, and others are behaviourally naïve. Then brains are collected at 

different ages, and different sexes and markers are compared with different techniques. 

All of these changes can alter the outcome of the study. 

We have tried to mitigate the variability in some respects. For example, using low 

molecular weight PIC mitigates the variability of higher molecular weight and Sigma PIC 

(Kowash et al., 2019). In addition, we chose to use Wistar rats, which produced the 

strongest and most negligible variance in immune response when compared to Lister 

hooded and Sprague Dawley rats (Murray et al., 2019). 

Despite these efforts, the prevalence of MIA studies that combine prenatal insult with 

postnatal stress and detect distinct pathology indicate an adverse postnatal 

environment stress can alter outcomes (Lorusso et al., 2022, Monte et al., 2017, Yee et 

al., 2011). The cohort used for the qPCR and IHC studies were raised during the initial 

coronavirus lockdown, so they had altered animal husbandry. Namely, cages were not 

cleaned as frequently, and the rats had reduced handling compared to the protein 

cohort. Although this may have introduced additional stressors, the vehicle and PIC were 

all raised simultaneously.  
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6.5 Chapter summary 
The PIC model induces synaptic, glutamatergic and GABAergic dysfunction in the PFC of 

adult offspring. 

 

Figure 6.16: Consequences of PIC on PFC synaptic, glutamatergic and GABAergic signalling. A 

summary of the significant changes detected in the PIC model and potential outcomes. All 

changes were detected in the PFC. As the reported data is from tissue homogenates, we cannot 

be sure of the cellular locations of these changes. *Indicates changes that were present in the 

scPCP model. Image created in BioRender.com. 

In the PFC, we measured an increase in perineuronal nets, which may limit the plasticity 

of the neuron it surrounds. In addition, we see evidence of inflammation and BDNF 

alterations in the male offspring. 

 

Figure 6.17: Regional consequences of PIC exposure Changes in the PFC in adult offspring. The 

expression changes are in males (M) only.  
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7.1 The scPCP model 
We described how parvalbumin interneurons (PVI) are specialised to monitor neuronal 

activity and adapt rapidly with intense precision. PVI can orchestrate thousands of 

inputs to produce rhythmic outputs (Pouille et al., 2001) PVI can compare excitatory 

signals from several principal neurons and silence all but the strongest (de Almeida et 

al., 2009). Furthermore, PVI can adapt its inhibitory output by reducing GAD67 and 

parvalbumin expression in response to the time of day (Harkness et al., 2021), 

behavioural tests (Donato et al., 2015) and hormonal cycles (Wu et al., 2014). Given its 

flexibility, an attempt by the PVI to adapt to NMDAr antagonism is inevitable. 

In chapter three, we questioned how acute dosing of NMDAr can impair PVI function 

transiently (Homayoun et al., 2007), whereas bidaily dosing for one week results in 

sustained behavioural deficits and pathology (Cadinu et al., 2018). To investigate this, 

we proposed a mechanism based on the effects of acute NMDAr antagonism.  

 

We found that the scPCP model induced profound impairments to synaptic signalling in 

the PFC. Presynaptically, proteins involved in neurotransmitter release in the 

glutamatergic (VGlut1, SNAP25) and GABAergic (GAD67, SNAP25) synapses were 

reduced. In addition, postsynaptic glutamatergic signalling was also impaired (NR2B, 

PSD95, SNAP25). The functional outlook for the scPCP model was poor, with changes 

indicating reduced neurotransmitter release presynaptically and impaired long-term 

potentiation post-synaptically, implying altered excitatory/inhibitory (E/I) balance. 

In addition, we saw reductions in PFC PVI cell density and its associated PNN. In some 

conditions, reduced PNN can improve cognition and plasticity. However, given the 

presence of ongoing oxidative stress (SOD1 expression in PFC) and inflammation (IL6 

mRNA in PFC, protein in DH), it is likely that without the protection of the PNN, the PVI 

are more susceptible to ongoing damage.  

In chapter 4, we investigated whether treatment with an antioxidant or anti-

inflammatory would alleviate the scPCP-induced pathology. The initial behavioural 
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outcomes were promising, with one week of dosing reversing NOR deficits when tested 

on the first drug-free day. However, these improvements were not sustained after a 

further washout week.  

Analysis of the brains and plasma revealed marginal positive effects of treatment. The 

synaptic deficits were resistant to improvement. However, we did see an increase in 

parvalbumin levels, which correlated to cognitive improvement. As parvalbumin and 

behaviour are correlated, perhaps the increase is in response to increased PFC signalling 

during a successful NOR test. However, PVI is greater than the sum of its parts. The 

parvalbumin increase cannot sustain cognitive improvement after a washout without 

sufficient glutamatergic input (SNAP25, PSD95) and GABA synthesis (GAD67). Without 

these improvements, the effect is only temporary. 

Reflecting on the literature, we noted that many studies do not leave a prolonged delay 

between the insult and treatment. Indeed, in the limited studies that did delay, 

treatment was not effective. Perhaps this indicates a worsening pathology in the weeks 

following an insult. We have not looked at mechanistic markers in brains proximal to the 

conclusion of scPCP. Longitudinal comparisons after scPCP may identify a self-

perpetuating or worsening factor. 

In chapter 5, we compared acute (1 hour) and chronic (1 hour, 5 days/week, 6 weeks) 

exercise protocols. There is extensive evidence of exercise improving cognition and 

many of our mechanistic markers. In our study, the scPCP-induced NOR deficits were 

reversed when the animals were tested immediately after one hour of exercise. 

However, in the chronic study, three weeks of exercise was insufficient to improve 

cognition. Instead, we saw improvements after six weeks of wheel access. Crucially, the 

chronic exercise study had a 24-hour delay between the last exercise bout and NOR 

testing, suggesting distinct mechanisms for acute and chronic exercise improvements. 

In addition to the standard NOR, we tested the animals with a continuous NOR task. This 

showed that chronic exercise had an impressive effect on scVeh- and scPCP-treated rats. 

Although all groups performed well initially due to lack of distraction, the sedentary 

animals progressively worsened. However, the exercise animals could complete the task 

throughout, displaying astonishingly efficient management of memory formation and 

retrieval without any proactive interference.  
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Studying the brains and related literature evidenced that exercise has profound and 

multifaceted benefits that help attenuate scPCP pathology. Moreover, it gave further 

insight into the mechanisms. We were struck by the reduction in BDNF protein in the 

acute exercise study. Where other cohorts showed variability in the DH BDNF 

concentrations, the scPCP sedentary group was relatively consistent (Figure 5.8). Was 

the variation in the other groups driven by differing levels of exercise or cognitive 

performances? We did find that the latter was correlated to BDNF levels.  Does this 

indicate a failure to adapt in the scPCP animals? Considering the downstream functions 

of BDNF (summarised in Figure 5.13), we see how the lack of these systems would 

contribute to scPCP pathology – reduced neurogenesis, development, survival and 

synaptic plasticity.  

Frustratingly, we could not find a reliable marker for TrkB to see if there were any 

changes to the BDNF/TrkB pathway in the chronic exercise study. However, we did see 

increases in the density of PVI in the DG of the hippocampus. We hypothesised that this 

could be due to increased numbers of newly born PVI, mature PVI having been recruited 

to assist in granule cell maturation or recovery of the parvalbumin protein phenotype. 

This could be assessed with the host of cell proliferation markers or a future study 

incorporating BrdU injections. 

We want to reiterate the work of Yi et al., who ablated the PVI in the DG. In doing so, 

exercise no longer rescued MK-801-induced deficits (Yi et al., 2020). Therefore, 

monitoring the new neurons created in exercise-induced neurogenesis would be very 

interesting. Would these neurons be impaired synaptically? Where do these neurons 

migrate? Is their maturation altered because of the network hypofunction? Is 

neurogenesis required for long-term positive effects? 

The second key finding from the exercise study was the reduction of PNN after exercise. 

We want to restate briefly that the PNN function depends on its components and the 

environment (Avram et al., 2014, Cabungcal et al., 2013b, Favuzzi et al., 2017). In a high 

oxidative stress environment, low PNN does not protect the PVI (Steullet et al., 2017). 

However, in the event of low oxidative stress, as the evidence suggests is present in 

voluntary exercise protocols (Belviranlı et al., 2019, Feter et al., 2019, García-Mesa et 

al., 2016, Hoffman-Goetz et al., 2009), the lack of PNN can be conducive to high plasticity 
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states (Romberg et al., 2013, Rowlands et al., 2018). Future studies could investigate the 

components, the levels of oxidative stress and inflammation. 

7.2 The PIC model 
In the final chapter, we looked at the effects of the maternal immune activation model 

on our mechanistic markers. We found no pathology in the adolescent animals (PD35) 

in nearly all markers tested. However, there was extensive pathology in the adult 

offspring (PD100), reflecting clinical observations. 

Core to both models is synaptic dysfunction in the PFC; indeed, hypofunction of the PFC 

is closely linked to cognitive impairment in schizophrenia. However, we believe the 

induction method is very different between models. In the PIC model, we suggested that 

increased IL6 levels induced the OPCs to proliferate prematurely. This could result in the 

increased and early expression of glial-derived PNN components. Future studies should 

investigate PNN markers in the earlier time points of these models. In addition, studies 

investigating the cellular origins would be of use. 

We have summarised the changes observed and the potential consequences below: 

 

Figure 7.1: Theoretical consequences of PIC on GD15. M: change detected in males only.  
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7.3 Concluding remarks 
Here we have presented two different models with distinct construction. Both models 

result in long-term brain pathology and cognitive impairment despite the differences. 

Notably, both have opposing outcomes for PVI and PNN. However, provisional data 

indicates that both combinations result in impaired PVI function. Throughout this thesis, 

we have discussed the unique sensitivities of the PVI to deviations in regular brain 

activity. These models provide the opportunity to test treatments targeting PVI function 

in two different scenarios. 

We have also shown that synaptic dysfunction is common in both models and suggested 

that recovery of these connections is essential for long-term recovery. The notion that 

neurogenesis is required for the positive effects of exercise warrants further 

investigation into how these new neurons integrate into the network. Moreover, 

understanding the functionality and levels of damage in these adult-born neurons in 

both models could be of great therapeutic use. 
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CHAPTER 8: SUPPLEMENTARY MATERIAL 
8.1 Methods 

8.1.1 qPCR 

 

Figure 8.1: Representative image of RNA integrity. Discrete bands at 28S and 18S, with the 

intensity of 28S bands being approximately twice that of 18S, indicated good-quality RNA. 
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Table 8.1: qPCR primer information. GeneGlobe ID is a unique identifier for the QuantiTect 

primers from Qiagen. The table also details the exons spanned by the primer and the predicted 

amplicon size in base pairs (bp) 

Target GeneGlobe ID Exons spanned Amplicon size (bp) 

Acan QT00189518 2/3 90 

Bcan QT00176638 6/7 144 

BDNF QT00375998 - 143 

Cat1 QT00182700 11/12 99 

GAD1 QT00194600 11/12/13 98 

GAD2 QT00190778 8/9/10 99 

Gpx1 QT01799903 - 76 

Gpx4 QT00174853 2/3/4 104 

Grin2A QT01588069 4/5 101 

IL1β QT00181657 3/4 91 

IL6 QT00182896 1/2 128 

MMP9 QT00178290 12/13 149 

Ncan QT00177240 11/12 89 

NFκB QT01577975 5/6 99 

PSD95 QT00183414 6/7 63 

PV QT00176862 3/4 111 

SNAP25 QT00196413 2/3 126 

SOD1 QT00174888 4/5 109 

TrkB QT00181923 7/8 103 

Vcan QT01598814 10/11/12 146 

VGlut QT00176624 10/11/12 156 

 

 

Figure 8.2: Representative image of gel to check qPCR product size.  
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Table 8.2: qPCR primer efficiency and standard curve R2 data. Tm range: melt temperature 

range across all samples. Average cycle threshold (Ct) value across all samples. RT (no reverse 

transcriptase) and NTc (no template) control values. Most negatives had no Ct. y> 10 cycles 

indicates negatives that had a cycle threshold but was 10 cycles higher than the lowest standard. 

Target R² (∆Rn) Efficiency (%) Tm range Avg Ct RT NTc 

Acan 0.99 98.5 1.5 28.76 No Ct No Ct 

Actin 1.00 99.9 1 19.53 y > 10 cycles y > 10 cycles 

Bcan 0.86 79.1 0.5 27.53 No Ct No Ct 

BDNF 1.00 104.4 1.5 23.22 No Ct No Ct 

Cat1 0.99 110.9 1.5 22.18 No Ct No Ct 

GAD1 1.00 102.3 1 21.27 No Ct No Ct 

GAD2 1.00 101.5 0.5 20.70 No Ct No Ct 

GAPDH 0.99 98.1 0.5 18.97 y > 10 cycles y > 10 cycles 

GAPDH (2) 0.99 98.1 1 20.62 y > 10 cycles y > 10 cycles 

Gpx1 1.00 103.3 1 20.36 No Ct No Ct 

Gpx4 1.00 99.7 0.5 19.54 y > 10 cycles No Ct 

Grin2A 1.00 98.5 0.5 24.16 No Ct No Ct 

IL1β 0.99 104.3 1.5 30.80 No Ct No Ct 

IL6 0.97 90.5 1 30.49 No Ct No Ct 

MMP9 0.99 107.8 1 28.08 No Ct No Ct 

Ncan 1.00 90.5 0.5 21.73 No Ct No Ct 

NFκB 0.95 97.5 1.5 23.93 No Ct No Ct 

PSD95 0.96 96 1 24.47 No Ct y > 10 cycles 

PV 0.99 98.1 0.5 21.68 y > 10 cycles No Ct 

SNAP25 1.00 101.5 1 17.24 No Ct No Ct 

SOD1 0.99 106.9 1 20.15 y > 10 cycles No Ct 

TrkB 0.97 105.2 1.5 20.29 No Ct No Ct 

Ubiquitin 1.00 107.6 0.5 17.58 y > 10 cycles y > 10 cycles 

Vcan 0.99 91.6 0.5 23.95 No Ct No Ct 

VGlut 0.99 107.7 1 21.78 No Ct No Ct 

 

8.1.2 WES 
To validate the use of total protein as a housekeeping mechanism, we loaded the two 

samples of each treatment group in duplicate at 0.8, 0.4 and 0.2 mg/mL of protein. We 

used repeated measures GLM (see 2.9.7.b) to assess whether the treatment had an 

effect. In all selected tissues, there were no significant effects of treatment. In addition, 

we found a positive correlation between protein concentration and the area under the 

curve, suggesting we had not saturated the assay (see 2.6.3.a).  



Chapter 8: Supplementary material 

270 
 

0.0 0.2 0.4 0.6 0.8 1.0

0

500000

1000000

1500000

Protein concentration (mg/mL)

A
re

a
 u

n
d

e
r 

th
e
 c

u
rv

e V1

V2

P1

P2

 

Figure 8.3: Total protein validation as a method of normalisation. The area under the curve for 

four samples in duplicate from two treatment groups at three different protein concentrations.  

8.2 Apocynin/minocycline  

8.2.1 Dose selection for apocynin/minocycline study 
We completed an acute study to select an appropriate dose for the 

apocynin/minocycline study. 60 animals were dosed with vehicle (0.9% saline, n = 10) or 

scPCP (2mg/Kg, n = 50) bidaily for one week. After a one-week washout, animals were 

habituated to the NOR testing arena and then dosed with apocynin (0.5, 1, 5 and 

10mg/Kg, i.p.; n = 10 per dose) or vehicle. Forty-five minutes later, animals were tested 

using the NOR test with a one-minute ITI. Using a repeated-measures GLM with the 

treatment group as a fixed factor and the object as a within-subjects factor, we found a 

significant effect of the object*treatment interaction (F1, 54 = 34.800, p = 0.023). Using 

the estimated marginal means, we found this was driven by the scVeh group (p = 0.006) 

and the scPCP + apocynin 10mg/Kg group (p = 0.025). We ran a one-sample t-test on the 

DI and found there was a significant difference between the scVeh (t9 = 4.949, p<0.001), 

scPCP + apocynin 0.5mg/Kg (t9 = 1.996, p = 0.017) and scPCP + apocynin 10mg/Kg (t9 = 

2.438, p = 0.038) group DI and random chance. There was no difference in the line 

crossings (F5, 54 = 1.365, p = 0.252, one-way ANOVA).  
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Figure 8.4: The effects of acute apocynin on the scPCP-induced NOR deficit. A) Time spent 

exploring in the acquisition and retention trials of the NOR task following treatment with scVeh 

+ acute (a)Veh (scVeh), scPCP + aVeh (scPCP), scPCP + aApocynin i.p. at 0.5 mg/Kg, 1 mg/Kg, 5 

mg/Kg, and 10 mg/Kg. B) The discrimination index for each of the treatment groups. C) Number 

of line crossings during the acquisition and retention trial. For A) differences between objects 

were assessed with a repeated measures general linear model (GLM). The difference between 

the estimated marginal means for each object was analysed using a pairwise comparison with 

Šidák’s correction. B) a one-sample t-test was used to compare the mean DI for each group to a 

hypothetical mean of 0. Finally, for C), a one-way ANOVA was used to compare the differences 

between groups. (n=10). Graphs show mean ± SEM. *=difference between objects, *p<0.05, 

**p<0.01, ***p<0.001. #=difference from a hypothetical mean of 0, #p<0.05, ##p<0.01, ###p<0.001 

One week later, rats were assigned to receive minocycline (5, 10, 20, 40mg/Kg, p.o.; n = 

10 per dose) or vehicle. One hundred twenty minutes later, animals were tested using 

the NOR task with a one-minute ITI. Data were analysed in the same way as the 

subchronic study (4.3.1). Repeated measures GLM revealed a significant effect of the 

object*treatment interaction (F1 52 = 10.95, p = 0.002), which was due to effective 

discrimination in the scVeh (p = 0.047) and scPCP + minocycline 40mg/Kg (p = 0.016) 

groups. One sample t-test revealed only the scPCP + minocycline 40mg/Kg cohort was 
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performing above random chance (t8 = 4.498, p = 0.002), though scVeh were trending 

(t9 = 2.137, p = 0.061). Finally, there were no differences in line crossing (F5, 52 = 1.425, p 

= 0.231, one-way ANOVA).  
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Figure 8.5: The effects of acute minocycline on the scPCP-induced NOR deficit. A) Time spent 

exploring in the acquisition and retention trials of the NOR task following treatment with scVeh 

+ acute (a)Veh (scVeh), scPCP + aVeh (scPCP), scPCP + aMinocycline p.o. at 5 mg/Kg, 10 mg/Kg, 

20 mg/Kg, and 40 mg/Kg. B) The discrimination index for each of the treatment groups. C) 

Number of line crossings during the acquisition and retention trial. For A) differences between 

objects were assessed with a repeated measures general linear model (GLM). The difference 

between the estimated marginal means for each object was analysed using a pairwise 

comparison with Šidák’s correction. B) a one-sample t-test was used to compare the mean DI 

for each group to a hypothetical mean of 0. Finally, for C), a one-way ANOVA was used to 

compare the differences between groups. (n=9-10). Graphs show mean ± SEM. *=difference 

between objects, *p<0.05, **p<0.01, ***p<0.001. #=difference from a hypothetical mean of 0, 
#p<0.05, ##p<0.01, ###p<0.001 
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8.2.2 Animal weights 
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Figure 8.6: Change in animal weight compared to pre-dosing baseline. The grey box between 

weeks 0 and 1 indicates the scVeh or scPCP dosing week. The grey box between weeks 7 and 8 

indicates the apocynin or minocycline intervention week. There were no differences between 

the treatment group weights (F1, 58 = 0.0493, p = 0.825, RM GLM).  

8.3 Acute exercise study 

8.3.1 Animal weights 
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Figure 8.7: Normalised weight of animals from acute exercise study. The grey box between 

weeks 0 and 1 indicates the scVeh or scPCP dosing week. There was a significant difference 

between groups (F3, 36 = 6.995, p<0.001, RM GLM). Specifically, there were differences in the 

scPCP-treated animals after the dosing week (V/E vs P/E, p<0.001 and V/S vs P/S, p = 0.007, 

Šidák), which normalised one week later.  
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8.3.2 Habituation and running data 
Table 8.3: Distance ran by exercised rats in the acute exercise study. (*) faulty data collection 

Cage Rat 

Distance ran (m) 

Habituation Acute 

exercise 1 2 3 

1 

1 12.6 78.5 283.8 251.3 

2 0.0 11.5 266.0 17.0 

3 0.0 0.0 0.0 2.5 

4 0.0 11.3 237.5 5.7* 

5 0.0 0.0 0.0 280.1 

2 

1 0.0 0.0 0.0 0.0 

2 13.6 83.8 218.9 378.9 

3 0.0 0.0 0.0 5.7 

4 20.4 16.8 67.0 791.7 

5 0.0 5.7 458.0 0.0* 

7 

1 0.0 0.0 0.0 0.0 

2 32.5 238.8 291.6 26.2 

3 0.0 0.0 0.0 3.7 

4 446.7 265.8 243.2 367.6 

5 0.0 0.0 0.0 141.4 

8 

1 89.5 0.0 124.1 352.9 

2 123.0 11.5 165.5 281.2 

3 205.3 296.9 178.5 245.6 

4 25.7 4.7 0.0 5.7 

5 5.7 237.5 209.2 237.5 
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8.4 Chronic exercise study 

8.4.1 Animal weights 
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Figure 8.8: Normalised weight of animals in the chronic exercise study. The grey box between 

weeks 0 and 1 indicates the scVeh or scPCP dosing week. There were no differences between 

groups (F3, 36 = 0.300, p = 0.825, RM GLM). Though exploratory post hoc testing revealed 

significant reductions in weight in the P/S group compared to V/S (p<0.001, Šidák) 
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8.4.2 Habituation data 
Table 8.4: Distance ran during habituation for chronic exercise study.  

Cage Rat 
Distance ran (m) 

1 2 3 

1 

1 72.6 41.5 82.9 

2 193.8 126.4 139.9 

3 20.7 0.0 20.7 

4 0.0 10.4 0.0 

5 62.2 165.9 165.9 

2 

1 186.6 0.0 145.1 

2 0.0 207.3 747.8 

3 10.4 0.0 0.0 

4 103.7 72.6 0.0 

5 165.9 114.0 466.5 

7 

1 41.5 176.2 176.2 

2 126.4 85.0 109.8 

3 0.0 20.7 10.4 

4 10.4 93.3 165.9 

5 311.0 217.7 165.9 

8 

1 165.9 134.8 20.7 

2 0.0 72.6 173.1 

3 10.4 41.5 0.0 

4 622.0 829.4 0.0 

5 82.9 20.7 362.9 
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8.4.3 Culling days 
Table 8.5: Testing and culling information for chronic exercise study. D post ex: days since last 

exercise session. ceNOR3: final standard NOR test. H1: group habituation, H2: individual 

habituation, H3: shuttle training, H4: object training of cage numbers.  

D post ex 1 2 3 4 5 6 7 

Testing ceNOR3    Cage 7 Cage 1 Cage 3 

Cull     Cage 7 Cage 1 Cage 3 

Habituation 

H1: 7, 1, 3, 

5 

H2: 7 

H2: 1, 3 

H3: 7 

H2: 5 

H3: 1 

H4: 7 

H3: 5 

H4: 1 
H4: 3 H4: 5  

D post ex 8 9 10 11 12 13 14 

Testing Cage 5    Cage 8 Cage 2 Cage 4 

Cull Cage 5    Cage 8 Cage 2  

Habituation 

H1: 8, 2, 4, 

6 

H2: 8 

H2: 2, 4 

H3: 8 

H2: 6 

H3: 2 

H4: 8 

H3: 6 

H4: 2 
H4: 4 H4: 6  

D post ex 15       

Testing Cage 6       

Cull Cage 4 + 6       
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8.5 Poly(I:C) 

8.5.1 Distribution of residuals 

8.5.1.a GLMM 
We tested the residuals of the GLMM to see if they were normally distributed. The 

residuals were normally distributed for the WES and IHC data. However, several GLMMs 

for the qPCR data had not normally distributed residuals (Table 8.6). 

Table 8.6: Normality test on GLMM residuals. The information after the underscore denotes 

the name of the gene target. The details of the tested cohorts are found in brackets: 35 or 100 

indicate a model ran in the PD35 or PD100s, respectively. Equally, m: male, f: female, v: vehicles. 

Normality was analysed using the D’Agostino and Pearson test.  

Residual K2 P value Residual K2 P value 

RESID_vglut 26.04 <0.0001 **** RESID_ncan100 4.298 0.1166 ns 

RESID_psd 6.225 0.0445 * RESID_ncan(v) 5.987 0.0501 ns 

RESID_pv 34.21 <0.0001 **** RESID_mmp9 26.4 <0.0001 **** 

RESID_pv(100) 24.11 <0.0001 **** RESID_mmp9(35) 5.623 0.0601 ns 

RESID_pv(f) 17.7 0.0001 *** RESID_mmp9(35v) 1.35 0.5092 ns 

RESID_pv(m100) 2.244 0.3256 ns RESID_il1b 1.982 0.3712 ns 

RESID_acan 3.525 0.1716 ns RESID_il1b(100) 0.3307 0.8476 ns 

RESID_acan(100) 4.176 0.124 ns RESID_il1b(f) 2.134 0.344 ns 

RESID_acan(f) 2.507 0.2855 ns RESID_nfkb 3.676 0.1591 ns 

RESID_acan(m) 5.349 0.0689 ns RESID_nfkb(100) 3.419 0.1809 ns 

RESID_vcan 1.434 0.4881 ns RESID_nfkb(f) 14.88 0.0006 *** 

RESID_vcan(100) 0.213 0.899 ns RESID_il6 45.07 <0.0001 **** 

RESID_vcan(f) 0.0489 0.9759 ns RESID_il6(100) 18.5 <0.0001 **** 

RESID_vcan(m) 14.14 0.0008 *** RESID_il6(100v) 6.234 0.0443 * 

RESID_ncan 5.379 0.0679 ns RESID_il6(100m) 0.6808 0.7115 ns 

RESID_ncan(35) 2.584 0.2747 ns RESID_bdnf(100m) 1.256 0.5336 ns 

 

The data with non-normally distributed residuals were log-transformed, and the GLMM 

ran in the transformed data set. We found the original GLMM results were fairly robust 

to transformation, with slight shifts in outcomes, summarised below: 
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Table 8.7: GLMM outcomes in log10 transformed data. The green text shows data that has 

altered in significance after transformations. 

Target 
Cohort 

grouping 
Significant factor ----- Raw data ----- ----- Log10 transformed ----- 

VGlut Full Age 
F1, 30.916=10.955, 

p=0.002 
** F1, 45=13.463, p<0.001 *** 

PSD95 Full Age F1, 45=5.745, p=0.021 * F1, 45=5.541, p=0.023 * 

PV 

Full 
Age F1, 45=7.622, p=0.008 ** F1, 45=11.971, p=0.001 ** 

Sex F1, 45=7.734, p=0.008 ** F1, 45=5.709, p=0.021 * 

PD100 Sex F1, 22=8.792, p=0.007 ** F1, 22=13.098, p=0.002 ** 

Females Age F1, 22=7.239, p=0.013 * F1, 22=12.881, p=0.002 ** 

Vcan Males 

Age F1, 20=5.575, p=0.028 * 
F1, 12.040=8.859, 

p=0.012 
* 

Treatment F1, 20=4.146, p=0.055  
F1, 11.994=3.791, 

p=0.075 
 

MMP9 Full 

Age 
F1, 33.959=9.140, 

p=0.005 
** ns  

Treatment 
F1, 12.101=6.167, 

p=0.029 
* ns  

Treatment*age 
F1, 33.959=8.075, 

p=0.008 
** F3, 44=5.297, p=0.003 ** 

NFkB Females Age 
F1, 10.449=27.023, 

p<0.001 
*** 

F1, 10.428=27.419, 

p<0.001 
*** 

IL6 

Full 

Age 
F1, 39=33.441, 

p<0.001 
*** 

F1, 12.507=72.731, 

p<0.001 
*** 

Sex 
F1, 39=14.074, 

p<0.001 
*** F1, 35=5.837, p=0.021 * 

Age*sex 
F1, 39=12.431, 

p=0.001 
** ns  

Age*treatment*sex F4, 39=3.371, p=0.018 * 
F5, 30.675=2.999, 

p=0.026 
* 

PD100 
Sex 

F1, 20=14.355, 

p=0.001 
** F1, 20=29.989, p<0.001 *** 

Sex*treatment F2, 20=3.531, p=0.049 * F2, 20=6.197, p=0.008 ** 

PD100 

vehicles 
Sex 

F1, 5.520=12.445, 

p=0.014 
* 

F1, 4.996=64.265, 

p<0.001 
*** 

 

For data where factors were no longer significant, we continued to analyse using the 

GLMM principles. Further exploration of the MMP9 outcomes revealed that the later 

parameters remained comparable to the raw data GLMM. In the log10 transformed 

GLMM, there was a significant effect of treatment in the PD35 animals (F1, 22 = 8.881, p 

= 0.007) and a significant effect of sex in the adolescent PIC treated cohort (F1, 3.023 = 

526.851, p<0.001), which matched the non-transformed data outcomes. Equally, in the 

IL6 cohort, the effect of treatment in the adult males remained (F1, 10 = 11.443, p = 

0.007), as did the sex effect in the PD100 cohort (F1, 22 = 20.366, p<0.001) and the adult 

vehicle animals (F1, 4.996 = 64.265, p<0.001). For all transformed data GLMMs, we 
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retested the residuals, and all were normally distributed. Given the general conformity 

of outcomes, we reported the non-transformed data throughout. 

8.5.1.b Linear regression of maternal cytokine GLMM outcomes 
We tested the residuals of the linear regressions performed on significant maternal 

cytokine GLMM.  

Table 8.8: Normality test on GLMM regression residuals. The information after the underscore 

denotes the name of the gene target. The details of the tested cohorts are found in brackets: 35 

or 100 indicate a model ran in the PD35 or PD100s, respectively. Equally, m: male, f: female, v: 

vehicles. Normality was assessed using the D’Agostino and Pearson test.  

Residual K2 P value Residual K2 P value 

RESID_vglut(35m) 2.579 0.2754 ns RESID_bcan(35f) 1.280 0.5274 ns 

RESID_vglut(100m) 1.184 0.5532 ns RESID_vcan(35m) 4.435 0.1089 ns 

RESID_nr2r(100f) 0.9429 0.6241 ns RESID_ncan(35m) 0.4942 0.7811 ns 

RESID_pvi(mp) 12.53 0.0019 ** RESID_ncan(100m) 6.005 0.0497 * 

RESID_gad(mv) 0.02449 0.9878 ns RESID_nfkb(m) 7.186 0.0275 * 

RESID_acan(35m) 4.804 0.0905 ns RESID_il6(100m) 0.1926 0.9082 ns 

RESID_acan(35f) 7.635 0.0220 *     

 

The linear regression with non-parametric residuals should be interpreted with caution. 

8.5.2 Adolescent PNN density grouped into sibling cohorts 
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Figure 8.9: Adolescent PNN density grouped into sibling cohorts. Dams are listed in order of 

increasing IL6 response. IL6 data from FD2 and FC3 was not available. 
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