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Abstract 

Exercise in the subchronic phencyclidine rat model for schizophrenia: mechanisms 

and effects on cognitive deficits 

Schizophrenia is associated with substantial cognitive deficits that dramatically 

reduce patients’ quality of life. Now recognised as a core feature of the disorder, 

cognitive impairments best predict functional outcome. However, the drugs used to 

treat schizophrenia do not improve cognition, and many have cardiometabolic side-

effects that contribute substantially to the reduced life expectancy of people with 

the disease. Drug development targeting cognition in schizophrenia to date has 

been unsuccessful. Non-pharmacological interventions to improve cognition, such 

as cognitive remediation therapy, have had limited success. Therefore, treatments 

to ameliorate the cognitive impairments in schizophrenia remain an urgent, unmet 

clinical need. 

Exercise has emerged as a potential intervention to reduce cognitive impairment in 

schizophrenia. While there is growing clinical evidence that exercise improves 

cognition, how it does so is poorly understood. Animal models are useful tools for 

investigating disease, and the subchronic phencyclidine (scPCP) rat model for 

schizophrenia is well-established and widely used to model schizophrenia-like 

cognitive deficits. However, research examining the effect of exercise on cognition 

in this model is lacking. 

This thesis presents a body of work examining the effect of voluntary exercise on 

cognition in the scPCP rat model for schizophrenia. The studies described within it 

demonstrate a novel exercise protocol can improve the novel object recognition 

(NOR) deficit present in this model. Furthermore, the pro-cognitive effects of wheel 

running endured for at least two weeks of sedentary behaviour but by four weeks, 

the NOR deficit had returned. Brain tissue was collected and analysed for synaptic 

and ƴ-aminobutyric acid (GABA)ergic markers with western blotting. Two significant 

relationships were reported but these results were deemed inconclusive. 

Additionally, brain-derived neurotrophic factor (BDNF) was measured in plasma but 

no effect of exercise was found. 

For the first time, exercise was shown to improve cognition in the scPCP rat model 

for schizophrenia. Furthermore, this effect lasted for at least two weeks after 

exercise cessation. Pathological changes were not observed, but the robust 

behavioural changes produced will provide the opportunity to explore the pro-

cognitive mechanisms of exercise in an animal model for schizophrenia.
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Chapter 1 Introduction 

1.1 Schizophrenia and cognitive deficits 

Schizophrenia is a severe and disabling mental illness (van Os and Kapur 2009) that 

affects around 1% of the population (Ripke 2014). It is characterised by positive and 

negative symptoms and profound cognitive deficits. Positive symptoms include 

hallucinations and delusional thinking, and negative symptoms manifest as 

behaviours such as avolition and social withdrawal. Antipsychotics are the first-line 

treatment for someone experiencing symptoms of schizophrenia (NICE 2014).  

These drugs are somewhat effective, in that 33.5% of people show an improved 

score of at least 50% on the positive and negative symptom scale (PANNS), or the 

brief psychiatric rating scale (BPRS),  within four to six weeks of treatment (Samara 

et al. 2019). However, the most consistent improvements are seen for positive 

symptoms (Milev et al. 2005) and antipsychotics show minimal usefulness for the 

treatment of negative or cognitive symptomology (Conn et al. 2008; Leucht et al. 

2009).  

There is evidence that the negative and cognitive domains of schizophrenia are 

connected; the severity of one correlates with the other but neither correlate with 

positive symptoms (Bilder et al. 2000; O’Leary et al. 2000; Milev et al. 2005). First-

generation antipsychotics (FGAs) share a common pharmacological effect in that 

they have a high affinity for dopamine D2 receptors and are slow to dissociate once 

bound (Miyamoto 2005). It was hoped that the second-generation antipsychotics 

(SGAs), developed in the 1990s, would have a ‘wider spectrum of efficacy’ (Leucht 

et al. 2009). This was partly due to their interaction with both the dopaminergic and 
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the serotonergic neurotransmitter systems, with a particularly high affinity for 

5HT2A receptors (Miyamoto et al. 2005). Unfortunately, their superiority has not 

been demonstrated (Lieberman et al. 2005; Leucht et al. 2009; Lally and MacCabe 

2015) and SGAs are similar to FGAs, in that they offer little improvement for 

negative symptoms and cognitive deficits (Lieberman et al. 2005; Keefe et al. 2007; 

Davies et al. 2008; Lally and MacCabe 2015; Ribeiro et al. 2018). Furthermore, any 

modest improvements in the negative or cognitive domains may be due to a 

reduction in positive symptoms (Leucht et al. 2017) or secondary negative 

symptoms (Kirschner et al. 2017; Leucht et al. 2017).  

There is little controversy that the negative and cognitive symptoms of 

schizophrenia are more disabling and persistent than the positive symptoms 

(Green, Kern, et al. 2004; Milev et al. 2005; Albert et al. 2011). The cognitive deficits 

associated with schizophrenia are a core feature of the disease (Keefe 2008; 

Mesholam-Gately et al. 2009; Kaneko 2018). They contribute more to poor 

functional outcomes (Green 1996; Milev et al. 2005) and carer burden (Hofer et al. 

2005; Milev et al. 2005; Hunter and Barry 2012) than positive symptoms (Green 

2006; Vierling-Claassen et al. 2008). Whilst negative symptoms do somewhat 

correlate with functioning, cognitive performance is the superior predictor, 

consistently accounting for around 20-60% of the variance in both global and 

specific functional performance (Green 1996). Cognitive impairments are 

associated with social and occupational disability in those with schizophrenia 

(Green 1996; Harvey et al. 1998). The subsequent loss of productivity contributes 

the most to the indirect (non-healthcare) costs of schizophrenia (Harvey and Keefe 

2001; Ko et al. 2003; Kitchen et al. 2012). 
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People with schizophrenia perform around one to two standard deviations below 

controls during cognitive tasks (Hoff et al. 2005; Keefe 2008; Meier et al. 2014; 

Firth, Cotter, et al. 2017). Impairments are present before disease onset 

(Reichenberg and Harvey 2007) and those who develop schizophrenia 

demonstrating mild cognitive impairment in childhood (Dickson et al. 2012). In their 

teens and early 20s, these individuals are an average of 0.5 standard deviations (the 

equivalent of eight IQ points) below controls (Woodberry et al. 2008). A 2014 meta-

analysis found that those with first-episode or chronic schizophrenia demonstrate 

poor cognitive performance between 0.9 and 1.4 standard deviations below their 

peers (Meier et al. 2014). This reduction is equivalent to a 14 - 21 point decrease in 

IQ, an impairment that remains relatively stable until the onset of age-related 

cognitive decline (Fucetola et al. 2000; Heaton et al. 2001; Hoff et al. 2005; Meier et 

al. 2014). There is also robust evidence that asymptomatic relatives display 

cognitive impairments (Egan et al. 2001; Snitz et al. 2006), particularly in the 

domains most affected by schizophrenia (Sitskoorn et al. 2004; Snitz et al. 2006). 

Furthermore, a higher schizophrenia polygenic risk score is associative with lower 

IQ (Hubbard et al. 2015). These findings show that the cognitive deficits of 

schizophrenia are a core feature of the disorder and may have a strong genetic 

component.  

In conclusion, impaired cognition in schizophrenia is a crucial focus for research and 

treatment, presenting an opportunity to substantially reduce the human and 

financial burden of the illness (Sevy and Davidson 1995; Harvey and Keefe 2001; Ko 

et al. 2003; Green, Nuechterlein, et al. 2004; Barnett et al. 2010; Neill et al. 2010; 

Kitchen et al. 2012; Liemburg et al. 2013).  
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1.2 Schizophrenia and brain alterations 

Schizophrenia is associated with alterations in brain structure and function. 

Neuroimaging studies have provided insight into structural changes in 

schizophrenia (Wright et al. 2000; Fayed et al. 2019). The most robust findings are 

that people with schizophrenia have smaller total brain volume, reduced volume of 

the thalamus, enlarged ventricles, and thinning of the frontal, parietal, and 

temporal lobes (Konick and Friedman 2001; Haijma et al. 2013; Doostdar et al. 

2019). For the most part, this is independent of antipsychotic treatment (Pantelis et 

al. 2003; Brugger and Howes 2017). Additionally, multiple reviews and meta-

analyses agree that hippocampal and parahippocampal areas demonstrate reduced 

volumes (Pantelis et al. 2003; Vita et al. 2006; Steen et al. 2014; Fayed et al. 2019). 

These regions also display abnormal connectivity to other brain areas, such as the 

prefrontal cortex (PFC; Frith et al. 1995; Benes 2000; Shenton et al. 2001; Fayed et 

al. 2019), providing evidence that plasticity may be disrupted in schizophrenia.  

1.2.1 Dysfunctional plasticity in schizophrenia 

Neuroplasticity is a continuous process of short-, medium- and long-term changes 

in brain connectivity, from the microscopic level of ion channels and synapses to 

macroscopic phenomena such as brain volume and cortical circuitry (Duffau 2006; 

Duffau 2016). Numerous processes facilitate plasticity. These include neurogenesis, 

synaptogenesis, synaptic plasticity, pre- and postsynaptic modifiers, dendrite 

arborisation, axon modification, and neuronal maturation (Nissant et al. 2009; 

Gogos et al. 2012). Synaptic plasticity is the process of changing or maintaining both 

excitatory and inhibitory synaptic connections in cortical networks, and its 
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disruption is increasingly believed to be a causative factor of schizophrenia (Hughes 

1958; Stephan et al. 2006). Historically, there has been vigorous debate as to 

whether neuroimaging evidence indicates that schizophrenia is a 

neurodevelopmental (Feinberg 1982) or a neurodegenerative disorder (DeLisi 1997; 

Saijo et al. 2001; Olabi et al. 2011). Dysfunctional synaptic plasticity is one of the 

few mechanisms consistent with both hypotheses (Feinberg 1982; DeLisi 1997; 

Stephan et al. 2006).  

Systemic impairment of plasticity may account for both the abnormal 

neurodevelopment and seemingly progressive changes that occur in the brains of 

people with schizophrenia (Feinberg 1982; Pantelis et al. 2003; Uhlhaas and Singer 

2006; Gogtay 2008; Fayed et al. 2019). Furthermore, deficits in synaptic 

connectivity may account for the reduced volume of grey matter in the absence of 

cell loss (Uhlhaas and Singer 2006; Uhlhaas and Singer 2010). Dysfunctional 

synaptogenesis leads to fewer synapses and reduced volume while the number of 

neurons in affected areas remain mostly unchanged (Selemon and Goldman-Rakic 

1999; Uhlhaas and Singer 2010). Grey matter plasticity, a product of synaptic 

plasticity and neuronal integrity, is associated with learning and training (Draganski 

and May 2008; May 2011). N-acetylaspartate (NAA) is a marker for neuronal 

integrity and it is reduced in several areas in those with schizophrenia. These 

include the grey matter in the thalamus and the hippocampus, as well as both 

prefrontal grey and white matter (Deicken et al. 1999; Auer et al. 2001; Steen et al. 

2005; Natsubori et al. 2014). Furthermore, the brains of people with schizophrenia 

tend to have smaller, denser neurons with fewer dendritic spines and reduced 

arborisation (Domino and Luby 2012). Together, these clustered phenomena are 
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indicative of synaptic dysregulation, adding to the evidence that grey matter 

plasticity is disrupted in schizophrenia (Ben-Shachar and Laifenfeld 2004; Stephan 

et al. 2009). 

Synapses are sophisticated, specialised, neuronal junctions whose function are 

contingent on intricately organised complexes of interacting proteins. The loss or 

modification of these proteins can affect the properties of the networks in which 

they are found, causing dysfunction (Fossati et al. 2015). Researchers investigating 

the pathology of schizophrenia are becoming progressively more interested in 

compromised neural and synaptic health (Coley and Gao 2018). It is possible to use 

pre- and postsynaptic proteins as biomarkers to indicate the condition, function 

and density of synapses (Osimo et al. 2019). These include synaptosome associated 

protein 25 (SNAP25), found predominantly presynaptically, and postsynaptic density 

protein 95 (PSD95), found in the postsynaptic density (PSD).  

The PSD is a protein-dense area of specialisation found in the postsynaptic 

membrane that is heavily implicated in synaptic plasticity and stabilisation (Hunt et 

al. 1996; Meyer et al. 2014). It has been described as a scaffold or matrix that holds 

together various receptors and their accompanying signalling proteins (Cho et al. 

1992). Within the PSD, there are a large number of glutamate receptors, including 

the N-methyl-D-aspartate (NMDA) receptors and α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) subtypes (Weiler and Greenough 1993; Chen et al. 

2000). Glutamate is the major excitatory neurotransmitter in the central nervous 

system (CNS) and therefore plays a critical role in synaptic plasticity (National 

Academy Medicine 2011; Steeds et al. 2015). Moreover, the glutamate system has 
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been heavily implicated in the cognitive deficits in schizophrenia (Stephan et al. 

2006; Schwartz et al. 2012). NMDA receptors (NMDARs) are prominently involved 

in the molecular mechanisms of synaptic adaptation (Pérez-Otaño and Ehlers 2005), 

with functions such as regulating the migration of neurons (Komuro and Rakic 

1993), strengthening synapses via long-term potentiation (LTP; Harris, Ganong, and 

Cotman 1984), and dendritic spine development (Yasumatsu et al. 2008). AMPA 

receptors are also crucial for LTP and perform critical roles in long-term depression 

(LTD) and the homeostatic scaling of synapses (Diering and Huganir 2018). Faults or 

abnormalities in any of these processes have the potential to have a catastrophic 

impact on neuronal function and adaptation.  

PSD95 is the most abundant scaffolding protein found in the PSD. It is a member of 

the membrane-associated guanylate kinase (MAGUK) group (Chen et al. 2011), 

which play a central role in synaptic plasticity (Kim and Sheng 2004; Funke et al. 

2005). It is capable of recruiting and binding both NMDA and  AMPA receptors to 

the postsynaptic membrane and interacts with numerous other proteins in the PSD 

(Kornau et al. 1995; Nicoll et al. 2006; Chen et al. 2011). The influence that it has 

over the density of these glutamate receptor subtypes at synapses gives PSD95 a 

central role in the modulation and regulation of synaptogenesis as well as synaptic 

strength and maturation (Chen et al. 2011; Coley and Gao 2018). PSD95 is disrupted 

in schizophrenia and levels are decreased in the PFC and hippocampus of patients 

postmortem, with areas of the PFC exhibiting reductions of around 15 - 20% 

(Ohnuma et al. 2000; Catts et al. 2015). The evidence for this disruption is 

compelling and these areas are the most significantly affected in the brains of 

people with the disease (Meyer-Lindenberg et al. 2005). Furthermore, the PFC and 
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hippocampus are central to learning and memory. PSD95-mediated behavioural 

irregularities in glutamatergic synapses are associated with the cognitive deficits 

seen in schizophrenia (Coley and Gao 2018). During neurodevelopment, PSD95 is 

thought to affect dendritic spine densities. Therefore, functional aberrations could 

interfere with the healthy formation or pruning of spines, causing neuropathology 

and cognitive impairment (Coley and Gao 2018). The importance of this process 

during development may explain why cognitive impairments are present before 

other symptoms in schizophrenia, whereas the positive symptoms of schizophrenia 

tend to appear in adolescence or early adulthood (Picchioni and Murray 2007).  

It has been widely theorised that the developmental elimination, often called 

‘pruning’, of synapses may expose dysfunctional synaptic plasticity during this 

period of brain maturation (Paolicelli et al. 2011; Uhlhaas 2011; Boksa 2012).  

Another respected hypothesis posits that those with schizophrenia experience 

synaptic ‘over-pruning’ during adolescence (Feinberg 1982). It is argued that this 

leaves them vulnerable to malfunctions in excitatory and inhibitory 

neurotransmission and neural circuits, perhaps through disrupted cortical 

oscillations (Uhlhaas and Singer 2006; Uhlhaas and Singer 2010). As PSD95 has such 

a substantial impact on synaptogenesis and synapse maturation, it is often used as 

a measure of the structural and functional integrity of excitatory synapses (Chen et 

al. 2008; Shao et al. 2011). There is robust evidence that PSD95 is disrupted in 

schizophrenia and that it is closely linked to the cognitive deficits in the disease. 

PSD95  has also been shown to be significantly reduced in the subchronic 

phencyclidine (scPCP) rodent model in the frontal cortex and ventral hippocampus 

(Gigg et al. 2020). 
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SNAP25 is a target soluble N-ethylmaleimide sensitive factor attachment protein 

receptor (t-SNARE) pre-synaptic protein that is associated with synaptic regulation 

and is used as an indicator for synaptic density (Egbujo et al. 2016). It is an integral 

part of SNARE complexes that regulate the exocytotic release of neurotransmitters 

at synapses (Tafoya et al. 2006). These complexes play a vital part in action 

potential (AP)-dependent release in glutamatergic, cholinergic and GABAergic 

transmission in the central nervous system (CNS; Washbourne et al. 2002; Verderio 

et al. 2004; Delgado-Martínez et al. 2007).  SNAP25 also contributes to other 

processes associated with plasticity, including dendritic spine morphogenesis 

(Jouroukhin et al. 2016), LTP (Jurado et al. 2013), and postsynaptic receptor 

trafficking including NMDARs (Matteoli et al. 2009; Lau et al. 2010; Antonucci et al. 

2016; Gu and Huganir 2016). Because of its importance for successful synaptic 

plasticity, the SNAP25  gene sequence is highly conserved across species (Catsicas et 

al. 1991; Risinger et al. 1997). As a marker for synaptic density, it has been 

proposed as a more sensitive indicator of disrupted connectivity and synaptic 

pathology than other SNAREs such as synaptophysin (Young et al. 1998). In part, 

this is because it is restricted to a subset of terminals often found in the limbic 

system (Oyler et al. 1989). Moreover, synaptophysin has been reported to be 

unchanged in both patients (Fatemi et al. 2001; Young et al. 1998) and in a neonatal 

PCP model for schizophrenia (Karlsen et al. 2013).  

It is thought that SNAP25 plays a role in normal cognition (Gosso et al. 2006) and it is 

frequently implicated in disorders associated with cognitive impairments (Najera et 

al. 2019). Genetic evidence has linked SNAP25 to several neurological conditions 

such as intellectual disability (Rohena et al. 2013), Lewy body dementia 



27 
 

(Mukaetova-Ladinska et al. 2009) and schizophrenia (Carroll et al. 2009). Several 

large genome-associated case-control studies have shown SNAP25 single nucleotide 

polymorphisms (SNPs) are either associated with or are potential risk factors for 

schizophrenia (Cardno and Gottesman 2000; Sullivan et al. 2003; Carroll et al. 

2009). It has also been shown that the DdeI polymorphism of SNAP25 is significantly 

associated with cognitive performance in people with schizophrenia (Kirchner et al. 

2018). SNAP25 has been repeatedly reported to be abnormal in several brain areas 

postmortem in schizophrenia, including the hippocampus (Young et al. 1998; 

Thompson, Egbufoama, and Vawter 2003; Fatemi et al. 2001), entorhinal cortex 

(Young et al. 1998), and prefrontal cortex (Thompson et al. 1998; Karson et al. 

1999; Karlsen et al. 2013).   

There is extensive evidence of synaptic dysfunction in schizophrenia. Aberrations in 

the systems that support and maintain plasticity are heavily implicated in the 

disorder, with many researchers believing these deficits play a causative role (DeLisi 

1997; Friston 2002; Ben-Shachar and Laifenfeld 2004; Stephan et al. 2009; Crabtree 

and Gogos 2014). In the studies described in this thesis, PSD95 and SNAP25 were 

measured to indicate the number and health of synapses in brain areas affected in 

schizophrenia, namely the PFC and hippocampus.  

1.3 Exercise as a treatment for cognition in 
schizophrenia 

There are currently no pharmacological treatments for the cognitive impairments 

experienced by people with schizophrenia. Several causative mechanisms have 

been proposed, although the drugs that modulate these have had mixed results 
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(Ahmed and Bhat 2014) and none has made it to the clinic. Cognitive remediation 

therapy (CRT) has been shown to improve cognition in schizophrenia (Wykes et al. 

2011). However, there are considerable variations in content, structure, aims (e.g. 

‘restorative’ or ‘compensatory’) and delivery of CRT programmes and protocols 

(Mogami 2018). CRT works best when performed for a long duration (14 weeks or 

more) and in conjunction with a comprehensive psychiatric rehabilitation 

programme (Mogami 2018). Known mediators of response to CRT include baseline 

cognition and clinical stability (Twamley et al. 2011) meaning the more unwell a 

patient is, the less CRT might help. CRT alone improves cognitive performance with 

effect sizes in the small-to-medium range (Wykes et al. 2011; Firth et al. 2017; 

Mogami 2018). Current CRT programmes may ameliorate one third to half of the 

cognitive deficit seen in schizophrenia (Nuechterlein et al. 2016). Unfortunately, 

this is a relatively modest improvement, considering the magnitude of the 

impairment, and the benefit to functional outcome is smaller still (Nuechterlein et 

al. 2016). The limited success of CRT has prompted further investigation into other 

non-pharmacological interventions to alleviate the cognitive deficits in 

schizophrenia.  



29 
 

 
Figure 1.1 The number of published documents returned on Scopus when searching 
for papers with keywords, titles or abstracts containing schizophrenia and exercise 
and related terms (Scopus 2019). 

Since the 1990s, the interest in exercise as a therapy for mental illness and 

neurological disorders has increased exponentially. Exercise as a treatment for 

schizophrenia is no exception (Fox et al. 2000), where the number of published 

papers continues to rise year on year  (see Figure 1.1). In the healthy population, 

exercise has been repeatedly demonstrated to improve cognition and brain 

function at every stage of the lifespan (Cotman and Berchtold 2002; Cotman and 

Berchtold 2007a; Hillman et al. 2008; van Praag 2009). Physical activity has also 

been shown to reduce the risk, delay the onset, and slow functional decline in 

Parkinson’s, Huntington’s and Alzheimer’s disease (Podewils 2005; Goodwin et al. 

2008; Radak et al. 2010; Harrison et al. 2013; Arcoverde et al. 2014). A considerable 

literature exists regarding the effects of exercise on depression, including a robust 

meta-analysis confirming that it substantially reduces clinical symptoms (Schuch et 

al. 2016). There is also evidence for the amelioration of cognitive deficits in 

depression, although this remains contentious (Smith et al. 2010; Kvam et al. 2016; 
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Schuch et al. 2016; Brondino et al. 2017; Sun et al. 2018). In schizophrenia, meta-

analyses have demonstrated that exercise can improve positive and negative 

symptoms, global cognition and social functioning in patients (Firth et al. 2015; 

Rosenbaum et al. 2015; Dauwan et al. 2016; Firth et al. 2017). It has also been 

established that the amount and intensity of exercise are predictive of cognitive 

improvements. Studies have shown that higher ‘dosages’ (in minutes per week) and 

more intense exercise correlate with the size of the cognitive effect  (Kimhy et al. 

2015; Firth, Carney, et al. 2018), although meta-analysis reported this at only the 

trend level (p = 0.07; Firth et al. 2017). One study found a significant effect of 

exercise on global cognition (p < 0.05) and that increases in cardiorespiratory 

fitness accounted for one quarter (25.4%, p < 0.01) of improvement (Kimhy et al. 

2015). Most studies to date in schizophrenia have employed aerobic exercise, 

although the specific types, duration and frequency of exercise vary considerably 

(Dauwan et al. 2015; Firth et al. 2015; Rimes et al. 2015; Firth et al. 2017). There has 

been limited research into the benefits of resistance training in schizophrenia or 

schizophrenia spectrum disorders, with only a handful of trials examining changes 

in symptoms (Marzolini et al. 2009; Heggelund et al. 2012; Kim et al. 2014; Leone et 

al. 2015; Svatkova et al. 2015; Silva et al. 2015). Recently, a small pilot study (n = 15) 

examined resistance training in people with schizophrenia versus a balance and 

toning control group and found no difference on symptoms or cognition (Maurus et 

al. 2020). To date, there have been no randomised control trials solely investigating 

resistance training and its effect on cognition in schizophrenia (Firth et al. 2017; 

Keller-Varady et al. 2018), despite evidence that this type of activity is beneficial in 

other populations (Cassilhas et al. 2007; Liu-Ambrose et al. 2010). 
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Table 1.1 Summary of exercise studies adapted from Firth et al. (2017). 

 

Sample Characteristics Exercise intervention Study Details 

Exercise/control 
(n) 

Mean 
Age 

% 
Male 

Session Content Supervision 
Weeks, 

sessions, 
time 

Comparator 
Cognitive Domains 

Examined 

Behere et al. 
(2011) 

17/22 32 76 
Brisk walking, jogging, 
standing/sitting 
exercises. 

Yoga 
instructor  

12wk. 
4wk 
supervised, 
8wk home 

Waitlist (R)  Social cognition  

Campos et al. 
(2015) 

13/16 39 73 
Interactive physical 
activity videogame 
“Move4Health.” 

Rehabilitation 
centre staff  

8wk, 2, 
20min 

TAU (NR) Processing speed  

Ho et al. 
(2016) 

51/49 55 50 
Stretching, walking,  
light weights. 50%–60% 
max O2 consump. 

Mental health 
professionals  

12wk, 
x3, 60min 

Waitlist (R)  Working memory 

Kimhy et al. 
(2015)  

13/13 37 64  
Mixed aerobic exercise.  
60%–75% VO2 peak.  

Physical 
trainer  

12wk, 3, 
60min 

TAU (R)  

Processing speed  

Attention/vigilance 

Working memory  

Verbal learning  

Visual learning  

Reasoning  

Social cognition  
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 Sample Characteristics Exercise intervention Study Details 

Lin et al. 
(2015) 

31/33 25 0 
Treadmill, stationary 
cycling. 50%–60% 
VO2 max.   

Yoga 
instructor  

12wk, 3, 45-
60min 

TAU (R)  

Processing speed 

Attention/vigilance 

Working memory 

Verbal learning 

Malchow et al. 
(2015) 

22/21 37 72 
Stationary cycling, 
individually defined 
intensity 

Sports 
scientist  

12wk, 3, 
30min 

Table football 
+ CR (NR)  

Processing speed  

Working memory  

Verbal learning  

Reasoning  

Nuechterlein 
et al. (2016) 

7/9 23 73 

Aerobic work-
out/callisthenics video. 
60%–80% of max. heart 
rate 

Physical 
trainer  

10wk, 4, 30-
45min 

CR (NR) 

Processing speed 

Attention/vigilance  

Working memory 

Verbal learning 

Visual learning 

Reasoning 

Social cognition 

Oertel-Knöchel 
et al. (2014) 

8/11 42 44 
Circuit training. 60%–
70% of max. heart rate 

Physical 
trainer  

4wk, 3, 
45min 

Relaxation + 
CR (R)  

Processing speed 

Working memory 

Verbal learning 

Visual learning 

Pajonk et al. 
(2010) 

8/8 35  100  
Stationary cycling, 
individually defined  

Study 
investigator  

12wk, 3, 
30min 

Table football 
(R)  

Working memory  

Verbal learning  
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 Sample Characteristics Exercise intervention Study Details 

Svatkova et al. 
(2015) 

16/17 30 82 
Aerobic training 75% of 
max. heart rate and 
resistance training 

Physical 
trainer  

24wk, 2, 
40/20min 

Occupational 
therapy (R) 

Global (IQ) 

Abbreviations: max/maximum; wk/week;min/minute(s);VO2/volume of oxygen; CR/cognitive remediation; R/randomised;NR/not randomised. Cognitive 
domains reported as significant in bold.   



34 
 

In addition to the unknowns around the ideal type of exercise, there is relatively 

little consensus on the most effective frequency, intensity and duration of physical 

activity (Firth et al. 2017). However, meta-analyses have identified some 

requirements and mediators of the effect of aerobic exercise in schizophrenia. 

Firstly, to produce a measurable psychological improvement of any kind it seems 

that 90 minutes of moderate- to high-intensity exercise per week is required, with 

individuals sessions lasting a minimum of 30 minutes (Firth et al. 2015). One meta-

analysis found that only exercise programmes led by physical activity professionals 

(such as certified teachers, physical therapist and exercise physiologists) 

significantly imporved global cognition p < 0.001), but programs led by healthcare 

or research staff did not (p = 0.50). However,  when the physical versus non-

physical professional groups were compared directly there was not a significant 

difference between them (p = 0.19; Firth et al. 2017). Another meta-analysis 

investigated the predictors of drop out of the active (versus control) arm of exercise 

intervention studies in people with schizophrenia. They found that the level of 

qualification of those supervising the activities was the best predictor of study 

dropout rate. Regular contact with qualified fitness professionals significantly 

improved retention rates for people with schizophrenia who were randomised to 

undertake physical training (Vancampfort et al. 2016). Maintaining exercise 

adherence in this population is notoriously challenging. Roughly one in four 

participants assigned to the physical activity group of an experiment fails to 

complete the programme (Vancampfort et al. 2016). This proportion is considerably 

higher than in those in other mental health populations. For example, less than 15% 

of people with depression drop out of the active arm of exercise interventions 
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(Kvam et al. 2016). It has also been demonstrated that providing access to fitness 

facilities does not lead to an increase in physical activity in people with 

schizophrenia (Archie et al. 2003) and sustained supervision is required 

(Vancampfort et al. 2016; Yung and Firth 2017). It is thought this might be because 

of more severe negative symptoms in some individuals. However, there is little 

quantitative evidence for this and the most comprehensive meta-analysis to date 

on the subject found that no patient characteristic (e.g. age, gender, illness 

duration or baseline symptomatology) was predictive of dropout prevalence 

(Vancampfort et al. 2016). Other factors that improve adherence and retention are 

reward provision, motivational interventions (such a motivational interviewing), 

and incorporating physical activity video games into interventions (Vancampfort et 

al. 2016). 

People with schizophrenia have poorer health behaviours than the general 

population, including poor diet, increased incidence of smoking, and physical 

inactivity  (Lambert et al. 2003; Marder et al. 2004). They are more likely to have 

cardiorespiratory issues and roughly 60% of premature, non-suicide deaths in this 

population are related to physical comorbidities (Lambert et al. 2003). 

Antipsychotics increase these problems with side effects such as weight gain (Goff 

et al. 2005), although long-term antipsychotic treatment does not appear to 

increase mortality when other factors (e.g. socioeconomic background, 

antipsychotic dose) are controlled for (Kadra et al. 2018). Improving cardiovascular 

and cardiorespiratory fitness is a proven way to reduce the risk and prevalence of 

physical disorders that are highly associated with schizophrenia (Hillman et al. 

2008; Goff et al. 2005). These include metabolic syndrome (MetS; Saddichha et al. 
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2008), coronary heart disease (Hennekens et al. 2005), hypertension (Goff et al. 

2005), obesity (Ross and Bradshaw 2009), dyslipidaemia (Hennekens et al. 2005), 

insulin resistance, and type two diabetes mellitus (Newcomer 2004). Furthermore, 

there is tentative evidence that improvements in cardiorespiratory fitness are 

associated with improved cognition (Pajonk et al. 2010; Firth et al. 2017; Firth et al. 

2018). Therefore, exercise has the potential to both improve the debilitating 

cognitive deficits in schizophrenia and to reduce the impact of many of the ‘life-

limiting’ comorbidities prevalent in this population (Goff et al. 2005; Laursen 2011; 

Hjorthøj et al. 2017).  

1.3.1 Exercise and its effects on the brain in schizophrenia 

There is accumulating evidence that exercise may improve the persistent and 

disabling cognitive deficits of schizophrenia. It has been shown to improve overall 

cognition with particularly notable effects on attention, working memory and social 

cognition (Firth et al. 2017). However, less is known about the processes by which 

exercise affects cognition. Much of the uncertainty is caused by the somewhat 

bewildering number and complexity of systems that respond to exercise. Those 

mechanisms affecting brain function and cognition are multi-faceted, multi-

directional, highly interrelated, and have intricate temporal effects. For example, 

exercise has been shown to augment brain metabolism via enzyme-linked increases 

in the availability of electron chain components in the Krebs cycle (Berchtold et al. 

2010). Exercise also activates glutamatergic and GABAergic neurotransmitter 

systems responsible for regulating synaptic excitability (Tong et al. 2001). In 

addition to this, physical activity upregulates plasticity-related molecules, including 
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trophic factors such as brain-derived neurotrophic factor (BDNF), insulin-like growth 

factor (IGF), ventricular endothelial growth factor (VEGF) (Cotman and Berchtold 

2007a), as well as synaptic vesicle trafficking molecules such as synapsin 1 (Tong et 

al. 2001). Exercise produces angiogenesis in several brain areas, increasing neuronal 

metabolism by increasing the efficiency of the transportation and delivery of 

oxygen (Berchtold et al. 2010; Kaliman et al. 2011). The countless candidate 

mechanisms continually interact with one another, making it difficult to tease out 

those that are the most important. 

1.3.1.1  Schizophrenia, inflammation and exercise 

It has been demonstrated that there is chronic inflammation in several mental 

illnesses (Perry 2004; Eisch et al. 2008), including schizophrenia (Reif et al. 2006; Di 

Nicola et al. 2013). There is a large body of research reporting elevated 

inflammatory markers in people with schizophrenia, even in first-episode and 

antipsychotic naïve subpopulations (Doorduin et al. 2009; Meyer et al. 2011; Miller 

et al. 2011; Na et al. 2014; Noto et al. 2015). Higher levels of inflammatory markers 

in people with schizophrenia are significantly correlated with neurocognitive 

dysfunction (tumour necrosis factor α [TNF-α] and interleukin [IL] 12) and poor daily 

functioning (TNF-α; Kogan et al. 2018). In addition to CNS inflammation being 

associated with neurocognition, it is also increased in sub-populations of patients 

with prevalent and persistent negative symptoms (Garcia-Rizo et al. 2012). This 

association suggests that ameliorating this low-grade chronic inflammation may 

improve both cognition and the negative symptoms in schizophrenia. 
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The concept that schizophrenia is linked to immune function is far from new (Wise 

and Babcock 1896; Buckley 2019). It is well-known that prenatal maternal infection 

is a risk factor for schizophrenia (Mednick et al. 1988; Khandaker et al. 2013).  

However, the vulnerability to the inflammatory-mediated risk of psychiatric 

disorders does not end postnatally (Khandaker et al. 2013). Elevated levels of 

inflammatory markers in childhood are correlated with a higher risk of developing 

psychosis and other mental illnesses (Khandaker et al. 2015). Similarly, the risk of 

developing schizophrenia is almost doubled in adults who survived childhood CNS 

infections (Khandaker et al. 2012). One of the most significant findings implicating 

the immune system in schizophrenia came from a genome-wide association study 

that identified 108 gene loci associated with its development. The data revealed a 

substantial overlap with genes involved in immune function (Ripke et al. 2014). 

People with schizophrenia also have a higher incidence of autoimmune disorders, 

as do their unaffected first-degree relatives (Eaton et al. 2006). Many find the 

evidence implicating the immune system in schizophrenia compelling and propose 

inflammation has a central role in the disease (Müller and Schwarz 2006; Fan et al. 

2007; Müller 2018).  

People with schizophrenia exhibit elevated levels of pro-inflammatory cytokines 

compared to the general population (Miller et al. 2011). The most consistent 

findings are for increased levels of IL-1β, IL-6, and TNF-α (Zajkowska and Mondelli 

2014). IL-1β and IL-6 are seen in higher concentrations during an acute psychotic 

relapse decline after antipsychotic treatment and the remission of symptoms 

(Miller et al. 2011). In contrast, TNF-α remains unchanged by treatment (Miller et 

al. 2011). There are some caveats to be kept in mind when discussion inflammatory 
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markers. Firstly, the classification of pro- and anti-inflammatory cytokines (and 

myokine, in the case of IL-6) as binary is oversimplified. Some have both properties, 

depending on a variety of factors (Müller 2018). Furthermore, studies rarely control 

for confounding factors such as BMI, smoking status, sleep, sex, or medication 

(Miller et al. 2011). Finally, although inflammation is believed to increase the 

permeability of the blood-brain barrier, facilitating the dispersion of immune 

components into the brain (Engelhardt and Sorokin 2009), peripheral immune 

activation does not necessarily reflect the circumstances in the brain (Müller and 

Bechter 2013). 

Cardiometabolic disorders,  such as metabolic syndrome (MetS) and insulin 

sensitivity, are much more prevalent and occur at an earlier age in people with 

schizophrenia (Hennekens et al. 2005; Vancampfort et al. 2013). These 

cardiometabolic disorders, and unhealthy behaviours such as smoking and poor 

diet, result in systemic inflammation. Systemic inflammation increases CNS 

inflammation, which is associated with a decline in cognitive function (Dik et al. 

2007) and is present in at least a subset of people with schizophrenia (Müller 2018). 

Therapies that reduce systemic inflammation are likely to improve 

neuroinflammation, and early studies augmenting antipsychotics with anti-

inflammatory drugs looked promising (Müller 2018). Unfortunately, the largest 

multicentre, double-blind, placebo-controlled trial using an anti-inflammatory agent 

(minocycline) to date reported no effect on peripheral inflammatory markers, 

positive or negative symptoms, brain imaging, or neurocognition (Deakin et al. 

2018; Buckley 2019).  
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Exercise has been described as ‘anti-inflammatory’ and activates a cascade of 

cytokine activity (Petersen and Pedersen 2005; Gleeson et al. 2011). Exercise lowers 

circulating levels of TNF-α and IL-6, although IL-6 concentration is increased before 

it is reduced (see Figure 1.2). The IL-6-prompted cytokine cascade is triggered after 

high-intensity exercise over longer durations but even small amounts of moderate 

exercise have proven health benefits (Gleeson et al. 2011). A detailed account of 

every way that exercise affects the body is beyond the scope of this chapter. 

Nonetheless, exercise is a well-evidenced, potent and effective anti-inflammatory, 

shown to reduce systemic inflammation significantly (Booth and Lees 2006). Low-

grade systemic inflammation, similar to that described in schizophrenia, has 

neurodegenerative effects (Leonard 2007). Therefore, increasing cardiorespiratory 

fitness through regular physical activity can reduce systemic inflammation, in turn 

improving brain health. 
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Figure 1.2. Changes in cytokines in sepsis and exercise. In sepsis (A), the cytokine 
cascade within the first few hours consists of TNF-a, IL-1β, IL-6, IL-lra, TNF-R, and IL-
10. The cytokine response to exercise (B) does not include TNF-a and IL-1β but does 
show a marked increase in IL-6, which is followed by IL-lra, TNF-R, and IL-10. 
Increased CRP levels do not appear until 8-12 h later. Tumour necrosis factor-α is 
abbreviated to TNF, interleukin 1 beta to IL-1β, interleukin 6 to IL-6, interleukin 1 
receptor agonist to IL-1ra, soluble TNF receptor to TNF-R, interleukin 10 to IL-10, 
and C-reactive protein to CRP. Adapted from (Petersen and Pedersen 2005). 

1.3.1.2  Exercise promotes plasticity 

How exercise improves cognition in schizophrenia is still not fully understood. It is 

believed that exercise can increase plasticity through neurogenesis and 

synaptogenesis in the brain, which then improves cognition. Exercise has been 

posited to increase cognitive performance by improving the trophic environment in 

the brain as a result of its anti-inflammatory properties (Vancampfort et al. 2014). 

In non-primate animals, there is compelling evidence that exercise induces 

neurogenesis (van Praag et al. 1999), brain angiogenesis (Isaacs et al. 1992), and 

can modulate neurotrophic factors such as BDNF (Cotman and Berchtold 2007a). All 

are processes that support healthy brain plasticity (Cotman and Berchtold 2002). 

Animal work demonstrates that exercise, BDNF, neurogenesis and cognition are 

linked (Berchtold et al. 2005; Cotman and Berchtold 2007b; Ding et al. 2011). 
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However, this association is less robust in primates and humans and the evidence is 

contentious (Sorrells et al. 2018).  

Assuming the human brain does respond to exercise in a similar way to non-

primate animals, there are two prominent theories as to how it influences cognition 

in schizophrenia. The first is that exercise increases brain volume via neurogenesis. 

It is thought that this can correct volume loss observed in patients, resulting in 

improved cognition (Firth et al. 2017). The second is that exercise increases levels of 

BDNF, improving the trophic environment in the brain and improving plasticity.  

These phenomena are thought to be highly interrelated and appear to have the 

most significant effects in the hippocampus (Firth et al. 2017), a brain area heavily 

associated with learning and memory (Heckers et al. 1998; Meyer-Lindenberg et al. 

2005). 

People with schizophrenia tend to have reduced volume in the temporal lobe with 

consistent evidence that hippocampal and parahippocampal areas are smaller than 

controls (Pantelis et al. 2003; Vita et al. 2006; Steen et al. 2014; Fayed et al. 2019). 

Antipsychotics may be able to partially correct hippocampal volume (Chakos et al. 

2005; Panenka et al. 2007), but the evidence is inconsistent (Ho et al. 2011). 

Nonetheless, even a small improvement in hippocampal volume is correlated with 

improvement of symptoms (Panenka et al. 2007). The publication of an influential 

study by Pajonk and colleagues (2010)  reported that exercise was able to increase 

hippocampal volume. In addition to this, the increases correlated with 

improvements in cognition. In this experiment, people with schizophrenia were 

assigned to stationary bicycle training or a control condition of table football. The 
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exercising group showed improvements in short-term memory that were 

associated with the augmentation of the hippocampus and the authors posited that 

exercise stimulated neurogenesis in this brain area, enhancing cognition. However, 

subsequent studies have not had such clear-cut results. While some reported 

exercise-related increases in volume (Pajonk et al. 2010; Lin et al. 2015; Malchow et 

al. 2016), cortical thickness (Scheewe et al. 2013) and white-matter tract integrity 

(Svatkova et al. 2015), others observed no changes (Rosenbaum et al. 2015; 

Scheewe et al. 2013). A further blow to the neurogenesis hypothesis came when a 

recent meta-analysis found that exercise was not able to increase total 

hippocampal volume in humans, although a larger left hippocampus was associated 

with physical activity (Firth et al. 2018). The authors concluded that exercise might 

not increase volume per se, but agreed with an earlier review that it could protect 

neurogenesis, preventing volume losses (Voss et al. 2011; Firth et al. 2018). 

It is widely accepted that exercise improves cognition in schizophrenia (Firth et al. 

2017). However, the specific ways that it achieves this remain enigmatic. When 

others were not able to replicate the findings of Pajonk et al. (2010), the conflicting 

evidence resulted in a shift of focus from grey and white matter volume. It is 

thought BDNF may mediate the relationship between exercise, neurogenesis and 

brain volume (Szuhany et al. 2015). Exercise-induced upregulation of BDNF 

improves brain health and neuroplasticity through multiple pathways, arguably 

making it more relevant than volume for learning and memory (Kimhy et al. 2015). 

Animal work shows a clear relationship between exercise, upregulation of BDNF, 

and improvement in cognition (Vaynman et al. 2004). However, the evidence for 

BDNF in schizophrenia is also contradictory (Firth et al. 2017). Of the studies 
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described in the literature, two reported significant increases in circulatory BDNF 

(Kuo et al. 2013; Kim et al. 2014), two reported non-significant increases (Kimhy et 

al. 2015; Nuechterlein et al. 2016), and one found no difference at all (Silva et al. 

2015). Despite this, increases in BDNF levels were significantly associated with 

improved cognition in the three studies that examined this relationship. This effect 

was present even when there was no significant increase in BDNF levels (Kuo et al. 

2013; Kim et al. 2014; Kimhy et al. 2015). These data suggest that exercise may 

cause an increase in peripheral BDNF in those with schizophrenia, improving 

cognition (Firth et al. 2017). However, the effect size may be small and therefore 

only observable in larger sample sizes (Firth et al. 2017; Naegelin et al. 2018).  

Beyond brain volume and BDNF, exercise can improve or even reverse other brain 

abnormalities seen in patients with schizophrenia. For example, vascular deficits 

have been reported in early and chronic stages of the disease (Hanson and 

Gottesman 2005; Iwashiro et al. 2012; Kanahara et al. 2013; Woodward et al. 2018). 

People with schizophrenia exhibit reduced blood flow to frontal and temporal brain 

regions, which may contribute to cognitive deficits (O’Brien et al. 2003; Hanson and 

Gottesman 2005). Furthermore, vascular abnormalities are linked with cognitive 

dysfunction in other disorders, such as vascular dementia, and can produce 

psychotic symptoms (O’Brien et al. 2003; van der Flier et al. 2018). Exercise 

stimulates angiogenesis in several brain areas including the hippocampus (Lopez-

Lopez et al. 2004) and cortex (Kleim et al. 2002). Increased oxygen delivery 

increases neurotrophin levels and improves neuronal metabolic activity and 

resilience to stress (Kaliman et al. 2011). 
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Effective communication between brain areas is required for cognition (Deary et al. 

2010), and schizophrenia is associated with both anatomical and functional 

dysconnectivity (Stephan et al. 2009). For example, white matter tract integrity is 

compromised in the brains of patients (Kelly et al. 2018) and is linked to deficits in 

several cognitive domains (Alloza et al. 2016; Knöchel et al. 2016; Hidese et al. 

2017). Aerobic exercise not only protects white matter integrity but also improves it 

in people with schizophrenia (Svatkova et al. 2015). White matter pathology is 

connected to neuroinflammation even in first-episode psychosis (Najjar and 

Pearlman 2015). Therefore, exercise may alleviate this pathology through its anti-

inflammatory effects (Chaddock-Heyman et al. 2018) and an improved trophic 

environment (e.g. the upregulation of VEGF and IGF) is thought to enhance 

cerebrovascular health (Cotman and Berchtold 2007a). Angiogenesis improves 

oxygen and nutrient delivery to the brain (Black et al. 1990; McDonnell et al. 2013; 

Chaddock-Heyman et al. 2016) and cardiorespiratory fitness is correlated with 

white matter volume and integrity (McDonnell et al. 2013). In summary, physical 

activity promotes several mechanisms that support white matter health and 

subsequently healthy brain connectivity. 

1.4 Modelling schizophrenia 

1.4.1 Phencyclidine and schizophrenia-like behaviour 

Phencyclidine (PCP), like ketamine, is an N-methyl-D-aspartate receptor (NMDAR) 

antagonist and a dissociative anaesthetic. PCP was used in humans until 1965 when 

it was discovered that it caused severe side-effects in the form of behavioural 

disturbances. Ketamine continues to be used as an anaesthetic as the side effects 
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are less common and comparatively brief in duration (Javitt 2015). Reported PCP-

induced adverse reactions include mania, rigidity, catatonia, delusions and 

disorientation that lasts from a few hours to over a week (Greifenstein et al. 1958). 

There is robust evidence that a single low dose (0.05 – 0.1 mg/kg) in healthy 

volunteers can cause schizophrenia-like symptoms, including catatonic posturing, 

bodily distortion, depersonalisation (Cohen et al. 1960), idiosyncratic and rigid 

thinking, withdrawal, and ambivalence (Javitt 2015). PCP also causes changes in 

cognition such as deficits in symbolic thinking, (Cohen et al. 1960), perception (Luby 

et al. 1959) and attention (Javitt 2015). The cognitive disruptions of PCP have been 

described as ‘strikingly similar’ to those of schizophrenia (Javitt 2015; Domino and 

Luby 2012). If individuals with chronic stable schizophrenia take PCP, their 

symptoms are exacerbated and they appear to return to the acute phase of the 

illness (Domino and Luby 2012) and these effects can be observed for a month and 

more (Luby et al. 1959). In the 1960s, PCP became a common drug of abuse and 

people frequently arrived in hospitals intoxicated. In North America, this was 

termed ‘street psychosis’ (Domino and Luby 2012) and, based purely on the 

presentation of symptoms, many psychiatrists deemed that PCP-induced 

behaviours were indistinguishable from schizophrenia (Yesavage and Freman 1978; 

Erard et al. 1980).  

Several research groups replicated schizophrenia-like behavioural and cognitive 

changes following PCP administration in healthy volunteers (Domino and Luby 

2012). Furthermore, people who abuse PCP may also present with stereotypy and 

hypertension, issues often seen in schizophrenia (Javitt 2015). There has been some 

dispute in the literature around auditory and visual hallucinations and there is 
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conflicting evidence on whether PCP can recreate these disturbances. Several 

reports state that PCP does produce both types of hallucination (Giannini et al. 

1984; Jentsch and Roth 1999; Steeds et al. 2015), while others argue that these 

fundamental aspects of schizophrenia are not reproduced by the drug (Krystal et al. 

1994; Domino and Luby 2012). Several authors concluded that lysergic acid 

diethylamine (LSD) was able to produce a syndrome resembling the positive 

symptoms of acute schizophrenia, whereas NMDAR antagonists like PCP are only 

able to simulate some relevant negative behaviours and cognitive deficits (Domino 

1964; Krystal et al. 1994; Domino and Luby 2012). Despite this debate around PCP’s 

ability to reproduce the positive symptoms of schizophrenia, it is widely accepted 

that NMDAR antagonists do generate behaviours analogous to the chronic state of 

schizophrenia. That is, NMDAR antagonists can simulate schizophrenia-like negative 

symptoms and cognitive deficits (Domino 1964; Krystal et al. 1994; Krystal et al. 

2005; Domino and Luby 2012).  

From the initial observations in the clinic and the decades of research that has 

followed, PCP was identified as a possible pharmaceutical agent to induce 

schizophrenia-like behaviour in animals.  PCP treatment in animals produces a 

range of behavioural changes similar to abnormalities found in patients (Jentsch 

and Roth 1999; Jones et al. 2011; Steeds et al. 2015). For example, acute PCP 

impairs prepulse inhibition (PPI; Wiley 1994) although this effect does not last more 

than a few days after treatment stops (Egerton et al. 2008). Acute PCP treatment 

also induces hyperlocomotion in animals, used as an analogue of positive symptoms 

(Kalinichev et al. 2008; Jones et al. 2011). Subchronic administration of PCP (scPCP) 

in rodents also reduces social interaction, used to measure social withdrawal 
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(Seillier and Giuffrida 2017) to investigate behaviour comparable to the negative 

symptoms of schizophrenia (Jenkins et al. 2008). Moreover, rodent scPCP models 

induce persistent cognitive deficits that are of relevance to schizophrenia (Jones et 

al. 2011; Cadinu et al. 2018).  

It has been argued that subchronic NMDAR antagonist protocols are the best of the 

pharmacological models of schizophrenia  (Gururajan et al. 2010) as they have good 

predictive validity (Costall and Naylor 1995). In most part, this is due to their 

causing schizophrenia-like behaviour in healthy people and exacerbating symptoms 

of those with schizophrenia (Erard et al. 1980; Balster and Chait 1976; Jones et al. 

2011; Javitt 2015). The scPCP rat model for schizophrenia is a widely used and well-

validated model that produces schizophrenia-like behavioural and cognitive 

abnormalities (Neill et al. 2010; Neill et al. 2014; Doostdar et al. 2019). Female 

animals were used in this study as they exhibit a more robust performance on the 

novel object recognition (NOR) task compared to males and there is no effect of the 

oestrus cycle on their performance (Sutcliffe et al. 2007). In addition to this, the 

national institute of health (NIH) have called for ‘balance’ in preclinical work, i.e. an 

end to animal research employing solely male animals (Clayton and Collins 2014). 

There is evidence that female rats, but not males, have persistent down-regulation 

of brain BDNF mRNA (Snigdha et al. 2011). This is of relevance because BDNF-

mediated neurogenesis is one of the proposed mechanisms by which exercise 

ameliorates cognitive deficits in schizophrenia (Pajonk et al. 2010).  
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1.4.2 Phencyclidine and schizophrenia-like brain changes 

NMDAR antagonists can induce changes in the brain that are comparable to those 

seen in schizophrenia and this has been reported in both humans and animals (Neill 

et al. 2014; Steeds et al. 2015; Doostdar et al. 2019). Chronic users of PCP or 

ketamine demonstrate various changes in the frontal lobe similar to those in people 

with schizophrenia (Abdul-Monim et al. 2007; Jenkins et al. 2008; McKibben et al. 

2010). For example,  D1 dopamine receptors are upregulated, which is associated 

with dopaminergic hypofunction, and both blood flow and grey matter volume are 

reduced in the frontal cortex (Narendran et al. 2005; Liao et al. 2011; Stone et al. 

2014; Steeds et al. 2015). The negative symptoms of schizophrenia are thought to 

involve frontal lobe dysfunction (Wolkin et al. 1992) and the upregulation of 

dopamine receptors is associated with cognitive impairments (Narendran et al. 

2005). Subchronic PCP treatment reduces global brain volume and produces 

schizophrenia-like structural abnormalities such as ventricular enlargement, 

decreased hippocampal volume, and cortical thinning (Barnes et al. 2015). PCP also 

elicits hyperresponsiveness to both amphetamine administration and mild stress in 

the mesolimbic dopamine pathways, something reported in schizophrenia (Jones et 

al. 2011; Domino and Luby 2012). Furthermore, first- or second-generation 

antipsychotics attenuate this PCP-induced sensitisation (Steeds et al. 2015; Phillips 

et al. 2001).  

Glutamatergic pathways play a critical role in synaptic plasticity (Steeds et al. 2015) 

and the system been heavily implicated in the cognitive deficits in schizophrenia 

(Stephan et al. 2006; Schwartz et al. 2012). There is decreased glutamate release in 
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the frontal and temporal lobes in schizophrenia implicating the neurotransmitter in 

its pathology (Sherman et al. 1991). The NMDA subtype of glutamate receptor is 

involved in the molecular mechanism of synaptic adaptation (Pérez-Otaño and 

Ehlers 2005), with functions such as regulating the migration of neurons (Komuro 

and Rakic 1993), strengthening synapses via long-term potentiation (LTP) (Harris et 

al. 1984), and dendritic spine development (Yasumatsu et al. 2008). Therefore, 

NMDARs participate in multiple cellular pathways implicated in the disease (Ahmed 

and Bhat 2014). Subchronic treatment with the NMDAR antagonist PCP also 

produces these structural and functional abnormalities comparable to those seen in 

schizophrenia (Ellison and Sweet 1993; Reynolds et al. 2004; Hajszan et al. 2006; 

Abdul-Monim et al. 2007; Jenkins et al. 2008; McKibben et al. 2010; Pratt et al. 

2008; Dawson et al. 2014). NMDAR antagonists disrupt LTP (Maren 1999), causing 

abnormalities in synaptic plasticity (Deakin and Simpson 1997). PCP also reduces 

prefrontal dendritic spine density (Hajszan et al. 2006) and causes the degeneration 

of neurons in several brain areas (Ellison and Sweet 1993).  These changes occur in 

a way in-keeping with schizophrenia (Keshavan et al. 2008).  

In schizophrenia, there is evidence of disrupted ƴ-aminobutyric acid (GABA) 

interneuron migration (Akbarian et al. 1993),  neuronal atrophy (Sweet et al. 2004), 

and reduced dendritic spines (Sweet et al. 2009). Deficits in parvalbumin (PV) 

containing GABAergic interneurons occur in schizophrenia and these disruptions in 

the brain are well documented (Beasley and Reynolds 1997; Danos et al. 1998; 

Zhang and Reynolds 2002; Nakazawa et al. 2012). Similar changes have also been 

observed in NMDAR antagonist rodent models (Egerton et al. 2005). For example, 

repeated treatment with the NMDAR antagonist ketamine produces a reduction in 



51 
 

PV and glutamate acid carboxylase 67 (GAD67) expression in a subpopulation of 

cortical inhibitory interneurons that are similarly affected in schizophrenia (Volk et 

al. 2000; Behrens et al. 2007). GABAergic deficits have been identified in several 

areas in schizophrenia (Beasley et al. 2002; Zhang and Reynolds 2002; Neill et al. 

2010), including the PFC (Cochran et al. 2003), hippocampus (Keilhoff et al. 2004; 

Behrens et al. 2007), and thalamus (Cochran et al. 2003; Jones et al. 2011). GAD67 is 

a GABA-synthesising protein and its decreased expression in the PFC is one of the 

most robust findings in the brains of people with schizophrenia (Guidotti et al. 

2000; Volk et al. 2000; Hashimoto et al. 2003). The mRNA expression of GAD67, 

GAD65 and the pre-synaptic transporter GABA transporter 1 (GAT1) is diminished 

after chronic intermittent PCP (Bullock et al. 2009). Once again, these changes 

corresponded with those observed in the brains of people with schizophrenia 

(Bullock et al. 2009; Jones et al. 2011). 

1.4.3 Measuring cognitive deficits of relevance to schizophrenia 

The National Institute of Mental Health Mental Health’s Measurement and 

Treatment Research to Improve Cognition in Schizophrenia (NIHM-MATRICS) 

conference identified seven domains of cognition affected in people with 

schizophrenia. There are working memory; attention/vigilance; verbal learning and 

memory; visual learning and memory; reasoning and problem solving; speed of 

processing; and social cognition (Green et al. 2004). The PCP animal model for 

schizophrenia has been shown to reliably produce deficits in tasks corresponding at 

least five of these (Neill et al. 2010; Jones et al. 2011). Verbal learning and memory 

are the most profoundly altered of any of the cognitive domains affected in 
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schizophrenia (Hagan and Jones 2005). Unfortunately, it is not possible to 

reproduce these uniquely human attributes in an animal model (Powell and 

Miyakawa 2006). Areas of cognition that have been modelled and are of relevance 

to schizophrenia include working memory (via the delayed alternation task; Jones 

et al. 2011), reasoning and problem solving (using tasks such as attentional set-

shifting; Idris et al. 2010); and visual learning and memory (using the NOR test; 

Grayson et al. 2015).  

Visual learning and memory is a cognitive domain that is adversely affected by 

schizophrenia (Keefe and Harvey 2012). A large meta-analysis showed that 

recognition memory, and in particular visual recognition memory,  is significantly 

impaired in the disease (d = 0.76, Pelletier et al., 2005; Lyon et al. 2012). Deficits in 

recognition memory were linked to both general and negative symptom severity 

and disease duration (Pelletier et al. 2005), making visual recognition memory a 

domain of interest in clinical and preclinical research (Lyon et al. 2012). The NOR 

behavioural task is widely used as a test of recognition memory in rodents (Grayson 

et al. 2007). The NOR task (also known as spontaneous object recognition; SOR) is 

ethologically valid and uses a rat’s natural preference for novelty (Ennaceur and 

Delacour 1988), a preference also seen in humans (Young et al. 2012) and non-

human primates (Nemanic et al. 2004). A version of NOR involving preferential 

looking at novel stimuli is often used to assess visual recognition memory in infants 

(Overman et al. 1993). The rodent NOR task does not require reward and therefore 

food restriction is also unnecessary (Grayson et al. 2014). Eliminating this regulated 

procedure (Home Office [UK] 1986) reduces suffering and improves animal welfare 

(Tannenbaum and Bennett 2015). Therefore, the NOR task is less stressful than 
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paradigms that require positive or negative reinforcement (Dere et al. 2007). 

Animals can perform this test without training meaning it can be done quickly and 

reasonably easily (Puma et al. 1998). It has been argued that the lack of training 

required and the low levels of arousal or stress make NOR a better representation 

of how human recognition memory is measured (Ennaceur and Delacour 1988; 

Dere et al. 2007). Additionally, the MATRICS Treatment Units for Research and 

Neurocognition in Schizophrenia (TURNS) subcommittee has endorsed the NOR 

task as a tool to measure cognitive deficits of relevance in schizophrenia (Young et 

al. 2006).  

The NOR task consists of three stages: acquisition (also known as the sample 

phase); the intertrial interval (ITI); and retention (also referred to as the choice 

phase; please see 2.5.2 for a full description of the NOR task, including habituation). 

The task is used to detect changes in non-spatial memory and intertrial intervals 

can be adjusted to measure short- versus long-term recall (Grayson et al. 2007; 

Young et al. 2012).  With ITI’s of five minutes or less, lesion studies in rodents and 

non-human primates have shown that the perirhinal cortex and the prefrontal 

cortex (PFC)  are crucial for novel object recognition memory (Hammond et al. 

2004; Grayson et al. 2007; Snigdha et al. 2011; Grayson et al. 2014; Young and 

Geyer 2015; Cadinu et al. 2018). The hippocampus is also implicated in recognition 

memory although there is evidence that hippocampal-dependent impairments may 

only be seen with ITI’s of three or more hours. A possible explanation for this is that 

the hippocampus is involved in all object recognition but parahippocampal 

structures can support short-term recollection (Hammond et al. 2004). The 

hippocampus is involved in normal memory formation, processing, recognition and 
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temporal encoding of experience (Antunes and Biala 2012). The hippocampal and 

parahippocampal structures are heavily implicated in the neuropathology of 

schizophrenia, with abnormalities in these areas being among the most robust 

findings from neuroimaging studies (Haijma et al. 2013; van Erp et al. 2016; van Erp 

et al. 2018; Doostdar et al. 2019). This common neuroarchitecture is further 

support for the NOR paradigm as a test of relevance for the cognitive deficits seen 

in schizophrenia (Rajagopal et al. 2010; Redrobe et al. 2010).  

1.5 Aims and objectives 

Schizophrenia is a disabling mental illness, characterised with persistent and 

pervasive cognitive deficits. It is a heterogeneous disorder associated with various 

genetic and environmental risk factors and onset in adolescence or early adulthood. 

Of the symptoms of schizophrenia, the cognitive deficits are the most detrimental 

to functioning and impairments are present in several domains, such as verbal and 

visual memory and attention. There are no drug therapies to improve cognition in 

schizophrenia and non-drug interventions, such as CRT, are only moderately 

effective. People with schizophrenia tend to have many comorbidities that 

contribute to a shortened life span and these include a wide range of 

cardiometabolic disorders. Exercise is effective at ameliorating cognitive deficits 

observed in schizophrenia and improving fitness in this population reduces the 

impact of these associated comorbidities. Despite an understanding of how 

exercise impacts the brain in other populations, it is unclear how exercise exerts its 

pro-cognitive effects in schizophrenia. 
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This thesis aimed to investigate if the cognitive benefits of exercise could be 

observed in an animals model of relevance to schizophrenia and how this was 

reflected in the brain.  To achieve this, the objectives were as follows:- 

• To establish and validate an scPCP exercise paradigm in rats; 

• Investigate the effects of voluntary wheel running on cognition in the NOR 

(visual recognition) test in the scPCP rat model for schizophrenia; 

• Ascertain the duration wheel running was able to ameliorate the NOR deficit 

after exercise cessation; 

• Investigate changes in biological markers of neural and synaptic health in 

active and sedentary scPCP animals and controls. 
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Chapter 2 General Methods 

2.1 Subjects 

All subjects were female Lister-hooded rats (Charles River, 250g ±50g at the 

beginning of the experiment). Female animals were used in this study as they 

exhibit a more robust performance on the NOR task compared to males, and there 

is no effect of the oestrus cycle on performance (Sutcliffe et al. 2007). Moreover, 

analyses of a large number of behavioural datasets revealed that male rodents 

showed a greater variation in performance than females (Prendergast et al. 2014; 

Leger et al. 2016). In addition to this, the National Institute of Health (NIH) has 

called for ‘balance’ in preclinical work, i.e. an end to animal research employing 

solely male animals (Clayton and Collins 2014). Regarding activity levels, there is a 

well-replicated and clear effect of the four-day oestrous cycle on wheel running, 

with the highest levels on the night of proestrus (Anantharaman-Barr and 

Decombaz 1989; Kent et al. 1991; Lightfoot et al. 2004; Giles et al. 2010). All 

experimental groups comprised exclusively of intact female rats of the same breed 

from the same supplier. Therefore, the effects of the oestrus cycle on activity levels 

were controlled for during experimental comparisons. Concern about the stages of 

the oestrous cycle where wheel running is lower is not warranted because, despite 

fluctuations, female rodents have been shown to run an average of 20% further 

38% faster than their male counterparts (Lightfoot et al. 2004). 

Rats were housed in groups of five in a temperature (21 ±2°C) and humidity (55 

±5%) controlled environment. Cages were individually ventilated and had two levels 
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with solid plastic floors (see figure 2.1; Techniplast Group, UK). Rats were housed 

with environmental enrichment of paper sizzle nest (Datesand Group, UK) and 

cardboard tunnels (Datesand Group, UK) as standard. Nutritionally complete food 

(Special Diet Services, Ltd., Essex, England) and purified water were available ad 

libitum in both home and wheel/control cages (see section 2.3 for details).  

 

Figure 2.1 The Techniplast™ Double-Decker rat home cage (Techniplast Group, UK) 

 

Animals were housed in a reverse light cycle (lights off at 08:30 and on at 20:30) as 

rats are nocturnal and therefore most active during their dark cycle. Pilot 

investigations that compared wheel running behaviour during rats’ light and dark 

cycle confirmed animals ran the furthest and for the longest on wheels during the 

middle third of their dark cycle (data not shown). Therefore, a reversed light cycle 

was used in the room in which the rats were housed and exercised. This reversal 

was for the convenience, health, and safety of the researchers and animal facility 
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staff. Researchers and technicians used a red-light lamp or red-filtered headlamp if 

required. To avoid inadvertent light exposure, the door to this room was kept shut, 

and cages were covered with blankets when being transported or when in rooms 

with different ambient light patterns. All running and experiments took place in the 

middle third of the rats’ dark cycle (12:30 to 16:30). The order in which rats were 

transferred to their experimental cages changed each day. Similarly, rats underwent 

behavioural testing in a rotating order to control for any effects that diurnal rhythm 

may have. Experiments were designed and conducted to be humane and 

scientifically rigorous, applying ‘the 3Rs’ (Prescott and Lidster 2017) and observing 

Festing and Altman’s (2002) guidelines. All animal procedures were carried out in 

accordance with the UK Home Office Animals (Scientific Procedures) Act 1986 

(project number 40/9146, protocol 19b) and were approved by the University of 

Manchester AWERB (Animal Welfare and Ethical Review Body). 

2.2 Subchronic PCP dosing regime 

Vehicle (0.9% saline; n = 20) and phencyclidine hydrochloride (PCP; 2mg/kg; Sigma-

Aldrich, UK; n = 20) were administered by intraperitoneal (i.p.) injection at a volume 

of 1mL/kg. This was done once in the morning and once in the afternoon each day 

for seven days. After seven days of PCP treatment, a seven-day washout period was 

observed (Figure 2.2). This was to ensure that animals were drug-free and that their 

behaviour was not influenced by the psychomimetic effects of systemic PCP (such 

as motor stimulation) or withdrawal from the drug (Jentsch and Roth 1999; Snigdha 

et al. 2011).  
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Figure 2.2 Diagram of the subchronic PCP dosing schedule 

2.3 Wheel habituation and group randomisation 

Animals were pseudo-randomised into four groups of 10 (see Figure 2.3): 10 were 

treated with vehicle and were in the control condition; 10 were treated with vehicle 

and were in the exercise condition; 10 were treated with PCP and were in the 

control condition; ten were treated with PCP and were in the exercise condition. 

Rats were individually habituated to the 30cm running wheels over three 

consecutive days. The habituation took place for one hour in the middle third of 

their dark cycle (12:30 to 16:30).  
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Figure 2.3 Diagram showing treatment, group N numbers and experimental 
conditions. Subchronic treatment with phencyclidine is abbreviated to PCP. 

Rat’s total distance and time were measured over the three sessions by a cycle 

odometer. Means were calculated for each animal and the mean distance run was 

used to classify each rat as a ‘high’ or ‘low’ runner. Rats that had a mean distance 

run of 50 metres or more were arbitrarily categorised as high runners. Animals with 

a mean run distance of 50 metres or less were classified low runners, including 

those who did not run at all. If there were a majority of high runners in one cage 

(i.e. three or more in a cage of five), that cage would be classified as a ‘high’ running 

cage. Correspondingly, if the majority were classified as low runners, the cage 

would be classified as a ‘low’ running cage. These categories were then used to 

ensure that there was one high and one low running cage in each condition (vehicle 

control; vehicle exercise; scPCP control; and scPCP exercise, see Figure 2.3) to 

control for the influence of running preference. Two cohorts of rats were 

habituated to the wheels and used in two experiments (described in detail in Table 
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2.1). For both studies, a one-way ANOVA was run to compare the mean distances 

the rats’ ran during habituation in metres between the four groups. For the first 

cohort of rats habituated, there was a significant effect between groups, F(1,39) = 

2.90, p < 0.05. Post-hoc Bonferroni adjusted t-tests revealed a difference in mean 

distance run between the vehicle control and vehicle exercise groups (MD = -11.50, 

SE = 0.04), p < 0.05. This difference, while statistically significant, was not deemed 

problematic as it would not influence the experimental hypothesis. That is, there 

was no expectation of a cognitive deficit in the vehicle animals, and no 

hypothesised difference in NOR task performance before and after exercise or 

control condition. For the second cohort, there were no significant differences in 

the mean running distance in metres between groups, F(1,39) = 0.197, p = 0.90). 

Please see appendix, section 8.1 for habituation data.  

Table 2.1 A summary of the four experimental groups/conditions. 

Group/Condition Name Description of treatment and activity 

Vehicle control group 

Group treated with vehicle (saline) according to the 

procedure outlined in Figure 2.2. 

Group put in individual cages for 1 hour a day, 5 days 

a week, during the 6-week intervention phase with 

either: an upturned plastic tunnel (study 1, Figure 

2.4); or a locked wheel (study 2, Figure 2.5). 

Vehicle exercise group 

Group treated with vehicle (saline) according to the 

procedure outlined in Figure 2.2. 

Group given access to a running wheel for 1 hour a 

day, 5 days a week, during the intervention phase 

(Figure 2.5). 

scPCP control group 

Group treated with PCP according to the procedure 

outlined in Figure 2.2.  

Group put in individual cages for 1 hour a day, 5 days 

a week, during the 6-week intervention phase with 

either: an upturned plastic tunnel (study 1, Figure 

2.4); or a locked wheel (study 2, Figure 2.5). 
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Group/Condition Name Description of treatment and activity 

scPCP exercise group 

Group treated with PCP according to the procedure 

outlined in Figure 2.2.  

Group given access to a running wheel for 1 hour a 

day, 5 days a week, during the 6-week intervention 

phase (Figure 2.5). 

Subchronic phencyclidine is abbreviated to scPCP. 
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Figure 2.4 Control condition cage set-up with an upturned red plastic tunnel (A) and 
the Fat Rat Hut (Bio-Serve, USA) plastic tunnel (B). 

 

Figure 2.5 Wheel running cage set-up.  Odometer (cycle computer) used to measure 
the distance and time rats spend running on wheels (A) (Wilko, UK). When the 
magnet mounted on the wheel passed the sensor, the odometer registered one 
revolution of the wheel. It used the user-set wheel diameter to calculate distance. 
Wheel cage set-up showing a 30cm diameter running wheel attached to a stable 
base (below sawdust; B). The wheel was allowed to move freely in both directions in 
the exercise condition. The wheel was locked in place for the control condition.  

2.4 Exercise regime and control condition 

To date, there is no published work investigating the effects of exercise in a rat 

model for schizophrenia. Therefore, it was necessary to create and validate an 

exercise protocol for use in the scPCP model. To do this, a literature search was 
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conducted to understand the methodologies employed in exercise studies using 

rodents. During this search, several important considerations were identified. These 

were: diurnal activity levels; exercise duration (both for individual training sessions 

and the length of the exercise protocol); and exercise paradigm (forced exercise or 

voluntary exercise). 

Rats are nocturnal animals and are therefore most active during their dark cycle. 

Pilot investigations that compared wheel running behaviour during rats’ light and 

dark phases confirmed animals ran the furthest and for the longest on wheels 

during the middle third of their dark cycle (data not shown). Therefore, a reversed 

light cycle was used in the room in which the rats were housed and exercised. 

Wheel running and behavioural experiments were also conducted during the 

middle third of their dark cycle (see section 2.1, also).  

The literature search identified that the length of individual sessions and the 

number of days or weeks that animals exercise varied markedly between studies. 

Some animals were housed individually and had continuous access to a wheel, 

which was particularly common for mouse studies (van Praag et l. 1999a; van Praag 

et al. 1999b; Kim et al. 2014), and others limited access to wheels to specific 

periods. Unlike mice, rats are highly social animals and therefore prefer to live in 

groups. Rats were removed from their home cages and housed in individual cages 

for as brief a period as possible to minimise their distress. The distance and total 

time (in minutes) that the animals ran during a one-hour and a four-hour wheel 

running session were compared using paired sample t-tests. No significant 

differences were found between the two, indicating rats did the majority of their 
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running in the first hour of access to wheels (data not shown). This informed the 

decision to remove rats from their home cage and give them access to wheels (or 

the control condition) for one hour per day. In regards to the length of the exercise 

protocol, studies’ protocols varied from seven days to eight months (van Praag 

1999a; van Praag et al. 1999b; Burghardt et al. 2004; Zheng et al. 2011; Kim et al. 

2014). In research using rats, the length of the exercise period was usually between 

four and twelve weeks, with six or eight weeks being the most common. Therefore, 

it was decided that rats would undergo six weeks of exercise or the control 

condition. Interestingly, a subsequent study conducted in the same lab with the 

exercise protocol described in this thesis tested rats with the NOR task after three 

weeks of access to running wheels (personal communication). This revealed that 

scPCP exercise rats continued to demonstrate a cognitive impairment at this time 

point, suggesting that a longer period of wheel access is required for improvement 

in cognition 

There are two broad categories of exercise employed in animal research, namely 

forced and voluntary cardiovascular exercise. Forced exercise usually employs 

treadmill running at a set speed for an allocated time. To ensure the animal runs on 

the treadmill, there is a footshock pad at the rear of the belt that shocks the animal 

whenever it touches it. Alternatively, forced exercise can also be achieved by 

placing animals into motorised wheels with a predetermined resistance and for a 

specified period (Griesbach et al. 2012; Diederich et al. 2017). Voluntary exercise in 

rodents is almost exclusively voluntary wheel running (Ke at al. 2011; Griesbach et 

al. 2012; Diederich et al. 2017). There is good evidence that forced and voluntary 

exercise has differential effects on the brain and cannot be used interchangeably 
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(Leasure et al. 2008). For example, forced running has been shown to cause many 

changes associated with chronic stress, such as adrenal hypertrophy, decreased 

serum corticosteroid-binding globulin, and suppressed lymphocyte proliferation 

(Arida et al. 2004; Burghardt et al. 2004; Ploughman et al. 2005; Leasure and Jones 

2008). While both forced and voluntary exercise paradigms have been shown to 

produce neurogenesis (Diederich et al. 2017), voluntary exercise may induce higher 

hippocampal BDNF (Ke at al. 2011; Griesbach et al. 2012), a protein of interest in 

this thesis. Moreover, voluntary exercise may result in lower levels of biological and 

behavioural stress in animals (Griesbach et al. 2012), making it of greater relevance 

to human exercise conditions. Consequently, voluntary exercise was chosen and the 

exercise protocol described here has been successfully implemented in several 

studies by members of the same research group. 

Twenty rats (10 treated with vehicle and 10 with PCP, see Figure 2.3) were assigned 

to the control condition, and 20 were assigned to the exercise condition. Rats in the 

exercise condition were placed individually into cages with access to a 30cm 

diameter wheel for one hour a day, five days a week, for six weeks in total. The rats 

in the control condition were placed in an individual cage with an upturned plastic 

tunnel (study 1, Figure 2.4) or a wheel that was locked and could not rotate (study 

2, Figure 2.5)1. This was done to control for possible adverse effects of being 

housed singularly and any consequences that having a stationary wheel (or 

upturned tunnel) in the cage might impose on the animals. The order that rats were 

put into the cages was rotated daily to control for the effects of time of day and any 

 
1An upturned plastic tunnel was used as a control condition during study one because the researcher 
was unable to lock the wheels. During study two, the wheels were locked.  
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small differences in time spent in the exercise or control cages. An odometer was 

used to measure the distance and time run each day by each rat (see Figure 2.5).  

2.5 Novel Object Recognition Task 

The novel object recognition (NOR) task is a widely-used behavioural paradigm to 

evaluate cognition, specifically recognition memory, in rodents (Grayson et al. 

2015). It is an ethologically valid test that utilises animals’ instinctive exploratory 

behaviour and preference for novelty. Because of this, there is no need for external 

motivation or stress such as reward or punishment (Antunes and Biala 2012). Also, 

animals undergoing the test require little in the way of training or habituation 

(Silvers et al. 2007). For the experiments outlined in this thesis, the NOR task was 

used to measure the scPCP-induced cognitive deficit and to determine if exercise 

could reverse it. 

2.5.1 Apparatus 

2.5.1.1 Test environment 

The NOR test took place in a four-sided, Plexiglas, open-top box. The walls were 

black, and the dimensions were 52cm length, 52cm width, and 31cm height. The 

white floor was divided into nine identical squares by four intersecting black lines 

that ran between parallel sides of the arena (see Figure 2.6). The box was 

positioned on a stationary square table approximately 30cm from the ground. 

There are five identical test boxes to allow one home cage (five rats) to be tested 

concurrently. 
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Figure 2.6 NOR test environment with example objects 

2.5.1.2 Task objects 

Task objects used in NOR tasks included a brown glass bottle with a plastic lid, filled 

with water (object B), and an unopened 330mL can of Coca Cola (object C). Objects 

were of approximately equal height (12cm±2cm) and diameter (6cm±1cm) and 

were heavy enough not to be displaced by the rats (see Figure 2.7). 
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Figure 2.7 Example objects used in NOR. Object B (bottle), a brown glass bottle with 
plastic lid. Object C (can), red aluminium Coca-Cola can (right). 

The combination of objects B and C were changed for each trial group to offset any 

possible object or location preference. Rats were tested by cage number and this 

sequence was reversed each day they were tested with the NOR task. Changing the 

testing order in this way reduced the potential effect of time of day on the rats’ 

behaviour. There are four possible combinations of objects in the acquisition and 

retention stages of the NOR test. These are: BB, BC; BB, CB; CC, CB; CC, BC (Figure 

2.8). Previous work in the same group has shown that animals have no natural 

preference between these objects (Grayson 2012; Watremez 2016). 
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Figure 2.8 Possible combinations of object B (bottle) and object C (can). Inter-trial 
interval is abbreviated to ITI. 

2.5.1.3 Recording equipment and set-up 

A CCTV-style camera was placed above each NOR arena (described in 2.5.1.1) to 

record animal behaviour (Figure 2.9). A stopwatch with an alarm was used to 

ITI 

1 

Acquisition Retention 

2 

ITI 

3 

ITI 

4 

ITI 
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measure the inter-trial interval. Videos were downloaded from the hard disk of the 

digital video recorder onto a memory stick and encrypted. 

 
Figure 2.9 Camera set-up 

2.5.2 Novel object recognition task protocol 

Habituation took place the day before testing. During habituation, all rats from one 

home cage are allowed to explore the empty arena (described in section 2.5.1.1) for 

20 minutes. All animals were tested in the middle third of their dark cycle (12:30 to 

16:30) on the same day. They were tested in numerical order, by cage number, and 

this was reversed each time they repeated a test. The sequence was used to control 

for the effects of being evaluated at either extreme of the testing period. For 

example, cages might be tested in order from one to four during the baseline (time 

point one), and from four to one after the exercise intervention (time point two). 

The NOR task was carried out in a quiet environment to minimise the distraction of 

the animals. The task had three phases: the acquisition phase; the inter-trial 

interval (ITI); and the retention phase. In the acquisition stage, the animal was 
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placed in the arena with two identical objects and allowed to explore freely. After 

three minutes of exploration, the animal was removed from the box for the inter-

trial interval (ITI) of one minute. During the ITI, the arena was cleaned with either 

an animal-safe disinfectant (Anistel) or 70% ethanol. Disposable blue paper roll was 

used to clean and dry the arena. A novel object and a replica of the familiar object 

were placed in the arena for the retention phase. Rats were placed in the arena 

immediately after the ITI ended and could explore the objects and arena for three 

minutes. A copy of the familiar/seen object was used to avoid olfactory cues 

interfering with visual recognition. Between animals, both the boxes and objects 

were cleaned. Objects were used more than once for each animal in the study but 

only after several weeks when animals did not recollect them. To confirm this is the 

case, their combined exploration time of the objects should approximate the last 

trial in which they saw that object. Please see appendix section 8.2 for the NOR task 

standard operating protocol. 

 

2.5.3 NOR task scoring and statistical analysis 

2.5.3.1 NOR task scoring 

All scoring of NOR was done from the video recording. The video was played 

through “H264 Player” software, which was provided with the recording device, 

and scored using a novel object recognition timer (Rivers-Auty 2015). A sample of 

videos was scored by at least one independent person who was blind to both 

treatment groups and object status (novel or familiar). The scores were compared 
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and a Cronbach’s alpha of 0.8 or greater was considered highly-correlated and 

reliable. 

The time that the rat is exploring an object is defined as: 

• Sniffing or licking the object;  

• Touching and looking at the object;  

• Looking at the object from an approximate distance of < 2cm. 

Behaviours that are not considered as exploration include: 

• Touching the object without looking at it;  

• Sitting on the object;  

• Staring in the direction of the object from an approximate distance greater 

than 2cm. 

An exploration time of less than one second for either object resulted in a rat’s 

exclusion from the data. At the acquisition phase of the task, the (identical) objects 

are classified as ‘left’ and ‘right’. For the retention phase of the task, the objects are 

known as ‘novel’ for the previously unseen object and ‘familiar’ for the seen object. 

Total exploration time is the combined time that a rat explored both objects at 

either stage of the NOR task, i.e. all object exploration for the acquisition stage and 

all for the retention stage. Total exploration time of the objects was used to identify 

any significant differences in general exploratory behaviour between the groups. 

This comparison safeguarded against group differences in the analyses being due to 

changes in overall exploratory behaviour. Total exploration time was used as a 

proxy for locomotor activity (LMA) in the absence of line crossing data.. 
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2.5.3.2 Statistical analysis 

Statistical analysis was conducted using SPSS Statistics 23 (IBM Corp. 2015) and 

graphs were created using GraphPad version 8 (GraphPad Software 2019). All data 

are presented as mean (M) ± standard error of the mean (SEM), or mean difference 

(MD) and standard error (SE), or mean (M) and standard deviation (SD). The 

following data was being collected and compared: 

• Exploration time for ‘left’ and ‘right’ objects during NOR acquisition, in 

seconds; 

• Exploration time for ‘novel’ and ‘familiar’ objects during NOR retention, in 

seconds; 

• Total exploration time in the acquisition stage of NOR; 

• Total exploration time in the retention stage of the task; 

• Discrimination indices (DI) for the retention stage of the NOR task, 

calculated: 

 

The DI score is a ratio and ranges from -1 to +1. The closer a rat’s exploration 

was to -1, the more that rat had explored the familiar object when compared to 

the novel object. Conversely, the closer to +1 the rat’s DI was, the more it 

favoured exploring the novel object. A score not significantly different to 0 

indicates that the exploration of each of the objects was similar, which indicates 

no preference between them. For groups without a cognitive deficit a positive 

mean DI that significantly differs from 0 would be expected. For groups 

demonstrating a cognitive deficit the mean DI might be positive, negative, or 0, 
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but would not be expected to be significantly different to 0. It can also be 

beneficial to compare DI between groups to understand if there is a significant 

difference in their preferences. However, these results should be interpreted 

with some caution. DI is an indication of preference (or lack thereof) but cannot 

be used to quantify preference absolutely. The DI will be used to: 

• Compare each group to 0; 

• Compare DI between groups. 

2.5.3.3 Statistical analysis of object exploration time 

A two-way ANOVA was performed, using object (left versus right, novel versus 

familiar) as the within-subject factor and the treatment group as the between-

subject factor. If the ANOVA returned a p-value of < 0.05, paired-sample student’s 

t-tests with a Bonferroni correction were run to compare the object exploration 

times in each group. For total exploration time, a one-way ANOVA was run between 

groups for each phase of the NOR task. A significant interaction would be 

investigated using post hoc Bonferroni-adjusted t-tests. 

2.5.3.4 Statistical analysis of DI 

The DI of each group were compared to 0 using a univariate t-test. A one-way 

ANOVA with post hoc Bonferroni tests was run to examine the pairwise comparison 

of DI between groups. 

2.6 Transcardial perfusion and brain tissue collection 

The chemicals used were isoflurane (Abbott), isopentane (Fisher Scientific), 

paraformaldehyde (PFA; Fisher Scientific), potassium chloride (KCl; Fisher 
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Scientific), potassium dihydrogen orthophosphate (KH2PO4; Sigma-Aldrich), sodium 

chloride (NaCl; Fisher Scientific), sodium hydroxide (NaOH; Sigma-Aldrich), sodium 

phosphate dibasic (Na2HPO4; Sigma-Aldrich), sucrose (Sigma-Aldrich).  

Perfusion or perfusion and fixation of the brain is required before performing 

neurochemical and neuroanatomical analyses of tissue. Each brain that was taken 

was split into hemispheres. One hemisphere was placed in a brain box and frozen 

on dry ice, the other half of the brain was fixed in paraformaldehyde (PFA) but 

analysis was not possible. The procedure was performed on anaesthetised rats that 

were humanely killed without regaining consciousness.   

2.6.1.1 Solutions 

The solutions described here are approximately the volume required for 10 rats. 1g 

of NaOH was dissolved in 250mL distilled H2O to make 250mL NaOH solution 

(0.1M). 80g NaCl, 2g KCl, 14.4g Na2HPO4, and 2.4g KH2PO4 were dissolved in 800mL 

distilled H2O. Distilled water was added to bring the volume to 1L of phosphate-

buffered saline (PBS) Ca2+/Mg2+ free 10X. NaOH was added to bring the pH to 7.4. 

This can be stored above 4°C for no more than one month. 200mL PBS 10X was 

diluted into 1.8L distilled H2O to create 2L of phosphate-buffered saline (PBS) 

Ca2+/Mg2+ free 1X. This was stored above 4°C. 

2.6.1.2 Protocol 

2.6.1.3 Perfusion surgery 

Surgical instruments were cleaned with 70% ethanol and the rat was placed in an 

anaesthetic induction chamber. The O2 flow was set to 2L/min and isoflurane to 5% 
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until the rat lost consciousness. The rat was then removed from the chamber and 

laid it on its back on the downflow table. The rat’s nose and mouth were in a nose 

cone connected to the anaesthetic rig to maintain 5% isoflurane. The rat’s hind leg 

was pinched to ensure that there is no withdrawal reflex and to confirm that it was 

under deep anaesthesia. An incision was made below the xiphoid cartilage and 

scissors were used to cut the skin and muscles from the incision toward both the 

left and right forepaw. Care was taken not to damage any of the structures below 

the skin. The diaphragm was cut from left to right along the length of the ribcage to 

expose the pleural cavity. The scissors were placed along one side of the ribs and 

used to move the lungs gently to one side. A cut was made in the rib cage to the 

collarbone and repeated on the contralateral side. The sternum was lifted and any 

tissue that connected it to the heart was carefully trimmed. Haemostatic forceps 

were used to clamp the sternum and were rested above the animal’s head to 

expose the heart 
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(see

 

Figure 2.10). An incision was made into the right atrium and a winged needle was 

inserted into the left ventricle. This was secured with haemostatic forceps (Figure 

2.10) while the heart continued to beat. 



79 
 

 
Figure 2.10 Perfusion of an anaesthetised rat. 
 

2.6.1.4 Perfusion and brain collection 

The outlet line of the peristaltic pump was attached to the winged needle and the 

equipment was checked to ensure there were no bubbles in the system. The 

peristaltic pump was set to 20mL/min (6rpm) and run for eight minutes, or until the 

blood that ran from the right atrium was clear. The isoflurane flow was stopped and 

the nose cone removed. Death was confirmed and the head was removed carefully 

to avoid damage to the skull.  

The bone between the eyeballs was broken and scissors were used to break the 

bone above the foramen magnum. The skull was cut and rongeur forceps were 

used to carefully remove the skull until the brain was free. Either Iris or curved 

forceps were used to gently sever the tissue connecting the brain to the skull.  
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2.6.1.5 Brain processing 

The olfactory bulbs and cerebellum were removed from the brain and a scalpel was 

carefully used to separate the hemispheres in a way that caused minimal damage 

to the tissue. One hemisphere was placed into a brain box and placed on dry ice 

and was transferred to a -80°C freezer and the other was submerged in PFA. The 

treatment (i.e. freezing or submerging in PFA) of hemispheres (right and left) were 

alternated with each rat. It was not possible to analyse the PFA fixed hemispheres. 

2.7 Dissection of frozen brains 

2.7.1 Dissection of frozen half brains protocol 

The bench area, dissection tray and surgical instruments (forceps, scalpel, etc.) 

were cleaned with 70% ethanol and microcentrifuge tubes were labelled with the 

animal identifier and brain region. Brain hemispheres were removed from -80°C 

storage and kept on dry ice until dissected. A plastic box was filled with a mixture of 

dry ice and ice and the base of the petri dish was covered with tinfoil and placed 

upside down onto the mixture of ice and dry ice. The brain hemisphere was placed 

onto the tinfoil-covered petri dish (single hemispheres were used, as explained in 

2.6.1.4). The temperature of the brain tissue was gradually allowed to rise. If the 

brain was too cold and still completely frozen, it was not possible to slice through it 

with a razor blade. If the brain became too defrosted the tissue lost its shape and 

the regions of the brain were not identifiable.  

Once the brain had defrosted sufficiently the olfactory bulb was removed. Forceps 

were used to gently hold the hemisphere in place to prevent the tissue from 

defrosting with the warmth of fingers. The first area of interest was the frontal 
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cortex (see Figure 2.11 and Table 2.2 for coordinates in relation to bregma for each 

brain area of interest). The frontal cortex was removed and transferred into a 

labelled microcentrifuge tube then immediately placed on dry ice. The prefrontal 

cortex was removed and transferred to a microcentrifuge tube and placed on dry 

ice. A hemisphere slice that contained the dorsal hippocampus was cut and curved 

forceps were used to peel it away from the rest of the tissue. It was then placed in a 

microcentrifuge tube on dry ice. The steps described to remove the dorsal 

hippocampus were replicated for the ventral hippocampus. The samples were 

stored in a -80°C freezer and any unwanted brain tissue was disposed of in 

accordance with local procedures. The apparatus, tools and bench area were 

cleaned with 70% ethanol. 
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Figure 2.11 Histologically stained areas of interest in whole adult rat brain (A plate 
7; B plate 10; C plate 66; D plate 70; Paxinos & Watson, 2006). 
 
Table 2.2 Stereotaxic coordinates of areas of interest (information from Paxinos & 
Watson, 2006). 

Name Bregma (mm) 

Frontal cortex (FC) +4.7 to +3.2 

Prefrontal cortex (PFC) +3 to +1.7 

Dorsal hippocampus (DH) -3.3 to -4.8 

Ventral hippocampus (VH) -4.8 to -6.3 

2.8 Homogenisation of brain tissue 

2.8.1 Preparation of solutions 

The chemicals used for homogenisation were Trizma (Sigma-Aldrich), sucrose 

(Sigma-Aldrich), ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich), protease 

inhibitor cocktail tablets cOmplete (Roche), PBS Ca2+/Mg2+ free 10X (Sigma-
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Aldrich), phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich), sodium 

orthovanadate (Sigma-Aldrich), ethanol absolute (Fisher Chemical).  1mL 

of PBS Ca2+/Mg2+ free 10X was diluted in 9mL of distilled H2O to produce a volume 

of PBS Ca2+/Mg2+ free 1X sufficient for 40 samples.  87.1mg of PMSF was combined 

with 5mL of ethanol to create 5mL of PMSF 0.1M stock solution. This is sufficient to 

homogenise up to 50 batches of up to 15 samples. 91.96mg of sodium 

orthovanadate was diluted in 5mL of distilled H2O to produce 5mL of sodium 

orthovanadate 0.1M stock solution. This is sufficient for up to 50 batches of up to 

15 samples.  One cOmplete Protease Inhibitor tablet was dissolved in 2mL distilled 

H20. If the tablet did not dissolve quickly it was vortexed or left at +15 to +25° for 

30–60 minutes. The stock solution was divided into 400µL aliquots to create 2mL of 

25X Stock solution of cOmplete™ protease inhibitor and this was sufficient for the 

homogenisation of up to 5 batches of 15 samples. 242.28mg Trizma base, 21.9mg 

sucrose, and 148.9mg EDTA were dissolved in 200mL distilled H2O to produce 

200mL of homogenisation buffer, which were then divided into 10mL aliquots. This 

is enough for 20 batches of 15 samples.  

2.8.2 Homogenisation protocol 

Between 10 and 15 samples were chosen and processed at any one time to limit 

the possibility of protein degradation. The homogenised samples were chosen at 

random and were centrifuged at 3,200rpm within approximately 30 minutes. 

Immediately before homogenisation, 10mL of homogenisation buffer was activated 

by adding 400µL of the prepared 25X Stock solution of cOmplete protease inhibitor, 

100µL of PMSF 0.1M stock solution, and 100µL of sodium orthovanadate 0.1M 



84 
 

stock solution. This was done on ice. 400µL of homogenisation buffer was added to 

each sample and a micro pestle was used to homogenise the tissue. 

Homogenisation continued until there were no visible pieces of tissue. The sample 

was left on ice for 1 minute and if any tissue had settled, the micro pestle was used 

to homogenise the sample again. Micro pestles were reused and were cleaned in 

ethanol, rinsed in ultrapure water, then dried. The homogenised samples were 

centrifuged for 15 minutes at 3,200rpm at 4°C. The supernatant (S1) was 

transferred into a clean, labelled 1.5mL microcentrifuge tube without transferring 

any of the pellet (P1) and centrifuged for 20 minutes at 12,200rpm at 4°C. 

The supernatant (S2) was transferred into a clean and labelled microcentrifuge tube 

without transferring any of the pellet (P2) and was frozen at -20°C. The pellet (P2) 

was resuspended with 250µL of the prepared PBS Ca2+/Mg2+ free 1X solution, 

vortexed to mix then frozen at -20°C. 

2.9 Bradford assay (modified) 

2.9.1 Rationale 

A Bradford assay is a colourimetric assay used to determine protein concentration 

in a solution. This is done by measuring the absorbance of dye in a 

spectrophotometer at 595nm. The dye reagent used becomes blue when binding 

with protein and proportionally increases its absorbance to 595nm. A sample’s 

absorbance is compared to a standard curve created from known concentrations. 

Comparison with this standard curve allows the calculation of a sample’s protein 

concentration. 
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2.9.2 Preparation of solutions 

The substances used for the modified Bradford assay were bovine serum albumin 

standard (BSA;  Bio Rad), protein assay dye reagent concentrate (Bio Rad). 

Samples were diluted as appropriate for the amount of tissue and the methodology 

being used. The BSA standards were diluted in the same buffer as the samples (i.e. 

Ca2+/Mg2+ free 1X solution). The standard range was made up as described in Table 

2.3. 

Table 2.3 Concentrations and volumes of BSA standards for use in the modified 
Bradford assay. 

BSA, bovine serum albumin mg (milligrams), mL (millilitres) and µL (microlitres). 

2.9.3 Modified Bradford assay protocol 

Samples were diluted depending on the brain region. This was because the 

dissected tissue varied in size and therefore the homogenate varied in protein 

concentration. All samples were diluted in the same buffer used during 

homogenisation. The dye reagent concentrate was reduced to 1X solution by 

diluting it to 1 in 5 using the same buffer as in the samples. Around 600µL of dye 

reagent 1X was needed per sample (in triplicate). Therefore, for a full 96 well plate 

5mL of dye reagent was diluted in 20mL of ultrapure H2O. 10µL of BSA standard 

(standards A-F; see Table 2.3) was pipetted in triplicate into separate wells and 

10µL of the samples were pipetted in triplicate into the remaining wells. 200µL of 

Standard Concentration 
BSA (mg/mL) 

Volume BSA Volume buffer (μL) Final volume 
(μL) 

F 1 150μL of 2X 150 300 

E 0.75 75 μL of F 25 100 

D 0.5 50 μL of F 50 100 

C 0.2 20 μL of F 80 100 

B 0.1 10 μL of F 90 100 

A 0 0 100 100 
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dye reagent 1X was added to each well and the plate was incubated at room 

temperature (RT) for 5 minutes while being gently homogenised on a shaker. The 

layout of the plate was documented to allow later identification of samples and an 

example of a 96 plate layout with standards (please see appendix, section  8.5). The 

plate was read at 595nm using a plate reader and associated software. The 

standard curve was used to determine the concentration of each sample employing 

a linear scale. 

2.10 ‘Wes’ automated western blot  

The western blot is a widely used analytical technique in molecular biology 

(Mahmood and Yang 2012). Proteins are separated by their molecular weight, 

allowing the separation and identification of specific proteins within a cell 

homogenate. During traditional western blots, separation of proteins by molecular 

weight and/or other characteristics is achieved by gel electrophoresis. Once 

proteins are separated, the protein of interest is labelled producing semi-

quantitative results. The general procedure for western blotting is relatively simple 

but protocols can vary considerably and it is notoriously difficult to produce good 

results. The ‘Wes’ system (ProteinSimple, UK) uses capillary electrophoresis to 

separate proteins, and chemiluminescence to label and detect the presence of the 

protein(s) of interest. Little sample is required (≥ 0.2µg/µl, 3-5µl per well) and 

results are available in around three hours. The user loads samples and immune 

reagents onto a plate that is pre-filled with the necessary separation components. 

Once the plate is inserted into the ‘Wes’, the process is automatic and produces 

quantitative results (ProteinSimple 2014).  
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2.10.1 Preparation of solutions 

The substances used for the ‘Wes’ automated western blot assay were wash buffer 

(ProteinSimple), 10X sample buffer (ProteinSimple), fluorescent 5X master mix 

(ProteinSimple), dithiothreitol (DTT; ProteinSimple), streptavidin-HRP 

(ProteinSimple), antibody diluent 2 (ProteinSimple), luminol-S (ProteinSimple), 

peroxide (ProteinSimple), biotinylated ladder (ProteinSimple), rabbit 

secondary antibody (ProteinSimple), mouse secondary antibody (ProteinSimple), 

PSD95 primary antibody (Abcam), SNAP25 primary antibody (Abcam), 

parvalbumin primary antibody (LSBio), GAD67 primary antibody (Sigma-Aldrich), 

and GAPDH primary antibody (LSBio).  The volumes below are sufficient to run one 

‘Wes’ plate with a maximum of 24 samples. If a solution formed bubbles it was 

centrifuged at around 4000rpm for approximately one minute and gently triturated. 

44µL of sample buffer 10X was added to 396µL of distilled water, vortexed and 

stored at room temperature. 200µL of luminol-S and 200µL of peroxide were 

combined, triturated, and stored at 2-8°C. 40µL of distilled water was added to the 

DTT tube in a ProteinSimple ‘EZ Standard Pack’ and the solution was gently 

triturated. 20µL of 10X sample buffer and 20µL of 400mM DTT solution was added 

to the fluorescence 5X master mix tube in a ProteinSimple ‘EZ Standard Pack’ and 

the solution was gently triturated. 20µL of distilled water was added to the 

biotinylated ladder in a ProteinSimple ‘EZ Standard Pack’ and the solution was 

gently triturated. 

Primary antibodies for the protein of interest and the housekeeping (control) 

protein were appropriately diluted with ProteinSimple® antibody diluent two. 
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These dilutions varied depending on the protein of interest and the tissue used but 

ranged from 1:50 to 1:200. Mouse or rabbit secondary antibody, or a mixture of 

both, was used as appropriate for the protein of interest and the housekeeping 

protein. 

2.10.2 ‘Wes’ automated western blot protocol 

If appropriate, samples were diluted with 1X sample buffer to desired protein 

concentration to a total volume of 4µL. If samples did not require dilution, 4µL of 

sample was aliquoted into a 0.5mL microcentrifuge tube. 1µL of fluorescent 5X 

master mix was added to each 4µL prepared sample, bringing the total volume to 

5µL. Samples were vortexed and denatured in a 95°C water bath for 5 minutes and 

once denatured, samples were vortexed again and spun in a centrifuge for around 

5000rpm for approximately one minute. The samples and reagents were pipetted 

into a 25 well plate, as shown in Figure 2.12.  The wash buffer was not loaded onto 

the plate at this stage.  
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Figure 2.12 Colour-coded Instructions for dispensing reagents into the 'Wes' assay 
plate. Volume in µL (microliters) (ProteinSimple, 2019). 

A plate cover was placed onto the assay plate and the plate was then centrifuged 

for 2500rpm for five minutes to ensure that the liquid was at the bottom of each 

well. Wash buffer was added to the compartments as shown in Figure 2.12. A 

capillary cartridge was loaded into the ‘Wes’ system and the foil removed from the 

plate just before putting it into the machine. The assay parameters were selected in 

the Compass for SW program (ProteinSimple 2018) and the assay run was begun. 

2.10.3 ‘Wes’ automated western blot statistical analysis 

Data are taken from Compass for SW (ProteinSimple 2018) and statistical analysis 

was conducted using statistical package for social sciences (SPSS) 25 (IBM Corp. 

2017). Graphs were created using GraphPad version 8.2.1 (GraphPad Software 

2019). Where there was a discrepancy between the statistical analyses of SPSS and 

GraphPad Prism the SPSS analysis was used and the GraphPad graph would be 

altered accordingly. The following data were collected and compared: 
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• The area of the chemiluminescence peak for the protein of interest, for 

example, PSD95; 

• The area of the chemiluminescence peak for the housekeeping protein 

GAPDH. 

2.10.3.1 Statistical analysis 

A one-way ANOVA was performed using the product of the area of the 

chemiluminescence peak protein of interest, divided by the area of the peak of 

GAPDH (the housekeeping protein) as the dependent variable. Treatment group 

was the factor. If the ANOVA reported a p-value of < 0.05, paired-sample t-tests 

with a Bonferroni correction were run to compare the significant interactions.
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2.11 Experimental plan 

  
Figure 2.13 Experimental plans and timelines for study one and two. Vehicle is abbreviated to veh, subchronic PCP to scPCP, novel 
object recognition to NOR, and intraperitoneal to i.p. 
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2.11.1 Study one: investigating the effects of exercise on 

cognitive deficits in the subchronic phencyclidine rat model for 

schizophrenia. 

 
Figure 2.14 Study one experimental timeline. Vehicle is abbreviated to veh, 
subchronic phencyclidine to scPCP, novel object recognition to NOR, and 
intraperitoneal to i.p. 

Forty rats were habituated in a wheel running cage for one hour per day for three 

days. They were then pseudo-randomised to one of four groups (described in 2.3). 

Ten were assigned to the vehicle control condition, 10 to the vehicle exercise 

condition, 10 to the scPCP control condition, and 10 were to the scPCP exercise 

condition. Twenty rats (the vehicle control and the vehicle exercise groups) were 

injected with vehicle, twice a day for seven days. Twenty rats (the scPCP control 

and scPCP exercise groups) were treated with PCP, twice a day for seven days. All 

rats were left undisturbed for one week, excluding the usual change of sawdust, 

food replenishment and health monitoring (such as weighing). This washout period 

was to ensure that behavioural testing was not affected by active PCP or by 

withdrawal effects (see Figure 2.2 for the dosing regimen). 

After one week all rats were tested with the NOR task to get a baseline measure of 

cognition. The day after testing, 10 scPCP rats (the scPCP exercise group) and 10 

vehicle rats (the vehicle exercise group) were placed in individual cages with 
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exercise wheels (Figure 2.5) for one hour a day, five days a week, for six weeks. 

Their total distance, total time running, max speed and average speed were 

measured using a cycle computer and documented after each exercise session (see 

Figure 2.5 for apparatus). Ten scPCP rats (the scPCP control group) and 10 vehicle 

rats (the vehicle control group) were placed in individual cages at the same time 

(see Figure 2.4 for apparatus). All rats were put in an exercise or control cage during 

the middle third of their dark cycle (between 12:30 and 16:30). After six weeks, the 

rats were tested with the NOR cognitive task (section 2.5). They were tested on the 

next day that they would have been placed in the exercise or control cages. After 

behavioural testing was complete, all rats were transcardially perfused, and their 

brains were taken for analysis (see section 2.6). 
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2.11.2 Study two: exercise and detraining: effects on the NOR 

cognitive deficit in the subchronic PCP rat model for 

schizophrenia. 

 
Figure 2.15 Study two experimental timeline. Subchronic phencyclidine is 
abbreviated to scPCP, phencyclidine to PCP, the novel object recognition task to 
NOR, and intraperitoneal to i.p. 

For the second study, 40 rats were habituated in cages with a running wheels for 

one hour per day for three days. They were treated with the same protocol 

described in study one, which is outlined in Figure 2.15. On completion of the 

exercise intervention, rats were tested with the NOR task. The test took place on 

the next day that they would have been placed in the cages with wheels. Rats were 

then returned to their home cages and were not disturbed for two weeks, excluding 

the usual change of sawdust, food replenishment and health monitoring. After two 

weeks, rats were tested again with the NOR cognitive test. Once again, rats were 

returned to their home cages and left undisturbed for two weeks, after which they 

completed a final NOR test. After behavioural testing was complete, all rats were 

culled, and their brains were taken for analysis (as above, see section 2.6).
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Chapter 3 Investigating the effects of exercise 
on cognitive deficits in the subchronic 
phencyclidine rat model for schizophrenia 

3.1 Introduction 

Schizophrenia is a serious mental illness that is a leading contributor to worldwide 

disability (van Os and Kapur 2009). Cognitive deficits in schizophrenia are a core 

component of the disease (Green 2006; Geyer et al. 2012; Cadinu et al. 2018) and 

are present before the onset of psychotic symptoms (Woodberry et al. 2008). 

Cognitive impairments best predict both functional outcome (Green 1996) and 

quality of life (Fujii et al. 2004), yet remain mostly untreated (Young and Geyer 

2015).  Consequently, treatments to improve cognition in schizophrenia have been 

declared an unmet clinical need and a research priority (Neill et al. 2010; Jones et 

al. 2011; Keefe and Harvey 2012).  Exercise has become a focus for psychiatric 

research and there is evidence that it improves symptoms in schizophrenia (Beebe 

et al. 2005; Alexandratos et al. 2012), including the cognitive deficits (Vancampfort 

et al. 2014; Nuechterlein et al. 2016; Firth et al. 2017). However, the precise 

mechanisms by which exercise exerts its effects are unknown (Scheewe et al. 2013). 

Animal models can help further the understanding of disease (van der Staay 2006; 

van der Staay et al. 2009) and allow us to examine the behavioural and biological 

effects of exercise. The subchronic phencyclidine (scPCP) rat model for 

schizophrenia has been used to investigate schizophrenia-like cognitive deficits and 

associated brain abnormalities (Neill et al. 2010; Neill et al. 2014; Doostdar et al. 
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2019). In rodents, pertinent cognitive disturbances can be tested using behavioural 

protocols, allowing researchers to investigate novel treatments for the cognitive 

impairments of schizophrenia.  

Animal models of disease should mimic the human pathology and aetiology as 

closely as possible. In mental health research, bridging the ‘translational gap’ 

between preclinical and clinical work has been challenging (Hyman and Fenton 

2003; Hagan and Jones 2005). In particular, modelling schizophrenia is difficult 

because it is a complex, heterogeneous and uniquely human disorder (Neill et al. 

2010). The cognitive deficits in schizophrenia are a central aspect of the disease yet 

there is no treatment to improve them. Therefore, there is neither a positive 

control to compare novel treatments against (Floresco et al. 2005), nor a 

pharmacology mechanism to investigate and improve upon (Young and Geyer 

2015). With so many unknowns and a ‘translational bottleneck’ (Hyman and Fenton 

2003), there is an increasing focus on cross-species validity and clinically relevant 

outcomes. Visual learning and memory is impaired in schizophrenia (Nuechterlein 

et al. 2004) and is one of seven core cognitive domains disrupted in the disease 

(Green et al. 2004).  Studies in patients with schizophrenia have reported that 

exercise can improve visual learning and memory (Oertel-Knöchel et al. 2014; 

Malchow et al. 2015). Therefore, studying the effect of exercise on visual 

recognition memory in the scPCP model for schizophrenia is pertinent and clinically 

relevant.  
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The novel object recognition (NOR) behavioural task can be used to measure visual 

recognition memory in rodents and has been identified as a relevant test for 

cognitive deficits in schizophrenia (Young et al. 2006; Lyon et al. 2012).  In this 

study, rats were treated with vehicle or scPCP and given access to either running 

wheels or a control condition. They were tested with the NOR task before and after 

they had access to wheels (or control) to investigate whether exercise rescued the 

visual recognition impairment in the scPCP model for schizophrenia. After the post-

exercise NOR cycle (NOR 1.2) the animals were culled and their brains were taken 

for protein analysis as described in section 2.6.  

3.2 Methods 

All animals underwent NOR at baseline and after six weeks of access to wheels or 

the control condition, full details of which can be found in sections 2.4 and 2.5. The 

detailed methods of this study may be found in Chapter 2. 

3.3 Results 

3.3.1 Time point one: baseline NOR task (NOR 1.1) 

A novel object recognition test was run at baseline (time point one; NOR 1.1) at the 

end of the one week washout period. The test aimed to confirm that an scPCP 

deficit was present in the animals before wheel running/control began. There were 

four experimental groups: vehicle control; vehicle exercise; scPCP control; and 

scPCP exercise. Rats were pseudo-randomly assigned to their experimental groups 
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as described in section 2.3. Statistical analysis was performed as described in 

section 2.5.3.2. 

Acquisition stage (NOR 1.1) 

A two-way ANOVA revealed no significant effect of object (left and right) on 

exploration time at the acquisition stage of the NOR task, F(1,36) = 1.36, p = 0.25. 

There was no significant interaction between object and treatment group, F(3,36) = 

0.05, p = 0.98 (Figure 3.1).  

Retention (NOR 1.1) 

A two-way ANOVA showed a significant effect of object (novel and familiar) on 

exploration time in the retention phase of the NOR, F(1,36) = 160.26, p < 0.001. 

Bonferroni-corrected paired t-tests established that there were significant 

differences in exploration time between the novel and familiar object in all four 

groups. In all of the groups, rats explored the novel object more than the familiar 

object: vehicle control (MD = 18.57, SE = 1.27), p < 0.001; vehicle exercise (MD = 

19.65, SE = 1.27), p < 0.001; scPCP control (MD = 11.38, SE = 1.27), p < 0.001; and 

scPCP exercise (MD = 10.53, SE = 1.27), p < 0.001 (Figure 3.1). 
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Figure 3.1 Exploration time in seconds for the left and right objects during the 
acquisition stage (A), and the novel and familiar objects during the retention phase 
(B) of NOR 1.1.  Data are presented as mean ± SEM (n = 10 per group), ***p < 0.001, 
paired-sample t-test with Bonferroni correction. Treatment with vehicle is 
abbreviated to veh, subchronic phencyclidine to scPCP and seconds to s. 

There was also a significant interaction between treatment group and exploration 

time, F(3,36) = 19.52, p < 0.001. A one-way ANOVA with post hoc Bonferroni-

corrected t-tests was run to compare the novel object exploration and the familiar 

object exploration between the groups. There was no effect of group for 

exploration time of the familiar object, F(3,36) = 1.03, p = 0.40. However, there was 

an effect of group for the novel object, F(3,36) = 14.01, p < 0.001. Post hoc 

Bonferroni-corrected t-tests showed that the vehicle control and vehicle exercise 

groups did not significantly differ from one another when exploration time of the 

novel object was compared, (MD = -1.09, SE = 1.79), p = 1.00. Similarly, the scPCP 

control group did not differ from the scPCP exercise group, (MD = 0.85, SE = 1.79), p 

= 1.00. However, there were significant differences in novel object exploration time 

between both vehicle and scPCP groups. The vehicle control group had a 

significantly higher exploration time from the scPCP control (MD = 7.20, SE = 1.79), 
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p < 0.01, and the scPCP exercise group (MD = 8.05, SE = 1.79), p < 0.001. The vehicle 

exercise group also has a significantly higher novel object exploration time than the 

scPCP control group (MD = 8.29, SE = 1.79), p < 0.001, and the scPCP exercise group 

(MD = 9.13, SE = 1.79), p < 0.001. This further analysis revealed that despite there 

being a significant difference between the novel and familiar object exploration at 

NOR 1.1, both the vehicle groups had a significantly higher novel object exploration 

time when compared to either of scPCP groups. These differences indicate that, 

when they are compared to the vehicle groups, there is a reduction in novel object 

exploration in the scPCP groups. This effect was interpreted as evidence for a deficit 

in the scPCP control and scPCP exercise groups (Figure 3.2). 
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Figure 3.2 Exploration time in seconds for the novel object during the retention 
stage of NOR 1.1.  Data are presented as mean ± standard error of the mean (n = 10 
per group), **p < 0.01, ***p < 0.001, paired-sample t-tests with Bonferroni 
correction. Treatment with vehicle is abbreviated to veh, subchronic phencyclidine 
to scPCP and seconds to s. 

Discrimination Indices (NOR 1.1) 

One sample t-tests were run to determine if the groups DI were significantly 

different to zero, where zero indicates no preference between the novel and 

familiar object. All groups had a DI significantly higher than zero (Figure 3.3): vehicle 

control group (M = 0.43, SD = 0.15), t(9) = 9.02, p < 0.001; vehicle exercise group (M 

= 0.49, SD = 0.15), t(9) = 10.10, p < 0.01; SCPCP control group (M = 0.27, SD = 0.21), 

t(9) = 4.07, p < 0.001; SCPCP exercise group (M = 0.11, SD = 0.08), t(9) = 4.10, p < 

0.01; Figure 3.3).  
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Figure 3.3 Discrimination indices (DI) compared to 0 for the retention stage of the 
NOR task at baseline (NOR 1.1). Data are presented as mean ± SEM (n = 10 per 
group), ** p < 0.01, *** p< 0.001, independent sample t-tests. Vehicle is 
abbreviated to veh and subchronic PCP to scPCP. 

A one-way ANOVA was run to compare the groups’ DI at baseline (NOR 1.1) and a 

significant effect was found, F(3,36) = 12.67, p < 0.001. Post hoc Bonferroni-corrected 

t-tests were run to elucidate the interactions. The DI for the vehicle control group 

did not differ from the DI for the vehicle exercise group (MD = -0.06, SE = 0.06, p = 

1.00). The DI for the vehicle control group was not significantly different than the 

scPCP control group (MD = 0.17, SE = 0.07, p = 0.13). However, the DI of the vehicle 

control group was significantly larger than scPCP exercise group (MD = 0.33, SE = 

0.07, p < 0.001). The vehicle exercise group also had a significantly higher DI than 

the scPCP control group (MD = 0.23, SE = 0.07, p < 0.05) and to the scPCP exercise 

group (MD = 0.39, SE = 0.07, p < 0.001). The scPCP control group did not have a 
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significantly different DI from the scPCP exercise group (MD = 0.16, SE = 0.07, p = 

0.16; Figure 3.4). 
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Figure 3.4 Discrimination indices (DI) for the NOR task at baseline (NOR 1.1). Data 
are presented as mean ± SEM (n = 10 per group), * p < 0.05, *** p < 0.001, post hoc 
t-tests with Bonferroni correction. Vehicle is abbreviated to veh and subchronic 
phencyclidine to scPCP. 

Total exploration time (NOR 1.1) 

Total exploration time was compared between groups to ensure that differences in 

exploratory behaviour were not due to disparities in overall exploration time. This 

was used as a ‘net-best’ measure of locomotor activity in the absence of line-

crossing data. The total exploration time for the acquisition stage and total 

exploration time for the retention stage of the NOR task were analysed.  No 

significant differences were found between the groups in the exploration times for 

the acquisition stage of the NOR, F(3,36) = 0.39, p =0.76 (data not shown). However, 

there was a significant interaction for the total exploration time for the retention 
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stage of NOR, F(3,36) = 5.71, p < 0.01. Post hoc Bonferroni-corrected t-tests were run 

to understand the interactions. The vehicle control group’s total retention 

exploration time was significantly higher to the scPCP exercise group (MD = 7.7, p < 

0.05) but did not differ from the other groups. The vehicle exercise group was 

significantly greater than both the scPCP control group (MD = 7.91, p < 0.05) and 

the scPCP exercise group (MD = 7.41, p < 0.05), but did not differ from the vehicle 

control group (Figure 3.5). 
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Figure 3.5 Retention total exploration time in seconds at baseline (NOR 1.1). Data 
are presented as mean ± SEM (n = 10 per group), *p < 0.05. One-way ANOVA with 
post hoc Bonferroni-corrected t-tests. Vehicle is abbreviated to veh, subchronic PCP 
to scPCP and seconds to s 

3.3.2 Time point two: post-exercise NOR task (NOR 1.2) 

Acquisition stage (NOR 1.2) 

A second NOR was run at time point two (NOR 1.2) after six weeks of exercise or 

control. A two-way ANOVA indicated no significant effect of object (left and right) 

at the acquisition stage of the NOR task, F(1,36) = 1.36, p = 0.25. In addition to this, 

there was no significant interaction of object and group, F(3,36) = 0.50, p = 0.98 

(Figure 3.6). 

Retention stage (NOR 1.2) 

A two-way ANOVA indicated a significant interaction between group and object in 

the retention stage of the NOR (NOR 1.2), F(3,35) = 7.16, p < 0.01. There was also a 
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significant effect of object, F(1,35) = 75.52, p < 0.001. Post hoc Bonferroni-corrected 

paired sample t-tests showed that the vehicle control group explored the novel 

object significantly more than the familiar object (MD = 9.19, SE = 1.69), p < 0.001. 

The vehicle exercise group also demonstrated a significant difference between the 

exploration of the novel and familiar objects (MD = 6.63, SE = 1.69), p < 0.001. The 

scPCP control group were not able to discriminate between the novel and familiar 

objects (MD = 1.13, SE = 1.60) p = 0.49. Like the vehicle groups, the scPCP exercise 

group were able to differentiate between the novel and familiar objects (MD = 

10.60., SE = 1.60), p < 0.001 (Figure 3.6). 
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Figure 3.6 Exploration time in seconds for the left and right objects during the 
acquisition stage (A), and the novel and familiar objects during the retention phase 
(B) for NOR 1.2. Data are presented as mean ± SEM (n = 9-10 per group), ***p < 
0.001, two-way ANOVA with Bonferroni-corrected p values. Vehicle is abbreviated 
to veh, subchronic PCP to scPCP, and seconds to s. 

Discrimination Indices (NOR 1.2) 

A one sample t-test was run to determine if groups favoured the novel or familiar 

objects by comparing DI to 0. The vehicle control group displayed discrimination 
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between objects and favoured the novel object. This was shown by a positive DI 

significantly different from zero (M = 0.62, SD = 0.22), t(8) = 8.58, p < 0.001. The 

vehicle exercise group were also observed to distinguish the novel and familiar 

object (M = 0.40, SD = 0.20), t(9) = 6.36, p < 0.001. The PCP control group did not 

have a DI significantly different to zero (M = 0.08, SD = 0.21), t(8) = 1.27, p = 0.24. 

The PCP exercise group did have a DI significantly different to zero (M = 0.63, SD = 

0.17), t(9) = 11.70, p < 0.001; Figure 3.7). 
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Figure 3.7 Discrimination indices (DI) compared to 0 for the retention stage of the 
NOR task after 6 weeks of exercise (NOR 1.2).  Data are presented as mean ± SEM (n 
= 9-10 per group) *** p < 0.001, independent sample t-tests. Vehicle is abbreviated 
to veh, and subchronic PCP to scPCP.  

A one-way ANOVA was run to compare the groups’ DI after six weeks of exercise or 

control (NOR 1.2) and a significant effect was found, F(3,35) = 16.10, p < 0.001. Post 

hoc Bonferroni-corrected t-tests were run to elucidate the interactions (Figure 3.4). 

The DI for the vehicle control group did not differ from the DI for the vehicle 
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exercise group (MD = 0.22, SE = 0.09, p = 0.13). The DI for the vehicle control group 

was significantly higher than the scPCP control group (MD = 0.54, SE = 0.09, p < 

0.001) but was not significantly larger than scPCP exercise group (MD = 0.00, SE = 

0.09, p = 1.00). The vehicle exercise group also had a significantly higher DI than the 

scPCP control group (MD = 0.32, SE = 0.09, p < 0.01) but no significant difference 

was found with the scPCP exercise group (MD = 0.39, SE = 0.07, p < 0.001). The 

scPCP control group did not have a significantly different DI from the scPCP exercise 

group (MD = 0.16, SE = 0.07, p = 0.16; Figure 3.8). 

V
eh

 C
ontr

ol

V
eh

 E
xe

rc
is

e

sc
P
C
P
 C

ontr
ol

sc
P
C
P
 E

xe
rc

is
e

0.0

0.2

0.4

0.6

0.8

D
is

c
ri

m
in

a
ti

o
n

 I
n

d
e

x

✱✱✱

✱✱

 
Figure 3.8 Discrimination indices (DI) for the NOR task after 6 weeks of exercise or 
the control condition (NOR 1.2).  Data are presented as mean ± SEM (n = 9-10 per 
group), ** p < 0.01, *** p < 0.001, post hoc t-tests with Bonferroni correction. 
Vehicle is abbreviated to veh and subchronic phencyclidine to scPCP. 

Total exploration time (NOR 1.2) 

To assess if differences in object exploration were influenced by general exploratory 

behaviour, the total exploration at the acquisition stage and the retention stage of 
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the NOR were compared. A one-way ANOVA reported no significant effect in total 

exploration time in the NOR test: acquisition total time, F(3,36) = 1.10, p = 0.36; 

retention total time, F(3,35) = 1.37, p = 0.27 (data not shown). The exploration time 

for all objects at this time point was lower than for NOR 1.1. This may be explained 

by the rats’ overfamiliarity with their environment as other behavioural tests (not 

presented in this thesis) were performed in the same arena on consecutive days. 

While the NOR deficit is stable in scPCP female rats, this repetition and exposure to 

the arena may have reduced exploration time. 

3.3.3 Baseline and post-exercise discrimination indices 

comparison (NOR 1.1 versus NOR 1.2) 

A two-way ANOVA was run comparing DI from baseline (NOR 1.1) and after six 

weeks of exercise or control condition (NOR 1.2). This analysis included planned 

post hoc paired t-tests with Bonferroni adjustment. There was a significant effect of 

DI between the two time points, F(1,34) = 9.73, p < 0.01, and of DI and group 

treatment, F(3,34) = 14.37, p < 0.001. Paired sample t-tests with Bonferroni 

corrections indicated a difference in DI between the two time points for vehicle 

control animals (MD = 0.18, SE = 0.08), p < 0.05. There was no significant difference 

in DI for the vehicle exercise animals (MD = -0.09, SE = 0.07), p = 0.25. There was 

also no significant difference in the DI between the two time points for the scPCP 

control group (MD = 0.11, SE = 0.08), p = 0.17, but there was a significant increase 

in the scPCP exercise DI from baseline to post-exercise (MD = 0.52, SE = 0.08), p  <  

0.001; Figure 3.9). 
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Figure 3.9 A comparison of discrimination indices before and after the exercise 
intervention (NOR 1.1 versus NOR 1.2).  Data are presented as mean ± SEM ( n =  9-
10 per group), * p < 0.05, *** p < 0.001, post hoc paired sample t-tests with 
Bonferroni correction. Vehicle is abbreviated to veh, and subchronic PCP to scPCP. 

 

3.4 Discussion 

The results of this study suggest that voluntary exercise can potentially ameliorate 

the NOR cognitive deficit observed in the scPCP rodent model for schizophrenia. 

This was indicated by a preference for the novel object in the NOR task for scPCP-

treated animals who were given access to freely turning wheels. This preference 

was not present in scPCP-treated animals in the control condition. In addition to 

this, there was a significant increase in the DI of scPCP exercise group from baseline 

(NOR 1.1) to post-exercise (NOR 1.2), suggesting a cognitive improvement. These 

effects were not deemed be due to changes in locomotor activity and general 

exploratory behaviour as there were no significant differences between the groups. 
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Total exploration time was used as a proxy measure of locomotor activity because 

line crossing data was not available. 

The scPCP model for schizophrenia is known to produce cognitive deficits of 

relevance to schizophrenia (Jentsch and Roth 1999; Neill et al. 2014) during the 

NOR task (Grayson et al. 2007; Rajagopal et al. 2010; Grayson et al. 2015). However, 

in the baseline NOR (NOR 1.1) the scPCP groups appeared to explore the novel 

object significantly more than the familiar, suggesting an ability to discriminate. 

Further analysis provided evidence that the scPCP control and scPCP exercise 

groups were impaired when they were compared with the vehicle control and 

vehicle exercise groups. After access to running wheels (or the control condition), 

the rats underwent a second NOR test (NOR 1.2). These results showed a deficit in 

only the scPCP control group. There were unexpected significant differences in both 

scPCP groups’ object exploration in the baseline (NOR 1.1) data. The ANOVA 

reported no significant effect for the familiar object but did reveal a significant 

effect for the novel object. The vehicle control and vehicle exercise group showed 

significantly longer exploration of the novel object than both the scPCP control and 

scPCP exercise group. The vehicle groups did not differ from one another, nor did 

the scPCP groups. These results suggest a disparity in novel object exploration 

between vehicle and scPCP animals, with the scPCP rats spending less time 

exploring the novel object. These differences could have affected the detection of 

the NOR task deficit that is usually reported (by a two-way ANOVA) in rats treated 

with the scPCP protocol. Therefore, the DI from before and after the experimental 
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condition (NOR 1.1 and NOR 1.2) were compared for all groups. There was a 

significant increase in the DI for the vehicle control group, but no significant change 

in DI for the vehicle exercise group or the scPCP control group. There was a 

significant increase in DI for the scPCP exercise group, providing evidence that 

voluntary exercise in running wheels may have improved the cognitive deficit seen 

in scPCP treated rats during the NOR task.  

The results from this study correspond with human research that has demonstrated 

that exercise improves both positive and negative symptoms and cognitive 

impairments experienced by patients (Pajonk et al. 2010; Vancampfort et al. 2012; 

Firth et al. 2015). Exercise positively affects several cognitive processes including 

planning, working memory, multitasking, and resolving ambiguity (Hillman et al. 

2008). Its most substantial effects are reported in tasks involving executive function 

(Hillman et al. 2008), a cognitive domain incontrovertibly impaired in schizophrenia 

(Green et al. 2004; Nuechterlein et al. 2004; Nuechterlein et al. 2005; Fond et al. 

2013; Orellana and Slachevsky 2013; Knowles et al. 2015; Gold et al. 2017). There is 

a growing body of literature demonstrating that exercise improves cognition in 

schizophrenia (Pajonk et al. 2010; Nuechterlein et al. 2016) and recent meta-

analyses confirm this (Vancampfort et al. 2014; Firth et al. 2017). However, how 

exercise alleviates deficits is not known, and researchers acknowledge that the 

specific mechanisms are ‘under-researched’ and remain enigmatic (Scheewe et al. 

2013; Firth et al. 2017). There have been a small number of studies investigating 

the mechanisms by which exercise improves cognition in schizophrenia (Firth et al. 
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2017). For example, brain imaging has shown increases in grey matter volume in 

numerous brain areas (Lin et al. 2015; Malchow et al. 2015) but the results are 

inconsistent. Some studies report an increase in hippocampal volume (Pajonk et al. 

2010; Lin et al. 2015), while others report increases in the anterior lobe (Malchow 

et al. 2016) or a general increase in cerebral volume and cortical thickening 

(Scheewe et al. 2013). Biomarker studies are also limited and peripheral brain-

derived neurotrophic factor (BDNF) is the most studied. Once again, the research is 

equivocal with some studies observing significantly higher levels of BDNF after a 

variety of exercise interventions (Kuo et al. 2013; Kim et al. 2014; Nuechterlein et 

al. 2016) and some reporting non-significant increases (Kimhy et al. 2015; Silva et al. 

2015).  

The current evidence indicates that exercise does exert pro-cognitive effects on the 

brain in people with schizophrenia. However, it is difficult to identify the subtle and 

interconnected processes involved (Vancampfort et al. 2014). Furthermore, studies 

report poor adherence to exercise regimes (Scheewe et al. 2013; Firth et al. 2016; 

Stubbs et al. 2016; Vancampfort et al. 2016), with a third or more of participants 

not reaching the weekly minimum duration of activity (Scheewe et al. 2013). 

Confounding variables are also present, including antipsychotic treatment 

(Vancampfort et al. 2014), duration of illness (Chakos et al. 2005), and baseline 

symptoms (Vancampfort et al. 2012; Scheewe et al. 2013). Animal research allows 

more control over experimental conditions and the ability to perform invasive 

investigation of molecular and structural changes in the brain (Vancampfort et al. 
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2014). Animal models of schizophrenia allow expeditious monitoring of disease 

progression and the testing of novel treatments in a way that is not possible in 

humans (Jones et al. 2011). The scPCP rat model for schizophrenia is a well-

validated and widely utilised tool for studying schizophrenia-like abnormalities in 

both brain and behaviour (Abdul-Monim et al. 2007; Neill et al. 2010; Neill et al. 

2014; Grayson et al. 2015; Doostdar et al. 2019). The resultgs from this experiment 

indicate that exercise could improve cognitive deficits seen in scPCP treated 

animals, mirroring the positive effects of exercise in schizophrenia. These data offer 

an encouraging insight supporting exercise as an effective treatment for the 

cognitive symptoms of schizophrenia. Furthermore,  being able to produce relevant 

behavioural changes in an animal model offers an exciting opportunity to 

understand how exercise exerts its influence on the brain in schizophrenia.
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Chapter 4 The effect of exercise on synaptic 
and GABAergic markers in  the subchronic PCP 
rat model for schizophrenia 

4.1 Introduction 

 Schizophrenia is a severe mental disorder associated with various neurobiological 

changes  (Vancampfort et al. 2014). Among them is grey matter volume loss 

(Haijma et al. 2013), decreased white matter integrity (Lim et al. 1999), and 

increased ventricular volume (Saijo et al. 2001).  The brains of people with 

schizophrenia exhibit abnormal neurogenesis, plasticity and cerebral blood flow 

(Selemon and Goldman-Rakic 1999; Stephan et al. 2009), as well as disturbances in 

monoamine and trace amine systems (Berry 2008; Howes and Kapur 2009; Crabtree 

and Gogos 2014). Subchronic treatment with the NMDAR antagonist phencyclidine 

(scPCP) produces structural and functional abnormalities comparable to those seen 

in schizophrenia (Ellison and Sweet 1993; Reynolds et al. 2004; Hajszan et al. 2006; 

Abdul-Monim et al. 2007; Jenkins et al. 2008; Pratt et al. 2008; McKibben et al. 

2010; Dawson et al. 2014).  

Disturbances in glutamatergic, dopaminergic and ƴ-aminobutyric acid (GABA)ergic 

systems suggest that schizophrenia pathology has a synaptic component (Rapoport 

et al. 2012; Karlsen et al. 2013). In patients, the most pronounced 

synaptopathology is apparent in the prefrontal cortex (PFC) and hippocampus, 

areas involved in cognition (Heckers et al. 1998; Meyer-Lindenberg et al. 2005). 

Neuronal and synaptic plasticity are the cellular mechanisms that underlie learning 

and memory and dysfunction in these processes can lead to cognitive deficits.  

Synaptic markers are proteins found in structures adjacent to the synaptic cleft and 
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their measurement provides an estimate of the number of synapses in a piece of 

tissue. Lower levels of synaptic markers can suggest a loss of synapses, therefore 

indicating the poor health of the neural networks they are associated with. 

Glutamate is the major excitatory neurotransmitter in the human brain and plays a 

critical role in synaptic plasticity (Steeds et al. 2015). Glutamate release is 

decreased in the frontal and temporal lobes of people with schizophrenia (Sherman 

et al. 1991) and is associated with cognitive impairments (Howes et al. 2015). The 

N-methyl-D-aspartate (NMDA) subtype of glutamate receptor is involved in the 

molecular mechanism of synaptic adaptation (Pérez-Otaño and Ehlers 2005), with 

functions such as regulating the migration of neurons (Komuro and Rakic 1993), 

strengthening synapses via long-term potentiation (LTP; Harris et al. 1984), and 

dendritic spine development (Yasumatsu et al. 2008). These processes are critical 

for healthy learning and memory and are also disrupted in schizophrenia. 

Therefore, NMDA receptors (NMDARs) participate in multiple cellular pathways of 

relevance to the disease (Ahmed and Bhat 2014). Postsynaptic density protein 95 

(PSD95) is a scaffolding protein found postsynaptically in glutamatergic pathways 

(Chen et al. 2008). Functions of PSD95 include the mediation of the density of 

NMDARs in the postsynaptic neuron, thereby influencing glutamatergic 

transmission (Coley and Gao 2018). Measures of PSD95 are thought to indicate 

glutamatergic synaptic density with lower concentrations suggesting a loss of 

postsynaptic terminals. Synaptosomal-associated protein of 25 kDa (SNAP25) is 

concentrated on presynaptic glutamatergic terminals and is essential for exocytotic 

neurotransmission (Gu and Huganir 2016). Similarly to PSD95, SNAP25 can be 

measured to evaluate glutamatergic synaptic density. Reduced expression of 
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SNAP25 and PSD95 reflect a loss of pre- and postsynaptic sites and dysfunctional 

synaptic processes. Furthermore, both SNAP25 and PSD95 expression are reduced in 

schizophrenia and are associated with cognitive deficits in the disease (Carroll et al. 

2009; Coley and Gao 2018).  

Synaptic plasticity and maintenance is a process of balancing excitatory and 

inhibitory activity in the brain. GABA is the primary inhibitory neurotransmitter and 

is therefore crucial for healthy synaptic function. The GABAergic system exhibits 

abnormal behaviour in schizophrenia (Cross et al. 1979; Neill et al. 2010; Nakazawa 

et al. 2012), leading to disordered interneuron migration (Akbarian et al. 1993),  

neuronal atrophy (Sweet et al. 2004), and the reduction of dendritic spines in 

populations of neurons (Sweet et al. 2009). Deficits in parvalbumin-containing 

GABAergic interneurons have been reported in the hippocampus (Benes and 

Berretta 2001; Zhang and Reynolds 2002) and the PFC (Beasley and Reynolds 1997; 

Benes 1997; Beasley et al. 2002) of people with schizophrenia. Additionally, the 

expression of glutamate decarboxylase of 67 kDa (GAD67), a GABA-synthesising 

enzyme specific to GABAergic parvalbumin-containing interneurons (Hashimoto et 

al. 2003),  is also decreased in these cells in the PFC of people with schizophrenia 

(Volk et al. 2000). This evidence suggests that both GABA synthesis and reuptake is 

disrupted in these specific subpopulations of PFC neurons (Hashimoto et al. 2003). 

These interneurons also receive excitatory input through NMDARs making them 

sensitive to changes in the glutamatergic system (Uhlhaas 2011). The use of NMDA 

antagonists not only leads to schizophrenia-like behaviour (Domino and Luby 2012) 

but causes changes in GABA transmission (Neill et al. 2010). Furthermore,  NMDA 

antagonist such as PCP and ketamine cause reductions in the power of gamma-
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frequency oscillations (20-80 Herz), a phenomenon that has been linked to the 

cognitive deficits in schizophrenia (Uhlhaas and Singer 2010). This interaction 

between glutamatergic and GABAergic pathways may explain why PCP treated rats 

exhibit similar GABAergic abnormalities in corresponding brain areas to patients 

(Cochran et al. 2003; Abdul-Monim et al. 2007; Jenkins et al. 2008). 

Fast-spiking parvalbumin-containing interneurons are known to synapse with 

pyramidal projection neurons and exert inhibitory influence over them (Mascagni et 

al. 2008). In turn, pyramidal cells regulate the oscillations of inhibitory neurons, 

resulting in synchronised behaviour of neuronal populations  (Uhlhaas 2011). 

Synchrony within and between large populations of cells, particularly in fast-spiking 

parvalbumin-containing interneurons, is necessary for healthy cognition. People 

with schizophrenia demonstrate dysfunctional neural oscillations (Uhlhaas and 

Singer 2006), particularly in gamma-band oscillations that play a role in numerous 

cognitive processes (Uhlhaas and Singer 2010). Therefore, deficits in the GABAergic, 

parvalbumin-containing interneurons can reduce coordinated activity in neural 

networks and have the potential to disrupt cognition (Crabtree and Gogos 2014). 

This likely contributes to PFC dysfunction and negatively impacts learning and 

memory in those with schizophrenia (Neill et al. 2010).  

The mechanisms by which exercise improves cognition in schizophrenia are not 

known (Firth et al. 2017). Physical activity benefits the brain in many ways and 

promotes angiogenesis, neurogenesis, and the upregulation of trophic factors 

(Cotman and Berchtold 2007a; Hillman et al. 2008). These processes support 

plasticity in the brain, a phenomenon that underlies learning and memory (Ganguly 
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and Poo 2013) and is compromised in schizophrenia. Therefore, exercise may 

improve cognition in this population by improving synaptic health (Scheewe et al. 

2013; Firth et al. 2017). 

In the previous chapter, it was demonstrated that wheel running may be able to 

rescue the novel object recognition task (NOR) deficit in the scPCP rat model for 

schizophrenia. Cognitive deficits in scPCP rodent models for schizophrenia are also 

associated with glutamatergic and GABAergic transmission in the dorsal 

hippocampus (Gigg et al. 2020). In addition to this, the temporal lobe is involved in 

the cognitive processes involved in the NOR task (Hammond et al. 2004). This study 

used brain samples from these animals to investigate the effect of scPCP treatment 

on markers of glutamatergic and GABAergic function. The protein analysis was 

performed in the PFC and dorsal hippocampus. The study also investigated if 

voluntary wheel running modified these markers when active rats were compared 

with sedentary controls.



120 
 

4.2 Methods 

All animals underwent NOR at baseline and after six weeks of access to wheels or 

the control condition, full details of which can be found in sections 2.4 and 2.5. The 

detailed methods of this study may be found in Chapter 2. Modified Bradford 

assays were completed for the hippocampal tissue to estimate protein 

concentration for analysis using the ‘Wes’ automated capillary electrophoresis 

western blot system (see section 2.9). Bradford assays were not run for the PFC 

tissue as the concentrations were expected to be too low to be accurately detected.  

The ‘Wes’ automated western blotting system (ProteinSimple, UK) is described in 

full in section 2.10. Briefly, the system employs capillary electrophoresis to separate 

proteins of different molecular weight, and chemiluminescence to label and 

measure protein(s) of interest. A ‘Wes’ assay requires only 3µl of sample per well, 

with a minimum protein concentration of 0.2µg/µl, and produces quantitative 

results in around three hours. The user loads samples and the specific antibodies 

required onto the assay plate, and the plate is pre-filled with the separation entities 

required. A full protocol can be found in section 2.10.2.  

Four proteins of interest were investigated in each region. These were the synaptic 

density markers PSD95 and SNAP25, and the GABAergic markers parvalbumin and 

GAD67.   Before analysis studies were carried out for each protein to optimise total 

protein loaded and primary antibody concentrations for both the PFC and dorsal 

hippocampus. The experimental groups were: vehicle control; vehicle exercise; PCP 

control; and PCP exercise.  
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4.2.1  Statistical analysis 

The area of the chemiluminescence peak for the protein of interest and for the 

housekeeping protein glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was 

collected from Compass for SW (ProteinSimple 2018). One-way ANOVAs were run 

(as described in detail in section 2.10.3.1). If an ANOVA returned a p-value of < 0.05, 

paired-sample t-tests with a Bonferroni correction were run to examine the 

significant interactions, as described in section 2.10.3.1. 

4.3 Results 

4.3.1 Prefrontal cortex 

Levels of PSD95, SNAP25, parvalbumin and GAD67 in PFC tissue were analysed using 

the Wes system. All four proteins were measured in the supernatant (S2) fraction 

produced by the homogenisation protocol described in section 2.8.2.  
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4.3.1.1  PSD95 

A one-way ANOVA indicated that there were no significant differences between the 

groups in the ratio of the protein of interest, PSD95, to the housekeeping protein 

GAPDH, F(3,23) = 0.55, p = 0.66 (Figure 4.1). 
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Figure 4.1 Ratio of the synaptic protein PSD95 to the housekeeping protein GAPDH in 
S2 of the prefrontal cortex.  Data are presented as mean ± SEM (n = 6 per group), 
one-way ANOVA with Bonferroni-corrected t-tests. Postsynaptic density protein 95 
is abbreviated to PSD95, glyceraldehyde 3-phosphate dehydrogenase to GAPDH, and 
supernatant two to S2. 
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4.3.1.2  SNAP25 

A one-way ANOVA showed no significant differences between the groups in the 

ratio of SNAP25 to the housekeeping protein GAPDH, F(3,23) = 1.56, p = 0.23 (Figure 

4.2). 
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Figure 4.2 Ratio of the synaptic protein SNAP25 to the housekeeping protein GAPDH 
in S2 of the prefrontal cortex.  Data are presented as mean ± SEM (n = 6  per group), 
one-way ANOVA with Bonferroni-corrected t-tests. Synaptosome associated protein 
25 is abbreviated to SNAP25, glyceraldehyde 3-phosphate dehydrogenase to GAPDH, 
and supernatant two to S2. 
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4.3.1.3  Parvalbumin 

A one-way ANOVA demonstrated no significant differences between the groups in 

the ratio of parvalbumin to the housekeeping protein GAPDH, F(3,23) = 0.33, p = 0.80 

(Figure 4.3). 
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Figure 4.3 Ratio of PV to the housekeeping protein GAPDH in S2 of the prefrontal 
cortex.  Data are presented as mean ± SEM (n = 6 per group), one-way ANOVA with 
Bonferroni-corrected t-tests. Parvalbumin is abbreviated to PV, glyceraldehyde 3-
phosphate dehydrogenase to GAPDH, and supernatant two to S2. 

4.3.1.4  GAD67 

A one-way ANOVA returned a significant difference between the groups for the 

ratio of GAD67 to GAPDH, F(3,23) = 10.00, p < 0.001. Post hoc Bonferroni-corrected t-

tests reported that the vehicle control group had a significantly lower ratio of 

GAD67/GAPDH when compared to the PCP exercise group (MD = -0.63, SE = 0.13), p 

< 0.01. This was also true for the vehicle exercise group (MD = -0.63, SE = 0.13), p < 
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0.01. The PCP control group also demonstrated a significantly lower GAD67/GAPDH 

ratio to the PCP exercise group (MD = -0.43, SE = 0.13), p < 0.05; Figure 4.4).  
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Figure 4.4 Ratio of GAD67 to the housekeeping protein GAPDH in S2 of the prefrontal 
cortex.  Data are presented as mean ± SEM (n = 6 per group), * p < 0.05, ** p < 
0.001, one-way ANOVA with Bonferroni-corrected t-tests. Glutamate decarboxylase 
67 is abbreviated to GAD67, glyceraldehyde 3-phosphate dehydrogenase to GAPDH, 
and supernatant two to S2. 

4.3.2  Dorsal hippocampus 

Levels of PSD95, SNAP25, parvalbumin and GAD67 in dorsal hippocampal tissue were 

analysed using the ‘Wes’ system. As with the PFC tissue, all four proteins were 

measured in the S2 fraction produced by the homogenisation protocol described in 

section 2.8.2.  
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4.3.2.1  PSD95 

A one-way  ANOVA indicated no significant difference between the groups 

regarding the amount of PSD95 (the protein of interest) compared to GAPDH (the 

housekeeping protein), F(3,19) = 1.37, p = 0.29 (Figure 4.5). 
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Figure 4.5 Ratio of PSD95 to the housekeeping protein GAPDH in S2 of the dorsal 
hippocampus.  Data are presented as mean ± SEM (n = 3–6 per group), one-way 
ANOVA with post hoc Bonferroni-corrected t-tests. Postsynaptic density protein 95 is 
abbreviated to PSD95, glyceraldehyde 3-phosphate dehydrogenase to GAPDH, and 
supernatant two to S2. 
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4.3.2.2  SNAP25 

A one-way ANOVA indicated that there was no significant difference between the 

groups when the amount of SNAP25 detected was compared to the housekeeping 

protein GAPDH, F(3,19) = 0.66, p = 0.98 (Figure 4.6). 
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Figure 4.6 Ratio of SNAP25 and housekeeping protein GAPDH in S2 of the dorsal 
hippocampus.  Data are presented as mean ± SEM (n = 4–6 per group), one-way 
ANOVA with post hoc Bonferroni-corrected t-tests. Synaptosome associated protein 
25 is abbreviated to SNAP25, glyceraldehyde 3-phosphate dehydrogenase to GAPDH, 
and supernatant two to S2. 

4.3.2.3   
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4.3.2.4 Parvalbumin 

A one-way ANOVA revealed a significant difference between the groups regarding 

the amount of the protein parvalbumin in comparison to the housekeeping protein 

GAPDH, F(3,18) = 3.63, p < 0.05. However, there were no significant differences 

between the groups when they were compared using post hoc Bonferroni-

corrected t-tests (Figure 4.7). 
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Figure 4.7 Ratio of PV and housekeeping protein GAPDH in S2 of the dorsal 
hippocampus.  Data are presented as mean ± SEM (n = 3–6 per group), one-way 
ANOVA with post hoc Bonferroni-corrected t-tests. Parvalbumin is abbreviated to 
PV, glyceraldehyde 3-phosphate dehydrogenase to GAPDH, and supernatant two to 
S2. 
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4.3.2.5  GAD67 

A one-way ANOVA did not identify any significant differences between the groups 

for the protein GAD67 versus the housekeeping protein GAPDH, F(3,18) = 1.12, p = 

0.34 (Figure 4.8). 

Veh
 C

ontr
ol

Veh
 E

xe
rc

is
e

sc
P
C
P
 C

ontr
ol

sc
P
C
P
 E

xe
rc

is
e

0.0

0.2

0.4

0.6

0.8

Dorsal Hippocampus (S2)

G
A

D
6
7
/G

A
P

D
H

 
Figure 4.8 Ratio of GAD67 and housekeeping protein GAPDH in S2 of the dorsal 
hippocampus.  Data are presented as mean ± SEM (n = 3–6 per group), one-way 
ANOVA with post hoc Bonferroni-corrected t-tests. Glutamate decarboxylase is 
abbreviated to GAD67, glyceraldehyde 3-phosphate dehydrogenase to GAPDH, 
supernatant two to S2. 

4.4 Discussion 

This study examined synaptic and GABAergic markers in the PFC and hippocampus 

in the scPCP rat model for schizophrenia. It also sought to investigate the effect of 

voluntary wheel running on these markers. The PFC and dorsal hippocampus of four 

groups of rats were dissected and homogenised then compared using the ‘Wes’ 

automated western blotting system. The experimental groups were vehicle control, 
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vehicle exercise, scPCP control, and scPCP exercise. In the PFC, no significant effects 

were present between the four groups for PSD95, SNAP25, or parvalbumin 

expression. For GAD67, a one-way ANOVA returned a significant effect of group for 

GAD67/GAPDH levels. Post hoc Bonferroni-corrected paired t-tests reported higher 

GAD67  levels in the scPCP exercise group compared to the other groups. In the 

dorsal hippocampus, one-way ANOVA returned no significant group effects for 

PSD95, SNAP25, or GAD67 expression. For parvalbumin levels, the ANOVA revealed a 

significant effect of group but post hoc Bonferroni-corrected t-tests reported no 

significant differences between the groups. This and the failure to find significant 

differences in the levels of PSD95, SNAP25, or GAD67 may be explained by the low n 

(the lowest n was 3) of available hippocampus samples. Several of the samples 

were sent to the University of Nottingham and underwent mRNA analysis to 

investigate the expression of several proteins of interest. The student that carried 

out the experiments found no significant differences between the groups of 

animals for any protein. 

Deficits in PSD95, SNAP25 and GABAergic pathways (measured by parvalbumin and 

GAD67) are present in schizophrenia in the PFC and hippocampus (Ohnuma et al. 

2000; Keefe and Harvey 2012; Coley and Gao 2018). This study did not observe 

these differences, assessed using western analysis, in the scPCP treated rats when 

compared to vehicle-treated animals. In the PFC, an ANOVA returned a significant 

effect of treatment group on GAD67 expression, with the scPCP exercise rats 

exhibiting significantly higher levels of this protein than the other groups. There 
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were no significant differences found in the vehicle control or exercise group when 

they were compared to the scPCP control group. Neither were there significant 

differences between the vehicle control or exercise groups. Because of this, the 

interpretation of the significant increase in the scPCP exercise group is challenging. 

The differences in this group did not appear to be due to correction of GAD67 in the 

scPCP model as the scPCP control group did not display a deficit. There was also no 

evidence that exercise increased GAD67 expression in the PFC of the rats in general. 

If this were the case, the vehicle exercise group would also have demonstrated 

increased expression.  

GAD67 is one of two isoforms of GAD and GAD65 is the other. GAD67 is thought to 

reflect basal levels of GABA-mediated inhibitory activity as its ablation results in a 

90% reduction of GABA in the brain (Pinal and Tobin 1998). GAD67 synthesises GABA 

for neuron activity that is not directly related to neurotransmission, such as 

synaptogenesis. Findings from immunohistochemistry confirm that the specificity of 

GAD67 distribution in the rat brain makes this protein it a useful marker for 

GABAergic cells and terminal processes (Fong et al. 2005). Unlike GAD67, the 

function of GAD65 is limited to the synthesis of GABA for release into the synaptic 

cleft (Pinal and Tobin 1998). A  study in male rats demonstrated that four weeks of 

wheel running caused increases in GAD67, although in the hippocampus rather than 

the PFC (Salas-Vega et al. 2011). However, another reported that wheel running did 

not affect the expression of GAD67 but did increase levels of GAD65 (Ferreira-Junior 

et al. 2019). GAD65 may have been upregulated in these samples but was not 
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measured. The inconsistent evidence for exercise-mediated changes of the two 

isoforms in rats indicates the relationship may not be straightforward and requires 

further characterisation.  

An alternative explanation for the significant difference in GAD67 expression 

observed in the PFC of scPCP exercise rats is the heterogeneity of variance among 

the groups. Levene’s test did not return a significant result for any of the markers, 

including GAD67. However, each group had a small n of six because several of the 

homogenised samples contained too little protein to analyse effectively. Normality 

testing with small sample sizes (< 20) is argued to be underpowered and unable to 

identify distribution accurately or reliably (Zylstra 1994; Fay and Proschan 2010). 

Therefore, the result could be explained as a statistical artefact that is the result of 

small sample sizes and a lack of homogeneity of variance between the treatment 

groups.  

A significant effect of treatment group was observed in parvalbumin levels in the 

dorsal hippocampus, although post hoc analysis did not report significant 

differences between the groups. Disturbances in parvalbumin-containing 

interneuron are strongly associated with schizophrenia and are thought to 

contribute to cognitive impairment (Neill et al. 2010). However, the interpretation 

of this result is also challenging because the nature of the effect is unclear. The lack 

of significant differences could be due to insufficient power to detect the effect in 

group parvalbumin levels using western analysis. While a sample size of six was 

possible for the PFC analysis, sample numbers were as low as three when 
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comparing the hippocampal tissue. Larger sample sizes providing more power are 

likely required to understand the effect of exercise on parvalbumin expression in 

the scPCP rat model for schizophrenia. 

In this study, the density of excitatory synapses was determined using pre- and 

postsynaptic markers SNAP25 and PSD95, respectively. These proteins play key roles 

in synaptic plasticity and maturation and are found in glutamatergic synapses (Gigg 

et al. 2020). Also, SNAP25 and PSD95 expression have both been shown to be 

decreased in the brains of people with schizophrenia (Ohnuma et al. 2000; Gu and 

Huganir 2016). The density of inhibitory synapses was investigated by measuring 

parvalbumin and GAD67 levels. GAD67 is a GABA-synthesising enzyme that is also 

present in parvalbumin-containing interneurons, a subset of GABAergic cells.  GABA 

is the major inhibitory neurotransmitter in the human brain and disruptions in PFC 

parvalbumin-containing interneurons are linked with cognitive deficits in 

schizophrenia (Nakazawa et al. 2012).  

These data did not suggest a change of excitatory or inhibitory synaptic density in 

the scPCP model for schizophrenia. These results contradict previous animal work 

demonstrating a reduction in markers of GABAergic function, such as decreased 

parvalbumin mRNA in the PFC (Cochran et al. 2003; Pratt et al. 2008), and density of 

immunohistochemically-stained parvalbumin-containing interneurons in the 

prefrontal cortex and hippocampus (Abdul-Monim et al. 2007; Jenkins et al. 2008; 

McKibben et al. 2010). ScPCP treatment also produces a decline in GAD67 mRNA, 

although this was demonstrated in the cerebellum, an area not analysed in this 



134 
 

study (Bullock et al. 2009). There was also no indication of an effect of voluntary 

wheel running on glutamatergic or GABAergic function. Vehicle treated rats with 

access to wheels did not differ from sedentary controls on any synaptic marker. A 

significant group effect was revealed in GAD67 expression in the PFC and for 

parvalbumin expression in the dorsal hippocampus. However, the evidence was 

insufficient for speculation on the neuropathology underlying the behavioural 

changes reported in Chapter 3.  

There are several limitations to this study, some of which have been alluded to 

above. For example, there were as few as three samples per group available for 

analysis in the dorsal hippocampus. There was also sizeable variation between 

samples, and the analysis may have been underpowered to detect effects in this 

tissue. For the PFC, an n of six was possible for each group. However, half of the 

dorsal hippocampal samples were sent for mRNA analysis, reducing the number 

available for Wes processing. In regards to the PFC samples, while there were ten 

rats per group it was not possible to dissect the PFC in some brains because of the 

way that the tissue has frozen within the brain boxes. In addition to this, the 

protein concentration in the samples was low due to the limited amount of PFC 

tissue in one rat hemisphere. Consequently, not all the samples could be processed 

with the Wes system, despite the low concentration required for successful 

detection.  

There is evidence from both clinical and preclinical work that the changes in 

neurotransmitters associated with schizophrenia are highly spatially specific. For 
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instance, changes in parvalbumin-containing, fast-spiking interneuron expression is 

found in a specific subset of cells in the PFC of patients (Benes et al. 1991; Beasley 

et al. 2002). Similarly, selective abnormalities have been replicated using chronic-

intermittent treatment with PCP (Cochran et al. 2003). In this study, tissue from 

each brain area in each animal was dissected and homogenised. Therefore, it was 

not possible to discern individual subregions or subpopulations of cells from this 

analysis. One hemisphere from each animal was perfused and fixed in 

paraformaldehyde (PFA) for analysis with immunohistochemistry. Slices from the 

PFC and hippocampus were stained for markers of interest, including parvalbumin, 

but the samples were destroyed and analysis was not possible. This methodology 

would allow for a better spatial acuity and may have revealed changes in 

immunolabelled cells in functionally distinct subregions in the PFC and 

hippocampus. 

Exercise has been shown to improve symptoms and cognitive deficits in 

schizophrenia. While the pro-cognitive effects of physical activity are widely 

recognised, the mechanisms that mediate them are not known (Firth et al. 2017a; 

Firth et al. 2017b). Upregulation of BDNF and increases in brain volume are the 

best-investigated phenomena in patients (Firth et al. 2017). In the experiment 

described in section 2.11.2, peripheral (plasma) BDNF was compared between the 

four experimental groups after exercise or the control condition. No significant 

differences were found and there was considerable variance between animals 

(Gonzalez et al. unpublished). An enzyme-linked immunosorbent assay (ELISA) was 
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run to measure BDNF in the brain. However, the samples had been prepared for the 

‘Wes’ system and the protein concentrations were inadequate for accurate 

measurement. Still, BDNF levels cannot account for the improvement in cognition 

alone (Kimhy et al. 2015), suggesting that other mechanisms are involved. Previous 

work has shown that scPCP treated rats display deficits in glutamatergic and 

GABAergic pathways (Cochran et al. 2003; Jenkins et al. 2008; McKibben et al. 

2010). The data presented here using western analysis do not provide evidence for 

changes in glutamatergic or GABAergic synaptic transmission in the scPCP rat model 

for schizophrenia.
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Chapter 5 Exercise and detraining: effects on 
the NOR cognitive deficit in the subchronic PCP 
rat model  for schizophrenia 

5.1 Introduction 

Schizophrenia is a disabling mental health issue that is costly not only to those who 

live with it, but to their family, carers and the global economy (Chong et al. 2016; 

Fasseeh et al. 2018). The cognitive deficits seen in schizophrenia are pervasive and 

persistent aspects of the disease and are the best predictors of quality of life and 

global functioning (Fujii et al. 2004; Milev et al. 2005; Green 2006; Agid et al. 2013). 

Despite this, there is currently no treatment for them (Young and Geyer 2015).  The 

development of novel therapeutics for schizophrenia has been challenging with 

many of the front-line therapies discovered with some serendipity decades ago 

(Pieper and Baraban 2017). More recently came the development of second-

generation antipsychotic (SGA) drugs. However, they generally function via 'me too' 

mechanisms and have not lived up to their promise of improved cognition (Conn et 

al. 2008; Swartz et al. 2008; Leucht et al. 2013). Schizophrenia is a particularly 

challenging disease to understand and treat, not least because it is multifaceted, 

complex and heterogeneous. While animal models can be valuable for 

understanding the behavioural and biological aspects of a disease (van der Staay et 

al. 2009) it is challenging to replicate a mental illness like schizophrenia. 

Schizophrenia-spectrum disorders are often described as the 'price' that humans 

pay for language and the abstract conceptualisation it allows (Crow 2000). It is 

therefore perhaps unsurprising that many of the core symptoms of schizophrenia 

revolve around abnormalities in thinking and speech (American Psychiatric 
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Association 2013), many of which are either difficult or impossible to measure in 

non-human animals (Powell and Miyakawa 2006). However, there are aspects of 

schizophrenia that can be modelled. For example, the development of the 

subchronic phencyclidine (scPCP) rat model for schizophrenia began when 

schizophrenia-like behaviours were seen in people who had ingested phencyclidine 

(PCP; Domino 1964; Neill et al. 2014). The model mimics aspects of the cognitive, 

anatomical and molecular abnormalities seen in schizophrenia (Ripke et al. 2014; 

Doostdar et al. 2019) and it has become a useful tool to understand these aspects 

of the disease. It can be used to investigate abnormalities of relevance to 

schizophrenia and to test potential therapies (Neill et al. 2010). It is possible to 

measure cognitive disturbances of relevance to schizophrenia in animals using 

carefully designed behaviour paradigms (Young et al. 2006; Young et al. 2012). For 

example, visual recognition memory is a cognitive domain disrupted in 

schizophrenia (Nuechterlein et al. 2005) and can be measured in rodents using the 

novel object recognition (NOR) task (Neill et al. 2010; Redrobe et al. 2010). The 

scPCP rat model for schizophrenia produces a reliable visual recognition deficit that 

is evident in the NOR paradigm (Grayson et al. 2007).  

Evidence is accumulating that exercise can ameliorate some of the treatment-

resistant symptoms for people with schizophrenia (Dauwan et al. 2016), including 

the quality-of-life-limiting (Fujii et al. 2004) cognitive deficits (Firth et al. 2017). 

Exercise has also been studied extensively in animals and improves performance on 

a variety of cognitive tasks (Berchtold et al. 2010). However, there has been little 

exploration of exercise in animal models for schizophrenia, with evidence for the 

effects on cognition in these models scarcer still. To date, there is no published 
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work on the effects of cognition in the scPCP rat model, or any rat model, for 

schizophrenia. There has also been no investigation of how long exercise influences 

cognition in an animal model of schizophrenia after detraining. Likewise, there is 

scant evidence for how long the pro-cognitive effects of exercise endure in people 

with schizophrenia (Su et al. 2016). Understanding the timeline by which exercise 

exerts its effect in schizophrenia may provide insights into both the mechanisms at 

play and the optimal 'dosage' and frequency (Berchtold et al. 2010). This study 

investigates the duration for which positive effects of exercise can be observed in 

the scPCP rat model for schizophrenia once exercise has ceased. 
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5.2 Methods 

All animals underwent NOR before and after six weeks of access to freely turning or 

locked wheels (the control condition). Rats were then tested with the NOR 

paradigm after two weeks of rest (no access to wheels) and four weeks of rest. Full 

details of the methodology can be found in section 2.4. 

5.3 Results 

5.3.1 Time point one: baseline NOR task (NOR 2.1) 

A novel object recognition test was run at baseline, i.e. time point one (NOR 2.1), at 

the end of the one week washout period. There were four experimental groups: 

vehicle control; vehicle exercise; scPCP control; or scPCP exercise (all n = 10). Rats 

were pseudo-randomly assigned to their experimental groups as described in 

section 2.3. Planned statistical analyses were performed as described in section 

2.5.3.2. 

Acquisition (NOR 2.1) 

A two-way ANOVA revealed no interaction between the exploration of the objects 

(left and right) at the acquisition stage of the NOR test, F(1,35) = 0.34, p = 0.56, and 

no interaction between object exploration and treatment group, F(3,35) = 1.29, p = 

0.29 (Figure 5.1). 

Retention (NOR 2.1) 

A two-way ANOVA revealed a significant difference between the objects in the 

retention phase of NOR, F(1,35) = 22.22, p < 0.001, and no significant difference 
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between the groups, F(3,35) = 1.19, p = 0.33. Post hoc Bonferroni-corrected paired 

sample t-tests were run. The vehicle control group explored the novel object 

significantly more than the familiar object (MD = 5.00, SE = 2.12), p < 0.05. The 

vehicle exercise group also favoured the novel object (MD = 7.70, SE = 2.00), p < 

0.001. Neither the scPCP control group (MD = 3.8, SE = 2.00), p = 0.07, nor the 

scPCP exercise group (MD = 2.60, SE = 2.00), p = 0.20, differentiated between the 

novel and familiar objects (Figure 5.1). 
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Figure 5.1 Exploration time in seconds for the left and right objects during the 
acquisition stage (A), and the novel and familiar objects during the retention phase 
(B) of NOR 2.1. Data are presented as mean ± SEM (n = 9-10 per group), ***p < 
0.001, two-way ANOVA and post hoc paired-sample t-test with Bonferroni 
correction. Vehicle is abbreviated to veh, subchronic phencyclidine to scPCP, and 
seconds to s. 

Discrimination Indices (NOR 2.1) 

One-sample t-tests were run to understand whether the groups had a DI different 

from zero where zero indicated no preference between the novel and familiar 

object. The vehicle control (M = 0.23, SD = 0.20), t(8) = 3.48, p < 0.01, and vehicle 

exercise (MD = 0.32, SD = 0.22) groups, t(9) = 4.54, p < 0.01, both had a DI 

significantly greater than 0. This indicated a preference for the novel object. Neither 

the scPCP control group (M = 0.14, SD = 0.30), t(9) = 1.51, p = 0.17, nor the scPCP 
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exercise group (M = 0.12, SD = 0.23), t(9) = 1.72, p = 0.12, had a DI that varied 

significantly from 0 (Figure 5.2). 
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Figure 5.2 Discrimination indices (DI) compared to 0 for the retention stage of NOR 
2.1. Data are presented as mean ± SEM (n = 9-10 per group), **p < 0.01, 
independent sample t-tests. Vehicle is abbreviated to veh and subchronic 
phencyclidine to scPCP. 

A one-way ANOVA established that there were no significant differences between 

the groups' DI scores, F(3,35) = 1.48, p = 0.24 (data not shown). 

Total exploration time (NOR 2.1) 

Total exploration times for each stage of the NOR task were compared to 

investigate if there were significant differences between the groups. These 

measures were used to assess whether general exploratory behaviour was affecting 

the differences seen between object exploration in the NOR test. A one-way 

ANOVA indicated that there were no significant differences in total exploration time 

for the acquisition stage of NOR task, F(3,35) = 0.75, p = 0.53 (data not shown). 

Similarly, no effect was found in the retention part of the NOR test, F(3,35) = 1.56, p 

= 0.22 (data not shown). 



143 
 

5.3.2 Time point two: post-exercise NOR task (NOR 2.2) 

Acquisition (NOR 2.2)  

A two-way ANOVA showed no difference in the exploration of the objects (left and 

right) during the acquisition of the NOR task, F(1,35) = 0.004, p = 0.95, as well as no 

interaction between object exploration and treatment group, F(3,35) = 0.67, p = 0.58 

(Figure 5.3). 

Retention (NOR 2.2) 

A two-way ANOVA revealed a significant effect of object in the retention stage of 

the NOR task, F(1,35) = 24.21, p < 0.001, and no interaction between object and 

group, F(3,35) = 1.01, p = 0.40. Post hoc t-tests with Bonferroni correction revealed 

that the vehicle control group spent significantly more time exploring the novel 

object than the familiar object, (MD = 3.40, SE = 1.47), p < 0.05. Similarly, the 

vehicle exercise group preferred to explore the novel more than the familiar object, 

(MD = 4.00, SD = 1.47), p < 0.05. The scPCP control group did not appear to 

differentiate between the novel and familiar objects (MD = 1.80, SE = 1.47), p = 

0.23, whereas the scPCP exercise group spent longer exploring the novel versus the 

familiar object (MD = 5.44, SD = 1.55), p < 0.01 (Figure 5.3). 
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Figure 5.3 Exploration time in seconds for the left and right objects during the 
acquisition stage (A), and the novel and familiar objects during the retention phase 
(B), of NOR 2.2. Data are presented as mean ± SEM (n = 9-10 per group), * p < 0.05, 
two-way ANOVA and paired-sample t-test with Bonferroni corrections. Vehicle is 
abbreviated to veh, subchronic phencyclidine to scPCP, and seconds to s. 

Discrimination Indices (NOR 2.2) 

A one sample t-test compared the DI of the groups to 0. The vehicle control group 

had a significantly positive DI (M = 0.24, SD = 0.24), t(9) = 3.06, p < 0.05. The vehicle 

exercise group also had a statistically significant positive DI (M = 0.26, SD = 0.35), 

t(9) = 4.54, p < 0.01. The scPCP control group DI did not differ from zero (M = 0.15, 

SD = 0.22), t(9) = 2.24, p = 0.52, and the scPCP exercise group did (M = 0.30, SD = 

0.23), t(9) = 3.92, p < 0.01 (Figure 5.4).  
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Figure 5.4 Discrimination indices (DI) compared to 0 for the retention stage of the 
NOR task post-exercise (NOR 2.2).  Data are presented as mean ± SEM (n = 8-10 per 
group), **p < 0.01, independent sample t-tests. Vehicle is abbreviated to veh and 
subchronic phencyclidine to scPCP. 

There were no significant differences between the DI scores of the groups, as 

determined by a one-way ANOVA, F(3,37) = 0.53, p = 0.66 (data not shown). 

Total exploration time (NOR 2.2) 

The total exploration times for both stages of the NOR test were compared to rule 

out an effect of general exploration. Total exploration was used as a proxy for 

locomotor activity, and there were no differences between the groups at the 

acquisition phase, F(3,35) = 1.55, p = 0.22, or the retention phase, F(3,35) = 0.49, p = 

0.70 (data not shown). 
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5.3.3 Time point three: NOR task after two weeks of exercise 

cessation (NOR 2.3) 

Acquisition (NOR 2.3) 

No significant effects were found between exploration times of left and right object 

in the acquisition phase of the NOR test, as determined by a two-way ANOVA, F(1,32) 

= 0.02, p = 0.90. There was also no interaction between object exploration and 

treatment group, F(3,32) = 6.53, p = 2.54, p = 0.07 (Figure 5.5).  

Retention (NOR 2.3) 

A two-way ANOVA identified a significant interaction for object exploration, F(1,31) = 

36.92, p < 0.001 but there was no group x object interaction, F(3,31) = 0.80, p = 0.50. 

Post-hoc Bonferroni-corrected t-tests established that the vehicle control group 

explored the novel more than the familiar object (MD = 8.78, SE = 2.74), p < 0.01. 

The vehicle exercise group also preferred the novel object over the familiar (MD = 

10.66, SE = 2.89), p < 0.01. The scPCP control group displayed an object recognition 

deficit and showed no significant difference in their exploration of the novel and 

familiar objects (MD = 5.16, SE = 3.07), p = 0.10. The scPCP exercise group did not 

have this deficit and explored the novel object for significantly longer than the 

familiar object (MD = 11.17, SE = 3.07), p < 0.01 (Figure 5.5). 
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Figure 5.5 Exploration time in seconds for the left and right objects during the 
acquisition stage (A), and the novel and familiar objects during the retention phase 
(B) of NOR 2.3. Data are presented as mean ± SEM (n = 8-10 per group), **p < 0.01, 
two-way ANOVA and paired-sample t-test with Bonferroni correction. Vehicle has 
been abbreviated to veh, subchronic phencyclidine to scPCP, and seconds to s. 

Discrimination Indices (NOR 2.3) 

One sample t-tests were run to determine if the DI scores for each group differed 

significantly from zero. The vehicle control group differed significantly from zero (M 

= 0.49, SD = 0.24), t(9) = 6.50, p < 0.001. The vehicle exercise group also had a DI 

significantly higher than zero (M = 0.42, SD = 0.33), t(8) = 3.87, p < 0.01. The scPCP 

control group’s DI was not significantly different to zero (M = 0.22, SD = 0.31), t(7) = 

2.01, p = 0.08. The scPCP exercise group had a DI significantly different to zero (M = 

0.49, SD = 0.22), t(7) = 6.22, p < 0.001 (Figure 5.5). 
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Figure 5.6 Discrimination indices (DI) compared to 0 for the retention stage of NOR 
2.3 task. Data are presented as mean ± SEM (n = 8-10 per group), **p < 0.01, 
independent sample t-tests. Vehicle is abbreviated to veh and subchronic 
phencyclidine to scPCP. 

A two-tailed one-way ANOVA revealed no significant differences in DI between the 

groups, F(3,34) = 1.67, p = 0.66 (data not shown). 

Total Exploration Time (NOR 2.3) 

Total exploration time was compared between the groups to reveal if differences 

were due to abnormal exploratory behaviour. Total exploration time for the 

acquisition and retention stages of the NOR task were used to approximate 

locomotor activity in the absence of line-crossing data. A one-way ANOVA indicated 

significant differences in total exploration time for the acquisition phase of after 

two weeks of inactivity (NOR 2.3), F(3,32) = 8.40, p < 0.001. The scPCP control 

group’s total acquisition exploration time was significantly higher than each of the 

other groups as demonstrated by post hoc t-tests with Bonferroni corrections 

(Figure 5.7): vehicle control (MD = 14.64, SE = 3.47, p < 0.05); vehicle exercise (MD = 
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13.55, SE = 3.55, p < 0.05); scPCP exercise (MD = 15.64, SE = 3.55, p < 0.05; Figure 

5.7). There were no significant differences between the groups at the retention 

stage of the NOR task, F(3,34) = 0.53, p = 0.67 (data not shown). 
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Figure 5.7 NOR total exploration time in seconds during the acquisition stage (A), 
and the novel and familiar objects during the retention phase (B). Data are 
presented as mean ± SEM (n = 8-10 per group), *p < 0.05, two-way ANOVA and 
paired-sample t-test with Bonferroni correction. Vehicle is abbreviated to veh, 
subchronic phencyclidine to scPCP, and seconds to s. 

5.3.4 Time point four: NOR task after four weeks of exercise 

cessation (NOR 2.4) 

Acquisition (NOR 2.4) 

A two-way ANOVA indicated that there were no statistically significant differences 

between the exploration of the left and right objects during acquisition, F(1,36) = 

0.01, p = 0.91 (Figure 5.8). In addition to this, there was no significant interaction 

between object exploration and group membership, F(3,36) = 0.07, p = 0.79 (data not 

shown). 
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Retention (NOR 2.4) 

Statistically significant differences were found between the novel and familiar 

objects in the retention portion of the NOR task, F(1,35) = 12.19, p < 0.001. There 

was a significant interaction of object exploration and group, F(1,35) = 8.72, p < 0.01. 

Paired sample t-tests were run to establish the differences and a Bonferroni 

correction was applied. The vehicle control group demonstrated a difference in 

exploration between the novel and familiar object (MD = 9.78, SE = 2.61), p < 0.01. 

Similarly, the vehicle exercise group favoured the novel over the familiar object 

(MD = 6.20, SE = 2.48), p < 0.05. The scPCP control group showed no significant 

differentiation between the objects (MD = -2.80, SE = 2.48), p = 0.27. The scPCP 

exercise group also failed to discriminate between the novel and familiar objects 

(MD = 2.6, SE = 2.48), p = 0.30 (Figure 5.8). Exploration time appeared lower at this 

time point, which may be due to repeated behavioural testing of the animals.  
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Figure 5.8 Exploration time in seconds for the left and right objects during the 
acquisition stage (A), and the novel and familiar objects during the retention phase 
(B) of NOR 2.4. Data are presented as mean ± SEM (n = 9-10 per group), *p < 0.05, 
***p < 0.001, two-way ANOVA and paired-sample t-test with Bonferroni correction. 
Vehicle is abbreviated to veh, subchronic phencyclidine to scPCP, the novel object 
recognition task to NOR, and seconds to s. 
 
Discrimination Indices (NOR 2.4) 

The vehicle control group had a mean DI that significantly differed to zero (M = 

0.48, SD = 0.31), t(8) = 4.68, p < 0.001, as determined by a single sample t-test. This 

was also the case for the vehicle exercise group (M = 0.28, SD = 0.22), t(9) = 3.94, p < 

0.01. The scPCP control group had a mean DI that was not significantly different to 

zero (M = -0.10, SD = 0.32), t(9) = -0.95, p = 0.37. The scPCP exercise group also 

failed to show a significant difference in DI when compared to zero (M = 0.73, SD = 

0.30), t(9) = 0.73, p = 0.37 (Figure 5.9). 
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Figure 5.9 Discrimination indices (DI) compared to 0 for the retention stage of the 
NOR task. Data are presented as mean ± SEM (n = 9-10 per group), **p < 0.01, 
independent sample t-tests. Vehicle is abbreviated to veh and subchronic 
phencyclidine to scPCP. 

A one-way ANOVA indicated a difference between the groups’ DI, F(3,35) = 7.18, p < 

0.01. The vehicle groups did not differ from one another (MD = 0.20, SE = 0.13), p = 

0.84. The vehicle control group differed from the scPCP control group (MD = 0.58, 

SE = 0.13), p < 0.01, and the scPCP exercise group (MD = 0.41, SE = 0.13), p < 0.05. 

The vehicle exercise group had significantly higher DI than the scPCP control group 

(MD = 0.38, SE = 0.13), p < 0.05, but not the scPCP exercise group (MD = 0.21, SE = 

0.13), p = 0.66 (Figure 5.10).  
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Figure 5.10 Discrimination indices (DI) for the NOR 2.4. Data are presented as mean 
± SEM (n = 9-10 per group), *p < 0.05, post hoc paired sample t-tests with 
Bonferroni correction. Vehicle is abbreviated to veh and subchronic phencyclidine to 
scPCP. 

Total Exploration Time (NOR 2.4) 

Total exploration time was analysed as a proxy for locomotor activity in the absence 

of line-crossing data. They were examined to understand if the differences in object 

exploration were due to changes in general exploratory behaviour. There was no 

significant difference between the total acquisition exploration in the NOR test as 

demonstrated by a one-way two-tailed ANOVA, F(3,36) = 0.95, p = 0.66 (data not 

shown). The same was true for the retention portion of the task, F(3,35) = 0.95, p = 

0.43 (data not shown).  

5.3.5 Comparison of Discrimination Indices Across All Time 

points (NOR 2.1 to 2.4) 

A two-way ANOVA was run to compare the DI scores between the time points (NOR 

2.1 to 2.4). This analysis included planned post hoc paired sample t-tests with 
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Bonferroni adjustment. There was a significant effect of DI between the four time 

points, F(3,78) = 5.98, p < 0.01. There was also a significant interaction of DI and 

group treatment, F(9,78) = 2.78, p < 0.05. Post hoc paired sample t-tests with 

Bonferroni correction indicated no difference in DI between any of the time points 

for vehicle control animals. There was also no difference between any of the time 

points for the scPCP control group.  There were no significant differences for the 

scPCP exercise group for NOR 2.1, 2.2 or 2.3. Table 5.1 summarises the results of 

the statistical tests for the vehicle control, vehicle exercise, and scPCP control 

group. However, there was a significant decrease in DI between NOR 2.3 (two 

weeks of rest) and 2.4 (four weeks of rest), for the scPCP exercise group (MD = 0.51, 

SE 0.14), p < 0.05 (Figure 5.11). 
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Figure 5.11 A comparison of discrimination indices (DI) at each time point of the 
experiment (NOR 2.1 to NOR 2.4). Data are presented as mean ± SEM (n = 8-10 per 
group), *p < 0.05 paired sample t-tests with Bonferroni adjustment. Vehicle is 
abbreviated to veh, subchronic phencyclidine to PCP, and novel object recognition 
task to NOR.
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Table 5.1 Mean difference, standard error and p-value from Bonferroni corrected post hoc tests comparing discrimination indices for 
novel object recognition tasks 2.1, 2.2, 2.3 and 2.4. 

  Baseline (NOR 2.1) Post-Exercise (NOR 2.2) 14 Days Rest (NOR 2.3) 28 Days Rest (NOR 2.4) 

Group  MD SE p MD SE p MD SE p MD SE p 

Vehicle 
Control 

Baseline (NOR 
2.1) 

- - - -0.01 0.13 =1.00 0.26 0.12 =0.27 0.29 0.10 =0.06 

 Post-Exercise 
(NOR 2.2) 

0.01 0.13 =1.00 - - - -0.28 0.11 =0.09 0.30 0.11 =0.07 

 14 Days Rest 
(NOR 2.3) 

-0.26 0.12 =0.27 -0.28 0.11 =0.09 - - - -0.03 0.13 =1.00 

 28 Days Rest 
(NOR 4.4) 

-0.29 0.10 =0.06 -0.30 0.10 =0.07 -0.03 0.13 =1.00 - - - 

Vehicle 
Exercise 

Baseline (NOR 
2.1) 

- - - -0.14 0.11 =1.00 0.07 0.11 =1.00 -0.06 0.09 =1.00 

 Post-Exercise 
(NOR 2.2) 

0.14 0.11 =1.00 - - - 0.20 0.09 0.24 0.07 0.10 =1.00 

 14 Days Rest 
(NOR 2.3) 

-0.07 0.11 =1.00 -0.20 0.09 =0.24 - - - -0.13 0.12 =1.00 

 28 Days Rest 
(NOR 4.4) 

0.06 0.09 =1.00 -0.07 0.10 =1.00 0.13 0.12 =1.00 - - - 
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   Baseline (NOR 2.1) Post-Exercise (NOR 2.2) 14 Days Rest (NOR 
2.3) 

28 Days Rest (NOR 
2.4) 

Group  MD SE p MD SE p MD SE p MD SE p 

scPCP 
Control 

Baseline 
(NOR 2.1) 

- - - 0.05 0.12 =1.00 0.06 0.12 =1.00 -0.22 0.10 =0.17 

 Post-
Exercise 

(NOR 2.2) 

-0.05 0.12 =1.00 - - - -0.16 0.10 =1.00 -0.27 0.10 =0.09 

 14 Days Rest 
(NOR 2.3) 

-0.06 0.12 =1.00 -0.16 0.10 =1.00 - - - 0.29 0.12 0.16 

 28 Days Rest 
(NOR 4.4) 

0.22 0.10 0.17 0.27 0.10 =0.09 0.29 0.12 =0.16 - - - 

scPCP 
Exercise 

Baseline 
(NOR 2.1) 

- - - 0.08 0.14 =1.00 0.30 0.13 =0.20 -0.21 0.11 =0.43 

 Post-
Exercise 

(NOR 2.2) 

-0.84 0.14 =1.00 - - - 0.22 0.11 =0.40 0.30 0.12 =0.13 

 14 Days Rest 
(NOR 2.3) 

-0.30 0.13 =0.20 -0.22 0.11 =0.40 - - - -0.51 0.14 <0.05 

 28 Days Rest 
(NOR 4.4) 

0.21 0.11 0.43 0.30 0.12 =0.13 0.51 0.14 <0.05 - - - 

Mean difference is abbreviated to MD, standard error to SE, discrimination indices to DI, and novel object recognition test to NOR. 
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5.4 Discussion 

This study extends the results of the first behavioural experiment, confirming that 

voluntary wheel running reverses the visual memory deficit in the scPCP rat model 

for schizophrenia. These results correspond with clinical research demonstrating 

that exercise is beneficial for cognition in schizophrenia (Firth et al. 2017) and 

further endorses the scPCP model's relevance for the disease. In addition to this, 

exercise continued to exert its pro-cognitive effects for at least two weeks after 

detraining, but by four weeks the NOR deficit had returned. This result is consistent 

with previous work demonstrating that cognition in normal rats (measured by the 

radial arm water maze) is improved for around two weeks after wheel running but 

returns to baseline at three to four weeks (Berchtold et al. 2010). The authors also 

demonstrated that hippocampal brain-derived neurotrophic factor (BDNF) was 

positively correlated with cognitive performance and continued to be upregulated 

in the brain for two weeks after exercise. Levels then dropped to those comparable 

to sedentary animals by four weeks of rest (Berchtold et al. 2010). As these 

behavioural results follow a similar temporal pattern BDNF may be the mechanism 

by which visual recognition memory is improved by exercise in the scPCP model for 

schizophrenia. 

The scPCP rat model for schizophrenia is a useful tool to understand schizophrenia-

like disturbances in brain and behaviour (Neill et al. 2014). The NOR task can be 

used to assess cognitive deficits of relevance to schizophrenia and our previous 

study demonstrated a positive effect of exercise on visual recognition memory. In 

this study, both vehicle groups spent significantly longer exploring the novel object 
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than the familiar object during the retention portion of the test at any time point, 

suggesting in-tact memory of the familiar object. The scPCP-treated rats showed a 

cognitive deficit in the NOR task demonstrated by no significant difference between 

the exploration of the novel and familiar object for either group. After access to 

freely turning or locked wheels, the vehicle groups continued to exhibit a 

preference for the novel object in the NOR task. The scPCP control group (that had 

access to only locked wheels) continued to display a deficit and showed no 

preference for the novel object. However, the scPCP exercise group (that had 

access to freely turning wheels) began to display a preference for the novel over 

the familiar object, spending significantly more time exploring it. This data suggests 

that voluntary wheel running can reverse the NOR cognitive deficit in the scPCP rat 

model for schizophrenia and corroborates the findings from the first study.  

In this experiment, the investigation was extended to determine how long the pro-

cognitive effects of exercise would last after exercise cessation. Rats were kept in 

their home cage with no access to wheels (locked or otherwise) to rest/detrain for 

14 days. After this, they were tested with the NOR task again (NOR 2.3). The scPCP 

control (locked wheel) group continued to show no preference between the 

objects. The scPCP exercise (wheel running) group spent significantly longer 

exploring the novel object, suggesting they did not have a cognitive deficit in the 

NOR paradigm. The rats were then left to rest for another 14 days and underwent 

NOR 2.4. During the NOR task, the scPCP control group did not explore the novel 

significantly more than the familiar object, suggesting a cognitive deficit. The scPCP 

exercise group, that had now had no access to wheels for 28 days, failed to show a 

preference for the novel object in the retention portion of the NOR test. The results 
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of this experiment suggest that the visual recognition deficit in the scPCP rat model 

for schizophrenia can be rescued by voluntary exercise and that this effect 

continues for two weeks after access to wheels is removed. By four weeks of 

detraining, the positive effects of exercise on cognition were no longer present. 

These results have important implications for both clinical practice and research 

into exercise and schizophrenia. They suggest that future studies examining 

exercise and cognition in people with schizophrenia should include follow-up 

points. At follow-up, investigators should document the time since the participants' 

last session of exercise and whether and for how long the effects of exercise appear 

to last. 

The cognitive deficits seen in schizophrenia are present before the onset of illness 

and do not respond to antipsychotic treatment (Agid et al. 2013). Exercise appears 

to improve cognition in schizophrenia but there is still a question as to how (Firth et 

al. 2017). It is also not known how long the pro-cognitive effects of exercise last, 

something that is relevant to both research and clinical practice (Firth et al. 2017). 

Like a prescribed medication that must be taken regularly, the positive effects of 

exercise appear to be mostly transient (Berchtold et al. 2005). Some headway has 

been made into understanding the time course of the effects of exercise on the 

brains of animals, but there is still a good deal of work to be done (Hopkins et al. 

2011). From human studies, two prominent interrelated theories are described in 

the literature. These are that exercise stimulates neurogenesis, particularly in the 

hippocampus, and upregulates BDNF (Firth et al. 2017). It is hypothesised that one 

or both phenomena lead to an improvement in cognition. The evidence for exercise 

increasing either of these in schizophrenia is inconsistent, including some studies 
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demonstrating improvements in cognition in the absence of change in brain volume 

or increased BDNF (Firth et al. 2017).  

Pragmatically, how exercise affects the brain and cognition in people with 

schizophrenia is unlikely to be as straight forward as modulation of one or two 

biological mechanisms. Exercise has a global effect on the body and brain and 

therefore influences a wide range of systems. It stimulates angiogenesis in several 

brain areas, including the hippocampus, and improves the efficiency of oxygen 

delivery to neurons, increasing their metabolic activity  (Berchtold et al. 2010; 

Kaliman et al. 2011). Physical activity also influences the trophic environment in the 

brain, causing increases in BDNF, insulin-like growth factor (IGF) and vascular 

endothelial growth factor (VEGF; Cotman and Berchtold 2007a). These are 

mechanisms that promote healthy neuroplasticity, which is proposed to improve 

cognition in people with schizophrenia.  

An ELISA was used to analyse BDNF in plasma taken from rats at each NOR time 

point. The results showed no significant differences between the groups of animals 

in BDNF in plasma (Gonzalez et al. unpublished). In addition to this, an ELISA was 

used to investigate BDNF in the brain. Unfortunately, the samples were 

homogenised for use in the ‘Wes’ automatic western blot system and were 

subsequently too dilute to quantify protein levels accurately. Numerous 

methodological issues can affect the sampling and analysis of BDNF, so much so 

that several papers have addressed many of them (Trajkovska et al. 2007; Elfving et 

al. 2010; Polacchini et al. 2015; Naegelin et al. 2018). The difficulty of accurately 

and consistently measuring BDNF in the periphery is well-known and there is also 
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debate on whether brain and circulatory BDNF are linked (Karege et al. 2002; 

Kyeremanteng et al. 2012). In this study, several methodological issues could have 

produced a false negative, i.e. no observed difference between groups of animals. 

The most likely include the purity of the plasma fraction, as this was variable but 

generally quite poor and the colour of plasma was not uniform. Furthermore, the 

blood samples were stored at 4 - 5°C before being centrifuged and, while this was 

part of a published protocol, it can have a substantial effect on the release of BDNF 

from platelets. It is also likely that the analysis was underpowered (each group n = 4 

- 5) and evidence from humans suggests groups of 60 or more are necessary to 

detect moderate changes in peripheral BDNF in humans (Naegelin et al. 2018). In 

addition to these methodological issues, there is evidence that sex mediates the 

BDNF-exercise relationship. Females have a significantly lower increase in BDNF 

after exercise (Szuhany et al. 2015) as well as lower baseline levels (Kight and 

McCarthy 2017). Therefore, sex could be a covariate in the exercise-BDNF 

connection and examining exercise-related BDNF levels in female animals may add 

a layer of complexity not present in male animals. Future work should include both 

male and female animals to control for this.  

This study demonstrates that voluntary wheel running reverses the NOR visual 

recognition task deficit in the scPCP rat model for schizophrenia. It supports the 

results reported in Chapter 3 that suggested that six weeks of exercise improves 

cognition in an animal model of relevance to schizophrenia. These data parallel 

research in patients that has established that exercise is effective at ameliorating 

cognitive deficits in schizophrenia (Firth et al. 2017). In addition to this, the positive 

effect lasted for at least 14 days, but not 28 days after scPCP rats had access to 
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wheels. The scPCP rat model for schizophrenia is well-validated and widely used 

(Cadinu et al. 2018). Moreover, PCP induces behaviours in humans that bear a 

striking resemblance to symptoms and deficits present in those with schizophrenia 

(Javitt 2015), conferring good predictive validity for animal models using PCP and 

testing behaviour (Jones et al. 2011). Therefore, evidence that exercise improves 

cognition in this model, and can do so for at least two weeks but returns to baseline 

by four, has important implications for psychiatric clinical practice.
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Chapter 6 General discussion 

6.1 Main findings and conclusions 

This project investigated the effect of exercise on cognitive deficits in the 

subchronic phencyclidine (scPCP) rat model for schizophrenia. The studies 

described within this thesis represent the first investigation of the behavioural and 

neurophysiological consequences of exercise in a rat model for schizophrenia. 

Rats were tested using the novel object recognition (NOR) paradigm before and 

after being given access to running wheels for six weeks. The brains of these 

animals were collected and used to investigate several synaptic and GABAergic 

markers of relevance to the pathology of schizophrenia. Tissue from the prefrontal 

cortex (PFC) and dorsal hippocampus was analysed using automated western 

blotting. In each brain area, two markers of synaptic and two markers of GABAergic 

function were investigated. Postsynaptic density protein 95 (PDS95) and synapse-

associated protein of 25 kDa (SNAP25) were used as indicators of the density of 

glutamatergic synapses, and parvalbumin and glutamate decarboxylase 67 (GAD67) 

were used to measure GABAergic interneurons.  

A second behavioural study examined the temporal characteristics of exercise’s 

influence on the NOR task deficit. It used the same exercise protocol in the same 

model. As in the previous experiment, exercise reversed the NOR task deficit in 

scPCP treated animals. After the initial six weeks, rats were not given access to 

wheels for the duration of the experiment. During this time they remained in their 
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home cages. Animals were then tested using the NOR paradigm at two weeks and 

four weeks of ‘rest’. Blood was collected at each of the NOR time points, and brain-

derived neurotrophic factor (BDNF) levels were analysed using an enzyme-linked 

immunoassay (ELISA).  

The experiment described in chapter three indicates that exercise may improve 

cognitive deficits in the scPCP rat model for schizophrenia. More specifically, that 

wheel running nay be able to improve visual recognition memory in the NOR task. 

The improvement was suggested by a significant increase in discrimination index 

(DI) in the scPCP exercise group and no significant increase in the control group. On 

completion of the behavioural tasks, the brains of the animals were removed and 

analysed using western blotting and these data are presented in chapter four. No 

differences were found between treatment groups in the PFC for PSD95, SNAP25, or 

parvalbumin. A significant effect of group was reported in levels of GAD67, and 

further analysis revealed that the scPCP exercise group (animals treated with scPCP 

then given access to running wheels) had increased levels of GAD67 in the PFC 

compared to the other groups. In the dorsal hippocampus, PSD95, SNAP25, and 

GAD67 levels did not differ between the groups. An ANOVA returned a significant 

effect of treatment group for parvalbumin levels, but on comparing groups with 

corrected paired-sample t-tests, no significant differences were found. An ELISA 

was used to measure BDNF in PFC and dorsal hippocampal tissue but the protein in 

the samples was too dilute for an accurate reading. 

In the first behavioural experiment, the data suggested that exercise may improve 

cognition in animals treated with scPCP and given access to wheels. The second 
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behavioural study provided further evidence that this was the case and sought to 

understand how long this effect lasted. An NOR test was run after two and four 

weeks of detraining. The scPCP exercise group were able to discriminate between 

the novel and the familiar object, with a preference for the novel, after two weeks. 

When retested at four weeks, the scPCP group failed to discriminate between the 

objects. These results established that the pro-cognitive effects of wheel running 

lasted for at least two weeks but were not evident after four weeks of sedentary 

behaviour.  

To the author’s knowledge, this is the first research into the effect of voluntary 

wheel running on cognition in the scPCP rat model for schizophrenia. Furthermore, 

it is the first time that exercise of any type has been explored in any rat model for 

schizophrenia. This is true for both behavioural and physiological investigations. 

There is one paper published regarding the effects of exercise on male mice treated 

subchronically with the N-methyl-D-aspartate receptor (NMDAR) antagonist MK-

801 (dizocilpine) once daily for two weeks. Kim et al. (2014) compared four groups 

(n = 10), namely a control group of animals, an MK-801 treated group, an MK-801 

group treated given access to running wheels, and an MK-801 group treated with 

aripiprazole as a positive control (see Table 6.1)Error! Reference source not found.. 

Each mouse was housed individually and wheels were in the home cage. The results 

of this study are summarised in Table 6.2. The authors concluded that MK-801 

treatment-induced schizophrenia-like behaviour, cognitive deficits, and brain 

abnormalities, and that voluntary wheel running reduced them.  
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Table 6.1 Description of treatment group and experimental condition in Kim et al. 
(2014) 

Group Treatment 

Control Not reported 

MK-801 Subchronic treatment with MK-801 for 2 weeks 

MK-801 + wheel running 
Subchronic treatment with MK-801 for 2 weeks, then 2 
weeks running wheel in home cage 

MK-801 + aripiprazole 
(positive control) 

Subchronic treatment with MK-801 for 2 weeks, then 
treatment with aripiprazole (schedule not reported) 

 
Table 6.2 A summary of results from Kim et al. (2014) 

 
‘Schizophrenia-
like’ behaviour 

Cognition 
NMDAR-
positive cells 

BDNF 
expression 

MK-801 
(vs. control) 

↑ ↓ ↓PFC/Hippo ↓ 

MK-801 + 
exercise 
(vs. MK-801) 

↑ ↑ ↑PFC/Hippo ↑ 

MK-801 + 
aripiprazole 
(vs. MK-801) 

↑ ↑ ↑PFC/Hippo ↑ 

 ‘Schizophrenia-like behaviour’ measure by locomotor activity in the open field test. 
‘Cognition’  measured by time spent in the probe quadrant of the Morris water maze. 
NMDA receptor-positive cells were measured by immunofluorescence in the PFC and CA2-3 
in the hippocampus. BDNF expression was measure using western blotting in the 
hippocampus. N-methyl-D-aspartate receptor is abbreviated to NMDAR, brain-derived 
neurotrophic factor to BDNF, prefrontal cortex to PFC, and hippocampus to hippo. A 
comparative increase is indicated by an upwards facing arrow and a comparative decrease 
by a downward pointing arrow. 

 

There is an extensive body of work into the effects of exercise on the brains of both 

normal animals and preclinical models of disease including other neuropsychiatric 

disorders (van Praag et al. 1999a; van Praag et al. 1999b; Berchtold et al. 2001; 

Cotman et al. 2002; Kleim et al. 2002; Ding 2004; Berchtold et al. 2005; van Praag et 

al. 2005; Adlard et al. 2005; Cotman and Berchtold 2007a; Cotman and Berchtold 

2007b; van Praag 2009; Ding et al. 2011; Harrison et al. 2013; Svensson et al. 2015). 

However, this is not the case for schizophrenia. Despite mounting evidence from 

clinical studies and meta-analyses that physical activity improves cognition in 
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people with schizophrenia (e.g. Firth et al. 2017a), the literature in animal models 

for schizophrenia is sparse at best (Wolf et al. 2011; Chung et al. 2014; Kim et al. 

2014; Park et al. 2014),  

The evidence for exercise as a treatment for cognitive deficits in schizophrenia 

continues to grow (Knöchel et al. 2012; Dauwan et al. 2016; Firth et al. 2017). 

Nevertheless, the mechanisms of the effects are unclear, something frequently 

highlighted in papers on the subject (Takahashi et al. 2012; Firth et al. 2017a; Firth 

et al. 2017b; Kim et al. 2019; Takahashi et al. 2019). Arguably, clinical research into 

exercise and cognition in schizophrenia is at an impasse due mainly to the 

contradictory evidence for increases in volume and BDNF levels (Vancampfort et al. 

2014; Firth et al. 2017b). Numerous factors may contribute to the inconsistent 

evidence for the neurobiological effects of physical activity in schizophrenia. Issues 

include heterogeneity in both illness and patient characteristics (from baseline 

symptoms and disease duration, to medication and sex) and diverse exercise 

regimes (spanning treadmill running to Tai-Chi), may confound the effects exercise 

has in schizophrenia. Meta-analyses have identified multiple other factors that 

influence the effects of exercise in this population, such as the level and type of 

qualifications held by the instructor or supervisor of the activity (Vancampfort et al. 

2016; Firth et al. 2017a). Besides these issues, there is the challenge that around 

one in three participants is non-compliant to exercise regimes (Seaton et al. 2001; 

Chakos et al. 2005; Miller et al. 2011 Clementz et al. 2016; Vancampfort et al. 2016; 

Firth et al. 2017a; Misiak et al. 2018; Maurus et al. 2019). 
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Animal models are useful tools for the investigation of disease (van der Staay 2006; 

van der Staay et al. 2009). Preclinical research affords greater control over 

experimental conditions and the ability to perform invasive investigation of 

molecular and structural changes in the brain (Vancampfort et al. 2014). Animal 

models of schizophrenia, such as the scPCP rat model, allow expedient and 

expeditious monitoring of disease progression. Moreover, these models facilitate 

the testing of novel treatments in a way not possible in humans (Jones et al. 2011).  

The behavioural work in this thesis and subsequent research performed in the same 

lab provides evidence that exercise can improve cognition in the scPCP rat model 

for schizophrenia. In schizophrenia research, interventions shown to be efficacious 

for cognitive deficits in both humans and animals are rare. It is possible that this 

lack of commonality may contribute to the ‘translational bottleneck’ for cognitive 

treatments, as described in the literature (Hyman and Fenton 2003; Jones et al. 

2011; Young and Geyer 2015). Therefore, the evidence that voluntary wheel 

running in the scPCP rat model for schizophrenia emulates exercise-mediated 

cognitive improvement in people with schizophrenia is an exciting development.  

Using PCP to model for schizophrenia arose from observations that abuse of the 

drug produced schizophrenia-like behavioural and cognitive disturbances in healthy 

people, and exacerbated symptoms in patients. Consequently, this model has good 

predictive validity for the behaviours linked to the disorder. This work 

demonstrates that the scPCP rat model and the NOR cognitive test have predictive 

validity for treatment response to exercise. This novel finding provides an 

opportunity to investigate the procognitive mechanisms of exercise in a way that 
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reduces confounding factors and may accelerate discovery. Animal research will 

prove particularly useful for defining dosage and intensity of exercise required to 

ameliorate schizophrenia-like cognitive deficits. Furthermore, the ability to look at 

the effects in the brains of the animals could assist with the diminishing progress in 

human research. Novel candidate mechanisms could be investigated and identified 

faster, providing evidence-driven hypotheses that can be tested in a clinical sample.  

6.2 Limitations and future work 

Whilst there are benefits for studying psychiatric illness in animal models there are 

also inherent limitations. Modelling schizophrenia is challenging because it is a 

complex, heterogeneous, and arguably a uniquely human disorder (Neill et al. 

2010). The scPCP model has good predictive validity for behaviour in humans 

(Yesavage and Freman 1978). However, it does not reproduce the genetic or 

neurodevelopmental aspects of schizophrenia. Future work should test wheel 

running in other models for schizophrenia such as gestational maternal immune 

activation, neonatal stress, and genetic knockouts (Jones et al. 2011).  

Despite an effect in behaviour, no links to pathology were found. Synaptic and 

GABAergic markers were measured using the ‘Wes’ western blotting system. It was 

hypothesised that these measures would be lower in scPCP control animals, 

signifying synaptic dysfunction. Levels were not significantly lower and the variation 

between samples was considerable. However, demonstrating and replicating that 

wheel running improves cognition in the scPCP rat model allows for future work to 

include different methods of analysis such as immunohistochemistry or enzyme-
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linked immunoassay (ELISA). Other markers could also be investigated such as 

tropomyosin receptor kinase B (TrkB), the receptor for BDNF (Soppet et al. 1991). 

It was hypothesised that peripheral BDNF would be lower in sedentary animals, but 

no significant differences were found between the groups. Once again, there was 

substantial variation in individual animals and no effect was found. The difficulty of 

accurately measuring BDNF in the periphery is well known and there is debate as to 

whether levels in the blood reflect levels in the brain (Karege et al. 2002; 

Kyeremanteng et al. 2012). For example, even small changes in sample collection, 

storage and analysis drastically affect BDNF levels (Trajkovska et al. 2007) and 

concentrations reported in papers varies, depending on the timings and storage 

temperatures of different protocols (Polacchini et al. 2015). Furthermore, 

standardised commercially available ELISA kits are not consistent when measuring 

BDNF, even when other variables are carefully controlled (Polacchini et al. 2015). 

Measuring BDNF in a meaningful way is made more difficult by its transience 

(Sirianni et al. 2010). It has been shown that its half-life in plasma is less than 10 

minutes (Pardridge et al. 1997), although it may be around an hour in the brain (Pan 

et al. 1998). Measuring upregulation of TrkB receptors, rather than BDNF itself, may 

overcome this issue as receptor expression is more stable. Effect sizes are also 

small.  In humans, it is estimated that a sample size of 60 would be required to 

detect a 20% change in peripheral BDNF. The analysis in this project had an n of 4, 

meaning it was likely underpowered (Naegelin et al. 2018).  

Finally, although there are several unknowns about the effect of sex on exercise-

mediated BDNF changes, there is emerging evidence that human females have 
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significantly lower increases in BDNF after exercise (Szuhany et al. 2015) and lower 

baseline levels (Kight and McCarthy 2017). Animal work also suggests that exercise-

induced BDNF increases may be dependent on oestrogen (Berchtold et al. 2001). 

However, this is not exclusively in females and the relationship is not well 

understood (Scharfman and MacLusky 2006). Nonetheless, this evidence suggests 

that sex could be a covariate in the exercise-BDNF connection. Therefore, 

examining exercise-related BDNF levels in female animals may have added an 

unknown variable and prospective studies should use both male and female 

animals to explore this relationship in greater detail. 

In summary, demonstrating the procognitive effects of exercise in the scPCP rat 

model for schizophrenia signals an exciting new direction for preclinical research. 

Furthermore, subsequent studies in this lab have shown that exercise is 

neuroprotective, reducing the insult caused by scPCP treatment (unpublished data). 

Future work should examine wheel running in other animal models for 

schizophrenia such as gestational immune activation models. Experiments should 

also examine the relationship of sex, exercise and BDNF expression. As the 

literature grows, different types, durations, intensities of exercise can be compared, 

providing valuable evidence for both clinical trials and practice.   
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Chapter 8 Appendices 

8.1 Tables of habituation data 

8.1.1 Study one habituation data 

Please see next page. 
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 Average 
Distance Run 
(m) 

Classification high/low 
runner (mean ≥50m, high) 

Cage 
Classification 

Group 
 Rat 

Cage 4 

1 80* High 

Low 
Average 50m 

PCP Control 
2 150 High 
3 30* Low 
4 20* Low 
5 50* Low 

Cage 5 

1 110* High 

High 
Average 100m 

PCP 
Exercise 

2 75* High 
3 20* Low 
4 215 High 
5 70 High 

Cage 
10 

1 103 High 

High 
Average 90m 

PCP Control 
2 123 High 
3 40* High 
4 215* High 
5 60* High 

Cage 
11 

1 100 High 

High 
Average 170m 

Vehicle 
Exercise 

2 100* High 
3 55* High 
4 546 High 
5 40* Low 

Cage 
12 

1 20* Low 

Low 
Average 60m 

Vehicle 
Control 

2 100 High 
3 90* Low 
4 10 Low 
5 125 High 

Cage 
13 

1 70 High 

High 
Average 110m 

PCP 
Exercise 

2 166 High 
3 150 High 
4 10 High 
5 125 High 

Cage 
14 

1 60* High 

Low 
Average 10m 

Vehicle 
Control 

2 30* High 
3 30* Low 
4 0* Low 
5 0* Low 

Cage 
15 

1 143 High 

High 
Average 130m 

Vehicle 
Exercise 

2 310* High 
3 167 High 
4 60* High 
5 55 High 

*Fault experienced with odometer set up in at least one habituation session. This included the 
sensor dislodging or wires being chewed by animals. Mean was calculated from sessions where 
data was available. Odometer displayed to 0.01 km level. 
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Table 8.1 Study one animal habituation. Includes high/low animal classification, mean distance run and 
experimental group assignment. Accurate to approximately 10m. 

8.1.2 Study two habituation data 

Table 8.2 Study two animal habituation Includes mean distance run and experimental group assignment. 
Accurate to approximately 10m 

 
Animal Average Distance Run (m) 

Home Cage -Average Distance 
Run (m) 

Group 
 Rat 

Cage 1 

1 170 

50m PCP Control 

2 60 

3 10 

4 20 

5 10 

Cage 2 

1 90 

 
70m 

PCP Exercise 

2 90 

3 80 

4 30 

5 50 

Cage 3 

1 50 

 
80m 

PCP Control 

2 10 

3 90 

4 110 

5 10 

Cage 4 

1 50 

 
80m 

Vehicle Exercise 

2 10 

3 210 

4 10 

5 40 

Cage 5 

1 210 

 
80m 

PCP Exercise 

2 30 

3 20 

4 30 

5 90 

Cage 6 

1 240 

 
80m 

Vehicle Control 

2 50 

3 70 

4 30 

5 0 

Cage 7 

1 140 

 
50m 

Vehicle Control 

2 30 

3 30 

4 20 

5 0 

Cage 9 

1 10 

30m Vehicle Exercise 

2 30 

3 50 

4 50 

5 10 
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8.2 NOR standard operating procedure 

Set-up 

• Clean and dry the test area and objects with surface disinfectant or 70% alcohol. 

• Switch on the recording system. 

• Transport rats to the room in small groups to minimise time in the test room. Cover home cages 

with blankets when rats are housed in them in the testing room. 

Habituation 

• The day before testing, individually place each home cage (up to 5 rats) into an empty test 

environment and allow them to explore freely for 20 minutes. 

Acquisition phase 

• Place two matching objects in the top left and bottom right corner of the arena, where the vertical 

and horizontal lines intercept, 6cm away from the test environment walls). 

• Begin recording and start the stopwatch. 

• Carefully place a rat into the top right square of the test arena, with its nose facing the corner, 

allowing it to freely explore the test environment for three minutes, undisturbed.  

• After three minutes have passed, stop recording. 

• Place the rat in an ITI holding cage, away from the test environment. 

• Start the stopwatch again. 

Inter-trial interval (ITI) 

• ITI can vary, depending on the design of the experiment. The ITI commences when the rat is 

removed from the test environment, and concludes when the rat is returned to it. In this 

experimental design, the ITI is one minute. 

• Remove the objects and any urine or faeces from the test environment and clean it with a 

disinfectant or 70% ethanol solution. 

• Place the retention phase objects into the test arena. The objects will be an identical copy of the 

object that is familiar to the rat, and a previously unseen object. 

Retention phase 
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• After one minute ITI, restart the stopwatch and start recording. 

• Return the rat to the test environment in the same way as in the acquisition stage of the test, 

allowing the rat to explore freely for three minutes. 

• After three minutes, stop recording and return the rat to its home cage. 

• Remove the objects from the arena, spray disinfectant or 70% ethanol solution into the test arena 

and onto the objects, and dry with blue roll. 

Video retrieval 

• Select the videos to upload from the recording system and download them onto a memory stick.  

• Transfer the files onto an encrypted hard drive or memory stick before leaving the test room. 

8.3 Protocol for half brain PFA fixation 

8.3.1 Solutions 

Paraformaldehyde (PFA) 4% solution – 2L (for fixation) 

 1L PBS 1X was heated to over 60°C in a fume cupboard, on a stirring plate. 

 2.3mL of NaOH solution was added to increase pH. 

 80g PFA was dissolved into the solution. 

 PBS 1X was added to bring up the volume to 2L. 

 NaOH was added to bring the pH to 7.4. 

 Stored above 4°C. 

30% Sucrose solution – 150mL (for fixation) 

 45g sucrose was dissolved in 150mL PBS 1X. 

8.4 Brain processing 

Brains were split into two hemispheres. One hemisphere was placed into a brain box and placed on dry ice. 

It was transferred to a -80°C freezer. The other hemisphere was placed into a sample tube of PFA at a 

minimum of 4°C for 24 hours, or until the brain descended to the bottom of its container. The treatment 

(freezing or submerging in PFA) of hemispheres (right and left) were alternated with each rat. 

Unfortunately, due to a freezer fault this tissue was unusable and immunohistochemistry was not possible. 
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8.5 Example of 96 well plate for the modified Bradford assay 

 96 well 

Sample Well  1 2 3 4 5 6 7 8 9 10 11 12 

EMPTY/Control well A A A A S3 S3 S3 S11 S11 S11 S19 S19 S19 

Control Wells B B B B S4 S4 S4 S12 S12 S12 S20 S20 S20 

 C C C C S5 S5 S5 S13 S13 S13 S21 S21 S21 

 D D D D S6 S6 S6 S14 S14 S14 S22 S22 S22 

 E E E E S7 S7 S7 S15 S15 S15 S23 S23 S23 

 F F F F S8 S8 S8 S16 S16 S16 S24 S24 S24 

 G S1 S1 S1 S9 S9 S9 S17 S17 S17 S25 S25 S25 

 H S2 S2 S2 S10 S10 S10 S18 S18 S18 S26 S26 S26 

 

8.6 Protocols created for Protein Simple The Simple Western system  

The following protocols were created as a training resource to support people using the Wes system, to 

enable them to learn to run plates with minimal instruction . The Wes system is owned by the School of 

Pharmacy and Optometry, The University of Manchester and resides in our laboratory. As there is a high 

volume of researchers and students using the system, I saw an opportunity to support their self-directed 

learning. The protocols cover processes from homogenisation to data processing and contain the 

knowledge I have accrued, through using the system and training others to use it. They are now used 

within and outside our group and are provided for anyone wishing to use the The Simple Western™ 

system. The creation of these training materials was submitted as a case study on a successful application 

for Fellowship of the Higher Education Authority. 

Analysing Protein with Wes  

Lisa Heaney 2019 

This document offers guidance on how to prepare and run samples for Wes. It includes how to prepare 
your tissue and ascertain sample protein concentrations. For how to run a Wes plate, go straight to ‘3) 
Wes’. 

1) Homogenisation  

2) Modified Bradford Protein Assay 

3) Wes 
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1) Homogenisation 

The following instructions are supplementary to “Synaptosomal preparation from rat brain tissue”, SOP 
number 2015001. 

You will need: 

• Ice 

• Slim permanent marker 

• Twice as many Eppendorf tubes (1.5ml) as you have samples to homogenise 

• Eppendorf micropestles 

• Trizma base (Sigma-Aldrich; room temperature) 

• Sucrose (Sigma-Aldrich; room temperature) 

• EDTA (Sigma-Aldrich; room temperature) 

• PMSF (Sigma-Aldrich; room temperature) 

• Sodium orthovanadate (Sigma-Aldrich; room temperature) 

• Ethanol (Fisher Chemical, room temperature) 

• PBS CA2+/Mg2+ 10X to dilute (or premixed 1X if it is pre-mixed) 

• cOmplete Protease inhibitor cocktail tablets (Roche; refrigerated). We create a 

25X stock solution (see 1)iv) 

• A bottle to hold PBS (we often use screw top reagent 

bottles, like these) 

• A bottle for the homogenisation buffer (same as above) 

• Samples (kept on ice) 

• Vortex, for mixing 

• Calibrated pipettes: 200µL, 1mL and 5mL 

Synaptosomal preparation is obtained from frozen rat brain tissue after perfusion of the brain, extraction 
and dissection of the selected area.  Synaptosomal preparation is used to investigate biomarkers in 
synaptic vesicles, synaptic membrane, and mitochondria from brain tissue. 

This procedure is for producing pellet 2 (P2) and supernatant 2 (S2). 

1) Prepare the solutions you will need. This can be done in advance as the solutions can be 

refrigerated or frozen until needed. Volumes are given for the preparation of approximately 300 

samples. We often make up large amounts of the stock solutions and create one aliquot of active 

solution (i.e. with protease inhibitor cocktail in it). 

i. PBS Ca2+/Mg2+ 1X (for 35ml)1 
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i. Dilute 3.5ml PBS Ca2+/Mg2+ 10X in 31.5ml of distilled H20. 

ii. SOP says to store at 2-8°C. PBS should remain stable for a few months. 

ii. PMSF 0.1M, (for 5 ml) 

i. 87.1mg of PMSF and 5 ml of ethanol 

ii. Can be stored for 9+ months at 2 to 8°C 

iii. In the Standard Operating Protocol, Synaptosomal preparation from rat brain tissue 

v 1.1, this is said to be stored for at 2-8°C for 3 months. If you have access to the 

shared drive, clicking on the hyperlink will take you to the document.  

iii. Sodium orthovanadate 0.1M, (for 5ml) 

i. Dilute 91.96mg of sodium orthovanadate in 5ml of distilled H20. 

ii. SOP says to store at 2-8°C. Sigma-Aldrich website says it can be stored at room 

temperature for several months, or frozen at -20°C. 

iv. 25X Stock solution of cOmplete™ protease inhibitor stock solution 

i. Dissolve one cOmplete™ Protease Inhibitor tablet in 2 ml dist. water or in 2 ml 100 

mM phosphate buffer, pH 7.0. The stock solution can also be prepared in 10 mM Tris 

buffer, pH 7.2 to 7.5 (protocol from here). If the tablet does not dissolve easily, 

vortex or leave at +15 to +25° for 30 – 60 minutes. 

ii. Aliquot the stock solution as appropriate for your needs and refrigerate or freeze as 

appropriate. 

iii. The stock solution can be stored at 2 to 8 °C for 1 to 2 weeks, or at least 12 weeks at 

-15 to -25 °C. 

v. Homogenisation buffer (200ml) 

i. Dissolve the following in 200 ml distilled H20: 

1. 242.28mg Trizma base 

2. 21.9mg sucrose 

3. 148.9mg EDTA 

ii. This can be divided into 10ml aliquots and stored at -20°C. 

iii. To activate 10ml of homogenisation buffer (enough to process up to 15/16 samples) 

1.  Immediately before (see 7) homogenising the samples 

a. Add 0.4ml of 25X cOmplete™ stock solution per 10ml. 

b. Add 100µl of PMSF. 

c. Add 100µl of sodium orthovanadate. 

http://www.sigmaaldrich.com/catalog/product/roche/pmsfro?lang=en&region=GB
file://///ss3a.ds.man.ac.uk/vol3/Pharmacy_Admin/Neill-Harte/SOPs
file://///ss3a.ds.man.ac.uk/vol3/Pharmacy_Admin/Neill-Harte/SOPs
http://sigma-aldrich.custhelp.com/app/answers/list/p/28,33
http://sigma-aldrich.custhelp.com/app/answers/list/p/28,33
http://sigma-aldrich.custhelp.com/app/answers/list/p/28,33
https://www.sigmaaldrich.com/catalog/product/roche/coro?lang=en&region=GB
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Table 8.3 The proportions of substances sufficient to homogenise a particular number of samples. 

Volume (ml) of homogenisation buffer 
(see “Synaptosomal preparation from 

rat brain tissue”, SOP #2015001) 

Volume (µl) of 25X stock 
solution (total 2ml per 

tablet) 

Volume (µl) sodium 
orthovanadate and PMSF 

(each) 

Max no. of samples that 
can be processed (600µl 

per sample + 100µl spare) 

6 240 60 8 

7 280 70 10 

8 320 80 12 

9 360 90 14 

10 400 100 16 

11 440 110 17 

PMSF is abbreviated to phenylmethylsulfonyl fluoride. 

2) Get a receptacle (usually a polystyrene box works well) and get ice from the cold room on the 2nd 

floor. 

3) Get samples you would like to homogenise. 

4) Put the samples on ice to defrost gradually. This can take some time, so it is best to do this before 

setting up the rest of the experiment. 

5) Turn on the larger centrifuge, set it to 4°C and close the top to allow it to get to temperature. By 

‘larger’ centrifuge, I mean the one usually on the right on the backbench of furthest lab bay from 

the write-up area. It’s the Centrifuge 5402 – Rotor F-45-18-11 – Radius 7.2cm by Eppendorf. It takes 

a while to get down to temperature. It’s worth regularly checking that the centrifuge doesn’t warm 

up, as it tends to do this. The best way to prevent this is to ensure the lid is properly shut. 

6) Label enough Eppendorf tubes for P2 and S2 for each of your samples.  

7) Immediately before homogenising the samples, activate 10ml of homogenisation buffer (enough to 

process up to 15 samples) by adding: 

a. 0.4ml of 25X cOmplete™ stock solution per 10ml. 

b. 100µl of PMSF. 

c. 100µl of sodium orthovanadate. 

Ideally, you should complete homogenising your samples within 30 minutes of activating the 
homogenisation buffer. Because of this, we often homogenisation samples in batches of 10. 

8) ON ICE, add 400µl2 of the homogenisation buffer to the sample and gently homogenise (a.k.a. 

‘smoosh’ or ‘mush’) the sample by moving and twisting the micropestle in the sample’s Eppendorf 

tube. Continue to do this until no visible tissue remains and the solution is cloudy. Leave on ice for 1 

minute and then use a micropestle to ‘mush’ the tissue again, using a combination of grinding and 

mixing to ensure that the tissue has been broken down, with no lumps. 
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IMPORTANT – it is possible to use micropestles more than once, however they must be dipped in 
70% ethanol solution, then ultrapure water and then dried or allowed to dry. I usually have a small 
beaker with 70% EtOH (ethanol) and one of deionised or ultrapure water, near or on some blue roll. 

9) After you have mushed a few samples, use the centrifuge [see 5) above] to spin at for 15 minutes at 

around 3200rpm (800g) and 4°C. There is a maximum of 15 spaces in the centrifuge. When using 

the centrifuge, be sure to put the samples opposite each other and add an empty Eppendorf tube 

to any empty slot that has a sample opposite. This is called balancing the centrifuge. 

Diagram of some examples of balancing (this is on a larger, 24 space 
centrifuge). Accessed 14/08/2017 from 

http://www.openwetware.org/wiki/Griffitts:Culture_tips. 

•  

10) Pipette out the supernatant (S1) from the 

tube and transfer it into the (clean) Eppendorf 

that you have labelled with the sample 

name/number and “P2” and discard the 

remaining pellet (P1). DO NOT get any of the pellet material in your clean tube. If you do you might 

be able to get away with pipetting everything back into the original tube and spinning it again. 

•  

11) Centrifuge S1 for 20 minutes and 12200rpm (12000g) at 4°C.  

i. N.B. The synaptosomes are in the pellet (P2) 

12) Transfer the supernatant (S2) into the (clean) Eppendorf tube labelled with your sample 

name/number and “S2”. You are done with S2 for the meantime. 

13) Now you need to re-suspend the pellet, P2. Use 250 μL PBS 1X and vortex the 

mixture thoroughly. 

i. The model we currently have in our lab is the Fisher WhirliMixer 

and the settings should be as in the picture opposite. 

ii. Use the vortex by placing the Eppendorf onto the black foam 

pad at the top of the machine and pressing down (see below 

picture). It feels very tingly and makes your fingers go numb after a while. 

14) Freeze the homogenised samples on dry ice and store them at -20°C or colder. 

http://www.openwetware.org/wiki/Griffitts:Culture_tips
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•  

Simplified Diagram of the Homogenisation Process 
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• Modified Bradford Protein Assay 

The following instructions are supplementary to “Protein assay – Modified Bradford assay”, SOP number 
2015005. 

You will need 

• Ice 

• Eppendorf centrifuge tubes (1.5ml) (as in part 1) 

• Bovine Serum Albumin standard BSA (2mg/ml) 2X 

• Protein assay dye reagent. Our lab usually uses Bio-Rad Protein Assay Dye Reagent Concentrate, 

450 ml #5000006 (in a fridge in the lab). 

• Like-for-like buffer. If the samples have been homogenised with PBS, use PBS. Likewise, if the 

samples have been homogenised with a specific homogenisation buffer, use that homogenisation 

buffer. 

• Falcon tube (50ml)  

• 96-well plate 

• Platform rocker/shaker 

• Plate reader (BioTek µQuant microplate spectrophotometer) 

• Plate reader software 

• Samples 

• Optional: multichannel pipette 

• Optional: plastic pipetting reservoir 

•  

•  

•  

 

 

Prepare the samples. This varies for experiments but this guide is for Wes, so you will have followed the 
homogenising step in part 1.  

a) Get a receptacle (usually a polystyrene box works well) and get ice from near the cold room on the 

2nd floor. 

b) Get samples you would like to use. 

c) Put the samples on ice to defrost. If you have a large volume of sample this can take some time, so 

it is best to do this before setting up the rest of the experiment. 
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d) The Bradford protein assay is a spectroscopic (related to light) procedure that allows us to measure 

the content of a protein in a solution. The assay is a colorimetric assay, i.e. it measures absorbance 

of a dye in acid conditions. The denser the protein the bluer it will look to the naked eye. 

e) Standards are used to plot a curve on your protein assay so that the absorbance of your sample 

concentrations can be compared to the ‘known’ concentrations of the standard(s). Bovine serum 

albumin (BSA) is used in this protein assay, ELISAs (enzyme-linked immunosorbent assay), 

immunoblots and immunohistochemistry. BSA is often used because it is stable, small and is not 

very reactive. 

f) Use the same buffer as you did with the samples (i.e. if the samples are in PBS the standards should 

be in PBS, but if a specific homogenisation buffer was used in the samples, use that in the 

standards). Dilute the buffer you are using at the same dilution as it was prepared in the samples 

(e.g. 1 in 10 or 0.1X). Check the amount of buffer that you will need beforehand and make enough 

for your standards and samples.  

g) Each of the standards should have 100µl in it. Depending on the concentration of the BSA standard 

means varying amounts of ultrapure water is added to the standard. 

h) Make up your standards as below:  

Table 8.4 Details of standards for modified Bradford assay. 

Standard 
Concentration BSA 

[mg/mL] 
Volume BSA Volume buffer [μL] Final volume [μL] 

F 1 150μL of 2X 150 300 

E 0.75 75 μL of F 25 100 

D 0.5 50 μL of F 50 100 

C 0.2 20 μL of F 80 100 

B 0.1 10 μL of F 90 100 

A 0 0 100 100 

 

i) Dilute the dye reagent to 1X by diluting it to 1:5. For a full 96 well plate, dilute 5ml dye reagent in 

20ml of ultrapure water in a 50ml falcon tube. 

j) Be sure to make a note of the layout of your plate at some point in this process. You need to know 

which samples are which when you are analysing the results. See here for a template in the shared 

drive you can fill in and print, or vice versa. See below for an example of a completed 96 well 

template that can be accessed in the Neill-Harte/Wes/96-plate-template.xls and at the end of this 

document. Please note that the standards are often put into the plate from F to A, rather than A 

to F as shown below. 

file:///X:/Wes/96-well-templates.xlsx
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•  

•  

k) Ensure that the lid is off the 96 well plate. Pipette 10µl of each of the BSA standards (A-F) in 

triplicate, putting 10μL into three wells for each standard. 

l) In the remaining wells, pipette 10μL of your diluted samples. Once again doing each sample in 

triplicate. 

m) Add 200μL of dye reagent to each well. The most efficient way of doing this is to use a multichannel 

pipette and a pipette reservoir. Using a tip box, line up the multichannel pipette with the number of 

pipette tips you need (8, if you are doing one column at a time). Be sure to change your pipette tips 

each time you add the dye reagent to the wells. 

n) Replace the plastic lid on the plate and incubate it at room temperature (i.e. leave at room 

temperature) while gently mixing on a rocker/shaker. 

o) Take the plate (carefully) to room 3.234 on the 3rd floor of the Stopford Building. Turn left after 

getting into the lab space, the spectrophotometer is on a bench and is attached to a computer. You 

may need to get access to this room if you do not already have it. The computer is not on a network 

(i.e. LAN or Wi-Fi) so you will need to take a USB drive to bring back the data. Important: the 

computer is quite old. Although (newer) USB 3.0 drives should be backwards compatible and 

therefore should work, in my experience they do not. I would recommend taking an older/cheaper 

USB drive, or more than one drive to try. You may also be able to use the plate reader in Annalisa 

Tirella’s lab (where the -80°C we store samples in is located), but I don’t know the manufacturer of 

it and have only used it once myself. 

p) Turn on the plate reader (spectrophotometer). 

q) On the computer, open the program Gen5.  Select: New item → New Experiment → Josh Protocol. 

To the left of the screen, click Procedure. Click Read and check that the absorbance reads 595. This 

is 595nm. 



 

222 
 

r) Open the door to the spectrophotometer. Remove the plastic lid on the plate and put it into the 

plate reader. Column/row A/1 should be in the top left-hand corner of the space in the machine. 

Close the door. 

s) In the program Gen5, select Read plate → Date reduction. Remove Transformation. Select Curve 

analysis and Plate layout. 

t) The plate runs quickly (in less than a minute) and you can save the results onto the computer next 

to the plate reader and transfer it to a USB drive, or simple save it on the drive.   

u) To analyse the data, use the standard curve to determine the concentration of each sample. You 

should use a linear scale. The protein concentrations can be used to ascertain the dilution of your 

proteins for other techniques, such as Wes. 

•  
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2) Wes 

You will need:  

• Ice 

• A small amount of dry ice (optional)** 

• As many 0.5ml Eppendorf’s/microcentrifuge tubes as you have samples (this is 24 if 

you are running a full plate). 

• A permanent marker for labelling. 

• Samples. 

• ProteinSimple sample buffer 10X (1:10; 440µl), diluted with distilled or ultra-pure 

water to 1X (1:100). This is needed if you are diluting your samples 

rather than running them ‘pure’. Store at room temperature. 

• ProteinSimple wash buffer (4ml). Store at room temperature.  

• Water bath (set to 95°C).  

• Antibodies3, store on ice:  

o Primary antibodies. Common ones we have used so far in our lab are 

PSD95, SNAP25, parvalbumin (PV), GAD67 and Kv3.4. Volume depends on 

the antibody concentrations you will use (e.g. 1:100, 1:200 etc.) 

o Secondary antibodies (we tend to use “anti-rabbit” or “anti-mouse”). 

• Streptavidin (10 µl).  

• Antibody diluent (min 260µl) 

• Luminol-S (min 200µl) 

• Peroxide (min 200µl) 

• ProteinSimple EZ standard pack, containing DTT, biotinylated ladder and 

fluorescence. Store at 4°C. The standard packs are small and green-blue and 

you need one per run. 

• Capillary cartridge. Store at room temperature in packaging for a minimum of 

24 hours before using. 

• ProteinSimple pre-filled Wes plate at the correct molecular weight range, and 

a lid for it. Store at room temperature for a minimum of 24 

hours before running the plate. 

• A spare Wes plate (a used one is fine).  
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• A centrifuge with the ability to spin plates. 

• Pipettes and suitable tips4: 

o P2 

o P10 

o P100 

o P200 

o P500/P1000 

•  

a) Get the samples out of the freezer so they thaw. 

b) Turn on the water bath, setting it to 95°C. 

c) Draw out your plate. There are templates on the shared drive and in the appendices of these notes. 

d) Label 0.5ml Eppendorf/microcentrifuge tubes (if you are running a full plate you will need 24 

microcentrifuge tubes). 

e) Unless you are running your samples pure (not diluted), make 100µl (or 150µl5) sample buffer to 1X 

by mixing  sample buffer by mixing: 

i. 1µl (or 1.5µl) 10X sample buffer 

ii. 99µl (or 148.5µl) deionised water 

f) Dilute samples as appropriate with 1X sample buffer to get a total of 4µl6. If you have done a 

Bradford (or modified Bradford) assay, you can use these results to ascertain appropriate sample 

dilutions. There is a samples calculator to help with this. Ask around to see if someone can send you 

a copy of the spreadsheet. If that isn’t possible or successful, I have included the formulae below, 

so you can make your own spreadsheet in Excel. 

 A B C D E 

3      

4 

 

Desired Volume 
(µl): 5   

5 

 

Desired Protein 
Concentration 

(mg/mL) 0.02   

6       

7 Sample Conc 
(µg/µl) 

Sample 
Vol (µl) 

Sample Buffer(µl) Fluorescent 
Mix 

Total Volume 

8 

  

=($D$5/
B8)*$D$

4 

=($D$4-[@[Sample 
Vol (µl)]])-

[@[Fluorescent 
Mix]] 

=$D$4/5 

=[@[Fluorescent 
Mix]]+[@[Sample 

Buffer(µl)]]+[@[Sample Vol 
(µl)]] 
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From Wes training insert (a copy comes in each box of consumables): 
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g) The following contains the instructions from the Wes training insert but modified to reflect the 

order/way in which we do the steps in the lab. The main difference is that we prepare our samples 

first, and then our sample pack solutions. 

i. Dilute your samples. Unfortunately, I can’t 

include what dilution/ratio you should aim for. It 

varies a lot depending on the protein of interest 

and the concentration of it in your sample. If you have run a Bradford assay on your 

samples, you will hopefully have input the information into the sample dilution calculator 

and know your sample-to-sample-buffer volumes. 

ii. Mix Luminol-S and Peroxide 

i. Mix 200µl Luminol-S and 200µl peroxide in a microcentrifuge tube (15µl per well, 25 

wells) 

ii. Vortex and store on ice 

h) Prepare standard pack reagents. 

a. DTT - Pierce foil of clear (with white powder) DTT7 tube with a pipette tip and add 40µl 

ionised water to make a 400mM solution 

i. Gently triturate solution (i.e. mix using the pipette). 

ii. If the solution gets too aerated (i.e. there are bubbles), 

spin the solution. Put the DTT tube inside a 0.5ml 

Eppendorf/microcentrifuge tube and put that in a 1.5ml 

microcentrifuge tube. Spin this in the smaller/desktop 

centrifuge at around 4000 for around 1 minute. The 

0.5ml and 1.5ml microcentrifuge tubes are to prevent the DTT tube from getting 

stuck in the centrifuge. Balance the centrifuge as described in part 1 of this guide 

(homogenisation). 

b. Fluorescent 5X master mix 

i. Pierce foil of the fluorescent master mix tube (bright 

pink powder) and add 20µl 10X sample buffer and 

20µl prepared 400mM DTT solution 

ii. No matter how careful you try to be, the fluorescence will 
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probably get bubbles in it. This is because the sample buffer is bubbly. As above, put 

the tube into a 0.5ml inside a 1.5ml Eppendorf/microcentrifuge tube and spin it in 

the smaller/desktop centrifuge at around 4000 for around 1 minute.  

c. Biotinylated ladder (clear tube with pale pink powder)  

i. Pierce the foil of the biotinylated ladder with a pipette tip 

and add 20µl deionised water 

ii. As with the fluorescence, centrifuge at around 4000 for 1 

minute 

 

i) Add 1µl of fluorescence to each sample, bringing 

the total volume to 5µl.  

j) Denature your samples in a water bath at 95°C for 

5 minutes. Make VERY sure that the lids are very 

firmly closed. The microcentrifuge tubes are 

prone to popping open in the water bath. 

i. Vortex each sample, then spin in the 

centrifuge. A minute or two at 4k or 5k is sufficient. 

 

k) Prepare your antibodies. You will need a primary antibody (e.g. PSD95, SNAP25, parvalbumin/PV, 

GAD67, Kv3.4) and a secondary antibody (proteinsimple’s mouse, rabbit or both). 

i. The primary antibodies will be the protein of interest and a ‘housekeeping’ protein. For 

example, parvalbumin might be our protein of interest and GAPDH is the housekeeping 

protein we compare it against. The housekeeping protein should theoretically remain stable 

between our experimental groups and can, therefore, be used as a comparison to our 

protein of interest. 

ii. The secondary antibody should have the same IgG as the primary. I.e., if the primary is 

raised in mouse, then the secondary antibody should be mouse. If it’s rabbit, then the 

secondary should be in rabbit. If one of the primary antibodies is mouse (say PSD95), and 

one is rabbit (say GAPDH), then you need to mix half and half, mouse and rabbit secondary 

antibody. This could be 1:1 mouse/rabbit, for example. We often have 20X rabbit secondary 

antibody, so you can either put the correct, smaller amount into the mouse antibody, or you 

may prefer/need to dilute it to 1X.  
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iii. If someone has completed Wes runs on your protein of interest, they are likely to know the 

dilutions that work well. Some ‘tried and tested’ dilution examples are included in the 

appendix, but please be sure to check what is most appropriate for your protein and 

samples. If there is no information available for your protein, you may need to run some 

Wes plates to ‘optimise’ for that protein. I’ve included some training slides below. 

Housekeeping proteins8 we tend to use are GAPDH or β-actin. 

• 

2. Wes Assay 

Optimization.pdf
 

l) Select the correct size of plate, there are usually two options in the lab, but there may be more. 

These options might be either 4-10kDa or 20-230kDa. Select the one that is most appropriate for 

the size of the protein you are looking at. For example, parvalbumin is around 14kDa, so you would 

select the 4-20kDa plate. Remember your housekeeping protein also needs to be within the range 

of the plate. β-actin has a molecular weight of 42kDa and GAPDH has a molecular weight of 37kDa. 

m) Start filling the Wes plate. The order and volume of each substance is included in the Wes 

instructions in the Wes product insert (diagram below). The one modification is that we pipette 4µl 

of sample into each well, rather than 3µl. To achieve the best result when pipetting: 

i. For rows A-D, use a p10 pipette and make sure that the tip is right in the bottom of the well 

before expelling the liquid 

ii. For row E, 15µl fills the well to the brim. Rest the pipette against a side of the well, near the 

top. Do not put the pipette tip to the bottom as this will cause the luminol-peroxide to 

overflow. 

iii. DO NOT pipette the wash buffer until the plate has been spun. 
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•   

n) Put the lid on the plate that you have been filling. 

o) Spin the plate to ensure that liquid is at the bottom of the wells and bubbles have been removed. 

Put on a lid for the plate you have partially filled and use an empty plate to balance it in the small 

plate centrifuge in the lab. I’ve had good results with this piece of apparatus. You run it for about 20 

seconds at a time for around 5 minutes. You cannot run it continuously. If are having problems with 

bubbles and the smaller spinner is in not working for you, Mike may have to show you where the 

large plate centrifuge is and how to use it. It is another group’s equipment, so if you use it you must 

fill out the sign-in sheet and be respectful of the centrifuge and the lab. If you use this centrifuge, 

spin the plate for 2500 rpm for 5 minutes at room temperature (although most temperatures are 

fine and won’t make much difference). 

p) Remove the plate from the spinner and add 500µl wash buffer to each of the wells, as indicated on 

the plate fill instruction above. 

q) Turn on the Wes machine (the switch is at the back) and the computer next to it. 

r) Open the door the Wes. Do this by touching the silver rectangle on top of the machine’s door. 

s) On the computer, open ‘Compass for SW’. In the program, click Instrument > Connect > Wes 

WS2526, Direct connection > Connect. The computer and Wes should connect so you are able to 

see the plate layout etc. 

t) Check on the ‘layout’ tab that the correct plate size is selected (e.g. 12-230kDa). There is a 

representation of a plate near the bottom of the screen. Fill it in with your plate layout, 

concentrations etc. Double click and type to change the content of cells.  
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u) Take the cartridge out from its packaging and slide it into the slot near the orange light. This 

inserting and removing capillary cartridges only requires a very gentle amount of pressure. When 

the cartridge is in the correct place, the orange light will change to blue. 

v) Peel off the silver evaporation seal at the bottom of the plate, being careful to keep the plate 

steady, and place in the machine. The slot is shaped in such a way that it is possible to tell which 

way is the ‘right way’ up. (Hint: row A should be furthest away from you and it is the same ‘way-up’ 

as the diagram of a plate, above). 

w) Gently shut the Wes door. It will secure itself without much pressure. 

x) Click the green ‘start’ button in the Compass Program and save the run in a convenient place. Runs 

are saved in the ‘Runs’ folder, usually under your name. Give the file a suitable label so that you are 

able to identify at a later date. Click start once again. The run will take roughly 3 hours to complete 

and you can see the time the run will end on the screen. 

y) It is a good idea to write down the batch/identification numbers for the chemicals, plate, capillary 

cartridge and anti-bodies that you use. There are two reasons for this: if there are differences 

between plates you can check these numbers; or if the manufacturer recalls anything you will know 

if your results are affected. 

z) When the run is complete, the file will be open on the computer if it was the last run. If it is not 

visible, open the file in Compass. Go through the following steps: 

i. Check the standards are all in the right place. There should be three peaks. Check the 

introductory PowerPoint for where they should be. If any of the samples’ standards are in 

the wrong place you can force them to be in the right place by right-clicking on the peak 

where the standard should be, then selecting ‘force standard’. Equally, you can remove 

standards in this way.  

ii. Go through each sample and check that your antibody has picked up the protein that you 

want. Look for a peak (bump) around the molecular weight of your protein of interest. 

iii. If you have no protein (i.e. no peak), concentrate your samples further9. Try not to change 

the antibody concentration - see Wes manual for details as to why. You are looking for an 

average y-axis reading to be preferably between 10,000 and 15,000 (although, provided it is 

not saturated10, there isn’t an upper limit, but you don’t want it below 5000 really).  

aa) The computer in the lab is not connected to a network i.e. by LAN or Wi-Fi. Once the Wes has run, 

put the data into a spreadsheet and process in GraphPad (or your statistical software of choice). A 

guide to using the Compass for SW software can be found here.

https://www.proteinsimple.com/documents/Compass_for_Simple_Western_User_Guide.pdf
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Appendix 

Blank 96 Well Bradford Protein Assay Template 
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1 PBS has many uses because it is isotonic and non-toxic to cells. It can be used to dilute substances. It is 
used to rinse containers containing cells. Additives can be used to add function. For example, PBS with 
EDTA is also used to disengage attached and clumped cells. One of the most common preparations is 
described below. 
 
A 10 litre stock of 10x PBS can be prepared by dissolving, in 8 litres of distilled water: 800 g NaCl; 20 g KCl; 
144 g Na2HPO4·2H2O. When mixing is complete. Top up to 10 litres of liquid with distilled water. 
After complete mixing, top up final solution to 10 L.  
 
The pH of the 10X stock is will be approximately 6.8, but when diluted to 1x PBS it should change to 
7.4.When making buffer solutions, it is good practice to always measure the pH directly using a pH meter. If 
necessary, pH can be adjusted using hydrochloric acid or sodium hydroxide. 
 
On dilution, the resultant 1x PBS should have a final concentration of 137 mM NaCl, 10 mM Phosphate, 2.7 
mM KCl, and a pH of 7.4. 
2 We now weigh the tissue and add 10 times the weight to the sample, I believe. I have left homogenisation 
this way because this the way that I have processed my samples. 
 
3 Primary and secondary antibodies are two groups of antibodies that are classified based on whether they 
bind to antigens or proteins directly, or target another (primary) antibody that, in turn, is bound to an 
antigen or protein.  
 
A primary antibody can be very useful for the detection of biomarkers (in our case, proteins) for diseases 
such as cancer and Alzheimer’s disease. They can be used to quantify the amount of a protein that indicate 
other biological consequences. In our lab, we often look at synaptic markers, i.e. proteins that signal the 
state of health of synapses in our brain area of interest.  
 
The secondary antibody is ‘raised against’ the host species used to generate the primary antibody, for 
instance, if you use a primary antibody raised in rabbit, you will need an anti-rabbit secondary antibody 
raised in a host species other than rabbit (e.g. donkey anti-rabbit secondary). 
 
A secondary antibody is especially efficient in immuno-labelling. Secondary antibodies bind to primary 
antibodies, which are directly bound to the target antigen(s).  
 
The domain that the secondary antibody binds to (the Fc domain) is constant within the same animal class 
e.g. anti-rabbit or anti-goat. Therefore, only one type of secondary antibody is required to bind to many 
types of primary antibodies. This reduces the cost by labelling only one type of secondary antibody, rather 
than labelling various types of primary antibodies. Secondary antibodies help increase sensitivity and signal 
amplification due to multiple secondary antibodies binding to a primary antibody. 
As mentioned above, the secondary antibody has to be directed against the isotype (immunoglobin 
phenotype) of the primary antibody. Polyclonal primary antibodies are generally raised in rabbit, goat, 
sheep or donkey and are generally IgG isotypes. The secondary antibody therefore, will typically be an anti-
IgG H&L (Heavy & Light chains) antibody. Monoclonal primary antibodies are commonly raised in mouse, 
rabbit and rat. For example, if the primary monoclonal antibody is a mouse IgG1, you will need an anti-
mouse IgG or a less specific F(ab) fragment anti-mouse IgG. Note: F(ab) is a domain like Fc. 
 
Secondary antibodies are generated by immunizing a host animal with a pooled population of 
immunoglobulins (Ig) from the target species. In this case, the Ig would come from rabbits and be 
introduced into one of the available host species: goat, donkey, mouse, chicken, or sheep. After the host 
animal’s immune system has responded to the rabbit Ig, the resulting antibodies are collected and purified. 
Secondary antibodies can be conjugated to enzymes such as horseradish peroxidase (HRP) or alkaline 
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phosphatase (AP); or fluorescent dyes such as fluorescein isothiocyanate (FITC), rhodamine derivatives, 
Alexa Fluor dyes; or other molecules to be used in various applications.  
 
Secondary antibodies are used in many biochemical assays, including: ELISA, Western blot, immunostaining, 
immunohistochemistry, immunocytochemistry. 
 
Adapted from https://en.wikipedia.org/wiki/Primary_and_secondary_antibodies, 
https://www.thermofisher.com/uk/en/home/life-science/antibodies/secondary-antibodies/secondary-
antibodies-target-species/anti-rabbit-secondary-antibodies.html and 
https://en.wikipedia.org/wiki/Isotype_(immunology) . All accessed 23/12/2017. 
 
4Do not use filtered pipette tips (they are more expensive). 

5 The Wes product insert says to make 150µl but we usually make just 100µl. 

6 If you are not confident that the pipettes that you are using are accurate enough to reliably create the 
correct concentration in 4µl of liquid, you can double all of the liquids and make the sample it up to 8µl. If 
you do this, you will need to add 2µl of fluorescence to make your final sample, buffer and fluorescence 
solution to 10µl. 

7 DTT (DL-Dithiothreitol; Cleland’s reagent) is used to stabilize enzymes and other proteins, which possess 
free sulfhydryl groups. It has been shown to restore activity lost by oxidation of these groups in vitro. DTT 
quantitatively reduces disulphide bonds and maintains monothiols in a reduced state (source). 1,4-
dithiothreitol is used in: Isolation, purification and characterization of proteins and enzymes; measurement 
of enzyme activities (reactivation of enzymes); determination of disulphide groups in proteins and enzymes; 
DNA extraction prior to amplification (source).  

8 Proteins that, in theory, should remain constant in our sample as they are not affected by treatment. The 
levels of/reading from the protein of interest is compared to the levels of the housekeeping protein to 
control for different amounts/densities of proteins between samples. 

9 In the unlikely event that your samples are saturated, you need to dilute the samples more. If it is only the 

last time point/ last two time points, you don’t need to dilute it very much, if it is all time points, you need 
to dilute your samples a lot. If only one time point is saturated, you could pick an exposure time that isn’t 
saturated and analyse that one across all your results. 

10 Previously, it would be important to check ‘all exposures’ to see if the samples have saturated at any 

exposure time (this will appear as a trough in the peak, in the shape of an ‘m’, as you should have nice bell-
shaped peaks that reduce in size as the exposure time increases). Since a 2018 software upgrade that 
affected the Compass program, oversaturation should no longer be an issue.  

https://en.wikipedia.org/wiki/Primary_and_secondary_antibodies
https://www.thermofisher.com/uk/en/home/life-science/antibodies/secondary-antibodies/secondary-antibodies-target-species/anti-rabbit-secondary-antibodies.html
https://www.thermofisher.com/uk/en/home/life-science/antibodies/secondary-antibodies/secondary-antibodies-target-species/anti-rabbit-secondary-antibodies.html
https://www.thermofisher.com/order/catalog/product/R0861
https://www.thermofisher.com/order/catalog/product/R0861

