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Abstract 

The etiology and pathophysiology of schizophrenia are poorly understood, 

although increasing evidence suggests an important role for altered GABA 

neurotransmission. Animal models of schizophrenic symptoms include administration of 

noncompetitive N-methyl-D-aspartate (NMDA) glutamate receptor antagonists, such as 

dizocilpine (MK-801), and post-weaning social isolation.  The present study tested the 

hypothesis that a “double-hit” model, in which subchronic MK-801 administration and 

post-weaning social isolation are combined, produces greater behavioural and 

neurochemical effects than either insult alone. As a secondary objective, the present study 

also assessed whether the timing of the subchronic MK-801 injections (early adolescence 

vs. early adulthood) influences these measures. Male Sprague-Dawley rats (N = 74) were 

obtained at weaning (P21) and were either socially isolated (n = 42) or group housed (n = 

32) for the duration of the experiment. Subgroups received subchronic treatment with 

MK-801 (0.5 mg/kg ip) or saline injections (1.0 ml/kg ip) twice daily for seven days 

either during early adolescence (P25-P32) or early adulthood (P56-63). At P70, all groups 

were tested for locomotor activity and subsequently sacrificed to assess the function of 

the GABA membrane transport protein, GAT-1, and GABAA receptor expression in the 

frontal cortex and hippocampus. For animals treated in early adulthood, post-weaning 

social isolation, in comparison to group housing, resulted in an increase in (1) locomotor 

activity (2) GAT-1 activity in frontal cortex and hippocampus and (3) GABAA receptor 

expression in the frontal cortex. MK-801 treatment in early adulthood increased GABAA 

receptor expression in the hippocampus, whereas post-weaning social isolation had no 
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effect on GABAA receptor expression in the hippocampus. Previous studies have 

demonstrated that increased GAT-1 activity is associated with suppression of GABA-

mediated inhibitory synaptic transmission.  Furthermore, increased GABAA receptor 

expression may be a compensatory response to decreased availability of GABA. These 

data indicated that combined post-weaning social isolation and subchronic MK-801 

treatment do not produce additive or synergistic effects on locomotor behaviour or 

GABA signalling, but rather induced differential effects on GABAA receptor binding. 
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Chapter 1 

Introduction 

1.1 Schizophrenia  

Schizophrenia is a heterogeneous disease characterized by abnormalities in the 

realms of cognition, perception, and emotion. This debilitating neuropsychiatric disorder 

affects approximately 1% of the population worldwide (Goldner, 2002); it is a disease 

more prevalent than Parkinson’s disease and multiple sclerosis combined.  In Canada, 

schizophrenic patients occupy approximately 10% of all hospital beds, and in 2004, the 

direct cost of their care was estimated to be more than $2 billion. These costs include 

health care, administrative expenses associated with income assistance plans, and the 

value of lost productivity and incarceration (Goeree et al., 2005). Longitudinal studies 

have shown that schizophrenia decreases the life expectancy of those afflicted by 

approximately 20 years. Increased mortality is attributed to a variety of factors, including 

environmental influences such as homelessness, increased death rate from natural causes, 

and accidental death. Additionally, the lifetime risk of suicide in patients with 

schizophrenia is 5-10% and is significantly higher than in the general population (Brown, 

2000). Thus, there is an urgent need to gain further insight into the causes of 

schizophrenia and to develop more effective treatment strategies. 

Complex interactions between biological, genetic, and environmental factors have 

been implicated in schizophrenia, although the exact etiology of the disease remains to be 
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elucidated. Several animal models have been created, both environmental and 

pharmacological, that mimic the outward symptomology of the disease. Their utility lies 

not only in their ability to provide significant insight into the underlying pathogenesis of 

schizophrenia, but also aids in the creation of novel therapeutics. Early animal models of 

schizophrenic symptoms focused on the dopamine hypothesis, and utilized the 

psychostimulant amphetamine to mimic schizophrenia (Snyder, 1972). More recently 

however, with the advent of the glutamatergic and γ-amino-butyric-acid (GABA) 

hypotheses of schizophrenia, these animal models have evolved as well.     

Two commonly used animal models of schizophrenic symptoms include post-

weaning social isolation rearing and N-methyl-D-aspartate (NMDA) glutamate receptor 

antagonism. Post-weaning social isolation and NMDA glutamate receptor antagonism via 

treatment with phencyclidine (PCP), ketamine, or dizocilpine (MK-801), produce similar 

behavioural and neurochemical deficits, including: enhanced sensitivity to amphetamine 

(Jones et al., 1990; Balla et al., 2003), hyperlocomotion (Simpson et al., 2009; Ashby et 

al., 2010), altered dopamine neurotransmission in the mesocortical and mesolimbic 

pathways (Jones et al., 1991; Fulford & Marsden, 1998; Jentsch et al., 1998), and reduced 

GABAergic neurons (Harte et al., 2007; Abdul-Monim et al., 2007). Such changes are 

similar to those seen in schizophrenia (for review, see Carlsson et al., 2001) and suggest 

that the behavioural abnormalities seen in these animal models may occur through similar 

pathways. However, both of these animal models have limitations; post-weaning social 

isolation is quite fragile and vulnerable to many parameters including cage type and 
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routine handling (for review, see Weiss & Feldon, 2001), while NMDA glutamate 

receptor antagonism is unreliable in producing deficits in sensorimotor gating (the ability 

to filter out irrelevant stimuli) as measured by prepulse inhibition, and cognitive deficits 

(Stefani & Moghaddam, 2002). Thus, given the similar behaviour abnormalities and 

complementary neurochemical changes associated with both post-weaning social 

isolation and subchronic NMDA glutamate receptor antagonism, it is possible that 

combining these two manipulations may create a more robust animal model of 

schizophrenia symptomology. 

The aim of the current study was to investigate the combined effects of two 

animal models, post-weaning social isolation and subchronic treatment with the NMDA 

glutamate receptor antagonist, MK-801, on locomotor activity and GABA signalling in 

the frontal cortex and hippocampus of the rat.  The overarching hypothesis was that 

combining the two manipulations (i.e., a “double-hit”) produces a more robust 

behavioural deficit in the rat compared with either manipulation alone.  

The ensuing literature review will describe biological theories of schizophrenia, 

relevant animal models of schizophrenic symptoms, and an overview of the current study.    
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Chapter 2 

Literature Review 

2.1 Etiology 

Although schizophrenia was first recognized over a century ago, the exact 

etiology remains unknown. Various theories involving the alteration of underlying 

neurochemistry have been proposed. Initially, changes in dopamine activity were 

proposed, but more recently the involvement of glutamate and GABA has also been 

suggested as will be discussed in sections to follow.  

2.2 Symptomology 

The presenting symptomology and subsequent prognosis of schizophrenia is 

highly variable among patients, and thus the definition and classification of schizophrenia 

is subject to ongoing refinement (Peralta & Cuesta, 2001). Early behavioural 

abnormalities such as failure to achieve normal developmental milestones (e.g., the 

ability to walk; Walker, 1994), low IQ (David et al., 1997), aggression, and socially 

withdrawn behaviours (Tyrka et al., 1995) often precede the collection of symptoms that 

qualify a clinical diagnosis of schizophrenia. Symptoms are broadly associated with three 

categories: positive symptoms, negative symptoms, and cognitive deficits. Positive 

symptoms are often the presenting symptoms of schizophrenia and are characterized by 

hallucinations and deluded thought.  Negative symptoms include flattened affect, social 

withdrawal and speech poverty (brief and empty replies to questions). Although positive 
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symptoms may be the most striking clinical feature of schizophrenia, cognitive deficits in 

working memory and executive function may be the most debilitating and persistent 

feature of schizophrenia. Indeed, disturbances in critical cognitive processes are now 

regarded as a core feature of this disease (Elvevag & Goldberg, 2000). 

2.3 Biological Theories of Schizophrenia 

2.3.1 Dopamine Hypothesis 

The most influential and enduring theory of schizophrenia is the dopamine 

hypothesis. The hypothesis maintains that dysfunction of the dopamine system underlies 

the behavioural and cognitive abnormalities that are associated with schizophrenia. The 

first iteration of the dopamine hypothesis suggested that hyperactive dopamine 

transmission was responsible for schizophrenic symptoms. Support for this hypothesis 

was based primarily on the observation that the most effective antipsychotics were 

dopamine receptor blockers (primarily at D2 receptors) (Seeman et al., 1975). Further 

support stemmed from the observation that psychomotor stimulants that increase 

dopamine neurotransmission, such as amphetamine or cocaine, are psychotogenic 

(Snyder, 1972). However more recently, given the increasing awareness of the 

importance of negative and cognitive symptoms of schizophrenia, and their resistance to 

D2 receptor antagonism, the dopamine hypothesis has since been refined. Currently, the 

dopamine hypothesis suggests that hyperdopamine neurotransmission occurs specifically 

in the mesolimbic pathway (possibly leading to “positive symptoms”); however, 
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simultaneous hypodopaminergic activity in the mesocortical pathway is also present in 

the frontal cortex (possibly giving rise to “negative symptoms”) (Davis et al., 1991).  

Although post-mortem studies generally support the dopamine hypothesis 

(Glenthoj et al., 2006; but see Czudek & Reynolds, 1989), there has been some 

controversy as to whether these changes result from the continuous use of antipsychotics 

(Clow et al., 1980). With the advances of brain imagining techniques (e.g., positron 

emission tomography scans) however, direct support for altered dopamine transmission 

in drug free schizophrenic patients has emerged. For example, an upregulation of D1 

receptors in the prefrontal cortex has been found in drug free schizophrenic patients (Abi-

Dargham et al., 2002), possibly in response to hypodopaminergic activity. Furthermore, 

baseline and amphetamine-induced dopamine release has been found to be increased in 

the striatum of drug naïve patients (Laruelle et al., 1996; Abi-Dargham et al., 2009). 

More recently, dopamine related genes have also been implicated in schizophrenia (e.g. 

COMT), suggesting a definitive role for dopamine in this disease process (Craddock et 

al., 2006).  

It is important to note that dopamine is regulated by complex circuitry in the 

brain, involving other neurotransmitters such as glutamate and GABA. Thus, although 

there is strong support for the dopamine hypothesis, these alterations are unlikely to exist 

in isolation.  
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2.3.2 Glutamate Hypothesis 

Glutamate is an important excitatory neurotransmitter in the mammalian brain and 

exerts its effect via ion-channel (ionotropic) and G-protein coupled (metabotropic) 

receptors (Nakanishi, 1992). Ionotropic glutamate receptors are subdivided into three 

subclasses: the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), 

kainate, and N-methyl-D-aspartate (NMDA) receptors. NMDA receptors have been a key 

focus in schizophrenia research. To date, six NMDA receptor subunits have been 

characterized; an obligatory NR1 subunit, NR2A-NR2D, and NR3A. Growing evidence 

implicates abnormalities in glutamatergic neurotransmission as an underlying cause of 

the core psychopathological phenomena observed in schizophrenia.  

The glutamate hypothesis of schizophrenia states that schizophrenic symptoms 

may result from the hypofunction of glutamatergic neurons in corticolimbic structures 

(Olney et al., 1991). Evidence for this hypothesis stems essentially from the observation 

that noncompetitive NMDA glutamate receptor antagonists, such as PCP, ketamine, and 

MK-801, mimic the complexity of schizophrenic symptoms by producing both positive 

and negative symptoms, as well as cognitive deficits in otherwise normal human subjects 

(Malhotra et al., 1996; for a review see Tamminga, 1998), and exacerbate symptoms in 

schizophrenic patients (Lahti et al., 1995; Morris et al., 2005). Post-mortem 

investigations of brains taken from schizophrenic patients suggest the presence of 

glutamate abnormalities, but paradoxically, both increases and decreases have been 

observed. For example, elevated glutamate uptake sites have been found in the prefrontal 

cortex of schizophrenic patients (Simpson et al., 1998, Deakin et al., 1989), suggestive of 
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increased glutamatergic neurotransmission, while an upregulation of postsynaptic 

glutamate receptors in the frontal cortex, hippocampus, thalamus, and anterior cingulate 

cortex has also been reported, likely in response to hypoglutamatergic neurotransmission 

(Ishimaru et al., 1994; Zavitsanou et al., 2002; see review, Goff & Coyle, 2001). Further 

evidence for altered glutamatergic neurotransmission in schizophrenia stems from the 

observation of altered glutamate receptor subunit expression in the post-mortem brain of 

schizophrenics. For example, Gao et al. (2000) report reduced mRNA for the NR1 

NMDA glutamate receptor subunit, but an increase in the mRNA for the NR2B subunit 

in the hippocampus of schizophrenic patients. Consistent with the human literature, 

NMDA glutamate receptor antagonism produces an array of schizophrenia-like 

behaviours and neurochemical changes in rodents (see section 2.4.3). Facilitation of 

NMDA glutamate receptors via glycine (a coagonist at the NMDA glutamate receptor) 

improves the negative symptoms in schizophrenic patients (Heresco-Levy et al., 1996) 

and the cognitive deficits in PCP treated animals (Hashimoto et al., 2008) thereby 

providing further support for alterations in glutamatergic neurotransmission in 

schizophrenia. Despite this evidence, the etiological basis for glutamate hypofunction 

remains unknown.  

2.3.3 Glutamate and Development 

Stimulation of glutamate receptors during brain development is critical for the 

survival, differentiation and migration of immature neurons, as well as synaptic plasticity 

(McDonald & Johnston, 1990), thus early glutamate dysfunction may lead to 
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abnormalities in neurotransmission at maturity. During synaptogenesis [last trimester of 

pregnancy and first several years postnatal in humans; first two postnatal weeks in the rat 

(Dobbing et al., 1979)], the brain is hypersensitive to the toxic effects of NMDA 

glutamate receptor antagonism (Olney et al., 2000). Too much or too little glutamate 

stimulation results in widespread aberrant changes to NMDA glutamate receptors. 

Particularly, too much glutamate stimulation can lead to excitotoxic neurodegeneration, 

while too little glutamate stimulation can result in apoptotic neurodegeneration 

(Ikonomidou et al., 1999). For example, in utero exposure to the NMDA glutamate 

receptor antagonist, ethanol, during synaptogenesis can cause a myriad of behavioural 

abnormalities including learning disabilities and psychosis (Famy et al., 1998). In 

rodents, acute or chronic NMDA glutamate receptor antagonism produces schizophrenia-

like symptoms and widespread neuronal degeneration when administered during both 

early postnatal brain development and adulthood (Ikonomidou, 1999; Wang & Johnston, 

2005; Bueno et al., 2003, Johnson et al., 1998). However, very few studies have assessed 

the impact of NMDA glutamate antagonism on the prepubescent rat.  

2.3.4 GABA Hypothesis 

GABA is a principal inhibitory neurotransmitter and is predominantly present in 

the central nervous system, particularly in telencephalic structures, such as the cerebral 

cortex. GABA is synthesized from glutamate by glutamic acid decarboxylase (which 

exists in two isoforms: GAD65 and GAD67) and is instrumental in mediating neuronal 

excitability and plasticity. The inhibitory activity of GABAergic neurons is mediated 
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primarily via GABAA receptors. GABAA receptors are ionotropic heteropentamers 

composed of five subunits. The GABAA receptor subunits are further subdivided into 6 

families (α, β, γ, δ, ε, and θ), and some families contain subunit subtypes (e.g. α1–6) 

(Mohler, 2006). Termination of GABAergic signalling is mediated via GABA 

transporters, primarily GAT-1 (for review see Conti et al., 2004), which facilitates the 

reuptake of GABA into the nerve terminal. 

There is a converging body of evidence implicating altered GABAergic 

neurotransmission in the pathogenesis of schizophrenia. Indeed, a major recent 

development has been the identification of pathologies in GABAergic neurons in the 

post-mortem brain of patients with schizophrenia, which are often localized to the frontal 

cortex and hippocampus (for a review see Coyle, 2004). Although some researchers have 

suggested that the inhibitory effects of GABA may be increased in psychotic disorders 

(Squires & Saederup, 1991), more recent reports suggest that schizophrenic symptoms 

may be attributed to a decrease in GABAergic activity. For example, decreased 

expression of GAD67 and decreased density of parvalbumin and calbindin neurons (which 

are phenotypic markers of cortical GABAergic interneurons) have been found in the 

frontal cortex (Akbarian et al., 1995, Beasley et al., 2002, Sakai et al., 2008, but see Woo 

et al., 1997) and hippocampus (Zhang & Reynolds, 2002) in post-mortem studies of 

subjects with schizophrenia. Additional post-mortem studies have revealed an 

upregulation of post-synaptic GABAA receptors in the hippocampus (Benes et al., 1996), 

anterior cingulate cortex (Benes et al., 1992), and prefrontal cortex (Benes et al., 1997) in 
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patients with schizophrenia, which may reflect a compensatory mechanism due to 

diminished GABA neurotransmission. Alterations of GABAA receptor subunits have 

been the focus of recent post-mortem studies of schizophrenia.  Expression of the α1, α2, 

β2, and β3 subunits is reportedly increased in the prefrontal cortex of schizophrenic 

patients (Ishikawa et al., 2004; Volk et al., 2002). Although inconsistent, a particularly 

intriguing and relevant finding, are alterations in the GABA transporter, GAT-1. For 

example, Volk and colleagues (2001) report a decrease in GAT-1 in the prefrontal cortex 

of post-mortem tissue from schizophrenic patients, while others report an increase in the 

cingulate cortex (Sundman-Eriksson et al., 2002), or no change in the frontal cortex 

(Simpson, Slater, & Deakin, 1998) nor the basal ganglia (Simpson et al., 1998). Taken 

together, the alterations of both pre- and post-synaptic markers of GABAergic activity 

strongly support the hypothesis of GABAergic hypofunction as an underlying mechanism 

for schizophrenia, although there remains a need for clarification. Deficits in GABA 

neurotransmission are unlikely to exist in isolation, as GABA neurons interact with 

dopamine and glutamate neurons whose dysfunction has also been implicated in 

schizophrenia (Olney & Farber, 1995). Interestingly, the GABA hypothesis of 

schizophrenia may be linked to hypoglutamatergic transmission via NMDA receptor 

antagonism. Olney et al. (1999) proposed that NMDA glutamate receptor antagonism 

reduces the excitatory drive of glutamate on GABAergic interneurons, resulting in 

disinhibition and the emergence of the schizophrenic phenotype. Thus, a complete 
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understanding of the etiological mechanisms of schizophrenia will include the complex 

interactions among these neurotransmitters.  

2.3.5 Neurodevelopmental Hypothesis 

It has recently been proposed that the development of schizophrenia may be 

attributed to a disruption in prenatal brain development, particularly during the second 

trimester, which leads to long-lasting structural abnormalities and altered 

neurotransmitter regulation at the time of sexual maturation (see review Weinberger, 

1995). Several epidemiological studies suggest a weak, but often significant, association 

between obstetrical complications (e.g., influenza, pre-eclampsia) during the second 

trimester and the expression of the schizophrenic phenotype in offspring (see review 

McGrath et al., 2003), all of which have contributed to the neurodevelopmental 

hypothesis. In support of this hypothesis, maternal immune activation in the rat induces 

enhanced locomotor activity, impaired prepulse inhibition, increased dopamine turnover 

and decreased D2 receptor binding in the striatum in offspring only after sexual maturity 

(Ozawa et al., 2006). Further evidence in favour of altered neurodevelopment in 

schizophrenia pathology stems from the observation that neonatal lesions of the ventral 

hippocampus at post natal day 7 (P7, which corresponds to the second trimester in 

humans) produces a schizophrenia-like phenotype characterized by hyperlocomotion, 

social withdrawal, prepulse inhibition deficits, decreased GAD67, and an upregulation of 

GABAA receptors in the frontal cortex only after sexual maturity (see review Lipska & 

Weinberger, 2002). Furthermore, these deficits can be reversed with the use of 
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antipsychotics (Zuckerman & Weiner, 2005; Le Pen et al., 2002). Thus, the 

neurodevelopmental hypothesis is based on the assumption that impaired cortical 

development occurs during the second trimester, when cell division is occurring at a high 

rate and neurons are migrating to their target location in the cortex and hippocampus. If 

an insult occurs during this critical period, cell migration may be disrupted, leading to 

abnormal cortical development, and thereby increasing the susceptibility to the 

development of schizophrenia.  

2.4 Animal Models of Schizophrenic Symptoms 

Animal models of schizophrenic symptoms offer significant insight into the 

underlying neuropathology of schizophrenia and provide a means of evaluating novel 

schizophrenic treatments. However, due to the complex nature and heterogeneity of 

schizophrenia, it is impossible to develop an animal model that represents all aspects of 

the disorder. Therefore, animal models that mimic specific aspects of the disorder are 

important tools for further understanding the complex pathophysiology of schizophrenia.  

Two commonly used animal models of schizophrenic symptoms are the post-

weaning social isolation and NMDA glutamate receptor antagonism models. The first 

involves an environmental manipulation whereby animals are deprived of physical 

contact of conspecifics from weaning (postnatal day 21, P21) until sexual maturity 

(postnatal day 56, P56), while the second model involves a pharmacological 

manipulation of glutamatergic neurotransmission whereby animals receive acute or 

repeated (subchronic) injections of PCP, ketamine, or MK-801. The utility of these 



 

14 

 

“simulation models” lies in their ability to investigate the neurobiology of psychiatric 

disorders and the mechanisms of action of psychotherapeutic drugs. It is important to 

note that several animal models of schizophrenic symptoms exist; however, the following 

will focus on post-weaning social isolation rearing and NMDA glutamate receptor 

antagonism. 

2.4.1 Post Weaning Social Isolation (SI) Model  

The onset of schizophrenia is often preceded by prodromal symptoms including 

social isolation or withdrawal (Baum & Walker, 1995; Davidson et al., 1999). In the rat, 

post-weaning social isolation produces profound behavioural and neurochemical changes 

similar to those in schizophrenia, such as hyperactivity in a novel environment (Varty et 

al., 2000; Weiss & Feldon, 2001; Del Arco et al., 2004), impaired social interaction 

(Simpson et al., 2009), increased sensitivity to dopamine agents (Lapiz et al., 1999), 

deficits in sensory motor gating (Cilia et al., 2001), and altered dopamine transmission in 

the medial prefrontal cortex and nucleus accumbens (Hall et al., 1998). Importantly, the 

cognitive deficits that result from post-weaning social isolation include impaired 

cognitive flexibility, reversal learning, and impaired novel object discrimination (for 

review see Fone & Porkess, 2008). However, these deficits are restricted to social 

isolation during development (post-weaning), as animals that are isolated as adults (for a 

similar period of time) do not demonstrate these characteristics (Geyer & Moghaddam, 

2002). This finding suggests that there may be a critical “window of vulnerability” prior 

to adulthood during which isolation rearing produces long-lasting behavioural and 
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cognitive deficits. Despite these schizophrenia-like symptoms produced by post-weaning 

social isolation, this model is limited in robustness as it is vulnerable to such factors as 

strain of rat, gender, routine handling, and caging condition (for a review see Weiss & 

Feldon, 2001). 

2.4.2 Post-Weaning SI & GABA Signalling 

To date, few studies have assessed how post-weaning social isolation influences 

GABAergic signalling. Harte et al. (2009) found selective deficits in the calcium binding 

proteins, parvalbumin and calbindin cells, but no change in calretinin cells in the 

hippocampus of socially isolated rats. In contrast, others have found no changes in 

parvalbumin or calbindin cells, but decreased calretinin neurons in the socially isolated 

rat (Greene et al., 2001). The reason for this discrepancy remains unclear and warrants 

further research. Bloomfield et al. (2008) recently reported decreased GAT-1 in the 

ventral prelimbic cortex of socially isolated rats. To my knowledge, no previous research 

has assessed the impact of post-weaning social isolation on GABAA receptor function, 

although these findings could further validate the post-weaning social isolation animal 

model of schizophrenic symptoms.   

2.4.3 NMDA Glutamate Receptor Antagonism  

A recently developed animal model of schizophrenic symptoms is based on the 

hypoglutamatergic hypothesis of schizophrenia, and utilizes acute or subchronic 

(repeated) treatment with noncompetitive NMDA glutamate receptor antagonists, such as 

PCP and MK-801. Similar to amphetamine, these substances reliably induce psychosis in 
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humans, however they also induce cognitive deficits (Luby et al., 1959). In the rat, 

treatment with NMDA glutamate receptor antagonists produces an array of abnormalities 

similar to those seen in schizophrenia, including increased amphetamine-induced 

locomotor activity (Ashby et al., 2010), impaired working memory (Beninger et al., 

2009), impaired reversal learning (Abdul-Monim et al., 2007) and impaired social 

interactions (Rung et al., 2005). Although acute administration of these drugs creates 

symptoms similar to those seen in schizophrenia, subchronic administration evokes more 

persistent and qualitatively closer deficits to those seen in schizophrenia (Pratt et al., 

2008), and thus represents an animal model with greater validity (for review see Jentsch 

et al., 1999). The reliability of some effects of this model however, has been debated. For 

example, it has had inconsistent effects on performance of spatial (Li et al., 2003) and 

working memory tasks (Stefani et al., 2002). In addition, there is a notable limitation of 

this subchronic model in that it does not reliably create sensorimotor deficits, as 

measured by prepulse inhibition, a characteristic symptom of schizophrenia (Martinez, 

Ellison, & Geyer, 1999). These limitations of subchronic NMDA glutamate receptor 

antagonism thus present a significant challenge to the model.  

2.4.4 NMDA Glutamate Receptor Antagonism and GABA Signalling 

Postnatal NMDA glutamate receptor antagonism reduces GABAergic 

neurotransmission. Acute treatment with PCP or MK-801 at P7 reduces parvalbumin 

containing neurons in the frontal cortex at P56 (Wang et al., 2008) and at P82 (Coleman 

et al., 2009). Subchronic PCP and MK-801 treatment also down regulates parvalbumin 
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containing neurons in the frontal cortex and the hippocampus (Pratt et al., 2008; Abdul-

Monim et al., 2007; Braun et al., 2007), and decreases GAD67 and GAT-1 in the 

cerebellum (Bullock et al., 2009). Furthermore, prenatal exposure to MK-801 (embryonic 

days 15-18) decreases the density of parvalbumin containing neurons in the medial 

prefrontal cortex not only at P35, but also at P63 (Abekawa et al., 2007). Few studies 

have assessed the impact of NMDA glutamate receptor antagonism on GABAA receptor 

binding. Du Bois et al. (2009) found that perinatal treatment with PCP (10 mg/kg) on P7, 

9, and, 11 increased [3H]-muscimol binding to GABAA receptors in the frontal cortex, 

hippocampus, and thalamus. Likewise, subchronic treatment with PCP (4.5 mg/kg) in 

adult rats increased [3H]-muscimol binding to GABAA receptors in the frontal cortex, 

hippocampus, and striatum (Beninger et al., 2009).  Thus taken together, these results 

suggest that NMDA glutamate receptor antagonism is a useful tool in assessing 

GABAergic changes in relevant animal models of schizophrenia. To the best of my 

knowledge, there have been no studies that have assessed whether subchronic NMDA 

glutamate antagonist treatment during early adolescence (P25) influences GABA 

signalling in early adulthood (P56), and how this compares to NMDA glutamate receptor 

antagonist treatment during early adulthood without adolescent exposure.  

2.5 Combined Post-Weaning SI and Subchronic NMDA Glutamate Receptor 

Antagonism 

The similar neurochemical changes and the complementary behavioural 

abnormalities that result from both post-weaning social isolation and subchronic NMDA 
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glutamate receptor antagonism suggest that by combining these manipulations, a more 

robust animal model of schizophrenic symptoms may emerge and may further elucidate 

the underlying neuropathology of the disease. Only a few studies have assessed the 

effectiveness of a “double-hit” model; however, evidence thus far suggests that a 

“double-hit” model may be more robust than a “single-hit” model. Recently, Alquicer et 

al. (2009) found that post-weaning social isolation enhanced locomotor activity and 

morphological changes in the neonatal ventral hippocampus lesion rat model of 

psychosis. Furthermore, post-weaning social isolation rearing paired with (−)-trans-∆9-

tetrahydrocannabinol induced greater prepulse inhibition deficits than either insult alone 

(Malone & Taylor, 2006). Furthermore, results from our lab indicate that the combined 

effects of post-weaning social isolation and subchronic MK-801 treatment may indeed be 

more robust than either insult alone (Forsyth et al., (unpublished data); Simpson et al., 

2009) although further research is necessary.   

2.6 Rationale and Hypothesis 

Animal models of schizophrenic symptoms have frequently employed either 

environmental manipulations, such as post-weaning social isolation or pharmacological 

treatments, such as repeated administration of NMDA glutamate receptor antagonists. 

However, the effects of these treatments on behaviour are often unreliable, and thus the 

utility of the models for assessing schizophrenia etiology and potential new therapeutic 

agents is limited. In the current study, we investigated the effects of post-weaning social 

isolation rearing and/or subchronic treatment with the NMDA glutamate receptor 
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antagonist, MK-801, on behavioural and neurochemical parameters in the frontal cortex 

and hippocampus of the rat. The frontal cortex and hippocampus were selected as target 

regions, based on their role in cognitive function, and also because these brain structures 

reveal relevant neurochemical alterations in both animal models of schizophrenia and 

schizophrenic patients (Benes et al., 1996, 1997). The purpose of the study was to test the 

hypothesis that, compared to either manipulation alone, rats reared in isolation that also 

receive subchronic MK-801 administration (“double-hit”) would demonstrate: (i) greater 

enhancement in amphetamine-induced locomotor activity; and (ii) more robust alterations 

in GAT-1 and GABAA receptor binding in the frontal cortex and hippocampus. 

Furthermore, because schizophrenia symptoms typically emerge during early 

adolescence, the current study assessed whether the timing of the “double-hit” [i.e. during 

early adolescence1 (P25) vs. early adulthood (P56)] influenced locomotor activity and/or 

GABAergic neurotransmission in adulthood.  

 

 

 

 
 

 
1 Tirelli, Laviola, & Adriani (2003) suggest that early adolescence (prepubescence) constitutes the 
period between P21-34, while late adolescence/early adulthood constitutes the period between 
P46-59. The current study utilized this classification schema.   
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Chapter 3 

Materials and Methods 

3.1 Animals 

Male Sprague Dawley rats (N = 74; Charles River, St. Constant QC) were 

obtained at weaning (~P21) and randomly assigned to either socially isolated (SI; housed 

singly) or group housed (GH; 4 rats per cage) conditions for the duration of the 

experiment. Housing consisted of clear Plexiglas cages: 45 x 23 x 20 cm deep for SI rats 

and 47 x 37 x 20 cm deep for GH rats, lined with sawdust, located in an environmentally 

controlled colony room (21 ± 1 ºC; humidity 40-70%; reversed 12 hr light/dark cycle, 

lights off at 0700 hr). Food and water were available ad libitum. The smell, sight, and 

sound of conspecifics were not obstructed.  

All manipulations were performed in accordance with the guidelines of the 

Canadian Council on Animal Care and the Animals for Research Act. Experimental 

procedures were approved by the Queen’s University Animal Care Committee. 

3.2 Drugs 

MK-801 (dizocilpine; [5R-10S]-[+]5-methyl-10,11-dihydro-5H-

dibenzo[a,d]cylcohepten-5,10-imine maleate salt), was purchased from Sigma-Aldrich 

Canada Ltd. (Oakville, ON) and dextroamphetamine sulfate (AMPH; USP, Rockville, 

MD) were dissolved in saline. 
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3.3 Procedures 

SI and GH animals were injected with saline or MK-801 either during early 

adolescence (P25) or during early adulthood (P56) resulting in eight groups (Figure 1A). 

For all groups, handling was kept to the minimum required for cage changing, which, 

during the first two weeks occurred only once for the SI animals and once a week for the 

GH animals, and thereafter, once a week for the SI animals and twice a week for the GH 

animals. For the rats injected during early adulthood, beginning on P56, independent 

groups of SI (n = 21) and GH (n = 16) rats (weighing 320-380 g) were subchronically 

treated with saline (SI-Sal and GH-Sal, n = 12 and 8, respectively; 1.0 ml/kg twice daily 

for 7 days) or MK-801 (SI-MK-801 and GH-MK-801, n = 9 and 8, respectively; 0.5 

mg/kg twice daily for seven days). The dosing regimen of 0.5 mg/kg of MK-801 twice 

daily for seven days has been used in previous studies and has shown to induce 

behavioural alterations in the rat (Beninger et al., 2009; Ashby et al., 2010; Miller & 

Abercromble, 1996). Injections were administered (intra-peritoneally, i.p.; 1.0 ml/kg) at 

approximately 0800 and 2000 hr. Locomotor testing (see below) commenced one week 

following the end of treatment (P70). One week following the end of behavioural testing 

(P77), animals were killed by decapitation under pentobarbital anesthesia, and brain 

tissue (frontal cortex, hippocampus) was rapidly dissected and prepared for biochemical 

assays (described below).  

The rats injected during early adolescence arrived at P21 and were either socially 

isolated (n = 21) or group housed (n = 16). After habituating to the colony for three days, 

the rats (weighing 60-80 g) underwent the same protocol described above; however, the 
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groups received subchronic injections of either saline (SI-Sal and GH-Sal, n = 10 and 8 

respectively; 1.0 ml/kg twice daily for seven days) or MK-801 (SI-MK-801 and GH-MK-

801, n = 11 and 8 respectively; 0.5 mg/kg twice daily for seven days) beginning on P25. 

Injections were administered (i.p.; 1.0 ml/kg) at approximately 0800 and 2000 hr.  As in 

the adult cohort, the behavioural testing commenced on P70 and the neurochemical 

testing began on P77 (see Figure 1A and B). 
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Figure 1. (A) Experimental design and breakdown of each of the 8 experimental groups (P = post 
natal day). (B) Timeline of injection protocol and subsequent locomotor activity and GABA testing.  
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3.4 Locomotor Activity  

Spontaneous and amphetamine-induced locomotor activity was measured as the 

number of beam breaks across 14 pairs of photocells, half positioned at a height of 5.0 cm 

to measure lower activity (e.g., pivoting, walking) and half at 15.0 cm to measure upper 

activity (e.g., jumping, rearing). The photocells were positioned above a metal-rod floor 

in six experimental Plexiglas chambers (50 x 40 x 40 cm high), constructed from wooden 

Styrofoam-insulated sound-diminishing boxes.  Every chamber was illuminated with an 

overhead bulb (2.5W) and ventilated by a small fan that also provided continuous 

background noise. Beam breaks were recorded on an experimenter-controlled circuit 

board connected to a personal computer. For details of the apparatus see Beninger, 

Cooper, and Mazurski (1985).   

All testing was conducted during the dark phase of the light–dark cycle. Lower 

and upper activity was measured over 3.5 hr in three distinct phases. For the first phase, 

rats were habituated in the chambers for 60 min. Subsequently, in the second phase, rats 

were removed from the chambers, injected with saline (1.0 ml/kg i.p.), and were returned 

to the chambers for another 60 min period.  Finally, in the third phase, rats were again 

removed from the chambers, injected with AMPH (1.5 mg/kg i.p.), and returned to the 

chambers for an additional 90 min period. All activity counts were recorded in 5-min bins 

for both lower and upper activity.  
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3.5 Synaptosome Preparation 

One week following locomotor activity testing, rats were killed by decapitation 

under pentobarbital anesthesia. The brain was rapidly excised from the cranial cavity, 

rinsed briefly in ice-cold homogenization solution (0.32 M sucrose, 10 mM Tris HCl, 2 

mM ethylenediaminetetraacetic acid (EDTA), pH 7.2-7.3), and the hippocampus and 

frontal cortex were dissected on ice. The frontal cortex was isolated by making a coronal 

cut at the optic chiasm, rostral to the hypothalamus, and removing the olfactory bulbs and 

underlying striatal tissue; the hippocampus was removed in its entirety. In separate tubes, 

the frontal cortex and hippocampus were homogenized gently by hand in 6 ml of ice-cold 

homogenization solution. The homogenate was centrifuged at 2,000 x g for 10 min at 4°C 

to remove the nuclei and large tissue fragments, and the pellet was discarded. The 

resulting supernatant was centrifuged at 13,000 x g for 20 min at 4°C (and the 

supernatant discarded). The pellet (containing synaptosomes) was then resuspended in 

2ml of homogenization solution and again centrifuged at 13,000 x g for 20 min at 4°C. 

The supernatant was discarded and the pellet, containing the synaptosomal membrane 

fraction, was then resuspended in 1 mL ice-cold assay buffer (in mM: NaCl, 125; KCl, 3; 

MgSO4, 1.2; NaHPO4, 1; CaCl2, 1; glucose, 10; HEPES, 10; amino oxidase (AOAA), 0.1, 

pH 7.3-7.4). The synaptosomal fractions were used in the GAT-1 activity experiments 

within 5 h of preparation.  Aliquots of the synaptosomal fraction were stored frozen at     

-70°C until analyzed for [3H]-muscimol binding (see below).    
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3.6 GAT-1 Activity Experiments 

To determine activity of the GAT-1 protein, a 50 µl aliquot of the synaptosomal 

fraction was transferred to a reaction vessel (1.5 ml microcentrifuge tube) containing   

400 µl assay buffer. The reaction vessels were preincubated for 5 min at 37ºC, and then 

uptake was initiated by the addition of 50 µl of [3H]-GABA (35 Ci/mmol, PerkinElmer, 

Inc., Boston, MA). The final concentration of [3H]-GABA was 5 nM in a reaction volume 

of 500 µl. Nonspecific uptake of the radiolabel was determined in the presence of 1 mM 

nipecotic acid (Nip), a selective inhibitor of GAT-1. Typically, non-specific uptake was 

1-2% of total [3H]-GABA uptake. After 3min2 at 37°C, incubations were terminated by 

rapid vacuum filtration through Whatman GF/B glass fiber filters that were pre-wet with 

5 ml of ice-cold assay buffer solution. The filters were  washed twice with 5 ml aliquots 

of ice-cold assay buffer solution, and then the filters were inserted into 7 ml scintillation 

vials together with 5 ml scintillation cocktail (ScintiVerse BD, Fisher Scientific Ltd, 

Ottawa, ON). The vials were incubated overnight in the dark, and the radioactivity 

remaining on the filters was quantified by liquid scintillation spectrometry using a 

Beckman LS 6500 scintillation counter. All samples were analyzed in triplicate.  

Specific uptake was determined by the difference between the [3H]-GABA in the 

absence and presence of Nip. A Biuret protein assay was used to establish the protein 

concentration of each sample, using bovine serum albumin as the standard. 

 
2 Preparations were originally tested with incubation times of 1, 3, 5, or 20 min. Uptake of the 
radiolabeled GABA increased with an incubation time up to 5 min with a plateau thereafter at 20 
min. Thus an assay time of 3 min was used to ensure that the linear portion of the uptake time 
course was always represented.   
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3.7 [3H]-Muscimol Binding 

[3H]-Muscimol binding to GABAA receptors was determined as per the method 

outlined in Bailey, Brien, & Reynolds (2001). Briefly, an aliquot of frontal cortex or 

hippocampus homogenate was diluted with 1ml of wash buffer (in mM: 50 Tris HCl,      

2 EDTA, pH 7.4), vortex-mixed and centrifuged at 13,000 x g for 10 min at 4°C. The 

resulting supernatant was discarded, the pellet was resuspended in wash buffer, vortex-

mixed and centrifuged at 13,000 x g for 10 min at 4°C. This wash procedure was 

repeated a total of three times to remove endogenous GABA. The final protein pellet 

containing the plasma membrane fraction was resuspended in 800 µl of assay buffer (in 

mM: 10 Tris HCl, 150 NaCl, pH 7.4). [3H]-Muscimol (25.5 Ci/mmol, PerkinElmer, Inc., 

Boston, MA) binding was determined in reaction vessels containing 100–150 mg of the 

plasma membrane fraction, [3H]-muscimol in concentrations ranging from 2 to 40 nM, 

and assay buffer to give a  final volume of 500 µl. Nonspecific binding of [3H]-muscimol 

was determined in the presence of 50 mM GABA. Samples were incubated for 60 min at 

4°C, and the reaction was terminated by rapid vacuum filtration through Whatman GF/B 

glass fiber filters that were pre-wet with 5 ml of ice-cold assay buffer solution. The filters 

were washed twice with 5 ml aliquots of ice-cold assay buffer, and radioactivity retained 

on the filters was quantified as described above. The protein concentration of each 

sample was determined by Biuret protein assay, using bovine serum albumin as the 

standard. 
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3.8 Data Analysis 

Locomotor activity was analyzed for lower and upper activity, with time (5-min 

bins) as the within-subject, independent variable. The number of beam breaks (counts/5 

min) during habituation, saline, and amphetamine phases of the session were analyzed 

separately with 4-way mixed design analyses of variance (ANOVA). Variables analyzed 

were housing (SI vs. GH), treatment (MK-801 vs. Saline), treatment age (P25 vs. P56) 

and time.  

For GAT-1 activity, separate univariate ANOVAs were conducted to evaluate the 

effects of housing (SI vs. GH), treatment (Saline vs. MK-801), and treatment age (P25 vs. 

P56) on GAT-1 activity in the frontal cortex and hippocampus for animals. Binding 

constants, BMAX and KD, for [3H]-muscimol binding were compared separately for the 

frontal cortex and hippocampus, with multivariate ANOVA. Where appropriate, 

ANOVAs were followed by tests of simple main effects and pair-wise comparisons. 

Mauchly’s Test of Sphericity was used for all ANOVA that included a repeated measures 

independent variable; if violated, the Greenhouse-Geisser correction was applied. An 

alpha level of .05 was used for all statistical tests and all tests were conducted using SPSS 

(version 17.0) software. 
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Chapter 4 

Results 

4.1 Locomotor Activity 

2 x 2 x 2 (housing x treatment x treatment age) ANOVAs were originally 

conducted for each phase of locomotor activity and GAT-1 activity, however because no 

significant main effects or interactions were found between treatment age and any 

outcome measure, and because of the lack of a time control for these groups (as discussed 

in chapter 5), separate 2 x 2 ANOVAs were conducted for animals treated beginning on 

P25 and for animals beginning on P56 for each phase of locomotor and GAT-1 activity.   

4.1.1 Groups Injected at P25: Lower Locomotor Activity 

SI animals were more active during all three phases of locomotor activity (Figure 

2A). During habituation, all groups showed an initial high level of activity followed by a 

gradual decline. A 2 x 2 x 12 (housing x treatment x time) mixed-design ANOVA 

revealed significant main effects of time, F(11, 363) = 109.06, p < .01, and housing, F(1, 

33) = 22.22, p < .01. A significant interaction, F(11, 363) = 3.18, p < .01 between time 

and housing was also found. Tests of simple main effects of housing at each 5-min bin 

revealed that SI animals were more active than GH animals during bins 3 and 5-12. A 

housing x treatment interaction was also found, F(1, 33) = 6.59, p < .05 (Figure 3C). 

Simple main effects analysis of treatment (Sal vs. MK-801) for each housing group (SI 

vs. GH) revealed that SI-Sal animals were more active than SI-MK-801 rats, F(1, 33) = 
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4.08, p = .04 (Figure 3C). Simple main effects of housing for each treatment group were 

also assessed and revealed that the SI-Sal group had significantly more activity than the 

GH-Sal group, F(1, 33) = 25.98, p < .01 (Figure 3C). There were no significant 

differences between Sal and MK-801 treatment for GH animals.   

At the onset of the saline phase, animals showed an initial increase in activity. 

The 2 x 2 x 12 mixed-design ANOVA revealed a significant main effect of time, F(11, 

363) = 16.02, p < .01, a significant main effect of housing, F(1, 33) = 8.27, p =.01 and a 

significant housing x treatment interaction, F(1, 33) = 4.40, p < .05. Similar to 

habituation, simple main effects analysis revealed that SI-Sal animals were more active 

than GH-Sal animals, F(1, 33) = 12.12, p <.01 (Figure 2A and 3C).  

After AMPH administration, the 3-way mixed design ANOVA revealed a 

significant main effect of time, F(17, 561) = 12.77, p < .01 and an effect of housing that 

approached significance, accounted for by greater activity in SI compared to GH animals, 

F(1, 33) = 3.71, p = .06 (Figure 2A and 3C); groups appeared to separate over time, 

although the interaction was not significant.  

4.1.2 Groups Injected at P25: Upper Locomotor Activity 

Upper activity counts were much less numerous compared to lower activity 

counts (Figure 2A). Similar to lower activity, SI animals generally showed greater upper 

activity compared to GH animals. During habituation, the 3-way mixed design ANOVA 

revealed a significant main effect of time, F(11, 363) = 34.96, p < .01, housing, F(1, 33) 

= 9.48, p < .01, and a significant time x housing interaction, F(11, 363) = 3.32, p < .01. 
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Tests of simple main effects revealed that GH animals were more active than SI animals 

during bin 1, however, SI animals were significantly more active than GH animals during 

bins 5-8, and 10-12, (p < .05 for each bin) (Figure 2A).   

For the saline phase, the 3-way mixed design ANOVA revealed a significant main 

effect of time, F(11, 363) = 4.49, p < .01, and housing, with SI animals being more active 

than GH animals, F(1, 33) = 7.56, p = .01 (Figure 2A).  

For upper activity during the amphetamine phase, the 2 x 2 x 18 (housing x 

treatment x time) ANOVA revealed no significant main effects or interactions.  

4.1.3 Groups Injected at P56: Lower Locomotor Activity 

Similar to SI animals injected beginning on P25, SI animals injected beginning on 

P56 generally showed greater activity compared to GH animals.  For lower locomotor 

activity, SI animals were more active during habituation and saline phases, while GH and 

SI animals performed similarly during the amphetamine phase (Figure 2B).  

For the habituation phase, the 2 x 2 x 12 (housing x treatment x time) mixed-

design ANOVA revealed a significant main effect of time, F(11, 363) = 83.54, p < .01, a 

significant main effect of housing, F(1, 33) = 17.74, p < .01, and a time x housing 

interaction, F(11,363) = 2.09, p = .05. Tests of simple main effects of housing at each 5-

min bin revealed that SI animals were significantly more active during bins 5, and 7-12 (p 

< .05 for each bin). 

During the saline phase, all animals showed an initial increase in activity. A 2 x 2 

x 12 (housing x treatment x time) mixed-design ANOVA revealed significant main 
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effects of time, F(11, 363) = 13.73, p <.01, and housing, F(1, 33) = 11.98, p < .01, 

accounted for by greater activity in SI animals than GH animals (Fig. 2B). Furthermore, 

there was a housing x treatment interaction that approached significance, F(1, 33) = 3.76, 

p = .06 (Figure 3D). For interest sake, a simple main effects analysis was conducted for 

this interaction and revealed that SI-Sal animals had greater activity compared to GH-Sal 

animals, F(1, 33) = 15.57, p < .01, and furthermore, SI-Sal animals had greater activity 

compared SI-MK-801 animals, F(1, 33) = 4.18, p < .05. 

After AMPH administration, all groups showed an increase in activity, however 

the 2 x 2 x 18 (housing x treatment x time) ANOVA only revealed a main effect of time, 

F(17, 561) = 10.69, p < .01.  

4.1.4 Groups Injected at P56: Upper Locomotor Activity 

SI animals showed greater activity across all three phases compared to GH 

animals (Figure 2B). For the habituation phase, the 2 x 2 x 12 (housing x treatment x 

time) ANOVA revealed main effects of time, F(11, 363) = 38.35, p < .01, and housing, 

F(1, 33) = 16.52, p < .01, accounted for by greater activity by SI than GH animals. 

For the saline phase, SI animals were more active than GH animals. A 2 x 2 x 12 

mixed design ANOVA revealed a significant main effect of time, F(11, 363) = 4.32, p < 

.01 and housing, F(1,33) = 7.42, p = .01, and a housing x treatment interaction, F(1, 33) = 

4.05, p = .04. Tests of simple main effects revealed that SI-Sal animals were more active 

than SI-MK-801 animals, F(1, 33) = 6.27, p < .02. Additionally, SI-Sal animals were 

more active than GH-Sal animals, F(1, 33) = 11.97, p < .01 (Figure 3B). 
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For the amphetamine phase, the 2 x 2 x 18 mixed design ANOVA revealed a near 

significant main effect of housing, accounted for by greater activity in SI compared to 

GH animals, F(1, 33) = 3.80, p = .06, and a significant treatment x housing interaction, 

F(1, 33) = 4.03, p = .05. Follow up tests of simple main effects revealed that SI-Sal 

animals were more active than GH-Sal animals, F(1, 33) = 8.35, p = .01 (Figure 3B). 
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Figure 2. Mean ± SEM lower (upper line graphs) and upper activity (lower line graphs) (counts/5 
min) during habituation, saline (1.0 ml/kg, i. p.), and amphetamine (1.5 mg/kg, i.p.) phases for groups 
that were either treated during early adolescence (A) or early adulthood (B) and were either socially 
isolated (SI) or group housed (GH).*Significant simple effect of housing following significant housing 
x time interaction, † significant main effect of housing (SI animals are more active than GH animals) 
in analysis of variance.  
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Figure 3. Lower and upper locomotor activity counts for all groups and the three phases of locomotor 
activity, with beam breaks collapsed across the time bins for both animals treated during early 
adolescence (A, C) and during early adulthood (B, C) and received subchronic treatment (twice daily 
for 7 days) with saline (SI-Sal; 1.0 ml/kg) or MK-801 (SI-MK-801; 0.5 mg/kg), or were group housed 
and received subchronic treatment with saline (GH-Sal) or MK-801 (GH-MK-801). * Significant main 
effects of housing, † significant difference between SI-Sal and GH-Sal, # significant difference 
between SI-Sal and SI-MK-801.  
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4.2 GABA Signalling 

4.2.1 GAT-1 Activity 

For animals treated beginning at P25, the 2 x 2 (housing x treatment) ANOVA 

revealed no significant main effects or interactions (Figure 4A and C). Greater GAT-1 

activity was found in the frontal cortex and hippocampus of SI compared to GH animals 

for animals treated beginning at P56 (Figure 4B and D). A 2 x 2 (housing x treatment) 

ANOVA revealed a significant main effect of housing for both the frontal cortex, F(1, 

30) = 10.72, p < .01, and hippocampus, F(1, 30) = 7.59, p = .01.  
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Figure 4. Mean GAT-1 activity, expressed as percentage of controls (GH-Sal animals) in the frontal 
cortex (A, B) and hippocampus (C, D) for animals treated during early adolescence (A, C) or early 
adulthood (B, D). * Significant main effect of housing, SI animals showed greater GAT-1 activity 
compared to GH animals. 
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4.2.2 [3H]-Muscimol Binding to GABAA Receptors  

Separate multivariate analyses were performed to assess whether treatment and/or 

housing condition influenced BMAX and KD in the frontal cortex or hippocampus of 

animals. [3H]-muscimol binding to GABAA receptors was performed only for animals 

treated during early adulthood. Further, due to technical difficulties, three animals from 

the GH-Sal group were left out of the analysis for the frontal cortex. 

Frontal Cortex 

In the frontal cortex, multivariate ANOVA revealed a significant main effect of 

housing, F(2, 26) = 3.74, p < .05. Follow up testing revealed significantly greater BMAX 

for [3H]-muscimol binding on GABAA receptors in the frontal cortex of socially isolated 

animals that were treated at P56 compared to group housed animals treated at P56, F(1, 

26) = 5.25, p = .03 (Figure 5A). No significant main effects or interactions were found 

for KD in the frontal cortex (Figure 5B). 

Hippocampus 

 In the hippocampus, the multivariate ANOVA revealed a significant main effect 

of treatment, F(2, 29) = 5.14, p < .05, as well as a significant housing x treatment 

interaction, F(2, 29) = 3.12, p < .05. Follow up testing revealed that MK-801 treatment in 

early adulthood increased both BMAX, as well as, KD, compared to animals treated with 

saline, F(1, 29) = 8.44, p < .01; F(1, 29) = 5.95, p < .01, respectively (Figure 5A and B).  

Further follow up tests revealed that GH-MK-801 animals had significantly higher KD 

compared to SI-MK-801 animals, F(1, 29) = 10.16, p < .01 and further, GH-MK-801 
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animals had significantly higher KD compared to GH-Sal animals, F(1, 29) = 12.42, p < 

.01 (Figure 5B). 
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Figure 5. Mean ± SEM GABAA receptor binding for animals treated during early adulthood that were 
either socially isolated or group housed and either received subchronic treatment with MK-801 or 
saline. (A) [3H]-muscimol binding concentration of GABAA receptors (fmol/mg of protein). (B) [3H]-
muscimol binding affinity (nmol/l) of GABAA receptors. * Significant difference between SI and GH 
animals; † significant difference between the two MK-801 groups combined and the two saline groups 
combined; ‡ significant difference between GH-MK-801 and SI-MK-801; # significant difference 
between GH-MK-801 and GH-Sal animals.  
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Chapter 5 

Discussion 

5.1 General Findings 

Our results revealed that compared to group housed animals, animals that were 

reared in social isolation and were treated with MK-801 or saline during early 

adolescence, showed (i) enhanced locomotor activity during all three phases of testing 

(habituation, saline, and amphetamine), and (ii) no changes in GAT-1 activity in either 

the frontal cortex or hippocampus. However, animals reared in social isolation that were 

treated with subchronic injections of MK-801 or saline in early adulthood showed (i) 

increased locomotor activity only during habituation and saline phases (i.e., during 

novelty), (ii) increased GAT-1 activity in both the frontal cortex and hippocampus, and 

(iii) an upregulation of GABAA receptors in the frontal cortex. Furthermore, the results of 

the current study revealed increased GABAA receptor binding and decreased affinity in 

the hippocampus of MK-801-treated animals that were treated during early adulthood.  

5.1.1 Animals Treated During Early Adolescence 

The current study assessed whether post-weaning social isolation paired with 

subchronic NMDA glutamate receptor antagonism during early adolescence would 

constitute a suitable long-term animal model of schizophrenic symptoms. Socially 

isolated animals that were treated during early adolescence showed increased locomotor 

activity during habituation and in response to saline treatment and trended towards 
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significance during AMPH treatment (p = .06). Elevated locomotor activity responses to 

AMPH treatment have been observed in socially isolated animals (Lapiz et al., 2003; 

Lomanowska et al., 2010) and are consistent with our finding of increased locomotor 

activity after AMPH for socially isolated animals treated during early adolescence. 

Receiving the double-hit (post weaning social isolation and subchronic MK-801 

treatment) during early adolescence did not induce any significant changes in GAT-1 

activity when assessed during adulthood. The difference in time lag between the last MK-

801 or saline treatment and subsequent testing for GAT-1 activity for animals treated 

during early adolescence (45-day time lag) compared to animals treated during early 

adulthood (14-day time lag) may explain these null findings and presents a significant 

limitation to the present study. Thus, it is possible that the behavioural and neurochemical 

deficits induced by subchronic MK-801 and/or saline treatment are time limited. To date, 

no study has assessed how long the deficits induced by NMDA glutamate receptor 

antagonists persist after treatment; results from our lab indicate that neurochemical 

alterations can be seen as long as 26 days post subchronic treatment (Ashby et al., 2010).  

Acute NMDA glutamate receptor antagonism at P3 (MK-801; 0.5mg/kg) 

enhances amphetamine induced locomotor activity prior to (P35) but not after (P56) 

sexual maturity (Beninger et al., 2002), suggesting that the effects of MK-801 may be 

transient. However, Baier et al. (2009) found that injection of MK-801 (0.25 mg/kg) from 

P6-21 produced a subsequent increase in cortical glutamate NR1 receptor subunit 

expression in rats up to 180 days old. Although these findings may appear to be 
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inconsistent, it is important to note the different injection protocols (single vs. repeated 

treatment) as well as the different age of the animals at the time of treatment (P3 vs. P6-

21). The present study controlled for the number of injections for animals treated during 

early adolescence and early adulthood. The issue that arises when comparing these 

groups is the lack of control for the time between the subchronic injections and 

neurochemical testing. Thus, the observation that subchronic treatment with MK-801 

during early adolescence (P25-32) did not produce any significant changes in GAT-1 

activity in early adulthood could reflect the long injection-test interval. An alternative 

possibility is that the failure to see changes in GAT-1 activity reflects compensatory 

changes that occur during development. Further studies are needed.  

5.1.2 Animals Treated During Early Adulthood 

The finding of increased locomotor activity for socially isolated animals that were 

treated in early adulthood, in response to a novel environment, is consistent with previous 

findings (Simpson et al., 2009; Bakshi & Geyer, 1999). We further found that socially 

isolated animals were more active than group housed animals after saline treatment. This 

finding is also consistent with previous studies (e.g. Simpson et al., 2009; Jones et al., 

1990). Few studies have assessed upper locomotor activity. The present finding of 

increased upper activity during habituation and saline phases provides further evidence 

for a robust effect of post-weaning social isolation for inducing hyper-locomotion during 

novelty.  
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Although AMPH treatment augmented locomotor activity, there was no 

significant difference between groups. However, it is important to note that the data 

trended towards significance for upper activity (p = .06), with SI being more active than 

GH animals. Elevated locomotor activity in response to AMPH treatment has been 

observed in socially isolated animals by some researchers (Lapiz et al., 2003; 

Lomanowska et al., 2010; Forsyth et al., (unpublished data)), but not others (Simpson et 

al., 2009; Bowling et al., 1994; present study). The discrepancy for these findings may be 

accounted for by different doses of AMPH, the duration of locomotor testing, or previous 

exposure to the locomotor apparatus. Enhanced dopamine transmission in the mesolimbic 

pathway may explain the enhanced locomotor activity in socially isolated animals during 

habituation and after saline treatment. Previous studies have found that socially isolated 

animals have increased dopamine transmission in the nucleus accumbens (Lapiz et al., 

2003) and increased dopamine turnover in the amygdala (Heidbreder et al., 2000; for a 

review see Fone & Porkess, 2008). The observed hyperactivity may thus be attributable 

to sensitization of the dopamine mesolimbic pathway (Jones et al., 1990).  

The present study did not find any significant effects of subchronic MK-801 

treatment on any phase of locomotor activity for animals treated at P25 or at P56; 

however, as predicted, MK-801-treated animals at P56 showed the greatest activity 

during the AMPH phase, but did not significantly differ from saline-treated animals. 

Subchronic and acute MK-801 or PCP treatment has been found to enhance amphetamine 

induced locomotor activity in some studies (Beninger et al., 2009; Balla et al., 2001; 
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Jentsch et al., 1998; Miller et al., 1996), but not others (Seillier et al., 2009; Simpson et 

al., 2009; Egerton et al., 2008). The reasoning for this discrepancy is unclear, but may be 

attributable to different testing procedures, such as habituation to the testing room and/or 

locomotor boxes prior to testing (Jentsch et al., 1998; Egerton et al., 2008) or different 

AMPH doses (Miller et al., 1996). However, the delicate nature of subchronic NMDA 

glutamate receptor antagonism in producing enhanced sensitivity to AMPH can be 

demonstrated by examining the results obtained in our lab. Following the same 

subchronic MK-801 treatment and activity protocol, AMPH induced locomotor activity 

has induced either increases (Beninger et al., 2009; Ashby et al., 2010) or no change 

(Simpson et al., 2009; Hawken et al., (unpublished data); Forsyth et al. (unpublished 

data); present study) in locomotor activity. These differences contributed to our 

hypothesis that a “double-hit” which combines post-weaning social isolation with 

subchronic MK-801 treatment would create a more robust and reliable animal model of 

schizophrenic symptoms. Our results however, do not support this notion and there 

remains a need to further clarify the variables that interact with post-weaning social 

isolation and/or MK-801 treatment to influence AMPH stimulated locomotor activity.  

5.1.3 GAT-1 Activity 

GAT-1 activity was enhanced in both the frontal cortex and hippocampus of 

animals that were reared in social isolation and were treated beginning at P56 compared 

to group housed animals. This finding was somewhat unexpected, as it is not in 

agreement with previous studies. Many studies support the notion of decreased GAT-1 
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activity in post-mortem tissue from schizophrenic patients in regions such as the 

prefrontal cortex (Schleimer et al., 2004), hippocampus (Reynolds et al., 1990), and 

temporal lobe (Simpson et al., 1989), and in animal models of schizophrenic symptoms 

(Bloomfield et al., 2008) suggesting decreased GABA neurotransmission. However, 

Sundman-Eriksson et al. (2002) found an increase in GAT-1 activity in the cingulate 

gyrus of schizophrenic patients, while Simpson et al. (1998) found no differences in 

GAT-1 activity in the prefrontal cortex of the post-mortem brain of schizophrenic 

patients compared to controls. These differential results may be explained by the use of 

different assay procedures (i.e. fixed vs. homogenized tissue, different radiolabled 

tracers, different brain regions, and/or different testing times post-mortem, or a 

combination thereof). GAT-1 mediates the decay time of inhibitory post-synaptic 

potentials (IPSPs), and blockade of GAT-1 significantly prolongs the duration of the 

IPSP signal (Engel et al., 1998). Thus although we found an increase in GAT-1 activity in 

socially isolated animals that were treated in early adulthood, our results model 

GABAergic hypofunction, as greater GAT-1 decreases the duration of GABAergic 

signalling. GAT-1 is predominantly located on neurons, but can also be found on glial 

cells (Minelli et al., 1995), thus the possibility of gliosis in response to GABAergic 

degeneration could explain the increase in GAT-1, although gliosis is not typically found 

in post-mortem tissue of schizophrenic patients (Falkai et al., 1999; Falke et al., 2000; 

although see Burton et al., 1990).  
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5.1.4 [3H]-Muscimol Binding to GABAA Receptors 

An upregulation of GABAA receptors in the frontal cortex was also observed for 

animals that were socially isolated and treated beginning at P56. This finding supports 

previous research that has found that social isolation induces alterations in GABA 

signalling. For example, Harte and colleagues (2007) found a decrease in hippocampal 

parvalbumin and calbindin cells in socially isolated animals. Further, decreased 

expression of chandelier cells in the hippocampus has also been reported in the socially 

isolated rat (Bloomfield et al., 2008). Interestingly, post weaning social isolation has been 

found to decrease the volume of the mPFC, but not the hippocampus (Schubert et al., 

2009), an effect that could be attributed to a selective loss of GABAergic neurons.  

This finding of elevated GABAA receptors in the frontal cortex of socially 

isolated animals that were treated beginning at P56, compared to group housed animals, 

not only provides evidence that early environment influences normal neuronal 

development, but also supports the notion that post-weaning social isolation rearing is a 

valuable model of schizophrenic symptoms, insofar as it induces behavioural (locomotor 

activity) and neurochemical (increased GAT-1 and GABAA receptor binding in the 

frontal cortex) phenomena characteristic of schizophrenia. Interestingly, subchronic MK-

801 treatment did not enhance locomotor activity in any phase, but did increase the 

number of GABAA receptors and decreased the affinity in the hippocampus of animals 

treated in early adulthood. It is important to note, however, that the decreased affinity of 

GABAA receptors in the hippocampus of MK-801 treated rats seems to be driven by the 

large increase in KD in GH-MK-801 animals and is supported by our simple main effects 
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tests. The reason for this finding is unclear and warrants further research. It has been 

suggested that the hippocampus is more sensitive to chronic NMDA glutamate receptor 

antagonism than any other brain region (Newell et al., 2007), and may be because the 

hippocampus has the highest regional distribution of NMDA receptors (Monaghan & 

Cotman, 1985). GABAA receptor expression has been demonstrated to increase in 

response to chronic GABAA receptor hypofunction in vivo (Miller et al., 1989). Thus, the 

observed upregulation of GABAA receptors in the frontal cortex of socially isolated 

animals and in the hippocampus of MK-801 treated animals may therefore be a 

compensatory mechanism in response to a potential decrease in GABAergic 

neurotransmission. Based on the integral role the hippocampus plays in memory and 

learning, it would be of interest to assess whether the effects of subchronic MK-801 

would be revealed in a cognitive task such as the double-Y maze. 

Increased locomotor activity in socially isolated animals complements the 

observed alterations in GABA signalling. For example, increasing GABA levels by the 

inhibition of the GABA catabolising enzyme GABA transaminase, reduces locomotor 

activity in the rat (Agmo et al., 1987), thus a decrease in GABA could lead to 

hyperactivity. Indeed, blockade of GABAergic transmission in the hippocampus (leading 

to a reduction in inhibition) produces hyper-locomotion in rats, likely indicative of a 

change in dopamine transmission (Bast, Zhang, & Feldon, 2001).  

Collectively, these data indicate that there may be regional brain areas and 

developmental age selectivity for the effects of NMDA glutamate receptor antagonism 



 

49 

 

and post-weaning social isolation on GABA signalling in the frontal cortex and 

hippocampus of adult rats. Further, subchronic MK-801 treatment at P56, but not at P25, 

induced prolonged behavioural and neurochemical changes and seems to be a more valid 

animal model of schizophrenic symptoms. However, as mentioned previously, due to the 

lack of a time control between animals treated at P25 and those treated at P56, definitive 

conclusions cannot be drawn regarding the validity of treating animals at P25 as a model 

of schizophrenia-like symptoms.  

5.1.5 SI-Sal vs. SI-MK-801 Animals 

Social isolation has consistently resulted in an increase in the activation of the 

hypothalamic–pituitary–adrenal (HPA) axis in response to acute stressors (Weiss et al., 

2004). Furthermore, the HPA axis has been shown to alter dopamine function in the 

mesolimbic pathway and has been found to reduce cortical GABAA receptor function and 

the number of GABAA receptors (Serra et al., 2000). Thus repeated stress from 

subchronic injections may exacerbate this dysfunction and lead to abnormal behaviour 

and dampen the difference between SI-Sal and SI-MK-801 animals. This hypothesis is 

supported by findings that repeated footshock stress following temporary social isolation 

results in subsequent enhanced behavioral abnormalities compared to SI rats that did not 

experience this stress (Ahmed, Stinus, Moal, & Cador, 1995).  

The possibility that the handling required by the subchronic protocol mitigated 

any differences between SI-Sal and SI-MK-801 animals still remains. Interestingly, 

neonatal handling prevented the effects of PCP in a previous study (Tejedor-Real et al., 
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2007). Furthermore, Serra et al. (2000) mentioned unpublished findings that decreased 

GABAA receptor binding in hippocampus and prefrontal cortex in socially isolated rats 

was prevented by handling twice daily. Thus, in the future it would be of interest to 

include un-injected controls. Further research is required to fully elucidate the underlying 

differences and similarities between these two groups. 

5.1.6 NMDA Glutamate Receptor Antagonism & GABA Signalling 

NMDA glutamate receptor antagonism might affect GABA signalling in several 

ways. NMDA glutamate receptor antagonism could lead to a loss of glutamatergic 

neurons and/or a decrease in glutamatergic neurotransmission. Decreased glutamatergic 

activation of NMDA receptors on GABAergic interneurons could reduce activity of these 

cells, thereby decreasing GABA release and could induce an upregulation of GABAA 

receptors. In support of this hypothesis, Du Bois et al. (2009) found positive correlations 

between NMDA and GABAA receptor binding in the prefrontal cortex, hippocampus, and 

anterior cingulate cortex of rats treated with PCP (10 mg/kg) at P7, 9 and 11. 

Alternatively, NMDA glutamate antagonism could selectively destroy specific 

GABAergic neuronal populations, thereby decreasing GABAergic neurotransmission, 

and upregulating GABAA receptors. Evidence for this hypothesis stems from the 

observation that both PCP and MK-801 induce a selective loss of parvalbumin and/or 

calbindin neurons in the frontal cortex (McKibben et al., 2010; Coleman et al., 2009) and 

hippocampus (Jenkins et al., 2010; Rujescu et al., 2006) of animals. Perhaps a 
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combination of both deficits in glutamatergic and GABAergic neurons contributes to the 

schizophrenia phenotype.  

In summary, this study demonstrates that, in comparison to group housed animals, 

post-weaning social isolation paired with subchronic treatment with saline or MK-801 in 

early adulthood, increases locomotor activity, GAT-1 activity, and GABAA receptor 

binding in the frontal cortex. In contrast, MK-801 treatment in early adulthood, 

differentially upregulates GABAA receptor binding in the hippocampus but does not 

significantly influence locomotor activity. These results therefore mimic GABA related 

findings in postmortem studies of schizophrenia, providing further validation of the 

isolation-rearing and subchronic MK-801 animal models of schizophrenic symptoms. 

5.1.7 Are Two Hits Better Than One? 

Although our double-hit model produced some interesting neurochemical changes 

in the rat brain, the question still remains as to whether this is a more robust animal 

model of schizophrenic symptoms than either insult alone. According to Geyer and 

Markou (1995), the criterion necessary for a putative animal model of a given disease is 

predictive validity and reliability. Predictive validity refers to the extent to which the 

model can make predictions about the human phenotype (e.g., manipulations known to 

exacerbate symptoms in schizophrenia should exacerbate symptoms in the animal model 

of schizophrenic symptoms). Reliability refers to the extent to which the model is 

reproducible and robust.  
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Previous research suggests that treatment with both typical and atypical 

antipsychotics can significantly improve the behavioural abnormalities induced by MK-

801 or PCP treatment, such as prepulse inhibition deficits (Bubenikova et al., 2005) as 

well as cognitive deficits (Hashimoto et al., 2006; Didriksen et al., 2007). Furthermore, 

antipsychotics can also reverse prepulse inhibition deficits (Bakshi et al., 1998) as well as 

cognitive and behavioural deficits (Koike et al., 2009) induced by post-weaning social 

isolation rearing. Thus it seems as though these animal models of schizophrenic 

symptoms have sufficient predictive validity, although further research is needed. 

The results from the current study however, demonstrate that the reliability of this 

double-hit model may not be sufficient enough to qualify for further investigation. In our 

lab, some members have found that SI-MK-801 animals show greater deficits than SI-Sal 

animals (Forsyth et al. (unpublished data); Simpson et al. (2009), increased activity for 

SI-MK-801 animals during novelty), however others have not (Ashby et al. 2010; 

Hawken, E. R. (unpublished data); present study), supporting the idea that this model is 

not very robust.  

The lack of increased sensitivity to AMPH may be indicative that this double-hit 

model is not a valid model of schizophrenic symptoms. Future studies could further 

assess whether this model induces any other symptoms characteristic of schizophrenia, 

however it may also be necessary to rethink our model.  
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5.2 Future Studies 

Future studies should address three important issues. First, it is imperative to 

understand where the specific alterations in GABA signalling are located and what 

specific cellular populations are affected by social isolation and subchronic MK-801 (i.e., 

interneurons and/or pyramidal cells). Because the present study utilized homogenized 

whole brain regions, the results are limited in applicability as they provide little 

information as to where the deficits in GABAergic signalling are occurring; in what 

layers and to what extent?  Future studies should utilize autoradiography paired with 

immunocytochemistry to assess GABAA receptors and subunit expression in each cortical 

layer.  

Secondly, it is necessary to control for the time since the subchronic drug 

treatment. As addressed above, the non-significant changes in GAT-1 in animals treated 

at P25 may be due to transient effects of MK-801. Thus, definitive conclusions about 

whether the age of treatment influences locomotor activity and GABA signalling cannot 

be made. Future studies should include a cohort of animals that is treated at P56 and 

tested for locomotor activity and GAT-1 activity 45 days post treatment, to match the 

time lag for the animals treated at P25. The results would provide further insight as to 

whether the age of treatment is an important variable in our animal model of 

schizophrenic symptoms.  

Thirdly, because of the increasing awareness of the importance of cognitive 

deficits in schizophrenia, future studies should assess whether post-weaning social 

isolation and subchronic MK-801, independently or in combination, are associated with 



 

54 

 

any changes in cognition (e.g., working memory). Furthermore, it is of interest to assess 

whether the observed behavioural and neurochemical changes can be reversed by novel 

pro-GABA drugs.  
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Chapter 6 

Summary and Conclusions 

The goal of the present study was to assess whether combined post-weaning 

social isolation and subchronic MK-801 treatment would produce a more robust animal 

model of schizophrenia-like symptoms compared to either insult alone. We found that 

subchronic treatment with saline or MK-801 paired with post-weaning social isolation 

enhances locomotor activity and GAT-1 activity in both the frontal cortex and 

hippocampus of animals. Furthermore, an upregulation of GABAA receptors in the frontal 

cortex was also observed in animals that were socially isolated and treated with 

subchronic saline or MK-801 in early adulthood. Although subchronic MK-801 treatment 

did not induce any changes in locomotor activity in response to novelty or AMPH, an 

upregulation of GABAA receptors was observed in the hippocampus of animals treated 

with MK-801 in early adulthood. Thus, combined post-weaning social isolation and 

subchronic MK-801 treatment did not produce additive or synergistic effects on 

locomotor behaviour or GABA signalling, but rather induced differential effects on 

GABAA receptor binding. Furthermore, treating animals during early adolescence did not 

seem to produce greater deficits compared to animals treated during early adulthood. 

Consistent differences were observed between injected GH and SI animals, suggesting 

that subchronic treatment alone may exacerbate the effects of social isolation rearing. 

Future studies should further characterize the behavioural and morphological changes 
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induced by subchronic MK-801 and saline treatment, by assessing GABAergic subunit 

expression in both the frontal cortex and hippocampus. These results have the potential of 

providing new insight into the complex alterations that are associated with the 

schizophrenic phenotype.  

Schizophrenia is a chronic and complex heterogeneous disorder. Animal models 

of schizophrenic symptoms provide significant insight into the underlying 

neuropathology and are vital tools in the creation of novel therapeutics. 
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