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ABSTRACT 

The complex heterogeneity of schizophrenia has proved difficult to replicate in 

preclinical animal models. Of the many molecular targets implicated with schizophrenia, 

this thesis focuses on synapsin II - a pre-synaptic protein critical for neurotransmission 

and synaptogenesis; and parvalbumin - a calcium-binding protein found in interneurons 

of the dorsolateral prefrontal cortex (DLPFC) and the striatum (STR).  

Patients with schizophrenia display reduced levels of synapsin II mRNA in the 

DLPFC, while decreased activation of parvalbumin neurons in the same region has 

resulted in schizophrenia-like cognitive deficits. Knockdown of synapsin II in the medial 

prefrontal cortex (mPFC) of neonate and adult rats has previously induced schizophrenia-

like alterations. However, there are concerns that must be addressed before novel animal 

models of schizophrenia can be developed using reductions in synapsin II. 

This thesis was designed to 1) eliminate maternal separation (MS) between post-

natal days (PD) 14-23, which correlates with a neurodevelopmental synapsin II model, as 

a means of inducing schizophrenia-like behaviours; 2) reassess the use of fully and 

partially phosphorothioated first-generation antisense oligonucleotides to reduce synapsin 

II levels, and 3) evaluate parvalbumin expression in the STR following synapsin II 

knockdown.  

Results from this study indicate 1) a 36 hour MS regimen during PD 14-23 did not 

cause behavioural changes bearing resemblance to schizophrenia; 2) oligonucleotide 

sequences stabilized completely with phosphorothioate bonds were insufficient in 
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reducing synapsin II levels and caused localized necrosis, while partially modified 

sequences induced a slight knockdown effect without cell death; and 3) levels of striatal 

parvalbumin expression were decreased in rats receiving the partially, but not fully, 

modified antisense sequences. 

 The findings strengthen the face validity and safety profile of the synapsin II 

knockdown model. Novel evidence has also been provided for the role of parvalbumin in 

the striatum and suggests its influence on cognitive dysfunction in schizophrenia.   
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1. BACKGROUND 

1.1 Schizophrenia 

Schizophrenia is a chronic, debilitating psychiatric disorder with a high 

prevalence rate (Jones, Watson, and Fone 2011; Laruelle, Kegeles, and Abi-Dargham 

2003). Despite an abundance of research in the field within the last century, the 

underlying mechanisms of schizophrenia have yet to be fully elucidated, therefore 

impeding the development of novel therapeutic drugs due to a lack of molecular targets 

(Jones, Watson, and Fone 2011). Currently, the majority of antipsychotic drugs act in a 

preventative manner, temporarily alleviating symptoms rather than curing patients of the 

disorder (Jones, Watson, and Fone 2011).  

Our understanding of the neurological basis of schizophrenia remains limited, in 

part, due to its complex heterogeneity, and the few animal models available to accurately 

and reliably mimic the disorder (Jones, Watson, and Fone 2011). Of the commonly used 

animal models, most display behavioural phenotypes that mimic only the positive 

symptoms of schizophrenia, with fewer models showing the negative and cognitive 

symptoms of the disorder (Jones, Watson, and Fone 2011). Furthermore, many 

antipsychotic drugs, including haloperidol and olanzapine, attenuate the positive and 

negative symptoms of the disorder, but fail to provide treatment for the cognitive 

symptoms (Jones, Watson, and Fone 2011).  

Despite promising developments in pharmacological treatment over the years, the 

economic burden of schizophrenia remains high. In Canada alone, the estimated annual 
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cost of schizophrenia exceeds $7 billion, primarily due to loss of workplace productivity, 

and to a lesser degree, direct healthcare expenditures (Goeree et al. 2005). It is evident 

that more must be done to reduce the cost of this severe mental illness in Canada.  

Thus, in order to further our understanding of the disease pathology and develop 

novel, efficacious drugs, it is imperative to find more comprehensive animal models of 

schizophrenia that can accurately encompass all three domains of symptoms.  

1.1.1 Incidence & Prevalence 

Approximately 1% of the general population, amounting to 51 million people 

worldwide, suffers from schizophrenia (Jones, Watson, and Fone 2011; Laruelle, 

Kegeles, and Abi-Dargham 2003; NIMH). The number of new diagnoses of 

schizophrenia continues to rise each year, by about one in 4000 people (NIMH). A 

number of additional epidemiological factors can affect the prevalence rate in various 

population subsets. Genetic predisposition plays a large role, with prevalence rates of 

schizophrenia ranging from 8-10% in people with schizophrenic siblings, to 50-80% in 

identical twins (Jones, Watson, and Fone 2011; Tamminga and Holcomb 2005; 

O’Donovan, Williams, and Owen 2003). Although genetics is, by far, the strongest risk 

factor for schizophrenia, it is not the sole determinant of disease development. 

Schizophrenia can occur in those without prior family history of the disorder (Tamminga 

and Holcomb 2005). Pre-natal and early life events, including pre-natal maternal illness in 

the second trimester and maternal separation, can also confer increased risk for 

schizophrenia (Tamminga and Holcomb 2005; Ellenbroek and Riva 2003).  
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Although the progression of schizophrenia is life-long, symptoms classically 

present post-adolescence, between 16-25 years of age (Tamminga and Holcomb 2005; 

Jones, Watson, and Fone 2011). In childhood-onset schizophrenia, symptoms can 

manifest before 15 years of age, although such cases of the disorder occur at an incidence 

rate of 50 times less than that of classical schizophrenia (Tamminga and Holcomb 2005). 

From a gender perspective, males have a higher incidence rate of developing symptoms 

of psychosis, while it is more common for females to have a bimodal onset later in life 

(40-60 years old). Most patients with schizophrenia display immense deterioration in 

psychosocial function within the first few years of diagnosis, followed by a low plateau of 

symptomology over their lifetime. Interestingly, symptoms of schizophrenia may improve 

after 50 years of age, although it is undetermined whether the normal aging process has 

any therapeutic effect (Tamminga and Holcomb 2005). This course of disease is unique 

from both traditional neurodegenerative disorders (e.g. Parkinson’s disease) where 

symptoms continuously decline, and neurodevelopmental disorders (e.g. mental 

retardation), in which disease progression is low and steady throughout the lifetime 

(Tamminga and Holcomb 2005).  

1.1.2 Symptomology 

The clinical phenotype of schizophrenia is characterized by three domains of 

symptoms: 1) positive, 2) negative, and 3) cognitive. Positive symptoms represent an 

excess of normal functioning, and include auditory and visual hallucinations as well as 

delusions (Tamminga and Holcomb 2005; Jones, Watson, and Fone 2011). Negative 
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symptoms including social withdrawal, anhedonia, and emotional blunting, are 

characteristic of a reduction in normal functioning (Tamminga and Holcomb 2005; Jones, 

Watson, and Fone 2011). The last category of symptoms, cognitive dysfunction, typically 

presents as attentional deficits, impaired working memory, and executive functioning 

(Tamminga and Holcomb 2005; Jones, Watson, and Fone 2011). Cognitive symptoms are 

considered the core prodromal symptom of schizophrenia, as they often manifest before 

the onset of positive and negative symptoms (Lencz et al. 2006). The extent of cognitive 

deficits is often the most predictive indicator of long-term outcome in response to 

antipsychotic drugs, and social functioning (Kraguljac, Srivastava, and Lahti 2013). The 

different domains of symptoms are not exclusive of another, although oftentimes, one 

cluster may predominate over the others (Tamminga and Holcomb 2005).   

1.1.3 Pathophysiology of Schizophrenia 

Altered function of various neurotransmitter systems has been heavily implicated 

in the underlying pathophysiology of schizophrenia. Evidence has shown that 

neurotransmitters, dopamine (DA), glutamate, and -aminobutyric acid (GABA), are 

involved in and play an integral role in the complex etiology of schizophrenia. Although 

this thesis consists primarily of behavioural studies, we will briefly discuss dopamine and 

glutamate, with an emphasis on GABA.  
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1.1.3.1 Dopamine  

The most prevalent theory of schizophrenia involves the neurotransmitter, 

dopamine. The initial DA hypothesis emerged in the 1950s with the discovery of 

antipsychotic drugs and their ability to increase the metabolism of dopamine in rodents 

(Laruelle, Kegeles, and Abi-Dargham 2003). Excess transmission of DA in the striatum 

was linked with the positive symptoms of schizophrenia (Laruelle, Kegeles, and Abi-

Dargham 2003). In vivo Positron Emission Tomography (PET) imaging studies utilizing 

18F-dihydroxyphenyl-L-alanine (18F-DOPA) tracers have demonstrated elevated uptake 

levels in the substantia nigra and striatum (STR) of schizophrenic patients (Molinaro et al. 

2015; Howes et al. 2013). In addition, Single Photon Emission Computed Tomography 

(SPECT) and PET studies have shown that patients with schizophrenia display elevated 

synthesis and release of DA in the basal ganglia (Carlsson et al. 2001). Blockade of the 

DA-D2 receptor (D2R) and other DA receptors by use of antipsychotic drugs, 

ameliorated positive symptoms but not the negative and cognitive deficits associated with 

the disorder (Howes and Kapur 2009). These findings lent support to the idea that 

elevated DA contributes to manifestation of positive symptoms only, including 

hallucinations and delusions. More recent research, however, has shown that reduced 

density of the DA-D1 receptors and low DA activity in the prefrontal cortex (PFC) of 

patients with schizophrenia correlates with cognitive impairment and poor performance in 

tasks involving working memory (Thierry et al. 2000; Laruelle, Kegeles, and Abi-

Dargham 2003; Tamminga and Holcomb 2005). Furthermore, treatment with 
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phencyclidine (PCP) has been shown to produce dopaminergic hypofunction in the PFC 

of monkeys (Jentsch and Roth 1999). Thus, the modern dopamine hypothesis postulates 

that the positive symptoms of schizophrenia are connected with DA hyperfunction in the 

STR and mesolimbic regions, while the negative and cognitive symptoms arise, in part, 

due to dopaminergic hypofunction in the mesocortical regions.  

1.1.3.2 Glutamate 

The glutamate hypothesis originates from findings that N-methy-D-aspartate 

(NMDA) receptor antagonists, including the drugs ketamine and PCP, induce 

symptomatic manifestations similar to that of schizophrenia, including social withdrawal, 

emotional blunting, and delusions (Javitt and Zukin 1991). NMDA hypofrontality is 

therefore implicated in the etiology of schizophrenia (Tamminga and Holcomb 2005; 

Goff and Coyle 2001). Increasing NMDA receptor activity with NMDA agonists like 

glycine and D-serine can alleviate symptoms in patients with schizophrenia (Laruelle, 

Kegeles, and Abi-Dargham 2003; Greengard et al. 1993). 

Evidence for both hypoglutamatergic and hyperdopaminergic activity in 

schizophrenia is not exclusive, but has rather been shown to behave in a complementary 

manner. NMDA hypofunction has been found to induce a reduction in mesocortical 

dopamine transmission and subsequent increase in subcortical mesolimbic dopamine 

activity, trends which are consistent with the DA hypothesis of schizophrenia (Laruelle, 

Kegeles, and Abi-Dargham 2003; Molinaro et al. 2015). Synaptic alterations within the 
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PFC may cause sustained dysfunction of glutamate neurotransmission and cause the 

observed abnormalities in DA transmission (Laruelle, Kegeles, and Abi-Dargham 2003).   

1.1.3.3 GABA 

Both glutamatergic and dopamine projections converge on the dendritic spines of 

GABAergic medium spiny neurons in the striatum (Laruelle, Kegeles, and Abi-Dargham 

2003). GABA is the principle inhibitory neurotransmitter of the mammalian nervous 

system, and its signalling is partly regulated by the enzymatic activity of two isoforms of 

glutamic acid decarboxylase (GAD). Dysregulation in GABAergic neurotransmission has 

been observed in the dorsolateral prefrontal cortex (DLPFC) of patients with 

schizophrenia (Lewis et al. 2013). In particular, levels of protein and mRNA expression 

of the 67 kDa isoform of GAD (GAD67) have been consistently found to be reduced in 

post-mortem DLPFC samples from patients with schizophrenia, relative to healthy 

controls. Expression of the other isoform, GAD65 (65 kDa), within the cortex is not 

altered in schizophrenia (Lewis et al. 2013). Similarly, levels of GAD67 mRNA are 

markedly reduced in DLPFC interneurons which express the calcium-binding protein, 

parvalbumin (PV) (Lewis et al. 2013; Glausier, Fish, and Lewis 2014). PV mRNA levels 

have also been shown to be reduced in schizophrenia, although the number of PV neurons 

in the DLPFC does not differ between subject groups (Lewis et al. 2013).  

Activity of PV-containing interneurons is critical to top-down control of working 

memory and cognitive control by the DLPFC (Rotaru, Lewis, and Gonzalez-Burgos 

2012). Based on the temporal binding hypothesis, neural synchrony in the millisecond 
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range is necessary for object representation, attention, and working memory maintenance 

(Rotaru, Lewis, and Gonzalez-Burgos 2012). Therefore, cognitive function is reliant on 

the formation of synchronized neuronal assemblies in the DLPFC. 

Precise control of pyramidal cell firing within the DLPFC requires selective 

recruitment of GABA-mediated synaptic inhibition, resulting in rhythmic cortical activity 

at different oscillatory frequencies (Rotaru, Lewis, and Gonzalez-Burgos 2012). Of 

particular interest is the formation of gamma oscillations (30-80 Hz) within the DLPFC 

(Lewis et al. 2013; Glausier, Fish, and Lewis 2014). Gamma oscillations require strong 

inhibition of excitatory pyramidal cells via GABA-synthesizing PV basket cells (PVBC). 

Fast, synchronized neuronal activity in the gamma frequency is necessary for supporting 

working memory and cognitive control processes (Glausier, Fish, and Lewis 2014; 

Frankle et al. 2015). Indeed, patients with schizophrenia have demonstrated reduced 

activation of the DLPFC and lower power of prefrontal gamma oscillations when 

performing tasks requiring working memory (Glausier, Fish, and Lewis 2014; Rotaru, 

Lewis, and Gonzalez-Burgos 2012). Furthermore, decreasing excitation of PV neurons 

impairs gamma oscillations and working memory in mice, while increasing excitatory 

drive to these neurons induces oscillations (Rotaru, Lewis, and Gonzalez-Burgos 2012). 

Interestingly, longstanding evidence has also shown the STR to be involved with 

mediating complex cognitive functions including working memory and executive 

functioning (Simpson, Kellendonk, and Kandel 2010). Thus, if the STR helps to modulate 
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cognitive activity, reduced PV levels and GABA transmission may also be observed in 

this region.  

Until recently, there has been no direct, in vivo evidence that altered GABA 

transmission within the cortex is linked with schizophrenia and the associated cognitive 

disturbances (Frankle et al. 2015). Using a novel PET paradigm, Frankle et al. (2015) 

were able to conduct in vivo measurements of GABA neurotransmission by measuring 

amount binding of [11C]flumazenil, a radiotracer that binds to the benzodiazepine site of 

the GABAA receptor (Frankle et al. 2015). After acute treatment of tiagabine, a GABA 

membrane transporter (GAT1) blocker, GABA accumulates extracellularly. Elevated 

levels of extracellular GABA enhance GABAA receptor affinity for benzodiazepines, 

including [11C]flumazenil (Frankle et al. 2015). Subsequent findings from the Frankle et 

al. (2015) study demonstrated that patients with schizophrenia displayed lower levels of 

[11C]flumazenil binding throughout the brain, compared to healthy controls, as well as 

altered cognitive function, lending further support for reduced GABA neurotransmission 

in schizophrenia.  

Together, these findings suggest that impaired gamma band synchrony and 

subsequent impairment of cognitive function in schizophrenia may result from reduced 

GABA synthesis and PV-induced calcium buffering within PVBCs. It is evident that 

hypofunctional GABA activity plays a role in the pathophysiology of schizophrenia.  
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1.1.3.4 GABA-Glutamate Interaction 

Alterations of both GABA and glutamate levels have been shown to mimic the 

cognitive symptoms of schizophrenia. Synchronous, rhythmic neuronal firing between 

excitatory pyramidal cells and inhibitory, parvalbumin-containing interneurons in the 

cortex and hippocampus is a critical mechanistic property involved in maintaining normal 

cognitive function (Rotaru, Lewis, and Gonzalez-Burgos 2012).  

Interestingly, systemic NMDA receptor (NMDAR) antagonism has been shown to 

disinhibit pyramidal cells, and therefore increase their firing within the PFC (Homayoun 

and Moghaddam 2007). Prolonged exposure to NMDAR antagonists decreases PV 

interneuron activity, and causes alterations to GABAergic markers, resulting in 

impairments that mimic those of schizophrenia (Rotaru, Lewis, and Gonzalez-Burgos 

2012). From these findings, it was postulated that NMDAR antagonists act directly on PV 

interneurons to reduce their activity,  indirectly causing disinhibition of pyramidal cell 

firing (Homayoun and Moghaddam 2007; Rotaru, Lewis, and Gonzalez-Burgos 2012).  

1.2  Neurocircuitry 

 While neurotransmitters, including dopamine, glutamate, and GABA, have been 

individually implicated in the pathophysiology of schizophrenia, it is important to 

understand the interactions between these neurotransmitter systems and how their 

dysregulation contributes to the complex disorder.  

 In a normal, healthy brain, dopamine release from the substantia nigra (SN) into 

subcortical regions (caudate putamen/STR) results in GABAergic activity projecting from 
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the latter regions into the globus pallidus external (GPe). In what is known as the indirect 

(D2; inhibitory) pathway, inhibition caused by GABA output to the GPe results in 

GABAergic output to the subthalamic nucleus (STN). Activity of GABA neurons in the 

STN modulates glutamate activation into the globus pallidus internal (GPi), which leads 

to GABA output from the GPi into the thalamus. Subsequent glutamatergic transmission 

from the thalamus to the cortex regulates glutamate release from the cortex back into the 

subcortical regions. The direct (D1; stimulatory) pathway bypasses the GPe (Figure 1A) 

(Carlsson et al. 2001; Laruelle, Kegeles, and Abi-Dargham 2003; Carr and Sesack 2000). 

In a schizophrenic brain, it is hypothesized that there is excess dopaminergic 

activity projecting from the SN into the STR, combined with increased subcortical 

dopamine D2 receptor activity. DA hyperactivity in the subcortical regions results in 

elevated GABAergic output to the GPe and increased inhibition, therefore leading to a 

decrease in GABA output from the GPe to the STN. Subsequently, glutamatergic activity 

into the GPi is increased, causing greater GABA release into the thalamus, and decreased 

glutamatergic transmission back into the cortex (Figure 1B) (Carlsson et al. 2001; 

Laruelle, Kegeles, and Abi-Dargham 2003; Carr and Sesack 2000).  
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Figure 1: Oversimplified diagrams of the direct (D1; stimulatory) and indirect (D2; 

inhibitory) pathways. A. Diagram illustrates both these pathways in a normal brain. 

B. Diagram illustrates hypothesized neurocircuitry in a schizophrenic brain. 

Increases in dopaminergic activity (purple arrow) projecting into the 

putamen/striatum are observed, along with increased dopamine D2 receptor activity 

(bolded red arrow). This increase in subcortical dopaminergic activity results in 

increased GABAergic output to the GPe. Increased GABA-mediated inhibition to 

the GPe results in decreased GABA output to the STN and a subsequent increase in 

glutamatergic output from the STN into the GPi) Increased glutamate activation into 

the GPi results in increased GABA output from the GPi into the thalamus, and 

decreased glutamatergic transmission back into the cortex. In schizophrenia, 

overstimulation of the dopamine D2 receptor ties in closely with a decrease in 

glutamatergic transmission within the PFC. Figures modified from Tan, 2014; 

Carlsson et al. (2001); Laruelle et al., 2003; Carr & Sesack, 2000). GPe – globus 

pallidus external; GPi – globlus pallidus internal; SN – substantia nigra; STN – 

subthalamic nucleus. 
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1.3  Animal Models of Neurological Disorders 

Our understanding of the mechanisms behind the complex, heterogeneous nature 

of neurological diseases, including schizophrenia, remains limited, thereby hindering the 

ability to develop novel drugs with improved therapeutic efficacy (Jones, Watson, and 

Fone 2011). When investigating these diseases, preclinical animal models offer a more 

rapid means of monitoring disease progression, and the ability to perform invasive 

monitoring of the neurological bases that underlie the cause of the disorder – both not 

possible in human patients (Jones, Watson, and Fone 2011). However, one of the main 

limitations of animal research stems from our attempts to quantify and assess uniquely 

human traits, including thoughts, hallucinations, and verbal learning (Powell and 

Miyakawa 2006).  

In theory, all reliable and useful animal models should demonstrate a triad of face, 

predictive, and construct validities (Jones, Watson, and Fone 2011). Face validity refers 

to how phenotypically similar the animal model is when compared to the behavioural and 

physiological responses observed in human patients with the disorder. Predictive validity 

is an assessment of the expected pharmacological response, or lack thereof, to treatment 

by known therapeutics of the clinical disorder being modelled. Finally, construct validity, 

often the most difficult to establish in an animal model, refers to the replication of the 

theoretical neurobiological rationale and pathology (Jones, Watson, and Fone 2011). In an 

animal model of schizophrenia, it would ideally be expected to express positive, negative, 

and cognitive behavioural phenotypes of the disorder; attenuation of symptoms using 



M.Sc. Thesis – P. Hui  McMaster University - Neuroscience 

14 

 

antipsychotic drugs such as olanzapine or haloperidol; and cortical glutamatergic 

hypofunction, and limbic dopamine dysregulation (Figure 2) (Jones, Watson, and Fone 

2011).  

The established animal models of schizophrenia can be classified into four 

different categories based on the induction method: 1) pharmacological; 2) lesion; 3) 

developmental; or 4) genetic manipulation (Jones, Watson, and Fone 2011). A majority of 

the models have been developed on the basis of the principle theory that dysregulation in 

dopamine signalling, and later glutamate dysfunction, was central to the pathophysiology 

of schizophrenia, resulting in models that replicate aspects of the positive symptoms of 

the disease. Fewer rodent models mimic the negative and cognitive phenotypes of 

schizophrenia (Jones, Watson, and Fone 2011). 
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Figure 2: Components of Animal Models of Schizophrenia. Reliable animal models of 

schizophrenia should possess a triad of face, construct, and predictive validities. Face 

validity refers to how well the model mimics core behavioural symptoms of the disorder, 

including the positive, negative, and cognitive domains. Construct validity is in reference to 

neurochemical and structural abnormalities seen in the animal model, which reflect those 

abnormalities seen in human patients with schizophrenia. Such alterations can include 

dopaminergic hyperfunctionality, and glutamatergic dysfunction. The last component, 

predictive validity, often refers to the efficacy of antipsychotic use in attenuating symptoms 

presented in the animal model, to a similar extent of that in humans. Figure modified from 

Jones et al. (Jones, Watson, and Fone 2011). 
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1.3.1 Pharmacological Models of Schizophrenia  

The two best characterized drug-induced models of schizophrenia are the 

amphetamine model and the PCP model. In the 1950s, amphetamine-induced psychosis 

was first noted, with clinical symptoms of auditory hallucinations and delusions 

reminiscent of the positive symptoms of schizophrenia (Jones, Watson, and Fone 2011). 

In rodents, acute and chronic amphetamine treatment resulted in the manifestation of a 

hyperactive state of motion, and long-term deficits in prepulse inhibition (PPI) 

(Featherstone, Kapur, and Fletcher 2007; Tenn, Fletcher, and Kapur 2005). However, 

amphetamine administration has not been shown to induce negative symptoms (social 

isolation) in both rodents and patients, while rodent cognitive impairment is region-

specific following chronic injection (Fletcher et al. 2007; Featherstone, Kapur, and 

Fletcher 2007; Jones, Watson, and Fone 2011).  

The PCP model of schizophrenia was developed based on evidence of 

dysregulation of glutamatergic signalling. A non-competitive NMDA receptor antagonist, 

PCP-treated individuals display several domains of symptoms akin to those seen in 

schizophrenia, including hallucinations and poverty of speech, representing the positive 

and negative symptoms, respectively (Javitt and Zukin 1991; Jones, Watson, and Fone 

2011). Similarly, rodents receiving acute administration of PCP display hyperlocomotion, 

reduced startle response, and social withdrawal (Sams-Dodd 1998; Jones, Watson, and 

Fone 2011). Cognitive impairments, although transient, are also seen in PCP models, 

including attentional deficits as seen with use of the attentional set-shifting task (Rodefer 
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et al. 2008; Jones, Watson, and Fone 2011), impaired novel object recognition 

(McKibben et al. 2010; Jones, Watson, and Fone 2011), and delayed processing ability as 

measured using the five-choice serial reaction time task (Amitai and Markou 2009).  

Both the amphetamine and PCP animal models of schizophrenia demonstrate face, 

construct, and predictive validities, and are considered to be reliable and valid to use in 

the preclinical study of the disorder. However, with increasing evidence to support 

additional causes of the underlying pathophysiology of schizophrenia, other models have 

been developed to represent these findings.  

1.3.2 Lesion Models of Schizophrenia 

Targeted lesion animal models have been developed with the attempt to better 

assess the neurodevelopmental and neurodegenerative hypotheses of schizophrenia 

(Marcotte, Pearson, and Srivastava 2001). Destruction of specific neuronal tissue is 

typically induced via excitotoxic agents, such as ibotenic acid, which can stimulate 

excitatory glutamate release, or act as direct glutamate receptor agonists (Marcotte, 

Pearson, and Srivastava 2001).  

Adult rats with lesions to the PFC display increased locomotor activity, and 

reduced PPI response after apomorphine injections, among other phenotypes (Swerdlow 

et al. 1995; Marcotte, Pearson, and Srivastava 2001). Lesions induced in the adult 

hippocampus, specifically the ventral hippocampus (VH), result in increased DA-agonist-

induced locomotor activity, and PPI deficits following apomorphine challenge; these 

behavioural changes are observed two weeks post-operation (Marcotte, Pearson, and 
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Srivastava 2001). No impairment to social interaction is observed in these models 

(Marcotte, Pearson, and Srivastava 2001). Although demonstrating face and predictive 

validities, the time point in which these lesions are induced limit their construct validity 

as a neurodevelopmental model of schizophrenia.  

To further assess neurodevelopmental theories of schizophrenia, neonatal lesion 

models have been developed. Such animal models allow for the demonstration of delayed 

onset of symptoms, mimicking the clinical presentation of schizophrenia in humans 

(Marcotte, Pearson, and Srivastava 2001). Similar to the adult models, lesions in the PFC 

have resulted in post-pubertal increases in locomotor activity following amphetamine 

challenge. With far fewer neonate PFC lesion models developed, the full characterization 

of behavioural and biochemical changes has yet to be fully determined (Marcotte, 

Pearson, and Srivastava 2001). Instead, much of the neonatal lesion research focuses on 

the ventral hippocampus. The neonate ventral hippocampal (nVH) lesion model, 

developed in the early 1990s by the Lipska-Weinberger group, is induced by lesioning rat 

pups at post-natal day (PD) 7 using ibotenic acid (Lipska and Weinberger 1993; Jones, 

Watson, and Fone 2011). When tested at the pre-pubertal stage (PD 35), lesioned pups 

behaved similarly to control animals. However, delayed onset of hyperdopaminergic 

behaviours including increased locomotor activity, apomorphine-induced stereotypy, and 

impaired PPI response, was observed at the post-pubertal stage (PD 65) of development. 

Deficits in social behaviours appeared as early as PD 25 and persisted throughout 

development (Jones, Watson, and Fone 2011; Marcotte, Pearson, and Srivastava 2001; 
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Sams-Dodd 1998). Cognitive impairments have also been observed in this model, with 

lesions causing persistent impairments in spatial working memory tasks, including the 

eight-arm radial maze (8-ARM) paradigm (Jones, Watson, and Fone 2011). Behavioural 

changes, with the exception of social withdrawal and cognitive deficits, are attenuated 

after treatment with the antipsychotic, clozapine, suggesting that more research needs to 

be done to determine the predictive validity of the model (Jones, Watson, and Fone 2011; 

Marcotte, Pearson, and Srivastava 2001). 

Despite showing moderate face, predictive, and construct validity, lesion models 

should be utilized cautiously with respect to novel drug development, as they reflect far 

greater neuronal damage than is seen in post-mortem brains of those diagnosed with 

schizophrenia. 

1.3.3 Developmental Models of Schizophrenia 

In general, developmental models of schizophrenia, including the neonatal lesion 

model, are difficult to produce due to maternal rejection of pups and premature pup death, 

resulting from extended periods of maternal separation (MS) during critical periods of 

development (Fatemi and Folsom 2009). Preclinical studies have suggested that early 

maternal separation - where animal pups are separated from their mother, but not 

littermates - may provide a model of early life stress that could result in the emergence of 

schizophrenia-like symptoms in adulthood (Rees et al. 2008; Anglin, Cohen, and Chen 

2008; Ellenbroek, van den Kroonenberg, and Cools 1998; Bouet et al. 2011; Wang et al. 

2015). Behavioural abnormalities included locomotor hyperactivity, decreased PPI, and 
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decreased spatial learning, all behaviours reminiscent of those resulting from various 

accepted pre-clinical animal models of schizophrenia (Anglin, Cohen, and Chen 2008; 

Ellenbroek, van den Kroonenberg, and Cools 1998; Wang et al. 2015). However, these 

behavioural phenotypes were not reproducible and/or observed between various MS 

models (Ellenbroek, van den Kroonenberg, and Cools 1998; Lehmann, Pryce, and Feldon 

2000). It is of interest to note that despite minimal literature regarding clinical cases of 

MS and schizophrenia development, a study conducted by Hilgard and Newman (1963) 

found that certain populations of patients with schizophrenia experienced excess MS prior 

to reaching adulthood. Additional methods of inducing a preclinical neurodevelopmental 

model of schizophrenia involve maternal stress, malnutrition, infection or immune 

activation, or hypoxia (Jones, Watson, and Fone 2011). 

Exposure to gestational and/or perinatal environmental insults has been closely 

associated with an increased risk of developing schizophrenia in humans (Jones, Watson, 

and Fone 2011). However, it is the timing, rather than the nature, of these early-life 

events that matters. The gestational MAM model, for example, is dependent on the time 

frame in which cortical neurogenesis occurs during gestation (Jones, Watson, and Fone 

2011). When administered to pregnant dams, MAM, an anti-mitotic and anti-proliferative 

agent, selectively affects fetal brain structures undergoing the most rapid development, 

producing persisting anatomical and behavioural deficits in offspring. However, 

behavioural alterations seen in MAM offspring vary according to the gestational day in 

which MAM was administered to the dam (Jones, Watson, and Fone 2011). 
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The current working neurodevelopmental hypothesis postulates that a combination 

of exposure to adverse events early in life, and a genetic predisposition to schizophrenia, 

may lead to an altered pattern of neuronal development and neuro-connectivity that 

subsequently results in the presentation of a schizophrenic phenotype. Therefore, several 

of the described neonate models can also be combined with genetic interventions that 

could potentially expand the robustness and utility of the model.  

1.3.4 Genetically Manipulated Models of Schizophrenia  

Unequivocal evidence accumulated over the years has shown schizophrenia to be 

predominantly a genetic disorder (Jones, Watson, and Fone 2011). Twin studies 

demonstrate the heritability of schizophrenia to be approximately 80%, although there is 

no single genetic alteration responsible for its pathophysiology (Jones, Watson, and Fone 

2011; Tamminga and Holcomb 2005). Through a number of genome-wide scans and 

meta-analyses, various candidate genes have been implicated in the etiology of 

schizophrenia. Most of the disrupted genes encode for proteins involved in neural 

plasticity, dopaminergic or glutamatergic function, and synaptogenesis (Jones, Watson, 

and Fone 2011). Numerous genetic models have been produced, with a majority of them 

developed on the basis of replicating observed changes in mRNA and protein expression 

in schizophrenia (Jones, Watson, and Fone 2011). Given the vast amount of models 

developed, for the purpose of this thesis, we will focus solely on the DISC1 gene and 

synapsin II.  
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The disrupted-in-schizophrenia 1 (DISC1) gene was one of the earliest genes 

implicated in the underlying etiology of schizophrenia, and is expressed early in 

development (Jones, Watson, and Fone 2011). Crucial to pre- and post-natal neuron 

development, DISC1 is involved with synaptogenesis, synaptic plasticity, and neuronal 

migration (Jaaro-Peled 2009; Jones, Watson, and Fone 2011). To investigate 

schizophrenia, different strains of transgenic mice have been produced containing 

inducible and/or DISC1 gene mutations, resulting in a partial loss of DISC1 function 

(Jaaro-Peled 2009). The behavioural and physiological effects of a DISC1 knockdown are 

disputed, however, among the models. Some, but not all, models display deficits in PPI 

attenuated by haloperidol and clozapine, locomotor hyperactivity, and slight deficits in 

working memory and sociability (Clapcote et al. 2007; Hikida et al. 2007; Pletnikov et al. 

2008). Additionally, DISC1 knockdown mice have reductions in hippocampal dendritic 

complexity, and show decreased parvalbumin levels in the medial PFC (mPFC) and 

hippocampus – abnormalities consistent with cognitive impairment in schizophrenia 

(Jones, Watson, and Fone 2011). Genetic models involving synapsin II, another synaptic 

protein, will be discussed in the following section.    

Based on the various models of schizophrenia that exist, it is suggested that 

genetic, environmental, and developmental factors may all act in a synergistic manner to 

determine the susceptibility of an individual in developing schizophrenia (Tseng et al. 

2007). 
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1.4 Synapsins 

Similar to the DISC1 gene, the synapsin group of proteins have been implicated in 

schizophrenia (Südhof 2004; Owen, O’Donovan, and Harrison 2005; Harrison and Owen 

2003). The first pre-synaptic vesicle-associated family of proteins to be discovered, 

synapsins are evolutionarily conserved and the most abundant of neuron-specific 

phosphoproteins. Mammalian synapsins are encoded by 3 genes: synapsin I, synapsin II, 

and synapsin III, which are located on chromosome X, 3 and 22, respectively (Hilfiker et 

al. 1999). Synapsins are important in a variety of pre-synaptic regulatory functions, 

including synaptogenesis, synapse function, synapse maintenance, and synaptic plasticity 

(Südhof et al. 1989; Greengard et al. 1993; Cesca et al. 2010; Gitler 2004; Bogen et al. 

2006). They can be found in both the central and peripheral nervous systems, and tend to 

be localized to synaptic vesicles. In particular, synapsins can be predominantly found 

tethered to pre-synaptic vesicles at the reserve, or distal, pool of vesicles, away from the 

plasma membrane. Synapsins can also be associated, to a lesser extent, with docked 

vesicles or the proximal pool (Figure 3) (Cesca et al. 2010).  

Many nerve terminals within the central nervous system contain at least one 

synapsin isoform, but the various forms of synapsins exhibit different expression patterns 

(Cesca et al. 2010). Synapsins I and II are typically found in mature synapses, with 

expression coinciding with the time of progenitor cell commitment to differentiated 

neurons, and is particularly high during synaptogenesis. Synapsin III is often attributed to 

developing synapses during embryogenic development, with declining overall expression 
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throughout adulthood (Cesca et al. 2010; Südhof 2004; Greengard et al. 1993; Hilfiker et 

al. 1999). The different expression patterns suggest a different function of each synapsin 

protein. Synapsins I and II are both highly involved in neurite outgrowth, synapse 

formation, and synapsin maturation. Knockout models of synapsin I, II, or both, have 

demonstrated that synapsin I and II are critical for neurotransmission and maintaining the 

total number of pre-synaptic vesicles, especially vesicles within the reserve pool. 

However, a synapsin II knockout animal was phenotypically more severe than the 

synapsin I knockout animal, with a double knockout of I and II causing the most drastic 

changes including a 50% reduction in synaptic vesicle numbers (Molinaro et al. 2015; 

Südhof 2004). A synapsin III knockout model does not dramatically influence pre-

synaptic morphology (Cesca et al. 2010; Greengard et al. 1993; Kao et al. 1999). 

Synapsin III plays a greater role in neuronal development, and is strongly involved with 

neuronal proliferation and survival, and axonal specification (Cesca et al. 2010; Ferreira 

et al. 2000). 

Functional variances amongst synapsin proteins likely result from structural 

differences in the gene products. The short N-terminus (approximately 20 residues), as 

well as the central domains (A-C), are conserved between all three synapsin genes. Thus, 

any structural variation between isoforms is localized to the C-terminus (Molinaro et al. 

2015). A conserved phosphorylation site for protein kinase A (PKA) and 

Ca2+/calmodulin-dependent protein kinase I (CaM kinase I) is found in domain A, while 

domain B functions to link the N-terminus with domain C (Südhof 2004). There are also a 
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number of variable domains found in the synapsin family, although only seven have 

currently been identified (Molinaro et al. 2015; Südhof 2004; Hilfiker et al. 1999). 

Domain E is conserved amongst all “a” isoforms, and through interactions with 

cytoskeletal elements, is thought to play a role in the clustering of synaptic vesicles and 

maintenance of the reserve pool. Domain E also is involved in the formation of synaptic 

dimers, where “a” isoforms may dimerize to bring weaker targeting isoforms, such as Ib, 

to synaptic terminals (Molinaro et al. 2015; Fornasiero et al. 2010). Domains D, and F-J 

are poorly conserved between the isoforms, and are specific to each synapsin gene 

(Figure 4) (Molinaro et al. 2015).  

Of the three mammalian synapsin genes, synapsin II has been most strongly 

associated with schizophrenia. The synapsin II gene is located on chromosome 3p2ss5, 

which was suggested to be a region of vulnerability for schizophrenia (Cesca et al. 2010; 

Dyck and Mishra 2011). Alternative splicing of the synapsin II gene produces two 

isoforms: synapsin IIa and synapsin IIb (Figure 4) (Cesca et al. 2010). Support for the 

association of synapsin II and schizophrenia has been found in genetic linkage studies, 

where positive associations have been found between schizophrenia development and 

single-nucleotide polymorphisms of the synapsin II gene in affected families of various 

genetic backgrounds, including a Han Chinese population, and Northern European 

ancestries (Chen et al. 2004a; Chen et al. 2004b; Saviouk et al. 2007; Lee et al. 2005). 

Several studies have provided additional data to support a relationship between synaptic 

dysfunction and the onset of schizophrenia. In particular, microarray analysis of post-
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mortem tissue samples of patients suffering from schizophrenia have shown significant 

reductions in PFC synapsin II mRNA and synapsin IIa and IIb protein expression relative 

to normal control subjects (Mirnics et al. 2000; Vawter et al. 2002; Guest et al. 2010; Tan 

et al. 2014). Only mRNA of the synapsin IIa isoform, however, was up-regulated with 

lifelong use of antipsychotic agents (Tan et al. 2014).  

Further evidence to substantiate the involvement of synapsin II dysfunction in the 

etiology of schizophrenia can be found in work utilizing preclinical animal models. 

Experiments conducted with gene knockdown technology (either by antisense 

oligonucleotides or SiRNA) in rodent subjects have revealed behavioural phenotypes 

similar to those resulting from various accepted preclinical animal models of 

schizophrenia (Dyck et al. 2011). Knockdown of synapsin II in the adult rat mPFC, but 

not in the hippocampus or cerebellum, resulted in similar behavioural phenotypes, 

including deficits in sensorimotor gating/PPI, locomotor hyperactivity, social withdrawal, 

and deficits in the 8-ARM paradigm, suggesting a specific association between the mPFC 

and synapsin II expression (Dyck et al. 2011). Furthermore, immunoblotting results 

demonstrated a reduction in glutamate and GABA signalling within the mPFC resulting 

from synapsin II knockdown. Specifically, reductions in the protein concentration of 

glutamate vesicular transporters (VGLUT-1, VGLUT-2), and vesicular GABA transporter 

(VGAT) were observed (Dyck et al. 2011). These findings suggest that synapsin II is 

involved in vesicular loading, and that deficits in synapsin II protein expression may 
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result in reduced neurotransmitter uptake and release. Thus, the study of synapsin II and 

its isoforms may be imperative to understanding the pathophysiology of schizophrenia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Oversimplified illustrated depiction of a synaptic vesicle and associated 

pre-synaptic membrane.  At the pre-synaptic cleft, synapsins help tether synaptic 

vesicles to the reserve pool; shown here is the synapsin II protein. Specific vesicular 

transporters also associate with synaptic vesicles to help load their respective 

neurotransmitters into the vesicles at pre-synaptic terminals. 
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Figure 4: Illustration demonstrating the various mammalian synapsin gene products, in 

particular, synapsin IIa and IIb. Various domains are indicated, as well as known 

phosphorylation sites (   ) and their respective kinases (colour coded). Domains A-C are 

conserved amongst the three synapsin genes. Domain E, which is shared between all “a” 

isoforms, is implicated in phospholipid vesicular clustering and dimerization. Domains D, 

and F-J are poorly conserved amongst synapsin and are specific to each gene product. 

Modified from: Hilfiker et al., Fornasiero et al., and Monaldi et al. (Hilfiker et al. 1999; 

Fornasiero et al. 2010; Monaldi et al. 2010). 
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1.5  Antisense Oligonucleotides 

The use of antisense technologies to inhibit expression of a target gene was first 

discovered by Stephenson and Zamecnik (1978). Antisense (AS) oligonucleotides have 

since been developed for target validation and potential therapeutic purposes (Kurreck 

2003). Oligonucleotides function in a sequence-specific manner, binding to their 

complementary target mRNA, preventing translation of mRNA into protein via two 

different mechanisms (Kurreck 2003). The first mechanism involves activating RNase H, 

which cleaves the RNA moiety of a DNA-RNA complex, therefore resulting in the 

degradation of the target gene mRNA. Most AS oligonucleotides are designed to activate 

RNase H. Oligonucleotides that do not induce RNase H cleavage can instead inhibit 

translation via steric blockade of the ribosome. By targeting AS oligonucleotides to the 

5’-terminus of the mRNA strand, the binding and assembly of translational machinery is 

prevented (Kurreck 2003).  

Oligonucleotides are typically 15-20 nucleotides long, and are designed to avoid 

significant homology with other mRNA sequences. To prove that observed effect(s) are 

due to AS-induced knockdown of the target mRNA, a number of negative control 

oligonucleotides are used. Mismatch oligonucleotides differ from AS sequences in only a 

few positions, while sense oligonucleotides are an inverted sequence of the target mRNA 

(Kurreck 2003). Of major concern when utilizing AS oligonucleotides is the stabilization 

of the sequence, as unmodified oligonucleotides are rapidly targeted and degraded by 

nucleases (Kurreck 2003). To circumvent this problem, several chemical modifications 
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have been used to stabilize AS sequences, resulting in different ‘generations’ of AS 

oligonucleotides. 

First-generation AS oligonucleotides consist of phosphorothioated (PS) 

oligonucleotides, and are the most widely used modification of DNA analogs (Kurreck 

2003). To prevent nuclease degradation, one non-bridging oxygen atom in the native 

phosphodiester bond is replaced with a sulphur atom. PS oligonucleotides have a half-life 

of 9-10 hours in human serum, compared to the 1 hour half-life of an unmodified 

oligonucleotide (Kurreck 2003). In addition to enhanced nuclease resistance, PS 

oligonucleotides are capable of activating RNase H and carry negative charges for cell 

delivery. However, there is the risk of cellular toxicity when using these first-generation 

sequences. PS oligonucleotides have been shown to bind to heparin-binding proteins, and 

inhibit the clotting cascade (Kurreck 2003). Several studies have demonstrated that 

chronic infusion of fully PS-modified oligonucleotides into rodents produces localized 

necrosis of brain tissue and severely affects animal health (Widnell et al. 1996; Guzowski 

et al. 2000). To circumvent these issues, oligonucleotides that were PS-modified only on 

the terminal base pairs, or on the last three base pairs at both the 5’- and 3’-ends, have 

been utilized.  

Second- and third-generation AS nucleotides have been developed over the years 

to solve some of the problems associated with the first-generation, PS-modified 

oligonucleotides. Second-generation nucleotides contain alkyl modifications at the 2’ 

position of the ribose. Sequences comprised of these altered sugars are less toxic than PS-
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modified DNA, although they cannot recruit RNase H, and therefore must induce their 

AS effect by steric hindrance of translational machinery (Kurreck 2003; Chan, Lim, and 

Wong 2006). Similarly, third-generation AS nucleotides also cannot induce RNase H 

cleavage of target mRNA, but rather, function generally by blocking ribosomal 

attachment and assembly. This group of AS agents is comprised of a vast number of 

differently modified nucleotides including peptide nucleic acids and morpholino 

oligonucleotides (Kurreck 2003; Chan, Lim, and Wong 2006). While several third-

generation nucleotides have demonstrated high AS potency and low toxicity in vivo, the 

high costs of the DNA sequences make them difficult to utilize on a broad spectrum. For 

the purpose of this thesis, first-generation AS oligonucleotides were chosen due to their 

established knockdown effects and cost-efficient prices.  

2. OBJECTIVES & RATIONALE 

The overall objective of this project was to further investigate the efficacy of 

synapsin II antisense oligonucleotides, and other confounds, in the manifestation of 

schizophrenia-like abnormalities, and its effects on striatal parvalbumin expression. This 

objective was pursued via the combination of behavioural, imaging, and 

immunochemistry techniques.  
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2.1 Examining the effect of sub-chronic post-natal maternal separation on the 

development of schizophrenia 

Previous experiments, conducted during my undergraduate studies, investigated a 

post-natal, selective synapsin II knockdown, and its effects on the developmental time 

course of schizophrenia manifestation. It was hypothesized in that experiment, that pups 

receiving synapsin II knockdown via AS technology would display schizophrenic-like 

behavioural abnormalities throughout development, relative to the negative controls: 

artificial cerebral spinal fluid (aCSF) and synapsin II sense oligonucleotide treated rats. 

Although promising results were observed from these studies, some behavioural 

discrepancies were also noted between the 3 treatment groups, notably that our negative 

controls also displayed schizophrenia-like tendencies in certain paradigms (Figure 5). It 

is unlikely that these unanticipated variances were a result of the surgical procedure itself, 

as this procedure has been perfected within our lab over several years. Thus, there may 

have been other confounding factors involved in this neonatal synapsin II model. 

In the process of inducing the neonate synapsin II knockdown, our model required 

separating pups from their mothers for 4 hours per day, for a 9 day period (accounting for 

surgeries, recovery and infusions) during early development. Previous preclinical studies 

have suggested that early maternal separation may act as an early life stressor that could 

result in the emergence of schizophrenia-like symptoms in adulthood, although our 

particular MS regimen has never been studied before (Rees et al. 2008; Anglin, Cohen, 
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and Chen 2008; Ellenbroek, van den Kroonenberg, and Cools 1998; Bouet et al. 2011; 

Wang et al. 2015). 

Therefore, the objective of this particular study was to examine the effects of 

repeated 4-hour long MS periods, during PD 14-23, on Sprague Dawley rat pups, to 

eliminate MS as a confound contributing to the manifestation of the observed behavioural 

variances in our neonate synapsin II model. Based on existing research, it was 

hypothesized that (1) sub-chronic maternal separation is not sufficient to induce changes 

in animal behaviour at pre-puberty and post-puberty; and (2) synapsin II protein levels 

will not vary amongst maternally separated and control rodents throughout development.   
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Figure 5: Behavioural and biochemical results obtained from preliminary neonate 

synapsin II knockdown studies conducted in our laboratory. Solid red arrows (   ) indicate 

schizophrenia-like abnormalities observed in this preclinical model. Dashed arrows (   ) 

indicate discrepancies from hypothesized results. A. Synapsin II AS animals 

demonstrated significantly increased locomotor activity over 180 minutes, relative to 

aCSF rats. However, sense rats also displayed significant hyperlocomotion relative to 

aCSF rats. The latter findings were unanticipated, as sense oligonucleotide treatment 

should ideally act as a negative control. B. Synapsin II AS rats displayed significant 

reductions in the total number of social interactions, as was also unexpectedly observed in 

aCSF rats at pre-pubertal testing. Graphs from Tan 2014. 



M.Sc. Thesis – P. Hui  McMaster University - Neuroscience 

35 

 

2.2  Investigating cortical metabolic activity in an adult synapsin II knock-down 

rodent model, using fMRI/PET imaging 

In schizophrenia, decreased metabolic activity in the PFC during cognitive 

activation has been a consistent finding (Floresco et al. 2006; Wolf et al. 2002). Several 

human imaging studies have employed PET imaging using fluorine-18 

fluorodeoxyglucose ([18F]FDG) to measure local cerebral glucose utilization in patients 

with schizophrenia. Glucose utilization is directly related to neuronal activity. Findings 

from these studies demonstrated absolute or relative metabolic hypofunction within 

certain brain regions, including the PFC, known to have altered neurochemical deficits in 

schizophrenia (Wolf et al. 2002; Birrell and Brown 2000).  

In preclinical models of schizophrenia, similar findings have also been observed. 

Chronic PCP administration in rats resulted in schizophrenia-like behavioural 

abnormalities and also produced metabolic hypofunction (Rodefer et al. 2008). However, 

acute administration of MK-801, a non-competitive NMDAR antagonist, at 0.5 mg/kg, 

resulted in region specific metabolic hyperfunction (Daya et al. 2014). Therefore, the aim 

of these experiments was to determine whether mPFC synapsin II knockdown results in 

cortical hypo- or hyperfunction. Specifically, it was postulated that a site-specific 

knockdown of synapsin II would lead to 1) cortical hyspofrontality and 2) reduced PV 

expression in the striatum.  
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2.3  Examining biochemical and behavioural abnormalities induced by selective 

synapsin II knockdown in the adult rat, using partially phosphorothioated 

synapsin antisense sequences 

The use of antisense oligonucleotide technology has been demonstrated in 

previous experiments from our lab to produce a specific, sustained decrease in synapsin II 

levels in the mPFC (Dyck et al. 2011). To prevent nuclease-mediated degradation of the 

oligonucleotides, fully phosphorothioated sequences were used. In our recent studies, 

two-week infusion of complete PS-modified oligonucleotides produced localized tissue 

damage, visible upon sacrifice and brain tissue extraction (unpublished). Similar toxic 

effects have been noted in other studies using fully PS-modified AS sequences to 

knockdown the gene of choice (Guzowski et al. 2000; Widnell et al. 1996). In those 

studies, researchers switched to chimeric phosphorothioate/phosphodiester 

oligonucleotide sequences, containing PS bonds on the three terminal bases of both the 

5’- and 3’-terminals, with phosphodiester internal linkages (Guzowski et al. 2000; 

Widnell et al. 1996). Less toxic than completely phosphorothioated oligonucleotides, 

these partially modified sequences have been shown to still retain their biochemical 

specificity and efficacy (Widnell et al. 1996; Guzowski et al. 2000; Hooper, Chiasson, 

and Robertson 1994).  

Based on the success of those results, the specific aims of this objective were to 

examine the effectiveness and toxicological profile of a partially phosphorothioated 

synapsin II antisense sequence, in a selective synapsin II knockdown model of 
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schizophrenia in the adult rat. In particular, it was hypothesized that: (1) selective knock-

down of synapsin II using a chimeric antisense oligonucleotide sequence disrupts 

sensorimotor gating and induces locomotor hyperactivity, both one-week and two-weeks 

post-surgery; (2) protein expression levels of synapsin II decrease locally within the 

mPFC two-weeks post cannula and pump implantation; (3) levels of parvalbumin protein 

expression decreases in the striatum; and (4) no site-specific tissue damage or necrosis 

will be incurred. 

2.4  Significance 

Extensive research over the years has yielded effective treatments for 

schizophrenia in the form of antipsychotic drugs, yet these therapeutic options only serve 

to manage the symptoms of the disorder. Continued investigation into the underlying 

mechanisms of schizophrenia will aid our understanding of the disorder and help promote 

the development of novel and better targeted therapeutics. Disruptions in synapsin II gene 

expression and neurotransmitter systems within the mPFC have been linked with the 

pathophysiology of schizophrenia, as demonstrated from previous studies conducted in 

our laboratory (Dyck et al. 2011). Furthermore, the neurodevelopmental role of synapsin 

II in schizophrenia has also been investigated in our lab, with results lending more 

support to the involvement of impaired synapsin II in the etiology of the disorder. Despite 

these findings, more research is needed in order to establish the site-specific knockdown 

of synapsin II in the mPFC as a new animal model of schizophrenia.   
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Evidence from this thesis contributes to furthering our progress towards 

developing novel adult and neonate animal models of schizophrenia via knockdown of 

synapsin II. Our neurodevelopmental model requires a time-sensitive insult, but is also 

affected by confounding factors that may unwillingly induce the manifestation of 

schizophrenia. My research has demonstrated that, with respect to our particular model, 

early-life maternal separation does not result in schizophrenic-like behavioural and 

physiological abnormalities, providing additional support to the idea that synapsin II is 

critical to normal neural development. In addition, I have found that partial modification 

of our synapsin II antisense oligonucleotides produces a safer toxicological profile than 

fully modified sequences do in our adult model, while maintaining the ability to reduce 

synapsin II protein expression in the mPFC. For the first time, I observed decreased 

parvalbumin levels within the STR in synapsin II knockdown animals, further implicating 

striatal abnormalities in cognitive dysfunction, and lending support to the GABAergic 

hypofunctionality hypothesis.  

Ultimately, this evidence helps clarify whether reductions of the neuronal 

phosphoprotein, synapsin II, are a causal element in schizophrenia. Improved 

understanding of the underlying pathophysiology of the disorder forms the basis for the 

development and use of novel, more specifically targeted and efficacious therapeutic 

interventions, such as gene therapy, in the treatment of schizophrenia, and thus having 

broad clinical implications for patients around the world.    
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3. METHODOLOGY 

3.1  Animals 

Three cohorts of animals were utilized during the course of this thesis. All animals 

were housed in the McMaster University Central Animal Facility (CAF) and cared for in 

compliance with the Canadian Council of Animal Care guidelines. Rodents were housed 

in standardized cages in a room maintained at 22oC and kept on a 12 hour reverse 

dark/light cycle, beginning at 7am/7pm. All cohorts of animals were allowed a one-week 

acclimation period to their new surroundings and were handled by the experimenters 

during this time. 

3.1.1 Objective 1: Maternal Separation Study 

Three pregnant female Sprague Dawley rats at 13-15 days gestation were 

commercially obtained from Charles River, Quebec. The dams were housed individually 

and provided with ad libitum access to water and a high-fat diet. Each dam gave birth to a 

litter of pups after a gestational period of 21 days (ntotal = 36 pups). Pups were left to 

nurse with their mother until being individually weaned on PD 24, at which point they 

were given ad libitum access to water and food. 

3.1.2 Objective 2: Adult Imaging Study 

In this study, 11 male Sprague Dawley rats were obtained from Charles River, 

Quebec at a weight range of 250-300 grams. Animals were housed individually upon 

arrival to the CAF and given ad libitum access to water. Beginning one week post-arrival, 

rodents were restricted to 15 grams of food pellets per day. The animals were fed 
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consistently around 4pm each day. Individual body weight was recorded every week to 

ensure that the animals did not lose more than 85% of their initial pre-restriction body 

weight. 

3.1.3 Objective 3: New Oligonucleotide Study 

Another 12 male Sprague Dawley rats, between 250-300 grams, were obtained 

from Charles River, Quebec for the last study. Animals were housed individually upon 

arrival and given ad libitum access to food and water for the duration of the study.  

3.2  Maternal Separation (Objective 1) 

To mimic the separation periods experienced by synapsin II knockdown pups (Tan 

2014), a group of pups (n = 18) were removed from their respective mothers for 4 hours a 

day between PD 14-15, and PD 17-23 for a total of 36 hours of maternal separation. 

Separated pups were kept with their littermates in a cage placed away from any possible 

exposure to their mother. Pups experiencing maternal separation were returned to their 

respective cages at the end of the 4 hour period. Non-separated rats (n = 18) remained in 

their home cage with their respective mothers. This process was repeated for the 

remaining 8 days. All rodents were individually weaned on PD 24 and left to mature until 

behavioural and biochemical testing at pre-pubertal (PD 32-35) and post-pubertal (PD 65-

69) stages. 
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3.3  Antisense Sequences and Preparation (Objectives 2 & 3) 

Synapsin II knockdown within the adult rat mPFC was induced via antisense 

sequences designed to block cellular mRNA and inhibit translation of synapsin II (Tables 

1-2). Sequences were synthesized and purchased from Integrated DNA Technologies 

(IDT, Coralville, IA, USA).  

With respect to the second objective (otherwise known as the adult imaging 

study), every nucleotide within the sequences contained a PS cap to prevent nuclease 

degradation (Table 1) (Lebedeva and Stein 2001). For the second cohort of rodents 

(Objective 3), the first and last three nucleotides at the 5’- and 3’- ends of each sequence, 

respectively, were phosphorothioated (Table 2). The remaining nucleotides were left 

uncapped and linked via phosphodiester bonds. The sense oligonucleotide sequence for 

the coding region of synapsin II served as a negative control in both cohorts, and did not 

bind to the target mRNA sequence (Dyck et al. 2011; Kurreck 2003).  

All oligonucleotides were dissolved in nuclease-free water (IDT, Coralville, IA, 

USA) to a final concentration of 1 mM. The solution was then filtered through sterile 

Acrodisc® 25 mm Syringe Filters with 0.2 µm Supor® Membrane (Pall Corporation, 

Ann Arbor, MI, USA). The filtered solutions were stored at -20oC until required.  
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OBJECTIVE 2: Adult Imaging Study  

 
Nucleotide Sequence 

Antisense  

Sequence 1 
5’ - A*G*T*T*C*A*T*C*A*T*C*T*G*G*C*T*T*G*A*G*G*G*A - 3’ 

Antisense  

Sequence 2 
5’ - C*G*A*C*C*A*A*A*G*G*G*T*G*G*T*C*C*G*C*G*T*C*T*C - 3’ 

Sense 5’ - T*C*C*C*T*C*A*A*G*C*C*A*G*A*T*G*A*T*G*A*A*C*T - 3’ 

Table 1: Nucleotide composition of fully modified synapsin II antisense and 

sense oligonucleotide sequences. Each nucleotide was capped with 

phosphorothioates to prevent in vivo nuclease destruction. The two synapsin II AS 

sequences overlap with one another to provide a complete knockdown of the 

synapsin II gene. The sense oligonucleotide is an inverted sequence of the target 

mRNA, designed to prevent binding with mRNA, and therefore serving as a 

negative control for the oligonucleotide technology. 
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OBJECTIVE 3: New Oligonucleotide Study 

 
Nucleotide Sequence 

Antisense 

Sequence 1 
5’ - A*G*T*TCATCATCTGGCTTGAG*G*G*A - 3’ 

Antisense  

Sequence 2 
5’ - C*G*A*CCAAAGGGTGGTCCGCGT*C*T*C - 3’ 

Sense 5’ - T*C*C*CTCAAGCCAGATGATGA*A*C*T - 3’ 

Table 2: Nucleotide composition of partially modified synapsin II antisense and 

sense oligonucleotide sequences. The first and last three nucleotides at the 5’- and 

3’- end of each sequence were capped with phosphorothioates to prevent in vivo 

nuclease destruction. The two synapsin II AS sequences overlap with one another 

to provide a complete knockdown of the synapsin II gene. The sense 

oligonucleotide is an inverted sequence of the target mRNA, designed to prevent 

binding with mRNA and therefore serving as a negative control for the 

oligonucleotide technology.   
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3.4  Pump Preparation (Objectives 2 & 3) 

In both adult cohorts, each rodent received a bilateral infusion of solution into the 

mPFC, requiring two mini-pumps per rat. Each pump had a reservoir of 200 µl and a flow 

rate of 0.5 µl/hour, with a duration of two weeks (ALZET® Osmotic Pumps, DURECT 

Corporation, Cupertino, CA, USA).  Pumps were filled an hour before surgeries using 

sterile technique according to the guidelines provided by ALZET® Osmotic Pumps.  

In the first cohort of surgically-treated rats, animals were either administered: 1) 

sense oligonucleotides (n = 5); or 2) a cocktail solution of AS sequences #1 and #2 (n = 6; 

Table 2). Regarding the second cohort of adult rats, animals were assigned to one of four 

groups: i) aCSF (n = 2); ii) sense oligonucleotide (n = 5); iii) AS sequence #1 (n = 2; 

Table 3); or iv) a cocktail solution of AS sequences #1 and #2 (n = 2; Table 3). When 

combined, the solution of both AS sequences should result in a complete knockdown of 

the synapsin II gene. Synapsin II AS sequence #1 was designed to knockdown the 

synapsin IIa isoform only.  

3.5  Surgery (Objectives 2 & 3)  

Animals were anaesthetized with gaseous anesthetic (Isoflurane, Pharmaceutical 

Partners of Canada Inc, Richmond Hill, ON) and mounted on a stereotactic apparatus 

(David Kopf Instruments, Tujunga, CA). Using a scalpel, a midline incision was made 

between the eyes extending to the nape of the neck, exposing the animal’s skull. Each rat 

had two guide cannulae implanted (ALZET® Osmotic Pumps, DURECT Corporation, 

Cupertino, CA, USA) into the mPFC (coordinates relative to bregma: +2.7mm A/P,         
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±1.5mm M/L, and -3.0mm D/V) (Schneider and Koch 2005). The filled pumps were 

attached to the guide cannulae via plastic tubing prior to cannulae implantation. Using a 

scapula, two pockets were made under the animal’s skin, extending past each shoulder 

blade, where the pumps were inserted into the pockets. The incision was closed using 

9mm wound clips (ALZET® Osmotic Pumps, DURECT Corporation, Cupertino, CA, 

USA), and VetBond (tissue adhesive). Following immediate recovery from surgery, rats 

were returned to their home cage and monitored for five consecutive days. During this 

time, rats were given ad libitum access to food and water during recovery, and body 

weight was assessed daily. Staples were removed from each rat ten days post-surgery.  

3.6  Histology  

To visually confirm successful infusion into the mPFC, the following histological 

approach was used. Evans Blue dye (2%, Sigma Aldrich) was dissolved in 0.9% saline 

solution. Pumps were filled with 200 µL of dye as per the methodology described in 

Section 3.4. The dye was bilaterally infused into the mPFC at the aforementioned 

coordinates in three Long Evans discard rats obtained from the McMaster CAF. The 

animals were sacrificed one week following surgery via rapid decapitation and the area of 

dye diffusion in coronal sections was visually captured using a standard point-and-shoot 

camera.  
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3.7  Behavioural Testing 

 Each of the three cohorts of animals utilized in this thesis were subject to 

behavioural testing, as described below.  

3.7.1 Maternal Separation (Objective 1) 

Behavioural testing for all pups (n = 36) was performed at pre-pubertal (PD 32-

36) and post-pubertal time-points (PD 65-70) to assess for the presence of schizophrenia-

like behavioural abnormalities. Due to the nature of this study, baseline behavioural 

testing was not performed. These animals were tested on the following behavioural 

paradigms: prepulse inhibition, locomotor activity, social interaction, and the novel object 

recognition test (NORT).  

3.7.2 Adult Synapsin II Knockdown - Fully Phosphorothioated 

Oligonucleotides (Objective 2) 

This cohort of animals (n = 11) was tested on the eight-arm radial maze, a reliable 

measure of cognitive deficits in a synapsin II model of schizophrenia (Dyck et al. 2011). 

Habituation and training for the 8-ARM paradigm took place three weeks prior to 

surgeries. Rats also performed baseline testing on prepulse inhibition before surgeries to 

determine treatment groups. Following recovery from surgeries, each animal underwent 

eight testing sessions of the 8-ARM over the course of one week. A single post-surgery 

PPI test was also performed during this one week period.  
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3.7.3 Adult Synapsin II Knockdown - Partially Phosphorothioated 

Oligonucleotides (Objective 3) 

Behavioural testing for these animals (n = 12) was performed both one-week and 

two-weeks post-surgery. Baseline behavioural testing was performed several days before 

surgery and results were used to determine treatment groups. The following behavioural 

paradigms were used to assess for development of schizophrenia-like abnormalities: 

prepulse inhibition and locomotor activity. 

Details for all behavioural tests utilized are listed below:  

3.7.4 Prepulse Inhibition 

PPI is a measure of sensorimotor gating ability, referring to the ability to “gate 

out” excess stimuli from awareness in order to selectively focus attention to salient 

environmental aspects (Braff and Geyer 1990). Deficits in sensorimotor gating have been 

well established in patients diagnosed with schizophrenia, and are consistently observed 

in established animal models of the disorder (Dyck et al. 2011; Braff, Geyer, and 

Swerdlow 2001). The PPI test assesses reflex startle response to a brief acoustic stimulus, 

also known as a ‘prepulse’ (68 dB, 71dB, 77dB), presented prior to a ‘startle’ pulse (120 

dB). The prepulse stimulus inhibits the startle response to the stronger pulse stimulus. 

Healthy, control animals demonstrate greater percent inhibition resulting in a reduced 

startle response, relative to animals with a schizophrenic phenotype.  
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Three days prior to testing, animals were given 30 minutes of habituation time to 

the testing room, and 20 minutes of habituation to the PPI chambers. On the day of 

testing, rats were allowed 30 minutes to acclimatize to the room. Rodents were placed in 

a clear Plexiglas cylinder which was then put into the PPI chamber. Prepulse and startle 

stimuli were presented to the rats via a microphone mounted within the chamber, directly 

above the cylinder. A piezoelectric accelerometer located directly below the cylinder 

captured startle responses, and subsequently, PPI responses were recorded using the SR-

Lab Startle Response System (San Diego Instruments, San Diego, CA, USA). Methods 

were adapted from Braff et al. and Geyer et al. (Braff and Geyer 1990; Geyer et al. 1990).   

3.7.5 Locomotor Activity 

Hyperlocomotor activity is a well-established measure of the positive symptoms 

of schizophrenia among preclinical animal models of the disorder. Although not a valid 

measure of the hallucinations and delusions demonstrated in human patients with 

schizophrenia, excess locomotion is believed to reflect increased levels of dopamine in 

the subcortical regions of the brain, consistent with findings in the brains of human 

patients (Carlsson et al. 2001; Seeman 2011; Laruelle, Kegeles, and Abi-Dargham 2003; 

Kapur et al. 2000). As such, hyperactivity can be considered to have reliable, translational 

relevance (Jones, Watson, and Fone 2011). For three days prior to testing, rodents 

underwent 30 minutes of habituation to the procedural room and another 30 minutes of 

acclimation to the locomotor chambers. Rats were placed in computerized, clear, 

Plexiglas cages (Accuscan Instruments, Columbus, OH, USA) for 180 minutes, wherein 
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their movement (total distance travelled) was recorded in 10 minute intervals (Dyck et al. 

2011). Movement was measured in centimeters (cm) via interruptions of infrared light 

beams. The first 30 minutes of activity were considered habituation, with the last 150 

minutes deemed as actual activity.  

3.7.6 Social Interaction 

Deficits in social behaviour, often indicated by decreased time in social 

interaction, are one of the first indicators of schizophrenia, and are easily detectable in 

patients with the disorder and preclinical animal models (Dyck et al. 2011; Sams-Dodd 

1998). To assess for social withdrawal in rodents, pairs of animals were randomly 

determined within treatment group, with one animal coloured with a non-toxic black 

marker for identification purposes. The rats were placed into an open, black Plexiglas 

arena (100 cm x 75 cm x 40 cm). Interactions were recorded via a ceiling-mounted video 

camera and scored by two experimenters who were blind to treatment groups. Each pair 

of rats was recorded for 10 minutes, although activity was only scored for 5 minutes. 

Total time spent interacting was recorded (in minutes), as well as the number of active 

interactions (sniffing, following, crawling, aggressive behaviour, grooming) and passive 

interactions (close proximity).  In between each trial, arena was sprayed with 75% ethanol 

and cleaned to remove any trace odours. Methodology adapted from File and Sams-Dodd 

(File 1980; Sams-Dodd 1998).  
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3.7.7 Novel Object Recognition Task 

The NORT is a measure of recognition memory in rodents, and is analogous, in 

part, to declarative memory in humans, a cognitive domain often disrupted in 

schizophrenia (Rajagopal et al. 2014). Declarative memory is defined as the conscious 

memory for facts and events, and can be acquired with relatively minimal exposure to the 

event and/or object (Squire and Zola 1996). For that reason, object recognition tests are 

often used in preclinical models to study mammalian declarative memory, with the 

spontaneous NORT being the paradigm of choice for use in rodents (Winters, Saksida, 

and Bussey 2008). This task is advantageous because it capitalizes on rodents’ natural 

tendency to explore novel stimuli in preference to familiar stimuli.  

 With modifications from the original protocol supplied by Winters (2004), the 

NORT was run in an eight-arm radial maze apparatus that was adjusted to be a Y-shaped 

apparatus. Of the eight arms, six were blocked off to prohibit entry into those arms; two 

adjacent arms and the centre platform remained open for entry (see below for description 

of the eight-arm maze). Activity in the maze was recorded using a tripod-mounted video 

camera, positioned overtop the maze. Beginning one week prior to testing, each animal 

was habituated to the apparatus and its surroundings for 20 minutes per day, for three 

consecutive days. A single NORT trial consisted of an acquisition and retention phase, 

separated by a 1 minute retention delay period. At the start of every session, each rat was 

placed on the center platform and was allowed 3 minutes of acclimation. After the initial 

3 minutes elapsed, the rodent was removed from the maze and returned to its home cage 
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for a 1 minute delay period, following which it was returned to the centre platform of the 

apparatus for the acquisition phase. During this first delay, two identical objects (e.g. 

small orange pylon) were placed into the apparatus, one in each open arm. The rat was 

allowed 3 minutes of interaction with the objects before being removed and returned to its 

home cage once again. Researchers ensured that the animal was visiting both objects 

equally, to eliminate any location bias. At the end of the second delay period (1 minute), 

the rat was reintroduced to the Y-maze for the retention phase, which now contained a 

replica of the original object and a novel object (e.g. white sphere) (Figure 6). The 

amount of time the animal spent interacting with each object, during the 3 minute 

retention phase, was recorded.  Interactions were classified as sniffing the object, and 

facing the object at a maximum distance of 2 cm away. Standing on the object and 

urination were not considered as interactions. In between each rodent’s session, the maze 

and all objects were cleaned with 75% ethanol to remove trace odours; no cleaning of the 

apparatus occurred during the delay periods.  
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Figure 6: Modified radial arm maze for use of testing object recognition in rodents. A. In 

the spontaneous novel object recognition task, animals are exposed to two identical 

objects (e.g. orange pylons) in the acquisition phase. The animal has 3 minutes to explore 

both objects before being removed from the maze. B. Following a 1 minute retention 

delay, the rodent is returned to the apparatus for the start of the choice phase. Now, the 

animal is exposed to a replica of the original object and a novel retention object (e.g. 

white sphere). Researchers record the total amount of time the rat spends interacting with 

each object during the 3 minute period.  
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3.7.8 Eight-Arm Radial Maze  

Performance in the 8-ARM has been shown to be an indicator of spatial, working, 

and reference memory (Bardgett et al. 2008). Working and reference memory 

performance was assessed using a delayed win-shift procedure (Olton 1987). The 8-ARM 

apparatus consisted of eight arms (70 cm long x 25.5 cm high x 12.5 cm wide), extending 

from an octagonal center platform (52 cm diameter), with guillotine doors placed 

proximal to the center platform to prohibit entry into a given arm. At the distal end of 

each arm was a small circular well where the food bait was placed. In this paradigm, 

animals were trained to find food rewards in blocked and open arms of the maze. Animals 

were food restricted to encourage motivation to complete the task. 

For seven consecutive days, rats performed a habituation phase wherein they had 

access to all eight arms. A quarter of a Froot Loop (Kellogg’s®, Mississauga, ON) was 

placed at the end of each arm. Each rat was allowed a maximum of 10 minutes to find and 

eat all treats. The session was terminated once all eight treats were consumed or the 10 

minutes had elapsed. For the next 14 days, the rats underwent training in preparation for 

the win-shift format of testing. The win-shift format consists of one trial divided into a 

forced run and a free run, separated by a 1 minute or 15 minute delay. During the forced 

run, four arms of the maze were left open and baited with a quarter of a treat, while the 

other four arms were blocked. The sequence of open and blocked arms was randomly 

selected each day. Each rat was placed in the center platform and given 5 minutes to find 

and eat the four treats. Upon consuming all four treats or the expiration of time, the rat 
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was removed from the maze and placed in its home cage for a delay period of either 1 

minute or 15 minutes. During this delay, the maze was cleaned with 75% ethanol, the four 

panels were removed leaving all eight arms accessible, and the previously blocked arms 

were baited. In the free run, the rat was returned to the center platform and given 5 

minutes to eat the four treats. The following data was recorded during the free run: 1) the 

number of correct responses during the first four arm choices post-delay (correct response 

considered when animal enters correct arm and eats the treat), 2) the number of 

retroactive errors (i.e. visits to arms that were baited during the forced run), and 3) the 

number of revisits to arms that were baited during the free choice run. Retroactive errors 

and revisit errors have been shown to be indicative of reference memory and working 

memory impairment, respectively (Olton 1987; Spieker et al. 2012; Bardgett et al. 2008). 

Protocol modified from Bardgett et al. and Daya et al. (Bardgetts et al. 2008; Daya et al. 

2014).  

Each rat completed one trial per day for two weeks prior to surgeries. On any 

given day, half of the cohort completed a trial with the 1 minute delay while the other half 

completed the 15 minute delay trial. During training, rats must have achieved a criterion 

of one or fewer errors for three consecutive days, or achieve a stable state of performance 

before surgeries were completed. Testing on the 8-ARM paradigm was identical to the 

training sessions, and took place for eight consecutive days post-recovery from surgeries 
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3.8 Metabolic Function: [18F]FDG Uptake  

In collaboration with the McMaster Centre for Pre-clinical and Translational 

Imaging, PET and computerized tomography (CT) imaging was performed in the first 

cohort of adult rats (receiving fully phosphorothioated oligonucleotide sequences). Local 

cerebral glucose utilization values were obtained by measuring glucose uptake in the 

prefrontal cortex. The PFC was selected as the primary region of interest due to irregular 

metabolic function observed in the frontal cortex of schizophrenic patients (Floresco et al. 

2006; Wolf et al. 2002). 

Animals from the sense and AS groups (n = 4/group) were selected for imaging. 

The rodents were fasted for 12 hours prior to imaging and lightly anesthetized using 1.5% 

isoflurane (Pharmaceutical Partners of Canada Inc) for administration of 500 µCi of 

[18F]FDG in 400 µL of saline via tail vein injection. Immediately following the injection 

and recovery from anesthetic, the rats were transferred to the 8-ARM to cerebrally 

stimulate the animal. All animals were previously habituated and trained to the 8-ARM 

paradigm for three weeks prior (Section 3.7.8). Following completion of the cognitive 

task, the rat was allowed to rest in its home cage until 30 minutes had elapsed since the 

[18F]FDG injection. After the time had elapsed, the rat was anesthetized using 2% 

isoflurane and positioned in a bio-containment chamber designed for imaging. Each 

animal underwent a 15 minute static emission PET scan followed by a 5 minute high 

resolution CT acquisition. The animals remained anesthetized throughout the imaging 

process. Imaging was conducted in a Philips Mosaic dedicated Animal PET system 
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(Philips Medical Systems, Cleveland, OH, USA), and Gamma-Medica Ideas X-SPECT 

(Gamma-Medica Ideas, NorthRidge, California, USA). 

3.9 Sacrifice and Tissue Dissection 

All animals were anesthetized with 3.5% isoflurane (Pharmaceutical Partners of 

Canada Inc) before rapid decapitation. Brains were quickly removed and the following 

brain regions were dissected over ice: mPFC, PFC, STR, and cerebellum. The regions 

were stored at -80oC until further use. Specific details about the sacrifice process for each 

objective are described below.  

3.9.1 Objective 1: Maternal Separation Study 

Approximately half of the animals (n = 9/ treatment group) were sacrificed at the 

pre-pubertal stage (PD 35), with the remaining animals being sacrificed following post-

pubertal stage (PD 70) testing. 

3.9.2 Objective 2: Imaging Study 

All 11 animals were sacrificed 14 days post-surgery, upon completion of 

behavioural testing and PET/CT imaging. 

3.9.3 Objective 3: New Oligonucleotide Study 

To verify the infusion site and determine the efficacy of synapsin II knockdown, 

two animals (n = 1 from the sense and single AS sequence groups) were sacrificed one-

week post-surgery. The remaining 10 rats were sacrificed two-weeks after surgery.  
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3.10  Protein Isolation and Quantification 

Brain regions were homogenized by hand in Tris-EDTA buffer (50 nM Tris, 1 nM 

EDTA, pH 7.4) with a Mini-C Protease Inhibitor Tablet (Roche, Mississauga, ON) for 

approximately 10 seconds. The protein was further broken down by sonication for 5 

seconds. To determine protein concentration, a Bradford Assay was run with Bio-Rad 

Protein Assay reagent (Bio-Rad, Mississauga, ON) and a CU-640 spectrophotometer 

(Beckman-Coulter, Mississauga, ON). Sample optical density (OD) was measured at 595 

nm, in duplicates. Samples which fell outside the linear range of the purified bovine 

serum albumin protein standard of 1.2 – 10.0 µg/mL were further diluted with the 

homogenization buffer (Tris-EDTA + Mini-C tablet), and the OD was re-estimated. 

Samples were stored at -20oC until further use.  

3.11 Immunoblotting 

Immunoblotting was performed to verify knockdown of the synapsin II protein in 

the medial prefrontal cortical tissue of all three cohorts of rats. Additional 

immunoblotting was performed in the prefrontal cortical and striatal tissue. Western 

blotting for the synapsin II antibody was performed as previously described by Dyck et 

al. (2011). After determining sample concentration, 15 µg of protein was separated by a 

10% sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gel electrophoresis. The 

protein was then transferred onto a 0.2 µm polyvinylidene fluoride (PVDF) membrane. 

Membranes were blocked for 1 hour with 5% milk buffer in Tris Buffered Saline (TBS) 

with Tween® 20 (TBS-T). After blocking, blots were incubated with the synapsin II 
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primary antibody (overnight, 4oC) and the respective secondary antibody (1.5-2 hours, 

room temperature) in TBS-T (Table 3). Concurrent probing for the housekeeping gene, 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH), accounted for variations in 

sample loading and allowed for the normalization of the respective protein bands of 

interest. 

Protocol for performing western blotting for PV, was modified from Drs. Luke 

Harris and Maria Gallo from the University of British Columbia and University of 

Alberta, respectively. Briefly, 15 µg of protein was separated by a 15% SDS-PAGE gel 

electrophoresis. The protein was then transferred onto a 0.2 µm PVDF membrane for 12 

hours, at 4oC. Membranes were blocked for 1 hour with 5% milk buffer in Phosphate 

Buffered Saline (PBS) with Tween® 20 (PSB-T). Following blocking, the membranes 

were incubated with parvalbumin primary antibody and its respective secondary antibody 

(1 hour each, room temperature) in 5% milk solution. Concurrent probing for GAPDH 

accounted for variations in sample loading and allowed for the normalization of the 

respective protein bands of interest. 

Visualization of protein bands was achieved with enhanced chemiluminescence 

(ECL) reagents (Amersham Biosciences, Pittsburgh, PA, USA). Synapsin II membranes 

were exposed to film for 1, 5, 10 seconds, 30 seconds, 1 minute, and 2 minutes, while PV 

membranes were exposed for a single 20 minute duration.  
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PRIMARY ANTIBODY 

 
Antibody Concentration 

Synaptic Protein Synapsin II 1:2,500 

GABA Parvalbumin 1:2,500 

Housekeeping GAPDH 1:20,000 

SECONDARY ANTIBODY 

 
Antibody Concentration 

 Anti-rabbit 1:5,000 

Anti-mouse 1:10,000 

Table 3: Optimized primary and secondary antibody concentrations used for 

immunoblotting. Both synapsin II and PV antibodies interact with a polyclonal 

anti-rabbit secondary antibody, whereas GAPDH was raised in a mouse.  
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3.12 Data Analysis 

All behavioural and biochemical data was graphed and analyzed using GraphPad 

Prism 4.0 software (San Diego, CA, USA). When analyzing data obtained from both the 

MS and imaging studies, the student’s unpaired two-tailed t-test was used, as each study 

only had two treatment groups. In the new oligonucleotide study, data was analyzed by 

means of a one-way ANOVA with Tukey’s post-hoc test. Statistical significance was 

defined as p < 0.05 (95% confidence levels). Outliers were identified using Grubb’s test 

with a significance level of α ≤ 0.05.  

3.12.1 Prepulse Inhibition 

PPI analysis was performed according to the procedure previously described by 

Dyck et al. (2011). Percent inhibition (% PPI) was calculated using the following 

formula: %𝑃𝑃𝐼 =  
𝑆−𝑃

𝑆
× 100, where S is the average response to a startle-pulse only 

trial, and P is the average startle response to a prepulse-startle pulse trial. % PPI was 

calculated for each prepulse decibel level, and obtained between treatment groups (Dyck 

et al. 2011). Cohorts were either analyzed using the student’s unpaired t-test or the one-

way ANOVA, depending on the number of treatment groups.  

3.12.2 Locomotor Activity  

Total distance travelled (cm) was recorded and analyzed over a 180 minute period. 

Total distance travelled was also analyzed over 150 minutes, excluding the first 30 
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minutes of activity as habituation. Cohorts were either analyzed using a student’s 

unpaired t-test or a one-way ANOVA, depending on the number of treatment groups. 

3.12.3 Social Interaction  

The following parameters were analyzed for each rat, within each treatment group: 

1) total amount of time spent interacting (min), 2) total number of interactions, 3) total 

number of active interactions, and 4) total number of passive interactions. Of the recorded 

10 minute interaction, the first 1-2 minutes were excluded as habituation. The number and 

length of interactions could then be analyzed over a 5 minute period from the remaining 8 

minutes of the recording. Analysis began at a point when the two animals were situated 

on either side of the chamber, and not while they were in the middle of an interaction. 

Social interaction data was analyzed using the student’s unpaired t-test to determine 

statistical significance.  

3.12.4 Novel Object Recognition Task 

During the retention phase, two times were recorded per animal: 1) the time spent 

interacting with the familiar object, and 2) the time spent interacting with the novel 

object. Times were recorded in seconds. To represent the animal’s preference of two 

objects, a discrimination ratio was then calculated using the following formula: 

𝑑𝑖𝑠𝑐𝑟𝑖𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 =  
𝑡𝑖𝑚𝑒𝑛𝑜𝑣𝑒𝑙

𝑡𝑖𝑚𝑒𝑛𝑜𝑣𝑒𝑙+𝑡𝑖𝑚𝑒𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟
× 100. The ratio was calculated 

following 1 minute and 3 minutes of recording. Dual assessment accounts for any 
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recognition bias that may have occurred after the first minute of interaction. Calculated 

ratios from both groups were compared by means of a student’s unpaired t-test.  

3.12.5 Eight-Arm Radial Maze 

The three parameters recorded in this paradigm, 1) the number of correct 

responses during the first four arm choices, 2) the number of retroactive errors, and 3) the 

number of revisits to arms that were baited during the free choice run, were analyzed by 

means of a student’s unpaired t-test. Group performances were analyzed by day, and also 

cumulatively at the end of the testing period.  

3.12.6 18F[FDG] Uptake  

PET data was reconstructed using a quantitative 3D iterative reconstruction 

algorithm and the CT data was reconstructed using a Feldkamp filtered backprojection 

cone beam reconstruction algorithm. Prior to analyzing [18F]FDG uptake, our lab applied 

Amira 3D Software (Hillsboro, Oregon, USA) to process raw MRI images of a healthy 

brain, and convert them into 3D images which were then fused together to form ‘labels’ 

of various brain regions. Following creation of the labels, our PET and CT images were 

fused together and aligned with our existing MRI images using the software programs: 

FreeSurfer and FMRIB Software Library. Utilizing MatLab software (Natick, 

Massachusetts, USA), activity in the cortex was quantified by assessing [18F]FDG uptake 

relative to the control labels. Values were obtained for each sample and region, and were 

then analyzed for significance using a student’s unpaired t-test.  
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3.12.7 Immunoblotting  

Intensity of the resulting protein bands were quantified using the NIH ImageJ 

program. Quantification was done individually for both synapsin IIa and II isoforms, PV, 

and GAPDH. Values of our proteins of interest were normalized to GAPDH before being 

graphed and compared between groups. Cohorts were either analyzed using a student’s 

unpaired t-test or a one-way ANOVA followed by a Tukey’s post-hoc test, depending on 

the number of treatment groups.  

4. RESULTS 

4.1 Effect of sub-chronic maternal separation between PD 14-23 on the 

development of schizophrenia-like behavioural abnormalities 

4.1.1 Effect of early-life maternal separation on prepulse inhibition 

A MS period of 4 hours per day for 9 days (total = 36 hours of MS), did not 

induce significant deficits (p>0.05) in prepulse inhibition at the 68dB, 71dB, and 77dB 

prepulses (Figure 7). No PPI deficits were observed at both pre-pubertal and post-

pubertal stages between MS and non-MS rats.  
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Figure 7: Percent prepulse inhibition measured at three different prepulses: 

68dB, 71dB, and 77dB. Following a 9 day MS regimen (4hrs/day) between 

PD 14-23, no significant deficits in % PPI were observed at any of the 

measured prepulses (p>0.05), before and after puberty. Non-MS group is 

indicated by the white bars, and MS-group is indicated by the grey bar. 

Vertical line drawn between pre- and post-pubertal stages signifies puberty. 
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A B 

4.1.2 Effect of early-life maternal separation on locomotor activity 

Sub-chronic MS did not induce differences in locomotor activity, between MS and 

non-MS rats at pre-pubertal (PD 32-35) and post-pubertal (PD 65-69) stages of 

development (p>0.05). Non-significance was observed in both 180 minutes (Figure 8A) 

and 150 minutes (Figure 8B) of locomotor activity recording. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Locomotor activity measured as total distance travelled in centimeters 

(cm). A. Total distance travelled in 180 minutes. No significant difference 

(p>0.05) in locomotor activity was observed between non-MS and MS groups at 

both pre-pubertal and post-pubertal stages. B. Total distance travelled in 150 

minutes, excluding the first 30 minutes as habituation. Repeated maternal 

separation during development did not result in significant changes (p>0.05) in 

locomotor activity relative to control animals, at pre-pubertal and post-pubertal 

stages. Non-MS group is indicated by the white bars, and MS-group is indicated 

by the grey bar. Vertical line is drawn between pre- and post-pubertal stages to 

signify puberty. 
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4.1.3 Social Interaction: 

Following 36 hours of early-life MS over the course of 9 days, no changes in 

social interaction were observed at pre-pubertal (PD 32-35) and post-pubertal (PD 65-69) 

time points. Specifically, animals that were separated from their mothers did not display 

reduced numbers of active and passive interactions (p>0.05) (Figure 9A-B), nor did they 

differ from non-separated rodents in the total number of interactions (Figure 9C) or the 

total time spent interacting (p>0.05) (Figure 9D).      
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Figure 9: Social interaction paradigm. A. Total number of active interactions. No 

significant difference (p>0.05) in active interactions (e.g. fighting) was observed 

between non-MS and MS groups at both pre-pubertal and post-pubertal stages. B. Total 

number of passive interactions. Repeated maternal separation during development did 

not result in significant changes (p>0.05) in passive interactions (e.g. sniffing) relative to 

control animals, at pre-pubertal and post-pubertal stages. C. Total number of 

interactions, both active and passive. No significant changes in the total number of 

interactions (p>0.05) was observed in MS rats when compared to the control group. D. 

Total time interacted as measured in seconds.  No significant difference (p>0.05) in the 

time spent interacting was observed between non-MS and MS groups. Control group is 

indicated by the white bars, and MS group is indicated by the grey bar. Vertical line is 

drawn between pre- and post-pubertal stages to signify puberty. 
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Figure 10: Novel object recognition test. Data obtained from the NORT was analyzed 

using the calculation: 𝐷𝑖𝑠𝑐𝑟𝑖𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 =  
𝑡𝑖𝑚𝑒𝑛𝑜𝑣𝑒𝑙

𝑡𝑖𝑚𝑒𝑛𝑜𝑣𝑒𝑙+𝑡𝑖𝑚𝑒𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟
 × 100. Sub-

chronic maternal separation during development (PD 14-23) did not result in any 

significant performance deficits when measured for 1 minute and 3 minutes (p>0.05), 

at both pre-pubertal and post-pubertal time points. Non-MS group is indicated by the 

white bars, and MS-group is indicated by the grey bar. Vertical line drawn between 

pre- and post-pubertal stages signifies puberty.  
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4.1.4 Effect of early-life maternal separation on novel object recognition  

A sub-chronic MS regimen did not result in any significant changes between 

groups in NORT performance, when measured for 1 minute and 3 minutes (Figure 10). 

Non-significant differences were noted at both pre-pubertal (PD 32-35) and post-pubertal 

(PD 65-69) stages of development.  
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4.2  Effect of sub-chronic maternal separation between PD 14-23 on the 

development of schizophrenia-like biochemical abnormalities 

4.2.1 Effect of maternal separation on protein expression levels of synapsin II 

Immunoblotting results indicate a non-significant difference (p>0.05) in synapsin 

IIa and IIb expression, in the mPFC of MS and non-MS animals (Figure 11). When 

assessed at the pre-pubertal stage, levels of synapsin IIa and IIb were non-significantly 

increased in MS rats, relative to the control group. At the post-pubertal stage, levels of 

synapsin IIa and IIb were virtually identical between treatment groups.  
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Figure 11: Synapsin II protein expression levels. Graph indicates normalized protein 

expression levels of synapsin isoforms IIa and IIb in the mPFC following pre-

weaning maternal separation (PD 14-23). Immunoblotting assessed protein 

expression levels of synapsin IIa and IIb at both prepubertal (PD 32-35) and post-

pubertal (PD 65-70) stages. There were no significant changes in synapsin IIa and 

IIb expression levels at both pre-pubertal and post-pubertal stages (p>0.05). Non-MS 

group is indicated by the white bars, and MS-group is indicated by the grey bar. 

Vertical line is drawn between pre- and post-pubertal stages to signify puberty.   
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Figure 12: Percent prepulse inhibition measured at three different prepulses: 68dB, 

71dB, and 77dB. Following a continuous 14-day bilateral infusion of fully modified 

synapsin II antisense oligonucleotides into the mPFC, no significant deficits in % PPI 

were observed at any of the measured prepulses (p>0.05), although there was a slight 

reduction seen at the higher decibel prepulses. The sense group is indicated by the 

light grey bars, and AS-treated rats are indicated by the dark grey bar. 

4.3  Effect of 14-day bilateral infusion into the mPFC of fully phosphorothioated 

synapsin II antisense sequence on development of behavioural abnormalities 

4.3.1 Effect of fully modified synapsin II AS sequence on prepulse inhibition 

A two-week infusion period of synapsin II antisense oligonucleotides into the 

mPFC of adult rats resulted in a slight, but non-significant (p>0.05), deficit in prepulse 

inhibition at the 71 dB and 77 dB prepulses. However, when compared to sense-treated 

animals at the 68 dB prepulse, no decrease in PPI was observed in AS rats (Figure 12).     
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4.3.2 Effect of fully modified synapsin II AS sequences on eight-arm radial 

maze performance 

All animals were tested on the 8-ARM for ten days post-surgery. Analysis 

revealed a non-significant effect of synapsin II knockdown on the first four arm entries 

(p>0.05), retroactive errors (p>0.05), and revisit errors (p>0.05).  

A one-minute delay period between the forced and free runs revealed a noticeable, 

yet non-significant (p>0.05), increase in the number of retroactive errors made by 

antisense-treated animals (Figure 13B). The same trend was observed between groups 

with respect to the number of revisits made in the free run (Figure 13C). Conversely, the 

number of correct responses made by AS animals did not differ from sense-treated 

animals (Figure 13A). Unlike the 1 minute delay, a 15 minute delay period did not result 

in any observable decrease in cognitive performance between sense and antisense treated 

groups (Figure 13). 
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Figure 13: Eight-arm radial maze performance. A. The number of correct responses 

during the first four arm choices made. Infusion of fully modified synapsin II antisense 

oligonucleotides for 14 consecutive days did not result in any significant results between 

groups (p>0.05), following both a 1 minute and 15 minute delay period. B. Total number 

of retroactive errors. With a 1 minute delay, a noticeable, yet non-significant increase 

(p>0.05) in retroactive errors was made by AS-treated animals when compared to sense 

animals. No trend was observed following a 15 minute delay (p>0.05). C. Total number 

of revisits to arms that were baited during the free choice run. Similar to the number of 

retroactive errors made, AS-treated animals undergoing the 1 minute delay demonstrated 

an increased, but non-significant, number of revisits. No such trend was observed 

following a 15 minute delay. The sense group is indicated by the light grey bars, and AS-

treated rats are indicated by the dark grey bar. 
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4.4  Effect of 14-day bilateral mPFC infusion of fully phosphorothioated synapsin 

II antisense sequences on cortical activity 

The two-week infusion of first-generation synapsin II antisense oligonucleotides 

into the rodent mPFC did not result in significantly altered cortical metabolic activity 

(p>0.05) (Figure 14). Metabolism of [18F]FDG in the cortex was assessed following 

cognitive stimulation with the eight-arm radial maze behavioural paradigm. Rats 

receiving the bilateral AS synapsin II knockdown solution displayed similar levels of 

[18F]FDG mean standard uptake values when compared to rats that received bilateral 

sense synapsin II solution (p>0.05) (Figure 15). Due to the nature of the study, baseline 

metabolic activity with no prior cognitive stimulation was unable to be observed.  
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Figure 14: [18F]FDG metabolism in the adult rat, assessed after cognitive stimulation 

with the eight-arm radial maze paradigm. Faint dots observable in the coronal images 

represent bilateral cannula implantations into the mPFC, in reference to bregma +2.7 

mm A/P; ± 1.5 mm M/L; -3 mm D/V. In the sagittal plane, the 3mm, 28 gauge 

stainless steel tube and cannulae are visible. A. [18F]FDG metabolism in a rat 

bilaterally infused with synapsin II negative control sense solution. B. [18F]FDG 

metabolism in rats bilaterally treated in the mPFC with synapsin II AS solution. Slight 

hypofrontality was observed in the antisense treated rats, relative to sense rats, as 

visualized by the lack of yellow and red ‘hotspots’ in the cortex (p>0.05).   
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Figure 15: [18F]FDG mean standard uptake values in the mPFC of rats 

bilaterally infused with sense or antisense solutions (n = 4/group). Uptake 

values can indicate metabolic activity and therefore, neuronal activity, 

within the brain region of interest. Following cognitive stimulation with the 

eight-arm radial maze paradigm, rats infused with the synapsin II antisense 

knockdown solution displayed minimal increase in mean uptake values of 

[18F]FDG (p>0.05) in comparison to animals infused with the synapsin II 

sense control solution. The mean uptake values do not, however, appear to 

correlate well with the PET/CT scans which showed slight prefrontal 

cortical hypofrontality in AS rats (Figure 14).  
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4.5 Effect of 14-day bilateral infusion of fully phosphorothioated synapsin II 

antisense sequences into the mPFC on development of biochemical 

abnormalities 

4.5.1 Effect of fully modified synapsin II AS sequence on protein expression 

levels of synapsin II 

 Immunoblotting results indicate a non-significant difference (p>0.05) in synapsin 

IIa and IIb expression, in the mPFC of sense and antisense treated animals (Figure 16). 

Interestingly, following 14 consecutive days of bilateral infusion, sense treated animals 

displayed a general, but non-significant, reduction of synapsin IIa and IIb expression 

relative to the group of rodents that received antisense infusions. Furthermore, levels of 

synapsin IIb were slightly elevated in both groups compared to synapsin IIa levels 

(p>0.05).  
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Figure 16: Normalized synapsin II protein expression levels in the 

mPFC following 14 consecutive days of bilateral infusion of fully 

phosphorothioated oligonucleotides. There were no significant changes 

in synapsin IIa and IIb expression levels between groups (p>0.05), 

although a slight reduction of protein expression was observed in sense 

treated animals relative to antisense treated animals. Synapsin bands 

were normalized to GAPDH (housekeeping gene). The sense group is 

indicated by the light grey bars, and AS-treated rats are indicated by the 

dark grey bar. 
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4.5.2 Effect of fully modified synapsin II AS sequences on striatal protein 

expression levels of parvalbumin 

Immunoblotting results demonstrate a non-significant difference (p>0.05) in 

striatal parvalbumin levels following bilateral infusion of synapsin II antisense sequences 

into the mPFC (Figure 17).   

 

 

 

 

 

   

 

 

 

 

 

Figure 17: Normalized parvalbumin protein expression levels in the 

striatum. No significant difference (p>0.05) in parvalbumin levels was 

observed in the striatum after two continuous weeks of bilateral infusion of 

fully phosphorothioated synapsin II antisense sequences into the mPFC, PV 

bands were normalized to GAPDH (housekeeping gene). The sense group is 

indicated by the light grey bars, and AS-treated rats are indicated by the 

dark grey bar. 
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4.6  Bilateral infusion of partially phosphorothioated synapsin II antisense 

sequences into the mPFC and its effect on development of behavioural 

abnormalities 

4.6.1 Effect of partially modified synapsin II AS sequence on prepulse 

inhibition  

PPI was measured both one week and two weeks following cannula implantation 

into the mPFC, using three different prepulse intensities: 68dB, 71dB, and 77dB. When 

assessed after one week of infusions, a non-significant trend was observed between 

groups at the 71dB prepulse intensity. Animals receiving infusions of either a single AS 

sequence or the cocktail of AS sequences displayed reduced percent inhibition (p>0.05) 

relative to the aCSF infused rodents. Sense treated rats demonstrated a sensorimotor 

gating ability that was slightly reduced relative to aCSF rats, but was slightly elevated 

when compared to both AS groups (Figure 18A). When startle response was assessed the 

following week, at the end of the two week infusion period, the previously observed trend 

did not hold. Animals in the AS groups displayed greater percent inhibition in comparison 

to the aCSF and sense groups (p>0.05) (Figure 18B). Data collected at the 68dB and 

77dB prepulse intensities revealed no significant difference and no observable trends 

between the groups (data not shown).  
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Figure 18: Percent prepulse inhibition measured at the 71dB prepulse intensity.        

A. One week after the start of infusions into the mPFC, animals treated with either a 

single AS sequence or a cocktail of AS sequences displayed reduced percent PPI 

relative to aCSF and sense infused animals (p>0.05). B. When assessed at the end of 

the continuous 14-day bilateral infusion, both AS groups displayed elevated percent 

PPI when compared to the control groups (p>0.05). No significant deficits or trends 

were observed at the other measured prepulses (p>0.05). The aCSF group is indicated 

by solid white bars, sense group is indicated by light grey bars, single antisense 

sequence group is indicated by the dark grey bars, and the cocktail of antisense 

sequences group is indicated by the checkered bars. 
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4.6.2 Effect of partially modified synapsin II AS sequence on locomotor 

activity 

One-way ANOVA analysis revealed no significant difference in total distance 

travelled between all four treatment groups at the one-week time point (p>0.05), when 

measured over 150 minutes (Figure 19A). Conversely, there was a significant increase in 

locomotor activity after two-weeks of infusion of a single synapsin II antisense 

oligonucleotide, compared to the sense control group (*p<0.05). Treatment with the 

cocktail of antisense sequences did not result in any significant hyperlocomotion (Figure 

19B).  
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Figure 19: Locomotor activity measured as total distance travelled in centimeters 

(cm). Total distance travelled in 150 minutes, excluding the first 30 minutes as 

habituation. A. Locomotor activity measured one-week following cannula 

implantation. No significant difference in locomotor activity was observed 

between both synapsin II antisense groups and controls (p>0.05), as determined 

by one-way ANOVA with Tukey’s post-hoc analysis. B. Locomotor activity 

measured two-weeks after cannula implantation. Animals infused with the single 

antisense sequence demonstrated significantly increased locomotor activity 

compared to the sense control group (*p<0.05). Treatment with the antisense 

cocktail solution did not result in hyperlocomotor activity (p>0.05). The aCSF 

group is indicated by solid white bars, sense group is indicated by light grey bars, 

single antisense sequence group is indicated by the dark grey bars, and the 

cocktail of antisense sequences group is indicated by the checkered bars.  
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4.7  Bilateral infusion of partial phosphorothioated synapsin II antisense 

sequences into the mPFC and its effect on development of biochemical 

abnormalities  

4.7.1 Effect of partially PS modified synapsin II AS sequences on protein 

expression levels of synapsin II 

Sub-chronic infusion of partially phosphorothioated AS oligonucleotides, either a 

single sequence or cocktail of two sequences, resulted in a slight but non-significant 

reduction of synapsin IIa expression when compared to animals infused with sense 

oligonucleotides (p>0.05). No differences in synapsin IIa protein expression were 

observed between the two AS groups (p>0.05). Control animals infused with aCSF 

displayed lower levels of the synapsin IIa isoform relative to the three experimental 

groups (p>0.05) (Figure 20A).  With respect to the synapsin IIb isoform, levels of protein 

expression were similar between all groups, and no trends were observable, as determined 

by one-way ANOVA with Tukey’s post-hoc test (p>0.05) (Figure 20B).  
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Figure 20: Synapsin II protein expression levels in the mPFC following 14 continuous 

days of bilateral infusion of partially phosphorothioated oligonucleotides. A. 

Normalized protein expression and western blot band visualization of the synapsin IIa 

isoform. A slight, but non-significant, decrease in protein expression was observed 

between the sense group and both AS treated groups (p>0.05). No difference in 

synapsin IIa expression was observed between animals infused with a single AS 

sequence or a cocktail of AS sequences (p>0.05). Control animals infused with aCSF 

displayed lower protein levels of the synapsin IIa isoform (p>0.05). B. Normalized 

protein expression and western blot band visualization of synapsin IIb isoform. There 

were no significant differences in synapsin IIb protein expression among all groups, as 

determined by one-way ANOVA with Tukey’s post-hoc test (p>0.05). The aCSF group 

is indicated by solid white bars, sense group is indicated by light grey bars, single 

antisense sequence group is indicated by the dark grey bars, and the cocktail of 

antisense sequences group is indicated by the checkered bars. 
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4.7.2 Effect of partially PS modified synapsin II AS sequences on protein 

expression levels of parvalbumin 

As determined by one-way ANOVA with Tukey’s post-hoc test, rodents infused 

with a single partially phosphorothiaoted antisense sequence displayed reduced levels of 

parvalbumin protein expression within the striatum (*p<0.05), relative to both control 

groups as well as the other experimental group (Figure 21). Levels of protein expression 

were similar between the remaining three groups (p>0.05).  
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Figure 21: Normalized protein expression and western blot visualization of 

parvalbumin protein expression in the striatum. Following medial prefrontal 

cortical infusion of partially phosphorothioated nucleotide sequences, rodents 

treated with a single antisense sequence displayed reduced levels of 

parvalbumin (p>0.05) in comparison to the remaining three groups. No 

difference in parvalbumin expression was observed between rodents that 

received two antisense sequences, relative to the negative control aCSF and 

sense groups (p>0.05). The aCSF group is indicated by solid white bars, sense 

group is indicated by light grey bars, single antisense sequence group is 

indicated by the dark grey bars, and the cocktail of antisense sequences group is 

indicated by the checkered bars. 
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4.8  Visualization of successful infusion into the medial prefrontal cortex 

Histological staining with Evans Blue dye visually confirmed the accuracy of 

surgical implantation of the cannula into the mPFC (Figure 22). Considering the area of 

dye diffusion, it is likely that AS infusion is highly localized within the mPFC and does 

not reach brain structures beyond the prefrontal cortex. Visualization of the dye occurred 

one week following implantation, and captured using a basic point-and-shoot camera.  

 

 

 

 

 

 

Figure 22: Visualization of infusion into the medial prefrontal cortex. Successful infusion 

into the target site as observed from a coronal slice obtained from an animal infused for 

one week with 2% Evans Blue dye into the medial prefrontal cortex. Corresponding 

illustration from the Rat Brain Atlas is displayed for anatomical reference (Paxinos and 

Watson 2006). The red dots on the illustration are a bilateral representation of the target 

site.  
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4.9  Assessment of local tissue following infusion of partially phosphorothioated 

synapsin II antisense oligonucleotides  

As previously mentioned, based on information that infusion of first generation 

AS oligonucleotides with full phosphorothioate modifications has induced toxicity and 

localized necrosis in vivo, it was anticipated that use of partially phoshorothioated 

sequences would not result in toxicity and necrosis of the brain tissue surrounding the 

infusion site. Throughout the 14-day infusion period, animals were visually evaluated for 

signs of illness and were weighed every other day to verify healthy weight gain and/or 

maintenance. No animals in the study experienced life threatening antisense-induced 

toxicity, unlike in previous studies conducted in our lab over the past several years (data 

not shown). Furthermore, visual observation of the brains collected suggests that necrosis 

did not occur in animals infused with the chimeric antisense oligonucleotide sequences 

(Figure 23). 
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Figure 23: Visualization of local brain tissue. Coronal slices obtained from animals 

infused for two weeks with partially phosophorothioated synapsin II antisense 

oligonucleotides reveal a lack of site-specific necrosis. Lesions indicating the 

location of bilateral cannula implantation can be clearly identified. In previous 

studies using full phosphorothioate modifications, the mPFC and PFC were 

occasionally uncollectable due to extreme tissue damage.  
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5. DISCUSSION 

5.1  Maternal separation during PD 14-23 is insufficient to induce schizophrenia-

like behavioural abnormalities throughout development 

The development of the mammalian brain is a dynamic process that begins with 

periods of overproduction of synapses, receptors, and neural connections. Immediately 

before birth, aggressive pruning of excess synapses occurs and continues through the 

transitional stages into adulthood (Andersen 2003). Within this lengthy timeframe, the 

brain is vulnerable to interruptions that can alter normal brain development and increase 

the likelihood of production of psychiatric diseases. The type of insult and when it must 

be administered are key factors to the manifestation of mental illnesses. Maternal 

separation is considered an adverse early life event, and is used in rats as a model of such 

experiences (Wang et al. 2015). Furthermore, a previous study from our laboratory 

determined the critical period in which an early-life knockdown of synapsin II results in 

the development of schizophrenia-like behaviours (Tan 2014), supplementing earlier 

studies from our laboratory which established that reduced levels of synapsin II protein 

correlate with the manifestation of schizophrenia-like behavioural abnormalities in both 

animals and patients with the disorder (Dyck et al. 2011; Tan et al. 2014). In order to 

verify the role of synapsin II knockdown during development, we sought to determine the 

effects of maternal separation in this study.  

With respect to the exact pre-weaning maternal separation timeline, pups were 

removed from their mothers during the period when a knockdown of the synapsin II was 
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shown to induce behavioural abnormalities (Tan 2014).  A maternal separation period of 

4 hours a day, for 9 days (PD 14-23) did not result in schizophrenia-like behavioural 

abnormalities when assessed for during pre-pubertal (PD 32-35) and post-pubertal (PD 

65-70) stages (i.e. no deficit in prepulse inhibition, no hyperactivity, no lack of social 

interaction, and no working memory impairment). 

Although the findings from the study demonstrate a lack of effect from our 

implemented maternal separation paradigm, other research groups have found that pre-

weaning environmental disturbances can lead to the emergence of schizophrenia-like 

behaviours reminiscent of those resulting from various accepted pre-clinical animal 

models of the disorder (Anglin, Cohen, and Chen 2008; Ellenbroek, van den 

Kroonenberg, and Cools 1998; Bouet et al. 2011; Wang et al. 2015). However, different 

phenotypes were observed with varying separation protocols. Studies that investigated the 

effect of a one-time separation of 24 consecutive hours at PD 9 found conflicting results 

(Ellenbroek, van den Kroonenberg, and Cools 1998; Lehmann, Pryce, and Feldon 2000). 

Conversely, rat pups that were deprived of their mothers for repeated separations of 3-4 

hours per day, for a minimum of 14 consecutive days between PD 1-21, consistently had 

schizophrenia-like abnormalities manifest in adulthood (Sanders and Anticevic 2007; 

Wang et al. 2015). Sub-chronic separation regimens including ours, occurring any time 

between PD 3-23, for a total of 36 hours were insufficient in inducing schizophrenia-like 

behavioural phenotypes, and thus, do not provide an accurate representation of an early-

life stressor (Shalev and Kafkafi 2002). While maternal separation undoubtedly is an 
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important risk factor in schizophrenia development, overall, our results support the 

proposed hypothesis and further suggest that any observed impairments in our 

preliminary synapsin II neonate model were due to the nature and timing of the 

knockdown.   

5.2  Maternal separation during PD 14-23 is insufficient to induce schizophrenia-

like biochemical abnormalities throughout development 

Sub-chronic maternal separation did not induce a reduction in synapsin II levels 

within the mPFC, nor did it result in a loss of function in dopaminergic, glutamatergic, or 

GABAergic prefrontal cortical signalling (data not included). Unlike the synapsin II 

neonate model which displayed decreased glutamate activity in the PFC, this maternal 

separation model does not present any construct validity for schizophrenia. The results 

lend further support to the hypothesis that this particular MS regimen did not contribute to 

the pathological changes observed in the neonatal synapsin II knockdown model. 

However, further research was required to account for the abnormalities observed by Tan 

(2014) regarding the negative control rats in the synapsin II neurodevelopmental model of 

schizophrenia., thus leading to Objectives 2 and 3 (Sections 2.2-2.3). 

5.3  Bilateral knockdown of synapsin II using fully phosphorothioated antisense 

sequences does lead to slight impairments in sensorimotor gating ability 

Impaired sensorimotor gating ability is commonly observed in patients with 

schizophrenia, as measured using the prepulse inhibition test (Braff and Geyer 1990; 
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Braff, Geyer, and Swerdlow 2001). Reduced PPI is also seen in animal models of 

schizophrenia, and can be attenuated with antipsychotic drug treatment (Braff, Geyer, and 

Swerdlow 2001; Daya et al. 2014). PPI can be assessed using a number of sensory 

modalities, including visual, tactile and auditory (Braff, Geyer, and Swerdlow 2001). For 

the purpose of this thesis, acoustic startle response was measured using three different 

prepulse intensities: 68dB, 71dB, and 77dB, followed shortly after by a startle pulse 

stimulus of 120dB. PPI measures the ability of the prepulse to reduce the startle 

magnitude in response to the pulse stimulus. Stronger prepulse stimuli tend to induce 

greater levels of inhibition or lower startle responses. When sensorimotor gating ability is 

impaired, as in schizophrenia, the preceding prepulse has little to no effect on the startle 

magnitude to the pulse stimulus.  

Rodents that received two weeks of continuous infusion of synapsin II antisense 

sequences into the medial prefrontal cortex displayed reduced, but non-significant, PPI 

when compared to negative control animals infused with sense sequence. Therefore, site-

specific knockdown of synapsin II within the mPFC, using fully phosphorothioated 

antisense sequences, does appear to affect the underlying circuitry responsible for PPI 

response. The lack of significance in results can likely be attributed to a small sample size 

(n=4/group), and a large variance in standard error of means within each group.  
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5.4  Bilateral knockdown of synapsin II using fully phosphorothioated antisense 

sequences disrupts working and reference memory 

The eight-arm radial maze behavioural paradigm is most often used as an indicator 

of working and reference memory performance in murine animals (Bardgett et al. 2008). 

Patients with schizophrenia are unable to successfully complete a virtual radial arm maze, 

similar to that used in rodents, and also demonstrate impaired working and reference 

memory (Spieker et al. 2012). In this study, a delayed win-shift procedure of the 8-ARM 

was utilized to examine working and reference memory, as well as executive functioning, 

in rats that received synapsin II antisense sequences in the mPFC.  

The healthy rat can successfully perform the 8-ARM paradigm, making few 

working and reference memory errors while correctly choosing to only enter those arms 

baited with treats. Rats treated with synapsin II AS solution performed poorly in the 8-

ARM, in comparison to the negative control, sense treated rats. Although there was no 

difference between the two groups in terms of the number of correct choices, AS rats 

made a noticeable, yet non-significant, increase in the number of retroactive errors and 

revisits to arms previously baited. Results therefore suggest that the knockdown of 

synapsin II within the medial prefrontal cortex interferes with executive functioning, a 

mental process dependent on the mPFC. An increase in retroactive and revisit errors can 

infer impaired reference and working memory, respectively. Furthermore, these cognitive 

abnormalities were observed only following a 1 minute delay period, and not the 15 

minute delay, between the forced and free runs, implying a disruption in short-term 
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memory retrieval. Additional studies are required to bolster the sample size (currently 

n=4/group), which may increase the likelihood of significance, and help strengthen the 

link between reduced synapsin II in the mPFC and expression of cognitive deficits in 

schizophrenia.  

5.5  Bilateral knockdown of synapsin II using fully phosphorothioated antisense 

sequences does not affect cortical activity 

Metabolic dysfunction has been commonly observed in patients with 

schizophrenia, while assessment of brain metabolic function using PET/CT fused imaging 

in a live rodent model of schizophrenia is less common (Daya et al. 2014). Many 

neuroimaging studies have implicated abnormalities in dorsolateral prefrontal cortical 

activation in schizophrenia, with cortical hypofrontality being the most commonly 

observed phenotype in patient populations although hyperfrontality has also been 

observed (Callicott et al. 2003; Daya et al. 2014). It was therefore of interest to examine 

the effect of reduced levels of synapsin II in the mPFC on cortical activity.  

Following cortical activation using the eight-arm radial maze, PET/CT fused 

imaging demonstrated that AS infused rodents did not show hypofrontality or 

hyperfrontality in comparison to the negative control sense group. Several clinical studies 

have also found negative results, wherein patients show neither over- nor under-activation 

(Curtis et al. 1999; Volz et al. 1999). However, these findings are grossly outnumbered by 

hypofrontality and hyperfrontality studies, suggesting that our negative findings are likely 

due to extrinsic factors including performance differences between groups, and 
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experimental design (Callicott et al. 2003; Kraguljac, Srivastava, and Lahti 2013). 

Furthermore, given the finding that levels of both synapsin II isoforms were not reduced 

in antisense animals, and were actually higher than that of control sense rats, it stands to 

infer that altered brain activation and metabolic function would not be observed in this 

study.  

PET and CT imaging is a valuable tool when studying live animals, as it combines 

the functional measurements of tissue metabolism from PET imaging with the anatomical 

reference obtained from CT imaging. When used in live animals, the fused imaging 

method ensures accurate localization of functionally aberrant tissue, and allows for 

increased translatability, live animal analysis, and ease of measurement (Daya et al. 

2014). The advantages of PET and CT fused imaging render this technique more 

favourable to identify abnormalities in cortical function in the live animal. To our 

knowledge, if synapsin II reductions had occurred, this would have been only the second 

study to model cortical hypofrontality and/or hyperfrontality, using PET imaging, in the 

live rat. Further studies are required to better determine whether synapsin II knockdown 

in the mPFC results in hypo- or hyperfrontality.  

5.6  Bilateral 14-day infusion of antisense sequences into the medial prefrontal 

cortex did not result in reduced expression of synapsin II 

For almost three decades, antisense oligonucleotides have been used as an 

effective and cost efficient means to modify specific gene expression both in vivo and in 

vitro (Scanlon et al. 1995). Oligonucleotide sequences are prone to degradation in vivo, 
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and can be stabilized using modifications such as replacing the existing phosphodiester 

bonds with phosphorothioate bonds. With regards to synapsin II and schizophrenia, our 

lab has shown that use of fully phosphorothioated synapsin II antisense sequences in the 

mPFC does induce biochemical and behavioural abnormalities, similar to those seen in 

patients and other animal models of the disorder (Dyck et al. 2011). Due to recent 

discrepancies in our studies attempting to replicate previous findings, we sought to 

confirm the validity and reliability of this knockdown technique and the use of control 

sequences.  

Bilateral infusion of synapsin II antisense solution into the mPFC for 14 

consecutive days did not yield a synapsin II knockdown in the region of interest, nor the 

surrounding neural areas including the PFC and the striatum (data not included). Results 

imply that the lack of reduction in synapsin II protein expression levels can account for 

the absence of schizophrenia-like symptoms noted in these rodents. Interestingly, rats 

infused with the negative control, sense oligonucleotides, displayed a slight decrease in 

synapsin II levels relative to the antisense treated animals (p>0.05). Taken together, it can 

be concluded that the AS oligonucleotides were ineffective at inhibiting the translational 

process, although the precise reasoning behind the lack of effect remains unknown.  

The most likely of reasons stems from the toxicity that has been associated with 

first generation, fully phosphorothioated oligonucleotide sequences. As noted earlier, an 

undesirable feature of such oligonucleotides is their ability to bind non-specifically to 

proteins such as heparin-binding proteins, resulting in cellular toxicity (Kurreck 2003). 
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The presence of phosphorothioated DNA oligonucleotides has also been shown to alter 

normal clotting cascade functioning (Kurreck 2003), while sequences comprised entirely 

of PS linkages have induced localized necrosis (Guzowski et al. 2000; Widnell et al. 

1996). Similar observations were made when sacrificing and collecting brain tissue from 

our rodents. In several AS infused rats, blood clots were visible in the medial prefrontal 

cortical region, and the tissue was necrotized (images not shown). It is possible that the 

oligonucleotide induced cell death prevented synapsin II knockdown in the mPFC, and 

therefore, led to the lack of manifestation of schizophrenia-like abnormalities in the 

rodents. It is of interest to note that the negative control group, infused with synapsin II 

sense oligonucleotides, also displayed localized necrosis although to a much lesser extent 

that seen in antisense infused rodents (images not shown). This finding may explain the 

reduction, albeit non-significant, in synapsin II levels in the sense group. 

Considering the possibility of cellular toxicity with the use of phosphorothioated 

oligonucleotide sequences, other research groups have chosen to utilize chimeric 

phosphorotioate/phosphodiester linked sequences, and have found few disadvantages. 

Regarding our current study, further research was required to better assess the use of a 

partially modified synapsin II antisense oligonucleotide and determine its efficacy, 

potency, and toxicity.  
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5.7  Bilateral 14-day infusion of antisense sequences into the medial prefrontal 

cortex did not result in reduced striatal expression of parvalbumin  

The use of completely PS-modified synapsin II antisense oligonucleotides did not 

result in reductions of subcortical parvalbumin expression. Striatal tissue was easily 

collected in both sense and AS treated rats, allowing for more accurate immunoblotting 

unlike some of the necrotized mPFC tissue samples that were obtained. Thus, it was 

deduced that our lack of findings was not influenced by cell death within the striatum.  

Given the negative results observed in Section 5.5 regarding synapsin II protein 

expression in the mPFC, it was expected that PV expression would also not be affected. 

Until recently, the majority of studies investigating the cognitive deficiencies of 

schizophrenia have focused on the PFC and the hippocampus (Simpson, Kellendonk, and 

Kandel 2010). Indeed, it has been established that PV-regulated gamma oscillatory waves 

in the DLPFC are required for working memory and cognitive control (Bartos, Vida, and 

Jonas 2007) Despite its role in motor control, longstanding evidence has implicated the 

striatum and its cortical connections as having a possible role in the development of the 

prodromal symptoms of schizophrenia (Simpson, Kellendonk, and Kandel 2010). Striatal 

activation has been observed in healthy human subjects while they perform the Wisconsin 

Card Sorting Test, a test that assesses attentional set shifting and flexibility in thought 

(Rogers et al. 2000). Furthermore, research from the 1960s first demonstrated that 

lesioning the striatum of monkeys and murine animals resulted in cognitive performances 

that bore resemblance to the alterations seen in animals with PFC lesions (Battig, 
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Rosvold, and Mishkin 1962; Chorover and Gross 2010). Additional clinical and pre-

clinical studies conducted over the past two decades have continued to theorize the role of 

the STR in modulating motor control, learning, and formation of complex behaviours 

including executive functioning (Simpson, Kellendonk, and Kandel 2010). Therefore, 

striatal PV protein expression may help mediate the region’s ability to control working 

memory and executive functioning performance.  

5.8  Bilateral knockdown of synapsin II in the medial prefrontal cortex, using 

chimeric antisense sequences leads to transient impairments in prepulse 

inhibition 

Prepulse inhibition is a commonly used, reliable, valid, and highly translatable 

tool in preclinical schizophrenia research. Due to the strong face validity of the paradigm, 

assessing for deficits in sensorimotor gating was critical when testing the efficacy of our 

newly designed chimeric PS/phosphodiester oligonucleotides.  

Results demonstrate that, one week following infusion of partially modified 

oligonucleotide sequences, a reduction in PPI occurred with antisense treatment (p>0.05), 

in relation to both negative control aCSF and sense groups. While infusion with sense 

oligonucleotides did not yield similar results to our alternate control aCSF group 

(p>0.05), percent PPI was slightly elevated when compared to both antisense infused 

groups. Despite a lack of significance, the findings suggest that the chimeric antisense 

and sense oligonucleotides differ in their functionality. However, when PPI was assessed 

at the end of the 14-day infusion period, the trend was no longer observed. Levels of PPI 
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were comparable amongst all groups (p>0.05), suggesting that external factors may have 

affected the PPI paradigm, or the knockdown effect had worn off by this time point. 

In assessing rodent PPI, there are several factors known to influence results: 

gender, age, and animal handling (Swerdlow et al. 1995). Sex-specific differences in PPI 

have been observed in patients with schizophrenia (Kumari 2011), although previous 

findings from our lab have demonstrated that gender does not influence sensorimotor 

gating ability in a synapsin II knockdown animal model of schizophrenia (Tan 2014). 

Furthermore, no difference in PPI in response to acoustic stimuli was noted between 

normal female and male Sprague Dawley rats (Shaikh and Schmid 2014). The age of the 

rodent, at time of testing, has also been shown to affect PPI results. Prepubescent rats tend 

to exhibit weaker and more variable PPI responses than adults (Braff and Geyer 1990). 

However, older rats should not be used as they may experience frequency-dependent 

hearing loss (Braff and Geyer 1990). Our cohort of adult, male Sprague Dawley rats 

weighed between 320-330 grams when PPI was tested, corresponding to 11 weeks in age, 

which can be associated with peak adulthood in these animals. Therefore, the lack of PPI 

seen following 14 days of continuous antisense infusions should not have resulted from 

any underlying age or gender influences. Improper animal handling can induce stress in 

the animals and significantly alter startle behaviour due to the sensitivity of PPI testing. It 

is believed, however, that minimal stress was induced in this cohort of animals, as 

precautions were taken to reduce anxiety caused by the presence of the researchers, the 

testing chambers, and the surgical process.  
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Instead, negative PPI results likely were due to the nature of the infused, partially 

modified oligonucleotides, where the internal portion of the sequence, only bonded via 

phosphodiester linkages, was vulnerable to nuclease degradation. Consequently, beyond 

the one week infusion point, it is possible that the infused oligonucleotides had degraded 

and therefore, were no longer effective at inducing RNAse H cleavage of the synapsin II 

mRNA. However, in vivo oligonucleotide stability is affected primarily by nucleolytic 

activity occurring as 5’ and 3’ exonuclease activity (Dagle et al. 1991). Thus, by 

including 3 phosphorothioate linkages at both the 5’ and 3’ oligonucleotide ends, there 

was a greater likelihood of inhibiting inter-nucleotide exonuclease degradation. Results 

from locomotor activity and immunochemistry testing will help supplement our 

understanding of the situation.  

5.9  Bilateral knockdown of synapsin II in the medial prefrontal cortex, using 

chimeric antisense sequences leads to excess locomotor activity  

Increases in total distance travelled over a set period of time, known as 

hyperlocomotion, have been observed in animal models of schizophrenia. 

Hyperlocomotion is often considered as an accepted model of the positive symptoms of 

schizophrenia, despite lacking face validity. However, excess locomotor activity is 

consistently observed across many established preclinical animal models of the disorder, 

and can therefore continue to be utilized for research purposes.  

 Locomotor activity was assessed in this cohort of animals both one- and two-

weeks following infusion of oligonucleotide sequences. Results from the one-week 
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analysis demonstrated that rodents infused with a single AS sequence traversed a greater 

distance than both control groups and rats that received the cocktail solution of two AS 

sequences (p>0.05). By the end of the 14 day infusion period, rats that received the single 

AS sequence displayed significantly more locomotor activity (*p<0.05) than the 

remaining groups. Combined, the results suggest that use of partially modified synapsin II 

antisense oligonucleotides is sufficient to induce some schizophrenia-like behavioural 

abnormalities. However, it was apparent that the effect of protein knockdown on the 

development of positive schizophrenic phenotypes was affected by the number of 

antisense oligonucleotide sequences infused.  

The cocktail solution, comprised of two overlapping synapsin II antisense 

sequences, was designed to knockdown both the synapsin IIa and IIb isoforms (Dyck et 

al. 2011). Theoretically, rodents infused with this solution should have presented with a 

more robust schizophrenic phenotype, given findings of reduced synapsin IIa and IIb 

isoforms in patients with the disorder (Chen et al. 2004a; Chen et al. 2004b; Mirnics et al. 

2000; Dyck et al. 2011). However, it appears that the two oligonucleotide sequences may 

have interfered with one another, hindering the synapsin II knockdown, and thus resulting 

in the normal locomotor activity observed in these rodents.   
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5.10  Bilateral 14-day infusion of chimeric antisense sequences into the medial 

prefrontal cortex resulted in a slight reduction of synapsin IIa reduction, but 

not the IIb isoform 

Our previously reported findings (Section 5.5) demonstrated that infusion of fully 

phosphorothioated antisense oligonucleotides was insufficient in reducing synapsin II 

levels within the medial prefrontal cortex. The lack of knockdown was attributed to 

localized necrosis due to toxic effects from oligonucleotides joined together entirely by 

phosphorothioate linkages. To minimize the harmful effects of first-generation antisense 

sequences, we designed a chimeric oligonucleotide, comprised of phosophodiester 

internal bonds and PS bonds between the first and last 3 nucleotides.  

Continuous bilateral infusion of these partially modified sequences into the mPFC 

resulted in a slight decrease (p>0.05) of synapsin IIa protein expression in rats that were 

treated with either a single or double antisense sequence, when compared to rodents that 

received negative control sense oligonucleotides. Expression levels of the synapsin IIb 

isoform were unchanged between all treatment groups. In post-mortem studies, mRNA 

and protein levels of synapsin IIa and IIb have been shown to be decreased in patients 

with schizophrenia (Tan et al. 2014; Chen et al. 2004; Chen et al. 2004; Mirnics et al. 

2000; Guest et al. 2010). Interestingly, our findings do not mimic earlier results reported 

by our lab, which demonstrated that infusion of first-generation antisense 

oligonucleotides led to a reduction of medial prefrontal cortical protein expression of 

synapsin IIa and IIb isoforms in Sprague Dawley rats (Dyck et al. 2011). It remains 
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unclear as to why this discrepancy in results was observed between studies conducted by 

the same research group.  

 Upon further investigation, we concluded that the difference in findings between 

our current research and that conducted by Dyck et al. (2011) may have resulted from a 

difference in coordinates used to locate the medial prefrontal cortex, relative to bregma. 

Using the initial coordinates obtained from Savelli et al. (1995), synapsin II antisense 

oligonucleotides were infused into the ventral portion of the mPFC for 14 consecutive 

days. The coordinates were as follows: +2.7 mm anterior; ± 1.5 mm lateral; and -4.0 mm 

ventral to the surface of the skull (Dyck et al. 2011). In this thesis, the reference 

coordinates differed only in the depth that the cannula was inserted: -3.0 mm ventral from 

the surface of the skull. The current set of coordinates was chosen as they better 

correspond to our region of interest. However, since the change was made, our lab has 

been unable to observe the development of schizophrenia-like abnormalities to the same 

extent as was seen by Dyck et al. (2011). It was noted that, at a depth of 4.0 mm, the 

cannula appeared to be probing the dorsal portion of the corpus callosum.  

Of the many brain regions that have been implicated with schizophrenic 

disturbance, the corpus callosum is not a common one. However, as the largest 

connecting tract within the human brain, and with key roles including integrating 

information and inter-hemispheric transfer, it is highly probable that abnormalities in the 

corpus callosum will impinge on other cortical structures (David 1994; Arnone et al. 

2008). A meta-analysis of magnetic resonance imaging studies confirmed that patients 
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with schizophrenia display reduced corpus callosal areas in comparison to healthy 

subjects. Callosal atrophy was largest in acute, antipsychotic-naive cases of 

schizophrenia, and lesser so in chronic cases of the disorder (Arnone et al. 2008). 

Although the full extent of its involvement in schizophrenia development remains 

unclear, impairments to the callosum, whether by synapsin II knockdown or cannula-

mediated tissue damage, may play a critical role in disease manifestation.   

Another possible reason for the observed discrepancies in synapsin II knockdown 

may be a change in nucleotide sequence synthesis. As stated earlier, the utilized synapsin 

II sense and antisense oligonucleotides are synthesized and acquired from IDT 

(Coralville, IA, USA). Oligonucleotides are received in a dehydrated form, to be 

reconstituted prior to use. In recent years, the company has stated that their method of 

synthesis has changed in a manner that significantly reduces the final yield of product. 

While a reduction in oligonucleotide yield should not cause toxicity, the altered method 

of synthesis may be more prone to contamination at certain procedural time points. 

However, all IDT synthesized oligonucleotides are analyzed via mass spectrometry to 

ensure the presence of purified product. It is therefore interesting that the observed 

discrepancies in our synapsin II antisense model seem to coincide with use of these 

differently synthesized oligonucleotides.  
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5.11  Bilateral 14-day infusion of chimeric antisense sequences into the medial 

prefrontal cortex resulted in reduced striatal parvalbumin expression 

In our earlier objective, we were unable to observe differences in striatal PV 

protein expression following infusion of synapsin II AS oligonucleotides linked entirely 

by PS bonds (Section 5.6). Negative results were attributed to a lack of synapsin II 

knockdown in the mPFC due to localized necrosis. It was anticipated, therefore, that after 

redesigning our oligonucleotide sequences to minimize toxicity, changes in PV levels 

would occur within the STR in association with any alterations in synapsin II expression 

in the mPFC.  

Results demonstrate a significant reduction of PV expression in the STR of 

rodents that received two continuous weeks of single AS sequence infusion into the 

mPFC (n = 2). Interestingly, animals that were infused with two AS sequences displayed 

levels of PV similar to those observed in rats treated with aCSF or synapsin II sense 

oligonucleotides. To our knowledge, this is the first study that has found lowered PV in 

the STR of an animal model of schizophrenia. Future studies are required to increase the 

sample size and to confirm the presence of reduced striatal PV expression. 

The striatum is anatomically and functionally linked to the mPFC via parallel 

associative loops which project directly between the two regions.  In rodents, this loop 

connects the mPFC with the dorsomedial STR, while the homologous loop in humans 

bridges the DLPFC to the dorsal striatum. Consequently, spatial working memory and 

attentional processing deficits can be induced by lesions to either the PFC or the dorsal 
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STR (Simpson, Kellendonk, and Kandel 2010). Collectively, research suggests that 

human and rodent working memory and executive functioning is jointly mediated by the 

PFC and STR. Whether disturbances in the PFC drive striatal dysfunction, or vice-versa, 

remains unknown.  

It was initially postulated that dopaminergic signalling from the striatum may alter 

cognitive information received from the cortex (Simpson, Kellendonk, and Kandel 2010). 

Increased expression of D2 and subsequent dopamine transmission in the STR may 

indirectly regulate cortical activity via the thalamus (Figure 1B). Hyperfunctioning of the 

STR could arise prematurely in schizophrenia manifestation, accounting for the 

observance of prodromal cognitive deficits, followed by a compensatory reduction of DA 

expression in the PFC during development (Simpson, Kellendonk, and Kandel 2010). 

However, cognitive deficits persist following blockade of D2R using antipsychotic drugs, 

suggesting that alternate neurotransmitters are involved in these processes (Howes and 

Kapur 2009; Simpson, Kellendonk, and Kandel 2010). In early synapsin II neonate and 

adult models of schizophrenia, only protein levels of glutamate and GABA transporters 

were lowered in the cortex. It is further proposed that reduced synapsin II expression in 

the mPFC results in disrupted glutamate transmission downstream to the caudate/STR. 

We postulate that synapsin II-induced glutamate dysfunction in the STR may play a 

causal role in the manifestation of the cognitive deficits of schizophrenia. The reduction 

of NMDA transmission can decrease striatal PV interneuron activity, therefore preventing 

PV-mediated inhibition of excitatory pyramidal cells and gamma oscillation formation, 
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leading to the development of impaired working memory (Section 1.1.3.4) (Rotaru, 

Lewis, and Gonzalez-Burgos 2012). Hypoglutamatergic activity combined with 

hyperdopaminergic activity in the STR can also result in reduced GABAergic function 

within the region, and subsequent decrease of glutamatergic signalling back to the cortex 

via the direct (D1) and indirect (D2) basal ganglia pathways.  

Our proposed mechanism of action provides an alternate perspective to the 

pathophysiology of schizophrenia and the manifestation of prodromal cognitive 

symptoms. Future research is required to better elucidate the role of PV and how it may 

be affected by reduced synapsin II expression.   

5.12  Confirmation of infusion location and assessment of toxicity of chimeric 

phosphorothioate/phosphodiester oligonucleotide sequences  

 Histological analysis demonstrated that the coordinates utilized during 

stereotactic surgery corresponded correctly with the medial prefrontal cortex. Evans Blue 

dye (2%) was infused into the mPFC via the implanted bilateral cannula, and visualized 

upon brain sectioning. The dye had not diffused into the surrounding regions.  

Furthermore, visual assessment of the surrounding tissue demonstrated that use of 

chimeric PS/phosphodiester oligonucleotides provided a safer toxicological profile than 

nucleotide sequences that were linked entirely with PS bonds. Collectively, our findings 

reaffirmed that these partially modified oligonucleotide sequences were infused directly 

into the brain region of interest and did not cause excess harm, therefore eliminating 
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improper localization and toxicity as reasons for the lack of synapsin II knockdown 

observed in the mPFC. 

5.13  Future Directions 

Although our findings lend some support to the concept of a causal role of 

synapsin II in the pathophysiology of schizophrenia, and provides a safer method of 

reducing synapsin II protein expression in murine animals, further research must be 

conducted prior to our development of a novel, pre-clinical animal model of 

schizophrenia. Of utmost importance, the stability of our newly designed, partially 

phosphorothioated oligonucleotide sequences must be assessed to determine if any in vivo 

degradation occurred. Sense and AS sequences previously removed from the mini-pumps 

will be run on an agarose gel to observe for the production of a single band or multiple 

bands, indicating that degradation did not or did occur, respectively. Fresh sequences that 

had never been infused in vivo will be utilized as a control. 

Following confirmation of oligonucleotide stability, future studies will be 

performed using sequences with phosphorothioate caps on the first and last three 

nucleotides, and phosphodiester internal linkages. These studies will involve in the 

infusion of synapsin II antisense oligonucleotides into the ventral mPFC, using the 

coordinates listed by Dyck et al. (2011): +2.7 mm anterior; ± 1.5 mm lateral; and -4.0 mm 

ventral to the surface of the skull. By conducting experiments using our lab’s previous 

coordinates, we will hopefully gain a better understanding of site-dependent synapsin II 

knockdown in the manifestation of schizophrenic-like abnormalities. Findings from such 
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a study will confirm whether previously observed schizophrenic behaviours were a result 

of infusion into the dorsal region of the corpus callosum, and the more ventral region of 

the mPFC (Dyck et al. 2011). Once the efficacy of the oligonucleotides and the 

knockdown effect has been confirmed, we will be able to reassess the effects of a 

synapsin II mPFC knockdown in neonates. Considering the safer toxicological profile of 

the partially phosphorothioated sequences, it is likely that we will see more accurate 

results that are truly indicative of the administered treatments. 

In light of our findings of reduced striatal PV in synapsin II AS infused rats, 

further studies must be performed to better elucidate the relationship between synapsin II 

and subcortical GABAergic signalling, and its influence on the manifestation of the 

cognitive symptoms of schizophrenia.  

6. CONCLUSIONS 

1. We provide evidence that sub-chronic, pre-weaning maternal separation is 

insufficient to cause schizophrenia-like changes throughout development. 

Separating pups from their mother, but not their littermates, for 9 days, between 

PD 14-23, for 4 hours a day, does not lead to behavioural abnormalities 

reminiscent of those seen in other animal models of schizophrenia. These findings 

are crucial to future neurodevelopmental studies that further investigate the effects 

of early-life synapsin II reduction in the medial prefrontal cortex. The surgical 

procedure and infusion of antisense oligonucleotides coincides with the PD 14-23 

timeframe, as synapsin II is maximally expressed in rodents by PD 14. Our 
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negative results eliminate maternal separation as a confounding factor in the novel 

developmental animal model of schizophrenia.  

 

2. Knockdown efficacy when using first-generation oligonucleotides is dependent on 

the amount of phosphorothioate bonds used to stabilize the DNA sequence. We 

find that infusion of synapsin II antisense sequences containing PS linkages 

between every nucleotide, has harmful side-effects that hinder the knockdown 

effect via localized tissue death. No abnormal schizophrenic-like behaviours are 

observed, nor is there a reduction of synapsin II in the mPFC when using fully-

phosphorothioated antisense sequences. Instead, we observe a safer and more 

efficacious profile with partial oligonucleotide phosphorothioation. Stabilizing the 

initial and terminal 3 nucleotides of the synapsin II sequence, while maintaining 

the native internal composition, results in slightly reduced levels of medial 

prefrontal cortical synapsin II protein expression and increased locomotor activity 

in antisense rats. Future studies can assess for face, construct, and predictive 

validity, in hopes of developing a novel and more comprehensive animal model of 

schizophrenia.   

 

3. We present novel evidence of reduced parvalbumin expression within the striatum 

of an animal model of schizophrenia. Additional analysis of striatal PV levels is 

currently underway in tissue samples obtained from successful synapsin II 

knockdown rats (Dyck et al. 2011), to assess for further construct validity in this 
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disease model. Further research is required to strengthen any findings from the 

synapsin II knockdown model of schizophrenia. The striatum has long been 

considered a region of motor control, but has also been implicated in the 

regulation of complex cognitive function. Based on existing evidence that working 

memory and cognitive control in the DLPFC is modulated by PV-mediated 

gamma oscillations, it can be inferred that PV plays a similar role in the striatum. 

Reduced synapsin II may down-regulate glutamatergic and PV activity in both the 

PFC and STR, contributing to the development of impairments in complex 

cognitive ability. Future studies can investigate the function of striatal 

parvalbumin and its link to the manifestation of cognitive deficits in 

schizophrenia, in hopes of identifying novel therapeutic targets for treatment of 

the prodromal symptoms that currently go untreated with present-day 

antipsychotic drugs.  
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