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Abstract 

Schizophrenia (SCZ) is a psychiatric disorder that, despite a high prevalence (1% population 

worldwide) and burden of disease (1% global burden of disease), has a poorly understood 

etiology. While symptoms of SCZ typically manifest during adolescence and early adulthood, 

there is a substantial body of research linking prenatal events (e.g. early infection) to one’s risk 

for developing SCZ. Human post-mortem analyses have suggested perineuronal nets (PNNs) as a 

potential biomarker for SCZ, as PNNs are deficient in a number of disease-specific regions of 

SCZ patients. PNNs, which surround parvalbumin positive (PV) inhibitory interneurons, 

typically mature during late adolescence and early adulthood when SCZ symptoms often first 

present. As such, I sought to examine whether a developmental PNN deficit is present in a 

maternal immune activation model of SCZ in rats. 

Long-Evans rat dams were treated at gestational day 15 with polyriboinosinic-polyribocytidilic 

acid (PolyI:C) to induce a strong maternal immune response. The litters were carried to birth and 

offspring allowed to develop to postnatal days 7 (PND7), 21, 35, and 90. I used histochemistry to 

assess PNNs, staining with the lectin Wisteria Floribunda Agglutinin, and examined their 

integrity using epifluorescent and confocal microscopy across a number of brain regions: frontal 

association cortex, prelimbic cortex, reticular thalamic nucleus, primary auditory cortex, 

amygdala, and the dorsal and ventral hippocampus.  Additionally, I stained for microglia (anti-

IBA1) and astrocytes (GFAP) as well as PV interneurons (anti-PV) to assess immune activation 

and PV neuronal integrity respectively. 

Consistent with previous research, I find that PNNs increase throughout postnatal development 

in all regions examined. During adolescence a deficit emerged in the number of PNNs in both 

the frontal association cortex and medial prelimbic cortex of PolyI:C treated animals. I did not 
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however replicate previous human studies showing PNN associated dysfunction in the primary 

auditory cortex or amygdala. My examination of PV+ interneurons also showed developmental 

effects of reduced PV+ interneurons within the basolateral amygdala and a trend towards a 

reduction in the frontal association cortex. I found that there were no differences in microglial 

cell density and only minor changes to GFAP immunoreactivity, neither of which were 

associated with the PNN deficits in the prefrontal cortex. 

Remarkably, this study shows that a prenatal immune challenge event can result in deficits in 

PNNs that are not apparent until much later in development during adulthood. Furthermore, my 

results add to the list of shared pathological features between the PolyI:C model and SCZ itself, 

as PNNs are disturbed in the prefrontal cortex in both. PNNs along with PV+ interneurons are 

important regulators of critical windows of heightened plasticity during development. A deficit 

in PNNs could lead to a permanent pathological upregulation of structural plasticity into 

adulthood, as well as PV interneuron and cortical inhibitory network dysfunction. These deficits 

may contribute to a number of behavioural symptoms that appear within the same developmental 

periods, many of which are associated with the prefrontal cortex.   
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1. Introduction 

1.1 Introduction to Schizophrenia 

Schizophrenia (SCZ) is a devastating neuropsychiatric disorder characterized primarily 

by profound mental disturbances in the form of hallucinations and delusions. Twenty-six million 

suffer from the disorder worldwide and 60% will suffer life-long disability (Hor & Taylor, 2010; 

World Health Organization, 2014). Among individuals with SCZ, the average life expectancy is 

10-15 years shorter than the general population and 10% of those individuals will commit suicide 

(Miles, 1977; Caldwell & Gottesman, 1990; Laursen et al., 2012; Crump et al., 2013). In addition 

to the persistent burden this chronic disorder places on patients individually, it also accounts for 

about 1% of the global burden of disease which is considered a moderate to high factor in the 

worldwide burden (World Health Organization, 2014).  

While the presentation of SCZ is heterogeneous within patients, the incidence is largely 

consistent across cultural and ethnic groups (Ayuso-Mateos, 2002).  Patients’ symptoms 

generally fall into one of three clusters: the positive symptoms (e.g. hallucinations and 

delusions), negative symptoms (e.g. social isolation, avolition, anhedonia), and cognitive 

symptoms (e.g. impairments in working memory, sensory processing, and higher order 

cognition). Symptoms most typically begin to manifest during the late teens and early adulthood 

with a decline in incidence in the late twenties (Sham et al., 1994; Murray & Van Os, 1998). 

However, in recent years it has become widely accepted that certain subtle cognitive 

disturbances are present well before the first presentation of psychotic symptoms (Malla et al., 

1994; Jones, 1997; Klosterkötter et al., 2001; Liebermen et al., 2001; Perkins, 2004). 

1.2 Schizophrenia Pathology 
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Unfortunately, little is currently known about the underlying pathology that gives rise to 

SCZ. Much of our understanding stems from the observation that therapeutic drugs with known 

mechanisms alleviate symptom clusters of SCZ and inferences on pathophysiology are made 

based on those mechanisms. By this method one of the leading hypotheses of SCZ 

pathophysiology, the dopamine hypothesis, was suggested based upon the observed therapeutic 

efficacy of antipsychotic agents that act by blocking dopamine receptors in the brain (Van 

Rossum, 1967). However, the dopamine hypothesis and traditional antipsychotic medications 

cannot account for all the symptoms of schizophrenia. Several other hypotheses have been 

proposed, including the glutamate hypothesis, serotonin hypothesis, and GABA hypothesis 

(Wooley & Shaw, 1954; Gaddum & Hameed, 1954; Kim et al., 1980; Benes et al., 1996; Javitt et 

al., 2012). Each, like the dopamine hypothesis, is not a comprehensive explanation of the disease 

process. More recently it has been suggested that SCZ could arise from a disruption during 

development, giving rise to the neurodevelopmental hypothesis (Murray & Lewis, 1987; 

Weinberger, 1987). This idea has gained significant interest as a disturbance during these critical 

early stages could feasibly disrupt the developmental trajectories of multiple neurotransmitter 

systems and thus provide some coherence between other hypotheses (Butler et al., 1994). In 

support of this suggestion, several of the risk factors for developing SCZ that have been 

identified stem from early developmental time points such as maternal exposure to infection or 

stress, malnutrition before birth, and obstetrics complications (Xu et al., 2009; Brown & Derkits, 

2010; Lumey et al., 2011; Margari et al., 2011; Brown, 2012; Suvisaari et al., 2013).  

Despite our limited mechanistic understanding of SCZ, a number of pathophysiological 

features have been identified. Both imaging and post-mortem studies have identified that SCZ 

patients have impaired synaptic connectivity, delayed or dysfunctional maturation of cortical 
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inhibitory networks, and deficits in perineuronal nets (PNNs) in disease specific regions 

(McGlashan and Hoffman, 2000; Volk and Lewis 2002; Lewis et al., 2005; Stephan et al., 2009; 

Gonzalez-Burgos et al., 2010; Pantazopoulos et al., 2010; Mauney et al., 2013; Pantazopoulos et 

al., 2013; Seshadri et al., 2013; Volk and Lewis 2013; Pietersen et al., 2014). While other types 

of dysfunction have been identified (e.g. dopamine hyperactivity), these pathological features of 

the disease highlight the role of the inhibitory system and its importance in SCZ (for review see 

Lewis et al., 2011; Volk & Lewis, 2014). At the centre of this focus are parvalbumin positive 

(PV+) inhibitory interneurons, a particular subtype of interneuron defined by their expression of 

the calcium binding protein parvalbumin (Celio, 1990). PV+ interneurons have been shown in 

several studies to be lost or down-regulated at both the protein and mRNA level in SCZ brains 

post-mortem (Hashimoto et al., 2003; Mellios et al., 2009; Fung et al., 2010; Curley & Lewis, 

2012; Volk et al., 2012; Glausier et al., 2014). In SCZ, about 50% of PV+ interneurons entirely 

fail to express the synthesizing enzyme from the primary inhibitory neurotransmitter, GABA, 

called GAD67 (Hashimoto et al., 2003). Functionally, PV+ interneuron activity varies with 

network activity and during oscillatory activity can fire at rates up to ~120 Hz (Hu et al., 2014). 

This high frequency firing rate has been shown to be both necessary and sufficient for the 

generation of gamma oscillations (30-80 Hz) of cortical pyramidal neurons (Cardin et al., 2009; 

Sohal et al., 2009) Fittingly, gamma oscillations have been repeatedly shown to be perturbed in 

electrophysiological recordings from SCZ patients (Cho et al., 2006; Basar-Eroglu et al., 2007; 

Spencer et al., 2008; Farzan et al., 2010; Uhlhaas & Singer et al., 2010; Woo et al., 2010; Sun et 

al., 2011; Kirihara et al., 2012; Grutzner et al., 2013). PV+ interneurons also play crucial roles in 

the opening of critical windows such as is seen in the visual cortex, within which the cortical 

tissue undergoes dramatic structural and functional reorganization in response to activity 
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(Hensch, 2005; Takensian & Hensch, 2013). PV+ expression is highly upregulated prior to the 

opening of a critical window, and any disturbance of this maturation can delay or disrupt this 

trajectory (Del Rio et al., 1994; Maffei et al., 2010; Takesian et al., 2013). PV+ interneurons are 

also involved in the closure of critical windows and in this case it is the upregulation of 

perineuronal nets (PNNs) surrounding PV+ interneurons that signals stabilization (Pizzorusso et 

al., 2002; Gogolla et al., 2009; Takesian & Hensch, 2013).  

1.3 Perineuronal Nets 

PNNs are highly organized components of the extracellular matrix that surround the cell 

body, initial axon segment, and proximal dendrites of PV+ inhibitory interneurons (Brückner et 

al., 1993, 1996; Koppe et al., 1997; Kwok et al., 2010). The percentage of PV+ interneurons that 

have PNNs can vary greatly depending on region, but in some areas up to 90% of PV+ 

interneurons are surrounded by PNNs (Yamada et al., 2015). They have also been reported in 

smaller proportions surrounding other inhibitory interneuron subtypes (e.g. calrentin, calbindin) 

as well as sparsely on cortical pyramidal cells (Alpár et al., 2006; Morishita et al., 2015). These 

structures have been shown to play a variety of roles including surrounding and stabilizing 

synaptic structures, restricting plasticity, and in the maintenance of ion homeostasis of highly 

active PV+ interneurons (Hockfield et al., 1990; Brückner et al., 1993; Brückner et al., 1996; 

Hartig et al., 2001; Fox & Caterson, 2002; Pizzorusso et al., 2002; Berardi et al., 2003; Rhodes & 

Fawcett, 2004). Structurally, PNNs are composed of multiple ECM proteins including hyaluronic 

acid, chondroitin sulphate proteoglycans (CSPGs), tenascins, and link proteins (Celio & 

Blumcke, 1994; Carulli et al., 2007; Morawski et al., 2009; Kwok et al., 2010). In addition to 

these, PNNs can sequester a number of growth-promoting and -inhibitory factors within their 
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interlaced network (Celio & Blumcke, 1994; Pesold et al., 1999; Galtrey & Fawcett, 2007; 

Fawcett, 2009; Beurdeley et al., 2012; Vo et al. 2013).  

PNNs have been perhaps best studied in regards to their role in the stabilization of critical 

periods as their maturation coincides with the cessation of these heightened periods of plasticity. 

This has been well described in the visual system, where PNN expression increases throughout 

postnatal developmental and plateaus with the closure of ocular dominance plasticity within the 

primary visual cortex (Sur et al., 1988; Pizzorusso et al., 2002). PNN maturation has also been 

examined in several other modalities and been shown to protect and ensure permanence of 

learned behaviours, suggestive of their stabilization of critical period remodeling. For example, 

in the high vocal centre nucleus of the zebra finch song bird, the percentage of PV+ cells 

ensheathed in PNNs increases dramatically during the course of song learning and plateaus with 

song maturity (Balmer et al., 2009). In the amygdala, PNNs see their greatest upregulation 

during the same developmental period in which a dramatic shift in fear extinction phenotype 

occurs. Prior to PNN formation, learned fear memories can be entirely extinguished by 

retraining, but when learned as adults in the presence of PNNs these memories are robust to 

extinction (Gogolla et al., 2009). The formation of PNNs is also disturbed by manipulations that 

delay the closure of critical periods. Visual deprivation, whisker-trimming, and acoustic 

isolation, which starve critical windows of neural activity, have all been shown to disrupt the 

appropriate expression of PNNs (Sur et al., 1988; McRae et al., 2007; Balmer et al., 2009; Ye & 

Maio, 2013). Lastly, consistent with their role in heightened periods of plasticity, genetic 

knockouts of PNN components such as tenascin-R, cartilage-link protein 1 (ctrl1) or link protein 

can result in failure of PNNs to form and plasticity to be permanently upregulated into adulthood 

(Bruckner et al., 2000; Carulli et al., 2010; Romberg et al., 2013). 
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While the process by which PNN formation occurs is not entirely understood, many 

studies have begun to elucidate the complex signalling cascades of the critical period. The 

opening of the critical period is closely associated with the upregulation of factors like brain-

derived neurotrophic factor and orthodentricle homeobox 2 (Otx2) protein. Otx2 in particular is 

thought to be an essential regulator of the onset of the critical period, as it is captured and 

internalized just prior to the opening of the window (Sugiyama et al., 2008; Beurdeley et al., 

2012). With internalization, Otx2 enhances the expression of markers of PV+ cell maturation, 

including further PNN development. BDNF has also been shown to be an important regulator of 

the critical period. Genetic enhancement of BDNF triggers the critical period early in the primary 

visual cortex and direct BDNF infusion into the primary auditory cortex amplifies tonotopic map 

plasticity in response to pure tone exposures (Hanover et al., 1999; Huang et al., 1999; Anomal 

et al., 2013).  Conversely to this, blocking BDNF prevents critical period plasticity in both the 

visual and auditory modalities (Cabelli et al., 1997; Anomal et al., 2013). Stimulants of the 

inhibitory system like benzodiazepines, which act on GABAA receptors, can also trigger the 

critical period early (Hensch et al., 1998; Fagiolini & Hensch, 2000; Iwai et al., 2003; Fagiolini 

et al., 2004). 

Once matured PNNs stabilize and prevent further structural reorganization of the cortex. 

For example, monocular deprivation during the critical period of visual plasticity can cause loss 

of visual acuity in the deprived eye, called amblyopia, which persists throughout adulthood (Sur 

et al., 1988; Ye & Maio, 2013). However, the same manipulation has no effect when introduced 

after the critical period in the presence of mature PNNs and visual acuity remains intact (McRae 

et al., 2007; Sur et al., 1988). These stabilizing effects can be reversed by degradation of PNNs 

using targeted enzymes like chondroitinase ABC (ChABC), which cleaves constituent CSPG 
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chains of PNNs. Treatment with ChABC renders the mature visual cortex sensitive again to 

monocular deprivation, or in the case of previous deprivation the cortex can be reorganized with 

appropriate stimulation and visual acuity restored (Pizzorusso et al., 2002; 2006). Similarly, in 

the amygdala where fear extinction phenotypes are encoded, adult rats who are otherwise 

resistant to retraining of their fear memories can have them entirely extinguished by combined 

treatment with ChABC and retraining (Gogolla et al., 2009). 

1.4 Perineuronal Net Deficits in Schizophrenia 

Interest into the structural and functional role of PNNs has increased with the observation 

that PNNs are disturbed in SCZ. Studies in recent years have shown deficits in PNNs in the 

dorsolateral prefrontal cortex, olfactory epithelium, entorhinal cortex, and amygdala of SCZ 

patients brains post-mortem (Pantazopoulos et al., 2010; Mauney et al., 2013; Pantazopoulos et 

al., 2013; Pantazopoulos et al., 2015). These observations are of particular interest due to the 

coincidental developmental timeline of SCZ and PNNs. SCZ generally begins to manifest during 

the late adolescent and early adult periods of development, between the ages of 15-25. A study of 

healthy human post-mortem tissue has shown that this is also the age range within which the 

greatest increase in PNNs occurs, at least in the prefrontal cortex (Mauney et al., 2013). Animal 

studies from a variety of species and contexts also corroborate this timeline, showing that the 

largest upregulation of PNNs in multiple brain regions occurs during species-equivalent periods 

of late adolescence and early adulthood (Pizzorusso et al., 2002; Gogolla et al., 2009). In the 

seminal work that described PNN development in the human prefrontal cortex, it was also shown 

that adult SCZ patient’s brains post-mortem had a deficit in PNNs compared to matched controls 

(Mauney et al., 2013). This suggests that the overt manifestation of schizophrenia may be linked, 

at least temporally, to the maturation of PNNs and stabilization of the networks within which 
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they reside. It is of note that the prefrontal cortex where the deficit was observed is thought to be 

involved in a variety functions within the cognitive symptom cluster of SCZ, including executive 

functions, working memory, and planning (Roberts et al., 1998). Similar deficits in other brain 

regions of interest to SCZ including the olfactory epithelium, entorhinal cortex, and amygdala 

have been reported. Within the amygdala, several subnuclei were individually examined and it 

was found that the deficits were specific to certain subnuclei whereas others maintained control 

levels of PNNs (Pantazopoulos et al., 2010; 2015). Furthermore, the number of PV+ interneurons 

were unchanged in the amygdala and entorhinal cortex despite a diminished number of PNNs. 

Taken together, these suggest that the loss of PNNs observed in SCZ is not a global deficit, nor is 

it simply a loss of host PV+ interneurons (Mauney et al., 2010; Pantazopoulos et al., 2010; 

2015). 

The observation that PNNs are deficient above and beyond that of their close association 

with PV+ interneurons could provide some mechanistic understanding into several pathological 

features of SCZ. Firstly, PNNs have well defined roles in the healthy progression of critical 

periods, within which synaptic growth and later pruning occurs. Malformation of PNNs in SCZ 

could disturb this trajectory and contribute to the aberrant synaptic connectivity that is also 

observed in SCZ patient’s brains post-mortem (Do et al., 2015). During the critical period, as 

PV+ interneurons mature they respond rapidly to discordant sensory input and later induce a 

sequence of synaptic pruning in pyramidal cells (Bavelier et al., 2010; Takesian & Hensch, 

2013). This heightened period of pruning ends with the closure of the critical period 

coincidentally with PNN maturation. In SCZ it has been observed that dendritic spine number 

and density are reduced in a number of regions of interest, including the prefrontal cortex, 

superior temporal cortex and several subcortical structures (Garey et al., 1998; Roberts et al., 
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2005a,b; Kolomeets et al., 2005; Sweet et al., 2009; Moyer et al., 2012; Konopaske et al., 2014).  

Fittingly, spine deficits in a variety of animal models have been shown to have an impact on a 

number of SCZ-related symptoms such as impairments in working memory, attention, 

sensorimotor processing, and sociability (Liston et al., 2006; Cahill et al., 2009; Hains et al., 

2009; Brennaman et al., 2011). Disruption or malformation of PNNs could result in a prolonging 

of this otherwise healthy period of synaptic pruning and a destabilization of functional synaptic 

contacts. Not only do PNNs form physical barriers to the degradation of these synapses, but also 

have a variety of complex interactions with receptors (e.g. Nogo receptor) that can limit critical 

period plasticity (Dickendesher et al., 2012; Bochner et al., 2014).  

A wealth of research suggests a variety of forms of GABAergic and inhibitory 

dysfunction in SCZ patients, especially in the prefrontal cortex. Preventing the upregulation of 

PNNs during the critical period using ChABC has been shown to cause GABAergic inhibitory 

post-synaptic currents to stagnate in their immature form (Liu et al., 2013). This suggests that 

GABAergic receptor maturation is either dependant on or coincidental to the consolidation of 

PNNs and the disruption of the process can result in a persistently immature inhibitory system. 

Consistent with this, enzymatic degradation of PNNs with ChABC results in increased 

excitability of interneurons and can affect gamma oscillatory activity generated by PV+ 

interneurons, which is consistently reported to be dysfunctional in SCZ (Carter et al., 1998; Cho 

et al., 2006; Basar-Eroglu et al., 2007; Dityatev et al., 2007; Lewis & Gonzalez-Burgos, 2008; 

Spencer et al., 2008; Farzan et al., 2010; Uhlhaas & Singer, 2010; Woo et al., 2010; Sun et al., 

2011; Kirihara et al., 2012; Grutzner et al., 2013). Furthermore, direct ChABC infusion into the 

ventral hippocampus to remove PNNs has been to shown enhance hippocampal activity, increase 

dopamine system function, and augment locomotor responses to amphetamines, a phenomenon 
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also observed in SCZ patients (Shah & Lodge, 2013). Disruption of PNNs by other means can 

also disturb inhibitory function. Chronic treatment with the SSRI fluoxetine has been shown to 

downregulate PNNs, decrease perisomatic inhibitory puncta on pyramidal neurons in the medial 

prefrontal cortex and concurrently increase critical period plasticity markers (Giurado et al., 

2014). Chronic fluoxetine has been shown to enable fear erasure in adult mice in combination 

with extinction training similar to what has been reported after treatment with ChABC (Gogolla 

et al., 2009; Karpova et al., 2011).  

In a recent study it was shown that PV+ protein and mRNA expression decreased in areas 

where PNNs were degraded using ChABC (Yamada et al., 2015). This suggests that the loss of 

PNNs surrounding a host PV+ interneuron can result in decreased PV expression on that neuron. 

With regards to SCZ, while studies have consistently shown that while PV protein and mRNA 

levels are decreased few have found direct histological evidence of decreased cell numbers 

(Hashimoto et al., 2003; Mellios et al., 2009; Fung et al., 2010; Curley & Lewis, 2012; Lewis et 

al., 2012; Glausier et al., 2014). If a loss of PNNs is indeed an integral feature of SCZ, the 

hallmark loss of PV+ protein and mRNA expression without a decrease in actual cell number 

could be explained a deficit in PNNs.  

While the developmental trajectory as well as functional and structural role of PNNs 

point to them having some part to play in SCZ pathogenesis, there have also been significant 

limitations to furthering our understanding. One major obstacle to date is that human post-

mortem studies have only ever been able to examine individual end stage time points as tissue 

cannot be obtained earlier in development prior to a SCZ diagnosis. Considering the suspected 

developmental nature of SCZ, in particular PNN development, these studies can only provide a 

limited end-stage view point. Additionally, studies to date have only ever been able to examine a 
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limited number of brain structures. It is not yet known the full extent of the deficit in PNNs in the 

brain of SCZ patients and what other brain structures are affected beyond those already studied. 

Traditionally, the solution to these issues would be to turn to animal models of the disease to 

garner further understanding into potential human pathological processes. However, that is also 

problematic in that until recently it has proven difficult to create an effective model of 

schizophrenia due to the diversity of known risk factors, the breadth of symptoms, and unknown 

underlying pathology. 

1.5 PolyI:C Model of Schizophrenia 

In recent years one animal model that has had a significant impact in the field is the 

PolyI:C model of SCZ. PolyI:C is a maternal immune activation model whereby pregnant 

animals are treated with a synthetic double-stranded RNA analog called polyinosinic-

polyribocytodilic acid (PolyI:C; for review see Meyer & Feldon, 2012; Meyer, 2014). This 

treatment, in the form of a single injection, causes a profound immune response in the mother 

that is short-lasting with well characterized effects (Alexopoulo et al., 2001; Takeuchi & Akira, 

2007). This method of induction replicates epidemiological data suggesting that maternal 

infections during pregnancy can increase one’s offspring’s risk for developing SCZ (Brown, 

2012; Brown & Derkits, 2010). Treatment with PolyI:C during specific gestational periods has 

been shown in a both rodents and non-human primates to induce behavioural and cognitive 

deficits in the offspring, many of which are consistent with a SCZ phenotype (Meyer et al., 2009; 

Brown & Derkits, 2010; Brown & Patterson, 2011; Howland et al., 2012; Zhang et al., 2012; 

Sangha et al., 2014; Meyer et al., 2014; Meyer et al., 2012; Machado et al., 2015). This includes 

impairments in working memory, latent inhibition, behavioural flexibility, fear processing and 

object recognition. Additionally, PolyI:C treated offspring display enhanced social withdrawal 
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and isolation as well as augmented responses to amphetamines, similar to that of SCZ patients. 

Notably, the majority of these symptoms are not present during rearing or childhood but manifest 

in late adolescence and early adulthood similar to the onset of SCZ.  

In addition to their behavioural dysfunction, PolyI:C offspring also display a number of 

other shared pathophysiological features to that of SCZ patients. PolyI:C treated offspring have 

been shown to have more dopamine producing neurons in the ventral tegmental area, increased 

basal levels of dopamine and dopamine turnover (Ozawa et al., 2006; Winter et al., 2009; Li et 

al., 2014). Studies in vitro similarly show dopamine hyperactivity in PolyI:C as it has been 

reported that striatal slices from juvenile affected offspring have heightened dopaminergic 

release (Zuckerman et al., 2003). There is also evidence of shared immune system dysfunction 

between SCZ patients and PolyI:C treated offspring. PolyI:C is recognized via Toll-like receptor 

3 (TLR3) and is a potent activator of many inflammatory markers, including IL-1, IL-6, TNF-a, 

and interferons (Fortier et al., 2004b, Traynor et al., 2004; Gilmore et al., 2005). However, it has 

been shown that among these only maternal IL-6 is necessary and sufficient for the behavioural 

deficits observed in PolyI:C offspring (Smith et al., 2007). In SCZ, multiple studies have 

identified elevated levels of IL-6 (Ganguli et al., 1994; Maes et al., 1995; Lin et al., 1998).  

Heightened IL-6 levels have also been related to the duration of the disorder and treatment 

resistance, identifying IL-6 as a marker for poor long term outcomes (Ganguli et al., 1994; Lin et 

al., 1998). Interestingly, IL-6 has been shown both in vitro and in vivo to enhance dopaminergic 

signalling in the rodent brain (Hama et al., 1991; Zalcman et al., 1994).  

Another aspect of the PolyI:C that lends support to its validity as a model is the 

sensitivity of PolyI:C affected offspring to antipsychotic agents. Several studies have reported 

that treatment with the antipsychotic agents clozapine, risperidone, or haloperidol during the 
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adolescence of PolyI:C treated animals prevents the manifestation of behavioural deficits in 

adulthood (Meyer et al., 2010; Piontkewitz et al., 2012). The beneficial effects of antipsychotics 

also extend to the structural abnormalities of PolyI:C treated offspring, where both clozapine and 

risperidone can prevent the enlargement of the lateral ventricles and reduction in hippocampal 

volumes (Piontkewitz et al., 2012). These beneficial effects may be in part related to 

inflammatory cytokines like IL-6, as antipsychotic treatment has also been shown to reduce IL-6 

and soluble IL-6 receptors in human SCZ patients (Maes et al., 1995; Muller et al., 1997) 

One feature of this model that has yet to be explored is whether it also shares the PNN 

deficit that has been shown in SCZ patient’s brains post-mortem. If a PNN deficit is indeed an 

integral feature to SCZ dysfunction, models that share this pathology would provide an 

intriguing platform from which to examine PNNs exact role and how they contribute to the 

disorder. Only one previous study has examined PNN expression in an SCZ model in mice, the 

neonatal ventral hippocampal lesion model. These animals had reduced numbers of PNNs in the 

anterior cingulate cortex and displayed disturbed prepulse inhibition as well as potentiated 

prefrontal cortex responses to ventral tegmental area stimulation (Cabungcal et al., 2014). 

Interestingly these animals also had increased markers of oxidative stress and adolescent 

antioxidant treatment reversed both the PNN and behavioural deficits (for review of PNNs, 

oxidative stress & SCZ, see Do et al., 2015). While few studies have examined PNNs in SCZ 

models or PolyI:C specifically, several have observed PV+ interneuron disturbances in PolyI:C 

treated offspring. PolyI:C treatment alone does not appear to have an effect on PV+ 

development, but when treatment is administered to mutant Disrupted-in-Schizophrenia 1 

(DISC1) mice or co-administered along with peripubertal stress PV+ expression is dramatically 

reduced (Ibi et al., 2010; Giovanoli et al., 2014). Again, while treatment with PolyI:C doesn’t 
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decrease PV+ expression, it has been shown to decrease GAD67 expression on PV+ 

interneurons, similar to as has been shown in SCZ patients (Dickerson et al., 2014). 

1.6 Present Study: Perineuronal Nets in the PolyI:C Model of Schizophrenia 

The present study sought to determine whether the PolyI:C model has a deficiency in 

PNN formation, to identify when this disturbance may occur during development, and to 

evaluate the integrity of closely-associated PV+ interneurons. Utilizing an animal model of SCZ 

allowed us to ask several important questions not readily performed in human clinical studies. 

Firstly, I investigated the temporal profile of PNN and PV+ cell expression to determine if and 

when PNN and PV+ interneuron deficits emerge during development. To do this, I examined 

PolyI:C offspring and control treated animals at several developmental time points, including 

early infancy, adolescence, early adulthood, and as mature adults. These observations are crucial 

in understanding when anatomical disturbances in PNNs and PV+ interneurons emerge in 

relation to the manifestation of SCZ-like symptoms in these animals. Secondly, I examined a 

wide breadth of brain regions relevant to SCZ dysfunction (see Table 1), including the frontal 

association cortex, prelimbic cortex, reticular thalamic nucleus (RTN), primary auditory cortex, 

the basolateral amygdala (BLA), as well as both the dorsal and ventral hippocampus. The frontal 

association cortex is a region of the rodent brain involved in the integration of emotional and 

contextual information as well as a number of executive functions (Hebb et al., 1945; Nakayama 

et al., 2015). It is analogous to the human dorsal prefrontal cortex, which has been shown in SCZ 

to have deficient PNN formation, reduced GAD67 mRNA and protein expression as well as 

decreased cortical gray matter and dendritic spine density (Rajkowska et al., 1998; Glantz et al., 

2000; Guidotti et al., 2000; Gonzalez-Burgos et al., 2010; Curley et al., 2011; Mauney et al., 

2013). The medial prelimbic cortex is analogous to the medial prefrontal cortex in the human 
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brain. In rodents, it is associated with working memory, executive functions, and attentional 

control (Zahrt et al., 1997; Miner et al., 1997; Passetti et al., 2000). In SCZ patient’s brain post-

mortem, the medial prefrontal cortex has been shown to have reduced volume but increased cell 

density and elevated dopamine synthesis (Selemon et al., 1995; Lindström et al., 1999; Pomarol-

Clotet et al., 2010). The reticular thalamic nucleus is one of several thalamic nuclei that does not 

itself send direct projections to the cortex, but rather functions to organize and modulate the 

activity of other thalamic nuclei (Guillery & Harting, 2003; Ferrarelli & Tononi, 2011). Within 

the brain, it is entirely composed of GABAergic neurons and has one of the highest PV+ 

interneuron densities of all brain regions (Cowan et al., 1990; FitzGibbon et al., 2000). In rats, it 

has been shown that the nucleus is critical to sensorimotor gating and highly sensitive to 

pharmacological manipulations (Cochran et al., 2003; Krause et al., 2003; Troyano-Rodriguez et 

al., 2014). While the activity of the reticular thalamic nucleus is difficult to measure in humans, 

EEG recordings suggest it generates dysfunctional oscillatory activity in SCZ patients (Krause et 

al., 2003; Ferrarelli et al., 2010). The amygdala is a structure shared between both rodents and 

humans, and in both is involved in emotional processing, fear, and anxiety (Davis, 1992; 

Davidson, 2002; Gogolla et al., 2009). In human SCZ patients, there has been reported 

widespread dysfunction within certain sub-nuclei including total volume reduction, dopamine 

hyperactivity, and deficits in perineuronal nets (Reynolds, 1983; Lawrie & Abukmeil, 1998; 

Wright et al., 2000; Pantazopoulos et al., 2010; 2015). The primary auditory cortex is a region of 

interest to schizophrenia in that the hallucinations SCZ patients experience are primarily auditory 

in nature (Thomas et al., 2007). While PNNs have not been directly examined in this region, it 

has been shown that multiple genes encoding for components of PNNs, including CSPGs, are 

downregulated in SCZ patients (Pietersen et al., 2014). Additionally, genes encoding for 
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enzymes like ADAMTS-1 and -6 (a disintegrin and mettalopeptidase with thrombrospondin 

motifs) and MMPs (matrix matelloproteinases) which degrade PNNs and the ECM were 

heightened within the superior temporal cortex. Other studies of this region have also identified 

reduced dendritic spine density and reduced pyramidal cell soma size (Sweet et al., 2004; 2009). 

Lastly, I examined the hippocampus, a structure best known for its role in memory formation and 

retrieval (Cohen & Eichenbaum, 1993; McClelland et al., 1995; Norman & O’Reilly, 2003). SCZ 

patients show generalized dysfunction in multiple aspects of memory, including verbal 

declarative memory, working memory, and processing speed (Saykin et al., 1991; 1994; 

Heinrichs & Zakzanis, 1998; Dickinson et al., 2004; Neuchterlein et al., 2004). Among these, 

one of the most consistently impaired functions in SCZ is declarative memory and alterations in 

declarative memory performance are associated with reductions in hippocampal volume and 

activity (Saykin et al., 1991; McCarley et al., 1993; Keefe et al., 1997; Stone et al., 1998;  

Neuchterlein et al., 2004; Weiss et al., 2004; Ranganath et al., 2008;). SCZ patients show both 

reduced hippocampal volume and activity in conjunction with their declarative memory deficits 

(Suddath et al., 1989; Bogerts et al., 1990; McCarley et al., 1993; Bilder et al., 1995; Becker et 

al., 1996; Heckers et al., 1998; Cirillo & Seidman, 2003; Jessen et al., 2003; Weiss et al., 2003; 

Weiss et al., 2004; Achim et al., 2007). The hippocampus is also a region identified in SCZ 

patients as having reduced PV+ and GAD67 mRNA expression which may contribute to gamma 

oscillatory asynchrony observed in electrophysiological recordings from SCZ patients 

(Gonzalez-Burgos et al., 2010; Heckers & Konradi, 2014) 
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Table 1. Regions of interest for the present study and their relevance to SCZ. 

Brain Region 

Examined 

Associated Functions in 

Rodents 

Human 

Anatomical 

Correlate 

Known Disturbances in SCZ 

Frontal 

Association 

Cortex 

Executive functions 

Integration of emotional and 

contextual information  

Dorsal Prefrontal 

Cortex 
Perineuronal net deficits 

Reduced GAD67 protein and mRNA 

Decreased cortical gray matter volumes 

Reduced dendritic spine density 

Prelimbic 

Cortex 

Working memory 

Executive functions  

Attention 

Medial Prefrontal 

Cortex 

Volume reduction and dysfunction 

Increased cell density 

Elevated dopamine synthesis 

Reticular 

Thalamic 

Nucleus 

Sensorimotor gating Reticular 

Thalamic 

Nucleus 

Dysfunctional EEG oscillations 

Amygdala Fear processing 

Emotional processing 

Amygdala Perineuronal net deficits 
Volume reduction 

Dopamine hyperactivity 

Primary 

Auditory 

Cortex 

Auditory processing Superior 

Temporal Cortex 
PNN related gene dysfunction  
Reduced dendritic spine density 

Reduced pyramidal cell soma size 

Dorsal 

Hippocampus 

Memory formation 

Memory retrieval 

 

Dorsal 

Hippocampus 
Reduced PV+ and GAD67 mRNA 
Reduced volume 

Decreased neuronal size 

Disturbed GABA distribution 

Gamma oscillatory asynchrony 

Ventral 

Hippocampus 

Ventral 

Hippocampus 
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Lastly, as PolyI:C treatment induces a maternal inflammatory response I also conducted a 

preliminary examination of the glial cells of central nervous system throughout the same 

developmental windows. Both microglia (the immune cells of the brain) and astrocytes have 

important roles in the formation and maintenance of the extracellular matrix and have been 

shown to be disturbed in SCZ (Gottschall & Deb, 1996; Maeda & Sobel, 1996; Bayer et al., 

1999; Webster et al., 2001; Matute et al., 2005; Faissner et al., 2010; Klausmeyer et al., 2011; 

Wiese et al., 2012). As such, any disturbances in these systems developmental trajectories might 

identify a potential target for the mechanism by which PNN malformation occurs (Berretta et al., 

2015; Pantazopoulos et al., 2015).  

My results suggest that PolyI:C treated offspring have pronounced PNN deficits in the 

prefrontal cortex that emerge between adolescence and adulthood, during the same window 

within which behavioural dysfunction has been previously reported. However, several brains 

regions important to SCZ-related behaviours like the primary auditory cortex did not have 

deficits. I also find that the basolateral amygdala has reduced PV+ cell density throughout 

development. A similar trend was observed in the frontal association cortex. Furthermore, 

PolyI:C treated animals had profound deficits in PV+ cell density in the reticular thalamic 

nucleus during infancy. A preliminary evaluation of microglia and astrocytes revealed no signs 

of ongoing inflammatory processes in PolyI:C treated offspring.  

2. Methods 

2.1 Project Outline. This project was conducted as a collaborative engagement between Dr. Ian 

Winship at the University of Alberta and Dr. John Howland at the University of Saskatchewan. 

The outline for this work is described in the following paragraph. Dr. John Howland and his lab 

carried out methods sections 2.1 – 2.4, which included housing and rearing of the animals, 
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induction of PolyI:C treatment, and tissue extraction at appropriate time points. Once extracted, 

the tissue was shipped to Dr. Winship’s lab at the University of Alberta. I was responsible for 

methods sections 2.4 – 2.10, which included processing of the tissue, freezing and 

cryosectioning, all histochemistry and immunohistochemistry, imaging and subsequent analyses 

of the data. All writing for the final thesis as well as figure preparation was conducted by myself.  

2.2 Subjects and Housing. Timed-pregnant Long-Evans rats (n=17) from Charles River 

Laboratory, Quebec, Canada arrived at the animal holding facility on GD7. Rats were single 

housed in clear, ventilated plastic cages in a temperature-controlled vivarium. Lighting was 

controlled automatically on a 12:12 hour cycle with lights on at 7:00 am. All handling and 

experimentation occurred within the light phase. Food (Purina Rat Chow) and water were 

available ad libitum. All experiments were performed in accordance with the standards of the 

Canadian Council on Animal Care and were approved by the University of Saskatchewan 

Animal Research Ethics Board.  

2.3 Treatment Procedure. Upon delivery to the animal holding facility, rats were left undisturbed 

until gestational day 15 (GD 15). Baseline body weight and rectal temperature were recorded 

(Homeothermic Blanket System, Harvard Instruments, MA, USA). Dams were anesthetised for 

approximately 6 minutes using isoflurane (5% induction, 3% maintenance) and administered a 

single tail vein injection of either saline or PolyI:C (4 mg/kg, high molecular weight; InVivoGen, 

San Diego, CA, USA).  

2.4 Follow-up Care of Dams and Pups. Dam body weight and rectal temperature measurements 

were taken at 8, 24, and 48 hrs post treatment and then left undisturbed to give birth naturally. 

On postnatal day (PND) 1, pups were weighed, sexed, and culled to a maximum of 10 per litter. 

Cage changes were scheduled twice per week and were otherwise left undisturbed. Weaning 
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occurred at PND 21 when pups were placed in same-sex sibling groups of 2 or 3 and received 

standard care provided by vivarium staff. 

2.5 Tissue Collection Procedure. On PND 7, 21, 35, or 90, pups (n= 8-16 per time point) were 

deeply anesthetised with isoflurane and perfused intracardially with saline followed by 4% 

paraformaldehyde using infusion pumps. Flow rate and volume of perfusate were adjusted based 

on pup size. Following perfusion, the brains were carefully extracted and stored in a solution of 

4% paraformaldehyde at 4 degrees Celsius.  After overnight incubation the brains were 

transferred to a 30% sucrose solution for several days and then flash frozen in isopentane. Frozen 

brains were then mounted and sectioned on a cryostat at 25um thickness. 

2.6 Immunohistochemistry. Slides were let thaw to room temperature for 20 mins and then given 

three washes in 1X PBS for 10 mins each. They were then incubated for 1 hour with 10% Protein 

Block, Serum-Free (Dako, Mississauga, ON) in 1X PBS. After this, slides were incubated 

overnight at room temperature with a primary antibody in an antibody solution of 1% Protein 

Block, 1% Bovine Serum Albumin and 98% 1X PBS with 0.1% Triton X-100. The following 

primary antibodies were used: Wisteria Floribunda Agglutinin (WFA; 1:1000; Vector Labs, 

Philadelphia, PA), mouse anti-Parvalbumin (1:2000; Swant, Switzerland), rabbit anti-IBA1 

(1:200; Dako, Mississauga, ON); and mouse anti-GFAP (1:200; Sigma-Aldrich, Oakville, ON). 

Slides were washed again three times, twice in 1X PBS with 1% tween-20 and then once in 1X 

PBS. Sections were then incubated for 1 hour at room temperature with secondary antibodies in 

antibody solution. Secondary antibodies were as follows: Streptavidin 647 (1:200; Invitrogen, 

Burlington, ON), donkey anti-mouse Alexa Fluor® 488 (1:200; Molecular Probes, Eugene, OR) 

and donkey anti-rabbit Alexa Fluor® 647 (1:200; Molecular Probes, Eugene, OR). Slides were 
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again washed three times, twice in PBS with 1% tween-20 and once in 1X PBS. Slides were 

mounted with DAPI (4′, 6-diamidino-2-phenylindole in vectashield mounting medium).  

2.7 Imaging. Images were captured on a Leica DMI6000B Microscope and processed with LAS 

AF computer software. All images were captured at 5X magnification over target regions, with a 

total of 4-6 images taken bilaterally in adjacent sections. Within each region and each cohort a 

constant gain, exposure, and light intensity were used for all images. Images for insets were 

captured using a Leica DMI4000 confocal microscope. All confocal images were captured with a 

40X objective lens and within each region constant imaging parameters were used for all images.  

2.8 Identification of Brain Regions. All brain structures were identified using The Rat Brain in 

Stereotaxic Coordinates (Paxinos & Watson, 1986) and selected based on their DAPI nuclear 

staining pattern. The frontal association cortex (region FrA) was identified between Bregma 

+4.70 mm to +5.20 mm with the imaging area adjusted to the dorsal edge of the slice extending 

through cortical layers 1-6. The prelimbic cortex (region PrL) was identified between Bregma 

+3.20 mm to +3.70 mm where the imaging area was centered over the anterior longitudinal 

sulcus capturing the all layers of the prelimbic cortex bilaterally in a single image. The reticular 

thalamic nucleus (region Rt) was identified between Bremga -1.88 mm to -2.80 mm beginning 

just ventral to the fimbria of the hippocampus extending down the entire length of the nucleus. 

The basolateral nucleus of the amygdala (region BLA) was identified between Bregma -2.12 mm 

and -2.80 mm based on its teardrop nuclear staining pattern which is also readily identifiable by 

its parvalbumin staining distribution. The primary auditory cortex (region Au1) was identified 

between Bregma -4.16 mm and -5.20 mm and selected from the most lateral point of the cortical 

surface extending upwards. The dorsal hippocampus (regions CA1, CA2, CA3) was identified 

between Bregma -2.80 mm and -3.30mm and the imaging region beginning at the most lateral 
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edge of the hippocampus and ending medially towards the dorsal third ventricle. The ventral 

hippocampus (regions CA1, CA3) was identified between Bregma -4.80 mm and -5.80 mm.  

2.9 Quantification. All quantification was completed on unmodified images by an observer blind 

to the specific experimental conditions of tissue analyzed. Cell counts for DAPI+, IBA+, and 

PV+ cells were all counted using the Image-based Tool for Counting Nuclei (Centre for Bio-

image Informatics, UC Santa Barbara, CA, USA) plugin for NIH ImageJ software. Within a 

target region, a standard total area was measured over the region of interest within which cells 

were identified and cell counting parameters kept constant. PNNs were counted manually using 

the ImageJ Cell Counter function within a standard total area over the target region. For each 

stain and each region, measurements of mean brightness within the area were also taken. All 

measurements and counts are the average of 2 images bilaterally from 2 sections (4 total images 

per animal).  

2.10 Statistical Analyses. Statistical analyses were carried out in PRISM Software (Prism 

Software, Irvine, CA, USA) using two-way ANOVAs with Bonferroni post hoc tests. 

Significance was set at p < 0.05.  

3. Results 

We examined six different brain regions: the frontal association cortex, the prelimbic cortex, the 

reticular thalamic nucleus, the amygdala, the dorsal hippocampus (CA1, CA2, & CA3), the 

ventral hippocampus (CA1 & CA3) and the primary auditory cortex. For each, I measured either 

total PNN count or WFA staining intensity (where no PNNs were present), PV+ cell density, 

DAPI+ nuclei density, IBA1+ cell density, and overall GFAP staining intensity.  
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3.1 Frontal Association Cortex. I examined the frontal association cortex as it is the most 

anterior cortical structure in the rodent brain and is analogous to the dorsal prefrontal cortex in 

the human brain. The dorsolateral prefrontal cortex in particular has been shown to be disturbed 

in SCZ (Rajkowska et al., 1998; Glantz & Lewis, 2000, Guillozet-Bongaarts et al., 2014; Radhu 

et al., 2015). In both humans and rodents, these regions are thought to be involved in higher 

order cognitive functions like working memory, attention, and associative learning (Hebb et al., 

1945; Nakayama et al., 2015).  

Perineuronal Nets. I examined the number of PNNs present within the frontal association cortex 

throughout all developmental cohorts (Fig. 1). Consistent with previous research in human post 

mortem tissue, PNNs increased throughout postnatal development. A two-way ANOVA revealed 

a significant overall effect of age, F(3,48) = 313.40, p < 0.0001. There was no significant overall 

effect of treatment condition, F(1,48) = 2.356, ns. There was a trend towards a significant 

interaction between treatment and age, F(3,48) = 2.470, p = 0.073. Post hoc comparisons 

indicated that there was a significant difference between PolyI:C treated offspring and controls at 

PND90, SAL (M=139.85 ± 3.19) vs. POL (M=120.39 ± 6.20), t = 3.098, p < 0.05. There were no 

significant differences between other cohorts. 
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Figure 1. Perineuronal nets stained with WFA and parvalbumin interneurons in the frontal 

association cortex (postnatal day 90 shown). Across both conditions the total number of DAPI 

labelled nuclei decreased throughout postnatal development (main effect of Age, p < 0.0001). 

PV+ interneurons increased from PND7 to PND21 before declining at PND90 (main effect of 

Age, p < 0.0001). There was a trend towards a significant overall effect of treatment on PV+ cell 

density (main effect of Treatment, p = 0.0596). The number of perineuronal nets increased 

throughout postnatal development in the frontal association cortex (main effect of Age, p < 

0.0001). A significant deficit in the total number of perineuronal nets emerged in PolyI:C treated 

offspring as compared to saline in the PND90 cohort (p < 0.05). The frontal association cortex 

was identified using The Rat Brain in Stereotaxic Coordinates (Paxinos & Watson, 1986) as 

region FrA, between Bregma +4.70 mm to +5.20 mm. Black bars represent Saline treated 

offspring, light grey bars PolyI:C treated offspring. Insets are representative images from each 

condition. Scale bar represents 250 µm. *p<0.05, 2X2 ANOVA followed by post hoc Bonferroni 

t-tests. Data is mean ± SEM. 
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Parvalbumin Interneurons. Next I evaluated the number of PV+ interneurons within the same 

region across all cohorts. The density of PV+ interneurons increased from infancy into 

childhood, surprisingly however PV+ interneuron density decreased into adulthood. A two-way 

ANOVA revealed a significant effect of age F(3,48) = 18.15, p < 0.0001. There was a trend 

towards a main effect of treatment, F(1,48) = 3.72, p = 0.0596. There was no significant 

interaction between treatment and age, F(3,48) = 1.17, ns. There were no significant differences 

between treatment groups at any of the developmental ages. 

DAPI Nuclear Stain. Counts of the total number of DAPI+ positive cells were assessed using an 

automated counter. A two-way ANOVA revealed a significant effect of age, F(3,47) = 134.90, p 

< 0.0001. There was no significant effect of treatment, F(1,47) = 0.001, ns. There was no 

interaction between treatment and age, F(3,47) = 1.66, ns. There were no significant differences 

between treatment groups at any of the developmental ages. 

Microglia. Counts of the total number of microglia were assessed using an automated counter of 

IBA1+ cells (Fig. 2). A two-way ANOVA revealed a significant effect of age, F(3,48) = 53.13, p 

< 0.0001. Microglial density peaked during childhood before decreasing and plateauing into 

maturity. There was no significant effect of treatment, F(1,48) = 0.70, ns. There was no 

interaction between treatment and age, F(3,48) = 1.47, ns.  

Astrocytes. To assess the degree of astrocytic activity throughout development, I examined the 

optical density of GFAP staining within regions of measure. A two-way ANOVA revealed a 

significant effect of age, F(3,48) = 31.39, p < 0.0001. There was no significant effect of 

treatment, F(1,48) = 2.11, ns. There was no interaction between treatment and age, F(3,48) = 

0.16, ns.. GFAP immunoreactivity was sparsely present in infancy and childhood, but increased 

during adolescence. 
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Figure 2. Microglia stained with IBA1 and astrocytes with GFAP in the frontal association 

cortex (postnatal day 90 shown). Across both conditions the total number of DAPI labelled 

nuclei decreased throughout postnatal development (main effect of Age, p < 0.0001). Microglial 

density was relatively stable throughout development aside from a dramatic increase in the 

PND21 cohort (main effect of Age, p < 0.0001). GFAP staining was sparsely present within the 

cortical parenchyma, instead clustering around the cortical surface and blood vessels throughout 

the tissue. Overall, GFAP staining intensity increased throughout postnatal development (main 

effect of Age, p < 0.0001). Neither PolyI:C treated animals or controls showed significant 

differences between either of these immune markers. The frontal association cortex was 

identified using The Rat Brain in Stereotaxic Coordinates (Paxinos & Watson, 1986) as region 

FrA, between Bregma +4.70 mm to +5.20 mm. Black bars represent Saline treated offspring, 

light grey bars PolyI:C treated offspring. Insets are representative images from each condition. 

Scale bar represents 250 µm. *p<0.05, 2X2 ANOVA followed by post hoc Bonferroni t-tests. 

Data is mean ± SEM. 
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3.2 Prelimbic Cortex. I targeted the prelimbic cortex as it is analogous to the medial prefrontal 

cortex in humans and these structures have functional similarities relevant to schizophrenia, 

including fear responses, information processing and sensorimotor gating (Zahrt et al., 1997; 

Miner et al., 1997; Passetti et al., 2000; Burrell & Brown, 2000). It is also an area that has shown 

to be anatomically disturbed in SCZ and contains high concentrations of dopamine receptors 

involved in SCZ (Selemon et al., 1995; Lindström et al., 1999; Pomarol-Clotet et al., 2010).  

Perineuronal Nets. I examined the number of PNNs present within the frontal association cortex 

throughout all developmental cohorts (Fig. 3). The number of PNNs increased during the 

transition from infancy to childhood and from early adolescence into adulthood. There was a 

significant effect of age, F(3,48) = 539.40, p < 0.0001. There was a trend towards a significant 

effect of treatment, F(1,48) = 3.34, p = 0.074. There was a significant interaction between 

treatment and age, F(3,48) = 12.91, p < 0.0001. Post hoc comparisons indicated that there was a 

significant difference between PolyI:C treated offspring and controls at PND90, SAL (M=68.20 

± 2.41) vs. POL (M=55.00 ± 1.11), t = 5.986 , p <  0.0001. There were no significant differences 

between treatment groups at any other ages. 
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Figure 3. Perineuronal nets stained with WFA and parvalbumin interneurons in the prelimbic 

cortex (postnatal day 90 shown). Across both conditions the total number of DAPI labelled 

nuclei decreased throughout postnatal development before plateauing in the PND35 and 90 

cohorts (main effect of Age, p < 0.0001). PV+ interneurons increased from PND7 to PND35 

before declining at PND90 (main effect of Age, p < 0.0001). The number of perineuronal nets 

increased throughout postnatal development with the greatest increases occurring from PND7 to 

21, and PND35 to 90 (main effect of Age, p < 0.0001; Age x Treatment, p < 0.0001; Treatment, 

p = 0.074). In the PND90 cohort, a significant deficit emerged in PolyI:C treated animals as 

compared to saline treated in total number of PNNs (p < 0.0001). The prelimbic cortex was 

identified using The Rat Brain in Stereotaxic Coordinates (Paxinos & Watson, 1986) as region 

PrL, between Bregma +3.20 mm to +3.70 mm. Black bars represent Saline treated offspring, 

light grey bars PolyI:C treated offspring. Insets are representative images from each condition. 

Scale bar represents 250 µm.  ****p<0.0001, 2X2 ANOVA followed by post hoc Bonferroni t-

tests. Data is mean ± SEM. 
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Parvalbumin Interneurons. Next I evaluated the density of PV+ interneurons within the same 

region across all cohorts. A two-way ANOVA revealed a significant effect of age, F(3,46) = 

55.67, p < 0.0001. PV+ counts increased during childhood and adolescence before decreasing in 

adulthood. There was no significant effect of treatment condition, F(1,46) = 1.44, ns. There was 

no significant interaction between treatment and age, F(3,46) = 0.572, ns.  

DAPI Nuclear Stain. The density of DAPI+ positive cells were assessed using an automated 

counter. A two-way ANOVA revealed a significant effect of age, F(1,47) = 200.80, ns. DAPI+ 

cells decreased from infancy into early adolescence before plateauing into adulthood. There was 

no significant effect of treatment, F(1,47) = 0.19, ns. There was no interaction between treatment 

and age, F(3,47) = 1.80, ns.  

Microglia. Cellular density of microglia were assessed using an automated counter of IBA1+ 

cells (Fig. 4). A two-way ANOVA revealed a significant effect of age, F(3,49) = 70.55, p < 

0.0001. Microglia density increased during childhood before it plateaued into maturity. There 

was no significant effect of treatment, F(1,49) = 1.51, ns. There was an interaction between 

treatment and age, F(3,49) = 3.33, p < 0.05. There were no significant differences between 

treatment groups at any developmental age. 

Astrocytes. To assess the degree of astrocytic activity throughout development, I examined the 

optical density of GFAP staining within regions of measure. A two-way ANOVA revealed a 

significant effect of age, F(3,49) = 31.07, p < 0.0001. GFAP immunoreactivity was sparsely 

present in infancy and childhood, but increased during adolescence. There was no significant 

effect of treatment, F(1,49) = 0.06, ns. There was no interaction between treatment and age, 

F(3,49) = 0.71, ns.  
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Figure 4. Microglia stained with IBA1 and astrocytes with GFAP in the prelimbic cortex 

(postnatal day 90 shown). Across both conditions the total number of DAPI labelled nuclei 

decreased throughout postnatal development (main effect of Age, p < 0.0001). Microglial density 

was increased slightly throughout postnatal development aside from a dramatic spike in density 

in the PND21 cohort (main effect of Age, p < 0.001; Age x Treatment, p < 0.05).  GFAP staining 

was sparsely present within the cortical parenchyma, instead clustering around the cortical 

surface and blood vessels throughout the tissue. GFAP staining intensity increased from PND21 

to PND35 where it leveled off into maturity (main effect of Age, p < 0.0001). Neither PolyI:C 

treated animals or controls showed significant differences between either of these immune 

markers. The prelimbic cortex was identified using The Rat Brain in Stereotaxic Coordinates 

(Paxinos & Watson, 1986) as region PrL, between Bregma +3.20 mm to +3.70 mm. Black bars 

represent Saline treated offspring, light grey bars PolyI:C treated offspring. Insets are 

representative images from each condition. Scale bar represents 250 µm. *p<0.05, 2X2 ANOVA 

followed by post hoc Bonferroni t-tests. Data is mean ± SEM. 
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3.3 Reticular Thalamic Nucleus. The thalamus is a critical sensory integration centre that is 

shared between rodents and humans. This reticular thalamic nucleus in particular is of interest to 

schizophrenia as serves to modulate the function of all other thalamic nuclei and has a 

topographical sensory distribution (Ferrarrelli & Tononi, 2010; Pratt & Morris, 2015). This area 

has both an extremely high density of PV+ interneurons which are disturbed in SCZ and highly 

expresses the DISC1 gene throughout development.  

Perineuronal Nets. Within the reticular thalamic nucleus no distinguishable PNNs were 

identifiable, but rather a diffuse or reticular WFA staining pattern (Fig. 5). As such I measured 

the optical density within the region rather than PNN counts. A two-way ANOVA of WFA 

optical density revealed a significant effect of age, F(3,46) = 80.01, p < 0.0001. WFA staining 

intensity increased throughout postnatal development. There was no effect of treatment 

condition, F(1,46) = 0.14, ns. There was no interaction between treatment and age, F(3,46) = 

1.10, ns.  
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Figure 5. Parvalbumin interneurons and WFA immunoreactivity in the reticular thalamic 

nucleus (postnatal day 7 shown). In contrast to many other regions, DAPI cell density in the 

RTN was relatively stable but density was highest during PND21 and PND35 before decreasing 

at PND90 (main effect of Age, p < 0.0001). Across all brain regions, only the RTN had PV+ 

cells as early as PND7. I observed a significant reduction in PV+ cell density in the PND7 cohort 

of PolyI:C treated offspring as compared to controls (p < 0.0001). Overall, PV+ cell density 

decreased throughout postnatal development (main effect of Age, p < 0.0001; Treatment, p < 

0.01; Age x Treatment, p < 0.0001).  While no distinguishable PNNs were present within the 

RTN, there was an intense WFA staining pattern that emerged at PND21 and saw a dramatic 

increase at PND90 (main effect of Age, p < 0.0001). As such, rather than count PNNs I 

measured overall WFA staining intensity of the RTN but there were no differences between 

PolyI:C and saline treated offspring. The reticular thalamic nucleus was identified using The Rat 

Brain in Stereotaxic Coordinates (Paxinos & Watson, 1986) as region Rt, between Bregma -1.88 

mm to -2.80 mm. Black bars represent Saline treated offspring, light grey bars PolyI:C treated 

offspring. Insets are representative images from each condition. Scale bar represents 250 µm. 

****p<0.0001, 2X2 ANOVA followed by post hoc Bonferroni t-tests. Data is mean ± SEM. 
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Parvalbumin Interneurons. Next I evaluated the density of PV+ interneurons within the same 

region across all cohorts. A two-way ANOVA revealed an overall significant effect of age, 

F(3,46) = 51.22, p < 0.0001. PV+ density in the reticular thalamic nucleus decreased throughout 

postnatal development. There was a significant effect of treatment, F(1,46) = 8.42, p < 0.01. 

There was also a significant interaction between treatment and age, F(3,46) = 10.63, p < 0.0001. 

Post hoc comparisons showed that there was a significant difference between PolyI:C treated 

animals and saline animals in the PND7 cohort, SAL (M= 754.29 ± 27.79) vs. POL (M= 553.81 

± 23.38), t = 6.36, p <  0.0001. There were no significant differences between treatment groups 

at any of the developmental ages.  

DAPI Nuclear Stain. Cellular density of DAPI+ positive cells were assessed using an automated 

counter. A two-way ANOVA revealed a significant effect of age, F(3,45) = 10.92, p < 0.0001. 

There was no significant effect of treatment, F(1,46) = 1.74, ns. There was no interaction 

between treatment and age, F(3,46) = 0.44, ns.  

Microglia. Microglial cell density was assessed using an automated counter of IBA1+ cells (Fig. 

6). A two-way ANOVA revealed a significant effect of treatment, F(3,48) = 52.64, p < 0.0001. 

Microglial density peaked during childhood before decreasing into maturity. There was no 

significant effect of treatment, F(3,48) = 2.00, ns. There was no interaction between treatment 

and age, F(3,46) = 0.52, ns.  

Astrocytes. To assess the degree of astrocytic activity throughout development, I examined the 

optical density of GFAP staining. A two-way ANOVA revealed a significant overall effect of 

age, F(3,48) = 35.32, p < 0.0001. GFAP immunoreactivity increased throughout postnatal 

development. There was no significant effect of treatment, F(1,48) = 0.83, ns. There was no 

interaction between treatment and age, F(3,48) = 0.99, ns.  
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Figure 6. Microglia stained with IBA1 and astrocytes with GFAP in the reticular thalamic 

nucleus (postnatal day 7 shown). In contrast to many other regions, DAPI cell density in the 

RTN was relatively stable but density was highest during PND21 and PND35 before decreasing 

at PND90 (main effect of Age, p < 0.0001). Overall, microglial density increased throughout 

postnatal development with a massive spike in the PND21 cohort (main effect of Age, p < 

0.0001). GFAP staining was sparsely present at PND7 but increased steadily throughout 

postnatal development (main effect of Age, p < 0.0001). Neither PolyI:C treated animals or 

controls showed significant differences between either of these immune markers. The reticular 

thalamic nucleus was identified using The Rat Brain in Stereotaxic Coordinates (Paxinos & 

Watson, 1986) as region Rt, between Bregma -1.88 mm to -2.80 mm. Black bars represent Saline 

treated offspring, light grey bars PolyI:C treated offspring. Insets are representative images from 

each condition. Scale bar represents 250 µm. *p<0.05, 2X2 ANOVA followed by post hoc 

Bonferroni t-tests. Data is mean ± SEM. 
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3.4 Basolateral Amygdala. This nucleus of the amygdala is shared anatomically between both 

rodents and humans. It has been associated with fear processing and learning, as well as 

emotionality (Davis, 1992; Davidson, 2002; Gogolla et al., 2009). Importantly, the basolateral 

amygdala has been shown to have projections to the frontal association cortex in rodents which 

contribute to associative learning in fear-associated tasks (Nakayama et al., 2015). The 

basolateral amygdala has also been shown to have deficits in PNNs in SCZ patient’s brains post-

mortem (Pantazopoulos et al., 2010; 2015). 

Perineuronal Nets. I examined the total number of PNNs present within the basolateral amygdala 

(Fig. 7). A two-way ANOVA revealed a significant effect of age of the number of PNNs, F(3,43) 

= 74.47, p < 0.0001. The number of PNNs in the basolateral amygdala increased from infancy to 

childhood where it plateaued into maturity. There was no significant effect of treatment, F(1,43) 

= 1.27, ns. There was no interaction between treatment and age, F(3,43) = 1.15, ns.  
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Figure 7. Perineuronal nets stained with WFA and parvalbumin interneurons in the basolateral 

amygdala (postnatal day 35 shown). DAPI cell density decreased from PND7 to PND21 where it 

stabilized into maturity (main effect of Age, p < 0.0001). PV+ cells were absent at PND7 but 

increased steadily till PND35 at which point they decreased at PND90 (main effect of Age, p < 

0.0001).  Across development, I observed a significant reduction of PV+ interneuron density in 

PolyI:C treated offspring (main effect of Treatment, p < 0.01; Age x Treatment, p = 0.080). This 

deficit in PolyI:C treated offspring was most pronounced in the PND35 cohort (p < 0.05). PNNs 

were absent in the PND7 cohort before forming at PND21 (main effect of Age, p < 0.0001). 

There was a slight but not significant reduction in PNN number in the PND35 cohort that might 

reflect the association of PNNs with PV+ interneurons which were reduced within this 

developmental period.  The basolateral amygdala was identified using The Rat Brain in 

Stereotaxic Coordinates (Paxinos & Watson, 1986) as region BLA, between Bregma -2.12 mm 

to -2.80 mm. Black bars represent Saline treated offspring, light grey bars PolyI:C treated 

offspring. Insets are representative images from each condition. Scale bar represents 250 µm. 

*p<0.05, 2X2 ANOVA followed by post hoc Bonferroni t-tests. Data is mean ± SEM. 
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Parvalbumin Interneurons. Next I evaluated the density of PV+ interneurons within the same 

region across all cohorts. A two-way ANOVA revealed an effect of age on PV+ cell density 

within the basolateral amygdala, F(3,45) = 33.72, p < 0.0001. There was also a significant effect 

of treatment, F(1,45) = 8.43, p < 0.01. There was no interaction between treatment and age, 

F(3,45) = 2.40, p = 0.080. Post hoc comparisons revealed that there was a significant reduction in 

PV+ cell density at PND35, SAL (M= 26.61 ± 3.27) vs. POL (M= 16.89 ± 1.82), t = 3.106, p < 

0.05. There were no significant differences between treatment groups at any of the 

developmental ages. Overall, PV+ cell density increased from infancy to childhood before 

decreasing slightly as adults. Within the PND35 cohort PolyI:C treated animals had a 

significantly reduced PV+ cell density. 

DAPI Nuclear Stain. The density of DAPI+ positive cells was assessed using an automated 

counter. A two-way ANOVA revealed a significant effect of age, F(3,45) = 204.70, p < 0.0001. 

DAPI+ cell density decreased from infancy into adulthood. There was no significant effect of 

treatment, F(1,45) = 0.11, ns. There was no interaction between treatment and age, F(3,45) = 

0.76, ns.  

Microglia. Counts of the total number of microglia were assessed using an automated counter of 

IBA1+ cells (Fig. 8). A two-way ANOVA revealed a significant effect of age, F(3,46) = 20.77, p 

< 0.0001. Microglia density increased from infancy to early adolescence where it peaked before 

decreasing slightly into adulthood. There was no significant effect of treatment, F(1,46) = 1.19, 

ns. There was no interaction between treatment and age, F(3,46) = 1.22, ns.  
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Figure 8. Microglia stained with IBA1 and astrocytes with GFAP in the basolateral amygdala 

(postnatal day 35 shown). DAPI cell density decreased from PND7 to PND21 where it stabilized 

into maturity (main effect of Age, p < 0.0001). Microglia density as labelled with IBA1 increase 

from PND7 to PND35 before dropping off slightly in PND90 (main effect of Age, p < 0.0001). 

Overall, GFAP staining intensity increased throughout postnatal development (main effect of 

Age, p < 0.0001). Neither PolyI:C treated animals or controls showed significant differences 

between either of these immune markers. The basolateral amygdala was identified using The Rat 

Brain in Stereotaxic Coordinates (Paxinos & Watson, 1986) as region BLA, between Bregma -

2.12 mm to -2.80 mm. Black bars = Saline treated offspring, light grey bars = PolyI:C treated 

offspring. Insets are representative images from each condition. Scale bar represents 250 µm. 

*p<0.05, 2X2 ANOVA followed by post hoc Bonferroni t-tests. Data is mean ± SEM. 
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Astrocytes. To assess the degree of astrocytic activity throughout development, I examined the 

optical density of GFAP staining. A two-way ANOVA revealed a significant effect of age, 

F(3,46) = 8.77, p = 0.0001. Overall, GFAP immunoreactivity increased throughout postnatal 

development, with a slight dip during early adolescence. There was no significant effect of 

treatment, F(1,46) = 0.09, ns. There was no interaction between treatment and age, F(3,46) = 

0.07, ns. 

3.5 Dorsal Hippocampus: CA1 Region. 

Perineuronal Nets. I examined the total number of PNNs present within the CA1 region of the 

dorsal hippocampus (Fig. 9). A two-way ANOVA revealed a significant effect of age on the 

number of PNNs, F(3,45) = 7.88, p < 0.0001. No PNNs were present in the PND7 cohort but 

appeared in there PND21 animals and persisted into maturity. There was no significant effect of 

treatment, F(1,45) = 0.17, ns. There was no interaction between treatment and age, F(3,45) = 

1.62, ns. 
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Figure 9. Perineuronal nets stained with WFA and parvalbumin interneurons in the CA1 region 

of the dorsal hippocampus (postnatal day 21 shown). DAPI cell density decreased across all 

developmental cohorts (main effect of Age, p < 0.0001). PV+ cell density peaked at PND21 

before decreasing into maturity (main effect of Age, p < 0.0001). PNNs were absent at PND7 but 

appeared in the PND21 cohort and stabilized during adolescence into adulthood (main effect of 

Age, p < 0.001). The CA1 region of the dorsal hippocampus was identified using The Rat Brain 

in Stereotaxic Coordinates (Paxinos & Watson, 1986) as region CA1, between Bregma -2.80 mm 

to -3.30 mm. Black bars represent Saline treated offspring, light grey bars PolyI:C treated 

offspring. Insets are representative images from each condition. Scale bar represents 250 µm. 

*p<0.05, 2X2 ANOVA followed by post hoc Bonferroni t-tests. Data is mean ± SEM 
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Parvalbumin Interneurons. Next I evaluated the density of PV+ interneurons within the same 

region across all cohorts. A two-way ANOVA revealed an effect of age on PV+ cell density 

within CA1, F(3,45) = 61.64, p < 0.0001. There was no significant effect of treatment, F(1,45) = 

0.08, ns. There was no interaction between treatment and age, F(3,45) = 0.136, ns. Overall, PV+ 

cell density was greatest in the PND21 cohort before decreasing at both PND35 and PND90.  

DAPI Nuclear Stain. The density of DAPI+ positive cells was assessed using an automated 

counter. A two-way ANOVA revealed a significant effect of age, F(3,45) = 286.7, p < 0.0001. 

DAPI+ cell density decreased from infancy into adulthood. There was no significant effect of 

treatment, F(1,45) = 0.10, ns. There was no interaction between treatment and age, F(3,45) = 

2.14, ns. 

Microglia. Counts of the total number of microglia were assessed using an automated counter of 

IBA1+ cells (Fig. 10). A two-way ANOVA revealed a significant effect of age, F(3,48) = 37.21, 

p < 0.0001. Microglia density decreased across all developmental cohorts. There was no 

significant effect of treatment, F(1,48) = 0.07, ns. There was no interaction between treatment 

and age, F(3,48) = 1.347, ns.  

Astrocytes. To assess the degree of astrocytic activity throughout development, I examined the 

optical density of GFAP staining. A two-way ANOVA revealed a significant effect of age, 

F(3,48) = 18.61, p < 0.0001. GFAP immunoreactivity increased from PND7 to PND21 before 

declining slightly into maturity. There was no significant effect of treatment, F(1,48) = 0.109, ns. 

There was however an interaction between treatment and age, F(3,48) = 3.31, p < 0.05. There 

were no significant differences between treatment groups at any of the developmental ages. 
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Figure 10. Microglia stained with IBA1 and astrocytes with GFAP in the CA1 region of the 

dorsal hippocampus (postnatal day 21 shown). DAPI cell density decreased across all 

developmental cohorts (main effect of Age, p < 0.0001). Microglial density as labelled with 

IBA1 was highest during the PND7 and PND35 with slight reductions in the PND21 and 90 

cohorts (main effect of Age, p < 0.0001). GFAP increased steadily from PND7 to PND21 before 

dropping off slightly at PND90 (main effect of Age, p < 0.0001; Age x Treatment, p < 0.05). 

Neither PolyI:C treated animals or controls showed significant differences between either of 

these immune markers. The CA1 region of the dorsal hippocampus was identified using The Rat 

Brain in Stereotaxic Coordinates (Paxinos & Watson, 1986) as region CA1, between Bregma -

2.80 mm to -3.30 mm. Black bars represent Saline treated offspring, light grey bars PolyI:C 

treated offspring. Insets are representative images from each condition. Scale bar represents 250 

µm. *p<0.05, 2X2 ANOVA followed by post hoc Bonferroni t-tests. Data is mean ± SEM. 
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3.6 Dorsal Hippocampus: CA3 Region. 

Perineuronal Nets. Within the CA3 region no PNNs were present. Instead, WFA staining 

appeared to label a dense staining pattern similar to that of the reticular thalamic nucleus (Fig. 

11). As such, I measured the optical density of WFA staining within the area rather than PNN 

counts. A two-way ANOVA revealed a significant effect of age on the number of WFA optical 

density, F(3,44) = 27.64, p < 0.0001. There was no significant effect of treatment, F(1,44) = 

0.02, ns. There was however an interaction between treatment and age, F(3,44) = 4.66, p < 0.01. 

Post hoc comparisons revealed a significant difference between PolyI:C and saline treated 

offspring in the PND90 cohort, SAL (M= 12.79 ± 1.92) vs. POL (M= 9.37 ± 0.44), t = 3.13, p < 

0.05. There were no significant differences between treatment groups at any other developmental 

age. 
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Figure 11. Parvalbumin interneurons and WFA immunoreactivity in the CA3 region of the 

dorsal hippocampus (postnatal day 90 shown). DAPI cell density decreased dramatically from 

PND7 to PND21 before a more slight decrease into maturity (main effect of Age, p < 0.0001). 

PV+ cell density was absent in PND7 before a large increase in density at PND21, after which it 

decreased in maturity (main effect of Age, p < 0.0001). CA3 also had no distinguishable PNNs 

but rather a dense lattice-like WFA staining pattern. The optical density of this staining pattern 

increased steadily from PND21 to PND90 (main effect of Age, p < 0.0001; Age x Treatment, p < 

0.01). At PND90, the WFA optical density of the CA3 region was significantly reduced in 

PolyI:C treated offspring (p < 0.05). The CA3 region of the dorsal hippocampus was identified 

using The Rat Brain in Stereotaxic Coordinates (Paxinos & Watson, 1986) as region CA3, 

between Bregma -2.80 mm to -3.30 mm. Black bars represent Saline treated offspring, light grey 

bars PolyI:C treated offspring. Insets are representative images from each condition. Scale bar 

represents 250 µm. *p<0.05, 2X2 ANOVA followed by post hoc Bonferroni t-tests. Data is mean 

± SEM. 
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Parvalbumin Interneurons. Next I evaluated the density of PV+ interneurons within the same 

region across all cohorts. A two-way ANOVA revealed an effect of age on PV+ cell density 

within CA1, F(3,45) = 49.40, p < 0.0001. There was no significant effect of treatment, F(1,45) = 

1.20, ns. There was no interaction between treatment and age, F(3,45) = 0.43, ns. PV+ cell 

density was highest in the PND21 cohort and declined steadily after that.  

DAPI Nuclear Stain. The density of DAPI+ positive cells was assessed using an automated 

counter. A two-way ANOVA revealed a significant effect of age, F(3,45) =  123.20, p < 0.0001. 

DAPI+ cell density decreased from infancy into adulthood. There was no significant effect of 

treatment, F(1,45) = 0.45, ns. There was no interaction between treatment and age, F(3,45) = 

0.51, ns. 

Microglia. Counts of the total number of microglia were assessed using an automated counter of 

IBA1+ cells (Fig. 12). A two-way ANOVA revealed a significant effect of age, F(3,48) = 20.95, 

p < 0.0001. Microglia density peaked bi-modally, being highest at the PND7 and PND35 cohorts 

with reduced density at PND21 and PND90. There was no significant effect of treatment, F(1,48) 

= 2.10, ns. There was no interaction between treatment and age, F(3,48) = 1.08, ns. 

Astrocytes. To assess the degree of astrocytic activity throughout development, I examined the 

optical density of GFAP staining. A two-way ANOVA revealed a significant effect of age, 

F(3,46) = 12.42, p < 0.0001. GFAP immunoreactivity increased from PND7 to PND21 and 

decreased slightly from PND35 to PND90. There was no significant effect of treatment, F(1,46) 

= 0.83, ns. There was a trend towards a significant interaction between treatment and age on 

GFAP optical density, F(3,46) = 2.73, p = 0.0546. There were no significant differences between 

treatment groups at any age. 
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Figure 12. Microglia stained with IBA1 and astrocytes with GFAP in the CA3 region of the 

dorsal hippocampus (postnatal day 90 shown). DAPI cell density decreased across all 

developmental cohorts (main effect of Age, p < 0.0001). Microglial density as labelled with 

IBA1 was highest during the PND7 and PND35 with reductions in density in the PND21 and 90 

cohorts (main effect of Age, p < 0.0001). GFAP increased from PND7 to PND21 where it 

remained relatively stable until PND90 (main effect of Age, p < 0.0001; Age x Treatment, p = 

0.055). In the PND90 cohort, PolyI:C treated offspring had a significant reduction in GFAP 

staining intensity (p < 0.05). The CA3 region of the dorsal hippocampus was identified using 

The Rat Brain in Stereotaxic Coordinates (Paxinos & Watson, 1986) as region CA3, between 

Bregma -2.80 mm to -3.30 mm. Black bars represent Saline treated offspring, light grey bars 

PolyI:C treated offspring. Insets are representative images from each condition. Scale bar 

represents 250 µm. *p<0.05, 2X2 ANOVA followed by post hoc Bonferroni t-tests. Data is mean 

± SEM. 

 

 

 

 



PERINEURONAL NETS, PARVALBUMIN & SCZ  47 

 

3.7 Ventral Hippocampus: CA1 Region. 

Perineuronal Nets. I examined the total number of PNNs present within the ventral portion of the 

CA1 region (Fig. 13). A two-way ANOVA revealed a significant effect of age on the number of 

PNNs, F(3,47) = 254.50, p < 0.0001. No PNNs were present in the PND7 cohort but appeared in 

there PND21 animals and increased slightly over the PND35 and P90 age groups. There was no 

significant effect of treatment, F(1,47) = 0.58, ns. There was no interaction between treatment 

and age, F(3,47) = 2.03, ns.  
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Figure 13. Perineuronal nets stained with WFA and parvalbumin interneurons in the CA1 region 

of the ventral hippocampus (postnatal day 90 shown). DAPI cell density decreased from PND7 

to PND35 where it was relatively stable into maturity (main effect of Age, p < 0.0001). PV+ 

cells were absent in the PND7 cohort but present by PND21 after which it decrease very 

marginally into maturity (main effect of Age, p < 0.0001). PNNs were absent in PND7 but saw a 

large increase by PND21 and remained stable until a small increase at PND90 (main effect of 

Age, p < 0.0001).  The CA1 region of the ventral hippocampus was identified using The Rat 

Brain in Stereotaxic Coordinates (Paxinos & Watson, 1986) as region CA1, between Bregma -

4.80 mm to -5.80 mm. Black bars represent Saline treated offspring, light grey bars PolyI:C 

treated offspring. Insets are representative images from each condition. Scale bar represents 250 

µm. *p<0.05, 2X2 ANOVA followed by post hoc Bonferroni t-tests. Data is mean ± SEM. 
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Parvalbumin Interneurons. Next I evaluated the density of PV+ interneurons within the same 

region across all cohorts. A two-way ANOVA revealed an effect of age on PV+ cell density 

within CA1, F(3,47) = 11.33, p < 0.0001. There was no significant effect of treatment, F(1,47) = 

0.03, ns. There was no interaction between treatment and age, F(3,47) = 0.91, ns. PV+ cell 

density increased from PND7 to PND21 and was relatively stable thereafter. 

DAPI Nuclear Stain. The density of DAPI+ positive cells was assessed using an automated 

counter. A two-way ANOVA revealed a significant effect of age, F(3,47) = 114.10, p < 0.0001. 

DAPI+ cell density decreased from PND7 to PND35 where it plateaued. There was no 

significant effect of treatment, F(1,47) = 0.88, ns. There was no interaction between treatment 

and age, F(3,47) = 0.43, ns. 

Microglia. Counts of the total number of microglia were assessed using an automated counter of 

IBA1+ cells (Fig. 14). A two-way ANOVA revealed a significant effect of age, F(3,47) = 36.66, 

p < 0.0001. Microglia density spiked in the PND21 cohort but was relatively stable otherwise. 

There was no significant effect of treatment, F(1,47) = 0.84, ns. There was no interaction 

between treatment and age, F(3,47) = 0.24, ns.  

Astrocytes. To assess the degree of astrocytic activity throughout development, I examined the 

optical density of GFAP staining. A two-way ANOVA revealed a significant effect of age, 

F(3,47) = 56.29, p < 0.0001. GFAP immunoreactivity increased across postnatal development. 

There was no significant effect of treatment, F(1,47) = 1.82, ns. There was no interaction 

between treatment and age, F(3,47) = 0.66, ns.  
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Figure 14. Microglia stained with IBA1 and astrocytes with GFAP in the CA1 region of the 

ventral hippocampus (postnatal day 90 shown). DAPI cell density decreased across all 

developmental cohorts (main effect of Age, p < 0.0001). Microglial density as labelled with 

IBA1 spiked during the PND21 cohort but was otherwise relatively stable otherwise (main effect 

of Age, p < 0.0001). GFAP staining intensity increased across postnatal development, being 

highest in the PND90 cohort (main effect of Age, p < 0.0001). Neither PolyI:C treated animals or 

controls showed significant differences between either of these immune markers. The CA1 

region of the ventral hippocampus was identified using The Rat Brain in Stereotaxic Coordinates 

(Paxinos & Watson, 1986) as region CA1, between Bregma -4.80 mm to -5.80 mm. Black bars 

represent Saline treated offspring, light grey bars PolyI:C treated offspring. Insets are 

representative images from each condition. Scale bar represents 250 µm. *p<0.05, 2X2 ANOVA 

followed by post hoc Bonferroni t-tests. Data is mean ± SEM. 
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3.8 Ventral Hippocampus: CA3 Region. 

Perineuronal Nets. Similar to in the dorsal CA3 region, no PNNs were present in the ventral 

CA3 (Fig. 15). Rather the WFA staining labelled a dense matrix pattern similar to that of the 

reticular thalamic nucleus. As such, I measured the optical density of WFA staining within the 

area rather than PNN counts. A two-way ANOVA revealed a significant effect of age on WFA 

optical density, F(3,47) = 61.53, p < 0.0001. There was also a significant effect of treatment, 

F(1,47) = 6.32, p < 0.05. There was an interaction between treatment and age, F(3,47) = 2.95, p < 

0.05. Post hoc comparisons revealed a significant increase in WFA optical density of the CA3 

region in PolyI:C as compared to saline treated offspring in the PND21 cohort, SAL (M= 20.72 ± 

1.04) vs. POL (M= 28.44 ± 1.90), t = 3.532, p < 0.01. 
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Figure 15. Parvalbumin interneurons and WFA immunoreactivity in the CA3 region of the 

dorsal hippocampus (postnatal day 21 shown). DAPI cell density decreased from PND7 to 

PND21 after which it decreased slightly into maturity (main effect of Age, p < 0.0001). PV+ cell 

density was absent in the PND7 cohort before an increase at PND21 (main effect of Age, p < 

0.0001). CA3 also had no distinguishable PNNs but rather a dense lattice-like WFA staining 

pattern. The optical density of this staining pattern was absent at PND7 but increased 

dramatically at PND21 before leveling off in maturity (main effect of Age, p < 0.0001; 

Treatment, p < 0.05; Age x Treatment, p < 0.05). At PND21, PolyI:C treated animals has a 

singnificantly increased WFA optical density within CA3 as compared to controls (p < 0.01). 

The CA3 region of the ventral hippocampus was identified using The Rat Brain in Stereotaxic 

Coordinates (Paxinos & Watson, 1986) as region CA3, between Bregma -4.80 mm to -5.80 mm. 

Black bars represent Saline treated offspring, light grey bars PolyI:C treated offspring. Insets are 

representative images from each condition. Scale bar represents 250 µm. **p<0.01, 2X2 

ANOVA followed by post hoc Bonferroni t-tests. Data is mean ± SEM. 
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Parvalbumin Interneurons. Next I evaluated the density of PV+ interneurons within the same 

region across all cohorts. A two-way ANOVA revealed an effect of age on PV+ cell density 

within CA1, F(3,47) = 12.62, p < 0.0001. There was no significant effect of treatment, F(1,47) = 

0.34, ns. There was no interaction between treatment and age, F(3,47) = 1.01, ns. PV+ cells were 

absent in PND7 and present in relatively steady numbers from PND21 to PND90. 

DAPI Nuclear Stain. The density of DAPI+ positive cells was assessed using an automated 

counter. A two-way ANOVA revealed a significant effect of age, F(3,47) =  147.20, p < 0.0001. 

DAPI+ cell density decreased from infancy into adulthood. There was no significant effect of 

treatment, F(1,47) = 0.21, ns. There was no interaction between treatment and age, F(3,47) = 

0.42, ns. 

Microglia. Counts of the total number of microglia were assessed using an automated counter of 

IBA1+ cells (Fig. 16). A two-way ANOVA revealed a significant effect of age, F(3,47) = 12.11, 

p < 0.0001. Microglia density peaked bimodally, being highest at the PND7 and PND35 cohorts 

with reduced density at PND21 and PND90. There was no significant effect of treatment, F(1,47) 

= 0.84, ns. There was no interaction between treatment and age, F(3,47) = 0.74, ns.  

Astrocytes. To assess the degree of astrocytic activity throughout development, I examined the 

optical density of GFAP staining. A two-way ANOVA revealed a significant effect of age, 

F(3,47) = 98.42, p = 0.0001. GFAP immunoreactivity plateaued between PND21 and PND35, 

but overall increased across all developmental cohorts. There was no significant effect of 

treatment, F(1,47) = 0.33, ns. There was no interaction between treatment and age on GFAP 

optical density, F(3,47) = 1.40, ns. 
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Figure 16. Microglia stained with IBA1 and astrocytes with GFAP in the CA3 region of the 

ventral hippocampus (postnatal day 21 shown). DAPI cell density decreased from PND7 to 

PND21 before stabilizing into maturity (main effect of Age, p < 0.0001). Microglial density as 

labelled with IBA1 peaked in the PND21 cohort before decreasing at PND35 and then a slight 

increase again at PND90 (main effect of Age, p < 0.0001). Overall, GFAP staining intensity 

increased across postnatal development peaking in the PND90 cohort (main effect of Age, p < 

0.0001). The CA3 region of the ventral hippocampus was identified using The Rat Brain in 

Stereotaxic Coordinates (Paxinos & Watson, 1986) as region CA3, between Bregma -4.80 mm to 

-5.80 mm. Black bars represent Saline treated offspring, light grey bars PolyI:C treated offspring. 

Insets are representative images from each condition. Scale bar represents 250 µm. *p<0.05, 2X2 

ANOVA followed by post hoc Bonferroni t-tests. Data is mean ± SEM. 
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3.9 Primary Auditory Cortex. I targeted the primary auditory cortex based on previous studies 

in humans showing genetic changes in genes associated with PNN development and maintenance 

in SCZ patients (Pietersen et al., 2014). Furthermore, the primary auditory cortex is of interest to 

SCZ as the primary hallucination type experienced by SCZ patients is auditory in nature 

(Thomas et al., 2007). SCZ patients have also been shown consistently to have deficits in verbal 

declarative memory, which have been associated with the primary auditory cortex (Cirillo & 

Seidman, 2003). 

Perineuronal Nets. I examined the total number of PNNs present within the primary auditory 

cortex (Fig. 17). Similar to other regions, PNNs increased throughout development. A two-way 

ANOVA revealed a significant effect of age, F(3,45) = 240.30, p < 0.0001. There was no 

significant effect of age, F(1,45) = 1.04, ns. There was no interaction between treatment and age, 

F(3,45) = 0.92, ns.  
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Figure 17. Perineuronal nets stained with WFA and parvalbumin interneurons in the primary 

auditory cortex (postnatal day 90 shown). DAPI cell density decreased from PND7 to PND21 

where it was relatively stable into maturity (main effect of Age, p < 0.0001). PV+ cell density 

was highest in the PND21 cohort before decreasing steadily into maturity (main effect of Age, p 

< 0.0001). PNNs were absent in the PND7 cohort but appeared at PND21 after which they 

steadily increased across postnatal development (main effect of Age, p < 0.0001). The primary 

auditory cortex was identified using The Rat Brain in Stereotaxic Coordinates (Paxinos & 

Watson, 1986) as region CA1, between Bregma -4.16 mm to -5.20 mm. Black bars represent 

Saline treated offspring, light grey bars PolyI:C treated offspring. Insets are representative 

images from each condition. Scale bar represents 250 µm. *p<0.05, 2X2 ANOVA followed by 

post hoc Bonferroni t-tests. Data is mean ± SEM. 
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Parvalbumin Interneurons. I evaluated the density of PV+ interneurons within the primary 

auditory cortex across all cohorts. A two-way ANOVA revealed an effect of age on PV+ cell 

density, F(3,45) = 57.90, p < 0.0001. PV+ cell density increased from infancy to childhood and 

decreased during adolescence.  There was no significant effect of treatment, F(1,45) = 1.38, ns. 

There was also no interaction between treatment and age, F(3,45) = 1.71, ns.  

DAPI Nuclear Stain. Cellular density of DAPI+ positive cells was assessed using an automated 

counter. A two-way ANOVA revealed a significant effect of age, F(3,45) = 345.10, p < 0.0001. 

The density of DAPI+ cells decreased with age. There was no significant effect of treatment, 

F(1,45) = 0.007, ns. There was no interaction between treatment and age, F(3,45) = 1.30, ns.  

Microglia. Counts of the total number of microglia were assessed using an automated counter of 

IBA1+ cells (Fig. 18). A two-way ANOVA revealed a significant effect of age, F(3,47) = 65.32, 

p < 0.0001. Microglia density increased during childhood before it plateaued into maturity. There 

was no significant effect of treatment, F(1,47) = 0.24, ns. There was however an interaction 

between treatment and age, F(3,47) = 3.10, p < 0.05. Post hoc Bonferroni t-tests showed that 

there was no significant effect of treatment within any cohort. 

Astrocytes. To assess the degree of astrocytic activity throughout development, I examined the 

optical density of GFAP staining. A two-way ANOVA revealed a significant effect of age, 

F(3,46) = 153.4, p < 0.0001. GFAP immunoreactivity peaked during childhood and adolescence 

before decreasing into adulthood. There was no significant effect of treatment condition, F(1,46) 

= 0.717, ns. There was no interaction between treatment and age, F(3,46) = 1.521, ns.  
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Figure 18. Microglia stained with IBA1 and astrocytes with GFAP in the primary auditory 

cortex (postnatal day 90 shown). DAPI cell density decreased from PND7 to PND21 where it 

was relatively stable into maturity (main effect of Age, p < 0.0001). Microglial density as 

labelled with IBA1 was highest and stable from PND21 to PND35 before decreasing at PND90, 

which was slightly more pronounced in PolyI:C treated animals (main effect of Age, p < 0.0001; 

Age x Treatment, p < 0.05). GFAP staining intensity increased from PND7 to PND21 before 

decreasing dramatically at PND90 (main effect of Age, p < 0.0001). The primary auditory cortex 

was identified using The Rat Brain in Stereotaxic Coordinates (Paxinos & Watson, 1986) as 

region CA1, between Bregma -4.16 mm to -5.20 mm. Black bars represent Saline treated 

offspring, light grey bars PolyI:C treated offspring. Insets are representative images from each 

condition. Scale bar represents 250 µm. *p<0.05, 2X2 ANOVA followed by post hoc Bonferroni 

t-tests. Data is mean ± SEM. 
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4. Discussion 

4.1 The Present Study 

 In the present study I sought to examine whether the PNN deficits that have been 

observed in SCZ patient’s brains post-mortem were also present in the PolyI:C model of SCZ. 

This model has been extensively studied and been shown to share a number of the behavioural 

and anatomical features of SCZ, but PNNs had not yet been examined. I evaluated PNNs, PV+ 

interneurons, microglia, astrocytes, as well as total cellular density as labelled by DAPI nuclear 

staining across development from infancy to adulthood (see summary, Table 2). 

Table 2. Summary of results from regions of interest for the present study.  

Brain Region 

Examined 
Results 

Human 

Anatomical 

Correlate 

PNN & PV in Human SCZ Patients 

Frontal 

Association 

Cortex 

Perineuronal net deficits 

emerging in adolescence  

Dorsal Prefrontal 

Cortex 
Perineuronal net deficits in the 

dorsolateral prefrontal cortex 

Decreased PV+ cell density 

Prelimbic 

Cortex 
Perineuronal net deficits 

emerging in adolescence 

Medial Prefrontal 

Cortex 

None examined 

Reticular 

Thalamic 

Nucleus 

Reduced PV+ cell density in 

infancy 

Reticular 

Thalamic 

Nucleus 

None examined 

Amygdala Reduced PV+ cell density 

across development 

Amygdala Perineuronal net deficits in subnuclei 

of the amygdala 

Primary 

Auditory 

Cortex 

No observed deficits Superior 

Temporal Cortex 

Significant changes to genes associated 

with PNN components & degrading 

enzymes  

Dorsal 

Hippocampus 

Reduced WFA & GFAP 

staining in CA3 region of 

adult rats 

Increased WFA staining in 

CA3 region of childhood rats 

Dorsal 

Hippocampus 

Decreased PV+ cell density 

 

 

 Ventral 

Hippocampus 

Ventral 

Hippocampus 
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4.2 Perineuronal Net Deficits 

The observation that PNNs are reduced in the prefrontal cortex could contribute to a 

number of pathological processes associated with SCZ. Of particular interest is the role of PNNs 

in critical periods, where they have been associated with the closure of these heightened 

windows of plasticity (Hensch, 2005; Takesian & Hensch, 2013). PNN deficits in adulthood 

within these areas could represent a failure to progress fully through associated critical periods. 

PNNs are known to stabilize synapses at the closure of the critical period and their failure to 

form could leave functional synapses vulnerable to degradation. This mechanism could explain 

spine density reductions seen in SCZ patients in regions associated with PNN loss (Moyer et al., 

2014). PNNs are also known to play important roles in ion homeostasis around highly active 

PV+ interneurons (Brückner et al., 1993, 1996; Hartig et al., 1990). Disruption of ion 

homeostasis around these highly metabolically active interneurons could result in changes in 

their electrophysiological activity. The fast-spiking nature of PV+ interneurons has shown to be 

essential to the generation of gamma oscillatory activity, which is perturbed in 

electrophysiological recordings from SCZ patients from multiple regions, including the 

dorsolateral prefrontal cortex (Carter et al., 1998; Manoach et al., 1999; Cho et al., 2006; Basar-

Eroglu et al., 2007; Dityatev et al., 2007; Lewis & Gonzalez-Burgos, 2008; Spencer et al., 2008; 

Farzan et al., 2010; Uhlhaas & Singer, 2010; Woo et al., 2010; Sun et al., 2011; Kirihara et al., 

2012; Grutzner et al., 2013). While our model was able to replicate the clinical studies showing 

deficits in PNNs in the PFC, I did not however see the same effects in the amygdala or superior 

temporal cortex as has been shown in humans (Pietersen et al., 2014; Pantazopolous et al., 2010; 

2015). 
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Interestingly, I identified that the reticular thalamic nucleus and CA3 region of the 

hippocampus while not having distinguishable PNNs did appear to have a dense WFA staining 

pattern. Presumably, this represents WFAs affinity for the N-acetylgalactosamine linkages to 

galactose on chondroitin sulfate proteoglycans that aggregate into PNNs, but in a more dense and 

extensive form. Consistent with that hypothesis I found that the WFA staining pattern did co-

localize with labelling of the chondroitin sulfate proteoglycan isoform aggrecan (data not 

shown). This pattern was diminished in the CA3 region of the dorsal hippocampus in adult 

PolyI:C treated offspring as compared to saline controls. Conversely, this same staining pattern 

in the CA3 region of the ventral hippocampus was increased in PolyI:C treated animals during 

childhood. The exact contribution of these changes are hard to discern without a better 

understanding of the role of the dense WFA staining pattern observed. However, the 

hippocampus has shown to be particularly affected by prenatal treatment with PolyI:C and 

preliminary findings of a disturbed ECM within this region would be consistent with other 

ongoing pathological processes in this area (Dickerson et al., 2014; Giovanoli et al., 2014; 

Patrich et al., 2015). Furthermore, the dorsal and ventral hippocampus are both known to 

contribute to a number of behaviours and cognitive processed that comprise the SCZ phenotype 

(McCarley et al., 1993; Saykin et al., 1994; 1999; Keefe et al., 1997; Heinrichs & Zakzanis, 

1998; Stone et al., 1998; Dickinson et al., 2004; Neuchterlein et al., 2004; Weiss et al., 2004; 

Ranganath et al., 2008). Direct disruption of PNNs in the ventral hippocampus with ChABC has 

previously shown to disturb hippocampal activity, enhance dopaminergic signalling in the 

prefrontal cortex, and augment locomotor responses to amphetamines (Shah & Lodge, 2013). 

4.3 Parvalbumin Interneuron Deficits 
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We also examined PV+ interneurons which have been extensively studied in SCZ 

patients and shown to be disturbed (Lewis et al., 2012; Gonzalez-Burgos et al., 2015). I found 

that PV+ interneuron density was stunted in PolyI:C treated animals throughout development in 

basolateral amygdala. There was also a trend towards a significant reduction across development 

in the frontal association cortex which has been previously reported in human SCZ patient’s 

brains post-mortem (Beasley & Reynolds, 1997). The frontal association cortex is known to have 

reciprocal connections with the basolateral amygdala that are integral to associative learning, 

particularly with respect to fear learning and memory (Nakayama et al., 2015). The functional 

relationship between these two areas could be reflected in their like-deficits, where PV+ 

interneuron seemed to be most affected during early adolescence. PolyI:C affected animals are 

known to have a variety of deficits in fear processing, however many of these do not emerge 

until later adolescence and early adulthood (Ibi et al., 2010; Vorhees et al., 2015). In future 

studies it would be of interest to evaluate not only PV+ cell density but also PV+ expression as 

several studies have identified stable PV+ cell densities with changes in both PV+ protein and 

mRNA as well as reduced GAD67 on PV+ interneurons (Hashimoto et al., 2003; Mellios et al., 

2009; Fung et al., 2010; Curley & Lewis, 2012; Volk et al., 2012; Glausier et al., 2014).  

In addition to the deficits in PV+ interneurons I observed in the basolateral amygdala and 

frontal association cortex, I also found a profound deficit in reticular thalamic nucleus of PolyI:C 

treated animals during infancy. This striking deficit could be integral to the etiogenesis of later 

pathological features of PolyI:C affected animals. The thalamus is part of the fundamental 

sensory processing stream that via thalamacortical connections relays most of the bodies sensory 

signalling to the cortex. While the deficit in the reticular thalamic nucleus was only transiently 

present during infancy, it could feasibly disrupt the ongoing maturation of a number of intra-
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thalamic and thalamocortical projections which are essential to cortical networks. As the 

reticular thalamic nucleus itself has no cortical input or output but rather modulates the function 

of other regions of the thalamus, it would be of interest to examine the consequences of this early 

PV+ deficit on the development of other thalamic nuclei (Guillery & Harting, 2003; Ferrarelli et 

al., 2011; Pratt & Morris, 2015). The reticular thalamic nucleus has been shown to be 

particularly sensitive to psychomimetic drugs and is thought to be important to sensorimotor 

gating, both of which are disturbed in PolyI:C and SCZ (Braff et al., 1978; Cochran et al., 2003; 

Krause et al., 2003; Troyano-Rodriguez et al., 2014). However these deficits have not been 

shown to emerge until adolescence in PolyI:C affected animals, well after I saw PV+ density had 

normalized.  

4.4 Immune Cells 

My preliminary examination of microglia and astrocytes revealed that there does not 

appear to be widespread ongoing inflammatory processes in PolyI:C treated offspring compared 

to controls. Most notably, while I did observe some minor differences in astrocytic reactivity 

between conditions in the dorsal hippocampus (CA3) these changes were not associated with 

regions of PNN and PV+ disturbances.  Outside of neurons themselves, astrocytes are known to 

be the major secretors of PNN components including chondroitin sulfate proteoglycans. 

Consistent with this, astrocytic staining was sparsely present during infancy but increased 

throughout development very similarly to the formation of PNNs. While astrocytes are the 

primary secretors of ECM components, microglia are the primary secretors of the enzymes 

which degrade the ECM (Gotschall & Deb, 1996; Faissner et al., 2010; Klausmeyer et al., 2011; 

Weise et al., 2012). These include enzymes like the matrix metalloproteinases (MMPs) and 

ADAMTSs (a disintegrin with a thrombospondin motif). I however found no signs of ongoing 
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microglial dysfunction throughout development, at least in terms of cellular density. This is 

consistent with several other studies that examined microglia after prenatal PolyI:C treatment 

(Giovanoli et al., 2015; Smolders et al., 2015). The lack of ongoing inflammatory processes 

suggests that the effects I observed on PNNs in the prefrontal cortex and PV+ interneurons in the 

BLA and reticular thalamic nucleus are the consequence of disturbed developmental trajectories 

rather than ongoing immune dysfunction as a result of prenatal infection. However, it should be 

noted that cell density alone is not a sensitive measure to the full scope of microglia’s role in 

CNS maintenance. It is entirely possible that the functional attributes and secretion of ECM 

degrading enzymes by microglia could be dramatically altered despite no changes in their 

density. It has previously been shown that MMP-9 is elevated in the brains of SCZ patients and 

mutations in the gene associated with MMP-16 was recently identified to confer heightened SCZ 

risk in a genome-wide association scan (Domenici et al., 2010; Yamamori et al., 2013; Pietersen 

et al., 2014; Devanarayanan et al., 2015). The relationship between microglia and the ECM, 

PNNs in particular, remains an intriguing avenue for future research.  

4.5 Pathological Mechanisms 

While this study confirms a loss of PNNs in the prefrontal cortex of offspring exposed to 

maternal immune activation, I was unable to provide insight towards a mechanism by which this 

occurs. With no readily observable changes to microglia and astrocytes, the process by which 

PV+ and PNNs are disturbed as a result of prenatal infection are still a matter of speculation. 

Previously, two leading hypotheses have been proposed (Beretta et al., 2015). Firstly, PNN 

deficits could be the result of disruption or a lack of generation of PNN components like CSPGs. 

Decreases in PNNs in the amygdala of SCZ patients has been associated with reduced levels of 

CSPG expressing astrocytes within the same area (Pantazopoulos et al., 2015). As astrocytes are 
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the primary source of CSPG synthesis this could represent a potential mechanism by which 

PNNs fail to form (John et al., 2006; Faissner et al., 2010; Wiese et al., 2012). Additionally, 

studies have identified several genetic vulnerabilities in SCZ for genes which contribute to 

CSGP synthesis, including PTPRZ1 and neurocan (Buxbaum et al., 2008; Muhleisen et al., 2012; 

Ripke & Schizophrenia Working Group of the Psychiatric Genomics, 2014). Secondly, PNN 

deficits could be the result of overactive enzymatic activity perpetually degrading these 

structures. A growing body of evidence suggests that the ECM is continuously being remodeled 

even into adulthood (Frischknect & Gundelfinger, 2012). Increases in expression of MMPs 

which degrade the ECM have been shown to occur in the prefrontal cortex, amygdala, and 

hippocampus during contextual fear learning tasks (Brown et al., 2009; Ganguly et al., 2013). 

Furthermore, inhibition of MMPs has been shown to disturb the reconsolidation of fear 

memories and disturb spatial memory and avoidance learning (Nagy et al., 2007; Wright et al., 

2007). It was recently shown that the superior temporal cortex of SCZ patients had altered 

mRNA expression of specific MMPs and ADAMTSs (Pietersen et al., 2014). Furthermore, a 

variety of genetic studies have identified several genes encoding for ADAMTSs and MMPs that 

may confer a heightened vulnerably for SCZ (Dow et al., 2011; Ripke et al., 2011; Besplova et 

al., 2013; McGrath et al., 2013). Heightened levels of these ECM degrading enzymes could 

explain the deficits observed in adult SCZ patients.  

Conclusion 

While my data cannot provide further support for either mechanism by which PNNs are 

lost, my data does strengthen a growing body of support in using the PolyI:C model to examine 

SCZ. I have shown that the PolyI:C model shares the prefrontal cortex PNN disturbances that 

have been seen in SCZ patient’s brains post-mortem. Furthermore, I have shown that these 
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deficits do not emerge until during adolescence similar to when both PolyI:C animals and SCZ 

patients symptoms will typically manifest. This shared pathological feature not only adds to the 

growing list of shared features of the model and the disease, but also provides an intriguing 

platform for future investigation. I support the use of the PolyI:C model for further inquiry into 

the mechanism by which PNNs come to be disturbed and the consequences of those 

disturbances. The model affords a unique opportunity to examine the relationships between the 

ECM, prenatal infections, and behaviour. Future studies could include a more directed 

manipulation of PNNs by use of chondroitinase ABC in regions of interest like the prefrontal 

cortex. This would prove valuable in isolating the consequences of PNN disturbances alone, 

outside of the confounding effects of prenatal infection. With a better understanding of PNN’s 

functional role in the prefrontal cortex and the means by which they are both maintained and or 

disturbed, I can then evaluate therapeutic strategies to prevent or compensate for their loss in 

SCZ. 
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