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Abstract 

 

Schizophrenia is a chronic, progressive disease distinguished by bizarre thinking, 

emotional disturbances, difficulties in motivation, and social dysfunction. Consistent 

findings have linked the GABAergic neurotransmitter system and the mechanisms 

regulating neuronal migration, synaptic formation, and neuroplasticity to schizophrenia 

pathophysiology. Recent evidence has also implicated a previously unsuspected factor, 

the brain extracellular matrix, in pathophysiology. Perineuronal nets (PNNs) are 

aggregates of brain extracellular matrix molecules, which form mesh-like structures 

around distinct classes of GABAergic neurons during late postnatal maturation.  PNNs 

are known to control neuroplasticity, stabilize synaptic connections, regulate receptor 

trafficking, and protect neurons from oxidative stress. Abnormalities in PNN formation in 

the amygdala of schizophrenia subjects have previously been reported. The present study 

focused on PNN formation within the central nucleus of the amygdala (CE), as this had 

not been previously examined. The CE is an area known to be involved in the expression 

of fear responses and the generation of social behavior. Results showed no change in 

either the total number or the numerical density of PNNs in the CE in either subjects with 

schizophrenia or bipolar disorder, suggesting the resiliency of PNNs in this nucleus. Our 

study also revealed the presence of two distinct types of PNNs in the CE, whose 

morphology suggest they surround sub-types of GABAergic neurons expressing selected 

neuropeptides. Alterations in PNN formation seen within distinct amygdaloid nuclei 

offers clues into the neurobiological underpinnings of schizophrenia pathophysiology.
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Chapter I 

Introduction 

 

Schizophrenia is a chronic, progressive disease characterized by cognitive, social, 

and emotional impairment with a lifetime prevalence of approximately 1% worldwide 

(McGrath et al., 2008; Remschmidt & Theisen, 2012). The disease is among the most 

severe and debilitating of all psychiatric conditions, distinguished by bizarre thinking, 

emotional disturbances, difficulties in motivation, and social dysfunction (American 

Psychiatric Association, 2013). The most prominent symptoms include delusional 

thinking (e.g. believing you are receiving coded messages through the television), 

hallucinations (e.g. hearing persecutory voices), and disorganized speech; collectively 

known as the positive symptoms (Aleman and Kahn, 2005; American Psychiatric 

Association, 2013; van Os & Kapur, 2009). The negative symptoms of schizophrenia 

include an inability to experience pleasure (anhedonia), an absence of motivation to 

pursue meaningful goals (avolition), the lack of emotional expression (flat affect), and the 

inability to accurately perceive the emotions of others (social cognition) (Aleman & 

Kahn, 2005; American Psychiatric Association, 2013; van Os & Kapur, 2009). All of 

these symptoms can impact an individual’s ability to effectively manage the basic 

responsibilities of everyday living, resulting in a diminished quality of life.  

Pharmacological treatment of schizophrenia advanced in the 1950’s with the 

discovery that drugs, which blocked dopamine D2 receptors in the brain, were effective in 

treating the positive symptoms of schizophrenia (van Os & Kapur, 2009).  Unfortunately 
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these so-called “first-generation,” or “typical,” antipsychotics had unwanted motor side-

effects including Parkinsonism and akathisia, prompting further research to improve 

treatment options (Tamminga, 2000). Second-generation, or “atypical,” antipsychotic 

medications introduced in the 1990’s offer an advantage over typical antipsychotics, 

including improvements in cognitive impairments, relapse prevention, functional 

capacity, and quality of life with fewer extrapyramidal and motor side-effects (Miyamoto 

et al., 2005). The most common side-effects of these second generation antipsychotics 

include weight gain and increased triglyceride and cholesterol levels (van Os & Kapur, 

2009). Despite displaying effectiveness in treating the positive symptoms with more 

manageable side-effects than their predecessors, second-generation antipsychotic 

medications do not effectively treat the negative symptoms and, in some cases, may 

actually exacerbate these symptoms (van Os & Kapur, 2009). Negative symptoms persist 

despite the remission of positive symptoms and continue to limit patient recovery (Erhart 

et al., 2006; Hunter & Barry, 2012). Taking into consideration the connection between 

negative symptoms and social functioning (reviewed in Aleman and Kahn, 2005), 

increased emphasis should be placed on developing treatments that address these 

symptoms, especially given that most individuals with schizophrenia now live in 

community-based settings (Hunter & Barry, 2012). Living in such an environment 

necessitates adequate psychosocial functioning in order to successfully manage daily 

living and recovery goals. 

Epidemiological studies of schizophrenia have revealed much about the causes 

and effects of the disease, however the picture is incomplete. We know the onset of 

schizophrenia varies between males and females with symptoms in males typically 
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arising during the late teens and early twenties, while in females they usually begin in the 

mid-twenties to late thirties (Aleman & Kahn, 2005).  Schizophrenia typically develops 

in one of two courses: either (1) by a gradual onset with negative symptoms 

predominating early in life or (2) by the acute onset of positive symptoms during early 

development followed by the addition of negative symptoms as the individual ages 

(Remschmidt & Theisen, 2012). This heterogeneity in symptomology has prompted some 

researchers to contend schizophrenia is not one homogeneous disease, but several 

neurological maladies manifesting in varying degrees throughout the course of 

development (MacDonald & Schulz, 2009). However, there remains a lack of consensus 

amongst researchers as to the validity of this contention (MacDonald & Schulz, 2009).  

Researchers agree the etiology of schizophrenia is likely an interaction between 

genetic and environmental factors, though the exact nature of this relationship is yet to be 

fully understood (Nagai et al., 2011; Salokangas & McGlasian, 2008; van Os & Kapur, 

2009). Twin studies have suggested the disease has a heritability of 80% with the genes 

predisposing an individual to schizophrenia affecting neurocognitive functioning, brain 

volume, information processing, and sensitivity to stress (MacDonald & Schulz, 2009; 

Sullivan et al., 2003; van Os & Kapur, 2009). In other words, what an individual inherits 

is not schizophrenia per se, but rather the heritable traits that underlie the specific 

manifestations of the illness. Inheriting particular traits may increase the risk of 

developing schizophrenia as well as account for the phenomenon of symptom 

heterogeneity (MacDonald & Schulz, 2009). Environmental risk factors include being 

raised in an urban environment, immigration, cannabis usage, and prenatal events such as 

maternal infection, stress, and malnutrition (Salokangas & McGlasian, 2008; van Os & 
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Kapur, 2009). Nevertheless, only a minority of those exposed to these risk factors 

develop the disease, supporting the notion of a combined genetic-environmental etiology 

of schizophrenia (van Os & Kapur, 2009).  Attention will now shift towards early 

opinions regarding schizophrenia and to the potential pathophysiology underpinning 

symptom manifestation.  

 

Early Opinions on Schizophrenia 

Swiss psychiatrist Eugen Bleuler coined the term schizophrenia in the early 20th 

century to redefine the psychiatric illness known as dementia praecox. German 

psychiatrist Emil Kraeplin popularized the concept of dementia praecox in the late 19th 

century which defined one of the two known forms of “insanity,” the other form being 

manic-depressive illness (Hoff, 2012). Bleuler chose the term schizophrenia because he 

likened much of the symptomology of the disease to a “tearing asunder of normal mental 

cohesions” and thus believed the term presented a more accurate description of the illness 

(Hoch, 1912). Kraeplin and Bleuler believed the illness they were describing had 

biological underpinnings, however, contrary to Kraeplin, Bleuler insisted the disease did 

not necessarily manifest early in life (praecox) nor did it always lead to serious mental 

deterioration (dementia) as a long term prognosis (Bleuler, 1911). Bleuler regarded the 

dissociation of cognitive mental functions to be the core feature of the pathogenesis of 

schizophrenia and thought it to be present in any person with the disease regardless of 

clinical type or course of illness (Hoff, 2012). He believed the loosening of associations 

to be the primary symptom of schizophrenia upon which all secondary symptoms arise 

(Bleuler, 1911). Bleuler regarded disturbances in emotional processing to be one of the 
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primary symptoms, designating the psychotic symptoms as secondary (Bleuler, 1911). 

Furthermore, it was clear to Bleuler that disturbances in cognitive functions could not be 

separated categorically from emotional processing because these two domains are 

intimately related to the way we perceive the world (Hoff, 2012). Indeed, contemporary 

investigations into the symptomology of schizophrenia support the presumption that both 

cognitive and emotional dysfunctions underpin much of the clinical manifestations of the 

disease (Aleman & Kahn, 2005; Kohler & Martins, 2006). 

Eugen Bleuler (1911) believed schizophrenia had a neurobiological 

pathophysiology which resulted in a deficiency of both cognitive and emotional 

processing, although he did not correlate these deficiencies with anatomical changes 

within the brain (Hoch, 1912). This may have been due to the lack of sophisticated 

research methods required to reasonably address questions regarding pathophysiology. 

Fortunately the past several decades have seen advances in neuroimaging and post-

mortem examination techniques, allowing researchers to more effectively confront the 

issue (Keshavan et al., 2008). For the purposes of the present discourse, post-mortem 

findings shown to be consistent across schizophrenia pathophysiological research will be 

detailed (Kevshavan et al., 2008; MacDonald & Schulz, 2009). Attention will then be 

drawn to a hypothetical model of schizophrenia pathophysiology proposed over a decade 

ago, which recent findings appear to support. 

 

Schizophrenia Pathophysiology 

Post-mortem studies have consistently shown reductions in the expression of the 

enzyme glutamic acid decarboxyalase kDa 67 (GAD67) in the prefrontal and temporal 
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cortices of patients with schizophrenia (Akbarian & Huang, 2006; Benes & Berretta, 

2001). GAD67 is an enzyme responsible for converting the neurotransmitter glutamate 

into GABA, a neurotransmitter known to play a role in modulating the oscillatory activity 

of glutamatergic pyramidal neurons (Lewis et al., 2005). This finding is significant 

because reduced expression of GAD67 leads to a subsequent reduction in GABA 

production, potentially disrupting normal prefrontal and temporal cortex functionality 

(Akbarian & Huang, 2006). GAD67 is transcribed during the early stages of development 

and aids in synaptogenesis (Pinal & Tobin, 1998). In other words, GAD67 is involved in 

the progressive development of synaptic connections in the brain, helping set the stage 

for future processes which will refine these connections in an activity-dependent manner 

(Pinal & Tobin, 1998). Another finding consistent across post-mortem studies concerns 

the glycoprotein reelin, a protein expressed by GABAergic interneurons which helps 

regulate neuronal migration and synaptic transmission (Costa et al., 2001; Costa et al., 

2004; Guidotti et al., 2000; MacDonald & Schulz, 2009). Reelin is involved in 

synaptogenesis, but it is also involved in neuronal migration; a process by which neurons 

migrate outward from their birthplace toward local and distal brain regions, establishing 

the functional connectivity that will come to facilitate neuronal transmission (Stranahan 

et al., 2013). Patients with schizophrenia have shown a reduction of 30%-50% in reelin 

levels in a number of brain regions relative to normal controls (Costa et al., 2001; Costa 

et al., 2004; Guidotti et al., 2000; Akbarian & Huang, 2006). Interestingly, the extent of 

this reduction in reelin appears to be correlated with the levels of reduced GAD67 

expression, further implicating the GABAergic system in schizophrenia pathophysiology 

(Akbarian & Huang, 2006).  
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Theories have converged upon the idea of schizophrenia as a neurodevelopmental 

disease, whereby early disruptions to the processes of neuronal migration and synaptic 

formation may lead to the subsequent development of positive and negative symptoms as 

the individual ages (Fatemi & Folsom, 2009; Keshavan, 1999; Keshavan & Hogarty, 

1999; McGlashan & Hoffman, 2000). Consistent with this view, McGlashan and 

Hoffman (2000) formed the Developmentally Reduced Synaptic Connectivity (DRSC) 

model of schizophrenia pathophysiology. The authors hypothesize that the consistent 

findings of reduced neuronal connectivity in patients with schizophrenia relative to 

healthy controls involves two potential processes: either (1) limited synaptic connectivity 

in early childhood, perhaps resulting from genetic or perinatal factors; or (2) a disruption 

in synaptic pruning during adolescence and young adulthood. Synaptic pruning refers to 

the process of strengthening synaptic connections by reducing lesser-used connections 

while reinforcing frequently-used connections (Inglesias et al., 2005). The outcome of 

these processes determines the strength and plasticity of brain circuits that will come to 

be further refined by an individual’s unique internal and external experience during the 

course of development (Stranahan et al., 2013). One can surmise what a disruption in 

these processes may lead to for humans subjected to constant bombardment of social and 

psychological information, all of which must be integrated in order to adapt to the ever-

changing environment. 

Studies showing a consistent reduction of GAD67 and reelin in patients with 

schizophrenia relative to healthy controls (Costa et al., 2001; Costa et al., 2004; Guidotti 

et al., 2000) support the DRSC model (Berretta, 2012; Costa et al., 2001; Pinal & Tobin, 

1998; Stranahan et al., 2013). The question now becomes what additional biological 
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elements may be involved in the processes of neuronal migration, synaptic pruning, and 

synaptogenesis that could potentially be disrupted in the brains of patients with 

schizophrenia. Interestingly, there is promising post-mortem evidence suggesting the 

involvement of the brain extracellular matrix, a recently unsuspected factor in 

schizophrenia pathophysiology whose primary function includes guiding nervous system 

development (reviewed in Berretta, 2012). The following section discusses how a 

disturbance in brain extracellular matrix functioning may underlie schizophrenia 

pathophysiology. 

 

The Brain Extracellular Matrix 

The brain extracellular matrix is a molecular lattice surrounding all cells in the 

brain, regulating key developmental and adult brain functions such as neuronal migration, 

synaptic maturation and stabilization, and neuroplasticity (Berretta, 2012; Pantazopoulos 

et al., 2010; Viapiano & Matthews, 2006). Decreased expression of the extracellular 

matrix glycoprotein reelin and irregularities in other extra cellular matrix-related 

molecules have been described in schizophrenia, raising the possibility that extracellular 

matrix abnormalities play a significant role in the pathogenesis of the disease (Berretta, 

2012; Guidotti et al., 2000; Pantazopoulos et al., 2010). Chondroitin sulfate 

proteoglycans (CSPGs) are principal components of the brain extracellular matrix 

(Viapiano & Matthews, 2006). They are primarily expressed and secreted into the human 

brain extracellular matrix by glial cells (Berretta, 2012; Pantazopoulos et al., 2010). 

These CSPGs combine with additional extracellular matrix molecules to constitute the 

heterogeneous structure of perineuronal nets (PNNs), specialized extracellular matrix 
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aggregates predominately surrounding the cell body and dendrites of GABAergic 

interneurons expressing the calcium binding protein parvalbumin (Celio et al., 1998; 

Eyles et al., 2002; Pantazopoulos et al., 2010).   

PNNs are mesh-like structures which form around distinct classes of neurons 

during late postnatal maturation (Berretta, 2012; Frischknecht et al., 2009; Frischknecht 

& Gundelfinger, 2012; Wang & Fawcett, 2012). During early postnatal development, the 

brain is in a plastic state, allowing neurons the freedom to rearrange connections in an 

experience-driven manner (reviewed in Berretta, 2012). During this period the brain 

extracellular matrix does not organize into PNNs, thus permitting the processes of 

neurogenesis, cell migration, axon outgrowth, synaptogenesis, and synaptic 

rearrangement (Berretta, 2012; Frischknecht and Gundelfinger, 2012; Maeda, 2010). 

Conversely, PNNs are known to form during the critical period of late postnatal (early 

adulthood in humans) development in which synaptic refinement, myelination, and the 

maturation of the nervous system occur (Berretta, 2012; Maeda, 2010; Wang & Fawcett, 

2012). In other words, PNNs form as the nervous system matures, functioning to 

“consolidate” neuronal connections that have become established during the early stages 

of development. These PNNs are understood to be essential to the processes of synaptic 

formation, stabilization and regulation of neuronal communication (Berretta, 2012; 

Hartig et al., 1995; Maeda, 2010; Mauney et al., 2013; Shah & Lodge, 2013; Wang & 

Fawcett, 2012). Interestingly, both aberrant synaptic formation and disruptions in 

neuronal communication have been implicated in the pathophysiology of schizophrenia 

(Berretta, 2012; MacDonald & Schulz, 2009; McGlashan & Hoffman, 2000), supporting 

the potential role of PNNs in the pathology of this disease.   
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PNNs are found throughout cortical and subcortical brain regions including the 

neocortex, hippocampus, and amygdala (Mauney et al., 2013; Pantazopoulos et al., 2010; 

Shah & Loge, 2013). These brain regions are understood to be involved in emotional 

learning and memory, processes which are known be disrupted in patients with 

schizophrenia (Glahn et al., 2005; Holt et al., 2009; Herbener, 2008). The amygdala is of 

particular interest here as previous post-mortem work has revealed a significant reduction 

in the total number and numerical density of PNNs in the amygdala of individuals with 

schizophrenia compared to healthy controls (Pantazopoulos et al., 2010). Furthermore, 

imaging studies have consistently shown abnormal functioning of the amygdala in 

patients with schizophrenia (Holt et al., 2006; Kosaka et al., 2002; Pankow et al., 2013; 

Pinkham et al., 2011; Rauch et al., 2010; Suslow et al., 2013; Williams et al., 2004). The 

following section discusses the role the amygdala plays in emotional processing and how 

crucial the temporal formation of PNNs within the amygdala is to the process of 

emotional learning and memory.  

 

Role of the Amygdala in Emotional Processing 

The amygdala codes the emotional significance, or “salience,” of environmental 

stimuli and allows for the rapid, unconscious processing of information (Damasio, 2000; 

LeDoux, 1995; LeDoux, 2000). This coded information is then sent to the higher order 

brain systems involved in perception as well as to the brain systems involved in the 

control of emotional responses (Damasio, 2000; LeDoux, 1995; LeDoux, 2000). This 

integration of information allows an individual to modulate their behavior appropriately 

in context-dependent situations such as social interactions. The amygdala is therefore 
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understood to be critically involved in the normal expression, perception, and experience 

of emotion (Aleman & Kahn, 2005). These emergent features of emotional processing are 

considered to be part of the broader construct of social cognition, which refers to the 

ability to perceive the intention and disposition of others and use those perceptions to 

guide social behavior (Adolphs, 1999; Adolphs, 2010; Brothers, 1990; Pinkham et al., 

2003). Some have suggested impairments in social cognition represent the core 

behavioral feature of schizophrenia as they appear before the onset of psychosis, are 

present throughout the disorder, contribute to the rate of relapse, and are a key 

determinant of successful independent living and work functioning (Aleman & Kahn, 

2005; Billeke & Aboitiz, 2013; Marwick & Hall, 2008; Pinkham et al., 2003).  

Efforts to better understand social cognition and other aspects of emotional processing 

have continued to support the role of the amygdala in the pathophysiology of 

schizophrenia (Marwick & Hall, 2008). Facial recognition is known to play a significant 

role in social cognition as human faces are one of the most essential sources of social 

information (Adolphs, 2002; Billeke & Aboitiz, 2013). Social cognition studies, 

involving primates, further support the role of the amygdala in facial recognition since 

this brain area contributes to our ability to effectively recognize individuals in the 

environment and to generate an appropriate emotional response (Kuraoka & Nakamura, 

2012). Difficulty in correctly evaluating faces may lead to the misunderstanding of social 

cues and to the subsequent difficulties in social cognition experienced by patients with 

schizophrenia (Holt et al., 2006; Hooker & Park, 2002; Pinkham et al., 2003; Rauch et 

al., 2010; Schneider et al., 2006). 	
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One functional imaging study found patients with schizophrenia show greater 

amygdala activation when viewing positive faces relative to control subjects (Kosaka et 

al., 2002). The authors suggest this hyperactivation may be the consequence of impaired 

sensory gating in the amygdala which may result in a flooding of emotionally significant 

information. Neuroimaging studies have also revealed people with schizophrenia 

displaying increased activation of the amygdala in response to neutral facial expressions 

(Holt et al., 2006) and demonstrating greater automatic amygdala responses to happy and 

sad faces (Rauch et al., 2010). The authors of both studies concluded that people with 

schizophrenia can show amygdala hyper-responsiveness to both positive and negative 

emotional stimuli on the level of automatic processing. There are also studies showing 

evidence of amygdala hypoactivation that deserve equal consideration. 

In a study employing functional magnetic resonance imaging (fMRI) and skin 

conductance arousal recordings, patients with paranoid schizophrenia displayed  

enhanced arousal responses and hypoactivation of the amygdala in response to the 

presentation of fearful faces, relative to both the non-paranoid and the healthy control 

groups (Williams et al., 2004). The authors explain that this finding of a heightened 

arousal response alongside a decreased activation of the amygdala in paranoid patients, 

suggests a dysregulation in the mutual feedback loop between amygdala function and 

somatic state. This finding is supported by a more recent study of subjects who were 

presented with four types of facial expression (direct-gaze anger, direct-gaze fear, 

averted-gaze anger, and averted-gaze) during functional imaging (Pinkham et al., 2011). 

Patients with schizophrenia showed hypoactivation of the amygdala in response to direct-

gaze anger facial expressions compared to healthy controls. The authors suggest directed 
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anger expressions vividly elicit an indication of self-relevant threat, which may be related 

to threat assessment accuracy and social cognition in those living with schizophrenia.  

Interestingly, a recent event-related fMRI task study revealed both 

hyperactivation and hypoactivation of the amygdala in response to emotion eliciting 

pictures in subjects with schizophrenia relative to healthy, age-matched controls (Pankow 

et al., 2013). The study revealed those with schizophrenia showed hyperactivation of the 

amygdala during the emotional processing of negative pictures and exhibited 

hypoactivation of the amygdala during the emotional processing of positive pictures 

when compared to healthy control subjects. Additionally, recent imaging research has 

shown hyperactivation of the amygdala in response to angry, happy, and neutral faces in 

the first phase of a facial priming experiment and showed hypoactivation of the amygdala 

during the second phase in patients with schizophrenia versus healthy controls (Suslow et 

al., 2013). The authors suggest the switch from hyperactivation to hypoactivation in the 

amygdala of patients with schizophrenia may indicate an inhibitory process, which 

hinders amygdala responsivity following emotional overstimulation. 

In these investigations of emotional processing and social cognition, whether the 

amygdala is hyper-responsive, hypo-responsive, or a temporally dependent combination 

of the two, one point is clear: patients with schizophrenia continually show abnormal 

functionality of the amygdala. However, questions remain regarding the specific, 

biological underpinnings of these abnormalities and what specialized function they may 

play in emotional processing. Emotional processing in the context of fear conditioning 

will now be discussed, drawing special attention to the potential role PNN formation 

within the amygdala plays in regulating emotional learning and memory. 
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Fear Conditioning and Extinction Learning 

Fear conditioning is the process by which we learn to predict the occurrence of 

aversive stimuli. It involves the association of a previously neutral-stimulus, such as a red 

light, with an aversive stimulus, such as an electric shock, so that eventually the red light 

(conditioned stimulus) becomes predictive of the aversive stimulus and provokes the 

same behavioral and physiological fear responses. Fear extinction permits flexibility in 

this form of learning, allowing us to learn that a conditioned stimulus no longer predicts 

danger. Experimentally, it is the process of repeatedly presenting the conditioned 

stimulus in the absence of the noxious stimulus. Following this process, the conditioned 

behavioral and physiological response to the conditioned stimulus becomes extinguished. 

Fear extinction learning does not eliminate the original fear conditioned memory, rather it 

represents a type of “safety” learning that exists alongside the original fear conditioned 

memory and acts to inhibit the fear response to the originally conditioned stimulus. 

In a fear conditioning study of rodents, Gogolla et al. (2009) demonstrated that 

the establishment of PNNs in the amygdala marks the end of the developmental period 

during which fear memories can entirely be erased by fear extinction training. The 

authors found that during early postnatal development (before 3 weeks old in the mouse), 

extinction training results in the permanent loss of the original conditioned fear memory. 

Conversely, extinction training in adult mice (after 3 weeks old) failed to produce the 

permanent loss of the original conditioned fear memory. The authors hypothesized that 

the neuronal mechanism underlying this developmental regulation of fear extinction 

learning is the temporal formation of PNNs. They found that in the absence of PNNs 
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within the amygdala, fear extinction training leads to the permanent loss of the original 

conditioned fear behavior, suggesting PNNs prevent the erasure of conditioned fear 

memories in adult mice. This study is especially intriguing as people with schizophrenia 

have shown abnormal fear conditioning and extinction learning (Holt et al., 2009) as well 

as a reduced number of perineuronal nets in the amygdala relative to healthy controls 

(Pantazopoulos et al., 2010). Additionally, the temporal formation of PNNs is likely to 

correspond with late adolescence and early adulthood in humans (Berretta, 2012), the 

peak period for the onset of schizophrenia (van Os & Kapur, 2009).  

Emotional learning and memory are critical to survival. Maintaining a record of 

previous choices and their outcomes guides future behavior. This allows an organism to 

safely and effectively navigate through the environment, avoiding predators and 

increasing survival. In humans, emotional learning and memory extends beyond basic 

avoidance of predators into a complex social environment, where survival relies heavily 

upon accurately perceiving and responding to the social cues of others. If PNNs are 

indeed involved in emotional learning and memory in humans as has been shown in 

rodent models, then perhaps the deficits in social cognition so often seen amongst 

individuals with schizophrenia is in some way related to a decrease in the number of 

PNNs within the amygdala. Currently there are no investigative procedures that allow for 

a conclusive answer to this question.  However, these findings underscore the importance 

of investigating emotional processing and the neurobiological factors underpinning 

emotional learning and memory in individuals with schizophrenia. The following will 

provide descriptions of our objectives and stated hypotheses.  
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Objective of the Present Investigation 

This study built upon the previous work by Pantazopoulos et al (2010) which 

found a decrease in the extracellular concentration of chondroitin sulfate proteoglycans 

(CSPGs), the main constituents of PNNs in the amygdala of subjects with schizophrenia. 

Versican, brevican, aggrecan, and neurocan are members of the CSPG family which help 

to organize the brain extracellular matrix and are individually, and distinctly, active 

throughout the various stages of neural development (Berretta, 2012; Viapiano & 

Matthews, 2006; Yamaguchi, 2000). We chose to investigate the CSPG versican as it has 

been found to have exhibited the largest change in CSPG proliferation with a 2.03 fold 

increase in mRNA expression, indicating a decrease in extracellular versican, in the basal 

nucleus of the amygdala (BN) in subjects with schizophrenia (Pantazopoulos et al., 

2010). Furthermore, we elected to investigate versican, specifically the isoform V0/V1, 

as this CSPG has been shown to be a key player during the early stages of nervous 

system development (Yamaguchi, 2000) and is therefore of particular interest in the study 

of schizophrenia pathophysiology. 

This study analyzed the role of CSPGs in the formation of PNNs in the central 

nucleus of the amygdala (CE). The CE was selected as a region of interest because this 

nucleus is known to be involved in the expression of behavioral and physiological fear 

responses (Amano et al., 2011; Maren et al., 2013; Milad & Quirk, 2012; Myers & Dais, 

2007; Pare et al., 2004; Phelps & LeDoux, 2005; Quirk & Mueller, 2008) and the 

generation of appropriate social and emotional behavior in primates (Kalin et al., 2004; 

Kuraoka & Nakamura, 2012). Moreover, the CE represents a particularly intriguing and 
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relevant target because it has been demonstrated that individuals with schizophrenia 

display abnormal behavioral responses to fear conditioned learning (Aleman & Kahn, 

2005; Holt et al., 2009) and show deficits in social cognition (Holt et al., 2006; Hooker & 

Park, 2002; Pinkham et al., 2003; Rauch et al., 2010; Schneider et al., 2006). 

We investigated the CSPG versican isoform V0/V1 in the whole amygdala using 

the immunohistochemical label GAGβ. Additionally, we used wisteria floribunda 

agglutinin (WFA), a broad immunohistochemical marker for all CSPGs, to label PNNs in 

the CE as this had not been previously examined.  

We expected significant decreases in the total number and numerical density of 

versican V0/V1-positive PNNs would be detected in the CE in subjects with 

schizophrenia relative to healthy controls. These results would further corroborate 

evidence indicating CSPG-positive PNN reduction in the lateral nucleus of the amygdala 

(LN) of individuals with schizophrenia relative to controls (Pantazopoulos et al., 2010). 

More importantly, these findings would provide specific evidence for a disruption of a 

distinct isoform of the CSPG versican (i.e. V0/V1) in the CE in patients with 

schizophrenia. Alternatively, if this hypothesis is not supported, and no deficit of versican 

V0/V1-positive PNNs was detected in the CE in subjects with schizophrenia, these 

results would suggest that this particular CSPG isoform does not contribute to the brain 

extracellular matrix abnormalities uncovered in the Pantazopoulos et al (2010) study. In 

such a case, the focus might shift to other CSPGs, such as neurocan and brevican, which 

showed promising results in preliminary studies (Berretta & Pantazopoulos, 

unpublished).  
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Lastly, we anticipated a decrease in the total number and numerical density of 

WFA-positive PNNs in the CE in subjects with schizophrenia compared to normal 

controls.  This finding would support evidence showing a decrease in WFA-positive 

PNNs in the LN of the amygdala (Pantazopoulos et al., 2010) and would suggest a 

systemic dysfunction in the brain extracellular matrix throughout the amygdala. 

Conversely, the finding of no difference in WFA-positive PNNs would suggest the 

resiliency of WFA-positive PNNs in the CE. 

To our knowledge, this study was the first examination of its kind of WFA- and 

versican V0/V1-labeled PNNs in the central nucleus of the amygdala. 
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Chapter II 

Method 

 

Tissue blocks containing the intact amygdala from two cohorts of donors 

diagnosed with schizophrenia (SZ), bipolar disorder (BD), or no history of 

psychopathology were used for this investigation. The first cohort included 14 SZ, 11 

BD, and 16 normal control donors (Appendix 1). The second cohort included 9 SZ, 11 

BD, and 14 normal control donors (Appendix 2). All tissue blocks were obtained from 

Harvard Brain Tissue Resource Center, McLean Hospital in Belmont, Massachusetts. 

Diagnoses of the cases were made by retrospective review of medical records. Donors 

lacking sufficient medical records or with clinical evidence of brain changes associated 

with Alzheimer’s disease were excluded from this study. 

 

Measures 

Differences between groups relative to the main outcome measures were 

assessed for statistical significance using a stepwise linear regression process. A 

logarithmic transformation was uniformly applied to all original values because the data 

were not normally distributed. Statistical analyses were performed using JMP v5.0.1a 

(SAS Institute Inc., Cary, NC). For each marker and region combination treated as a 

univariate outcome, we first fit the most complex linear model with diagnoses and all 

covariates. These models are analysis of covariance (ANCOVA) models, i.e. ANOVA 

models for the diagnostic effects that also account simultaneously for the possible effects 

of the other covariates. We then employed model selection criteria based on the 
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likelihood ratio tests that compared complex models to simpler models nested within 

them. SZ and BD were first compared separately to normal controls.  

Age, gender, postmortem time interval (PMI), hemisphere, cause of death, 

brain weight, exposure to alcohol, nicotine, electroconvulsive therapy, and lifetime, as 

well as final six months’, exposure to antipsychotic drugs and lithium treatment were 

tested systematically for their effects on the main outcome measures, and included in the 

model if they significantly improved the model goodness-of-fit. Cause of death was 

categorized as acute (e.g. myocardial infarction) or chronic (e.g. cancer). Data on nicotine 

and alcohol exposure was only available for subjects with SZ or BD; on the basis of the 

subjects’ record, exposure was considered as high, moderate, low and absent, as well as 

present or absent during the last 10 years of life. We analyzed medical records for 

exposure to various classes of psychotropic and neurotropic drugs. Estimated daily doses 

of antipsychotic drugs were converted to the approximate equivalent of chlorpromazine 

as a standard comparator (Baldessarini, 1995), and corrected on the basis of a qualitative 

assessment of treatment-adherence based on taking prescribed psychotropic medicines 

more or less than approximately half of the time, as indicated by the extensive 

antemortem clinical records. These values are reported as lifetime, as well as last six 

months’ of life, grams per patient. Exposure to lithium salt was estimated in the same 

manner. Exposure to other classes of psychotropic drugs was reported as present or 

absent. These variables, as well as sub-types of SZ (e.g. paranoid, catatonic, 

disorganized) and levels of functioning indexes (i.e. capability of living independently, 

marital and employment status), could be not tested reliably because the number of 

subjects in each category was too low. However, these variables were taken into account 
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as a possible explanation when apparent clustering of subjects was observed. In addition 

to testing the potential effects of exposure to antipsychotics and lithium salt within our 

stepwise linear regression process, the effects of these variables, together with other 

psychotropic and neurotropic drugs, adherence to pharmacological treatment (good or 

poor), age of onset of the disease and duration of the illness, were tested directly in 

separate ANOVA analyses. 

 

Quantification of PNNs 

Versican V0/V1-positive and WFA-positive PNNs were quantified using 

stereology based sampling methods described previously in Pantazopoulos (2008). 

Briefly, a microscope (Carl Zeiss Axioskop 2 Plus) interfaced with a quantification 

program (Stereo Investigator 6.0) installed on a desktop computer running Windows XP 

was used for analysis. The borders of the CE were outlined in immunostained sections 

according to cytoarchitectonic criteria as described by Amaral et al. (1992) and Sims and 

Williams (1990). The nomenclature adopted was that used by Sorvari et al. (1995). Each 

traced region was systematically scanned through the full x-, y-, and z-axes to count each 

V0/V1- or WFA-positive PNN within the traced borders of the CE. PNNs were counted 

if the hollow outline of the cell body and at least one process could be detected. The 

reliability of the investigator to accurately count the number of V0/V1-positive or WFA-

positive PNNs was established through pilot counts and was assessed by recounts on a 

regular basis throughout the quantification process.  
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Procedure 

Tissue blocks containing the whole amygdala were dissected from fresh brains 

and post-fixed in 0.1M phosphate buffer containing 4% paraformaldehyde and 0.1 M Na 

azide at 4 °C for 3 weeks. These blocks were then placed in cryoprotectant solution (30% 

glycerol, 30% ethylene glycol and 0.1% Na azide in 0.1M PB) at 4 °C for 3 weeks. The 

blocks were then embedded in agar and pre-sliced in 2 mm slabs using an Antithetic 

Tissue Slicer. Each slab was exhaustively sectioned using a freezing microtome 

(American Optical 860, Buffalo, NY). Sections were stored in the same cryoprotectant 

solution at –20 °C.  

 

Immunohistochemical/Histochemical Labeling 

For immunohistochemistry, sections were incubated for 48 hours in 

(glycosaminoglycan) GAGβ /Versican V0/V1 (1:8000; gift from M.T. Dours-

Zimmermann and D.R. Zimmermann, Univ. of Zurich, Switzerland; made in rabbit). 

GAGβ /Versican V0/V1 identifies the C-terminus amino acids of human chondroitin 

sulfate proteoglycan (CSPG) versican and is reported to label both the V0 and V1 

versican isoforms (Dours-Zimmermann and Zimmermann, 1994). For histochemistry, 

sections were incubated in Wisteria Floribunda Agglutinin (WFA) in 1% BSA for 24 h at 

4 °C. WFA selectively binds to N-acetyl-galactosamine, a molecule specifically 

represented in the glycosaminoglycan chains characteristic of CSPGs. For both 

immunocytochemistry and histochemistry, sections were then incubated in streptavidin 

(1:5000; Invitrogen 434323, lot 830799A). Nickel-enhanced 
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diaminobenzidine/peroxidase reaction (0.02% diaminobenzidine (Sigma-Aldrich), 0.08% 

nickel-sulfate, 0.006% hydrogen peroxide was used to visualize the reaction product. 

Solutions for all the steps above were made in phosphate buffer/saline with 0.5% Triton 

X (PBS–Tx). Each step was followed by washes in the same solution. Sections were 

coverslipped and coded for quantitative analysis blinded to diagnosis. All sections 

included in the study were processed simultaneously to avoid procedural differences. 

 

qRT PCR  

Frozen blocks containing the amygdala were cut at 20µm sections on a freezing 

microtome and the lateral nucleus of the amygdala (LN) was dissected out from four 

frozen sections using a razor blade and placed into micro-centrifuge tubes containing 

600µl of the miRVana RNA lysis/binding buffer. Tissue samples were disrupted and 

homogenized in lysis buffer by pipetting followed by vortexing. Homogenates were 

immediately processed for total RNA isolation with silica membrane spin columns 

provided in the Ambion mirVana microRNA isolation kits (Life Technologies, Carlsbad, 

CA). RNA purification and on-column DNase digest was performed according to kit 

manual. Purified total RNA was eluted in 100µl RNase-free water. The Nanodrop ND-

1000 Spectrophotometer was used to calculate RNA sample concentrations and purity 

(A260/280 ratios). Samples were run on a microfluidic chip for automated 

electrophoresis using Bio-Rad’s Experion with the RNA HighSens Kit to check total 

RNA quality. 28S:18S ratios and RNA quality indicator (RQI) numbers (scale of 1 to 10, 

degraded to intact) were generated by Experion Software. For each sample, 500 ng of 

total RNA was primed with a mixture of oligo(dT)23 primers (3.5 µM), and dNTPs 
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(10mM each) by incubation at 70ºC for 10 min. A cDNA synthesis master mix containing 

5X First-Strand Buffer, 0.1M DTT, RNase-OUT RNase Inhibitor (40 U), and SuperScript 

III Reverse Transcriptase (200 U, Invitrogen, Carlsbad, CA) was added to each sample 

and incubated at 25ºC for 15 min, then 50ºC for 50 min. The reaction was inactivated by 

heating to 85ºC for 5 min. Finally RNA was removed by adding RNase H and incubating 

at 37ºC for 20 minutes.  

Inventoried Taqman gene expression assay for versican (VCAN) which covers all 

isoforms was chosen, along with GAPDH, RPII, and HPRT1 as reference genes. Real-

time reactions were carried out using Taqman PCR Master Mix No Amperase UNG (Life 

Technologies, Carlsbad, CA) with the following thermal cycler conditions:  95ºC for 10 

min, followed by 40 cycles of 95ºC for 15 sec and 60ºC for 1 min. 20 µl reactions were 

run in triplicates on a 96-well plate using the Bio-Rad iQ5 instrument. Threshold settings 

were set above background at the beginning of the detectable log-linear phase of 

amplification for accurate Ct readings. Dissociation curves confirmed the specificity of 

amplification products and the absence of signal due to non-specific amplification. 

Normalization of each gene and comparison of gene expression between diagnosis 

groups was calculated according to the 2 -∆∆Ct method by Livak (2001) and Schmittgen 

(2008).  
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Chapter III 

Results 

 

Gene expression analysis using a taqman gene expression assay for versican 

(VCAN)  covering all isoforms of VCAN, along with GAPDH, RPII, and HPRT1 as 

reference genes, showed increased mRNA expression in the lateral nucleus of the 

amygdala (LN) in subjects with schizophrenia (p=0.002, 5.41 fold increase) compared to 

normal controls (Fig 1). None of the co-variants tested had any effect on VCAN mRNA 

expression. 

 

 

 

 

Figure 1. Increased mRNA expression of versican in schizophrenia subjects. Bar graph depicting 
increased relative gene expression of the CSPG versican in the lateral nucleus of the amygdala (LN) in 
schizophrenia subjects compared to normal controls.  
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Versican V0/V1 Expression in the Normal Amygdala 

Immunohystochemical labeling using the GAGβ antibody, specific for the V0/V1 

isoforms of versican, showed that these isoforms are expressed only in PNNs restricted to 

the CE (Figure 2A) These V0/V1-positive PNNs primarily surrounded neurons with a 

small, fusiform morphology (Figure 2B). In addition, sparsely labeled V0/V1 fibers were 

observed in the ventral divisions of the LN and BN (Figure 2C), as well as intense glial 

cell labeling in the tissue lining the lateral ventricle (Figure 2D).  

 

 

Figure 2. Versican V0/V1 expression in the normal amygdala. Expression was restricted to the CE (A). 
Versican V0/V1 was expressed in PNNs surrounding neurons with a small, fusiform morphology (B) scale 
bar = 50 µm. V0/V1 labeling was also observed in fiber bundles in the ventral divisions of the lateral and 
basal nuclei (C), and in glial cells in the tissue surrounding the lateral ventricle (D).  
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Versican V0/V1-positive PNNs in the CE of SZ and BD Subjects 

Computer-assisted light microscopy quantification of versican V0/V1 

immunoreactive PNNs showed that both total number (Figure 3A) and numerical 

densities (Figure 3B) of versican V0/V1-positive PNNs in the CE of schizophrenia or 

bipolar subjects were not altered in comparison to healthy control subjects. 

 

 

 
Figure 3. Total number (A) and numerical density (B) of versican V0/V1-labeled PNNs in the CE. No 
changes in versican V0/V1-positve PNN total number or numerical density were observed in the CE in 
subjects with SZ or BD when compared to controls. Abbreviations: SZ, schizophrenia; BZ, bipolar disorder    
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WFA Expression in the Normal Amygdala 

Histochemical labeling of CSPGs using the plant lectin wisteria floribunda 

agglutinin (WGA) in the human amygdala showed PNN labeling in all amygdala nuclei 

(Figure 4A), with a much higher concentration of PNNs in the LN (data not shown) as 

reported previously (Pantazopoulos et al., 2010). Sparse numbers of WFA-positive glial 

cells were also observed as reported previously. WFA labeling in the CE however had 

not been previously examined. Here we observed WFA-positive PNNs surrounding 

neurons with a small, fusiform morphology, as well as glial cell labeling (Figure 4B).  

 

 

Figure 4. WFA expression in the normal amygdala. Expression was observed throughout the normal 
amygdala, including the CE (A). Within the CE, WFA labeled glial cells and PNNs surrounding neurons of 
a both small fusiform (B) and small multipolar (see Appendix C) morphology. Arrows indicate WFA-
positive PNNs. Arrow-heads indicate WFA-positive glial cells.  
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WFA-positive PNNs in the CE of SZ and BD Subjects 

Computer-assisted light microscopy quantification of WFA labeled PNNs showed 

that both numerical densities (Figure 5A) and total number (Figure 5B) of WFA-positive 

PNNs in the CE of schizophrenia or bipolar subjects were not altered in comparison to 

controls. 

 

 

 

Figure 5. Total number (A) and numerical density (B) of WFA-labeled PNNs in the CE. No changes 
in WFA-positive PNN total number or numerical density were observed in the CE in subjects with SZ or 
BD when compared to healthy controls. Abbreviations: SZ, schizophrenia; BZ, bipolar disorder    
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WFA Labeling of Versican V0/V1-positive PNNs  

We used dual-fluorescence immunohistochemistry to test the hypothesis that 

WFA labeled PNNs in the CE express versican V0/V1. Dual-fluorescence labeling in the 

amygdala of three control subjects showed that PNNs in the CE that express versican 

V0/V1 are not detected by WFA (Figure 6).  

 

Figure 6. Photomicrographs depicting V0/V1 PNN labeling (red) and WFA labeling (green) in the CE 
of one control subject. PNNs expressing versican V0/V1 (GAGβ) were not labeled by WFA. 
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Chapter IV 

Discussion 

 

The observation of no change in either the total number or numerical density of 

V0/V1- or WFA-positive PNNs in the central nucleus of the amygdala (CE) in subjects 

with schizophrenia or bipolar disorder was unexpected, and suggests resiliency in these 

types of PNNs in the CE.  Additionally, our investigation has revealed V0/V1-positive 

PNNs in the CE are not co-localized with WFA, suggesting V0/V1- and WFA-positive 

PNNs surround distinct neuronal populations. The following describes these findings, 

considering potential implications and future objectives. In an effort to place our results 

into perspective, we begin with a simplified overview of the intra-amygdaloid nuclei, 

including a brief description of the hypothalamic-pituitary-adrenal (HPA) axis-mediated 

stress response system. 

 

Intra-Amygdaloid Nuclei 

The amygdala is composed of distinct, interconnected nuclei which link the 

external environment, via sensory inputs, to somatic, visceral, and endocrine responses 

(LeDoux, 2000; Phelps & LeDoux, 2005). Studies have consistently demonstrated 

incoming environmental stimuli are integrated within the basolateral complex (lateral, 

basal, and accessory basal nuclei) of the amygdala and the emotional significance derived 

is then projected into the central nucleus (CE), although some sets of inputs from cortical 

and sub-cortical regions reach the CE directly (Maren et al., 2013; Pare et al., 2004; 
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Pitkanen et al., 1997; Wilensky et al., 2006). The CE then sends this highly processed 

information to the hypothalamus and brainstem resulting in the behavioral and 

physiological expression of emotion (Amano et al., 2011; LeDoux, 2000; Pare, 2004; 

Phelps & LeDoux, 2005; Pitkanen et al., 1997).  This process is illustrated below in 

Figure 7. 

 

 

 

 

Figure 7: Simple diagram of the intra-amygdaloid nuclei circuitry linking environmental stimuli to 
behavioral response. Information is integrated within the basolateral complex (lateral, basal, and 
accessory basal nuclei) before entering the CE. The CE projects to the hypothalamus and brainstem 
producing the behavioral and physiological expression of emotion.  
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The Hypothalamic-Pituitary-Adrenal (HPA) Axis 

The hypothalamic-pituitary-adrenal (HPA) axis is associated with regulation of 

the stress response and is linked to the neuropsychological mechanisms involved in 

assessing the social environment (Flinn et al., 2011), making it particularly relevant to 

schizophrenia. The HPA axis operates as a negative feedback system, regulating a 

cascade of hormones including corticotropin-releasing factor (CRF), adenocorticotropic 

hormone (ACTH), and cortisol. Release of these hormones contributes to the behavioral 

and physiological response to stress, particularly cortisol, which provides negative 

feedback to the system, effectively dampening the initial stress response (Sapolsky, 2003; 

Tsigos & Chrousos, 2002; Walker, et al., 2008). This system is illustrated on the 

following page in Figure 8.  

The HPA axis activates the so-called “fight or flight” response in organisms when 

a threat to homeostasis is detected in the environment (Goldstein, 2010). Subsequent 

activation of the adrenal glands causes the release of cortisol and epinephrine, increasing 

heart rate, blood flow, and muscle tension (Ehrhart-Bornstein & Hilbers, 1998). These 

physiological changes occur in order to increase strength and speed, allowing the 

organism to quickly adapt to environmental stressors (Goldstein, 2010). Curiously, 

patients with schizophrenia have shown elevated baseline HPA-related hormone levels 

compared to normal controls, which some have hypothesized increases the patient’s 

vulnerability to environmental stressors and the likelihood of developing psychosis 

(Walker et al., 1997).  
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Figure 8: Diagram of the HPA axis-mediated stress response and negative feedback system. Release 
of corticotropin-releasing factor (CRF) by the hypothalamus initiates a cascade of hormonal release 
resulting in the behavioral and physiological responses to stress.  The release of cortisol (CORT) by the 
adrenal cortex provides negative feedback on the system, subsequently dampening the initial stress 
response. 

 

 

Admittedly, the integration of environmental stimuli within the amygdala and the 

effect this has on HPA axis activation and the stress response is decidedly complex and 

beyond the scope of this discussion. Hopefully these simplified descriptions will help the 

reader to appreciate the possible psychosocial implications of our results. The following 

details findings from our investigation of the extracellular matrix in subjects with 

schizophrenia and bipolar disorder. 
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Versican Gene Expression 

Previous results have shown decreases of PNNs in the lateral nucleus of the 

amygdala (LN) in subjects with schizophrenia as compared to healthy controls 

(Pantazopoulos et al., 2010). In that study, PNNs were labeled using wisteria floribunda 

agglutinin (WFA). WFA is considered to be a broad spectrum marker for CSPGs, one of 

the main components of PNNs. To assess if the CSPG versican was specifically affected, 

we examined versican mRNA expression in the LN in subjects with schizophrenia and 

healthy controls. We observed a 5.41-fold increase in versican mRNA expression in the 

LN in subjects with schizophrenia, suggesting that the production of this CSPG is altered 

in this patient population. This observed increase in versican mRNA in the LN may 

reflect overproduction of this CSPG in glial cells normally expressing this molecule at 

lower levels; the result of which would influence the availability of versican in the 

extracellular matrix (Pantazopoulos et al., 2010). If these abnormalities were present 

throughout the development of the central nervous system, altered versican availability in 

the brain extracellular matrix could potentially interfere with neuronal migration, 

synaptic maturation, and the temporal formation of PNNs.  

Our investigation progressed with regard to how versican, specifically the V0/V1 

isoform, might be affected in the CE, as this nucleus is of great significance to a number 

of physiological responses relevant to schizophrenia. The CE functions as the output of 

amygdala activity to the HPA axis, thus decreases of PNNs in this nucleus would have 

strong functional implications on the regulation of the stress response. Abnormal stress 

responses have been repeatedly demonstrated by patients with schizophrenia (reviewed in 
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Aleman & Kahn, 2005; Holt et al., 2009). We therefore investigated how versican 

V0/V1-positive PNNs may be affected in the CE.   

 

	
  
Versican V0/V1 Expression in the Normal Amygdala 

 Immunohystochemical labeling of versican V0/V1 with the antibody GAGβ 

revealed that this isoform is expressed in the normal amygdala only in PNNs located 

within the CE. Expression was also observed in subsets of fiber-like elements likely to 

correspond to extracellular matrix axonal coating in the LN and BN, concentrated in the 

ventral subdivisions, and in small cells lining the lateral ventricle. The V0/V1 form of 

versican has been reported to promote neuronal differentiation and neurite outgrowth 

(Wu et al., 2004). The observed V0/V1 expression in these small round cells near the 

lateral ventricle may represent immature cells, as new cells are known to be generated in 

this area. Rodent studies had reported no detection of V0/V1 labeling using GAGβ in the 

cerebral cortex or hippocampus of adult mice (Horii-Hayashi et al., 2008). These authors 

observed V0/V1 expression only during early postnatal periods (Horii-Hayashi et al., 

2008). The observed expression of V0/V1 in adult human brain tissue may reflect species 

differences, and possibly continued development and maturation of a subset of neuronal 

cells in the adult brain. In addition, V0/V1 expression is observed in fibers in the absence 

of PNNs in those regions. This may reflect expression in axonal coats, aggregates of 

chondroitin sulfate proteoglycans that surround axons and dendrites, which potentially 

regulate synaptic contacts (Lendvai et al., 2012).	
  	
  

Rodent and primate literature reveals that virtually all CE neurons are GABAergic 

and express either the calcium-binding proteins calbindin (CB), calretinin, and/or several 
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neuropeptides including somatostatin, corticotrophin-releasing hormone (CRF), and 

neuropeptide Y (NPY) (Asan et al., 2013; Cassel et al., 2006; Hartig et al., 1995; 

Pitkanen & Kemppainnen, 2002; Sovari et al., 1996; Yilmazer-Hanke et al., 2002).  

Neurons ensheathed by V0/V1-positive PNNs display a small, fusiform morphology, 

suggesting these PNNs may surround CB and/or CRF or NPY expressing neurons in the 

CE (see Appendix 3; Yimazer-Hanke et al., 2002).  Neuropeptides CRF and NPY are 

particularly intriguing given that they are each understood to be involved in the 

regulation of anxiety and stress responses (Sajdyk et al., 2004). Moreover, neurons 

expressing these neuropeptides are of interest here because their anxiogenic/anxiolytic 

effects may be the result of their modulation of GABAergic interneurons and/or 

projection neurons in the CE.  PNNs surrounding these types of neurons may function 

primarily to regulate firing properties, control neuroplasticity, stabilize synaptic 

connections, regulate the trafficking of receptors, and protect these neurons from 

oxidative stress. 

CRF is a hormone released by the hypothalamus in response to stress which 

activates the hypothalamic-pituitary-adrenal (HPA) axis, generating subsequent 

autonomic, neuroendocrine, and behavioral responses to stress (Caceda et al., 2007; 

Sajdyk et al., 2004; Sheriff et al., 2001). Neurons expressing CRF are found throughout 

the CE (Roberts, 1992). Studies have shown injection of CRF directly into the CE 

increases anxiety-like behavior in rodents (Sheriff et al., 2001) and bilateral-lesions of the 

CE in monkeys reduces HPA activity and decreases levels of CRF (Kalin et al., 2004), 

suggesting anxiety-related behavior is at least partially mediated by CRF activity in the 

central nucleus of the amygdala.  
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NPY is a neuromodulator expressed in several amygdala neurons and is one of the 

most abundant neuropeptides in the mammalian central nervous system (Sheriff et al., 

2001). In the CE, it is known to be involved in the stress response, acting as both an 

anxiogenic (anxiety increasing) and anxiolytic (anxiety decreasing) agent depending on 

the sub-type of receptor (i.e. Y1 vs. Y2)  activated (Heilig, 2004; Sajdyk et al., 2004; 

Tasan et al., 2010). Studies have shown that following acute stress, NPY is down-

regulated, while CRF is up-regulated in the amygdala (Heilig, 2004; Sajdyk et al., 2004). 

Interestingly, shortly following CRF release, NPY expression increases, subsequently 

dampening the CRF-induced stress response (Heilig, 2004; Sajdyk et al., 2004). Some 

have suggested this relationship between CRF and NPY resembles a feedback system, 

allowing the organism to attempt to maintain homeostasis in the ever-changing internal 

and external environment (Heilig, 2004; Sajdyk et al., 2004). Presently, more work is 

needed to identify which specific types of neurons these V0/V1-positive PNNs surround 

in the CE and what their specific function may be. 

 

V0/V1-positive PNNs in the CE of SZ and BD Subjects 

We found no differences in the total number or the numerical density of V0/V1-

positive PNNs in the CE in subjects with schizophrenia or bipolar disorder relative to 

healthy controls. This indicates that PNNs in the CE are not themselves decreased. One 

possible explanation for this observation could be that this particular isoform of the 

CSPG versican, V0/V1, is simply unaffected in schizophrenia. It is still possible however 

that the PNNs in the CE may have abnormalities in composition, as other CSPGs 

including aggrecan and brevican also contribute to PNN composition.  
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The resiliency of PNNs in the CE may reflect the specialized role of this nucleus 

as “output relay” of the amygdala. Given that the CE has been identified as the major 

source of output to the brain regions responsible for emotional expression and social 

behavior (Amano et al., 2011; LeDoux, 2000; Milad & Quirk, 2012; Pare et al., 2004; 

Phelps & LeDoux, 2005), results showing abnormalities in the intra-amygdaloid 

circuitries projecting to the CE (Pantazopoulos et al., 2010) could explain the deficits in 

emotional processing and social cognition observed in patients with schizophrenia 

without directly implicating the CE in pathophysiology. For example, a study 

investigating the intra-amygdaloid connectivity of primates revealed the representation of 

social stimuli, such as faces or voices, in the CE may result from the integration of inputs 

originating in the highly selective neurons of the basolateral nuclei complex (Kuraoka & 

Nakamura, 2012). The authors of this study suggest that the process of discriminating the 

identity of others within the basolateral nuclei complex and the subsequent projection of 

this information into the CE enables rapid and appropriate social and emotional behavior. 

Given that output from the CE to brainstem and hypothalamus allows the 

organism to respond to the environment, there may be little to no leeway for altered 

synaptic plasticity in this nucleus. PNNs may function to maintain a more restricted form 

of plasticity in the CE allowing for a fixed, automatic connection between emotional 

processing and behavioral action. This reflexive connection between the CE and the HPA 

axis is required for proper activation of the fight or flight response, and may therefore be 

more evolutionarily conserved in comparison to the regulation of more complex 

emotional processing between the intra-amygdaloid nuclei. Perhaps then the role of the 

CE is to relay information regardless of accuracy, considering an immediate behavioral 
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response must occur in order for an organism to attempt to effectively react to the given 

environmental situation. Previous work supports this notion as it has been suggested that 

the major function of the CE is to execute output commands rather than process incoming 

information (Pitkanen et al., 1997). However, a more recent review hypothesizes that the 

lateral division of the CE processes sensory information from the environment and 

subsequently functions as an inhibitory interface modulating output from the medial 

division of the CE to the brainstem and hypothalamus (Ehrlich et al., 2009). Some have 

suggested that neuropeptides, including NPY and CRF, exhibit anxiety- and stress-related 

behavioral effects via their actions on subpopulations of projection neurons and/or by 

modulating interneurons in the lateral and medial divisions of the CE (Koob, 2008). 

Further study is needed to elucidate what role PNNs may play in the processing of 

information between the inter-divisions of the CE.  

 

WFA Expression in the Normal Amygdala 

Immunohystochemical labeling revealed WFA-positive PNNs are located 

throughout the normal amygdala, including the CE. This finding supports previous work 

showing WFA-positive PNNs in the lateral, basal, accessory basal and cortical nuclei of 

the amygdala (Pantazopoulos et al., 2010). Neurons enveloped by WFA-positive PNNs in 

CE appear to display both small fusiform and small multipolar morphology, suggesting 

these PNNs may surround CB and/or CRF or NPY expressing neurons (see Appendix 3; 

Yimazer-Hanke et al., 2002). Interestingly, PNNs typically surround fast-spiking, 

parvalbumin-containing GABAergic inhibitory interneurons, however this neuronal type 
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is absent in the CE (Asan et al., 2013). To the best of our knowledge, this study is the 

first to show WFA-positive PNNs within the human CE.  

 

WFA-positive PNNs in the CE of SZ and BD Subjects 

Our investigation revealed no difference in the total number or the numerical 

density of WFA-positive PNNs in the CE in subjects with schizophrenia or bipolar 

disorder relative to healthy controls. These results parallel our findings of no difference in 

the total number or the numerical density of V0/V1-positive PNNs in the CE in both 

schizophrenia and bipolar subjects. We then asked whether or not V0/V1-positive PNNs 

are the same PNNs that express WFA. To investigate this question, we used double-

immunofluorescence to label V0/V1-positive PNNs in the CE with WFA. 

 

WFA Labeling of Versican V0/V1-positive PNNs  

The present results revealed PNNs in the CE that express versican V0/V1 are not 

detected by WFA.  In other words, versican V0/V1-postive PNNs do not surround the 

same neurons as WFA-positive PNNs.  This indicates that two distinct types of neurons 

enveloped by PNNs exist in the CE. This observation challenges the current perspective, 

indicating that not all PNNs are detected by the commonly used, broad-spectrum CSPG 

marker WFA. It also suggests that PNNs, both detected with WFA, and without, are 

located around populations of neurons that do not express parvalbumin in certain nuclei 

of the amygdala, supporting previous findings (see Pantazopoulos et al., 2006). This 

result, together with the lack of decreases of PNNs in the CE of schizophrenia subjects, 

points towards the specialization of the CE and the resiliency of PNNs in this area.  
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In summary, increased mRNA expression of V0/V1 in the LN, in the absence of 

PNN or glial cell labeling with the V0/V1 antibody GAGβ indicates that this increased 

mRNA expression may reflect expression in the axons observed in the LN with V0/V1 

labeling. Gene expression in axons, provided by glial cells in the local microenvironment, 

has been suggested by recent research studies (Guiditta et al., 2008). It is possible that 

increased versican V0/V1 in the LN is produced in local glial cells and transferred to 

axons in this region. Taken together, this evidence suggests that V0/V1 expression is 

abnormal in the LN of subjects with schizophrenia, and may contribute to stabilization of 

synaptic contacts on local axons in this region. Despite evidence for altered versican 

V0/V1, and decreases of PNNs in the amygdala (Pantazopoulos et al., 2010) and more 

recently in the prefrontal cortex (Mauney et al., 2013) of subjects with schizophrenia, two 

distinct populations of PNNs in the CE of subjects with schizophrenia are unaltered, 

pointing to the selectivity of PNN reductions and to the resiliency of restricted synaptic 

plasticity in the CE. Intra-amygdaloid inputs into the CE may be altered due to loss of 

PNNs in the LN, resulting in abnormal activation of the HPA axis through stable output 

signals from the CE to the hypothalamus and brainstem, possibly contributing to the 

deficits in emotional processing and social cognition exhibited by schizophrenia patients. 
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Appendix A 

Sample Demographic and Descriptive Characteristics  
 
Table A1 Normal control subjects (Versican V0/V1) 

Code Age Gender Cause of 
death 

Brain 
weight (g) PMI Hemisphere 

7228 75 Male Chronic 1470 25.43 Left 

7275 65 Male Chronic 1570 17.92 Left 

7542 76 Male Chronic 1270 23.92 Right 

7495 73 Female Other 1180 26.92 Right 

7287 75 Female Other 1340 23.08 Right 

7801 53 Female Other 1390 34.5 Left 

4586 37 Male Acute 1460 18.75 Right 

5220 74 Male Acute 1490 15.81 Right 

7155 55 Female Acute 1330 30.92 Left 

7170 75 Female Acute 1085 22.28 Right 

7508 62 Male Other 1380 26.07 Left 

6975 65 Male Acute 1390 19.85 Right 

4595 65 Male Acute 1240 17.28 Right 

5082 78 Female Chronic 1100 23.91 Left 

 *66.3 
±11.6 8M/6F 6A/4C/4O *1335.4±14

5.8 
*23.3 
±5.3 8R/6L 

 
* mean ± standard deviation 
Abbreviation: CPZ (g), total grams of chlorpromazine-equivalent dose of antipsychotics during lifetime; LI 
(g), total grams of lithium during a subject’s lifetime; CPZ last 6 months, total grams of chlorpromazine-
equivalent dose of antipsychotics during a subjects last 6 months of life; LI last 6 months, total grams of 
lithium during a subject’s subjects last 6 months of life; PMI, postmortem time interval; N/A, not 
applicable; NK, not known. 
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Table A2 Schizophrenia subjects (Versican V0/V1) 

Code Age Gender Cause of 
death 

Brain 
weight (g) PMI Hemisphere 

6987 45 Male Chronic 1540 8.5 Right 
4314 67 Female Chronic 1200 21.8 Left 
4942 61 Female Acute 1200 14.08 Left 
4544 32 Male Acute 1400 7.8 Left 
5785 62 Male Chronic 1340 25.33 Left 
5787 36 Male Acute 1480 17.97 Right 
5038 93 Female Acute 970 17.41 Left 
4907 73 Female Chronic 1170 24.1 Left 
5656 73 Female Chronic 1130 28.8 Right 

 *60.2 
±19.6 4M/5F 4A/5C *1270.8±18

3.1 
*18.4 
±7.3 3R/6L 

 

Code 
Age 
of 

onset 

Years 
of 

illness 
CPZ (g) LI (g) 

CPZ 
last 6 

months 

LI last 6 
months 

6987 21 24 1295 4380 27 108 
4314 18 49 1519 0 36 0 
4942 20 41 3550 0 36.18 0 
4544 16 16 671.2 0 30.38 0 
5785 31 31 1169 0 162 0 
5787 21 15 3256 30.2 84.2 0 
5038 22 71 102.7 0 1.44 0 
4907 22 51 497.7 0 23.55 0 
5656 19 54 36.54 36.8 0 0 

 *21.1 
±4.2 

*39.1 
±19 N/A N/A N/A N/A 

 
* mean ± standard deviation 
Abbreviation: CPZ (g), total grams of chlorpromazine-equivalent dose of antipsychotics during lifetime; LI 
(g), total grams of lithium during a subject’s lifetime; CPZ last 6 months, total grams of chlorpromazine-
equivalent dose of antipsychotics during a subjects last 6 months of life; LI last 6 months, total grams of 
lithium during a subject’s subjects last 6 months of life; PMI, postmortem time interval; N/A, not 
applicable; NK, not known. 
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Table A3 Bipolar subjects (Versican V0/V1) 

Code Age Gender Cause of 
death 

Brain 
weight (g) PMI Hemisphere 

7331 61 Female Chronic 1195 16.63 Right 
7610 77 Female Chronic 1170 11.53 Left 
4665 66 Male Chronic 1480 17.4 Right 
4961 74 Male Chronic 1340 14.3 Right 
4914 73 Female Chronic 1060 20.8 Left 
4403 76 Female Chronic 1170 22.8 Right 
5044 73 Female Chronic 1020 17 Left 
5265 83 Male Chronic 860 17.5 Left 
4647 70 Male Acute 1400 17.3 Right 
5802 51 Female Acute 1260 35.08 Left 
5357 62 Female Chronic 1210 13.37 Right 

 *69.6 
±8.9 4M/7F 2A/9C *1196.8±17

6.4 
*18.5 
±6.3 6R/5L 

 

Code 
Age 
of 

onset 

Years 
of 

illness 
CPZ (g) LI (g) 

CPZ 
last 6 

months 

LI last 6 
months 

7331 19 42 0 0 0 0 
7610 16 61 3650 13.5 72 1369 
4665 35 31 731.3 1096 0.99 54 
4961 18 56 2842 2192 19.98 54 
4914 20 53 202.7 4273 13.95 0 
4403 67 9 77.9 1321 2.7 27 
5044 35 38 82.2 2192 20.25 0 
5265 43 40 0 2192 0 0 
4647 NK NK 0 0 0 0 
5802 33 18 1242 0 81 0 
5357 50 12 0 216 0 0 

 *33.6 
±16.4 

*36 
±18.3 N/A N/A N/A N/A 

 
* mean ± standard deviation 
Abbreviation: CPZ (g), total grams of chlorpromazine-equivalent dose of antipsychotics during lifetime; LI 
(g), total grams of lithium during a subject’s lifetime; CPZ last 6 months, total grams of chlorpromazine-
equivalent dose of antipsychotics during a subjects last 6 months of life; LI last 6 months, total grams of 
lithium during a subject’s subjects last 6 months of life; PMI, postmortem time interval; N/A, not 
applicable; NK, not known. 
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Appendix B 

Sample Demographic and Descriptive Characteristics  
 
Table B1 Normal control subjects (WFA) 

Code Age Gender Cause of 
death 

Brain 
weight (g) PMI Hemisphere 

7228 75 Male Chronic 1470 25.43 Left 

7275 65 Male Chronic 1570 17.92 Left 

7542 76 Male Chronic 1270 23.92 Right 

7495 73 Female Other 1180 26.92 Right 

7287 75 Female Other 1340 23.08 Right 

7801 53 Female Other 1390 34.5 Left 

5220 74 Male Acute 1490 15.81 Right 

7155 55 Female Acute 1330 30.92 Left 

7170 75 Female Acute 1085 22.28 Right 

7508 62 Male Other 1380 26.07 Left 

6975 65 Male Acute 1390 19.85 Right 

5082 78 Female Chronic 1100 23.91 Left 

7529 61 Female Acute 1210 24.92 Right 

7495 73 Female Other 1180 26.92 Left 

7519 55 Male Other 1425 23.92 Left 

7611 64 Male Other 1175 14.33 Left 

 *67 
±8.5 8M/8F 5A/4C/7O *1311.6±1

45.2 
*23.8 
±5.2 7R/9L 

 
* mean ± standard deviation 
Abbreviation: CPZ (g), total grams of chlorpromazine-equivalent dose of antipsychotics during lifetime; LI 
(g), total grams of lithium during a subject’s lifetime; CPZ last 6 months, total grams of chlorpromazine-
equivalent dose of antipsychotics during a subjects last 6 months of life; LI last 6 months, total grams of 
lithium during a subject’s subjects last 6 months of life; PMI, postmortem time interval; N/A, not 
applicable; NK, not known. 
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Table B2 Schizophrenia subjects (WFA) 

Code Age Gender Cause of 
death 

Brain 
weight (g) PMI Hemisphere 

6987 45 Male Chronic 1540 8.5 Right 
4544 32 Male Acute 1400 7.8 Left 
5785 62 Male Chronic 1340 25.33 Left 
5787 36 Male Acute 1480 17.97 Right 
5038 93 Female Acute 970 17.41 Left 
5656 73 Female Chronic 1130 28.8 Right 
6993 55 Female Acute 1240 17.13 Left 
5920 58 Male Chronic 1160 32.38 Right 
5158 56 Female Chronic 1185 18.72 Right 
6013 65 Male Acute 1255 21.43 Right 
7056 65 Female Chronic 1160 30.33 Left 
7191 65 Female Chronic NK 18.5 Right 
7454 60 Male Chronic 1265 22.17 Right 

 *58±
16 7M/6F 5A/8C *1275.8±162

.4 
*19.9 
±7.5 8R/5L 

 

Code 
Age 
of 

onset 

Years 
of 

illness 
CPZ (g) LI (g) 

CPZ 
last 6 

months 

LI last 6 
months 

6987 21 24 1295 4380 27 108 
4544 16 16 671.2 0 30.38 0 
5785 31 31 1169 0 162 0 
5787 21 15 3256 30.2 84.2 0 
5038 22 71 102.7 0 1.44 0 
5656 19 54 36.54 36.8 0 0 
6993 20 35 15768 0 194.4 0 
5920 20 38 2430 648 81 108 
5158 21 35 3896 0 36.09 0 
6013 15 50 2678 0 216.5 0 
7056 14 51 166 0 1.2 0 
7191 18 47 12527 723 47.52 0 
7454 18 42 16644 0 205.2 0 

 *19.7 
±4.2 

*39.2 
±15.8 N/A N/A N/A N/A 

 
* mean ± standard deviation 
Abbreviation: CPZ (g), total grams of chlorpromazine-equivalent dose of antipsychotics during lifetime; LI 
(g), total grams of lithium during a subject’s lifetime; CPZ last 6 months, total grams of chlorpromazine-
equivalent dose of antipsychotics during last 6 months of life; LI last 6 months, total grams of lithium 
during last 6 months of life; PMI, postmortem time interval; N/A, not applicable; NK, not known. 
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Table B3 Bipolar subject sample (WFA) 

Code Age Gender Cause of 
death 

Brain 
weight (g) PMI Hemisphere 

7331 61 Female Chronic 1195 16.63 Right 
7610 77 Female Chronic 1170 11.53 Left 
4665 66 Male Chronic 1480 17.4 Right 
4961 74 Male Chronic 1340 14.3 Right 
4914 73 Female Chronic 1060 20.8 Left 
4403 76 Female Chronic 1170 22.8 Right 
5044 73 Female Chronic 1020 17 Left 
5265 83 Male Chronic 860 17.5 Left 
4647 70 Male Acute 1400 17.3 Right 
5802 51 Female Acute 1260 35.08 Left 
5357 62 Female Chronic 1210 13.37 Right 

 *69.6 
±8.9 4M/7F 2A/9C *1196.8 

±176.4 
*18.5 
±6.3 6R/5L 

 

Code 
Age 
of 

onset 

Years 
of 

illness 
CPZ (g) LI (g) 

CPZ 
last 6 

months 

LI last 6 
months 

7331 19 42 0 0 0 0 
7610 16 61 3650 13.5 72 1369 
4665 35 31 731.3 1096 0.99 54 
4961 18 56 2842 2192 19.98 54 
4914 20 53 202.7 4273 13.95 0 
4403 67 9 77.9 1321 2.7 27 
5044 35 38 82.2 2192 20.25 0 
5265 43 40 0 2192 0 0 
4647 NK NK 0 0 0 0 
5802 33 18 1242 0 81 0 
5357 50 12 0 216 0 0 

 *33.6 
±16.4 

*36 
±18.3 N/A N/A N/A N/A 

 
* mean ± standard deviation 
Abbreviation: CPZ (g), total grams of chlorpromazine-equivalent dose of antipsychotics during lifetime; LI 
(g), total grams of lithium during a subject’s lifetime; CPZ last 6 months, total grams of chlorpromazine-
equivalent dose of antipsychotics during last 6 months of life; LI last 6 months, total grams of lithium 
during last 6 months of life; PMI, postmortem time interval; N/A, not applicable; NK, not known. 
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Appendix C 

PNN morphology in the central nucleus of the amygdala 

 
A.    B.    C. 

 
D.      E. 

   
 
Figure C1. Central nucleus neuronal morphology. V0/V1-positive PNNs in the CE appear to display a 
small fusiform morphology (A), WFA-positive PNNs in the CE can appear with both small fusiform(B) 
and small multipolar morphology (C), NPY-positive small fusiform neuron in the human amygdala (D), 
NPY-positive small multipolar neuron in the human amygdala (E). Abbreviations: NPY, Neuropeptide Y. 
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