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Abstract 

Synaptic dysfunction likely contributes to abnormal brain function in schizophrenia. 

Patient symptoms indicate that the striatum is involved in this disease.  The three neuronal 

soluble-NSF-attachment receptor (SNARE) proteins (SNAP-25, syntaxin-1 and VAMP) interact 

at the presynaptic neuronal membrane to facilitate neurotransmission, and are thus key players in 

synaptic function.  SNARE abnormalities have already been reported in cortical and 

hippocampal brain regions in schizophrenia.  Their involvement in striatal dysfunction has not 

been investigated.  Normal synaptic function requires the SNAREs to physically interact with 

each other, but little is known about how altered SNARE protein levels in schizophrenia relate to 

SNARE protein interactions.  Multiple isoforms of each SNARE exist in the brain, may affect 

SNARE protein interactions and synaptic transmission differently, and may diverge functionally.  

SNARE isoform expression in schizophrenia is unknown.  Thus, abnormalities in SNARE 

protein expression or function may underlie or contribute to brain dysfunction and disease.  

In this thesis, SNARE protein levels were measured in human post mortem brain samples 

of schizophrenia subjects for the first time in the striatum.  The functional consequences of 

SNARE alterations were investigated by developing a novel ELISA assay to measure SNARE 

protein interactions.  The possible confounding effects of medications were addressed in several 

ways, including the use of striatal tissue from animals exposed to antipsychotic medications.  

Alterations in SNAP-25 and syntaxin-1 protein levels were further dissected by 

measuring protein isoforms.  Syntaxin-1 isoforms were assayed by quantitative immunoblotting.  

A mass-spectrometry based assay was developed and used to measure SNAP-25 protein isoform 

levels.        

The results of these investigations suggest that SNARE protein alterations in 

schizophrenia are restricted to distinct functional regions of the striatum, perturb SNARE protein 
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interactions, involve specific protein isoforms, and may occur independent of patient treatment 

with antipsychotic medications.  Furthermore, these studies contribute a new, high-throughput 

method for measuring SNARE protein interactions, and for the first time, a means of detecting 

and quantifying SNAP-25 isoforms in brain tissue. 
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1 Introduction 

1.1 Thesis overview 

The objectives of this thesis stem from the current understanding of synaptic alterations in 

schizophrenia and the overarching hypothesis that synaptic pathology is associated with the 

disease.  Experiments were designed to characterize protein-level abnormalities of the three 

presynaptic SNARE proteins for the first time in the striatum, a region involved in persistent 

patient symptoms and that is targeted by disease treatments. The functional implications of 

SNARE alterations were addressed by considering SNARE protein interactions and protein 

isoform expression in schizophrenia.  In order to do so, methods were developed and 

characterized, helping to extend our understanding of synaptic function in schizophrenia, but also 

contributing new tools and approaches to SNARE protein quantitation.  Finally, a collateral 

benefit of this work is the contribution to our [limited] knowledge of SNARE proteins and their 

properties in healthy human striatum.   

 

1.2 Schizophrenia 

While diseases of the mind and brain have likely been the curiosity and fear of society for 

centuries, if not millennia, it was not until the late nineteenth century that classification of 

schizophrenia was formally undertaken [1].  Initially termed “dementia praecox”, Emil Kraeplin 

described a brain disease with an early onset, poor prognosis and deteriorating course [2, 3].  The 

disease description was broadened by Eugene Bleuler, who re-coined it “schizophrenia” to 

describe the “splitting of psychic functions” he perceived as defining the illness [4].  Current 

diagnostic guidelines reflect a shift back towards a narrower definition of schizophrenia, with 

psychotic symptoms and deterioration of function being at the core of disease classification [3, 

5]. 
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1.2.1 Disease description 

Schizophrenia is a severe mental illness characterized by impaired reality testing (psychosis).  

Patient symptoms are often classified as positive or negative.  Symptoms that appear to be 

exaggerations of normal functions are termed “positive” and include hallucinations (perception 

in the absence of a stimulus), delusions (strongly held false beliefs) and disorganized speech.  

Negative symptoms suggest a loss of normal function and include alogia (poverty of speech), 

affective blunting/flattening, avolition (reduced motivation) and may also include anhedonia 

(inability to experience pleasure), inappropriate affect, labile mood/emotion and poor insight [1, 

5].  Cognitive symptoms such as impaired executive functions, attention, memory and social 

cognition are also prominent, and may even precede illness onset [6, 7].  Symptoms typically 

surface during late adolescence or early adulthood, although they may be present in attenuated 

forms prior to the first episode of illness [6, 8], and severely impair a person’s day-to-day 

function, social interactions and quality of life. 

Current diagnostic criteria are outlined in the International Classification of Disease 

(ICD-10) and Diagnostic and Statistical Manual of Mental Disorders version IV (DSM-IV).  

Besides requiring the presence of at least two characteristic symptoms, a DSM-IV diagnosis of 

schizophrenia also requires significant social or occupational dysfunction to be present and 

symptoms to persist for at least 6 months.  The precise subset of symptoms identified leads to 

classification into the paranoid, disorganized, catatonic, undifferentiated or residual sub-type [5] 

and the specific constellation of symptoms and symptom severity varies between individuals. 

Lifetime morbid risk for schizophrenia has recently been estimated at 7.2 per 1000 

persons, disease prevalence may vary between centres and incidence is higher in males than 

females [9]. Patients have an increased risk of mortality, including suicide [9, 10]. Studies of 

twins and adoptees indicate that schizophrenia is highly heritable, and risk of disease is increased 
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in first-degree relatives [11].  Twin-concordance rates suggest that environmental factors also 

play a role in disease manifestation [11, 12]. The severity, chronicity and early presentation of 

schizophrenia result in a high socioeconomic burden, requiring substantial medical and social 

resources to treat and support patients [13, 14]. 

 

1.2.2 Mechanistic theories 

Attempts to explain the underpinnings of schizophrenia have incorporated clinical, genetic, 

pathological, epidemiological and brain imaging data.  Many different theories have been put 

forth.  Three major perspectives and their variants are discussed here. 

 

1.2.3 The neurodevelopmental hypothesis 

Two “versions” of the neurodevelopmental hypothesis exist.  The first posits that one or more 

insults occurring early in life (pre- and perinatal) underlie the disease symptoms that surface 

during early adulthood [15], while the second suggests that such insults occur closer to 

adolescence, during a period of substantial brain maturation and reorganization [16].  It has also 

been proposed that developmental abnormalities occurring during these two critical 

developmental time points may act in concert to produce disease [17].   

Evidence to support a developmental model is varied. Abnormalities in cortical cell 

migration, congenital anomalies, increased prevalence of obstetric complications, perinatal 

exposure to viruses, and neurological soft signs in children support an early-life event [18-21].  

As children, patients may also exhibit subtle movement abnormalities [21], developmental 

delays [19], and behavioural problems [22]. Additional support comes from animal models of 

perinatal brain insult.  In rodents, ventral hippocampal lesions or exposure to influenza in utero 

results in behavioural and brain abnormalities later in life [20, 23]. 
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Increased ventricular volume and decreased cortical grey matter have been repeatedly 

reported in studies of the brain in schizophrenia [24, 25] and may support the neurodevelopment 

model, as the reduction is evident at disease onset [26-28].  It has been suggested that lower grey 

matter volume may be the result of over-maturation of the brain.  Synaptic remodeling and 

pruning occurs during late adolescence, and grey matter volume decreases with age in the 

general population [29, 30].  Increased ventricular size and reduced grey matter volumes 

observed by MRI in schizophrenia may represent alterations in the trajectory of brain maturation 

[16, 17, 19], implicating synaptic pruning and reorganization in the pathophysiology of the 

disorder.   

Finally, a number of genes that have been associated with schizophrenia in recent years 

are expressed during various developmental time points and encode proteins that function in 

neuronal or glial development, migration and survival [19, 20, 31, 32].   

 

1.2.4 Neurotransmitter-based hypotheses 

Up until the late nineteenth century, electrical conduction was thought to underlie signal 

propagation in the brain [33, 34].  The discovery that adrenaline (by T.R. Elliot) and 

acetylcholine (by H. Dale and H. Dudley) produce effects similar to peripheral nerve stimulation, 

and the demonstration (by O. Loewi) that perfusate from a stimulated frog heart could affect a 

denervated heart, provided evidence of chemical signaling in the nervous system [35].  The 

possibility of chemical transmission in the brain was strengthened by the isolation and 

identification of these compounds in animal organs [35] and identification of membrane 

receptors to which chemical transmitters bind [36, 37].  The discovery of chlorpromazine, and 

re-discovery of reserpine’s anti-psychotic effects prompted neuropsychopharmacological 

research into the endogenous receptors of antipsychotic medications [36, 38].  Since then, 
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accumulating evidence has implicated a number of different chemical transmitters in the 

pathophysiology of schizophrenia.  The major prevailing theories are described here, with 

examples of evidence used to support each of them.  It must be noted that these are all theories, 

so evidence opposing each theory also exists, and the interaction of all of these systems in the 

brain means that each neurotransmitter will likely be involved, to some extent, in the disorder. 

 

1.2.4.1 Dopamine 

Several lines of evidence lent support to the original dopamine hypothesis of schizophrenia.  The 

fact that early antipsychotic medications induced Parkinsonian side effects and prolactinemia 

suggested that these drugs target the dopamine system in the brain.  In addition, typical 

antipsychotic drugs (APDs) increase catecholamine metabolites, with rare exception their 

clinical efficacy correlates with their affinity for the dopamine D2-receptor (D2R), and drugs 

whose action mimics dopamine (such as L-DOPA and amphetamine) produce psychotic 

symptoms reminiscent of schizophrenia [39].  Reports of increased D2Rs in the brain of patients 

also supported this initial hypothesis, although confounding effects of antipsychotics weaken this 

line of evidence (reviewed in [40]).  These observations suggested that dopaminergic over-

activity is involved in schizophrenia. 

The dopamine hypothesis was later refined to address some inconsistencies and 

incorporate new findings.  Among them, the introduction and superior efficacy of clozapine, an 

atypical APD with a lower affinity for the D2R, and the observation that negative symptom-like 

behaviour as well as poor performance on tasks of frontal brain function (such as the Wisconsin 

card sorting task) could be ameliorated by amphetamine [41].  In addition, animal studies 

demonstrated that increased prefrontal dopamine results in decreased striatal dopamine 
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turnover/release [41, 42].  Thus, the dopamine hypothesis was re-stated to include striatal 

hyperfunction but cortical hypofunction of dopamine in schizophrenia.   

Advances in understanding schizophrenia genetics and environmental risk factors 

combined with new brain imaging techniques have prompted additional refinement of the 

dopamine hypothesis.  Recent PET studies, genetic association of genes modulating monoamines 

(such as COMT and MAO), as well as evidence that stressors which increase risk of 

schizophrenia also dysregulate striatal dopamine release, imply that multiple routes may lead to 

dopamine dysfunction, and that “presynaptic dopamine dysregulation is the ‘final common 

pathway’ [to psychosis]” [43].   

Whatever the underlying cause, dopamine dysregulation is a part of the disease profile of 

schizophrenia, and its modulation has been shown to improve at least part of patient symptoms.   

  

1.2.4.2 GABA/Glutamate 

The limited efficacy of APDs in treating negative or cognitive symptoms called into question 

completeness of the older dopamine hypotheses of schizophrenia.  Pharmacological, post 

mortem, genetic and animal data suggest that other types of neurotransmitters may also be 

involved.  Glutamate and !-aminobutyric acid (GABA) are two major small molecular 

transmitters found throughout the brain.  Via their respective receptors, they exert excitatory 

(propagation of action potentials/nerve signals) or inhibitory (reduction in signal propagation) 

effects in the brain, respectively. 

Glutamatergic involvement in schizophrenia is suggested by the psychomimetic 

properties of NMDA-receptor (NMDAR) antagonists such as ketamine and phencyclidine (PCP) 

[44].  Low doses of these drugs may also produce negative and cognitive symptoms, suggesting 

that NMDAR-hypofunction might provide a disease model that better accounts for all patient 
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symptoms [45, 46].  Several schizophrenia candidate genes encode products involved in 

NMDAR function, including DAO and DAAO (which are needed for the breakdown of D-serine, 

an NMDAR co-agonist) [47], GRM3 (which encodes a metabotropic glutamate receptor which 

reduces glutamatergic transmission presynaptically) [48], as well as DTNBP1 and NRG1 (which 

affect glutamatergic transmission in cell cultures) [49, 50].  While genetic association of these 

individual genes has not been replicated by all studies (compiled in [51]), they present functional 

and positional candidates that converge on and provide support for glutamatergic disruption in 

the disease.  Reduced N-acetylaspartate levels reported in vivo in schizophrenia are thought to 

reflect decreased glutamatergic neuron activity [45].  Some presynaptic markers of glutamatergic 

terminals are also altered in some brain regions in post mortem patient samples [52-54].  

Abnormalities of GABAergic neurons in the cortex and hippocampus have been 

repeatedly reported in schizophrenia and include decreased expression of GAD (GABA 

synthesis enzyme) and GAT1 (GABA transporter involved in clearance from the synapse) with 

compensatory upregulation of GABA(A) receptors also described [46, 55].  Some of these 

abnormalities may be restricted to subsets of interneurons [46, 56, 57].  Disruption of GABA 

transmission may be associated with patient symptoms, as GABA neurons are involved in 

generating some of the rhythmical electrical patterns in the brain (for example, gamma and theta-

band oscillations), which are associated with cognitive performance [46]. Expression of GABA-

related genes in schizophrenia is disrupted in many different cortical regions, suggesting 

widespread GABA-signaling disruption in the brain [58]. 

The involvement of GABA and glutamate in schizophrenia likely does not occur in 

isolation, as the close apposition of each terminal type in most brain regions means that 

dysfunction of one neurotransmitter will affect the other.  Alterations in the balance of excitation 

and inhibition reconcile NMDAR hypofunction with GABA neuron abnormalities [59, 60].  In 

addition, while GABA gene expression might be uniformly affected across the brain, the pattern 
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of glutamate-related protein and mRNA changes in various brain regions and subregions appears 

to differ.  For example, glutamatergic afferents are increased in the anterior cingulate but not in 

the dlPFC, while GABAergic interneurons are decreased in both regions [55].  Such 

discrepancies have suggested that “extrapolation of findings across widely dispersed brain areas 

should be avoided” [55], a notion that has influenced the research design of this thesis. 

While leading models of GABA-glutamate interactions have concentrated on cortical and 

limbic microcircuitry [46, 55], the human striatum is also a site where glutamate and GABA 

transmission converge to integrate and filter cortical activity, and therefore is particularly 

important when interpreting patient symptoms in the context of neurotransmitter system 

alterations [61].  Dopaminergic signaling onto GABAergic striatal cells can affect incoming 

glutamatergic cortical information, altering both striato-nigral and striato-pallidal signaling and 

changing the information relayed back to the cortex [36, 61]. 

 

1.2.4.3 Other neurotransmitter systems 

The involvement of other neurotransmitters in schizophrenia has been implied, as newer 

antipsychotic medications (APDs) and some psychomimetic drugs also target other systems. 

Several lines of evidence suggest that serotonin dysfunction might occur in some 

patients.  Hallucinogenic properties of lysergic acid diethylamide (LSD) and psilocybin produce 

symptoms similar to acute schizophrenia episodes by activating serotonin receptors, in particular 

5-HT2A receptors.  LSD produces impairments in behavioural plasticity and sensorimotor gating 

(such as pre-pulse inhibition) resembling impairments seen in patients.  Some APDs such as 

clozapine and risperidone antagonize the 5-HT2A receptor [62].  There is also post mortem 

evidence for 5-HT2A receptor abnormalities in schizophrenia.  A summary of ligand-binding 

assays and mRNA expression studies in brain tissue concluded that this receptor is lower in 
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cortical areas, in particular the dlPFC, in schizophrenia (reviewed in [63]).  Initial studies of 

receptor binding in first-episode patients assessed using PET produced conflicting results [64, 

65], but a recent study with a larger sample size supports the post mortem findings of lower 5-

HT2A receptors in frontal cortex [66], indicating that abnormalities in serotonin transmission 

may occur early in the disorder. 

Some APDs have anticholinergic properties, suggesting that abnormal cholinergic 

transmission may play a role in schizophrenia [67].  Studies of the muscarinic and nicotinic 

acetylcholine receptors have produced varied results (reviewed in [68]).  Studies in post mortem 

brain have reported lower levels of !-7 nicotinic receptors in prefrontal cortex, but no 

differences at the mRNA level, in schizophrenia [69-71].  High rates of nicotine use combined 

with genetic association between the !-7 nicotinic receptor subunit gene and P50 ERP 

abnormalities in schizophrenia subjects and first-degree relatives suggests that cholinergic 

modulation plays some role in patient symptoms [67].  Post mortem studies of !2"4-type 

nicotinic receptors are less conclusive [68], with reports of both increases and decreases in 

receptor mRNA and/or ligand binding in schizophrenia samples (for example, [71, 72]).  

Muscarinic receptors have also been studied post mortem, and a recent review of these studies 

concluded that receptors assayed using [3H]pirenzepine (which binds to M1 and M4-type 

receptors) are lower in frontal cortex and hippocampus in schizophrenia, but not in the thalamus 

or parietal cortex [68].  This is supported by in vivo imaging of total muscarinic receptors in the 

brain, which detected lower levels of receptors in cortex and subcortical structures in patients 

[73].  Lower levels of cortical muscarinic receptors post mortem have been suggested to 

delineate a subgroup of patients [74].  Thus, cholinergic abnormalities appear to be involved in 

the disease and perhaps more so in subsets of patients. 

Finally, some of the evidence implicating dopamine in psychosis is derived from 

psychomimetic effects of amphetamine, a substance that causes the release of catecholamine 
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stores, including noradrenaline.  Combined with adrenergic antagonism of newer APDs, this may 

indicate noradrenergic involvement in patient symptoms [75, 76]. 

 

1.2.4.4 Neurotransmitters and patient treatment 

Currently, the primary treatment strategy for schizophrenia is pharmacological.   All compounds 

target neurotransmitter receptors. Conventional antipsychotics can be divided into two classes, 

first-generation or “typical” antipsychotics and second-generation “atypical” agents. 

Typical antipsychotics primarily target D2-receptors, are effective at ameliorating 

positive symptoms in a majority of, but not all patients, and generally do not improve other 

symptoms [38].  Atypical antipsychotics are equally efficacious but produce less extra pyramidal 

(motor) side effects than typical APDs [77].  D2-receptor blockade in the striatum results in 

decreased activation of medium spiny neurons (MSNs), and inhibition of the thalamus [78].  D2-

receptors are present post-synaptically (on MSNs and cholinergic interneurons).  They also exist 

as presynaptic autoreceptors or heteroreceptors (for example, on corticostriatal inputs) and 

negatively regulate neurotransmitter release [79-82].  Different receptor isoforms may be 

involved at these different synaptic locations (long and short forms, respectively) [83].     

Development of newer antipsychotic agents has been motivated by the need for better 

management of negative and cognitive symptoms, and has targeted other neurotransmitter 

systems.  Modulation of glutamatergic transmission has been attempted using NMDAR co-

agonists (D-cycloserine or D-serine) [84], and also using metabotropic glutamate receptor (type 

2/3) agonists which reduce presynaptic glutamate release [85].  Cholinergic transmission has also 

been targeted (reviewed in [68]).  For example, a selective muscarinic receptor agonist recently 

studied appears to improve symptoms and some aspects of cognition [86], and one trial of a 

nicotinic receptor agonist suggested improvement in negative symptoms at the high treatment 
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dose, although this agent also acts at 5-HT3 receptors [87].  Use of a drug that increases 

cholinergic transmission by several mechanisms (galantamine), in conjunction with antipsychotic 

treatment, may improve aspects of cognition, though the reported effects differed between 

studies (reviewed in [68]).  The use of agents modifying GABA transmission is less clear, 

although it has been suggested that GABA(A) agonists selective for the alpha-2 receptor subunit 

might improve cognitive symptoms [60].   

 

1.2.5 Connectivity 

Aberrant brain connectivity has been postulated to account for many patient symptoms [55, 88-

91].  In patients, functionally connected brain regions may not operate in concert.  This is 

illustrated by functional brain imaging studies, where patients and control subjects recruit 

different brain areas when performing the same cognitive tasks [92-95].  Disconnectivity in the 

brain can occur in at least two different ways – at the synaptic level, with alterations in synaptic 

function, or via compromised anatomical connections between brain regions [91]. 

 

1.2.5.1 Synaptic connectivity 

Synaptic connectivity refers to the transmission and modulation of signals from one neuron to 

the next, across the synapse.  Pre- and post-synaptic neuronal molecules are involved, including 

those necessary for neurotransmitter release (for example, the SNAREs, calcium channels, 

transmitter synthesis enzymes), neurotransmitter detection (receptors), synapse stabilization (for 

example, active zone proteins, post-synaptic density components and trans-synaptic molecules) 

and modulation of release (presynaptic receptors, signaling proteins) [96, 97].  In addition to 

neurons, astrocytes are found at the synapse and can respond to and modulate synaptic signaling 
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[98].  Several of these synaptic elements have been implicated in schizophrenia, suggesting that 

brain dysfunction may occur at the level of the synapse. 

Gene expression studies in post mortem brain of schizophrenia patients have identified 

gene groups involved in synaptic function.  The first large post mortem gene expression study 

comparing schizophrenia and control subjects identified reductions in expression of presynaptic 

genes as well as RGS4, a GTPase which modulates some post-synaptic receptors [99].  The 

precise combination of presynaptic genes that were down regulated varied between individual 

patients, suggesting that neurotransmitter release is disrupted, but a single molecular abnormality 

is not causative [99].  N-ethylmaleimide sensitive factor (NSF) (essential for vesicle fusion and 

recycling) and synapsin II (involved in vesicle tethering), however, were downregulated in a 

majority of samples [99-101]. A recent study by Maycox et al. also identified an 

overrepresentation of neurotransmission-related gene abnormalities in schizophrenia [102].  A 

number of other studies have identified expression changes in individual genes or gene families 

associated with synaptic function, including neuropeptides, GABA-synthesis, GABA and 

glutamate receptors and vesicular transport molecules [103-106]. 

Post mortem histological and protein studies also implicate synapses in the 

pathophysiology of the disease.   Reduced cortical neuropil, [107, 108], changes in spine density 

and morphology (reviewed in [109, 110]), altered cell numbers (as discussed earlier), and 

changes in mRNA and protein levels of synaptic proteins (reviewed in [111-113]) all point to 

synaptic dysfunction.   

  

1.2.5.2 White matter 

Regional connectivity in the brain depends on the white matter tracts that link different regions 

together and consist of projecting axons ensheathed by myelin-producing oligodendrocytes. 



!

! 13!

Altered functional connectivity between brain regions in schizophrenia has prompted study of 

the physical connections between them.  Evidence of white matter and oligodendrocyte 

abnormalities include alterations in myelin-related gene and protein expression in both grey and 

white matter, reduced oligodendrocyte numbers and metabolic abnormalities [106, 114-117], 

although changes may not be the same in all brain regions [118, 119].  In vivo imaging 

techniques that assess the integrity/organization of white matter lend support to post mortem 

findings [120].  White matter deficits have been identified in tracts that connect the cortex with 

the anterior striatum in schizophrenia [118, 121] and white matter integrity in the brain may be 

related to cognitive function [119].   

 

1.2.6 Brain areas affected 

Given the heterogeneity and number of patient symptoms, it is unlikely that a focal brain lesion 

can account for the entirety of the disorder [122]. Structural and functional brain imaging, 

together with anatomical correlates of patient symptoms suggest that several brain regions are 

involved.   

Alterations in brain activity, volume or shape have been reported in patients and have 

implicated temporal, limbic and prefrontal areas, as well as subcortical brain regions, in the 

disease [123-127].   In addition, activity in these regions (either at rest or while performing 

cognitive tasks) has been associated with different types of patient symptoms [92, 93, 124, 128].  

Symptoms of schizophrenia involve brain circuitry that includes the striatum; this is supported 

by functional brain imaging and by the fact that neuropsychological deficits in schizophrenia 

patients can resemble deficits seen in humans with focal lesions affecting fronto-striatal circuitry 

[88, 93, 129-132].  Thus, several lines of evidence suggest that multiple cortical and subcortical 

brain regions are involved in patient symptoms.  
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1.2.6.1 Rationale for studying the striatum 

By virtue of its connectivity, the striatum is implicated in positive, negative and cognitive 

symptoms of schizophrenia.  The striatum may also be a point of convergence for connectivity-

based, neurochemical and neurodevelopmental theories of schizophrenia [133].  

Many patient symptoms can be attributed to dysfunction of various parts of the striatum 

[134, 135].  Disruption of cognitive functions subserved by fronto-striatal circuitry occurs if the 

striatum is lesioned in animals [61].  In humans, diseases that affect the striatum illustrate the 

behavioural and cognitive consequences of striatal lesions.  For example, personality changes 

such as emotional lability observed with orbitofrontal lesions, are also observed in Huntington’s 

disease when medial caudate is involved.  Apathy/reduced motivation is seen in Parkinson’s and 

Huntington’s patients [88, 130].   

In schizophrenia, abnormal ventral striatal activation, determined by fMRI, is associated 

with negative symptoms [95, 124], higher anhedonia symptoms when presented with emotional 

stimuli [136], and when loss was avoided during a monetary reward paradigm [137].  Abnormal 

activity in the caudate may underlie psychomotor symptoms [92] and cognitive performance  

[138], while changes in striatal shape have been associated with negative symptoms [126].  A 

site of dopaminergic projections, PET imaging has found increased dopamine transmission in the 

striatum, which may be related to positive symptoms in patients [139-142].   

Post mortem studies of the striatum in schizophrenia have been fewer, but several 

demonstrate disease-associated abnormalities, including lower cell numbers [143], lower 

cholinergic interneuron density [144], and alterations of neurotransmitter-specific markers [110].  

Ultrastructure studies indicate increased dopamine inputs and glutamatergic terminals to 

subsections of the striatum in schizophrenia, which may be related to treatment response or 

patient symptoms [145-147]. 
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The striatum contains a high concentration of dopamine receptors [148], targets of 

current pharmacological treatment of schizophrenia.  Structural brain imaging studies suggest 

that plasticity in the striatum may be important for patient treatment.  Striatal volumes are lower 

in medication-naïve patients, but treatment with antipsychotic medications results in increased 

basal ganglia volume (including the caudate) [133, 149].  Volume increases in some striatal 

regions (putamen and globus pallidus) may occur with typical, rather than atypical antipsychotics 

[150].  

Structural, functional, neuropathological, neurochemical, anatomical, clinical and 

cognitive lines of evidence support investigation of the striatum in schizophrenia, in efforts to 

better understand patient deficits as well as treatment-mediated improvements. 

 

1.2.6.2 Striatal anatomy  

The striatum forms part of the subcortical structures of the basal ganglia.  In primates it is 

composed of the caudate, putamen and nucleus accumbens (Figure 1.1).  The GABAergic 

medium spiny projection neurons (MSNs), constitute ~ 75% of the cells in the human striatum 

[110].  Several different types of local interneurons have also been identified and include 

cholinergic cells as well as several types of aspiny GABAergic interneurons differentiated by the 

presence of different calcium binding proteins or co-transmitting neuropeptides [82, 151].  In 

contrast, the majority of synapses (~80%, estimate in rats) in the striatum are glutamatergic 

corticostriatal and thalamostriatal afferents, as cortical information converges and is integrated in 

the striatum [82, 152].  Dopaminergic afferents arrive from the substantia nigra pars compacta 

(SNc) and the ventral tegmental area (VTA) [153]. Additional afferent sources include the 

hippocampus, amygdala, raphe nucleus, subthalamic nucleus, pedunculopontine nucleus and 

locus coeruleus [151].  Striatal efferents terminate in the globus pallidus external segment, 
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internal segment and substantia nigra pars reticulata, ultimately affecting cortical functioning via 

the direct or indirect basal ganglia pathways [82].  A final level of anatomical organization in the 

striatum is delineated by the pattern of µ-opioid and acetylcholinesterase staining, the former 

delineating patches (also called striosomes), the later staining the striatal matrix, resulting in a 

histological “mosaic” that is visible in both rodent and primate preparations [154, 155].   

The striatum has been functionally subdivided into sensorimotor, associative and limbic 

regions (Figure 1.1).  These subdivisions reflect the ventromedial to dorsolateral topographic 

organization of corticostriatal inputs proposed to underlie distinct parallel processing pathways 

in human brain [88, 129, 134, 135].  Most relevant to the symptoms of schizophrenia are the 

limbic and associative striatum, consisting of the nucleus accumbens, ventral caudate and to 

some extent the dorsal regions of the anterior caudate head in primates, which form parts of 

cortical-striatal-thalamic loops important for attention and motivation, emotion and social 

cognition (i.e. emotional perception and theory of mind), and executive functions, respectively 

[88, 89, 130, 131].   

The synaptic, cellular and anatomical organization of the striatum suggests that striatal 

dysfunction in patients could be the result of abnormal synaptic connectivity and impaired 

neurotransmission of one or more types of transmitters implicated in the disease. 

 

1.3 SNARE proteins 

The soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) are a 

family of proteins classified by the presence of a conserved 60-70 amino acid SNARE motif 

[156].  They are involved in vesicle fusion events in various parts of the cell [157].  There are 

four major classes of SNAREs (Qa, Qb, Qc and R) delineated by the central amino acid residue 

of the SNARE motif (glutamine or arginine) [158]. 
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To function in membrane fusion events, different SNAREs are present in opposing 

membranes.  Protein-protein interactions between the SNAREs produce a highly structured 

parallel four-helix bundle containing one of each SNARE motif (Qa, Qb, Qc and R) [159, 160].  

This SNARE complex brings membranes close together, facilitating fusion [156]. 

There are 36 mammalian SNAREs, and while promiscuous interactions between different 

SNAREs can occur in vitro [161], SNARE pairings appear to be specific for different fusion 

events in vivo, including neurosecretion [156, 162, 163].  The neuronal SNAREs include 

synaptosome-associated protein of 25 kDa (SNAP-25), syntaxin-1 and vesicle-associated 

membrane protein (VAMP; also known as synaptobrevin), Figure 1.2, and are highly conserved 

between species [164-167].  There are two isoforms of each neuronal SNARE protein in humans 

(and in rodents), Figure 1.3.  Syntaxin-1 is found at the presynaptic membrane, anchored via a C-

terminal transmembrane domain.  During SNARE complex formation, it contributes one Q-

SNARE domain.  Syntaxin-1 also possesses an N-terminal three-helix domain (Habc) that is 

involved in regulating its availability for SNARE interactions, Figure 1.3A. SNAP-25 contains 

two Q-SNARE domains and is associated with the plasma membrane via four palmitoylated 

cysteine residues, Figure 1.3B.  Both syntaxin-1 and SNAP-25 are distributed in neuropil as well 

as in axons [168, 169].  At the presynaptic membrane, they cluster in cholesterol-rich membrane 

microdomains, which define vesicle fusion sites and may also contain calcium channels and 

reuptake transporters [170-172].  Finally, neuronal VAMP is associated with the vesicle via a C-

terminal transmembrane domain connected to an N-terminal SNARE motif, Figure 1.3C [166, 

173, 174]. 
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1.3.1 SNARE functions in the brain 

Chemical transmission at synapses occurs in response to an action potential.  Membrane 

depolarization results in the opening of and calcium influx through membrane channels, resulting 

in neurotransmitter release.  At classical synapses (containing neurotransmitters such as GABA 

and glutamate) neurotransmission occurs at specialized sites on the axon – presynaptic active 

zones.  Prior to fusion, vesicles need to be filled with neurotransmitter, localized to active zones, 

docked and primed at the plasma membrane. After vesicle fusion, the vesicle must be recycled 

[175].  A large number of presynaptic molecules are involved at various stages of synaptic 

transmission [96]. 

Genetic studies in humans provide evidence of the importance of SNAREs to human 

health and brain function.  Genetic variation in the form of single-nucleotide polymorphisms 

(SNPs) has been reported within and around each SNARE gene in humans; the SNP database 

curated by NCBI contains over 700 SNPs in SNAP25 alone, the vast majority occurring in non-

coding regions of the gene.  SNAP25 SNPs have been associated not only with schizophrenia, 

but also with ADHD, human intelligence/cognition and most recently neuroticism [176-179].  

STX1A SNPs have been associated with schizophrenia, as well as migraine, high-functioning 

autism and type II diabetes [180-184].  SNPs in VAMP2 have been associated with bipolar 

disorder in a German sample, but not in a replication sample [185].   

SNARE knock-out (KO) animals illustrate the importance of SNAREs to synaptic 

function.  Many of the KO models show embryonic lethality, and all exhibit abnormalities of 

stimulus-evoked neurotransmitter release or synaptic plasticity (Table 1.1-3).  In the absence of 

regulated neurotransmission, animals die from lack of respiratory muscle contraction [186], 

seizure activity [187] or other reasons [188]. The importance of SNAREs in synaptic plasticity is 

evidenced by disruption in the properties of long-term potentiation or depression seen in tissue 
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slices or cultured cells, as well as altered behaviour in KO animals including memory 

consolidation and pre-pulse inhibition (Tables 1.1-3). 

Differences in the phenotypes of the various SNARE KO animals (Tables 1.1-3) suggest 

that, while the SNAREs work in concert during fusion events, they may also have additional 

functions during the synaptic vesicle cycle.  A role for VAMP in vesicle priming and regulating 

fusion rate has been suggested, as has a role for syntaxin-1 and SNAP-25 in vesicle docking 

(Tables 1.1-2) [189-191].  

Additional functional heterogeneity is suggested by recent speculation that not all 

SNAREs are present at all synapses. The Matteoli group demonstrated a lack of SNAP-25 

expression at GABAergic synapses in rat hippocampus and cortex and in hippocampal cultures 

[192, 193].  They suggested that this difference in SNARE composition might underlie 

differences in transmission properties exhibited by excitatory versus inhibitory synapses in 

culture; similar expression heterogeneity was detected in human brain [192, 194, 195].  A subset 

of glutamatergic terminals was also found to lack SNAP-25 immunoreactivity [193].  The 

authors speculate that other SNAP-25 isoforms (such as SNAP-23, -29 or -47) might function at 

the synapse in such cells [193].  These alternate forms are thought to be involved in fusion events 

other than neurotransmission [156] and don’t support vesicle fusion to the same extent as SNAP-

25 [196-198].  However, given that loss of neuronal SNARE expression may induce 

compensatory expression of other SNAREs (for example, cellubrevin is upregulated in 

chromaffin cells of VAMP2 KO mice) [189] and changes in calcium channel expression can 

induce expression of syntaxin-1A in HEK cells [199], substitution of another SNARE, in the 

absence of SNAP-25, seems plausible.   It is important to note, however, that studies using 

SNAP-25 KO animals suggest that SNAP-25 does exist in GABAergic terminals [200].  Also, 

the proteome of glutamatergic versus GABAergic vesicles is not significantly enriched for 

SNAP-25 [201].  The controversy surrounding SNAP-25 expression in different terminals might 
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reflect differences in tissue processing (for example, cryostat versus vibratome tissue sectioning) 

as well as the age of neurons and animals assessed (detection of SNAP-25 appears to decrease as 

GABAergic neurons mature) [193, 202], or perhaps reflects different protein 

conformation/epitope accessibility in the two different terminal types.  In addition, N-terminal 

acetylation of SNAP-25 has recently been identified; this modification occurs on the second 

amino acid residue (alanine) with concomitant removal of the first amino acid (methoinine) 

[203].  It forms the epitope recognized by one of the SNAP-25 antibodies used pervasively in the 

literature [193, 203], and raises the interesting possibility that the lack of SNAP-25 in 

GABAergic terminals could reflect differential processing of SNAP-25 in different cell types.  

Proteomic and histological analyses of rodent synapses suggests differential enrichment of 

neuronal syntaxins between GABAergic and glutamatergic synapses [201, 204].  Finally, while 

not routinely discussed, differences in the location and kinetics of classical synaptic vesicle 

versus slower dense-core vesicle release may indicate differences in fusion machinery [205].  

Different isoforms of another presynaptic protein, synaptotagmin, are associated with these 

different vesicle types, but SNARE components have not been systematically investigated [175].  

The possibility that unique combinations of neuronal SNARE isoforms are involved in the 

release of dopamine, serotonin and neuropeptides, for example, would have consequences for the 

interpretation of presynaptic alterations in schizophrenia. 

 

1.3.2 SNARE protein interactions 

The core of the SNARE complex is composed of four SNARE domains.  These protein 

interactions are highly stable, requiring both heat and SDS to disrupt them in vitro [206].  This 

thermodynamic stability is thought to overcome the free energy barrier to lipid bilayer mixing 

[207, 208].  SNARE complexes likely assemble in higher order structures; mathematical 
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modeling indicates that at least 3 SNARE complexes are needed for vesicle fusion to occur [209-

211].   

SNARE motifs assemble in an N- to C-terminal “zippering” fashion.  A transition from 

loose to tight zippering of SNAREs on different membranes (trans-SNARE complexes) forces 

membranes together [212].  As membrane fusion progresses, the SNARE proteins end up on the 

same membrane (cis-SNARE complexes), see Figure 1.2 [213].  Tight SNARE zippering is 

important for fast stimulus-evoked vesicle fusion [214], while loose zippering may reflect the 

primed vesicle state [215]. Syntaxin and SNAP-25 dimers are thought to assemble in the plasma 

membrane and act as acceptor complexes for VAMP [216].  Pre-assembly of the dimers, and 

loose zippering of the trans-SNARE complex presumably decreases the time needed for evoked 

fusion [215, 217, 218].   

While SNARE proteins constitute the minimal fusion machinery in vitro [217], the 

requirement for very fast vesicle fusion at central synapses, combined with a need for regulation 

and specificity of SNARE protein interactions at the synapse, suggests that other factors play a 

role in SNARE regulation and vesicle fusion.  For example, synaptotagmin acts as a sensor for 

calcium-triggered release [219].  Prior to this, assembled SNARE complexes may be stabilized 

by complexins, which hold the SNARE complex until the appropriate trigger and sensor appears 

[220].  Munc-18 stabilizes preassembled SNARE complexes too, but may also act upstream of 

vesicle priming, limiting the availability of syntaxin-1 to interact with other SNAREs [221].  

Additional proteins, such as tomosyn, which contain SNARE-like motifs, may help stabilize 

acceptor complexes by contributing a SNARE domain to an otherwise less stable SNARE 

composition [156].  Stabilization of intermediates may be important for functional SNARE 

complex formation, as off-pathway SNARE interactions (such as 2:1 syntaxin/SNAP-25 

complexes) can occur [216, 222, 223].  Once fusion occurs, NSF and soluble NSF-attachment 

proteins (SNAP) co-factors disassemble cis-SNARE complexes [221, 224]. 
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For normal synaptic transmission and SNARE function, the three SNAREs must interact. 

Botulinum toxins cleave within the SNARE domain of monomeric SNAREs, altering their 

ability to interact with each other and abolishing neurotransmission [100, 225].   The use of 

antibodies or SNARE protein fragments also impairs vesicle fusion [226-228].  Mutations within 

SNARE binding domains affect the properties of neurotransmission [215, 229]. 

SNARE complex assembly can reflect brain activity.  Excessive brain activity, as occurs 

during seizures, produces a sustained increase in hippocampal SNARE complexes [230, 231], 

while chronic morphine administration reduces SNARE complexes [232].  

Thus, SNARE protein interactions are integral for proper SNARE function in the brain.   

 

1.3.3 SNARE protein isoforms 

There are two isoforms of each neuronal SNARE protein in some organisms, including humans.  

These include syntaxin-1A and 1B, and SNAP-25A and B and VAMP-1 and 2 (Figure 1.3).  In 

addition, other SNARE proteins that are ubiquitously expressed, or expressed in other cells, also 

exist in the brain, such as SNAP-23, SNAP-29, cellubrevin and many different syntaxins [233-

235].  Isoform and SNARE redundancy is thought to account for some of the milder SNARE KO 

phenotypes (see references in Tables 1.1-3). Syntaxin and SNAP-25 isoforms are the focus of 

experiments in this thesis. 

 

1.3.3.1 Syntaxin isoforms1 

Syntaxin-1A and 1B are encoded by separate genes (located at ch7q11.23 and ch16p11.2, 

respectively, in humans), and code for proteins that are 84% identical [169, 236] (Figure 1.3A), 

which may play different roles in the nervous system. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 Syntaxin-1A and syntaxin-1B are most accurately described as paralogs.  However, they are commonly referred to 

as isoforms in the literature and this convention has been retained throughout this thesis. 
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Syntaxin-1A is the only isoform in rat pituitary endocrine cells, is higher in noradrenergic 

versus adrenergic bovine chromaffin cells, and is enriched in perivascular [autonomic/sensory] 

terminals of the PNS [237-239].  In contrast, motor neurons preferentially express syntaxin-1B 

[238].  Cellular localization in the dorsal root ganglia and chromaffin cells differs between the 

two isoforms, with 1A at the membrane and 1B in cell bodies [239, 240].  In the rat CNS, both 

syntaxin isoforms are present in the neuropil as well as fiber tracts.  Syntaxin-1A expression is 

lower in some layers of the olfactory bulb, in the globus pallidus, Purkinje cell layer of the 

cerebellum and in some brainstem nuclei, when compared to other brain regions.  Syntaxin-1B 

immunostaining is low in other olfactory layers, hippocampal fimbria and thalamus.  While 

isoform expression overlaps, several areas show complementary staining patterns [237].  High 

levels of 1B staining in the medial forebrain bundle may reflect isoform-specific involvement in 

monoamine transmission [237]. Other interpretations of tissue distribution patterns suggest that 

syntaxin-1B may be associated with fast neurotransmitter release, and 1A associated with slow 

[neuropeptide] secretion [241].  In addition, it was suggested that the lack of syntaxin-1A 

immunoreactivity in the region of GABAergic Purkinje cell terminals indicates that 1A might be 

preferentially associated with excitatory synaptic transmission [237].  Recent 

immunohistochemical studies support this, as syntaxin-1A was not detected in rat cortical 

GABAergic terminals [204] and is enriched more than 2-fold in glutamatergic vesicles as 

compared to GABAergic vesicles [201].  Syntaxin-1 isoform expression patterns are only known 

in rodent brain, and have not been investigated in humans. 

Functional divergence between syntaxin-1A and 1B is also implied by differential 

binding affinities for VAMP isoforms.  In vitro binding assays using recombinant rat syntaxin 

and VAMP isoforms demonstrated that syntaxin-1A has a higher affinity for VAMP-2 than 

VAMP-1.  Syntaxin-1B/VAMP affinities varied with protein concentration, with greater 

1B/VAMP-1 interactions at higher syntaxin amounts, but greater 1B/VAMP-2 affinity at lower 
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syntaxin concentrations [241].  Syntaxin-1 and VAMP protein sequences differ only slightly 

between rodents and humans (human and rat protein sequences are 95-100% identical).  Whether 

sequence differences impact the interaction patterns described using recombinant rat proteins is 

unknown.  SNARE protein isoform affinities have not been investigated in human brain.     

The ability of one syntaxin-1 isoform to compensate for the other has not been directly 

tested (i.e. through over-expression studies or protein-binding studies).  However, it has been 

postulated that the viability of some homozygous STX1A KO mice [242] (Table 1.2) may be due 

to functional compensation by syntaxin-1B.  Their ability to compensate functionally may be 

limited, however, by expression patterns in the brain, given that some regions preferentially 

express one isoform [237].     

Finally, syntaxin isoforms may be involved in different processes in the brain.  Following 

amphetamine-sensitization syntaxin-1B but not 1A mRNA was increased in the NAc [243], 

while syntaxin-1B mRNA expression increased in the dentate gyrus following LTP induction 

[244]. Although only syntaxin-1B mRNA was measured, increased 1B expression has been 

associated with learning; expression changes were isolated to distinct brain regions and 

associated with specific learning tasks [245, 246].   

Thus, differential expression patterns, SNARE protein binding affinities and response to 

plasticity, point to a possible divergence in function of the syntaxin-1 isoforms in the brain. 

 

1.3.3.2  SNAP-25 isoforms 

SNAP-25 isoforms result from alternative splicing of the same gene (located at ch20p12-p11.2), 

with alternate usage of exons 5a and 5b (Figure 1.3B) [247, 248].  The evolutionary duplication 

of exon 5, observed in vertebrate but not invertebrate species [247], suggests the two isoforms 

may have distinct roles.  The two isoforms differ by only 9 amino acids (out of a total of 206 
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amino acid residues) (Figure 1.3B).  Amino acid differences result in the rearrangment of 

cysteine residues thought to be involved in membrane anchoring and also occur in one of the 

SNARE protein interaction domains (Figure 1.3B) [247, 249].  The two isoforms have been 

studied almost exclusively at the mRNA level [248].  In mice, isoform expression is 

developmentally regulated, with SNAP-25A mRNA being predominant pre- and perinatally, and 

SNAP-25B mRNA expression beginning first week post-natal with levels 40-fold higher by early 

adulthood [250].  The pattern of mRNA changes may differ between regions, as seen within the 

hippocampus [251].  Expression of SNAP-25 is required for normal development and survival 

(Table 1.1).  Animals who cannot express SNAP-25B present with seizures during early 

adulthood and show behavioural impairments [252], suggesting that SNAP-25A cannot 

compensate completely for SNAP-25B. The developmental expression pattern of SNAP-25 

mRNA has been interpreted to mean that SNAP-25A is associated with synapse development 

and SNAP-25B may be associated with mature synaptic function [250]. 

In-situ hybridization studies showed isoform expression overlap in some rat brain 

regions, while in other areas only one isoform was detectable.  For example, only SNAP-25B 

mRNA was detected in the caudate/putamen and globus pallidus, layer IV of the cortex, most 

cerebellar layers, and many brainstem nuclei.  Interestingly, SNAP-25A mRNA was very strong 

in the substantia nigra pars compacta [251]. When overexpressed in differentiated PC12 cells, 

the two isoforms translocate to cell processes, although SNAP-25B is concentrated in 

varicosities, while SNAP-25A is expressed diffusely [250].    

SNARE complexes containing SNAP-25B have increased thermal stability, and support 

larger exocytotic bursts when overexpressed in chromaffin cells.  This is likely due to differences 

in interactions with modulatory proteins [249].  Increased stability of SNAP-25B containing 

complexes may have neurological and behavioural consequences (Table 1.1) [229, 253].   
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The developmental expression pattern of A and B mRNA and predominance of SNAP-25A 

mRNA in PC12 cells suggests a more general role for SNAP-25A in neurosecretion and axon 

outgrowth; SNAP-25B may mediate transmission at central synapses [250].  After hippocampal 

damage SNAP-25A but not B mRNA is upregulated, suggesting a role for the A isoform in 

synaptic remodeling and synapse development [251].  Differentiation of cultured PC12 cells is 

associated with an increase in SNAP-25B mRNA and protein, implicating the B isoform in the 

function of mature neurons [254].  Subcellular fractionation of neuroblastoma cells 

overexpressing the two isoforms found SNAP-25A and B to be associated with different vesicle 

pools; SNAP-25A eluted preferentially with lower density fractions (where small synaptic 

vesicles might be found) and B eluted with higher density fractions (possibly associated with 

large dense-core vesicles) [255].  This somewhat contradicts the idea that SNAP-25A mediates 

neurosecretetory events (as suggested by its predominance in neuroendocrine cells [250]), but 

could also be an artifact of protein overexpression and fractionation techniques. 

Ample evidence exists to support differences in function between the SNAP-25 isoforms.  

Unfortunately, most evidence is derived from mRNA studies, and it is unclear if similar patterns 

of expression and plasticity-associated changes are maintained at the protein level.  Since SNAP-

25B knock-out mice exhibit seizure activity, impaired paired-pulse facilitation at synapses and 

behavioural abnormalities such as anxiety and reduced locomotion (Table 1.1) [252], it appears 

that SNAP-25A cannot fully compensate for SNAP-25B expression postnatally.  Given that 

animals are viable, and lethal seizures do not start until later in life, SNAP-25A appears to be 

sufficient for early (and possibly basic) synaptic function.  When overexpressed in SNAP-25 -/- 

chromaffin cells, both isoforms restore vesicle secretion.  However, a larger RRP is supported by 

the B isoform, when compared to SNAP-25A [196].  Thus, while performing similar actions at 

synapses, each isoform confers slightly different properties on synaptic release.   
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1.4 SNAREs in schizophrenia 

Given their location and function, SNARE proteins are excellent candidate molecules for 

studying synaptic pathology in schizophrenia.  SNAREs provide a logical link between several 

etiological theories [256].  The importance of developmentally regulated SNARE protein and 

isoform expression points to a potential role of SNAREs in neurodevelopmental models of 

schizophrenia.  Evidence for differential association of SNAREs with different neurotransmitters 

and brain regions in rodents (as outlined in section 1.3.3) may provide a link to neurochemical 

models of disease (as discussed in section 1.2.4).  SNAREs are also integral to theories of 

synaptic disconnectivity (section 1.2.5.1).  SNARE alterations in schizophrenia have been 

studied at the DNA, RNA and protein level, in living patients and using post mortem tissue, with 

abnormalities detected in many studies.  A brief overview is given below. 

 

1.4.1 SNARE proteins in schizophrenia 

SNARE proteins have been quantified in patient samples using a number of different techniques 

(Table 1.4).  In general, studies that detect disease-associated differences show lower protein 

levels in schizophrenia, particularly in the hippocampus and frontal cortex.  However, studies of 

anterior cingulate cortex and CSF found higher SNAP-25 protein levels in schizophrenia (Table 

1.4).  Disease-associated differences in all three SNAREs in a single region have generally not 

been detected (Table 1.4), supporting the notion that presynaptic changes in schizophrenia are 

not simply due to a general decrease in synaptic density.  It also appears that SNARE 

abnormalities can differ between even adjacent brain regions (for example, BA9 and BA10, 

[257]).   Discrepancies between studies (for example, [258] and [259]) may be due to differences 

in tissue dissection in larger Brodmann areas (i.e. BA9).  Some studies have been conducted in 

elderly patients, where age-related changes may have had an influence (i.e. [260]). The use of 
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different methods in various studies (such as immunoblotting, immunohistochemistry and 

ELISA) may also contribute to discrepancies.   In addition, many brain, plasma and CSF 

proteomic studies have been conducted using patient samples (reviewed in [261] and [262]), 

however, most do not report SNARE protein data.  Failure to report this information can be due 

to several reasons.  For example, protein spots do not differ between groups and therefore are not 

selected for identification by mass spectrometry, or proteins are not detectable (i.e. present below 

the level of detection, outside of the isoelectric focusing range, poorly resolved or limited protein 

coverage). 

 Animal models have been created and used to test specific causative or mechanistic 

hypotheses of schizophrenia, using experimental manipulations that elicit behavioural or 

neurochemical changes similar to those seen in patients.  Limited information regarding SNARE 

protein changes in animal models of the disease exists, and suggests that SNARE protein 

alterations seen in patients are not adequately modeled in animals.  For example, neonatal ventral 

hippocampal lesions produce behavioural changes in adult animals including impaired pre-pulse 

inhibition, increased locomotion to stressors and other changes reminiscent of striatal 

hyperdomapinergia and cortical hypodominergia [263].   However, immunoblot analysis of 

SNARE and other synaptic proteins in frontal cortex of female rats with neonatal hippocampal 

lesions (tissue from P70 rats) showed increased levels of VAMP protein only [259].  This finding 

is in contrast to VAMP changes observed in schizophrenia subjects, where lower levels or no 

change has been found in frontal cortex (Table 1.4) [258, 259, 264].  In a second model, acute 

systemic administration of an NMDAR antagonist (MK801) increased SNAP-25 in the 

somatosensory cortex of rats [265].  One study has assessed SNAP-25 levels in parietal (sensory) 

cortex in schizophrenia, and found no difference between patients and controls [260], in conflict 

with the MK801 findings.  Increased SNAP-25 expression in the MK801-treated animals is 

likely a response to neuronal damage [266], as this treatment damaged neurons [265].  
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Neurodegeneration is generally not considered a hallmark of schizophrenia, suggesting this 

model does not well represent synaptic changes in disease.  DTNBP1 is a strong schizophrenia 

candidate gene and dysbindin protein levels are reduced in post mortem brain of schizophrenia 

patients [267]. The sandy mouse carries a deletion in dtnbp1 and does not express any dysbindin 

protein, and thus is a genetics-based animal model of schizophrenia [268].  SNARE protein 

levels were reportedly normal in these mice, although neurotransmission, assessed in 

hippocampal and adrenal slices was abnormal [269].  Vesicle release was slower, the RRP was 

smaller and vesicles were larger in sandy mice [269]. The pallid mouse, which carries a mutation 

in pallidin, a protein which interacts with dysbindin in the BLOC-1 complex, also exhibits 

reduced dysbindin levels, but SNAP-25 and syntaxin-1 protein levels appear normal [270].   

Studies in cell cultures, however, had previously suggested that SNAP-25 expression could be 

affected by dysbindin expression [49].  Thus, modeling these genetic and mechanistic aspects of 

the disorder does not appear to replicate SNARE protein alterations seen in post mortem patient 

samples.  This is not surprising, given that schizophrenia is postulated to be a polygenic disease, 

with multiple genetic as well as environmental factors contributing to disease susceptibility.  In 

order for an animal model to reproduce behavioural and molecular changes seen in patients, it 

may be necessary to combine several animal models together.  Recently, a gene-environment 

interaction has been demonstrated in the blind-drunk mouse (Table 1.1).  Prenatal stress 

combined with a mutation in the SNAP-25 gene enhanced behavioural abnormalities such as 

impaired pre-pulse inhibition and abnormal social interaction, supporting the use of the Bdr 

mouse as a schizophrenia model [253].  While SNAP-25 protein levels were normal, cortical 

slice electrophysiology showed spontaneous neurotransmission to be less frequent, while evoked 

neurotransmission showed abnormal plasticity (Table 1.1 and [229]).  Failure of animal models 

of schizophrenia to reproduce SNARE protein abnormalities seen in patients suggests that post 

mortem studies may be more informative. 
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1.4.2 SNAREs at the mRNA level in schizophrenia 

The first large gene-expression study conducted in post mortem brain revealed perturbations in 

presynaptic molecules in schizophrenia [99].  Only a few recent studies have focused on SNARE 

gene expression, but lend support to this finding.  In a study of elderly subjects, higher SNAP-25, 

syntaxin-1A and VAMP-1 mRNA levels were detected by RT-PCR in temporal cortex of 

‘younger ‘(< 79.5 years) schizophrenia subjects, while levels were lower than normal when 

subjects were older still [271].  VAMP-2 mRNA was higher in schizophrenia subjects, 

irrespective of age, although this was attributed to non-neuronal expression of VAMP-2 [271].  

Northern blotting of prefrontal tissue in an independent study, however, did not find differences 

in SNAP-25 mRNA levels in schizophrenia, despite a decrease at the protein level [272].   

Recent gene expression studies have not identified individual neuronal SNARE mRNA 

expression changes, but have implicated the vesicle cycle, presynaptic proteins and 

neurotransmission-related gene families [105, 273, 274].   Results of one study identified 

downregulation of VAMP-2 expression in the anterior prefrontal cortex among the perturbations 

[102].  Gene expression studies have been conducted in a number of brain regions (discussed in 

[273]), but predominantly in cortex and hippocampus.  At least one gene expression study has 

included striatal regions, and while the number of differentially expressed genes in schizophrenia 

in the caudate outnumbered that of the dlPFC, the identify of these genes was not catalogued 

[275].  SNARE related gene expression differences in the striatum would be of great interest.  It 

is unclear whether the paucity of SNARE gene expression information in the literature represents 

minimal perturbation of mRNA expression of these genes, or whether the negative findings are 

the result of the analysis methods used.  For example, SNARE protein level changes in 

schizophrenia are often less than 50% relative to control subjects (Table 1.4).  Some mRNA 

quantitation methods (such as microarrays) set thresholds above this (for example, only 2-fold 
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signal differences are considered).  Subtle changes in mRNA levels may thus never be detected 

or reported.  In addition, many studies have employed custom microarrays, which may not 

contain probes for the SNARE genes at all [276]. 

 

1.4.3 SNAREs at the DNA level in schizophrenia 

Many linkage and association studies have been conducted in efforts to understand the genetic 

contributions to disease pathology [51].  SNARE genes have been among the candidates studied. 

A recent Irish family-based study found an association between disease and several 

single-nucleotide polymorphisms (SNPs) within the SNAP-25 gene, some of which appear to be 

associated with prominent psychotic symptoms [176].  Association was tested using several 

different definitions of schizophrenia, and several SNPs showed association irrespective of 

definition stringency.  Several of the associated SNPs were predicted to perturb transcription 

factor binding sites, suggesting a mechanism by which the associated variation might affect 

SNAP-25 expression in schizophrenia.  SNP association, however, was not replicated in a second 

[case-control] sample set [176].  Using an initial screening set of 377 Japanese patients and an 

equal number of control subjects, modest association between schizophrenia and two SNAP25 

SNPs were also identified by Kawashima et al [277]. While 7 of the 29 SNAP25 SNPs 

genotyped in this study were the same as in the Irish study (4 of which had shown some 

association with schizophrenia in the Irish sample), none of these were significant in the 

Japanese population.  The nominal association was not replicated in a second set of samples 

[277].  An earlier family-based study of Canadian and Portuguese trios did not detect an 

association between SNAP25 and schizophrenia [278], nor did a case-control study of a tandem 

repeat element in the SNAP25 promoter in Japanese subjects [279].  SNAP-25 has also been 

implicated in the etiology of ADHD, a disorder that occurs at higher frequency amidst youth at-
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risk for schizophrenia [280].  Recent evidence suggests that alleles associated with a lower risk 

of ADHD may be associated with a higher risk of schizophrenia [177].  Finally, two studies have 

shown an association between SNAP25 SNPs and weight gain during antipsychotic treatment.  

Both studies genotyped the same SNPs, but different SNPs were associated with weight gain in 

the different sample sets [281, 282]; SNPs were also associated with treatment response in only 

one of these studies [281].  Both the ADHD low-risk alleles and treatment-associated SNPs were 

found in the 3’UTR of SNAP25.   

Recent studies indicate that genetic variation in SNAP25 may influence behaviour and 

cognition in general.  In a genome-wide association study of personality dimensions in a large 

Sardinian cohort, a SNP within intron 1 of SNAP25 showed a strong association with 

neuroticism [178].  Follow-up studies in American and Dutch cohorts found a similar trend, but 

did not reach statistical significance [178].  Several association studies link SNAP25 to cognitive 

function.  Different SNPs within intron 1 of SNAP25 have been associated with IQ in a family-

based study of two Dutch cohorts [179].  Analysis of the same sample sets using additional SNPs 

within the associated region indicated significant association of four SNPs and IQ.  Interestingly, 

different haplotypes were associated with IQ in adult versus child cohorts, reflecting the complex 

nature of this trait [283].  In schizophrenia cohorts, it appears that SNAP25 variation also affects 

cognition, despite disease and treatment.  Golimbet et al. recently assessed the association of one 

of the 3’UTR SNPs with memory and executive functions in patients with psychosis (primarily 

schizophrenia and schizoaffective patients) as well as subjects with a family history of psychosis.  

The same genotype was associated with poorest task performance in all subject groups, although 

subtle differences between performance and genotype existed when each task was considered 

separately [284].  This was interpreted to mean that the SNAP25 gene influences cognition 

independently of disease [284].  A study of German patients initially off medications then 

followed during 12 weeks of treatment with atypical APDs, found a different 3’UTR SNP to be 
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associated with better global cognitive indices and neurocognitive test performance over the 

three time points measured [285].  Thus, it appears that association of SNAP25 with cognition 

may also occur independently of patient treatment.  Interestingly, the SNPs associated with 

cognition in these two studies are also the SNPs that were associated with disease treatment 

effects discussed above.  Treatment respose and weight gain were not reported in the association 

studies of cognition in patients.   

Other SNARE genes have also been implicated in schizophrenia, albeit through different 

avenues.   Meta-analyses of genome association studies have identified a region of ch16p as a 

possible schizophrenia linkage region; this genomic region contains the gene for syntaxin-1B 

(16p11.2) [286, 287].  Copy number variation (CNV) is another mechanism by which genome-

level variation might be associated with disease and STX1B is located proximal to a CNV region 

recently associated with schizophrenia [288, 289].  

  The syntaxin-1A gene is located amidst the genes deleted in Williams-Beuren syndrome 

[290], a disorder associated with cognitive impairment [291, 292].  Variation in an intronic 

region was associated with schizophrenia in North American samples, in both family-based and 

case-control sample sets [180].  However, a recent association study of SNARE-gene SNPs did 

not detect statistically significant associations between STX1A markers and schizophrenia in a 

Japanese cohort. This same study also looked at SNPs in the VAMP2 gene, and did not find any 

significant association with disease [277].   

 

1.4.4 SNARE protein interactions in schizophrenia 

SNARE complexes have been less studied in schizophrenia, despite their functional importance.  

Two studies measured SNARE protein-protein interactions in human brain tissue and came to 

different conclusions.  In the first, SNARE complexes were higher in anterior frontal cortex 
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homogenates from schizophrenia subjects who had died by suicide as opposed to those who died 

of other causes [264].  However, a recent study of syntaxin-1 phosphorylation state in post 

mortem samples found that reduced phospho-syntaxin-1 in schizophrenia might contribute to 

reduced SNARE protein interactions [293].  Finally, the blind-drunk mouse (Bdr) contains a 

mutation in the SNAP-25B specific exon resulting in an amino acid substitution that increases 

the stability of the SNARE complex (Table 1.1).  The phenotype associated with this 

biochemical change in the SNARE complex includes anxiety, apathy and impaired sensorimotor 

gating [229].  When subject to prenatal stress these behavioural abnormalities are amplified 

[253], suggesting that SNARE protein interactions may be modulated by developmental stressors 

that increase risk of schizophrenia in humans, producing behavioural deficits similar to those 

seen in patients. 

Presynaptic molecules known to modulate SNARE protein interactions have been studied 

in schizophrenia in several brain regions.  These include the complexins (1 and 2), munc-18, 

septin-5 (CDCrel-1), synaptotagmin and synaptophysin.  Two of three studies of hippocampal 

complexins found the balance between complexin-2/1 protein or mRNA expression altered in at 

least some subregions in schizophrenia [294-296].  This may be associated with cognitive 

deficits [296].  Other studies found complexin-1 protein to be decreased in prefrontal cortex 

(BA9 and/or BA10) [297], complexin-1 and -2 proteins unchanged in anterior cingulate (~ 

BA24) [298] and complexin-2 reduced in cerebellar granule (glutamatergic) cells in 

schizophrenia [299].  Because complexin-1 and 2 are associated with inhibitory and excitatory 

neurotransmission, respectively, interpretation of data has included the idea that select terminal 

types are affected in patients [53, 298]. Complexins are thought to act as clamps, stabilizing the 

SNARE complex prior to vesicle fusion [220].  Reductions in complexin levels might therefore 

reflect reduced SNARE complex stability in some brain regions, potentially only in subsets of 

terminals.  Munc-18/STXBP1 interacts with syntaxin in two different ways, preventing syntaxin 
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interactions, but later stabilizing the SNARE complex [300].  Increased munc-18 levels in dlPFC 

in schizophrenia [301] could result in less efficient formation or increased stability of SNARE 

complexes.  Septin-5 is located at ch22q11. Deletion of this chromosomal region results in 

velocardiofacial syndrome and increased risk of schizophrenia [302].  Septin-5-syntaxin-1 

protein interactions have a negative effect on vesicle exocytosis [303] and septin-5 KO animals 

show reduced anxiety behaviours and increased pre-pulse inhibition, suggesting that septin-5 

modulation of SNARE protein interactions may be related to patient symptoms [304].  Two-

dimensional gel electrophoresis of the dlPFC detected increased protein expression of two 

septin-5 isoforms (identified by mass spectrometry) in schizophrenia samples relative to controls 

[305].  At least three synaptotagmin isoforms function as calcium sensors during 

neurotransmitter release [175, 219, 221].  Increased synaptotagmin-1 mRNA was found in 

temporal cortex of elderly schizophrenia subjects [271].  Synaptotagmin-11 has been identified 

as a potential schizophrenia candidate gene, although whether this has significance for synaptic 

function is unclear [219, 306].   Finally, synaptophysin is present in the vesicle membrane near 

VAMP and, at least in adult synaptic vesicles, the two proteins interact [307].  This interaction 

may facilitate SNARE protein interactions [308].  Synaptophysin levels have been measured in 

many post mortem studies at the protein and mRNA level, in many brain regions, and have 

produced varying results (reviewed in [111, 256]).  

Despite the paucity of SNARE protein interaction data in schizophrenia, indirect 

evidence from alterations in SNARE-modulating proteins supports the idea that SNARE 

complexes function abnormally at the synapse in the disease.  
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1.4.5 SNARE isoforms in schizophrenia 

Despite evidence of SNARE isoform functional divergence and developmental expression, the 

involvement of SNARE protein isoforms in schizophrenia is largely unknown.  Protein studies 

have not distinguished between protein isoforms, using antibodies that detect both forms of each 

protein.  One study did resolve syntaxin as two bands by immunoblotting, although statistically 

significant differences between schizophrenia and control subjects were detected only when both 

protein bands were added together, and the identity of the two bands was not confirmed [258].  

Separate mRNA probes for syntaxin-1A and 1B and VAMP-1 and VAMP-2 exist in gene 

expression microarrays, but comparisons between probes have not been reported.  SNAP-25 

probes may not differentiate between the two isoforms.  Genetic association of SNAP-25 has 

thus far involved SNPs in the 3’UTR and therefore does not distinguish between the isoforms. 

However, given that the genetic variation occurs in a regulatory region of the gene, these SNPs 

could potentially affect transcription, splicing and translation.  Evaluation of putative splice sites 

or splicing factor binding sites in the regions of schizophrenia-associated SNPs may shed light 

on the possible involvement of aberrant SNAP-25 isoform splicing. Association or linkage 

studies of syntaxin-1B or VAMP-1 have not been reported in schizophrenia cohorts. 

 

1.4.6 Effects of antipsychotic medications on SNAREs 

Antipsychotic drugs (APDs) used to treat schizophrenia block receptors in the brain, altering 

brain activity.  Some evidence that APDs modulate SNARE protein expression or protein-protein 

interactions exists.   

Effects of antipsychotics on SNARE expression have been investigated using animals. 

Increases in hippocampal SNAP-25 protein with typical antipsychotic administration 

(haloperidol 1 mg/kg, chlorpromazine 10 mg/kg, trifluoperazine 6 mg/kg, 21 days) [309], no 
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changes in SNARE proteins in prefrontal cortex (haloperidol 1 mg/kg, chlorpromazine 10 mg/kg, 

trifluoperazine 7 mg/kg, 21 days) [297], increases in all SNARE mRNAs with a typical and 

atypical antipsychotic in prefrontal cortex but not striatum (haloperidol 0.2 or 0.5 mg/kg, 

clozapine 8 or 20 mg/kg, 26 days) [310] and decreases in syntaxin-1A and VAMP-2 mRNA in 

NAc (25 mg/0.5 ml/kg haloperidol decanoate, 28 days) [311] have been reported.  APD-

associated changes in SNARE proteins have not been assessed in human striatum, a major site of 

drug action.  However, ultrastructural studies suggest that APDs normalize the increased density 

of corticostriatal synapses in schizophrenia subjects [312].  

The effects of APDs on SNARE protein complexes are also unknown.  Psychoactive 

drugs and brain activity can modulate SNARE complexes, including morphine and seizures [230, 

232], therefore it is likely that APDs can modify SNARE protein interactions as well.  This could 

occur indirectly via modulation of brain/neuron activity through post-synaptic receptor binding, 

via presynaptic receptor antagonism, or via second messenger cascades that result in post-

translational modification of SNAREs.  Alternatively, APDs or their metabolites could bind 

SNAREs directly.  A number of SNARE-modulating compounds have recently been identified, 

which affect the ability of SNAREs to interact with each other [313-315].  Modulation of 

SNARE complex stability and/or specific SNARE protein isoforms may present novel 

presynaptic treatment targets.      

 

1.5 Post mortem protein studies in schizophrenia 

The use of post mortem tissue in schizophrenia research is invaluable given that disease etiology  

remains elusive, among other reasons.  However, its use, as with any experimental system, 

brings unique challenges to study design and analysis. 
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1.5.1 Advantages of studying proteins in human brain 

Post mortem human brain tissue allows researchers to study a “snap-shot” of the human brain 

experiencing the disease state of schizophrenia.  It incorporates the disease in its entirety, 

irrespective of the limits of our understanding of its underpinnings.  It allows for the direct 

qualitative and quantitative assessment of parameters involved in brain function (molecular, 

cellular and anatomical), in contrast to in vivo techniques such as brain imaging that evaluate the 

brain indirectly [316].  In post mortem tissue, the precise molecules that are involved in disease 

in the brain might be identified and their alterations quantified.  This can be performed in distinct 

anatomical structures, leading to new hypotheses of how molecular abnormalities affect brain 

function. 

Schizophrenia is inherently a human disease – it involves the disruption of human 

capacities such as perception of self and others and relies on language and self-report for its 

diagnosis.  Thus, while aspects of the disease can be modeled in other systems, disease 

complexity and biological variation is not incorporated into such models.  Existing animal 

models are based on etiological hypotheses, candidate genes or schizophrenia risk factors and 

model validity is partly assessed by determining how well the model reproduces behavioural or 

cognitive deficits observed in humans with the disease (for example, pre-pulse inhibition or 

ventricular enlargement), although many of these deficits are not unique to schizophrenia [317].  

In the absence of a clear understanding of disease etiology, animal models of schizophrenia 

remain valuable tools for testing etiological hypotheses, rather than accurate disease models.  

Their validity remains in question due to an inability to diagnose an animal using DSM-IV or 

ICD criteria.  Finally, schizophrenia is a disease of the brain, and therefore must be studied in the 

brain [316].  Human and other animal brains share structural similarities, however, some brain 

circuitry is species-specific.  Brain circuitry underlying negative and cognitive symptoms in 
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patients is different in non-human primates [61].  Use of human tissue results in the study of the 

complete disease entity and avoids difficulties associated with translating results between 

species. 

The study of proteins as opposed to DNA or mRNA may also be advantageous.  

Practically, mRNA can be very unstable during laboratory manipulations of tissue samples [271], 

and can be more sensitive to tissue conditions than some proteins [318].  Discordance between 

mRNA and protein expression levels is known to occur and mRNA expression may not be 

directly proportional to the amount of final protein product [319-321].  Proteins represent the end 

product of gene expression, and therefore reflect the molecular and functional consequences of 

alterations of precursor molecules, whether the perturbation occurs at the DNA, RNA or protein 

level.   

 

1.5.2 Limitations of using post mortem human brain 

Post mortem brain tissue represents the disease state.  However, the use of human tissue comes 

with many limitations as well.  Because post mortem sample sets usually represent a 

naturalistic/observational (rather than experimental) study design, variation in many sample 

characteristics and reliability of sample information must be taken into consideration.  

Prospective participant recruitment provides an opportunity for antemortem diagnostic 

interviews [322], but has traditionally involved older, chronically hospitalized patients, limiting 

the degree to which results obtained from such samples can be extrapolated to different [in 

particular, community] patient populations [316]. Without the ability to assess the patient 

directly, post mortem diagnosis is greatly improved by the use of multiple information sources.   

Systematic evaluation of patient chart information can be achieved using tools such as the 

diagnostic evaluation after death (DEAD) [323].  Collateral information is often obtained 
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through a structured interview with family members or other personal informants, using tools 

such as the psychological autopsy (PA) [324].  Post mortem diagnosis of schizophrenia shows 

good consensus between multiple raters (Kappa coefficients indicate moderate to excellent 

interrater agreement), and suggests that post mortem chart review maybe as reliable as live 

patient interviews [323-325].   However, reliance solely on chart review may result in biased 

diagnoses and for samples collected prior to the DSM-IV, may reflect differences in diagnostic 

practice in different centres [3, 326-328].  For samples studied in this thesis, a modified version 

of the DEAD as well as a PA was conducted in addition to chart review.  A consensus diagnosis 

was reached by several raters or else additional information sought to facilitate the diagnosis. 

Brain collections often rely on samples identified by medical examiners’ offices [329]. 

This may not identify patients who die of natural causes in the care of family or friends, or 

deaths that are not investigated by the medical examiners office, and may therefore over-

represent suicide victims, severely ill/refractory patients and individuals with less family/social 

supports [325].   In a similar manner, ‘control’ subjects identified through the medical examiners 

office may not represent the general population.  In addition, due to the length of time needed for 

the diagnosis of schizophrenia, tissue sets are less likely to include first-episode patients or those 

who are early in their illness, and therefore represent primarily chronic illness states.  Collection 

of samples in multicultural centres can also present unique challenges for specific types of 

studies.  For example, genetic studies may require more detailed ethnicity information or genetic 

analysis to account for population stratification [330, 331].  Whether such sample characteristics 

are important in post mortem protein studies remains unknown.  The samples studied in this 

thesis were all obtained in Macedonia, a country where autopsy is mandatory for all deaths.  This 

increases the likelihood that the patient and comparison subjects are representative of their 

respective populations.  Furthermore, the Macedonian population is primarily Caucasian, with 

most individuals of Macedonian or Albanian descent.  Within sample groups, natural biological 
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variation will also contribute to heterogeneity of findings. Differences in illness course, illness 

symptoms, health, lifestyle and co-morbid conditions exist between each person and could 

impact findings.  In the current sample set, individual patients had different sub-types of 

schizophrenia.  Finally, post mortem tissue is obtained at a finite time point of the subject’s life 

and disease course, potentially increasing biological variation. 

Other sample characteristics such as gender, age, post mortem interval (PMI), agonal 

state, brain pH, sample storage time and medications are potential confounding factors in post 

mortem studies [316, 332, 333].  Their effects in schizophrenia research have been greatly 

studied in the context of gene expression studies, which have suggested that all of these factors 

can have an influence on gene expression, including some of the genes implicated in this disease 

[310, 331, 334, 335].  Impact of these factors on protein studies is less documented.   

The post mortem interval (PMI) is the time between death and tissue collection and 

storage. After death, brain encasement may help preserve DNA, mRNA and protein but this is 

likely to depend on the specific molecule in question, and the length of PMI [259, 332, 336].  For 

example, some PMI-associated changes might occur rapidly, ceasing at later time points and 

changes may differ between brain regions [316, 336]. Sampling within a narrow PMI interval 

might limit PMI effects on results.   

Brain pH appears to be linked to agonal state, with slower modes of death and hypoxia 

producing lower pH measures [332, 337, 338].  Agonal state/pH associated gene-expression 

changes appear to involve specific transcripts and not generalized mRNA degradation [337].  

Correlations between pH-associated and age-associated gene-expression changes have been 

noted, illustrating the increased likelihood of prolonged death in older subjects and the 

complexity in attributing sample variation to specific sample characteristics/confounders [334, 

335].   Less information is known about pH/agonal state effects on protein levels, although 
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available studies indicate that protein products of some affected mRNA are stable at different pH 

[318]. 

The potential influence of sample characteristics on protein study results can be 

minimized, or at least identified, by several approaches.  The use of sample pairs matched for 

relevant characteristics (such as age, PMI, pH, co-morbid conditions) has been recommended 

[333], although it likely takes longer to assemble a matched sample set and it assumes that the 

factor affects protein measures in both groups equally.  As an alternative, ensuring that sample 

groups do not differ on these variables (equal means and variances) makes it easier to 

statistically covary for sample characteristics [316].   Indiscriminant use of covariates, however, 

may over-fit the data, modeling random error rather than the effects of interest [339].  In 

addition, it requires the researcher to choose which variables should be covariates, and assumes 

they are aware of all the underlying factors that might influence results [339], which is unlikely.  

Selection of covariates is aided by first identifying relationships between sample characteristics 

and the protein measures using correlations or other measures of association [53, 340, 341], and 

was the approach taken in this thesis, in light of an un-matched sample set.   A priori inclusion of 

covariates can also be informed by previous human or animal studies.  For example Siew et al. 

specifically investigated the effects of post mortem interval on syntaxin levels, and determined 

that syntaxin immunoreactivity was stable up to 24 hours post mortem in deceased rats kept at 

20°C or 4°C, and in human frontal cortex [336].  Results from human temporal cortex of the 

same study, however, did not find a similar reduction with prolonged PMI, illustrating that 

effects of potential covariates may not be the same in all brain regions, or with all molecules 

studied, which can complicate covariate use [339]. Halim et al. also investigated PMI effects on 

SNAREs using rodents.  Syntaxin levels did not differ significantly over the 70 hour PMI tested, 

while SNAP-25 levels were significantly lower at 48 hrs, and VAMP at 24 hrs [259].  In 

comparison, the sample set studied in this thesis contained only one individual with a PMI 
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greater than 24 hours.  However, caution must be exercised when drawing conclusions from 

simulated post mortem studies, as cooling rate, circumstances of death and body storage during 

the PMI may not be accurately reproduced in a lab setting.  Other post-mortem studies of 

SNARE proteins in schizophrenia have investigated the association of protein measures with 

PMI and/or covaried for PMI in statistical anaysis in human samples.  PMI was not significantly 

associated with SNAP-25, syntaxin and/or VAMP protein levels in many [260, 264, 342-344] 

but not all studies [345].  However, possible differences in the PMI range as well as sample 

collection and storage procedures mean that PMI [and other] effects should be investigated in 

each sample set, as has been undertaken here. 

In the experiments described in this thesis, correlation analysis was used to identify 

potential confounding factors associated with sample characteristics.  Thus for characteristics 

such as PMI, Spearman correlations were used to first determine if a statistically significant 

association with protein measures exists.  If so, the primary analysis was then re-run co-varying 

for PMI (i.e. analysis of covariance, ANCOVA, was used with diagnosis as the between subjects 

factor, striatal area as the within subjects factor, and PMI as a covariate) to determine whether 

significant effects of diagnosis were affected by the covariate. 

Finally, the presence of APDs in patient but not control samples prevents the use of 

APDs as a covariate.  However, APD effects can be addressed by including samples from other 

patient groups that may have had exposure to similar medications [316] or comparing patients 

who were on or off medications at time of death [146].  Another approach involves modeling the 

effects of APD treatment in animals (reviewed in [346]).  If medications produce changes in 

animals similar [in direction and magnitude] to the changes observed in schizophrenia patients, 

disease-associated changes may be confounded by patient treatment.   If medications do not 

affect the experimental measures or do so in the opposite direction to the changes seen in 

patients, it is thought that the molecular alterations in patients may reflect the disease state.  
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Caveats associated with the study of drug-treated animals include the limitations of modeling 

drug effects in non-diseased systems as well as differences in drug metabolism and therefore 

dosage needed when administering APDs to rodents [347].  If selecting the former approaches, 

due to the possibility of non-compliance [316], it may be better to determine medication use at 

time of death via post mortem toxicological analysis as opposed to chart review [348].  The half-

life of haloperidol measured in post mortem human brain is approximately 7 days; because 

concentrations in the brain exceed those in serum, drugs persist longer in brain, facilitating 

detection [349].  A final alternative is to investigate potential APD effects in the patient group 

alone, and this is often done by converting lifetime dosage of antipsychotics into equivalent 

units, creating a continuous variable for statistical analyses [350].  In addition to antipsychotic 

medications, other medications or comorbid substance use may also complicate post mortem 

studies.  Substance abuse in patients occurs at a higher frequency than the general population and 

includes alcohol, nicotine and illicit substances including cannabis [351, 352].  These 

compounds can affect brain structure and function either acutely or in the long term.  For 

example, nicotine use can improve cognition but modifies synapses [353, 354]; cannabis use has 

been suggested to increase the risk of psychosis [355] and affects cannabinoid receptor density in 

brain [356]; and alcohol abuse may reduce grey matter volume [357].  The ability to account for 

such effects may depend on the rate of substance use in comparison subjects.  Based on some 

theories of how comorbid substance use arises, substance use in comparison subjects may 

indicate risk of psychiatric diagnosis [351], complicating the use of sample matching for such 

characteristics.  APD effects in this thesis were evaluated in two ways – by performing similar 

experiments in tissue from animals treated with antipsychotic medications, and by statistical re- 

analysis of only patients who did not have antipsychotic medications on board at time of death. 

Many of the strengths of using post mortem tissue also contribute to the limitations of its 

use.  However, several strategies for identifying, overcoming or addressing biological variation 
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between individuals and variation between sample characteristics can be applied to post mortem 

studies to aid in interpreting results that are very pertinent to this uniquely human disease. 

 

1.5.3 Post mortem samples used in this thesis 

The following is a brief summary of the characteristics of the sample set studied throughout this 

thesis, in the context of the strengths and limitations of post mortem studies as discussed above 

(Section 1.5.1 and 1.5.2).  Sample characteristics are detailed in Table 2.1.  The samples were 

collected in Macedonia, and all subjects were Caucasian.  All samples were processed in the 

same manner (detailed in Section 2.5.1).  Groups did not differ in age or pH.  Schizophrenia 

samples had longer sample storage times and PMI as compared with non-psychiatric comparison 

subjects.  However, only one individual had a PMI greater than 24 hours, an unusual strength of 

this sample set.  Indeed, some of most widely used sample sets in schizophrenia research include 

samples with PMIs as great as 80 hours [305, 329].  As described above, possible association of 

sample characteristics with experimental measures was determined using the correlation 

approach to identifying covariates.  Prolonged death was not common among subjects, reducing 

agonal-state and hypoxia-related brain changes.  Groups were not balanced for gender, 

precluding analysis of sex-effects.  Information regarding specific patient symptoms or clinical 

measures was not available.  Modest group size precluded analysis of results in the context of 

schizophrenia sub-types.  Co-morbid alcohol use was minimal in subjects, and potential drug use 

was determined through toxicological analysis.  Antipsychotic medications were detected in only 

two subjects at time of autopsy, reducing the likelihood that patient treatment accounts for our 

results.  APD effects were investigated both statistically, and by modeling APD effects in 

animals.  Finally, all samples were dissected by one investigator (WGH), which reduced 

sampling heterogeneity between subjects.   
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1.5.4 Methods for studying proteins in the brain 

Protein quantification is often performed using antibody-based methods.  Antibodies bind to 

specific regions (epitopes) of the protein of interest.  Detection of the protein-antibody complex 

is then achieved directly if the detection antibody is labeled, or indirectly by using a labeled 

secondary antibody which binds the first one [358].  Signal-producing labels are often enzymes 

such as horseradish peroxidase which, in the presence of the appropriate substrate, can produce 

colorimetric or chemiluminescent signal that can be measured.  Fluorescently labeled secondary 

antibodies are also used, and detection has been improved in new generations of stable fluors 

[359].   

Immunoblotting and enzyme-linked immunoadsorbant assays (ELISA) are widely-used 

antibody-based assays.  Sensitivity and specificity of both methods depend greatly on the 

specificity and sensitivity of the antibodies employed.  Monoclonal antibodies afford increased 

specificity as they detect only one epitope of the protein, minimizing cross-reactivity, as opposed 

to polyclonals which detect many different epitopes [358].  Sensitivity is affected by the strength 

of antibody-epitope binding and partly depends on whether the assay conditions produce 

epitopes similar to those used for antibody generation.  If the antibody detects an epitope created 

by the protein’s tertiary structure, it may not perform well in an assay where protein is denatured 

(such as SDS-PAGE) or modified (such as tissue fixation).   ELISAs may have a greater 

dynamic range in detecting synaptic protein differences as compared to immunoblotting [360].   

Use of microtitre plates and robotic liquid handlers has increased the throughput of ELISAs, 

which facilitated the analysis of samples in this thesis.  Antibody specificity is still an issue with 

ELISAs, but can be verified by immunoblotting.  The linear range of detection is also important, 

regardless of the method used.  It must be confirmed that the amount of antigen present in the 

sample does not saturate the antibody, and that the signal intensity is directly proportional to the 
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amount of antigen present.  Detection limits and dynamic range are also affected by detection 

methods; enzyme-substrate detection methods is are influenced by enzyme kinetics and substrate 

stability [361].   

Protein interactions in biological samples are commonly assayed by 

immunoprecipitation. This antibody-based method “fishes” out the protein of interest, and any 

other molecules that interact with the target [362].  This is not a very high-throughput method, as 

this is a heterogeneous assay that requires a number of wash steps and care must be taken to 

avoid loss of proteins.  SNARE protein interactions can also be studied via SDS-PAGE and 

immunoblotting, without immunoprecipitation, owing to their stability in SDS.  Under specific 

conditions SNARE complexes migrate as higher molecular weight bands, usually between 100-

200 kDa [206, 230, 293].  The aforementioned limitations of antibody-based detection apply here 

as well.  In addition, the exact composition of bands is difficult to discern as apparent molecular 

weights of non-denatured protein complexes are not accurate, and epitope masking is likely to 

occur.    

 Protein isoform measurement depends on the ability to detect isoforms as separate 

entities.  If isoforms differ in size, they may be resolved by SDS-PAGE.  However, if isoforms 

do not differ greatly, it can be difficult to resolve them, and even to make isoform-specific 

antibodies.  This can be overcome by using techniques that do not rely on antibodies for 

detection.  Mass spectrometry (MS) identifies proteins based on the fragmentation patterns of 

ionized proteolytic peptides.  In schizophrenia research, MS has been widely used to identify 

proteins that are differentially expressed between groups, detected by two-dimensional gel 

electrophoresis [261].  Protein identification is achieved by matching the peptide fragmentation 

mass/charge ratio (m/z) spectra to a database of predicted spectra for known proteins.  Reducing 

sample complexity aids in identifying and detecting proteins by MS.  This is commonly achieved 

by pre-fractionation of the sample using methods such as immunoprecipitation, gel 
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electrophoresis, and/or chromatography [363].  Beyond identification, MS offers the ability to 

quantify peptides as well.  Multiple-reaction monitoring (MRM)-MS has been widely used to 

quantify small molecules for decades, and has been successfully applied to proteins [364].   In 

protein MRM-MS, the protein of interest is proteolytically digested and a representative peptide 

is monitored by the MS.  The selected peptide is fragmented, and one or more fragments are 

monitored.  The amount of signal corresponding to the selected fragment is proportional to the 

amount of total protein in the sample.  Specificity is achieved at multiple levels in the assay - 

peptide elution time (if using chromatography prior to MS), monitoring only a peptide of a 

specific m/z and monitoring a fragment of a specific m/z.  While two peptides may have the 

same m/z, if they have different amino acid sequences, they will produce unique fragments.  The 

MRM-MS strategy has aptly been described as the mass spectrometrist’s ELISA, in reference to 

the level of specificity achievable by this approach [365].  Absolute quantitation is facilitated by 

including a known amount of internal standard that is identical to the peptide to be quantified, 

differing only in mass (achieved by using amino acids containing stable isotopes) so that it 

behaves exactly like the peptide of interest, but can be resolved due to its different m/z [366].  

While MRM-MS avoids some of the limitations associated with antibody use, it carries a few of 

its own.  MRM design may be limited by the ability to synthesize isotopically labeled internal 

standards, selection of an appropriate peptide to monitor (for example, avoiding easily-oxidized 

methionine-containing peptides), the efficiency of protein digestion and other preparation steps 

(for example, reduction, alkylation and peptide recovery) [367, 368].   

 

1.6 Thesis chapter summaries and specific hypotheses 

Synaptic abnormalities hypothesized to be involved in schizophrenia were investigated in several 

ways in the work described here.  SNARE proteins were the subject of study, given their 
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importance for synaptic function, and prior evidence that SNAREs are altered in some brain 

regions in patients with schizophrenia.  The primary aims of this thesis were to extend the 

investigation of SNARE proteins in schizophrenia to the striatum, and to identify some of the 

possible functional implications of SNARE protein alterations by measuring SNARE protein 

interactions as well as isoform levels in the same samples.  To do so, methods were developed or 

optimized when necessary. 

Chapter 2 describes the quantitation of SNARE proteins and protein-protein interactions 

in human striatum in schizophrenia.  Three regions of the anterior striatum were subdissected 

and analyzed separately, based on their involvement in patient symptoms and the functional 

subdivisions of the striatum.  These included the nucleus accumbens, ventromedial caudate 

(VMC) and dorsal caudate.  It was hypothesized that protein levels of one or more SNARE 

proteins are abnormal in striatal regions involved in positive, negative and cognitive symptoms 

of schizophrenia.  This study design also provided an opportunity to determine the distribution of 

SNARE proteins within the anterior striatum (limbic and associative regions) in humans, which 

has not been previously published.  The use of a sensitive and linear indirect ELISA assay using 

monoclonal antibodies against SNAP-25, syntaxin-1 and VAMP allowed quantitative 

measurement of each protein.  SNAP-25 and syntaxin-1 were lower in the VMC in 

schizophrenia.  To determine if SNARE protein interactions were affected, a high-throughput 

protein-protein interaction assay was developed to measure syntaxin-SNAP-25 protein 

interactions (Appendix 1).  It was hypothesized that SNARE protein-protein interactions would 

differ between diagnostic groups in the striatal areas that show protein level alterations. 

Syntaxin-1-SNAP-25 protein interactions were higher in the VMC in patient samples.  It was 

also hypothesized that any group differences observed would reflect the disease state and not 

patient treatment.  The possible confounding effect of APD treatment was assessed by statistical 

reanalysis of subsets of subjects, and by performing similar experiments in striatal samples of 



!

! 50!

rats treated subchronically with some of the most prevalent medications used to treat patients.  

Both approaches indicated that antipsychotic exposure did not account for the decrease in SNAP-

25 and syntaxin-1 or the increase in SNARE protein interactions we observed in the human 

samples.   

Chapter 3 begins to delve into the possible mechanisms underlying increased SNARE 

protein interactions by better characterizing the changes in syntaxin-1.  If syntaxin-1 expression 

changes were restricted to a single isoform, additional information regarding the functional 

consequences and underlying causes of SNARE protein abnormalities might be gained.  

Syntaxin-1 isoforms (1A and 1B) were measured by quantitative immunoblotting.  Syntaxin-1 

isoforms were resolved as separate bands using Tris-Urea-SDS-PAGE followed by 

immunoblotting.  To increase dynamic range and reduce variability associated with 

chemiluminescent detection, the stable qDot fluors were used.  Creating a ratio of the two 

isoforms facilitated within-lane normalization.  Explorations of the relationship of this ratio with 

sample characteristics revealed a significant negative correlation with age.  The ratio of syntaxin-

1A:1B was significantly lower in the striatum overall in schizophrenia.  Drawing on the early 

studies characterizing sytnaxin-1 isoform expression in rodent brain, as well as newer studies of 

vesicle proteomes, these results may indicate that glutamatergic terminals in the striatum are 

affected more so in schizophrenia than striatal inhibitory terminals.   

Chapter 4 continues the characterization of SNARE isoforms in schizophrenia by 

measuring SNAP-25A and B levels in the VMC.  If SNAP-25 protein changes in schizophrenia 

are restricted to a single protein isoform, the effects on synaptic and brain function might be 

inferred from what is known about isoform function in model systems.  Because of the high 

degree of similarity between the two isoforms and the fact that isoform-specific antibodies are 

not available, a novel MRM-based method was developed, characterized and used to quantitate 

SNAP-25A and B proteins in tissue and cell lysates.  An isotopically labeled internal standard 
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was used for absolute quantification of SNAP-25 in the VMC.  We developed a novel approach 

to quantifying A and B isoforms by constructing an external calibration curve of recombinant 

SNAP-25A and B.  The two methods were applied to human samples in the VMC to quantify 

and compare the amount of SNAP-25A and B between schizophrenia and comparison subjects.   

We report, for the first time, that SNAP-25 protein isoform ratios in human striatum are 

approximately 1:1.  Furthermore, SNAP-25A was significantly lower in the schizophrenia 

subjects.  SNAP-25B was also lower, but not significantly so.  Combining these findings with 

those from Chapter 2, it appears that lower levels of SNAP-25 in the VMC in schizophrenia are 

primarily due to SNAP-25A reduction.  Possible functional consequences of this include 

increased SNARE complex stability and might explain the increased SNARE protein interactions 

observed in Chapter 2.  In addition, the isoform assay provides a valuable tool to continue more 

detailed studies of SNAP-25 proteins in psychiatric illness, and in neuroscience in general, as our 

current understanding of endogenous SNAP-25 isoforms does not extend past mRNA 

expression. 
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1.7 Chapter 1 tables 

Table 1.1 - SNAP-25 knock-out models.   

Brain, synapse and behavioural alterations reported in various SNAP-25 gene knock-out animal models.  Note, two versions of the SNAP-

25B knock-out exist (with and without removal of the neo-gene cassette used for developing the knock-out); characteristics unique to the neo-

removed version are underlined.   Also, the characteristics tabulated for SNAP-25 and SNAP-25B KOs were generally derived from 

homozygous KO animals, while heterozygote coloboma and blind-drunk mice were studied.  Abbreviations: PPF – paired-pulse facilitation; 

PPI – paired pulse inhibition; LTP – long term potentiation; EPSP – excitatory post-synaptic potential; EPSC – excitatory post-synaptic 

current; LVA – low-voltage activated; mEPPs – miniature end-plate potential; NAc – nucleus accumbens; NE – norepinephrine 

(noradrenaline); DA – dopamine; 5-HT – serotonin; VGluT-vesicular glutamate transporter; VGAT – vesicular GABA transporter.  
*http://www.mousebook.org 

 

 

   

Coloboma 

Cm 

SNAP-25 KO 

Snap25tm1Mcw
 

SNAP-25B KO 

Snap25tm2Mcw[369] 

Snap25tm1Bark; Snap25tm1.1Bark [252] 

Blind-drunk (Bdr)  

Snap25Bdr 

Extent of gene 

knockout 

Chromosomal 

deletion[370] 

Disruption of exons 5a and 5b[186] Disrupted splicing event [369] 

SNAP-25B exon replaced with 

chicken exon 5a[252] 

Point mutation in exon 

5b; results in I67T[229] 

Viability  

        Homozygote                               

 

Embryonic lethal 

 

Embryonic lethal 

Lethal seizures postnatally[252, 369] 

(Seizure onset later)[252] 

Not identified (likely 

lethal)* 

       Heterozygote Viable[370] Viable[186] Presumed viable[369] Viable[229] 

Physical 

abnormalities 

Small eyes, head 

bobbing,  

hyperactive[370] 

Smaller size[371] 

Small, tucked 

No spontaneous movement 

Skin vasculature abnormal[186] 

Smaller, disheveled, Infertile 

No spontaneous activity[369] 

Slower growth[252] 

Normal growth [252] 

Ataxic 

Smaller size[229] 

 

Gross brain anatomy Unremarkable[370] Unremarkable[186] 

Normal embryonic thalamocortical 

development [372] 

Some embryos showed abnormal cortical 

plate pattern with concomitant reduction in 

calbindin-positive neurons[372] 

Unremarkable[369] 

 

Progressive hippocampal pathology 
[252] 

Unremarkable[229] 

EM terminal 

morphology 

                          Tissue 

 Larger NMJ endplate diameter[186] 

Normal E18 cortical synapses[186] 

Fewer docked vesicles in adrenals[191] 
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Table 1.1 continued 

 Coloboma SNAP-25 KO SNAP-25B KO Blind-drunk  

EM terminal 

morphology 

Cultured           

                             cells 

 Normal vesicle size and number in 

hippocampal cultures[373] 

Impaired growth, survival and 

arborization in cultured neurons[374] 

Normal docking and vesicle numbers 

in chromaffin cells[196] 

Fewer docked vesicles in chromaffin 

cells[191] 

  

Behavioural 

 

Normal sleep/wake cycle 

Increased activity, reversed by 

amphetamine or inhibition of NE 

transmission [370, 375, 376] 

Developmental delays[377] 

Hyperactivity [377] 

Increased stress response [378] 

 

Heterozygotes showed normal 

sensorimotor gating, anxiety, 

motivation and social interaction as 

well as normal behaviour in the 

force-swim test and fear conditioning 

paradigms [253] 

Heterozygote behaviour grossly 

normal[369] 

Spontaneous seizures[252, 369]  

Increased anxiety 

Impaired spatial learning, 

Lower locomotor activity[252] 

 

Impaired sensorimotor 

gating; increased 

anxiety; apathy[253] 

Environmental stress 

induces social deficits 

and augments 

sensorimotor gating 

impairment[253] 

Presynaptic proteins 50% reduction in SNAP-25 mRNA 

and protein[370] 

SNAP-25 transgene increases 

expression in striatum and 

cerebellum[375]  

 

SNAP-25 not detected 

Other proteins normal[186] 

SNAP-25A mRNA higher but 

protein is lower syntaxin-1 

protein normal[252, 369] 

SNAP-25 protein is higher than 

WT, normal mRNA levels[252] 

SNARE complexes less 

stable[252] 

SNAP-25 protein levels 

normal[253] 

Neurotransmitter-

specific info 

Reduced cortical glutamate[378] 

Stimulus-evoked DA and 5-HT 

lower in dorsal striatum but higher 

in cortex [378] 

Lower neuropeptide release in 

hypothalamus[378]  

Abnormal catecholamine regulation 

in the striatum and NAc[371, 379] 

Serotonin normal[379] 

Amphetamine increases PPI[380] 

Tyrosine hydroxylase normal in 

brainstem[186] 

Glutamate and GABA-mediated 

responses affected[200] 

Lower phospho-VGAT in 

hippocampal cultures (VGluT and 

unmodified VGAT normal)[200] 

Altered hippocampal 

neuropeptide expression[252] 
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Table 1.1 continued 

 Coloboma SNAP-25 KO SNAP-25B KO Blind-drunk  

Neurotransmission  

Spontaneous        

                  In vivo 

Absence-type 

seizures/abnormal cortical 

EEG activity starting at 

~P14[381] 

   

                               

                  Tissue  

                  slices 

 mEPPs (diaphragm) larger amplitude, 

variable frequency[186] 

mIPSCs (cortex) reduced amplitude 

and frequency[200] 

 Cortical mEPSCs less 

frequent, normal amplitude[229] 

 

   Cultured                              

                   neurons 

 mEPSCs and mIPSCs less frequent[186, 

373, 374] 

mEPSCs smaller amplitude[373, 374] 

  

Chromaffin cells     

Evoked                

 

In vivo 

Reduced stimulus-evoked 

hippocampal theta rhythm; 

PPF normal; increased PPI; 

reduced LTP[382] 

   

                   

Tissue  

                    slices 

LVA calcium currents 

increased in thalamus[381] 

No evoked cortical EPSCs [200] Increased hippocampal PPF at 

low stimulus strengths and 

low inter-pulse intervals[369] 

Hippocampal PPF reduced at 

low frequency stimulation[252] 

Stimulation frequency-

dependent cortical EPSP 

plasticity[229] 

Cultured 

                    neurons 

 No evoked release[186, 373, 374] 

Reduced RRP size [373] 

Ca2+-sensitivity of release reduced [373] 

  

                  Cultured 

     chromaffin cells 

 No Ca2+-triggered fast exocytosis; 

minimal slow secretion[196] 

Faster fusion pore opening [196] 

  

 

 

 

 

 

 

 

 

 



!

!

5
5
!

Table 1.2 - Syntaxin knock-out models.   

Brain, synapse and behavioural alterations reported in various syntaxin gene knock-out animal models.  Abbreviations: PPF – paired-pulse 

facilitation; PPI – paired pulse inhibition; LTP – long term potentiation; EPSC – excitatory post-synaptic current; mEPSC- miniature 

excitatory post-synaptic current; Stx- syntaxin; PPD – paired pulse depression; 5-HT - serotonin. * Heterozygotes were investigated in some 

studies, results that hold for both heterozygotes and homozygotes are indicated by ‘*’, otherwise statements pertain only to complete KO 

animals. 
 
                                

Stx1A KO[242] 

Stx1atm1Tfuj 

Stx1A KO[383] 

Stx1atm1Gmz 

Stx1AKO + mutant Stx1B[187] 

Stx1atm2.1Sud + Stx1btm1.1Sud 

Extent of gene knockout Exons 9-10 disrupted[242] Exons 3-6 disrupted 

premature STOP in exon 2 

Exons 2-9  

Stx1B in constitutively “open” 

conformation 

Viability            

Homozygote                                 

 

Viable[242] 

 

Embryonic lethal 

Stx1A-/- were viable  

Stx1B mutant: lethal at P28 

                    Heterozygote Viable Viable Double mutant: lethal at P28 

Physical abnormalities Indistinguishable from WT[242] Developmentally delayed 

Surviving homozygotes were 

smaller 

Stx1A-/- : no obvious defects 

Double mutant: ataxic, lethal 

seizures 

Gross brain anatomy Unremarkable[242]   

EM Terminal 

Morphology 

 

                            Tissue 

 

Normal structure, vesicle number and 

distribution[242]  

 

Fewer docked vesicles in 

chromaffin cells 

                            Cultured           

                            cells                             

  More docked vesicles in cortical 

cultures 

Behavioural Normal locomotion and anxiety levels 

Impaired consolidation of contextual and 

cued fear memory 

Impaired extinction of cued fear 

memory[242] 

Greater acoustic startle response and 

attenuated latent inhibition*[384] 

Abnormal social interaction and novel 

object exploration*[384] 

Enhanced allodynia following sciatic nerve 

damage[385] 

Abnormal horizontal ladder 

task performance*  

Normal performance on many 

other tasks* 
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Table 1.2 continued 

 Stx1A KO Stx1A KO[383] Stx1AKO + mutant Stx1B[187] 

Other presynaptic 

proteins 

No detectable Stx1A in homozygotes 

50% less Stx1A in heterozygotes 

Other presynaptic proteins normal*[242] 

 No detectable Stx1A 

Reduction in Stx1B 

Decreased Munc18 levels  

Reduced Munc18-syntaxin-1 complexes  

Normal SNARE complexes 

Neurotransmitter-

specific info 

Increased 5-HT in hypothalamus and 

hippocampus but not other regions [384] 

  

Neurotransmission  

Spontaneous          In vivo 

   

                            Tissue    

                            slices 

Increased frequency of mEPSCs in spinal 

cord after nerve injury[385] 

  

                            Cultured  

                            neurons 

mEPSCs amplitude was smaller in 

immature neurons[242] 

 Stx1A-/-: mEPSCs normal 

Double mutant: increased mEPSCs frequency 

              Chromaffin Cells    

Evoked                  In vivo    

                           Tissue   

                           slices 

Impaired hippocampal LTP[242] 

Larger EPSC amplitude and more frequent 

PPD[385] 

Glutamate-induced 5-HT release lower in 

hippocampus [384] 

  

                           Cultured 

                           Neurons 

Normal paired pulse inhibition[242] 
 

 Double mutant: normal evoked EPSCs 

Enhanced use-dependent synaptic depression 

Smaller RRP but vesicles fuse more readily 
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Table 1.3 - VAMP knock-out models.  

Synaptic alterations reported in various VAMP gene knock-out animal models.  Abbreviations: PPF – paired-pulse facilitation; PPI – paired 

pulse inhibition; LTP – long term potentiation; EPSC – excitatory post-synaptic current; mEPSC- miniature excitatory post-synaptic current; 

PPD – paired pulse depression.  Heterozygotes were minimally investigated; results that hold for both heterozygotes and homozygotes are 

indicated by ‘*’, otherwise statements pertain only to KO animals. 

 

 

 
                                      

Synaptobrevin 2 (VAMP-2) KO 
Vamp2tm1Sud 

Lethal-wasting (Lew) [386] 
Vamp1lew 

Extent of gene knockout Disruption of 5’ end plus two point mutations in coding region[188] G190T nonsense mutation in 

VAMP1 gene 

Viability             Homozygote                                 Die at birth Die ~P15 

                          Heterozygote Normal[188] Not reported 

Physical abnormalities Rounded body shape 

Brown fat shoulder hump[188] 

Immobile 

No purposeful limb movement 

Gross brain structure Unremarkable[188] 

 

Unremarkable 

EM Terminal Morphology   

                            Tissue Increased total vesicle numbers in chromaffin cells[187]  

                            Cultured           

                            cells                             

Elongated and larger vesicles in neurons[387] 

Reduced number of primed vesicles in chromaffin cells [189] 

 

 

Behavioural  Cannot right themselves when 

placed on back 

Other presynaptic proteins VAMP-2 undetectable 

Other presynaptic proteins are normal*[188] 

Cellubrevin upregulated in chromaffin cells[189] 

VAMP-1 mRNA reduced 4-

fold 

Other SNARE mRNA normal 

Neurotransmitter-specific 

info 
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Table 1.3 continued 

 Synaptobrevin 2 (VAMP2) KO Lethal-wasting (Lew) [386] 

Neurotransmission    In vivo   

Spontaneous       Tissue slices   

                            Cultured  

                            neurons 

Reduced frequency, normal amplitude and slope[188]  

Chromaffin 

                            Cells 

  

Evoked                          In vivo   

                           Tissue slices   

                           Cultured 

                           neurons 

 

 

 

 

100-fold reduction in action-potential evoked release[188] 

Impaired fast Ca2+ triggered release[188] 

Frequency-dependent facilitation of synaptic responses[387] 

Delayed endocytosis after fusion[387]  

Activity-dependent and spontaneous release vesicle pools not segregated[190] 

 

                          Cultured 

                          chromaffin 

                          cells 

~50% reduction in Ca2+ evoked release[189, 388] 

Reduced RRP size due to increased depriming[189] 

Longer time for fusion pore expansion[189] 
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Table 1.4 - SNARE protein findings in schizophrenia.   

Results of studies that measured SNARE proteins or protein-protein interactions in post mortem brain samples from schizophrenia patients.   

Tissue source is given when described in the literature.  Several studies included additional subject groups; differences and samples sizes are 

given only for schizophrenia and comparison subjects.  Abbreviations: ”-“ – not measured; n.s. – not significant; u.d. - undetected; CTL – 

non-psychiatric comparison subjects; SCZ – schizophrenia; BA – Brodmann area; IB – immunoblot; IHC – immunohistochemistry; DB – dot 

blot; 2D-GE+MS – two-dimensional gel electrophoresis coupled with mass spectrometry-based protein identification.    

 
 

Footnotes: 

*Many brain, plasma and CSF proteomic studies have been conducted (reviewed in [261]), however, they are not included in this table because they do not report SNARE 

protein data.   Failure to report this information may be due to several reasons including: protein spots are not different between groups and therefore are not selected for 

identification by mass spectrometry or proteins are not detectable.  

** Phosphorylated syntaxin-1 was significantly lower by 22% in schizophrenia subjects. 

*** Immunoblots were used only for assaying SNARE complexes. 
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Table 1.4 

Change relative to controls  

Ref 

 

Brain Region SNAP-25 Syntaxin VAMP 

 

SNARE 

complexes 

N  

CTL/ 

SCZ 

 

Method 

 

Tissue Source  

118 ALIC n.s.  - - - 13/15  ELISA Macedonian/NYSPI Brain Collection 

389 Cingulate cortex  n.s. 

(35% !increase) 

55% ! - - 24 / 18 ELISA Multiple sources 

344 Anterior cingulate cortex* 1.72-fold ! <1.5 fold or 

u.d. 

<1.5 fold or 

u.d. 

- 10/10 2D-GE 

+MS 

NSW Tissue Resource Centre 

111 Anterior cingulate (BA24) 34% ! 47% ! - - 16/19 ELISA Mt. Sinai Brain Bank 

260 Temporal (BA20) n.s. n.s. - -    

 Frontal (BA7) n.s. n.s. - -    

 Parietal (BA8) n.s. n.s. - -    

342 Visual association cortex (BA19) - - n.s.  - 15/15 ELISA Stanley Foundation 

257 Occipital (BA17) n.s. - - - 10/9 IB McLean Hospital Brain Collection 

 Temporal (BA20) 33% " - - - 7/4   

 Prefrontal (BA10)  55% " - - - 5/5   

 Prefrontal (BA9) 30% ! - - - 6/10   

390 Parietal (BA 40) n.s. n.s. n.s. - 20/20 IB Rebecca L Cooper Research  

 Prefrontal (BA10) n.s. n.s. n.s. -   Laboratory CNS Repository 

 Prefrontal (BA 46) n.s. n.s. n.s. -    

272 BA10 50% "  - - - 12/14  IB  

293 BA10 PFC - n.s.  ** - 34% " in subset 15/15 IB Dallas Brain Collection 

258 BA9 n.s.  

 

10% " 

 

n.s.  

 

- 20/20 IB Rebecca L Cooper Research 

Laboratory CNS Repository 

259 Prefrontal cortex n.s.  

 

n.s.  

 

22%  " - 23/18  IB NIMH Clinical Brain Disorders 

Branch  

264 Anterior frontal cortex 28% " n.s.  

 

n.s.  

 

! in suicide 11/13  ELISA 

IB*** 

NIMH Clinical Brain Disorders 

Branch & NYPSI collection 

391 Hippocampus 49% " - - - 8/7 IB NIMH Neuroscience/St. Elizabeth 

Hospital 

392 Hippocampus n.s.  - - - 13/13  ELISA NIMH clinical autopsy series 

    (subregions) "in: subiculum, CA1, 

CA3, CA4, DG 

- - - 12/12  IHC  

343 Hippocampus  (subregions) 51% " granule cell layer - - - 15/15 IHC Stanley Foundation 

345 Cerebellum (synaptosomes) 25% " n.s.  - - 8/8 ELISA Cambridge Brain Bank 

393 CSF 2.1-fold ! - - - 6/8 DB  

394 CSF 2.4-fold ! - - - 25/25  DB  
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1.8 Chapter 1 figures 

Figure 1.1 - Divisions of the anterior striatum investigated in this thesis. 

A:  Location of the basal ganglia, including striatum, superimposed on the human cortex.  The 

striatum is an internal structure and is found below the cortex.  B:  Coronal view of the anterior 

striatum, at the level of interest in this thesis, indicated by the dashed line in panel A.  C: 

Regions of the anterior caudate investigated in this thesis are outlined, and include the nucleus 

accumbens (NAc), ventromedial caudate (VMC) and dorsal caudate (DCd).   The ventral 

striatum receives cortical inputs from the anterior cingulate, while dorsolateral prefrontal cortex 

and orbitofrontal cortex project to the associative striatum.  Note, the most dorsolateral regions 

of the striatum receive inputs from the premotor/motor cortex, although this may occur in 

sections posterior to the view diagrammed here [61, 134, 151, 395].  D:  Coronal section of 

human brain stained for synaptophysin to illustrate the approximate anatomical location and 

divisions of the anterior striatum.  
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Figure 1.2 - SNARE proteins physically interact to bring membranes together. 

VAMP and syntaxin-1 are anchored to their respective membranes via a transmembrane domain.  

Each contributes one SNARE motif to the final SNARE complex.  Syntaxin-1 also contains an 

additional three-helix domain involved in other protein interactions.  SNAP-25 is associated with 

the presynaptic membrane via palmitoylated cysteine residues and contributes two SNARE 

motifs to the final complex.  Syntaxin and SNAP-25 likely form an acceptor complex prior to 

VAMP binding (not shown).  The interaction of the three proteins brings the synaptic vesicle 

membrane close to the plasma membrane, resulting in bilayer mixing and neurotransmitter 

release.  During this process, the SNAREs transition from a trans-conformation to a cis-SNARE 

complex, with all three proteins on the same membrane (third panel). 
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Figure 1.3 - There are multiple isoforms of each neuronal SNARE.  

Major protein domains are indicated [158, 169, 396, 397].  Transmembrane domains are 

involved in membrane anchoring of VAMP and syntaxin-1 proteins.  The SNARE motif is 

involved in protein-protein interactions necessary for SNARE complex formation.  Amino acid 

differences are marked by ”*”.  A: Alignment of human syntaxin-1A and 1B.  Sequences 

correspond to NCBI sequence # NP_004594.1 (STX1A) NP_443106.1 (STX1B).  The Habc 

domain is composed of three alpha-helices that interact with a number of modulator proteins.  

The Habc domain can also fold back onto the syntaxin SNARE domain, forming a “closed” 

syntaxin conformation [300]. B: Alignment of human SNAP-25A and B.  Sequences 

correspond to NCBI sequence #: 

NP_003072 (A) NP_570824 

(B).  SNARE interaction 

domains are indicated.  Cysteine 

residues putatively involved in 

membrane anchoring are 

underlined [247, 397].  Protein 

sequence encompassed by 

alternative exon 5 usage is 

indicated. C: Alignment of 

human VAMP-1 and VAMP-

2.  Sequences correspond to 

NCBI sequence # NP_055046.1 

(VAMP 1) and NP_055047.2 

(VAMP 2). Major protein 

domains are indicated [397, 

398].  Additional splice variants 

have been identified [399, 400].  
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2 A novel mechanism and treatment target for presynaptic 

abnormalities in specific striatal regions in schizophrenia2 
 

2.1 Introduction 

Abnormalities of presynaptic terminals contribute to the mechanism of illness in schizophrenia 

[46]. Postmortem studies indicate deficits in terminal numbers, and in terminal-enriched 

molecules such as transporters and proteins involved with vesicular neurotransmission [40, 111]. 

Current models of functional disturbances in schizophrenia emphasize disinhibitory processes, 

acting through GABA, glutamate and dopamine neurotransmission to affect the firing patterns of 

local networks of cortical neurons [46, 401]. Striatal processes are also critically important. 

Functional imaging provides evidence of frontostriatal dysfunction in schizophrenia, with altered 

patterns of activation and impaired cognition [94, 402]. Presynaptic terminals in striatum have 

lower than expected levels of glutamate transporters [52, 403]. Functional studies of 

dopaminergic presynaptic terminals carried out with in vivo imaging techniques indicate 

increased synthesis and release of dopamine in schizophrenia [404].  

 Families of molecules enriched in presynaptic terminals could play important roles in 

these disturbances. One such family is the SNARE proteins, SNAP-25, syntaxin3 and VAMP 

[163]. These proteins form a trimeric complex that is vital to the mechanism of vesicular 

neurotransmission. Most, but not all studies of individual SNARE proteins in frontal cortex and 

hippocampus in schizophrenia indicate lower than expected levels of SNARE proteins [257-260, 

264, 272, 343, 345, 389, 392].  One study linked lower postmortem levels of SNAP-25 in 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
2 A version of this chapter has been published: 

Barakauskas VE, Beasley CL, Barr AM, Ypsilanti AR, L, HY, Thornton AE, Wong H, Rosokilja G, Mann JJ, 

Mancevski B, Jakovski Z, Davceva N, Ilievski B, Dwork AJ, Falkai P, Honer WG.  (2010).  A novel mechanism and 

treatment target for presynaptic abnormalities in specific striatal regions in schizophrenia.  

Neuropsychopharmacology.  35(5): 1226-38. doi:10.1038/npp.2009.228 

!

"!All mention of syntaxin in this chapter refers to syntaxin-1 (both isoforms)!
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hippocampus to poorer antemortem cognitive function in schizophrenia [309, 392]. Functional 

aspects of SNARE proteins may also be affected in schizophrenia. A study indicated higher 

SNARE complex formation in anterior frontal cortex samples from patients who died by suicide 

[264]. Investigation of samples of CSF from living patients indicated higher than expected levels 

of SNAP-25, and some correlations with symptom severity [393, 394]. Genetic studies in 

humans provide indirect evidence for a role for SNARE proteins in brain function, and in 

psychiatric illness. Variation in the SNAP-25 gene may increase the risk for schizophrenia, 

contributes to cognitive function in healthy subjects and patients with schizophrenia, is 

associated with metabolic measures in hippocampus, antipsychotic treatment response, and with 

weight gain related to antipsychotic medications [177, 179, 280-282, 285, 405]. Variation in 

STX1A (coding for syntaxin-1A) may be associated with a diagnosis of schizophrenia [180]. 

 Animal models indicate that abnormalities of amount, or function of SNARE proteins 

have consequences for neurotransmission and behavior. The coloboma mouse (Cm/+) has a 

chromosomal deletion that spans the mouse Snap25 gene, and results in 50% less SNAP-25 

protein in brain [370]. These mice show greater levels of noradrenaline but lower glutamate, 

dopamine and serotonin neurotransmission in a regionally specific manner, delayed acquisition 

of motor milestones, and hyperactivity as adults [371, 377, 378]. Hyperactivity in these animals 

responds to amphetamine treatment [375]. Microdialysis studies indicate coloboma mice have 

high basal levels of synaptic dopamine in the striatum, and increased dopamine release after 

amphetamine challenge [406]; both these features are similar to schizophrenia [404]. Another 

mutant mouse helps to understand the implications of functional changes in SNARE proteins, 

rather than differences in amount. The blind-drunk mouse (Bdr/+) has motor abnormalities and 

impaired prepulse inhibition [229]. Characterization of the molecular basis of this mutation 

indicated a T-to-C transversion resulting in an isoleucine-to-threonine amino acid change [229]. 
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This change in amino acid sequence in SNAP-25 results in greater affinity for the partner 

SNARE protein syntaxin, greater stability of the SNARE complex, and decreased exocytosis in 

glutamatergic terminals [229]. Interestingly, in the blind-drunk mouse, the prepulse inhibition 

abnormalities in adulthood are enhanced further if the mice are exposed to prenatal stress [253]. 

Treatment of blind-drunk mice with clozapine restored prepulse inhibition to near normal levels; 

haloperidol was also moderately effective [253]. Interestingly, earlier studies of rat brain slice 

preparations found that  administration of dopamine increased SNARE complex formation, an 

effect that could be blocked by haloperidol [407]. 

 The present study was designed to investigate SNARE protein levels and SNARE 

protein-protein interactions in schizophrenia, and to study the effects of antipsychotic drugs on 

these properties of SNARE proteins in rat brain. SNARE protein levels were measured in three 

striatal regions involved in cognitive and limbic circuitry (dorsal caudate, ventromedial caudate 

and nucleus accumbens) [134, 135]. To determine whether altered SNARE protein-protein 

interactions were present, we developed a modified sandwich ELISA to measure interactions 

between syntaxin and SNAP-25. Finally, to determine if antipsychotic treatment affects SNAREs 

and SNARE complex formation, we performed similar measures in the striatum of rodents 

treated with haloperidol or clozapine. 

 

2.2 Materials and methods  

2.2.1 Human subjects 

Samples were obtained from the Macedonian/New York State Psychiatric Institute Brain 

Collection. Tissue collection and screening details can be found in Section 2.5 (Supplementary 

materials and methods I). The frozen tissue series consisted of 15 subjects with schizophrenia or 

related illness (13 schizophrenia, 2 schizoaffective disorder) and 13 non-psychiatric comparison 
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subjects (Table 2.1). All subjects died of acute causes, and only one subject had a post mortem 

interval greater than 24 hours. Over their lifetimes, all patients were exposed to high-potency 

typical antipsychotics in addition to lower-potency drugs; only three patients were prescribed an 

atypical antipsychotic (clozapine). Post mortem toxicological analyses detected antipsychotics in 

only two patients. Caffeine and benzodiazepines were the most frequently detected compounds, 

and were found in both groups. 

 Samples were dissected from frozen coronal tissue slabs of the right hemisphere, using a 

standard human brain atlas [408] by a single investigator (WGH). Striatal regions were dissected 

from the same tissue block at the level of the nucleus accumbens (NAc) (approximating slice 12, 

Mai, 1997). The most dorsal caudate region was dissected (DCd), as well as a medial portion 

adjacent to the body of the lateral ventricle (VMC) and the grey matter ventral to the internal 

capsule (NAc). 

 Formalin-fixed tissue from 4 control subjects and 4 schizophrenia subjects was also 

obtained (Table 2.3). Fixed tissue from the VMC was dissected using similar landmarks as for 

the frozen tissue by a single investigator (AJD). Samples were coded to mask investigators to 

diagnosis and sample characteristics. 

 

2.2.2 Animals and antipsychotic drug administration 

Adult male Sprague-Dawley rats (Charles River, Montreal, Canada) were pair housed, with 

access to food and water ad libitum. Animals were treated with vehicle or one of two 

antipsychotic medications: haloperidol, a high-potency typical antipsychotic agent or clozapine, 

an atypical antipsychotic, both commonly used in the schizophrenia cases (Table 2.1). Rats were 

divided into three groups balanced for starting weight (270-320 g range), and administered 

haloperidol (1 mg/kg), clozapine (20 mg/kg) or pH-adjusted saline (1 ml/kg) daily for 28 days 
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intraperitoneally [309, 310] (see appendix Appendix 2 for additional details).  Haloperidol or 

clozapine was dissolved in 0.9% acetic acid/saline, adjusted with NaOH to pH 5.0-5.5 and final 

volume adjusted with water to give a drug concentration of 1 mg/ml. Due to complications at the 

injection site, the clozapine group was injected subcutaneously with larger volumes of dilute 

clozapine (0.4-0.5 mg/ml, 20 mg/kg) for the final 16 days. Saline and haloperidol-treated animals 

gained weight at a similar rate during the 4 weeks, while clozapine-treated animals did not gain 

weight, in agreement with others’ findings [409].  

 Animals were sacrificed by decapitation 24 hours after the final injection. Brains were 

quickly removed, cooled in artificial cerebrospinal fluid (148 mM NaCl, 3 mM KCl, 1.4 mM 

CaCl2, 0.8 mM MgCl2, 10 mM D-Glucose, 0.8 mM Na2HPO4, 0.2 mM NaH2PO4) and dissected. 

The brain was cut coronally, at the level of the optic chiasm and again, 3 mm anterior to this. 

This produced a 3 mm thick section at approximately Bregma 0.48 µm [410]. The tissue inferior 

to the ventral striatum was removed, and the nucleus accumbens dissected as the most ventral 

portion of striatum, at the level of the anterior commissure. The remaining caudate/putamen was 

divided in half, to give medial and lateral portions. A similar dissection protocol was described 

previously [411]. Regions were dissected bilaterally, frozen rapidly on dry ice and stored at -

70°C. 

 All procedures were approved by the UBC Animal Care Committee and were conducted 

in accordance with the Canadian Council on Animal Care guidelines. 

 

2.2.3 Antibodies 

We previously prepared monoclonal antibody-producing hybridoma cell lines by fusing B-

lymphocytes from immunized mice to the non-secreting mouse myeloma cell line NS0. The 

monoclonal antibodies produced by the individual hybridoma cell lines detect SNAP-25 (SP12, 
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IgG1 subclass), syntaxin (SP6, IgG1; SP7, IgG2A), VAMP (SP10, IgM; SP11, IgG1) and 

synaptophysin (EP10, IgG1) [264, 389]. For each antibody, previously reported characterization 

studies used: immunoblotting to demonstrate single bands at the expected molecular weights for 

the target antigens, immunohistochemistry to demonstrate staining patterns consistent with a 

presynaptic pattern of distribution, and studies of reactivity with fusion proteins prepared in 

bacterial or mammalian cell systems [264, 389]. Additional studies of antibody specificity appear 

in Figure 2.4. For immunohistochemistry, a polyclonal calretinin antibody (Swant, Bellinzona, 

Switzerland) was also used. Secondary antibodies included: peroxidase-conjugated anti-mouse 

IgG and IgM (Jackson Immunoresearch Laboratories Inc., West Grove PA), peroxidase-

conjugated anti-mouse IgG2A (Southern Biotech Ltd., Birmingham AL) and goat anti-mouse or 

anti-rabbit conjugated to Alexa-488 or Alexa-555 fluors (Molecular Probes, Eugene OR). 

 Antibody specificity was confirmed by immunoblotting (Figure 2.4). For a negative 

control, we prepared conditioned tissue culture medium by growing the parent mouse myeloma 

line (NS0) and collecting the medium, which contains the same percentage of fetal bovine serum 

as was used to grow the antibody-secreting hybridomas, derived by fusing B-lymphocytes with 

NS0 cells.  

  

2.2.4 Direct ELISA studies 

Frozen samples were rapidly thawed and homogenized in tris-buffered saline (TBS), aliquoted 

and stored at –70°C. Protein concentrations were determined using a Lowry-based method (DC 

assay; Biorad, Mississauga ON). Samples were diluted to a standard concentration for the 

ELISA, then all were serially diluted in duplicate on the ELISA plate over a 1 to 128-fold range.  

 For the present series of studies, hybridoma cell culture supernatants prepared in our 

laboratory were used as the source of antibodies. These tissue culture supernatants do not contain 
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any other mouse immunoglobulin, which could result in increased non-specific background 

signal in the ELISA. This is in contrast to many commercial monoclonal antibodies prepared 

from mouse ascites fluid, which can contain non-specific mouse immunoglobulin. The tissue 

culture supernatants contain fetal bovine serum, and small amounts of bovine immunoglobulin 

are present. Secondary antibodies specific for mouse immunoglobulin, with minimal cross 

reactivity with bovine or human immunoglobulin were used. We also prepared tissue culture 

supernatants by growing the non-secreting parent myeloma line NS0 in the same culture 

conditions and fetal bovine serum concentration used to grow the antibody-secreting 

hybridomas. Substitution of the NS0 conditioned-tissue culture supernatant for antibody-

containing supernatant was used as a negative control in the ELISA. 

 Assays were performed using previously published protocols [264, 342]. SNARE 

proteins were detected by incubating with SP12 (!-SNAP-25), SP6 (!-syntaxin) or SP10 (!-

VAMP) diluted (1:10, 1:10 and 1:5, respectively) in 5% milk/TBS (Appendix 1). Based on 

human sample data, modal values for the linear range of antigen detection (after log 

transformation) were 64-fold (SNAP-25), 32-fold (syntaxin) and 8-fold (VAMP). 

Immunoreactivity was compared between samples as the amount of protein required to give a 

fixed optical density within the linear range. Each experiment was performed twice and a mean 

value calculated for each sample. 

 Samples were assayed twice, on separate days, with run-to-run correlations (Pearson’s r) 

" 0.8 for each measure.  Each plate also contained a reference sample, not part of the study 

sample set. The multiple replicates of reference samples also allowed calculation of variability in 

the assays within a sample run. The intra-run coefficient of variation (standard deviation for 

reference samples divided by mean of reference samples) was # 10% for all runs.  
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2.2.5 Capture ELISA 

The amount of syntaxin interacting with SNAP-25 was measured using a modified sandwich 

ELISA. Assay development and validation is detailed in Section 2.6 (supplementary materials 

and methods II). Capture and primary detection mouse monoclonal antibodies were prepared 

from tissue culture supernatants, as described above, that were free of non-specific mouse 

immunoglobulin. 

 To measure syntaxin-SNAP-25 complexes, 384-well plates (Nalge Nunc International, 

Rochester NY) were first coated with purified SP12 antibody (an IgG1 subclass !-SNAP-25, 

capture antibody, 0.075 µg per well). Residual binding sites on the coated plates were then 

blocked with 5% milk/TBS. Brain homogenates were diluted over a 12-fold range in TBS, and 

incubated in the antibody-coated plates overnight at 4°C. The capture SP12 antibody 

immobilized on the ELISA plate pulled out SNAP-25 from the homogenates, as well as any 

protein interacting with SNAP-25. After washing, syntaxin bound to SNAP-25 was assayed by 

incubating with antibody SP7 (IgG2A subclass !-syntaxin, primary detection antibody, 1:10), 

then with a peroxidase-conjugated secondary antibody specific for mouse IgG2A, and ABTS 

substrate (KPL Inc., Gaithersburg MA) (Appendix 1). Negative controls performed on each plate 

included wells with: a) all steps with omission of the homogenate, b) all steps with omission of 

the primary detection antibody SP7, c) all steps with omission of both the homogenate and the 

primary detection antibody SP7. The optical density signal in the negative control wells was < 

0.15, which was the same as the background signal in an empty well.  

 Analysis was similar to that of the direct ELISA. Immunoreactivity was compared 

between samples as the amount of protein required to give a chosen optical density within the 

linear range (12-fold range, modal value). Intra-run coefficient of variation, determined using a 

reference sample, was " 10% and the run-to-run correlation was > 0.8. Each experiment was 
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completed twice and a mean calculated for each sample. Because the amount of captured 

syntaxin was related to the amount of total SNAP-25 in the sample (Section 2.6, supplementary 

materials and methods II, Figure 2.7), the raw capture values were normalized to total SNAP-25 

as measured in the direct ELISA. 

 

2.2.6 Immunohistochemistry 

Colocalization of SNARE proteins in human striatum was confirmed by confocal microscopy on 

tissue slices of VMC (demographics in Table 2.3). Sections were cut 30 µm in thickness with a 

vibratome. Tissue was stained using previously published protocols [296] with modifications. To 

reduce autofluorescence, sections were incubated for 15 min in Sudan Black (0.3% in 70% 

ethanol) (Sigma-Aldrich Inc., St. Louis MO) prior to processing. Antigen retrieval was 

performed for SP7-stained sections only, by heating sections in sodium acetate (200 mM 

NaCH3COO, pH 4) for 10 min at 95°C. Primary antibody dilutions were as follows: SP12 1:10, 

SP7 1:10, SP11 1:10, calretinin 1:500. Sections were incubated with fluorescent secondary 

antibodies (1:500 dilution) for 1 hour at 37°C, washed and mounted in 70% glycerol/TBS.  

 The degree of autofluorescence was ascertained by including sections processed using 

culture-conditioned media instead of primary antibody. These were imaged using identical 

acquisition parameters used for stained sections of that sample. Fluorophores were reversed in 

some samples. 

 A laser scanning confocal microscope (LSM 5 Pascal, Zeiss) with a 63x/1.2W C-

Apochromat water immersion objective was used. Excitation wavelengths of 488 nm and 543 nm 

were used with 505-530BP and 585LP emission filters. Acquisition parameters were optimized 

for each image so that signal in each channel was not saturated and images were obtained at a 

512 x 512 pixel resolution. Image processing (auto contrast, brightness and cropping) was 
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performed using Photoshop 7.0 (Adobe, San Jose CA). All confocal microscopy was carried out 

blinded to diagnosis. 

 

2.2.7 Statistical analysis 

Data analysis was performed using JMP 5.0.1 for Macintosh (SAS Institute Inc., Cary NC) and 

SPSS 11.0 for Macintosh (SPSS Inc, Chicago IL). Data were graphed using GraphPad Prism 4 

(GraphPad Software Inc., San Diego CA).  

 For protein measures, consistency with the normal distribution was assessed by Shapiro-

Wilk’s tests and data was loge-transformed where necessary. Equality of variances was 

confirmed by Levene’s and/or Brown-Forsythe tests. For human studies, two-tailed t-tests were 

used to determine if post mortem interval (PMI), sample storage time, age and pH differed 

between groups (Table 2.1). The ELISA data values (total protein at a fixed optical density) are 

inversely related to the amount of target antigen present in a sample. For graphing purposes only, 

we employed a simple algebraic transformation to plot the data in the intuitively simpler fashion 

where greater values represent greater amounts of the target antigen. This results in no distortion 

of the distribution of values. 

 Separate two-way ANOVAs were used to determine the effects of diagnosis and striatal 

region for each protein measure. Striatal region was entered as the within-subjects factor, and 

diagnosis as the between-subjects factor. For the animal data, striatal region was entered as the 

within-subjects factor, and treatment group as the between-subjects factor. Multivariate F-values 

are reported. For human data, statistically significant diagnosis-by-region interactions were 

followed up by F-tests to determine in which region there was a statistically significant 

difference between the diagnostic groups. Raw P-values are reported; statistically significant 

effects are those that withstand Bonferonni correction for three comparisons (three striatal 
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regions). For animal data, statistically significant effects were followed up by contrasts to 

determine which drug treatment group showed statistically significant differences from controls. 

Significance criteria was Bonferonni-adjusted for two comparisons (each of two drugs versus 

control). 

 To determine if sample characteristics or demographics may account for statistical 

differences we observed, associations between the protein measure in a given area and PMI, pH, 

sample storage time and age were investigated using Pearson or Spearman correlations, as 

appropriate. A similar approach to identifying potential confounding factors has been used by 

others [340, 341]. 

 Additional follow-up analyses were conducted using paired t-tests to determine if the 

levels of SNARE proteins differed between striatal regions. 

 

2.3 Results 

2.3.1 Human studies 

As seen in Table 2.1, post mortem interval (PMI) was longer in the control group (t = 3.73, df = 

25, P = 0.001) and sample storage time was longer in the schizophrenia group (t = 4.21, df = 26, 

P < 0.001). Age and pH did not differ between the groups (P > 0.05). Following a loge-

transformation, the SNAP-25, syntaxin and VAMP protein measures were normally distributed, 

except for the dorsal caudate in the control group where two values for syntaxin 

immunoreactivity were found to be lower than 1.5 times the interquartile range and therefore 

possible outliers. However, there were no differences in variances between groups. Transformed 

values were used for all subsequent analyses. The amount of captured syntaxin, normalized to 

total SNAP-25, was normally distributed, and therefore data was not transformed.  
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2.3.2  SNAP-25 protein levels 

Investigation of SNAP-25 protein levels using ANOVA revealed a significant effect of region (F 

= 7.44, df = 2,25, P = 0.003) and a region-by-diagnosis interaction (F = 4.90, df = 2,25, P = 

0.016). Follow-up analyses indicated a lower amount of SNAP-25 protein in the VMC in 

schizophrenia as compared with control subjects (32% lower; F = 6.86, df = 1,26, P = 0.015) 

(Figure 2.1A). SNAP-25 protein was also 25% lower in the NAc in schizophrenia, although this 

difference was not significant after Bonferonni correction (F = 5.24, df = 1,26, P = 0.030). There 

were no statistically significant correlations between possible confounding factors (pH, PMI, 

sample storage time and age) and SNAP-25 in the VMC (all P > 0.09). 

 

2.3.3 Syntaxin protein levels 

A significant effect of striatal region (F = 10.50, df = 2,25, P < 0.001) and a region-by-diagnosis 

interaction (F = 6.59, df = 2,25, P = 0.005) were detected for syntaxin protein levels. Syntaxin 

was lower in the VMC in schizophrenia as compared with controls (26% lower, F = 9.18, df = 

1,26, P = 0.006) (Figure 2.1B). Correlation analysis of syntaxin protein levels in the VMC did 

not indicate any statistically significant associations between pH, PMI, sample storage time or 

age with protein (all P > 0.1). 

 

2.3.4 VAMP protein levels 

A significant effect of striatal region on VAMP protein levels was observed (F = 10.01, df = 

2,25, P < 0.001). The region-by-diagnosis interaction was also significant (F = 5.88, df = 2,25, P 

= 0.008). While VAMP levels were 25% lower in schizophrenia in the VMC, this did not reach 
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statistical significance (F = 3.84, df = 1,26, P = 0.061) (Figure 2.1C). There were no statistically 

significant associations with possible confounding variables. 

 

2.3.5 SNARE protein interactions 

The amount of syntaxin interacting with SNAP-25 (normalized to the total level of SNAP-25 in 

each sample) was compared between groups and striatal regions. Significant effects of region (F 

= 5.89, df = 2,25, P = 0.008) and a region-by-diagnosis interaction (F = 6.80, df = 2,25, P = 

0.004) were observed. Follow-up F-tests indicated that syntaxin-SNAP-25 interactions were 

higher in schizophrenia in the VMC (F = 8.39, df = 1,26, P =0.008) relative to controls (Figure 

2.1D). No statistically significant correlations with sample characteristics were identified. We 

also examined the effect of covarying for the amount of synaptophysin present in the VMC, as 

an index of the total number of synapses. Synaptophysin levels measured by ELISA were not 

different in the VMC between schizophrenia and control samples (t = 1.12, df = 26, P = 0.27), 

Appendix 3. The covariance analysis still demonstrated syntaxin-SNAP-25 interactions were 

greater in schizophrenia than in control samples (diagnosis F = 6.62, df = 1,25, P = 0.016; 

synaptophysin F = 7.09, df = 1,25, P = 0.013). 

 

2.3.6 Comparison of striatal regions 

To determine how SNARE protein expression varies between striatal regions, within-subject 

analyses were performed using paired t-tests. Because we had identified region-by-diagnosis 

interactions in the omnibus ANOVA analyses, paired t-tests were performed separately for 

control and schizophrenia samples. No protein measures showed a significant difference between 

striatal areas in the control group (all P-values > 0.05), suggesting that SNARE protein levels are 

homogenous throughout the striatum in control samples. Interestingly, similar pair-wise 



!

!

! 77!

comparisons within the schizophrenia group indicated significant differences between all three 

striatal regions for SNAP-25, syntaxin and VAMP (all P-values < 0.008) (Table 2.2). 

 A similar analysis for the capture ELISA data indicated a nominally significant difference 

in syntaxin-SNAP-25 interactions between the DCd and NAc in the control group (t = 2.28, P = 

0.042), but not between the NAc and VMC, nor between VMC and DCd. In contrast, in 

schizophrenia, syntaxin-SNAP-25 interactions were different in the NAc versus VMC, as well as 

the VMC versus DCd (all P-values < 0.008) but not between the DCd and NAc (Table 2.2). 

 

2.3.7 Immunohistochemical studies of SNARE proteins in the VMC 

Because our measurements of SNARE interactions relied on the use of brain homogenates 

(where protein localization is disrupted), we confirmed the colocalization of these proteins in 

intact human striatum. Stained tissue sections showed no qualitative differences in staining 

between four control and four schizophrenia subjects. To aid orientation within slices, we 

double-stained for calretinin, a calcium-binding protein present in the cytoplasm of a subset of 

striatal interneurons. This provided a reference for cell body size and shape that remained 

unstained by presynaptic markers (Figure 2.2A-B). SNAP-25 and syntaxin staining appeared 

diffuse, consistent with their presence not only at synapses but also along axons (Figure 2.2A-C). 

Syntaxin staining appeared more uniform than SNAP-25 staining. VAMP staining appeared 

more punctate, consistent with predominantly synaptic and vesicular locations (Figure 2.2D). 

Incomplete colocalization of SNARE proteins was observed. 

 

2.3.8 Antipsychotic drug studies 

We examined the possible effects of psychotropic medications present in toxicological analyses 

at time of death on the key findings in the VMC. All results remained statistically significant 
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after removing the two samples with clozapine (P < 0.016), or after removing the seven samples 

with benzodiazepines from the analyses (P ! 0.017). There were no statistically significant 

differences in any of the primary findings between smokers and non-smokers.  

 We analyzed the possible effects of antipsychotic drugs further, by carrying out studies in 

rats. To improve the normality of the distribution and variances between groups, SNAP-25 

protein measures were loge-transformed. For all other measures, untransformed values were used 

in analyses. 

 For SNAP-25 protein levels, ANOVA revealed a significant effect of treatment (F = 

5.71, df = 2,27, P = 0.009) and striatal region (F = 6.34, df = 2,26, P = 0.006), but no interaction 

effect. Follow-up contrasts indicated that SNAP-25 was increased by a mean amount of 24% in 

haloperidol-treated rats as compared with saline controls (F = 11.01, df = 1,27, P = 0.003) but 

not different between clozapine-treated animals and controls (Figure 2.3A). 

 Drug treatment had a significant effect on syntaxin protein levels (F = 3.79, df = 2,27, P 

= 0.035), but region did not. Syntaxin levels were higher by a mean amount of 18% in the 

haloperidol group than in controls (F = 7.58, df = 1,27, P = 0.010) (Figure 2.3B).  

 Drug treatment had a significant effect on VAMP levels (F = 7.82, df = 2,27, P = 0.002), 

as did striatal region (F = 7.14, df = 2,26, P = 0.003). VAMP protein was significantly higher by 

a mean amount of 16% in the haloperidol group (F = 13.38, df = 1,27, P = 0.001), and by a mean 

amount of 13% in the clozapine group (F = 9.80, df = 1,27, P = 0.004) (Figure 2.3C) compared 

with controls. 

 The amount of syntaxin interacting with SNAP-25 did not differ between drug treatment 

groups, nor between striatal regions (Figure 2.3D).  

 Because the group-by-treatment interaction was not significant, we investigated the effect 

of region with the treatment groups combined, for protein measures that showed a significant 
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effect of region. SNAP-25 levels were significantly higher in the lateral as compared with the 

medial striatum, or with the NAc (paired t-test, all P-values ! 0.009). VAMP levels were higher 

in the medial striatum as compared with NAc or lateral striatum (paired t-test, all P-values < 

0.005). Syntaxin levels were not significantly different between regions. 

 

2.4 Discussion 

We observed lower SNARE protein levels in the ventromedial caudate in schizophrenia, but no 

significant differences in the nucleus accumbens, or the dorsal caudate. These results 

demonstrate that adjacent but functionally distinct brain regions can be differentially affected in 

schizophrenia. Further, although SNARE protein levels were lower, protein-protein interactions 

forming SNARE complexes in schizophrenia were greater. Haloperidol administration to rats 

was associated with higher levels of SNARE proteins, but did not appear to affect protein-protein 

interactions. Clozapine administration had more selective effects, with only VAMP levels being 

higher than expected. 

 

2.4.1 SNARE protein levels 

Topographically organized corticostriatal and thalamostriatal inputs account for a majority of 

synapses in the striatum [134]. Relevant to our findings, and in the context of patient symptoms, 

the VMC receives projections from the medial orbitofrontal cortex, mediodorsal and medial 

ventral anterior thalamic nuclei [134], areas important for social cognition. In contrast, the NAc 

receives inputs from medial cortex as well as limbic regions, in addition to the thalamus (MD 

and VA) [134]. Differential SNARE protein changes in these striatal regions could reflect their 

diverse synaptic inputs. In brain homogenates the synaptic origin of the measured proteins is 

unknown. It is possible that not all SNAREs are downregulated in the same synapse in the VMC. 
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Qualitative assessment of double-labeled VMC sections (Figure 2.2) suggested incomplete 

colocalization of the SNAREs. SNARE isoforms do show some differential distribution in the 

CNS, supporting this hypothesis [173, 237, 251]. Alternatively, the changes we observe may be 

restricted to a specific synapse or terminal type.  

 Ultrastructural and immunohistochemical studies in the striatum indicate that specific 

types of synapses may be altered in schizophrenia. Higher numbers of corticostriatal synapses 

were reported in anterior caudate in schizophrenia [312]. Alterations may differ between 

schizophrenia subtypes, with a higher density of excitatory inputs in striatal patches in 

schizophrenia, but increases in the matrix only in subjects with undifferentiated schizophrenia 

[145]. The relationship of ultrastructural findings to levels of proteins directly involved in 

presynaptic function is unclear. Compensatory down-regulation of specific SNARE proteins in 

corticostriatal afferents due to increased synaptic density is one possibility. 

 Alterations in cell numbers may also contribute to lower SNARE levels. Lower density of 

cholinergic interneurons was reported in ventral striatum (corresponding to the NAc in our 

study) in schizophrenia [144], lower NOS-positive interneurons in the putamen [412], and lower 

total neuron number in the caudate (with no alterations in density) [143]. We remain cautious in 

interpreting our findings in the context of such literature, as anatomical locations of the studies 

might differ, and it is unclear if SNARE protein distribution is the same in all synapses [193]. 

 The balance of SNARE proteins between striatal regions may also be important. In 

schizophrenia, there is evidence for differences in the relationships between striatal 

compartments [146], in the balance between excitatory and inhibitory transmission [401], and in 

relative activity of different brain regions [413]. Structural imaging suggests the associative 

striatum (consistent with VMC and DCd in our study) is most affected in schizophrenia, and also 

shows the greatest abnormalities of presynaptic functional activity of the dopamine system [126, 
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142]. The subregional distribution of abnormalities of dopamine release in schizophrenia is 

unknown. Basal and amphetamine stimulated dopamine release is higher than normal in striatum 

of coloboma mice, where SNAP-25 is low [414]. The low levels of SNAP-25 observed in VMC 

in our samples could implicate SNAP-25 in the abnormalities of release in patients with 

schizophrenia. 

 

2.4.2 Syntaxin-SNAP-25 protein-protein interactions 

One approach to assessing the consequences of lower SNARE protein levels is to examine a 

functional unit – the SNARE complex. In the VMC in schizophrenia we observed higher SNAP-

25-syntaxin interactions, even though levels of SNAP-25 and syntaxin were lower. SNARE 

complexes were reported to be increased 4-fold in rat striatal slices following exogenous 

dopamine application [407]. The consequences of greater SNARE complex formation/stability 

for neurotransmission may include reduced vesicular release, as shown for glutamatergic 

terminals in the blind-drunk mouse [229]. A greater amount of dopamine release in 

schizophrenia would be consistent with lower levels of SNAP-25, as observed in coloboma mice 

[414]. The observed increased SNARE complex formation in VMC in schizophrenia could 

represent a compensatory mechanism, attempting to dampen overactive dopamine release 

directly, or indirectly via reduced glutamate release (which normally facilitates striatal dopamine 

release) [415].  

 At a molecular level, greater SNARE complex formation could occur if SNAREs have 

increased affinity for each other. Post-translational modifications, different isoforms and changes 

in amino acid sequence affect SNARE complex stability and synaptic function [196, 229, 397]. 

Accessory factors also modulate SNARE complex formation, stability and disassembly. Some 

interacting proteins are already known to be altered in schizophrenia, such as septin-5 and 
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complexins [297, 305]. Future work is needed to determine the possible roles for these factors in 

the increase in SNARE complexes we observed. 

 

2.4.3 Antipsychotic drug effects 

The effects of antipsychotic treatment in rats on striatal SNARE protein levels and protein-

protein interactions are different from the findings in schizophrenia tissues. In rats, haloperidol 

increased levels of all three proteins throughout the striatum, while clozapine increased VAMP 

protein levels. These results are consistent with previous reports in other rat brain areas [297, 

309], and with ultrastructural studies of the effects of haloperidol in striatum [416-418]. Our 

findings do not seem to replicate decreases in synaptic density observed with longer exposure to 

haloperidol in rodents [419], although compensatory up-regulation of SNAREs due to 

antipsychotic drug-related decreases in synapse number cannot be ruled out. In the latter study, 

synaptic terminal density returned to normal upon 4 weeks of drug withdrawal [419]. This 

scenario may well reflect our human data as antipsychotic drugs were detectable in only two 

patients at time of autopsy. Given a 6.8 day half-life of haloperidol in human brain [349], it 

appears that many patients were not taking medications for a number of weeks prior to death. 

The effects of clozapine appeared to be limited to increasing VAMP levels; SNAP-25 was 

unchanged. This finding is consistent with the recently reported effects of clozapine on VAMP 

and SNAP-25 mRNA levels in human neural cell aggregates exposed to these drugs for three 

weeks [420]. Overall, the greater effect of haloperidol versus clozapine on SNARE proteins 

could relate to differences in mechanism of drug action. Previous ultrastructural studies 

described increased overall glutamate labeling in striatal asymmetric synapses associated with 

both drugs, and additional labeling in a subset of synapses associated with haloperidol only, 

suggesting different synaptic effects of the two drugs [421]. 
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 Greater SNARE complex formation in the VMC was identified in schizophrenia samples 

in the present study. In rats, haloperidol administration was associated with lower SNARE 

complex formation in the NAc, however these effects were not statistically significant. One 

previous study investigated the effects of dopamine, and dopamine plus haloperidol on SNARE 

complex formation in a slice preparation [407]. Dopamine increased SNARE complex 

formation, an effect that was blocked by haloperidol. The effects of dopamine antagonists on 

SNARE complex formation may be different in the presence of elevated dopamine levels. 

 SNARE proteins were suggested to be targets for development of therapeutics in 

psychiatric illness [422], and modifying SNARE complex formation could be a fruitful strategy. 

The effects of several classes of psychoactive drugs on SNARE complexes have been studied. 

Morphine was reported to reduce SNARE complex formation [232]. Although the 

antidepressants fluoxetine and reboxetine reduced the levels of all three SNARE proteins, 

SNARE complex formation was unchanged by these drugs [423]. Several other studies used 

screening strategies in peptide libraries, and from plant extracts to identify compounds that alter 

SNARE complex formation [228, 313, 314, 424, 425]. Synthetic peptides that modify SNARE 

complex formation can protect against neurotoxicity in experimental systems [228], and could 

also be investigated for activity in animal models of psychiatric illness. 

 

2.4.4 Possible limitations 

Human brain tissue is invaluable to schizophrenia research, but carries with it inherent 

limitations. Post mortem interval is one possible confounding factor, although samples we 

obtained had short PMIs compared to other sample sets (Table 2.1). Since protein levels show 

little change or decrease with PMI [336], the larger PMI of control subjects would lessen protein 

differences between diagnostic groups. While pH has been implicated in the quality of gene 
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expression data [318, 426], there is less evidence for an effect of pH on protein levels [318]. 

Neither of these sample characteristics had an impact on the group differences we observed. It is 

possible that differences in life experience (hospitalization, social interaction, active psychosis) 

could contribute to SNARE alterations, as SNARE expression and complexes can be modified 

by neuronal activity [231, 246]. The SNARE protein-protein interactions we observed here were 

likely formed in vitro, and the relationship with SNARE mechanisms in living patients is 

uncertain. Overall, our results could indicate synaptic consequences, not mechanisms, of the 

disorder, providing important information and a possible treatment target. Commonly, post 

mortem sample sets are also limited by differences in ethnicity between subjects. Heterogeneity 

of this kind is minimized in our sample set, procured exclusively in Macedonia. Finally, we 

recognize that this sample set is relatively small. Replication in a different sample set will 

strengthen our conclusions. 

 In summary, alterations in SNARE proteins and SNARE protein-protein interactions 

provide a possible novel molecular mechanism contributing to abnormal brain function in 

schizophrenia. These alterations appear to be related to the disease state, and suggest novel 

targets for the development of therapeutics. 

 

2.5  Supplementary materials and methods I 

2.5.1 Tissue collection and screening 

Brain tissue was collected from three chronic care psychiatric hospitals in the Republic of 

Macedonia, and from subjects with sudden deaths in the region of Skopje, Macedonia. Autopsies 

were performed by the Institute for Forensic Medicine (IFM) at the School of Medicine in 

Skopje. For deaths at the two psychiatric hospitals outside of Skopje, pathologists from IFM 

traveled to perform autopsies locally. Toxicological analysis was performed on blood, urine and 
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hair. The right cerebral hemisphere and cerebellum were sliced on glass plates, rapidly frozen 

and stored at –80°C. Frozen tissues were transported to the New York State Psychiatric Institute 

on dry ice and stored at -80°C.  

 Blood alcohol levels were measured at IFM, on every case. Screening for drugs of abuse 

or toxic levels of medications in serum was performed using a fluorescence polarization 

immunoassay. In New York, a cerebellar sample of frozen brain tissue from all cases was tested 

for psychotropic medications using capillary gas chromatography and mass spectrometry; tissue 

pH was also determined. Gross and microscopic pathology was investigated on fixed tissue of 

the opposite hemisphere by a neuropathologist (AJD) in New York.  

 Clinical information was procured by Macedonian research psychiatrists (BM, ZJ, ND), 

using the modified diagnostic evaluation after death (mDEAD) for all patients and a 

psychological autopsy (PA) interview with personal informants [322-324].  The final diagnosis 

using DSM-IV criteria was determined by a panel of clinicians in New York (BM, JJM, GR, 

AJD and others), as well as the Macedonian interviewer, from all available information and was 

never based solely on existing clinical diagnoses. Informed consent was obtained from family 

members and the study was approved by the Columbia/New York State Psychiatric Institute 

research ethics board. 

 

2.6 Supplementary materials and methods II 

2.6.1 Capture ELISA assay development and validation 

Because minimal characterization of SNAREs has been undertaken using proteins obtained from 

human brain [264], we confirmed that SNARE proteins in human brain can and do interact as a 

complex (Figure 2.5).  SDS-resistant complexes were detected within the molecular weight range 
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reported by others (60-200 kDa) [171, 231, 264, 427-429], although some studies report the 

major band to be at ~ 75 kDa [171, 206, 430]. 

 

2.6.2 Assay development using a microtitre plate 

To better understand how alterations in individual SNARE levels affect synaptic function we 

developed a high-throughput method of measuring binary SNARE interactions in a microtitre 

plate (Appendix 1) as an alternative to bead-based immunoprecipitation methods. Benefits of 

such assays include higher throughput, better reproducibility and decreased assay time [431]. 

The microplate application enabled: assay of 44 samples in duplicate, per 384-well plate, 

assurance of signal linearity using a dilution curve for each sample, repetition of each experiment 

twice, and relation of each SNARE protein ELISA measurement directly to the capture assay 

measurements of protein-protein interactions. 

 Optimal assay conditions were determined in several ways. First, the amount of capture 

antibody (SP12) coated on a 384-well plate was optimized for high binding to the ELISA plate 

but with reduced chance of steric hindrance, allowing Fab portions of the antibody to be oriented 

away from the plate surface (Figure 2.6A). The effect of coating antibody concentration was 

assessed by measuring bound syntaxin (Figure 2.6B). At 5 µg/ml coating antibody concentration, 

syntaxin bound to SNAP-25 showed a log-linear relationship with total protein concentration.  

 The use of serially diluted samples ensured log-linear responses with varying amounts of 

captured SNAP-25. Sample dilutions gave a linear response over a 3 to 12-fold range (Figure 

2.7A); smaller linear ranges were usually due to low signal at low concentration steps rather than 

saturation at higher concentrations.  

 The maintenance of increasing signal with higher homogenate concentrations confirmed 

that the amount of capture antibody (SP12) on the ELISA plate was not limiting. The amount of 
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captured SNARE complexes correlated with the total SNAP-25 measured in the direct ELISA 

(Figure 2.7B), suggesting that normalization to total SNAP-25 levels was necessary to account 

for differences in SNAP-25 levels in individual samples. 

 An experiment was performed to confirm that the detection of SNARE complexes was 

dependent on the presence of the !-SNAP-25 capture antibody, and not non-specific adherence 

of protein aggregates to the ELISA plate. The capture assay format was scaled up into 96 well 

plates. Instead of using a secondary antibody detection system, we extracted the total protein 

present in the wells using sample buffer, and used an immunoblotting assay to identify captured 

and interacting proteins. As seen in Figure 2.8, in the absence of any capture antibody, 

incubation of the blocked well with homogenate did not result in any adherence of SNARE 

proteins. In the presence of capture antibody but no homogenate (to control for possible signal 

from extraction of capture antibody and detection on the blot), no heavy or light chain was seen 

on the blot at the detection settings used. With the capture antibody present, incubation of 

homogenate in the wells revealed specific pull-down of SNAP-25 and syntaxin. The ubiquitous 

synaptic vesicle protein synaptophysin was not detected, potentially indicating specificity of the 

interactions detected. Under these detection conditions, VAMP could not be seen, although this 

is most likely due to low levels of protein (as illustrated by the fact that even after 

immunoprecipitation, VAMP signal is low relative to the other SNAREs, Figure 2.5). 

 Pull-down of SNARE complexes was further confirmed using the scaled-up capture 

assay, by probing unboiled well extracts with specific antibodies. Complexed proteins were 

captured from CTL and SCZ samples, wells were extracted and equal amounts of boiled and 

non-boiled samples were separated by electrophoresis, transferred to PVDF and probed for 

SNAP-25, syntaxin and VAMP. Stripping and re-probing the blot confirmed the existence of 

SDS-stable higher molecular weight SNARE complexes (Figure 2.9). 
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2.7 Chapter 2 tables 

Table 2.1 - Frozen tissue sample characteristics.  

All subjects received an autopsy. Clinical diagnoses were made using DSM-IV criteria using all available information by a panel of clinicians.  

All subjects were Caucasian. *Post mortem interval (PMI) was different between groups (P = 0.001). **Sample storage time was different 

between groups (P < 0.001).  

 

Abbreviations: CTL – control, SCZ – schizophrenia, SA – schizoaffective, F – female, M – male, MI – myocardial infarction, MVA – motor 

vehicle accident, CO- carbon monoxide, CVA – cerebral vascular accident, TB – tuberculosis, BZ – benzodiazepine, AS – asthma 

medication, Caf – caffeine, alc – alcohol, N/A – not available/unknown, storage time – time between brain extraction and homogenization for 

ELISA assay; PMI – postmortem interval between death and autopsy 

Drug abbreviations: L – levopromazine, P – promazine, C – chlorpromazine, H – haloperidol, F – fluphenazine, S – sulpiride, T – 

thioridazine, TF – trifluoperazine, CZ – clozapine, PM- pimozide, BZ – benzodiazepine (available without prescription in Macedonia). 
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Subject 

No. 

Diagnosis Sex Age 

(yrs) 

PMI 

(hours) 

Storage 

time (wks) 

Brain 

pH 

Cause of death Toxicology 

findings 

Alcohol 

abuse 

Smoker Antipsychotic 

exposure 
1 CTL M 53 16 239 5.90 Homicide Caf No Yes  
2 CTL! M 65 18 68 6.76 MI Caf No! No  
3 

 
CTL! M 

 
37 

 
7 
 

238 
 

6.20 
 

Heart failure (chronic 
myocarditis) 

Negative 
 

No! Yes  

4 
 

CTL! M 
 

81 
 

22 
 

255 
 

6.28 
 

MVA, pulmonary 
Contusion 

Caf 
 

No! N/A  

5 CTL! M 56 14 106 6.40 MI Caf No! No  
6 CTL! F 41 15 105 5.84 Homicide, gun shot Caf No! Yes  
7 

 
CTL! M 

 
36 

 
20 

 
239 

 
6.30 

 
MVA, cerebral 
contusion 

BZ 
 

No! Yes  

8 CTL! M 73 21 248 6.09 MI Negative No! Yes  
9 

 
CTL! F 

 
56 

 
19 

 
68 

 
6.07 

 
Traffic accident 
(pedestrian) 

BZ, Caf 
 

No! No  

10 CTL! M 26 15 256 5.44 Homicide Caf No! Yes  

11 
 

CTL! F 
 

79 
 

33 
 

238 
 

6.00 
 

CO intoxication 
(accidental) 

Negative 
 

No! No  

12 CTL! M 30 6 249 6.30 MVA Negative No! Yes  
13 CTL! M 35 10 238 6.50 MVA Caf No! Yes  

Mean, 
SD 

 3F: 
10M 

51.4, 
18.8 

16.6, 
7.1* 

196,  
77** 

6.16, 
0.33   

 8 Yes, 4 
No, 1 N/A 

 

14 SCZ M 35 6 218 6.40 Ileus Caf Yes Yes L, P, C, H, F 

15 SCZ! F 45 7 417 6.19 Pneumonia Negative No! Yes C, P, H 

16 SA! F 60 9 236 6.40 MI BZ, CZ No! No L, S, T, F 

17 SCZ! M 45 N/A 413 6.50 Accidental drowning BZ, caf No! Yes N/A 
18 SCZ! M 58 6 326 6.00 Pneumonia Negative No! Yes C, L, T, F, H, CZ 

19 SCZ! M 45 8 320 6.40 Undetermined BZ, caf No! Yes N/A 

20 
 

SCZ! F 
 

65 
 

6 
 

312 
 

6.50 
 

Cardio-respiratory 
insufficiency 

Caf 
 

No! No C, L, P, TF, F 

21 SCZ! M 33 15 390 6.50 Peritonitis Negative No! N/A L, P, F, H 

22 SCZ! F 77 6 396 5.90 MI BZ, AS No! Yes L, P, T, H, F, CZ 

23 
 
 

SCZ! F 
 
 

65 
 
 

7 
 
 

302 
 
 

5.90 

 
 

Cardio-respiratory 
insufficiency, 
cardiomyopathy 

Negative 
 
 

No! No C, L, P, F 

24 SA! M 53 8 235 6.30 MI BZ, CZ No! Yes C, L, P, F, H, CZ 

25 SCZ! M 46 14 392 6.40 Pancreatitis Negative No! Yes L, C, P, F, H 

26 SCZ! F 63 7 325 6.60 MI, TB, lobectomy Negative No! N/A C, L, P, F 

27 SCZ! M 61 9 236 6.50 TB bronchiectasis Negative No No L, C, T, H, F 

28 
 

SCZ 
 

M 
 

53 
 

15 
 

220 
 

6.30 

 
Asphyxia, pharyngeal 
bolus 

Negative 
 

Yes Yes C, P, L, F, PM 

Mean, 
SD 

 6F: 
9M 

53.6, 
12.1 

8.8,  
3.2 

316,  
74 

6.32,  

0.22   

 9 Yes, 4 
No, 2 N/A 
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Table 2.2 - Within-subject comparisons of SNARE measures. 

Comparisons are made in each striatal area CTL and SCZ groups separately.  T- and P-values are reported. P-values < 0.008 are statistically 

significant (*), correcting for 6 comparisons within a protein, or the protein-protein interaction. 

 

 

 

 

 

 

 

 

 

  SNAP-25 Syntaxin VAMP SNAP-25 – syntaxin 
interaction 

  CTL SCZ CTL SCZ CTL SCZ CTL SCZ 
NAc - VMC t =  

P =  

-2.08 

0.06 

-3.11 

0.0077* 

-.485 

0.64 

-4.56 

0.0004* 

-1.03 

0.32 

-4.53 

0.0005* 

-.194 

0.85 

-3.77 

0.0021* 

DCd - VMC t =  

P =  

-.599 

0.56 

-5.37 

<0.0001* 

-.174 

0.87 

-6.62 

<0.0001* 

-.513 

0.62 

-6.12 

<0.0001* 

1.78 

0.10 

-3.76 

0.0021* 

DCd - NAc t =  

P =  

.931 

0.37 

-5.08 

0.0002* 

-.519 

0.61 

-4.63 

0.0004* 

.497 

0.63 

-3.34 

0.0048* 

2.28 

0.04 

-.538 

0.60 
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Table 2.3 - Sample characteristics of fixed tissue.  

Supplementary Table S1:  At time of autopsy, tissue was sliced, placed in custom cassettes, fixed for 5 days in 10% formalin in phosphate-

buffered saline (PBS), transferred to PBS with 0.02% sodium azide at 4°C until used.   All samples were from Caucasian subjects.  

Abbreviations: CTL – control, SCZ – schizophrenia, SF – schizophreniform, F – female, M – male, CVA – cerebral vascular accident, TB – 

tuberculosis, AS – asthma medication, Caf – caffeine, alc – alcohol, N/A – not available/unknown, storage time – time between brain 

extraction and fixed tissue slicing; PMI – postmortem interval between death and autopsy. Drug abbreviations: L – levopromazine, P – 

promazine, C – chlorpromazine, H – haloperidol, F – fluphenazine, S – sulpiride, PM- pimozide. 

 

 

 

Subject 

No. 

Diagnosis Sex Age 

(yrs) 

PMI 

(hours) 

Storage 

time (wks) 

Brain pH Cause of death Toxicology 

findings 

Alcohol 

abuse 

Smoker Antipsychotic 

exposure 
29 CTL M 57 19 120 6.70 Lung contusions Negative No N/A!  
30 

 
CTL! M 

 
21 

 
21 

 
132 

 
6.70 

 
Hemorrhagic shock, 
homicide (stabbing) 

Caf 
 

No! N/A!  

31 CTL! F 72 18 131 6.20 Heart failure Caf No! N/A!  
32 CTL! F 50 22 82 6.10 Ileus (peritonitis) Caf, Alc Probable N/A!  

Mean, 
SD  

2F: 
2M 

42.5, 
24.4 

20.0, 
1.8 

116, 
 24 

6.38, 
0.38 

     

33 
 

SCZ M 
 

56 
 

25 
 

76 
 

6.00 

 
Pulmonary TB, 
respiratory failure 

Caf, AS 
 

No! N/A! C, L, S, F, PM 

34 SF M 24 21 127 6.70 Suicide (hanging) Caf, Alc No! N/A! C,P 

35 
 

SCZ F 
 

70 
 

12 
 

113 
 

6.10 
 

CVA, 
bronchopneumonia 

N/A 
 

No! N/A! C, L, P, F, H 

36 
 

SCZ F 
 

20 
 

9 
 

126 
 

6.70 

 
Suicide (jump from 
height) 

Nicotine  
 

No! N/A! H 

Mean, 
SD  

2F:
2M 

50.0, 
21.4 

16.8, 
7.5 

111,        
24 

6.43, 
0.32   
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2.8 Chapter 2 figures 

Figure 2.1 -  SNARE protein levels and protein-protein interactions in human striatum.  

Significant post-hoc F-tests are indicated (*), P < 0.05 Bonferonni-adjusted. Differences that do 

not survive Bonferonni correction are indicated (a). All three SNARE protein levels were lower 

in the VMC of subjects with schizophrenia (A-C). Syntaxin-SNAP-25 protein-protein 

interactions were increased in the VMC (D). Horizontal lines indicate group means. Raw 

(untransformed) but re-scaled values are plotted for the three SNARE measures.   Abbreviations: 

NAc – nucleus accumbens, VMC – ventromedial caudate, DCd – dorsal caudate, CTL – 

controls, SCZ – schizophrenia. 
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Figure 2.2 - Distribution of SNARE proteins in human VMC.  

Single-channel images appear in the first two columns, with merged images in the third column. Arrows indicate the region of interest 

highlighted in the inset. Differences in staining intensity may be the result of slight differences in antibody concentration, antibody 

penetration, and image capture/processing conditions. Calretinin staining appears not to colocalize with presynaptic markers (A and B) and 

was used as a cell body stain for orientation within the tissue slice. Syntaxin, VAMP and SNAP-25 show some colocalization with each other 

(C and D, inset). Abbreviations: S25 – SNAP-25, CR – calretinin, STX – syntaxin. 
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Figure 2.3 - SNARE protein levels and interactions in APD treated animals.  

Significant effects of drug treatment (P < 0.05) were investigated using contrasts. Statistically 

significant differences between treatment groups and saline controls are indicated (all P < 0.02, 

Bonferonni-adjusted). Syntaxin-SNAP-25 protein interactions were not different between groups 

or striatal regions (P > 0.05) (D). Horizontal lines indicate group means (all regions combined). 

Raw (untransformed) but re-scaled values are plotted for the three SNARE measures. 
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Figure 2.4 - Antibody specificity.  

Supplementary Figure S1: Equal amounts of human cortical brain homogenate and rat brain 

homogenate were separated by SDS-PAGE and transferred to PVDF. Eight separate membranes 

were created and stained with individual antibodies. Peroxidase-conjugated secondary antibody 

was diluted 1:5000 and blots visualized by chemiluminescence. 

 For SNAP-25 (antibody SP12, 1:10), syntaxin (antibodies SP6 and SP7, 1:10), and 

synaptophysin (EP10, 1:10) immunostaining, 5 µg total protein was loaded. In the ELISA studies 

these antibodies were used at the same dilution, but the maximum amount of total protein loaded 

was 1.8 µg per well, with a linear range down to 0.03 µg per well. For VAMP (antibodies SP10 

and SP11) immunoblotting, 30 µg total protein was loaded. In the ELISA studies with SP10, the 

maximum amount of total protein loaded was 3.6 µg per well, with a linear range down to 0.45 

µg per well. The ELISA is more sensitive than the immunoblotting assay. For calretinin 10 µg of 

total protein was loaded. Calretinin antibody was used at 1:1000 dilution. All antibodies detected 

protein bands at expected molecular weights and gave one band, except calretinin that also 

produced fainter bands at higher molecular weights, more so in rat tissue than human tissue. 

Antibody specificity is illustrated by the single bands detected, as well as the greater prevalence 

of synaptic proteins in grey matter as opposed to white matter. Previous studies indicate SP12 

detects a region of SNAP-25 shared between SNAP-25A and SNAP-25B, SP6/SP7 detect 

regions shared between syntaxin-1A and 1B, and SP10 detects VAMP 1 and VAMP 2 [264, 

389]. The presence of syntaxin and SNAP-25 in white matter is due to the presence of these 

proteins in axons as well as terminals [118, 237, 432, 433].  
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Figure 2.4 
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Figure 2.5 - SNARE complexes in human brain.  

Supplementary Figure S2: (A) SDS-stable SNARE complexes in human brain homogenates. 

Human brain samples were diluted in sample buffer and either reduced and boiled (+) or left at 

room temperature (-) for five minutes prior to separation by SDS-PAGE. After transfer to PVDF, 

the membrane was cut, and the two halves were stained for either syntaxin or SNAP-25.  The 

two pieces of membrane were imaged simultaneously. The presence of each SNARE in the 

ternary complex was ascertained by immunoblotting to detect monomeric SNARE proteins 

(lower bands) or complexed SNAREs (higher-molecular weight bands between 60 and 200 kDa) 

[264, 427, 434]. VAMP was detectable in boiled samples, but not in unboiled samples (not 

shown). This is likely due to epitope stability or low protein levels, and may require higher 

protein loading [264]. (B) Ternary SNARE complexes are detectable in human brain samples by 

immunoprecipitation. The blot has been stained for SNAP-25, syntaxin and VAMP, 

simultaneously. The identity of immunoprecipitated material was confirmed by loading 

immunoprecipitates on multiple gel lanes and probing each with antibodies against a single 

SNARE protein (not shown). Faint bands at approximately 60 and 18 kDa are detected with anti-

SNAP-25 antibody, suggesting possible dimerization, post-translational modification and/or 

breakdown products of SNAP-25. Specificity of pull-down was confirmed by the failure to 

detect synaptophysin in immunoprecipitates (not shown here).  Heavy and light chain from the 

SP12 (SNAP-25 antibody) are identified by comparing to antibody-coupled beads (IgG-SP12).  

In the absence of antibody (cntrl IP) no SNAREs are immunoprecipitated. 

A B 
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Figure 2.6 - Capture assay optimization.  

Supplementary Figure S3: (A) Antibody binding-capacity of the ELISA plate. 15 µl of serially 

diluted coating antibody in TBS was incubated for 3 hours at 37°C.  After blocking, bound 

antibody was detected with peroxidase-conjugated secondary antibody.  Substantial binding 

occurred at antibody concentrations of 5 and 10 µg/ml. (B) Effect of varying amounts of coating 

antibody on amount of syntaxin bound to captured SNAP-25. Each well of a microtitre plate was 

incubated with 15 µl of !-SNAP-25 antibody at varying concentrations.  Capture ELISA was 

performed as described, detecting bound syntaxin using a biotinylated-!-syntaxin antibody 

followed by streptavidin-conjugated HRP.  Low concentrations of coating antibody result in 

insufficient pull-down of SNARE complexes, illustrated by the lack of a dilution effect when 

varying homogenate concentration (x-axis) at 2 and 0 µg/ml conditions.  

 

 

A                                B 
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Figure 2.7 - Capture ELISA measurements.  

Supplementary Figure S4:  (A) Raw optical density of syntaxin interacting with bound SNAP-

25 at various homogenate concentrations. Each well was coated with 15 µl of SP12 and 

incubated with varying dilutions of homogenate. Error bars represent the standard mean error of 

a sample run in duplicate on three plates. (B) The relationship between the amount of SNAP-25 

measured by direct ELISA and the amount of syntaxin detected with a capture ELISA. Data 

represents values of 28 VMC samples. In general, less syntaxin was bound to captured SNAP-25 

in samples containing less SNAP-25. 

 

 

A                                B 
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Figure 2.8 - Specificity of protein interactions detected by capture ELISA. 

Supplementary Figure S5: Samples were prepared on 96-well plates as follows: A – no capture 

antibody in the sample well; B – no homogenate added to a coated sample well; C- regular assay 

conditions with both capture antibody and homogenate added. Protein complexes captured were 

extracted with SDS-sample buffer, equal volumes of conditions A, B and C were loaded multiple 

times and separated by SDS-PAGE. After transfer, the membrane was cut and single pieces 

probed for SNAP-25, syntaxin or synaptophysin. Specificity of pull-down is confirmed by the 

lack of synaptophysin detected in lane C.  
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Figure 2.9 - Complexed SNARE proteins are pulled-down in the capture ELISA assay.  

Supplementary Figure S6: Captured samples from CTL and SCZ subjects were either boiled 

(+) or left at room temperature (-) prior to separation by SDS-PAGE. Blots were probed for all 

three SNARE proteins, and stripping and re-probing the blot confirmed higher molecular weight 

bands contained syntaxin and SNAP-25. VAMP was detectable in monomeric form in boiled 

samples when the sensitivity of the detector or exposure time was increased. Abbreviations: S25 

– SNAP-25, Stx – syntaxin, V – VAMP, CTL – control, SCZ – schizophrenia 
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3 The relative expression of striatal syntaxin-1 isoforms is altered in 

schizophrenia4 
 

3.1 Introduction 

Synaptic dysfunction is postulated to underlie the behavioural abnormalities and cognitive 

deficits observed in schizophrenia [91, 296].  The balance between glutamatergic and 

GABAergic neurotransmission, and abnormalities in dopamine release may contribute to brain 

dysfunction [45, 59, 139], and may alter fronto-striatal circuit function [94, 139, 402].  

Molecules involved in synaptic transmission, plasticity and connectivity may therefore 

contribute to the pathophysiology, progression and treatment of the disease. Converging 

evidence implicates the presynaptic protein syntaxin-1 in this regard. 

 Syntaxin-1 is one of the three soluble-NSF-attachment receptor (SNARE) proteins that 

interact to facilitate neurotransmission [96, 163].  There are two isoforms of syntaxin-1 – 1A and 

1B, coded for by different genes [169, 235].  Both are important for synaptic and brain function 

and may be involved in synaptic plasticity [159, 242, 245].  Syntaxin isoforms are differentially 

expressed in rat brain [237], within some cells and between cell types [239, 435].  Syntaxin 

isoforms are differentially enriched in glutamatergic and GABAergic terminals; syntaxin-1A is 

present primarily in glutamatergic synapses in rat cortex, while 1B is present in both types of 

synapses [201, 204].  Isoform expression in dopaminergic terminals remains unknown. However, 

sensitizing the dopamine system in rats with a paradigm of amphetamine administration then 

withdrawal, resulted in up-regulation of syntaxin-1B mRNA in the nucleus accumbens shell, 

with no effect on syntaxin-1A [243].  Additional evidence of functional divergence between 

isoforms is plentiful. Syntaxin-1A and 1B show differential affinity for isoforms of another 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
4 A version of this chapter will be submitted for publication: 

Barakauskas VE, Beasley CL, Barr AM, Rosokilja G, Mann JJ, Mancevski B, Jakovski Z, Davceva N, Ilievski B, 

Dwork AJ, Falkai P, Honer WG.  (2010). The relative expression of striatal syntaxin-1 isoforms is altered in in 

schizophrenia. 
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SNARE protein, VAMP [241].  Syntaxin-1A interacts with other presynaptic molecules such as 

calcium channels as well as dopamine and GABA reuptake transporters [199, 406, 436-440] and 

is important in fear memory consolidation and extinction, as well as hippocampal LTP [242].  In 

contrast, learning a working memory task is associated with an increase in syntaxin-1B, but not 

1A mRNA expression in the hippocampus, and learning a spatial reference memory task 

increases syntaxin-1B in the rodent prefrontal cortex and nucleus accumbens shell [245, 246]. 

In schizophrenia, lower than expected levels of syntaxin protein were reported in 

ventromedial caudate [441], with evidence for increased interaction between syntaxin-1 and 

SNAP-25, another SNARE protein. In contrast to this finding in striatum, other reports indicated 

higher levels of syntaxin in cingulate cortex [260, 389] and unchanged levels in frontal cortex of 

patients [260, 264, 293].  Genetic studies provide additional evidence for a role of syntaxin in 

human illness. Williams-Beuren syndrome is associated with a chromosomal deletion 

encompassing the syntaxin-1A gene [290], and involves significant cognitive and behavioural 

abnormalities that include impaired fronto-striatal processing [291].  Syntaxin-1A expression in 

lymphoblast cells derived from patients with Williams-Beuren syndrome correlates with IQ 

[292].  Variation in the syntaxin-1A gene has also been associated with schizophrenia [180]. 

 The distribution of syntaxin-1A and 1B in human brain is unknown.  Previous 

investigations of syntaxin-1 protein in schizophrenia did not distinguish between the two 

isoforms.  One study appeared to resolve the two isoforms, but statistical analaysis of the two 

immunoreactive protein bands did not detect differences between groups (the sum of the two 

bands, however, was statistically lower in schizophrenia subjects) [258]. Using the same series of 

samples in which we observed lower levels of total syntaxin-1 protein in the ventromedial 

caudate, we examined syntaxin-1A and 1B isoforms. The amount of syntaxin-1A, enriched in 

glutamatergic terminals, was compared with syntaxin-1B, found in glutamatergic as well as 
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GABAergic terminals. A lower ratio of syntaxin-1A to 1B in schizophrenia would be consistent 

with lower than expected levels of striatal glutamate transporters reported in schizophrenia [52, 

403].  The possible association between relative isoform expression and SNARE protein 

interactions was investigated to determine whether an imbalance in syntaxin isoforms could 

contribute to the altered interactions observed in schizophrenia [441].  The possibility of 

differential distribution of syntaxin-1A and 1B within synapses of one striatal region was 

addressed using confocal microscopy. 

 

3.2 Methods  

3.2.1 Tissue samples 

Post mortem tissue samples were obtained from the Macedonian/New York State Psychiatric 

Institute Brain Collection. The sample set included 15 subjects with schizophrenia or related 

illness (13 schizophrenia, 2 schizoaffective disorder; SCZ) and 13 non-psychiatric comparison 

subjects (NPC) (Table 3.1).  Tissue collection and screening is detailed elsewhere [441] (Section 

2.5).  Briefly, clinical information was collected by Macedonian research psychiatrists using the 

modified diagnostic evaluation after death (mDEAD) and a psychological autopsy interview with 

personal informants [322-324].  A consensus diagnosis was determined using DSM-IV criteria 

by clinicians in New York and the Macedonian interviewer, obtained from all available 

information. Informed consent was obtained from family members and tissue collection based on 

a protocol approved by the Columbia/New York State Psychiatric Institute research ethics board. 

 Toxicological analyses for drugs of abuse and psychotropic agents were performed on 

each case. All SCZ subjects had exposure to multiple first-generation (typical) antipsychotics 

(including: levopromazine, promazine, chlorpromazine, haloperidol, fluphenazine, sulpiride, 

thioridazine, trifluoperazine, and/or pimozide) and 4 SCZ subjects also had exposure to the 



!

!

! 105!

second-generation antipsychotic clozapine (as determined by mDEAD or toxicology). 

Toxicological analysis revealed caffeine and benzodiazepines (BZ) in both NPC and SCZ 

subjects; BZ are available without prescription in Macedonia and their use in NPC subjects may 

not be due to psychiatric illness. Only two SCZ subjects had detectable levels of antipsychotic 

medications (clozapine) at time of death. More than half were smokers (8/13 NPC and 9/15 

SCZ).  

 Striatal samples were dissected from frozen coronal tissue slabs of the right hemisphere, 

using a standard human brain atlas [408]. Subregions included dorsal caudate (DCd), nucleus 

accumbens (NAc) and ventromedial caudate (VMC), Figure 3.1. Prior to analyses, frozen tissue 

was rapidly thawed, homogenized in tris-buffered saline (TBS: 10mM Tris-HCl, 140 mM NaCl, 

pH 7.4; 1.5 ml per mg of tissue), aliquoted and frozen at -70°C until further use. Total protein 

concentration of one aliquot was measured with a modified Lowry assay (Biorad, Mississauga 

ON) using BSA as a reference standard.  

 

3.2.2 Immunoblotting 

Syntaxin-1 isoforms were resolved using 10% SDS-PAGE gels containing 6 M urea [163, 237].  

Samples were diluted in sample buffer (62.5 mM Tris-HCl, pH 6.8; 25% v/v glycerol, 2% SDS 

v/v, 0.01% v/v bromophenol blue, 5% v/v !-mercaptoethanol) to a final protein concentration of 

0.3 µg/µl and heated at > 95°C for 5 minutes prior to gel loading. Five microlitres (1.5 µg total 

protein) per sample was loaded onto each gel. Gels were run so that both NPC and SCZ samples 

were present on one gel; 5-9 samples were run on each gel. To control for blot-to-blot variation 

and to account for potential differences in antibody-binding affinity, one sample within the set 

was used as a reference sample. The reference sample was serially diluted over a 39-fold range, 
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diluted in sample buffer, heated and the dilution series was loaded on each gel (6.25 µg to 0.16 

µg total protein). 

 After electrophoresis, gels were transferred to nitrocellulose (1 hr, 250 mA).  Membranes 

were blocked in 5% w/v non-fat milk powder dissolved in 0.05% v/v Tween-20/TBS (TBST) for 

one hour at room temperature (RT).  Syntaxin-1A and 1B were detected using the same antibody 

(SP6) [389] which detects both isoforms (Figure 3.2). SP6 from hybridoma tissue culture 

supernatants was diluted 1:10 in milk/TBST, and membranes were incubated for 1 hour at RT. 

After washing, membranes were incubated with biotinylated goat-anti-mouse secondary antibody 

(1:5000 dilution in milk/TBST) (Jackson Immunoresearch Laboratories Inc., West Grove PA) 

and washed again. Bands were visualized by incubating with streptavidin-conjugated qDot705 

(Molecular Probes, Eugene OR) diluted 1:1000 in TBST. After a final TBST wash, blots were 

dried. Membranes were imaged using a Fuji LAS-3000 imager (Fuji Lifesciences, Tokyo Japan) 

in fluorescence mode, with 488 nm excitation, a 710AF40 bandpass filter and flat-frame 

correction. Blots were imaged at multiple exposure times to ensure that an image without 

saturated pixels was obtained for quantification (Figure 3.3A). To control for loading using an 

approach that provided additional biologically relevant data, blots were re-probed for 

synaptophysin using the EP10 antibody [389, 442] following the same procedure as for syntaxin.  

It was confirmed using an independent assay that synaptophysin levels did not differ between 

groups or between striatal regions (Appendix 3). 

 Samples were assayed twice, on different days. Samples were coded to mask 

investigators to diagnosis and sample characteristics. 
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3.2.3 Blot analysis 

Fluorescence intensity of the detected bands was analyzed using the “profile mode” in 

ImageGaugeV4.22 software for Macintosh (Fuji Lifesciences, Tokyo, Japan). Because the 

synaptophysin band was at times not fully resolved from syntaxin-1B, for synaptophysin, half of 

the intensity peak (the lower half of the band) was quantified. Overlap of synaptophysin and 

syntaxin-1B did not affect syntaxin-1B quantification because EP10 was used only after 

syntaxin-1 staining was quantified. A linear standard curve of intensity versus total protein 

loaded was constructed using the serially diluted reference sample, on each blot, for each protein 

separately (Figure 3.3B). The equivalent amount of reference protein needed to give the same 

band intensity as the sample (in µg) was interpolated for each lane.  Higher values indicate 

higher antigen amount present. The ratio of syntaxin-1A to 1B, as well as each isoform to 

synaptophysin was constructed using these protein values, for each sample, on each experiment 

day. The mean value of the two experimental days was taken; paired t-tests indicated that the 

replicate data did not differ significantly from each other (data not shown). Four samples in the 

VMC had immunoblot data for only one day (due to assay failures related to complications 

including air bubbles or gel anomalies). 

 

3.2.4 Statistical analysis 

The ratio of syntaxin-1A to 1B, and the individual isoform values were analyzed separately. 

Normality and equal variance between groups were evaluated using Shapiro-Wilk’s and Brown-

Forsythe tests, respectively. A two-way ANOVA, with diagnosis as the between-subjects factor 

and striatal region as the within-subjects factor was performed; multivariate F-values are 

reported. Statistical significance was set at p < 0.05 for main effects. Associations of each 

variable with sample set characteristics (age, PMI, pH, sample storage time) were investigated 
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using Spearman correlations with both groups combined. Analyses were performed using JMP 

8.0 (SAS Institute Inc., Cary NC). 

 

3.2.5 Immunohistochemistry 

Formaldehyde-fixed 30 µm sections from a non-psychiatric comparison subject and a 

schizophrenia subject were used to investigate the distribution of syntaxin isoforms in human 

VMC, employing isoform-specific antibodies to differentiate between syntaxin-1A and 1B. 

Tissue was stained using previously published protocols with some modifications [441].  

Primary antibody dilutions were as follows: EP10 (anti-synaptophysin) 1:10, syntaxin-1A and 

syntaxin-1B 1:250 (Synaptic Systems, Gottingen Germany). Sections were incubated with 

subtype and species-specific fluorescent secondary antibodies (Alexa-488, 555 or 647) at 1:500 

dilution for 1 hour at 37°C, washed and mounted in FluorSave (Calbiochem, EMD Chemicals, 

Gibbstown NJ).  

 The degree of autofluorescence was ascertained by including a section processed using 

culture-conditioned media instead of primary antibody. These were imaged using identical 

acquisition parameters used for the stained section.  

 A laser scanning confocal microscope (LSM 5 Pascal, Zeiss) with a 63x/1.2W C-

Apochromat water immersion objective was used. Excitation wavelengths of 488 nm, 543 nm 

and 633 nm were used with 505-530BP, 560LP and 650LP emission filters. Scanning was 

performed sequentially, with line averaging of 16 times, pinhole size ! 1 Airy unit and resolution 

of 512 x 512 pixels. 63x images were initially taken to orient within the tissue slice, and then 5 

subfields were imaged using an electronic zoom factor of 5 (0.056 µm/pixel resolution). Image 

acquisition parameters (gain and offset) were set so as to minimize pixel saturation. 

Colocalization of syntaxin isoforms and synaptophysin was explored using colocalization 
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estimates. Automatic threshold selection using a non-parametric method for bi-level image 

segmentation was first applied to each image [443, 444].  Colocalization coefficients were then 

calculated for thresholded images using the JaCOPv2.0 plugin for ImageJ (NIH, Bethesda, MD) 

(http://rsb.info.nih.gov/ij/plugins/track/jacop.html) [445].  The overlap coefficient, OC, as 

described by Manders [446], was used as an alternative to Pearson’s correlation coefficient, as it 

is describes the degree of overlap of signals from two channels, represents true colocalization, 

and is less affected by differences in intensity between two antigens [447].  OC values range 

from 0 (no colocalization) to 1.0 (complete colocalization). Manders’ colocalization coefficients, 

M1 and M2 were also calculated. These coefficients describe the percentage of signal of a given 

antigen that is colocalized with the second antigen, and therefore allowed us to determine the 

percentage of each syntaxin-1 isoform colocalizing with a synaptic marker (synaptophysin) 

[447].  A total of 25 fields of view from one tissue slice were assessed for colocalization in two 

subjects. For figure assembly only, images were processed and assembled using Photoshop CS4 

(Adobe, San Jose CA). 

 

3.3 Results 

3.3.1 Sample characteristics 

A summary of the demographic characteristics of the sample set appears in Table 1. We 

previously investigated SNARE protein levels and interactions in this exact sample set; detailed 

sample-by-sample descriptions can be found elsewhere, [441] or Table 2.1.  Briefly, age and pH 

were similar between groups (P > 0.05). NPC samples had a longer mean PMI: 16.6 versus 8.8 

hrs (t  = 3.73, df = 25, P = 0.001), while SCZ samples were stored longer: 316 versus 196 weeks 

(t = 4.21, df = 25, P < 0.001).  
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3.3.2 Syntaxin-1 isoform ratio in schizophrenia 

Syntaxin-1A:syntaxin-1B (Stx1A:1B) data were normally distributed with equal variances 

between groups. Possible associations between age, postmortem interval, duration of storage and 

pH and the isoform ratio were investigated using Spearman correlations. Positive correlations 

were observed between age and Stx1A:1B in all three striatal regions (Table 3.2). No other 

associations were observed, and age was therefore added as a covariate to examine differences 

between the diagnostic groups, and between striatal regions. Two-way analysis of variance was 

carried out with diagnosis as a between-subjects factor, region as a within-subjects repeated 

measure, and age as a covariate. Statistically significant effects were observed for diagnosis (F  = 

6.76, df = 1,25, P = 0.016) and age (F = 27.35, df = 1,25, P < 0.0001) (Figure 3.4A and Table 

3.3). No differences between striatal regions, or interaction between diagnosis and region were 

observed. Overall, in schizophrenia the mean value of Stx1A:1B was decreased slightly, an 

effect that appeared consistent across the age range studied (Figure 3.4B).  

 Primary analyses were repeated to assess the effect of smoking status on syntaxin isoform 

measures in the striatum. Combining the NPC and SCZ groups (n = 25; 3 subjects were missing 

smoking data), smoking status was entered as the between-subjects factor and striatal area as the 

within-subjects factor. There was no difference in striatal Stx1A:1B ratio in subjects who were 

smokers as compared to those who were not (P > 0.05). We also examined the possible effects of 

drugs detected in the toxicological analysis. Excluding samples where benzodiazepines were 

detected (n = 2 NPC, n = 5 SCZ) the effect of diagnosis on Stx1A:1B remained significant (F = 

7.41, df = 1,18, P = 0.014). Similarly, excluding the two SCZ samples where antipsychotics 

(both clozapine) were detected did not alter the effect of diagnosis on Stx1A:1B (F = 6.81, df = 

1, 23, P = 0.016). 
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 We also analyzed the levels of the individual isoforms of syntaxin. Stx1A and Stx1B 

(expressed as µg of serially diluted reference sample) were normally distributed with equal 

variances. There were no statistically significant differences between levels of syntaxin-1 

isoforms related to diagnosis (Table 3.3). Normalizing the syntaxin isoform values by the 

amount of synaptophysin immunoreactivity detected in the same lane (as a loading control) made 

no difference. The total mean levels of syntaxin-1 assessed by immunoblotting were lower in the 

schizophrenia samples, however differences were not statistically significant. There was a 

statistically significant correlation between total syntaxin-1 as measured by immunoblotting and 

the previously published syntaxin ELISA data (Chapter 2) for the same samples (r
s
= 0.48, P < 

0.0001). 

 

3.3.3 Syntaxin isoform ratio and syntaxin-SNAP-25 protein-protein 

interactions 

 
The interaction between syntaxin-1 and a second SNARE protein, SNAP-25 was previously 

measured in the striatum in the same sample set [441] and demonstrated greater complex 

formation in schizophrenia. We carried out an exploratory analysis of the relationship between 

the Stx1A:1B ratio and syntaxin-SNAP-25 interactions using Spearman correlations in each 

striatal area (Table 3.4). Syntaxin-SNAP-25 protein complexes were negatively correlated with 

the Stx1A:1B ratio in the VMC; the greater complex formation (as reported in schizophrenia) 

was associated with lower Stx1A:1B ratio. Correlations were not statistically significant in the 

diagnostic groups analysed separately, or in the NAc or DCd.  
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3.3.4 Colocalization of syntaxin isoforms in VMC 

Immunostaining in human VMC using isoform-specific antibodies against syntaxin-1A and 

syntaxin-1B demonstrated that syntaxin-1 staining is more diffuse than that of synaptophysin 

(Figure 3.5), consistent with its presence in axons as well as terminals. Stain contrast between 

white-matter tracts and grey matter was less obvious for syntaxin-1B than for syntaxin-1A. As 

expected, synaptophysin staining was punctate, consistent with its presence in synaptic vesicles, 

and was absent from white-matter tracts and cell bodies. Colocalization was explored using 

conventional colocalization measures, the overlap coefficient (OC) and Manders’ colocalization 

coefficients (M1, M2) [446, 447].  Overlap coefficients were greater than 0.9 for all pair-wise 

comparisons (Stx1A-Stx1B, Stx1A-physin, Stx1B-physin) indicating a high degree of antigen 

colocalization.  Manders’ colocalization coefficients indicated that approximately 55% of 

synaptophysin signal overlapped with syntaxin-positive pixels (mean M1, similar % for Stx1A 

and Stx1B). Twenty-two percent of syntaxin isoform signal overlapped with synaptophysin 

(mean M2), suggesting that a large proportion of syntaxin-1 is not present in synaptic sites 

delineated by synaptophysin. Syntaxin-1 isoform colocalization involved only ~50% of signal 

from each channel (mean M1 = 52%, mean M2 = 51%), suggesting that isoforms may be 

differentially distributed even within a brain region. 

 

3.4 Discussion 

Our results indicate that the ratio of syntaxin-1A to 1B in striatum is significantly lower in 

schizophrenia, and decreases with age in both the schizophrenia and NPC samples. The balance 

between syntaxin isoforms is not significantly different between striatal regions, but appears 

related to SNARE protein-protein interactions in the VMC. 
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3.4.1 Syntaxin isoform ratio in schizophrenia 

The Stx1A:1B ratio was slightly lower in schizophrenia subjects in the striatum as a whole, as 

compared with the NPC group (Figure 3.4), and may reflect changes in the balance of 

excitatory/inhibitory neurotransmission in the striatum. Recent work suggests that syntaxin 

isoforms are differentially expressed in glutamatergic and GABAergic synapses [201, 204].  

Colocalization and immunoprecipitation studies in rat cortex found syntaxin-1A to be present in 

VGluT1-positive puncta, but virtually absent from VGAT- positive puncta, while syntaxin-1B 

was present in both terminal types [204].  Similarly, proteomic analysis of synaptic vesicles 

found that syntaxin-1A expression is significantly higher in VGluT1-positive vesicles as 

compared with VGAT-positive vesicles, while syntaxin-1B is not differentially enriched between 

the two [201].  The possibility that different syntaxin-1 isoforms are associated with different 

terminal types in the human striatum is supported by our immunohistochemical investigation. 

Only 55% of synaptophysin-positive synaptic terminals in the VMC contained a syntaxin 

isoform, and syntaxin isoforms colocalized only 50% of the time, suggesting partial separation 

into distinct types of striatal terminals.  

 Recent hypotheses of striatal synaptic dysfunction in schizophrenia include integrated 

abnormalities of glutamate and dopamine.  Lower levels of glutamate transporters [52, 403] and 

lower density of cortical afferents projecting to the striatum are described in schizophrenia [312, 

448].  Our results may reflect this reduced cortical input. Since syntaxin-1A is enriched in 

glutamatergic synapses [204], lower numbers of glutamatergic inputs to the striatum would 

produce a lower Stx1A:1B ratio. An additional source of synaptic number/density changes in the 

striatum may include dopaminergic inputs, which are increased in schizophrenia subjects who 

respond to antipsychotic treatment [147].  The distribution of syntaxin-1 isoforms in dopamine 

terminals in humans remains unknown. Interestingly, following an amphetamine sensitization 



!

!

! 114!

protocol, syntaxin-1B mRNA is increased in the rat nucleus accumbens shell, with unchanged 

syntaxin-1A mRNA [243].  This would correspond to a decrease in the relative amount of 

syntaxin-1A:1B mRNA.  Thus, the lower Stx1A:1B ratio observed in the present striatal samples 

could reflect a lower level of syntaxin-1A with no difference in 1B (which would be consistent 

with an increase in glutamatergic terminal numbers), but it is also consistent with a higher 

syntaxin-1B expression with no difference in 1A (perhaps due to changes at non-glutamatergic 

terminals). Parcelation of the Stx1A:1B ratio into its components (Table 3.3) alludes to the 

possibility that that each scenario could occur in different striatal regions.  

 

3.4.2 Syntaxin isoforms and age 

Age and the Stx1A:1B ratio were correlated in all three regions of the striatum, although 

correlations were stronger in more ventral regions (Table 3.2). Age-related changes in glutamate-

induced release of dopamine or GABA have been documented, and occur in a region-specific 

manner, with decreases in the former but increases in the later occurring in ventral but not dorsal 

striatum in rodents [449].  While this phenomena may partially be explained by differences in the 

types of glutamate receptors involved [449], pre-synaptic mechanisms could also play a role. 

Interestingly, the correlation of Stx1A:1B with age was more pronounced in NPC as compared 

with SCZ samples (Table 3.2). If the Stx1A:1B ratio changes along with the glutamate-GABA-

dopamine balance in the aging striatum, this suggests that the balance of neurotransmitters in 

schizophrenia may be more similar to that of older NPC individuals in the VMC. Investigation of 

possible interactions between age and disease on syntaxin-1 isoform expression in a larger 

sample set may be warranted.  
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3.4.3 Syntaxin isoforms and SNARE protein interactions 

One of the ways that syntaxin-1 isoforms may affect brain function is via the SNARE complex. 

If the two isoforms differentially incorporate into a SNARE complex, interact differently with 

SNAREs or other modulating proteins, or confer different properties on the SNARE complex, 

synaptic transmission and brain function could be affected. For this reason we related the balance 

between Stx1A:1B in striatum with previously measured syntaxin-SNAP-25 protein interaction 

levels (Chapter 2) [441].  We observed a moderate negative correlation between the Stx1A:1B 

ratio and the amount of syntaxin-1 interacting with SNAP-25 in the VMC (Table 3.4). While 

little is known about the affinity of different syntaxin isoforms for SNAP-25, syntaxin-1A and 

1B have different affinities for VAMP isoforms [241], suggesting one potential mechanism 

behind this association.  

 Recent evidence indicates that syntaxin-1 phosphorylation may be lower in prefrontal 

cortex of schizophrenia patients [293].  Less phosphorylation was associated with lower SNARE 

protein interactions (in disagreement with an earlier study reporting increased interactions 

between SNARE proteins in a subset of patients [264]).  Whether a similar relationship between 

syntaxin phosphorylation and SNARE protein interactions also holds in the striatum, and 

whether syntaxin-1 isoforms are differentially phosphorylated, is unknown.   

Although our interaction analysis focused on total syntaxin-SNAP-25 interactions, 

syntaxin-1A is known to interact with many other presynaptic molecules including ion channels 

and neurotransmitter transporters, such as the dopamine transporter. In schizophrenia, 

presynaptic dopaminergic terminals are metabolically overactive, and demonstrate greater 

dopamine release [139, 404].  In a Caenorhabditis elegans model system, interference with the 

interaction between the homologous molecules for syntaxin-1A and the dopamine transporter 

resulted in excessive synaptic dopamine release [438], suggesting a possible link between the 
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lower Stx1A:1B ratio we observed here, and striatal dopamine over-activity observed in living 

patients.  

 

3.4.4 Limitations 

The possible effects of drug exposure on the measures of syntaxin-1 isoforms must be 

considered. We previously reported that haloperidol administered to rats increased levels of total 

syntaxin, in contrast to the overall lower level of syntaxin detected by ELISA in the present 

series of samples [441].  While few of the samples used in the present study had detectable levels 

of antipsychotic drugs, it is possible that drug exposure could alter isoform expression. Many of 

the subjects smoked cigarettes, and nicotine may affect synapses in the striatum [354, 450, 451].  

However, we did not detect differences in isoform ratios of smokers and non-smokers.  

 The immunoblotting assay used here was adequate to detect a relative difference in 

isoform expression. Absolute values of total syntaxin in the immunoblot assay correlated with 

the previously reported values using an ELISA, however the immunoblot assay was unable to 

detect statistically significant differences in absolute amounts of syntaxin-1A or 1B. The 

immunoblotting assay was linear over a six-fold range, similar to human presynaptic protein 

immunoblot assays reported by others [259, 452].  Our previously reported finding of lower total 

syntaxin-1 in the same samples assayed by ELISA likely reflects the superior sensitivity and 

linear range of the ELISA assay [452], which was 32-fold for syntaxin [441]. 

 

3.4.5 Conclusions 

In conclusion, these results suggest that the balance of syntaxin-1 isoform expression in the 

striatum is disrupted in schizophrenia in the VMC, and may contribute to synaptic dysfunction 

via the SNARE complex. The balance of syntaxin-1 isoform expression appears to be age-
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dependent in human striatum. Future work to determine syntaxin-1 isoform distribution within 

striatal terminal types, and analyse age-related changes, would improve our understanding of 

how syntaxin-1 affects human brain function and disease. 
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3.6  Chapter 3 tables 

Table 3.1 - Tissue sample characteristics.   

Diagnoses were established using DSM-IV criteria using all available information. Two subjects 

had a diagnosis of schizoaffective disorder. Post mortem interval (PMI) and sample storage time 

was different between groups (P ! 0.001). PMI is unavailable for one individual. Detailed 

sample information has been previously described [441] or Table 2.1. Abbreviations: M - male; F 

- female; MVA - motor vehicle accident; N/A - not available. 

 

Mean ± SD Non-psychiatric comparison 
subjects (NPC)   

Schizophrenia  
(SCZ) 

Gender 10M: 3F 9M: 6F 
Age (years) 51.4 ± 18.8 53.6 ± 12.1 
Postmortem interval (hours) 16.6 ± 7.1 8.8 ± 3.2 
Sample storage time (weeks) 196 ± 77 316 ± 74 
Brain pH 6.16 ± 0.33 6.32 ± 0.22 
Smoker 8 Yes:4 No:1 N/A 9 Yes: 4 No: 2 N/A 
Cause of death MVA 5 Pulmonary 3 

Cardiac 4 Cardiac 6 
Homicide 3 Gastrointestinal 3 
Accidental  1 Accidental 2 

 
 
 
  Undetermined 1 

 

 

 

 

 

 

 

Table 3.2 - Association of age with syntaxin isoform ratio.   

The ratio of syntaxin-1A to syntaxin-1B was negatively correlated with age in the nucleus 

accumbens (NAc), ventromedial caudate (VMC) and the dorsal caudate (DCd). Spearman 

correlations are reported for the whole sample set (NPC and SCZ combined) and also explored in 

each group separately. 

 
Striatal  All, n=28 NPC n=13 SCZ, n=15 

Area Rs P-value Rs P-value Rs P-value 
NAc -0.54 0.003 -0.72 0.005 -0.40 0.14 
VMC -0.70 <0.0001 -0.82 0.0006 -0.62 0.01 
DCd -0.39 0.04 -0.61 0.03 -0.28 0.32 
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Table 3.3 - Relative abundance of syntaxin-1 isoforms in the striatum. 

The band intensities for each isoform were expressed relative to the reference sample (in µg of 

reference sample total protein).  Mean and standard deviation (SD) for each group are given 

below.  Absolute values of syntaxin-1 isoforms are unknown and therefore abundance cannot be 

compared between syntaxin-1A and syntaxin-1B.  *The Stx1A:1B ratio was constructed from 

the µg values and is therefore unitless. §  The Stx1A:1B ratio was significantly different between 

schizophrenia and comparison subjects (P < 0.05, ANCOVA).  No effect of diagnosis was 

observed for individual isoforms. 

 
 NAc VMC DCd 
syntaxin NPC SCZ NPC SCZ NPC SCZ 

1A:1B*
§
 1.17 (0.14) 1.15 (0.13) 1.24 (0.14) 1.13 (0.15) 1.28 (0.16) 1.15 (0.11) 

1A 1.74 (0.30) 1.72 (0.25) 1.88 (0.32) 1.76 (0.36) 2.06 (0.43) 1.95 (0.37) 
1B 1.50 (0.16) 1.51 (0.19) 1.55 (0.27) 1.53 (0.30) 1.62 (0.28) 1.72 (0.30) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.4 - Association of syntaxin isoform ratio with SNARE protein interactions.  

We previously reported greater syntaxin-SNAP-25 interaction in the VMC in schizophrenia 

(Chapter 2). The Stx1A:1B ratio measured here was associated with the syntaxin-SNAP-25 

interaction; a smaller ratio (as observed in schizophrenia) was associated with greater syntaxin-

SNAP-25 interaction. 

 
Striatal  All, n=28 NPC n=13 SCZ, n=15 

Area Rs P-value Rs P-value Rs P-value 

NAc -0.34 0.08 0.01 0.99 -0.73 0.002 
VMC -0.57 0.002 -0.45 0.12 -0.54 0.04 
DCd -0.02 0.93 -0.04 0.690 -0.29 0.30 

!
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3.7 Chapter 3 figures 

Figure 3.1 - Dissection diagram of frozen human striatal regions.   

Nucleus accumbens (NAc), dorsal and ventral caudate (DCd, VMC) were dissected from the 

same block of frozen striatal tissue. Dissected areas are illustrated in black. Abbreviations: IC- 

internal capsule. 

 

 

 

 

 

 

 

 

Figure 3.2 - SP6 detects both syntaxin-1 isoforms.  

Human brain homogenate (5 and 10 µg total protein) was separated by Tris-Urea-SDS-PAGE, 

transferred to nitrocellulose, probed with either SP6 (!-syntaxin-1 antibody) or antibodies 

against syntaxin-1A or syntaxin-1B (Synaptic Systems, Gottingen, Germany) and visualized 

using enhanced chemiluminescence.  
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Figure 3.3 - Quantification of syntaxin-1A and 1B protein levels.  

A: Representative immunoblot illustrating signal intensity obtained from a blot probed with !-

syntaxin antibody SP6 (top) and later re-probed with anti-synaptophysin antibody EP10 

(bottom). B: Standard curves were constructed from a serially diluted reference sample. Each 

curve has a different slope, demonstrating that the use of raw density values to calculate a ratio is 

not a valid means of reducing variance associated with sample loading or blot processing. The 

equation of each line was used to interpolate the amount of total protein (µg of the reference 

sample) required to obtain the measured immunoreactivity, for syntaxin-1A, syntaxin-1B or 

synaptophysin.  The ratio of Stx1A:1B was calculated using the interpolated ‘µg of reference 

sample’ values. Curves were constructed for each blot separately. 
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Figure 3.4 - Altered syntaxin-1 isoform ratio in schizophrenia.  

A: Ratio of the amount of syntaxin-1A to 1B in striatal regions studied. Mean values were lower 

in the SCZ samples.  Horizontal lines denote the mean. B: Ratio of syntaxin-1A:1B in the 

context of age. Since there was no systematic effect of striatal region, mean values were 

calculated for each NPC or SCZ case across regions.  The linear relationship between age and 

syntaxin isoform ratio is illustrated for the NPC group (slope = -0.0052, intercept = 1.496, R2 = 

0.682) and the SCZ group (slope = -0.0049, intercept = 1.402, R2 = 0.338) separately.  

Abbreviations: NPC- non-psychiatric comparison subject, SCZ- schizophrenia; NAc – nucleus 

accumbens; VMC – ventromedial caudate; DCd – dorsal caudate. ‘*’ indicates P < 0.05, two-

way ANCOVA. 
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Figure 3.5 - Incomplete colocalization of syntaxin-1 isoforms in human VMC. 

Top: Tissue was triple-labeled for synaptophysin (red), syntaxin-1A (green) and syntaxin-1B 

(blue) using syntaxin isoform-specific antibodies. For colocalization assessment, a survey image 

at 63x magnification (top left) was initially performed and sub-fields were then imaged at higher 

magnification (one sub-field is indicated, inset, shown at top right). Single-channel images of the 

inset are shown below, A-C. A-C: Colocalization/signal co-occurrence was assessed pair-wise 

for each combination of antigens. Overlay of each pair-wise combination is illustrated below, 

pseudo-coloured for easier viewing. 
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4 Quantitative mass spectrometry reveals changes in SNAP-25 

isoforms in schizophrenia5 
 

4.1 Introduction/results/discussion6 

Individuals at risk of schizophrenia, patients in the acute phase of illness, and cognitively 

impaired patients with schizophrenia all exhibit functional or molecular abnormalities of 

presynaptic terminals [141, 142, 296].  These terminals are enriched with specific proteins such 

as SNAP-25, one of three neuronal soluble NSF-attachment receptors (SNAREs) essential for 

evoked neurotransmitter release [186, 249].  Through highly stable interactions with partner 

SNARE proteins (syntaxin and VAMP), SNAP-25 participates in docking and fusion of synaptic 

vesicles, vital to normal brain function.  In schizophrenia, SNAP-25 protein expression is lower 

in the ventromedial caudate [441], a region where abnormalities of dopamine release have been 

identified by imaging studies [139].  In contrast to the lower protein levels, the interaction of 

SNAP-25 with syntaxin is increased in schizophrenia, providing further support for 

dysfunctional presynaptic terminals. 

 The SNAP-25 gene transcript undergoes mutually exclusive alternative splicing of exons 5a 

and 5b, producing protein isoforms of equal length that differ at only 9 residues [250, 369], 

Figure 4.1A.  A switch between predominant SNAP-25A mRNA expression early in life, to 

predominant SNAP-25B mRNA expression postnatally, is necessary for survival in mice. 

SNARE protein complexes containing SNAP-25B are more stable than those containing SNAP-

25A, altering the properties of neurotransmitter release [196, 252, 374].  Interestingly, the blind 

drunk (Bdr) mouse contains an isoleucine-to-threonine substitution within the alternative exon of 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
5 A version of this chapter will be submitted for publication: 

Barakauskas VE, Moradian A, Barr AM, Beasley CL, Rosokilja G, Mann JJ, Ilievski B, Stankov A, Dwork AJ, 

Falkai P, Morin GB, Honer WG.  (2010). Quantitative mass spectrometry reveals changes in SNAP-25 isoforms in 

schizophrenia. 

!
6 This research chapter has been formatted as a brief communication, therefore conventional sub-sections are not 

used and detailed methodology is found at the end of the chapter. 
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SNAP-25B that further increases SNARE complex stability [229].  The Bdr mouse shares 

phenotypic similarities with schizophrenia [253]. 

 We investigated SNAP-25 protein isoform levels in postmortem brain in schizophrenia 

using multiple-reaction monitoring (MRM), a quantitative mass spectrometry (MS) assay, (4.2 

Supplementary Methods) that monitors peptides specific to each SNAP-25 isoform, as well as a 

peptide common to both (Figure 4.1B-D).  MRM involves the fragmentation of selected peptides 

(parent ions) and detection of specific peptide fragments (transitions), producing ion 

chromatograms with separate peaks for different parent ions, and overlapping peaks 

corresponding to multiple transitions of the same parent ion (Figure 4.1E).  Peak areas are 

proportional to peptide amounts.  

 For initial studies of SNAP-25 isoforms, an external ratio calibration curve relating MRM 

peak area ratios to the percentage of SNAP-25A in the sample was constructed using mixtures of 

recombinant SNAP-25A and B proteins (Figure 4.2A).  This allowed interpolation of the 

%SNAP-25A in analyzed samples.  Detection of isoform-specific peptides was log-linear over a 

50 to 150-fold range (Figure 4.6). SNAP-25A/B ratios were highly reproducible in biological 

samples (CV ! 6%, 4.3 Supplementary Results).  To test the feasibility of detecting biologically 

meaningful changes in SNAP-25A/B protein expression, we investigated the effects of 

depolarization and differentiation of PC12 pheochromocytoma cells on SNAP-25 isoform 

expression.  The MRM assay was able to detect the expected increase in SNAP-25B [254] 

(Figure 4.2B). We also detected differences in the SNAP-25A/B ratio between human brain 

regions (Figure 4.2C). 

 To quantify the absolute amounts of SNAP-25 peptides in human striatum SNAP-25 was 

immunoprecipitated from homogenized samples and prepared for MRM analysis (Figure 4.3).  

An isotopically-labeled peptide (heavy peptide) identical to the common SNAP-25 peptide was 
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added to the trypsin digested samples as an internal quantification standard [366]; the heavy 

peptide co-chromatographs with the common peptide but is resolved by MS due to its 10 Da 

mass difference (Figure 4.7).  The absolute amount of total SNAP-25 in each sample was 

determined using a three point external standard curve, run with each sample batch (Figure 

4.2D).  The absolute amounts of SNAP-25A and B were then calculated using the percentage of 

SNAP-25A interpolated from the ratio calibration curve (Figure 4.2A). 

 Samples of ventromedial caudate were studied, from the same cases of schizophrenia (SCZ, 

n = 15) and non-psychiatric controls (NPC, n = 13) that were previously reported to have low 

levels of total SNAP-25, and greater SNAP-25-syntaxin interactions (Chapter 2 and Table 4.1).  

Total SNAP-25 was 27% lower in SCZ subjects (P = 0.002; two-tailed t-test) as compared with 

NPCs (Figure 4.2E), in agreement with previous findings in this exact sample set using ELISA 

(Chapter 2).  The absolute amount of SNAP-25A was 31% lower in SCZ as compared to the 

NPC group (P = 0.002; two-tailed t-test); SNAP-25B was 20% lower in SCZ but was not 

significantly different (P = 0.10; Welch’s ANOVA for samples with unequal variances).  Lower 

levels of SNAP-25A were neither related to smoking status, nor to the presence of 

benzodiazepines or antipsychotic drugs detected by post-mortem toxicology (see 4.3 

Supplementary Results for additional analyses).  To further explore the possible effects of 

antipsychotic drugs, rats were treated sub-chronically with haloperidol, clozapine, or saline 

control (Section 4.2.1.7).  SNAP-25A and B proteins in the medial striatum did not differ 

between treatment groups (Figure 4.2F, for all measures P > 0.05, ANOVA).  Previously, an 

ELISA-based analysis of the same human ventromedial caudate samples used in this study 

demonstrated increased protein interactions between total SNAP-25 and syntaxin in the 

schizophrenia samples (Chapter 2).  We used the present data to examine the relationship 

between the previously measured SNAP-25/syntaxin protein interactions and the SNAP-25 
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isoform amounts.  An overall negative correlation was observed with SNAP-25A (P = 0.03, 

Pearson correlation coefficient r=-0.41), but not with SNAP-25B (P = 0.27, Pearson correlation 

coefficient r = -0.22).   

 The central finding indicates that lower levels of SNAP-25 in ventromedial caudate in 

schizophrenia are primarily due to less SNAP-25A and that the remaining SNAP-25 is associated 

with greater syntaxin protein interactions.  The absence of a link to recent treatment effects in the 

human samples, or to administration of antipsychotic drugs in rats suggests the findings are 

illness- and not treatment-related.  Both SNAP-25A and B protein isoforms appear to be 

expressed at similar levels; approximately 60% SNAP-25A in NPC and SCZ samples. Previous 

estimates of isoform expression using mRNA may not reflect protein isoform expression in 

human striatum [453].  

 These isoform-specific findings increase the level of specificity at which we can characterize 

alterations in striatal presynaptic proteins in schizophrenia.  Functionally, lower levels of SNAP-

25A and increased overall SNAP-25/syntaxin interaction may increase the stability of the 

SNARE complex in schizophrenia compared with NPC terminals [249, 252].  The present results 

suggest that experiments measuring altered SNAP-25 isoform expression in schizophrenia 

cohorts and studying SNAP-25 isoform expression concurrently with SNARE complex stability 

in cell lines and mouse models [229, 414] will be relevant to understanding the mechanisms 

underlying synaptic dysfunction in schizophrenia. 
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4.2 Supplementary methods 

4.2.1 Reagent and sample preparation 

4.2.1.1 Cloning of SNAP-25A and B 

Human cDNAs encoding the open reading frames for SNAP-25A and B (OpenBiosystems, 

Thermo Fisher; clone ID: LIFESEQ2152214 and LIFESEQ1399540, respectively) were each 

amplified using two different primer sets (set1: sense 5’-

ATCGGGCGCGCCGCCGAAGACGCAGACATGCGC-3’, antisense 5’-

ATCGTTAATTAATTAACCACTTCCCAGCATCTTTGTTGCACGTTG-3’; set2: sense 5’- 

ATCGGGCGCGCCATGGCCGAAGACGCAGACATGCGC-3’, antisense 5’- 

ATCGTTAATTAAACCACTTCCCAGCATCTTTGTTGCACGTTG-3’) and ligated into the 

V954 donor vector of the Creator Splice system [454]. V954 constructs were sequence verified. 

Cre-lox recombination was used to transfer cDNA to vectors for mammalian expression of 

SNAP-25 with either N- or C-terminal 3xFLAG tag (V180 and V181 vectors).  For bacterial 

expression, cDNA was ligated directly into a pGEX4T-2 (V1544) vector to generate an N-

terminal GST fusion protein. 

 

4.2.1.2 Expression and purification of SNAP-25 isoforms in HEK293 

cells 

 
HEK293 cells (human embryonic kidney) were maintained in DMEM with glutamax 

(Invitrogen, Burlington ON), containing 10% v/v fetal bovine serum (Gibco, Invitrogen, 

Carlsbad, CA, USA).  FLAG-SNAP-25A, B or empty vector (control) was transfected using 

Lipofectamine 2000 (Invitrogen) according to manufacturers instructions.  Approximately 48 

hours post-transfection, cells were harvested in phosphate-buffered saline (PBS: Gibco), pelleted 

and stored at -80°C until further use.  FLAG-tagged proteins were isolated by 
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immunoprecipitation using anti-FLAG M2 agarose (Sigma-Aldrich Ltd., St. Louis, MO USA) 

using previously published protocols [455]. 

 

4.2.1.3 Bacterial expression and purification of recombinant SNAP-

25A and B 

 
BL21 E. coli (Invitrogen) were transformed with GST-SNAP-25A or B plasmids according to 

manufacturers instructions.  Overnight cultures were diluted 1/25 in 500 ml Luria Broth and 

protein expression induced with isopropyl !-D-1-thiogalactopyranoside (1 mM final 

concentration) once the culture reached an OD of 0.4-0.6.  Cultures were grown for ~ 4 hours 

post-induction, cells were pelleted by centrifugation and stored at -80°C until further use.  Pellets 

were resuspended in 15 ml PBS containing 1% TritonX-100, 500mM NaCl and protease 

inhibitors (PIs) (Roche, Mississauga, ON Canada).  Bacteria were lysed by five freeze-thaw 

cycles followed by sonication (3 x 30sec, 2min rests, 40% amplitude) and 30 min of 

solubilization, rotating end-over-end at 4°C. Extracts were centrifuged to remove insoluble 

material (15 min, 12,000xg, 4°C) and supernatants clarified by passing through a 0.45 µm filter. 

Lysate was diluted ~1:3 in PBS containing PIs to reduce viscosity.  GST-fusion proteins were 

purified on a GSTrap glutathione sepharose column (1ml bed volume; GE Lifesciences, Baie 

d’Urfe, QC Canada) with automated sample loading, washing and eluting using an 

AKTApurifier FPLC system (GE Lifesciences).  FPLC conditions were: 0.3ml/min flow rate, 10 

column volumes wash with PBS containing PIs following sample loading, step elution of bound 

protein using 5 column volumes of freshly made 20mM reduced glutathione (Sigma-Aldrich) in 

50mM Tris-HCl, pH 8 and collection of 1 ml fractions. Eluted protein was monitored by UV at 

280nm. Fractions containing GST-SNAP-25 (as determined by SDS-PAGE/Coomassie staining) 

were pooled and dialyzed overnight against 10mM ammonium bicarbonate (200x volume) with 
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three changes of dialysis buffer, using a 2,000 MWCO dialysis cassette (Slide-a-lyzer, Pierce, 

Rockford, IL USA). Dialyzed protein samples were aliquoted, lyophilized and stored at -80°C. 

Prior to use, one or more aliquots were resuspended in a small volume of HPLC-grade water and 

protein concentration calculated using the Bradford method (Bio-Rad, Mississauga, ON Canada) 

with bovine serum albumin (BSA) as the reference standard.  Quantification of full-length 

protein was further refined by separating equal volumes of GST-SNAP-25A and GST-SNAP-

25B by SDS-PAGE followed by staining with colloidal Coomassie (20% v/v ethanol, 1.6% v/v 

phosphoric acid, 8% w/v ammonium sulfate, 0.08% w/v Coomassie brilliant blue G-250).  The 

gel was de-stained in water, and imaged at high resolution (300 dpi) using an Odyssey infrared 

imaging system (Li-Core Biosciences, Lincoln, NB USA) with 700nm excitation.  Band intensity 

was quantified using the ‘profile’ mode in ImageGauge v4.22 software (Fuji Lifesciences, Tokyo 

Japan), and full-length SNAP-25A and B intensities as well as lower molecular weight bands 

were quantified to determine the percentage of full-length protein. 

 

4.2.1.4 Synthetic peptides 

Crude synthetic peptide standards were purchased (Peptide 2.0, Chantilly, VA USA).  The 

common peptide (residues 104-119 of SNAP-25) was dissolved in HPLC-grade water.  Cysteine-

containing peptides (residues 84-94 of SNAP-25A and B) were each dissolved in 6 mM 

dithiothreitol (DTT), 12% v/v acetonitrile, 0.2% v/v tri-fluoro acetic acid (TFA) with mild 

heating and sonication.  Cysteine-containing peptides were reduced and alkylated using DTT in 

10-fold excess followed by iodoacetamide in 20-fold excess.  Solubilized peptides were diluted 

1:200 with MS buffer (3% v/v acetonitrile, 1% v/v TFA), desalted on C18 STAGE-tips [456], 

lyophilized and stored.  The heavy peptide internal standard was a high-purity ( > 90%) version 

of the common peptide, residues 104-119 (H104-119), containing an isotopically labeled C-
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terminal arginine residue ([13C6
15N4]Arg) (University of Victoria Proteomics Facility, Victoria, 

BC Canada).  Peptide concentration was determined by amino acid analysis by the vendor.  The 

heavy peptide co-elutes with the common peptide when added to SNAP-25 that was 

immunoprecipitated from human brain (Figure 4.7).   

 

4.2.1.5 Depolarization and differentiation of PC12 cells 

PC12 (pheochromocytoma cells) were maintained in 5%CO2 in DMEM (containing 10% v/v 

horse serum, 5% v/v fetal bovine serum, 1% v/v minimal non-essential amino acids and 1% v/v 

penicillin-streptomycin) (Gibco).  To induce SNAP-25B expression, cells were treated with 35 

mM KCl or 35 mM KCl plus 50 ng/ml nerve-growth factor (NGF; Sigma-Aldrich), using 35 mM 

NaCl as the control condition [254].  Equal numbers of cells were plated on 10 cm plates 

(Cellbind; Corning Inc. Life Sciences, Lowell, MA USA).  Cells were allowed to adhere to the 

plates overnight and treated with NaCl, KCl, or KCl+NGF the next day.  After 3.5 days, media 

was aspirated, cells washed twice with cold PBS and collected using a cell scraper.  After 

centrifugation, PBS was removed and the cell pellets stored at -80ºC.  For immunoprecipitation, 

pellets were resuspended in 0.1% v/v TritonX-100 in tris-buffered saline (TBS: 10 mM Tris-

HCl, 140 mM NaCl, pH 7.4) with PIs, 0.5 ml per plate of cells, passed through a 20-gauge 

needle three times, solubilized for 1.5 hrs, and centrifuged (20 min, 15 000 x g, 4ºC).  Protein 

concentration was determined using the Bradford method as above.  Approximately 3-4 plates of 

lysate were diluted to produce equal protein concentrations, and SNAP-25 was 

immunoprecipitated as outlined below.  SNAP-25 was not completely depleted from lysates 

under these experiment conditions. 
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4.2.1.6 Human brain samples 

Post-mortem tissue samples from 15 subjects with schizophrenia (SCZ) and 13 non-psychiatric 

comparison subjects (NPC) were obtained from the Macedonian/New York State Psychiatric 

Institute Brain Collection.  Tissue collection, screening and post-mortem diagnosis is detailed 

elsewhere (Table 2.1), and summarized in Table 4.1. Informed consent was obtained from family 

members and tissue collection was approved by the Columbia/New York State Psychiatric 

Institute IRB. 

 Toxicological analyses for drugs of abuse and psychotropic agents were performed on 

each case. All SCZ subjects had exposure to multiple antipsychotic agents, according to chart 

review. Caffeine and benzodiazepines (available without prescription in Macedonia) were 

detected during post-mortem toxicological analyses in both NPC and SCZ subjects. Only two 

SCZ subjects had detectable levels of antipsychotic medications (clozapine).  More than half of 

subjects were smokers at time of death (8/13 NPC and 9/15 SCZ).  

 Frozen coronal tissue slabs that included pre-commissural striatum were sampled, and the 

ventromedial caudate (VMC) dissected using a standard human brain atlas [408, 441].  Tissue 

samples were homogenized in TBS, aliquoted and frozen at -70°C until further use.  Total 

protein concentration of one aliquot was measured with a modified Lowry assay (Bio-Rad) using 

BSA as a reference standard.  

 Frozen tissue of two different subjects (one outside of the sample set) sampled from 

several different brain regions was used during the method validation stages. 

 

4.2.1.7 Antipsychotic treated animals 

Adult male Sprague-Dawley rats (Charles River, Montreal, QC Canada) were pair housed, with 

access to food and water ad libitum.  Animals were habituated to their environment for one 
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week.  At the start of the experiment, rats weighed 270 to 320 g and were divided into three 

groups (n = 10 per group used in this study) balanced for starting weight.  All procedures were 

approved by the University of British Columbia Animal Care Committee and were conducted in 

accordance with the Canadian Council on Animal Care guidelines. 

 Rats were administered high doses of haloperidol (1 mg/kg) or clozapine (20 mg/kg), or 

pH-adjusted saline daily (1 ml/kg) for 28 days intraperitoneally.  Drug administration and 

preparation are detailed elsewhere (Chapter 2 or [441]). Clozapine was injected subcutaneously 

with larger volumes of dilute clozapine (0.4-0.5 mg/ml, still 20 mg/kg administration) for the 

final 16 days, due to irritation at the intraperitoneal injection site.  One day after the final 

injection, animals were sacrificed by decapitation.  Whole brain was rapidly removed from the 

skull, cooled briefly in artificial cerebrospinal fluid (148 mM NaCl, 3 mM KCl, 1.4 mM CaCl2, 

0.8 mM MgCl2, 10 mM D-Glucose, 0.8 mM Na2HPO4, 0.2 mM NaH2PO4) and dissected. 

Coronal cuts at the level of the optic chiasm and 3 mm anterior gave a section at approximately 

Bregma 0.48 µm [410].  The tissue inferior to the anterior commissure was removed and the 

remaining caudate/putamen was divided in half, to give a medial and lateral portion.  This 

dissection protocol was described previously (Chapter 2 and [411, 441]).  Regions were 

dissected bilaterally, frozen rapidly on dry ice and stored at -70°C. 

 

4.2.1.8 Immunoprecipitation of endogenous SNAP-25 

For measurement of SNAP-25 isoforms in brain tissue and cell lysates, SNAP-25 was 

immunoprecipitated from solubilized homogenates, using a monoclonal antibody that detects 

both isoforms (SP12) [389, 441].  Samples were coded to mask investigators to diagnosis and 

sample characteristics. Purified SP12 was coupled to magnetic beads (Goat-anti-mouse IgG 

Dynabeads; Invitrogen) according to manufacturers instructions.  For each sample, 4.5 x107 
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SP12-coated beads (corresponding to 4.5 µg of SP12 antibody) were used for 

immunoprecipitation.  For human brain samples, 150 µg of crude homogenate protein was 

solubilized in 750 µl 0.1% (v/v) TritonX-100/TBS for 90 minutes rotating end-over-end at 4ºC. 

Insoluble material was removed by centrifugation (20 min, 15 000 x g, 4ºC).  The supernatant 

was pre-cleared with 0.5 x107 empty beads (beads that were not coupled with SP12) for 30min at 

4ºC.  Pre-cleared samples were then incubated with SP12-coupled beads (4.5 µg of antibody per 

sample) for 10 hours, rotating end-over-end at 4ºC.  Immunoprecipitates were washed once with 

0.1% v/v TritonX-100/TBS/PIs, twice with 0.1%TritonX-100/TBS and twice with TBS.  The 

remaining beads were resuspended in 15 µl Laemelli sample buffer without reducing agent (62.5 

mM Tris-HCl, pH 6.8; 25% v/v glycerol, 2% v/v SDS, 0.01% v/v bromophenol blue) and stored 

at -20ºC in preparation for SDS-PAGE and sample processing for MS.  The sample preparation 

workflow is diagrammed in Figure 4.3.  The amount of antibody used for immunoprecipitation 

was optimized to extract total SNAP-25 from human brain, as determined by immunoblot 

comparison of equal volumes of pre and post-IP supernatant with increasing amounts of antibody 

used for IP (data not shown).  Monitoring of one sample illustrates the removal of SNAP-25 

during immunoprecipitation of VMC samples, Figure 4.4. 

 

4.2.1.9 Preparation of samples for MS/MS or MRM-MS analysis 

Recombinant or immunopreciptated SNAP-25 was prepared for MS/MS or MRM analysis in the 

following manner.  Protein samples in Laemelli sample buffer (without reducing agent) were 

heated for 10 min at ~95ºC.  In the presence of heat, and absence of reducing agent, the SDS-

stable SNARE complex is dissociated [206], but the antibody used for immunoprecipitation 

remains relatively intact (Figure 4.4), reducing the amount of IgG light-chain present in the 25 

kDa region of the gel. 
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 Samples were separated on NuPage 4-12% Bis-Tris SDS-PAGE gels (Invitrogen).  Gels 

were stained with colloidal Coomassie overnight, destained in water and imaged for gel-cutting 

purposes.  The bands corresponding to SNAP-25 (~25kD) were excised (see Appendix 5) and 

cut into ~1mm3 pieces.  Gel pieces were placed in a well of a 96-well plate, one well per sample. 

Samples were prepared for MS by automated in-gel dehydration, alkylation, trypsin digestion 

(Sigma-Aldrich), and extraction (Progest; Genomic Solutions, Ann Arbor, MI, USA).  Extracted 

peptides were transferred to a BSA-coated plate, lyophilized and stored at -20ºC until further use.  

Prior to MS analysis, samples were resuspended in 8.5 µl of 1x MS buffer (1% v/v formic acid, 

2% v/v acetonitrile) or in 8.5 µl of 1x MS buffer containing the isotopically labeled H104-119 

peptide as an internal standard (80 fmol H1014-119 peptide per 4 µl). For MRM analysis in the 

isoform assay, 4 µl was analyzed for human samples, 8 µl was analyzed for rat samples. 

 

 4.2.2 Isoform assay development and characterization 

MS method development and optimization, liquid chromatography tandem MS (LC-MS/MS), 

and final MRM collection were performed on a 4000 QTrap (Applied Biosystems/Sciex, Foster 

City, CA USA) with a nano-electrospray ionization source.  The instrument was coupled to a 

high-performance liquid chromatography system (Agilent 1000 Nano-HPLC; Agilent, 

SantaClara, CA USA).  Samples were desalted online using a reverse-phase trap column 

(Agilent, Zorbax, 300SB-C18, 5µm, 5x0.3mm) for 5 min in solvent A (5% acetonitrile, 0.1% 

formic acid) then directed onto a reverse phase analytical column (75 µm x 15 cm, packed in-

house with 3 µm-diameter Reprosil-Pur C18; Dr. Maisch, Ammerbuch-Entringen, Germany) and 

coupled to an uncoated fused silica emitter tip (20 µm inner diameter, 10 µm tip; New Objective, 

Woburn, MA USA).  Chromatographic separation was achieved using a 300 nl/min flow rate and 

a linear gradient of 0 to 23% solvent B (90% acetonitrile, 0.1% formic acid) over 23 min 
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followed by a 9 min gradient from 23 to 39% solvent B and a 4 min gradient from 39% to 80% 

solvent B.  A 30 min gradient with blank solvent injection was run in between samples. 

 For MRM experiments, 4000 QTrap acquisition parameters were as follows: 1800-2200 

V nano-spray voltage, curtain gas setting of 10 (~1 L/min) and nebulizer gas setting of 2 (~0.5 

L/min), interface heater at 200° C, 3.4 x 10-5 torr base pressure, and Q1 and Q3 set to unit 

resolution (0.6-0.8 Da full width at peak half-height).  For spray stability and improved tip 

lifespan a postcolumn, prespray makeup solvent (90% MeOH) at a flow rate of 50-150nl/min 

was introduced using a Harvard PicoPlus syringe pump. 

 

4.2.3 Tandem mass-spectrometry, database searching and peptide 

selection 
 

FLAG-SNAP-25, GST-SNAP-25 and endogenous SNAP-25 from human brain were analyzed 

by LC-MS/MS to determine which isoform-specific peptides were detectable by MS and to 

obtain their fragmentation patterns (Figures 4.1B-D).  Data were collected using a 400-1600 m/z 

Enhanced MS scan followed by an Enhanced Resolution scan to select the top five +2 and +3 

ions for collision-induced dissociation and a final Enhanced Product Ion MS scan.  Raw mass 

spectral data was analyzed using Mascot (ver.2.2.2; Matrix Science, Boston, MA, USA) and 

searching against European Bioinformatics Institute human International Protein Index database, 

which contains both isoforms of SNAP-25.  Searches were performed with 

carbamidomethylation of cysteine as a fixed modification, allowing for one missed cleavage and 

a peptide mass tolerance of 0.5 Da.  Variable modification search parameters were: oxidation of 

methionine, deamidation (asparagine, glutamine) and phosphorylation (serine, threonine, 

tyrosine). SNAP-25 sequence coverage ranged from 55-83%.  MS/MS spectra and database 

searches were used to choose MRM peptides.  Peptides were selected based on their presence in 
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the MS/MS spectra, absence of methionine residues (which are easily oxidized resulting a large 

mass difference which would affect detection and quantitation by MRM), lower likelihood of 

missed-cleavages and other modifications (as identified by Mascot).  While the chosen peptides 

contained proline residues, fragmentation at this site did not overly predominate the MS/MS 

spectra (Figure 4.1 B-D) and may have also been controlled through subsequent optimization 

steps (Section 4.2.4). 

 

4.2.4 MRM optimization 

Synthetic A, B and common peptides (Figure 4.1) were resuspended in 30% acetonitrile/1% 

formic acid and directly infused into the 4000 QTrap using a Harvard PicoPlus syringe pump and 

Hamilton syringe at a flow-rate of 300 nL/min.  Q1 scans were centered on a 5 or 10 Da wide 

mass window and optimal declustering potential (DP) was determined over a 0-200 V range. 

Optimal collision energy (CE) between 0-90V for each transition was determined with Q1 and 

Q3 set at unit resolution [457].  Collision cell exit potential was held at 15 V for all transitions.  

The top 2 or 3 transitions for doubly-charged parent ions with low cross-reactivity with the other 

isoform or control IP conditions were selected for final monitoring.  The final MRM acquisition 

conditions are given in Figure 4.5.  Despite optimization, the intensity of isoform specific 

transitions remained unequal when a mixture of equal amounts of SNAP-25A and B was 

analyzed (Figure 4.1E, inset). 

 

4.2.5 MRM data analysis 

MRM data were processed using MultiQuant v.1.0 (Applied Biosystems, Foster City CA). 

Default values for noise percentage and minimum peak height were used (40% and 50 CPS, 

respectively).  A peak-splitting factor of 5, base-line subtraction window of 3 min and 3-point 
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smoothing were used.  Manual inspection ensured that correct peaks were integrated for all 

samples.  Integrated values were transferred to Excel, peak areas for multiple transitions summed 

[367, 457], and a ratio constructed of summed peak areas for SNAP-25A versus summed peak 

areas for SNAP-25B transitions (referred to as A/B ratio). 

 

4.2.6 Linearity and limit of detection 

The linear range and limit of detection of isoform-specific peptides was estimated using 

recombinant SNAP-25A and B.  Protein was serially diluted, processed in-gel and analyzed 

using the isoform assay.  For the common peptide, the purified synthetic peptide was serially 

diluted in 1x MS buffer and analyzed (Figure 4.6). 

 

4.2.7 Reproducibility of isoform ratios 

Reproducibility of A/B ratios over time was assessed by injecting the sample multiple times over 

a span of ~12 hours.  One human brain sample IP was scaled up 5-times, and the equivalent of 

half an IP was analyzed during each MRM run.  

 

4.2.8 Ratio calibration curve 

To relate A/B ratios to the percentage of each isoform in the sample, an external calibration 

curve was constructed using recombinant protein.  GST-SNAP-25A and B were mixed in known 

ratios, and different total protein amounts loaded on to gels (1, 2 and 4 µg, determined by 

Bradford assay).  Samples were processed and analyzed as described above, injecting half of 

each sample.  The relationship between A/B summed peak areas and %SNAP-25A was plotted 

and the log-linear portion of the graph was curve fit (log(y) = 0.0008x + 0.0635; r2 = 0.9752, 1/y 
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weighting), Figure 4.2A.  The %SNAP-25A in endogenous samples was then interpolated using 

this curve.  Curve fitting and interpolation were performed using Prism 5.0 for Macintosh 

(GraphPad Software Inc., La Jolla, CA USA). 

 

4.2.9 Recovery of protein from gels   

and absolute quantification of total SNAP-25 

To estimate the amount of SNAP-25 recovered from gel pieces, extracted, lyophilized peptides 

were resuspended in MS sample buffer containing a constant amount (80 fmol per 4 µl injection) 

of the heavy peptide (isotopically labeled common peptide, H104-119).  The ratio of endogenous 

(unlabelled) common peptide originating from the sample, to the amount of signal from the 

added heavy peptide was calculated.  An external three-point serially diluted standard curve (20, 

80 and 320 fmol) of the heavy peptide was constructed, and this was expressed as a ratio relative 

to the 80fmol point on the curve (i.e. peak area of the 20, 80 or 320 fmol sample/peak area of the 

80 fmol sample), Figure 4.2D.  For rat samples, twice as much heavy peptide was present, since 

twice as much sample (IP and standard curve samples) was injected.  Log-log regression (with 

1/x weighting) [367, 457], of the calibration curve was performed and the femtomole recovery of 

SNAP-25 (based on the ratio of endogenous common peptide to H104-119 peptide) was 

interpolated using Prism software.  A new heavy peptide standard curve was run with each batch 

of samples.  The transition peak area ratio for the common peptide/heavy peptide for each 

ventromedial caudate sample was compared to the external curve for each batch to calculate the 

absolute amount of total SNAP-25 in each sample.  We confirmed that ion suppression of the 

heavy peptide was negligible (Figure 4.8). 
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4.2.10 Absolute quantification of A and B isoforms 

In order to accurately quantify total SNAP-25 in human brain samples, immunoprecipitation 

methods were optimized to completely deplete SNAP-25 from the samples, as determined by 

immunoblot analysis (Figure 4.4 and data not shown).  The heavy peptide internal standard was 

added to each sample prior to MRM analysis.  The relative amount of each SNAP-25 isoform 

was calculated using the A/B ratio for each sample to estimate the %SNAP-25A using the ratio 

calibration curve (Figure 4.2A), then the absolute amount of SNAP-25A was determined as 

(%SNAP-25A/100) x fmol of total SNAP-25 (calculated using the heavy peptide external 

standard curve, Figure 4.2D).  Fmol of SNAP-25B was calculated as fmol total SNAP-25 minus 

fmol SNAP-25A for each sample. 

 

4.2.11 Statistical analysis 

Assay variability was assessed by calculating the coefficient of variation (CV: standard 

deviation/mean) of replicate measurements.  SNAP-25 isoform expression in human and rat 

striatum was assessed using ANOVA.  Distribution and equality of variance were assessed using 

Shapiro-Wilk’s and Brown-Forsythe tests, respectively.  Data was loge-transformed where 

necessary to improve distributions and variances.  

 For human samples, disease-associated differences in the absolute quantities of SNAP-

25A and SNAP-25B were assessed using two-tailed t-tests (or Welch’s ANOVA if variances 

remained unequal even after loge-transformation).  Possible association of sample demographics 

with SNAP-25 isoform expression was explored using Spearman correlations and ANCOVA.  

 For rat samples, treatment-associated differences in total SNAP-25, SNAP-25A and B 

were investigated using ANOVA.  Analyses were run with and without one extreme value that 

was not remedied by loge-transformation, to confirm it did not influence statistical conclusions.   
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Untransformed data was used for figures, unless indicated on axis labels. 

 

4. 3  Supplementary results 

4.3.1 Assay reproducibility 

!We assessed the reproducibility of the isoform ratio over time, by repeatedly analyzing the same 

sample.  The CV of the A/B ratios calculated from 8 replicate runs of a single brain sample was 

4.5%.  The %SNAP-25A was interpolated using the ratio calibration curve (Figure 4.2A); the 

CV of %SNAP-25A was 2.4%.  

 The CV of technical replicates was assessed by independently assaying the same human brain 

sample three times, in parallel, starting from IP through to MRM analysis.  The CV of these 

replicates was 6.0% (A/B ratio) and 3.0% (%SNAP-25A, interpolated). 

 

4.3.2 SNAP-25 isoforms in human VMC 

4.3.2.1 Associations with sample characteristics 

Possible associations between age, post-mortem interval, storage time and pH and each isoform 

were investigated using Spearman correlations.  Storage duration was negatively correlated with 

total SNAP-25 (P = 0.02, Spearman correlation r
s 
= -0.43) and SNAP-25B (P = 0.02, Spearman 

correlation r
s 
= -0.426) only.  Therefore analyses of SNAP-25 and SNAP-25B differences were 

re-run, covarying for storage time.  The significant difference between diagnostic groups in total 

SNAP-25 and lack of statistically significant difference in SNAP-25B were unchanged when 

storage sample time was added to the analysis as a covariate using ANCOVA.   

 Because the ventromedial caudate samples were run over the span of several days, and 

potentially affected by variation in machine sensitivity and/or stability of the internal standard, 
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the possible association of such factors (represented by the peak area of the heavy peptide 

internal standard) with SNAP-25 isoform measures was assessed using correlation.  No 

significant correlation was detected (P > 0.05, Spearman correlation).  Covarying for internal 

standard signal (to remove variation associated with signal stability over time) in the primary 

analyses did not alter statistical conclusions. 

 While the IP conditions were optimized to pull out total SNAP-25 from human brain samples, 

this was not optimized for each brain sample individually.  While unlikely, it is possible that 

SNAP-25 extraction, IP efficiency or recovery from the beads varied from sample to sample.  

Since investigators were blinded to diagnosis throughout, experimental error is random.  If 

disease-associated differences in IP efficiency occur, they are likely to lessen the differences 

detected between groups due to a ceiling effect if higher SNAP-25 amounts in NPC samples are 

not completely depleted from the sample. 

 

4.3.2.2 Exploratory analyses of SNAP-25 isoform associations 

Medications and other drugs that affect brain function could have an effect on SNAP-25 isoform 

expression. We explored the possible effects of antipsychotic exposure, benzodiazepines and 

smoking to see if these factors could account for the group differences we observed.  

 All patients had exposure to first generation or “typical” antipsychotic drugs during their 

lifetimes, while a subset were also exposed to the “atypical” antipsychotic drug clozapine that is 

used for refractory patients.  There was no difference in the level of total SNAP-25, SNAP-25A 

or B between SCZ subjects who had exposure to clozapine (n = 4) as compared to those who did 

not (n = 9; uncertain exposure status n = 2) (P > 0.05, t-tests).  The effect of diagnosis remained 

statistically significant for total SNAP-25 and for SNAP-25A when primary analyses were re-run 
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excluding the two subjects with detectable clozapine in toxicological assays.  No other samples 

had any detectable antipsychotic drugs present. 

 There was no difference in any of the SNAP-25 measures between subjects taking 

benzodiazepines at time of death as compared to those who were not (7 versus 21 respectively, 

as determined by post mortem toxicology, P > 0.05, t-tests).  If analyses are re-run excluding the 

7 subjects who tested positive for benzodiazepines, statistical differences between SCZ and NPC 

remain for total SNAP-25 and SNAP-25A (P < 0.002, t-test), and the lower SNAP-25B levels in 

SCZ become marginally statistically significant (t = -2.45, df = 19, P = 0.024, two-tailed). 

 There was also no difference in any of the SNAP-25 measures between smokers and non-

smokers (16 versus 9 subjects, P > 0.05, t-tests). 

 Synaptophysin is a ubiquitous synaptic vesicle protein with similar levels in the 

schizophrenia and NPC samples in the VMC (Appendix 3).  Controlling for the level of 

synaptophysin present in each sample (measured and reported in Chapter 2), results for the 

SNAP-25 total and isoform analyses remained statistically significant (total SNAP-25: diagnosis 

F = 9.86, df = 1,25, P = 0.004, synaptophysin F = 1.21, df = 1,25, P = 0.28, ANCOVA; SNAP-

25A: diagnosis F = 10.17, df = 1,25, P = 0.004, synaptophysin F = 1.32, df = 1,25, P = 0.26, 

ANCOVA; SNAP-25B: diagnosis F = 2.72, df = 1,25, P = 0.11, synaptophysin F = 0.36, df = 

1,15, P = 0.56, ANCOVA). 



!

!

! 144!

4.4 Chapter 4 tables 

Table 4.1 - Tissue sample characteristics.   

Supplementary Table 1: Diagnoses were established using DSM-IV criteria using all available 

information. Two subjects had a diagnosis of schizoaffective disorder. Post mortem interval 

(PMI) and sample storage time were different between groups (P ! 0.001, t-test). PMI was 

unavailable for one individual. Detailed sample information was previously described [441]. 

Abbreviations: M – male; F – female; MVA – motor vehicle accident; NPC – non-psychiatric 

comparison subjects; SCZ – schizophrenia 

 

 

 

 

Mean (SD) NPC  SCZ 

Age (years) 51.4 (18.8) 53.6 (12.1) 

Postmortem interval (hours) 16.6 (7.1) 8.8 (3.2) 

Sample storage time (weeks) 196 (77) 316 (74) 

Brain pH 6.16 (0.33) 6.32 (0.22) 

Gender (M:F) 10 : 3 9 : 6 

Smoker (yes:no:N/A) 8 : 4 : 1 9 : 4 : 2 

Cause of death MVA 5 Pulmonary 3 

Cardiac 4 Cardiac 6 

Homicide 3 Gastrointestinal 3 

Accidental  1 Accidental 2 

 
 
 
 

 Undetermined 1 
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4.5 Chapter 4 figures 

Figure 4.1 -  SNAP-25 peptides used for MRM-MS based isoform assay.  

A: SNAP-25 protein sequence schematic. Approximate locations of isoform-specific amino 

acid residues are indicated by vertical lines in the region encoded by the alternative exons 

(residues 54-96). Peptides chosen for MRM-monitoring in the isoform assay are indicated in 

color (red = A-specific; blue = B-specific; green = peptide common to both isoforms) and 

correspond to the MS/MS spectra in panels B-D.  B-D: Peptides and MS/MS spectra used for 

the isoform assay. MS/MS spectra obtained from ectopically expressed SNAP-25 for the 

peptides monitored in the MRM isoform assay are shown. Peptide fragments (transitions) 

observed by MS/MS are labeled on the spectra and peptide fragmentation diagram. Transitions 

monitored in the isoform assay are circled. CPS = counts per second, m/z = mass/charge. B: 

SNAP-25A peptide; C: SNAP-25B peptide; D: Common SNAP-25 peptide. E: Extracted ion 

chromatograms of MRM signals for one human brain sample. Traces correspond to SNAP-

25A (red), SNAP-25B (blue) and total SNAP-25 (green) ions detected in a VMC sample. For 

MRM quantification, peak areas for each co-eluting transition were summed for each peptide (A, 

B, and Common). E (inset): Extracted ion chromatogram for a balanced mixture (50/50) of 

recombinant SNAP-25A and B. The traces correspond to the most intense transition peak for 

each peptide. The A and B peptides show different inherent ionization efficiency, as illustrated 

by the difference in heights and areas of the A and B-specific peaks, thus necessitating the use of 

an external calibration curve to determine the corresponding percentage of A and B in the 

sample. 
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Figure 4.2 - The MRM-isoform assay is able to detect changes in isoform expression.  

A: SNAP-25 isoform ratio calibration curve. Recombinant SNAP-25A and B were mixed in 

known amounts (%SNAP-25A, x-axis) and analyzed by MRM. The summed peak areas of the A 

and B transitions were expressed as a ratio (A/B, y-axis). The general relationship between A/B 

and %SNAP-25A is exponential, but is approximated by a semi-log linear fit in the 5-90% 

SNAP-25A range (filled circles only, line of best fit has been weighted by 1/y). Error bars 

represent standard deviation of two or three replicates at different total protein amounts (0.5, 1, 2 

µg, determined by Bradford assay). The A/B values for the human ventromedial caudate samples 

analyzed fell within the linear range (shaded grey). B: Depolarization (KCl) or depolarization 

plus differentiation (KCl+NGF, nerve growth factor) of PC12 cells results in an increase in 

SNAP-25B expression, measured as the decrease in A/B ratio for the isoform-specific transitions 

(left axis, line graph) and a change in %SNAP-25B expression (right axis, grey bars) relative to 

control treatment (NaCl). Error bars on grey columns represent SEM of three biological 

replicates. C: Relative expression of SNAP-25 protein isoforms in human brain may differ 

between regions. SNAP-25 isoforms were assayed in two individuals (circles - subject #1, 

squares - subject #2) in different brain regions (Hipp – anterior hippocampus, MFCtx – medial 

frontal cortex, AnCgCtx – anterior cingulate cortex, anterior thalamus – ThalA, NAc – nucleus 

accumbens). Plotted are the A/B ratios for the isoform-specific transitions corresponding to 

SNAP-25A and B peptides. D: Standard curves used for absolute quantification of SNAP-25 

isoforms in the ventromedial caudate. Three separate amounts of the isotopically labeled heavy 

peptide (20, 80, 320 fmol) were run with each batch of ventromedial caudate samples (4-12 

samples per batch) to create an external standard curve, within the known linear range of peptide 

detection (Figure 4.6).  All ventromedial caudate samples quantified fell within this range. The 

transition peak area ratios for each heavy peptide sample were normalized to the peak area for 

the 80 fmol sample and curve fit (log-log fit, 1/x weighting). The common peptide/heavy peptide 

transition peak area ratio for each ventromedial caudate sample was compared to the curve to 

interpolate the total amount of SNAP-25 in each sample. E: Absolute quantities of SNAP-25 

isoforms in samples of human ventromedial caudate. The fmol amount of each isoform was 

calculated using the A/B ratio for each sample to estimate the %SNAP-25A using the external 

ratio calibration curve (Panel A), then the absolute amount of SNAP-25A was determined as 

(%SNAP-25A/100) x fmol of total SNAP-25 (calculated using the heavy peptide external 

standard curve, Panel D). Fmol of SNAP-25B was the difference between fmol total SNAP-25 

and fmol SNAP-25A for each sample. *- Total SNAP-25 and SNAP-25A were 27% and 31% 

lower in SCZ, respectively (P = 0.002; two-tailed t-test). Horizontal lines represent group 

median, crosses represent means, boxes represent the 25th and 75th percentiles and whiskers 

represent 10th and 90th percentiles. Abbreviations: NPC – non-psychiatric comparison subject; 

SCZ – schizophrenia. F: Absolute quantities of SNAP-25 isoforms in rats with subchronic 

exposure to antipsychotic medications. SNAP-25 isoforms were measured in medial striatum of 

rats treated with medications or saline control for 28 days (n = 10 per group). Drug treatment did 

not have a significant effect on SNAP-25A or B levels. 
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Figure 4.2 
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Figure 4.3 - SNAP-25 isoform assay sample preparation and analysis workflow.  
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Figure 4.4 - Efficiency of SNAP-25 immunoprecipitation (IP).  

For NPC and SCZ samples, equal total protein amounts of crude brain homogenate were 

solubilized and spun down.  IP efficiency of the SCZ sample was monitored by immunoblot.  

1/20th of the input was kept to compare with 1/20th of the post-IP supernatant (SN) to confirm 

that SNAP-25 was specifically removed from the sample. A control IP (beads that are not 

coupled with !-SNAP-25 antibody, “empty beads”) did not immunoprecipitate SNAP-25 from a 

different brain sample. Efficiency of bead washes was also monitored; wash volume was equal to 

the volume of IP input, so input, SN and wash lanes can be compared directly. Empty beads 

correspond to magnetic beads not coupled to !-SNAP-25 antibody, the same bead conditions 

used in the control IP. Antibody-coupled beads correspond to SP12 (!-SNAP-25 antibody) 

coupled beads, used for IP.  High molecular weight bands correspond to antibody eluting off the 

beads (IgG). Minimal heavy-chain and no antibody light-chain was detectable in eluted samples 

(comparing the SCZ or NPC IP lanes with antibody-coupled beads illustrates bands originating 

from antibody). Abbreviations: SCZ – schizophrenia; NPC- non-psychiatric comparison subject; 

SN – supernatant; IP- immunoprecipitation.  
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Figure 4.5 - Optimization of declustering potential (DP) and collision energy (CE).  

A: For each peptide monitored, optimal DP was determined for each parent ion by ramping 

voltage from 0-200V in 2V increments. Optimal DP was selected as the voltage that gave highest 

signal intensity (counts per second, CPS). B: Using the optimal DP, CE was ramped from 0-90V 

for each potential transition to be monitored, and optimal CE was chosen as the voltage that gave 

highest signal intensity (counts per second, CPS). Example curves are given for the SNAP-25 

common peptide. Similar procedures were performed for SNAP-25A and B peptides. C: The 

table shows the final MRM parameters used. 

 

 

 

C.  Final MRM Parameters 

 SNAP-25 Peptide Residue Charge 
state 

Parent Ion 
m/z 

Fragment 
m/z 

DP 
(V) 

CE 
(V) 

A CCGLFICPCNK 84-94 2+ 714.8 1108.7 (y9) 
938.8 (y7) 
791.6 (y6) 

 
100 

33 
33 
33 

B FCGLCVCPCNK 84-94 2+ 707.8 308.3 (b2) 
1107.8 (y9) 
937.7 (y7) 

 
100 

37 
33 
33 

Common AWGNNQDGVVASQPAR 104-119 2+ 835.4 999.8 (y10) 

1413 (y14) 

120 45 

44 
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Figure 4.6 - Linearity and detection limit of SNAP-25 peptides.  

A: Detection range of the SNAP-25 common peptide. The heavy peptide (H104-119) was 

serially diluted in 1x MS buffer. Summed transition peak areas were normalized against one 

point in the curve (~80 fmol dilution step) and plotted against the absolute quantity of the 

peptide. Points omitted from the curve fit are unfilled. Relative peak areas were log-linear over 

2049-fold range (2.4 – 5000 fmol, filled circles). The dilution range encompassed by the external 

standard curves used to quantify human brain samples (Figure 4.2D) is shaded in grey. B & C: 

Detection range of SNAP-25A and B was assessed using recombinant SNAP-25 and in-gel 

trypsin digestion. Isoforms were serially diluted and run on an SDS-PAGE gel, stained with 

Coomassie (bands are illustrated) and digested. Sums of the raw peak areas for isoform-specific 

transitions are plotted (left axis, black points) against the amount of recombinant SNAP-25 

loaded onto the SDS-PAGE gel (x-axis). Extracted peptides were run in the presence of the 

heavy peptide (H104-119) internal standard to allow quantification of the amount of SNAP-25 

(common peptide) extracted from the gel (right axis, grey shading). Isoform specific-peptide 

signals were log-linear over a 50 to 150-fold range, and were detectable by MRM even at protein 

amounts below the detection limit of Coomassie staining. Note that the amount of the A or B 

specific peptide measured is directly proportional to the total SNAP-25A or B measured using 

the common peptide, suggesting that peptide recovery is not biased.  Note: X and Y parameters 

in equations refer to log values and log values are used in plots. 
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Figure 4.7 - Co-elution of heavy internal standard and endogenous common SNAP-25  

peptide in a human brain sample. Prior to MRM analysis the heavy peptide (H104-119) was 

added to the tryptic peptides of immunoprecipitated SNAP-25. The MRM traces for the common 

and heavy peptide transitions from a brain sample are shown (heavy = yellow traces, common = 

green traces). The heavy and common peptides co-chromatograph but are distinguishable by MS 

due to the 10 Da greater mass of the heavy peptide relative to the common peptide.  ‘C’ denotes 

common peptide, ‘H’ denotes heavy peptide. 
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Figure 4.8 - Ion suppression of the isotopically labeled peptide is minimal  

in the presence of SNAP-25 protein. The peptide was run alone, or added into a digested 

sample of SNAP-25 (~ 1µg starting material) to determine if the heavy peptide signal is 

suppressed in the presence of native SNAP-25.  
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5 Discussion 

5.1 Major findings 

SNARE protein measurements in human striatum revealed significantly lower levels of SNAP-

25 and syntaxin-1 protein in the ventromedial caudate in schizophrenia patients.  In contrast, 

antipsychotic administration in rats produced changes in the opposite direction.  Significant 

differences in the ratio of syntaxin-1A to syntaxin-1B were detected by quantitative 

immunoblotting, and results indicated that syntaxin-1 isoform expression in schizophrenia might 

be an exaggeration of normal age-related changes.  A novel quantitative mass spectrometry 

approach demonstrated that significantly lower levels of SNAP-25A protein contributed to the 

overall lower SNAP-25 level in schizophrenia.  In addition, a unique ELISA assay indicated that 

syntaxin-SNAP-25 protein interactions were significantly higher in the VMC in patients (Table 

5.1).  

 

5.2  Striatal SNARE abnormalities in the context of schizophrenia 

Characterization of protein expression, protein-protein interactions and isoform-specific 

differences in SNAREs in schizophrenia was undertaken to better understand the involvement of 

these proteins in synaptic dysfunction in patients. The potential functional consequences of 

SNARE abnormalities identified in Chapters 2-4 are discussed further in section 5.2, drawing on 

what is known in the literature about SNARE function and relating this to brain function and 

disease in patients.  In addition, possible underlying mechanisms that could produce the SNARE 

alterations we observed are put forth.  In doing so, it becomes apparent that there are gaps in our 

understanding of SNARE function, limiting the interpretation of the present findings and 

pointing to areas in need of future research. 
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5.2.1  Lower SNARE protein levels in the VMC 

The significantly lower levels of SNAP-25 and syntaxin in the VMC observed here (Chapter 2) 

are consistent with other lines of research indicating abnormal striatal function in schizophrenia 

[61, 139, 402, 458, 459].  The level of resolution of post mortem dissection versus brain imaging 

is quite different however, some studies have distinguished between ventral and associative 

striatum which helps put our findings into context of imaging and cognitive studies of 

schizophrenia [139, 141].  Increased dopamine release in associative striatum [139] and overall 

striatal activity during tasks that require maintenance of working memory [402] as well as 

decreased striatal activity during motor inhibition tasks [459] have been reported in patients.  

Such findings indicate that baseline and evoked dopamine transmission in the striatum is 

abnormal in schizophrenia, and that patients recruit different neural circuits during fronto-striatal 

tasks.  Reduction in syntaxin-1 and SNAP-25 in the VMC, as we observed, could be involved in 

one or both of these phenomena. 

 

5.2.1.1 Functional consequences of lower SNAREs  

The functional consequences of lower SNARE protein levels are illustrated by SNARE KO 

animals as well as genetic and biochemical manipulations in cells.  Given that complete genetic 

KO is lethal in many models (SNAP-25, VAMP2 and some syntaxin-1A KO animals) [186, 188, 

383], large reductions in SNARE protein levels were not expected in schizophrenia.   

Knock-out mice created by Fujiwara et al. illustrate the consequences of syntaxin-1A 

deletion.  These mice exhibit impaired memory consolidation and extinction, abnormal social 

interaction, impaired latent inhibition and a heightened startle response, while spontaneous and 

evoked GABAergic and glutamatergic neurotransmission appear normal (Table 1.2) [242].  

Spontaneous neurotransmission, however, is altered in immature neuronal cultures from these 
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animals.   This could mean that the functional consequences of syntaxin-1A reduction during 

times of synapse maturation may manifest as behavioural deficits later on in life.  This possibility 

provides a link between our finding of reduced syntaxin-1 expression in the VMC and the 

neurodevelopmental hypothesis of schizophrenia (bearing in mind that post mortem protein 

measurement in adults may not reflect protein levels during development).  In addition, at least 

some of the behavioural impairments (including attenuated latent inhibition, also seen in 

schizophrenia patients) are also observed in heterozygote KOs (where syntaxin-1A expression 

may be more comparable to that seen in patients) and abnormal behaviour can be ameliorated by 

a selective serotonin reuptake inhibitor, but not dopamine or noradrenaline reuptake inhibitors 

[384], suggesting that syntaxin-1A may be important for the release of some, but not all, 

neurotransmitters.  Another syntaxin-1A KO mouse, created by McRory et al., however, 

possessed a completely different phenotype.  Only 4 of 224 animals were born homozygous 

knock-outs, but these animals showed limited behavioural abnormalities (direct effects on 

neurotransmission were not assessed in these animals) (Table 1.2) [383].  The different effect of 

syntaxin-1A KO in the two models was suggested to be due to differences in the extent of gene 

disruption [460, 461].  This may be relevant when considering sources of SNARE protein 

variation in schizophrenia, as complete deletion of SNARE genes does not occur, much variation 

is contained within non-coding regions of the genes, and epigenetic mechanisms have been 

postulated to be involved in disease expression [180, 281, 462, 463].  In addition, differences in 

mouse strain background may also contribute to phenotype differences [253, 460, 464].  The 

mouse strain used by McRory et al. is not documented, thus the contribution of strain effects 

remains speculative.  However, it seems plausible that changes in SNARE protein expression in 

our human samples might have different effects on (or be related to differences in) brain function 
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and behaviour due to differences in the genetic make up of each individual, just as the strain 

background of KO mice can affect the phenotypes expressed.  

Consequences of reduced SNAP-25 expression are illustrated by several different animal 

models (Table 1.1) and provide a perspective for interpreting our VMC findings (Figure 2.1).  

Complete ablation of SNAP-25 eliminates evoked neurotransmitter release while spontaneous, 

calcium-independent release is still present (Table 1.1). Thus, SNAP-25 expression level affects 

neurotransmission.  Lower levels of SNAP-25 detected in Chapter 2 could make patient synapses 

less responsive to action potentials or other sources of presynaptic calcium, reducing synaptic 

transmission.  This could contribute to the functional dysconnectivity observed in patients during 

cognitive task performance, and could account for the need to use different combinations of 

neural circuits to complete the same task [402].  The coloboma mouse exhibits a 50% reduction 

in SNAP-25 protein levels (Table 1.1).  Less extreme than SNAP-25 KO animals, SNAP-25 

expression in Cm/+ mice is more in line with SNARE protein levels observed in schizophrenia 

samples (Table 1.4), and may therefore be more relevant in interpreting consequence of SNAP-

25 reductions observed in the VMC in our sample set.   Synaptic plasticity is altered in Cm/+ 

animals, and this includes inhibitory neuron function (as illustrated by reduced hippocampal 

theta rhythms).   Animals are hyperactive and respond abnormally to amphetamine [375, 382].  

Expression of a Snap25 transgene7 (encoding mouse SNAP-25B) in the brain ameliorated the 

hyperactivity phenotype in a gene-dose-dependent manner and also improved the abnormal 

amphetamine response of Cm/+ mice, indicating that SNAP-25 likely contributes to abnormal 

dopamine release in the striatum in schizophrenia [378, 380, 382].  In addition, the striatum may 

be particularly sensitive to changes in SNAP-25 protein levels as transgene expression in the 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
7 While the transgene was not designed for tissue-specific expression, the founder line selected for study by Hess et 

al. did not show transgene [mRNA] expression in liver, kidney and spleen [339].  Transgene expression was not 

inducible and therefore presumed to be expressed during development as well as in adulthood.  Transgene 

expression did not ameliorate head-bobbing and eye dysmorphology in these mice. 
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coloboma mouse was greatest in the striatum and cerebellum, and less noticeable in other brain 

regions [375].  Reduction of SNAP-25 in the striatum, as we observed in Chapter 2, may have 

greater functional implications than in other regions.  

SNARE KO animals provide a glimpse of how SNARE reductions might affect brain and 

behaviour, albeit to an extreme.  The severity of SNARE KO is difficult to relate or compare to 

the smaller magnitude SNARE perturbations seen in schizophrenia patients.  However, this is 

somewhat reconciled by evidence of allele-dose effects.  Heterozygous SNARE KO phenotypes 

are less severe than their homozygous counterparts (Table 1.1-1.3), and allele-dose effects also 

occur with SNARE gene SNPs and human brain function.  For example, some phenotypes of 

high-functioning autistic subjects were dependent on allele-dose of the associated STX1A SNPs, 

with more impairment in subjects homozygous for the disease-associated allele, heterozygotes 

showing less severe impairment [183].  In addition, weight-gain in schizophrenia subjects was 

most pronounced in patients who were homozygous for the overtransmitted SNP, while weight-

gain in heterozygote individuals was intermediate [281].  Schizophrenia is a complex disease.  

Homozygosity of a genetic mutation in SNARE (or other) genes therefore may not be sufficient 

or necessary for disease expression, although could contribute to disease risk.  SNARE KO 

animals therefore model only one possible genetic contribtion to the disease.  Divergence of 

SNARE gene sequence between species may also contribute to the difference in phenotypic 

severity.  

Reduced SNARE protein levels in animals affect evoked, more so than spontaneous, 

neurotransmission.  However, changes in amplitude and frequency of spontaneous 

neurotransmission (or “minis”) are also reported (see Tables 1.1-1.3).  Minis have been 

postulated to be a means of shaping evoked synaptic responses [465].  It seems plausible that the 
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partial reductions in SNAREs in schizophrenia observed in our sample set might cause shaping 

to occur to a different extent, contributing to abnormal synaptic function.  

The means by which reduced SNARE protein levels in knock-out animals affect synaptic 

function are unclear.  SNARE protein interactions may be affected, as might other steps of the 

vesicle cycle.  There is insufficient evidence in the literature to conclude the direction in which 

(i.e. an increase or decrease in) neurotransmission might be changed in the patients with reduced 

SNARE protein levels observed here.  Directionality may also vary between 

terminal/neurotransmitter types.  For example, in the Cm/+ mouse, glutamate release from 

cortical synaptosomes is decreased, as is evoked monoamine release in dorsal striatum (Table 

1.1).  However, evoked monoamine release is higher in the cortex of the same animals (Table 

1.1) [378].  Studies of Snap25 -/- animals and cultured cells indicated that evoked transmitter 

release is most sensitive to SNAP-25 reductions, with spontaneous neurotransmitter release still 

present, but at reduced frequency [186].  Snap25 +/- (heterozygote) animals have not been 

studied extensively, and synaptic function is assumed to be normal8, however, differences in 

behaviour or neuron function likely exist, or have been compensated for during development.  

SNARE complexes were not studied in these animals. 

Intuitively we postulated that decreased SNARE protein levels in the VMC in 

schizophrenia subjects (Chapter 2) would limit SNARE complex formation, and inhibit 

neurotransmission.  The results of our SNARE protein interaction measures (Figure 2.1D), 

however, do not support this, as syntaxin-SNAP-25 protein interactions were increased in 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
8 Western blots reported by Washbourne et al. 2002 indicate that SNAP-25 protein is reduced in Snap25 +/- animals.  

Interestingly, electrophysiological and cell-culture experiments used +/+ and +/- animals as controls in various 

experiments.  In particular +/+ and -/- mice were compared using cortical slices while +/- and -/- mice were 

compared in hippocampal cultures.  Whether this is due to impaired synaptic transmission at heterozygote synapses 

when neurons are present in more complex networks (such as brain slices or intact brain) as opposed to autapses of 

cultured neurons, was not reported [161].   
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schizophrenia in the face of lower SNAP-25 and syntaxin-1 levels in the VMC.  But, as 

discussed later on, increased SNARE complexes do not definitively mean increased 

neurotransmission, as they can represent dead-end assembly pathways that will not be used for 

transmitter release [222], or impaired SNARE dissociation and vesicle recycling [466], leading 

to reduced synaptic transmission.  Potential functional consequences of our findings of lower 

syntaxin-1 and SNAP-25 protein in the VMC include alterations in neurotransmission, synaptic 

plasticity, behaviour and cognition. 

 

5.2.1.2 Possible mechanisms underlying SNARE protein differences 

Mechanisms that may underlie the lower syntaxin-1 and SNAP-25 levels we observed in the 

VMC include regulation of expression at the gene or protein level.  Evidence for gene-level 

mechanisms altering SNARE expression in schizophrenia include the genetic association of 

SNARE SNPs with disease in some patient populations [176, 180] and perturbed SNARE 

expression and function in SNARE KO animals.  However, gene deletions in animals may have 

different phenotypic effects as compared to single nucleotide polymorphisms or mutations seen 

in humans due to pleiotropy or compensatory mechanisms.  Extensive disruption of a SNARE 

gene is only known to occur in William’s syndrome in humans (where chromosomal deletion 

encompasses STX1A) and is certainly a severe syndrome with many developmental and cognitive 

consequences [290].  Differences between patient and SNARE KO animal phenotypes also 

reflect the polygenic and environmental components of disease.  Indeed, more complex 

phenotypes reminiscent of disease are produced when SNARE mutations and other disease risk 

factors co-occur in animals, as seen in the blind-drunk mouse (Table 1.1) [253], suggesting that 

environmental factors might also contribute to the present findings.  Finally, association of 

SNARE gene variation with schizophrenia has not been replicated in all samples groups studied, 
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as detailed in Section 1.4.3 [176, 277-279, 282].  This suggests that genetic variation in SNARE 

genes may not account for protein-level changes and is probably not primarily responsible for 

disease symptoms.  Alterations in synaptic proteins may also occur as the result of other disease-

associated changes, including gene expression (mRNA) changes or protein turnover as well as 

more global sources such as altered brain function [467]. 

Regulation at the mRNA level, either by reduced transcription, translation or mRNA 

stability could account for our findings in Chapter 2, and seems likely given that disease-

associated SNARE SNPs occur in non-coding regions of the gene [176, 180].  Areas of the 

prefrontal cortex, specifically the orbitofrontal regions (approximately BA10/47) are thought to 

project to the VMC [129, 134].  However, SNAP-25 mRNA levels were not different in 

schizophrenia when assayed in BA10 [272], suggesting that altered SNAP-25 expression in 

corticostriatal projection neurons may not account for the present findings.  Attempts to interpret 

protein changes in the VMC based on mRNA changes in areas that project to the striatum 

assume that mRNA resides in the cell body, and not distal regions of the neuron.  This 

assumption, however, may not always be valid, as we now know that of mRNA can be localized 

and translated in synaptic terminals, and not just cell bodies [468, 469].  Expression levels of 

SNARE mRNA in the striatum in schizophrenia are unknown.  The possibility that SNAP-25 

gene expression might be decreased locally in the striatum is indirectly supported by recent 

reports of lower expression of the Sp1 transcription factor in striatal tissue of subjects with 

schizophrenia [470].  Sp1 regulates SNAP-25 expression [471], and its expression levels are 

correlated with the expression of genes it regulates [470].  Lower SNAP-25 transcript levels also 

occur after spinal nerve injury, and in early development [266].  Whether axonal damage is 

responsible for striatal SNAP-25 regulation remains unknown, but the possibility is supported by 
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reports of white matter alterations in patients, both post mortem and in vivo [119].  It is unknown 

if syntaxin-1 mRNA is altered in cells which terminate in the striatum.   

Support for protein-level regulation of SNARE expression also exists.  One of the 

methods of degrading proteins in eukaryotic cells involves post-translational modification of the 

protein via enzymatic addition of ubiquitin.  Ubiquitin-tagged proteins are targeted to the 

proteosome for degradation.  This is a multi-step process involving several different enzymes 

[472].  Problems with this process underlie conditions such as juvenile-onset familial 

Parkinson’s disease and Angelman syndrome [473].  Dysregulation of the ubiquitin-proteasomal 

system (UPS) in schizophreina has been suggested by gene expression studies of thalamic and 

blood samples from patients [474, 475], and might account for reduced SNARE protein levels if 

dysregulation extends to the striatum.  Both SNAP-25 and syntaxin-1 can be degraded via the 

proteasomal pathway [476, 477].  Interestingly, proteasomal protein degradation is thought to be 

involved in synapse elimination [478] and plasticity [479],  suggesting a point of convergence 

between UPS dysregulation, SNAREs and the dysconnectivity hypotheses of schizophrenia.  

Besides protein-specific changes, lower levels of SNAP-25 and syntaxin-1 we observed 

in the VMC could be due to reductions in synaptic terminal numbers, although this possibility 

seems less likely for number of reasons.  Only a few studies have shown changes in cell numbers 

in the striatum [143, 144].  Whether this produces a change in synapse numbers is not known.  

Increased density of glutamatergic and dopaminergic terminals has been described in some 

patients [147, 312], arguing against synaptic loss as the underlying cause of lower SNARE 

protein levels.  Furthermore, VAMP and synaptophysin protein levels were not different between 

groups in our studies (Figure 2.1 and Appendix 3). Our findings might also reflect the 

differential expression of syntaxin-1 and SNAP-25 in different terminal types selectively 

affected in schizophrenia [194, 204].  We observed incomplete colocalization of SNAREs in the 
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VMC, supporting this possibility (Figure 2.2).  Others have shown that neuronal transporters 

involved in reuptake of glutamate from synapses are downregulated in the striatum in 

schizophrenia [52, 403].  Gene expression of vesicular glutamate transporters is also 

downregulated in dlPFC of schizophrenia subjects [53].  Some of these cells likely project to the 

VMC; whether similar expression changes occur in the OFC is unknown.   It is somewhat 

difficult to reconcile the decreased expression levels of glutamatergic markers or SNAREs with 

the increase in glutamatergic synapse density reported in ultrastructural analyses [312].  

Compensatory down-regulation of proteins in the face of increased synaptic density, or up-

regulation of synapse numbers to accommodate lower protein expression levels cannot be ruled 

out.  Future work to determine if individual SNAREs are proxies for specific terminals seems 

warranted, and may help resolve such inconsistencies.  

 

5.2.2  Lower SNAP-25A expression 

It appears that lower levels of SNAP-25 protein in the VMC are primarily due to a decrease in 

SNAP-25A protein expression, which suggests additional regulatory mechanisms might be 

involved.  The preferential decrease in one isoform allows the functional consequences of 

SNAP-25 reductions to be interpreted with more specificity, as discussed in the following 

section. 

The functional consequences of lower SNAP-25A protein levels observed in the VMC 

can be estimated from cell culture and animal studies.  SNAP-25B KO mice (Table 1.1) show 

altered synaptic facilitation in hippocampal slices, indicating that changes in the amount of only 

one isoform can perturb the balance of activity in larger circuitry, as would occur in 

schizophrenia.  Overexpression of SNAP-25B in Snap25 -/- chromaffin cells supports a larger 

vesicle pool size and increased SNARE complex stability compared to SNAP-25A [196, 249], 
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suggesting that a greater reliance on SNAP-25B results in increased neurotransmission.  

Overexpression in and subcellular fractionation of cultured neuroblastoma cells indicates that the 

B isoform is associated with LDCV (like those involved in neuropeptide release), while SNAP-

25A is associated more with small synaptic vesicles (similar to glutamate and GABA-containing 

vesicles) [250].  Thus, our findings might indicate dysfunction of a subset of terminals. 

The means by which SNAP-25A levels are lower in schizophrenia include the 

mechanisms described in section 5.2.1, as well as control at the level of splicing.  This possibility 

is supported by evidence of aberrant mRNA splicing of other schizophrenia-related genes in post 

mortem brain [480, 481].  The possibility of aberrant SNAP-25 splicing in disease is also 

supported by the fact that disease and cognition-associated SNPs occur in regulatory, not coding, 

regions of the gene [281, 282, 285].  Of particular relevance to the neurodevelopmental model of 

schizophrenia, the alternative splicing of SNAP-25 is developmentally regulated; mRNA of the 

B isoform is upregulated two weeks postnatally in rodents [250] and is estimated to account for 

up to 90% of SNAP-25 mRNA in adult rat cortical neurons [453].  Despite the preponderance of 

B mRNA in adulthood, however, regulation of isoform expression may also differ at the protein 

level.  In some versions of the SNAP-25B KO mouse, total SNAP-25 protein levels are 50% 

lower despite the fact that SNAP-25A mRNA levels are 4-fold higher than in wild-type mice 

[252].  Our measurements in Chapter 4 indicate that in rodent and human striatum isoform 

expression at the protein level is approximately equal, in contrast to the reported mRNA 

proportions (90%B mRNA in adult rodent brain) [453].  There may be an optimal balance 

between A and B protein levels or a maximum amount of a given isoform that can be expressed, 

accounting for the mRNA/protein expression discord.  

The interpretations of SNAP-25A protein reduction detected in our samples and 

discussed above are limited by incomplete understanding of the isoforms at the protein level, and  
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point to an area for future research.  Existing information and the present findings will help guide 

future hypotheses surrounding the involvement of SNAP-25 in illness. 

 

5.2.3  Greater levels of syntaxin-SNAP-25 protein interactions 

Higher SNARE protein interactions detected in the VMC in schizophrenia could have several 

functional implications, some of which would be consistent with increased or decreased striatal 

activity seen in patients, and are discussed here.  The possible molecular and systems-level 

phenomena that could contribute to these findings are also outlined. 

Increased SNARE complex stability is associated with larger evoked synaptic responses 

[196, 229, 249] suggesting that action potential-induced signal propagation or synaptic strength 

might be higher in the VMC in schizophrenia.  Increased stability has been demonstrated in 

SNAP-25B containing SNARE complexes [196], and may underlie the increases observed here, 

as suggested by the negative association of SNAP-25A protein levels with SNARE protein 

interactions (Chapter 4).  

From an alternate perspective, more SNAREs in complexed form could reflect reduced 

SNARE complex dissociation and neurotransmission [466] if SNARE proteins are not available 

for re-use and are in cis-conformation on recycling vesicles.  This would support in vivo studies 

that find reduced striatal activation in patients [459].  

Increased complex stability is likely due to differences in interactions between SNAP-

25A and B containing SNARE complexes and SNARE accessory factors [249].  Several 

SNARE-modulating proteins have been studied in schizophrenia.  Molecules with altered mRNA 

or protein expression in schizophrenia include the complexins, Munc-18, septin-5, NSF and 

synaptophysin.   Synaptophysin measurement in the striatum (Appendix 3) indicated no 

differences between groups or striatal regions, suggesting that modulation of VAMP availability 
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by synaptophysin levels may not underlie the increase in SNARE protein interactions detected in 

the VMC [307].  However, complex stabilization by complexins, or decreased dissociation by 

NSF could account for the increased syntaxin-SNAP-25 interactions detected here.   

Interestingly, complexin-2 mRNA levels may be lower in the dlPFC in schizophrenia [53].  

Given that complexin-2 is associated with glutamatergic terminals this could result in altered 

complexin-2 protein in corticostriatal terminals.  Higher levels of NSF in anterior cingulate of 

schizophrenia subjects detected by using 2D-gels and mass spectrometry also suggest that 

SNARE protein interactions could be abnormal due to changes in accessory factors [344], 

although such a change would be consistent with decreased SNARE complexes since NSF is 

involved in SNARE complex dissociation [224].  Whether these molecules are altered in 

terminals in the VMC and contribute to our findings remains to be determined. 

The capture ELISA measures syntaxin bound to SNAP-25 and cannot discriminate 

between protein complexes of different composition.  Thus, the trimeric SNARE complex, as 

well as binary syntaxin-SNAP-25 interactions are likely being measured.   Different functional 

consequences would be inferred depending on whether the SNARE trimer or dimers are 

increased in the VMC.  During the vesicle cycle, syntaxin and SNAP-25 form a 1:1 acceptor 

complex to which VAMP later binds [215, 216].  Increased acceptor complexes might result in 

increased efficiency of SNARE complex assembly, vesicle priming and fusion.   SNAP-25-

syntaxin-1A protein interactions have been shown to decrease the uptake of GABA from the 

synaptic cleft via GABA transporter binding [406], indicating an additional functional 

consequence of increased syntaxin-SNAP-25 complexes.   However, off-pathway SNARE 

protein interactions have also been documented.  These represent non-functional combinations of 

SNAREs, including syntaxin-SNAP-25 2:1 complexes [222].  If the increased complexes we 
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observed are actually off-pathway products, they might reflect reduced neurotransmission or 

inefficient formation of the functional SNARE trimer.   

Systems-level phenomena could also contribute to increased protein interactions in 

schizophrenia.  Increased brain activity in the hippocampus is associated with increases in 

SNARE complexes [230, 231] and dopamine has similar effects in striatal slice preparations 

[407].   While the findings in Chapter 2 suggest that haloperidol and clozapine do not affect 

SNARE complex levels, other psychoactive substances may.  Morphine-induced SNAP-25 

phosphorylation decreases SNARE complex levels in rat hippocampus, but not frontal cortex 

[232].  Phosphorylation of individual SNARE proteins appears to be one way of modulating 

SNARE protein interactions [397], and decreased syntaxin-1 phosphorylation in the dlPFC may 

be related to reduced SNARE complex levels in schizophrenia subjects [293]. Volatile 

anesthetics can bind SNARE complexes and treatment of cultured cells with isoflurane decreased 

exocytosis in a syntaxin-1A-dependent manner [482, 483].  Peroxynitrite, a reactive oxidant 

formed from nitric oxide, can modify SNAP-25.  When synaptosomes are exposed to 

peroxynitrite, SNARE complex levels and glutamate release increases [484].  Thus, redox-

sensitive states may change SNARE protein interactions, an interesting possibility in light of 

reported alterations in antioxidants and nitric oxide species in patients [485-488].    

Differences in the affinity of SNAREs for each other (due to isoform differences, post-

translation modifications, or accessory factors) likely affect SNARE complex levels. Indeed, the 

findings in Chapter 3 and Chapter 4 support this possibility, as the syntaxin isoform ratio and 

SNAP-25A levels were negatively correlated with syntaxin-1-SNAP-25 protein interaction 

levels.  While statistically significant, some of these correlations were of modest effect size, 

suggesting that SNARE isoforms are likely not the only factor contributing to SNARE protein 

interactions in human brain samples, supporting the possible involvement of additional factors.  
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Whether syntaxin-1-SNAP-25 isoforms have different affinities for each other remains unknown.  

In vitro binding assays would be useful in investigating this possibility. 

 

5.2.4  Altered syntaxin isoform ratio 

The possibility of differences in SNARE isoforms influencing SNARE complex levels was also 

investigated for syntaxin, and revealed a significantly lower Stx1A:1B ratio in the striatum in 

schizophrenia, and a moderate negative association between the syntaxin ratio and SNARE 

complex levels in ventral striatal areas (Chapter 3).  Functional implications and possible reasons 

for this difference can be inferred from proteomic and immunohistochemical studies in the 

literature, and are discussed in this section. 

Recent studies found syntaxin-1A preferentially associated with vGlutT1-positive 

vesicles [201, 204].  The functional consequences of changes in the syntaxin-1A:1B ratio in 

schizophrenia may therefore be changes in the balance of glutamate and GABA transmission in 

the striatum.   These conclusions were based on immunohistochemical analysis of cortex, and 

proteomic analysis of synaptic vesicles [presumably] originating from total brain preparations 

[201, 204].  Whether the distribution is similar in striatal terminals needs to be determined in 

future studies.  The excitatory/inhibitory split between syntaxin-1 isoforms may be region or 

cell-type specific, given that LTP induction of syntaxin-1B in mossy fiber terminals of the 

hippocampus is associated with increased glutamate release from synaptosomes of those 

terminals [489].  Additionally, in the PNS syntaxin-1A expression is concentrated in areas 

containing substance P, while 1B is more uniformly distributed in the dorsal root ganglia [238]. 

Pancreatic islet cells which use LDCV for insulin release express only syntaxin-1A [490], as 

does the pituitary [237].  In adrenal cells, syntaxin-1A is found at the plasma membrane, while 

1B is associated with cytosolic granules [239].  This distribution pattern has been interpreted to 
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mean that syntaxin-1A may be preferentially associated with neuroendocrine and neuropeptide 

release.  Exploratory microscopy results in Chapter 3 indicate partial differential distribution of 

syntaxin-1 isoforms in the VMC.  Because in vivo imaging studies found increased striatal 

dopamine release in schizophrenia patients, it might be hypothesized that the reduced Stx1A:1B 

ratio in the VMC observed in our sample contributes to increased dopamine transmission in 

patients.  Measuring striatal dopamine neurotransmission in syntaxin-1A KO animals could test 

this hypothesis.  Use of heterozygous STX1A KOs would more appropriately approximate our 

post mortem findings, and would produce a reduced Stx1A:1B ratio, since syntaxin-1B levels are 

not altered in STX1A KO mice [242]. 

The syntaxin-1A:1B ratio appeared to increase in a ventral-dorsal pattern in the striatal 

regions assayed; this gradient was less pronounced in the schizophrenia group (Figure 3.4).  

Interestingly, this type of gradient is observed with several other markers or properties in the 

striatum, including dopamine availability.  Evoked dopamine release in primate caudate is 

highest in dorsal regions and lowest in ventral regions [395].  Involvement of syntaxin-1A, as 

might be implied by the Stx1A:1B pattern could be tested in a STX1A KO model.  It could also 

be tested by interfering with syntaxin-1A function (by using isoform-specific antibodies or 

neurotoxins) in the same primate slice preparations used to measure dopamine release (as used 

by Crag et al. [395]).  Involvement of syntaxin-1A in dopamine release would be demonstrated if 

this perturbation then altered dopamine release.   

While modest, the association between Stx1A:1B and SNARE complex levels might 

reflect a difference in affinity between syntaxin and SNAP-25 isoforms, although this has not 

been reported in the literature.  Syntaxin-1A and 1B have different affinities for VAMP isoforms 

[241].  In rat brain, VAMP-2 protein is widely expressed while VAMP-1 expression is more 

restricted [491].  Changes in the syntaxin-1A:1B balance could result in a change in the relative 
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strength of SNARE interactions in the CNS, since syntaxin-1A preferentially binds to VAMP-2, 

while syntaxin-1B -VAMP interactions differ depending on syntaxin-1B concentration [241].   

Synaptic activity itself could cause the differences in Stx1A:1B observed here in 

schizophrenia.  Different sources of brain plasticity (LTP, learning, amphetamine sensitization) 

modulate syntaxin-1 isoform expression [243, 246, 489, 492].  Changes in Stx1A:1B observed in 

our sample set may reflect differences in brain activity, whether a cause or result of illness. 

Induction of syntaxin-1B mRNA expression following LTP and learning has already been 

demonstrated in some brain regions in the rat [246, 489].  If this extends to the protein level, this 

would lead to decreased Stx1A:1B, similar to that seen in our samples. Future work to identify 

protein-level changes in syntaxin-1 isoforms in response to brain activity is needed.  Modulation 

of brain activity in order to return the Stx1A:1B ratio to healthy levels could be an attractive 

treatment target.  Development of pharmacological agents that target terminals expressing 

syntaxin-1A or 1B presents one means of doing so.  Alternatively, modulating brain activity at a 

systems level (such as behaviours, cognitive tasks or brain stimulation) is a potentially less 

invasive alternative.   

A change in the balance of syntaxin-1 isoforms may have functional consequences 

outside of the SNARE complex.  Syntaxin-1A binds to and modulates the function, expression 

and localization of a number of transporters involved in neurotransmitter clearance [437, 493, 

494].  For example, a direct interaction between syntaxin-1A and the dopamine transporter 

modulates amphetamine-induced dopamine efflux from cultured midbrain neurons [437] and has 

been associated with enhanced dopamine release in C. elegans [438].  Binding of the C-terminal 

domain of syntaxin-1A to the GABA transporter reduces the rate of GABA transport in cultured 

cells [406, 493].  Syntaxin-1A also modulates serotonin and norepinephrine transporters [494-

496].  The extent to which such reports apply to these proteins in human brain is unknown, and 
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may limit their usefulness in interpreting our findings.  In particular, many of these interactions 

have been demonstrated in vitro (for example, yeast-two hybrid screens [436]), employing 

ectopic protein expression in cultured [and not necessarily neuronal] cells (for example, [437]) or 

in non-mammalian systems (for example, [438, 494]).  In addition, syntaxin is known to be a 

“sticky” protein, increasing the likelihood of non-specific or non-physiological protein-protein 

interactions to be identified [497].  Thus some caution must be exercised in interpolating these 

findings to the human brain.  Nonetheless, these studies point to the need for similar work to be 

conducted in intact animals and using post mortem human tissue.  Other molecular associations 

include syntaxin-1A-phospholipid interactions which affect vesicle fusion dynamics.  

Interference with these interactions reduces the frequency of vesicle fusion, size of the fusion 

pore, and slows fusion pore opening [498].  Finally, evidence of interactions with calcium 

channels exists [439].  Syntaxin-1A expression can be induced by activation of P/Q-type calcium 

channels, in a calcium-dependent manner [199], another mechanism possibly underlying the 

changes in syntaxin-1 isoform expression we observed in the VMC.  Thus, in addition to changes 

in the SNARE complex, alterations in Stx1A:1B ratio might affect brain function and the timing 

of synaptic transmission in several other ways.  One caveat to this interpretation, however, is that 

similar experiments have not been conducted with the 1B isoform, and it its therefore unknown if 

syntaxin-1B mediates similar processes.  Even if this is the case, the confocal results in Chapter 3 

indicate that the two isoforms are not always present in the same synapses/cells, and therefore 

individual isoforms likely affect transmission in different terminals in several ways.  It is likely 

that some of the extra-SNARE-complex functions of syntaxin-1 isoforms are abnormal in the 

striatum of schizophrenia subjects.  This possibility is particularly important in the context of 

neurotransmitter –based hypotheses of schizophrenia and evidence of alterations in GABA and 

dopamine transporters in schizophrenia [103, 499].  Identification of concomitant changes in 
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syntaxin-1 isoforms and such transporters would support a mechanistic link between syntaxin-1 

isoform changes and abnormal GABA and dopamine transmission in schizophrenia. 

 

5.3 Significance and contributions to the field 

The present results contribute to the understanding of synaptic changes in schizophrenia.   The 

findings provide additional and new examples of synaptic abnormalities in the disease, including 

the abundance of presynaptic proteins, but also suggest possible functional consequences of 

these changes.  The experiments also contribute to our knowledge of SNARE proteins in human 

striatum and add to the tools available for the study of SNARE protein interactions and SNAP-25 

isoforms isolated from brain. 

This work extends SNARE protein measurements in schizophrenia to the basal ganglia 

for the first time, illustrating the extent to which presynaptic terminals are affected in the disease.  

As in the cortex, the present results indicate that striatal synapses are not affected en mass, and 

the molecular alterations show specificity – VAMP and synaptophysin were not affected in the 

VMC.  The findings also illustrate that disease-associated changes are subregion specific, just as 

was implied by previous studies in adjacent cortical regions (Table 1.4). The abnormalities were 

concentrated in the VMC, providing a possible molecular mechanism underlying the 

abnormalities in associative striatum observed in living patients.  Given that the different striatal 

regions mediate different symptoms seen in patients [61, 88], the current results suggest that 

different molecular mechanisms underlie dysfunction of different striatal regions.  SNARE 

protein abnormalities do not contribute to dorsal caudate dysfunction, but play more of a role in 

the ventral regions of the striatum (Figure 2.1).  Given the functional connectivity of distinct 

cortical and striatal regions, patient symptoms mediated by other striatal regions may be caused 

by synaptic alterations in other, connected, brain regions.  Such a possibility is supported by the 
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multiple reports of SNARE abnormalities in dlPFC, a cortical region with substantial projections 

to the anterior part of the dorsal caudate [129, 134].  Determining the location of synaptic 

alterations in different functional circuits involved in patient symptoms will be important for 

understanding how patient symptoms are generated and for applying more targeted treatment.  

Future work to establish patterns of synaptic alterations across connected brain regions (such as 

components of fronto-striatal or fronto-hippocampal circuitry, which function abnormally in 

patients) would help locate the level at which presynaptic malfunction occurs.   

It must also be noted that SNARE protein alterations reported in cortical brain regions 

(Table 1.4) are not necessarily unique to schizophrenia, with abnormalities reported in bipolar 

and depressed subjects by some studies [258, 342, 390].  This may indicate shared mechanisms 

or downstream pathways involved in brain dysfunction.  This may also reflect the syndromal 

nature of these disorders, as symptoms, including cognitive deficits, can overlap between patient 

groups [5, 500].  However, the precise nature of SNARE abnormalities in these disorders appears 

to differ between.  SNAP-25 protein levels were reported to be higher in bipolar subjects as 

compared to controls in dorsolateral prefrontal cortex [258] and parietal but not prefrontal cortex 

[390], with no changes in syntaxin-1 or VAMP, and none detected in schizophrenia patients 

(Table 1.4).  Lower levels of VAMP were reported in bipolar and depressed subjects in visual 

association cortex [342], suggesting heterogeneity in SNARE protein alterations in affective 

disorders, just as occurs in schizophrenia (Table 1.4).  In the striatum, moderate reductions in 

SNAP-25 and VAMP proteins (but not syntaxin-1) have been reported in Huntington’s patients 

post mortem [501].  Whether striatal SNARE protein expression levels are altered in bipolar or 

major depressive disorder is unknown.  If the SNARE abnormalities observed in the present 

studies reflect symptoms/deficits that are also observed in bipolar and depressed patients, similar 
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presynaptic alterations would be conceivable.  Future studies to determine the specificity of the 

present striatal findings seem warranted. 

The current findings shed light on the functional consequences of SNARE protein 

alterations reported in schizophrenia (Table 1.4), supporting the initial hypothesis that SNARE 

protein-protein interactions would be altered in regions where SNARE protein levels are 

abnormal (the VMC in this sample set).  Implementation of the capture ELISA provides an 

alternative to lower-throughput approaches of measuring SNARE protein interactions (such as 

immunoprecipitation or immunoblotting of SDS-resistant complexes).  The directionality of the 

difference (higher syntaxin-SNAP-25 complexes in schizophrenia, despite lower protein levels) 

indicates that lower levels of SNAREs in disease do not limit protein interactions, and helps 

reconcile the reduction in syntaxin-1 and SNAP-25 protein levels in the VMC with reports of 

increased dopamine release in the same region in patients [139].  Future work to determine if 

SNARE abnormalities are directly or indirectly involved in dopamine dysregulation in the 

striatum in schizophrenia would help link the current post mortem findings to striatal dysfunction 

seen in vivo.  

Syntaxin-1 and SNAP-25 isoform studies contribute new and needed information about 

SNARE isoforms in human brain and disease.  For the first time, the different properties and 

putative roles of SNARE isoforms gleaned from in vitro, cell culture and animal studies can be 

used to understand synapses in human striatum.  Indeed, SNAP-25 isoforms were quantified at 

the protein level for the first time, providing a tool that should be of use to a wide variety of 

researchers, since endogenous SNAP-25 protein isoform expression is largely unknown in any 

system that expresses both forms.  The quantitation of SNAP-25 isoforms in Chapter 4 indicates 

that protein-level expression of the two isoforms is much different from mRNA expression in 

adult brain.  Previous estimates suggested up that ~ 90% of SNAP-25 mRNA expressed in adult 
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rodent cortex is of the B isoform [250, 453]; here we demonstrate that SNAP-25B accounts for ~ 

50% of SNAP-25 protein in rodent striatum (Figure 4.2F).  Our results indicate that SNAP-25A 

is expressed in adult brain, and therefore is not only associated with brain/synapse development 

and regeneration.  The discrepancy between mRNA and protein expression could indicate a more 

static role for SNAP-25A at the synapse, with a more dynamic role for SNAP-25B, perhaps 

similar to the plasticity-associated changes seen with select syntaxin-1 isoforms (Section 1.3.3.1 

and 5.2.4).  Irrespective of disease, the persistent expression of SNAP-25A in adulthood suggests 

that SNAP-25A-associated properties of neurotransmission (such as less stable SNARE 

complexes and smaller RRP size) are still required during adulthood.  Perhaps lability of the 

SNARE complex is needed for plasticity.  Future work to better understand the in vivo 

implications of synaptic use of one or the other SNAP-25 isoform will be extremely valuable, 

and might be undertaken in animals or tissue preferentially expressing one isoform, or under 

wild-type conditions to determine which isoforms are involved in different synaptic activities 

(for example, LTP). Use of the assay developed here will be integral to such research, as protein-

level expression of isoforms can now be assessed.  In addition, our unique approach of using an 

external calibration curve constructed from recombinant protein in the MRM assay will make 

this proteomic technique accessible to more researchers. 

The use of a relatively new, well-characterized sample set that was collected, catalogued 

and dissected in a uniform manner adds confidence to the experimental conclusions.  In addition, 

results documented in Chapters 2 and 4 likely reflect the disease state, given that differences 

associated with antipsychotic treatment in animals, if any, occurred in the opposite direction to 

that observed in human samples.  This suggests that the mechanisms of APD action may work 

through or at least mitigate SNARE protein abnormalities in patients.  This also means that lower 

protein levels observed in schizophrenia patients may be underestimates of SNARE 
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perturbations in disease if antipsychotic treatment has partially remedied disease-associated 

changes.    

 

5.3.1 Implications for disease etiology 

The results of these experiments support the idea that synapses are dysfunctional in 

schizophrenia and at least in the VMC, involve a presynaptic mechanism.  Abnormal SNARE 

protein levels (and the isoform-specific contribution to the decreases) as well as protein-protein 

interaction increases in the VMC integrate a number of etiological theories, given that SNARE 

protein and isoform expression is developmentally regulated, preferentially associated with 

different neurotransmitters and important for synaptic and brain function. 

It has been suggested by some that abnormal brain morphology (in particular lower grey 

matter volumes and smaller hippocampus) as well as lower neuropil volume and reduced 

dendritic spines in schizophrenia, may reflect an exaggeration of normal developmental 

processes in the cortex [16, 19].  Alternatively, the possibility of late maturation, at least in some 

brain areas, has also been suggested [502, 503].  The current findings of reduced syntaxin-1 and 

SNAP-25 as well as lower SNAP-25A expression are consistent with neurodevelopmental 

hypotheses of schizophrenia, and support the possibility of altered developmental trajectories.  

The expression of SNARE proteins, including SNAP-25 isoforms (although this is known only 

at the mRNA level), is developmentally regulated, so lower levels of proteins observed in the 

VMC may reflect developmental perturbations.  Syntaxin-1 levels, measured in rat 

synaptosomes, reach peak expression during the first week post-natal, decrease substantially by 

the second week and are relatively stable after that [504].  In rats, total SNAP-25 protein 

expression increases during development and decreases somewhat with advancing age [504, 

505].  SNAP-25A mRNA is expressed during embryonic and postnatal development in rat brain, 
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and may decrease after P21 [250, 251].  The B isoform, however, is only detected postnatally 

starting around the second week, and peaking during early adulthood [250, 506].  The 

implications of this trajectory for protein expression remain unknown, and must be interpreted 

with caution, as age-related changes in mRNA may not parallel changes in protein [507]. Future 

work should measure SNAP-25 protein isoforms during development.  This will complement 

developmental mRNA studies in the literature, and will determine if the SNAP-25B protein is a 

hallmark of adult/mature synapses as has been assumed from mRNA studies, or rather expressed 

dynamically, as proposed here. While the developmental profile of syntaxin-1 isoforms is less 

known, the correlation of isoform ratio with age observed in the striatum in Chapter 3 supports 

the idea that syntaxin-1 isoform expression in schizophrenia reflects “accelerated aging”, as the 

Stx1A:1B ratio at a given age is lower in the patient samples as compared with controls (Figure 

3.4).  Whether this is a proxy for age-related changes known to occur in the dopaminergic system 

remains to be determined [508, 509]. If this is the case, SNARE perturbations would be a link 

between developmental and neurotransmitter theories of schizophrenia. Age-related modulation 

of SNARE protein availability also occurs.  In rodents, VAMP-synaptophysin interactions are 

only detected at approximately P25 (early adolescence), and are thought to regulate the 

availability of VAMP for interactions with the other two SNAREs [307].  The developmental 

trajectory of VAMP is similar to synaptophysin, with increasing expression up until adolescence, 

and decreasing expression with age in adulthood [504, 510], although the pattern may differ in 

different brain regions or subregions [507].  Thus, at least in rodents, SNARE expression levels 

change during adolescence, when synaptic elimination and other final brain maturation steps are 

occurring.  Because the expression profiles of SNAP-25 and syntaxin show both an increase and 

subsequent decrease in expression, the lower levels of SNAP-25 and syntaxin observed the VMC 

in schizophrenia could reflect over or under-maturation of the normal trajectory.   
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Since syntaxin-1A, -1B and SNAP-25 may be differentially expressed in excitatory and 

inhibitory terminals, the current findings support neurotransmitter-based etiological theories as 

well.  Assuming that SNAP-25 and syntaxin-1A preferentially mark glutamatergic terminals 

[192, 194, 201, 204, 511], our results may indicate presynaptic glutamatergic dysfunction in the 

VMC.  Whether differential expression accounts for dopaminergic dysfunction in this brain 

region is more difficult to determine as SNARE protein expression in dopamine terminals has 

not been investigated.  However, interaction of glutamate, GABA and dopamine is known to 

occur in the striatum [449], so evidence of glutamatergic dysfunction also supports the dopamine 

hypothesis [43].  The SNARE protein and isoform abnormalities uncovered in our work suggest 

convergence of developmental and neurotransmitter-based hypotheses of schizophrenia.  It 

seems reasonable to expect that different SNAREs, isoforms and alterations in their expression 

and function in different brain regions will be associated with specific patient symptoms.  Future 

work to delineate which terminals express which SNARE isoforms and which of these terminals 

experience increased SNARE complexes in patients in the VMC will help determine how our 

current findings relate to patient symptoms and whether SNARE alterations contribute directly or 

indirectly to abnormal dopamine/glutamate/GABA transmission. 

Differential changes in SNAP-25 isoforms detected in the VMC of patients raise the 

possibility that abnormal splicing events are involved in the disease as well.  Isoform variants of 

several other schizophrenia candidate molecules such as neuregulin and the D2R exist, and may 

be of functional relevance to the disorder [512, 513].  Abnormalities in splicing in schizophrenia 

could present a plausible disease mechanism linking several etiological theories together, given 

that splicing events can be regulated developmentally, could be influenced by genetic variation 

in non-coding regions, and may occur in molecules already implicated in disease. 
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Finally, SNARE protein abnormalities may not represent a completely independent 

disease mechanism, and our findings may be influenced by other molecular alterations that occur 

in patient brains.  Several schizophrenia candidate proteins are known to interact with or 

modulate SNARE proteins and vice versa.  Dysbindin, a strong schizophrenia candidate gene, 

has been shown to modulate SNAP-25 protein expression and trafficking in cell cultures.  

Increases and decreases of dysbindin expression result in parallel changes in SNAP-25 

expression [49], and the two proteins have been shown to interact in vitro [270].  Relevant to the 

NMDAR-hypofunction hypothesis of schizophrenia, SNAP-25 is involved in PKC-dependent 

NMDAR membrane insertion [514].  Relevant to the dopamine hypothesis, syntaxin-1A has 

been linked to dopamine transporter function [437, 438].  There is also evidence of lower 

GSK3! expression in schizophrenia, as well as changes in phosphorylation state related to 

dopamine signaling [515].  Interestingly, this serine/threonine kinase may also affect SNARE 

complexes; activation of GSK3! decreases SNARE protein interactions, possibly by preventing 

VAMP from dissociating from synaptophysin [516].  Finally, evidence of disturbed phospholipid 

composition in the brain and periphery of patients has given rise to the membrane hypothesis of 

schizophrenia [517].  Membrane composition may affect SNARE protein localization, levels or 

function, given that these proteins are localized to distinct parts of the membrane, defined by the 

local lipid environment [172, 518].  SNARE abnormalities identified in this thesis may not 

represent a completely independent disease mechanism, but may be linked to other molecules 

implicated in schizophrenia.     

Schizophrenia risk factors such as prenatal stress may affect SNARE function as well (a 

“protein x environment” interaction).  Prenatal stress enhanced sensorimotor gating impairments 

and induced social deficits in blind-drunk mice [253].  Rats raised in isolation had lower levels 

of septin-5 in the striatum as compared with rats raised in groups [519].  Therefore 
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environmental risk factors for schizophrenia may increase SNARE protein interactions.  Thus, it 

might be anticipated that reducing environmental risk factors would mitigate abnormal SNARE 

protein function and preventing abnormal SNARE protein function might reduce the effects of 

risk factors.   

Finally, in addition to psychiatric and cognitive symptoms, schizophrenia is associated 

with an increased risk of comorbid conditions including metabolic syndrome and diabetes, which 

may be associated with antipsychotic treatment [520, 521].  SNARE proteins provide a point of 

convergence between this comorbidity and disease.  SNARE proteins are present in pancreatic !-

cells and are involved in insulin secretion [226, 490].  Interestingly, both SNAP-25A and B, but 

only syntaxin-1A is expressed in pancreatic cells [435, 522].  Whether the isoform specific 

changes observed in striatum extend to or affect insulin secretion would be valuable in 

understanding the link between schizophrenia and increased diabetes risk.  It may also be fruitful 

to study the effects of patient treatment on SNAREs in the periphery, as insulin secretion may be 

altered by patient treatment [523-525], and SNARE genes may be associated with weight-gain 

side effects [281] and with risk of diabetes [184]. 

Thus, the SNARE protein abnormalities we have detected in the VMC in this sample set 

may contribute to the disease, but may also reflect presynaptic perturbations secondary to other 

disease-associated molecules and processes.  The examples above suggest that SNARE protein 

abnormalities fit well into existing disease etiology hypotheses.  Future studies should focus on 

defining the terminals and brain regions in which SNARE isoforms and SNARE protein 

interactions are altered, as this will help determine whether the different molecular alterations are 

associated with distinct mechanism theories, or lend support to all of them. 
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5.3.2 Implications for disease treatment    

Current pharmacological treatments for schizophrenia target and block neurotransmitter 

receptors, molecules downstream of transmitter release [526].  Some of the treatment side effects 

are due to blockade of receptors that do not need to be blocked, indicating a lack of specificity of 

these compounds.  Modulating presynaptic release may be a more appropriate treatment target 

[43, 527], and might be achieved by targeting the SNARE proteins.   

SNAREs are currently being manipulated in the periphery using botulinum toxins 

(Botox) which cleave SNAREs, preventing SNARE complex formation and signaling at 

neuromuscular junctions [528].  Toxin use in the CNS is likely to be risky, however, the 

specificity of toxin types for specific SNAREs [206], and the possibility that SNAREs are 

differentially distributed in different synapse types, may provide a means by which to manipulate 

presynaptic release in only subsets of terminals.  Of particular interest is the possibility that 

different toxins/compounds might affect SNARE isoforms differently.  Indeed, botulinum toxin 

type-A appears to cleave SNAP-25B more readily than SNAP-25A [529], and may be useful in 

identifying if isoform-specific SNARE modulation is a viable treatment target.  Based on our 

results, neurotransmission in the VMC in schizophrenia may rely more heavily on SNAP-25B 

than A (given that SNAP-25A was significantly lower in patient samples; Chapter 4).  Since 

SNAP-25B is associated with increased neurotransmission [196, 249] specifically reducing 

SNAP-25B-mediated neurotransmission might be an appropriate treatment strategy in the VMC.  

Alternatively, increasing SNAP-25A expression would also be an option, and may pose less risk 

of seizures (which are seen in SNAP-25B deficient mice, Table 1.1).  Evidence of naturally 

occurring compounds that modulate SNARE protein interactions suggest that other, potentially 

milder, agents might also be used [313, 314].  Screening for compounds that selectively 

modulate specific SNARE protein isoform function might increase treatment specificity.  
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SNARE involvement in current patient treatment is supported by genetic association of 

SNAP-25 SNPs with treatment response and weight gain in some patients [281].  In addition, 

SNARE protein expression may be affected by current treatments, with changes that act against 

some of the disease-associated SNARE expression alterations (Chapter 2) and [309, 310].  A 

preliminary study of an mGluR2/3 agonist suggested that presynaptic molecules maybe a viable 

treatment target [85], although this has yet to be replicated in larger clinical studies.  Modulation 

of presynaptic receptors may well affect SNARE function because signaling pathways 

downstream of receptor activation can influence kinases (for example, PKA, PKC and CamK), 

signaling proteins (G-proteins affiliated with metabotropic receptors) and the production of lipids 

(for example, arachidonic acid), all known to affect SNARE protein interactions [397, 518, 530].   

Whether mGluR (or other presynaptic receptor) activation affects SNARE protein function is 

unknown, although mGluR1 activity has been associated with SNAP-25 dependent NMDAR 

trafficking [531].  Studies in PC12 cells indicate that G!" proteins (involved in G-protein 

coupled receptor signaling) inhibit vesicle exocytosis by binding to the SNARE complex [530], 

indicating that the SNAREs may be downstream targets of metabotropic receptor signaling.  It 

also seems plausible that presynaptc ligand-gated channels (such as some of the nicotinic 

receptors [532]) could also affect SNARE protein expression or function, as calcium-dependent 

changes in syntaxin-1A expression have been linked to calcium channel activity [199].  This is 

likely an important avenue for future research, given that some of the receptors targeted by 

current and novel patient treatments are presynaptic receptors [48, 79, 83, 86] and therefore 

could modify SNAREs. 

Findings in Chapter 4 suggest that SNAP-25 isoforms may not be affected differentially 

by haloperidol or clozapine.  The possibility that gene splicing events could be a treatment target 

may be a future reality, and is currently being explored in the treatment of muscular dystrophy 
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[533].   Separate genes encode syntaxin-1 isoforms, and therefore their expression is likely 

independently controlled.   Understanding the regulation of gene expression and ways in which 

to stabilize individual protein levels might be an alternate way to treat SNARE protein 

abnormalities.   

Finally, results in Chapter 2 suggest that when there are effects of APDs on striatal 

SNARE proteins, the effect is the same in all regions.  However, our studies in human samples 

suggest that changes in striatal SNAREs are region specific.  Selectively targeting the VMC for 

treatment may ameliorate specific symptoms that involve the VMC, and may carry less risk of 

side effects. 

The studies of SNARE isoforms and SNARE protein interactions reported in this thesis 

provide more detailed information regarding SNARE abnormalities in disease, and identify new 

ways of targeting SNARE functions for patient treatment. 

 

5.4  Limitations of the current studies 

The samples and methods used throughout this thesis provide new insights and approaches to 

studying the synapse in schizophrenia.  However, these come with a number of caveats, some of 

which were discussed in Chapter 1, and some elaborated further here.  Effects of potential 

limitations were minimized in the methods used, as pointed out below.  Limitations on the 

interpretation of results are discussed.  Finally, opportunities for future improvements are 

identified. 

Measurement in post mortem tissue provides only a “snap-shot” of SNARE proteins and 

synapses.  Protein interactions, modifications and expression are likely dynamic (as evidenced by 

the activity and plasticity-related changes observed in animals) and are not accounted for by 

static measurements.  Some of these protein properties may exhibit differential stability post 
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mortem or between individuals (for example, phosphorylation states) and may affect protein 

measurements.  Also, it is not possible to distinguish between disease causation and 

consequence; hence many of the disease-associated changes observed in the VMC have been 

interpreted from both perspectives. 

Effects of gender were not investigated in the present study owing to the small number of 

females in the control group (n = 3) and the possibility that the effect of gender is confounded by 

other sample characteristics (for example, age of females is higher than males in the SCZ group 

(t = -2.80, df = 10.25, P = 0.018), but not in the NPC group (t = -0.750, df = 3.32, P = 0.502).  

Restricting current studies to male subjects only would have reduced the power of statistical 

comparisons [534]; the study was not designed to investigate gender effects.  However, men 

have a significantly increased risk of developing schizophrenia (odds ratio = 1.4) [9, 125, 535], 

and may experience an earlier age of onset [536].  Whether SNARE protein expression and 

SNARE interactions are sexually dimorphic is less clear, but there is evidence that sex hormones 

can influence SNAP-25 mRNA expression in adult rat cortex and pituitary, supporting such a 

possibility [537, 538].  Given our current findings of lower SNAP-25A levels in schizophrenia, 

and the possible link to developmental, synaptic and neurotransmitter-based etiological theories, 

future work both in humans and in animals may provide needed information regarding sex-

related differences in SNARE protein and isoform expression in the striatum. 

 Heterogeneity within subgroups of patients sharing the syndrome of schizophrenia (for 

example, illness course, symptom constellation and severity) could limit the ability to 

statistically detect illness-related synaptic changes.  The sample size and study design did not 

allow patients to be subgrouped or clinical measures to be investigated.  Heterogeneity in patient 

symptoms may mean that different brain circuitry is affected differently in individual patients, 

which could lead to varying degrees of synaptic pathology in different people, perhaps occurring 



!

!

! 186!

to a greater extent in brain regions directly involved in specific symptoms.  Thus, patients with 

whose prominent symptoms or deficits differ may show synaptic pathology in different brain 

regions and to a different extent.  Future studies designed to look within patient groups would 

help determine if SNARE protein and isoform expression as well as protein-protein interactions 

reflect specific aspects of illness. 

Reliance on brain homogenates is also a limitation of these studies given the 

heterogeneity of cell types in the striatum, and because protein localization is disrupted and 

protein origin is difficult to discern.   Whether disease-associated differences occur in the same 

synapses, all synapses, or are restricted to different terminals, remains unknown.  Until SNARE 

composition in a variety of terminals and brain regions is better characterized, it is uncertain 

whether the measurements made here are proxies for specific types of striatal synapses.  

Furthermore, subcellular localization may also be important to SNARE function, as SNAREs are 

localized to membrane domains that contain calcium-channels and regulatory proteins, may be 

endocytosed, and are trafficked down axons as well [172, 505, 539, 540].  Also, as in all 

experiments involving extraction and separation steps, it is assumed that proteins from both 

control and schizophrenia subjects behave the same way.  However, it is possible that the 

conformation, modifications or local environment of the SNARE proteins could differ in disease, 

affecting the recovery, solubility and therefore quantitation of these proteins.  While this does not 

invalidate the disease-associated differences observed here, it may mean that protein levels are 

not different, but rather, the state of the protein, affecting its detection, differs in disease. 

The use of highly specific antibodies increases sensitivity and specificity of protein 

detection and quantitation.  However, lower levels of antibody binding occur not only if protein 

expression is reduced, but also if the epitope detected by the antibody is altered/inaccessible, as 

might be the case with post-translational modifications or proteins in complexes.  Such issues 
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have come to the forefront of SNARE research recently, and the controversy surrounding the 

lack of SNAP-25 in GABAergic terminals could well be related to the antibodies used and 

epitopes detected [202, 203].  The precise nature of the epitopes of the monoclonal antibodies 

used throughout this thesis are unknown, although all antibodies had been previously 

characterized in intact tissue and using fusion proteins to confirm their specificity and partially 

map the immunogenic region of the protein [264, 389, 442].  It is likely that SP12 recognizes an 

N-terminal epitope, as it is unable to detect N-terminally tagged GST-SNAP-25 by immunoblot 

(data not shown).  All antibodies can detect both monomeric and complexed SNAREs (Figure 

2.5).  However, all SNAREs can be phosphorylated and some can be palmitoylated [397, 541] 

potentially affecting SNARE detection with the methods used here. 

Several limitations are associated with quantitative immunoblotting techniques, some of 

which were addressed and minimized in Chapter 3.  Others seem inherent to the method and 

likely affected the results obtained.  To attempt to control for variation within and between blots, 

it is common practice to normalize the band intensity of the protein of interest to the band 

intensity of a “housekeeping” protein.  This approach, however, is only valid if both antigens, the 

protein of interest and the loading control, behave the same way – mainly, the slope of the curve 

of a serially diluted sample is the same for both bands.  This means that the ratio of the bands 

does not change when total protein load changes and the ratio of the band intensities is equal to 

the ratio of the protein amounts.  This however, is hardly ever investigated, and as illustrated in 

Chapter 3, may not hold true even when the same antibody is used to detect both bands.  The 

ability to convert band intensity values to absolute protein amounts prior to creating a ratio helps 

to overcome this issue, but requires the use of a purified protein standard [542].  Using a purified 

protein, likely generated in a non-mammalian system, and outside of the biological matrix being 

assayed, carries with it the limitations discussed above regarding epitopes and protein extraction.  
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To avoid these limitations, a native sample can be used to create a reference curve, and band 

intensities of the samples of interest can be expressed relative to the reference sample.  This 

approach was employed here, and by others (for example, [391]), but does not permit the 

absolute amount of protein to be determined.  Results are quantitative, but expressed relative to 

the reference sample.  An additional benefit of this approach is the ability to compare results 

between samples and brain regions that have been quantified using the same reference curve.  

The second condition for valid use of a loading control is the selection of an appropriate control 

protein.  Traditional loading controls include proteins such as tubulin and GAPDH.  However, at 

least two difficulties arise when using such controls.  First the abundance of “housekeeping” 

proteins is often much different than that of the protein of interest.  The amount of protein loaded 

onto a gel to ensure the target protein is within the linear range of detection is likely to be very 

different than the amount needed for the loading control, and therefore one of the proteins may 

be assayed outside its linear range.  Second, when studying an illness, it is difficult to know 

whether the loading control is affected in disease or not.  Much evidence has accumulated for 

cytoskeletal and metabolic disturbances in schizophrenia, questioning the use of traditional 

“housekeeping” proteins as loading controls [543, 544].  The use of ratios may also impede 

analysis and interpretation of results, and can reduce the sensitivity of some statistical analyses 

[545, 546].   In addition to statistical sensitivity, immunoblotting appears to be a less sensitive 

technique as compared to ELISA for measurement of syntaxin (for example, syntaxin-1 as 

measured by ELISA was detectable at total protein amounts at least as low as 0.05 µg, while 

immunoblot detection was difficult past 0.4 µg).  In addition, there are multiple stages during 

which protein may be lost/not fully recovered (i.e. during electrophoresis, transfer and blotting 

stages), which likely contributes to increased variation and decreased sensitivity. 
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In Chapters 2 and 3, synaptophysin levels were used as a means of normalization for 

synapse numbers in some of the complementary data analyses.  Synaptophysin measures have 

traditionally been used as an index of synaptic terminal numbers [547].  Recent colocalization 

studies suggest that it may not be a marker of all synapses [194], and confocal results in Chapter 

3 also support this possibility.  Thus, normalizing capture ELISA results or syntaxin-1 isoform 

measures to synaptophysin may account for only some striatal terminals.  It is also possible that 

synaptophysin-positive terminals may not necessarily contain the molecules that are being 

normalized, making it difficult to interpret the meaning of such ratios. 

Several limitations of the MRM isoform assay also exist.  First, despite best efforts, the 

assay is still a relatively low-throughput one, requiring multiple time consuming steps.  This 

primarily stems from the use of immunoprecipitation and gel separation to reduce sample 

complexity.  Initial assay development stages included attempts to prepare and digest samples in- 

solution, which would eliminate the need for a gel-separation step.  However, the SNARE 

complex is resistant to trypsin digestion [548] necessitating the use of SDS and heat to dissociate 

it prior to proteolytic digestion of its components [206].  Trypsin digestion requires the removal 

of strong denaturants such as SDS [549]; in-solution digestion would then require detergent 

removal either by precipitation or size exclusion.  Both methods are associated with sample loss, 

and initial tests suggested recoveries of approximately 40% following SDS removal using a spin 

column/centrifugal filtration (see Appendix 4).  In addition, MRM signal intensities of isoform-

specific peptides obtained for samples prepared in-solution after detergent removal were not as 

high as those obtained by in-gel digestion (see Appendix 5).  For these reasons in-solution 

digestion was abandoned and samples were prepared in-gel prior to MRM analysis.  Limitations 

of in-gel peptide preparation include poor or biased peptide recovery from gels and peptide loss 

due to absorption to plastics when drying down extracted peptides [368, 550].  These limitations 
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were accounted for through the use of the recombinant protein curve of isoform mixtures, as 

biased peptide recovery should be reflected in the curve.   Speicher et al. suggest that sample 

concentration using a speedvac should be avoided as peptides can absorb to plastic [368], 

however, to facilitate sample storage after processing, samples needed to be dried down.  To 

minimize absorption of sample peptides to plastic, sample wells were pretreated with BSA.  

Thus, several steps were taken to mitigate the limitations associated with the quantification of 

proteins prepared in-gel.  Additional methodological limitations include the length of time 

needed for sample analysis (total run time per sample is 1.5 hours), and could be improved by 

modifying the HPLC elution gradient to encompass only the portion during which the target 

peptides are eluting.  Addition of the isotopically labeled peptide after sample processing means 

that variability due to sample handling and processing (i.e. immunoprecipitation, digestion 

efficiency, extent of reduction/ alkylation, peptide recovery from gel) is not accounted for during 

quantitation.  This is assumed to occur randomly, as the experimenter was blind to sample 

characteristics.  In future this could be accounted for by introducing a source of labeled peptide 

(either synthetic peptide, or through the use of isotopically labeled recombinant SNAP-25) at an 

earlier stage of sample preparation. 

The current studies were undertaken in a single sample set composed of 28 subjects.  

While a small sample size, it reflects the availability of tissue for post mortem research and was 

in keeping with studies in the field which used tissue from homogenous groups of subjects to 

study SNARE protein expression levels at the time this thesis work was undertaken (see Table 

1.4).  It is unclear whether these findings will extrapolate to other sample sets collected in 

different parts of the world, with different age and PMI ranges.  Replication in additional sample 

sets will help determine the degree to which SNARE protein alterations reflect disease, as 

opposed to the temporary state of the striatum.  Finally, the current experiments indicate an 
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association between SNARE protein abnormalities and disease, and do not establish whether 

these differences are the cause or result of disease. 

 

5.5 Future directions  

The current findings indicate that synaptic pathology in the VMC in schizophrenia includes 

SNARE protein alterations likely affecting SNARE function in neurotransmission.  Future work 

to test the hypothesis that SNARE complex function is abnormal in patients in the VMC should 

include experiments that uncover the mechanism behind increased SNARE protein interactions 

observed here.  Areas of potentially interesting and valuable research have been identified in 

previous sections, however gaps in our understanding of SNARE protein regulation and 

expression patterns limit the interpretation of our current findings.  Means of ameliorating these 

knowledge gaps are detailed here. 

Only one of the possible mechanisms underlying the increased SNARE protein 

interactions was investigated in this thesis (syntaxin-1 and SNAP-25 isoform involvement).  

However, SNARE protein interactions can be modulated by accessory factors or SNARE protein 

level changes and increased SNARE complexes could occur in different terminals.  Furthermore, 

the findings of Chapter 4 raise the possibility that SNARE isoform expression in schizophrenia is 

controlled at the level of splicing.  Future studies to determine which of these scenarios occurs 

will provide evidence of the mechanism behind striatal SNARE dysfunction in patients.  Three 

major aims of future investigations are put forth here. 

 

5.5.1 Characteristics of SNARE complexes in schizophrenia 

The current studies detected an association between SNARE protein interactions and protein 

isoforms in Chapters 3 and 4, but did not directly address the relationship between altered 
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SNARE isoform expression and SNARE protein interactions.  Future research is needed to 

determine if differential isoform incorporation and/or association of modulator proteins in 

SNARE complexes is directly responsible for the increased protein interactions we observed.  

One might hypothesize that in schizophrenia, SNARE isoforms differentially incorporate into the 

SNARE complex, resulting in different SNARE complex stability and accounting for differences 

in SNARE protein interactions detected in Chapter 2.  Direct evidence of isoform effects on 

SNARE complexes in human samples is needed.  This can be investigated with the capture 

ELISA assay, using antibodies specific for syntaxin-1A or 1B to determine if the increased 

syntaxin-SNAP-25 interactions in SCZ are associated with one isoform.  To test the inverse, in 

the absence of SNAP-25 isoform-specific antibodies, the MRM isoform assay would be applied 

to measure SNAP-25A and B co-immunoprecipitated with either syntaxin-1A or -1B. While 

syntaxin-1 and SNAP-25 were the focus of isoform-specific studies in this thesis, differential 

involvement of VAMP isoforms in schizophrenia may also contribute to synaptic abnormalities. 

Functional differences between VAMP-1 and VAMP-2 are suggested in the literature.  In situ 

hybridization studies in rat brain demonstrated highest VAMP-1 mRNA expression in regions of 

the nervous system associated with somatomotor functions.  VAMP-2 was more widely 

expressed in the CNS [173]. Differential expression of VAMP-1 and VAMP-2 also occurs at the 

protein level, with inverse expression patterns in some brain regions (such as the hippocampal 

dentate gyrus) and congruent expression in others (such as the cerebellum) [491].  In addition, 

the lethality of VAMP-2 KO in mice suggests that VAMP-1 cannot compensate for VAMP-2 

function [188]. Preferential affinity between VAMP and syntaxin-1 isoforms has been 

demonstrated in vitro [241].  Thus, similar to SNAP-25 and syntaxin-1 isoforms, VAMP-1 and 2 

appear to diverge in function, and could therefore affect SNARE complex stability and function.  

To determine if differential incorporation of VAMP isoforms into SNARE complexes 
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contributes to increased SNARE protein interactions in schizophrenia, similar analyses should be 

applied to measure VAMP-1 and VAMP-2. 

To understand how our findings impact brain function it is necessary to determine if the 

increased SNARE protein interactions reflect increased or decreased neurotransmission. Studies 

of neurotransmitter release from synaptosomes prepared from post mortem brain, combined with 

SNARE protein interaction measurements could be undertaken, and would link the increase in 

SNARE complexes directly to altered neurotransmitter release.  The tissue series used here 

would be well suited, as short PMI is required for successful synaptosome preparation and 

retention of activity [551].   Additional evidence of the direction in which neurotransmission is 

affected by increased SNARE complex stability could also be obtained by electrophysiological 

and behavioural measurements in animals where SNARE complex stability is altered, such as the 

Bdr/+ and SNAP-25B KO mice.  The capture assay developed in Chapter 2 could be used to 

confirm that the predicted increase in SNARE protein interactions does indeed occur in these 

animals.  Microdialysis experiments would determine if specific types of transmission 

(glutamate, dopamine) were also affected in these mice and concurrent changes in SNARE 

protein interactions would implicate the SNAREs in the underlying mechanism.  

Dead-end or intermediate complexes are thought to consist of non-ternary SNARE 

complexes (for example, 1:2 SNAP-25-syntaxin complexes), while SNARE complexes used in 

fusion events should occur at a 1:1:1 stoichiometry [222].  If the increased SNARE protein 

interactions observed in schizophrenia represent functional SNARE complexes, they should be 

composed of syntaxin-SNAP-25-VAMP in a 1:1:1 ratio.  Stoichiometry of SNARE complexes 

from human brain samples could be measured by immunoprecipitating SNARE complexes and 

quantifying each protein/isoform by MRM.  The molar equivalent of each SNARE could then be 



!

!

! 194!

determined using internal standards and external standard curves of synthetic peptides 

representing each protein, the same approach used to measure total SNAP-25 in Chapter 4.   

Differential stability of SNARE complexes in the presence of SNAP-25A or B may be 

due to different interactions of the SNAREs with accessory proteins [249].  SNARE modulating 

proteins are altered in some brain regions in schizophrenia.  Thus, increased complexes in the 

VMC in SCZ may be a point of convergence between differential SNARE isoform expression 

and altered SNARE accessory protein expression seen in post mortem brain.  Identifying which 

SNARE accessory factors are associated with SNARE complexes in patients will help interpret 

findings of altered modulator factors (such as the complexins, septin-5 and munc-18) reported in 

some studies [293, 297, 305].  Multiple proteins are co-immunoprecipitated with SNAP-25 

(Appendix 5).  These interacting proteins could be identified by standard MS/MS combined with 

database searching.  Data analysis and filtering approaches would then be used to determine if 

the proteins identified in a sample group are different from those identified from control samples 

[455].  It is hypothesized that lower levels of proteins that prevent formation or facilitate 

dissociation of the SNARE complex will be associated with SNARE proteins in SCZ samples.  

Thus, lower levels of proteins such as NSF and septin-5 in SCZ are predicted to occur in the 

striatum; changes in mRNA or protein-level expression have already been reported in cortical 

regions in schizophrenia in some studies [99, 305].  Proteins identified by MS/MS would then be 

validated using a quantitative method, such as MRM analysis and/or IP-immunoblot.  It is 

anticipated that different accessory proteins will preferentially associate with SNAP-25A and B 

containing-complexes, accounting for different SNARE complex stability and protein interaction 

levels.  Correlation analysis of SNAP-25 protein isoform levels and the amount of each 

interacting protein would support this hypothesis.  To determine how the combination of SNARE 

isoforms and modulatory proteins seen in patient samples affect synaptic transmission (increased 
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or decreased) different combinations of SNARE isoforms and modulatory proteins could b 

expressed in cultured cells and vesicle fusion assessed through electrophysiological recordings.   

Based on the findings of Chapter 2, it is hypothesized that lower SNARE proteins do not 

limit complex formation.  To test this hypothesis, SNARE protein interactions (using the capture 

ELISA) could be assessed in heterozygous SNARE KO animals that express lower amounts of 

individual SNAREs.  Because compensatory changes in SNARE expression or function may 

occur in KO animals during development, the effects of transient knock-down of individual 

SNAREs (in culture or by developing conditional KO animals) would help differentiate between 

the effects of low SNARE levels early in development, versus later on in life.  This distinction is 

important in the context of early and late neurodevelopmental hypotheses of schizophrenia; 

differences in SNARE complex levels between traditional and conditional KO animals could 

indicate the developmental time-point at which SNARE protein expression perturbation in 

schizophrenia occurs to yield increased SNARE complexes observed in adult post mortem VMC.   

Finally, the significance of increased SNARE protein interactions in the VMC should 

also be assessed at the systems level. If the findings of this thesis affect brain function, this 

should be reflected in patient symptoms and behavioural abnormalities in animals.   Replication 

studies in post mortem tissue could use sample sets that document patient symptoms and 

cognitive measures that assess VMC function.  If SNARE protein abnormalities in the VMC 

impact patient function, these measures should be related to ante mortem functioning in tasks 

subserved by this region of the striatum.  Associations between SNARE complex abnormalities 

and behaviour could be corroborated in the animal models.  One would expect patients and 

animal models with increased SNARE complexes (such as the Bdr/+ mouse) to perform poorly 

on reversal learning or delayed reward/gambling tasks, which rely on frontostriatal circuits that 

involve the VMC [89, 131, 552].  
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5.5.2 Determination of SNARE isoform distribution in synaptic 

terminals 

 
An important hypothesis for future research and in interpreting the current findings is the idea 

that different combinations of SNARE isoforms mediate neurotransmission of different 

neurotransmitters/ at different terminal types.  Differential distribution of isoforms at the protein 

and mRNA level reported in the literature alludes to this possibility.  Immunohistochemical 

studies of tissue co-stained for markers of terminal types (such as vesicular glutamate and 

dopamine transporters) are likely to be difficult due to both synaptic and non-synaptic 

localization of syntaxin and SNAP-25, and would not be possible for SNAP-25, since isoform-

specific antibodies are not readily available.  A recent proteomic approach that isolated synaptic 

vesicles using specific markers such as VGlutT and VGAT and then quantified different 

presynaptic proteins, would be more appropriate [201]. This approach could be applied to purify 

synaptosomes based on neurotransmitter transporters such as DAT and 5HTT, or vesicles 

marked with VMAT.  Differential centrifugation techniques could be used to separate small and 

dense-core vesicles, allowing neuropeptide-containing vesicles to be assessed as well.  The use 

of our MRM-isoform assay would allow SNAP-25 isoforms to be monitored in these different 

terminal populations.  Other SNARE proteins could be measured concurrently as well.  

Identification of the specific SNARE isoforms that function at different terminal types will help 

localize the findings of the current studies to specific neurotransmitters.  Different cell groups of 

the same neurotransmitter type often project to different brain regions.  For example, 

dopaminergic inputs from the substantia nigra are topographically organized, as are cortico-

striatal projections.  In addition, there is evidence for heterogeneity of presynaptic machinery 

within the same terminal types originating from different cell bodies.  For example, Rab3B 

mRNA expression differs between dopaminergic cell groups of the VTA and SN in rats [553].  
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For this reason, the above-mentioned studies should be conducted in sub-dissected tissue.  

Separate analysis of DCd, VMC and NAc tissue in humans would distinguish between dopamine 

terminals originating from ventral and dorsal tiers of the SNc and the VTA [134].  It would also 

enrich for glutamatergic terminals originating from different cortical areas (DLPFC, orbitofrontal 

and anterior cingulate cortex, respectively) [129, 134].  Thus, it would be possible to determine if 

neurotransmitter-specific combinations of SNARE isoforms are constant throughout the brain, or 

if they vary between cell groups/brain regions.  Given the heterogeneity of glutamatergic 

alterations in various cortical regions in schizophrenia [55], and differential expression of some 

presynaptic markers in dopaminergic terminals of different sources [553],  it might be predicted 

that neuronal SNARE combinations will vary between dorsal and ventral striatal regions.  

By determining which terminals/neurotransmitters are associated with which SNARE 

proteins and isoforms, the functional consequences of our present results might indicate specific 

neurotransmitter and brain circuitry aberrations in patients. 

 

5.5.3 Investigation of splicing in schizophrenia 

The results in Chapter 4 (SNAP-25 isoform studies) raise the question of whether gene splicing 

is abnormal in schizophrenia.  Investigation of splicing regulation in schizophrenia could provide 

evidence that unifies (or alternatively, classifies) the diversity of genetic associations and 

protein-level changes observed in the disease. Isoform-specific expression differences of 

schizophrenia candidate genes have been detected in post mortem brain [480, 481, 512, 554], 

splice variants of candidate genes are known or predicted to exist (for example, [555]) and many 

schizophrenia-associated SNPs occur in non-coding regions of genes, supporting the possibility 

that abnormal splicing events are involved in the disease.  Abormal splicing may underlie our 

findings in Chapter 4.  Besides SNAP-25, alternative splicing of both VAMP-1 and VAMP-2 
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genes may occur [556-558], although it is unclear if the splice variants are expressed at the 

protein level.  Predicted protein sequences indicate that alternative splicing produces variation in 

the C-terminal transmembrane region (Figure 1.3C), important for VAMP sorting and cellular 

localization [557, 558].   Investigation of VAMP gene splice variants in schizophrenia seems 

warranted.  Also, an alternative splice variant of syntaxin-1A may occur in glial cells [559].  

Combined with the results of Chapter 4, future research into splicing regulation in schizophrenia 

may be fruitful and it is plausible that aberrant splicing events in schizophrenia will share 

common splicing factors or regulatory domains, such that similar disturbances underlie aberrant 

splicing of different genes in schizophrenia.  To address this hypothesis, it is necessary to 

determine if SNARE and other schizophrenia candidate genes contain common regulatory 

sequences.  This could be performed in silico by identifying regulatory regions and splice 

junctions of genes to determine if specific sequences are over-represented or preferentially 

disrupted (for example, disease-associated mutations in intronic regions) in genes/proteins 

implicated in schizophrenia, or could be identified experimentally using array or sequencing-

based methods [560-562].  To determine if SNAP-25 splicing is regulated by the same splicing 

factors used for other candidate genes, potential splicing factors could be screened to determine 

which factors control SNAP-25A and B expression in vitro or in cell culture [563, 564].  A 

similar assay could then be used to determine if the identified splicing factors also control the 

splicing of other disease-associated genes.  Evidence that splicing regulation is common among 

SNARE and other candidate genes and is perturbed in disease could be gathered through 

experimental means.  Co-expression analysis of splice variants [565] in post mortem tissue, 

schizophrenia animal models, or other systems that mimic aspects of disease (for example, 

dopamine application to striatal slice preparations to model a hyperdopaminergic state [407]), or 

which are known to perturb isoform expression (for example, hippocampal LTP [489], or 
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disruption of the expression/function of splicing factors) would provide additional evidence of 

splicing events contributing to presynaptic and other candidate molecule abnormalities in 

schizophrenia.  Further investigtions to determine if the identified splicing regulatory 

regions/factors of candidate genes are affected by SNPs that have been associated with 

schizophrenia (as has been shown for other schizophrenia candidate genes [462, 500]) would 

provide a link between the findings in Chapter 4 and genetic association of SNAREs with 

disease. 

Thus, the findings in this thesis raise several questions and point to a need for better 

knowledge of basic properties of SNARE protein expression and function in the brain, as well as 

direct evidence of how these properties relate to protein abnormalities and symptoms seen in 

patients. 

 

5.6 Conclusions 

The results of these studies indicate that dysfunction of the associative striatum in schizophrenia 

involves SNARE protein abnormalities, likely due to changes in the ability of SNARE proteins 

to interact with each other.  This supports the hypothesis that synaptic pathology occurs in 

schizophrenia, although, it appears that when SNARE proteins are used as a means to assess 

synapses, abnormalities may be restricted to certain striatal regions.   A change in the balance of 

syntaxin-1 isoform expression, and/or decreased SNAP-25A expression is associated with 

increased SNARE complex levels.  As the expression pattern of SNAREs and their isoforms in 

distinct terminal types in the striatum becomes better understood, our present findings will help 

elucidate which neurotransmitters are affected presynaptically in the striatum.  Given that at least 

one SNARE isoform is developmentally regulated, increased knowledge of expression patterns 

in humans will elucidate whether SNARE protein abnormalities contribute to the development of 
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illness.  Finally, that the current findings reflect the disease state and not patient treatment with 

antipsychotic medications is supported by statistical and experimental investigation of 

antipsychotic medication effects on striatal SNAREs.  The present findings point to specific 

molecules that could be targeted to improve patient symptoms. 
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5.7 Chapter 5 tables 

Table 5.1 - Summary of findings 

Summary of results of statistical analyses reported in Chapters 2-4.  Black arrows denote 

statistically significant findings of individual tests following significant main effects.  

Differences that did not meet statistical significance criteria (for example, Bonferroni correction) 

are illustrated in grey. ‘n.d.’ denotes no statistical differences (P > 0.05).  Measurements that are 

not available are indicated by ‘-‘.  * For syntaxin-1 ratios, the statistical differences between 

schizophrenia and control subjects occurred in the striatum overall.  
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Appendix 1 – Illustration of ELISA methods used 

SNARE protein levels were assessed using an indirect ELISA (which we have called a ‘direct 

ELISA’ in Chapter 2, to increase clarity in relation to the capture assay), whereby brain protein 

was adhered to a microtitre plate, specific proteins detected using a primary antibody (SP12, !-

SNAP-25, is illustrated here in orange) followed by enzyme-linked secondary antibody (black).   

The capture ELISA developed in Chapter 2 is a modified sandwich ELISA.  SNAP-25 is 

immobilized in the SP12-coated well.  After washing, syntaxin (and other interacting proteins) 

remain.  Syntaxin is detected with SP7 antibody of a different subclass (!-syntaxin, green).  A 

subclass-specific secondary antibody prevents detection of SP12.  In both assays, addition of 

substrate results in a colour change (indicated by yellow bursts) that is measured by a 

spectrophotometer. 
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Appendix 2 – Additional drug dosage details 

In studies of APD effects in animals, drug doses were similar to those used in previous studies of 

presynaptic proteins [309, 310].  The route of administration was selected to reduce effects of 

first-pass metabolism.  Daily administration and high drug doses were necessary due to the high 

rate of drug metabolism in rodents as compared with humans [347].  Four weeks of 

administration was selected as this is often the time needed for clinical response to be observed 

in patients, has been used previously [309, 310] and to maximize chances of observing changes 

that reflect repeated, as opposed to single-dose, drug exposure. 
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Appendix 3 – Synaptophysin protein levels in the striatum 

Synaptophysin protein levels were measured in the same samples using the EP10 antibody 

(Figure 2.4), and the ELISA protocol detailed in Chapter 2.  Synaptophysin protein levels were 

not different between groups in the striatum overall (F = 0.002, df = 1,26, P = 0.835, two-way 

ANOVA) nor in each region separately (all P > 0.25, two-tailed t-test).  Data was loge-

transformed prior to statistical analysis, but not graphing.  Statistical significance remained the 

same when analyses were repeated removing two extreme values in the DCd.  For graphing 

purposes only, data was re-scaled to facilitate interpretation.  Abbreviations: NAc – nucleus 

accumbens, VMC – ventromedial caudate, DCd – dorsal caudate. 
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